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Abstract

Sodium alginate solution, being viscous hydrocolloid, was examined voltammetrically
in the context of viscous effects by use of a ferrocenyl compound as a redox probe.
Voltammograms were almost independent of concentrations of sodium alginate even in
a solid-like state. Diffusion coefficients of the ferrocenyl compound did not vary with
viscosity evaluated by a viscometer. lonic conductivity of sodium alginate was also
independent of the viscosity. In contrast, diffusion coefficients of the latex particle 0.84
um in diameter decreased with an increase in the viscosity. The intrinsic viscosity was
evaluated. The value is equivalent to the volume as large as 3 m® of water in which one
mole of the unit of sodium alginate polymer generates the viscosity. Consequently,
redox species diffuse through water portions circumventing the alginate network. As an
application, sodium alginate solutions were used for long-time chronoamperometry. The
current was decayed with the time even of 1500 s without any effect of natural
convection, whereas that in the aqueous solution was irreproducible for times longer
than 20 s. The other application was electroplating of silver. The silver surface
deposited in sodium alginate had no morphology by the SEM image, while the surface
plated without sodium alginate showed morphology even on an optical microscopy

scale.
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1. Introduction

Sodium alginate is a water-soluble, natural occurring linear polysaccharide [1,2]. It
takes a form of viscous hydrocolloid, dispersions or gels by crosslinking. It has been
widely applied to safety food additives, pharmaceutical materials, textile, thickeners,
emulsifiers, and stabilizers [3]. The extensive applications lie in modifiable scaffold of
functional species in films or gel [4-7] under biocompatible circumstances [6,8-11].
Viscous sodium alginate solutions decrease in general mass transfer rates owing to the
frictional resistance. For example, the detection time of oxygen at the Clark-type chip
was prolonged 1.5 times when the chip contained sodium alginate [4]. The higher was
the viscosity of sodium alginate, the lower was the separation sensitivity of
pervaporation [12]. Some opposite data have been reported [5,7,13-15], in which mass
transfer rates are independence of viscosity. The concept of the independence is based
on the prediction that molecules can transfer through a large network of sodium alginate
[13,15-18].

Electrochemical measurements in viscous solutions are complicated by poor
conductance of solution due not only to retarded ion transport but also to limited ionic
solubility. The poor conductance deforms voltammetric waves as if sluggish electrode
kinetics were to be involved in reactions [19,20]. The decrease in ionic solubility
enhances adsorption of redox species, e.g., ferricenium ion as an oxidation product [21].
Strong temperature-dependence of viscosity causes poor reproducibility of data. Despite
these complications, some fundamental features proper to viscosity have been reported;
slip effects which deviates the proportionality of shear stress to velocity [22], deviation
from Levich's equation at Reynolds number less than 30 [23], inhomogeneity of redox
sites in polymer giving rise to a delay of diffusion currents [24], dependence of
diffusion coefficients on concentrations of redox species [25], estimation of

solvent-solute interaction [26], and deviation from the inverse proportion of diffusion
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coefficients to viscosity [27,28].

Mass transport rates in viscous sodium alginate are controversial because of few
data reported on size of the network [5]. The data required for the discussion are a
diffusion coefficient, D, and viscosity, 7, which are generally related through the
Stokes-Einstein equation [29]

D = kgT/6mnro 1)

where ro is the hydrodynamic radius of spherical diffusing particle, and kg is the
Boltzmann constant. Eg. (1) has been obtained from the concept that thermal motion of
a particle is compensated with the viscous friction. If the macroscopic viscosity
obtained by a viscometer is different from the microscopic viscosity which the particle
experiences, Eqg. (1) does not hold. Difference between the two viscosities may reflect
polymer structure of sodium alginate. This work is devoted to examining Eq. (1) in
sodium alginate solutions containing a redox species by combining voltammetry and

measurements of viscosity.

2. Experimental

Powder of sodium alginate (Wako), of which molecular weight corresponded to
500-600 mPa s in 10 g dm™ solution, was used as received. It was stored in a
refrigerator. The electroactive species, ferrocenyl tetramethylammmonium
hexafluorophosphate (FCTMA), was synthesized in house. FCTMA contained salt,
mainly ammonium iodide, which was formed when iodide in ferrocenyl
tetramethylammmonium iodide was substituted for hexafluorophosphate. Therefore, it
was not easy to prepare accurate concentrations of FCTMA. Water was deionized and
distilled.

A homogeneous solution of sodium alginate was prepared by dissolving sodium

alginate powder in distilled water at 60°C and mixing slowly. Viscous solution
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contained air bubbles coming from the powder. Bubbles were removed by
ultrasonication for 30 min. The sodium alginate solution was mixed with the solution
including 0.1 M (= mol dm®) KCI and ca. 1 mM FcTMA. Mixing of very viscous
solution was made by squeezing the mixture in a polyethylene bag.

Accurate concentrations of FcTMA solution were determined by the
combinational use of voltammetric peak currents at the platinum electrodes 1.6 mm and
0.1 mm in diameters [30]. This technique included the following steps; carrying out
voltammetry at the two electrodes for the potential scan rates, v, in the range from 10 to
100 mV s, evaluating the proportionality constant of the peak current, lp, vs. v? at the
1.6 mm electrode, evaluating the extrapolated limiting current, 1, to v’2 — 0 at the 0.1
mm electrode in the I.', vs. v¥2 plot, and taking the ratio of the (I,v*/? )?/1.. In contrast
the ratio (I,v*/2 )/IL provided values of the diffusion coefficient of FCTMA without
knowing accurate concentrations.

A conductometer was home-made by arranging two platinum disk electrodes flush
with a polytetrafluoroethylene plate. The separation of two electrodes was 5.5 mm.
Alternating voltage with 1 kHz and 10 mV amplitude was applied to the electrodes. The
in-phase component of the responding current was collected through a potentiostat. It
was calibrated with several concentrations of KCI solution ranging from 0.01 to 0.1 M
to determine the cell constant.

Cyclic voltammetry was carried out with a potentiostat, Compactstat (Ivium
Tech., Netherlands), in viscous mixtures. Platinum disks 1.6 mm and 0.1 mm in
diameter (BAS, Tokyo) were used as voltammetric working electrodes. The surface of
the working electrode was polished with alumina paste on wet cotton, and was rinsed
with distilled water in an ultrasonic bath.

Viscosity was determined with a vibration viscometer, SV-10 (A&D, Tokyo), at
room temperature after each voltammetric measurement. Viscosity was also obtained

under the temperature control from 0 to 73°C.
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Polystyrene latex was synthesized in house [31]. Uniformity of size of the latex in
aqueous suspension was confirmed by an optical microscope, VH-5000 (Keyence,
Osaka). The size distribution of latex particles was determined by a dynamic light
scattering (DLS) instrument (Malvern Zetasizer Nano-ZS, UK). Diameters by a

scanning microscope and DLS were identical within experimental errors.

3. Results and Discussion

3.1 Relation of diffusion coefficient with viscosity

Voltammetry of FCTMA was made in solutions including 0.1 M KCI and several
concentrations of sodium alginate. Figure 1 shows voltammograms (a) without and (b)
with sodium alginate at Pt electrodes (A) 1.6 mm and (B) 0.1 mm in diameter. The
voltammograms in (A) at an ordinary sized electrode showed peaked shape, whereas
those in (B) at a microelectrode-like small electrode exhibited steady-state like shape.
The sodium alginate solution for (b) was almost in such a solid state that the solution|air
boundary did not move when the boundary was turned vertically to the gravity. With an
increase in concentrations of sodium alginate, voltammograms were slightly shifted in
the negative direction. The maximum shift was 20 mV, as is shown in Fig. 1. The shift
may be caused by stabilization of the reduced ferrocenyl moiety, Fe?*(CsHs) (CsHa-),
with the hydrophobic backbone of sodium alginate. Values of the peak currents at
similar concentration of FCTMA in Fig. 1(A) did not vary largely with the viscosity
although viscosity was quite different in (a) and (b). Voltammetric peak currents
controlled by diffusion at an ordinary sized electrode are proportional to square-roots of
the scan rate, v, whereas those at a ultramicroelectrode do not vary with v. Figure 2
shows variations of the peak currents with v’ at the electrodes (A) 1.6 mm and (B) 0.1

mm in diameter. The former variations exhibited the proportionality, while the latter
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variations were not constant but increased linearly with v

. Thus, voltammograms at
the 0.1 mm electrode show the intermediate property at a large electrode and at a
microelectrode. A measure of the peaked current or the steady-state current is the
variable p?> = a?FV/RTD [32], where D is the diffusion coefficient of an electroactive
species. This variation should also be observed when the diffusion coefficient becomes
small in viscous media [28]. However, the voltammetric shape at the electrode 0.1 mm
in diameter (Fig. 1B(a)) was independent of viscosity. If a value of D were to get small
in the sodium alginate solution, the plot for (b) in Fig. 2(B) should show a slope steeper
than that for (a). Consequently, viscosity of sodium alginate seems to have qualitatively
no effect on diffusion coefficients of FCTMA.

Evaluation of diffusion coefficients from voltammetric currents needs accurate
values of concentrations. Unfortunately, it is not easy to control concentrations of
FCTMA in viscous solutions because of no confirmed evidence of uniform mixing, as
can be seen from the difference in current values between (a) and (b) in Fig. 1 and 2.
We determined diffusion coefficients of FCTMA by taking the ratio of the peak currents
at the electrode 1.6 mm in diameter to that at 0.1 mm without knowing concentrations
of FCTMA, as was presented in the experimental section. Immediately after
voltammetry, viscosity was determined with the viscometer. Figure 3 shows the
variation of the diffusion coefficient with the viscosity, 7, in logarithmic axes. Values of
D did not vary with 7. The Stokes-Einstein equation (Eqg. (1)) mentions that the slope of
the plot of log(D) vs. log(7) is -1 (dotted line in Fig. (3)). Disagreement of the
experimental data with Eq. (1) indicates that the viscosity experienced by the FCTMA
molecule should be smaller than that by the viscometer. The data points are rather
scattered at high viscosity, because of possibility of inhomogeneous mixing or
fluctuation of temperature.

The variation of the viscosity with temperature, as is shown in Fig. 4, is much

smaller than the variation in Fig. 3. Therefore the scattering is ascribed to insufficient
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mixing.

Figure 5 shows temperature-variations of the viscosity of sodium alginate and the
diffusion coefficient of FCTMA. With an increase in the temperature, the viscosity
decreased and the diffusion coefficient increased. According to the Stokes-Einstein
equation, the product, D7, should increase slightly with temperature. However, it
decreased because the diffusion coefficient was less influenced by temperature than the
viscosity was.

Values of diffusion coefficients by electrochemical measurements necessarily
include complications due to change in redox charge. Therefore, the invariance of D to
n in Fig. 3 does not always come from a simple hydrodynamic effect. As an example of
variation of diffusion coefficients without change in ionic charge, we paid attention to
ionic conductance, which is proportional to the diffusion coefficient [29]. Conductance
of Na* in sodium alginate was determined with the home-made -calibrated
conductometer in various concentrations of sodium alginate. Variation of conductivity,
K, Vs. the viscosity is shown in Fig. 3 on the right axis. The variation was similar to that
of D vs. n for FcTMA. Therefore the independence of D from 7 is not relevant to redox
species, but is a property of sodium alginate.

The invariance of D with » might be caused by voltammetric unknown problems
in viscous solutions. In order to confirm the invariance, we estimated approximate
values of D in sodium alginate by use of time-evolution of diffusing dye in the
following way. A viscous solution of sodium alginate was prepared on a petri dish, onto
which a small amount of methylene blue-included aqueous solution was dropped. The
methylene blue zone was expanded concentrically on the sodium alginate surface, as
shown in Fig. 6. Although the boundary of the zone was not well-defined, we read outer
and inner diameters of the blue circle zone at some periods after the drop. Figure 7
shows variations of the radii with the square-root of the time, on the concept of the

thickness of a diffusion layer approximately given by r = (Dt)2. As predicted, the radii
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had linear variations with t“2. The slope provided D = 0.5x10° cm? s%, being common
for two viscosity values (6030 and 386 mPa s). This value is not only independent on
the viscosity of sodium alginate but also is close to D-values of organic molecules in
water.

In order to grasp a molecular image of the independence, we discuss intrinsic
viscosity [33] here. We measured the viscosity at several low concentrations of sodium
alginate solutions, c. The viscosity increased with the concentration. Letting the
viscosity of water be 7*, we obtained a linear relation of (7/#*- 1)/c with c, as is shown
in Fig. 8. The intercept is the intrinsic viscosity, [7] = 15 dm? gX. Multiplying [7] by the
molecular weight (198 g/mol) of the unit of sodium alginate (NaCesH;QOg) yields the
volume, 3.0 mé, for the viscosity per unit of sodium alginate. This volume contains
1.7x10° moles of water, whereas it does one molecule of a unit of sodium alginate.
Consequently, a conventional molecule such as FCTMA diffuses through water portion
without colliding with the network of sodium alginate.

Molecules bigger than this volume should exhibit viscous effects by blocking
diffusion with the network of sodium alginate. This prediction was examined by
dependence of diffusion coefficients of polystyrene latex particles 0.84 um in diameter
on viscosity of sodium alginate. The diffusion coefficients were estimated with DLS for
a given viscosity value. Their values were decreased with an increase in the viscosity, as
is shown in Fig. 9. They are close to the linearity (solid line) by the Stokes-Einstein

equation for ro = 0.42 um.

3.2 Applications

Long-term chronoamperometry often provides irreproducible currents owing to the
buildup of density gradients and stray vibrations [34]. Currents for times longer than 30

s include convective effects, and those for times longer than 300 s are not controlled by
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diffusion any more [35]. Viscous sodium alginate is predicted to suppress natural
convention. Figure 10 shows chronoamperometric curves of FCTMA in (@) 1 M KCl in
viscous sodium alginate solution and (b) 1 M KCI aqueous solution. The currents in the
alginate solution were decayed smoothly and were reproducible. They did not vary with
angles of the electrode surface against the horizon ((i) O degree or (ii) 60 degree). In
contrast, the currents in the aqueous solution for times longer than 100 s were
irreproducible and larger than those in the sodium alginate solution. They include
convection effects. Consequently, sodium alginate works as stabilization of diffusion
currents by preventing convection.

The property of uniformizing current distributions may be applied to formation of
electroplating films. Figure 11 shows voltammograms of silver ions (a) with and (b)
without of sodium alginate. Both voltammetric shapes were similar but the current
values in sodium alginate were smaller than those in solutions without sodium alginate
at the identical concentration of Ag*. The difference in values of the cathodic current
does not seem to be consistent with the result in Fig. 1. Since sodium alginate includes
carboxylic moiety, silver ion forms silver carboxylate complexes. Consequently the net
concentration of silver ion to be deposited is decreased in the bulk by chelate. The
charge of the reduction current in the sodium alginate solution (Fig. 11(a)) was close to
that for a half concentration of Ag® (12.5 mM AgNOs3) in KNOs without sodium
alginate. Therefore a half Ag* was stabilized with sodium alginate.

Silver ion was deposited on the Pt electrode at -0.3 V in 25 mM AgNOs; + 1 M
KNO; solution and in 25 mM AgNOs + 1 M KNOs + 9 g dm™ sodium alginate solution,
respectively, for 15 s and 60 s so that the cathodic charge was common (ca. 1.5 mC).
The electrode was rinsed gently with water, and was observed by the optical microscope,
as shown in Fig. 12. The photograph without sodium alginate shows a pattern (B),
whereas that with sodium alginate has little morphology (A). The former is composed

of basically two types of morphology; grains less than 10 um, and domains larger than
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0.1 mm. When the effective concentration of Ag®, that is, a half the concentration was
used for deposition without sodium alginate, the deposit surface (Fig. 12(C)) was
similar to the pattern in Fig. 12(B). The SEM photograph (Fig. 13(B)) without sodium
alginate shows fish-shaped grains with various sizes, whereas that (Fig. 13(A)) with
sodium alginate exhibits no pattern. The difference is ascribed to the
chronoamperometric result (Fig. 10) that sodium alginate prevents natural convection of

silver ion.

4. Conclusions

With an increase in concentrations of sodium alginate, the viscosity of ionic
solution increases up to actually solid states. Diffusion coefficients of ions, however, do
not vary with the viscosity as if the ions were in water. The value of the intrinsic
viscosity is so large that one mole of the unit of sodium alginate polymer can make 3 m3
aqueous solution viscous. Consequently ions diffuse in the domain of the aqueous
solution without collision with the network of sodium alginate. Sodium alginate is
extremely efficient in generating viscosity.

Sodium alginate solution is useful to keep ideal concentration profiles by diffusion
long (a half hour) without effects of natural convection and/or of stray vibrations. The
property of retaining ideal mass transport can be applied to metal plating. The silver

metal cathodically deposited in sodium alginate solution has no morphology.
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