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The in¯uence of electrolyte impurity species on current e�ciency with respect to aluminium (CE) was
studied in a specially designed laboratory cell at 980 �C, with a graphite anode and a cathodic current
density of 0.85A cmÿ2. The electrowinning was performed in a base melt of Na3AlF6 with a
NaF/AlF3 molar ratio of 2.5 and with 4±6wt% Al2O3 and 5wt% CaF2. Impurity species, probably
present in only one valence state in the electrolyte, Mg, Ba and B, had no measurable e�ect on CE for
low impurity concentrations. Sn, added to the electrolyte as SnO2, also did not a�ect current e�-
ciency, probably due to its low solubility. The results show a linear decrease in CE with increasing
electrolyte concentration of the polyvalent impurity species from the elements, Fe, P, V, Si, Zn, Ti
and Ga. The decrease was found to be within the range 0.1 to 0.7% in CE per 0:01 wt% of impurity
cations present in the electrolyte, with phosphorus ions as the most detrimental. The e�ects of the
individual impurity species on CE appear to be roughly additive for electrolytes containing more than
one impurity species. The results obtained cannot be explained by a simple codeposition mechanism
or a single reduction to a soluble species of a lower valency. The most likely mechanism explaining
the observed decrease in CE for a large number of impurity species is cyclic redox reactions in the
cathode and anode/CO2 interfacial boundary layers. Such a mechanism may also be the dominant
one in commercial cells, since the impurity levels are of the same size as in the laboratory cell.
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List of symbols

Bi proportionality constant (Equations 18 and 19)
ci concentration (mass percent)
cM total concentration of impurity element M

(mass percent)
Dcimp concentration change of impurity species

(mol cmÿ3)
C0 proportionality constant
Dimp di�usion coe�cient of an impurity element

�cm2 sÿ1�
Dmix total or a `mixed' di�usion coe�cient of

reduced entities �cm2 sÿ1�
F Faraday constant �C molÿ1�
iAl local current density for the aluminium

deposition reaction (A cmÿ2�
iloss local current density for all cathodic side

reactions (A cmÿ2�
ic local cathodic current density �Acmÿ2�
Ji local mass ¯ux density of component i

�mol cmÿ2 sÿ1�

ki local mass transfer coe�cient of component
i �cm sÿ1�

kmix local mixed mass transfer coe�cient
(or standard rate constant) of all cathodic side
reactions �mol cmÿ2 sÿ1�

x coordinate axis (cm)
xi molar fraction of component i
z valence change in redox reactions

Greek letters
d total cathode boundary layer thickness (cm)
dimp thickness of the `impurity di�usion

layer' (cm)
dmix thickness of the di�usion layer of reduced

entities (cm)
e local current e�ciency for the aluminium

deposition reaction (%)
emax current e�ciency limit for a de®ned rate

determining step (%)
g concentration overpotential/polarization (V)
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1. Introduction

A detailed description of the processes in aluminium
electrolysis cells determining the current e�ciency
with respect to aluminium (CE) was given previ-
ously [1], and a model describing the local CE was
developed [2]. A special laboratory cell was de-
signed and tested [3], and CE as a function of
temperature, electrolyte composition and current
density was studied, and CE model parameters were
derived [4].

Electrolytes in commercial Hall±HeÂ roult cells al-
ways contain impurities which are introduced to the
electrolyte through alumina feeding, carbon anode
consumption, use of tools etc. The structure of im-
purities dissolved in cryolite-based melts is essentially
unknown, so they will simply be treated as uncom-
plexed ionic species. Johansen [5] found that iron
contaminants in the electrolyte consisted of both
Fe2� and Fe3� species (�70% Fe2�). In addition
commercial electrolytes contain several other impu-
rity species, for example, phosphorous, silicon, va-
nadium, titanium, chromium, nickel, copper,
cadmium and gallium [6±15].

Considerable decrease in CE by small additions of
various impurity species (P, V, Ti, Fe, Ga and Si
species) was found in laboratory cells [10±14]. Szeker
[10] ascribed the losses in CE to cyclic redox reactions
involving reoxidation of impurities by air. A similar
explanation was proposed by Kerouanton and Ba-
doz±Lambling [11] who suggested that elemental P
was reoxidized to P2O5 by air, and then fell into the
electrolyte after having been condensed on the inside
of the furnace lining. Frolova et al. [12] proposed that
a considerable part of the reduction in CE when
adding P2O5 to the electrolyte could be ascribed to an
increase in the electrolyte temperature, giving a
higher content of carbon dust in the bulk electrolyte
followed by an increase in the ohmic resistance.
Gerlach and Deininger [13] proposed that cyclic re-
dox reactions between P5� and P3� occurred at low
concentrations, and between P5�=P3� and zero-valent
P at higher concentrations. The other species (Fe, V
and Ti) were assumed to be reduced only once, that
is, not by a cyclic redox mechanism. Grjotheim et al.
[7] discussed literature data and concluded that some
kind of cyclic redox mechanism may play an impor-
tant role when it comes to the deleterious e�ect of
phosphorous and some other impurity species on CE.
Keller [15] disregarded the possibility of iron existing
as both di- and tri-valent species in the electrolyte,
and claimed that the cyclic redox reactions involved
cathodic reduction to metallic iron, a part of which
was not alloyed with the aluminium, but instead
transported towards the anode and reoxidized, that
is, a cyclic mechanism involving Fe3� and Fe.

Impurity species in the electrolyte may participate
in various types of redox reactions. Species with only
one valence state, can participate in simple cathodic
deposition reactions. It can be stated that the e�ect of
such a mechanism on CE is only of minor importance

as long as the impurity concentrations are small.
Impurities present in more than one oxidation state,
must be assumed to take part in cyclic redox reactions
[1]. Such impurities will have a marked detrimental
e�ect on CE, as shown below. The theoretical anal-
ysis, described by Sterten and Solli [1], revealed that
CE in commercial cells was partly determined by
cyclic redox reactions in the cathode and anode
boundary layers when polyvalent impurities are
present in the electrolyte. The aim of the present work
was (a) to establish reliable CE data and (b) to de-
velop a simpli®ed CE model describing the in¯u-
ence of impurities and derivation of model
parameters.

2. Theory

2.1. Chemical description of the e�ect of impurities
on CE

As discussed elsewhere [1] the cathodic side reactions
giving rise to loss in CE can be described by the
formation of reduced entities (RE), both monovalent
aluminium �AlFÿ2 �,

Na� �AlF3 � 2eÿ � AlFÿ2 �NaF �1�
and sodium dissolved in the electrolyte,

Na� � eÿ � Na �2�
Dissolved sodium is in equilibrium with localized
electrons [1], the cathodic formation of which tenta-
tively may be written as

eÿ � e0 �3�
Localized electrons, e0, the origin of electronic con-
ductivity in cryolite-based melts, play an important
role for current ine�ciency both in commercial and
laboratory cells.

The description below is based on the assumption
that there are no concentration gradients in the bulk
of the electrolyte phase. It is further assumed that
there is a steady state concentration level of several
impurities in the electrolyte as usually is the case in
commercial cells. This means that the equilibrium
concentrations of RE (including e0) in the bulk elec-
trolyte must be very low, since reactions between RE
and impurities are likely to occur inside the cathode
boundary layer, that is,

M�x�z�� � ze0 �Mx� �4�
where the impurity species M is present in the elec-
trolyte in two oxidation states, M�x�z�� and Mx�. The
concentration gradients in the cathode di�usion layer
are illustrated in terms of linear gradients in Fig. 1,
while Reaction 4 proceeds in a plane A at a certain
distance from the metal surface. If the impurity level
in the electrolyte is raised, as indicated by the stippled
line in the ®gure, then the reaction plane, A, is moved
towards the electrode surface, the net result being
steeper concentration gradients and increasing loss of
CE.
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The process of cyclic redox reactions involves re-
duction of impurity species, mass transport, and re-
oxidation of impurity species with CO2 as elsewhere
discussed in detail [1, 2]. One impurity species may
participate in a series of redox cycles, reacting with
RE several times before being cathodically deposited
and alloyed with the aluminium metal. The rate
limiting steps, suitable for modelling, are supposed to
be the mass transport of RE from the metal surface to
the reaction plane A (see Fig. 1) and the mass
transport of polyvalent impurities from the bulk
electrolyte to the same plane A. (It is supposed that
the reactions in plane A do not represent rate deter-
mining steps.)

2.2. Modelling of CE

As discussed elsewhere [2], the CE (e) depends on
several parameters,

e � f �iAl; iloss�
� f �xNaF; xAlF3

; x1; x2; . . . ; xn; T ; kNaF; kmix; g� �5�
where iAl and iloss are the local current densities for
the aluminium deposition reaction and for all ca-
thodic loss reactions, respectively. x1; x2; . . . xn are
electrolyte additives including impurities with ®xed
concentrations. kNaF and kmix are local mass transfer
coe�cients and g is the overvoltage related to the
aluminium deposition reaction.

The derivation given below is based on ®xed
parameters referred to Equation 5, independent of
minor changes in the impurity concentrations. It
should be emphasized that iAl and iloss will vary with
impurity concentrations, but not their sum, which
equals the local overall cathode current density, ic.
Fig. 2 illustrates idealized concentration pro®les
for RE represented by e0 and for M as impurity
species.

The current density of side reactions correspond-
ing to the pro®le where the plane A (Figs 1 and 2)
approaches the total thickness of the di�usion layer,
d, is denoted iloss;min, and may tentatively be described
by Equation 6:

iloss;min � C0
Dmix

d
�6�

where C0 is a constant and Dmix is a total or a `mixed'
di�usion coe�cient of RE (including e0). This loss
corresponds to the lowest impurity concentration
necessary to establish cyclic redox reactions as a rate
limiting process. If the impurity concentration de-
creases below this critical value, then RE will enter
the bulk electrolyte phase [1], and a shift in the rate
limiting steps will occur. The reduction of added
impurities in such a case, partly to the metallic state,
has been discussed elsewhere [1, 2].

An arbitrary, steady state impurity concentration
level in the bulk may correspond to the concentration
pro®les given in Fig. 2, from which a general equation
for the partial current density of side reactions may
be derived:

iloss � C0
Dmix

dmix
�7�

where d in Equation 6 has been substituted by dmix.
The mass transfer coe�cient, kmix, in Equation 5 is
equal to the ratio Dmix=dmix. At the reaction site A in
Fig. 2, the ¯ux of RE from the cathode surface, Jloss,
is roughly equal to the total ¯ux of the reducible
polyvalent impurity, Jimp,

Jloss � Jimp �8�
Then, it follows that

iloss � C0
Dmix

dmix
� zF

Dimp

dimp
Dcimp �9�

where all symbols are as stated at the outset.
Rearrangement of Equation 9 gives

dmix � C0Dmix�dÿ dmix�
zFDimpDcimp

�10�

where dimp is

dimp � dÿ dmix �11�
Introducing the term A0 as

A0 � C0Dmix

zFDimpDcimp
�12�

Fig. 1. Schematic concentration pro®les of e0 and of reducible
polyvalent impurity species, M�x�z��, in a cathode boundary layer
of thickness d, for two di�erent impurity concentrations. The dis-
tance from the cathode is denoted x, and the planes of reaction are
denoted A.

Fig. 2. Concentration pro®les of impurities and e0 in the cathode
boundary layer with a thickness d. The distance from the alumin-
ium cathode is denoted x. The plane of reaction, denoted A, sep-
arates the boundary layer in two distinct regions so that,
d � dmix � dimp.
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in Equation 10, and solving for dmix gives

dmix � A0d
1� A0

�13�

Equation 9 is combined with Equation 13 as follows:

iloss � C0
Dmix

dmix
� C0Dmix

�1� A0�
dA0

�14�

The Equations 14, 12 and 6 can be rearranged to give

iloss � iloss;min � zFDimp

d
Dcimp �15�

Current e�ciency can then be expressed as follows:

e � 100ÿ iloss
ic
� 100

� 100ÿ iloss;min

ic
� 100ÿ 100

ic

zFDimp

d
Dcimp �16�

where ic is the total cathodic current density.
The concentration of the reducible impurity spe-

cies M�x�z��, or the change in the concentration over
the di�usion layer, Dcimp, may not be easy to obtain
from experimental data. The total impurity concen-
tration cM, is more easily detected. It can be assumed
that the concentration change of the reducible im-
purity species is roughly proportional to small vari-
ations of the total concentration of the impurity
species:

Dcimp / cM �17�
Equation 16 can then be written as

e � emax ÿ 100

ic
BMcM �18�

where emax is the CE corresponding to iloss;min, and BM

is a proportionality constant. Plotting CE against
impurity concentration should, according to Equa-
tion 18, give a straight line for a given cathodic cur-
rent density.

The total e�ect of several di�erent impurity species
on CE is assumed to correspond to the total addi-
tive e�ect of each individual impurity species,
which means that Equation 18 can be extended as
follows:

e � emax ÿ 100

ic
�B1c1 � B2c2 � � � � � Bncn�

� emax ÿ 100

ic

Xn

1

�Bncn� �19�

The additive e�ect of impurities on CE will be
investigated in the present work. Note that iloss;min

and consequently emax depend on the kmix value for
dmix � d. This means that emax will de®nitely decrease
with increase in the convective ¯ow in the system.
The e�ect on CE will be partly counteracted by a
corresponding decrease in impurity concentrations.
The term behind emax in Equation 19 represents the
`excess loss' in CE due to cyclic redox reactions. If
this end term becomes zero, then a shift in the
rate determining step will take place as discussed
above.

3. Experimental details

The laboratory cell and the experimental procedure
were described previously [3]. The experiments were
carried out at 980 �C and with a molar ratio
NaF/AlF3 equal to 2.5. The concentration of CaF2

was 5wt%, while the concentration of alumina was
in the range 4 to 6wt%. The total current applied
was 26.54A, corresponding to a cathodic current
density, ic, of 0:85A cmÿ2.

The concentration range of impurity species in-
vestigated in the present work are given in Table 1
together with corresponding mass transfer coe�-
cients. The in¯uence of various impurities on CE was
originally studied with adding only one impurity to
the cell with the alumina feed. The amounts added to
achieve a certain concentration level were calculated
by means of the mass transfer coe�cients given in
Table 1.

4. Results and discussion

The impurities studied may be categorized as: (i)
impurities with roughly no e�ect on CE and (ii) im-
purities which lower the CE considerably with only
small additions.

4.1. Impurities with limited or no e�ect on CE

The results from the study of CE with additions of
MgF2 and BaF2 to the electrolyte are given in Table 2,
together with CE data obtained with no impurity
additions. The CE results when CuO, B2O3 and SnO2

were added are given in Figs 3±5.
The cations of the species given in Table 2 are

most probably present only with the oxidation state
+2. They therefore do not participate in cyclic re-
dox reactions in the electrolyte. The only in¯uence
of these species on CE may be due to (i) the e�ect
these species have on the activities of NaF and AlF3

in the electrolyte as discussed elsewhere [2, 4], and
(ii) the e�ect due to codeposition with aluminium on

Table 1. Impurity compounds added to the electrolyte and investigated

composition range of the cation, M �x�z��

Compound M �x�z��=wt % k�i =cm sÿ1

MgF2 0±0.05 ±

BaF2 0±0.24 ±

ZnO 0±0.11 1:2� 10ÿ4

Fe2O3 0±0.12 1:4� 10ÿ4

P2O5 0±0.06 1:9� 10ÿ6

Ca3(PO4�2 0±0.06 1:9� 10ÿ6

SiO2 0±0.06 2:6� 10ÿ4

V2O5 0±0.12 1:2� 10ÿ4

TiO2 0±0.10 1:9� 10ÿ4

Ga2O3 0±0.15 3:0� 10ÿ4

CuO 0±0.13 6:9� 10ÿ6

B2O3 0±0.02 9:2� 10ÿ6

SnO4 0±0.25 1:9� 10ÿ5

�ki is the mass transfer coe�cient.
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the cathode. These e�ects are important only at
comparatively high concentrations of the added
impurity.

The results shown in Figs 3 and 4 show that ad-
ditions of CuO and B2O3 have little or no in¯uence
on CE, indicating that the corresponding ions do not
participate in cyclic redox reactions. SnO2, on the
other hand, has an apparently positive e�ect on CE
as shown by Fig. 5. However, the solubility of SnO2

in the system is very low [16±18], probably less than

0.02wt% [18] for the present melt composition,
which means that the solubility limit for SnO2 has
been exceeded. The apparent increase in CE found in
the present investigation may thus be due to the fol-
lowing alloying reaction:

4Al�l� � 3SnO2(s) � 2Al2O3(diss)� 3Sn(in Al) �20�
taking place at the metal/electrolyte interface. If all
the SnO2 reacts according to Equation 20, an increase
in CE according to the solid line in Fig. 5 is expected.
The measured CE values are in agreement with the
line, indicating that tin has entered the metal phase
almost quantitatively.

4.2. Impurities with detrimental e�ect on CE

CE as functions of the concentration of the impurity
species Fe, P, Si, V, Zn, Ti and Ga are presented
graphically in Figs 6±12. The experimental data can
be ®tted to straight lines in agreement with Equa-
tion 18. The solid lines in the Figures are determined
by regression analysis discussed below.

Impurity compounds with cations of the highest
oxidation state were added in the present study. The
e�ect that possible variations in the valence distri-
bution of incoming impurity species may have on the
loss in CE, can be estimated using iron as an example.
With added Fe3� corresponding to 0.12wt% iron in
the electrolyte, the change in CE was experimentally
determined to be ±2.8%. Assuming that Fe3� initially

Table 2. CE without excess impurity additions and with additions of

MgF2 and BaF2 to the electrolyte

Compound M �x�z��/wt % CE/%

± ± 92.8

± ± 93.3

± ± 93.0

MgF2 0.05 92.9

MgF2 0.05 93.2

BaF2 0.24 93.2

BaF2 0.24 93.5

Fig. 3. CE as a function of the total electrolyte concentration of
copper species, cCu.

Fig. 4. CE as a function of the total electrolyte concentration of
boron species, cB.

Fig. 5. CE as a function of the apparent concentration of tin ions in
the electrolyte. The solubility limit was exceeded.

Fig. 6. CE as a function of the total electrolyte concentration of
iron species, cFe. Regression line: CE � �93:0� 0:6� ÿ �23:2� 3:8�
cFe.
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reacts to a steady state valence distribution with 70%
Fe2� and 30% Fe3�, then the consumption of RE
corresponds to a reduction in CE of 0.15%. The
valence distribution of the incoming impurity species
can, from similar calculations, be considered to be of
minor importance when discussing the results given
in Figs 6±12.

If all the added Fe3� reacts according to

Fe3� � 3eÿ � Fe(in Al) �21�
an apparent increase in CE should be expected if the
deposited iron is included in the metal production. A
hypothetical decrease in CE of about 0.7% can be
calculated if that amount of iron is deposited but not
included in the CE calculation. The only reasonable

Fig. 7. CE as a function of the total electrolyte concentration of
phosphorous species, cP. Regression line: CE � �93:0� 0:6�
ÿ �67:8� 18:4�cP.

Fig. 8. CE as a function of the total electrolyte concentration of
silicon species, cSi. Regression line: CE � �93:0� 0:6� ÿ �31:3
� 12:4�cSi.

Fig. 9. CE as a function of the total electrolyte concentration of
vanadium species, cV. Regression line: CE � �92:5� 0:6�
ÿ �26:3� 4:4�cV.

Fig. 10. CE as a function of the total electrolyte concentration of
zinc species, cZn. Regression line: CE � �93:0� 0:6� ÿ �13:4
� 3:2�cZn.

Fig. 11. CE as a function of the total electrolyte concentration
of titanium species, cTi. Regression line: CE � �93:9� 0:6�
ÿ �24:2� 13:2�cTi.

Fig. 12. CE as a function of the total electrolyte concentration of
gallium species, cGa. Regression line: CE � �93:9� 0:6� ÿ
�13:8� 7:6�cGa.
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explanation of the observed 2.8% decrease in CE
shown in Fig. 6 seems to be some kind of cyclic redox
reactions coupled to the loss process. Generally, the
detrimental e�ect on CE with the impurities shown in
Figs 6±12 can hardly be explained without including
cyclic redox reactions.

4.3. Uncertainty in CE and regression lines

The experimental values for the CE without deliberate
addition of impurities are not the same in all the Figs
3±12. The main reason for these deviations is proba-
bly that the various experiments were performed in
time periods with slightly di�erent impurity contents
in the base electrolyte. The experiments were also
performed in two di�erent furnaces with a somewhat
unavoidable di�erence in temperature distribution
and cell hydrodynamics, giving somewhat di�erent
mass transfer coe�cients and CE values.

The solubilities of Fe2O3 (0.003wt%� in Na3AlF6

± 5wt% Al2O3 and of ZnO (0.004wt%� in Na3AlF6

± 5wt% Al2O3 reported by Belyaev et al. [16], are
considerably lower than found by other workers. De
Young [19] found a solubility of Fe2O3 correspond-
ing to 0.11wt% Fe3� cations in cryolite-based melts
with 7wt% Al2O3 at 980 �C. Hayakawa and Kido
[20] found a ZnO solubility in cryolite of 3.2wt% at
1000 �C. With the exception of SnO2, the solubility
limits for the added oxides have probably not been
exceeded in the present work.

The slope of CE as a function of the impurity
content, de=dci, was calculated by a least square ®t.
The uncertainty in the slope was set equal to ���
twice the value of the calculated standard error. The
results are given in Table 3. The equation for CE as a
function of the Zn concentration was determined
from rather few experimental values, see Fig. 10, and
the real uncertainty in the coe�cient de=dcZn is
probably higher than indicated in the Table.

The concentration of impurities given in Figs 6±12
corresponds to the initial amount of impurities de-
liberately added to the electrolyte. The rate of im-
purity transport into the metal and the gas phase in
commercial cells was estimated from an extensive
mass balance study [21]. The derived mass transfer
coe�cients (Table 2) were used to calculate the nec-

essary impurity feed rate and the corresponding
steady state concentration in the electrolyte.

Impurities will to some degree be codeposited and
alloyed with aluminium. This can in¯uence the CE
determined from the amount of metal produced, es-
pecially if the codeposited impurity species has a high
molar mass compared to aluminium. Calculations
indicate that gallium is the only impurity among
those investigated which may lead to a signi®cant
in¯uence on CE. Deposition of gallium may increase
CE by approximately 0.8% for the highest concen-
tration shown in Fig. 12. If this is corrected for, the
slope of CE as a function of gallium concentration on
a molar basis should be roughly the same as the
corresponding slopes for iron and vanadium illus-
trated by the lines in Fig. 13. However, the change in
the valence state for the impurity species taking part
in the redox reactions is not easily deduced from
Equation 16 and the slopes given in the ®gure. The
detrimental e�ect of phosphorous on CE may be re-
lated to several shifts in the valence state between +5
and 0 with corresponding consecutive cyclic redox
reactions within the cathode boundary layer.

4.4. Comparison with previous work

Table 4 show less decrease in CE with increasing
impurity concentrations, compared to previous work
in laboratory cells [11, 13, 14]. The reason for this
discrepancy may be related to di�erences in cell de-
sign and current density distribution.

4.5. Additive versus nonadditive e�ect
of impurity species on CE

Assuming an additive e�ect of the individual impu-
rities on CE, the following empirical equation was
obtained:

Table 3. Calculated slope, de=dci, of current e�ciency, e=% with as

a function of the concentration of various impurities, ci=wt%

Uncertainty is set equal to twice the standard error.

Impurity de=dci

Fe ÿ23:2 � 3:8

P ÿ67:8 � 18:4

Si ÿ31:3 � 12:4

V ÿ26:3 � 4:4
Zn ÿ13:4 � 3:2

Ti ÿ24:2 � 13:2

Ga ÿ13:8 � 7:6 Fig. 13. CE as a function of the concentration of impurities
�mol cmÿ3�, given as regression lines.
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e � emax ÿ 100

ic
�0:197 cFe � 0:576 cP � 0:266 cSi

� 0:224 cV � 0:114 cZn � 0:206 cTi � 0:117 cGa�
�22�

where ci is the total concentration of the various
impurity species given in wt% of cations.

The data in Fig. 14 show that the e�ect of a si-
multaneous addition of Fe and V is, within experi-
mental uncertainty, equal to the sum of the individual
e�ects predicted by Equation 22.

An electrolyte containing four di�erent impurity
species was composed as follows: 0.030wt% Fe,
0.015wt% Si, 0.014wt% V and 0.013wt% Ti. Two
parallel experiments were carried out, with deter-
mined CEs equal to 89.8% and 91.7% . The average
value of �90:8 � 1:0�% compares well to the pre-
dicted CE value of 91.2% from Equation 22.

These results support the idea that the e�ects of
individual impurity species on CE are approximately
additive in the range of concentrations studied.

4.6. Impurity contents of a laboratory
electrolyte without added impurities

The entire solidi®ed electrolyte from an experiment
with no impurities added �e � 93:0%�, was tho-
roughly crushed and mixed. A sample was treated

with HCl in a platinum crucible. Two parallel analyses
of the aqueous solution were performed by an IC
plasma spectrometry method. The results are given in
Table 5.

The impurity concentrations in Table 5 give a CE
value roughly 0.1% lower than emax, according to
Equation 22. The concentrations of other impurities
not analytically detected are probably small, which
means that the CE values obtained in the present
laboratory cell without impurity additions are close
to emax.

5. Application of impurity CE model
to commercial cells

The convective ¯ow in the present laboratory cell is
di�erent from that in a commercial Hall±Heroult
cell. However, the cathode concentration overvolt-
age and CE for a given current density in the two
types of cells are roughly equal, when the magnetic
®elds in the commercial cell are well balanced [4].
This means that the thickness of the cathode
boundary layer and the rate of mass transfer pro-
cesses in the boundary layer should approximately
be of the same size in the two types of cells. This
means that Equation 22 may be roughly valid for
modern commercial cells operating with CEs in the
region 92 to 96% . The steady state concentration
regions of impurity species in commercial cells are
not well known, since few data are published [6±8].
Certainly, the concentration level of impurity species
is higher in commercial cells than in the present
laboratory cell during experiments with no impurity
additions to the electrolyte. The results obtained
with the present laboratory cell indicate that the loss
in CE under all conditions studied can be related to
cyclic redox reactions. This means that the loss in
CE during normal operations of modern commercial
cells operating with high CEs (94±96%) should be
related to cyclic redox reactions [1±4] and not to the
traditional `back reaction',

2`Al'� 3CO2 � Al2O3 � 3CO �23�
where `Al' is dissolved aluminium in the form of re-
duced entities, RE.

Some previously unpublished data [21] for impu-
rity species in commercial cells are given in Table 6,
together with calculated loss in CE from Equation 22
for individual ions. For the cell in question the excess
loss in CE due to electrolyte impurities amounts to
about 1% . It is evident from Equation 22 and the
data in Table 6 that it is important to keep the elec-

Table 5. Analysis of a laboratory electrolyte without added impurities

Element Sample 1/ppm Sample 2/ppm

Fe 33.9 36.7

Ti 3.9 3.0

V 0.3 0.4

Fig. 14. CE as a function of the sum of Fe and V concentrations in
the electrolyte. Equal molar concentrations of Fe and V were added
to the electrolyte. Line: Equation 22.

Table 4. Reduction in CE by addition of 0.01 wt % of impurity

cations, DCE ( percent): a comparison of the present work, DCE(1),
with literature data, DCE(2)

Impurity DCE(1) DCE(2) Ref.

Fe 0:23 � 0:04 0.3 [13]

P 0:68 � 0:18 0.95±1.0 [11, 13]

Si 0:31 � 0:12 ±

V 0:26 � 0:04 0.65±1.85 [13, 14]

Zn 0:13 � 0:03 ±

Ti 0:24 � 0:14 0.75 [13]

Ga 0:14 � 0:08 1 [14]
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trolyte impurity concentrations at a minimum level to
reach a high current yield.

6. Concluding remarks

The results show a roughly linear decrease in CE with
increasing electrolyte concentration of the polyvalent
impurity species. The e�ects of the individual impu-
rity species on CE appear to be approximately addi-
tive for electrolytes containing more than one
impurity species like, Fe, Si, V and Ti. This in¯uence
of certain impurity species on CE is too large to be
explained by a simple codeposition mechanism or a
single reduction to lower valent soluble species. An
appropriate mechanism ®tting the observed decrease
in CE is cyclic redox reactions in the cathode and
anode/CO2 boundary layers. Such a mechanism may
also dominate in commercial cells, since impurity
species are generally present at the same levels as in
our laboratory cell.
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Table 6. Electrolyte impurity levels in a commercial cell with

prebaked anodes and estimated loss in CE due to each impurity

element, DCE

Element c/wt % DCE=%

Fe 0:0174 ÿ0:40
P 0:0072 ÿ0:49
V 0:0011 ÿ0:03
Si 0:0025 ÿ0:08
Ga 0:0014 ÿ0:02
Zn 0:0007 ÿ0:01
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