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A simplified current efficiency model o f  the aluminium deposition reaction in sodium cryolitic melts 
was developed and discussed in view of  literature data. The partial current density for aluminium 
product ion was derived to be 

iAE = F k N , v c m [ -  1 + exp(0.445r/A~/B)] 

where k~F is the N a F  mass transfer coefficient at the melt/metal interface and B = - 0.736 V. rlA ~ is 
the concentration overvoltage for the aluminium deposition reaction. % is a modified concentration 
of  N a F  given by the equation 

Cm/(mol cm -3) = (x - 0.35)~ - 0 . 6 8 7 T I T  o) 

where x is the molar  fraction of  NaF,  while T / T  o is a dimensionless temperature ratio with 
T o = 1273 K. The partial current density corresponding to the flux density of  all reduced species being 
transported away from the metal/melt interface was derived to be 

where ks,  is a mixed mass transfer coefficient o f  reduced species in the boundary  layer at the 
metal/melt surface, while e is the degree of  saturation of  Na(diss) related to the equilibrium value 
cN~,eq. An empirical equation for cy,,eq as a function of  temperature and melt composi t ion was de, rived. 
The current efficiency of  the aluminium deposition reaction is then 

eA1 = [iA1/(iA, q- iloss)] -- ~AI 

where e)~ represents losses due to dispersed metal, aluminium carbide formation,  sodium penetration 
into the carbon lining etc. The influences of  various parameters on the mass transfer coefficients are 
briefly discussed. 

1. Introductf, on 

The current efficiency (CE) with respect to aluminium 
in industrial aluminium production cells normally 
ranges from 85 to 95%. The influence of various 
parameters on the CE is still controversial in spite of 
considerable research activity in the field. Literature 
reviews are given elsewhere [1, 2], and only papers of 
special interest in the present context will be cited. 
Normally, the cathodic CE is studied indirectly by 
analysis of the CO2/CO ratio of the exit anode gases. 
However, the cathodic yield is most conveniently 
interpreted by the component fluxes across the alumi- 
nium/melt interface and related chemical reactions. 
Any interaction between the atuminium pool and the 
adjacent cell lining may, as a first approximation, be 
disregarded, since this type of metal loss should be 
treated as a separate problem. The present work 
reviews some recent data for metal solubility in the 
electrolyte [3] and discusses some kinetic aspects of the 
cathode process. This approach is a key to an 
improved understanding of the relationship between 
the aluminium deposition reaction, the back reactions, 
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cathodic overvoltage and the corresponding concen- 
tration gradients in the boundary layers. Finally, this 
treatment makes it possible to derive the partial current 
densities, iA~ and i~ .... as a function of melt compo- 
sition, temperature, overvoltage and the corresponding 
mass transfer coefficients. It should be emphasized 
that the partial current densities, as usual for electrode 
reactions, are a function of the electrode overvottage. 

Since accurate thermodynamic data for molten 
NaF-A1F3 mixtures [4] are available, it is reasonable 
to use this system as a reference base for the theoretical 
treatment given below. The influence of various addi- 
tives such as AI203 and CaF2 may also preferably be 
referred to the pure NaF-A1F 3 system. 

2. Metal solubility and transport properties 

Aluminium reacts to a certain degree with the NaF-  
A1F3 melts. The most accurate data in this field are 
given in a recent work by Odeggtrd [3], Quenched 
samples were treated with HCI and the amounts; of H2 
evolved were determined in order to evaluate the 
equilibrium content of metal in each sample. r 
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Fig. 1. Solubility of aluminium as wt % A1 in a closed A1 NaF- 
A1F3-A1203 (sat) system as a function of the NaF/A1F 3 molar ratio. 
The partial solubilities ofNa(diss), A1F~-, AI 2 F3, AI 3 F 4 and A14 F~ 
are also included. Temperature 1273 K. From Odeg~rd [3]. 

presented several ionic models describing the nature of  
'dissolved aluminium' in the system. These models 
were fitted to the experimental data by assuming 
proportionality between the concentration of reduced 
species and the activities of NaF  and A1F 3 in agree- 
ment with the equilibrium reactions. Figure 1 shows 
the total solubility and the concentration of  reduced 
entities predicted from Odeggtrd's favoured model. 
There is no doubt that aluminium is partly dissolved 
as Na(diss), the concentration of which increases with 
increasing basicity of the melt, 

A1 + 3NaF = A1F3 + 3Na(diss) (1) 

The exact nature of Na(diss) is not completely clear, 
although it is fairly well established that the valence 
electron occupies some kind of  anion vacancy sur- 
rounded by a certain number of cations [5]. In the 
binary NaF-Na(diss)  system, where the concentration 
of  dissolved sodium may be as high as ~ 1.1 wt % at 
1273 K [6], there is a certain electronic contribution to 
the total conductivity [7]. Adding A1F3 to this system 
considerably reduces the equilibrium concentration of  
Na(diss), which means that the electronic contribution 
to the conductivity also drops. As discussed below the 
concentration of Na(diss) in the electrolyte of technical 
aluminium cells is far below the equilibrium concen- 
tration. It is easily estimated that the electronic contri- 
bution to the total conductivity in this case will be less 
than 1% and thus of  minor importance. This con- 
clusion is in agreement with a corresponding calcu- 
lation performed by r [3]. 

The reduced entity having the highest concentration 
in moderately acidic melts is, apparently, A1F~-. How- 
ever, even in this range of the system, Na(diss) may be 
even more important in the mass transfer of  reduced 
entities across the boundary layers because of its elec- 
tronic nature. According to Odeggtrd [3] the mean 

diffusion coefficient of all reduced species counted as 
Al(diss) in Na3A1F6 saturated with A1203 and AI at 
1273K is - 1 x 10-4cm2s ~, which is roughly five 
times larger than the corresponding values for ordinary 
ions in molten salt systems. 

An important parameter is the equilibrium concen- 
tration of  Na(diss) in Reaction 1 with unit activity of 
aluminium. Using the model data of  Odeg~rd [3] and 
density data of Paucirova et al. [8] the following 
empirical equation was derived, 

cn,.eq (mol can-3) = (1 - ka[2o 3 - kad)kT 

X exp(3x -- 9.9)/x (2) 

where x is the molar fraction of NaF  in the binary 
system NaF-AIF  3, while 

kv = 8 423 900 exp ( -  20 300/T) (3) 

is the temperature dependence of  the solubility in the 
N a F - N a  system as estimated from the work of Bredig 
and Bronstein [6]. kAl20 ~ and kAd a r e  the individual 
effects of A1203 and other additives, respectively, on 
the equilibrium concentration of Na(diss). Numerical 
values for kai2O3 and kAd may be estimated from the 
work of r [3]. With zero additions we have 
kA12O3 ~ kAa = 0. The underlying assumption that the 
combined effect of various additives is the sum of the 
individual ones may of course be somewhat erroneous, 
but at present better data are not easily obtained. 

The Na + ions carry the greater part of the electric 
current in cryolitic melts. In the NaF-A1F 3 system, 
saturated with alumina at 1300K, the transference 
number is estimated to be 0.76 at the NaF/A1F 3 molar 
ratio r = 10 [9]. The transference number increases 
with increasing melt acidity and reaches a value of 
tNa + = 0.99 at the composition r = 2.0. The numeri- 
cal values of the transference number are believed to 
be roughly independent of the alumina concentration. 

For  the sake of simplicity the transference number 
of Na + is taken to be unity for all melt compositions 
considered in the present work. The error thereby 
introduced is believed to be of  minor importance. 

3. The cathode process. Reaction mechanism 

All stable reduced entities discussed above should be 
considered as final cathode products. However, for 
the sake of  simplicity only A1, AIF~- and Na(diss), the 
most important species in basic and weakly acidic 
melts, will be dealt with. 

A simple and logical reaction route for the alu- 
minium formation reaction is proposed in Scheme 1. 

Scheme 1: 
(I) Migration of  3Na + to the aluminium surface 

(3 Faradays). 
(II) Diffusion of A1F3 (NaA1F4) to the aluminium/ 

melt interface. 
(III) AIF4 + e = A1F3 + F -  
(IV) A1F3 + e = A1F2 + F -  
(V) A1F2 + e = A1 + 2F-  
(VI) Diffusion of  3NaF away from the metal/melt 

interface. 
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Steps III and IV may alternatively take place as a 
single step with a two-electron transfer. That  A1F~- 
participates as an intermediate entity in the reaction 
scheme should be a logical consequence of  its stability 
in the melt as discussed above. Any preceding reaction 
such as 

A1F 4 = A13+ + 4F -  

is less likely to occur. The concentration of  Al 3+ must 
be extremely low, since this ion will exhibit a high 
coulombic force on the neighbouring F ions giving 
rise to strong A1-F bonds. 

The direct route for producing sodium is given in 
Scheme 2. 

Scheme 2: 
(I) Migration of  Na + 

(1 Faraday). 
(II) 
(III) 

to the ca thode  surface 

Na + + e = Na(diss) 
Diffusion of  Na(diss) away from the cathode 
surface. 

It should be noted that Na(diss) can be considered 
as a final cathode product produced on the cathode 
surface. The greater part of  this product will partici- 
pate as such in the so-called back reaction, while the 
rest will dissolve in the aluminium pool. The formation 
of sodium gas of  atmospheric pressure on the cathode 
surface will only take place at high current densities 
[10, 111, or in basic melts with a high content of  NaF  

[91. 
The reaction steps proposed for the formation of  

one mole of  NaA1F2 is shown in Scheme 3. 

Scheme 3: 
(I) Migration of 2Na + to the cathode surface (2 

Faraday). 
(II), (III) and (IV) As in Scheme 1. 
(V) Diffusion of  NaA1F2 and NaF  from the cathode 

surface. 

Thonstad and Rolseth [10] found, from double 
pulse measurements, a charge transfer resistance of 
about 0 .003ohmcm 2 for the total cathode process, 
corresponding to exchange current densities of 36 and 
18 A cm -z for a one- and two-electron step reaction, 
respectively. Since both Na(diss) and aluminium are 
produced simultaneously by the cathode process it 
means that Reaction 1 establishes equilibrium concen- 
trations on the cathode surface for external current 
densities less than the exchange current density. This 
important conclusion also agrees with the fact that the 
sodium content of aluminium increases with increasing 
cathodic current densities [1]. The sodium enrichment 
is caused by a shift in the melt composition at the 
cathode surface as discussed below. 

Another conclusion to be drawn is that reaction 
Schemes 1 and 2 both take place simultaneously on 
the cathode surface. It is also expected that the overall 
reaction with the highest exchange current density will 
catalyse the other one. Suppose step II in Scheme 2 has 
the highest exchange current density, Then it follows 
that Na(diss) will be an electron donor  (Na(diss) = 
Na § + e) for steps III, IV and V in Scheme 1 with the 

overall reaction 

4Na(diss) + NaAlF4 = A1 + 4NaF 

which is equivalent to Reaction 1. However, at present 
there is no experimental evidence showing which of 
the reaction schemes has the highest exchange current 
density. 

Since there is little or no activation control of  the 
cathode process, it follows that the overvoltage 
present mus t  originate from the concentration gradi- 
ents created by the diffusion steps described in 
Schemes 1-3. The concentration overvoltage referred 
to one single reference electrode will be of equal 
magnitude for all reaction schemes. It should be noted 
that the formation of Na(diss) (Scheme 2) does not 
create a shift in the NaF/AIF3 ratio in the cathode 
boundary layer. Both Scheme 1 and 3 create a change 
in this ratio. However, as discussed below NaAIF2 is 
partly transformed to Na(diss) in the boundary layer 
which means that the aluminium deposition reaction 
(Scheme 1) can be considered responsible for the 
whole shift in the NaF/A1F3 ratio. 

4. Concentration gradients in the boundary layers 

When discussing concentration gradients we must dis- 
tinguish between an open and a closed system. In the 
latter aluminium with unit activity reacts with the melt 
creating equilibrium concentrations as shown in 
Fig. 1, and there will be no concentration gradients. 
However, the NaF/A1F3 activity ratio is slightly 
changed from its original value due to Reaction I. 
This change increases with increasing concentration of 
Na(diss) or NaF in the melt. Then it follows that the 
activity/concentration relationship for the NaF-A1F3 
system will be somewhat different from the corre- 
sponding AI-NaF-A1F~ system. However, the differ- 
ence in the activities of  NaF  and A1F 3 in the two cases 
is believed to be of  minor importance and will not be 
taken into account. 

In an open system, as in industrial cells, the convec- 
tive mass transfer in the bulk of the electrolyte is 
obviously very rapid, The greater part of the concen- 
tration gradients in laboratory cells will also be located 
at the A1/melt and at the melt/gas interfaces, as long 
as the crucible diameter is not too small and the 
interpolar distance not too high. Therefore, the :mass 
transfer through the bulk melt will not be considered 
as a rate limiting step in the present work. Several 
types of  concentration gradients will exist in an open 
A1-NaF-A1F3 system. Some of  these are discussed in 
the following. 

4.1. NaF/AIF3 gradients'. No external current 

Figure 2 illustrates concentration profiles in melts 
with three different compositions in contact with an 
aluminium phase. There is no external current and the 
surrounding phases do not react with the system. The 
situation should correspond to an open laboratory cell 
with inert linings and convective melt motion. The 
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Fig. 2. Schematic concentration profiles expressed by the NaF/AIF 3 
molar ratio r in an open A1-NaF-A1F3 system for three different 
melt compositions (curves I, lI and III) as a function of the distance 
y from the interface. The aluminium/melt interface is located at 
y = 0 while the melt/gas interface is at y = y'. No external current. 

most important  reactions taking place at the A1/melt 
interface will be 

3NaF + A1 > 3Na(diss) + A1F 3 (1) 

Na3A1F 6 + 2A1 > 3NaA1F2 (4) 

N a F  + NaA1F 2 > 2Na(diss) + A1F3 (5) 

Reactions 1 and 4 are heterogeneous reactions taking 
place only at the metal/melt interface. Reaction 5 is a 
homogeneous reaction occurring throughout  the 
boundary layer. 

It is the continuous transport  of  reduced species 
away from the metal surface that establishes the con- 
centration gradients of  N a F  and A1Fs expressed by r 
as a single gradient in Fig. 2. It  is important  to note 
that Reaction 5 proceeds to the right in the diffusion 
layer next to the aluminium surface. The reason is that 
Na(diss) diffuses much faster than the other com- 
pounds, including NaA1F 2. This leads to the important 
conclusion that the melt composition at the A1/melt 
interface is more acidic than the bulk phase for all 
compositions, with a possible exception of melts close 
to saturation with A1F 3. Since Reaction 1 proceeds to 
the right at equilibrium the rapid diffusion of  Na(diss) 
also means that the activity of  aluminium gradually 
decreases from unity at the metal interface to a fixed 
value in the bulk phase. An aluminium electrode in an 
open NaF-A1F3 system will then only be in equilib- 
rium with the melt compositions on its surface and not 
with the bulk phase composition. One other con- 
clusion is that factors affecting the fluxes, such as 
stirring, will make some minor changes in the melt 
composition adjacent to the metal surface and a corre- 
sponding small shift in the electrode potential should 
result. To the author 's  knowledge this point has so far 
not been studied experimentally. 

In the boundary layer next to an inert gas phase the 
main reactions involving reduced entities are 

Na(diss) > Na(g) (6) 

NaA1F2 > N a F  + A1F(g) (7) 

NaAIF2 + N a F  > 2Na(diss) + A1F 3 (5) 

Also, in this case, there is rapid transport  of Na(diss), 
which means that Reaction 5 proceeds to the' right in 
order to establish chemical equilibrium throughout 
the boundary layer. The shape of the N a F  and A1F 3 
gradients expressed by the concentration measure, r, is 
illustrated in Fig. 2. The equilibrium vapour  pressure 
of  Na(g) and A1F(g), the most important  reduced 
entities in the gas phase, can be accurately interp- 
olated from thermodynamic data for whatever com- 
position in the A1-NaF-A1F3 system and in the 
A1-NaF-A1F3-AI203 system [4, 9]. In the acidic range 
of these systems it is also important  to take into 
account the evaporation reactions 

NaA1F4 > NaA1F4(g) (8) 

A1F 3 , A1F3(g ) (9) 

4.2. NaF/AIF3 gradients created by external current 

The NaF/A1F 3 gradient is affected by an external 
current since Na  + is the carrier of  current in the 
molten phase. An increasing cathodic current means 
that the concentration of N a F  increases and that the 
concentration of A1F~ decreases at the cathode surface. 
Some steady state concentration patterns are illus- 
trated in Fig. 3. 

By means of thermodynamic data for the NaF-A1F3 
system [4] at 1285 K it is easily calculated that sodium 
gas at 1 atm will be formed at a surface composition 
r = 17.5. The corresponding value for a melt satu- 
rated with alumina is r = 10 [9]. A gradual increase of 
the cathode current density finally gives sodium gas 
evolution resulting in mass transfer and current/ 
voltage fluctuations as observed by Thonstad and 
Rolseth [10]. A further increase of  the current 
increases mainly the sodium gas production. 
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Fig. 3. Schematic concentration profiles described by the NaF/A1F 3 
molar ratio r in an open AI-NaF-A1F 3 system as a function of the 
distance y from the aluminium/melt interface. Some arbitrary exter- 
nal steady state cathodic currents are presumed to be applied where 
114[ > 1131 > I/z[ > I, = 0. y' is the total thickness of the salt 
phase. Oxidizing atmosphere. 
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It should be stressed that an oxidizing atmosphere, 
such as CO2(g), will shift the NaF/A1F3 concentration 
gradient at the melt/gas interface in the direction 
opposite to that shown in Fig. 2. In basic melts the 
dominating reaction will be 

6Na(diss) + 2AIF 3 + 3COa(diss) ----* A1203 

+ 6NaF + 3CO(g) (10) 

The net result is that the r value in the boundary 
layer adjacent to the gas phase increases, as indicated 
in Fig. 3, while alumina accumulates in the melt. 
Reaction 10 is discussed below. 

Alumina will also be accumulated in highly acidic 
melts by direct oxidation of  monovalent aluminium 
(AIF{) together with a slow shift of  the melt com- 
position towards the basic side, as a consequence of  
the evaporation Reactions 8 and 9. 

4.3. Concengration gradients of reduced species 

From the above discussion it follows that the concen- 
trations of  the reduced entities Na(diss) and NaA1F2 
in the boundary layers are determined by the NaF/AIF3 
gradients through the equilibrium reaction 

NaAIF2 + NaF = 2Na(diss) + A1F 3 (5) 

Figure 4 illustrates concentration profiles of Na(diss) 
when the applied current is zero and at a certain 
cathodic current. The most important conclusion is 
that an increasing cathodic current increases both the 
NaF/AIF 3 ratio and the concentration of  Na(diss) on 
the cathode surface. This conclusion is also supported 
by the fact that the sodium content of  the aluminium 
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Fig. 4. Schematic concentration profiles of  Na(diss) in the N a F -  
AIF3-AI system. Both the concentration c and the distance y from 
the A1/melt interface are in arbitrary units. (a) Equilibrium concen- 
tration in the closed system. (b) Concentration profile in the open 
system with CO~ atmosphere and no current. (d) Profile when the AI 
phase is made a cathode with a corresponding CO 2 evolution on the 
anode at y'. 

cathode increases with increasing cathode current 
density [1]. 

The equilibrium concentration of  NaAIF2, referred 
to unit activity of  aluminium, has a maximum value in 
a melt with the composition r = 3.0 as indicated in 
Figs I and 6. A steadily increasing cathodic current, 
which increases the NaF/A1F 3 ratio beyond r = 3.0 
on tile cathode surface, means that the surface concen- 
tration of  NaA1F2 passes through a maximum at 
r = 3.0. It is obvious that the concentration profiles 
for NaA1F, may be irregular. 

The solubility of CO2(diss) in the melt [12] is con- 
siderably lower than the total solubility of reduced 
species. Reaction 1 t 

CO 2(g) = CO 2 (diss) (1 I) 

can hardly be a rate limiting step in the overall oxi- 
dation reaction. Since the equilibrium concentration 
of CO2(diss) is low, it means that the oxidation 
Reaction 10 must occur in the melt boundary layer at 
the gas/melt interface. The net effect of an oxidizing 
atmosphere, compared to an inert one, will be a slightly 
reduced concentration level of  the reduced species in 
the bulk phase and a corresponding increase in the 
total flux of  reduced entities. 'This effect may be hard 
to detect experimentally, if the convection is high in 
the bulk phase of the melt. 

Most workers [1] have found that the rate of the 
overall reoxidation reaction is, within experimental 
uncertainty, independent of the pressure ratio CO2/CO, 
which clearly shows that Reaction 10 is rapid and does 
not represent a rate limiting step in the overall recom- 
bination process. 

Thus there should be no doubt that the Na(diss) 
concentration profile b in Fig. 4 is generally correct. It 
is also reasonable to believe that the thickness of  the 
liquid boundary layer adjacent to the gas/melt interface 
is somewhat less than the thickness of the correspond- 
ing layer at the melt/metal interface. This will especially 
be the-case when gas bubbles escape the melt surface, 
disrupting the boundary layer. The effective sarface 
area also increases, as Reaction 10 also takes place in 
the boundary layer around the CO2 gas bubbles. The 
convection such bubbles create may reduce the thick- 
ness of the cathode boundary layer. However, the 
reduction of the thickness of  the melt/gas boundary 
layer is even more extensive. Hence, the rate of the 
metal loss processes during electrotysis in technical 
cells is expected to be mostly controlled by mass trans- 
fer through the boundary layer next to the metal 
surface. This conclusion is in agreement with a recent 
study of  Solheim and Thonstad [13] who found that 
the melt/gas interface accounts for less than 10% of  
the transport resistance of  dissolved metal. In labora- 
tory cells the situation is sometimes different since the 
ratio of  cross sectional area of the two boundary 
layers may vary within wide limits depending on the 
experimental conditions. In this respect the rounded 
shape of  the metal surface shouId be considered. 

Another point to be discussed below is the fact that 
the diffusion layer thickness wilt be different for dif- 
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ferent types of  compounds.  The diffusion layer thick- 
ness of  the electronic conducting compound Na(diss) 
is much smaller than that for typical ionic compounds.  

Since Reaction 5 proceeds to the right in the dif- 
fusion layer it means that the rate of  diffusion of 
reduced species will be greatly enhanced. It  also means 
that the boundary layer thickness of  NaA1F2 will be 
reduced to a small value. However, at present, the lack 
of data do not allow a precise calculation of  the exact 
shape of the concentration profiles. 

5. Current for AI deposition and concentration 
gradients 

% 
z 

O 
e- 
l 

3 

4 

So far the N a F  and A1F 3 gradients have been expressed 6 
as a single gradient using the molar  ratio r as a con- 
centration measure. This means that they are intimately 
interlinked by the flux equation (Scheme 1) 

JNaF - -  3 JAIF3 (12)  

valid under steady state conditions and considered 
independent of  CE. It follows that the average partial 
current density, ia~, related to the flux densities at the 
electrode-solution interface, 

iAI -- 3FJAIF3 -= fJNa F (13) 

has a negative sign at zero and small external cathodic 
current densities (see Fig. 3). At higher cathodic cur- 
rents iAI acquires a positive sign corresponding to a 
shift in the mass flow direction of both N a F  and AIF3 
as illustrated in Fig. 3. The turning point corresponds 
to the situation that the aluminium loss, described by 
Schemes 2 and 3, is compensated by the aluminium 
production. 

In a binary non-ideal system Fick's law may be where 
rewritten in the form 

[dln- aN~vl (14) 
JNaF -'~ -- CNaFDNaF L dy ]y=0 

where y is normal to the aluminium/melt interface and 
directed into the solution. Equation 14 may be written 
as 

_ [dln ~--N<] (15) YN~ DNaF "V m dy Ay=0 

where x is the molar  fraction of  N a F  and V is the 
integral molar  volume. 

F rom Fig. 5 it follows that the activity of  N a F  [4] 
can tentatively be expressed by the empirical equation 

I n  aNa F = - - A ' ( x  - -  0.25) -1 + B'  (16) 
X 

where A' and B'  can be linearized with respect to 
temperature 

A '  = - 0 . 0 0 3 2 5 T  + 6.320 (17) 0.80 
0.77 

B' = --0.006425T + 11,450 (18) 0.75 

Equations 16-18 give activity data in fair agreement 0.70 
0.65 

with thermodynamic data presented elsewhere [4]. o.6o 
Derivation of Equation 16 at a certain temperature, 0.55 

0.50 
dln aNa F = A'(x -- 0.25)-2dx (19) 

h s j I I - -  

I I J I t I 

2 3 4 
(XNaF-0.251-1 

Fig. 5. Log of NaF activity in the system NaF AIF 3 as a function 
of (xr~aF -- 0.25)- I, where XNaF is the molar fraction of NaF. Tem- 
perature 1283 K. 

and combination with Equations 13 and 15 yield 

x A  ~ 
iAldY = --FDNaF V(x -- 0.25) 2 dx (20) 

The integral molar  volume V is a function of both 
composition and temperature. Values for V at 1283 K 
calculated from density data of  Paucirova e t  al. [8] are 
given in Table 1 at various melt compositions. The 
next step is to simplify Equation 20. Empirically it is 
found that 

x A '  A "  

V ( x  - 0.25) 2 - (x - 0.35) ~ (21) 

A"(molcm -3) = 0.458 - 0 . 3 0 6 T / T o  (22) 

with To =- 1273 K. Numerical values for these expres- 
sions are included in Table 1 showing that the mutual 
fit is fairly good for an arbitrary temperature of  
1283K. Combinat ion of Equations 20 and 21 gives 

iA~dy = --  F D N ~ F A " ( x  - 0.35)-~ dx (23) 

Equation 23 is then integrated over the Nernst  dif- 

Table 1. The second column shows values .for the integral molar 
volume, V, calculated.from density data [8] at various molar fractions 
of  NaF, x. The next two columns show that Equation 21 (see text) is 
satisfied reasonably well. A" = 2.15 and A" = 0.152. Temperature 
1283 K 

V xA' A" 
(cm 3 mol -  l) 

V(x - 0.25) 2 (x - 0.35) ~ 

24.06 0.236 0.236 
24.60 0.249 0.246 
25.06 0.257 0.253 
26.70 0.278 0.272 
28.78 0.303 0.297 
31.78 0.331 0.328 
35.51 0.370 0.371 
39.00 0.441 0.436 
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fusion layer thickness 6 yielding 

FA"kN"v [(x* - 0.35) ~ - (x - 0.35) ~ 
iA~ = 0 . 4 4 ~  

(24) 

where kN,v = DN~F/fN~F is the mass transfer coef- 
ficient o f  N a F ,  while x* is the molar  fraction o f  N a F  
at the a luminium surface and  x is the corresponding 
bulk concentrat ion.  The integration is based on the 
assumpt ion o f  a concentra t ion independent  diffusion 
coefficient in the range f rom x* to x. 

6. Overvoltage and concentration gradients 

The overvoltage should, if  possible, be referred to a 
single electrode reaction. As discussed in the preceding 
section several reactions take place at the a luminium/ 
melt interface, creating concentra t ion gradients which 
give rise to concentra t ion overvoltage. According to 
the I U P A C  convent ions [14] the concentra t ion over- 
voltage can be described by the open circuit potential 
o f  a concentra t ion cell where both  electrodes are 
equilibrated to the same single electrode reaction. We 
may  tentatively write the cell, 

A I I N a F ,  A1F 3 rl NaF ,  A1F 3 ]A1 (25) 

where the left hand side compar tmen t  corresponds to 
the bulk concentra t ion and the right hand  side to the 
interface concentrat ions of  the working electrode. The 
t ranspor t  properties o f  the junct ion should be equal to 
those existing in the diffusion layer creating over- 
voltage. Since the t ransport  number  o f N a  + is taken to 
be unity in the whole range studied 1 < r < 10, the 
hypothetical open circuit potential equal to the concen- 
trat ion overvoltage can be expressed by the equat ion 

R T  aAIF~ 
~/AJ -- In ab{av -f- - j ~  In (26) 

aNaF* aAIF3 

where * denotes activities in the right hand  side com- 
partment .  It should be emphasized that  cell 25 must  be 
referred to a closed system with no c o n c e n t r a t i o n  
gradients in the cell compar tments .  Measured poten- 
tials o f  cell 25 in an open system [ l l ]  correspond 
approximately  with Equat ion 26 in acidic melts while 
there are considerable deviations in the basic range o f  
the system [9]. As discussed above the main  reason for 
this deviation is that  the aluminium electrode in an 
open system does not  behave reversibly with respect to 
the bulk concentrat ions.  Nevertheless Equat ion  26 is 
still the most  convenient  and precise definition o f  the 
concentra t ion overpotential  for the reduct ion o f  
trivalent a luminium ions using activities referred to 
the bulk phase composi t ion.  

There are several alternative ways o f  expressing the 
concentra t ion overpotential  as a funct ion o f  compo-  
sition, I f  we introduce the expressions for the activity 
o f  A1F 3 f rom the following equilibria 

A1F 3 + N a F  = NaAIF4 (27) 

A1F3 + 3 N a F  = Na3A1F 6 (28) 

Table 2. Concentration overvoltage in NaF-AIFs melts calculated 
from Equations 26 and 32 (see text) .for various molar .fractions of 
NaF. Activity datajrom Sterten el al. [4]. r is" the NaF/AlF~ molar 
ratio. Reference me# r = 1.0 correspond; to zero overvoltage 

r x N,,r. rlAi (V) rim (V) 
(Equation 26) (Equation 32) 

1.0 0.500 0.000 0,000 
1.4 0.583 - 0.340 - 0.326 
1,8 0,643 -0,493 -0.493 
2.4 0.706 -0,634 -0.637 
3,0 0,750 - 0.718 - 0,723 
4.0 0,800 - 0,809 - 0.809 

10.0 0.909 - 0,992 - 0,969 

in the equat ion for the overvoltage, Equat ion  26, the 
result will be 

4 R T  R T  aNaA1F$ 
r/A: -- 3F In aN~v + - ~ f f l n - -  (29) 

aNaF* (/NaA1F 4 

R T aNa3 AIFo~ 2 R T  In a N a v +  -J-ff I n -  (30) 
VIAl - -  f aNaF, aNa 3 AIF6 " 

Equat ions  29 and 30 can also be combined  to give 

R T I n  aNaAIV---~ -'b 2~---ffTln aNa3AIF6 (31) 
/']AI - -  F aNaAIF4 aNa3 AIF~ 

It  is immaterial  which o f  the Equat ions  26, 29-31  is 
used to derive numerical values for the overvoltage as 
long as interconsistent activity data  are employed [4]. 

In the following treatment activity data  o f  the binary 
N a F - A 1 F  3 system are applied to calculate the over- 
potential  at various interface concentra t ions  referred 
to the bulk concentra t ion r = 1,0. These numerical 
values given in Table 2 were used to derive an empirical 
equat ion describing the relationship between the over- 
voltage and the interface molar  ratio o f  N a F  as follows 

qA~ = B" + B l n ( x *  - 0.35) (32) 

where B" = - 1.397V and B = - 0 . 7 3 6 V .  
The results in Table 2 show that Equat ion 32 does 

not  deviate seriously f rom the more  fundamenta l  
Equat ion  26. Equat ion 32 may  be t ransformed to a 
more  general and applicable form 

t/Ai = B l n [ _ x  

Table 3. Concentration overvottage, ~1 = A~ + B~ in NaF-AlF 3 
melts at 1285 K. A I = (RT/F) In (aNaF/a,vaF,) and B I = (RT/3F) In 
(amrg/a,~m3) is the overvoltage contribution from the gradient,'; of NaF 
and AIF3, respectively. The reference melt is" the NaF/Al~ molar 
ratio r = 2,4. Activity data are taken from the work of Sterten and 
Mceland [4] 

r A (V) B (V) 

2.4 0.000 0.000 
2.6 -0.015 -0.011 
2.8 - 0.033 -- 0.023 
3.0 - 0.047 - 0.036 
3.4 - 0.067 - 0.061 
3.7 - 0.079 - 0.075 
4.0 -- 0.087 - 0.086 
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where x as usual denotes the bulk molar fraction of 
NaF. A certain concentration gradient corresponds to 
a certain overpotential independent of temperature. 

Table 3 shows that the NaF  and the A1F 3 gradients, 
as expressed by Equation 26, create an overvoltage of  
roughly equal magnitude in the range 2.4 < r < 4. 
Outside these limits the contribution to the overvoltage 
from each gradient is not of the same size. 

7. Overvoltage and current for aluminium deposition 

In order to derive the relationship between the over- 
potential and the partial current density of aluminium, 
we need to combine Equations 24 and 33. Rearrange- 
ment of Equation 33 yields 

(x* - 0.35) -- (x - 0.35)exp(t/A]/B ) (34) 

from which it follows 

(X* - -  0 . 3 5 )  0.445 = (X - -  0.35) 0.445 exp(0.445t/Al/B ) 

(35) 

Why 0.445 is applied as an exponent is easily seen 
when Equation 35 is combined with Equation 24 to 
give, 

FkN~'FA" (x - -  0 �9  0.445 
ial + 0.445 

FkN,~F A" 
0.445 

Introducing the term 

FkNaFA" a -- 
0.445 

- -  (x -- 0.35) 0.445 exp (0.445t/AL/B) (36) 

- -  ( x  - -  0 . 3 5 )  0.445 (37)  

in Equation 36 and rearranging gives the required 
relationship between overvoltage and current density. 

rlA, = 1 . 6 5 4 1 n [ ~ ]  (38) 

The temperature dependence of A" should be noted, 
Equation 22. 

8. Overvoltage and current loss 

The greater part of the loss in CE can be ascribed to 
the total mass transfer of reduced species through the 
cathode boundary tayer, The equilibrium concen- 
trations of Na(diss) and NaA1F2 referred to a closed 
system are shown in Fig. 6. As discussed above there 
is a rapid transformation of monovalent aluminium 
compounds to Na(diss) in the boundary layer as 
described by Reaction 5. The net result will be that the 
slope of the concentration profiles for NaA1F2 and 
Na(diss) may approach each other. In such a case it is 
obviously convenient to define the total flux of 
reduced species, J~o~, by the driving force of only one 
of the components. We may tentatively write 

"/loss "= --//~ = kNa(C~ a - -  C N a ,  b ) (39) 
F 

where cN~. and C~.,b are the concentrations of Na(diss) 

- 5  1 I i I 
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Fig. 6. Log of  the concentrations of the reduced species Na(diss) 
and NaA1F2 as a function of  the molar fraction XNa F in the closed 
A1-NaF -A1F 3 system at 1273 K. 

at the aluminium surface and in the bulk phase, respect- 
ively, ky a is a mixed mass transfer coefficient for all 
reduced species. A possible variation of kN~ with inter- 
facial and bulk concentrations should not be excluded. 
However, as discussed below, this variation seems to 
be small�9 

The concentration of Na(diss) in the bulk phase of 
an open system, CNa, b , will only be a fraction, ~, of the 
corresponding equilibrium concentration in the closed 
system, CN~,eq, as indicated in Fig. 4. 

CNa, b = ~CNa.~q 0 < ~ < 1 (40) 

Combining Equations 39 and 40 and solving for the 
interface concentration yields 

ho~s + ~CN,.eq (41) Cya, -- FkN~, 

Equation 26, describing the concentration overvolt- 
age for aluminium deposition, can be combined with 
the equilibrium Reaction 1 as follows 

RT 
t/A 1 = ~ In (CNa, eq/CNa* ) (42) 

From Equations 41 and 42 one obtains 

R T l n [  i~~ (43) 
/ /AI  - -  F k 

where 

k = FkNacNa, eq (44) 

Equation 39 should probably be rewritten with some 
other driving force for highly acidic melts, since it is to 
be expected that kNa will be dependent on composition 
in that part of the system. It may be proposed that the 
total solubility expressed as wt % A1 should be used as 
the driving force for the back reaction�9 However, the 
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relationships between overvoltage and metal solubility/ 
current loss are not easily derived in that case. 

9. Cathod ic  current  eff iciency 

- /+0 The next step is to solve Equation 43 with respect to 
i~o~ and introduce the term given in Equation 44, 

- 80 

i,o~ = Fkn~cNa,~qI-~ + e x p ( - - ~ T t / a l )  ] (45) 

- 1 2 0  
From the Equations 22, 37 and 38 we obtain 

iaj = FkNaF%[-- 1 + exp(0.445tla~/B)] (46) -160 

where 

Cm(molcm -3) = (1.030 -- 0.687T/T0) 

x (x - 0.35) 0.445 (47) 

with B = - 0.736 V and To = 1273 K. Cm can be con- 
sidered as a modified concentration of NaF.  The vari- 
ation of Cm with composition should correspond to the 
variation of the 'effective' N a F  concentration. 

It should be noted that iA1 and i]o~ are local current 
densities at a given point on the surface of  the metal. 

Equation 45 does not describe the total loss in an 
aluminium reduction cell. Reoxidation of  dispersed 
metal in the salt phase should be taken into account 
when analysing CE. Cathodic reduction of  impurities 
reduces the current yield of  aluminium somewhat. 
Some aluminium carbide is also formed by reaction of  
the metal with the carbon bot tom of the cell. Sodium 
penetration into the carbon cathode will also take 
place to a certain degree. The current efficiency, eA~, 
with respect to aluminium formation/dissolution may 
then be written 

ea~ = [iA~/(iAi + iio~)] - -  e,~I ( 4 8 )  

where ~ represents the unspecified losses indicated 
above. 

10. C o m p a r i s o n  o f  theory  with exp er imen ta l  data  

Equations 45-48 should be tested against experimental 
data. Thus we need data for cathodic overvoltage and 
current efficiency as a function of current density from 
cells where ~21, the unspecified losses in Equation 48, 
can be estimated or neglected. Of  special interest is to 
test the variation of  the mass transfer or the pro- 
portionality constant kNaF and kNa with respect to the 
cathodic current density. The thicknesses of  the dif- 
fusion layers depend critically on the flow rate of  
electrolyte along the cathode surface, and may be 
influenced by the rate of  the anode gas evolution, 
especially at short interelectrode distances. There is a 
lack of  consistent literature data so that a critical 
evaluation of  model parameters is at present not poss- 
ible. The importance of  cathodic overvoltage has not 
been given sufficient attention in conjunctions with 
current efficiency determinations. However, in the 
literature there is one work that systematically describes 
cathodic overvoltage as a function of  current density 
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Fig. 7. Overvoltage as a function of total current density at the 
aluminium cathode in an open A1-NaF-A1F3-A1203 (sat) system at 
1273 K. Melt composition r = 4 (NaF/AIF 3 molar ratio). Open 
circles from Thonstad and Rolseth [10] are displaced 30mV (filled 
circles). The curve is calculated (see text). 

and melt composition. Some sets of  data from this 
work of  Thonstad and Rolseth [10, 11] will be 
analysed in some detail. 

10.1. Overvo/tage and current density 

We tried to fit overvoltage/current density data of  
Thonstad and Rolseth [10] to the Equations 45-48  
assuming e)~ = 0. It  turned out to be difficult to assess 
the opt imum parameter  fit because of  too many 
unknown variables. However, good fits to experimental 
data were easily obtained as illustrated in Fig. 7. The 
curve drawn in the figure indicates that the NalZ'/A1F 3 
gradient at the aluminium electrode corresponds to 
about  30 mV when the external current is zero. There- 
fore, all the experimental points in the figure (open 

5 0 K  ~ I J I ~ l 

0 1 2 3 
i c / / A . c m  -2 

Fig. 8. Overvoltage as a function of total current density at the 
aluminium cathode in an open A1-NaF AIF3-Al203(sat ) system at 
[273 K. The melt compositions are expressed by r the NaF/AIF 3 
molar ratio. Experimental points are from Thonstad and Rolseth 
[10l, while the curves are calculated from the present work (see text). 
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Table 4. Numerieal values of  the mass transfer coefficients kNa F and 
ku. used to calculate the curves shown in Fig. 8. c~ is the degree o f  
saturation o f  Na(diss) in the bulk phase, while r is the NaF/AIF 3 
molar ratio of  the melt 

r o: ku ,e(cms -r)  k~v,, (cms l) 

3.0 0.50 2.2 x 10 -4 0.033 
4.0 0.50 3.0 x I0 -4 0.065 
6.0 0.50 2.5 • 10 - 4  0.060 

circles) have been displaced upwards by 30 mV (filled 
circles). 

Increasing the cathodic current density from zero 
changes the NaF/A1F3 gradient, to zero at ic-~ 
0.24Acm 2 as may be seen from Fig. 7. At higher 
cathodic current densities a net production of alu- 
minium will take place while the NaF/AIF3 gradient 
develops in the opposite direction of the gradient at 
low current densities. 

The curve shown in Fig. 7 is also included in Fig. 8 
together with similar curves obtained for other melt 
compositions. We see that there is a good fit between 
the experimental points of Thonstad and Rolseth [10] 
and the calculated curves. The parameters used in the 
calculations are summarized in Table 4. 

Figure 9 shows the relationship between overvolt- 
age and the partial current densities of i~1 and i~o~s for 
r = 3. The relative increase of sodium production 
with increasing current densities should be noted. 
Figure 10 shows the corresponding CE. Although the 
magnitude of CE is uncertain, the shape of the curve 
in Fig. 10 is in general agreement with experimental 
data [16]. 

11. Discussion 

All the overvoltage data of Thonstad and Rolseth 
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Fig. 9. Overvoltage as a function of the partial current densities, iA~ 
and i~oss at 1273 K (see text). Melt composit ion r = 3 (NaF/A1F 3 
molar ratio). 
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Fig. 10. Calculated current yield of  a luminium from the data shown 
in Fig. 9 as a function o f  the total current density. 

described above were obtained in a graphite crucible, 
the wall of which served as the anode. Two identical 
aluminium electrodes housed in sintered alumina cups 
of 16mm i.d. were used as working electrode and 
reference electrode, respectively. Such a cell arrange- 
ment gives unusually low anodic current densities and 
the corresponding gas evolution on the crucible wall 
would only have a negligible effect on the boundary 
layer next to the aluminium surface. This surface was 
usually located 2-4 mm below the rim of the alumina 
cup [11] giving rise to a rather high thickness of the 
boundary layer. It should also be stressed that the 
shape of the cathode surface was nearly hemispherical 
giving rise to a non-uniform current distribution. The 
current density data of Thonstad and Rolseth [10] 
were referred to the cross-sectional area of the cup 
housing the metal, which means that these data are 
considerably higher than the average current densities. 

The results given indicate that the parameters kNaF, 

kN~ and c~ may be independent of the electrode over- 
voltage and the current density. However, this import- 
ant implication should be studied more thoroughly, 
especially the expected variation of kN~ in extremely 
acidic melts. The low value of kNav -- 2.5 x 10-4 cm s- 1 
obtained should be noted. Such a value corresponds 
to a Nernst diffusion layer thickness in the range 
0.1 cm < 6NaF < 0.3cm which should be regarded as 
a reasonable value, when considering the shielding 
effect of the alumina cup housing the aluminium 
electrode. 

On the other hand the values for kN~ in Table 4 are 
extremely high. These results support the idea of 'elec- 
tronic' conduction of Na(diss) and mass transfer via a 
chemical reaction in the cathode boundary layer. The 
high values for kNa also indicate that the thicknesses of 
the boundary layers of reduced species must be con- 
siderably smaller than the corresponding thickness of 
the NaF layer. This proposition leads to the interest- 
ing conclusion that kNa is less affected than kNa F by 
convection. Since the forced convection in industrial 
cells is higher than the natural convection in laboratory 
cells it means that the CE in industrial cells should be 
higher than in laboratory cells at high enough current 
densities. This conclusion is in general agreement with 
what is observed. However, the term ~,~ in Equation 
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48 m a y  b e c o m e  inc reas ing ly  i m p o r t a n t  wi th  increased  

convec t ion .  The re  is r eason  to believe tha t  there  are 

r a the r  large local  va r i a t i ons  in the m a g n i t u d e  o f  the 
mass  t r ans fe r  coefficients a t  the c a t h o d e  surface  in 
indus t r i a l  cells, Th e  inf luence  o f  va r ious  pa rame te r s ,  
such as m a g n e t i c  field a n d  in ter fac ia l  t ens ion ,  on  the 

mass  t r ans fe r  coefficients shou ld  be inves t iga ted  in 

o rde r  to o b t a i n  an  i m p r o v e d  u n d e r s t a n d i n g  o f  the 
ca thode  process .  
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