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A B S T R A C T

Nanofiltration guarantees high water recovery and low energy consumption in removing micropollutants (MPs).
In this study, we derive a concise model to describe MP removal with nanofiltration membranes. We compare
the results from the model with experimental data for the removal of 7 MPs with 5 salt concentrations
using the NF270 membrane. Our findings indicate that the model accurately describes MP transport through
nanofiltration membranes. Furthermore, we evaluate the effect of salt concentration on MP rejection. The
results show that salt concentration impacts MP rejection differently based on MP charge and size. Increasing
salt concentration decreases the rejection of counter-charged MPs that are small and increases the rejection of
counter-charged MP that are large.
. Introduction

Reverse osmosis (RO) and nanofiltration (NF) are leading tech-
ologies in the production of drinking water. In RO, the membranes
rovide a superior ion rejection. Therefore, RO membranes are used
or seawater and brackish water desalination [1–3]. Conversely, NF
embranes exhibit lower ion rejection compared to RO membranes.
owever, NF membranes are efficient in removing larger molecules

uch as organic matter and (organic) micropollutants (MPs) [4,5]. For
P removal, NF is often considered as an alternative to RO because of

he higher water recovery, which is the ratio of the purified water that
s produced over the feed water that is consumed, along with the lower
nergy requirements. Compared to RO, NF membranes have a higher
orosity and larger pores which allows higher water and solute fluxes.

To predict and understand the removal of micropollutants (MPs)
sing nanofiltration under various conditions, accurate transport mod-
ls are required. Several models have been proposed to study and
nderstand the transport and rejection of MPs using membranes. For in-
tance, Kim et al. implemented a modeled to compare the contributions
f diffusion and convection to the transport of pharmaceuticals and
isinfection by-products [6]. Nghiem et al. studied the effect of steric
xclusion on rejection and used a hydrodynamic approach to model

∗ Corresponding author.
E-mail address: jouke.dykstra@wur.nl (J.E. Dykstra).

the transport of neutral MPs through cylindrical pores [7]. Wang et al.
investigated the rejection and transport of neutral and charged MPs
using the Donnan Steric Pore Model & Dielectric Effect (DSPM&DE)
model [8]. Moreover, other researchers have also addressed the effects
of physico-chemical phenomena on the rejection of MPs and proposed
models to include these phenomena. For instance, some studies have
focused on the effects of solute–membrane interactions on the rejection
of MPs [9–11] as well as the effects of biofouling [12].

Although several studies have focused on implementing and extend-
ing existing models to study MP removal, some of these models remain
complex, mostly because multiple fitting parameters are required to
capture all the different properties of the MP and the membrane.
There is a need for a model that captures the key transport mech-
anisms: diffusion, convection, and electromigration, and that is easy
to implement, allowing for comparison with experimental datasets on
membrane performance. Such a model has been developed based on
solution-friction (SF) theory and has been compared with data sets for
highly charged and uncharged reverse osmosis (RO) membranes [13].
Our goal is to extend this simple model to nanofiltration (NF) and
include the removal of MPs. The extended model will allow for accurate
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Fig. 1. Overview of the phenomena considered to study the removal of MPs. (A) On both sides of the membrane, the size and charge of the solute affect the partitioning equilibria
between membrane and solutes. Concentration 𝑐f is of the solute in the feed and 𝑐p in the permeate. (B) The flux of solutes across the membrane is the result of diffusion due to
concentration gradients, 𝛥𝑐, electromigration, due to potential differences, 𝛥𝜙, and convection due to water flux, 𝑣w. (C) Solutes are rejected by the membrane due to steric and
charge exclusion.
prediction of MP removal and can be used to assess the performance of
NF modules and further improve water purification processes.

In this study, we introduce a novel equation for MP flux and
rejection in NF processes. This equation can estimate rejection without
complex numerical solutions, making it particularly advantageous for
designing treatment processes in real-life applications. Implementing
this equation is straightforward, requiring only two parameter values
for each MP that is considered: the mass transfer coefficient within the
membrane and a characteristic transport parameter unique to each MP
and specific membrane. These parameters can be determined through
standard filtration experiments conducted at the laboratory scale. Ac-
curate identification of these parameters facilitates realistic prediction
of MP rejection.

In addition to developing this novel equation, we conducted fil-
tration experiments with 7 micropollutants to estimate the model pa-
rameters that yielded accurate predictions of MP rejection. The model
was employed to investigate the impact of salt concentration on MP
rejection and to explore the relevance of charge exclusion and electro-
migration for MP rejection.

The model in the present work is based on the SF theory and
considers the partitioning of solutes at the membrane–solution interface
and the transport due to diffusion, convection, and electromigration.
Two assumptions are incorporated in the model; first, the MPs are trace
solutes that do not affect the removal of the main solutes present at
high concentrations, which are the salt ions; and second, the potential
𝜙m across the membrane is independent of the MP concentration in
the membrane, which can also be justified by the relatively low con-
centrations (compared to the salt ions) of the MPs. The model results in
a modified Hertz equation for the flux of MPs through the membrane
that is dependent on the potential difference across the membrane. In
the model, this potential difference is solely affected by the rejection
of the salt ions. Furthermore, we defined a modified Peclet number,
which captures the operational conditions, and a transport number that
is characteristic to each micropollutant for a specific membrane. An
overview of phenomena that are included in our model is depicted in
Fig. 1; namely, solute partitioning at the membrane–solution interface,
size and charge based rejection, and transport through the membrane
pores due to diffusion, convection, and electromigration.

Experiments were conducted to validate the proposed model and
compare theoretical calculations with the rejection data of 7 MPs.
Within the experimental work, we explore the impact of salt concentra-
tion on the removal of MPs. Generally, the effect of salt concentration
on removal has been associated with electrostatic interactions [14,15].
For instance, Nghiem et al. studied the effect of NaCl concentration on
the rejection of ibuprofen and sulfamethoxazole, finding that increasing
salt concentration decreases the removal of both micropollutants [16].
Similarly, Rutten et al. investigated the effect of salt concentration and
dominant salt on the removal of MPs with hollow fiber nanofiltration
2 
membranes [17]. They found that the effect of salt concentration on MP
removal depends on the charge of the MP, the type of membrane used,
and the dominant salt in solution. In terms of modeling, Fini et al. used
a purely steric model to study the effect of water matrix on the rejection
of pesticides [18], while Rutten et al. employed the Donnan steric
pore model, including dielectric exclusion, to qualitatively predict the
removal of 4 micropollutants [17].

In summary, the present manuscript introduces a model designed to
analyze and predict micropollutant removal via NF. We present a de-
tailed derivation of the model and a comparison with experimental data
to establish its validity. Furthermore, this work explores the impact of
salt concentration on the removal efficiency of several micropollutants.
Through this research, we aim to advance our understanding of MP
removal with NF.

2. Theory

2.1. Micropollutant rejection

In this section, we outline the theoretical framework for the removal
of MPs with NF membranes. From this point onward, we will use
the term rejection instead of removal. Based on the SF theory, we
derive transport equations to determine the flux and rejection of MPs.
The resulting equations capture the effects of operating conditions,
ionic strength, and the intrinsic properties of both the MPs and the
membranes on MP rejection. We consider charged and neutral MPs.
The theoretical framework relies on the extended Nernst–Planck (ENP)
equation, describing the flux of MPs by convection, diffusion, and
electromigration

𝐽𝑖 = 𝐾f ,𝑖𝑐𝑖𝑣w −𝐾f ,𝑖𝑘m,𝑖

(

𝜕𝑐𝑖
𝜕𝑥

+ 𝑧𝑖𝑐𝑖
𝜕𝜙
𝜕𝑥

)

(1)

where the friction factor 𝐾f ,𝑖 represents the friction of MPs with the
membrane matrix, 𝑐𝑖 is the concentration of MPs, and 𝑣w is the trans-
membrane water flux in m/s which can be translated to a unit L/m2/h,
commonly abbreviated as LMH. The transmembrane water flux de-
pends on the water permeability of the membrane 𝐴m in LMH/bar,
salt concentration, and operating pressure. In the SI, we present the
equation used to determine 𝑣w. The mass transfer coefficient is given
by 𝑘m,𝑖 = 𝐷𝑖𝜖∕𝐿m (LMH), where 𝐷𝑖 is the diffusion coefficient in
solution and factor 𝜖 accounts for the reduction of diffusion inside the
membrane because of porosity and tortuosity effects. The thickness
of the membrane, 𝐿m, is used to normalize the position 𝑥 across the
membrane. The dimensionless electric potential, denoted by 𝜙, can be
converted to a dimensional voltage by multiplying it by 𝑅𝑇 ∕𝐹 , where
𝐹 is the Faraday constant, 𝑅 the universal gas constant, and 𝑇 the
temperature. To study MP rejection with NF membranes, we assume
that the electrical potential across the membrane is only affected by



S.C. Osorio et al.

o
(
m
p
n

d
F
m

m
a
t
C
e
t
a
N
s
t
a

𝑅

P
M

𝑅

Journal of Membrane Science 713 (2025) 123347 
the transport of salt ions that are present at relatively high concen-
trations. Therefore, the concentrations and fluxes of salt ions across
the membrane affect the rejection of MPs, but MPs do not affect the
rejection and transport of ions. The aforementioned assumption enables
us to define a transport parameter and derive a new expression for
calculating MP rejection without compromising the model’s accuracy
while eliminating the need for complex numerical solutions.

The theory presented in this work is valid for a solution with
monovalent ions and constant charge density across the membrane.
Therefore, any effect of ions on the membrane charge is not considered.
Considering these assumptions and integrating Eq. (1) from the feed
solution – membrane boundary to the membrane – permeate solution
boundary, we arrive at the following relation of the flux of a MP
through the membrane

𝐽𝑖 = 𝐾f ,𝑖 𝑘m,𝑖 Pemod,𝑖
𝑐m,f ,𝑖 exp(Pemod,𝑖) − 𝑐m,p,𝑖

exp(Pemod,𝑖) − 1
(2)

f which a full derivation is given in the supplementary information
SI). Here, 𝑐m,f ,𝑖 and 𝑐m,p,𝑖 are the concentrations of MPs just inside the
embrane. Subscript f refers to the upstream (feed) side and subscript
to the downstream (permeate) side. We define a modified Peclet

umber Pemod,𝑖 =
𝑣w
𝑘m,𝑖

+𝑧𝑖𝜙m, where 𝜙m corresponds to the difference in
electrical potential across the membrane (upstream−downstream). For
neutral MPs, Eq. (2) leads to the Hertz equation (Eq. 21 from [19]).
We do not consider the effect of concentration polarization (CP) in the
main calculations. However, in the SI, we present the corresponding
equations including CP and illustrate the effect of CP on the rejection
of MPs and NaCl. The concentration inside the membrane at both
sides, feed and permeate, can be calculated based on the Donnan
equilibrium. Using the feed side as an example, the concentration inside
the membrane is given by

𝑐m,f ,𝑖 = 𝑐f ,𝑖 𝛷𝑖 exp(−𝑧𝑖𝜙f ). (3)

The partitioning coefficient 𝛷𝑖 includes any contribution except for
charge effects, and 𝜙f is the difference in electrical potential across
the membrane–feed interface, which is a function of the membrane
charge density, 𝑋, and the salt concentration at the membrane–feed
interface. The membrane charge density can be positive or negative
depending on the type of membrane. Moreover, the solution pH can
affect the membrane charge and the ionization of solutes such as
MPs or amphoteric ions. Models that consider the effect of pH on
membrane charge and ionization degree of charged solutes can be
found in literature [3,20,21] . Although, pH can strongly affect MP
rejection [22], pH is close to pH = 7 in situations that are applicable
for drinking water production, and therefore, in the experimental and
theoretical sections of this work, pH is set to 7. In the case of a solution
with a symmetric salt, 𝜙f is calculated as

𝜙f = asinh
(

𝑋
2 𝑐int,𝑖 𝛷

)

. (4)

Considering the low water recovery limit, the concentration of MPs
in the permeate is related to the MP flux by 𝑐p,𝑖 = 𝐽𝑖∕𝑣w. In membrane
modules, the low water recovery limit suggests that the concentration
on the feed side, 𝑐f , remains relatively constant along the channel. This
limit is also valid in experimental conditions, such as when a membrane
coupon is placed in a cross-flow cell for filtration experiments or in
dead-end filtration experiments. Considering this relation and replacing
𝑐m,f ,𝑖 in Eq. (2) we can define the flux of a MP as function of the
concentration in the feed

𝐽𝑖 = 𝑃𝑖 Pemod,𝑖
𝑣w 𝑐f ,𝑖 𝛼mod,𝑖 exp(−zi𝜙f )

𝑣w (𝛼mod,𝑖 − 1) + 𝑃𝑖 Pemod,𝑖
(

exp(−zi𝜙p)
) (5)

where 𝑃𝑖 = 𝐾f ,𝑖𝑘m,𝑖𝛷𝑖 is a empirical transport parameter (LMH) that
epends on the properties of the MPs and the membrane that is used.
or instance, the size of the MP and the porous structure of the
embrane determine the mass transfer coefficient inside the membrane
3 
and the friction factor between the MP and the membrane matrix.
Moreover, 𝑃𝑖 is function of the partitioning coefficient, 𝛷𝑖, which can
capture the effect of the membrane charge, the MP charge, and the
solute–membrane interactions. The electrical potential at membrane–
solution interface in the permeate side is given by 𝜙p is. Additionally,
we define 𝛼mod,𝑖 = exp(Pemod,i). The flux of charged MPs through the

embrane is dependent on the electrical potential at the interface
nd across the membrane. This potential is intricately related to both
he ionic strength and the transport of ions through the membrane.
onsequently, to calculate MP transport and rejection, an accurate
stimation of ion transport across the membrane is required. As part of
he supplementary material for this work, we provide an Excel file and
manual for estimating the rejection of a monovalent salt with RO and
F membranes using the SF model [13]. The file employs a numerical

olution and the Excel Solver extension to calculate salt rejection and
he electrical potential values needed to estimate MP flux and rejection
cross the membrane.

Considering the low water recovery limit, rejection is given by

𝑖 = 1 −
𝐽𝑖

𝑐f ,𝑖𝑣w
. (6)

By combining Eqs. (5) and (6), we have derived a new equation for
MP rejection. This equation encompasses the key phenomena involved
in MP rejection while maintaining simplicity through a limited set of
model parameters. In the following sections, we evaluate the validity of
this new equation by comparing model calculations with experimental
data. The novel equation for MP rejection is then

𝑅𝑖 = 1 − 𝑃𝑖 Pemod,𝑖
𝛼mod,𝑖 exp(−zi𝜙f )

𝑣w (𝛼mod,𝑖 − 1) + 𝑃𝑖 Pemod,𝑖
(

exp(−zi𝜙p)
) . (7)

For neutral MPs, Pemod,𝑖 reduces to the conventional Peclet number
e𝑖 = 𝑣w∕𝑘m,𝑖 and 𝛼Pe,𝑖 = exp(Pe𝑖). Therefore, the rejection of a neutral
P is given by

𝑖 = 1 − 𝑃𝑖 Pe𝑖
𝛼Pe,𝑖

𝑣w (𝛼Pe,𝑖 − 1) + 𝑃𝑖 Pe𝑖
. (8)

Eqs. (7) and (8), which are derived, for MP rejection with NF,
are also applicable to RO membranes. These equations are based on
the general ENP equation, which accounts for transport by diffusion,
convection, and electromigration, and is applicable to RO membranes
as well. The primary difference in MP rejection with RO membranes
lies in the order of magnitude of the transport parameter and the mass
transfer coefficient for the MPs. Additionally, in some cases, the equa-
tions presented in this work may be simplified for scenarios involving
RO membranes, where convection and electromigration contribute less
significantly to MP rejection.

2.2. Ion rejection

To calculate MP rejection, Eq. (7), one must know the electrical
potential difference across the membrane, 𝜙m, and the potential at the
feed, 𝜙f , and permeate, 𝜙p, interface, which are determined by the
salt concentration, membrane charge density, and the transport of ions
across the membrane. Therefore, an accurate model to predict ion flux
and rejection is crucial. In this work, the SF model is employed to study
the rejection of ions, incorporating the effects of leakage through the
membrane resulting from imperfections.

The flux of ions through the membrane is calculated using Eq. (1),
which, assuming mass conservation, 𝜕𝑐𝑖

𝜕𝑥 = − 𝜕𝐽𝑖
𝜕𝑥 , and steady state and

no chemical reactions, 𝜕𝑐𝑖
𝜕𝑡 = 0, leads to

0 = 𝐾f ,𝑖𝑣w
𝜕𝑐𝑖
𝜕𝑥

−𝐾f ,𝑖𝑘m,𝑖
𝜕
𝜕𝑥

(

𝜕𝑐𝑖
𝜕𝑥

+ 𝑧𝑖𝑐𝑖
𝜕𝜙
𝜕𝑥

)

. (9)

The concentration of ions inside the membrane at both sides, feed

and permeate, are also calculated based on the Donnan equilibrium
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Eq. (3). Furthermore, we consider local electroneutrality and zero
electric current at all positions in the membrane according to
∑

𝑖
𝑧𝑖𝑐𝑖 +𝑋 = 0 (10)

and
∑

𝑖
𝑧𝑖𝐽m,𝑖 = 0. (11)

In the model for salt rejection, we include the effect of leakage
hrough the membrane. Polymeric membranes do not have a uniform
nd perfect structure leading to imperfections that in practice behave
s leakages (membrane sections with higher flux) [23,24]. Leakages
hrough the membrane can also originate from physical damage of
he polyamide layer during the experimental work [25], or by the
ressure exerted by the spacers that are normally used in membrane
onfigurations [26]. Therefore, we define the total flux of ions through
he membrane, 𝐽T, as the sum of the flux due to leakages, 𝐽L,𝑖, and

across the intact membrane, 𝐽m,𝑖 which is given by Eq. (1). The flux
due to leakages is defined as

𝐽L,𝑖 = 𝐴L𝑐f𝛥𝑃
h,∞ (12)

where 𝐴L is a permeability leakage factor in LMH/bar, 𝑃 h,∞ is the
ressure difference between feed and permeate [13]. Moreover, the
otal water flux including leakage, 𝑣w,T, must be used to calculate the
oncentration of ions in the permeate according to 𝑐p,𝑖 = 𝐽T∕𝑣w,T. In the
I, we present how the total water flux including leakage is calculated.

. Materials and methods

.1. Chemicals and membrane

The micropollutants used in this study are atrazine (ATZ), paraceta-
ol (PCT), metformin (MTF), atenolol (ATN), sulfamethoxazole (SMX),

buprofen (IBF), and aspirin (ASP). The properties of the MPs are
rovided in the supplementary information (SI). All chemicals were
urchased in analytical grade with >98% purity. These MPs were
elected for their diverse charges and their representation of a broad
ange of relevant MP sizes (129–266 g/mol). Selecting appropriate
odel compounds is essential for evaluating the influence of specific
henomena on MP rejection. With representative model compounds,
aluable insights into the mechanisms driving MP rejection can be
ained. Given our hypothesis that salt concentration impacts MP re-
ection based on charge, charge was a key factor in the selection.
ize was also considered, as the significance of Donnan exclusion and
lectromigration varies with MP size. By working with these seven MPs,
e aim to assess the effects of MP size and charge on rejection under
ifferent salt concentrations.

The commercial membrane NF270 (DOW-DuPont) was used in the
iltration experiments. This polyamide thin film composite membrane
as a molecular weight cut-off between 200–400 g/mol [27–30]. The
F270 was selected for this study because it is widely used for drinking
ater treatment and has been used in previous studies on MP removal
nd the effect of salt concentration. This enables a direct comparison
f our results with existing data. The membrane was purchased from
enntech, Delft, The Netherlands.

.2. Filtration experiments

Filtration experiments were conducted to validate our model and
o elucidate the impact of the sodium chloride (NaCl) concentration
n the rejection of 7 MPs. The salt NaCl was used because of the
nticipated weak interaction between MPs and the membrane with Na+

and Cl– ions. The experimental NaCl concentrations used during the
experiments were 2, 5, 10, 50 and 100 mM and the concentration of
MPs was set between 0.08 and 0.13 μM. Not all MPs were jointly tested
n the same filtration experiment; instead, the MPs were divided into
wo groups.
 e

4 
• group 1: MTF (+) and ATN (+).
• group 2: ATZ, PCT, SMX (−), IBF (−), and ASP (−).

The experiments were performed using a cross-flow (lab-scale)
embrane filtration system connected to two stainless steel membrane

ells that were placed in series. The temperature of the feed solution
as kept between 𝑇 = 20−21 ◦C using a heat exchanger, and the pH
f the feed solution was kept between pH = 6.8−7.2 by bubbling N2

gas to control the N2∕CO2 ratio in solution [31]. Membrane coupons
of ∼40 cm2 of the membrane NF270 (DOW) were used. Coupons were
cut after opening the spiral wound NF module. Before the filtration
experiment, the coupons were soaked in deionized water for at least
24 h. Subsequently, the membrane was pretreated at high pressure
(20 bar) for 4 h using deionized water.

Following the pretreatment with water, the filtration system was
operated with the feed solution at pH = 7 for at least 24 h at 15 bar
to ensure a steady state during the sampling. The same membrane
coupons were consistently used throughout all experiments to avoid in-
troducing other membranes with different degrees of imperfection that
impact the leakage flux, 𝐽L,𝑖. During the experiments, we controlled the
eed flow rate at 60 l/h while increasing the pressure from 2 to 10 bar.
ollowing the adjustment of the pressure, we allowed the system to
tabilize for a minimum of one hour before taking samples from the
eed and permeate tanks. Every sample was analyzed to measure ion
nd MP concentrations and to calculate rejection.

.3. Analytical methods

MP concentrations in the feed tank and permeate samples were
easured to determine MP rejection. The MP measurement was done
sing an LC-MS/MS 6420 Triple Quad Mass Spectrometer (Agilent,
SA) equipped with a UHPLC guard Zorbax Eclipse Plus C18 1.8 μm,
.1 × 5 mm as pre-column and a Zorbax Eclipse Plus C18 RRHD 1.8 μm,
0 × 2.1 mm column (Agilent). For all MPs the same eluents were used
xcept for ASP, which required different eluents for the analysis. The
cid eluent (A) was a solution with neutral buffer of 10 mM ammonia,
0.4 mM formic acid, and 0.04 mM oxalic acid, and eluent B was
ethanol. For ASP analysis, eluent A was acetic acid (0.1%+) and

luent B was acetonitril. Detailed information regarding the ionization
ethod, the precursor, product ions, and the time segment, are outlined

n the SI.

. Results

.1. Salt rejection

The salt rejection was measured at 5 salt concentrations (2, 5, 10,
0, and 100 mM). In practical situations, the salt concentration may not
each values as high as 100 mM. However, this wide range of concen-
rations was chosen to have more confidence in the experimental results
nd the conclusions made about the effect of salt concentration on MP
ejection. By evaluating such a wide range of salt concentrations, a sig-
ificant effect on rejection could be observed and we could corroborate
hat our model is a good alternative to predict MP rejection. Moreover,
he measurements of NaCl rejection were conducted to estimate model
arameters that were used in this study and to determine the values
f the electrical potential difference across the membrane, 𝜙m, and
he potential at the feed, 𝜙f , and permeate, 𝜙p, interface for each salt
oncentration. Transport properties of Na+ and Cl– were fitted and
stimated using experimental data; specifically, the friction factor, 𝐾F,
he mass transfer coefficient, 𝑘m, and the partition coefficient 𝛷, which
e assume to be the same for both ions. Furthermore, with the data for

alt rejection, we also determined values for membrane charge density,
, water permeability, 𝐴m, and the permeability leakage factor, 𝐴L,
hich are parameters that depend on the membrane used during the

xperiments. In case a different membrane than the NF270 is used, it
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Table 1
Model parameters that were estimated by fitting the experimental data for NaCl
rejection.

Parameter Value Unit

𝐾f 0.065 –
𝛷 1 –
𝑋 −53 mM
𝐿m 100 nm
𝑘m 1040 LMH
𝐴m

a 13.5 LMH/bar
𝐴L 1.1 LMH/bar

a 𝐴m is the water permeability of the membrane and 𝐴L is the permeability leakage
factor.

would be necessary to identify the specific membrane and transport
parameters that are characteristic of that membrane. However, the
described theory is applicable to any NF membrane. The values of
these parameters used in this work are given in Table 1. The water
permeability, 𝐴m, of the commercial NF270 membrane falls within
the range reported in the literature (5.5–17 LMH/bar) for the NF270
membrane [29,30]. To compare the ion parameters listed in Table 1,
we define a salt transport parameter, 𝑃NaCl = 𝑘m𝛷𝐾f , which has
been established using a large set of experimental data for different
RO membranes (0.015–0.95 LMH) [13]. In our study with NF, this
transport parameter is two orders of magnitude larger than that for
RO membranes, with a value of 𝑃 = 67.6 LMH. This is consistent with
the fact that NF membranes generally offer lower rejection than RO
membranes.

Similarly, the ion parameters can be compared with those defined
in the Spiegler and Kedem (SK) model, a classical version of the SF
model. In the SK model, the reflection coefficient, 𝜎, and the transport
parameter, 𝜔, are defined. These parameters relate to those in our
model as follows: 𝜎 = 1 − 𝛷𝐾f and 𝜔 = 𝑘m𝛷𝐾f . In the present work,
these values correspond to 𝜎 = 0.935 and 𝜔 = 67.6 LMH. For the
NF270 membrane, the reported ranges for the model parameters are
𝜎 = 0.18 − 0.59 and 𝜔 = 26 − 168 LMH [32–36].

Fig. 2 depicts the results for salt rejection. The results show that salt
concentration clearly affects rejection, which is in agreement with liter-
ature [37,38]. However, with the current model the data corresponding
to the experiment with 50 mM NaCl was not accurately predicted.
The model shows that the effect of salt concentration on rejection
reaches a plateau at high concentration, and therefore the rejection
with 50 mM and 100 mM are similar. These results are in line with
previous studies on the effect of salt concentration on the rejection
of monovalent salts [39,40]. However, experimentally the difference
on rejection between these two concentrations is still significant. The
values of the electrical potential difference across the membrane, 𝜙m,
and the potential at the feed, 𝜙f , and permeate, 𝜙p, that were derived
from the model calculations for salt rejection are necessary to estimate
MP rejection. Since the experimental data corresponding to 50 mM
NaCl was not accurately predicted, we include and analyze the removal
of MPs with 50 mM NaCl separately in the SI.

4.2. MP rejection

The rejection of MPs was calculated using Eqs. (7) and (8) for
charged and neutral MPs. In both cases, rejection is a function of the
transport parameter 𝑃𝑖 and the mass transfer coefficient 𝑘m, which
are characteristic of each MP and depend on the MP and membrane
properties. In our model, these parameters were adjusted to have a
good agreement between the experimental data and. The values for
these parameters are given in Table 2. Besides, in the SI, we compare
and discuss the values of these transport parameters based on MP

properties, demonstrating their dependence on MP size and charge.

5 
Fig. 2. Data and theory for salt rejection with different NaCl concentrations and water
flux, 𝑣w. The lines show the results from the model calculations. The parameters used
in these calculations are given in Table 1.

Table 2
Model parameters that were used to calculate MP rejection with Eqs. (7) and (8).

Charge Micropollutant 𝑘m (LMH) 𝑃i (LMH)

Neutral Atrazine (ATZ) 190 4.5
Neutral Paracetamol (PCT) 256 67
Positive Metformin (MTF) 259 4.1
Positive Atenolol (ATN) 173 3.4
Negative Sulfamethoxazole (SMX) 189 7.1
Negative Ibuprofen (IBF) 216 7.3
Negative Aspirin (ASP) 238 8.6

4.2.1. Neutral MPs
In this study, we consider the effect of salt concentration on MP

removal. Our model captures the impact of salt concentration on Don-
nan exclusion and electromigration inside the membrane. However, the
effect of salt concentration on NF performance can go beyond these
charge-based phenomena. For instance, increasing salt concentration
can lead to pore swelling and lower the rejection of solutes [41–44].
High salt concentrations in the solution generally lead to a higher
concentration of counter-ions inside the membrane. The presence of
these counter-ions leads to a stronger repulsive force that can ultimately
result in pore swelling. Experimentally, we observed that the rejection
of neutral MPs (ATZ and PCT) is not influenced by the NaCl concen-
tration. Therefore, with the experimental conditions of this study, we
conclude that salt concentration only impacts MP rejection through
charge-based phenomena.

In Fig. 3, the results for ATZ and PCT are depicted. The rejection of
these MPs is solely determined by steric exclusion. Both experimental
results and theoretical calculations indicate that the rejection of ATZ
(𝑀w ∼ 215 g/mol) is higher than of PCT (𝑀w ∼ 151 g/mol). For parac-
etamol, the experimental results show significant deviation in rejection
values, likely due to the limitations of the analytical method used. The
small size and neutral charge of paracetamol present challenges for
this method, which depends on fractionating molecules based on both
polarity and size.

4.2.2. Charged MPs
The selection of micropollutants (MPs) plays a crucial role in study-

ing and understanding the phenomena that impact MP rejection. In this

study, we investigated and compared the effects of salt concentration
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Fig. 3. Data and theory for the rejection of neutral MPs with different NaCl concentrations and water flux, 𝑣w. (A) Rejection of atrazine (ATZ). (B) Rejection of paracetamol
(PCT). The line shows the results from the model calculations. The markers represent the NaCl concentration: ♢ 2 mM, # 5 mM, □ 10 mM, ▵ 50 mM, and ∗ 100 mM. The model
calculations are not dependent on the NaCl concentration, since the rejection of neutral MPs is not influenced by the NaCl concentration, Eq. (8). The parameters used in these
calculations are given in Tables 1 and 2.
Fig. 4. Data and theory of metformin (MTF) rejection as function of the water flux, 𝑣w, (A) and the NaCl concentration (B). The lines show the results from the model calculations
using Eq. (7). The parameters used in these calculations are given in Tables 1 and 2.
on the rejection of positively and negatively charged MPs. Furthermore,
we strategically chose MPs with varying sizes to determine whether
salt concentration affects the rejection of small and large contaminants
differently. This choice enables us to explore size-dependent rejection
and, simultaneously, assess the potential interplay between size-based
and charge-based effects in specific scenarios.

In the study of positively charged MPs, we examined MTF (𝑀w ∼
129 g/mol) and ATN (𝑀w ∼ 266 g/mol). The results indicate distinct
effects of salt concentration on the rejection of each MP. An increase
in NaCl concentration has two significant impacts on rejection and
transport mechanisms. Firstly, the decrease in the electrical potential
at the feed interface, 𝜙f , diminishes the effect of Donnan exclusion
of co-charged MPs and the attraction of counter-charged MPs. Sec-
ondly, the reduction in the electrical potential across the membrane,
𝜙m, influences the transport of charged MPs due to electromigration.
For positively charged MPs, higher salt concentration leads to lower
electrostatic attraction at the membrane–solution interface.

The data and calculations for MTF rejection as function of NaCl
concentrations and water flux, 𝑣 , are presented in Fig. 4. The rejection
w

6 
of MTF as function of 𝑣w is given in Fig. 4A. The trend indicates that
increasing NaCl concentration lowers MTF rejection. Given its small
size and high mobility, with 𝑃MTF = 4.08 LMH, MTF is minimally af-
fected by lowering electrostatic attraction. This MP passes through the
membrane, despite the Donnan effect, because of its small size. On the
other hand, increasing NaCl concentration decreases electromigration
which for positive MPs goes from permeate to feed, and therefore the
rejection increases.

Furthermore, in Fig. 4B, the rejection of MTF is plotted as function
of NaCl concentration for three values of water flux, 𝑣w. The markers
in this plot are interpolated values of rejection using the experimental
data. The impact of NaCl concentration on the rejection of MTF dimin-
ishes with increasing NaCl concentration, reaching a plateau value after
50 mM NaCl. Similar behavior in rejection has been reported in studies
investigating the effect of salt concentration on the rejection of single
salts [39,40].

The case for ATN is somehow different from MTF. We observed that
increasing NaCl concentration can have both effects, harm and improve
ATN rejection. An increase in NaCl concentration from 2 to 5 mM
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Fig. 5. Data and theory for atenolol (ATN) rejection as function of the NaCl concentration and water flux, 𝑣w. (A) The rejection with 2 mM and 5 mM NaCl; in this case, rejection
is decreased due to the higher electromigration. (B) ATN rejection with 10 and 100 mM NaCl; with these concentrations, ATN rejection increases with NaCl concentration due to
the lower concentration of ATN inside the membrane. (C) ATN rejection as function of salt concentration. The parameters used in these calculations are given in Tables 1 and 2.
Fig. 6. Data and theory for the rejection of negatively charged MPs at different NaCl concentrations as function of water flux, 𝑣w: (A) sulfamethoxazole (SMX), (B) ibuprofen
(IBF), and (C) aspirin (ASP). The colored section corresponds to the rejection range calculated with 2 and 100 mM NaCl. The markers represent the NaCl concentration: ♢ 2 mM,
# 5 mM, □ 10 mM, ▵ 50 mM, and ∗ 100 mM. Two data points from literature are included for comparison, these data points correspond to experimental work with membrane
NF270 and similar operating conditions. The parameters used in these calculations are given in Tables 1 and 2. The data represented by a D is from Fujioka et al. (20 mM NaCl,
pH = 8, and T = 20 ◦C) [45]. The data point represented by a ⋆ is from Nghiem et al. (20 mM NaCl, pH = 7, and T = 20 ◦C) [46].
results in lower rejection of ATN (Fig. 5A). In this concentration range,
the effect of salt concentration on ATN rejection is dominated by elec-
tromigration. Although ATN is a larger molecule than MTF with a lower
mobility within the membrane, 𝑃ATN = 3.42 LMH, electromigration
remains the dominating effect. However, this effect is counterbalanced
by the Donnan effect at higher NaCl concentrations (Fig. 5B). The
reduced electrostatic attraction, i.e., the reduction of electrical potential
at the feed, 𝜙f , combined with the size exclusion of ATN decreases the
oncentration of ATN inside the membrane, according to Eq. (3). This,
n turn, improves the rejection of ATN at NaCl concentrations higher
han 5 mM.

In Fig. 5C, the rejection of ATN is depicted as function of salt
oncentration. It is shown that the rejection of ATN decreases to a min-
mum value within the NaCl concentration range of 9–12 mM. Further
ncreases in NaCl concentration lead to higher rejections. These results
or ATN illustrate the interplay between size effects and charge-based
ffects on MP rejection.

In this study, three negatively charged MPs were selected: SMX, IBF,
nd ASP. These MPs were used because they are representative of a
ide size range [180–256 g/mol]. Based on previous studies [16,45],

t was expected that salt concentration would have a weaker effect on
he rejection of SMX and IBF, due to their large size. In the case of
SP, rejection can be more influenced by salt concentration because of

he small size of this MP, i.e., the rejection of small MPs relies more
n Donnan exclusion and electromigration. Based on our experimental
esults, we cannot conclude that salt concentration impacts the rejec-
ion of any of these negatively charged MPs, Fig. 6. We acknowledge
ome experimental limitations in our work; for instance, we could not
se lower operating pressures. With pressures below 2 bar, the impact
f the NaCl concentration on rejection would be more clear. Moreover,
7 
the analytical method used to measure the concentration of negatively
charged MPs may not be sensitive enough at high salt concentrations
due to the interference of the water matrix during the measurements
or the further dilution that was needed for the samples.

Compared to the experimental data, our model predicts that increas-
ing salt concentration leads to a small decrease in the rejection of all
three MPs. In Fig. 6, instead of presenting the model results for each
NaCl concentration we show a range of rejection that corresponds to
the model results with 2 (upper limit) and 100 (lower limit) mM NaCl.
Although the model does not predict the data perfectly, it provides
a good qualitative description of the data. Therefore, we still believe
that the model proposed in this work to estimate the rejection of MPs,
Eqs. (7) and (8), is a useful and accurate model, especially because the
model captures the main mechanism involved in the rejection of MPs
but remains easy to be implemented with only a few model parameters
that can be found experimentally. Furthermore, we compared our
model prediction and experimental data for SMX and IBF rejection
with the work of Nghiem et al. [46] and Fujioka et al. [45]. Their
experimental results are similar to ours, with IBU rejection between
90%–97% and SMX rejection between 83%–92%. These values fall in
the rejection range predicted by our model.

5. Conclusions

We derived a new model to study the rejection of MPs with NF
membranes that is derived from the SF model. This model captures the
main mechanisms influencing MP rejection with NF, namely convec-
tion, diffusion, and electromigration. Moreover, the implementation of
the model remains simple due to the reduced number of parameters
needed to estimate MP rejection. The mass transfer coefficient 𝑘
m,𝑖
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and the transport parameter 𝑃𝑖 for each micropollutant can be easily
dentified for specific membranes, provided that the rejection of ions
nd the membranes properties are known.

Additionally, we present a robust experimental dataset that was
sed to validate the model described in this work. The results from
ur model are in agreement with the experimental data. However, for
he implementation of this model, one must know the membrane’s
erformance in terms of salt rejection and identify key membranes
roperties such as the membrane charge density.

Experimentally, we used several NaCl concentrations to investigate
he effect of water composition on the rejection of MPs with different
roperties. We found that effect of salt concentration on MP rejection
epends on MP charge and size. In the case of counter-charged and
mall MPs (MTF), high salt concentrations increase electromigration of
Ps across the membrane which reduces rejection significantly. On the

ther hand, with counter-charged and large MPs (ATN), high salt con-
entration can increase rejection due to a lower electrostatic attraction
f ATN by the membrane, resulting in a lower MP concentration and
ransport inside the membrane. Experimentally, we could not conclude
hether the rejection co-charged MPs (SMX, IBF, and ASP) is strongly

nfluenced by salt concentration. However, our model provides a good
ualitative description of experimental data.
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