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a b s t r a c t

Nanofiltration has been applied as a promising way in water treatment because of its special sep-
aration mechanisms. Most thin-film polyamide nanofiltration membranes obtained by inter facial 
polymerization possess active layer containing a mine and carboxylic acid groups that are distrib-
uted in a highly non-uniform fashion, leading to an inhomogeneous fixed charge distribution. This 
work is a theoretical research to investigate the impact of inhomogeneous fixed charge distribu-
tion on dielectric exclusion in negatively charged nanofiltration membranes. NaCl rejection rate has 
been computed as a function of different pore radius, feed flow concentration and dielectric constant 
inside the pore for various inhomogeneous charge distributions with an identical average volume 
charge density. It has been shown that the difference of rejection performance for fixed charge dis-
tributions changes with the variation of pore radius and feed concentration. This phenomenon is 
related with the electric field behavior determined by functional groups, which also affects the ion 
partitioning at the solution/membrane interface as well. The dielectric exclusion is therefore affected 
by the inhomogeneous fixed charge distribution at relatively low pore radius and low feed flow 
concentration in this work. Thus, the dielectric effect promotes the electrolyte rejection performance 
differently for fixed charge distributions studied in this work. Conclusions drawn in this work are 
also likely to benefit the comprehension of separation mechanism of polyamide membranes in nano-
filtration process and is valuable for the development of membrane fabrication process on membrane 
structure and functional group distribution.
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performance

1. Introduction

In recent decades, Nanofiltration has been applied as a 
promising way in water treatment because of its special sep-
aration mechanisms. High-solute rejection and low-energy 
consumption is its major advantage in seawater and brack-

ish water desalination, pure water and waste water treat-
ment [1–3]. Nanofiltration is a pressure driven membrane 
process, which possess pore size of 0.5–2.0 nm which cor-
responds to molecular weight cut-off (MWCO) of 100–500 
Da and its operation pressure is lower than reverse osmosis 
and higher than ultra filtration [4–7]. 

Most thin-film polyamide nanofiltration membranes 
obtained by inter facial polymerization possess active layer 
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containing a mine and carboxylic acid groups that are dis-
tributed in a highly non-uniform fashion [1,8]. Freger et al. 
have investigated thin-film composite polyamide NF mem-
branes by tangential and transversal characterization tech-
niques (i.e. tangential streaming potential measurements 
and TEM) and demonstrated that the polymer density 
and charge are distributed in a highly nonuniform fashion 
across the active polyamide layer, which contributes a nega-
tively charged outer region sitting on top of an inner region 
possessing a positive charge density [9,10]. This is also fur-
ther proved by Pacheco and Pinnau [11]. Wang et al. inves-
tigated the electrostatic effect, dictated by the membrane 
surface potential, on salt rejection to consider the effect of 
co-existence of negative and positive charges on membrane 
surface in a non-uniform distribution. The enhanced shield-
ing effect and the complexation of counter ions and groups 
clearly explained the difference of rejection performance 
between ions with different valency [12]. Zhu et al. theo-
retically investigated the effect ascribed to the varied fixed 
charge density with different electrolyte types and demon-
strated that the variation of membrane fixed charge density 
has a significant effect on electrolytes retention, especially 
on asymmetric electrolytes [13–15]. The inhomogeneous 
fixed charge distribution generates a varying electric field 
along the nanopores and leads to a competition between 
co ion and counter ion, which is significant for the deter-
mination of ion rejection performance [16]. The pore shape 
also affects the nanopore volume charge density over the 
thickness of active layer. Beatrice et al. found the hourglass 
nanopores have better salt rejection performance than con-
ical or cylindrical nanopores due to the stronger electric 
field arising through the hourglass-shape nanopores in the 
case of electrically-driven ion transport [17,18]. However, 
these investigations only focus on electric characteristics 
to explain ion separation performance while the dielectric 
exclusion is rarely discussed.

The dielectric exclusion is one of the most important 
separation mechanisms [19]. It was firstly considered by 
Gluekauf and then has been discussed for many times since 
Yaroshchuk firstly suggested the effect of ion interactions 
with polarization charges or “image forces” at the solu-
tion/membrane interface may cause dielectric exclusion 
[19–24]. This phenomenon is induced at the solvent-mem-
brane surface because of the interaction between ions and 
membrane materials with different dielectric constant. 
However, in strongly charged small pores, the interaction 
between counter ions and fixed charge would lead to the 
the screening of image force [23]. Born effect is proposed as 
an appropriate engineering calculation of dielectric exclu-
sion mechanism for nanofiltration membranes in engineer-
ing calculation [25,26]. Based on the ion hydration shell, the 
Born effect was proposed to consider the dehydration and 
solvation energy barrier due to the change of dielectric con-
stant inside the confined nanopore during the entry of ions 
at the membrane/solution interface [27,28]. 

Déon et al. investigated the heterogeneous charge dis-
tribution along the membrane pores by means of adsorp-
tion isotherms to describe the salts rejection. The decrease 
of the dielectric constant inside the pore is affected by ion 
charge and the electrolyte concentration [29]. Silva et al. 
found a more accurate prediction of nanofiltration sepa-
ration performance with the variation of volume charge 

density described as Freundlich charge isotherm and the 
relative permittivity [27,30–32]. The inhomogeneous fixed 
charge distribution has been proved to affect the ion trans-
port in nanopores, which leads to different rejection per-
formances of electrolytes. However, no theoretical research 
investigates the ion transport performance on the varia-
tion of fixed charge density over the thickness of active 
layer under consideration of dielectric exclusion. In addi-
tion, both electrostatic repulsion and dielectric exclusion 
are relevant to ion charge so that the variation of volume 
charge density is necessary to be discussed synthetically 
in a steric-electric-dielectric separation theory to reflect 
the contribution of Donnan effect and its relationship to 
dielectric exclusion.

The purpose of this work is to investigate the effect 
of inhomogeneous fixed charge distribution on dielectric 
exclusion in nanofiltration membranes. The theoretical 
research is implemented with the description of ion trans-
port through nanopores based on the Poisson-Nernst-
Planck theory combined with the Navier-Stokes equation 
[15,22,33–38]. The dielectric exclusion is calculated as an 
interfacial partitioning at the inlet and outlet of nanopores 
[21]. The type of membrane charge is completely negative 
and NaCl rejection rate has been computed as a function of 
different pore radius, feed flow concentration and dielectric 
constant inside the pore for homogeneous fixed charge dis-
tribution and various inhomogeneous charge distributions 
with an identical average volume charge density. 

2. Theoretical aspects

In this work, the cylindrical shape is considered in the 
theoretical investigation of the ion transport (Fig. 1). The 
solution/membrane interface and the membrane/solution 
interface are marked as “0–|0+” and “L–|L+” to present the 
inlet and outlet of a pores. The arrow across the pore means 
the direction of flow. The position inside the pore is marked 
as “z/L”. “εp” and “εb” represent the dielectric constant of 
solution inside the pore and bulk solution, respectively. The 
effect of image forces is neglected and the Born effect is the 
only dielectric mechanism discussed in this work. Concen-
tration polarization is generally considered as a reversible 
process that is determined by velocity, pulsation or electric 
field. It contributes more problematic membrane fouling 
and mitigates the permeate flux and rejection performance 
[38,39]. The bulk solutions are assumed to be ideal and 
extremely stirred therefore the polarization phenomena at 
the membrane surface is not considered in this work. 

Fig. 1. Representation of a nanopore in active layer.
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The expressions of partitioning, ion transport and the 
analysis of electrolyte rejection rates are listed in Table 1 
and the meaning of each symbol is listed in symbol lists. 
To correspond to the average nanofiltration membrane 
structural features, the pore radius is set at 0.66 nm and the 
thickness to porosity ratio (x/Ak) of the skin layer is set at 
4.8 μm which corresponds to the average structural features 
of commercial nanofiltration membranes [5,40,41]. The tem-
perature is 298K [42]. 

For the sake of clarity, the NaCl is the only electrolyte 
investigated in this work and the diffusion coefficient of cat-
ion and anion is 1.334 × 10–5 cm2 s–1 and 2.032 × 10–5 cm2 s–1 , 
respectively [43] and we only consider membranes are neg-
atively charged. Therefore, three types of inhomogeneous 

fixed charge distributions have been presented with vol-
ume charge density variation along the nanopore (namely 
(a) tanh, (b) linear, (c) hyperbolic) in the present work to 
compare with homogeneous fixed charge distribution. For 
“hyperbolic” and “linear” fixed charge distribution have 
been already investigated in pioneer works [13,33]. As men-
tioned above, the influence of inhomogeneous fixed charge 
distribution under consideration of dielectric effects is yet 
not well understood. The “hyperbolic” distribution has a 
highly charged entrance while the fixed charge density is 
extremely decreased in the inner part of the nanopore. The 
“linear” distribution possesses the constant variation of 
fixed charge density along the pore length. The fixed charge 
density of “tanh” distribution at the entrance and exit of the 

Table 1 
Major expressions of ion transport description within the pores
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nanopore is the same as “linear” distribution while “tanh” 
distribution possesses a sharp decrease of fixed charge den-
sity in the inner part of the nanopore [15].

The expressions of all the distribution types are listed 
as follows: 

f(homo) = –10;

f(linear) = 20x – 20;

f(tanh) = –10 (–1 + 2/(1 + exp(100(x – 0.5)))) – 10;

f(hyperbolic) = –10/(0.0745 + 4x)

The 2–dimensional graphic expression of “tanh”, “lin-
ear” and “hyperbolic” variation of local charge density 
along the pore length can be found in Fig. 2. The average 
charge density over the active layer thickness of each dis-
tribution is 10 mmol/L. The value of local charge density 
for each fixed charge distribution type at the entrance 
is –10 mmol/L (homo), –20 mmol/L (tanh), –20 mmol/L 
(linear), and –134 mmol/L (hyperbolic), respectively. The 
difference of three inhomogeneous fixed charge distribu-
tion is that i) the value of volume charge density of linear 
and tanh are identical at the inlet and outlet while linear 
has a smoother variation over the active layer thickness, ii) 
Hyperbolic has an extremely higher fixed charge density at 
the inlet. 

3. Results and discussion

In order to verify the appropriate pore radius with 
the presence of significant effect of inhomogeneous fixed 
charge distribution under consideration of dielectric exclu-
sion, Fig. 3 depicts the variation of the rejection rate versus 
the nanopore radius for different fixed charge distribution 
under consideration of steric hindrance, electric exclusion 
and dielectric exclusion [44]. The rejection rates decrease 
as the pore radius increases because of the weakened influ-
ence of steric hindrance, electric exclusion and dielectric 
exclusion. 

For pore radius is bigger than 1.1 nm, the rejection per-
formance of tanh and linear fixed charge distribution are 
identical and are both better than hyperbolic and homoge-
neous fixed charge distribution. It indicates that the fixed 
charge density at the pore entrance cannot effectively 
affect the rejection performance at pore radius larger than 
1 nm while the fixed charge density in the inner part of 
the nanopore is more significant (i.e. The sharp decrease of 
volume charge density in hyperbolic distribution contrib-
utes the lowest charge intensity. The sequence of average 
charge density for the middle part of the inner part of the 
nanopore is Xhyperbolic < Xhomo < Xtanh = Xlinear). In fact, the pore 
radius of most nanofiltration membranes is smaller than 1 
nm (for instance, the pore radius for the membranes NF 90, 
NF 270 and ESNA1–K1 are 0.3 nm, 0.4 nm and 0.47 nm, 
respectively [41,45,46]). In this study, the theoretical reten-
tion performance of inhomogeneous fixed charge distribu-
tion is better than homogeneous fixed charge distribution 
at pore radius less than 1.1 nm. It indicates that the volume 

  

Fig. 2. Three types of inhomogeneous fixed charge distribution 
along the pore length: (a) tanh; (b) linear; (c) hyperbolic.
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charge density at the pore inlet significantly affects the 
rejection performance when pore radius is small (The value 
of local charge density for each fixed charge distribution 
type at the entrance is –10 mmol/L (homo), –20 mmol/L 
(tanh), –20 mmol/L (linear), and –134 mol/L (hyperbolic), 
respectively) [13]. 

In addition, it must be stressed that the consideration of 
dielectric exclusion on rejection rate of all the fixed charge 
distributions only enhance the total rejection performance 
and will not change the sequence of rejection performance 
for each fixed charge distribution at high feed concentra-
tion (i.e. CNaCl = 2 × 10–3 mol/L in this study). This is due to 
that the contribution of inhomogeneous fixed charge dis-
tribution is overcompensated by counter ions to maintain 
the electro neutrality. Thus, the electro migration decreases 
and the influence of variation of volume charge density in 
the inner part of the nanopore is reduced. In contrast, the 
influence of inhomogeneous fixed charge distribution on 
dielectric exclusion is different at low feed concentration 
(i.e. CNaCl ≤ 0.3 × 10–3 mol/L in this work), which affects the 
separation performance. Therefore, dielectric exclusion is 
disregarded in previous theoretical researches focusing on 
inhomogeneous fixed charge distribution [14,15]. The rela-
tionship between feed concentration and the influence of 
inhomogeneous fixed charge distribution is investigated in 
Fig. 4. 

Fig. 4 presents the variation of rejection rate of NaCl ver-
sus the solute concentration for different fixed charge dis-
tribution under consideration of steric hindrance, electric 
exclusion and dielectric exclusion, in which the retention 
performance of inhomogeneous fixed charge distributions 
is better than homogeneous fixed charge distribution at dif-
ferent solute concentration at pore radius equals 0.66 nm. 
For the sake of clarity, it is worth mentioning that the ion 
hydration of NaCl has been regarded as a constant state so 
that the quantitative relationship between dielectric exclu-
sion and fixed charge distribution will not be influenced 
by activity quotient. The difference of rejection perfor-
mance between inhomogeneous and homogeneous fixed 
charge distribution increases as the feed flow concentration 

increases. It indicates that the effect of electric exclusion is 
significant to rejection performance due to the influence of 
the variation of fixed charge density inside the membrane 
pores. However, the rejection performance of linear fixed 
charge distribution is apparently better than other inhomo-
geneous fixed charge distribution at low solute concentra-
tion because of the influence of dielectric exclusion (i.e. CNaCl 
< 0.4 × 10–3 mol/L ). 

This can be proved by Fig. 5, which presents the differ-
ence of rejection rate between consideration with or with-
out dielectric exclusion. The difference of rejection rate at 
solute concentration less than 0.3 × 10–3 mol/L reflects the 
dominant role of dielectric effect on rejection performance. 
In this case, the rejection rate growth of linear fixed charge 
distribution is better than others while tanh and hyperbolic 
distribution is lower than homogeneous fixed charge dis-
tribution. It suggests that the linear distribution supports a 
stronger dielectric exclusion than others. Corresponding to 
rejection performance in Fig. 4, when solute concentration 

Fig. 4. Variation of the rejection rate of NaCl vs. the concentra-
tion of feed flow for the different fixed charge distribution. rp = 
0.66 nm, x/Ak = 4.8 μm, εp = 70, Jv = 2 × 10–6 m/s.Fig. 3. Variation of the rejection rate of NaCl vs. the pore radius 

for the various fixed charge distribution. x/Ak = 4.8 μm, εp = 70, 
CNaCl = 2 × 10–3 mol/L, Jv = 2 × 10–6 m/s.

Fig. 5. The difference of rejection rate between consideration 
with or without dielectric exclusion. rp = 0.66 nm, x/Ak = 4.8 μm, 
εp = 70, Jv = 2 × 10–6 m/s.
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is bigger than 0.3 × 10–3 mol/L, the difference of rejection 
rate of all the types of fixed charge distribution is reduced. 
It indicates that the increase of electrolyte concentration 
screens the electrostatic interaction between ions and the 
membrane fixed charge [22,47,48]. Therefore, the influence 
of dielectric exclusion is more competitive than electric 
exclusion and the influence of variation of fixed charge den-
sity on dielectric exclusion is reduced. 

The rejection performance of linear fixed charge dis-
tribution can be explained by local electric field that the 
dielectric exclusion is strongly affected by inhomogeneous 
fixed charge distribution at low concentration (Fig. 6). The 
electro migration is more significant than convection when 
permeate volume flux is low enough (Jv = 2 × 10–6 m/s) for 
charged membranes [49]. Based on the expression of the axial 
electric field along the pore length, the electric field can be 
determined by the volume flux and fixed charge distribution. 
Therefore, the maximum value and position of the electric 
field peak inside the pore for fixed charge distributions are 
different. The hyperbolic distribution possesses an intensive 
volume charge density at the inlet of the nanopore so that 
the coions are significantly prevented to enter the nanopore 
[50–52]. However, the intensity of electric field for hyperbolic 
distribution is weaker than tanh and linear, the strength of 
preventing coions passing through the nanopore is therefore 
reduced. In contrast, the electric field strength of tanh distri-
bution increases sharply in the transition zone to limit the 
transfer of counter ions through the middle of the nanopore 
to maintain the electro neutrality. The peak value of electric 
field for tanh distribution is also higher than hyperbolic dis-
tribution. Therefore, the tanh charge distribution is expected 
to have similar rejection as hyperbolic charge distribution. 

In comparison, since the linear distribution possesses an 
intensive electric field at the end of the pore and the peak 
value of linear distribution is much larger than tanh, hyper-
bolic and homogeneous distribution (Fig. 6), it strongly pre-
vents the electro migrative flux of counter ions from moving 
toward the low–pressure side [33,34]. Therefore, the linear 
distribution is proved to have a more significant influence 
on counter ions and the ion partitioning at the outlet of the 

pore(i.e. membrane/solution interface) of inhomogeneous 
fixed charge distributions are not identical. Thus, for con-
centration is lower than 0.35 mol/m3, the rejection perfor-
mance follows the series Rlinear > Rtanh ≈ Rhyperbolic > Rhomo. 
Therefore, the dielectric exclusion is proved to be tightly 
associated with the variation of volume charge density at 
low solute concentration. 

In addition, the rejection rate for three inhomogeneous 
fixed charge distributions coincide after 0.35 mol/L feed 
concentration and are all better than homogeneous fixed 
charge distribution (Fig. 4). It suggests that the volume 
charge density at the pore inlet affects the electric exclusion 
to contribute a different rejection performance. In contrast, 
as the feed concentration increases, the contribution of 
inhomogeneous fixed charge distribution is overcompen-
sated to maintain the electro neutrality. Thus, the electro 
migration decreases progressively with respect to convec-
tion and diffusion, and the influence of variation of volume 
charge density in the inner part of the nanopore is reduced. 
Therefore, the influence of electric field distribution along 
the nanopore on ion partitioning at the solution/membrane 
interface is mitigated. 

The relationship of the rejection performance and the 
intensity of dielectric exclusion is presented in Fig. 7. When 
Born effect is not considered (i.e. εp = εb = 80), the rejection 
performance of linear, tanh and hyperbolic are close and are 
all better than homogeneous distribution. This is attributed 
to the influence of inhomogeneous fixed charge distribution 
[13]. The rejection rate of all distribution types rises as the 
intensity of Born effect grows (i.e. the difference between 
εp and εb becomes bigger). The rejection rate of inhomoge-
neous and homogeneous fixed charge distribution tends 
to be closer due to the strong competitiveness of dielectric 
exclusion based on the different dielectric constant between 
bulk solution and solution inside the pore becomes larger 
and thus the effect of inhomogeneous fixed charge distribu-
tion is mitigated. 

However, the linear distribution shows a better rejection 
performance than others for dielectric constant value inside 
the nanopores less than 50. This is attributed to the sharp 
peak of electric field with tanh distribution in transition 
regime does not affect the ion partitioning at the solution/

Fig. 6. Local electric field inside membrane pores. The variation 
of fixed charge density correspond to those shown in Fig. 2. rp 
= 0.66 nm, x/Ak = 4.8 μm, εp = 70, CNaCl = 0.3 × 10–3 mol/L, Jv = 2 
× 10–6 m/s.

Fig. 7. The rejection rate of NaCl vs. dielectric constant inside 
the pore for 4 types of fixed charge distribution under consid-
eration of dielectric exclusion. Whereas, rp = 0.66 nm, x/Ak = 4.8 
μm, CNaCl = 2 × 10–3 mol/L, Jv = 2 × 10–6 m/s.
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membrane interface and the peak value of electric field for 
tanh and hyperbolic distribution are both lower than linear 
distribution and the linear fixed charge distribution pos-
sesses an intensive electric field strength at the end of the 
membrane pores to promote the ion partitioning at the mem-
brane/solution interface (L–|L+). It suggests that the signif-
icant influence of inhomogeneous fixed charge distribution 
on dielectric exclusion to affect the rejection performance. 

4. Conclusion

This work is a theoretical research to investigate the 
impact of inhomogeneous fixed charge distribution on 
dielectric exclusion in negatively charged nanofiltration 
membranes at low volume flux. NaCl rejection rate has 
been computed as a function of different pore radius, feed 
flow concentration and dielectric constant inside the pore 
for various inhomogeneous charge distributions with an 
identical average volume charge density. 

The competitive relationship between electric exclusion 
and dielectric exclusion on rejection performance is deter-
mined by the extent of the screening of the electrostatic 
interaction between ions and the membrane fixed charge. 

In addition, the inhomogeneous fixed charge distri-
bution contributes to the variation of axial electric field 
strength inside the membrane pores to determine the trans-
fer of coions and counter ions, which affects the ion par-
titioning at the solution/membrane interface as well. The 
dielectric exclusion is therefore affected by the inhomoge-
neous fixed charge distribution at low pore radius and low 
feed flow concentration. However, the intensive Born effect 
contributes the dominant role of dielectric exclusion and 
the influence of the variation of volume charge density is 
reduced. Results presented in this work suggests that focus-
ing on the distribution of functional groups in development 
of the polyamide nanofiltration membrane fabrication pro-
cess can promote the rejection performance.
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Symbols

Ak — Membrane porosity
ci — Solute concentration
Di,∞ —  Diffusion coefficient in the bulk solution 

(m2 s–1)
E(x) —  Electric potential inside the pore (V m–1)
e — Elementary charge
F — Faraday constant
ji — Molar flux of ion i (mol m–2 s–1)
Jv — Permeate volumetric flux (m s–1)
Ki,c —  Convection hindrance factor for the ion i
Ki,d — Diffusion hindrance factor for the ion i
k — Boltzmann constant

P — Pressure (N m–2)
R — Ideal gas constant
ri,cav — Cavity radius of ions
T — Temperature (K)
uc — Solute velocity (m s–1)
Wi,Born  —  Dimensionless excess solvation energy 

due to Born effect for ion i
X(x) —  Membrane volumetric charge density 

(mmol L–1)
z — Axial position along the pore
zi — Charge of ion i (valence)
ε0 — Vacuum permittivity (J–1 C2 m–1)
εr — Solution dielectric constant
εb — Dielectric constant of the bulk
εp — Dielectric constant inside the pore
η — Solvent viscosity (N s m–2)
ψ —  Local electric potential inside the 

nanopore (V)
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