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Electrolyte diodes and hydrogels: Determination of concentration ancgK value of fixed acidic
groups in a weakly charged hydrogel
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Current-voltaggCV) characteristics of polyvinyl alcoh@PVA) - glutardialdehyde hydrogel cylinders were
measured in aqueous KCI 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 KCI 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 HCI, and the other 0.1 molar KOH. From the
results of the two measurements, the concentrgdofsx 102 M) and thepK value (4.03 of the fixed acid
groups responsible for the anionic character of the gel was calculategKTkialue 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 KCI 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 neglected in most gel experimerjtsd]. We found, however,
that in the case of electrolyte diodes and transistors even a

A. Background of the research ) . )
low concentration of fixed charges can affect considerably

. Nonlinear che.mistry[1—4], Qngineereq compngity[S], their current-voltagg¢CV) characteristics.
b'Ok.)g'Cal analogies, anql ppssml_e analytical appllcatlﬁﬁjs In a recent papdiB] we made an attempt to determine the
motivated the research initiated in the past few years in th%oncentration and the chemical nature of the ionizable
field of the electrolyte diodes and transistfds4,6—10Q. The o .
"building block” of these devices is a hydrogel cylinder con- groups of the .PVA gels. To ghmmate any re_act|0ns of -the
necting reservoirs of two different electrolytes. In most case&cidic or alkaline solutions with the gel matrix we studied
one reservoir contains an aqueous solution of a strong aciil® CV characteristics of PVA based gel cylinders in various
(e.g., 0.1 M HCJ, while the other contains a strong base KCI solqnons. E!ectrlg current flow!ng through the cylinder
(e.g., 0.1 M KOH. The material of the cylinder is polyvinyl €onnecting two identical KCI solutions was measured as a
alcohol (PVA) crosslinked with glutardialdehyde, as this hy- function of the voltage drop on the cylinder. To sustain con-
drophi“c po]ymer network in an agueous medium forms astant KCI concentrations at both ends of the Cylinder Steady
hydrogel which is stable enough both in acidic and in alkaflows of KCI solutions were maintained during the experi-
line solutions. Acid-base reactions, ionic diffusion and mi-ment by a peristaltic pump. In our previous woi&] we
gration take place in the gel nearly like in a free aqueousecorded CV characteristics, which were strongly non-linear
solution, but the polymer network practically eliminates anydue to concentration polarization in the boundary layers of
possibility for a mixing of the reaction components by con-the gel. While this proved the presence of fixed negative
vection. Gels are often applied in reaction-diffusion experi-charges in the gel qualitatively, at the same time it prevented
ments to suppress convectiphl-13. An advantage of the quantitative measurements, as the exact thickness of the
PVA based gels compared to other hydrogels is that the comoundary layers was unknown. Consequently, we could only
centration of fixed chargedixed ionizable groupsis very  estimate that the fixed charge concentration was around
low. The effect of these fixed charges of the PVA can bejg3 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
*Electronic address: noszti@eik.bme.hu provide enough stirring at the gel-liquid interface.
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B. Aims of the present paper hibit peculiar phenomengl7] and play an important role in

The first aim of the present work is to perform gel polar- Piological systems[18,19. Biological gels are usually
ization experiments with an intense mechanical stirring apVéakly charged, and their fixed groups are also weak acids

plied at both ends of a gel cylinder to reduce the thickness of" Pases.
the boundary layers, and this way to obtain CV curves from
which a quantitative determination of the fixed charge con- Il. EXPERIMENTAL SECTION
centration is possible. . ' ' A. The gel

Second, we want to perform acid-base diode experiments
on the same gel cylinder, where the gel connects 0.1 molar Chemicals Polyvinyl alcohol(nominal molecular weight
HCI and 0.1 molar KOH solutions. This system behaves likel5000, degree of polymerization 300, degree of hydrolyza-
a diode[6] because at positive polarities the gel is filled with tion: 89%, Fluka, glutardialdehyd&25% aqueous solution,
conductive KCI solution whereas at negative polarities aR€anal were used without further purification. All other
high impedance region of pure water appears. From the C\¢hemicals were of reagent grade.
characteristics of such a diode the fixed charge density can Gel recipe.2.5 g polyvinyl alcohol solutior30% w/w)
be also calculate@6], but with a different method and at a was prepared with distilled water, which was degassed to
differentpH. Based on these data tp& value of the acidic Prevent bubble formation in the later steps of the procedure.
group fixed on the polymer chain can be determined. Th&.5 mL glutardialdehyde solutiot2% w/w) and 0.5 mL
result can be compared wifiK values of various carboxylic distilled water were added to the PVA solution, and the mix-
acids including those where the carboxylic group is attachedure was homogenized by stirring with a glass (gently, to
to a PVA chain[15]. avoid bubble formation Finally, 0.25 mL 5 M HCI was

It was an element of uncertainty, however, that the calcuadded under continuous stirring. As the gelling of this mix-
lation of the fixed anion concentration from acid-base diodgure is rather fasfthe mixture can be handled as a liquid for
experiments applied an approximate analytical formula only3 minutes at room temperatyyet was used immediately to
Thus it was also an aim of the present work to compare theserepare gel cylinders.
results with numerical simulations avoiding these approxi- Preparation of gel cylindersThe freshly prepared liquid
mations. It is shown here that diode currents, concentratiomixture was poured into the open cylinddrao5 mL plastic
profiles and fixed charge densities calculated by the analytisyringe, from which the piston was removed. Then the piston
cal formulas and by numerical simulations agree within 5%was reinserted, and, by pressing the piston, the viscous mix-
or better. ture was forced to fill a silicon tubingnner diameter 1.2

Finally, we want to study the effect of stirring on the mm, outer diameter 2 mpattached to the syringe. After 2-3
anodic and on the cathodic boundary layer separately. Whelpours the silicon tubing containing the hardened gel was
only one KCI reservoir is stirred and the other one is not, alaced into hexane to swell. The swelling was facilitated
diodelike CV characteristic can be expected due to thawith a gentle stirring for 1-2 minutes. The thin gel cord was
asymmetry. Moreover this way we can check whether elecremoved from the swollen tubing by pumping hexane
troconvection really occurs in the anodic boundary layer ofthrough it. The free cord was washed with distilled water.
the gel. This hypothesis was introduced in our previous papéror later use it was cut up into approximately 50-60 mm
[8] (based on analogous phenomena in ion exchange mert®ng pieces, which were stored in distilled water at 5 °C in
brane studie$16]) to explain the lower than expected con- the dark, to avoid algae growth.

centration polarization in the anodic boundary layer. Inserting the gel cylinder into a sample hold&rior 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,

This paper is a part of a research program devoted to thethen installed into the apparat¢see Fig. 1 The 3.2 mm
study of polarization phenomena nearby and inside weaklyhick PVC disks had a central bore with 0.7 mm nominal
charged hydrogels. These studies are focused on situatiodgameter to accommodate the gel. Before placing the gel
which yield an asymmetric CV characteristic that is when acylinder into the sample holder the gel had to be shrunk, as
diodelike behavior can be observed. We regard three possibits wet diameter was larger than that of the bore. This was
sources of such an asymmetiy} asymmetric stirringdis-  achieved by drying the gel cord overnight, at room tempera-
cussed here beside the method of the fixed charge deterntidre in the laboratory atmosphere, in a rectangular PTFE
nation, which is the main topic of the present pap¢i)  (“teflon”) channel(The channel prevented strong bending of
asymmetric concentrations at the boundaries, (@ndasym-  the gel while it was shrinking. The bending is due to a me-
metric fixed charge distribution inside the gel. chanical instability caused by the drying.he dry gel cord

In these experiments gel polarization phenomena are stuavas cut up into 4-5 mm long small cylinders. A dry and hard
ied independently from the electrochemical processes of thgel cylinder was pushed into the hole of the disk. In the next
electrodes, as in our apparatus the electrodes are not contastep the PVC disc with the gel cylinder was placed into dis-
ing the gel directly but placed far away from it and conse-tilled water, where swelling of the gel closed completely the
guently have no influence on the results. The main aim ohole as a “plug.” After this procedure the PVC disks with the
these studies is to learn more about the polarization phenongel samples were stored under distilled water at laboratory
ena at liquid-weakly charged gel interfaces, which can extemperature in the dark at least for 10 days before measure-

C. Perspectives of the research
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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 cylindeles indicate their joining pointsCurrent electrodes are mounted
into the outer larger reservoi(sircles show their position PU: polyurethane foam. DC motors driving the stirrers are placed on the top of
the two plexiglas tubegb) Enlarged view of the PVC disk with the gel cylinder.

ments, because the swelling in the narrow bore is a slovany products of the electrolysis generated at the current
process. Using wider bores could shorten this time, but irelectrodes contaminate the fresh electrolyte around the gel
that case the gel cylinder creeps out of the hole at high volteylinder.
ages[8].

C. Electrodes

B. A t i i
pparatus Ag/AgCl voltage sensing electrodes were applied. No ex-

The apparatus is depicted in Fig. 1. The PVC disk withtra salt bridge was necessary in the case of KCl solutions: the
the gel is displayed Fig.(b). Flows of the fresh electrolytes electrodes were placed into the feedstreams directly. A com-
enter at the bottom of the apparatus, close to the gel on bothined salt bridge, consisting of 10 M NNOz; and 1 M KClI
sides. solutions, was used in the acid-base diode experiments, when

Compared to the previous experimental sefilp the ap-  the electrolytes were 0.1 M KOH and 0.1 M HCl in the left
paratus has been modified, by adding a stirrer on both sidegnd right side of the apparatus, respectively. The high con-
of the gel. The stirrers were made of PTFE tubimyter  centration of ammonium nitrate was necessary to minimize
diameter: 1.7 mm, inner diameter: 0.9 mrithey were at-  liquid junction potentials. The Ag/AgCl electrodes were im-
tached to the shafts of the driving DC motors. Each tubingnersed into ta 1 M KCI solution. The current electrodes
was spinning in a borg¢diameter: 3 mm except their last were made of platinum wire.

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 As a first step the apparatus was calibrated: CV character-
of the resulting small bubbles showed an intense mixing ofstics were measured first with 0.001 M and then with 0.01
the fluid. While the flow was intense and turbulent, it was farM KCI solutions, but without the gel. This procedure was
from making any damage to the gel cylinddike causing necessary to determine the parasiticit inevitable¢ ohmic
cracks in or breaking pieces off the geFor symmetry rea- potential drops between a voltage sensing electrode and the
sons on both sides of the gel identical motors, tubing andhearby mouth of the capillary, where the polarized part of the
stirring speeds were applied, unless otherwise stated. gel cylinder starts. To obtain the actual voltage on the gel

From the stirred compartment the electrolyte flows to acylinder, the measured voltage has to be corrected by sub-
large reservoir across a porous plug made of polyurethangacting these unwanted potential drops. The ovéaaltotal)
foam. The continuous flow and the porous plug prevents thatesistance between the voltage sensing electrodes can be eas-

D. Calibration of the measuring cell. Calculation of the
parasitic potential drops
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Rr=Uy/l. 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® prograrn20] is shown in Figs.
2(a) and 2b).

The relative resistancé&he resistance compared to the
total resistanceof 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. 2b)]. 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(@ 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 anc@

ily obtained from the measured voltatlg, and current, as @
6

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. 04
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- o
tances applied in our calculations are summarized in Table I. o
As can be seen, when a gel is placed into the capillary the
parasitic resistances are increased somevged Appendix

A for detailg. Using the values of Table I, and the actual 06
current flowing through the cell in a given measurement, the
parasitic potential drop was eliminated from the measured
voltage to obtain the actuébr nep voltage on the measuring
capillary filled with the electrolyte or the hydrogel cylinder. _ _ _ )
All measured voltages were corrected this way, i.e., the dia- FIG. 2. Calculated equipotential surfagesoss-sectional viey

02

04

08

T 4 £ g T 1 5 52 54 58

grams in the paper display the net voltages only. The corred® in the measuring celtb) and(c) around the mouth of the cap-
tions were always less than 20% of the measured voltagé!ary‘ (@) and (b): The cell is filled with a homogeneous solution:

typically around 10%.

E. Measuring the CV curves of the gel cylinders. Relaxation

times and the geometry of the capillary

the specific resistance is uniforifc) 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 surfacegajsl.1 V within,

After the complete swelling of the gel the measurement ofand 0.11 V outside the capillaryb) uniformly 0.22 V, and(c)
a CV curve was still not a fast procedure: to reach a steadyniformly 0.08 V.
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TABLE |. Parasitic resistance as a function of the experimental 16 - o
conditions. T e
= 12
--gel E
KCI concentration Electrolyte in the capillary Gel in the capillary S 8 -
= hole
0.001 M 78.1 10 88.6 K2 4 »
0.01 M 8.28 K) 10.3 K ‘ ' ‘ ' e . ' ' .
-10 -8 -6 -4 P 2 4 6 8 10
T 4] Voltage [V]
state current within the experimental erf@rhen any unidi- o ) ol

rectional drift ceased at a fixed voltggequired 1-2 hours. e
This is because the diffusion time constar(t=L2/ 72D) of 7 2 {
an open ended capillary is about 1000 s, assuming that th
diffusion coefficientD is 10°° cm?/s. The time to obtain a
steady state value for a given point of the CV diagram could 1507 e
be reduced substantial(yo less than one hoyrif the mea- - gel -
surement was started with the most positive or with the most
negative voltage and was gradually decreased to zero. Whe = hole
applying this procedure to obtain the first point with the 50 1
highest voltage still required 2—3 hours, but the other steady .
states were reached much faster. : o
These time consuming procedures could have beer™
greatly accelerated by reducing the active length of the cap:
illary, i.e., by decreasing the thickness of the PVC wall sepa-

-186 -

100

Current [pA]

2 4 6 8 10
Voltage [V]

rating the electrolyte reservoirs. From a purely technical e 4100 -
point of view an order of magnitude reduction in the length e
(causing a decrease in the diffusive relaxation times by two = 50 ]

orders of magnitudewould be quite possible, as a 0.3 mm o _
thick PVC wall is still strong enough. On the other hand, the(cirlcz:lle% ?(ICIStc?)idcyenS{tritt?onCi\rll I(::hh:r(?jtt::lsetllg(s:trglfy::'eOgOe(;lc(IQnder
aspect ratiqthe length/diameter ratio, in the present experi- ’ ) . e
ments it is 3.2:0.Yof the capillary would be also reduced, if and 0.01 M(b). Both flgurt_es display the CV characteristics of the

: . . bore as well(when there is no gel but only the outer electrolyte
the diameter of the gel cylinder remained the same. At Iowe; . . ) )

. . - . lfowmg mildly through the capillary21]) for comparisor{squares

aspect ratios the relative resistance of the polarized part o

the capillary compared to the resistance of the whole appa- . i i L
ratus would be too small, and uncertainties concerning th@ "elative value is the ratio of the conductivities measured

region around the capillary mouth would also play a moregWith the same capillary filled with 0.01 M and 0.001 M KCI
important role. To avoid this, a simultaneous reduction of theS0lutions, respectively. The theoretical value of that ratio is
gel diameter would be also necessary. Such a reductiod;6, @s can be calculated from conductivity dg2a]. The

however, is not yet possible with our present technique of€asured value in Fig. 3 is 9.4. The small deviation is due to
producing the gel cylinders. the greater than theoretical conductivity of the 0.001 M so-

lution, caused by some dissolved carbon dioxi@&0, was
absorbed from the laboratory atmosphere during the prepa-
ll. RESULTS AND DISCUSSION ration of the solutions The increase of the conductivity
caused by the same G@evel is relatively smaller in a 0.01
M KCI solution. What really matters is the conductivitgr
resistancg ratio of the gel in the two different electrolyte
The current-voltage characteristics of a gel are shown iolutions. The resistance of the g@h the linear -1V,
Fig. 3 together with that of the empty bore. Regarding that+1 V region is 996 K2 in 0.001 M KCl and 234 R in 0.01
the conductivity of a 0.01 M KCI solution at 25°C is M KCI. Thus the conductivity is increased by a factor of
1.41 mS/cm[22] the Ohmic resistance of a 3.2 mm long 4.26+0.1.(The experimental error is mainly due to slight
capillary with a diameter of 0.7 mm should be 58@ when  changes in the laboratory temperature between two measure-
it is filled with the above solutioor 60.7 K if the effective  ments. Care was taken that this was never more than +1 °C.
length of the capillary is 3.3 min The measured value is
somewhat less: it is 58.4(k [see Fig. &)]. 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 dril). That small uncertainty in the absolute  As Fig. 3 shows the CV curve can be approximated with
value, however, will not affect our results, especially becausea straight line at relatively small voltagéis Fig. 3 between
not the absolute, but only the relative conductivity data mat—1 V and +1 \j. Within this range concentration polariza-
ter in the evaluation of the measurements. For example, sudfon phenomena are negligible and the ion concentrations

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

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

characteristic is similar to that when both reservoirs contain
0.1 M KCI solution: the current increases linearly with the

T 140

k] voltage. In the reverse biased diode the situation is different:

g 120 - . H H

g now the hydroxyl and hydrogen ions migrate into the gel
100 1 cylinder where they recombine. As a result a thin layer of
a0 pure water is formed whose conductivity is very low. Thus,

in the absence of fixed ions, theory predicts a small and
nearly voltage independefpractically constantcurrent for

a0 ] 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

20

: , ; , - ; ¢ - - constant component. It was realized that the slope of the CV
-12 -10 B L} 4 2 p 2 4 . . . . . .
prd diagram is proportional to the concentration of the fixed ions
y=08672x- 12.186 VoM in this case(The conductivity increase is due to the mobile

R counterions contaminating the otherwise high resistance

FIG. 4. Current-voltage characteristics of the gel cylinder of Fig.ZOn€ of pure water. Now the electric field is not able to
3 when it is working as an acid-base electrolyte diode. Here thd€move all Fhe mobile ions ffom thaF zone as th? electroneu-
cylinder connects 0.1 M KOH and 0.1 M HCI solutions. trality condition would be violated if the fixed ions would
remain alone.It was shown6] that the concentration of the

inside the gel can be regarded as uniform. The conductivitg:(Ed anionsa can be calculated fror, which is the slope/

and the fixed ion concentration of the gel can be calculate
from this linear part of the CV curves. The conductivity of
the gel is due to its mobile ions, whose concentration is Dou

determined partly by the outer electrolyte and partly by the ag= 2<1 + D_)COSR,

fixed ions inside the gel. Thus gel conductivities measured H

with various outer electrolyte concentrations can give infor-wherec, is now the concentration either of the acid or the
mation about the fixed charge concentration of the gel. Irbase(0.1 M in the present cageDoy and Dy, are the diffu-
Appendk B a formula is derivedbased on the Donnan equi- sion coefficients of hydroxyl and hydrogen ions. Applying
librium and electroneutrality conditionaccording to which the above formula and the data of Fig. 4, the fixed anion
the ratioa of the gel conductivities measured in two differ- concentration was found to be 5704 M; see note[23].

ent KCI solutions(concentrationscy; and cgy) can be ex- The 5.7x 1074 M fixed charge concentration obtained by the

tercept ratio of the negative branch, according to the fol-
owing formula:

pressed as acid-base diode method is nearly one order of magnitude
Ry smaller than the 4.48 103 M value, which was calculated
V1 +(a_p) -0.02 earlier from CV characteristics measured in KCI solutions.

“ Vi+(2)?-0.02

whereag is the concentration of the fixed anions. Knowiag
from measurementghere it is 4.26+0.1 determined from
Fig. 3) the above formula was used to calculate the fixed

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

charge concentration, yieldirg:=4.45+0.15< 107 M. The deviation can be explained with the differgit val-
ues in the two experiments, and can be applied to determine
C. Calculation of the fixed charge concentration from the thepK value of the weak carboxylic acid, which provides the
acid-base diode characteristics fixed ionizable groups in the gel. To this end we can assume

Another method to determine the fixed charge concentrat-hat in _the KCl solution practically all fixed a_cidic groups are
tion in the gel is to measure its CV characteristics in andlssomated, thus the concentration of the fixed anions is ap-
acid-base diod¢6]. To this end the very same gel cylinder proximately egual to the total concentration .Of the fixed
was applied, but now the two reservoirs contained 0.1 V:/céléﬂsé ggﬁf@ﬁfﬁﬁ%&ﬁiiéﬂi dK(q:;DZOrigtlz:tntr:is tl)_|e—
KOH and 0.1 M HCI solutions connected via the hydrogel T . r

n acid with apK value around 4(calculations supporting

Cy"”de_r-_ Stirring was also applied in these experiments bu_t 'this value will be presented lajgs mostly dissociated. This
had minimal or no role now, as the resistance of the alkaline - . . o

o . - can be proven regarding the following relationship:
and the acidic solution was always negligible compared to
that of the gel cylinder. This was especially true for the re- HaE] ChaL

i i i i Kg=—— 0 log| —= | = pK - pH.

verse biased diode, which was the important case here. CV d= 7 g a pK-=p
characteristic of a diode is shown in Fig. 4. In the forward HAL Fl
direction K ions from the alkaline reservoir and Cions  HereKj is the dissociation constant of the weak a@g, is
from the acidic reservoir migrate into the gel under the in-the concentration of the fixed anions in the gel when it is in
fluence of the applied electric field and form a well conduct-a KCI solution, andcya, is the concentration of the nondis-

ing KCI solution there. Thus the positive branch of the CV sociated carboxylic groups. It can be seen thatdhe/a,
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ratio is between 0.01 and 0.03, depending onpHe Con- E. Comparison of the results obtained by formulas based on
sequently, it is justified to assume that analytical approximations with the results of numerical
calculations
Cr = 81 The evaluation of the acid-base diode experiment was
where based on an approximate analytical solution of the problem
and the calculation of the fixed charge concentration utilized
Cr=Cup+ ag, 3 major simplifications:(i) electroneutrality was supposed

. ) . ) ) ~rather than applying the Poisson equatigin) acid-base
that iscy is the sum of the dissociated and non-dissociate@quilibrium was assumed instead of calculating with the rate
carboxyl group concentrations which is an invariant quantityof the hydrogen ion—hydroxyl ion reaction ardi) most
In the acid-base diode experiments it is assumed that thejgportantly the gel was divided into three zones assuming
are only hydrogen ions in the high impedance zone and fixefinear concentration profiles within the zorfes acidic zone

anions, whose concentration ag, now. (The hydroxyl ion  in the left, a weakly acidic in the middle, and an alkaline
concentration can be neglected in that zpre.this case zone in the right part of the diode; see Figa)$.

according to the electroneutrality condition To check the validity of these approximations we per-
_ formed numerical simulations with the lonLab progr®s]
8r2 = C2- based on the exact equations without the above simplifica-

¢ tions. The results of the simulations are shown in Fi#).5
The basis of the approximate analytical calculation is that
while the electric current densifyshould be the same in all

Taking into account that; is independent of the degree o
dissociation, we can write

Ciaz = Cr — pp = 81 — Apo. the_three_ regions there is a unique expression fior each
region[6]:
Consequently, i i} 2D1co _ 2DpCo i DyacAe
Chdy F  Ax AX Axya
Kg= =20 pK =log(ar; ~ ar,) — 2 log(ag). ) _ _OH _ A
Cha2 where the length of the acidic regidxx, plus the length of

the weakly acidic and the alkaline regio$xy, and Axgy,
afespectively gives the total lengtkihere: 1 mm of the one
dimensional acid-base  diode. (Here Dy=9.31
X 107° cn?/s,Doy=5.26x 107° cn?/s the diffusion coeffi-
cients of the hydrogen and hydroxide iof#6,27), respec-
tively, ¢o=0.1 M,A¢ is the dimensionless voltagehe

tion of the PVA gel in KCI solutions i, =4.45xX 1073 M,
while in the acid base diode experiment it is omly,=5.7
X 1074 M. Thus thepK value of the fixed acidic groups in
the gel is 4.08 applying the above formula 4. This value

fra:atehir \(/:;cl)j: ftgr tg a?rt? oj(oﬁEigépergwegg%ﬁje?nggfa;bA =AUF/RT, andF is the Faraday numbeit can be seen that
gep y group the results of the analytical approximation are rather close to

chains. Consequently, this result supports strongly the con; ; g .
jecture that the fixed anions in the PVA gel are dissociateahat of the numerical simulations. For example, the length of

. : he zones agree rather well:
carboxylic acid groups.

The presence of these groups can be explained in the fol- Axy(um): 471 (anal. approy, 488 (numerical,
lowing way. PVA is produced from polyvinyl acetat@VAc)
via hydrolysis, and PVAc is made by polymerizing the vinyl Axya(um): 262 (anal . approx, 258 (numerica),
acetate monomer. It is knowfR4] that chain transfer to
monomer is important during the polymerization. This reac- AxXo(m): 267 (anal. approx, 254 (numerica).
tion results in an unsaturated endgroup, and hydrolysis of
that gives a carboxylic acid endgroup. Thus it is reasonabld he small deviation is mainly due to a very narrow recom-
to assume that the fixed ionic groups in our experiments arination zone between the weakly acidic and alkaline re-

ionized carboxylic acid endgroups of the PVA. gions, which is not taken into account in the analytical ap-
The above results can be affected slightly(bythe swell- ~ proximation. Comparing the slope and the intercept of the

ing of the gel andii) the accuracy of the applied analytical CV characteristics of the reverse biased diode:

formula. slope(xA VL mm2): 19.94(anal. app, 19.96(num),

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 effectsAs can be seen the slope agrees well but the approximate
however, should be minor in the neutral zone of an acid-basitercept is about 5% higher than the more exact numerical
diode, moreover their influence on the conductance is opporalue.(Again, the main reason of this small deviation is that
site, thus the slope/intercept ratio of the negative branch wilthe analytical approximation neglects the recombination

intercept(uA mm™2): 281.5(anal. appy, 267.1(num).

not be affected significantly. zone) This way the concentration of the fixed anions in the
The accuracy test of the analytical formula is discussed imiddle region of the acid-base dio@dehich was calculated
the next paragraph separately. from the slope per intercept rajiovas underestimated also
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FIG. 5. Calculated concentration profiles in a reverse bidgbe~5V) 1 mm long acid-base diode containing fixed ionizable acidic

groupscr=4.45x 102 M; pK=4.08. (a) Analytical approximationib) numerical simulation. 0.1 M HCI is applied at the left-hand side
(x=0) and 0.1 M KOH at the right-hand side=1).

by 5%. Applying this correction modifies the calculateld adjacent to the gel. As there are fixed negative ions in the gel
value from 4.08 to 4.03, thus it gets even closer to the exthe transport number of the potassium ion is higher there
pected value opK=4.0. than that of the chloride ion. On the other hand, in the free

Figure 5 shows that the analytical approximation is alsdiquid the two transport numbers are nearly equal. The con-
satisfactory regarding the concentration profiles inside of agentration polarization is caused by this jump in the transport
acid-base diode with fixed ionizable groups: the profiles innumbers at the gel-solution interface, when a polarizing cur-
Fig. 5a) (analytical formula and Fig. %b) (numerical solu-  fentis applied. In the cathodic boundary layre boundary
tion) are very close to each other. layer f_acmg to the_ ca_thod;ean acg:umulatlon 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

The CV characteristics of the gel in KCI solutions as dis-polarization in the anodic region should determine a polaro-
played in Fig. 3 were recorded when both electrolyte resergraphic limit current28]. Thus a CV curve with a decreas-
voirs were stirred vigorously. Due to the violent stirring the ing slope, and approaching to a constant limit value can be
CV curves are linear within the experimental error in theexpected. The experimental observation is just the opposite:
(-1V, +1V) interval, which proves that concentration polar- the slope of the CV curve is increasing with the voltage and
ization effects are practically eliminated in this voltage re-as a consequence no limit current can be observed. Obvi-
gion. At higher voltages, howeveigspecially above +5V or ously the assumption of the symmetric boundary layers is not
below —5V) a clear departure from the linear response can b&alid: some unknown perturbing effect diminishes the thick-
observed. This indicates the presence of some concentratioress, and/or the impedance of the anodic boundary layer
polarization phenomena. It is generally accepted that theseonsiderably. To explain this observation we sugge$&d
phenomena are originated in the stagnant boundary layetbat electroconvectiofil6] occurs in the anodic boundary

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

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
/ _u 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
: x H . 5 voltages, where the concentration polarization is maximum.
Voltage [V] That result is compatible with the electroconvection hypoth-
o FE————— esis: when we stir mechanically only the cathodic boundary
- e gel with stirring on both sides layer the anodic side will be stirred by the assumed electro-
27 = gelwithnostirring on either sides 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
FIG. 6. Effect of asymmetric stirring on the CV characteristics Of the present asymmetrically stirred electrolyte diode should
of the ge| The p0|arity is positive when the anodic reservoir isCOinCide at negative pOlaI’itieS W|th the CVv ChaI’aCteriStiC Of a
stirred. gel cylinder stirred at both sides. Following the same logic
we could expect that at positive polarities the diode charac-

layer. Such a convection would be able to mix salt from thet€ristic coincides with that of a gel cylinder not stirred at
bulk to the boundary layer, reinstating the salt concentratiogither sides. But this is not the case: as Fig. 6 shows the CV
there, at least partially. This way electroconvection could decharacteristic measured with a gel without stirring is far from
crease the otherwise high impedance of the anodic bounda#{)at of the diode at positive polarities. Thus the hypothesis of
layer. electroconvection ought to be refinezlg., electroconvection
With the new apparatus introduced here an experimentaﬂrov'des a local mixing only Ilmlteq to the |mmed|at.e neigh-
test of the above electroconvection hypothesis becomes feRorhood of the gel but it cannot stir the whole anodic bound-
sible. In this apparatus we could stirr either one, or the othe®’Y layed, or other theories—like inhomogeneous fixed
reservoir independently. This way the effect of stirring on thecharge distribution in the gel—should be considered.
anodic and cathodic boundary layer can be observed sepa- Theoreucal_and expenmentz_al analysis of these possibili-
rately. Figure 6 displays the result of such experiments. Thé€s is the subject of the following papers.
CV characteristics of the gel are shown in 0.001 M KClI
solution, when only one of the reservoirs is stirred. In our
experiments always the same reservoir was stirred but, by ACKNOWLEDGMENTS

changing the electric polarity the stirred reservoir could be  The authors thank M. Marek, D. Snita, J. Lindner, and N.

the anodic or the cathodic one. In Fig. 6 we applied thecjrschner for helpful discussions. This work was partially

following sign convention: the polarity is positive when the supported by OTKA Grants No. T-42708 and No. M-045272
stirred reservoir is positive. For comparison, the Figure disynd the ESE programme REACTOR.

plays the CV curves when both reservoirs and when neither
of them is stirred.

The CV curves re_COfded with Symmetric Stirring are odd APPENDIX A: DETERMINATION OF THE PARASITIC
functions: only the sign of the current depends on the polar- RESISTANCE
ity; its absolute value does not. On the other hand, when
stirring was applied at only one side then the magnitude of As it was mentioned already in the main text, when a gel
the current was larger at positive polarities compared to thés placed into the capillary of our apparatus, the parasitic
negative ones. Thus we have an electrolyte diode here, wherésistance is modified somewhat. This is because the specific
the source of the asymmetry is the asymmetric stirring. Théesistance of the gel is highésy a factor of 2-4 depending
qualitative explanation of this diodelike behavior is based orPn the electrolyte concentratipthan that of the electrolyte,
the evident assumption that the boundary layer adjacent tand a part of the gel sticks out of the capillary increasing the
the nonstirred reservoir should be wider than the one conparasitic resistance there. To estimate this effect we calcu-
tacting the stirred reservoir. Thus when the polarity is posilated CV diagrams for gels of various relative specific resis-
tive, there is salt accumulation in the wide unstirred cathodidances assumgna 5 mmlong piece of gel outside the capil-
boundary layer. This higher concentration penetrates into th&ry on both sides(The calculations were made again with
gel (that phenomenon will be discussed thoroughly in a subthe FEMLAB progran20].) Then we constructed a diagram
sequent papgrand increases its conductivity. At the same (see Fig. Jwhere the relative parasitic resistarRg Rp(ref)
time no substantial salt depletion can occur in the well stirredvas depicted as a function of the relative total resistance of
anodic boundary layer. As a result the current will be con-the apparatuft/Ry(ref). Here Rp(ref) and Ry(ref) is the
siderably larger compared to the case when both sides amlculated parasitic and total resistance, respectively, in the
stirred. That can be seen in Fig. 6 where the increase carference state, that is when the apparatus is filled with a
reach 100% or more. Now, at negative polarities it is thehomogeneous electrolyte.

Current [LA]
8
>

-30 -
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A
loi=- UC|CC|A€0Ea

Re / Re(ref)

1.25 -

wherely andl¢, are the molar currents of the potassium and
12 chloride ions respectively, andug, are the ionic mobilities

in the gel, A is the cross section of the gel, ahdis its

145 | polarized length. The electric current is the sum of ionic
currents multiplied by the molar ionic charges that is

h I=F(x=lg).

1.05 | When we perform two experiments on the same piece of gel

applying the same voltage but at two different concentrations

e Of the outer electrolytéherecy;=107% M, cp,=107% M), two

1 125 15 175 2 225 25 275 3 325 35 375 4 different electric currents can be measured according to the
Rrified  applied concentration. The conductivity ratioof these cur-

FIG. 7. The relative parasitic resistance as a function of thf;IemS can be expressed as
relative total resistancesee text for explanation

_ 12 _ ukCxo + UciCcp

= ) (B1)
I UkCkq tUciCoin

o

The actual value of the parasitic resistance was deter-
mined from this diagram and from the measurements in thét is known (as it is also illustrated by Fig.)3that ionic
following way. First,R(ref) was calculated from the linear mobilities in a hydrogel are smaller than in a free agueous
CV diagram, which can be measured when the apparatus g)lution. This is because the ponmer network slows down
filled with electrolyte only. Then, using the initial linear part the diffusion of low molecular weight ions and molecules
of the CV diagram measured with the g&}; was determined inside the gel(The mobility of an ion is proportional with its
and Ry/Ry(ref) was calculated. This relative value and the diffusion coefficient which is a consequence of the Einstein
diagram in Fig. 7 was applied to calcula®/Rp(ref). Fi-  relation) As the ionic radii and the diffusion constants of the
nally, Ro was calculated, aRp(ref) is known for 0.01 and potassium and chloride ions in water are very close to gach
0.001 molar KCI solutions. The correction discussed abové’the“r’ itis a good" approximation to assume that these ions
can increase the parasitic resistance by 20% as a maximuf@® ‘slowed down” by the polymer network in the same pro-

Nevertheless, as the whole voltage correction due to thBOrtion[29-31. Thus in the following we will assume that
parasitic resistance is less than 10% of the total voltagn® ratior of the diffusion coefficients of the potassium and
small uncertaintiege.qg., the exact length of that part of the chloride ions is independent of the medium and it is the same

gel which hangs out of the capillary can deviate from thell fré€ aqueous solution and in the hydrogel:

theoretical 5 mm by 1-2 myrcannot modify our results. . Dy _ Dy gel _ U (82)
Dci Deigel Uc
APPENDIX B: DERIVATION OF THE FORMULA FOR

HereDy,D ndD D is the diffusion fficient of
THE CONDUCTIVITY RATIO  a ereDy;, De;, andDy gei, Doy gelS the diffusion coefficient o

the potassium and chloride ions in water and in the gel ma-

Let us denote the fixed anion concentration in the gel witH": resplizctivily. Atl 25 °C the ratio of éhe_diffuhs_ion coeffi-
ag. Thenc, andce—the potassium and chioride ion concen- CIENtS takes the value=0.96 [26]. Introducing this ratior

tration in the gel—can be calculated taking into account thd"t© formula(B1) and applying the condition of electroneu-
Donnan equilibrium and the electroneutrality condition. Thetrality a can be expressed as
result is _(r+1)co—ap

“" (r+1cki—ag (B3)

2 a2
_a+Vap+4g

Ck 5 , Inserting now the condition of Donnan equilibrium into the
above equation gives as a function of the fixed charge
concentratiorag:

Cci=Ck — ap, 2Co, |2
\/1+ (—02) +R
where ¢, is the KCI concentration in the outer electrolyte o= G = , (B4)
surrounding the gel. As there is no concentration gradient in \/ 2Co;
ioni : 1+(— ) +R
the gel the ionic currents depend only drp, the applied ap
voltage. They can be expressed as
where
A r— l DK - Dc|
Ik =ukCkAop—, =——=—"—"=-0.02.
KKK (PL r+1 Dg+Dg
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