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Ah&act-Ionic mass transfer on conical electrodes with axially streaming solutions is studied. The 
limiting current for different electrochemical systems was determined under experimental conditions 
chosen for testing the conclusion of the previous theoretical study. 

The intluence of the flow rate, the length of the cone, the angle of the cone, the viscosity of the 
fluid, the diffusivity of the component as well as the ratio of the maximum cone diameter to the width 
of the channel was determined. 

The average rate equation under laminar conditions, is expressed by the dimensionless equation 

Sh x = 0.80 Re%c’l” x 9 

where Xrefers either the cone genera& or the radius of the disk-type electrode chosen as the char- 
acteristic length, the Reynolds number being detined by means of the maximum flow rate. Experi- 
mental data agree with the theoretical prediction. 

R&sum&Recherches sur le transfert de masse ionique sur electrodes coniques avec des solutions en 
mouvement axial. Pour differents systemes &ctrochimiques, le courant limite a et6 d&ermine dans 
des conditions expbimentales appropriees au controle d’une &I& theorique prealable. 

Lea influences du dbbit, de la longueur du cone, de l’angle du c8ne, de la viscosite du fluide, de la 
ditfusibiite du composant ainsi que du rapport entre le diametre maximum du c8ne et la largeur du 
canal ont et6 d&ermin&es. 

L’6quation de la vitesse moyenne sous des conditions laminaires, est exprim6e par l’equation 
adimensionnelle 

Sh, = 0 80 R@‘?3c’18 , x ’ 

oh X se rapporte soit B la g6neratrice du c&e, soit au rayon de l’6lectrode & disque choisie comme 
de longueur caracteristique, le nombre de Reynolds &ant d&i au moyen de la vitesse maxhnum 
d’6coulement. Les resultats exp&imentaux sont en accord avec les previsions Woriques. 

Zosammenfassung-Man untersuchte den Stofftransport an achsial angestriimten, konischen Elek- 
troden durch Grenzstrommessungen mit verschiedenen elektrochemischem Systemen. 

Es wurde der Einfluss der Str%mungsgeschwindigkeit, der Liinge und des Spitxenwinkels des 
Konus, des Verh&ltnisses zwischen Basisdurchmesser turd Kanalweite sowie der Viskositat und des 
Diffusionskoefhzienten ermittelt. 

Unter laminaren Striimungsbedingungen ergibt sich die folgende dimensionslose Beziehung 

Sh, = 0 80 Re%c118 , x 2 

wobei X sich entweder auf die Mantellinie des Konus oder auf den Radius der Scheibe ah charak- 
teristische Lglnge der Elektrode bezieht und die Reynolds-Zahl mit der maximalen Stromungsge- 
schwindigkeit gebildet wird. Die experimentellen Ergebnisse stimmen gut mit der Theorie t&rein. 

INTRODUCTION 

IN PART I1 an equation for the rate of the diffusional flux was given, for systems 
comprising either fixed disk or cones placed in a channel of infinite width with an 
axial fluid stream at uniform velocity. That equation is valid for laminar flow, which 
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is expected to prevail only up to a certain critical value of Reynolds’ number. The 
equation given in terms of dimensionless numbers is 

Shx = 0.80 Rej/2 SC~/~, (1) 

where Sh,, Re and SC, are Sherwood, Reynolds and Schmidt numbers respectively, 
defined as 

Shx = g ; Rex = Lx ; 

I V 
SC=;. 

t 
(2) 

k is the mass transfer rate constant in cm/s, Dd is the diffusion coefficient of species i 
in cm$/s, v is the kinematic viscosity in ems/s, U is the velocity of the incident flux in 
cm/s, which should be de&red according to the experimental conditions, and X is 
the characteristic length corresponding either to the cone genera&ix or the radius of 
the disk. The numerical coefficient of (1) was found to be practically independent 
from the angle of the working surface. 

An equation of the form indicated by (1) was formerly proposed in a hydro- 
dynamic voltammetry study on conical platinum micro-electrodes,s*3 by extension to 
mass transfer of the expression resulting from the resolution of the heat-transfer 
problem for boundary conditions similar to those of the system employed.4 Defining 
Sh and Re in the usual way and taking as characteristic length that along which the 
liquid flows, the following equation resulted, 

4 

Sh = 31/(3) 
Re1i2 Sc1f3. 

The numerical coefficient of (3) is O-769, very close to the value found through the 
solution of the mass-transfer differential equation. 

To test the validity of these equations it is indispensable to obtain experimental 
information covering as far as possible the whole set of variables involved in the theory. 
So, the flow rate, the length and the angle of the cone, the viscosity of the fluid, the 
Musivity of the component as well as the ratio of the maximum cone diameter to the 
width of the channel where the liquid flows, were in due course suitably changed. 

EXPERIMENTAL 
1. Electrolysis cell 

The electrolysis cell is shown in Fig. 1. The cylindrical metallic tube was of copper 
or nickel-plated copper and it constituted a part of the flow circuit as well as the 
counter-electrode. The working electrode was axially placed and centred in the tube, 
being kept in position by means of a specially designed holder. A conical working 
electrode mounted on a Lucite rod either of copper or nickel-plated copper was used, 
depending upon the electrochemical reaction to be studied. Electrodes of different 
dimensions were employed as shown in Table 1. 

Just in front of the conical electrode a hole of 0.3 mm diameter was drilled through 
the counter-electrode to allow contact with a suitable reference electrode placed in a 
conventional container. The electrolysis cell was mounted vertically, the liquid 
flowing upwards. 

The rest of the flowing circuit was formed by a glass container dipped into a 
thermostat and an all-glass pumping device driven by an at-controlled motor. The 
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Fro. 1. Scheme of the electrolysis cell and details of the working electrode. 
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TABLE 1 

Electrode 
Angle 

degree 

X X1 s 
cm cm cm’ material 

: 
3 
4 

i 
7 

x 
10 
11 

:: 
14 

180 
135 
90 
75 
30 

ii 
30 
80 
80 

zi 
60 
80 

0.63 - 1.24 
0.68 - 1.35 
0.89 - 1.76 
1.03 - 2.04 
2.46 - 4.87 
0.50 2.00 0.27 
0.91 1.54 0.73 
1.57 0.80 2.10 
0.75 - 1.12 
0.56 - 0.64 
0.55 - 0.45 
0.43 - 0.30 
0.35 - 0.15 
0.97 - 1.92 

flow rate was read with a conventional flowmeter and it was adjusted as usual. The 
temperature of the solution was read just after passing the electrolysis cell. Current/ 
voltage curves were obtained either from point to point or continuously with a con- 
ventional circuitry. 

2. Working conditions 

The following solutions were employed: (i) equimolar solutions of potassium 
ferro- and ferricyanide in 2 M sodium hydroxide and (ii) solutions of copper sulphate 
in 1.5 M sulphuric acid. Glycerine was added to the latter up to 5 M concentration. 
Solutions were prepared and de-aerated as earlier described. In the first case, the 
redox reaction 

Fe(CN),% + e = Fe(C!N),& (I) 

in both directions was studied on activated nickel working electrodes. In the second 
case, the electrodeposition of copper was studied on polished copper electrodes, the 
overall reaction being 

Cus+ + 2e = Cu. (II) 

In both systems the concentration of the reacting species was modtied from 0.01 to 
0.1 M. The kinematic viscosity of the copper sulphate solutions ranged from 1.17 x 
1O-a to 4.26 x 10-a cm2/s. 

The average flow rate referred to the cross-section of the counter-electrode varied 
from 1.88 to 25 cm/s. Experiments were performed at temperatures from 20 to 40X!, 
most of the results being obtained at 25°C. 

RESULTS AND INTERPRETATION 

In any electrochemical reaction, under convective diffusion control, the maximum 
mass transfer flux is related to the limiting current density, 1, by the expression 

/mar * =-&=kC:, (4) 

where ni is the number of electrons participating in the reaction, FFaraday’s constant, 
S the geometrical electrode area, k the average mass-tiansfer rate constant and Cp 
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the concentration of the diffusing species in the bulk of the solution. Equation (4) is 
valid if an excess of supporting electrolyte is present in the system. 

Limiting current densities required to evaluate the rate constant were obtained 
from current/voltage curves. Typical curves are shown in Figs. 2 and 3. 
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FIG. 2. Current/voltage curves for the reduction of ferricyanide ion. Average flow 

rates, D, are in cm/s. 

AE, mV 

FIG. 3. Current/voltage curves for the oxidation of ferrocyanide ion. Averag flow 
rates are in cm/s. 

1. The effeci of theflow rate 

As indicated in Figs. 2 and 3, the limiting current density increases with the flow 
rate of the electrolyte solution. The limiting current density is linearly dependent on 
the square root of the flow rate, as shown in Figs. 4 and 5. This type of plot also shows 
that the limiting current density at constant flow rate depends on the particular 
conical electrode employed. Taking into account the electrolysis cell design and the 
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FIG. 4. Plot of the limiting current density us the square root of the average flowing 
rate for the reduction of fenkyanide ion. 

positions of the cone, the flow velocity at the location of the working electrode is 
required in order to evaluate the actual signibance of the flow rate on the mass- 
transfer rate. If the Poiseuille profile in the counter-electrode is fully developed, the 
maximum velocity, which is twice the average velocity experimentally determined, is 
required to compute Reynolds’ number. 

The velocity profile at the counter-electrode is fully developed after a certain 
entrance length, which is a function of the diameter of the tube and the Reynolds’ 
number. It was therefore interesting to examine the influence of the velocity-protie 
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FIQ. 5. Plot of the limiting current density us the square root of the average flowing 

rate for the oxidation of ferrocyanide ion. Intluence of the length of the cone. 
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development at the counter-electrode on the processes occurring at the working 
electrode. Experiments performed by placing the working electrode at depths varying 
from 5 to 20 cm within the counter-electrode show no detectable influence within the 
expected degree of accuracy. Therefore, in the processing of experimental data 
obtained with the tubular cell, the maximum flow velocity is considered as being that 
actually effective in the convection. 

2. Dependence on the v/D ratio 

To study this effect copper-sulphate-sulphurioacid solutions with different 
concentrations of glycerine were used. A copper electrode with a fixed geometry was 
employed. The limiting current densities were determined, the whole current/voltage 
curves being known previously, by performing measurements in a short time while 
polarizing the working electrode at a fixed potential, in order to avoid as far as possible 
any distortion of results due to an appreciable change of electrode surface. 

The dependence of the rate of mass transfer on Schmidt’s number was found by 
plotting log Sh us log SC at constant Re. The data were previously processed graph- 
ically by plotting log Sh US log Re for the different solutions, since the experimental 
data were not suitable for direct plotting, as formerly indicated. Results are shown 
in Fig. 6; each straight line corresponds to constant Re. It can be concluded that the 
exponent of SC is l/3. This dependence seems valid up to Sc of 3 x 104. Values of the 
diffusion coefficient for the systems employed were taken from the literature.+@ 

I I 
xi 40 

b SC 

Fm. 6. Influence of Schmidt’s number. The slope of the straight llncs is l/3. 

3. In@ence of the length of the cone 

This influence was studied with electrodes of constant angle. As can be predicted, 
if hydrodynamic and diffusional profiles originate at the cone vertex, the ionic mas+ 
transfer rate should increase when the length of the electrode decreases. In Fig. 7 
log iL, calculated by means of (4), has been plotted against log X, for a constant 
angle, yielding a slope close to - l/2. 
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FIG. 7. Influence of the cone length. The skqx of the straight lines is -l/2. 

4. Influence of the cross-section 

The ratio between the diameter of the counter-electrode to the diameter of the 
cone base was varied from 1.7 to 7.0. No appreciable effect of this ratio on the mass- 
transfer rate was observed. This finding is confirmed by the fact that those data can 
be satisfactorily correlated with the general equation indicated below. 

5. Injhence of concentration 

Equation (4) predicts a linear relationship between mass-transfer rate and concen- 
tration of the diffusing species; this was also verified within the concentration range 
employed, as shown in Fig. 8. 

c, M 
Electrode 5 

FIG. 8. Dependence of the limiting current density on the concentration of the reacting 
species. 0, reduction of ferricyanide ion; 0, oxidation of ferrocyanide ion. 

6. Influence of temperature 

Temperature infiuence is shown in Fig. 9 by plotting log k us l/T, T being the 
temperature in “K. Each straight line corresponds to a constant flow rate. The 
experimental activation energy calculated from Fig. 9 for the ferro-ferricyanide redox 
couple is 3.8 & 0.2 Kcal/mole. The temperature effect was required to refer all 
experimental results to 25°C. 

7. Correlation of results 

The experimental results, referred to 25”C, were plotted according to (l), keeping 
in mind the previous considerations in defining Reynolds’ number. 
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FIG. 9. Arrhenius plot of the ionic mass transfer rate constant for the ferro-ferricyanide 
system. 

The straight line goes in each case through the origin, and its slope, within the 
scatter of results, is independent of the electrochemical system, the angle and the 
design of the conical electrode. Taking into account the slope of the dotted line and 
the experimental data, a remarkable coincidence with the prediction of theoretical 
equation described in Part I is observed. 
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FIG. 10. Teat of the correlation for the reduction of ferricyanide ion. 
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FIG. 12. Test of the correlation for the reduction of coppa ion. 

The points in Figs. l&12 refer to more than 90 per cent of the experiments 
performed. A few experiments have been disregarded, with the redox ferro-ferri- 
cyanide system ; their failure was probably due to faulty activation of the nickel 
electrodes. 

8. Analysis of errors 

The errors involved in this work were evaluated as indicated previously.l” The 
maxhbn calculated error amounts to 10 per cent, although the error of results shown 
in Figs. 10-12, as compared to (l), is lower than that figure. 

CONCLUSIONS 

The relationship provided by the theoretical approach to the problem of ionic 
mass transfer on conical electrodes1 as well as by the deduction from the analogous 
heat-transfer problems is evidently satisfied. This is clearly shown when data obtained 
under very different experimental conditions are satisfactorily correlated with the 
same rate equation. 

It is interesting to note that the mass-transfer rate is independent from the angle 
of the conical electrode, as predicted, since the numerical coefficient of the rate 
equation involves the product a’1’9/3(m-1)12CJ[(m + 1)/2], which is practically con- 
stant for different values of m, as already indicated in Part 1.l 

Another important fact to emphasize is related to the influence of the counter- 
electrode wall in the formation of the hydrodynamic prolYe on the working electrode 
and consequently, its effect on the mass-transfer rate. Experiments performed with 
constant angle electrodes of diRerent generatrix and ratios between the active and 
inactive length from the electrochemical viewpoint, indicate no sensible influence of 
the counter-electrode wall. So, the maximum velocity of the profile al&&s mainly the 
convective contribution to mass transfer on the working electrode. The conclusion 
drawn in the present work can be extended to a free flux system, provided that the fluid 
velocity is properly defined. This possibility and further applications of this type of 
electrodes are considered in Part III.ll 
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