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Abstract

Cation exchange membranes made of blends of sulphonated polyetherether ketone (S-PEEK) and poly(ether sulphone) (PES) were thor-
oughly characterized with respect to their concentration polarization properties. Current—voltage curves and chronopotentiometry reveal some
extent of membrane heterogeneity. Membranes cast on a glass plate and dried in air are characterized and the current—voltage curves ar
determined for each of the two membrane sides (glass side contact and air side contact). Detailed analysis of the plateau length at the limiting
current density reveals differences as the orientation of the membrane towards the feed is changed. The plateau length of the air side of the
membrane always shows larger values compared to the glass side. Moreover, we discovered that the plateau length of the glass side remain:
constant whereas the air side value increases over a period more than 500 h approaching a quasi-equilibrium value, asymptotically. These date
are the first ones suggesting an influence of orientation on the concentration polarization behavior as well as relaxation phenomena occur-
ring in cation exchange membranes. The paper discusses strategies to gain new fundamental insight in the relationship between membrane
morphology and transport properties by for instance microstructuring the surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction trast to membrane processes such as pervaporation, vapor
permeation and ultrafiltration, in electrodialysis there ap-

Concentration polarization hampers the optimization of pears a remarkable phenomenon if one proceeds to increase

membrane processes severely. Due to the imbalance othe driving force: an overlimiting current sets ifig. 1 vi-

hydrodynamic boundary layer resistance and membranesualizes the characteristic features of such a current—voltage

resistance—the membrane resistance becomes of the oreurve. Three regions can be distinguished:

der of magnitude or even smaller than the hydrodynamic

boundary layer resistance—concentration gradients evolvel. a linear part giving the ohmic resistance of the solution

in the feed at the membrane surface. In its most prominent ~ and the membrane between the reference (measurement)

form, concentration polarization is observed by the fact that ~ electrodes;

the transmembrane flux does not increase with increasing2. & plateau region caused by ion-depletion in the hydrody-

driving force and reaches a limiting flux. In electrodialysis ~ hamic boundary layer and being called the limiting cur-

with monopolar membranes, this limiting flux is called the rent; and

limiting current density with the voltage drop across the 3. aregioninwhich transport sets in at higher driving forces.

membrane as a measure for the driving fdrze3]. In con- .
Decades of research focussed on the transition between

- the first and the second regi¢#—15], the deviation from

* Corresponding author. Tek:31-53-489-2951; ohmic behavior and the appearance of current limitation due
fax: +31-53-489-4611. . to increasing resistance in the hydrodynamic boundary layer.
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tander, Spain. Still, the influence of membrane heterogeneity on the mag-
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Current # (3) Overlimiting current regicn stokes radius of the ion transportfb]. Some experimen-
Density | i tal evidence can be found in the above-mentioned references
(Alcm?) that the length of the plateau shows differences for different

Plateau length membranes. To the best of our knowledge however, no sys-
______ tematic approach exists supporting the hypothesis that the
Eion| ’ B length of the plateau is related to the surface morphology
Density (2) Plateau region of the ion exchange membrane, i.e. the distribution of more
and less conductive phases. Rubinstein poses the question
(1) Ohmic region whether “one can influence polarization and local mixing of
the boundary layer by designed inhomogenejiyd]?

> This paper aims: (a) to extend the knowledge on the
Voltage drop (V) transport behavior of microheterogeneous blended ion ex-
Fig. 1. Schematic drawing of a typical voltage—current curve of a monopo- change membranes made of sulphonated polyetherether ke-
lar ion exchange membrane indicating three typical regions characteris- tone (S-PEEK) and polyethersulfori26] with respect to
tic to_ the phenomenon of concentration polarization, the limiting current concentration polarization, (b) report detailed experiments
density and the plateau length. and new results addressing the fundamental question on the
extent of the plateau in region 2, and finally (c) reflect on
nitude of the limiting current density attracts experimental research strategies to better understand the phenomenon of
and theoretical attention. electro-convection.
Region 3, the onset of current at high driving forces or
voltage drop has been puzzling and intriguing for as long
as the phenomenon of concentration polarization in elec- 2. Experimental
trodialysis exists. For a long time, region 3 was attributed
to the generation of acid or base by water splitt[ag]. 2.1. Membrane formation and characterization
This hypothesis was based on experimental evidence of
pH changes observed in desalination using anion exchange Cation permeable membranes (CEM) have been cast
membranes. Later, however, the absence of water splittingfrom solutions of sulphonated poly(ether ether ketone)
at cation exchange membranes diluted the argument of(S-PEEK) and neutral poly(ether sulphone) (PES) in a sol-
water splitting in the overlimiting current region. Detailed vent (-methyl pyrrolidine, short: NMP). PEEK 450 PF
mass balances for cation and anion exchange membranegVictrex) has been randomly sulphonated with sulphuric
verified that the majority of ion transport occurs through a acid (Merck, analytical grade) according to the procedure
different mechanisnfil 7]. described in referencg26—28] Dense membranes are pre-
A group of Israeli scientists around |. Rubinstein ex- pared by solvent evaporation according to the following
plored the physical origin of enhanced transport in the procedure: the solvent is added to the base polymers in the
overlimiting current regiorf18—-24] In particular, Rubin- desired weight ratio, ranging from 50 to 100 wt.% S-PEEK
stein elaborates in detail on the theory of electro-convection in a blend with PES; the final concentration of polymer is
as a phenomenon that destabilizes the hydrodynamic20wt.% in the casting solution. At room temperature, the
boundary layer. Electro-convection is a non-gravitational viscous solution is cast on a glass plate with a casting knife
convection caused by the interaction of a self-consistent having a fixed opening of 0.50 mm. The membrane is dried
electric field with the corresponding electric charge, either following the temperature program described26]. When
in macroscopic quasi-electro-neutral domains of electrolyte the membrane is dry, it is removed from the glass plate by
(“bulk electro-convection™) or in the quasi-equilibrium or immersion in a sodium chloride solution (0.5 mol/l). During
non-equilibrium electric double layer (“electro-osmotically further storage in this solution, the material is transferred
induced convection”). Theoretically heterogeneity of the into the sodium-form, i.e. the proton of the fixed sulphonic
membrane surface is not crucial for electro-convection, acid group is exchanged with a sodium ion.
which may occur at a perfectly homogenous membrane Two sets of S-PEEK/PES CEM have been used in this
due to electro-convective instability of quiescent concen- study. The first set had been cast in a previous sf2éland
tration polarization. However, the onset of instability may keptdry for along period. These membranes, blends from 50
be precipitated by the non-uniformity of the membrane sur- to 100% S-PEEK percentage, were coded AGMumber
face, either geometrical (undulation on the right scale) or (indicating Aged Cationic Membranes S-PEEK percent-
morphological (conductive heterogeneity). age in blend). The air and glass side of the membranes
Very little is known about region 2, the plateau length in was not identified in this set. The sides are assigned bot-
particular. Rubinstein predicts the length of the plateau to tom (b) and top (t). The second set was cast during this
decrease if one would be able experimentally to imprint a study. These membranes, blends from 50 to 100% S-PEEK
surface undulation. Strong experimental evidence exists in- percentage, were coded NCM number (indicating New
dicating that the plateau length decreases with increasingCationic Membranes- S-PEEK percentage in blend). The
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air and glass side of the membranes was explicitly identified Table 1

in this set. lon exchange capacity and water uptake properties of S-PEEK/PES blends
The ion exchange capacity, water uptake, electrical resis-Ws-peex (%) lon exchange Water uptake
tance and degree of sulphonation have been determined in capacity (mol/g) (9/gary)
the NCM following the procedures described2®,29]that ACM® NCMP ACM? NCMP
were used previously to characterize the ACM. 100 2.14 1.90 0.45 0.43
90 1.80 1.70 0.35 0.36
: : 80 1.65 1.60 0.30 0.28
2.2. Current-voltage and chronopotentiometric curves 20 148 136 0.2 0.2
. ) 60 1.20 1.21 0.19 0.17
Current-voltage curves have been determined with a sg 1.00 0.98 0.15 0.13
set-u'p comp.rlsmg of a Plexiglas membrane cell, which aData reported fronj26]. S-PEEK sulphonation degree 0.70 mol/mol.
consists of six separate compartmefitg]. The two outer bData obtained in this work. S-PEEK sulphonation degree

compartments contain the working electrodes, i.e. a pla- 0.65mol/mol.

tinized titanium anode and a stainless steel cathode. The ) ]
central membrane in the cell is the membrane under in- 3~ Resultsand discussion
vestigation, the other membranes are auxiliary membranes.
The area of the auxiliary membranes is 23.&cand the

area of the membrane under investigation is 3.12. oil o _
experiments were performed at 5. (More information Two sets of membranes have been used in this work: aged

about the experimental set-up and the membrane cell carc@tionic membranes (coded ACM) and new cationic mem-
be obtained in15,17]) Tokuyama Soda Inc., Japan, has branes (coded NCM). Both sets have been cast according to
supplied the auxiliary CEM and AEM used in the experi- the procedure described 8ection 2.1A complete charac-
ments. They are reinforced, standard grade membranes foferization of the aged membranes, including resistance, ionic
general concentration or desalination purpof@]. The  Cconductivity, ionic exchange capacity (IEC), water uptake,
central membrane is the S-PEEK/PES blend CEM under fixed charge density, etc., can be found26]. A compari-
investigation. A CEM is positioned next to the anode com- SON Of the ion exchange capacity and water uptake between

partment to prevent chloride transport to the anode thereby”CM and NCM is shown infable 1 lonic conductivity has
avoiding the production of chlorine gas at this electrode. In /S0 been measured in the new cast S-PEEK/PES blends

the electrode compartments, 0.5 M2$, (Merck, analyt- to assure that the membrane characteristics were the same.
ical grade) was used. In the other four compartments, NaCl Fig. 2 shows the specific conductivity 'values corresponding
(Merck, analytical grade) solutions were used. The concen- 1 aged .a.nd new cast mem_branes.usmg'Na}CI 0.5mol/l. The
tration in the second and fifth compartment was 0.5 M, the conductivity values shown in the figure indicate that CEM

concentration in the third and fourth compartment (adjacent oM solutions of S-PEEK and PES using NMP as solvent
to the test membrane) ranged from 0.1 to 0.5 M. are very reproducible. Conductivity values of the new mem-

Current—voltage curves were determined by a stepwise branes are slightly smaller than the_ aged membranes for the
increase of the current density through the cell. After an in- S@me blend ratio. This must be attributed to the different de-
crease in the current, the system was allowed to reach stead@r®€ ©Of sulphonation obtained in the S-PEEK used in each
state for some time (more than 3 min) after which the volt- S€t: 0.-70 mol/molinthe S-PEEK used in the aged bl¢a€
age across the test membrane was measured, followed by th"d 0-65mol/mol in the S-PEEK used in the new blends.
next current increase. The obtained combinations of current
density and membrane voltage drop gave the experimental
current-voltage curve.

Chronopotentiometric curves have also been obtained in
this study using the same experimental set-up described
above[15]. The experiment started with no current applied
and since the solutions on either side of the membrane are
equal, the voltage drop remains zero. At a given time, a
fixed value of the current density was applied to the mem-
brane cell and the voltage drop across the membrane was I
measured as a function of time. a)

Atomic force microscopy (AFM) has been used to de- ol
termine surface characteristics of the S-PEEK/PES blends. 40 60 80 100
The AFM measurements have been performed using a Blend composition (wt% s-Peek)
Nanoscope llla (Digital Instruments). The instrument was Fig. 2. lon conductivity measured in NaCl (0.5mol/l) as a function of
equipped with a Silicon tip (nanosensor) and operated in the S-PEEK content in the S-PEEK/PES blends for aged (triangles) and
tapping mode. The scanning rate was 1.4 Hz. new (squares) membranes.

3.1. Membrane characterization
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Fig. 3. Current—voltage curves of NC membranes (100% S-PEEK) in 0.5 and 0.1 M NaCl. The preparation side of the membrane towards the diluate is
also indicated.

3.2. Limiting current density until the overlimiting region was measurelig. 3 shows
the current—voltage curves for NCM membranes at the two

Current—voltage curves were determined using both 0.5 feed concentrations corrected for the ohmic resistance of the
and 0.1 M NaCl solutions and the set up previously de- membrane and salt solution between the measurement elec-
scribed. The limiting current density was determined for trodes. Clearly, the limiting current densities are visible as
both sets of membranes, aged (ACM) as well as new well at the plateaus and the overlimiting currents. Surpris-
cation exchange membranes (NCM), in both orientations ingly, differences in the curves, especially the plateau length
(bottom/top and air/glass side). Unless other reported, theas a function of the orientation towards the feed solutions,
membranes are characterized after an equilibration periodare clearly detectable. More details of this remarkable ob-
of at least 12h. This period is sufficient to obtain repro- servation will be discussed in the second part of this paper.
ducible permselectivity and ohmic resistances. The stepwise Table 2summarizes the limiting current densities for all
increase of the current density through the cell was pursuedmembranes and verifies that the value of the limiting current

Table 2
Limiting current density for S-PEEK/PES blends, in NaCl solutions
Code Positiofy Limiting current density (mA/cr) Code Position Limiting current density (mA/én
0.5M NaCl 0.1M NacCl 0.5M NaCl 0.1M NacCl

ACM100 t 80.1+ 4.0 10.2+ 0.5 NCM100 Air 77.6+ 3.8 10.4+ 0.5

b 76.6+ 3.8 10.8+ 0.5 Glass 80.3t 4.0 10.2+ 0.5
ACM90 t 83.7+ 4.1 10.6+ 0.5 NCM90 Air 76.9+ 3.8 9.5+ 04

b 73.1+ 3.6 10.4+ 0.5 Glass 75.4t 3.7 9.0+ 04
ACMB80 t 80.3+ 4.0 10.5+ 0.5 NCM80 Air 80.8+ 4.1 9.7+ 0.4

b 78.4+ 3.9 10.8+ 0.5 Glass 77.3: 3.8 9.7+ 04
ACM70 t 722+ 3.6 10.2+ 0.5 NCM70 Air 75.2+ 3.7 9.8+ 04

b 723+ 3.6 10.6+ 0.5 Glass 78. 7% 3.9 10.1+ 0.5
ACM60 t 75.0+ 3.7 10.2+ 0.5 NCM60 Air 77.9+ 3.8 9.1+ 04

b 73.0+ 3.6 10.1+ 0.5 Glass 81.3t 4.2 9.2+ 04
ACM50 t 775+ 3.8 9.9+ 04 NCM50 Air - -

b 80.0+ 4.0 10.3+ 0.5 Glass - -

at and b are used to differentiate both sides of a membrane, the subscript ‘' is used for the surface in which the membrane name is written (suppost
to be air side of the membrane). The subscript ‘b’ is used for the other surface (suppose to be glass side).
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density increases with increasing bulk solution concentration 2 Dt

as expecting according to: c(0.0) = co— =5 (ti = 11) g (2)
L Fc®D (1) wherez is the electrochemical valence. At a characteristic
tlim = 8t —t;) time, 7, called the transition time, this interface concentra-

tion reaches zero. The transition time as a function of ap-
whereijim is the limiting current density? is the bulk so- plied current density can be derived frdiq. (2)and it is
lution concentrationD is the diffusion coefficientf is the given by
Faraday constant; is the transport number in the mem- 7D [ cofF \ 1
branej; is the transport number in the solution ahi$ the T=— <_—> = 3)
boundary layer thickness. At a constant bulk solution con- 4 \ti—ti)i
centration, the limiting current density is hardly affected by Eq. (3)shows that the transition time is proportional to the
the blend composition (percentage of S-PEEK in the blend). inverse of the current density squared and that the transi-
This is valid for both sets of membranes (ACM and NCM) tion time increases when the membrane transport number
as well as for the different orientations of the membranes decrease, i.e. when the membrane is less permselective.
(t versus b, or air side versus glass side). The only material The presence of overlimiting currents for the S-PEEK/PES
property entering the equation for the limiting current den- blends membranes has been demonstrated in the previous
sity is the transport number of the membrane. Considering sections by stepwise increasing the current density and
the small variations in the co-ion transport numbers reported measuring the static potential drop across the membrane.
for such membranes (it varies between 0.01 and {26} Chronopotentiometry gives the dynamics by which this
with respect to the average transport number in the laminarequilibrium is reached. The typical example of a chronopo-
boundary layer (0.39 for 0.1 M NaCl solution), we do not tentiometric curve measured in a commercial CMX mem-
expect any effect of blend composition on the limiting cur- brane is fully explained elsewhelEs,31] In these sections,
rent density based on permselectivity arguments. The trans-the results of the chronopotentiometric curves correspond-
port number in the membrane can be therefore be assumedng to S-PEEK/PES blends are discussEiy. 4 shows a
to equalf; = 1. Nonetheless, some scatter in the value can characteristic set of chronopotentiometric curves measured
be observed which we relate later to the surface structure ofat different applied current densities with S-PEEK/PES
the blend membranes. It has been suggested that the ioniblends using 0.1 M NaCl. At a current density below the
conductance through the membrane is not uniform. In the limiting current, no sudden increase in voltage drop is mea-
conducting regions, the local current would be larger than sured in contrast to current densities above the limiting
the measured average value and thus lead to a lower overallalue. Also, the curves below the limiting current density
limiting current. To quantify the heterogeneity of the sur- are not characterized by a transition time because the con-
faces remains a challenge in particular for the microhetero- centration at the membrane—solution surface does not reach
geneous blend membranes: phase separated domains of theero. Above the limiting current density, characteristic tran-
conducting and inert phase may be in the micro and submi- sition times predicted b¥qg. (3)are found. After the sharp
crometer range requiring an analysis method with sufficient voltage rise at the transition time, the voltage drop levels

resolution. off and a quasi-steady state is reached showing fluctuations
around an average value. This is in agreement with the con-

3.3. Chronopotentiometry siderable scatter in data points in the overlimiting region of

Chronopotentiometic measurements reveal additional de- F VAP

tails on the polarization characteristics of the S-PEEK/PES T 130.2

blends membranes. This technique has successfully been 12 f 1168

applied to determine a reduced permeable area with < 1 1028

ion exchange membranes. As explained in the previ- T |

ous sections, when an electric current is applied to a £ os 894

system containing an ion exchange membrane, concen—%

tration polarization arises. The transient decrease of the 5 06 ¢ 74

salt concentration at the membrane—solution interface can~ o4 51.2

be followed by measuring the voltage drop across the [ 40.1

membrane as a function of timdq. (2) describes the 02 ¢ 217

time-dependent concentration at the membrane surface for ot [ R

a system comprising of a homogeneous ion selective in- -10 10 30 50 70 90

terface in contact with a univalent electrolyte solution in Time (s)

absenc? of a supporting electrolyte and without any form of Fig. 4. Typical chonopotentimetric curves at various current densities in
convection: 0.1M NaCl.



124 R. Ibanez et al./Journal of Membrane Science 239 (2004) 119-128

25 in available membrane area for ion conductance. A reduced
permeable membrane area corresponds to a locally higher
current density at those points where the membrane is con-
ductive. This causes a faster depletion of salt near the mem-
Aol brane, i.e. a lower transition time is measured compared to
the situation where the complete membrane area is avail-
20 able for ion conductance. This behavior is in accordance to
—deal earlier observations by other researchers working with com-
B < NCM100 mercial CEM like Neosepta CMX (Tokuyama Soda Co.),
S ey ] Selemion CMV (Asahi Glass Co.), Heterogeneous CEM by
O NCM60 Hanguk Jungsoo C¢14], Neosepta AEM (Tokuyama Soda
— Co.) [15] and laboratory made sulphonated polysulphone
A membrane$12].
1A% [em*/mA7] The reduced experimental transition times Fig. 5a
and bcan be used to extract further information on the mor-
phology of the blend membranes. The 100% S-PEEK mem-
brane shows a behavior closer to that expected for an ideal
o membrane in the same conditions. Still, experimentally de-
termined transition times for 100% S-PEEK membranes are
, slightly smaller than the transition times calculated for an
ideally permselective membrane (mainly when the air side
of the membrane is considered). Transition times are even
o a0 smaller as S-PEEK percentage in blends decreases mainly
S N ] when the glass side of the membrane is used. Considering
o L 0 Ncwmeo that the effective current density increases as the membrane
surface becomes more heterogene@is,(3)indicates that
0 0.005 0.01 ) . .
a4 the effective conductive surface area can be estimated by the
() L/ [em 7 mA] square root of the ratio of the ideally calculated slope and
Fig. 5. Comparison between experimental transition times and ideal tran- the real slope irFig. 5. Doing so, one can estimate that for
sition times (solid lines) for the S-PEEK/PES membranes: (a) glass side most of the membranes, independent of the blend composi-
at diluate; (b) air side at diluate. tion, an effective conducting surface area of 90% exists. If
indeed region 2, in particular the plateau length, is supposed
a current—voltage curve as shownHig. 3. For the mea-  to be affected by the surface heterogeneity, the differences
surement system used, Krol et §l5] demonstrated that in heterogeneity for the various blends (suggested by the re-
these fluctuations are not a result of a forced convection or duced transition times) is not significant to establish a clear
gravitational convection. relationship between blend composition and plateau length.
Fig. 5a and bshows the transition time as a function of
the inverse of the current density squared for NCM for the 3.4. Plateau length at limiting current density
air side and glass side: a linear relationship between the
transition time and the inverse current density squared is ob- Frequently, publications on the characteristics of monopo-
tained. Increasing applied current density reduces the transidar ion-exchange membrane state that the current—voltage
tion time since the ion flux depleting the interface increases curves must be measured at well-equilibrated membranes.
with increasing current densitlyig. 5a and kalso shows the ~ Experience says that at least 12 h equilibration time is re-
predicted transition time according . (3) For the calcu- quired to obtain reproducible electrical resistance or perms-
lation, a NaCl diffusion coefficient of.48 x 10~° m?/s and electiviy values. Initially, we assumed this criterion to hold
a Na" solution transport number of 0.39 were used for the also for the analysis of the polarization behavior and the
0.1 M NacCl solution. The experimentally determined tran- onset of the overlimiting current. At the two different salt
sition times are slightly smaller than the transition times concentrations, we determined the complete current—voltage
calculated for an ideally permselective and homogeneouscurves of all membranes and all orientations. From the in-
membrane. According to former studig$], any non-ideal tersection points depicted Fig. 1, the length of the plateau
behavior of a real system, such as a reduced permselectivitycould be identified. Errors for the plateau length can be es-
consumption of non-faradaic currents for charging of double timated from the linear regressions performed in regions 1
layers and the onset of natural convection, can only resultand 3.Figs. 6 and &how the plateau length, expressed as
in transition times higher than predicted by theory. Hence, the increase in voltage needed to reach the overlimiting cur-
transition times lower than the values calculated for an ide- rent density, for ACM and NCM, respectively. The figures
ally permselective membrane can only be due to a reductiondo not show a straightforward experimental trend between
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blends membranes: (a) 0.5M NaCl; (b) 0.1 NaCl.

roughness to influence the plateau length. However, it is
blend composition and plateau length. However, the figuresnot unlikely that the surface properties, i.e. segregation
allow extraction of yet unknown observations. of ion-exchange and neutral polymer phases, of the blend

For the aged membranes, we could not distinguish an airmembranes is strongly affected by the surface at which the
or glass sideFig. 6 allows only one conclusion: for some film dries against. Two mechanism may be responsible for
blend compositions there exists a difference in the plateauthe differences at the two surfaces of the film: (i) the surface
length depending on the orientation of the membr&ig.7, energies are different with the polymer solution exposed
however, allows the extraction of more information since to the air and to the glass plate. Of the two polymers one
glass and air side are well known. For membranes with the could prefer the contact with the glass plate, the other with
“glass side” facing the diluate, the plateau is systematically the air phase; (ii) in the film, a concentration gradient of
shorter than the “air side”. Most prominent is this difference the solvent in the drying film is present. The slow evap-
at higher salt concentrations in the feed solution and at low oration allows for demixing of the polymer phases on a
weight fractions of S-PEEK blended into PES. To the best micro-scale, different for different solvent concentrations. It
of our knowledge, these data are the first reporting that oneis known from literature that conditioning of ion exchange
single membrane may show different polarization character- membranes can affect their electro-transport properties
istics for the two sides of a membrane. [32].

Rubinsteins theoretical framework reveals that membrane Figs. 6 and 1eave open the question whether there exists
inhomogeneity as well as a surface undulation may effect a clear relationship between the blend composition and the
the length of the plateau. Detailed AFM analysis in tapping polarization behavior, in particular the plateau length. The
mode was performed to determine any surface roughnessexistence of differences in transport behavior of the differ-
(read undulation), however, surface roughnesses determine@&nt membrane sides is evident, but, a relationship to the
on a 10um x 10pum area as well as 50m x 50um membrane composition appears far-fetched. Nonetheless,
area revealed a low surface roughness in the nanometemve think that there exists evidence that such a relationship
range (spanning from 2 to 8 nm) and no significant differ- may be established. Only by coincidence we discovered
ence between the two sides. We, therefore, exclude surfacehat the plateau length is not an equilibrium property of
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Fig. 8. Plateau length in current-voltage curves (0.1 M NaCl) vs. equi-
libration time for 100% S-PEEK membrane. The filled symbols denote 4. Reflections and outlook
membrane with air side at diluate and the open symbols denote membrane
with glass side at diluate. Considering the current and previous work published in
various journals, one must conclude that the research strat-
the membranes. During the reproduction of current—voltage egy often follows a pattern visualized Fig. 9. Commercial
curves, differences in curves were discovered with respectmembranes are taken and compared, or they are modified
to the plateau length for air side of the membrane: whereasby a simple coating, or the ion exchange capacity is varied
the plateau length of the glass side remained constant. Weand the transport properties are measured. Deviations from
followed this behavior in time over a period of about 500 h. models are interpreted in terms of membrane morphology.
Fig. 8 shows the plateau length as a function of the equili- Only little effort has been taken until today to verify the
bration time. A surprising observation evolves: the plateau interpretations since the surface heterogeneity is difficult to
length for the air side of the membrane develops towards assess experimentally.
larger voltage drops. Initially, insignificant differences  To gain new fundamental knowledge and strong proof of
between glass and air side develop into experimentally the theory of electro-convection, we propose the following
significant values over extended time periods. Hence, we approach: spend significant resources on the precise struc-
hypothesize today that there may be differences in surfaceturing of the interface of the ion-exchange membranes ac-
morphology, but also that this surface morphology may cording to an hypothesis, perform thorough characterization
have a transient character. Any further interpretation, such of the surface morphology and finally verify the hypothesis
as reorganization of hydrophilic and hydrophobic domains, by transport measurements.
remains merely speculation. To illustrate this methodology, we performed initial ex-
The following experiments give further support to the pic- periments on imprinting an undulation on a cation exchange
ture of differences in surface morphology and their effect on membrane. Such membranes can be prepared by casting the
the onset of the overlimiting current. New blend membranes solution on a silicon machined master wafer having patterns
of S-PEEK and PES were first characterized with respect to etched into the surface by photolithography. Using masters
their plateau length and the characteristic differences wereof different depth one can systematically vary the undulation
observed again. After this characterization, the membranespattern on the membrane. With increasing depth, ranging
were incubated with polyethylenimine (PEI), a poly-cation from O to 70um, the plateau length decreases by up to 20%
following the protocol of[33]. Due to strong electrostatic ~ Whereas the limiting current density remains constant. Ru-
interaction between the cation exchange membrane and théinsteins theory of electro-convection predicts a shortening
poly-cation, the membrane surface was covered with a thin of the plateau length with the introduction of a wavy sur-
layer of PEI. Subsequent current-voltage curve analysisface, as well. These preliminary experiments do not claim
revealed coinciding curves for the different sides facing to proof the theory, however, they support the idea that we
the feed solution. Apparently, the PEI coating screens the can influence polarization and local mixing of the boundary
differences in surface morphology completely. However the layer by designed inhomogeneity.
coating is not strong enough to surpress electro-convection
completely as Rubinstein reports for PVA coated cation
exchange membrandg4]. Currently, we perform further  Acknowledgements
detailed studies on transport number, concentration polar-
ization behavior and surface potential of these sandwiched This work was supported by a grant from the “Movili-
composite membranes. dad del profesorado universitario” Program of the Spanish
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Nomenclature

c concentration (mol/®)

D diffusion coefficient (r/s)

F Faraday constant (96,485 A s/mol)
i current density (A/rf)

t time (s)

t; transport number in solution (-)

1 transport number in membrane (-)
z electrochemical valence (-)

Greek letters

1) boundary layer thickness (m)

T transition time (s)

Superscript

b bulk solution

Subscripts

lim limiting

0 initial

Research Department. We thank |. Rubinstein and Y. Oren
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for independent verification of current—voltage curves.
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