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A B S T R A C T

A polyethersulfone ultrafiltration membrane was functionalized by a cationic polyelectrolyte, the
branched polyethyleneimine (BPEI). Several characterization techniques were carried out to
investigate the membrane modification. Atomic force microscopy and the tangential streaming
potential measurement were used to characterize the outer surface of the membrane. Both
techniques indicated that the surface was really modified. Electrokinetic measurements showed a
charge reversal of the outer surface of the membrane when the cationic polyelectrolyte adsorbs onto
the membrane. This charge reversal (from negative values for the unmodified membrane to positive
values for the modified membrane) was also observed with membrane potential measurements.
With the help of salt diffusion measurements, it was concluded that the charge reversal observed in
membrane potential experiments resulted from the adsorption of BPEI onto the pore walls of the
membrane (and not only on the outer surface of the membrane as could be concluded from single
tangential electrokinetic measurements).

Keywords: Functionalized membrane; Polyethersulfone; Polyelectrolyte; Streaming potential;
Membrane potential

1. Introduction

Currently, applications of membranes have been
developed well beyond the exploitation of the membrane
separation process in water treatment. For example,
membranes are key elements of fuel cells [1], a variety of
chemical and biosensors [2], drug deliverable systems
with controllable release [3], separation devices based on
affinity chromatography [4]. They can also be used as
templates in the fabrication of ordered nanometer-sized
structures [5], as scaffolds in tissue engineering [6], as
membrane microarrays in high-throughput screening
technology [7], for the purification of biological fluids or
for bio-molecule separation [8], in medical diagnoses
[9],after functionalization for decreasing or eliminating of
membranes bio(fouling) [10,11].

*Corresponding author.

Such diversity in membrane applications has led to a
growing demand for semi-permeable membranes with a
molecular structure containing reactive functional groups.
Depending on a specific application, these reactive
moieties play various roles such as binding sites for immo-
bilization, participation in ion exchange, conformational
changes in a stimuli response. More, the efficiency of the
membranes depends on its molecular and structural
architecture (i.e. functional groups distribution: 2-D or 3-D
distribution, uniformity), shielding of functional groups
and their accessibility or membrane morphology.

Amongst the various techniques allowing the chemical
functionalization of a membrane by reactive functional
groups, the sorption of polyelectrolyte nanolayers on a
membrane surface is one of the most promising. Indeed,
nano-assembly of polyelectrolytes is a simple, versatile
and environmental benign technique for making layered
polymeric coatings [12], which could also be used to
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prepare separation membranes. Because of the high
hydrophilicity of polyelectrolytes, the membranes so
obtained are expected to be appropriate for solvent dehy-
dration. By depositing either one polycation or polyanion
layer or by depositing alternately a polycation and a
polyanion on an initially charged membrane, an ultrathin
and chemically well-defined polyelectrolyte film can be
obtained. In general, a layer of polyelectrolyte has a
uniform thickness of 0.5–3 nm [12]. This thickness can be
affected by such deposition conditions as concentration
and pH of the polyelectrolyte solution, ionic strength, and
temperature. During the past few years, polyelectrolyte
films have attracted significant attention as a potential
membrane for separation applications. For example, poly-
electrolyte membranes have been used for liquid separa-
tions by pervaporation, and these membranes were found
to be highly selective to water permeation [13–15].

The aim of this work is to investigate the surface
charge properties of an ultrafiltration membrane that has
been functionalized by a cationic polyelectrolyte, the
branched polyethyleneimine (BPEI). Tangential and trans-
versal techniques are used to characterize the surface
charge properties of both the outer surface of the mem-
brane and the pore walls.

2. Experimental

2.1. Membranes and chemicals

PES (polyethersulfone) membranes (Rayflow®-IRIS
membrane) manufacturated by Novasep (France) with a
cut-off of 100 kg mol!1 were used. They were supplied as
flat sheets stored in glycerin.

Before being functionalized by cationic branched-
polyethyleneimine (BPEI, molar mass ~30 000 g mol!1),
membranes were cleaned by immersion in NaOH 2 M
during 2 h and then immersed in milli-Q quality water
(conductivity <1 µS cm!1) during 8 h. The BPEI was
purchased from Sigma-Aldrich. BPEI used in this work
contains ca. 25% of tertiary amine groups, 50% of secon-
dary amine groups and 25% primary amine groups [16].
BPEI solutions were freshly prepared by direct dissolution
in milli-Q quality water. The final BPEI concentration was
of 10 mg/ml. The membranes were functionalized by
immersion in BPEI solutions during 18 h at room tem-
perature. The protonation of BPEI is rather easy due to its
relatively strong base character: the BPEI protonation is
already few per cents at a pH value higher than 9 [17]. It
appeared to be sufficient at a pH value of 8 for a strong
BPEI anchoring on all the studied membranes. The BPEI
immobilization on membranes was clearly evidenced by
dye staining [18]. When the PES membrane, negatively
charged, is immersed in the cationic BPEI, the cationic
polymer chains are electrostatically attracted by the

negative charges covering the membrane surface. Thus,
PES membrane counter-ions, initially, are substituted by
cationic polymer chains, transported by diffusion near the
membrane, and a surface ion pairing occurs between
polymer chains and PES negative charges. Consequently,
the mechanism of deposition is based on the substitution
of the PES membrane counter-ions by charged poly-
electrolyte. This fixation is possible thanks to the
electrostatic affinity between the cationic BPEI and the
negatively charged membrane surface. 

The electrolytes (KCl, LiCl and MgCl2) used for the
characterization of membranes were of pure analytical
grade (PROLABO) and solutions were prepared from
milli-Q quality water (conductivity <1 µS cm!1). 

2.2. Atomic force microscopy (AFM)

AFM was used to visualize the surface structures of
both initial and modified membranes and to determine
their surface rugosities. The AFM instrument used in the
present study was a PicoSPM, a commercial device from
Molecular Imaging (USA). Cantilevers used were gold-
coated Si3N4 tip (200 µm-long triangular cantilever and
0.1 N/m force constant). Contact imaging mode in air was
selected to study the membranes at room temperature
(20±3EC). All the membrane samples were imaged
without preparative procedure so as not to affect their
structure. Images were obtained over an area of 5×5 µm2

for initial and modified membranes. Once a clear image
was obtained, the mean surface roughness was deter-
mined by the help of surface analysis software associated
with PicoSPM. 

2.3. Tangential streaming potential measurements

Streaming potential is probably the most widely used
technique for the characterization of electrical properties
of membrane/solution interfaces [19–28]. In the present
study, streaming potential measurements were performed
by applying a pressure gradient along the outer surface of
the membrane (tangential streaming potential) [22–28].
Experiments were conducted with a ZETACAD zetameter
(CAD Instrumentation). The apparatus measures the
streaming potential resulting from the pressure-driven
flow of an electrolyte solution through a thin slit channel
formed by two identical membrane surfaces facing each
other. The electrolyte solution was forced through the slit
channel using nitrogen gas. The pressure difference
between the channel ends was controlled by means of a
differential pressure sensor. The streaming potential ()Ns)
developed in the solution along the channel was
measured by means of a pair of Ag/AgCl wire electrodes
placed at the inlet and outlet of the channel and linked to
a Keithley multimeter (model 2000). The streaming
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potential was measured for continuously increasing
pressure pulses from 0 to ~500 mbar (the solution was
pushed using nitrogen gas). 

Samples of 75×25 mm (corresponding to the measur-
ing cell dimensions) were cut in sheet membranes.
Modified and unmodified samples were soaked overnight
in the electrolyte solution in order to equilibrate the
membrane surfaces with the measuring solution. The
membrane samples were placed further in the measuring
cell and tangential streaming potential measurements
were carried out at various channel heights by using
Teflon spacers of several thicknesses. The length (l) and
the width (L) of the channel were 75 and 25 mm, respec-
tively. Measurements were carried out at 20±3EC. A more
detailed description of the apparatus can be found else-
where [27,28].

2.4. Membrane potential and salt diffusion measurements

Another way to access to the charged state of a
membrane is to measure the membrane potential since it
reflects the partition of ions into the pores [29–34]. 

The test cell used for the electrochemical measure-
ments is similar to that described elsewhere [33]. It is
composed of two polycarbonate half-cells of volume
70 cm3 and the membrane is clamped between them by
using silicone rubber rings. 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 7.1 cm2. 

Membrane potential measurements were performed
by keeping the concentration of the solution at one side of
the membrane, C1, constant (C1 = 10!3 M) and gradually
changing the concentration of the solution at the other
side, C2, from 10!3 M to 10!2 M. For the whole study, the
active layer of the membrane was put in contact with the
higher concentration solution (C2). The membrane was left
overnight in a solution of concentration C1 before placing
it in the measuring cell. 

When a neutral membrane separates two compart-
ments (1 and 2) containing the same electrolyte at dif-
ferent concentrations (C1 and C2), the concentration
difference acts as a driving force for the diffusion of both
cations and anions through the membrane pores. In most
electrolytes, cations and anions have different diffusion
coefficients, which therefore lead to an electric charge flux
through pores. Consequently, an electric field arises
between pore ends, which accelerates less mobile ions and
decelerates the more mobile ones. At steady state, the flux
of positive charges equals that of negative charges so that
no net electrical current flows through the membrane
pores. The resulting electrical potential difference, called
diffusion potential ()ndiff), can be expressed by means of

the so-called Planck–Henderson equation: 
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where C2 is assumed to be greater than C1, t
+ and t! are

transport numbers of cations and anions in bulk solution,
respectively, z+ and z! are their charge numbers, respec-
tively, R is the ideal gas constant, T the absolute tem-
perature and F the Faraday constant. 

For the case of charged membranes, the membrane
potential can be viewed as a modified diffusion potential
accounting for the effect of the membrane fixed charge on
ion transport inside pores. Thus, for charged membranes,
the membrane potential takes the following form:

 2 2

1 1

ln 1 2  lnm m
m m

t t C CRT RT
t

F z z C F C

 


 

    
         

     
(2)

where  and  are the apparent transport numbers ofmt


mt


cations and anions, respectively, in the membrane pores
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As shown by Eq. (2), apparent ion transport numbers
can be determined from the slope of the plot of )nm vs.
ln (C2/C1).

According to Eqs. (1) and (2), the membrane potential
will be higher (lower) than the diffusion potential for a
membrane with a positive (negative) fixed charge. The
sign of the membrane charge can then be deduced from
the membrane potential value.

The membrane potential ()nm) is defined as the
difference between the potential in bulk solution of higher
concentration and the potential in bulk solution of lower
concentration. It was calculated by subtracting the concen-
tration potential (resulting from different concentrations
of solutions) from the cell potential ()ncell) measured by
inserting two Ag/AgCl electrodes (connected to a volta-
meter) directly into the bulk solutions:
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The electrode inserted into solution of lower concentration
was grounded. In order to cancel the effect of the
asymmetry potential, the electrodes were interchanged in
the two compartments and the average of the two
measurements was taken for )ncell [34]. The asymmetry
potential was not greater than 0.2 mV. 

It should be noted that Eqs. (1)–(3) are valid for diluted
solutions because concentrations were used instead of
activities.
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In salt diffusion experiments, one compartment of the
cell was filled with an electrolyte solution (C2 = 0.5 M) and
the other with milli-Q quality water. The conductivity of
the fluid inside the diffusate compartment was monitored
as a function of time with a Tacussel XE 100 conductivity
cell electrode connected to a Tacussel CDRV 62 conduc-
timeter. During the experiment, the temperature was
controlled in both compartments in order to ensure that its
variation was negligible ()T #±1EC). Indeed, the transfert
of the electrolyte through the membrane must occur in the
absence of any temperature gradient. Moreover, the
electrolyte conductivity is sensitive to temperature fluc-
tuations. During the experiment, the amount of electrolyte
transferred from the feed compartment to the diffusate
compartment was quite negligible as compared with the
initial amount in the feed compartment so that the
electrolyte concentration inside the feed compartment (C2)
was considered constant. The membrane was soaked
overnight in a solution of concentration C2 before starting
salt diffusion experiments.

Salt permeability through a membrane, Ps, can be
determined from salt diffusion measurements by means
of Fick’s first law for a quasi-steady state. The solute flux,
Js, through a membrane can be written as:
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where Am is the membrane area in contact with solutions,
V1 the volume of the solution in the diffusate com-
partment, C1 and C2 the electrolyte concentrations inside
the diffusate compartment and the feed compartment,
respectively.

After substitution of concentrations by electrolyte
conductivities, the integration of Eq. (4) with time leads to
the following equation:
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where 81 and 82 are the conductivities of solutions in the
diffusate and feed compartments, respectively, and 8w the
conductivity of milli-Q quality water.

3. Results and discussion

3.1. AFM images of membranes

The mean surface roughness of the PES membrane was
estimated at 42.5 nm by analysis of its AFM image. After
immersion in the polyelectrolyte solution during 18 hours,
the surface roughness of the BPEI-modified membrane

was estimated at 17.8 nm (Fig. 1). Consequently, the
surface roughness decreases by a factor of ~2.5 when a
BPEI film is coated onto the membrane surface. We can
also observe that the roughness values deduced from the
AFM images are coherent with the values obtained in
previous studies [35,36].

3.2. Zeta potential of membranes

Fig. 2 gives an example of tangential streaming poten-
tial measurements carried out with modified (PES+BPEI)
and unmodified (PES) membranes in 10!3 M KCl solution
at pH = 5.8. As can be seen, a good linearity is obtained for
both membranes. The streaming potential coefficient of
each membrane can be deduced from the slope of the plot
of )ns versus )P. The results clearly show that the charge
at the outer surface of the membrane is reversed upon
sorption of the cationic BPEI. A low negative charge is
measured with the unmodified membrane despite the fact
that there are no ionizable functional groups on poly-
ethersulfone chains. To explain the charge behavior of
non-ionogenic surfaces, it is usually postulated that a
preferential adsorption of anions (chloride ions here)
occurs, anions being less hydrated than cations. It was also
suggested that chemical post-treatment of membrane
materials could be responsible for the observed surface
charge of this kind of surfaces [37].

Due to the porous structure of UF membranes, cares
must be taken to convert tangential streaming potential
experimental data into zeta potential. Indeed, in the
conventional electrokinetic theory, it is assumed that both
streaming and conduction currents involved in the
streaming potential process flow through an identical
path. This assumption does not hold anymore when
streaming potential measurements are performed with
porous substrates. Indeed, in such a case the streaming
current flows only through the channel whereas the
conduction current is expected to flow wherever the
electric conductivity differs from zero, i.e. through both
the channel and the membrane pores filled with electro-
lyte solution. The relation between the streaming potential
across channels whose walls are formed by porous sub-
strates and the zeta potential (.) has been established by
Yaroshchuk and Ribitsch [38]. For rectangular slit chan-
nels, the relation takes the following form:

(6)0

0 0 0
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    2  

m m

s r rI

hP
h



                    

where I is the electric current, 80 is the bulk channel
conductivity, g0 is the vacuum permittivity, gr is the
relative dielectric constant of the solvent, hm is the effective
thickness in which the conduction current flows inside the
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(a)      (b)

 

Fig. 1. AFM images of (a) PES and (b) PES+BPEI membranes. Contact mode, scan size is 5×5 µm2.

Fig. 2. Tangential streaming potential ()ns) vs. applied
pressure difference ()P); 10!3 M KCl, pH = 5.8. 2 h = 90 µm.

membrane pores and 8m is the electric conductivity inside
the membrane pores.

According to Eq. (6), the reciprocal streaming potential
coefficient ()P/)nS) is expected to vary linearly with the
reciprocal channel height (1/2 h). Consequently, stream-
ing potential measurements carried out at different
channel heights should allows the determination of the
correct value of the zeta potential by extrapolating the
regressed line )P/)ns = f(1/2 h) at infinitely large channel
heights. 

Fig. 3 shows that a linear relation between the reci-
procal streaming potential coefficient and the reciprocal

Fig. 3. Reciprocal streaming potential coefficient (SP!1) vs.
reciprocal channel height (1/2 h) for the PES+BPEI mem-
brane; 10!3 M KCl, pH = 5.8.

channel height is obtained as predicted by Eq. (6) for the
modified membrane. From the intercept at infinite
channel height, a zeta potential of +14.9 mV is estimated.

The stability of the modified membrane was also
investigated by performing streaming potential measure-
ments in 10!3 M KCl solution over a period of 21 days.
Between two measurements, the membrane was left in
10!3 M KCl solution which was changed every day. The
results obtained clearly show that the BPEI film is stable
during at least 3 weeks in this solution (Fig. 4). 

3.3. Membrane potential measurements

Fig. 5 presents the variation of the membrane potential
versus the logarithm of concentration ratio (i.e. ln (C2/C1),
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Fig. 4. Streaming potential coefficient (SP) vs. time for the
PES+BPEI membrane; 10!3 M KCl, pH = 5.8. 2 h = 90 µm.

the concentration in compartment 1 being kept constant at
10!3 M) for both modified and unmodified membranes.

In Fig. 5, KCl solutions were used for membrane
potential experiments. In the particular case of KCl, the
diffusion potential is virtually zero since chloride and
potassium ions have very close diffusion coefficients
(2.03 10!9 m2 s!1 and 1.96×10!9 m2 s!1, respectively).
Consequently, the sign of membrane potential measured
with KCl solutions directly yields the sign of the mem-
brane fixed charge. Results in Fig. 5 clearly show the
charge reversal when the negatively charged PES
membrane is modified by the BPEI.

The membrane potential is found to vary linearly with
the logarithm of concentration ratio for both modified and
unmodified membranes. According to Eq. (2), this finding
indicates that transport numbers of ions inside the
membrane pores are independent of the electrolyte con-
centration (in the concentration range under inves-
tigation). The value of the transport number of potassium
ions inside the membrane pores can be deduced from the
slope of the straight lines shown in Fig. 5 by means of
Eq. (2). For the (unmodified) PES membrane, the cation
transport number inside pores is found to be close to 0.57.
This value is higher than the transport number of potas-
sium ions in bulk solution (i.e. 0.49 for a KCl solution).
This result is in agreement with the negative charge of the
PES membrane since potassium ions are in excess within
pores with respect to chloride ions (which are coions of the
negatively charged PES membrane). When the PES
membrane is modified by the BPEI, the membrane charge
is reversed. It leads to a decrease in the transport number
of potassium ions inside pores, which becomes lower
(around 0.30) than its bulk value (i.e. 0.49). 

The modified membrane can be described as a multi-
layer system that consists of two distinct layers (namely
the PES membrane and the BPEI top layer). When applied
to multilayer systems, transversal techniques like
membrane potential measurement provide a global signal
that results from the contribution of all layers. The relative

Fig. 5. Membrane potential ()nm) vs. ln (C2/C1) for PES and
PES+BPEI membranes; KCl electrolyte, pH = 5.8, C1 = 10!3 M,
C2 = 10!3 to 10!2 M.

Fig. 6. Variation of the conductivity in the diffusate com-
partment (81) with time for PES and PES+BPEI membranes;
0.5 M KCl, pH = 6.2.

contribution of each layer to the experimental signal
depends on both its structural and electrical properties
[39]. In the case of membrane potential, the relative
contribution of the various layers depends on their
diffusional resistance. According to salt diffusion mea-
surements (see next section), the solute flux for KCl is
decreased by only ~10% when the PES membrane is
modified by the BPEI. It means that the diffusional
resistance of the single BPEI layer does not contribute
significantly to the overall resistance to diffusion of the
modified membrane. Otherwise stated, the contribution of
the BPEI layer does not dominate the overall membrane
potential measured through the PES+BPEI membrane.
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Table 1
Solute flux (Js) of KCl, LiCl and MgCl2 electrolytes (0.5 M) for PES and PES+BPEI membranes

Electrolyte pH Membrane Solute flux Js (x10-5 mol m!2 s!1) Solute flux variation (%)

KCl 5.8 PES 23.13
PES+BPEI 20.68 !10.62

LiCl 5.75 PES 15.24
PES+BPEI 14.59 !4.31

MgCl2 5.8 PES 13.07
PES+BPEI 10.20 !21.95

Since Fig. 5 clearly shows that the membrane fixed charge
is reversed when the membrane is modified by the BPEI,
our results suggest that the polyelectrolyte did not adsorb
only onto the outer surface of the membrane but also onto
the pore walls (i.e. within the membrane pores).

3.4. Salt diffusion measurements

Fig. 6 shows the variation of the conductivity in the
diffusate compartment with time due to the diffusion of
potassium chloride through pores of both modified and
unmodified membranes. As expected from Eq. (4), the
conductivity (and so the electrolyte concentration) in the
diffusate compartment increases linearly with time. The
salt permeability (Ps) can then be inferred from the slope
of the straight lines (data are collected in Table 1). A slight
decrease (around 10%) in the salt permeability is observed
with the modified membrane. This means that the dif-
fusional resistance of the BPEI layer is small with respect
to that of the PES membrane (this can be explained by the
small thickness of the polyelectrolyte layer with respect to
that of the underlying PES membrane. Salt diffusion
experiments have been carried out with LiCl and MgCl2 as
well. Salt permeabilities for the various salts are collected
in Table 1. For the unmodified membrane, the sequence of
salt permeability is MgCl2 < LiCl < KCl. These results
cannot be explained by electrostatic interactions between
solutes and the membrane fixed charge (probably because
the pore size is not small enough) since this latter is
negative for the PES membrane. However, the experi-
mental sequence can be correlated to hydration of the
various cations. Indeed, the hydration energy follows the
order Mg2+ > Li+ > K+. The same sequence of salt perme-
ability is obtained with the modified membrane. The
decrease in permeability is much greater for MgCl2

(around 22%) than for KCl and LiCl (around 10% and 4%,
respectively). It may result from electrostatic interaction
between divalent cations and the positive fixed charge of
the BPEI (which adsorbs both on the outer surface of the
membrane and inside the PES membrane pores as dis-
cussed in the previous section).

4. Conclusions

In this work a polyethersulfone ultrafiltration mem-
brane was modified by sorption of a cationic poly-
electrolyte, the branched polyethyleneimine (BPEI). The
aim of this study was (1) to give evidence of the modi-
fication of the membrane charge after the polyelectrolyte
adsorption, and (2) to determine whether the membrane
was functionalized only on its outer surface or inside its
porous structure as well. Both modified and unmodified
membranes were characterized in terms of zeta potential
and transport number of cations inside pores (by means of
tangential streaming potential and membrane potential
measurements, respectively). Tangential streaming poten-
tial measurements clearly showed a charge reversal of the
outer surface of the membrane. This surface modification
is in agreement with AFM analysis carried out with both
samples. Membrane potential measurements were carried
out through both membranes.

Results showed a charge reversal (from negative to
positive) when the polyelectrolyte adsorbs onto the
membrane. With the help of salt diffusion measurements,
it was concluded that the charge reversal observed in
membrane potential experiments resulted from the
adsorption of BPEI onto the pore walls of the membrane
(and not only on the outer surface of the membrane as
could be concluded from single tangential streaming
potential measurements).

5. Symbols

Am — Membrane area, m2

C — Solute concentration in a compartment, mol m!3

F — Faraday constant, C mol!1

h —  Half-height of the slit channel, m
hm — Thickness of the membrane layer where the

conduction current flows, m
I — Electric current, A
Js — Solute flux, mol m!2 s!1

l — Length of the slit channel, m
L — Width of the slit channel, m
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P — Hydrostatic pressure, N m!2

Ps — Salt permeability, m s!1

R — Ideal gas constant, J mol!1 K!1

t — Time, s
Apparent transport numbers of cationsmt



— Apparent transport numbers of anionsmt


T — Temperature, K
V — Volume of a compartment, m3

Greek

g0 — Vacuum permittivity, 8.854×10!12 F m!1

gr — Relative dielectric constant of the solvent
81 — Conductivity of solution in the diffusate com-

partment, S m!1

82 — Conductivity of solution in the feed compart-
ment,  S m!1

8w — Water conductivity, S m!1

80 — Conductivity of bulk electrolyte, S m!1

8m — Electric conductivity of the membrane, S m!1

0 — Viscosity of the electrolyte, kg m-1 s!1

n — Electrical potential, V
ndiff — Diffusion potential, V
nm — Membrane potential, V
ns — Streaming potential, V
. — Zeta potential, V
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