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Abstract

Electrochemical gas±liquid reactions can be e�ciently carried out at porous gas di�usion electrodes (GDE). These
electrodes are simultaneously in contact with a gas phase and a liquid phase. For the design and scale-up of
electrochemical reactors based on these GDE their macrokinetic behaviour (i.e., the interaction of reaction and
internal mass transport phenomena) must be investigated under well de®ned external mass transfer conditions and
controlled wetting conditions. To meet these requirements, a novel cyclone cell has been designed in which two
vortex ¯ow ®elds are realised on either side of a horizontally positioned GDE. The external mass transfer
coe�cients in this cell are determined from limiting current measurements for the oxidation of Fe�CN6�4ÿ.

List of symbols

AS electrode area exposed to the liquid phase (m2)
Ba Debye±HuÈ ckel parameter (kg molÿ1)1=2

cG;L molar gas bulk or liquid bulk concentration of A1

(mol mÿ3)
cG;L0 molar concentration of A1 at gas or liquid inlet

(mol mÿ3)
cLi molar concentration of ion i (mol mÿ3)
cLt total molar concentration of mixture (mol mÿ3)
cLw molar water concentration (mol mÿ3)
DL liquid phase Fickian di�usion coe�cient of salt

(m2 sÿ1)
DL liquid phase di�usion coe�cient of salt based on

chemical potential gradient (m2 sÿ1)
ÿÿDL

i;w ion-water Maxwell±Stefan di�usivity (m2 sÿ1)
F Faraday's constant (= 96 485 C molÿ1)
h gap below cyclone inner tube (m)
Im molal ionic strength (mol kgÿ1)
ilim limiting current density (A mÿ2)
kL liquid phase mass transfer coe�cient (m sÿ1)
m molal concentration (mol kgÿ1)
R electrode radius (m)
Re Reynolds number (� x R2 q lÿ1)

Sc Schmidt number (� l qÿ1�DL�ÿ1)
Sh Sherwood number (� kLR�DL�ÿ1)
tÿ anion transference number
_V volumetric ¯ow rate (dm3 minÿ1)
v resulting ¯uid velocity at the electrode radius

(m sÿ1)
z�;ÿ charge numbers of cation or anion (z� �

1; zÿ � ÿ4)

Greek letters
a Debye±HuÈ ckel constant (kg molÿ1)1=2

c� mean molal activity coe�cient
d thickness of hydrodynamic boundary layer (m)
l dynamic viscosity of ¯uid (Pa s)
q mass density of ¯uid (kg mÿ3)
x angular velocity (sÿ1)

Superscripts
G, L gas bulk, liquid bulk
1 at in®nite dilution in water

Subscripts
+ related to cation, here: K�

ÿ related to anion, here: Fe(CN)4ÿ6
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1. Introduction

Porous gas-di�usion electrodes (GDE) have been suc-
cessfully used in a number of technical applications such
as the production of electrical energy, as energy saving
counter electrodes, for the generation of substances like
hydrogen peroxide and for gas puri®cation processes
[1, 2]. For the design and scale-up of any electrochemical
equipment based on GDE there is a need for reliable
and reproducible kinetic data. Such kinetic information
should be obtained from polarization measurements at a
small area of a GDE which is exposed to a well de®ned
¯ow ®eld.
For the analysis of reaction and transport phenomena

at planar electrodes, the use of rotating disc electrodes
(RDE) is common and well understood [3]. By con-
trolled rotation of the electrode in a stationary ¯uid, a
de®ned ¯ow ®eld at the electrode surface is generated.
However, this experimental technique is not directly
applicable to a GDE in whose porous structure a
gaseous reactant and a liquid electrolyte are brought
into contact from opposite sides. Thus, two ¯ow ®elds,
on the gas side and on the liquid side, have to be
realized. Therefore a new standard electrochemical cell
has to be developed which is suitable for the character-
ization of GDE under technically relevant conditions.

2. Design of a cyclone ¯ow cell

If a cell is to be suitable to obtain kinetic information from
a GDE, well-de®ned ¯ow ®elds with constant thicknesses
of the external di�usion layers on both sides of the
electrode are required. Furthermore, to achieve a uniform
penetration of the electrolyte into the GDE pore struc-
ture, the electrode should be horizontal. For the evalu-
ation of the observed reaction rates it is convenient to
have a cell with small conversions, i.e. inlet and outlet
concentration have nearly the same values. This is ful®lled
if, at given gas and liquid ¯ow rates _V G;L, the external
electrode area AS is su�ciently small:

cG;L � cG;L0

1� ASkG;L= _V G;L
� cG;L if

ASkG;L

_V G;L
� 1 �1�

2.1. Vortex ¯ow ®eld

In the conventional rotating disc electrode arrangement,
the rotational ¯ow ®eld leads to a hydrodynamic
boundary layer of constant thickness dRDE over the
electrode surface. For laminar conditions the thickness
is given by [4]

dRDE � 4
l

qx

8>>: 9>>;1=2

�2�

In Equation 2 dRDE is de®ned as the distance for which
the deviation of the peripheral velocity is 2%. Similar
conditions would be achieved at both surfaces of a GDE
if the ¯uid were rotated over a stationary electrode,
instead of the electrode rotating in a stationary ¯uid.
Vortex ¯ow with constant angular velocity x over an
in®nite surface has been the subject of extensive theo-
retical investigation [4]. This ¯ow ®eld is depicted in
Figure 1.
BoÈ dewadt [5] and Nydahl [6] solved the Navier±

Stokes equations for the laminar vortex ¯ow. These
authors found that the thickness of the hydrodynamic
boundary layer dvortex is also constant for this arrange-
ment and is twice dRDE:

dvortex � 8
l

qx

8>>: 9>>;1=2

�3�

An established method of generating a vortex ¯ow ®eld
is the use of vertical axis impeller with ¯at radially
oriented blades. A vortex ¯ow can also be realised in a
cyclone, the main advantages being the simple cone
design and the avoidance of moving parts. The ¯uid is
tangentially introduced at the upper edge of the cone
and follows a circular path towards the cone end. For
reasons of continuity, the ¯uid rises in the middle of
the cone and is removed by an inner tube. Figure 2

Fig. 1. Vortex ¯ow ®eld above a stationary surface (adopted from [4]);

velocities: u = radial (vr), v = tangential (vu), w = axial (vz).
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demonstrates the principle of the cyclone with illustra-
tive velocity pro®les.
The ¯ow in a cyclone can be approximately described

as a potential vortex. Due to friction at the cone walls
and at the inner tube, the rotational momentum of the
¯ow is reduced. In addition, turbulence is introduced at
the ¯uid inlet. These phenomena make it di�cult to
predict the ¯ow ®eld purely theoretically. Despite this
disadvantage, the cyclone generates a well de®ned ¯ow
®eld and is therefore a useful tool for the electrochemical
characterization of a GDE.
The design parameters are the height of the cyclone,

the cone angle and the dimensions of the inner tube. The
dimension of the small cone end depends on the
electrode surface area. To limit the maximum electrical
current, an area of AS � 2 cm2 was used. A cone angle
of 20� was chosen in order to reduce the pressure drop in
the ¯uid and to provide su�cient space for external tube
connection.

2.2. De®nition of Reynolds number

The Reynolds number, Re, is de®ned using the ¯uid
velocity v at the radius of the inner tube R (identical to
the electrode radius). This velocity is composed of the
tangential velocity component, vu, and the radial
velocity component, vr (see Figure 3):

Re � vRq
l

with v �
�����������������������������������������
vu�0;R�2 � vr�0;R�2

q
�4�

The two velocity components are expressed in terms of
the known ¯ow rate _V . For r > R, the radial pro®le of
the tangential velocity component vu can be approxi-
mated by the relation [7]

vur1=2 � const: �5�

According to Barth [8] the tangential velocity at the
inner tube radius vu�z;R� is nearly constant along
the axial coordinate z. Therefore, using Equation 5,
the tangential velocity at the electrode surface vu�0;R�
can be estimated from the tangential velocity at the
cyclone inlet vu;in:

Fig. 2. Schematic of a cyclone; pro®les of tangential and radial velocities at the inner tube, _V: ¯ow rate (e.g., see [7]), for cut A±A see Figure 3.

Fig. 3. Left: pro®le of tangential velocity vu against radial coordinate;

right: resulting velocity v at the electrode radius.
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vu�0;R� � Rin

R

8>: 9>;1=2

vu�0;Rin� with

vu�0;Rin� � vu;in � 4 _V
pd2

in

�6�

where Rin stands for the cyclone radius at the middle of
the inlet tube (here: Rin � 29:7 mm), R stands for the
radius of the free electrode area (here: R = 8 mm), and
din is the diameter of the inlet tube (here: din � 4 mm).
The radial velocity component, vr, at the electrode

radius is given by

vr�z;R� �
_V

2pRh
�7�

Equation 7 is based on the assumption of Barth [8] that
the radial velocity component vr does not vary signif-
icantly along the cyclone height. This is only an
approximation because in the gap below the inner tube
vr can have very high values and varies along the cyclone
axis [9]. For the ratio of the two velocities,

vu�0;R�
vr�0;R� � 8

h
���������
RinR
p

d2
in

�8�

With the given dimensions and a gap of h � 10 mm, the
velocity ratio vu�0;R�=vr�0;R� � 77 is predicted from
Equation 8. Therefore, the radial component of the
resulting vector is negligible in comparison to the
tangential component and for the Reynolds number
the simpli®ed de®nition

Re � vu�0;R�Rq
l

� xR2q
l

�9�

will be used. Equation 9 corresponds to the de®nition
which is used for a RDE [3]. Equation 6 gives the
angular velocity x in the cyclone cell

x � vu�0;R�
R

� 4R1=2
in

pR3=2d2
in

_V �10�

Based on the dimensions of the cyclone ¯ow cell the
relation

x
�sÿ1� � 320

_V

�dm3 minÿ1� �11�

is obtained. For ¯ow rates between _V � 1:0 dm3 minÿ1

and 10 dm3 minÿ1 angular velocities between x �
300 minÿ1 and 3000 minÿ1 are achieved. For compar-

ison, a conventional RDE usually rotates with velocities
between x � 100 minÿ1 and 10 000 minÿ1 [3]. The
laminar±turbulent transition at a RDE was found to
take place above the critical Reynolds number
Recrit;RDE � 2� 105. For the cyclone ¯ow cell the critical
number was found to be considerably lower
i.e. Recrit;cyclone � 103. This is due to the fact that a
boundary layer is formed along the cyclone wall so that
the e�ective length for ¯uid-wall friction is longer than
the electrode radius R which is applied in the Reynolds
number de®nition.

2.3. Cyclone ¯ow cell and its operation

The complete cyclone ¯ow cell is presented in Figure 4.
The cell consists of an upper compartment for the liquid
phase and a lower compartment for the gas phase. On
the electrolyte side of the cell a Luggin capillary is
provided which is connected to a cylindrical vessel
containing the reference electrode (Ag/AgCl in 3 M

KCl). Using this arrangement the reference electrode is
close to the working electrode with no interference with
the electrostatic ®eld in the liquid compartment. The
vortex ¯ow inside the electrolyte compartment generates
an overpressure. This can lead to an undesirable ¯ow of

Fig. 4. Design of the cyclone ¯ow cell.

922



electrolyte liquid through the capillary. However, this
¯ow can be suppressed by means of a ¯ow resistance
located inside the capillary. The counter electrode
(platinum mesh) is located inside the liquid outlet tube.
It is oriented parallel to the working electrode and has
almost the same external area. The gaps between the
working electrode and the inner tubes are adjustable.
The cell parts are fastened by two stainless steel rings
and six stainless steel screws. Electrical contact to the
working electrode is made by a tantalum wire. The
experimental set-up, including the ¯ow cell and its
peripherals, is shown in Figure 5.

3. Determination of mass transfer coe�cient

The mass transfer coe�cient kL at the surface of an
electrode can be determined from the limiting current
ilim. As a model reaction, the oxidation of ferricya-
nide(II) at a smooth graphite electrode was chosen:

Fe�CN�4ÿ6 ! Fe�CN�3ÿ6 � eÿ; Counterion: K� �12�

Under limiting current conditions the concentration of
ferricyanide(II) at the electrode surface drops to zero and
the mass transfer coe�cient kL can be calculated from

kL � ilim
FcLÿ

�13�

The potentiostatic measurements were carried out with a
computer controlled potentiostat PC3/750 (Gamry In-
struments) in the potential region from 0.2 to 1.5 V vs
NHE in steps of 50 mV. Each experiment was perform-
ed twice and, for determination of mass transfer
coe�cients, averaged data were used. The ohmic poten-
tial drop between the working and the reference
electrode was determined by application of the current
interruption technique [10].

3.1. Experimental results

Figure 6 shows polarization data from two successive
runs. The mass transfer limitation becomes dominant
above U � 1:2 V vs NHE and a limiting current of
ilim � 21:0 mA cmÿ2 is achieved. Above U � 1:5 V a
signi®cant increase in cell current is observed due to
anodic oxygen evolution. Experiments revealed that the
use of an inner tube with a gap of h � 10 mm leads to an
increase in limiting current by 20% compared to the
arrangement without an inner tube. However, the
reproducibility of polarization data was less satisfactory
when an inner tube was used. For this reason, in the
following, no inner tube was installed.
As an example Figure 7 shows polarization curves

from the cyclone ¯ow cell for ®ve di�erent ¯ow rates
between _V L � 0:4 and 1.2 dm3 minÿ1 at the same bulk
concentration of ferricyanide(II). As expected, the lim-
iting current increases with ¯ow rate. A series of
polarization experiments within the concentration range

Fig. 5. Schematic of the experimental set-up.

Fig. 6. Two successive experimental potentiostatic polarization curves

for the oxidation of ferricyanide(II) at a graphite electrode in the

cyclone ¯ow cell. Conditions: T � 25 �C; without inner tube; liquid

¯ow rate _VL � 1:0 dm3 minÿ1; molality mL � 0:1 mol kgÿ1. Key: (s)

®rst measurement, (d) second measurement, (Ð) averaged.
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between mL � 0:005 and 0.10 mol kgÿ1 was performed
at constant ¯ow conditions ( _V L � 0:8 dm3 minÿ1). The
mass transfer coe�cient kL depends signi®cantly on the
concentration of the active species (see Figure 8). This
has to be considered in the evaluation of the experi-
mental data.

3.2. Dependence of mass transfer coe�cient on
concentration

The main reason for the observed variability of mass
transfer coe�cients at constant ¯ow conditions lies in
the dependence of the di�usivities on the mixture
composition. According to Newman [11a] the Fickian
di�usion coe�cient DL in a concentrated solution of a
binary salt can be calculated from

DL � DL cLt
cLw

1� @ln c�
@lnmL

����
T

8>>: 9>>; �14�

where the di�usion coe�cient DL is based on the
chemical potential gradient as the real thermodynamic
driving force of the di�usional transport. This coe�cient
is related to the ion-water Maxwell±Stefan di�usivities
ÿÿDL
�;w and ÿÿDL

ÿ;w by [11b]

DL �
ÿÿDL
�;wÿÿDL

ÿ;w �z� ÿ zÿ�
z�ÿÿDL�;w ÿ zÿÿÿDLÿ;w

�15�

The ion-water di�usivities are fairly independent of
concentration and can be approximated by the di�usion
coe�cients at in®nite dilution of ions in water [12]. In
the case of potassium ferricyanide(II) these coe�cients
are (at T � 25 �C [11c]):

ÿÿDL
�;w � ÿÿDL1

�;w � 1:957� 10ÿ9 m2 sÿ1;

ÿÿDL
ÿ;w � ÿÿDL1

ÿ;w � 0:739� 10ÿ9 m2 sÿ1

Equation 15 yields the following di�usion coe�cient for
the salt: DL � 1:472� 10ÿ9 m2 sÿ1. For moderately
dilute solutions the mean molal activity coe�cient c�
in Equation 14 can be predicted by the Debye±HuÈ ckel
theory [11d]:

ln c� �
z�zÿa

�����
Im
p

1� Ba
�����
Im
p �16a�

with

Im � 1

2

XN

i�1
mL

i z2i �16b�

where the constant a depends on the nature of the
solvent (a � 1:173 (kg molÿ1)1=2 in water at 25 �C), the
parameter Ba depends on the ion radius, and the molal
ionic strength is Im � 10mL for potassium ferricya-
nide(II). By di�erentiating Equation 16a with respect to
the molality mL and combining the result with Equation

Fig. 7. Experimental potentiostatic polarization curves for the oxida-

tion of ferricyanide(II) at a graphite electrode in the cyclone ¯ow cell

for ®ve di�erent liquid ¯ow rates: _VL with T � 25 �C; without inner
tube; molality mL � 0:1 mol kgÿ1.

Fig. 8. Dependence of mass transfer coe�cient on the molal concen-

tration of potassium hexaferricyanide(II). Key: (d) experimental data

with T � 25 �C; without inner tube; liquid ¯ow rate _VL �
0:8 dm3 minÿ1; (Ð) calculated from Equation 19 with Ba � 1

(kg molÿ1)1=2 and kL1 � 3:4� 10ÿ5 m sÿ1.
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14, the di�usivity of the considered component in water
is obtained:

DL � DL 1ÿ
7:4

�������������������������������
mL=�mol kgÿ1�

q
1� Ba

�������������
10 mL
p� �2

8>>>>>>>>:
9>>>>>>>>; �17�

where the total mixture concentration cLt is approxi-
mated by the water concentration, cLt � cLw �
55:56 mol dmÿ3 which is justi®ed for the present exper-
iments (mL < 0:1 mol kgÿ1). From laminar boundary
layer theory, the following dependence of the mass
transfer coe�cient kL on the Fickian di�usivity DL is
known [13]:

kL / �DL�2=3 �18�

Equation 18 in combination with Equation 17 gives

kL � kL1 1ÿ
7:4

�������������������������������
mL=�mol kgÿ1�

q
1� Ba

�������������
10 mL
p� �2

8>>>>>>>>:
9>>>>>>>>;

2=3

�19�

Newman [11c] recommends the use of Ba � 1:0
(kg molÿ1)1=2 for all types of electrolytes. The only
remaining parameter to be determined is the mass
transfer coe�cient at in®nite dilution kL1. By extra-
polation from the series of measurements at di�erent
dilutions (described in Section 3.1), kL1 � 3:4 �
10ÿ5 m sÿ1 was obtained. In Figure 8 the experimental
data and their ®t by Equation 19 are depicted. The
quality of the ®t is remarkably good, considering the
fact that Equation 19 is based on laminar boundary
layer theory although the ¯ow in the cyclone cell is
already turbulent at Re > 103.

3.3. Dimensionless data correlation

Levich [13] originally derived an analytical solution
for ion deposition at a RDE under laminar ¯ow
conditions. For the case of anion deposition the equa-
tion, rearranged in terms of the relevant dimensionless
numbers, is

Sh � 0:62

1ÿ tÿ
Re1=2 Sc1=3 �20�

for

Re < 2� 105 and ScP1:

The anion transference number tÿ is given by

tÿ � 1ÿ t� �
ÿzÿÿÿDL

ÿ;w
z�ÿÿDL�;w � zÿÿÿDLÿ;w

� 0:60 �21�

In Equation 20 the ®rst term on the right hand side
accounts for the in¯uence of migration. It can be seen
that migration leads to a substantial increase in anion
mass transfer by a factor of 2.5, a factor which is almost
independent of concentration.
A similar correlation can be established for the mass

transfer conditions in the cyclone ¯ow cell. According to
Equation 18 the dependence of Sh on Sc is the same as
in Equation 20. But the Re in¯uence will be di�erent due
to the turbulent ¯ow regime. Therefore the following
relation is used:

Sh � q1

1ÿ tÿ
Req2 Sc1=3 �22�

For the determination of the parameters q1 and q2 in
Equation 22, it is convenient to plot the experimental
data logarithmically (see Figure 9):

log
Sh

Sc1=3

8>: 9>; � log
q1

1ÿ tÿ
� q2 log Re �23�

From a linear regression analysis the parameters
q1 � 0:0136 and q2 � 2=3 are obtained. The correlation
coe�cient is r � 0:9897.

Fig. 9. Mass transfer coe�cients correlated in terms of the dimen-

sionless Sherwood, Reynolds and Schmidt numbers. Key: (d, h)

experimental data (T � 25 �C; without inner tube); (Ð) Equation 23

with parameters q1 � 0:0136 and q2 � 2=3.
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4. Conclusions

Porous GDE are applied for electrochemical gas±liquid
reactions. The reactions are a�ected by the internal mass
transfer resistances of the GDE pore structure. To
obtain quantitative information on the internal mass
transfer, it is necessary to investigate the electrode
polarisation characteristics under well-de®ned external
mass transfer conditions. Therefore, a double cyclone
¯ow cell has been designed which provides vortex ¯ow
®elds on both sides of the GDE. The external mass
transfer from the cyclone liquid bulk to the electrode
surface was investigated by limiting current technique at
non-porous electrodes. Based on the experimental mass
transfer coe�cients the Sherwood correlation

Sh � 0:0136

1ÿ tÿ
Re2=3 Sc1=3 �for Re > 103 and ScP1�

was formulated. The Re power, 2/3, con®rms the
existence of a turbulent ¯ow regime at the electrode
surface. As long as Re > 103, the mass transfer corre-
lation is also applicable to estimate the external mass
transfer coe�cients on the gas side of a gas-di�usion
electrode. This is justi®ed because the ¯ow cell was
designed as a double cyclone with nearly the same
geometries for the two compartments.
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