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Rates of  mass transfer were measured for the cathodic reduction of  K 3 Fe(CN) 6 in a large excess of  
sodium hydroxide at a single sphere cathode stirred by oxygen evolved at a horizontal disc anode 
placed below. The effect of  the oxygen discharge rate and sphere diameter were studied at different 
ferricyanide concentrations. The rate of  mass transfer was found to increase by an amount  ranging 
from 66% to 450% over the natural  convection value depending on the operating conditions. The data 
were correlated using hydrodynamic  boundary  layer theory and Kolmogoroff ' s  theory of  isotropic 
turbulence. The da ta  were found to fit the equation: 

Sh = 2 + 0.21Sc 0"33 (ed4/v3) 0"268 

where e is the rate of  energy dissipation/unit mass of  the liquid. Previous data  on mass transfer at fixed 
beds of  spheres stirred by counterelectrode oxygen bubbles were also correlated. 
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1. Introduct ion  

Gas stirring is gaining importance as a means of en- 
hancing the rate of mass transfer in electrolytic cells 
[1-17] in view of its cost effectiveness compared to 
mechanical stirring [1,2]. The high efficiency of gas 
sparging in enhancing the rate of heat and mass trans- 
fer is attributed to the ability of gas bubbles to induce 
radial flow as well as axial flow [18,19]. The stirring 
gas may be introduced externally or the cell can be 
designed in such a way as to exploit the gas evolved at 
the counterelectrode [3-9]. The latter method has 
many advantages, the most important of which is the 
saving of external stirring power. Previous studies on 
mass transfer at gas sparged electrodes have dealt with 
geometries such as vertical [4,13,18] and horizontal 
cylinders [6], vertical [12,14] and horizontal screens 
[3,15], vertical plates [1,2,5,16,17] and fixed beds 
[7,11]. The object of the present work is to study the 
effect of gas sparging on the rate of mass transfer at a 
single sphere electrode. Apart from the academic 
importance of this geometry, spheres are encountered 
in electrochemical practice e.g. electroplating, elec- 
troforming, electrochemical machining, electropolish- 
ing and electroless plating. 

The present work was carried out using anodically 
generated oxygen as the stirring gas. The use of anod- 
ically generated gas has the advantage over externally 
introduced gas that the bubble characteristics e.g. 
bubble size, coalescence tendency and gas holdup are 
well studied [20,21]. Also, with proper cell design more 
uniform bubble distribution can be obtained. The rate 
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of mass transfer at the gas sparged sphere was mea- 
sured by determining the limiting current of the cath- 
odic reduction of potassium ferricyanide in a large 
excess of sodium hydroxide. 

2. Theory 

Mass transfer data in gas sparged cells have been 
correlated in different ways by different authors. Ibl 
[22] and Sigrist et al. [17] correlated results in a manner 
similar to that used in natural convection and found 
that their data fitted the equation: 

Sh = 0.19 (Sc"  Ar) 0"33 (1) 

Cavatorta and Bohm [10], Cavatorta et al. [13] and 
Pivano et al. [12] correlated data using a modified 
version of Ibl's method, where the gas holdup (e) was 
separated from Ar; the authors correlated their data 
for different electrode and sparger geometries by the 
equation: 

Sh = al (Sc . G a )  0"33 ~b (2) 

The constants a~ and b in the above equation depend 
on electrode geometry. Both Equations 1 and 2 need 
a priori  determination of the gas holdup which is not 
always easy, beside the fact that it may not be uniform 
in the cell. To obviate the need to determine the gas 
holdup, Sedahmed [8] and Sedahmed et al. [14] corre- 
lated their data in a manner similar to that used in heat 
transfer in bubble columns, namely: 

J = a 2 ( R e ' F r )  E (3) 

The constants a2, 5 depend on the geometry of the 
transfer surface. The criticism which might be levelled 
against Equation 3 is that it shows that the charac- 
teristic length of tile transfer surface has no effect on 
the rate of mass transfer, which is not always true 
especially for transfer surfaces of small characteristic 
length. 

The following represents an attempt to correlate 
mass transfer data at gas sparged spheres using the 
hydrodynamic boundary layer theory according to 
which the rate of mass transfer at a sphere in a cross 
flow is given by [23] 

Sh = 2 + c~ S c  0"33 Re ~ (4) 

The difficulty of applying the above equation to gas 
sparged spheres is that the slip velocity, V, required to 
calculate Re is not known. This difficulty can be over- 
come by invoking KolomogrotFs theory of isotropic 
turbulence, the use of which is justified in gas sparged 
systems by virtue of the tubulent nature of the flow 
[17,24]. Combination of the hydrodynamic boundary 
layer theory and the Kolmogoroff theory of isotropic 
turbulence has been used successfully to correlate 
liquid-solid mass and heat transfer data in mechan- 
ically stirred systems [25,26] and gas sparged fluidized 
beds [27,28]. Turbulent flow prevails in bubble col- 
umns in the bubbly flow regime as a result of the 
formation of turbulent eddies in the wake of the rising 
bubbles; these eddies break down into micro scale 

eddies which extend their action toward the container 
wall [24]. Buchholz [29] measured turbulence inten- 
sities in bubble columns and found that the turbulence 
intensity is uniform over the cross sectional area. 

According to Kolmogoroff [30,31] large scale low 
frequency primary eddies are produced by turbulent 
flow. Although these eddies contain the bulk of the 
kinetic energy they contribute only slightly to viscous 
energy dissipation. Interaction of the large eddies with 
slow moving streams produces smaller eddies of higher 
frequency, which further disintegrate until, finally, 
they are dissipated into heat by viscous forces, Kol- 
mogoroff argued that the smaller eddies are indepen- 
dent of the bulk motion and are isotropic. The proper- 
ties of these eddies are a function of the rate of energy 
dissipation per unit mass (e) and the kinematic viscos- 
ity. Based on dimensional reasoning Kolmogoroff 
derived the following equations for the length scale (f) 
and the velocity scale (v) of the isotropic eddies 

i" = (1)3/e) 1/4 (5) 

v = (re) 1/4 (6) 

Kolmogoroff then postulated that the root mean 
square of the velocity difference ~ between two points 
at a distance d was given by 

~/v = f ( d / 1 )  (7) 

Using dimensional analysis Kolmogoroff derived the 
following expression: 

[ <  d <  L ~ = (ed)  '/3 (8) 

where L is the scale of a primary eddy, assuming d is 
equal to sphere diameter ds, that is 

d = ds (9) 

Substituting Equations 8 and 9 in Equation 4 

Sh = 2 + c~Sc °33 (ed4/v3) ~ (10) 

The coefficient c~ and the exponent y will be deter- 
mined using the present experimental data. The rate of 
energy dissipation per unit mass (e) can be calculated 
by considering the total mechanical energy input to 
the cell (E) which is the product of the gas pressure 
drop in the cell and the volumetric gas flow rate. 

E = g Q A P  = gVgahpg, (11) 

The energy dissipated per unit mass of liquid is given 
by 

e = gVg (12) 

It may be relevant to the present work to quote,  
equations obtained for liquid-solid mass transfer at 
suspended particles in bubble columns. Sanger and 
Deckwer [27] correlated their data for ion exchange 
beads of various diameter by the equation 

Sh = 2 + 0.545Sc °33 ( ed4~U264- 
\ v 3 J  

Sano et al. [28] measured the mass transfer coeffi- 
cients of suspended benzoic acid and naphthol par- 
ticles in a bubble column; they correlated their data 
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Fig. 1. Cell and electrical circuit. A, multirange ammeter; B, refer- 
ence electrode; C, Luggin tube; D, 6 V d.c. power supply; E, elec- 
trolyte level; F, isolated current feeder; G, cylindrical Ni foil anode 
of cell 1; H, porous diaphragm; I, cylindrical plexiglass container; 
J, cathode of oxygen generating cell (cell 2); K, anode of oxygen 
generating cell (cell 2); L, wax seal; M, potentiometer. 

with the equation 

Sh : ~b[2 + 0.4Sc °'33(ed4~°'25] 
t ,v 3 ) J (14) 

3. Experimental technique 

The apparatus (Fig. 1) consisted of two separate cells 
placed in the same container. Each cell was fed with 
current from a different d.c. source. One of  the two 
cells served to generate oxygen (cell 2) which stirred the 
solution at the cathode of  the other cell (cell 1) where 
ferricyanide ion was reduced from alkaline solution. 
The container was made of  plexiglass and had a vol- 
ume of  2 dm 3 and a diameter of  12 cm, it was divided 
into two compartments by a tight cylindrical porous 
diaphragm of 6.8 cm diameter made of  synthetic fab- 
ric and supported on a perforated plastic cylinder. The 
inner compartment contained the cell used to measure 
the limiting current (cell 1) and the anode of the 
oxygen generating cell. The outer compartment con- 
tained the cathode of  the oxygen generating cell. The 
oxygen generating cell consisted of  a horizontal nickel 
disc anode of 6.7 cm diameter located at the bottom of  
the inner compartment at a distance 5 cm from the 
cathode of  cell 1 and isolated from its back by epoxy 
resin; the cathode of the oxygen generating cell was 
made of  a cylindrical nickel foil of  4 cm height, placed 
in the outer compartment.  The cell used for limiting 
current measurement (cell 1) consisted of  a nickel plated 
sphere cathode welded to an isolated current feeder 
which also acted as a cathode holder. The cell anode 
was made of a cylindrical nickel foil of 6.7 cm diameter 
surrounding the sphere cathode which was located in 
the centre of the cell. Preliminary experiments on the 
effect of distance between the sphere and the oxygen 

generating electrode showed that, under the present 
conditions, distance has a negligible effect on the mass 
transfer coefficient. 

The electrical circuit connected to each cell was 
composed of a multirange ammeter and a 6V d.c. 
power supply with a voltage regulator. Mutual electri- 
cal interference between the two cells was found to be 
negligible and each cell behaved independently during 
electrolysis. Before each run the cathode was activated 
as mentioned elsewhere [32]. The rate of oxygen dis- 
charge was controlled by adjusting the current passing 
through the oxygen generating cell; the current density 
used in oxygen generation ranged from 0.0125 to 
0 .125Acm 2. The oxygen discharge rate (superficial 
velocity) was calculated from the equation [33] 

Vg = Io2RT/4FPA (15) 

The limiting current for the cathodic reduction of 
ferricyanide ion was obtained potentiostatically [34- 
37]. The method consisted in fixing the cathode poten- 
tial at a value of 350 mV corresponding to the limiting 
current and recording the steady state current. The 
cathode potential was measured against a reference 
electrode by means of a potentiometer. The reference 
electrode consisted of  a nickel wire placed in the cup 
of a Luggin tube filled with a solution identical to the 
cell solution [38,39]. The Luggin tube had a small 
diameter (0.25 cm) in order to minimize its interference 
with the flow pattern of the gas-liquid dispersion; the 
tip of  the Luggin tube, which was placed at 0.5-1 mm 
from the cathode surface, was plugged with a cotton 
filament to avoid entry of  gas bubbles into the Luggin 
tube. During electrolysis no bubbles adhered to the 
sphere surface. 

Three different concentrations of potassium ferri- 
cyanide were used 0.025, 0.05 and 0.1 M; in all cases 
2 N N aO H  was used as a supporting electrolyte. AR 
grade chemicals and distilled water were used in 
preparing the solutions. The viscosity and density of 
the solution were determined by means of  an Ostwald 
viscometer and density bottle respectively [40]. Dif- 
fusivity of  ferricyanide ion was calculated from the 
formula of  Eisenberg et al. [41]. Solution temperature 
was 22 _+ 1 °C. Each run was repeated once or twice 
using a fresh solution. The mass transfer coefficient 
was calculated from the limiting current using the 
equation 

iL/zF = K C  (16) 

4. Results and discussions 

Figure 2 shows that the mass transfer coefficient at a 
single sphere electrode can be related to the rate of  
energy dissipation/unit mass of  solution by the equa- 
tion 

K = a3e 0"268 ( 1 7 )  

which implies that the mass transfer coefficient is 
related to the superficial gas velocity by the equation 

K = a 4 Vg °'26s (18) 
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Fig. 2. Effect of the rate of energy dissipation per unit mass of the solution on the mass transfer coefficient at a single sphere electrode. Sphere 
diameter = 3.75 cm. Ferricyanide conc./M: (x) 0.025, (O) 0.05, and (zx) 0.1 

The Vg exponent 0.268 agrees with the previously 
reported values in heat and mass transfer in gas 
sparged systems which ranged from 0.19 to 0.37 
depending on the geometry of  the transfer surface and 
the range of superficial gas velocities. The exponent 
0.268 also agrees with the value 0.25 predicated from 
heat and mass transfer models [16,28] obtained by 
combining the surface renewal theory with Kol- 
mogoroff 's theory of isotropic turbulence. The slight 
dependence of  the data shown in Fig. 2 on ferricyanide 
concentration may be attributed to natural convection 
interference [34]. Recently, Zarraa et  al. [42] studied 
the effect of  nitrogen sparging on the rate of  diffusion 
controlled dissolution of  a single copper sphere in 
acidified chromate solution using a 10cm diameter 
shallow bubble column fitted at its bot tom with a 
multihole plastic distributor with each hole of 0.1 mm 
diameter. The authors used a superficial velocity range 
of  0.564-2.334cms -1 (the present range is 1.5 x 
10 3-7.5 x 10 3cms-1) and a sphere diameter range 
of 0.48-3.5 cm. The mass transfer coefficient, which 
ranged from 0.001182 to 0.0167 cm s- 1, was related to 
the superficial nitrogen velocity by the equation 

K = a5 Vg 0"565 (19) 

In the absence of  an established exact mechanism 
which explains mass transfer in gas sparged systems it 
is difficult to account for the discrepancy between 
Equation 18 and Equation 19. However the results of  
the work of  Whitney and Tobias [34] may  be useful in 
this regard. These authors studied the effect of an 
electrolytically generated single bubble stream on the 
rate of mass transfer at a vertical planar micromosaic 
electrode placed downstream of  the gas generating 
electrode. The authors came to the conclusion that 
bubbles rising within the mass transfer boundary layer 
enhance the rate of mass transfer through a surface 
renewal mechanism according to which 

K = a 6 V O'5 (20) 

On the other hand bubbles rising outside the mass 
transfer boundary layer induce an upward flow which 
increases the velocity gradient at the electrode surface 
with a consequent increase in the mass transfer coeffi- 
cient according to the equation. 

K = a 7 Vg °'33 (21) 

In view of  the finding of  Whitney and Tobias the 

present Vg exponent, 0.268, of Equation 20 suggests 
that, under the present conditions, the rising bubble 
swarm moves outside the mass transfer boundary 
layer around the sphere. This is consistent with the 
fact that the rising oxygen bubbles are repelled away 
from the negatively charged sphere cathode because 
these bubbles carry a negative charge. Brandon and 
Kelsall [43] found that electrolytically generated oxy- 
gen bubbles from solutions having pH > 3 are nega- 
tively charged while bubbles generated from solution 
having pH < 2 are positively charged. The Vg ex- 
ponent 0.565 of Equation 19, obtained by Zerraa et  

al., suggests that the bubble swarm could penetrate the 
mass transfer boundary layer where the rate of mass 
transfer is enhanced by a surface renewal mechanism, 
as revealed by Whitney and Tobias. The close proxi- 
mity between nitrogen bubbles and the sphere surface 
in the case of  Zarraa's work may be attributed to the 
absence or weakness of  repulsion between the rising 
nitrogen bubbles and the unpolarized copper spheres 
used by Zarraa et al. 

Figure 3 shows that the mass transfer coefficient 
decreases with increasing sphere diameter and then 
remains almost constant with further increase in 
sphere diameter. This behaviour is consistent with the 
turbulent nature of  the flow and agrees with the find- 
ings of other authors [5,6,8,44-47]. 

Figure 4 shows that the present mass transfer data 
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Fig. 3. Effect of sphere diameter on the mass transfer coefficient at 
a single sphere electrode. Ferricyanide conc.= 0. I M. Oxygen dis- 
charge rate/cm3cm-2s l: (x) 0.000826, (O) 0.00i5, (zx) 0.00526, 
and (o) 0.00751. 
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Fig. 4. Overall mass transfer correlation at gas sparged single sphere in terms of the specific energy dissipation, d/cm, ferricyanide conc./M: 
(×)  3.75, 0.1; (O) 2.6, 0.1; (zx) 1.2, 0.1; (.) 3.75, 0.05; (A) 3.75, 0.025; (IS]) 2, 0.1; and (m) 1.5, 0.1. 
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Fig. 5. Overall mass transfer correlation at a gas sparged fixed bed of spheres in terms of the specific energy dissipation. Sphere 
diameter = 1.2cm. Ferricyanide conc./M: (× )  0.I, (O) 0.05, and (zx) 0.025. 

fit the equation 

{ed4~ °-268 
Sh = 2 + 0.21Sc°33 \ v3 ] (22) 

for the conditions 2860 < Sc < 2916 x 106 > (ed4/ 
v 3) > 542 x 10 6 with an average deviation of  
+ 15.7%. In calculating Sh, the sphere diameter was 
used as a characteristic length. In an earlier study 
using a~technique similar to the present one Sedahmed 
[7] studied the rate of  mass transfer at a cathode made 
of  a single layer of  closely packed spheres and stirred 
with oxygen bubbles evolved at a horizontal disc 
anode placed below the fixed bed. The rate of  mass 
transfer was found to increase by a factor of  2-6.5 
over the natural convection value without a voltage 
penalty as a result of the flow of oxygen bubbles 
through the fixed bed cathode. Figure 5 shows that the 
mass transfer data at a single layer of closely packed 
spheres stirred with counterelectrode oxygen bubbles 

fit the equation 

( ed4 "~°'33 (23) 
Sh = 2 + 0.067Sc °33 \-~-] 

for the conditions 2860 < Sc < 2916 x 106 (ed4/ 
v 3) > 5.7 X 106 with an average deviation of  ___ 7%. 

A comparison between Equation 22 and Equation 
23 shows that, for the same gas superficial velocity, the 
mass transfer coefficient is higher in the case of  a single 
sphere by an amount ranging from 17% to 26%. 

Since Equation 3 is used widely to correlate mass 
and heat transfer data in gas sparged systems [24,47] 
it would be useful, for the purpose of  comparison with 
other heat and mass data in gas sparged systems, to 
correlate the present data in terms of  Equation 3. 
Figure 6 shows that the present data for the conditions 
0.25 x 10 -9 < Fr" Re < 22.5 x 10 -9 fit the equa- ~, 

tion 

J = 0.21 (Re'Fr) -°z45 (24) 
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Fig. 6. Overall mass transfer correlation at a gas sparged single 
sphere using Equation 3. d]cm, ferricyanide conc./M: ( x )  3.75, 
0.025; (A) 3.75, 0.05; (e) 3.75, 0.025; (O) 2.6, 0.1; and (zx) 2, 0.1. 
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Fig. 7. Overall mass transfer correlation at a gas sparged fixed bed 
of spheres using Equation 3. Sphere diameter = 1.2cm. Ferri- 
cyanide conc./M: (e) 0.025, (× )  0.05, and (o) 0.1. 
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with  an  average dev ia t ion  o f  _+ 8 .9%.  F o r  a fixed bed 
o f  spheres,  Fig.  7 shows tha t  the da t a  for  the con-  
d i t ions  1.97 x 10 -9 < R e ' F r  < 31 x 10 -9 fit the 

equa t ion  

J = 0.43 ( R e .  Fr)  -°n7  (25) 

wi th  an  average  dev ia t ion  o f  ___ 8 .5%.  

5. Conclusions 

(i) Gas  sparg ing  is an  effective way  o f  enhanc ing  the 
ra te  o f  mass  t ransfer  a t  spher ica l  electrodes.  The  
degree o f  enhancemen t  depends  main ly  on the superfi- 
cial  gas velocity,  sphere d i ame te r  p lays  a secondary  

role under  the present  condi t ions .  
(ii) Based on  the h y d r o d y n a m i c  b o u n d a r y  layer  

theo ry  and  K o l o m o g r o f f ' s  theory  o f  i so t rop ic  tu rbu-  
lence the presen t  da ta ,  as well as previous  d a t a  on gas 

sparged  fixed beds  o f  spheres,  were cor re la ted  in terms 
o f  the specific energy d iss ipa t ion .  This  m e t h o d  does  
no t  suffer f rom the shor tcomings  o f  o ther  cor re la t ing  

methods .  
(iii) I t  is p r o b a b l e  tha t  the charge  on the sparged  

bubbles  p lays  an i m p o r t a n t  role in de te rmin ing  the 

abi l i ty  o f  the  bubbles  to enhance  the ra te  o f  mass  
t ransfer  a t  the po la r i zed  electrode.  The  degree o f  mass  

t ransfer  enhancemen t  increases  i f  the bubbles  ca r ry  a 
charge  oppos i t e  to tha t  o f  the po la r i zed  e lec t rode  at  
which  mass  t ransfer  t akes  place  and  vice versa.  
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