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Abstract

Electrochemical characterization of a symmetric track-etched polyethylenthereftalate
(PET) membrane in contact with KCI solutions at different concentrations was carried
out by measuring impedance spectroscopy (IS) and membrane potential (MP), which
allow the estimation of membrane electrical resistance and ion transport numbers,
respectively. IS measurements permit us the characterization of membranes in “working
conditions” (in contact with electrolyte solutions) and the determination of electrical
parameters for the membrane and the membrane/solution interface (resistance,
capacitance and Warburg impedance) by analyzing the impedance plots and using
equivalent circuits as models. The non-reproducibility of membrane potential values for
two series of measurements and the asymmetry of the impedance curves show the
modification of the membrane/aqueous solution interface. This point was confirmed by
the time evolution of the membrane system electrical resistance and the increase of
nitrogen content obtained from X-ray photoelectron spectroscopy (XPS) analysis for
dry and PET samples maintained in water for different periods of time, and the results
indicate an increase in nitrogen content, which is attributed to bacterial presence on the
membrane surfaces. These results seem to indicate modification of the PET-
membrane/solution interface due to fouling and the possibility of its determination by
electrical measurements.
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Introduction

Membrane fouling due to the adsorption/deposition of particles or bacterial
contamination during ultrafiltration, which strongly reduces the volume flow and
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consequently the efficiency of the process, is one of the main problems for the
application of membrane technology to food processing and pharmaceutical
industries (1-2). Membrane fouling mechanisms are related to (3): i) formation of
a gel/cake layer on the membrane surface, which causes the modification of the
membrane/solution interface; ii) pore constriction and iii) pore plugging; these
fouling mechanisms depend on both the membrane pore size and membrane-solute
interactions. Hydrodynamic and streaming/zeta potential measurements are
commonly carried out to estimate membrane fouling (4-7), but other kind of
electrical measurements such as membrane potential (MP) and impedance
spectroscopy (IS) can also be used to detect it (8). Particularly, IS results can
indicate changes in the membrane/solution interface, which can be corroborated by
other surface characterization techniques such as scanning electron microscopy
(SEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy
(XPS) (9-11).

This work studies characteristic membrane electrical parameters (ion transport
numbers and electrical resistance) determined from membrane potential and
impedance spectroscopy measurements for an experimental ultrafiltration
polyethylentereftalate (PET) membrane in contact with aqueous KCI solutions at
different concentrations. Interfacial effects obtained from IS measurements are
correlated with the increase of the nitrogen atomic concentration on the surface of
wet membrane samples determined by XPS.

Experimental

Membranes and solutions

A symmetric experimental track-etched polyethylentereftalate (PET) membrane for
ultrafiltration process, kindly supplied by Dr. A. Nechaev (Laboratory of Nuclear
Filters, Russian Academy of Science, Moscow), was studied. Characteristic
membrane geometrical parameters given by the supplier are: average pore radii,
<r,>=(70£5) A, thickness, Ax=10 um, pore density, N=3x10" m™.

Electrochemical measurements were carried out with the membrane in contact with
aqueous KCI solutions at different concentrations, at room temperature t = (25.0 +
0.4) °C and standard pH (5.9 + 0.4). Before use, the membranes were immersed for
at least 18 h in a solution of the appropriate concentration.

Membrane potential and impedance spectroscopy measurements

Measurements were carried out in a dead-end test cell consisting basically of two
glass half-cells where the membrane was tightly clamped by using silicone
rubber rings. In order to minimise concentration-polarisation at the membrane
surfaces, a magnetic stirrer with a stirring rate of 525 r.p.m. was placed at the
bottom of each half-cell. Two reversible Ag/AgCl electrodes were used for both
membrane potential and impedance spectroscopy measurements.

The electromotive force (AE) between both sides of a membrane caused by a
concentration gradient was measured by connecting the two reversible electrodes
to a digital voltmeter (Yokohama 7552, 1GQ input resistance). Measurements
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were carried out by keeping the concentration of the solution at one side of the
membrane constant, ¢; = const = 0.01 M, and gradually changing the
concentration of the solution at the other side, c,, from 10° M to 0.5 M.
Membrane potential, Ad,,, was obtained by subtracting the electrode potential,
AD = -(RT/z.F)In(a,/a,), from the corresponding AE measured value. Two series
of measurements were carried out under the same experimental conditions, the
first series (A®,") was measured with a non-used membrane (after its
equilibration overnight with the constant concentration solution), and the second
series was obtained with the same membrane and equilibration condition, but the
membrane was maintained in contact with aqueous KCI solutions for 10 days
(AD,").

Impedance Spectroscopy (IS) measurements were carried out by using an
Impedance Analyzer (Solartron 1260) controlled by a computer. The
experimental data were corrected by software as well as the influence of
connecting cables and other parasite capacitances. The measurements were
carried out using 100 different frequencies in the range 10 Hz-107 Hz at a
maximum voltage of 0.01 V, the solutions at both sides of the membrane having
the same concentration. For time evolution of the membrane system electrical
resistance a Wayne Kerr A.C. bridge at a constant frequency (f = 1 k Hz) was
used.

Chemical surface characterisation of membranes

Surface chemical characterisation was carried out by X-ray photoelectron
spectroscopy (XPS) using a Physical Electronics PHI 5700 spectrometer with a
non monochromatic Mg K, radiation (300 W, 15 kV, 1253.6 eV) as excitation
source. High-resolution spectra were recorded at 45° take-off-angle by a
concentric hemispherical analyser operating in the constant pass energy mode at
29.35 eV, using a 720 pm diameter analysis area. Charge referencing was done
against aliphatic/aromatic carbon (C 1s 285.0 eV) (12). Survey spectra in the
range 0-1200 eV were also recorded at 187.85 eV of pass energy. Software
package used for acquisition and data analysis, as well as the procedure used for
determining atomic concentration percentages (A.C.) of the membrane surface
elements are described in detail elsewhere (13).

Results and discussion

Membrane electrochemical characterization was carried out by measuring
membrane potential or electrical potential difference at both sides of a membrane
separating two solutions of the same electrolyte but different concentrations.
According to the Teorell-Meyer-Sievers or TMS theory (14-15), the membrane
potential can be considered as the sum of two Donnan potentials (one at each
membrane/solution interface) plus a diffusion potential in the membrane, i.e.:
APm=AeDon(1)tAediftAeDon(Il). Membrane potential can be expressed by

(16):
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A®= (RT/wzF){In(ci[(1 + 4y12)1/2 + 1]/co[(1 + 4y22)1/2 + 1] + (1

+w U In{[(1 +4y12)12 - wU/[(1 + 4y,2)1/2 - wU]}

where Xf is the membrane fixed charge concentration, w = -1 or +1 for
negatively or positively charged membranes, respectively, while tj is the
transport number of the ion i in the membrane, z; its valence (i= + for cation, -
for anion) and yj=zjkscj/wa, where kg is the salt partition coefficient in the
membrane; R and F are the gas and Faraday constants and T is the
thermodynamic temperature of the system. U is a parameter related to ion
transport numbers in the membrane: U = [(t_/ | zZ_ |) - (t/ | Z: | )], where  tj
represents the amount of current transported for one ion with respect to the total
current crossing the membrane, ti=Iy/IT, that is, t+ + t = 1. If the Donnan
potential can be neglected, membrane potential can be considered as a diffusion
potential (16):

A® = Adgir= RT/F)[(t_/|z_|) - (t,/]2.1)] In(ar/ay) (2)

Fig. 1 shows the membrane potential (A®nmA and APmB) versus logarithm of

the solution activity ratio, In(a;/a;) or In(a,/a.) according to the identification
given in Section 2.2, as well as the theoretical membrane potential for an ideal
cation-exchange (c-ex) membrane (no anion transport exists, then t.c-ex = 1). As
can be observed, at low concentrations A® A and AP, B values hardly differ
one from each other, and from those corresponding to the ideal exchange
membrane, but at high concentrations (¢ > 0.05 M) significant differences were
obtained. These results seem to indicate a Donnan exclusion of the counter-ion
(anion) when the solution concentration is lower than the membrane fixed charge
concentration, but its effect can be neglected at high solution concentration when
the diffusion potential dominates the transport of ions across the membrane,
then: Agdif = Aom, and the determination of the apparent cation transport

number in the membrane can be obtained from the slope the straight line at high
concentrations according to Eq. (2).

The following average values for cationic transport number were obtained:
<t(A)> = (0.78 = 0.04) and <t.(B)> = (0.65 = 0.03), which indicates the
electronegative character of the PET membrane (t. (memb) > t. (solution) ~
0.49); on the other hand, although both series of measurements present the same
tendency, the significant differences obtained for Aem and <t,> values with dry
(sample A) and 10 days KCl-aqueous solution equilibrated (sample B)
membranes seem to indicate modifications in the membrane pore or in the
membrane/solution interface associated to membrane fouling (bio-fouling).
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Figure 1. Membrane potential versus In(a;/a;) for two series of measurements with
PET membrane and KCI solutions. (Q) first series (sample A), (#) second series (sample
B), (- - -) cation-exchange membrane.
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Figure 2. Impedance spectroscopy plots for a PET membrane in contact with a 0.005

M KCI solution. (a) Nyquist plot; (b) Bode plot: (A) membrane/electrolyte system, (+)
electrolyte solution.
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Figure 3. (a) Variation of PET membrane and interfacial electrical resistance (R,, and
Rir, respectively) with KCIl concentration. (b) variation of interfacial Warburg
impedance with KCI concentration.

Impedance spectroscopy (IS) measurements permit us to get information on the
electrical parameters associated to the membrane and/or the membrane/solution
interface by analyzing the impedance plots and using equivalent circuits as
models (17-19), which might be used to elucidate the main membrane fouling
effect. IS 1s a useful tool for the study of heterogeneous systems consisting in a
series array of layers with different -electrical properties (such as
electrolyte/membrane systems), since it allows the separate determination of the
electrical parameters associated to each sublayer. The analysis of the impedance
data was carried out by the complex plane Z* method by plotting the impedance
imaginary part (-Zimg) versus the real part (Zreal). A single parallel R-C circuit
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gives rise to a semi-circle in the Z* plane, which has intercepts on the axis Zreg]
at R (0->0) and Rg (@w->0), the resistance of the system is given by (Ro-Reo)
(20); the maximum of the semi-circle equals 0.5(Rp-Rwo) and occurs at a
frequency in which ®@RC=1, being RC the relaxation time and ® the angular
frequency (w=2nf). However, complex systems usually present a distribution of
relaxation times and the resulting plot is a depressed semi-circle, which is
represented by a non-ideal capacitor or constant phase element (CPE) (20), and
its impedance is expressed by Q(w)= Yo(®)™, where the admittance Yo (Q s™h)
and n are two empirical parameters (0 < n <1); a particular case is obtained when
n=0.5, then the circuit element corresponds to a “Warburg Impedance” (W),
which is associated to a diffusion process according to Fick's first law. Other
typical impedance representation is the Bode plot (-Zimg versus frequency),

which allows the determination of the interval of frequency associated to a given
relaxation process.
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Figure 4. Time dependence of membrane system electrical resistance (Rt) measured at
a constant frequency (1 kHz) for ckc; = 0.01 M.

Fig. 2 shows the impedance plots and the equivalent circuit for the membrane in
contact with a given KCI solution (c=0.005 M), where different and separate
contributions can be observed: one corresponds to the electrolyte solution placed
between the electrodes and the membrane and the other to the membrane
contribution, where the asymmetry of the membrane electrical response can be
observed in both pictures. For comparison, the electrical response associated to
the electrolyte solution (measurement carried out without membrane in the cell)
is also drawn in Fig. 2.b and very good agreement between these values and
those assigned to the electrolyte contribution in the membrane/solution plot can
be observed. The semi-circle obtained for the electrolyte contribution indicates
that it consists in a parallel association of a resistance and a capacitance (cell
capacitance) as was indicated above and it is represented by (R.C.), while the
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asymmetry of the membrane electrical response indicates two different
contributions, that is, two sub-circuits: 1) the symmetric membrane itself, which
is represented by the parallel association of the membrane electrical resistance
and capacitance, (R,,C,); 11) the interfacial effects (if) associated to membrane
fouling, which might cause a concentration profile in the solution near the
membrane (diffusion), and it is represented by a Warburg impedance in parallel
with a resistance (R;Wj;). Similar curves were obtained for the other
concentration studied.

The different electrical parameters were determined by fitting the experimental
data to a non-linear program (21). Fig. 3.a shows the concentration dependence
of both the membrane electrical resistance (R,,) and the interfacial electrical
resistance (R;), while the increase of the interfacial Warburg impedance with the
increase of solution concentration is shown in Fig. 3.b; however, membrane
capacitance is practically independent of salt concentration and the following
average value for the total interval of concentration was obtained: <C> = (2.7 £
0.2)x10-9 F.

Table 1. Atomic concentrations percentages of the elements present in the surface of
PET membranes maintained different time periods in water, determined from XPS
analysis.

Sample Cls (%) Ols (%) N1ls (%)
Membr. D(1) 73.8 25.8 0.4
Memb. W1(2) 73.1 25.5 1.4
Membr. W2(3) 73.2 24.1 2.7

(1) dry sample; (2) 1 week in water; (3) 1 month in water.

Fouling effect might be considered in order to explain both the non-
reproducibility of the membrane potential values and the asymmetry of the
impedance curves, which could mainly be associated to changes in the
solution/membrane interface according to the IS results. This point was
considered by measuring the temporal variation of the “membrane system” or
total electrical resistance (Rt=R.tR;+R,,) for a given solution (0.01 M KCI) by
using an AC bridge at a fixed frequency (f = 1 kHz, which corresponds to the
membrane electrical response according to Fig. 2.b). An increase of Ry values as
a function of time can be observed in Fig. 4, which is basically attributed to
bacterial accumulation on the surface of this biodegradable material (although
pore reduction could also exist) causing the increase of the electrical resistance.
This point was checked by chemical surface analysis of the membrane surface
for three different membrane samples: a dry PET membrane (D), a PET
membrane maintained one week in distilled water (W1) and a PET membrane
maintained 1 month in distilled water (W2), both at room temperature, and the
obtained results are indicated in Table 1. As it was expected, carbon and oxygen
are the PET membrane surface elements and the small percentage of nitrogen in
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the dry sample may be attributed to environmental contamination (11); however,
for the samples maintained embedded in water the percentage of nitrogen is
increasing with time, and bacterial contamination could be its origin. In any case,
it should be pointed out that bacterial accumulation at the membrane surfaces
may explain membrane asymmetry and the modification of the
membrane/solution interface, but reduction of pore size or pore plugging could
also be considered.

Conclusions

Modification of the membrane/solution interface associated to membrane fouling
can affect different electrical parameters and this work shows the possible
detection of this effect by measuring electrical resistance or membrane potential.
Impedance spectroscopy was used to determine the electrical resistance of
membranes in “working conditions” (in contact with electrolyte solutions) since
it allows the separate determination of the membrane and the solution
contributions as well as the interfacial characterization. Bacterial accumulation
at the PET membrane surfaces was considered the origin of membrane fouling,
which affects the membrane electrical parameters, and this assert was confirmed
from XPS analysis of dry and wet PET membrane surfaces.
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