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Abstract

Mass transfer between gas sparged two immiscible nondispersed liquids was studied by measuring the limiting current of the cathodic
reduction of ferricyanide ion at the surface of a mercury pool cathode. Rates of mass transfer were measured for three cases, namely: (i)
batch gas sparged reactor; (ii) continuous gas sparged reactor with superimposed solution flow admitted to the reactor from a side entry
nozzle located at the mercury surface; (iii) continuous single phase flow reactor (unsparged). Variables studied were N2 superficial velocity,
physical properties of the solution, solution velocity and inlet nozzle diameter (dn). The following correlations were obtained for solutions
of Scranging from 1740 to 6000. Single phase mass transfer data without gas sparging were correlated by the equation:

Sh= 0.236Sc0.33 Re0.89
(
d

dn

)0.68

Gas sparging mass transfer data in a batch reactor were correlated in terms of the mass transferJ factor by the equation:

J = 0.39(Re Fr)−0.16

Mass transfer data obtained for the combined gas sparging and single phase flow were found to fit the equation:

Sh= 28Sc0.33 Re0.24 Re0.28
g

Implications of the present results for enhancing the rate of diffusion controlled chemical and metallurgical processes between two
immiscible nondispersed liquids, and design of electrochemical reactors employing mercury pool cathode are noted.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Gas sparging is assuming a growing importance as a
means for intensifying diffusion controlled technical pro-
cesses such as electrochemical processes[1–4], biochemical
processes[5,6], membrane processes[7] and heterogeneous
(liquid–solid, gas–liquid and liquid–liquid) and catalytic re-
actions[8–11]. The increasing acceptance of gas sparging
by industry is attributed to: (i) for a given rate of mass trans-
fer, gas sparging is more economic than mechanical stirring
[10,12]; (ii) gas sparging can offer considerable advantages
over mechanical stirring especially at high pressures where
shaft sealing is a problem and in vessels of large length to
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diameter ratio where mechanical stirring is awkward to ar-
range.

So far, most of the previous mass transfer studies in
gas sparged systems have concentrated on solid–liquid,
gas–liquid and dispersed liquid–liquid systems. Scant atten-
tion has been given to the use of gas sparging to enhance
the rate of heat and mass transfer between immiscible
nondispersed liquid–liquid systems despite their frequent
occurrence in chemical engineering practice as shown by
the following examples:

(1) Liquid–liquid extraction with or without chemical reac-
tion between liquids which are difficult to disperse either
because of the large difference in properties between the
two liquids (density, viscosity and surface tension) or
when dispersion is undesirable owing to the formation
of a difficult to break stable emulsion.

1385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.03.002
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Nomenclature

a, ă constants
A projected cathode area
C ferricyanide concentration
d mercury pool diameter (reactor diameter)
db bubble diameter
dn nozzle diameter
D ferricyanide diffusivity
F Faraday’s constant
Fr Froude number(V 2

g /dg)
g acceleration due to gravity
J mass transferJ factor (St× Sc0.66)
K mass transfer coefficient due to single

phase flow
K̄ overall mass transfer coefficient
Kg mass transfer coefficient due to gas sparging
l limiting current
Q volumetric flow rate of the solution
rb bubble radius
Re solution Reynolds number(ρVd/µ)
Reg gas Reynolds number(ρVgd/µ)

Ren nozzle Reynolds number(ρVdn/µ)

Sc Schmidt number (ν/D)
Sh Sherwood number (Kd/D)
St Stanton number (Kg/V)
t time
T temperature
V solution velocity in the reactor(Q/(πd2/4))
Vb bubble volume
Vg superficial gas velocity
Vn nozzle solution velocity
Z number of electrons involved in the reaction

Greek letters
θ fractional surface coverage by gas bubbles
µ solution density
ν kinematic viscosity
ρ1, ρ2,
ρg density of heavy liquid, light liquid and gas,

respectively
σ surface tension
φ bubble shape factor

(2) Liquid–liquid extraction under high pressure using su-
percritical fluids (e.g. liquefied carbon dioxide) to sep-
arate isomers from organic melts[13].

(3) Metallurgical reactions where a layer of slag floats on
a molten metal phase extracts a component from the
molten metal solution[14].

(4) Pure mercury needed for applications such as thermom-
etry and temperature control is produced from impure
mercury by dissolving the less noble impurities in an
oxidizing agent such as HNO3 or Hg(NO3)2 which dis-
solves the less noble metal impurities from impure mer-

cury and deposit an equivalent amount of mercury (ce-
mentation)[15,16].

(5) Liquid amalgams which are used as a strong reducing
agents for reducing organic[17] and inorganic com-
pounds [18] are produced electrochemically using a
mercury pool cathode.

(6) Mercury pool cathode is used as an efficient cathode for
electrochemical reduction of aqueous organic and inor-
ganic compounds[19–22]which are difficult to reduce
by other efficient solid cathodes such as Zn, Pb and Sn
and solid amalgams. Examples of industrial small scale
electroorganic synthesis using mercury as a cathode are
mentioned elsewhere[20]. The high efficiency of mer-
cury cathode is attributed to: (i) mercury has a high H2
overpotential which may exceed 1 V, this makes it possi-
ble to reduce a wide range of organic compounds at the
mercury surface in preference to H2 evolution; (ii) mer-
cury has a clean and reproducible surface unlike solid
electrodes which may be deactivated during electroly-
sis by fouling organic deposits; (iii) mercury acts as a
catalyst for the reduction of many organic compounds.
The negative environmental effects of using mercury as
cathode material have been reduced considerably by the
advent of three-dimensional electrodes which could re-
duce the level of mercury ion concentration in waste so-
lution to below the maximum permissible value[23,24].
On the other side the mercury pool cathode suffers from
a limited area which limits its space time yield, this
shortcoming can be overcome by enhancing the rate of
mass transfer.

The aim of the present work is to test the effect of gas
sparging on the rate of mass transfer between immiscible
nondispersed liquids in batch and continuous reactors. To
this end, the rate of mass transfer between a horizontal mer-
cury pool cathode and an aqueous solution was determined
by measuring the limiting current of the cathodic reduction
of ferricyanide ion in a large excess of sodium hydroxide for
following arrangements: (i) batch gas sparged reactor; (ii)
continuous gas sparged reactor with superimposed solution
flow fed to the reactor through a side entry nozzle located
at the mercury surface; (iii) continuous single phase flow
reactor without gas sparging.

Although theoretical and empirical equations are avail-
able in the literature to predict the rate of heat[25] and mass
transfer[26–28] in gas sparged liquid–solid systems, little
has been done to quantify the heat and mass transfer be-
haviour of two immiscible nondispersed liquids stirred by
inert gas bubbles introduced from below the heavy liquid
layer. In view of the analogy between heat and mass trans-
fer, it is hoped that the present results could be transposed
to heat transfer between immiscible nondispersed liquids.
This would serve objects such as the thermal management of
chemical and metallurgical processes involving two immis-
cible nondispersed liquids, and waste heat recovery from hot
liquid metals such as mercury and gallium (melting point=
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29◦C) by direct cooling with water in the production stage
of these metals.

2. Theory

In view of the approximate similarity between bubble for-
mation at the surface of gas sparged mercury layer and elec-
trically generated gas bubbles at solid electrodes, mass trans-
fer at gas sparged mercury pool can be dealt with approxi-
mately in a manner similar to mass transfer at gas evolving
solid electrode using the following models:

(1) The natural convection model(the macroconvection
model). This model was originally developed by Zuber
[29] to explain the mechanism of heat transfer dur-
ing nucleate boiling. The model was used to explain
the mechanism of mass transfer at gas evolving elec-
trodes [30,31]. This model is based on the fact that
the difference in density between the liquid and the
average density of the gas–liquid layer at the mercury
surface gives rise to an upward buoyancy force which
removes the reacted solution from the mercury surface
and replaces it with a fresh bulk solution. Previous nat-
ural convection studies at an upward facing horizontal
surface[32,33] lead to the equation:

Sh= a(Sc Gr)0.33 (1)

where

Gr = gd3
g

γ2

�ρ

ρ
= dg3

γ2

(
ε

1 − ε

)

for small values ofε the ratioε/(1− ε) can be approx-
imated byε.

AccordinglyEq. (1) leads to

K ∝ ε0.33 (2)

Previous studies on gas holdup (ε) [34] show that the
gas holdup is related to the superficial gas velocity by
the equation:

ε ∝ Vn
g (3)

In the bubbly flow regime n lies between 0.7 and 1.2
[34] i.e. n ≈ 1. Eliminatingε betweenEqs. (2) and (3)
we get

K ∝ V 0.33
g (4)

(2) The penetration model[35]. This model is based on the
fact that bubble detachment from the mercury surface
creates a void which is filled with fresh solution through
which unsteady state diffusion of the reactant to the mer-
cury surface takes place until a new bubble is formed.
A relation between the mass transfer coefficient at the
gas evolving surface and the superficial gas velocity was

obtained by Ibl and Venczel[35] by integrating the Cot-
trell equation over the waiting timetw and taking the
time average:

K = t−1
w

∫ tw

0

(
D

πt

)0.5

dt (5)

Assuming hemispherical bubbles, Ibl and Venczel cal-
culated the waiting timetw as the inverse of the number
of bubbles evolved at a site per unit time:

tw = (πd3
b/6)A

πr2
bVg

(6)

Using the above expression after taking into account that
only a fractionθ of the electrode surface is covered by
gas bubbles,Eq. (5) integrates to

K =
[

6DVg(1 − θ)

πbA

]0.5

(7)

Vogt [36] formulated the above equation in the following
dimensionless form:

Sh= 2.76

Φ0.33
(Re Sc)0.5(1 − θ)0.5 (8)

whereφ is a shape factor whose value depends on the
bubble shape andθ the fractional surface coverage of
the electrode by gas bubbles.

(3) The microconvection model[37]. This model is based
on the fact that the growing bubble induces laminar flow
past the transfer surface. Starting from the mass transfer
equation which expresses the rate of mass transfer at a
surface exposed to parallel laminar flow:

Sh= aSc0.33 Re0.5 (9)

Stephan and Vogt[37] could develop the following di-
mensionless equation which represents mass transfer at
gas evolving surfaces:

Sh= 0.93Sc0.487Re0.5g (10)

The break off bubble diameter was used as a characteris-
tic length in calculatingShandRe. Both the penetration
model and the microconvection model lead to:

K ∝ V 0.5
g (11)

Although Eqs. (8) and (10)are theoretically important,
it is difficult to use them in practice to predict the rate
of mass transfer at gas evolving surfaces owing to the
difficulty of knowing bubble parameters such as break
off bubble diameter, bubble geometrical parameter (φ)
and fractional surface coverage (θ). This difficulty arises
from the complex nature of electrical generation of gas
bubbles where many interacting variables such as elec-
trode material, solution composition nature of the evolv-
ing gas and the range of superficial gas velocity affect
the process.

In view of this difficulty experimental studies such as the
present one are necessary.
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Fig. 1. Apparatus: (1) nitrogen cylinder, (2) rotameter, (3) sintered glass
distributor, (4) mercury cathode, (5) stainless steel anode, (6) plexiglass
overflow weir, (7) plastic centrifugal pump, (8) plexiglass storage tank,
(9) electrical circuit (- - -), (10) 12 V dc power supply, (11) solution by
pass, (12) plastic valve, (13) electrolyte level, (14) cylindrical plexiglass
column.

3. Experimental technique

The apparatus (Fig. 1) consisted of the cell, flow-circuit
and electrical circuit. The cell consisted of a plexiglass col-
umn of 11 cm diameter and 30 cm height, the bottom of the
column was fitted with G4 sintered glass gas distributor. A
layer of mercury of 1 cm height placed at the cell bottom
formed the cathode, the anode was 25 cm high cylindrical
screen of stainless steel liming the inner wall of the cell.
The large anode area compared to the cathode area allowed
the use of the anode as a reference electrode in construct-
ing current–voltage curves from which the limiting current
was obtained. The cathode and anode were fed with elec-
trical current by nickel plated insulated copper wire. The
electrical circuit consisted of 12 V dc power supply with a
voltage regulator and a multirange ammeter connected in
series with the cell. A voltmeter was connected in parallel.
A 0.2 hp plastic centrifugal pump was used to circulate the
electrolyte between 30 l plexiglass storage tank and the cell
in experiments conduced to test the effect of single phase
flow and the combined solution flow and gas sparging. So-
lution was admitted to the reactor from a side entry nozzle
located at the mercury surface. Gas sparging was carried out
using a N2 cylinder and a calibrated rotameter to measure
the superficial gas velocity.

Before each run, solution flow rate and or gas flow rate
were adjusted at the required values by means of a bypass

Table 1
Physical properties of the solutions at 25◦C

Solution composition ρ (g/cm3) µ (×102 P) D (×106 cm2/s) Sc

0.01 M K3Fe(CN)6 + 0.01 M K4FeCN)6 + 1 M NaOH 1.0461 1.1042 6.693 1577
0.01 M K3Fe(CN)6 + 0.01 M K4Fe(CN)6 + 2 M NaOH 1.085 1.3822 5.508 2314
0.01 M K3Fe(CN)6 + 0.01 M K4Fe(CN)6 + 4 M NaOH 1.1675 2.2743 3.291 5919

and ball valve, respectively. Solution velocity was deter-
mined by measuring the volume of solution collected in a
certain time in a graduated cylinder. The limiting current of
the cathodic reduction of ferricyanide ion which takes place
according to the equation:

Fe(CN)6
3− + e → Fe(CN)6

4−

was determined by increasing the current stepwise and mea-
suring the corresponding cell voltage until the limiting cur-
rent plateau was obtained.

The solution was composed of 0.01 M K3Fe(CN)6 and
0.01 M K4Fe(CN)6 in a large excess of NaOH, three differ-
ent concentrations of NaOH were used: 1, 2 and 4 M. All
solution were freed from dissolved oxygen by bubbling N2
in the storage tank before and during experiments. Solu-
tion density and viscosity required for data correlation were
determined by a density bottle and an Ostwald viscometer,
respectively[38]. Diffusivity of ferricyanide ion was calcu-
lated from the equation[39–41]:

Dµ

T
(kg m K−1 s−2) = 2.5 × 10−15 (12)

Temperature was measured during each run and the physi-
cal properties used in data correlation were adjusted accord-
ingly. The present conditions providedScranging from 1740
to 6000.Table 1shows the physical properties of the solu-
tions used at 25◦C. The limiting current was measured for
three different hydrodynamic situations, namely: (i) batch
gas sparged reactor; (ii) continuous gas sparged reactor with
superimposed solution flow; (iii) continuous single phase
flow reactor without gas sparging.

4. Results and discussion

Fig. 2a and bshows typical current–voltage curves for
single phase flow and gas sparging, respectively, from which
the limiting current was obtained, the mass transfer coeffi-
cient K was calculated from the limiting current under dif-
ferent conditions using the equation[41]:

K = 1

ZFAC
(13)

Fig. 3 shows that the averageShat a mercury pool whose
surface is stirred by single phase flow from a side entry in-
creases with the 0.89 power ofRe, the smaller the feed noz-
zle diameter the higher the averageSh. The relatively high
rate of mass transfer arises from the good mixing conditions
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Fig. 2. (a) Typical current–voltage curves obtained for single phase flow at different solution velocities;Sc= 2011. Solution velocity in the reactor (V,
cm/s): (�) 0.58, (�) 0.66, (�) 0.76, (�) 1.16, (�) 1.35, (�) 1.9. (b) Typical current–voltage curves for gas sparged reactor at different superficial N2

velocities (V = 0); Sc= 1740. Superficial N2 velocity (Vg, cm/s): (�) 0.54, (�) 1.13, (�) 1.71, (�) 2.9, (�) 3.53, (�) 4.17.

at the mercury surface as a result of exchange of momentum
between the submerged horizontal jet and the surrounding
solution, as the jet proceeds along the mercury surface it
spreads widely to cover a large area of the mercury surface
[42,43]. Fig. 4 shows that the mass transfer data for single
phase flow under the conditions: 108< Re < 5300 and
5.5< d/dn < 22 fit the equation:

Sh= 0.236Sc0.33 Re0.89
(
d

dn

)0.68

(14)

with an average deviation of+14%. Statistical analysis of
the data has shown that the standard error is 2699, the 95%
confidence limits are 3163 and 2235. Diameter of the mer-
cury pool was arbitrarily used as a characteristic length
in calculatingSh and Re. Based on inlet nozzle diameter
Reynolds number, the above equation is valid for 594<

Ren < 116 600. Since turbulent submerged jets prevails at
Ren > 2000 [44], it follows that most of the present data

were obtained using turbulent submerged horizontal jets, this
is consistent with highReexponent (0.89) shown inEq. (14).

Fig. 5 shows the effect of N2 superficial velocity on the
mass transfer coefficient in a batch reactor with no net
solution flow, the mass transfer coefficient increases with
increasing N2 superficial velocity according to the equation:

K ∝ V 0.52
g (15)

The exponent 0.52 agrees with the values reported by pre-
vious experimental studies on mass transfer at gas evolving
surfaces[36] and agrees with the value 0.5 predicted by
the penetration model[35] and the microconvection model
[37] which were presented to explain mass transfer at gas
evolving electrodes. Visual observations of the mercury
pool surface revealed that during gas sparging gas bubbles
enveloped in a mercury film are formed on the mercury
pool; after reaching a certain size where the buoyancy force
is sufficient to overcome the surface tension force, the bub-
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Fig. 3. logSh vs. logRe at different distances using horizontal jetSc= 2011.dn (cm): (�) 0.5, (�) 1, (�) 2.

ble detaches from the surface of the mercury pool and its
size increases suddenly owing to the change of the bubble
envelope from mercury to water. The large bubble then dis-
integrates into small bubbles (the equilibrium size) at the
mercury surface and then rise in the solution. The above
events enhance the rate of mass transfer at the mercury
surface via:

(i) Increasing the area of the mercury cathode through for-
mation of N2 bubbles with a mercury envelope at the
mercury surface.

(ii) The sudden enlargement of the bubble leaving the mer-
cury envelope induces radial momentum at the mercury
surface.

(iii) The departure of the large bubbles from the mercury
surface and the subsequent disintegration of these bub-

Fig. 4. Overall mass transfer correlation under single phase flow using horizontal jet.dn (cm): (�) 0.5, (�) 1, (�) 2.

bles into small bubbles generate turbulence in the so-
lution adjacent to the mercury surface.

(iv) The rise of bubbles in the solution induce a circulatory
motion (backmixing) where the upward moving en-
trained solution is recycled downward at the container
wall till it reaches the mercury surface.

(v) Bubble detachment from the mercury surface leads to
vibrating the surface; Ross and Azim[45] who used the
present technique to measure rates of mass transfer at
mechanically vibrated mercury surface found that vi-
bration increases the rate of mass transfer considerably.

An overall mass transfer correlation was envisaged in
terms of the dimensionless groupsJ, ReandFr usually used
in correlating heat and mass transfer in gas sparged systems
[25,26], Fig. 6shows that the gas sparging mass transfer data
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Fig. 5. Effect of superficial gas velocity on the mass transfer coefficient.Sc: (�) 1740, (�) 2565, (�) 6000.

in batch reactor for the conditions 0.046< Re Fr< 10.1 fit
the equation:

J = 0.39(Re Fr)−0.16 (16)

with an average deviation of+9.6%. The standard error is
0.054 and the 95% confidence limits are 0.039 and 0.069.

It would be instructive to compare the present gas sparging
mass transfer data with previous related studies. Sedahmed
and Ahmed[46] who studied the rate of mass transfer at
H2 evolving mercury cathode found that the mass transfer
coefficient increases with the 0.27 power of H2 discharge
velocity. The difference between the present gas velocity
exponent (0.52) and that obtained for H2 evolving mercury
cathode may be attributed to the difference in the mode of

Fig. 6. Overall mass transfer correlation at gas sparged mercury cathode.Sc: (�) 1740, (�) 2565, (�) 6000.

bubble generation at the mercury surface. Electrolytic H2
generation at the mercury surface from alkaline solution pro-
duces small noncoalescing bubbles enveloped with aqueous
film [47]. In the present study where gas comes from below
the mercury surface, gas bubbles enveloped with mercury
film are first formed at the mercury pool surface before they
break off and turn into large gas bubbles enveloped with
aqueous solution which disintegrate to the equilibrium sized
bubbles. Events which are involved in the present mode of
bubble generation such as enlargement of the mercury sur-
face and turbulence generation by large bubble disintegra-
tion at the mercury surface may be responsible for the higher
logK/logV slope obtained in the present work compared to
that obtained by Sedahmed and Ahmed.
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In a previous study Sedahmed[26] derived the follow-
ing equation which predict the rate of mass transfer at gas
sparged solid surface by combining the surface renewal the-
ory and Kolmogoroff’s theory of isotropic turbulence:

St Sc0.5 = 0.035(Re Fr)−0.25 (17)

By multiplying both sides bySc0.16 which for the present
range ofScapproximates to 3.657,Eq. (17)becomes:

J = 0.128(Re Fr)−0.25

A comparison between this equation andEq. (16) shows
that the present gas sparging mass transfer data are much
higher than those predicted fromEq. (17). The high rate of
mass transfer at the gas sparged mercury surface compared
to that at a solid surface subjected to a swarm of gas bubbles
generated by a porous frit is attributed to the fact that the
intensity of turbulence generated at the immediate vicinity of
the mercury surface during bubble growth and detachment
is much higher than the intensity of turbulence (momentum)
which is transferred from the rising gas–liquid dispersion to
the solid transfer surface.

A model for heat transfer across liquid–liquid interfaces
agitated by bubbles was developed by Szekely[48] using
the surface renewal principles that assume periodic destruc-
tion of temperature gradients at the liquid–liquid interfaces
by the arrival of bubbles. The model was further modified
by Blottner [49] resulting in the following interfacial heat
transfer coefficient:

h = 1.69

(
ρCpkVg

rb

)0.5

(18)

which can be written in the following dimensionless form:

Nu = 1.69Pr0.5 Re0.5 (19)

bubble radiusrb was used as a characteristic length in cal-
culatingRe. The present result that the mass transfer coef-
ficient increases with the 0.52 power of the superficial gas
velocity is in agreement with Szekely’s model. The criti-
cism which can be levelled againstEq. (19)is that it needs
a priori knowledge of the bubble radius which is not easy
to determine beside the fact that it may not be uniform.
Eq. (16)of the present work obviates this difficulty owing
to the cancellation of the characteristic length fromEq. (16)
(Re Fr= V 3

g /Vg). In applyingEq. (16)to predict the mass
transfer coefficient in practice, care should be taken that the
two liquid layers are completely separated and there is no
entrainment of the lower liquid with the gas bubbles which
try to pull in its wake a column of the heavier lower liq-
uid into the light liquid layer. If the operating conditions
allow entrainment to take place,Eq. (16)would be invalid
owing to the increase in the rate of mass transfer as a re-
sult of the increase in the interfacial area between the two
liquids. Greene[50] found that entrainment of the heavy
liquid by the gas bubbles into the light liquid takes place

when the bubble volumeVb exceeds a certain value given
by

Vb >

[
7.8σ

g(3ρ1 − ρ2 − 2ρg)

]3/2

(20)

4.1. Mass transfer by the combined gas sparging and
solution flow

To test the mass transfer behaviour of a continuous gas
sparged mercury pool cathode, mass transfer rates were de-
termined for the combined gas sparging and horizontal jet
feed. To correlate the data the method used in correlating
mass transfer data in cells with gas evolving electrodes and
superimposed solution flow was invoked. Two models were
developed in the literature to calculate the overall mass trans-
fer coefficient at gas evolving electrodes with superimposed
solution flow from the individual mass transfer coefficient
due to gas evolution and forced convection. The first model
simply adds the individual mass transfer coefficients[51]:

K̄ = K +Kg (21)

The other one uses a vector addition[52–54]:

K̄ = (K2 +K2
g)

0.5 (22)

Under the present range of conditions it was found that the
present data reasonably fitEq. (22)while Eq. (21)overes-
timates the overall mass transfer coefficient.Table 1shows
that the overall mass transfer coefficient calculated from
the gas sparging mass transfer coefficient and the single

Fig. 7. Effect of solutionRe on Sh at different superficial gas velocity
(Vg, cm/s): (�) 0.54, (�) 1.71, (�) 2.9, (�) 3.53, (�) 4.79.



A.H. Konsowa et al. / Chemical Engineering Journal 102 (2004) 131–140 139

Table 2
Comparison between the experimental overall mass transfer coefficient due to gas sparging and horizontal feed and the value calculated fromEq. (22)

V
(cm/s)

Vg (cm/s)

1.13 1.7 2.3 3.53 4.8

K̄exp

(×103 cm/s)
K̄calc

(×103 cm/s)
K̄exp

(×103 cm/s)
K̄calc

(×103 cm/s)
K̄exp

(×103 cm/s)
K̄calc

(×103 cm/s)
K̄exp

(×103 cm/s)
K̄calc

(×103 cm/s)
K̄exp

(×103 cm/s)
K̄calc

(×103 cm/s)

0.26 5 4.24 5.34 5.61 6 6.14 7.1 7.74 8.18 8.83
0.48 5.45 4.5 6 5.8 6.55 6.32 7.74 7.9 8.73 8.96
0.58 6.5 4.74 7.1 6 7.6 6.5 8.45 8 9 9.08
0.67 7.14 5.33 7.6 6.5 8.18 6.94 9 8.4 9.8 9.4
0.76 7.6 5.9 7.9 6.95 8.18 7.39 9.27 8.76 10.1 9.74
1 8.2 6.7 9.8 7.6 9.81 8 12 9.3 12.8 10.22

Fig. 8. Overall mass transfer correlation under two phase flow.Sc: (�) 1740, (�) 2565, (�) 6000.

phase mass transfer coefficient deviates from the experimen-
tal value by an average of+10.7%. Outside the range of
conditions shown inTable 2the deviation fromEq. (22)in-
creases at lower gas velocities and higher solution velocities.
The agreement of the present data withEq. (22)implies that
forced convection and gas evolution interact with each other
at the mercury pool surface[52–54]probably as follows:

(i) Jet flow at the mercury surface contributes to the hydro-
dynamic conditions which affects the equilibrium bub-
ble size at which the rate of coalescence becomes equal
to the rate of disintegration[55].

(ii) On the other hand bubbles residing on the mercury sur-
face may act as turbulence promoters for the jet flow.

In view of the fact that deviation fromEq. (22) becomes
considerable at relatively low gas velocities and high solu-
tion velocities, an attempt was made to correlate all the mass
transfer data obtained under the combined gas sparging and
solution flow (typified byFig. 7) in a manner similar to
the used in case of two phase flow using the dimensionless
groupsSh, Sc, ReandReg. Fig. 8shows that the present data
for the conditions 184< Re< 1700 and 338.5 < Reg <
4747 fit the equation:

Sh= 28Sc0.33 Re0.24 Re0.28
g (23)

with an average deviation of±14%. The standard error is
2894 and the 95% confidence limits are 2546 and 3242. Mer-
cury pool diameter was arbitrarily used as a characteristic
length in calculatingSh, ReandReg.

5. Conclusion

(1) The present study have shown that gas sparging is an
efficient means for enhancing the rate of diffusion con-
trolled processes taking place at the interface between
two immiscible nondispersed liquids such as purifica-
tion and separation of organic melts by supercritical flu-
ids, purification of molten metals by an overlying layer
of slag, chemical and electrochemical processes involv-
ing the use of mercury pool. The increase in the rate
of mass transfer ranged from 5 to 23 times the natural
convection value depending on the operating conditions
(the average natural convection mass transfer coefficient
was found to be 0.55× 10−3 cm/s).

(2) The present results show that mass transfer across a gas
sparged interface between two immiscible liquids takes
place through a mechanism similar to that of mass trans-
fer at gas evolving surfaces, namely, by surface renewal
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mechanism and/or microconvection mechanism which
predict a dependence of the mass transfer coefficient on
the 0.5 power of the gas velocity.

(3) The present dimensionless mass transfer correlations
form the basis for the design and operation of a batch
(simple or recirculating) and a continuous gas sparged
mercury pool electrochemical reactor suitable for con-
ducting small scale diffusion controlled organic and in-
organic synthesis which cannot be conducted with other
electrode material. The advantages of the continuous
gas sparged mercury pool reactor is that it can be op-
erated at low feed rate. The high residence time arising
from the low feed rate and the high mass transfer coef-
ficient resulting from gas sparging combine to increase
the degree of conversion per pass. Besides, gas sparg-
ing would also assist in the continuous removal of any
inert organic film which might foul the cathode surface
during electrolysis.
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