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Results are presented from a laboratory study of the influence of electrolyte composition, temper-
ature, cathodic current density and interpolar distance on the current efficiency with respect to
aluminium (CE). The current efficiency was determined from the weight gain of metal, in a labo-
ratory cell designed to attain good and reproducible convective conditions, and with a flat cathode
surface which ensures uniform cathodic current distribution. The cell is believed to more closely
represent conditions in industrial cells than traditional small-scale cells, and is a good basis for an
experimental study of the influence of isolated variable parameters on the current efficiency with
respect to aluminium. The results show a nonlinear decrease of CE with increasing electrolyte
temperature, a close to linear decrease of CE with increasing NaF/AlF; ratio in the electrolyte, a
slight increase of CE with increasing electrolyte CaF, concentration, and no influence of electrolyte
Al,O3 concentration on CE. A current efficiency model, based on previous work and theory of
electrochemistry and mass transport, shows good agreement with the obtained results.

List of symbols r molar ratio n(NaF)/n(AlF;)

a; activity of component 7 in bulk of electrolyte T :ZEEZ;?:E;Z EKC))

¢ Egrtl%/er)ltratlon of component 7 in the electrolyte Xngpe molar fraction of NaF in the NaF-AIF;
0

d interpolar distance (cm) syste.rr.l . ..

F Faraday constant (C mol™) y empirical sodium activity exponent

iAl local current density for the aluminium

Greek letters
o ratio between real sodium activity in bulk
electrolyte and the corresponding activity

deposition reaction (A cm™?)
loss local current density for all cathodic side

reactions (A cm?)

ise local current density due to short circuits and
dispersion of metal (A cm™?)

I local cathodic current density (A cm™2)

kmix local mixed mass transfer coefficient or rate

constant (mol cm™2s™")
1. Introduction

Industrial production of aluminium is exclusively
based on the Hall-Héroult process. The process in-
volves electrochemical decomposition of alumina
(Al,0O3) dissolved in cryolite (Na3;AlFg) containing
additives (AlF3 and one or more of the following:
CaF,, MgF,, LiF). The consumable carbon anode
liberates CO, with a current efficiency close to 100%

0021-891X © 1997 Chapman & Hall

when equilibrated with liquid Al of unit
aCtiVitY» o= (aNa,bulk)/(aNa,eq)

€ local current efficiency for the aluminium
deposition reaction (%)
n concentration overpotential/polarization (V)

[1], while the cathodic current efficiency (CE) with
respect to aluminium normally ranges from 87 to 96%
in commercial cells. The main overall cell reaction
may be written as

AlLOs + 3/2C = 2Al + 3/2CO, (1)

In previous papers [2, 3] probable mechanisms for
the loss of current efficiency have been discussed
based on previous work in the field. These papers
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conclude that cathodic current normally is consumed
by (i) the aluminium deposition reaction, and (ii) re-
duction reactions with formation of so-called dis-
solved metal species or reduced entities. The rate
determining steps for the aluminium deposition pro-
cess in commercial cells,

AlF; 4+ 3Na" +3e” = Al + 3NaF (2)

are mainly mass transport of aluminium fluoride to
the metal surface, and mass transport of sodium
fluoride away from the metal surface. Modelling of
the cathode process and loss of Faradaic efficiency [3]
predicts that CE is a function of current density,
cathode overvoltage, temperature, electrolyte com-
position and mass transfer coefficients.

Solli et al. [4] demonstrated the performance of a
new and improved laboratory cell, specifically de-
signed for determination of CE as a function of iso-
lated variable parameters in the Hall-Héroult process.
The anode was designed to give enhanced and repro-
ducible bubble induced electrolyte convection, while
the wettable cathode substrate gave a well defined
cathode area, and thus a uniform current density. Low
and consistent values of cathode polarization, as well
as high and reproducible values of current efficiency
were obtained with the laboratory cell.

The present paper is the fourth in a series con-
cerning CE in the electrowinning of aluminium, and
presents results of a laboratory study of CE as a
function of temperature, bath composition, cathode
polarization, cathodic current density and interpolar
distance. Experimental values of current efficiency are
compared with model calculations.

2. Experimental details

The laboratory cell is shown in Fig. 1. The graphite
anode was designed to give enhanced and reproduc-
ible bubble induced convection, and was cylindrically
shaped with a vertical hole through the centre. Two
horizontal holes were machined perpendicular to
each other, and perpendicular to the vertical hole,
while the bottom of the anode was shaped with a
slight inward slope towards the central vertical hole.
The design was supposed to lead most of the anode
gas bubbles up through the central hole, and to set up
electrolyte flow as indicated by the arrows in Fig. 1.

The cathode was aluminium wetted on a stainless
steel plate. This ensured a close to flat aluminium
surface, and consequently an even current distribu-
tion on the cathode surface. The steel plate rested on
a layer of alumina on top of a lining of high purity
cast alumina cement. This arrangement ensured
negligible transport of aluminium and electrolyte
down to the graphite crucible, and a minimum of
metal loss due to formation of aluminium carbide.

The cell was placed in a vertical tube furnace, and
positioned to avoid temperature gradients in the
electrolyte. The furnace was flushed with argon, and
a small inert gas flow maintained through the furnace
during electrolysis.
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Fig. 1. Laboratory cell with electrolyte circulation pattern indicated
by dotted lines and arrows.

The current was supplied by a d.c. power supply,
and monitored as the voltage drop over a standard-
ized resistance (Croydon Precision Instruments,
0.05Q, max. 50 A) in series with the cell circuit. The
cathodic current density was referred to the inner
cross-sectional area of the sintercorundum side lining.
Alumina was regularly supplied through the central
vertical hole of the anode. The duration of each
electrolysis experiment was 4 h. Chemicals used were
cryolite (Na3AlFg, natural hand-picked), AlF; (sub-
limated), Al,O5 (calcined) and CaF; of high purity.

After electrolysis the furnace with its contents were
left to cool, after which the crucible was dissected and
the solidified metal (Al and Fe) removed and cleaned
of residual bath. The cleaned and dried metal was
weighed, and CE calculated from the ratio of metal
produced, to the theoretical amount given by Fara-
day’s law of electrolysis.

The standard or basic electrolysis conditions were
as follows: NaF/AlF; molar ratio (r) 2.5, Al,O;
concentration (cano,) 4wt%, CaF, concentration
(ccar,) Swt%, temperature () 980°C, cathode cur-
rent density (i) 0.85Acm™ and interpolar distance
(d) 2.7 cm. These variables were changed sequentially
to study the isolated effect of each one of them on CE.

Employment of a sintercorundum (Al,O3) side
lining leads partly to its dissolution, although slow,
into the electrolyte. Analysis of the electrolyte at the
end of experiments with presumed (weighed out)
concentrations of 4wt% alumina, revealed alumina
concentrations in the order of 4-6wt%, i.e. slightly
higher than the weighed out amount.

Investigation of the influence of alumina con-
centration on CE was carried out in a pyrolytic bo-
ron nitride crucible (type PBN, SINTEC Keramik
GmbH), where good control of the alumina concen-
tration was possible.
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3. Results and discussion
3.1. CE model

A description of the cathode processes including loss
of current efficiency has been given in previous papers
[2, 3]. Derivation of basic equations in the mathe-
matical CE model was given in [3, 5]. Current effi-
ciency was defined by the following relation:

100i4; 1007 ;
Ic IAl + floss T Isc

3)

where i, is the local cathodic current density, ia; is the
local partial current density for the aluminium depo-
sition reaction, i 1S the local partial current density
for all cathodic loss reactions and iy represents other
losses due to local short circuits or dispersion of metal
droplets in the electrolyte. For uniform cathode cur-
rent density, and assuming no short circuits or metal
dispersion, a simplified set of model equations will be
used, where current efficiency is defined by

g =y 100 4)
Ie
The partial current density for cathodic loss reac-
tions, ., 18 described by Equation 5 [3, 5]:

—F

lloss = kaixal)\)la,eq [_“y +exp (R—;:’y>} (5)
where F is Faraday’s constant, k., 1s a mixed mass
transfer coeflicient (or a mixed rate constant) defined
by this equation, an, pulk 1s the activity of sodium in
the bulk phase of the electrolyte, y is an empirical
sodium activity exponent [3], # is the concentration
overvoltage [6] referred to Reaction 2 and « is the
fraction of sodium activity in the bulk phase
(aNa.bulk), to the corresponding equilibrium activity of
sodium (@na,eq), referred to unit activity of aluminium,

o= ANa,bulk (6)
ANa,eq

The fraction « in Equation 6 is assumed to be zero,
which means that the bulk of the electrolyte contains
very small equilibrium concentrations of dissolved
aluminium metal species [3, 5] during electrolysis.
This gives for the partial current density of all ca-
thodic loss reactions, fjoss:

, —F
lloss = kaixaftla‘eq eXp <R;:Iy> (7)

The equilibrium activity of sodium (standard state
pressure of 1 bar, unit activity aluminium) in the
NaF-AlF5-Al system, anaeq (binary) is described by
Equation 8 [3],
aNa,eq(binarY) =
—50498 + 44000xNaF 9.9 + 35x% 5

T XNaF

exp|50.633 +
(8)

where T is the temperature in Kelvin and xn,f related
to the NaF/AIF; molar ratio (r) by

r+1 ®)

In the NaF-AlF;-Al,05-CaF,—Al system the activity
of sodium is not precisely known. However, from
previous work [7, 8] the following empirical rela-
tionship was found for the influence of CaF, and
Al,O; on the equilibrium activity of sodium, ang.eqs

XNaF =

aNa,eq = ONa,eq (binaYY)
B wt %CaF, n wt %Al1,03

X eXp 19 85

(10)

The model parameters k,;, and y in Equation 7
were determined by a method of trial and error from
results of the following data: (i) CE as a function of
cathode current density, (ii) cathode polarization as a
function of cathode current density, (iii) CE as a
function of NaF/AlF; ratio, and (iv) CE as a function
of temperature for three different NaF/AlF; ratios.
All the above dependencies were sequentially deter-
mined in the laboratory cell under controlled elec-
trolysis conditions.

The mixed mass transfer coefficient or rate con-
stant k,;x was found to be temperature dependent:

15000} (1)

kmix = 0.432 exp [— T
The exponent y in Equation 7 was found to be close
to 0.5, but slightly dependent on NaF/AIF; ratio. The
following equation gave a satisfactory fit to the re-
sults:

y=0.38+40.045 r (12)

In agreement with previous work [9, 10], it was
found that cathode polarization, 1, was dependent on
NaF/AlF; ratio, as shown in the section below. The
following empirical equation was fitted to the mea-
sured polarization data:

0.147ri,
1.97r — 1 (13)

The Equations (4, 7-13) thus constitute the CE
model used in the present work.

n/V =0.0015 r —

3.2. Cathode polarization

Cathode polarization was measured by a transient
potential jump technique in the present laboratory
cell, as described elsewhere [4]. Figure 2 shows ex-
perimental values and lines represented by Equa-
tion 13, for cathode polarization as a function of
cathode current density. Each experimental value
represents the average of 10-20 polarization readings,
with standard deviation from the average varying
between 10 and 20% (between 5 and 15 mV at in-
dustrial current densities) [4].

3.3. Current efficiency as a function of cathodic
current density

Figure 3 shows experimental values and model pre-
dictions of CE as a function of cathodic current
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Fig. 2. Cathode polarization, #, as a function of cathodic current
density, i, at NaF/AlF; molar ratio r =2.5 and r= 1.0, and
temperature 980 °C. Points: Experimental values, lines: Equation
13 (see text).

density. The model is basically in agreement with
experimental values, although bubble induced con-
vection and mass transfer conditions may be different
at low current densities. The possible decrease in the
mass transfer coefficient, k.., towards low current
densities is discussed in Section 3.9.

Similar trends to the one shown in Fig. 3 have been
obtained by other workers [11, 12].

3.4. Electrolyte NaF/AIF; ratio

Figure 4 shows CE as a function of NAF/AIF; molar
ratio at constant 980 °C temperature; experimental
values and model predictions. CE roughly follows a
straight line, with slope dCE/dr = —4.2% per unit
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Fig. 3. Current efficiency, CE, as a function of cathodic current
density, i.. Temperature 980 °C, NaF/AlF; molar ratio 2.5, Swt%
CaF, and 4wt% Al,O3. Experimental values (points) and model
curve (see text).

ratio, r. Cathodic current density 0.85 A cm™2, temperature 980 °C,
Swt% CaF, and 4 wt% Al,O3. Experimental values (points) and
model curve.

ratio. Most of the experimental work previously
carried out on CE as a function of electrolyte NaF/
AlF; ratio shows, in agreement with present work, a
substantial increase of CE with increasing AlF;
concentration in the electrolyte [13-17]. The effect of
ratio (bath acidity) on CE reflects the rate change of
cathodic side reactions, mainly due to significant in-
crease of equilibrium sodium concentration on the
cathode aluminium, with increasing NaF concentra-
tion in the electrolyte.

3.5. Electrolyte temperature

CE as a function of temperature was determined for
NaF/AlIF; molar ratios 2.0, 2.5 and 3.0, in order to
attain satisfactory cross-determination of the influ-
ence of temperature and bath acidity on current ef-
ficiency. Figure 5 shows experimental values and
model predictions. The slope dCE/d¢ becomes in-
creasingly more negative with increasing electrolyte
acidity and increasing temperature, as shown by the
model curves in Fig. 6.

Experimental studies of CE as a function of tem-
perature in industrial cells [15, 16, 18, 19] show some
discrepancies, probably due to difficulties with isola-
tion of the temperature parameter from other dy-
namic cell variables during industrial operation.
Coefficients, dCE/dT, vary from -0.09 to
-0.23% K.

The influence of temperature on CE is due to the
effect of temperature on the equilibrium concentra-
tion of sodium, and thus the effect on the rate of
cathodic side reactions (flux of dissolved metal) in-
cluding electronic conduction.

3.6. Electrolyte calcium fluoride concentration
The calcium fluoride concentration was varied be-

tween 0 and 20 wt %. The results given in Fig. 7 show
a slight increase of CE with increasing CaF, con-
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Fig. 5. Current efficiency, CE, as a function of temperature, 7, at
cathodic current density 0.85Acm™> 5wt% CaF, and 4wt%

AlL,O;. (a) NaF/AlF; molar ratio, r=2.0; (b) »r=2.5; and
(¢) r = 3.0. Experimental values (points) and CE model curves.

centration. The apparent discrepancy between model
and experimental values at very low CaF, concen-
trations is discussed below (Section 3.9). There also
appears to be a discrepancy between the model and
experimental values at concentrations higher than
10wt % CaF,, and the single experimental values at
15 and 20 wt % are somewhat uncertain. There seems

85
) 25
75 + 3.0
4.0 .
fol——— 1 L L L _J_\_ n
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Fig. 6. Current efficiency, CE, as a function of temperature, ¢, at
cathodic current density 0.85Acm 2, 5wt% CaF, and 4wt%
Al,O3. CE model curves at NaF/AlF; molar ratio 1.5, 2.0, 2.5, 3.0
and 4.0.

to be a slight positive correlation between CE and
CaF, concentration in the laboratory cell, although
the slope is uncertain.

Previous results from CE studies in laboratory
cells [20, 21] show increase in CE with increasing
calcium fluoride concentration in the electrolyte,
whereas studies in industrial cells [22, 23], over very
limited ranges of concentration, show no measurable
effect of CaF, on CE. Calcium fluoride concentra-
tions higher than 7-10wt% may in industrial cells
cause excessive wave formation on the metal pad
surface, with subsequent local events of short circuits
or dispersion of metal droplets, and decrease of CE.
This may occur due to increasing electrolyte density,
giving a decrease in phase separation between the
electrolyte and metal.
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Fig. 7. Current efficiency, CE, as a function of electrolyte calcium
fluoride concentration, cc,r,. Cathodic current density 0.85 A cm™2,
temperature 980°C, 5wt% CaF, and NaF/AIF; molar ratio 2.5.

Experimental values (points) and model curve.
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3.7. Electrolyte alumina concentration

The alumina concentration was varied between 1.2
and 8.0wt% Al,O;. The results shown in Fig. 8 in-
dicate that there is roughly no effect of alumina
concentration on CE, within experimental uncer-
tainties.

The constancy of the model line (slope close to
zero) reflects that the equilibrium activity of sodium
is only slightly affected by the alumina concentration.
A least squares fit to the experimental data gave a
slope dCE/dcay,0, of £ 0.2% per wt %.

Results from previous investigations show con-
siderable discrepancies as to the isothermal effect of
alumina concentration on CE. Some results obtained
in laboratory cells show a minimum in CE at
4-6 wt % alumina [20, 22], while others have found a
positive correlation [11]. Most of the investigations in
industrial cells show isothermal increase of current
efficiency with increasing alumina concentration in
the electrolyte [18, 19, 23, 24], with coefficients,
dCE/dcano,, varying from 0.1 to 1.5% per wt%
alumina. These measurements are based on analysis
of the CO/CO, composition of the anode gases, and
may be uncertain due to alumina concentration de-
pendent changes in wetting properties between elec-
trolyte and the anode carbon [25]. An increase in
alumina concentration gives an increased wetting of
carbon by the electrolyte and a decrease in the con-
tact area between gas bubbles and carbon. This may
cause a decrease in the transport rate of CO from the
anode carbon pores into the anode gas bubbles, and
thus a decrease of the CO content in the collected
gases [25]. Leroy et al. [25] used a method of mass
spectrometry and oxygen balance on collected anode
gases, when they determined CE as a function of
alumina concentration in industrial cells. They found
a negative correlation between CE and alumina
concentration, dCE/dca0, = —2% per wt% alumi-
na. Due to the design of the present laboratory cell, it
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Fig. 8. Current efficiency, CE, as a function of electrolyte alumina
concentration, capo0,. Cathodic current density 0.85Acm™2, tem-

perature 980 °C, NaF/AlF; molar ratio 2.5 and 5wt% CaF,. Ex-
perimental values (points) and CE model curve.

was not possible to try any of these gas analysis
methods in the present study.

3.8. Interpolar distance

The interpolar distance was varied between 0.6 and
4.0cm. The results given in Fig. 9 show that CE is
constant for interpolar distances greater than 1.0 cm.
At very low values (below ‘critical interpolar dis-
tance’), where direct contact presumably is achieved
between anode gas bubbles and the cathode bound-
ary layer, a decrease of CE is observed. In commerical
cells ‘critical interpolar distances’ may be in the order
of 2 to 4cm [19, 26], dependent on metal wave height
or metal instability (i.e. magnetic busbar compensa-
tion, cell design, frozen side ledge geometry).

3.9. Convection and interface mass transfer conditions

In the present work current efficiency has been
modelled assuming that the mass transfer coefficient
kmix 18 independent of current density in the labora-
tory cell. For CE as a function of cathodic current
density (Fig. 3) there is a deviation of model predic-
tion from experimental values at low current densi-
ties. This is likely to be due to decreasing rate of
anode gas evolution with decreasing current density,
and thus decreased bubble induced convection in the
electrolyte. Figure 10 shows a better fit of the model
curve to experimental values, compared to Fig. 3,
obtained by including a linear increase of kmix (k)
with increasing current density:

1= (0.75 4 0.294 i )i

mix (14)
It must be emphasized that Equation 14 is specific
only for the present laboratory cell with uniform
cathode current density, and should not be used for
calculations in industrial cells. For calculations of the
influence of cell geometry and current distribution on

local and overall cell current efficiency in industrial
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Fig. 9. Current efficiency, CE, as a function of interpolar distance,
d. Cathodic current density 0.85 A cm ™2, temperature 980 °C, NaF/
AlF; molar ratio 2.5, 4wt% Al,O3; and 5wt% CaF,. Points: ex-
perimental values, solid line: CE model.
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Fig. 10. Current efficiency, CE, as a function of cathodic current
density, i.. Temperature 980 °C, NaF/AlF; molar ratio 2.5, Swt%
CaF, and 4wt% Al,Os. Points: experimental values, full drawn
curve: CE model with correction for variation of ky; with i
(Equation 14), and dotted curve: CE model with constant k,j.

cells, it is necessary to know how the mass transfer
conditions vary across the cell, for example, by cal-
culation of anode gas bubble induced and magnetic
field induced electrolyte flow. Knowledge of current
distribution and local variations of the mass transfer
coefficient k., in industrial cells, gives the necessary
basis to calculate overall current efficiency by work-
ing out the integral,

A
Iloss:/ ilossdA (15)
0

The sum I5; + Is represents the total cell current if
there are no short circuits. Such calculations may be of
value in the design of industrial cells. By combination
of the present CE model with calculations of frozen
side ledge geometry, cell thermal balance, current
distribution, magnetic fields and fluid dynamic flow
(heat transfer coefficients), valuable information
about the optimum cell design with respect to current
efficiency can be attained. To achieve high current
efficiency values in industrial cells, it is advantageous
to have a stable and adequately thick frozen side ledge
and to have a metal pool which does not extend far
outside the vertical projection of the anodes.

Figure 7 shows that there is a deviation between
model prediction of CE and experimental values at
low concentrations of CaF, in the electrolyte. This
may possibly be due to altered mass transfer or sur-
face phenomena upon addition of CaF,. It is known
that surface-active agents may slow down chemical
reactions by squeezing out less surface-active reac-
tants from the interface [27]. In the NaF-AlF;-Al
system, Dewing and Desclaux [28] found a consid-
erable increase of interfacial tension with decreasing
NaF/AlF; ratio, and explained this by metallic sodi-
um being a surface active substance adsorbed to the
interface. It is possible that calcium may participate
in surface adsorbtion processes on the aluminium-
electrolyte interface, and thereby affect the adsorb-
tion of sodium. The deviation between model pre-

dictions of CE and experimental values at 0% CaF,
(Fig. 7) can be explained by a possible 20% decrease
of knix upon addition of CaF, to the electrolyte.

3.10. Uncertainty in determined CE

An estimation of the uncertainty in determined CE
was carried out, by calculation of the standard devi-
ations from the respective average values, for all
parallel runs in the present study. The parallel runs at
temperatures higher than 1000 °C gave the highest
standard deviations. All parallels included, the aver-
age absolute standard deviation was 0.5% CE, while
exclusion of temperatures higher than 1000 °C gave
an average standard deviation of 0.3% CE. For
normal industrial temperatures the uncertainty of
determined CE in the present laboratory cell is esti-
mated to +0.6%, calculated at *2 standard devia-
tions.

The use of a stainless steel plate as cathode sub-
strate inevitably leads to iron dissolution into the
molten aluminium phase. Analysis of the metal pool
after electrolysis revealed an iron concentration of
6-8wt%, roughly in agreement with equilibrium
values [29]. The alloy composition corresponds to an
activity of aluminium of approximately 0.93, a devi-
ation from unit activity which, by employment of the
present CE model, is calculated to give less than 0.2%
error in determined CE [5].

4. Conclusion

The results of the present experimental study of
current efficiency show a non-linear decrease of CE
with increasing electrolyte temperature, a close to
linear decrease of CE with increasing NaF/AlF; ratio
in the electrolyte, nonlinear increase of CE with in-
creasing cathodic current density, a slight increase of
CE with increasing electrolyte CaF, concentration,
and no influence of electrolyte Al,O; concentration
on CE. The results are believed to be generally re-
presentative for isolated primary dependencies in in-
dustrial cells. This is due to the laboratory cell design,
with reproducible convective conditions, and a flat
cathode surface which gives uniform cathode current
distribution. The results are satisfactory described by
the present current efficiency model, and supports the
basic theory on which the model is based.
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