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Abstract: Up to now, the SEDE (Steric Electric and Dielectric Exclusion) model was used to describe solute rejection in
nanofiltration or membrane potential measurements. This model uses four fitting parameters: pore size, thickness to
membrane porosity ratio, volume charge density (X) and dielectric constant of the solution inside pores (g,). Because
these two latter parameters are extremely difficult to measure, an alternative method for assessing the SEDE model was
to study both salt rejections and membrane potentials for a same salt. Experiments were conducted with a NF polyamide
membrane in CaCl, solutions. In the case of single salt solutions, experimental rejections and membrane potentials can
be described by a number of couples (X, €,) because both electric and dielectric exclusion contribute to reject ions. Only,
one of the couples was found to provide a good description of both experimental rejections and membrane potentials.
The fact that a unique choice for X and g, allows accounting simultaneously for both the salt rejection and the membrane
potential data is an indicator of the global coherence of the SEDE model.
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INTRODUCTION

Among all the membrane separation processes in
liquid phase, nanofiltration (NF) is one of the most
recent and its applications are increasing. This
membrane technology uses membranes with pore
sizes in the nanometer range to meet industrial needs
in the area of small molecules (< 1500 Da) and ions
separation. Due to its real application potentialities for
the separation or purification of liquid mixtures
(industrial effluent treatment, production of drinking
water...), the researchers’ attention has been focussed
to the development and optimization of mathematical
models able to predict separation properties in NF. The
most widely adopted NF models are based on the
extended Nernst-Planck equation to describe the mass
transfer and an equilibrium partitioning relation to
describe the distribution of ions at the pore inlet and
outlet. Among these continuous models, the so-called
DSPM (Donnan-Steric partitioning Pore Model)
developed by Bowen et al. [1] has been applied to
analyze retention properties of a variety of NF
membranes. However, the DSPM and other related
models based on a steric/electric exclusion mechanism
suffer from several weaknesses. Firstly, in many cases
they are unable to fit experimental rejections of various
electrolytes with a single value of the membrane
thickness to membrane porosity ratio (Ax/Ay).
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Secondly, the Donnan exclusion theory fails to describe
the high rejections observed with some NF membranes
in the case of ionic solutions containing divalent
counterions. Ten years ago, the SEDE (Steric Electric
and Dielectric Exclusion) model including the dielectric
exclusion mechanism (in terms of both Born dielectric
effect and image forces contribution) in partitioning
equations at membrane/solution interfaces was
proposed [2]. Unlike the classical theory, this improved
transport model was shown to provide a rather good
description of the rejection properties of many
membranes vis-a-vis single salt solutions and
electrolyte mixtures [2-4] with physically realistic values
of g, (i.e. ranging from 42 to 75). However, by including
the dielectric exclusion mechanism into the classical
theory, a new fitting parameter had to be then
considered: the dielectric constant of the solution inside
pores of the active layer. The measurement of this
parameter is extremely difficult due the multilayer (thick
support layers) and composite (membrane material and
confined solution) structure of NF membranes. Also,
the determination of the charge density within the skin-
layer pores is complicated due to the multilayer
structure of membranes [5-7] and their ion-selective
properties [8-10]. An alternative method is to measure
the streaming current along membrane skin-layers [11-
13]. However, the external charge density estimated
from tangential streaming current measurements may
be very different from the charge density inside pores.
It may provide only a rough estimate of the charge
density within nanopores [3]. Because these two
parameters, X and ¢, are difficult to measure, a
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possible alternative for assessing the SEDE model is to
study not only solute rejection (as is often the case in
recent NF modelling), but also the electric membrane
potential. This potential is defined as the electrical
potential difference arising through a membrane that
separates two solutions of the same electrolyte at the
same temperature and hydrostatic pressure but
different concentrations. After applying the SEDE
model to the study of salt rejection, its application was
extended to investigating membrane potential [14-16].
The influence of the steric, electric and dielectric effects
on this parameter was studied with binary and ternary
electrolytes (i.e., three different ions coming from two
binary electrolytes with a common ion) [14-16]. In
particular, it was shown that the Donnan and Born
dielectric exclusions affect the membrane potential of
charged membranes similarly; In other words, a
number of pairs of X and g, values can lead to the
same membrane potential value. As a result, neither
the volume charge density nor the dielectric constant
inside pores can be determined unambiguously by
means of membrane potential experiments.

The aim of the present work is to carry out both
rejection and membrane potential measurements in
order to demonstrate that the experimental rejection
and membrane potential can be well reproduced by
using a unique choice for the four parameters of the
model. Experiments were conducted with a NF
polyamide membrane and CaCl, solutions at two pH
values.

THEORY

Since the SEDE model has been described in
details in previous works [2-4], just a brief presentation
of the model is given below. All symbols are defined in
the list of nomenclature section. The fitting parameters
of the SEDE model are: the effective pore radius r, the
effective  thickness-to-porosity ratio (Ax/Ay), the
effective volume charge density X (ie., the mole
number of fixed charges per unit of pore volume) and
the dielectric constant of the solution filling pores ¢,
both being considered constant through the membrane.
Unlike the first two parameters, the other two depend
on the physico-chemical properties of the surrounding
solution. The superscript “int” stands for 0 or Ax
depending on the interface that is considered and the
bar refers to a magnitude inside the membrane.

Transport and Partitioning Equations

Within the scope of the SEDE model, the solute
transfer is described as being the result of the following

steps: first, a distribution of charged species at the
membrane/feed solution interface resulting from size
effects, Donnan exclusion and dielectric exclusion;
secondly, a transport through the membrane by a
combination of diffusion, migration and convection
when a transmembrane pressure is applied (NF
experiments) or by a combination of diffusion and
migration when a concentration difference is applied on
both sides of the membrane (membrane potential
experiments), and thirdly, a redistribution of charged
species at the second membrane/solution interface
according to the same distribution laws as those at the
first interface (Figure 1).

Transport

Partitioning of ion i at
the membrane/solution

0 / interfaces

i+

Ax

Ci

Solution | Membrane | Solution

0 AX

Figure 1: Schematic representation of the distribution of an
ion i through the membrane. ¢, and ¢ are the

concentrations of ion i outside and inside the membrane
pores, respectively. The superscripts 0 and Ax denote the
membrane/concentrated solution and membrane/diluted
solution interfaces, respectively.

The governing equations of the model are collected
in Tables 1 and 2. The solute transport through the
membrane is described by means of the extended
Nernst—Planck equation that considers diffusion,
electromigration (only for charged species (z; # 0)) and
convection (see Table 1, Eq. (1)). In this work, the
equations derived by Bungay and Brenner [17] were
applied to calculate hindrance factors for the diffusion
(Eq. (2)) and convection (Eq. (3)).

The distribution of ions at both membrane/external
solution interfaces is described by Eq. (13) (see Table
2), which is modified the Donnan relation including
steric hindrance and dielectric exclusions (I', =¢, for
uncharged species (z; = 0)). Within the scope of the
SEDE model, the Born effect is described by Eq. (14)
which is the modified Born equation that considers the
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Table 1: Transport Equations Used in the SEDE Model

Table 2: Partitioning Equations Used in the SEDE Model

Extended Nernst—Planck equation:
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b, =4.0180, b, =-3.9788, b, =-1.9215, b, =4.392, b,.=5.006.

Relation between ionic molar flux j; and permeate volume flux
Jy:
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Electroneutrality condition inside pores:

Y g +X=0 for 0" < x < AX (12)

radius of the cavity formed by the ion i in the solvent
(ricav). This latter was estimated according to the
procedure proposed by Rashin and Honig [18]. The
interaction between the ions and the induced
polarization charges is described by Eq. (15) that was
first derived by Yaroshchuk [19].

Rejection

The extended Nernst—Planck equation can be
rewritten so as to establish the expression of the

concentration gradient inside pores, i.e. for 0" s x < AX

(Eq. (9)). The expression of the electric potential

Partitioning equations at the membrane / solution interfaces:
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gradient (Eq. (11)) is derived from Eq. (1) and the
condition of zero electric current flowing through the
membrane at the steady state (Eq. (10)). The
electroneutrality condition inside pores is expressed by
Eq. (12), Solving transport equations and partitioning
equations allows computing the rejection of an ion i
(see Table 3, Eq. (20)).

Membrane Potential

Within the scope of the SEDE model, the
membrane potential (AY,) is the summation of the
difference of the Donnan potentials at both interfaces,
and the diffusion potential occurring through the
membrane pores (Eq. (21)). A schematic represen-
tation of the membrane potential arising through the
membrane is shown in Figure 2.

Rearranging Eq. (13) yields the expression for the
Donnan potential (Eq. 22). The volume flux resulting
from the osmotic pressure gradient is assumed to be
negligible and so, the contribution of convection is
neglected in the extended Nernst-Planck equation
throughout this work. Substituting Eq. (1) for both
cations and anions in Eq. (10) and considering the
derivative of Eq. (12) yields, after the integration
between pore ends, the expression for the diffusion
potential through the membrane pores (Eq. (24)).
Substituting Egs (22) and (24) in Eqg. (21) yields the
expression of the membrane potential. For a 2-1
electrolyte (such as CaCl,) and a concentration ratio of
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Table 3: Transport Parameters

Intrinsic rejection:

i
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Membrane potential:
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Figure 2: Schematic representation of the membrane
potential (A¥,) arising through the membrane. A¥,:

Donnan potential; A¥ .. : diffusion potential.

diff

2 (ie. ¢)=2cM), the expression of the membrane
potential is given by Eq. (25). For all calculations, the
diffusion coefficients of calcium and chloride ions were
setat 0.792 and 2.031 10° m®s™, respectively.

EXPERIMENTAL
Membrane and Chemicals

The membrane studied in this work is a tubular
polyamide membrane (AFC 30) supplied by PCI

Membrane System (Whiteley, United Kingdom), with a
filtration area of 0.022 m” and a hydraulic radius of 1.2
cm. The salt used was CacCl, of pure analytical grade
supplied by Fisher Scientific. Salt solutions were
prepared with demineralised water (conductivity < 1uS
cm'1). The pH of the various solutions was adjusted at
6.2 and 7.6 with KOH.

Membrane Potential

The test cell used for membrane potential
measurements is composed of two polycarbonate half-
cells of volume 20 cm® and the membrane is clamped
between them by using silicone rubber rings [16].
Fluids in both compartments are stirred vigorously, at
the same speed, by a magnetic stirrer in order to
minimize concentration polarization at the membrane
surfaces. The exposed membrane area was of 12.6
cm®. Solutions at various concentrations were used but
the concentration ratio between the two compartments
was maintained at a constant value of 2.
Concentrations were 0.30 and 1.15 mol m™ for the
lower concentration solutions.

The tubular membrane was cut lengthwise and the
“effective layer” of the membrane (active layer + part of
support layer) was peeled off the supporting fabric.
Before each measurement the membrane was
permeated with the lower concentration solution during
2 days. For the whole study, the active layer of the
membrane was put in contact with the higher
concentration solution. The membrane potential
(defined as the difference between the potential in bulk
solution of higher concentration and the potential in
bulk solution of lower concentration) was determined
by inserting two Ag/AgCl electrodes (connected to a
voltmeter) directly into the bulk solutions. In order to
cancel the effect of the asymmetry potential, the
potential difference was measured by interchanging the
electrodes in the two compartments and the average of
the two measurements was taken for the cell potential.
The asymmetry potential was not greater than 0.2 mV.
The electrode inserted into solution of Ilower
concentration was grounded. The membrane potential

A¥, was obtained by subtracting the concentration

potential (the value of which is %ln2=17.8 mV ),

resulting from different concentrations of solutions,
from the measured cell potential. Measurements were
repeated three times.

lon Rejection

The experimental set-up can be found elsewhere
[20]. From a feed container (25 L), a centrifugal pump
allows the solution to circulate into the transversal
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filtration module. Experimental conditions were as
follows: temperature, 25 °C, feed cross-flow rate, 0.4-
0.5 m® h”, transmembrane pressure 5-30 bar. The
permeate was recycled to maintain a constant
concentration in the feed tank. Feed and permeate
concentrations were determined from conductivity
measurements. The permeate volume flux was
obtained by weighing the fluid amount flowing through
the membrane. The effect of concentration polarization
was taken into account by using a mass transfer
coefficient, obtained by the semi-empirical equation of
Dittus and Boelter [21]. The equations used for
calculating the intrinsic rejections (R, ) are collected in
Table 4.

Table 4: Equations used for Calculating the Intrinsic

Rejection
Intrinsic rejection:
R, k
R, =— Runexe 0.0 (26)
' 1- Ri,ob.\ (1 —CXp (Jv/k))
Observed rejection:
Ax
R =1-5 (27)
CI
Mass-transfer coefficient k in the polarisation layer:
D
k = salt 28
5 (28)
with
(‘Z_'_‘ + ‘Z+D D,D,
= T T (29)
|z.| D, + |z,| D,
Sherwood correlation:
k'd
Sh=—"=0.04Re*" 5% (30)
salt
RESULTS

As said previously, the SEDE model is a four-
parameter model. In the present work, the volume
charge density of the membrane (X) and the dielectric
constant of the solution inside the membrane pores (g;)
were estimated using the following procedure. Firstly,
the membrane effective pore radius (r,) and thickness-
to-porosity ratio (Ax/Ag) of the active layer were
assessed from glucose rejection as a function of
permeate volume flux (Figure 3). Values of 0.53 nm
and 1.72 um were obtained for r, and Ax/A,
respectively. These values are in good agreement with
those obtained by Bouranene et al.: r, = 0.55 nm and
AXIA¢ = 2.43 pym [22]. The dielectric constant of the
membrane e, was fixed at 3, according to available
data for polyamide material [23] and the bulk solution
dielectric constant ¢, was set at 78.54. Thus, the two
single fitting parameters were g, and X.
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Figure 3: Intrinsic rejection of glucose vs permeate volume
flux; Glucose solution at 2 g L'1; calculations of Rint were
performed by considering Dgucose,.. = 6.9x10"" m?s™ [1]-

Figure 4 shows the variation of the normalized
membrane potential (A¥, is scaled on kT) with the
salt concentration of the diluted compartment at pH of
6.2 and 7.6. It must be remembered that each data
represent the mean value calculated from three
measurements. A standard deviation of about + 0.2 mV
was obtained at various concentrations and pH. As can
be seen, the membrane potential slightly increases with
salt concentration. This increase can be due to a lower
Donnan exclusion resulting from a stronger screening
of the membrane fixed charge with increasing salt
concentration [24] and/or to lower dielectric effects via
the contribution of image forces. Indeed, image forces
become weaker as the electrolyte concentration
increases due to a stronger screening of the interaction
between the ions and their images, yielding to higher
membrane potential [2].
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Figure 4: Normalized experimental membrane potential
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compartment (¢ ) at two pH values (6.2 and 7.6). CaCl,
salt.

) vs the concentration of the most diluted
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In a previous work [14], it was shown that an
increase in X, in absolute value, (neglecting the
dielectric effects) or a decrease in g, (neglecting the
image forces contribution) shifts the potential-
concentration curve towards higher salt concentrations.
Indeed, when X is increased or g, decreased, more
counter-ions are required to screen the fixed charge of
a more strongly charged membrane. Since the same
qualitative effect is produced on the membrane
potential by decreasing ¢, or increasing X, it means
that there are different couples of values (X, g,) that
lead to the same membrane potential value. A set of
(X, &) values leading to identical membrane potential
values (variation of + 0.1 mV) is plotted in Figure 5 for
illustration purpose. By considering that €, is comprised
between 50 and the bulk dielectric constant (78.54)
(these values appear to be physically realistic), several
couples (X, ¢g,) were then determined for each
concentration and pH. In order to determine true values
of X and ¢g,, the different couples of values (X, ¢p)
deduced from membrane potential measurements were
then used to compute rejections versus permeate
volume flux by setting the feed concentration equals to
the diluted side concentration used for membrane
potential experiments. The couple of values (X, g;,)
leading to the best fit of the experimental rejections
was then chosen (Figure 6). Best fits were determined
by means of the least-squares fitting objective function
(Sy) defined for n data points as follows:

0.5

n

3 (Riop = Rvuc)

S =|£ (26)
n—1

X (mmolm*)

B 55 60 65 70 75 80

g,

Figure 5. Set of couples (g, X) leading to the same
membrane potential value measured at ¢ = 0.30 mol m>.

salt

CaCl, salt; pH =6.2. rp, = 0.53 nm and &n = 3.

1007

80- .

.

20-

Rm: (O/U)

0 1 2 3 4
7, (x10°ms")

Figure 6: Comparison between theoretical (lines) and
experimental rejections (symbols). 0.30 mol m™ CaCly; pH =
6.2.1,=0.53 nm, &m = 3, &, = 70, X = -4.6 mmol m>.

The fact that a unique choice for X and g, (with the
same pore radius and thickness-to-porosity ratio)
allows accounting simultaneously for both the
membrane potential and salt rejection data is an
indicator of the global coherence of the SEDE transport
model.

For each experimental conditions, the couples
providing best fits (X, g,) are reported in Table 5.
Firstly, it appears that the polyamide membrane is
negatively charged, which is in agreement with
reported studies dealing with polyamide membranes.
However, the charge density is found to be very low in
CaCl, solutions at concentrations and pH under
consideration. A preferential adsorption of Ca** ions on
the membrane surface, which could be caused
prevailingly by site-binding effects on the negatively
charged sites of the membrane, could explain this
result [25,26].

Table 5: Couples (gp, X) for the Reproduction of Both
Experimental Rejections and Membrane
Potential at Two Concentrations (0.30 and 1.15
mol m™) and pH (6.2 and 7.6)

CaCl; concentration |35 | 39 115 | 115
(mol m™)
oH 6.2 7.6 6.2 7.6
A¥, (mV) 25 238 7.9 54
& 70 68 72 72
X (mmol m™) 460 | -719 | -104 | -156

The normalized volume charge density |X|/Csat,
which is the parameter responsible for the Donnan
electric exclusion, is about 0.01. It means that the
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Donnan effect plays a minor role in the ion exclusion
from pores [24]. Secondly, ¢, values are found to be
smaller than the bulk value, ¢, fixed at 78.54. These
values, around 70, are in accordance with those
reported in the literature, which are in the range of 42-
75 depending on the nature of the membrane, the pore
radius and the electrolyte type [2-4, 16, 27-32]. The
decrease of the dielectric constant inside pores as
compared with that of the external solution is usually
attributed to the effects of both confinement and
electric field generated by ionized surface sites [3].
Both effects are expected to produce an ordering of
solvent dipoles. This ordered structure is thought to
reduce the ability of the solvent molecules to respond
to an external electric field and hence to reduce the
medium dielectric constant. This has been confirmed
by molecular dynamics simulations although some
contradictory results do exist in the literature [33,34].
The membrane being very little charged, it can be
concluded that the lowering of the dielectric constant of
the solution inside pores originates only from
confinement effect.

CONCLUSION

Up to now, the SEDE transport model was used to
study either solute rejection or membrane potential. In
the present work, the model was applied to
simultaneously  investigate the two transport
parameters. It was shown that these experimental
magnitudes can be well reproduced by using a unique
choice for membrane pore size, thickness-to-porosity
ratio, the volume charge density and the dielectric
constant of the solution inside pores. This result is a
proof of the global coherence of the SEDE model since
it is able to describe two different transport parameters.
This work again confirms that dielectric exclusion

phenomena may play an important role in the

separation properties of NF membranes.

NOMENCLATURE

Ay Porosity of the membrane active layer (-)

¢, : Concentration inside the membrane pores (mol
m'3)

T™: Concentration just inside the membrane pores,
at the membrane/external solution interface (mol
m'3)

cl: Feed concentration of ion i (mol m™®)

¢." : Concentration just outside the membrane, at the

int
salt *

dh:

Dsalt:

Io:
1;:
Jit

Jv:

k’:

kB:
Ko:

K;:

Ki,s:
Ki,t:
Ip:
I.i,calv:
I.i,Stokes:
R:

Re:
Riine:

Ri,obs:

membrane/external solution interface (mol m'3)

Salt concentration just outside the membrane, at
the membrane/external solution interface (mol m’

’)

Hydraulic diameter (m)

Bulk diffusion coefficient of ion i (m2 3'1)
Effective diffusivity of the salt (m2 3'1)
Elementary charge; 1.602177x10™° C
Faraday constant; 96485 C mol™
Modified Bessel function (-)

Modified Bessel function (-)

Molar flux density of ion i (mol m™ 3'1)
Permeate volume flux (m 3'1)

Mass-transfer coefficient in the polarization layer
(ms™)

Wave vector (-)

Boltzmann constant; 1.38066x107° J K
Modified Bessel function (-)

Modified Bessel function (-)

Hydrodynamic coefficient accounting for the
effect of pore walls on convective transport for
ioni(-)

Hydrodynamic coefficient for hindered diffusion
inside pores for ion i (-)

Hydrodynamics function for ion i (-)
Hydrodynamics function for ion i (-)
Pore radius (m)

Cavity radius of ion j (m)

Stokes radius of solute i (m)

Ideal gas constant; 8.314 J mol'K™
Reynolds number (-)

Intrinsic rejection for ion i (-)

Observed rejection for ion i (-)
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Sc: Schmidt number (-)

Sh:  Sherwood number (-)

T: Temperature (K)

V:  Fluid velocity inside pores (ms™)
X: Coordinate (m)

X: Volume charge density of the membrane active
layer (mol m'3)

z;: Charge number of ion i (-)

Greek symbols

o Thickness of the polarization layer (m)

AW, Dimensionless  excess  solvation
energy due to Born effect for ion i (-)

AW, Dimensionless  excess  solvation

ijmage *

energy due to “image charges” for ion i (-)
Ax:  Effective thickness of the active layer (m)
AY . - Diffusion potential (V)

AY), :Donnan potential at the membrane/concentrated
solution interface (V)

AY5 : Donnan potential at the membrane/diluted
solution interface (V)

AY, :Membrane potential (V)

m

AY,, :Normalised Membrane

(AY, =AY, [k, T ) (VJ")

potential

g&:  Vacuum permittivity; 8.85419x10™" (F m'1)

€p: Dielectric constant of the bulk solution outside
pores (-)

€m: Dielectric constant of the membrane active layer

)
€p! Effective dielectric constant inside pores (-)
o;: Steric partitioning coefficient for ion i (-)
I',: Partitioning coefficient for ion i (-)
x;" : Steric-Dielectric partitioning coefficient for ion i (-)

il Ratio of the Stokes radius of solute i to the pore
radius (-)

u: Effective dimensionless reciprocal screening
length for interaction between ions and induced
polarization charges (-)

Y : Local electrical potential inside pores (V)

W™ Local electrical potential just outside of the
membrane, at the membrane/external solution
interface (-)

¥ : Local electrical potential just inside the
membrane pores, at the membrane/external
solution interface (-)

Superscript
f: Feed
int:  Membrane/external solution interface

Ax:  Membrane/diluted solution interface

0: Membrane/concentrated solution interface
Subscript
1: lon i

int: Intrinsic
obs: Observed
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