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Abstract

The electrowinning of zinc from zinc chloride with a molten chloride electrolyte was investigated. The electrolysis of
zinc chloride shows ohmic limitations. The energy consumption is to a large extent determined by the anodic
reaction, the evolution of chlorine. The chlorine gas plume was visualised in a see-through furnace and images were
analysed to determine the plume angle. This parameter serves as an input parameter for a model to determine the
ohmic contributions of the electrolyte, the plume and a layer of chlorine bubbles sticking to the anode, as well as the
plume velocity. The results indicate that the major contribution (�60%) to the ohmic drop is due to a stagnant layer
of bubbles growing and sticking to the anode, thereby decreasing the effective anode area by coverage. The plume
velocity influences coverage characteristics to some extent, which influences the ohmic drop.

List of symbols

A electrode area (cm2)
A : C ratio of anodic to cathodic electrode areas (–)
C1 coverage constant (cm)
C2 constant (–)
dgap inter-electrode distance (cm)
E� standard potential (V)
Eeq equilibrium potential (V)
Ecell cell potential, difference between anode and

cathode potential (V)
F faradaic constant (96 485 C mol�1)
F force (N)
FB buoyancy force (N)
g gravitational acceleration (cm s�2)
H anode height (cm)
h distance from the bottom of the anode (cm)
I current (A)
j current density (A cm�2)
L anode width (cm)
M molecular weight (g mol�1)
m mass (g)
n number of electrons (–)
p pressure (Pa)
q thickness of covering layer (cm)
Rgas gas constant (J mol�1 K�1)
R resistance (X)
T temperature (�C, K)
v plume velocity (cm s�1)
V volume (cm3)
W energy consumption (kWh kg�1)

Greek symbols
a plume angle (�)
e voidage (–)
/m gas production at anode (g s�1)
g overpotential, Ecell � Eeq(V)
j specific conductivity (X�1 cm�1)
jeff effective conductivity (X�1 cm�1)
q density (g cm�3)
h coverage (–)

1. Introduction

An experimental study was carried out on the
electrowinning of zinc from a ZnCl2–NaCl–KCl
melt. The objective was to investigate the possibility
of producing zinc at relatively high current densities
and low energy consumption compared to Zn
electrolysis from sulphate medium. This paper pro-
vides insight of contributions to the ohmic drop,
since minimization of the ohmic drop minimizes
the energy consumption of the electrowinning
process.
Since a patent of 1899 by Swinburne and Ashcroft [1],

the electrowinning of zinc from fused zinc chloride
media has received attention. The electrowinning reac-
tion is given by:

ZnCl2 ! ZnðlÞ þ Cl2ðgÞ ð1Þ
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The electrowinning according to Reaction 1 has been
performed under different conditions, on different scales
and with different cell designs [2–14]. It appears that the
energy consumption (W ) lies in the range 1.8–
8.8 kWhkg�1. The cathodic current density is only
limited by the operating temperature and the electrolyte
composition, which will solidify locally at the cathode
due to depletion of ZnCl2 [15]. Experimental work by
Lans et al. [15] has shown that the process is under
ohmic control and that the ohmic drop is mainly due to
the chlorine evolution at the anode. The data of these
experiments have been plotted in Figure 1 with a
collection of literature data [5– 7, 10–12, 14]. The reason
for the large scatter of literature data can be attributed
to the fact that the anode area was never reported
correctly. Figure 1 shows that the ratio of anodic to
cathodic surface area (A : C ratio) is of great impor-
tance.
At relatively small overpotentials, the effective con-

ductivity of the electrolyte is significantly reduced, since
the bubbles are non-conductive and reduce the effective
electrode area by coverage. A similar effect possibly
affects the cell potential in the electrowinning of
magnesium from magnesium chloride, since the stan-
dard decomposition potential of MgCl2 is 2.51V at
750 �C, but in practice Ecell ranges from 6.0 to 7.5V at
current densities from 0.8 to 1.3A cm�2 [16].
The objective of the present work is to determine the

contributions to the ohmic drop by studying the gas
plume. Electrochemical methods have been used to
characterize the electrowinning.

2. Contributions to the cell potential

The cell potential during electrolysis involving gas
evolution consists of thermodynamic, kinetic and ohmic
contributions. Because the electrolyte consists entirely of
chlorides, even at high current densities the concentra-
tion of chloride anions at the anode surface will not

differ significantly from the bulk concentration. Hence,
mass transport will have a negligible effect on the cell
potential. Tunold et al. [16] stated that several research-
ers found no evidence of activation overpotential for the
evolution of chlorine in a molten salt, but that the
overpotential could be interpreted as an ohmic voltage
drop in a surface layer. Furthermore, the bubbles in the
bulk electrolyte reduce the effective conductivity of the
electrolyte, since the bubbles are non-conductive. The
Bruggeman equation (Equation 2) [18] describes the
effect of the volume fraction (e) of non-conducting
particles (bubbles) on the effective conductivity, jeffective,
of a mixture non-conducting particles and a conducting
solution:

jeffective
jelectrolyte

¼ ð1� eÞ3=2 ð2Þ

As the covered fraction of the electrode surface is
electrochemically complete inactive, the true current
density, jh, is larger than the nominal current density,
I=Aelectrode, and will affect the slope of current–potential
curves [19]:

jh ¼
I

Aelectrode

1

1� h

� �
ð3Þ

The electrolyte between two parallel plate electrodes
consists of two sublayers, that is, a layer with bubbles
attached to the electrode and a second sublayer with
rising bubbles [20]. Janssen [21] concluded that the
effective resistance of a solution can be well described by
the Bruggeman equation, both for maximum values of e
in the first bubble layer and in the second bubble layer,
respectively. The crowded bubble layer adjacent to the
electrode is not removed when solution flow velocities
are low [22], meaning that a relatively high ohmic
resistance is apparent at low current densities.
On raising the cell voltage to a very high value, a gas

film is formed at the anode. This unstable condition and
temporary equilibrium is known as the anode effect.
Erikson and Tunold [23] investigated the anode effect in
chloride melts and found critical current densities in the
range of 10–35A cm�2 in multicomponent (Na, K, Ca,
Mg chlorides) melts, which are an order of a magnitude
higher than the operating current density for electro-
winning zinc from zinc chloride (i.e., up to 1.5A cm�2).

3. Experimental details

Analytical grade chemicals (stored and handled in a
glove box under Ar atmosphere, <1 ppm O2, <1 ppm
H2O), were used for the preparation of the solvent.
Ternary solvents were used consisting of ZnCl2 with
NaCl and KCl, as a 40–30–30mol% composition, which
was determined to be the optimum electrolyte compo-
sition with regard to conductivity, surface tension and
viscosity [24]. Before the start of an electrometallurgical
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Fig. 1. A comparison of the cathodic current density as a function of

the cell potential between literature [5–7, 10–12, 14] and own

experimental data [15] (different A:C ratio in a ZnCl2–NaCl–KCl

electrolyte of 40–30–30mol% at 450 �C).
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experiment, the salt mixture was further purified by
passing HCl gas (research purity, 99.999%) over the
solid and then through the melt, with a flow rate of
40 l hr�1 for 3.5 h in total. Subsequently, the gas flow
was switched to Ar-gas, which was passed over a P2O5

filter, before bubbling through the melt.
The electrochemical cell was constructed of quartz

and was sealed to control the inner Ar atmosphere. A
schematic view of a cross section of the experimental cell
is shown in Figure 2. The furnace was heated by a 800W
Kanthal D strip element. The strip of 3mm width was
wound with a 10mm pitch on a quartz tube, which was
held in a water-cooled transparent housing, facilitating
visual observations. The temperature was controlled
(�0.1 �C) by means of a cascade system with K-type
thermocouples. The feed forward controller (slave) was
of Shinko, type FCR-13A. Temperature control was by
means of a Shinko programmable controller (type PC-
900).
The electrochemical measurements were carried out

with a three-electrode system: an anode with a equidis-
tant cathode at each side (19 mm spacing), facilitating
the electrochemical reaction to occur at both sides of the
anode. The electrode arrangement of cathode–anode–
cathode was used to, as far as possible, ensure current
uniformity. The cathodes were constructed out of a
tungsten plate of 3.0 cm width, the anode was con-
structed of a commercial quality of graphite (Carbone
Lorriane 4480), also 3.0 cm width and had a thickness of

1.5mm. The working area of the electrodes was deter-
mined by the depth of immersion of the electrodes into
the electrolyte and was well controlled at 48mm. The
potential of the tungsten cathodes was measured versus
the anode to measure the cell potential using a
PGSTAT30 potentiostat, which was used in combina-
tion with a BSTR20A current booster (Eco Chemie BV,
NL), to enable a high current throughput (20A). The
electrochemical measurement system was fully computer
controlled by GPES software.

4. Results and discussion

4.1. Current–potential relationships

Copham and Fray [24] determined that an optimum
electrolyte composition for the decomposition of ZnCl2
in a ternary ZnCl2–NaCl–KCl melt is a 40–30–30mole
mixture, the composition used for this work. The
cathodic limiting current density was not reached under
the conditions of these experiments. Consequently,
current–potential relationships for the decomposition
of ZnCl2 are linear as shown by Figure 3. The slope is a
measure of the conductivity of the electrolyte and the
gas voidage. However, the ratio of the effective conduc-
tivity (jeff) over the theoretical conductivity (j, from
[24]) decreases for increasing temperature. This is in
agreement with the ideal gas law and the Bruggeman
equation (Equation 2), that is due to the higher
temperature, the gas volume increases, resulting in a
lower ratio of jeff=j for a given current density. An
increased pressure showed a similar effect on the cell
potential and was measured and reported previously by

Fig. 2. Schematic view of a cross section of the experimental cell.
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different temperatures.

Table 1. Characteristics for the decomposition of ZnCl2 in a ZnCl2–NaCl–KCl melt of 40–30–30 mol % at different temperatures

T = 723 K T = 773 K T = 823 K T = 873 K T = 913 K

E�/V [25] 1.61 1.57 1.54 1.50 1.48

Eeq/V 1.72 1.73 1.70 1.66 1.62

j/W)1 cm)1 [24] 0.87 1.04 1.20 1.36 1.49

RElectrolyte/W 0.08 0.06 0.05 0.05 0.04

REffective/W 0.19 0.22 0.25 0.26 0.26

jeff/j 0.41 0.28 0.22 0.19 0.17
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the authors [15]. Table 1 summarises the characteristic
values of jeff=j for the experiments at different temper-
atures. The equilibrium potential (Eeq) was determined
by the cut-off of the linear current–potential relationship
of Figure 3, the standard potential of ZnCl2 (E�) was
determined with HSC thermodynamic software [25].

4.2. Image analysis of the gas plume

It is postulated that the ohmic drop in the electrolyte
with the vertical plate electrodes is dependent on the gas
plume. The process was visualized in the see-through
furnace, which enabled the measurement of the angle of
the gas plume with the anode. A light source was placed
behind the see-through furnace. The process was
recorded with a Sony DCR-PC100E digital video
recorder, resulting in 25 frames per second of 720�576
pixels resolution. The pictures were captured as bitmaps,
stored on a personal computer and analysed using
graphics software. The mean angle of the plume, a, was
determined from ten measurements for each stationary
situation, of which the highest and lowest measurement
were discarded. The standard deviation determined for
the eight data points was below 0.5 for all conditions.
The results of the measurements are shown by Figure 4.
In this experimental set-up, the boundary of the plume
seems to be slightly curved, but it was assumed to be
valid to approach the representation of the plume by a
constant angle a, as has been depicted by Figure 5.

5. Modelling the plume

To minimize the energy consumption of the electrowin-
ning process, ohmic drop must be minimized. The total
cell potential required for electrowinning is simplified to
Equation 4, when anodic and cathodic activation and
concentration overpotentials are assumed to be negligi-
ble, as was argued previously:

Ecell ¼ jEeqj þ jIRj ð4Þ

The potential drop term IR represents the energy
inefficiencies, due to the resistance, R, of the electrolyte

between the electrodes, which was derived from the
linear I=E relationships. In this case, the volume
between the electrodes consists for a significant part of
a mixture of electrolyte and gas. The gas hold-up in the
electrolyte was characterized by the angle of the plume,
a. The interelectrode gap can be divided into two parts:
that is, with and without gas. In addition, a third part
can be assumed, being a stagnant layer of bubbles
attached to the anode. A model was developed to
discuss how the evolution of chlorine gas affects the
ohmic drop, pointing out the problem of a relatively
large cell potential, and consequently large energy
consumption.

5.1. Ohmic drop

The gas plume is assumed to be in a steady state
condition. An amount of gas is produced per time unit
(/m) by a current (I), according to the faradaic law. The
bubbles that reach the surface of the electrolyte leave the
system. A schematic view of the plume with character-
istic parameters is shown by Figure 5. Because the
experimental set-up was equipped with an anode sided
by two cathodes, the depicted view of the plume has a
mirrored part as well.
The size of the plume with gas voidage e is determined

by the following:
(i) the plume height, H , equal to the height of the anode
(ii) the plume width, L, equal to the width of the anode
(iii) the plume angle, a, determined visually as discussed

previously
(iv) where H tan a is smaller than the interelectrode gap.
In addition, a stagnant layer of bubbles at the surface

of the anode is assumed, having the following charac-
teristics: a thickness q, and the layer covers the anode by
a fraction h.
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Subsequently, the overpotential (g) and resistance (R)
can be written according to Relation 5. Equations 6 to 8
show that the overpotential between the anode and
cathode at an interelectrode distance of dgap is deter-
mined by the ohmic drop, which is due to (i) a stagnant
layer of bubbles at the anode, of thickness qðq << dgap)
and covering the anode by a fraction h (Equation 6); (ii)
the plume, which is a layer of electrolyte, having a
conductivity j, with voidage e (Equation 7); and (iii) the
electrolyte without any gas present (Equation 8):

I
AElectrode

¼ Ecell � Eeq

RCoverage þ RPlume þ RElectrolyte
¼ g

Rtot

ð5Þ

RCoverage ¼
q

jð1� hÞ ð6Þ

RPlume ¼
h tan a

jð1� eÞ3=2
ð7Þ

RElectrolyte ¼
dgap � h tan a

j
ð8Þ

The equilibrium potential, Eeq, has been given by Table
1. Therefore, when Equations 6 to 8 are introduced into
Equation 5, the current density at a certain overpoten-
tial at a certain height can be defined by Equations 9:

dI
dh

¼ gLjC2

C1C2 þ dgapC2 þ h tan a� C2h tan a
ð9Þ

where:

C1 ¼
q

1� h
ð10Þ

C2 ¼ ð1� eÞ3=2 ð11Þ

The coverage constant, C1, is a measure of the ohmic
drop due to bubbles covering the anode, the larger C1,
the larger h for a certain value of q. Solving Equation 9
gives:

I ¼ gLjC2

ð�1þ C2Þ tan a

ln
C1C2 þ C2dgap

C1C2 þ C2dgap þ H tan a� C2H tan a

� � ð12Þ

The coverage constant C1 can then be determined by
solving Equation 12, with a guestimated value of 0.4 for
e. Table 2 gives C1 for an experiment under certain
conditions.
The coverage for the projection of a monolayer of

bubbles of equal size in a square surface would be p=4

(or 0.79), therefore, q would be about 6mm. Although q
could not be measured by image analysis, it is not likely
that it is this large. A larger value of the coverage h is
achieved when a bubble distribution exists at the surface
of the anode, or that a secondary layer of bubbles is also
responsible for shielding the anode. It is reasonable to
assume that the moving part of the plume also contri
butes to shielding.
The resistance given by Equations 6 to 8 can be

determined separately and it is possible to calculate the
contribution of each part to the total ohmic drop. The
resulting expressions for the different parts of the ohmic
drop are given by Equations 13 to 15.

RCoverage ¼
C1

jLH
ð13Þ

RPlume ¼
tan a
2jC2L

ð14Þ

RElectrolyte ¼
dgap � H tan a

jLH
ð15Þ

Modelling the ohmic drop due to gas evolution by this
method implies that Rtot is constant for each potential or
current step, given the linear I=E relationships. Rtot and
the contributions of RElectrolyte;RPlume and RCoverage are
calculated for cell potentials in the range 2–5V. The
coverage constant C1 and RCoverage were used to fit the
ohmic I=E relationships and were given a physical
meaning, that is a non-moving layer of bubbles.
Figure 6 shows the contributions to the ohmic drop. It

shows that the main contribution due to chlorine
production is because of chlorine bubbles covering the

Table 2. Calculated values of the coverage constant, C1, for different

applied cell potentials in a 40–30–30 mol % ZnCl2–KCl–NaCl

electrolyte at 550�C

Ecell/V I/A a/� C1/mm

2.0 2.01 4.1 29

2.5 5.21 6.2 30

3.0 8.36 7.8 31

4.0 15.22 9.6 28
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anode. The contribution of RElectrolyte can be minimized
by decreasing the interelectrode distance. Since the
contribution of RPlume is relatively small, it is postulated
that the guestimated value of e does not affect the results
considerably (emax ¼ 0:6, according to ideal sphere
packing).

5.2. Plume velocity

In this Section it is shown by modelling the plume
velocity that for increasing current density and increas-
ing plume angle the plume velocity will increase. It can
be argued that a higher plume velocity will decrease the
contribution of RCoverage, because the action of the
plume itself will remove the bubbles at the anode
surface.
The plume velocity was modeled by solving the

impulse balance in the upward direction, analogously
to a model used by Farias and Irons [26] for momentum
transfer in an ascending plume. In general, the impulse
balance can be defined by

d
dt

ðmvÞ ¼ /m;invin � /m;outvout þ RF ¼ 0 ð16Þ

An element of the plume is subject to the following
characteristics (Figure 5):
(i) it is a unit electrolyte with voidage e
(ii) the unit has thickness of dh
(iii) it rises with a constant velocity t
(iv) the volume of the unit increases, because of the

production of gas along the total anode surface, /m

(g s�1). Thus, the surface perpendicular to the flow
direction is increasing as a function of height and
can be expressed by the plume angle, a.

(v) it is assumed that the gas rises with the same
velocity as the liquid, the rising velocity being
smaller than the terminal velocity, consequently
drag forces are not acting and RF ¼ FB, the buoy-
ancy force.

(vi) the bubble size is assumed to be constant during
rise, that means detachment of bubbles from the
anode occurs at a certain size and it is assumed that
there is no temperature profile and the bubble size is
independent of gas pressure, then vin ¼ vout ¼ v.

Considering the above, the mass flow in and out of an
element of the plume of thickness dh is, respectively,
defined by Equations 17 and 18:

/m;in ¼ ð1� eÞqliqLðh tan aÞv ð17Þ

/m;out ¼ ð1� eÞqliqL ðhþ dhÞ tan að Þv ð18Þ

Thus, the buoyancy force can be derived from the
momentum balance for the plume over the total height
of the anode (H ), as shown by Equation 19:

FB ¼ ð1� eÞqliqLðH tan aÞv2 ð19Þ

The buoyancy force follows from Archimedes’ law and
is defined by Equation 20:

FB ¼ qgV or dFB ¼ ð1� eÞqliqgdV ð20Þ

The volume of an element of the plume increases with
height, because production occurs at the total surface of
the anode. The volume of gas is determined by the ideal
gas law and increases because of the production term
/m, at the element of the plume dh=H . It is assumed that
the gas has the same temperature as the operating
temperature. Therefore, the relationship between dV
and dh can be given by

dV
dh

¼ h
v
/m

H

RgasT
M p

ð21Þ

Furthermore, the hydrostatic pressure decreases for a
rising element of the plume, according to

p ¼ patm þ ð1� eÞqliqgðH � hÞ ð22Þ

The production term is because of the current and can
be expressed by Faraday’s law Equation 23:

/m ¼ I
M
nF

ð23Þ

When Equations 21 to 23 are substituted into Equations
20, the buoyancy force can be written as the differential
equation:

dFB
dh

¼ ð1� eÞqliqg
I
vH

RgasT
nF

h
patm þ ð1� eÞqliqgðH � hÞ

ð24Þ

Integration of Equation 24 and equating with Equa-
tion 19 gives an expression for the plume velocity, as
given by

v3 ¼� I
H2Ltana

RT
nF

1

ð1� eÞqliq
� �2

g

� ð1� eÞqliqgH
� �

þpatm ln
patmþð1� eÞqliqgH
� �

patm

 !

þ ð1� eÞqliqgH
� �

ln
patmþð1� eÞqliqgH

patm

� �
ð25Þ

Figure 7 shows a graph of coverage constant (C1)
against plume velocity (v). The secondary y-axis indi-
cates the contribution of the ohmic drop due to coverage
to the total ohmic drop. It can be argued that a higher
plume velocity results in a decrease in the resistance due

1026



to coverage. Apparently, the higher velocity is beneficial
for the renewal rate at the surface of the anode.
However, unpublished results of this work did not show
improved cell performance as a result of mechanical
stirring, or gas stirring, probably because convection
induced by bubble evolution exceeds the macroconvec-
tion of stirring.

6. Conclusions

When electrowinning zinc from zinc chloride with
a molten salt electrolyte, at relatively small
overpotentials the effective conductivity of the
electrolyte is significantly reduced. It was found
that the formation of chlorine at the anode creates
the major part of the ohmic drop, since the bubbles
are non-conductive and reduce the effective elec-
trode area by coverage. Electrochemical experiments in
a see-through furnace made it possible to depict the
chlorine plume at the anode and image analysis proved
to be a useful tool to describe the plume. The angle of
the plume with the anode was used as an input
parameter in a model to determine the coverage of the
anode due to chlorine. A very high coverage was
determined by the use of the model as well as visual
observation through the cell-wall, causing a substantial
contribution to the ohmic drop (i.e. about 60%). The
resistance due to coverage decreased with increasing
plume velocity.
The plume velocity could be determined from the

model. The plume velocity is an important process
parameter when considering the fluid dynamics in an
electrowinning cell. These results may have a signifi-
cant impact on the design of an industrial electrowin-
ning cell.
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Fig. 7. Coverage constant of the anode and contribution of the ohmic

drop due to coverage to the total ohmic drop plotted against plume

velocity.
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