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A B S T R AC T

Electrochemical characteristic parameters such as diffusional permeability, ion transport 
number, fi xed charge concentration and electrical resistance for a regenerated cellulose/poly-
propylene-supported membrane (RC/PP sample) in contact with NaCl solutions at different 
concentrations were determined. The effect of the polypropylene support on mass and charge 
transport was estimated by comparing results obtained for both opposite fl uxes and differ-
ences seem to be related to the stagnant solution layer embedded in the polypropylene support, 
which could mask membrane properties. Moreover, effective membrane thickness (RC-layer 
thickness) must be estimated to determine intensive membrane parameters (salt and ions dif-
fusion coeffi cients or conductivity). Good agreement for ion diffusion coeffi cient values was 
obtained by comparing results obtained from different types of measurements (combination of 
membrane potential-salt diffusion and impedance spectroscopy, respectively).
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1. Introduction

Membrane hydrodynamic and diffusional perme-
abilities, (Lp and Ps, respectively) are the two parameters 
commonly indicated for description of transport across
membranes, since they represent the volume-fl ow/pres-
sure-gradient ratio (Lp= Jv/ΔP) and the solute-fl ow/
concentration-gradient ratio (Ps = Js/ΔC). However, Lp 
and Ps are not intensive or membrane material charac-
teristic parameters since they depend on the membrane 
geometry (pore radius/porosity and thickness) and 
structure. Particularly, diffusivity or salt diffusion coef-
fi cient (Ds) can be estimated from Ps values if membrane 
thickness and porosity/partition coeffi cient are known 
(for porous/dense membranes) [1]. Moreover, when 
transport of electrolyte solutions and/or charged par-

ticles are involved, membrane fi xed charge concentra-
tion (Xf) and ion transport numbers (ti = Ii/IT) as well as 
other electrochemical characteristic parameters such as 
ionic diffusion coeffi cient (Di), mobility (ui) and mem-
brane conductivity (lm) are also of interest since they 
give information on the membrane-solution electrical 
interactions [2]. Membrane thickness is a basic factor for 
determination of these latter parameters, but it can not 
be obtained from direct measurements for supported 
membranes as is usually the structure of ultrafi ltration 
membranes. It is commonly assumed that the support 
does not affect membrane performance, which may be 
a valid hypothesis for fi ltration processes [3], but its 
contribution in the case of diffusive and electrochemical 
characterization should not be undoubtedly neglected 
due to, among other reasons, the unstirred solution 
layer fi lling the support, which might cause a certain 
concentration profi le (stagnant layer) and to have a 
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 contribution (higher or lower depending on the mem-
brane structure) in the total electrical resistance and con-
centration gradient. This contribution may be of interest 
when new membrane applications such as biosensors, 
contactors or hydrogels for protein encapsulation are 
considered [4,5], since in those cases the fl uxes are asso-
ciated to electrochemical potential gradients (rather 
than pressure gradient).

In this paper, the structural and electrochemical 
characterization of a commercial regenerated cellu-
lose ultrafi ltration membrane with a reinforcement 
support of polypropylene is carried out. Salt diffu-
sion, membrane potential and impedance spectros-
copy measurements carried out with the membrane 
in contact with different NaCl solutions allow the 
determination of diffusive permeability, ion trans-
port number and electrical resistance. The infl uence 
of membrane asymmetry on membrane transport 
parameters (salt diffusion coeffi cient and ion trans-
port numbers) was considered by measurements 
performed for both opposite concentration gradients.

2. Experimental

2.1. Membrane

An ultrafi ltration regenerated cellulose membrane 
with polypropylene reinforcement (RC70PP) with a cut 
off of 10 kDa from DSS (Naskov, Denmark) was char-
acterized. Membrane thickness was measured with a 
digital micrometer in six different points covering an 
area of 30 cm2 and the value 220 ± 8 μm was obtained, 
which also includes the polypropylene support. Results 
obtained with a symmetric regenerated cellulose dialy-
sis membrane with a cut off of 12 kDa and thickness of 
120 μm from Medicell International Ltd (England) are 
also presented for comparison reason (RC-Sy sample).

2.2. Scanning electron microscopy

SEM micrographs of the membrane surfaces were 
carried out with a Jeol JSM-6400 Scanning Microscopy, 
working with a voltage of 15 kV. The samples were 
brought to a gold sputtering process in order to make 
them conductive.

2.3. X-ray photoelectron spectroscopy analysis

Chemical characterization of the membrane surfaces 
was carried out by X-ray photoelectron spectroscopy or 
XPS analysis. XPS spectra were recorded with a Physical 
Electronics PHI 5700 spectrometer with a multi-channel 
hemispherical electroanalyzer. MgKa. X-ray was used 
as excitation sources (hn = 1253.6 eV). Accurate ±0.1 eV 

binding energies were determined with respect to the 
position of the adventitious C 1s peak at 284.8 eV. High-
resolution spectra were recorded at 45° take-off angle 
by a concentric hemispherical analyzer operating in 
the constant pass energy mode at 29.35 eV, using a 720 
μm diameter analysis area. The residual pressure in 
the analysis chamber was maintained below 10−9 Torr 
during data acquisition. A PHI ACCESS ESCA-V6.0F 
software package was used for acquisition and data 
analysis. Detailed specifi cations on measurements and 
analysis procedures are indicated in [6].

2.4. Salt diffusion, membrane potential and impedance 
spectroscopy measurements

The dead-end test cell used for electrochemical char-
acterization of membranes is similar to that described 
elsewhere [7]. The membrane was clamped between two 
glass half-cells by using silicone rubber rings and two 
magnetic stirrers were placed at the bottom of the half-cells 
to minimise concentration-polarisation at the membrane 
surfaces, and measurements were performed at a stir-
ring rate of 525 rpm. Measurements were carried out with 
the membrane in contact with NaCl solutions at different 
concentrations, at room temperature (T = (298 ± 1) K) and 
pH = (5.8 ± 0.3). Before use, the membrane was immersed 
for around 12 h in the appropriated solution.

The electromotive force (ΔE) between both membrane 
sides caused by a concentration gradient was measured 
by connecting two reversible Ag/AgCl electrodes to a 
digital voltmeter (Yokohama 7552, 1 GΩ input resistance). 
Measurements were carried out by keeping the concentra-
tion of the solution at one side of the membrane constant, 
cc = 0.01 M NaCl, and gradually increasing the concentra-
tion of the solution at the other side, cv, from 0.001 M to 
0.1 M. These measurements were also carried out in both 
opposite external conditions: cc in contact with the regen-
erated cellulose layer (cc/RC) or with the polypropylene 
support (cc/PP). Membrane potentials were obtained from 
measured ΔE values by subtraction of the corresponding 
electrode potential: ΔΦmbr = ΔE −(RT/F) ln(cv/cc).

Diffusional permeability was determined from salt 
diffusion measurements which were performed with 
the membrane separating initially a feed or concen-
trated solution (cf) from a diluted or receiving solution 
(initially distilled water, cr = 0), and changes in the con-
ductivity of both solutions (lf and lr) were recorded ver-
sus time by means of two conductivity cells (one in each 
half-cell) connected to two digital conductivity meters 
(Crison GLP 31). These measurements were performed 
at different feed concentrations (0.01 ≤ c (M) ≤ 0.2) for 
both opposite directions: feed concentration in contact 
with the regenerated cellulose (solution/RC) and the 
polypropylene support (solution/PP).
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Impedance Spectroscopy (IS) measurements were car-
ried using an Impedance Analyzer (Solartron 1260) con-
trolled by a computer in contact with the solution in each 
half-cell via Ag/AgCl electrodes, and 100 different frequen-
cies in the range 1 Hz107 Hz, with a maximum voltage of 
0.01 V were recorded. IS data were corrected by software as 
well as the infl uence of connecting cables and other para-
site capacitances, and the studied system was: electrode // 
NaCl solution (c) // membrane // NaCl solution (c) // 
electrode, having both solutions the same concentration.

2.5. Electrokinetic characterisation of the membrane/solution 
interface

Streaming potential (SP) gives information on solid/
liquid (pore/solution) electrical interface, SP measure-
ments through the membrane were performed with an 
EKA analyser (Anton Parr, GmBH, Austria), which basi-
cally consists of: i) two Ag/AgCl electrodes with small 
holes to permit the solution fl ows through them and 
the membrane, and to measure the induced streaming 
potential; ii) a cylindrical cell of 1 cm2 area; iii) a mechan-
ical drive unit to produce and measure the pressure that 
drives the electrolyte solution from a reservoir into the 
measuring cell (7.5 ≤ ΔP (kPa) ≤ 30). A more detailed 
description of the equipment and experimental proce-
dure was presented elsewhere [8]. Measurements were 
carried out varying the concentration of the solution 
between 5 × 104 M and 7 × 103 M at constant pH = (5.8 ± 0.3), 
and the SP coeffi cient, (Φst = ΔV/ΔP)I=0, was determined 
from the average of 10 measurements.

3. Results and discussion

3.1. Scanning electron microscopy and X-ray photoelectron 
spectroscopy results

Fig. 1 shows SEM micrographs for both surfaces of 
the RC70PP membrane where the dense RC-layer and 
the opener structure of the polypropylene (PP) support 
can clearly be observed. To see the possible effect of that 
asymmetry on charge and mass transport, measurements 
for fl uxes in both opposite directions were performed.

Chemical characterization of both membranes sur-
faces membranes was carried out by XPS. The obtained 
atomic concentrations percentages of the typical ele-
ments of both membrane surface materials (carbon 
and oxygen, since hydrogen is not detected by XPS) 
are indicated in Table 1, but small percentages of other 
non-typical elements such nitrogen, silica and chlorine, 
attributed to contamination (environmental and manu-
facture), were also found [6,9].

Fig. 2 shows the C1s core level spectra for both mem-
brane surfaces where a narrow and well defi ned peak at 

a bending energy of 285.0 eV (−C−H and –C−C−) for the 
polypropylene support can be observed, while three dif-
ferent contributions appear when the cellulose layer is 
analyzed: one peak at 285.0 eV (CA) and two shoulders, 
around 286.8 eV (−C−OH and –C−O−C, or CB) and 288.5 
eV (OCO, or CC), respectively [10,11]. The values obtained 
for the ratio of oxidized/non-oxidized carbon, (CB + CC)/
CA = 2.4 and the O/C = 0.26, differ from those correspond-
ing to pure cellulose (5 and 0.83, respectively [12]), due 
to the oxidation effect of the regeneration process. On the 
other hand, XPS results seem to indicate that the thicker 
and interconnected support structure of the polypropyl-
ene fi bres does not allow the detection of the RC layer.

Table 1
Atomic concentration percentages of the elements found on 
both surfaces of the RC70PP membrane by XPS analysis

Sample C1s (%) O1s (%) N1s (%) Si1s (%)

RC surface 78.4 20.3 0.7 0.5
PP surface 96.5 2.5 0.5 0.2

(a) (b)

Fig. 1. SEM micrographs of the RC70PP membrane: (a) regen-
erated cellulose (RC) surface, (b) polypropylene (PP) surface.

Fig. 2. C1s core level spectra for the membrane RC70PP (Solid 
line: RC surface; dotted line: PP surface.)
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 3.2. Electrical characterization results

The transport of ions across the RC70PP membrane 
was studied by measuring membrane potentials (Δϕmeb) 
for constant concentration 0.01 M NaCl in contact with 
both RC-layer and PP-support and the obtained values 
are shown in Fig. 3. As can be observed, some differences 
were found for opposite external conditions at low con-
centrations, but similar values were obtained in both cases 
at high concentrations (cv > 0.01 M). According to the TMS 
theory, membrane potential can be related with the fi xed 
charge concentration (Xf) and ion transport numbers (ti) in 
the membrane by the following expression [13,14]:
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where w = −1 for negatively charged membranes, U = 
t+ t- (for 1:1 electrolyte) and yi = (ai k/Xf), being ai the 
solution activity and k the partition coeffi cient; R and F 
represents the gas and Faraday constant and T is the 
temperature of the system. A non-linear fi t of the experi-
mental values by different iterations allows the deter-
mination of Xf, t+ and γ, and the results are indicated in 
Table 2. The transport number ti represents the amount 
of current transported for one ion (Ii) with respect to the 
total current crossing the membrane (IT), that is: ti = Ii/IT, 

for single salts: t+ + t- = 1; transport number ration, t+/t-, 
is also indicated in Table 2.

Taking into account Xf and t+ values indicated in 
Table 2, the RC70PP membrane seems to present a very 
low electropositive character, oppositely to that usu-
ally reported for RC membranes [15–17], and it might 
be caused by the PP support which could mask the 
RC layer transport results. The low Xf values obtained 
support the slight differences obtained at low concen-
trations, since the free solution charges may screen the 
effect of membrane charge at high concentrations.

To clarify this point an electrical characterization of 
membrane/electrolyte interface by SP measurements 
was carried out. The SP (Δøst) is the electrical potential 
difference at the two ends of a pore or channel associated 
to the movement of an electrolyte solution as a result of 
the application of an external pressure (ΔP), when the
steady state is reached, that is for I = 0 [18]. Variation of
zeta potential coeffi cient, φst = (Δøst/ΔP)I=0, with elec-
trolyte concentration is shown in Fig. 4, where the elec-
tronegative character of the RC70PP membrane can be 
observed (or more properly, the RC sheet) in agreement 
with that reported in the literature [19,20], since no elec-
trokinetic effect in the PP support is considered due to 

Table 2
Fixed charge concentration, Xf, ion transport number, t+, 
and partition coeffi cient, k, determined by Eq. (1) for both 
opposite experimental situations: constant concentration cc 
in contact with the RC-surface or with the PP-support

Flux Xf (M) t+
k

cc/RC-surface 0.0012 0.379 ± 0.015 1.0
cc/PP-support 0.0008 0.368 ± 0.012 1.0

Fig. 3. Membrane potentials versus solution concentrations 
ratio: (♦) cc in contact with the RC-layer, (◊) cc in contact with 
the polypropylene support (Dashed straight line: solution 
diffusion potential).

Fig. 4. Streaming potential coeffi cient, Φst = (ΔV/ΔP)I=0, 
versus solution concentration.
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its open structure [18]. This result seems to confi rm the 
infl uence of support layers in electrochemical charac-
terization and evidence the need of a detailed descrip-
tion of non-symmetric membranes to get more complete 
information of their behaviour.

3.3. Diffusion and conductivity results

The fl ux of solute across a membrane (Js) at steady-
state is related to the concentration gradient at both mem-
brane surfaces (Δc) by the diffusional permeability (Ps):

Js = dn/dt = Ps (cf − cr) = PsΔc (2)

where Ps values at the different feed solutions studied 
were determined from the slopes of the conductivity-
time relationships taking into account the mass conser-
vation: cf

o + cr
o = cf

t + cr
t = cte, where cf

o and cr
o indicate 

the initial feed and receiving concentrations (at t = 0) 
respectively, while cf

t and cr
t represent both concentra-

tions at time t [21]. Fig. 5a shows the diffusional perme-
ability as a function of feed concentration measured for 
both opposite salt directions, where slight differences 
depending on the solute fl ux direction can be observed, 
which causes a reduction of 5% in the diffusional per-
meability and it could be related to the stagnant layer 
and, consequently, a small concentration gradient in the 
PP-support.

Fig. 5b shows a comparison of concentration depen-
dence for salt diffusion coeffi cient (Ps = Ds/Δxm) obtained 
for the RC70PP membrane in normal working condition 
(feed solution in contact with the RC layer), which was 
calculated assuming three different thickness values: a) 
Δxm = 220 μm (total membrane thickness); b) Δxm = 150 
μm (70 % of total membrane thickness); c) Δxm = 110 μm 
(50% membrane thickness). For comparison, the values 
obtained with the commercial RC-Sy symmetric mem-
brane with a known thickness of 120 μm are also shown 
in Fig. 5b. Since slightly lower diffusion coeffi cient for the 
RC70PP membrane than for the RC-Sy one was expected 
according to the cut off of both samples (10 kDa for the 
RC70PP and 12 kDa for the RC-Sy), values obtained with 
the total thickness do not seem to be realistic (Ds

RC70PP > 
Ds

RC-Sy), while those determined considering that only 
half of the RC70PP membrane thickness corresponds to 
the regenerated cellulose layer (and the other half to the 
paper support) are signifi cantly low values; however, 
a thickness of 150 μm (70% of total RC70PP membrane 
thickness) seems to represent adequately the behaviour 
of the RC70PP supported membrane.

Membrane electrical resistance was determined 
from electrochemical impedance spectroscopy (EIS) 
measurements for the membrane/NaCl solution system 
and using a model equivalent circuit [22,23]. Impedance 

spectroscopy values for the RC70PP membrane in con-
tact with a 0.002 M NaCl solution are shown in Fig. 6a 
(Nyquist plot, Zreal vs –Zimg) and Fig. 6b (Bode plot, Zimg 
vs frequency); for comparison, impedance plots for the 
electrolyte solution alone (without membrane) are also 
indicated in Fig. 6. In both cases a unique relaxation 
process was obtained (one semi-circle in the diagram 
shown in Fig. 6a) and the equivalent circuit corre-
sponds to a parallel association of a resistance and a 
capacitor; (RemCem) includes both the membrane itself 
and the electrolyte solution placed between the mem-
brane and the electrodes, while (ReCe) only represents 
the electrolyte contribution [22,23]. Differences between 
both membrane-solution and solution systems can also 
be observed in Fig. 6b, where a shift of the maximum 
frequency to lower frequency (higher relaxation time) 
was obtained for the membrane system, which is associ-
ated to its more compact structure. The fi t of the experi-
mental points by using a non-linear program allows the 
determination of Rem and Re for each NaCl concentration 

Fig. 5. (a) Diffusional permeability vs NaCl concentration: 
(▲) solution/RC-layer, (D) solution/PP-support. (b) Salt dif-
fusion coeffi cient vs NaCl concentration: (*) RC70PP mem-
brane and total thickness, (∇) RC70PP membrane and half 
thickness, (♦) RC70PP membrane and 70% of total thickness, 
(o) RC-symmetric membrane (120 μm thickness).
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and membrane resistance was obtained by subtraction 
of these two values: Rm = Rem – Re.

Fig. 7a shows the decrease in the Rm values with the 
increase of NaCl concentration, which is related to the 
concentration dependence of the electrolyte embed-
ded in the membrane structure; for comparison, values 
obtained with the symmetrical RC membrane (without 
any support) are also shown in Fig. 7a, and the same 
kind of dependence can be observed. The small differ-
ences found for both membranes are mainly attributed 
to the slightly lower cut off and higher thickness of the 
RC70PP membrane.

Assuming a thickness of 150 μm for the RC-layer, 
conductivity (l) values were determined by: lRC-layer = 
ΔxRC/S · RRC, where RRC values were obtained from Rm 
by subtracting the electrical resistance associated to the 
solution embedded in the PP-layer (around 4% of the 
total resistance), and its variation with salt concentra-
tion is shown in Fig. 7b. Since l = (F2/RT) · (D+ + D) · c, 

the slope of the straight line shown in Fig. 7b allows 
the calculation of (D+ + D−) = 10−10 m2/s, which is of the 
same order that the value for Ds obtained from a dif-
fusion measurements (a different set of measurements) 
and one order of magnitude lower that in solution due 
to the membrane-solute interactions.

4. Conclusions

Salt diffusion and membrane potential meas-
urements involve concentration gradients and, con-
sequently, exact values of the membrane thickness 
and solution concentrations at the membrane sur-
faces are needed for parameters evaluation. However, 
the unstirred solution embedded in the support layer 
of ultrafi ltration membranes might make diffi cult 
such determination, which should affect the correct 
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calculation of basic electrochemical parameters (salt and 
ionic diffusion coeffi cients or ion transport numbers); 
moreover, the presence of the embedded solution also 
increases the membrane electrical resistance. This work 
evidence those effects by comparing electrochemical 
and electrical results obtained with two regenerated cel-
lulose (RC) membranes with similar cut off, a RC/poly-
propylene-supported and a RC-symmetric. The set of 
selected measurements allows a wide characterization 
of non-symmetric membranes and composite structures 
for new electrochemical applications.
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Symbols

ai — solution activity
ci — solution concentration
Ce — electrolyte capacitance
Cem —  capacitance for the membrane-electrolyte 

system
Ds — salt difusión coeffi cient
Di — ionic difusión coeffi cient
E — cell potential
F — Faraday constant
I — current intensity
Js — solute fl ow
k — partition coeffi cient
P — pressure
Ps — diffusion permeability
R — gas constant
Re — electrolyte electrical resistance
Rem —  electrical resistance of the membrane-

electrolyte system
Rm — membrane electrical resistance
S — membrane cross section
T — temperature
t — time
ti —  ion transport number or fraction of the 

total current transport by ion i
V — voltage
w — sign of the membrane charge
Xf —  concentration of fi xed charge in the 

membrane
Zreal — real part of the impedance
Zimg — imaginary part of the impedance

Greek

Δ — difference
Δxm — membrane thickness
Φmbr — membrane potential
Φst — streaming potential coeffi cient
φst — streaming potential
φ — XPS take off angle
li — solution conductivity
lRC-layer —  conductivity of the regenerated cellulose 

layer of the RC70PP membrane
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