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Current-voltage(CV) characteristics of polyvinyl alcohol(PVA) - glutardialdehyde hydrogel cylinders were
measured in aqueous KCl solutions. To this end a new special apparatus was constructed where the gel cylinder
connects two electrolyte reservoirs. The measured quantities are the electric current flowing through the gel
and the potential difference between the two reservoirs. Concentration polarization near the gel-liquid inter-
faces is decreased considerably by applying an intense mechanical stirring in both reservoirs. Under these
conditions below 1 V concentration polarization is negligible, and the CV curves are nearly straight lines. It
was found that the gel applied here is a weakly charged anionic hydrogel. Concentration of fixed anions was
determined from the slope of these lines measured in 0.001 and 0.01 molar KCl solutions. Fixed anion
concentration of the same piece of gel was measured also with a different method, when the gel was used in
an acid-base diode. In this case one reservoir contained 0.1 molar HCl, and the other 0.1 molar KOH. From the
results of the two measurements, the concentrations4.45310−3 Md and thepK value (4.03) of the fixed acid
groups responsible for the anionic character of the gel was calculated. ThepK value is compatible with fixed
carboxylic acid groups contaminating the PVA gel. Furthermore, concentration polarization phenomena in the
boundary layers nearby the gel were studied in 0.001 M KCl solutions, measuring the diodelike CV charac-
teristic of a gel cylinder, when stirring was applied only at one side of the gel. Boundary layers facing the
cathode or the anode responded in a different way to stirring. The difference cannot be explained completely
with the hypothesis of electroconvection suggested previously.
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I. INTRODUCTION

A. Background of the research

Nonlinear chemistry[1–4], engineered complexity[5],
biological analogies, and possible analytical applications[6]
motivated the research initiated in the past few years in the
field of the electrolyte diodes and transistors[3,4,6–10]. The
”building block” of these devices is a hydrogel cylinder con-
necting reservoirs of two different electrolytes. In most cases
one reservoir contains an aqueous solution of a strong acid
(e.g., 0.1 M HCl), while the other contains a strong base
(e.g., 0.1 M KOH). The material of the cylinder is polyvinyl
alcohol(PVA) crosslinked with glutardialdehyde, as this hy-
drophilic polymer network in an aqueous medium forms a
hydrogel which is stable enough both in acidic and in alka-
line solutions. Acid-base reactions, ionic diffusion and mi-
gration take place in the gel nearly like in a free aqueous
solution, but the polymer network practically eliminates any
possibility for a mixing of the reaction components by con-
vection. Gels are often applied in reaction-diffusion experi-
ments to suppress convection[11–13]. An advantage of the
PVA based gels compared to other hydrogels is that the con-
centration of fixed charges(fixed ionizable groups) is very
low. The effect of these fixed charges of the PVA can be

neglected in most gel experiments[14]. We found, however,
that in the case of electrolyte diodes and transistors even a
low concentration of fixed charges can affect considerably
their current-voltage(CV) characteristics.

In a recent paper[8] we made an attempt to determine the
concentration and the chemical nature of the ionizable
groups of the PVA gels. To eliminate any reactions of the
acidic or alkaline solutions with the gel matrix we studied
the CV characteristics of PVA based gel cylinders in various
KCl solutions. Electric current flowing through the cylinder
connecting two identical KCl solutions was measured as a
function of the voltage drop on the cylinder. To sustain con-
stant KCl concentrations at both ends of the cylinder steady
flows of KCl solutions were maintained during the experi-
ment by a peristaltic pump. In our previous work[8] we
recorded CV characteristics, which were strongly non-linear
due to concentration polarization in the boundary layers of
the gel. While this proved the presence of fixed negative
charges in the gel qualitatively, at the same time it prevented
quantitative measurements, as the exact thickness of the
boundary layers was unknown. Consequently, we could only
estimate that the fixed charge concentration was around
10−3 M. In those experiments polarization phenomena in the
boundary layers were dominating, because those layers were
relatively thick, as the flow of the peristaltic pump did not
provide enough stirring at the gel-liquid interface.*Electronic address: noszti@eik.bme.hu
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B. Aims of the present paper

The first aim of the present work is to perform gel polar-
ization experiments with an intense mechanical stirring ap-
plied at both ends of a gel cylinder to reduce the thickness of
the boundary layers, and this way to obtain CV curves from
which a quantitative determination of the fixed charge con-
centration is possible.

Second, we want to perform acid-base diode experiments
on the same gel cylinder, where the gel connects 0.1 molar
HCl and 0.1 molar KOH solutions. This system behaves like
a diode[6] because at positive polarities the gel is filled with
conductive KCl solution whereas at negative polarities a
high impedance region of pure water appears. From the CV
characteristics of such a diode the fixed charge density can
be also calculated[6], but with a different method and at a
different pH. Based on these data thepK value of the acidic
group fixed on the polymer chain can be determined. The
result can be compared withpK values of various carboxylic
acids including those where the carboxylic group is attached
to a PVA chain[15].

It was an element of uncertainty, however, that the calcu-
lation of the fixed anion concentration from acid-base diode
experiments applied an approximate analytical formula only.
Thus it was also an aim of the present work to compare these
results with numerical simulations avoiding these approxi-
mations. It is shown here that diode currents, concentration
profiles and fixed charge densities calculated by the analyti-
cal formulas and by numerical simulations agree within 5%
or better.

Finally, we want to study the effect of stirring on the
anodic and on the cathodic boundary layer separately. When
only one KCl reservoir is stirred and the other one is not, a
diodelike CV characteristic can be expected due to that
asymmetry. Moreover this way we can check whether elec-
troconvection really occurs in the anodic boundary layer of
the gel. This hypothesis was introduced in our previous paper
[8] (based on analogous phenomena in ion exchange mem-
brane studies[16]) to explain the lower than expected con-
centration polarization in the anodic boundary layer.

C. Perspectives of the research

This paper is a part of a research program devoted to the
study of polarization phenomena nearby and inside weakly
charged hydrogels. These studies are focused on situations
which yield an asymmetric CV characteristic that is when a
diodelike behavior can be observed. We regard three possible
sources of such an asymmetry:(i) asymmetric stirring(dis-
cussed here beside the method of the fixed charge determi-
nation, which is the main topic of the present paper), (ii )
asymmetric concentrations at the boundaries, and(iii ) asym-
metric fixed charge distribution inside the gel.

In these experiments gel polarization phenomena are stud-
ied independently from the electrochemical processes of the
electrodes, as in our apparatus the electrodes are not contact-
ing the gel directly but placed far away from it and conse-
quently have no influence on the results. The main aim of
these studies is to learn more about the polarization phenom-
ena at liquid-weakly charged gel interfaces, which can ex-

hibit peculiar phenomena[17] and play an important role in
biological systems[18,19]. Biological gels are usually
weakly charged, and their fixed groups are also weak acids
or bases.

II. EXPERIMENTAL SECTION

A. The gel

Chemicals.Polyvinyl alcohol(nominal molecular weight
15000, degree of polymerization 300, degree of hydrolyza-
tion: 89%, Fluka), glutardialdehyde(25% aqueous solution,
Reanal) were used without further purification. All other
chemicals were of reagent grade.

Gel recipe.2.5 g polyvinyl alcohol solutions30% w/wd
was prepared with distilled water, which was degassed to
prevent bubble formation in the later steps of the procedure.
0.5 mL glutardialdehyde solutions2% w/wd and 0.5 mL
distilled water were added to the PVA solution, and the mix-
ture was homogenized by stirring with a glass rod(gently, to
avoid bubble formation). Finally, 0.25 mL 5 M HCl was
added under continuous stirring. As the gelling of this mix-
ture is rather fast(the mixture can be handled as a liquid for
3 minutes at room temperature), it was used immediately to
prepare gel cylinders.

Preparation of gel cylinders.The freshly prepared liquid
mixture was poured into the open cylinder of a 5 mL plastic
syringe, from which the piston was removed. Then the piston
was reinserted, and, by pressing the piston, the viscous mix-
ture was forced to fill a silicon tubing(inner diameter 1.2
mm, outer diameter 2 mm) attached to the syringe. After 2–3
hours the silicon tubing containing the hardened gel was
placed into hexane to swell. The swelling was facilitated
with a gentle stirring for 1–2 minutes. The thin gel cord was
removed from the swollen tubing by pumping hexane
through it. The free cord was washed with distilled water.
For later use it was cut up into approximately 50–60 mm
long pieces, which were stored in distilled water at 5 °C in
the dark, to avoid algae growth.

Inserting the gel cylinder into a sample holder.Prior to
the measurements the gel samples studied in our experiments
were inserted into sample holder PVC disks. Such discs
served as the wall, separating the anodic and cathodic sides,
when installed into the apparatus(see Fig. 1). The 3.2 mm
thick PVC disks had a central bore with 0.7 mm nominal
diameter to accommodate the gel. Before placing the gel
cylinder into the sample holder the gel had to be shrunk, as
its wet diameter was larger than that of the bore. This was
achieved by drying the gel cord overnight, at room tempera-
ture in the laboratory atmosphere, in a rectangular PTFE
(“teflon”) channel.(The channel prevented strong bending of
the gel while it was shrinking. The bending is due to a me-
chanical instability caused by the drying.) The dry gel cord
was cut up into 4–5 mm long small cylinders. A dry and hard
gel cylinder was pushed into the hole of the disk. In the next
step the PVC disc with the gel cylinder was placed into dis-
tilled water, where swelling of the gel closed completely the
hole as a “plug.” After this procedure the PVC disks with the
gel samples were stored under distilled water at laboratory
temperature in the dark at least for 10 days before measure-
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ments, because the swelling in the narrow bore is a slow
process. Using wider bores could shorten this time, but in
that case the gel cylinder creeps out of the hole at high volt-
ages[8].

B. Apparatus

The apparatus is depicted in Fig. 1. The PVC disk with
the gel is displayed Fig. 1(b). Flows of the fresh electrolytes
enter at the bottom of the apparatus, close to the gel on both
sides.

Compared to the previous experimental setup[8], the ap-
paratus has been modified, by adding a stirrer on both sides
of the gel. The stirrers were made of PTFE tubing(outer
diameter: 1.7 mm, inner diameter: 0.9 mm). They were at-
tached to the shafts of the driving DC motors. Each tubing
was spinning in a bore(diameter: 3 mm) except their last
8–10 mm, where the movement of the tubing was not lim-
ited. This way the ends of the flexible PTFE tubing could
move freely in the solution, providing a strong stirring effect.
The stirring was vigorous enough to break up bubbles that
we have injected for the inspection of the stirring. The path
of the resulting small bubbles showed an intense mixing of
the fluid. While the flow was intense and turbulent, it was far
from making any damage to the gel cylinder(like causing
cracks in or breaking pieces off the gel). For symmetry rea-
sons on both sides of the gel identical motors, tubing and
stirring speeds were applied, unless otherwise stated.

From the stirred compartment the electrolyte flows to a
large reservoir across a porous plug made of polyurethane
foam. The continuous flow and the porous plug prevents that

any products of the electrolysis generated at the current
electrodes contaminate the fresh electrolyte around the gel
cylinder.

C. Electrodes

Ag/AgCl voltage sensing electrodes were applied. No ex-
tra salt bridge was necessary in the case of KCl solutions: the
electrodes were placed into the feedstreams directly. A com-
bined salt bridge, consisting of 10 M NH4NO3 and 1 M KCl
solutions, was used in the acid-base diode experiments, when
the electrolytes were 0.1 M KOH and 0.1 M HCl in the left
and right side of the apparatus, respectively. The high con-
centration of ammonium nitrate was necessary to minimize
liquid junction potentials. The Ag/AgCl electrodes were im-
mersed into the 1 M KCl solution. The current electrodes
were made of platinum wire.

D. Calibration of the measuring cell. Calculation of the
parasitic potential drops

As a first step the apparatus was calibrated: CV character-
istics were measured first with 0.001 M and then with 0.01
M KCl solutions, but without the gel. This procedure was
necessary to determine the parasitic(but inevitable) ohmic
potential drops between a voltage sensing electrode and the
nearby mouth of the capillary, where the polarized part of the
gel cylinder starts. To obtain the actual voltage on the gel
cylinder, the measured voltage has to be corrected by sub-
tracting these unwanted potential drops. The overall(or total)
resistance between the voltage sensing electrodes can be eas-

FIG. 1. (a) Cross-sectional view of the Plexiglas apparatus. Arrows indicate the continuous flow of electrolytes. Voltage sensing
electrodes are outside of the apparatus, but connected electrically with the small cylindrical reservoirs on the two sides of the PVC disk by
electrolyte channels to measure the potential drop on the gel cylinder(circles indicate their joining points). Current electrodes are mounted
into the outer larger reservoirs(circles show their position). PU: polyurethane foam. DC motors driving the stirrers are placed on the top of
the two plexiglas tubes.(b) Enlarged view of the PVC disk with the gel cylinder.
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ily obtained from the measured voltageUM and currentI, as
RT=UM / I. That overall resistance is a sum of three resistors
connected in series: two symmetric resistors representing the
electrolyte connection between the electrodes and the capil-
lary mouths, and the third is the capillary itself. When the
apparatus is filled with a homogeneous electrolyte solution
with a uniform specific resistance, then the potential distri-
bution in the measuring cell and the ratio of the resistances
can be calculated from the geometry of the measuring cell,
without knowing the actual value of the specific resistance.
The result of a numerical simulation of the potential distri-
bution using the FEMLAB® program[20] is shown in Figs.
2(a) and 2(b).

The relative resistance(the resistance compared to the
total resistance) of a finite element between two equipoten-
tial surfaces can be calculated as a ratio of the potential dif-
ference on that finite element, compared to the overall poten-
tial difference. The capillary has not a “flat” but a “rounded”
end, as the equipotential surfaces are curved at its mouths
[see Fig. 2(b)]. For such a round ended capillary an equiva-
lent length can be calculated: it is the length of a flat ended
capillary which would have the same resistance. The result is
3.3 (3.29) mm, i.e., a 0.1 mm increase that is due to the
rounded end, which means a mere 0.05 mm correction at
each ends.

When the capillary is filled with a gel, which is a medium
of different conductivity, the potential distribution and the
shape of the equipotential surfaces around the capillary
mouth are modified a little, as Fig. 2(c) shows. The equiva-
lent length of the capillary is somewhat larger now: it is 3.32
mm. Nevertheless, these corrections are well within the ex-
perimental error. Numerical simulations show, however, that
the value of the resistance between a voltage electrode and
the nearby capillary mouth can be affected somewhat, due to
that part of the gel which is not inside the capillary, if the
specific resistance of the gel is higher than that of the sur-
rounding electrolyte. That increase can be calculated from
the measured total resistance, as it is shown in Appendix A.
In the last step the actual values of the three electrolyte re-
sistors were determined from the measured overall resistance
and from the calculated relative ones. The parasitic resis-
tances applied in our calculations are summarized in Table I.
As can be seen, when a gel is placed into the capillary the
parasitic resistances are increased somewhat(see Appendix
A for details). Using the values of Table I, and the actual
current flowing through the cell in a given measurement, the
parasitic potential drop was eliminated from the measured
voltage to obtain the actual(or net) voltage on the measuring
capillary filled with the electrolyte or the hydrogel cylinder.
All measured voltages were corrected this way, i.e., the dia-
grams in the paper display the net voltages only. The correc-
tions were always less than 20% of the measured voltage,
typically around 10%.

E. Measuring the CV curves of the gel cylinders. Relaxation
times and the geometry of the capillary

After the complete swelling of the gel the measurement of
a CV curve was still not a fast procedure: to reach a steady

FIG. 2. Calculated equipotential surfaces(cross-sectional view)
(a) in the measuring cell,(b) and (c) around the mouth of the cap-
illary. (a) and (b): The cell is filled with a homogeneous solution:
the specific resistance is uniform.(c) The capillary is filled with a
long gel whose specific resistance is 4 times larger than that of the
surrounding solution. The gel cylinder sticks out from the capillary,
its outer part is 5 mm long at both ends. Geometrical data are given
in mm. The grey scale represents potential between 0 and 10 V. The
difference between the equipotential surfaces is(a) 1.1 V within,
and 0.11 V outside the capillary,(b) uniformly 0.22 V, and(c)
uniformly 0.08 V.
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state current within the experimental error(when any unidi-
rectional drift ceased at a fixed voltage) required 1–2 hours.
This is because the diffusion time constantt st=L2/p2Dd of
an open ended capillary is about 1000 s, assuming that the
diffusion coefficientD is 10−5 cm2/s. The time to obtain a
steady state value for a given point of the CV diagram could
be reduced substantially(to less than one hour), if the mea-
surement was started with the most positive or with the most
negative voltage and was gradually decreased to zero. When
applying this procedure to obtain the first point with the
highest voltage still required 2–3 hours, but the other steady
states were reached much faster.

These time consuming procedures could have been
greatly accelerated by reducing the active length of the cap-
illary, i.e., by decreasing the thickness of the PVC wall sepa-
rating the electrolyte reservoirs. From a purely technical
point of view an order of magnitude reduction in the length
(causing a decrease in the diffusive relaxation times by two
orders of magnitude) would be quite possible, as a 0.3 mm
thick PVC wall is still strong enough. On the other hand, the
aspect ratio(the length/diameter ratio, in the present experi-
ments it is 3.2:0.7) of the capillary would be also reduced, if
the diameter of the gel cylinder remained the same. At lower
aspect ratios the relative resistance of the polarized part of
the capillary compared to the resistance of the whole appa-
ratus would be too small, and uncertainties concerning the
region around the capillary mouth would also play a more
important role. To avoid this, a simultaneous reduction of the
gel diameter would be also necessary. Such a reduction,
however, is not yet possible with our present technique of
producing the gel cylinders.

III. RESULTS AND DISCUSSION

A. CV characteristics of the PVA gel cylinder and the gel-
holder capillary in different KCl solutions

The current-voltage characteristics of a gel are shown in
Fig. 3 together with that of the empty bore. Regarding that
the conductivity of a 0.01 M KCl solution at 25 °C is
1.41 mS/cm[22] the Ohmic resistance of a 3.2 mm long
capillary with a diameter of 0.7 mm should be 58.8 kV when
it is filled with the above solution(or 60.7 kV if the effective
length of the capillary is 3.3 mm). The measured value is
somewhat less: it is 58.4 kV [see Fig. 3(b)]. The origin of
that small deviation could be a 1 °C warmer temperature or a
0.01 mm wider capillary(0.70 mm was only the nominal
diameter of the drill.) That small uncertainty in the absolute
value, however, will not affect our results, especially because
not the absolute, but only the relative conductivity data mat-
ter in the evaluation of the measurements. For example, such

a relative value is the ratio of the conductivities measured
with the same capillary filled with 0.01 M and 0.001 M KCl
solutions, respectively. The theoretical value of that ratio is
9.6, as can be calculated from conductivity data[22]. The
measured value in Fig. 3 is 9.4. The small deviation is due to
the greater than theoretical conductivity of the 0.001 M so-
lution, caused by some dissolved carbon dioxide.(CO2 was
absorbed from the laboratory atmosphere during the prepa-
ration of the solutions). The increase of the conductivity
caused by the same CO2 level is relatively smaller in a 0.01
M KCl solution. What really matters is the conductivity(or
resistance) ratio of the gel in the two different electrolyte
solutions. The resistance of the gel(in the linear −1 V,
+1 V region) is 996 kV in 0.001 M KCl and 234 kV in 0.01
M KCl. Thus the conductivity is increased by a factor of
4.26±0.1. (The experimental error is mainly due to slight
changes in the laboratory temperature between two measure-
ments. Care was taken that this was never more than ±1 °C.)

B. Calculation of the fixed charge concentration from the
measured CV curves

As Fig. 3 shows the CV curve can be approximated with
a straight line at relatively small voltages(in Fig. 3 between
−1 V and +1 V). Within this range concentration polariza-
tion phenomena are negligible and the ion concentrations

TABLE I. Parasitic resistance as a function of the experimental
conditions.

KCl concentration Electrolyte in the capillary Gel in the capillary

0.001 M 78.1 kV 88.6 kV

0.01 M 8.28 kV 10.3 kV

FIG. 3. Steady state CV characteristics of the gel cylinder
(circles). KCl concentration in the outer electrolyte: 0.001 M(a)
and 0.01 M(b). Both figures display the CV characteristics of the
bore as well(when there is no gel but only the outer electrolyte
flowing mildly through the capillary[21]) for comparison(squares).
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inside the gel can be regarded as uniform. The conductivity
and the fixed ion concentration of the gel can be calculated
from this linear part of the CV curves. The conductivity of
the gel is due to its mobile ions, whose concentration is
determined partly by the outer electrolyte and partly by the
fixed ions inside the gel. Thus gel conductivities measured
with various outer electrolyte concentrations can give infor-
mation about the fixed charge concentration of the gel. In
Appendix B a formula is derived(based on the Donnan equi-
librium and electroneutrality condition), according to which
the ratioa of the gel conductivities measured in two differ-
ent KCl solutions(concentrationsc01 and c02) can be ex-
pressed as

a =
Î1 + s 2c02

aF
d2

− 0.02

Î1 + s 2c01

aF
d2

− 0.02
,

whereaF is the concentration of the fixed anions. Knowinga
from measurements(here it is 4.26±0.1 determined from
Fig. 3) the above formula was used to calculate the fixed
charge concentration, yieldingaF=4.45±0.15310−3 M.

C. Calculation of the fixed charge concentration from the
acid-base diode characteristics

Another method to determine the fixed charge concentra-
tion in the gel is to measure its CV characteristics in an
acid-base diode[6]. To this end the very same gel cylinder
was applied, but now the two reservoirs contained 0.1 M
KOH and 0.1 M HCl solutions connected via the hydrogel
cylinder. Stirring was also applied in these experiments but it
had minimal or no role now, as the resistance of the alkaline
and the acidic solution was always negligible compared to
that of the gel cylinder. This was especially true for the re-
verse biased diode, which was the important case here. CV
characteristic of a diode is shown in Fig. 4. In the forward
direction K+ ions from the alkaline reservoir and Cl− ions
from the acidic reservoir migrate into the gel under the in-
fluence of the applied electric field and form a well conduct-
ing KCl solution there. Thus the positive branch of the CV

characteristic is similar to that when both reservoirs contain
0.1 M KCl solution: the current increases linearly with the
voltage. In the reverse biased diode the situation is different:
now the hydroxyl and hydrogen ions migrate into the gel
cylinder where they recombine. As a result a thin layer of
pure water is formed whose conductivity is very low. Thus,
in the absence of fixed ions, theory predicts a small and
nearly voltage independent(practically constant) current for
the negative branch of the CV diagram. However, if fixed
anions can be found in the gel, then a current component
increasing with the voltage also appears in addition to the
constant component. It was realized that the slope of the CV
diagram is proportional to the concentration of the fixed ions
in this case.(The conductivity increase is due to the mobile
counterions contaminating the otherwise high resistance
zone of pure water. Now the electric field is not able to
remove all the mobile ions from that zone as the electroneu-
trality condition would be violated if the fixed ions would
remain alone.) It was shown[6] that the concentration of the
fixed anionsaF can be calculated fromsR, which is the slope/
intercept ratio of the negative branch, according to the fol-
lowing formula:

aF = 2S1 +
DOH

DH
Dc0sR,

wherec0 is now the concentration either of the acid or the
base(0.1 M in the present case), DOH andDH are the diffu-
sion coefficients of hydroxyl and hydrogen ions. Applying
the above formula and the data of Fig. 4, the fixed anion
concentration was found to be 5.7310−4 M; see note[23].
The 5.7310−4 M fixed charge concentration obtained by the
acid-base diode method is nearly one order of magnitude
smaller than the 4.45310−3 M value, which was calculated
earlier from CV characteristics measured in KCl solutions.

D. The cause of the deviation in the fixed charge
concentration measured with the two methods. Calculation of

the pK value of the ionizable groups of the gel

The deviation can be explained with the differentpH val-
ues in the two experiments, and can be applied to determine
thepK value of the weak carboxylic acid, which provides the
fixed ionizable groups in the gel. To this end we can assume
that in the KCl solution practically all fixed acidic groups are
dissociated, thus the concentration of the fixed anions is ap-
proximately equal to the total concentration of the fixed
groups. This is because thepH of the KCl solution is be-
tween 5.6 and 6(due to some dissolved CO2), and at thispH
an acid with apK value around 4(calculations supporting
this value will be presented later) is mostly dissociated. This
can be proven regarding the following relationship:

Kd =
cHaF1

cHA1
⇒ logScHA1

aF1
D = pK − pH.

HereKd is the dissociation constant of the weak acid,aF1 is
the concentration of the fixed anions in the gel when it is in
a KCl solution, andcHA1 is the concentration of the nondis-
sociated carboxylic groups. It can be seen that thecHA1/a1

FIG. 4. Current-voltage characteristics of the gel cylinder of Fig.
3 when it is working as an acid-base electrolyte diode. Here the
cylinder connects 0.1 M KOH and 0.1 M HCl solutions.
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ratio is between 0.01 and 0.03, depending on thepH. Con-
sequently, it is justified to assume that

cT < aF1,

where

cT = cHA + aF,

that is cT is the sum of the dissociated and non-dissociated
carboxyl group concentrations which is an invariant quantity.
In the acid-base diode experiments it is assumed that there
are only hydrogen ions in the high impedance zone and fixed
anions, whose concentration isaF2 now. (The hydroxyl ion
concentration can be neglected in that zone.) In this case
according to the electroneutrality condition

aF2 < cH2.

Taking into account thatcT is independent of the degree of
dissociation, we can write

cHA2 = cT − aF2 < aF1 − aF2.

Consequently,

Kd =
cHaF2

cHA2
⇒ pK = logsaF1 − aF2d − 2 logsaF2d.

According to our measurements the fixed anion concentra-
tion of the PVA gel in KCl solutions isaF1=4.45310−3 M,
while in the acid base diode experiment it is onlyaF2=5.7
310−4 M. Thus thepK value of the fixed acidic groups in
the gel is 4.08 applying the above formula forKd. This value
is rather close to the 4 found experimentally[15] as an av-
eragepK value for carboxylic acid groups at the end of PVA
chains. Consequently, this result supports strongly the con-
jecture that the fixed anions in the PVA gel are dissociated
carboxylic acid groups.

The presence of these groups can be explained in the fol-
lowing way. PVA is produced from polyvinyl acetate(PVAc)
via hydrolysis, and PVAc is made by polymerizing the vinyl
acetate monomer. It is known[24] that chain transfer to
monomer is important during the polymerization. This reac-
tion results in an unsaturated endgroup, and hydrolysis of
that gives a carboxylic acid endgroup. Thus it is reasonable
to assume that the fixed ionic groups in our experiments are
ionized carboxylic acid endgroups of the PVA.

The above results can be affected slightly by(i) the swell-
ing of the gel and(ii ) the accuracy of the applied analytical
formula.

Swelling of the gel in the alkaline part of the acid-base
diode could modify somewhat its CV characteristics as the
mobility of the ions increases and the concentration of the
fixed groups decreases with swelling. These two effects,
however, should be minor in the neutral zone of an acid-base
diode, moreover their influence on the conductance is oppo-
site, thus the slope/intercept ratio of the negative branch will
not be affected significantly.

The accuracy test of the analytical formula is discussed in
the next paragraph separately.

E. Comparison of the results obtained by formulas based on
analytical approximations with the results of numerical

calculations

The evaluation of the acid-base diode experiment was
based on an approximate analytical solution of the problem
and the calculation of the fixed charge concentration utilized
3 major simplifications:(i) electroneutrality was supposed
rather than applying the Poisson equation,(ii ) acid-base
equilibrium was assumed instead of calculating with the rate
of the hydrogen ion–hydroxyl ion reaction and(iii ) most
importantly the gel was divided into three zones assuming
linear concentration profiles within the zones[an acidic zone
in the left, a weakly acidic in the middle, and an alkaline
zone in the right part of the diode; see Fig. 5(a)].

To check the validity of these approximations we per-
formed numerical simulations with the IonLab program[25]
based on the exact equations without the above simplifica-
tions. The results of the simulations are shown in Fig. 5(b).
The basis of the approximate analytical calculation is that
while the electric current densityi should be the same in all
the three regions there is a unique expression fori in each
region [6]:

i

F
=

2DHc0

DxH
=

2DOHc0

DxOH
=

DHaFDw

DxWA
,

where the length of the acidic regionDxH plus the length of
the weakly acidic and the alkaline regions(DxWA andDxOH,
respectively) gives the total length(here: 1 mm) of the one
dimensional acid-base diode. (Here DH=9.31
310−5 cm2/s ,DOH=5.26310−5 cm2/s the diffusion coeffi-
cients of the hydrogen and hydroxide ions[26,27], respec-
tively, c0=0.1 M,Dw is the dimensionless voltage,Dw
=DUF /RT, andF is the Faraday number.) It can be seen that
the results of the analytical approximation are rather close to
that of the numerical simulations. For example, the length of
the zones agree rather well:

DxHsmmd: 471 sanal. approx.d, 488 snumericald,

DxWAsmmd: 262 sanal . approx.d, 258 snumericald,

DxOHsmmd: 267 sanal. approx.d, 254 snumericald.

The small deviation is mainly due to a very narrow recom-
bination zone between the weakly acidic and alkaline re-
gions, which is not taken into account in the analytical ap-
proximation. Comparing the slope and the intercept of the
CV characteristics of the reverse biased diode:

slopesmA V −1 mm−2d: 19.94sanal. appr.d, 19.96snum.d,

interceptsmA mm−2d: 281.5sanal. appr.d, 267.1snum.d.

As can be seen the slope agrees well but the approximate
intercept is about 5% higher than the more exact numerical
value.(Again, the main reason of this small deviation is that
the analytical approximation neglects the recombination
zone.) This way the concentration of the fixed anions in the
middle region of the acid-base diode(which was calculated
from the slope per intercept ratio) was underestimated also
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by 5%. Applying this correction modifies the calculatedpK
value from 4.08 to 4.03, thus it gets even closer to the ex-
pected value ofpK=4.0.

Figure 5 shows that the analytical approximation is also
satisfactory regarding the concentration profiles inside of an
acid-base diode with fixed ionizable groups: the profiles in
Fig. 5(a) (analytical formula) and Fig. 5(b) (numerical solu-
tion) are very close to each other.

F. An electrolyte diode with asymmetrically stirred boundary
layers. The effect of stirring on the anodic and cathodic

boundary layer

The CV characteristics of the gel in KCl solutions as dis-
played in Fig. 3 were recorded when both electrolyte reser-
voirs were stirred vigorously. Due to the violent stirring the
CV curves are linear within the experimental error in the
s−1V, +1Vd interval, which proves that concentration polar-
ization effects are practically eliminated in this voltage re-
gion. At higher voltages, however,sespecially above +5V or
below −5Vd a clear departure from the linear response can be
observed. This indicates the presence of some concentration
polarization phenomena. It is generally accepted that these
phenomena are originated in the stagnant boundary layers

adjacent to the gel. As there are fixed negative ions in the gel
the transport number of the potassium ion is higher there
than that of the chloride ion. On the other hand, in the free
liquid the two transport numbers are nearly equal. The con-
centration polarization is caused by this jump in the transport
numbers at the gel-solution interface, when a polarizing cur-
rent is applied. In the cathodic boundary layersthe boundary
layer facing to the cathoded, an accumulation of the electro-
lyte will occur, while in the anodic boundary layer a deple-
tion can be expected.

In case of symmetrical mechanical stirring no significant
difference can be expected between the thickness of the ca-
thodic and anodic boundary layers. In this case concentration
polarization in the anodic region should determine a polaro-
graphic limit current[28]. Thus a CV curve with a decreas-
ing slope, and approaching to a constant limit value can be
expected. The experimental observation is just the opposite:
the slope of the CV curve is increasing with the voltage and
as a consequence no limit current can be observed. Obvi-
ously the assumption of the symmetric boundary layers is not
valid: some unknown perturbing effect diminishes the thick-
ness, and/or the impedance of the anodic boundary layer
considerably. To explain this observation we suggested[8]
that electroconvection[16] occurs in the anodic boundary

FIG. 5. Calculated concentration profiles in a reverse biasedsU=−5Vd 1 mm long acid-base diode containing fixed ionizable acidic
groupscT=4.45310−3 M; pK=4.08. (a) Analytical approximation;(b) numerical simulation. 0.1 M HCl is applied at the left-hand side
sx=0d and 0.1 M KOH at the right-hand sidesx=1d.
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layer. Such a convection would be able to mix salt from the
bulk to the boundary layer, reinstating the salt concentration
there, at least partially. This way electroconvection could de-
crease the otherwise high impedance of the anodic boundary
layer.

With the new apparatus introduced here an experimental
test of the above electroconvection hypothesis becomes fea-
sible. In this apparatus we could stirr either one, or the other
reservoir independently. This way the effect of stirring on the
anodic and cathodic boundary layer can be observed sepa-
rately. Figure 6 displays the result of such experiments. The
CV characteristics of the gel are shown in 0.001 M KCl
solution, when only one of the reservoirs is stirred. In our
experiments always the same reservoir was stirred but, by
changing the electric polarity the stirred reservoir could be
the anodic or the cathodic one. In Fig. 6 we applied the
following sign convention: the polarity is positive when the
stirred reservoir is positive. For comparison, the Figure dis-
plays the CV curves when both reservoirs and when neither
of them is stirred.

The CV curves recorded with symmetric stirring are odd
functions: only the sign of the current depends on the polar-
ity; its absolute value does not. On the other hand, when
stirring was applied at only one side then the magnitude of
the current was larger at positive polarities compared to the
negative ones. Thus we have an electrolyte diode here, where
the source of the asymmetry is the asymmetric stirring. The
qualitative explanation of this diodelike behavior is based on
the evident assumption that the boundary layer adjacent to
the nonstirred reservoir should be wider than the one con-
tacting the stirred reservoir. Thus when the polarity is posi-
tive, there is salt accumulation in the wide unstirred cathodic
boundary layer. This higher concentration penetrates into the
gel (that phenomenon will be discussed thoroughly in a sub-
sequent paper) and increases its conductivity. At the same
time no substantial salt depletion can occur in the well stirred
anodic boundary layer. As a result the current will be con-
siderably larger compared to the case when both sides are
stirred. That can be seen in Fig. 6 where the increase can
reach 100% or more. Now, at negative polarities it is the

anodic boundary layer which is unstirred. An increased width
of the salt depleted zone should increase its impedance. At
the same time no salt accumulation is possible now in the
well stirred cathodic boundary layer. As a consequence the
current should be significantly smaller than the one measured
with symmetrically stirred reservoirs. In contrast to the ex-
pectations Fig. 6 shows at best a very small decrease in the
measured current: it is around 10% or less even at the highest
voltages, where the concentration polarization is maximum.
That result is compatible with the electroconvection hypoth-
esis: when we stir mechanically only the cathodic boundary
layer the anodic side will be stirred by the assumed electro-
convection thus the measured current will be similar to the
case when both sides are stirred.

This way we could understand that the CV characteristic
of the present asymmetrically stirred electrolyte diode should
coincide at negative polarities with the CV characteristic of a
gel cylinder stirred at both sides. Following the same logic
we could expect that at positive polarities the diode charac-
teristic coincides with that of a gel cylinder not stirred at
either sides. But this is not the case: as Fig. 6 shows the CV
characteristic measured with a gel without stirring is far from
that of the diode at positive polarities. Thus the hypothesis of
electroconvection ought to be refined(e.g., electroconvection
provides a local mixing only limited to the immediate neigh-
borhood of the gel but it cannot stir the whole anodic bound-
ary layer), or other theories—like inhomogeneous fixed
charge distribution in the gel—should be considered.

Theoretical and experimental analysis of these possibili-
ties is the subject of the following papers.
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APPENDIX A: DETERMINATION OF THE PARASITIC
RESISTANCE

As it was mentioned already in the main text, when a gel
is placed into the capillary of our apparatus, the parasitic
resistance is modified somewhat. This is because the specific
resistance of the gel is higher(by a factor of 2–4 depending
on the electrolyte concentration) than that of the electrolyte,
and a part of the gel sticks out of the capillary increasing the
parasitic resistance there. To estimate this effect we calcu-
lated CV diagrams for gels of various relative specific resis-
tances assuming a 5 mmlong piece of gel outside the capil-
lary on both sides.(The calculations were made again with
the FEMLAB program[20].) Then we constructed a diagram
(see Fig. 7) where the relative parasitic resistanceRP/RPsrefd
was depicted as a function of the relative total resistance of
the apparatusRT/RTsrefd. Here RPsrefd and RTsrefd is the
calculated parasitic and total resistance, respectively, in the
reference state, that is when the apparatus is filled with a
homogeneous electrolyte.

FIG. 6. Effect of asymmetric stirring on the CV characteristics
of the gel. The polarity is positive when the anodic reservoir is
stirred.

ELECTROLYTE DIODES AND HYDROGELS:… PHYSICAL REVIEW E 70, 061402(2004)

061402-9



The actual value of the parasitic resistance was deter-
mined from this diagram and from the measurements in the
following way. First,RTsrefd was calculated from the linear
CV diagram, which can be measured when the apparatus is
filled with electrolyte only. Then, using the initial linear part
of the CV diagram measured with the gel,RT was determined
and RT/RTsrefd was calculated. This relative value and the
diagram in Fig. 7 was applied to calculateRP/RPsrefd. Fi-
nally, RP was calculated, asRPsrefd is known for 0.01 and
0.001 molar KCl solutions. The correction discussed above
can increase the parasitic resistance by 20% as a maximum.
Nevertheless, as the whole voltage correction due to the
parasitic resistance is less than 10% of the total voltage,
small uncertainties(e.g., the exact length of that part of the
gel which hangs out of the capillary can deviate from the
theoretical 5 mm by 1–2 mm) cannot modify our results.

APPENDIX B: DERIVATION OF THE FORMULA FOR
THE CONDUCTIVITY RATIO a

Let us denote the fixed anion concentration in the gel with
aF. ThencK andcCl—the potassium and chloride ion concen-
tration in the gel—can be calculated taking into account the
Donnan equilibrium and the electroneutrality condition. The
result is

cK =
aF + ÎaF

2 + 4c0
2

2
,

cCl = cK − aF,

where c0 is the KCl concentration in the outer electrolyte
surrounding the gel. As there is no concentration gradient in
the gel the ionic currents depend only onDw, the applied
voltage. They can be expressed as

IK = uKcKDw
A

L
,

ICl = − uClcClDw
A

L
,

whereIK andICl are the molar currents of the potassium and
chloride ions respectively,uK anduCl are the ionic mobilities
in the gel, A is the cross section of the gel, andL is its
polarized length. The electric current is the sum of ionic
currents multiplied by the molar ionic charges that is

I = FsIK − ICld.

When we perform two experiments on the same piece of gel
applying the same voltage but at two different concentrations
of the outer electrolyte(herec01=10−3 M,c02=10−2 M), two
different electric currents can be measured according to the
applied concentration. The conductivity ratioa of these cur-
rents can be expressed as

a =
I2

I1
=

uKcK2 + uClcCl2

uKcK1 + uClcCl1
. sB1d

It is known (as it is also illustrated by Fig. 3) that ionic
mobilities in a hydrogel are smaller than in a free aqueous
solution. This is because the polymer network slows down
the diffusion of low molecular weight ions and molecules
inside the gel.(The mobility of an ion is proportional with its
diffusion coefficient which is a consequence of the Einstein
relation.) As the ionic radii and the diffusion constants of the
potassium and chloride ions in water are very close to each
other, it is a good approximation to assume that these ions
are “slowed down” by the polymer network in the same pro-
portion [29–31]. Thus in the following we will assume that
the ratior of the diffusion coefficients of the potassium and
chloride ions is independent of the medium and it is the same
in free aqueous solution and in the hydrogel:

r =
DK

DCl
=

DK,gel

DCl,gel
=

uK

uCl
. sB2d

HereDK ,DCl, andDK,gel,DCl,gel is the diffusion coefficient of
the potassium and chloride ions in water and in the gel ma-
trix, respectively. At 25 °C the ratio of the diffusion coeffi-
cients takes the valuer =0.96 [26]. Introducing this ratior
into formula (B1) and applying the condition of electroneu-
trality a can be expressed as

a =
sr + 1dcK2 − aF

sr + 1dcK1 − aF
. sB3d

Inserting now the condition of Donnan equilibrium into the
above equation givesa as a function of the fixed charge
concentrationaF:

a =

Î1 +S2c02

aF
D2

+ R

Î1 +S2c01

aF
D2

+ R

, sB4d

where

R=
r − 1

r + 1
=

DK − DCl

DK + DCl
= − 0.02.

FIG. 7. The relative parasitic resistance as a function of the
relative total resistance(see text for explanation).
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