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Abstract

The streaming potentials of two different nanofiltration membranes were studied with several electrolyte solutions
to investigate the influence of salt type and concentration on the zeta potential and kinetic surface charge density of
the membranes. The zeta potentials decreased with increasing salt concentration, whereas the kinetic surface charge
densities increased. The kinetic surface charge densities could be described by Freundlich isotherms, except in one
case, indicating that the membranes had a negligible surface charge. The kinetic surface charge density observed was
caused by adsorbed anions. Salt retention measurements showed different mechanisms for salt separation for the two
investigated membranes. One membrane showed a salt retention that could be explained by a Donnan exclusion type
of separation mechanism, whereas for the other membrane the salt rejection seemed to be a combination of size and
Donnan excluion. Comparing the results obtained by the streaming potential measurements with those of the
retention measurements, it could be concluded that the membrane with the highest kinetic surface charge density
showed the Donnan exclusion type of separation, whereas the membrane with the lower surface charge density
showed a separation mechanism that was not totally determined by Donnan exclusion, size effects seemed to play a
role as well. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The separation mechanism of nanofiltration
membranes is assumed to be based on a combina-
tion of several processes, like size exclusion,
charge exclusion and, as sometimes referred to as,
dielectric exclusion [1,2]. In the case of uncharged
molecules, mainly size exclusion is thought to be

responsible for the separation, whereas concern-
ing the separation of charged species, e.g. ions,
both size and charge effects may play a role [3–5].

The charge effects that are partly causing the
rejection of ions are resulting from interactions
between the charged particles and the charged
membrane. These electrochemical interactions be-
tween membrane and ions can be investigated in
different ways. Separation experiments have been
performed, varying parameters like salt concen-
tration and membrane flux, resulting in a value
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Fig. 1. Schematic drawing of potential decrease as a function of the distance from the surface in an electrolyte solution.

for the membrane charge [6–8]. Membrane poten-
tial measurements have been carried out as well to
determine the membrane charge density [6,9,10].
Furthermore, electrical impedance measurements
have been carried out giving an indication for the
resistance of electrolyte transport through the
membrane [11].

In this paper we will use electrokinetic measure-
ments to investigate the membrane charge of two
nanofiltration membranes. Streaming potential
measurements have been carried out to determine
the zeta potential and the kinetic surface charge
density of the membranes. To investigate the infl-
uence of the type of the electrolyte and of its
concentration, different types of salts at different
concentrations were used for the streaming poten-
tial measurements. Finally, the results of the
streaming potential measurements will be com-
pared to the results of retention measurements
carried out with the same electrolyte solutions as
used in the retention measurements.

2. Theory

2.1. Streaming potential

Ions in an electrolyte solution that is brought in
contact with a charged surface will not be dis-
tributed randomly. The concentration of counter-

ions near the membrane will be higher than that
in the bulk of the solution. The charges at and
adjacent to the surface will cause a potential
difference between the region near the surface and
the bulk of the solution. The potential decreases
within the solution as a function of the distance
from the charged surface, as shown in Fig. 1.
Three different potentials are shown in this figure,
the surface potential, c0, the potential at the
Stern plane, cd, and the electrokinetic or zeta
potential, z. All these potentials are defined with
respect to the potential at infinite distance from
the surface. Although the surface potential is an
important parameter, the potential at the Stern
plane is practically of more importance. This
Stern plane is the interface between the fixed part,
i.e. a layer of immobile ions near the charged
surface, and the diffusive (mobile) part of the
electrical double layer. The potential at the Stern
plane is the actual potential influencing the behav-
ior of the charged species. However, as this poten-
tial cannot be measured directly, the electrokinetic
potential is often considered as an adequate sub-
stitute. The plane at which the zeta potential is
located should be outside the Stern layer, and
represents the potential at the surface of shear
between surface and solution where there is rela-
tive motion between them. The position of the
surface of shear is close to, and from practical
reasons assumed to be identical to, the Stern
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surface [12]. The zeta potential is shown in Fig. 1
as well. The zeta potential can be determined by
electrokinetic measurements, like streaming poten-
tial and electro-osmosis measurements.

A streaming potential is the potential difference
at zero current caused by the convective flow of
charge due to a pressure gradient through a
charged capillary, plug, diaphragm or membrane.
A streaming potential is generated by exerting a
force on the double layer that has been built up in
the solution near the charged surface. Since an
excess of counter charges is present, movement of
those counter charges causes a current. This cur-
rent which is streaming through the double layer is
called the streaming current. The accumulation of
counter charges downstream generates a streaming
potential across the capillary which on its turn
causes a conduction current through the capillary
in the reverse direction. In steady state, the stream-
ing current equals the conduction current.

Measurement of a streaming potential can
provide both the zeta potential, z, and the net
charge density, sd, at the hydrodynamic shear
plane. The streaming potential is defined to be
positive if the higher potential is at the high
pressure side.

The relation between the zeta potential, z, the
streaming potential, DEstr, and the pressure differ-
ence applied, DP, is given by [12,13]:

DEstr=
ozDP

h
�

l0+
2ls

r
� (1)

where o is the permittivity of the medium, h the
viscosity, l0 the bulk conductivity, ls the surface
conductivity, and r the radius of the pore or
capillary or half the width of a slit.

It is difficult to measure directly the surface
conductivity and therefore, at low electrolyte con-
centrations, where the surface conductivity is not
be negligible, Eq. (1) cannot easily be applied. This
problem can be circumvented by measuring the
actual resistance of the electrolyte solution across
the slit or pore, Rexp, and comparing this value with
the resistance that can be calculated from experi-
ments at high concentrations, where the surface
conductivity can be neglected, Rth [13]. Then, Eq.
(1) can be written as:

DEstr=
ozDP
hl0

Rexp

Rth

(2)

In the latter case the streaming potential is not
dependent on the geometry of the capillary.

In the case of a low potential, the relation
between the surface charge density at the hydrody-
namic shear plane and the zeta potential is given
in the following equation:

sd=
oz

k−1 (3)

where k-1 is the Debije length. The Debije length
can be calculated by Eq. (4):

k−1=
' okT

4e2NAI
(4)

with I=0.5 � z i
2ci: where o is the permittivity of

the medium, k the Boltzmann constant, T the
temperature, e the elementary charge, NA the
Avogadro number, I the ionic strength, zi the
valency and ci the concentration of species i.
Although Eq. (4) was derived for symmetrical
electrolytes, like 1-1 and 2-2 electrolytes, we will
use it for 1-2 and 2-1 electrolytes as well.

Concerning the membrane charge density, a
distinction can be made between the actual charge
of the membrane, which originates from mem-
brane fixed charges, like carboxylic or sulphonic
groups, and adsorbed charges.

Benavente et al. [14] introduced a method to
discriminate between these two types of charges.
Therefore, it was assumed that three components
added to the total charge of the system. First, the
fixed charges at the membrane surface, S0, second,
the charges of the Stern-layer, Ss, and finally, the
charges within the diffusive part of the electric
double layer, Sd. The charge of the Stern-layer is
caused by the adsorption of ions. As electroneu-
trality is assumed, the total charge equals zero.

%0+%s+%d=0 (5)

Assuming that the diameter of the pore or the
width of the slit through which the solution is
streamed is much larger than the Stern-layer thick-
ness, the relation between the charge densities, s,
of each of the layer can be written as:
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s0+s s+sd=0 (6)

because all charges are spread over an equal area.
Both co- and counter-ions can adsorb at

charged membrane surfaces due to electrostatic
and non-electrostatic interactions. As anions in
the vicinity of non-polar surfaces are less hydrated
than cations, they can adsorb more closely to the
surface, resulting often in an excess of negative
charges in the layer nearest to the surface and,
therefore, in an apparent negative surface charge
[15,16].

The total molar Gibbs free energy of adsorp-
tion is the sum of an electrostatic and a chemical
(specific) part, DGc:

DGads

RT
=

z−z

z+

+
DGc

RT
(7)

The charge of the Stern-layer is caused by the
adsorbed ions. One of the adsorption types by
which the total amount of charge is related to the
concentration of ions is the Freundlich adsorption
isotherm, describing adsorption on non-uniform
sites. This empirical isotherm describes the rela-
tion between between the charge density and the
fraction of anions by a power law [14]:

s s(x−)=ax−
b (8)

with a and b being constants, and

x− =
cn−MH2O

r−c [n+M+ +n−M− − (n+ −n−)MH2O]
(9)

the fraction of anions in solution. In this equation
c is the electrolyte concentration, n the stoichio-
metric number, M the molecular weight, and r

the density, while the subscripts, − , + , and H2O
refer to the anion, the cation and water,
respectively.

The total amount of charge within the mem-
brane, adsorbed layer and diffusive layer is then:

sd=s0+ax−
b (10)

From this equation the number of adsorption
sites, N, and the free Gibbs energy of adsorption
�Gads� can be determined according to [14]:

N=
a

z−e
sin pb

pb
(11)

and

�DGads�= −
RT
b

(12)

2.2. Donnan exclusion

Electrostatic interaction between ions and
charges at the membrane surface is one of the
mechanisms of nanofiltration membranes retain-
ing ions. The repulsion of the ions from the
surface can be described by Donnan exclusion.

If a charged membrane is put in contact with
an ionic solution, ions with the same charge sign
as that of the membrane (the co-ions) are ex-
cluded and cannot pass the membrane, whereas
the ions with the opposite charge sign as that of
the membrane (counter-ions) are able to pass the
membrane in principle [17].

Because of the charge of the membrane, a
concentration difference of the ions between the
solution and the membrane is built up, leading to
an osmotic pressure difference between the mem-
brane and the solution. As thermodynamic equi-
librium is assumed, an additional potential across
the membrane, the Donnan potential, EDon, will
compensate this osmotic pressure difference. For
ideal solutions, the Donnan potential is given by:

EDon=
RT
ziF

ln
ci,m

ci

(13)

where R, T, z and F having their usual meaning
and with ci and ci,m the concentration of species i
in the bulk and the membrane, respec-
tively.Combining the requirements of identical
chemical potentials in membrane and bulk and of
electroneutrality, for a 1-1 electrolyte the relation
between concentration of the co-ion in the bulk,
its concentration in the membrane and the fixed
charges at the membrane surface, cx,m, can be
written as [15]:

cco− ion,m×cx,m+ (cco− ion,m)2= (cco− ion)2 (14)

The Donnan potential is dependent on several
factors, e.g.:

* salt concentration;
* fixed charge concentration in the membrane;
* valence of the co-ion;
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Fig. 2. Schematic illustration of the streaming potential system.

* valence of the counter-ion.
With increasing salt concentration (and increas-

ing ionic strength) and decreasing fixed membrane
charge, the concentration of the co-ion in the
membrane increases, as shown in Eq. (13). This
decrease of co-ion exclusion from the membrane
leads to a lower rejection of the salt, because the
rejection of the co-ion determines the rejection of
the salt.

A higher valence of the co-ion and a lower
valence of the counter-ion will cause an increase
of the Donnan potential and, therefore, an in-
crease in retention.

3. Experimental

3.1. Streaming potential measurements

The set-up to determine streaming potentials
was almost identical to that described by Van
Wagenen and Andrade [18]. With this kind of
set-up, streaming potentials can be measured
along a surface, rather than through a surface. In
literature streaming potential measurements
through membranes or other porous species are
described as well [19–23]. In those papers, mainly
the features of the pores are then determined.

Fig. 2 shows a schematic drawing of the cell
which is used to support the membrane samples
for the streaming potential measurements. The
cell was manufactured by the Agricultural Univer-

sity of Wageningen (the Netherlands). The mem-
brane samples are glued upon glass plates
(microscope slides). The dimensions of the mem-
brane samples are 76×26 mm.

The cell consists of two plexiglass parts contain-
ing sample channels that hold the glass slides with
the membranes glued on top. Clamps hold both
cell parts together. Under the glass slides silicon
rubber sheets can be put to prevent leakage at the
interface between cell and glass slide. The cell
parts are separated by a 200 mm thick Teflon sheet
which serves two functions: spacing between sam-
ple plates and leak prevention. Platina black elec-
trodes are inserted into the chambers at both ends
of the cell.

The driving pressure can be applied in either
direction and consequently the electrolyte solution
can pass through the channel. The pressure was
varied in the range of 0 to 0.25 bar and was
monitored with an accuracy of 0.01 bar. Stream-
ing potential measurements were repeated at least
six times by measuring at decreasing pressure.

The streaming potential was measured using a
digital multimeter (Simpson, Model 464, Simpson
Electric, Elgin), which had an internal impedance
of 10 GV.

The electrolyte solutions used were in the range
of 0.01–10−5 M for the three salts used: NaCl,
CaCl2,and Na2SO4 (Merck, PA).The streaming
potentials were measured from low to high con-
centration. For every salt, fresh membranes were
used.
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Fig. 3. Streaming potential as a function of the applied pressure for different concentrations of NaCl. Membrane: NF45.

Electrolyte conductance was measured by a
conductivity meter (Microprocessor Conductivity
Meter LF 537, WTW). The pH of the electrolyte
bulk solutions was measured by a pH meter (691
pH Meter, MetrOhm). Demineralized water
filtered by a Milli-Q-Plus unit (conductivity 60 nS
cm−1) was used as solvent. The temperature of
the system was 20–23°C. The membranes used
were two commercially available nanofiltration
membranes: ASP35 (Advanced Membrane Tech-
nology) and NF45 (Dow-FilmTec).

3.2. Retention measurements

Retention measurements were carried out with
CaCl2, NaCl, and Na2SO4 (Merck, PA), respec-
tively, at three different initial concentrations,
0.001, 0.005, and 0.01 M. The solvent was dem-
ineralized water filtered by a Milli-Q-Plus unit.
The retention measurements were carried out in a
stirred dead-end filtration set-up at a pressure of 5
bar. The flux through the membrane was auto-
matically recorded.

First, all membranes were permeated with wa-
ter for 4 h. Then, the feed solution was changed

from pure water to a salt solution. After a stabi-
lization time of 2 h the concentration of the feed
was measured and subsequently permeation sam-
ples were taken. Salt retention measurements were
started with the lowest concentration. The se-
quence of the salts used was CaCl2, NaCl, and
Na2SO4, respectively. In between retention mea-
surements with different salts, the membrane was
flushed for at least 2 h with pure water.

4. Results and discussion

4.1. Streaming potential measurements

The streaming potentials of both membranes
decreased while increasing the concentration of
the electrolyte concentration for all types of elec-
trolytes. In Fig. 3 this is illustrated using NaCl as
electrolyte solution for the NF45 membrane.

The use of different electrolytes of identical
ionic strength resulted in different streaming po-
tentials and, therefore, in different zeta-potentials.
The Figs. 4 and 5 show the zeta potentials for
both membranes, as calculated from the stream-
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Fig. 4. Zeta-potentials for a ASP35 membrane measured with different electrolyte solutions at various concentrations.

ing potentials according to Eq. (2). For the
ASP35 membrane, the zeta potentials deter-
mined for the sulphate solution were lower than
those for the sodium and calcium chloride solu-
tions. The values for both chloride solutions are
comparable. For the NF45 membrane, the
highest zeta-potentials were determined with the
Na2SO4 solutions. The zeta-potentials deter-
mined with NaCl were lower, whereas those for
CaCl2 were the lowest. Especially in the case of
the lower electrolyte concentrations, the ASP35
membrane showed much higher zeta potentials
for the chloride solutions compared to the NF45
membrane.

The kinetic surface charge densities calculated
from the streaming potential measurements by
Eq. (3) are shown in Figs. 6 and 7. In these
figures the kinetic surface charge densities of
NF45 and ASP35 membranes are shown as
functions of the anion fractions in the NaCl and
the CaCl2 solutions to discriminate between the
actual charge of the membrane and the ad-
sorbed charges. The dashed lines within these
figures represent Eq. (9), assuming adsorption
according to the Freundlich isotherm. The solid
lines within the figures represent the equation:

sd=ax−
b (15)

where the actual charge density of the mem-
brane is neglected and the charge density at the
Stern-layer equals the charge density at the
shear plane. Using a log–log plot with the
parameters sd and x- at the axes, a straight line
should result with a slope equal to the parame-
ter b, which is indeed the case. As can be seen
from both figures the differences between the
two lines according to Eqs. (9) and (14) are very
small, indicating that the actual charge densities
of the two membranes were small as well. The
charge densities at the membrane surface calcu-
lated by Eq. (9) were in the range of −4×
10−5–2×10−4 C m−2, which are indeed small
compared to the values of the calculated total
charge density as can be seen from the Figs. 6
and 7.

Comparing the ASP35 and the NF45 mem-
brane, the kinetic surface charge densities of the
ASP35 membrane calculated from the streaming
potential measurements with the chloride solu-
tions are higher than those of the NF45 mem-
brane. From Table 1 it can be seen that
especially the amounts of adsorption sites, calcu-
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Fig. 5. Zeta-potentials for a NF45 membrane measured with different electrolyte solutions at various concentrations.

lated by Eq. (10), differed for both membranes,
while the adsorption free energies were all in the
same order of magnitude.

In the case of the ASP35 membrane the
fitting of the kinetic surface charge density ver-
sus the anion fraction resulted in comparable
values for the amounts of adsorption sites and
only slight differences between the free energies
of adsorption for both chloride solutions. The
calculated parameters N and �Gads� obtained for
the NaCl and CaCl2 solution in the case of the
NF45 membrane, were comparable as well, al-
though in this case the free energies of adsorp-
tion were identical, whereas the calculated
amounts of adsorption sites showed small differ-
ences. For the former membrane, the calculated
amount of adsorption sites was different for the
sulphate ions compared to that of the chloride
ions. For both membranes it seems to be rea-
sonable to assume that the main source for
charge at the membrane surface was due to an-
ion adsorption, whereas cation adsorption was
negligible. The same kind of results was ob-
served for a polysulfone membrane by Be-
navente et al. [14] and for polyamide
membranes by Hernandez-Gimenez et al. [24].

The results of the data fitting using the Fre-
undlich isotherm are shown in Table 1.

In the case of the NF45 membrane, the fitting
of the Na2SO4 streaming potential data with the
Freundlich isotherm gave no reliable results.

4.2. Retention measurements

Retention measurements carried out with the
NF45 and ASP35 membranes showed a different
behaviour for both. For both membranes the
retention for Na2SO4 is the highest compared to
that of the other salts (see Figs. 8 and 9), but in
the case of the ASP35 membrane the retention
of NaCl is higher than that of CaCl2, whereas
for the NF45 membrane it is inversed.

Most probably, the differences in rejection
characteristics between the two membranes are
caused by the differences in the determining sep-
aration mechanisms. In the case of the ASP35
membrane the retention results can be inter-
preted by the Donnan exclusion mechanism,
based on interactions between the charges of the
membrane and those of the ions. The retention
experiments for the NF45 membrane cannot be
explained exclusively by Donnan exclusion, and
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Fig. 6. Charge density of the ASP35 membrane as a function of the anion fraction with NaCl and CaCl2 solutions.

most probably size effects play a role for salt
separation with this membrane as well.

The ASP 35 membrane shows a retention se-
quence of R (Na2SO4)\R (NaCl)\R (CaCl2),
so the retention for the bivalent anion is the
largest, whereas that of the bivalent cation is the
smallest. The retention of the 1-1 salt (NaCl) is
in between the other two. If it is assumed now,
that the ASP35 membrane is negatively charged,
the high retention for the sodium sulphate (biva-
lent co-ion, monovalent counter-ion) and the
low(er) retention for calcium chloride (bivalent
counter-ion, monovalent co-ion) fit well with the
Donnan exclusion model. The decrease of the
retention with increasing concentration can also
be explained by assuming a decreasing influence
of Donnan exclusion.

The results obtained for the NF45 membrane
may not be explained by Donnan exclusion, be-
cause both the retention for the bivalent cation
and that of the bivalent anion are high. Neither
can the retention sequence exclusively be ex-
plained by differences in the size of the different
ions. Although the sizes of a hydrated sulphate
and calcium ion are larger than those of sodium
and chloride, the calcium ion is in turn larger
than the sulphate [25]. So, in the case of separa-

tion based on size exclusion only, calcium would
have shown the highest retention. Possibly, the
retention behavior of the NF45 membrane is de-
termined by a combination of both charge and
size exclusion.

4.3. Comparison between streaming potential and
retention measurements

Comparing the results obtained from the
streaming potential measurements with sodium
and calcium chloride for the NF45 and the
ASP35 membrane, it can be concluded that the
actual surface charge for both membranes is
only small. However, the adsorbed charge dif-
fers largely when comparing the two membranes
and is much higher in the case of the ASP35
membrane. The difference in adsorbed charge
may be the reason for the discrepancy between
the ion separation characteristics of both mem-
branes. The adsorbed charge at the ASP35
membrane is so large that the membrane be-
haves in the retention measurements like a nega-
tively charged membrane. As the charge
densities for both the sodium and calcium chlo-
ride solutions are comparable, the difference in
retention seems to be caused by the difference in
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Fig. 7. Charge density of the NF45 membrane as a function of the anion fraction determined with NaCl and CaCl2 solutions.

valency of the counter-ions for these two salts.
Because the Donnan-exclusion becomes smaller
if the valency of the counter-ion becomes
higher, this can explain the higher retention for
the sodium chloride solution.

With a sodium sulphate solution, the charge
density of the ASP35 membrane is somewhat
smaller than with sodium and calcium chloride
solutions, although the retention of the sodium
sulphate solution is higher than that of both
chloride solutions. Most probably, this higher
retention is caused by an increase in repulsion
due to the valency of the co-ion changing from
mono- to bi-valent.

In the case of the NF45 membrane, the ad-
sorbed charge is not large enough to determine
the salt separation completely. The retention for
calcium chloride is higher than that of sodium
chloride, which is most probably caused by a
difference in size between the calcium and
sodium ion. In the case of a sodium sulphate
solution the charge density is highest, resulting
in the highest retention for this salt as well. This
may be caused by a combination of larger elec-
trostatic repulsion in the case of the sulphate
ion and by size exclusion.

5. Conclusions

Both streaming and zeta potentials decreased
with increasing salt concentration. The zeta po-
tentials and the calculated charge densities are
higher for the ASP35 membrane than for the
NF45 membrane. The actual charge density of
both membranes is small and especially at
higher electrolyte concentrations, it is negligible
compared to the adsorbed charges. Anion ad-
sorption seems to be the main source for the
apparent membrane charge, whereas cation ad-
sorption is small. In most cases anion adsorp-
tion could be described with a Freundlich
adsorption isotherm, only sodium sulphate ad-
sorption on the NF45 membrane could not be
described by this type of isotherm.

Retention measurements showed a different
salt separation behaviour for the ASP35 and the
NF45 membrane. For the ASP35 membrane the
differences in retention between sodium sul-
phate, sodium chloride and calcium chloride
seemed to be caused by Donnan exclusion,
whereas for the NF45 size effects seems to play
a role as well, especially when the retentions for
calcium and sodium chloride are compared.
Most probably, the ASP35 membrane shows
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Table 1
Parameters a and b, according to Eq. (15), the number of adsorption sites, N, and the free Gibbs energy of adsorption, according
to Eqs. (11) and (12), respectively, for the two nanofiltration membranes

N (−) �DGads� (kJ mol−1)Membrane: ASP35 a (C m−2) b (−)

1.7×1018 −6.1NaCl 0.36 0.41
0.36 1.6×1018CaCl2 0.32 −6.8

−6.06.3×10170.27 0.41Na2SO4

Membrane: NF45
−6.73.8×1017NaCl 0.07 60.37
−6.70.08 80.37CaCl2 4.4×1017

Fig. 8. Retention vs. concentration of various salts for a ASP35 membrane. Pressure: 5 bar.

this Donnan type of retention behavior because
of its high kinetic surface charge. The adsorbed
charge at the NF45 membrane is not high
enough to discriminate on the basis of charge
between sodium and calcium chloride. There-
fore, size exclusion seems to determine the
difference in separation between these two
salts.
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Fig. 9. Retention vs. concentration of various salts for a NF45 membrane. Pressure: 5 bar.
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