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ABSTRACT

The aim of this research is to compare the influence of initial ion concentration on nitrate transfer
in nanofiltration (NF) and reverse osmosis (RO) membranes. To accomplish this study, three mathe-
matical models were employed: Kedem-Katchalsky (KK), Spiegler-Kedem (SK), and Nernst-Planck
model coupled with film theory (NP-FT). While the KK and SK models do not consider the concen-
tration polarization layer (CP) or electrostatic interaction, they can determine the convective con-
centration (C_ ), diffusive flux (J,,), reflection coefficient (o), and permeability (P ) of nitrate ions.
The NP-FT model considers the impact of the CP layer and enables the assessment of the thickness
() of the CP layer, P, and o. The research was conducted on actual groundwater that was doped
with NaNO, at various initial nitrate concentrations (IC) (50, 100, 200, 300, and 400 mg/L) using
the NE90 membrane for NF and RE-BN for RO. The obtained results indicate that the rejection of
nitrate ions depends on the pressure and initial concentration, with a more significant dependence
observed in the case of the NE90 membrane. The KK and SK models” parameters (C__, ], P, and
o) depend on the IC, but this dependence is more pronounced for NF than RO. Both types of ion
transfer, convection and diffusion, are present in both membranes with a predominance of diffu-
sion, and their contribution depends on IC. The thickness 6 determined by the NP-FT model for both
membranes was negligible for RO, and about 10 m for NF.

Keywords: Nitrate removal; Membrane; Modeling; Transfer mechanisms; Kedem—-Katchalsky model;

Spiegler-Kedem model; Nernst Plank equation; Film theory

1. Introduction

Nitrate pollution in surface water and groundwater is
a global concern. According to the literature, 292 regions
in the world are affected by nitrate pollution, and 60 of
these regions are under a critical situation [1,2], including
Brazil [3], Belgium [4], Congo [5], Morocco [6-8], Palestine
[9], Pakistan [10], India [11] and China [12].The population
explosion, excessive pollution and industrialization are the
main reasons. The presence of nitrates in water is generally
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anthropogenic, following the use of high doses of chemi-
cal fertilizers, industrial pollution and livestock manure,
and leachate from landfill sites, through which nitrate-rich
material present on earth seeps into the soil to reach the
water table [13-16].

In recent years, global water contamination by nitrate
has emerged as a significant concern for both human life
and the environment. The growing concern about the pres-
ence of this contaminant in groundwater is evident from
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the escalating number of articles dedicated to this topic.
The number of manuscripts addressing this issue increased
from 20 in 1990 to 280 in 2021, indicating a significant rise
in interest and attention to this subject [1]. The elevated con-
centration of nitrates has severe consequences on marine
ecosystems, leading to toxic algal blooms, eutrophication,
and hypoxia [17]. On the other hand, the presence of high
nitrate levels in drinking water can pose health risks to
humans, such as methemoglobinemia in children, diabe-
tes, spontaneous abortion in pregnant women, thyroid dis-
ease, and stomach cancer in adults [18]. In response to these
concerns, the World Health Organization (WHO) has set a
maximum allowable nitrate content in drinking water at
50 mg/L [19]. The same value is adopted in Morocco [20].

Various technologies have been developed to solve the
problem of nitrate pollution from groundwater, wastewater
and surface water including physical, chemical and bio-
logical methods. Among them, electrodialysis requires
consideration of time, temperature, flow and voltage to
be optimized, loss of efficiency due to fouling and scaling.
Among its advantages: this technology leads to high reduc-
tion efficiency and environmentally friendly [21-24]. Ion
exchange is a simple, efficient and selective technology.
However, this technology represents less affinity for nitrates
compared to sulfates [25-27]. Denitrification is an environ-
mentally friendly technology, and it has the disadvantages
of a high installation cost, maintenance issues and bacte-
ria sludge [28,29]. Membrane separation is considered by
many environmental researchers to be an effective method
of nitrate removal [30-33]. Nanofiltration (NF) and reverse
osmosis (RO) are emerging as highly effective treatment
methods for removing nitrates from water [34-37]. Based
on the membrane material, ceramic membranes, due to
their porosity accompanied by narrow pore size, are ben-
eficial for high flux, appreciable separation properties, as
well as durability having the provision of backwashing,
efficiency and mechanical stability, simplicity in operation
devoid of additives [38]. It was reported that the complex-
ity of the ionic composition of solute has a negative effect
on the rejection of nitrate. An increase in initial nitrate
concentration in feed solution is found to cause a decline
in rejection of nitrate due to polarization phenomena. As
well low sulfate concentration and low mineralization lead
to best nitrate rejection. It has been demonstrated also that
the best nitrate rejection is obtained when adding a diva-
lent cation instead of a monovalent cation, due to improved
hydration radius causing repellence [2].

The solution diffusion model is the most widely used the-
ory to explain the mass transfer mechanism and membrane
selectivity of RO. However, for NF, the mechanism appears
to be more complex and may vary not only with pore size
but also with other membrane characteristics. The forces
that influence the ions passing through NF membranes are
columbic, dielectric, and hydration forces. The significance
of each of these forces will depend on the molecules, the
membrane, and the operating conditions such as pressure
and concentration of the solution. Numerous models have
been developed to depict and forecast the flow and rejec-
tion of diverse substances in various operational scenarios
for this both membranes [39]. The commonly utilized mod-
els include the Kedem-Katchalsky (KK) model [40], the

Spiegler-Kedem (SK) model, and models derived from the
Nernst-Planck equation [41].

The KK model is founded on the principle that solvent
movement is a result of a pressure gradient existing across
the membrane, while solute transport occurs due to either
a concentration gradient (/) or convective (C_ ) coupling
volume flow [42,43]. Solute transport in NF and RO mem-
branes is governed by the charged active layer of the mem-
brane and is attributed to a combination of steric effects,
as well as differences in solute diffusivity and solubility
[44]. In NF membranes, besides these mechanisms afore-
mentioned, the Donnan effect and dielectric influence the
transport of solutes [45]. This model neglects the electro-
static interaction between the membrane and the solutes
and the phenomenon of concentration polarization. On
the other hand, the SK model is based on irreversible ther-
modynamics. It describes the transport of solutes across a
membrane using non-equilibrium thermodynamic princi-
ples, treating the membrane as a black box. This approach
allows characterizing the membranes solely in terms of the
reflection coefficient (0) and solute permeability (P). The
phenomenological parameters in this model might exhibit
dependency on solute concentration if the forces are strong
enough [46].

Many authors used the combined model (KK, SK) to
study electrolyte rejection in charged membranes [39,47-52].
However, the modeling of nitrate rejection by NF and RO
membranes using this model is almost nil. In our previous
study, we used the SK and KK to study nitrate and other
anions rejections involved contained in nitrated brackish
water by using a polyamide NE90 and BW30 membranes.
The results showed that o and P, depend on the nature of
anion, and the transport mechanism in NE90 and BW30
is convective and diffusional, with the preponderance of
diffusion for BW30 [53].

The other model that can describe the transfer of nitrate
rejection in NF and RO membranes proposed by Chaabane
et al. [54] is based on the extended Nernst-Planck equation
coupled with film theory (NP-FT). This model takes into
consideration the previously neglected polarization layer by
SK model. Concentration polarization is assumed to occur
within a boundary film adjacent to the membrane/feed
solution interface. The concentration of the solute in this
layer increases in comparison with its feed concentration.
A concentration gradient is established on this layer, from
the membrane surface, where the concentration is highest,
to the bulk of the feed solution, which has the lowest con-
centration. The boundary layer thickness d of concentration
polarization can vary from a few micrometers to hundreds
of micrometers, depending on factors such as the nature of
the feed solution, the design of the module, the transverse
flow rate, and the transmembrane pressure (TMP). Three
parameters define this model: the reflection coefficient o,
solute permeability P, and the thickness of the boundary
layer d.

This study investigates the influence of initial nitrate
concentration (IC) in real groundwater and TMP on nitrate
rejection through NE90 and RE-BN membranes. Three
mathematical models are utilized to explore the impact of
nitrate IC on its transportation through the NE90 nanofiltra-
tion membrane and the RE-BN reverse osmosis membrane.
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To analyze the contributions of diffusive and convective
transfer to nitrate transport in the two membranes, both the
KK and SK models are employed. However, these models
do not account for the influence of the concentration polar-
ization layer (CP) and electrical effects. The parameters of
these models (C__, J,» P, and o) are calculated under dif-
ferent IC conditions. The third model, NP-FT, is used to
predict nitrate rejection and determine the thickness of the
concentration polarization layer () at different IC.

2. Materials and methods
2.1. Feed water

The water used as the feed solution is a groundwater
from the Mnasra, Gharb Region (Morocco) spiked at dif-
ferent concentrations of nitrates (50, 100, 200, 300, 400 and
500 mg/L), prepared from NaNO, reagent. Only a slight
variation in pH and electric conductivity (EC) was observed.
The feed water properties are given in Table 1.

2.2. Unit pilot used

The tests were conducted using a NF/RO pilot plant
(E 3039) provided by the French Company TIA (Fig. 1). The
applied TMP varied between 5 and 70 bar. The pilot plant
consists of two identical pressure vessels arranged in series,
with each vessel housing one element. There is a pressure loss
of approximately 2 bar, with each pressure vessel account-
ing for one bar. Both spiral-wound modules are outfitted
with identical commercial membranes. To keep a constant
temperature of 29°C, a heat exchanger is employed.

Table 1
Physico-chemical composition of water doped with NaNO,

Nitrate (mg/L) 50 100 200 300 400
pH 8.2 8.19 8.18 8.2 8.21
EC (uS/cm) 1,902 1,913 1,921 1,926 1,932
Mg? (mg/L) 42 42 42 42 42
Ca? (mg/L) 145 145 145 145 145
Cl- (mg/L) 188 188 188 188 188
SO (mg/L) 158 158 158 158 158
R
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Fig. 1. Schematic diagram of the NF/RO pilot plant. T: tank;
M: NF/RO module; P: permeate recirculation; R: retentate recir-
culation; H: heat exchanger; 1: high-pressure pump; 2: pressure
sensor; 3: pressure regulation valves.

The water to be processed is pumped from the tank
and introduced into the initial vessel. Subsequently, the
retentate is directed into the second vessel, and the two
resulting permeates are collected and combined. In addi-
tion, the membrane must be cleaned and rinsed each time
the demineralization performance is impaired (fouling) and
after each test cycle to restore the initial conditions before
processing another solution again. The cleaning process
should be performed in one of the following cases:

e Appearance of a precipitate in the brine or hydraulic
circuits;
e Shutdown for more than a day.

To clean the pilot membrane stack, an alternate circu-
lation of dilute acid (pH = 3) and basic solutions (pH = 11)
is recommended, preceded and followed by flushing with
water.

2.3. Membranes tested

The two spiral wound modules are equipped with two
identical commercial NF membranes. Table 2 gives the
characteristics of the membranes used.

2.4. NF/RO flux and rejection

The performance of the two membranes is measured in
terms of rejection R and flux J by Eq. (1):

C
R%_[1—”}x1oo 1)
Cf

where C, (mg/L) and G (mg/L) are the permeate and feed
concentrations, respectively.

4
Ytx A

@)

where V (L) is the volume of permeate collected in a
given time interval ¢ (h) and A is the membrane area (m?).

3. Results and discussion
3.1. Influence of operating variables

Fig. 2 gives, for the membranes tested, the variations of
the average flux, EC and the permeate concentration as a
function of TMP.

The results indicate that the permeate flux increases
linearly with increasing TMP for both membranes, in accor-
dance with Darcy’s law (Fig. 2a). However, the flux obtained
by NF is higher than that obtained by RO, likely due to
NF being more porous than RO. A recent study published
by Richards et al. [56] shows that there will be a drop in
water flux at high applied pressure using polyamide and
cellulose triacetate RO membranes. This drop of water per-
meance was observed at pressures below 50 bar, whereas
the solution diffusion (SD) model predicts the onset of flux
decline at pressures above ~400 bar. This study revealed
that water travels in clusters through transiently connected
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Table 2
Characteristics of the membranes used
Membrane NE90 RE-BN
Manufacture CSM CSM
Technic Nanofiltration Reverse osmosis
Cut-off 200D -
Geometry Spiral Spiral
Effective membrane area 7.9 m? 7 m?
Membrane type Thin-film composite Thin-film composite
Membrane material Polyamide (PA) Polyamide (PA)
Permeate flow rate 6.4 m3/d 7.6 m3/d
NaCl rejection 90%—97% 99.4%
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Fig. 2. Permeate characteristics as a function of operating TMP. (a) Permeate flux vs. TMP, (b) permeate ion concentration for NF mem-
brane vs. TMP, (c) permeate electric conductivity vs. TMP, and (d) permeate ion concentration for RO membrane vs. TMP.

pores or free volumes inside the polyamide membrane
under a pressure gradient. Moreover, they found that the
solvent permeance depends also on the molecular size of
the solvent rather than on the solubility of the solvent con-
trary to the classical model of SD.

The values of ion contents and EC in the NF permeate
are slightly higher than those obtained in RO permeate,
but still well below WHO standards. The behavior of the
two membranes is similar, as the NF cut-off is very low and
close to that of RO membranes (Fig. 2b—d).
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The impact of TMP at various nitrate concentrations
on nitrate rejection is depicted in Fig. 3. The findings show
that the RE-BN membrane displays greater nitrate rejec-
tion compared to the NE90 membrane. A study conducted
by Paugam et al. [57] revealed that the type of membrane
influences nitrate rejection, greater rejection was observed
with tighter membranes. The transfer of this ion is contin-
gent upon both charge and steric exclusion. The results
show that the rejection of nitrate increases with rising
TMP before stabilizing for both membranes. Kedem [58]
in their study, explains this increase in rejection as a func-
tion of pressure followed by its stabilization at a plateau
by at pressure rises, surface forces remain consistent, but
drag forces escalate due to the pore flux. At low pres-
sure, surface forces exert more influence than drag forces.
As a result, the cation flux (and consequently the nitrate
flux necessary to maintain electroneutrality) stays low,
while the solvent flux continues to rise with pressure.
This results in an elevation of solute rejection. Beyond a
certain pressure threshold, drag forces surpass surface
forces. Consequently, solute transfer increases, leading to a
reduction in rejection or its stabilization as a plateau.

3.2. Mathematical models

To comprehend the nitrate ion transfer mechanism and
assess the roles of convective and diffusive transfers in the
two examined membranes, three mathematical models are
employed. The KK and SK models disregard the impact
of the concentration polarization layer (CP) and electro-
static interactions, while the NP-FT model considers the
CP but omits the electrical effects.

3.3. KK model

According to this model, the solute flux is a combina-
tion of two components: diffusion and convection. Typically,
the concentration disparity between the membrane and
the permeate drives diffusive transport, whereas convec-
tion results from the pressure gradient across the mem-
brane [59]. The KK model introduced Eq. (3) to assess the
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contributions of convection and diffusion in the process of
solute mass transport within the examined membranes [60].

]diff + ]zzcconv = C;)]zv (3)

Eq. (1) can be expressed as follows:

c, =Ju,c (4)

P ] conv
v

where ] : solvent flux (L/m*h); C: concentration in perme-
ate (mg/L); ], diffusional flux (L/m%h); C_ : convective
concentration (mg/L).

Eq. (4) is a straight line, which gives the variation of the
concentration in the permeate as a function of the inverse
of the permeate flux. The intercept gives the concentra-
tion in the permeate due to convection C__ and the slope
gives the flux of solute transported by diffusion J .

Fig. 4 shows the variation of the nitrate concentration
in the permeate C  as a function of the inverse of the per-
meate flux 1/], and Table 3 gives the values of C
and R-square obtained.

Fig. 4 demonstrates an acceptable accuracy of the linear
relationship between C, and 1/]}7, as per Eq. (4). The C_ |
and ], of the NE90 membrane are higher than those of
the RE-BN membrane. This is due to the NE90 membrane
being more porous and sensitive to the initial nitrate con-
centration than the RE-BN membrane, resulting in greater
flux and solute passage in the permeate. These findings
indicate that both the NE90 and RE-BN membranes involve
two distinct transfer mechanisms (diffusional and con-
vective) that operate independently, but additively in the
overall transfer process.

The impact of the IC of nitrate on the convective con-
centration and diffusion flux for both membranes is exam-
ined and depicted in Fig. 5. The results reveal that the
changes in the convective concentration and diffusion
flux of nitrate ions, as a function of IC are accurately rep-
resented by a linear relationship with an R-squared value
greater than 0.86 for both membranes. The convective

conv ] diff
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Fig. 3. Nitrate rejection vs. TMP. (a) Nitrate rejection on different feed nitrate concentrations vs. TMP for NF membrane. (b) Nitrate
rejection on different feed nitrate concentrations vs. TMP for RO membrane.
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Fig. 4. Permeate concentration of nitrate as a function of the inverse of the permeate flux, for different initial feed concentrations.

Table 3

C.., and ], values obtained at different initial feed concentration of nitrate

conv

Initial feed concentration 50 mg/L 100 mg/L 200 mg/L 300 mg/L 400 mg/L

NF C.,., (mg/L) 8.2334 12.17 17.823 38.91 48.09
Jaise 86.17 186.96 376.51 354.262 518.67
R-square 0.80 0.75 0.79 0.66 0.64

RO C.,, (mg/L) 2.73 3.262 4.67 8.47 12.264
Jaise 52.36 58.92 66.242 67.81 88.93
R-square 0.91 0.92 0.84 0.67 0.63

concentration and diffusion flux of nitrate ions increase
with increasing IC for both membranes, with a more sig-
nificant increase observed in the case of the NE90 mem-
brane. This increase in IC of nitrate causes the increase
concentration between the feed side and the permeate
side of the membrane. This difference in concentration
creates an osmotic gradient, that is, an osmotic pressure
difference; as a result, solutes are further pushed across
the membrane by convective transport, resulting in a lin-
ear increase in convective concentration with increasing
initial concentration in the feed. This linear behavior may
be governed by the laws of fluid mechanics. On the other
hand, diffusion is a phenomenon that occurs naturally
when molecules move from an area of high concentration
to an area of lower concentration. By increasing the IC of
nitrate, the concentration gradient increases, which means
that solutes will have faster and more sustained movement
across the membrane and hence increased diffusive flux.
The linear behavior conforms to Fick’s law, which mathe-
matically describes the diffusion of solutes. According to
this law, the diffusion flux is directly proportional to the
concentration gradient.

3.4. SK model

The KK model lacks the capability to differentiate
between the contributions of convective and diffusive solute

transfers, leading to the utilization of the SK model, which
not only enables such differentiation but also permits the
quantification of solute permeability. The SK model is based
on the principles of non-equilibrium thermodynamics, treat-
ing the membrane as a black box. This approach facilitates
the characterization of membranes in terms of two key
parameters: the reflection coefficient (o) and solute perme-
ability (P.) [39,40].

From this postulate, it is then possible to express the
solvent flux | and the solute flux J, Egs. (5) and (6):

J,=L,(AP-oAr) (5)

J.=R(C,-C,)+(1-9)I,C, (©)
where L: membrane permeability to solvent (m?*m%h);
AP: pressure (bar); o: reflection coefficient of the solute by
the membrane; C : concentration at the membrane sur-
face (mg/L); Ar: osmotic pressure due to the solute (bar);
P: permeability of the solute (m*/m*h).

The real rejection can be calculated by this theory for
species “i” Eq. (7):

?)

B

where F = exp[(l_;)]”]
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The experimental nitrate rejection was modulated
using Eq. (7) from the SK model to investigate the impact
of the initial concentration (IC) on both the contribution of
each transfer mechanism (convective and diffusive) and
the phenomenological parameter (o, P) in ion transport
within the examined membranes. The variation of nitrate
rejection at different IC is illustrated in Fig. 6, demonstrat-
ing a good agreement between the experimental and fitted
results obtained through the SK model for both membranes.
The results obtained are collected in Table 4.

As summarized in Table 4, the high values of R-square
that exceed 0.99 shows a good fit of the model and experi-
mental results. In addition, the values of o and P, found are
of the same order as the results obtained by NF and RO in
our previous paper for the rejection of nitrates from a real
brackish water. These values of ¢ and P_ for the membrane
NE90 were 0.94 and 7.45 x 107 m/s, respectively, and 0.98
and 8.92 x 10® m/s, respectively for RO membrane BW30
[52]. According to the obtained values of o, the NE90 mem-
brane is more convective than the RE-BN membrane and
that the transfer of nitrates by diffusion in these two mem-
branes is predominant.

H. Zeggar et al. | Desalination and Water Treatment 316 (2023) 452463

The effect of the IC of nitrate on the calculated trans-
port parameters (o, P) is investigated for both membranes
as shown in Fig. 7. The results show a linear behavior of
permeability of nitrate for both membranes. This perme-
ability decreases with increasing IC for both membranes.
For RE-BN membrane, when the IC increases from 50 to
400 mg/L, permeability of nitrate decreases linearly from
4.01 to 0.936 m/s-107, which represents a drop of 23.34%.
For NE90, permeability of nitrate decreases linearly from
9.51 to 6.57 m/s-107, which represents a drop of 69.08%.
View that nitrate transfer by diffusion for both membranes
is dominant, increasing the IC of nitrate creates a larger con-
centration gradient across the membrane. As a result, the
driving force for the diffusion of nitrate across the mem-
brane becomes stronger, resulting in a decrease in perme-
ability of nitrate. This result is consistent with the increase
in reflection coefficient as a function of IC. The phenomeno-
logical parameters in this model (o0 and P ) exhibit depen-
dency on IC of nitrate with a more significant dependence
observed in the case of the NE90 membrane. Higher IC of
nitrate promote more efficient selective diffusion across
both membranes.
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Fig. 6. Experimental and fitting data of nitrate rejection as a function of permeate flux for NE90 and RE-BN membranes.
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Table 4
Calculated values of o and P_by Spiegler-Kedem model

Initial feed concentration (mg/L) 50 100 200 300 400
NF P (mB/mz ‘s)x 107 9.50 9.07 8.25 6.27 6.56
o 0.81 0.86 0.89 0.85 0.86
R-square 0.997 0.996 0.997 0.997 0.997
RO P (m3/m2 -s)x 107 4.01 2.12 2.12 0.924 0.936
o 0.933 0.959 0.959 0.967 0.965
R-square 0.999 0.999 0.999 0.999 0.999
1,2 1,00 1
_ o °
1,04 P_=-9,647E-10*[NO,]  +9,963E-7 o
s ini 0,95 - //
= R®=0,860 o
£ 081 =
£ 'S 0,90
S u % .
T 061 3
= S -
5 P_=-7,623E-10*[NO;] +3 439E-7 2 0851
€044 o _ = NF <
Dq_’ R’=0,60 e RO & —=—NF
o’ TT— ___ Model curve 0,80 ~ e RO
Z 0,24 ° —__
® o e —_ e
0.0 : _ 075 .

T T T T T T T T T
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NO; Initiale concentration (mg/L)
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Fig. 7. Permeability of nitrate and reflection coefficient as a function of IC of nitrate for NE90 and RE-BN membranes.

3.5. Nernst—Planck modeling coupled with film theory

To account for the effect of the concentration polariza-
tion layer on the P, and the o at different nitrate ICs, the
NP-FT model is used for both membranes.

The transport equation for species i can be described
by the simplified extended Nernst-Planck given by
Dresner [60]:

dC, CFz do
J, p[ T dxj+ J,C.(1-0) ®)
where P (m%*s) and s are the parameters of SK model;
C: ion concentration (mg/L); dj: Donnan potential (V);
z;: ion valence; F: Faraday constant (C/mol).

Rearrangement of Eq. (6), written for a binary system,
containing species 1 and 2, together with electroneutrality
conditions.

YiCz =0 ©)
>iCJ, =0 (10)

dcC.
], :—Pd—x’+]vCi(l—c) (11)

The Spiegler-Kedem equation, is integrated over the
thickness of membrane (0 < x < Ax) using the following
boundary conditions:

C=C_ atx=0;

C= CPi at x = Ax.
and

J,=C,J, (12)
The solution is:

C.
c =J1- ° L (13)

K exp{(l—c){;} 1-o

where P = P/Ax.

If a concentration polarization is assumed to occur
within a boundary layer adjacent to membrane/feed solu-
tion interface, at steady state the following mass balance
can be constructed:
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]vCpi = ]vai -D dCl

o (14)

Integration of Eq. (14) over the thickness of boundary
layer:

Cc.—-C. 5
i TRl 2

15
Cﬁ _Cpi (19

Then C__ is given by:

Ci :Cpi _(Cpi _Cﬁ)exp(g]v] (16)

The Eq. (13) is then equal to Eq. (16) so:

C.
b L (17)

o o 1-0)],
L 1f0{exp{—]v D} —exp{—(;)—géﬂ

B

0,96
0,93
0,90
0,87 . "
0,84 - -

0,81
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“uzy

Finally, the rejection of ion “i” can then be written as:

C.
R=1-—F=1- !

' C. _
fi 1+ 1ijc{exp{—]v Ii} — exp{_(lpc)]v _ {DUS:H

(18)

The NP-FT model is utilized to investigate the effect of
(IC) of nitrate on reflection coefficient (o), solute permea-
bility (P ), and boundary layer thickness (d), while consid-
ering the phenomenon of concentration polarization. To
achieve this, a Python program was developed based on
the flowchart proposed by Chaabane et al. [54]. The sim-
ulation results generated from the model are used to pro-
duce the curves depicted in Fig. 8, where solid symbols
represent experimental data, and solid lines represent the
model function with parameters determined by the pro-
gram using Eq. (18). The calculated model parameters are
summarized in Table 5.

Fig. 8 demonstrates a favorable agreement between the
experimentally obtained nitrate rejection and the NP-FT
model’s predictions for the studied membranes, across a

1,00 RO

0,95 4

0,90 4

c
o
B 085+ INO}J, = 50 mgiL
& INO}J,,= 100 mg/L
‘g” 0,80 4 [NO}], = 200 mg/L.
] INO;],,= 300 mg/L
T [NO}], = 400 mg/L
044 —— Model Curve
02
0,0 T

T T T T T T T T 1
000 025 050 075 100 125 150 1,75 200 225 250

Permeate flux (10'5m3/m2.s)

Fig. 8. Experimental and model data of nitrate rejection vs permeate flux for the three membranes.

Table 5
Parameters, o, P_ and d obtained by the coupled NP-FT model
Membrane IC (mg/L) P o (m) g R?
NF 50 9.499E-07 1.041E-08 0.8189 0.9977
100 9.198E-07 1.045E-08 0.8605 0.9974
200 8.296E-07 1.026E-08 0.8959 0.9979
300 6.737E-07 1.406E-08 0.8577 0.9979
400 6.94E-07 1.42E-08 0.8662 0.9978
Medium 7.3243E-07 1.406E-08 0.85984 0.99774
RO 50 4.868E-07 1.022E-12 0.9131 0.9977
100 2.21E-07 1.026E-12 0.960 0.9997
200 1.22E-07 1.228E-12 0.9716 0.9998
300 9.588E-08 1.32E-12 0.9675 0.9998
400 9.731E-08 1.03E-12 0.9651 0.9998
Medium 2.04598E-07 1.1252E-12 0.95546 0.99936
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range of nitrate ICs, as evidenced by the high R-squared
values.

According to Table 5, the results obtained confirm
those obtained by the SK model, concerning the permea-
bility of nitrates and the mode of transfer. In addition, for
the RE-BN membrane, the values of the permeability of
nitrate ions are very low compared to those obtained by the
NE90 membrane. This translates into a very low d for the
RE-BN membrane which is of the order of 10? m. In con-
trast, the order of magnitude of d for the NE90 membrane
is 10 m.

According to Table 5, the values of ® do not appear to
vary with nitrate concentration for both types of membranes.
A recent study conducted by Lopez et al. [61] yielded sim-
ilar results using a solution-electro-diffusion-film coupled
reactive transport (SEDFRT) model to describe solute trans-
port through NF270 membranes in complex multi-electro-
lyte environments (strong and weak). They estimated a
value for NF270 in the order 107 m, which is slightly larger
compared to the d values of NE90 and RE-BN.

4. Conclusion

In order to investigate and characterize nitrate trans-
port through NF and RO membranes, three different trans-
port models are employed. These models are evaluated
for six different IC of nitrate and for both the NE90 and
RE-BN membranes.

The KK model is utilized to analyze the diffusive and
convective transport of the NE90 and RE-BN membranes.
The model’s findings demonstrate a favorable concurrence
between the experimental and fitting results for both mem-
branes. The KK model demonstrates that the two membranes
have distinct transfer mechanisms, which act independently
but contribute to the overall transfer additively. The C_
and J,, parameters of the NE90 membrane are signifi-
cantly influenced by the IC of nitrate, whereas those of the
RE-BN membrane are only mildly impacted.

To calculate nitrate transport, the SK model is utilized.
At the same time, the two parameters P, and ¢ are deter-
mined. The results of SK model exhibit a good agreement
between the experimental and fitting outcomes for both
membranes. In addition, it shows that for nitrate ions the
transfer by diffusion is dominant for both membranes. It is
observed that the two parameters of the model are depen-
dent on IC of nitrate. The dependence of P_and o on the IC
of nitrate is more marked for the nanofiltration membrane
than for the reverse osmosis membrane.

The Nernst-Planck model coupled with film theory is
an adequate description for mass transport through both
NF and RO membranes due to its consideration of con-
centration polarization. The experimental nitrate rejection
results show a good fit with the NP-FT model. Additionally,
the model indicates that the 6 of CP of nitrate is negligible
for the RO membrane and on the order of 10® m for the
NF membrane.
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