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THE EFFECT OF ELECTROLYTIC GAS EVOLUTION
ON MASS TRANSFER AT ELECTRODES

L. J. J. JaAnssEN and E. BARENDRECHT

Department of Electrochemistry, Eindhoven University of Technology, Postbus 513, Eindhoven,
Fhe Netherlands

(Received 31 March 1978; in revised form 21 December 1978)

Abatract — A theoretical description of a hydrodynamlc model for mass transfer at gas evolving electrodes
where no coalescence of gas bubbles occurs is given, To elucidate the mechanism of mass transfer, the

thickness of the Nernst diffusion layer, 5, has been determined as a function of the volumetric rate of the gas
evolution, v, for both a gas evolving disc electrode and non-gas evolving ring electrodes placed concentrically
around the gas evolving disc electrode. These experiments are performed for both hydrogen and oxvgen

evolution in alkaline solution.

It is found that for the hydrogen evolving electrode, where no coalescence occurs, the slope of the
log 8/log v curve agrees with the theoretical slope. For the oxygen evolving electrode, where coalescence
occurs frequently, the experimental and the theoretical slope differ markedly,

NOMENCLATURE

c concentration of the indicator ion in the bulk of the
electrolyte (mol cm ™3}

C, constant factor

d diameter of a bubble (cm)

d,  diameter of a bubble departing from a horizontal gas
evolving electrode, ie break-off diameter of a bubble
{cm)

D diffusion coefficient of an indicator ion (cm?s™ 1)

f frequency of bubble emission from an active site on the
electrode surface (s™1)

F Faraday constant (C mol™1)

g acceleration due to grzmty cms™ %)

Gr  Grashof number (Gr = g% Hoo—pv 2o Yy

i current density (mA cm™2)

i,  current density of the reduction or oxidation of an
indicator ion p (mA cm™?)

k mass transfer coefficient {cm s‘l)

I length of the electrode in the direction of the flow

n number of active sites per unit surface (cm™?)

Nu Nusselt pumber (Nu=kxD™1)

Sc  Schmidt number {Sc = vD ™)

T  absolute temperature (K)

x characteristic dimension (cm}

U velocity of the solution {cms™1)

v volumetric rate of the gas phase per unit surface, ie
superficial velocity of the gas (cms™")

¥, terminal velocity of bubble rise {cms™ 1)

z drag coefficient, ie the ratio between the volume of the
liquid transported upwards by rising bubbles and the
volume of the rising bubbles

& thickness of the Nernst diffusion layer (cm)

p  mass density (gcm™?)

€ volumetric gas fraction in the bubble street of the gas

evolving horizontal electrode
" dynamic viscosity of the liquid (gcm™'s™")
v kinematic viscosity of the liquid (cm®s™*%)

Subscripts

g gas

i liquid

0 bulk of the solution

i electrode/solution interface.

1. INTRODUCTION

The study of mass transfer at gas evolving electrodesis
of great interest, especially for the electrochemical
industry and the subject has been investigated in-
tensively during the last 15 years.

In a recent thesis of Vogi[1] a comprehensive survey
of experimental and theoretical results is given. Vogt
has deduced a theoretical equation .in dimensionless
pumbers for mass transfer at gas evolving electrodes
similar to the dimensional form of those of Tbl and
Venczel{4-7]. .

In a recent paper Janssen[ 2] has concluded that the
mass transfer can be explained on the basis of the
hydrodynamic model, first proposed in 1973[3], when
no coalescence of gas bubbles occurs. According to
Janssen[2] the penetration model of Ibl and Ven-
czel[4-7] may be useful when coalescencc of gas
bubbles occurs frequently,

In this article, the hydrodynamic model is described
guantitatively. The theoretical relation between & and
the volumetric rate of gas evolution for a gas evolving
electrode is compared with the experimental one for
both the hydrogen and the oxygen evolving electrode
in alkaline solution.

To check the conclusions about the mechanism of
mass transfer at gas evolving electrodes, § is de-
terimined at ring electrodes placed concentrically to a
gas evolving disc. The solution flow induced by
ascending gas bubbles determines & at the ring elec-
trodes. Moreover, the relation between & at the rmg
electrode and § at the gas evolving electrode is
determined.

2. EXPERIMENTAL

2.1 Electrolytic cell

A normal H-type electrolytic cell divided into two
compartments separated by an jon-exchange mem-
brane (Nafion 425) was used. A diagram of this cell
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Fig. 1. Schematic diagram of the experimental cell.

with pertinent dimensions is given in Fig. 1. The
horizontal test-electrode (dia 4.0 cm) served as a part
of the bottom of the test-compartment. The elec-
trolytic cell was thermostatted ; the temperature of the
electrolyte was usually 25°C.

2.2 Electrodes

Two different types of electrode, A and B, were used.
Both types of electrode consisted of a nickel disc of
about 0.8 cm dia surrounded concentrically by nickel
rings of different surface area. The disc and the rings
were separated from one another by an insulating
material of a thickness of about 0.006 cm (Fig. 1).

For electrode A the surface area of the disc was
0.51 cm?, that of the inner ring 0.35 cm? arid that of the
outer ring 4.07 cm?. The width of the inner ring was
0.115cm and that of the cuter ring 0.72cm. For
electrode B the surface area of the disc was 0.55 cm?,
that of the inner ring 1.79 cm?, that of the middle ring
2.98 cm? and that of the outer ring 4.36 cm?. The width
of alt of these three rings was about 0.4 cm. A diagram
of electrode B is shown in Fig. 1.

2.3 Electroiyte and analysis

A 1M KOH solution was used as supporting
electrolyte, unless otherwise mentioned. For the ex-
periments with the hydrogen evolving electrode the
solution was made 0.03M in K,;Fe(CN)s. For the
experiments with the oxygen evolving electrodes the
1 M KOH solution contained 0.03 M K Fe(CN)s.

When, however, the thickness of the diffusion layer
at the non-gas evolving electrodes had to be de-
termined, the alkaline solution was made 0.03 M in
K,Fe(CN)g. The use of these different indicator ions
was preferred because of the small difference between
the normal potential of the Fe(CN)2~/Fe(CN)3~
redox couple and that of the O,/OH ~ redox couple in
1 M KOH. The quantity of F&(CN)?~ formed during
the oxygen evolution was determined by titration with
Ce**[8].

L. J. J. JANsSEN AND E. BARENDRECHT

24 Procedure

Usually, the following procedure was applied in
determining the thickness of the Nernst diffusion layer
at a gas evolving electrode.

Before each experiment in a series, the test electrode
was polarized in the supporting electrolyte for 15 min
at a current density equal to that of the experiment.
After the 15 min pre-polarization a calculated quantity
of the indicator ion was added.

Usually 10ml 0,63 M K;Fe(CN)s or K Fe(CN)g
was added to 175 ml supporting electrolyte.

The determination started without interrupting the
current at the addition of the indicator ion.

During a series of experiments the determinations
were performed in a sequence of decreasing current
density. The decrease in the concentration of the
indicator ion was about 29,

In a number of experiments, however, the current
was just switched on at the moment of addition of the
indicator ion.

The thickness of the diffusion layer at the non-gas
evolving ring electrodes was obtained by measuring
the current used for the reduction of Fe(CN)¢ ™ for all
experiments.

For the experiments with the hydrogen and the
oxygen evolving electrodes, the potential of one or all
the non-gas evolving ring electrodes was maintained
potentiostatically at —500 mV and —300mV vs sce,
respectively. At these potentials the oxidation of
hydrogen was negligible and the limiting diffusion
current for the reduction of Fe(CN)Z~ was attained.
The current at the gas evolving electrode, however, was
adjusted galvanostatically. For 3 min this electrode
was polarized with a constant current density. During
this petiod the current at the non-gas evolving elec-
trode was recorded. The average current for the last
minute of this period was determined.

Usually a series of experiments started with the
highest current density; the current at the disc was
decreased in steps. After measurements with decreas-
ing current density, measurements with increasing
current density were carried out in a limited number of
experiments. The results were practically the same.

3. RESULTS

3.1 Introduction

The thickness & of the Nernst diffusion layer is
calculated from the well-known equation:

For the calculation of § the diffusion coefficient of
Fe(CN)¢~ vz 7.0 x 107° cm?/s at 25°C and that of
Fe(CN)3™ 7.9 x 107% cm?/s at 25°C were used[3].
Taking into account the activation energy of the
diffusion coefficient of the indicator ion in 1M
KOH[9] and the viscosity of KOH solutions[10] the
diffusion coefficients of the indicator ions at different
temperatures and solutions with different KOH-
concentrations were calculated. The thickness of the
diffusion layer at both the gas evolving electrode and
the non-gas evolving electrodes was usually deter-
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Fig. 2. Plot of log é at the inner (1) and the outer (2) ring vs
log iy, at the disc of electrode A. The rings were polarized
separately.

mined as a function of the current density used for the
gas evolution. In the next section relations between &
and iy, or iy, are given.

3.2 Hydrogen evoiution

The bubbles ascending from the disc electrode
induce an electrolyte flow in the cell. This flow also
passes the ring electrodes mounted concentrically
around the gas evolving disc electrode.

In the following the influence of the rate of the
hydrogen evolution upon the limiting rate of mass
transfer at the non-gas evolving electrodes 1s shown.

In Fig. 2, log 3 at both rings of electrode A is plotted
vs logiy, at the disc, when the rings are polarized
separately at —500 mV. The current density iy, = i —
irqcry3-- FOr the' experiments where both rings of
electrode A where polarized simultaneousty, it was
found that the slopes of the log é/log iy, curves were
equal to those of Fig. 2, 8 for the outer ring was equal to
that of Fig. 2 and § for the inner ring was a factor 1.8
greater than that of Fig. 2.

The results for electrode B at separate polarization
of the ring electrodes are represented in Fig. 3. This
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Fig. 3. Plot of log  at the inner (1), the middle (2) and the
outer (3) ring vs log iy, at the disc of electrode B, The rings
were polarized separately.
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Fig. 4. Plot of log 6 vs log iy, at the disc electrode A with pre-
polarization for 15min (curve 1) and without pre-
polarization (curve 2).

figure shows that J increases with increasing distance
between the ring and the gas evolving disc electrode.
From experiments with separate and with simul-
taneous polarization, it was found that for simul-
taneous polarization, 3 at the inner and the middle ring
reaches a higher valuc and § at the outer ring equals
the value obtained at separate polarization. This result
can be explained by the decrease of the Fe(CN)2~
concentration in the electrolyte flowing past the outer
ring. It was also determined for the inner ring of
electrode A when the hydrogen evolution occurred
with the same current density at both the outer ring
and the disc.

Additional hydrogen evolution at the outer ring had
a small influence upon § at the inner ring, viz at iy, =
100 mA/cm?, & decreased about 152 and the slope of
the log 3/log iy, curve increased about 50%.

The influence of temperature upon & at the inner
ring of electrode A, at a constant volumetric rate of
hydrogen and water vapour formation on the disc
electrode, was determined. It appeared that in the
investigated temperature range from 25 to 70°C (and
at a volumetric rate of hydrogen and water vapour

Q0 11 1 L TR | \ i i | |
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Fig. 5. Plot of log § at the inner (1) and the outer (2) ring vs
log ip, at the disc of electrode A. The rings were polarized
separately.
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formation of 0.77 ml/min cm?; corresponding with a
hydrogen evolution of 200 mA/cm? at 25°C), the
temperature has practically no influence upon 4. The
effect of the KOH-concentration upon 4 was also
investigated at the inner ring of electrode A at 25°C
and at a hydrogen evolution of 40 mA/cm? on the disc.
Solutions of 1, 2, 3 and 4 M KOH containing 0.03 M
K Fe(CN), were used.

It appeared that é increased slightly with increasing
KOH-concentration; 5 at 4 M KOH is about 209
larger than é at 1M KOH.

For the hydrogen evelving disc electrode
log 8/log iy, curves are plotted in Fig. 4. This figure
shows also the influence of the 15 min pre-polarization
of the disc electrode. The experiments were started at
the highest current density. In both experiments at iy,
> 1.5 A/cm? coalescence of hydrogen bubbles occur-
red very frequently.

3.3 Oxygen evolution

During oxygen evolution at the disc electrode, the
reduction current of Fe(CN); ~ at the ring electrode
fluctuated little at current densities for the disc elec-
trode, i, < 80 mA/cm?, but intensively at higher
current densities, iy, > 80 mA/cm?,

The change occurred rather abruptly and was not
observed with hydrogen evolution. This abrupt
change may be caused by the sudden occurrence of
frequent coalescence of oxygen bubbles at iy, =
80 mA /cm?.

In the following the influence of the rate of oxygen
evolution upon § of the ring electrodes is shown. In
Fig, 5,log J at the two rings of electrode A is plotted vs
log ig, at the disc for separate polarization of both
rings at — 300 mV. The results for electrode B are given
in Fig. 6, which shows that é also increases with
increasing distance between ring and gas evolving disc
for separate polarization of the ring electrodes.

The effect of the simultancous polarization of the
ring clectrodes upon & was the same as with the
hydrogen evolving electrodes. -

6 was also determined at the inner ring of electrode
A for simultaneous oxygen evolution at both the disc
and the outer ring with the same cutrent density. The
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Fig. 6. Plot of log é at the inner (1), the middle (2) and the

outer (3) ring vs log i, at the!disc of clectrode B. The rings
were polarized separately.
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additional oxygen evolution at the outer ring de-
creased J at the inner ring with about 30%;,.

For the investigated current density range from 10
to 400 mA/cm? the slope of the relation between log &
at the inner ring and log i, at the disc and at the outer
ring is equal to that at i, < 80 mA/cm?, Fig. 5.

The relation between log 6 and logiy, for the gas
evolving disc electrode A is represented in Fig. 7. In
this case, Fe(CN)¢~ was used as indicator ion and was
oxidized at the limiting current density.

For the oxygen evolving electrode i, = i —
ipeicnyz-- The log 8/logiy, curve of Fig. 7 has an
intersection point at about 20 mA/cm?. At high cur-
rent densities, viz i, > 20 mA/cm?, the slope is much
steeper than those of the curves of Figs 5 and 6.

4. THEORY

A gas bubble is initiated on an active site of the
electrode, and grows by absorption of gas from the
surrounding supersaturated solution. Upon detach-
ment each ascending gas bubble transports upwards a
quantity of solution.

At steady stite the volume of the liquid transported
upwards is equal to the volume of the liquid which
flows downwards. The velocity distribution of the
latter flow depends on many factors, such as the
dimensions of the electrolytic cell and of the gas
evolving electrode, the position of the gas evolving
electrode, the volumetric rate of the gas evolution, the
size of the ascending bubbles and the viscosity of the
liquid. The electrolyte flow induced by ascending
bubbles strongly affect each other, and the trajectory of
the ascending bubble.

The hydrodynamic model introduced by Janssen
and Hoogland[3] is based on the liquid flow induced
by ascending gas bubbles. This flow can be compared
with the free-convection flow induced by differences in
density of the electrolyte.

For both turbulent and laminar free-convection
flow, experimental as well as theoretical relations have
been found for mass transfer at both vertical and
horizontal electrodes[11-14]. However, an exact or
even approximate theoretical treatment of the hy-
drodynamic model of Janssen and Hoogland for the
mass transfer is not available. Only some experimental
relations for related systems have been obtained.

&2 o n R
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Fig. 7. Plot of log é vs log iy, at the disc of clectrode A.
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'Tbl er al[15,16] have investigated mass transfer at
vertical electrodes when gas bubbles were sparged by
porous frittes at the bottom of the electrolytic cell into
the electrolyte. A great part of these gas bubbles ascend
in the vicinity of the vertical electrode. Weder[17]
studied mass transfer at a horizontal electrode where
gas was bubbled through a hole in the centre of the
electrode.

Free-convection flow due to differences in density of
the liquid is turbulent for disc electrodes with dia-
meters greater than about 1-2 cm[11]. For this turbu-
lent flow the mass transfer rate at the electrode is given
by[11], v

Nu = 0.15(Gr . Sc)*3. )

Substitution of k/D by J, the thickness of the Nernst
diffusion layer, gives

5=67 (—&L)“S. @
(Po—pi)g

For free-convection flow, resulting from differences in
density of the liquid, the buoyancy force per unit mass
is.

(Lo — pi)g

£y
For reasons of analogy we considered a horizontal gas
evolving disc electrode. In this case the convection flow
is only caused by the lift effect of ascending gas
bubbles.

Assuming that both the volumetric gas fraction, ¢, in
the bubble street and the drag coefficient, z, are
independent of the height above the electrode surface,
the buoyancy factor per unit mass i:

(zep )/ [(A —€)py + £p,)

This factor is similar to the buoyancy factor resulting
from differences in density of the solution.

Consequently, the factor (po—p:)/p; in (2) is re-
placed by

zep, /[(1 —&)p, + &pg]-
This gives the following expression for

5—c vD[(1—¢&)p, + ep,]\'"?
! zEp,g '

The detached bubbles rise in a swarm and induce a
liquid flow. This flow affects both the trajectory and
the velocity of each bubble. Assuming an equal size of
all the bubbles the relation between the superficial
velocity of the gas — the volumetric rate, v, of the gas
phase per unit of surface area — and the volumetric gas
fraction, &, is given[18] by

£
V=1, (m). (4)

In this equation v, is the terminal velocity of a single
bubble in an infinite medium and is equal to

&)

- _l_gdz(pl—pg)

. 12 M1

&)

Rietema et al[ 18] studied a system similar to a gas
evolving horizontal electrode.
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Relation (4) is also found for a “turbulent” regime of
ascending bubbles[19]. This regime is characterized
by large liquid convection induced by ascending
bubbles. The “turbulent” regime, mentioned in the
literature, is associated with bubble coalescence. How-
ever, we consider now a regime where no coalescence
of bubbles occurs. This should be well compared with a
“laminar™ regime as defined by Zuber[19]. In contrast
to our bubble system, however, in the system with
“laminar” flow the liquid ahead of and behind rising
bubbles is at rest; no gross liquid circulation exi-
sts[19]. For the “laminar” regime Zuber gives

v = ve(l —¢). 6)

At low volumetric gas fractions v is practically equal to
3¢ for both regimes of the bubble system.

Owing to the influence of liquid flow upon the
behaviour of bubbles, {4) for the relation between v and
v, is preferable.

Taking into account p, « p, substitution of (4) into

(3) gives
vDu 1/3
6=0C, ( zyv') . )]

Assuming the drag coefficient 2 does not depend on v,
from (7) it can be deduced that the log é/log v curve is
straight with a slope of —0.33.

For a population density, n, of active sites on the
elecirode, a frequency, f, of bubble emission at an
active site and a break-off diameter, d,,, the volumetric
rate of gas evolution per unit of surface area is

1
v = gndinf. ®)

From (6) and (7) it follows after substitution of (p,
— )i = py/n = v that

D 1/3
s=c, (—z - f) . ©)

If the uniform bubble diameter d, depends on v, it is
likely also that the parameters z, n and f depend on .
The relation between é and v is then complex.

Zuber[19] has deduced a relation for heat transfer
at a horizontal surface at which nuclear boiling occurs.
Owing to the analogy between heat and mass transfer
the relation of Zuber can be transformed into a
relation for mass transfer. In this case only the effect of
bubbles is taken into account. After substitution of
various parameters by the analogues for mass transfer
we obtain (and assuming g, « p,)

kd gd3e\!7
D C;( vD ) ’

Substitution of ¥ by D/5 and rearrangement of (10)

gives
D 1/3
C. (L) .
gE

As mentioned earlier, ¢ = v/v, at low gas fractions.
From this relation and (11) it follows that

vDo \!3
é6=0C,4 .
gv

(10)

d= 1)

(12)
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Comparison of this equation for § with (7) shows that
both equations for § are equal if C, = C,z" '/,

S, DISCUSSION

During both the hydrogen and the oxygen evolution
at the disc electrode a circulation flow of the solution
occurs in the electrolytic cell. The rate of this flow
increases with increasing rate of gas evolution. Due to
this increasing flow rate & decreases at the ring
electrodes, placed concentrically around the gas evolv-
ing disc electrode.

Assuming that the effect of the edges can be
neglected, the thickness & of the Nernst diffusion layer
according to Levich for a plate electrode in laminar
flow is[20]

& = 1.47D113[”2V”6U_1/2. (13)

The solution flow velocity U at the inner ring of
electrode A is caiculated for hydrogen evolution of
1 A/cm? at the disc of electrode A at 25°C and in 1 M
KOH as supporting electrolyte. The kinematic vis-
cosity of 1M KOH at 25°C is 0.01073 cm?/s, the
diffusion coefficient of Fe(CN)? ™ in 1 M KOH at 25°C
i5s 7.9 x 107 ° cm?/s and the width of the inner ring is
0.115 cm. Figure 2 shows that § at the inner ring for
iy, = 1 Ajem? is 7.5 x 10 *cm.

Calculation with (13) gives U = 0.38cm/s. With
Re = Ul/v, Reis about 4. From this very low value for
Re it follows that the flow in the neighbourhood of the
ring electrodes is laminar.

Figures 2 and 3 show that for experiments with the
hydrogen evolving disc electrode all the curves of the
plots of log J at the ring electrode vs log iy, at the disc
electrode, are practically parallel to one another.
Moreover, the slope of these curves is of the order of
magnitude of those of the log d/log iy, curve for the
disc electrode.

From the experiments with electrode B it is found
that & at the inner ring is smaller than é at both other
rings for individual polarization of the rings (Fig. 3).
The width of the rings of electrode B are nearly equal.
Consequently, & at the ring electrodes increases with
increasing distance from the gas evolving disc elec-
trode. This conclusion is supported by the experiments
with electrode A (Fig. 2). The results of the experiments
with oxygen evolution at i, < 20 mA/cm?® support the
conclusions deduced from those with hydrogen evol-
ution. However, for oxygen evolution at ig, > 20
mA/cm? the results of Figs 5 and 6 and that of Fig. 7
are completely different. In this current density range
coalescence of oxygen bubbles occurs very frequently.

In the following the experiments with ig, > 20
mA/cm? are discussed. The log d/log i, curve at the
gas evolving disc electrode (Fig. 7)is much steeper than
the curves for the relation between logd at the ring
electrode and log i, at the disc electrode (Figs S and 6).

Even J at the inner ring of electrode A remains
practically constant with increasing rate of oxygen
evolution at the disc of electrode A. The log d/log ig,
curve at the gas evolving disc electrode agrees with
those mentioned in the literature[2, 3].

From the preceeding discussion it follows that there
is only an evident correlation between & at the ring
electrodes and § at the gas evolving disc electrode if no
coalescence of gas bubbles occurs. The thickness of the

L. J. J. JANSSEN AND E. BARENDRECHT

diffusion layer at a gas evolving electrode is then
determined by the solution flow at the electrode which
is induced by ascending gas bubbles. Incorporating
this solution flow is basic to the hydrodynamic model
introduced by Janssen and Hoogland[3].

The hydrogen evolving electrode at | mA/cm? < iy,
< 100 mA/cm? in alkaline solution generates bubbles
with a practically constant diameter[3]; coalescence
of bubbles daes not occur. Though no measurements
at iy, > 100mA/cm? are known, the observed de-
pendency of & on iy, at a hydrogen evolving electrode
(Fig. 4) tends to the conclusion that it is likely that at
100 mAjcm? < iy, < 1 A/m?* practically no coales-
cence of hydrogen bubbles occurs.

The experimental slope of the log &/log iy, curve at
the hydrogen evolving disc electrode is about —0.32
(Fig. 7). This value agrees with earlier results[2, 3].

For the hydrodynamic model presented in Section 4
the thearetical slope of the log 6/log v curve is equal to
—0.33 at a constant uniform bubble size. Taking into
consideration the assumptions made, there is a good
agreement between the experimental and the theoreti-
cal slope. Consequently, the hydrodynamic model
describes the mass transfer at a gas evolving electrode
at which no coalescence of bubbles occurs very well.

The assumption about the size of bubbles is sup-
ported by new experimental results[21].

The bubbles formed at a hydrogen evolving elec-
trode at which no coalescence of bubbles occurs can be
divided into two groups, viz small bubbles forming
part of a bubble train departing from an active site, and
large single bubbles which grow during a relatively
long time and then detach individually from the
electrode.

For a hydrogen evolving electrode in alkaline
solution the distribution of active sites and the ratio
between the number of small bubbles and the number
of large single bubbles depend on the time of polari-
zation. At the beginning of the polarization relatively
numerous single bubbles are formed and this number
decreases with increasing time of polarization. In the
steady state only small bubbles occur which become
incorporated into bubble trains. These small bubbles
have a near-uniform size, which is almost independent
of current density.

REFERENCES

Vogt, Thesis, Stuttgart (1977).
J. 1. Janssen, Electrochim. Acta 23, 81 (1978).
1. J. Janssen and J. G. Hoogland, Eiectrochim. Acta 18,
43 (1973).
. J. Venczel, Thesis, Ziirich (1961).
N. Ibl, Chemie-Ingr.-Tech. 35, 353 (1963).
N. Ibl and J. Venczel, Metalloberfliiche 24, 365 (1970).
. N.Ibl, E. Adam, J. Venczel and E. Schalch, Chemie-Ingr.-
Tech. 43, 202 (1971).
. J.M.Kolthoffand E. B. Sandell, Textbook of Quantitative
Inorganic Analysis, MacMillan, New York (1952).
9., A. J. Arvia, S. L. Marchiana and J. J. Podestd, Elec-
trochim. Acta 12, 259 (1967).
10. C. ). West, International Critical Tables, 5, 17. McGraw-
Hill, New York, London (1933).
11. A. A. Wragg, Electrochim. Acta 13, 2159 (1968).
12. C. R. Wilke, C. W. Tobias and M. Eisenberg, Chem.
Engng Prog. 49, 663 (1953).

W

H.
L.
L.
5

EE-ST WS

oo



15
16
17

Gas evolution on mass transfer at electrodes 699

. C. R. Wilke, M. Eisenberg and C. W. Tobias, J. elec-
trachem. Soc. 108, 513 (1953).

. R.B. Bird, W_E. Stewart and E. N. Lightfoot, Transport
Phenomena, Wiley, New York (1963).

. N. Ibl, Chemie-Ingr.-Tech. 43, 202 (1971).

. N.Ibl, R. Kind and E. Adam, 4An. Quim. 71, 1008 (1975).

. E. Weder, Chemie-Ingr.-Tech. 39, 914 (1967).

18. K. Rietema and J. J. M. Rypkema, Chem. Techniek 2, Ch
15 (1966).

19. N. Zuber, Int. J. Heat Mass Transfer 6, 53 (1963).

20. R. N. Adams, Electrochemistry of Solid Electrodes, p. 76.
Marcel Dekker, New York (1969).

21. R. M. de Jonge, private communication.



