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Electrode processes in the KF-AlF;-Al,03; melt
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Received 00th January 20xx,
Accepted 00th January 20xx The kinetics of anodic and cathodic processes in KF-AIF; and KF-AlFs-Al.03 melts by the means of stationary polarization
and cyclic voltammetry have been studied. Studies were conducted at different cryolite ratios [CR, (moles of KF)/(moles of
AlF3)] and different alumina content between 700-800 °C for Cu-Al anode and at 800 °C for tungsten cathode. The limiting

current density of oxygen evolution on Cu-Al anode was 0.31 A cm at 700 °C and CR=1.4. It drastically increases with CR
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and temperature. The limiting current density of aluminium reduction on W cathode was in the range 0.45 — 0.50 A cm™.
The cathodic process is diffusion-controlled while the anodic one shows mixed kinetics. The diffusion and mass transfer
coefficients for the cathodic process (W electrode) and the mass transfer coefficient for the anodic process (Cu-Al
electrode) were determined. Based on the obtained results, the electrolysis of 1.4KF-AlFs-Al,Os(sat) with Cu-Al anode and
W cathode was performed. The aluminium purity was determined with optical emission spectrometer. The XRD, SEM-EDX
methods were used to study the phases formed on the anode surface.

The search for an oxygen-evolving anode and suitable
wettable inert cathode for the aluminium reduction has gained
importance for the past few decades due to the increasing
pressure on industries to reduce greenhouse gases emission.
The reaction (2) takes place while using inert anode:

1 Introduction

Aluminium is one of the most used metals in the world being
only outranked by steel. Global Al production has already

reached 64.3 million tons (Mt) for the year 2018 [1]. Being a
major greenhouse gas emitting process, aluminium production
accounts to 14.4 t of CO; evolution (including the indirect
emission from the electric power production) per a ton of
produced Al [2]. The primary aluminium production has been
carried out using the Hall-Heroult process for more than 100
years. Carbon anode and liquid aluminium cathode are used in
molten NasAlFe-AlF; system at 960-970 °C where aluminium
ions are reduced into aluminium. By introducing the additives
in the cryolite, the physicochemical parameters like liquidus
temperature, viscosity, electrical conductivity and alumina

solubility can be modified [3, 4]. The presently used

technology for the aluminium reduction

intensive process responsible for a significant amount of CO,

is the energy-

and other greenhouse gases in the environment [5, 6]. The
following reaction (1) occurs while using carbon anode leading
to consumption of the anode and evolution of CO, (AG® values
here and after are calculated for one mole of aluminium):

3 3
EC(S) + A1203(diss) = ZAI(D + ECOZ ® (1)
A.G° (960 °C) = 344.793 kl.mol* of Al
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and materials science, Siberian federal university, Krasnoyarsk, Russia.
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2A1203(diss) = 4Al(]) + 302 ® (2)
A,G° (800 °C) = 668.358 k). mol1

The environmental balance and energy impacts using inert
anodes were extensively discussed elsewhere [7-10]. The
metallic, cermets and ceramic materials were studied as
potential anode materials for aluminium reduction while each
has its own advantages and disadvantages [11-18]. Although,
metals have shown many promising abilities as they possess
high electrical conductivity, thermal shock resistance and ease
of fabrication. Moreover, oxide scales formed on the metal
anodes protect them from corrosion and improve chemical
resistance. With anodic polarization, the metal oxidation
occurs according to the reaction:

Ms) + X075 = MOy, + 2xe™ (3)

X(s)
Subindex (c) stands for the complex ions. For the reaction (3),
the electrochemical potential E is often more negative than
the oxygen evolution potential. When the E is greater than 2.2
V (oxygen evolution potential) the anodic reaction is:

2075 =0, @ e (4)
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Reducing the operational temperature of the reduction cell
can open the options of using a variety of anode materials. At
low operating temperatures, the electrodes possess a low
corrosion rate. The low-temperature electrolytes are generally
considered as “inert electrodes friendly”. The KF-AIF; melts
come into this category with the working temperature being
between 650 and 850 °C depending on the cryolite ratio

(CR = moles of AlF3
AlF3 melts used in regular aluminium reduction cell is around
700 °C while for KF-AlFs it is only 580 °C [4]. The KF-AIF; melts

moles of KF

) [19]. The eutectic temperature of the NaF-

have relatively high alumina solubility [3, 20].

The aluminium bronze (Cu-Al) alloy has been considered as a
potential anode material besides Cu-Ni-Fe superalloy. Oxide
layer formed on the surface of the anode during the
electrolysis process protects the 90Cu-Al anode from
corrosion. The CuO, Cu,0, CuAlO, and CuAl,0,4 are essential
anode oxide layers formed during Al electrolysis [21, 22]. In
the alumina-saturated melts, the solubility of Cu,0 is low and
it slightly increases with increasing alumina content in the
system [23]. According to Feng et al. [24], the oxide layer on
the alloy interacts with Al,O3 present in the melt leading to the
reactions (5-6):

~Cu,0 + 2 Al,0; = CuAlo, (5)
Cu +3Al,0; + 30, = CuAlO, (6)

From the previous studies [25, 26], it is evident that the
reactions (7-8) are expected to occur resulting in the formation
of CUA|204Z

CuO + A1203 = CuA1204 (7)
Cu + Al 05 +50, = CuAl,0, (8)

The aluminium bronze alloy and its oxide layers formed during
the oxidation exhibit high electrical conductivity. The high
melting point of the alloy can withstand the electrolyte
overheating and can be operated without any thermal shocks.
Copper aluminates possess low solubility in fluoride salts
saturated with OZ ions.

The wettable cathodes are considered as an essential
component of the inert electrode system. The cathode process
of materials such as liquid aluminium, carbon, graphite,
titanium diboride (TiB;) and tungsten (W) was studied until
date [27-35]. W is considered as a model wettable inert
cathode. Initially, carbon and graphite cathode process were
examined and the results show the Al,C; formation on the
cathode surface leads to the passivation and later corrosion of
the cathode [36-38]. Although, W forms an intermetallic
compound Al;W with Al its surface, no
significant effect on the kinetic parameters of the cathode

interaction on
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process were observed [39,40]. In addition, W shows relatively
good chemical resistance towards the liquid aluminium [41].
The electrolysis tests were conducted using aluminium bronze
alloy in NaF-KF-AlF; system with different proportions [42, 43].
The current efficiency of not more than 77% was achieved and
the reduced aluminium contained high contamination of Cu as
high as 16.7 wt.%. There was no data available related to the
electrolysis test conducted using the inert electrodes
(aluminium bronze anode and wettable cathode) at the same
time with 1.4 KF-AlIF3-Al,0s(sat.). The results would be of
interest to the readers who are working towards the
development of the inert electrodes.

The article presents the results associated with the kinetics of
the anode process on the 90Cu-Al anode in KF-AlF3-Al,03(sat.)
melts between the CR 1.2—-1.5 at temperature 700—800 °C. The
cathode process of W in KF-AlIF; melts CR (1.4 and 1.5) at 800
°C was analysed. With kinetic parameters of anode and
cathode taking into account, the electrolysis test was
performed for 18 hours with vertically placed electrodes [44].
The anode surface was examined using the XRD, SEM-EDX to
find the proportions of the different phases in the oxide layer.
The current efficiency of the aluminium electrolysis was
calculated and the purity of the cathode aluminium was
analysed using optical emission spectrometer.

2 Experimental

2.1 Anode preparation

The alloy composed of 90 wt.% of Cu and 10 wt.% of Al was
prepared in the vacuum melting furnace at 1050 °C. The
material purity was Cu (99.95 %) and Al (99.999%). The
equilibrium phase of the Cu-Al system was fcc (< Cu-Al) solid
solution [45]. The specimens used to determine the kinetics of
the anode process were cut in a cylindrical shape with
dimension ¢ 15mm X 50 mm for anode process (the geometry
of the anode used for electrolysis test varies (see figure 11a)).
The specimens were then treated with degreasing agents
(ethanol and acetone), dried under air atmosphere before the
usage.

2.2 Electrolyte preparation

The KF-AlFs-based electrolyte was prepared at different CR’s
according to the requirement from individual KF and AlF; salts
of reagent grade. Initially, anhydrous KF was dried at 400 °C for
6 hours. The salts with wt.% according to the required CR
values were placed in a graphite crucible. The salts were
homogeneously mixed in the crucible and heated up to the
working temperature. Before determining the characteristics
of the electrodes, the electrolyte was refined by using
potentiostatic electrolysis method with a graphite working
electrode at 0.2 V for 2 hours vs. the Al-electrode potential.
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The undesirable impurity residuals in the electrolyte were
collected on the graphite electrode.

2.3 Experimental setup and methods

Three-electrode cell was used for electrochemical
measurements as shown in figure 1. The same setup was used
to examine the anode and cathode process. The 90Cu-Al
cylinder of 15 mm diameter and the tungsten (W) rod of 2 mm
diameter were working electrodes used as anode and cathode
respectively while determining their parameters. The rest of
the electrode surface was protected with a BN tube to have an
accurate active surface area. The graphite crucible also acted
as a counter electrode. The working electrode potential was
measured vs. the Al-reference electrode. The Autolab
PGSTAT302n potentiostat with the 20 A booster and Nova
2.1.2 software (The MetrOhm, Netherlands) were used to
implement the studies. The temperature of the furnace was
maintained constant by using USB-TCO1 thermocouple module
and measured using Pt/PtRh thermocouple. Stationary state
polarisation curves were obtained using chronopotentiograms,
where the current was passed for 30 s (at which the potential
was attained stationary) and an interrupt of 10 pus was applied.
This method helps to obtain cathode potential by eliminating
the ohmic drop (IR) from the total potential obtained. The
voltammograms for different sweep rates (0.01-0.2 V s'1) were
obtained by cyclic voltammetry. The IR was compensated by
obtaining the resistance through the I-interrupt method before
the start of the cyclic voltammetry. The experiments

conducted have temperature fluctuations no more than + 2°C.

A ON-

Figure 1. Experimental setup: 1. Vertical electric furnace 2.
Graphite crucible 3. Electrolyte 4. k-thermocouple 5.
Working electrode 6. Al/AIF; reference electrode 7. Steel
current lead 8. Potentiostat 9. Boron nitrate tube

This journal is © The Royal Society of Chemistry 20xx

2.4 Electrolysis test

Electrolysis test was performing in laboratory two-electrode
cell with an amperage of 10 A with 1230 g of the 1.4KF-AlFs-
Al;Os(sat) melt. The cell contained graphite crucible with
vertically arranged electrodes. The tungsten plate cathode and
the 90Cu-Al wt.% anode were used. 212 g of aluminium was
placed at the bottom of the crucible, which would collect the
aluminium reduced at the cathode. The operating temperature
was 800 °C. Al,03; was fed every 30 min for 18 hours and the
voltage between the cathode and anode was recorded. The
SEM-EDX and XRD analysis were conducted to find the content
of the elements on the outer layer of the anode and the
anode-melt cross-section. Foundry-Master Pro2 (HITACHI)
model optical emission spectrometer was used to find the
purity of the cathodic aluminium.

3 Results and discussion

3.1 Anodic process

Stationary galvanostatic polarization of Cu-Al anode was
performed over several melts with different cryolite ratios
from 1.2 to 1.5 at 700, 750 and 800 °C to study the kinetic
parameters of oxygen evolution. The understanding of the
current-potential dependences is required for an advance in
the search for the corrosion-resistant anode that can be used
as an oxygen-evolving electrode in fluoride melts. The anodic
current density i, and the anodic potential E; (vs. Al reference
electrode) were recorded during the experiment. The obtained
polarization curves are presented in figure 2.

The curves display several oxidation processes occurred in the
range of potentials between 1.8 and 3.5 V. The entire range
can be divided into pre-oxygen and oxygen region. Several
sections were observed in both regions:

O metal dissolution Me + 2 Me®* + ze~

O metal oxidation (ab) xMe + y0?- »e Me, Oy + 2ye™;

O oxygen ions oxidation (bc) 202‘4=>F02 +4e”;

O apparent oxygen ions oxidation limiting current section
(cd) caused by low 0%~ concentration;

O catastrophic corrosion of the anode.

The oxygen region starts at the potentials 2.3..2.6 V. The
oxygen evolution onset potential depends on both CR and T.
At high CR and T values this potential was more negative. The
oxygen evolution limiting current occurred in cases of low T
and low CR. Before that, the anode was oxidized without
significant diffusion and kinetic difficulties (ab).

High current densities in the pre-oxygen region of potentials
indicate significant dissolution rates of anode oxidation
products and a high partial current density of the anode
oxidation in the oxygen potential region.

The total anodic overvoltage n. was found from the
polarization curves according to the equation:
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Figure 2. Stationary polarization curves obtained on Cu-Al anode in KF-AIF;-Al,O; melt at 700, 750 and 800 °C

Na = Ei —Eo (9)
where E; and Eo are the anodic potential at i A cm=2 and the
reversible potential respectively.

The ab and bcd sections were treated separately. Eo for ab
process was taken equal to the open circuit potential. Eo for
bcd process was taken equal to the potential in b point. The
obtained polarization curves show the mixed kinetics of
oxygen evolution. At low current densities, the rate-
determining step is a heterogeneous chemical reaction, thus
the Tafel equation should be applicable to describe the
dependence between activation overvoltage n.« and current
density:

(10)

where R, T, p, z, F, and i, are the gas constant, the
temperature, the reaction order, the number of electrons, the
Faraday constant and the exchange current density
respectively.

After an increase of current density up to a certain value (0.3 A
cm2 and higher) diffusion limitations occur, and the
concentration overvoltage neonc Can be expressed by the
following equation:

RT i
Ncone = Eln(l - i) (11)

where i is the limiting current density.

For the purpose of the total overvoltage splitting to the
activation and concentration components, it was plotted vs.
Ini, and the linear section on the graph was considered as
activation component of the overvoltage. It was extrapolated
to higher values of i. The rest part was considered as the
concentration component. The obtained results for CR=1.2 and
T=750 and 800 °C are presented in figure 3. The experimental
values of the concentration overvoltage nwonc(exp.) were
estimated with the equation

Nconc (€XP-) =Ny — Nacy (12)
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and were compared with the values calculated according to
the equation (11), from which the limiting current density was
also found.

The curves (1) and (2) represent the oxidation of metal in the
pre-oxygen region of potentials and oxygen evolution
respectively. At both temperatures the signs of kinetic and
diffusion limitations appear on the oxygen evolution
polarization curve. The exchange current density ip was found
from the extrapolation of the curve linear section to the
current density at zero overvoltage. The temperature increase
leads to the increase in ip from 40 to 74 mA cm2.

The experimental values of nenc Was in a good agreement with
the calculated ones for the limiting current density ij = 0.42 A
cm2 at T=750 °C. An increase in T to 800 °C naturally leads to
increase in i up to 0.72 A cm?2, however there was a

appreciable deviation between the experimental and
calculated values in certain range of current densities.
0.4
> |CR=1.2 [ =(1) CR=1.2
= [T=750 °c|_+(2) | T=750 °C
= e (Ic.f
0.5 =1, (exp.
A 0.2 }-e Ny (exp)

0.0 0.0
04ICR=12 | = | |°2
| 7=800 °C |_-+(2)
0.2} Jo.1
Ini[A-m-2]
0.0 0.0

45 55 65 5 85 45 95 695 75 895
Figure. 3. Dependence of overvoltage vs. partial current
density of anode oxidation (1) and oxygen evolution (2);

and different kinds of overvoltage (concentration and

activation) for oxygen evolution in 1.2KF-AlF3-Al,03 melt at
750 and 800 °C
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Figure 6. Dependence of overvoltage vs. partial current
density of anode oxidation (1) and (1’) and oxygen
evolution (2); and different kinds of overvoltage
(concentration and activation) for oxygen evolution in
1.3KF-AlIF3-Al,03 melt at 750 °C
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Figure 5. Dependence of overvoltage vs. partial current

density of anode oxidation (1) and oxygen evolution (2); in
1.5KF-AlIFs-Al,03 melt at 700 and 800 °C

The reaction order p for heterogeneous chemical reaction was
also calculated from the equation (2). The values for T=750
and 800 °C were as high as 1.20 and 0.65 respectively that
shows a considerable change in the reaction mechanism.

The same calculations were performed at CR=1.3, 1.4 and 1.5.
The results are presented in figures 4, 5, and 6.

There are two different processes observed in the pre-oxygen
region of potentials [(1) and (1’)] at CR=1.3 and T=750 °C. The
first one started from onset potential below 2 V, and the
second one started between 2.3 and 2.4 V. Both processes
occurred with a significant overvoltage and the rates were
determined by the heterogeneous chemical reactions with low
reaction orders according to the curve shapes. Oxygen
evolution proceeded with mixed kinetics with i, p and i, equal
to 36 mAcm2, 0.55 and 0.82 A cm2 respectively.

Increase in CR to 1.4 led to the appreciable increase in the
limiting current density at 800 °C, therefore, it was not
observed in the studied ranges of current densities. A decrease
in T down to 700 °C resulted in a significant increase in
diffusion limitations of the process rate according to the
obtained i value equal to 0.31 A cm2. Both T and CR also
affected the kinetic parameters of a chemical reaction. The
values of ip and p were 52 mA cm2 and 0.20 at 700 °C. The
same parameters were 49 mA cm2 and 0.33 at 800 °C.

A further increase in CR led to an appreciable increase in i. It
was not detected even at T=700 °C in the studied range of
current densities. A certain deviation from linearity of the
curve occurred at i>0.4 A cm2, which can be connected with
the process involving the fluorine ions discharge with the
formation of copper fluorides.

Mass transfer coefficient ks was calculated with the obtained

data according to the equation [46]

_ &

S 7 zFC (13)

where C is the concentration of O% ions calculated from the
alumina solubility, z = 2 All the obtained information is
presented in Table 1.

It is shown that ij naturally increases with an increase in
temperature and CR. The effect of CR is associated with the
alumina solubility. The mass transfer coefficients for oxygen
ions are in the range of (0.5-1.6)-10% cm s. The kinetic
parameters of a heterogeneous chemical reaction are also
affected by CR and T. The reaction order is higher at lower CR.
In most cases, the reaction order is increased with
temperature. The exception was observed at CR=1.2 where
the value for T=750 °C was rather high, which may be due to
the experimental error.

The obtained data for anodic kinetic parameters show that a
decrease in the temperature, which is desired to increase the
resistivity of anode towards corrosion, leads to the significant
drop in mass transfer coefficient for the transport of complex
oxygen ions to the anode. The solubility of alumina also highly
affects the achievable total anodic overvoltage. The beneficial
temperature for the industrial process should not be less than
800 °C. The recommended CR should be 1.4 as it is known [39]
that higher values are not favourable with respect to the
cathodic process of aluminium reduction.

3 CR=1.4 [=(1) % | CR=1.4
<|T=700 °C| =+ (2) i | T=700 °C
o= | S )
g R 05} - N, (exp.)

- A | [ N (exp)

45 55 65 75 85

0.0

45 55 65 75 85

0.5

Figure 4. Dependence of
overvoltage vs. partial
current density of anode
oxidation (1) and oxygen

CR=1.4

evolution (2); and
different kinds of
overvoltage

(concentration and
activation) for oxygen

evolution in 1.4KF-AlFs-
Al,O3 melt at 700 and
800 °C

0.0
45 55 65 75 85
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Table 1. Kinetic parameters of oxygen evolution
CR T,°C ¢-102, mole cm3 i, Acm™ io, mMA cm™2 ks:104, cm st p
1.2 750 2.61 0.42 40 0.833 1.20
1.3 750 2.70 0.82 36 1.57 0.55
1.4 700 2.75 0.31 52 0.583 0.20
1.5 700 2.72 n/a 237 n/a 0.08
1.2 800 2.76 0.72 74 1.350 0.65
1.4 800 2.86 n/a 49 n/a 0.33
1.5 800 2.94 n/a 102 n/a 0.20

*concentration of O2- ions was estimated according to the alumina solubility presented in [47]

3.2 Cathodic process

3.2.1 Voltammetry. A typical cyclic voltammograms (CV)
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Figure 7. CVs obtained on W electrode at 800 °C for KF-
AlF3 melts (CR = 1.3 to 1.5), potential sweep rates (v) 0.01-
0.20V st

obtained on W in KF — AlF; melts at 800°C are shown in figure

7. The CR values are from 1.3 to 1.5 and the potential sweep
rates (v) from 0.01 to 0.2 V.sl. The cathode peaks associated
with the aluminium reduction (Al) depending on the CR values
and potential sweep rate can be observed between -0.125 and
-0.240 V (vs. Al) for all the CR values. The wave following the
cathode peak is related to the potassium (K) reduction.

The oxidation of the cathode products happens at the anodic
peaks (Al'). The anodic peaks occur in the range of -0.14 to -
0.07 V. Hugely varying anodic peaks indicate the oxidation of
different forms of reduced aluminium in cathode process.
Most certainly parallel reactions occur while the aluminium
deposition takes place on the cathode surface. Reactions (14-
16) occur indefinitely as the melts used are with 0.1 wt.%
alumina content. These reactions influence the kinetics of the
process to an extent. No visible peaks were observed on
voltammogram with a scan rate of 0.2 V/s for 1.4 CR. The
reason might be the mixed kinetics involving the reduction of
potassium.

AlF; + 2e™ = AIF + 3F~ (14)
AlF; +3e™ = Al + 4F~ (15)
Al,0,F% + 2AIF; = 2Al,0F%~ (16)

With the decrease in the CR, the cathode peak current (icp)
increases, stating a significant role in the kinetics of the
cathode process. This effect might be due to the increase in
the CR values near the cathode layer and consumption of
aluminium ions during the electrolysis process. As due to these
phenomena, the liquidus temperature near the cathode and
melt viscosity increases leading to the diffusion difficulty. The
effect of Al,O3 wt.% on the aluminium reduction peaks in KF-

10 10

CR-14

CR= 14,55 wi% ALO;

0.0 4

: E ,

< < {

> = ;,//

-0 109/ —with Al
/ / without Al
—55 |/
L/
[y E (wrt AJARY) / V Al E (w.rt AlJAR) /V

-20 -2.0

0.5 IJjCI 0:0
Figure 8. Voltammograms obtained at the W in the KF-AIF;
melt (CR = 1.4) with varying Al,03 wt% at 800°C dissolved
aluminium in the melt with Al,O3 of 5.5 wt.% and potential

sweep rate of 0.01 Vst

0.5 10 -05 0.5 1.0
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AlF3 melts with CR 1.4 is shown in figure 8. With an increase in
the AlL,O; wt. % in the melt, the cathode and anode region
peak tend to increase. The clear peaks on anode and cathode
region can be seen, where C; is tungsten reduction at 0.7 V (vs.
Al). C; wave may account to the beginning of the aluminium
reduction, which starts from -0.1 V. C; corresponding to the
aluminium reduction is between -0.2 and -0.25 V depending on
the alumina content in the melt. A, is related to the dissolution
of aluminium from the intermetallic compound AlsW at -0.1 V.
The aluminium oxidation peak As at 0.1 V can be seen, while
the tungsten oxidation A6 occurs at 0.75 V.

The values of cathode peak current densities (icp) and the
potentials (Ecp) corresponding to i, for CR (1.3-1.5) and
different sweep rates at 800 °C are presented in table 2. The i,
vs. v1/2 show linearity for all the cases as shown in figure 9
stating that the process is diffusion controlled. The E; vs. In(v)
shows that there is a slight shift in the E¢, for CR 1.3 and 1.5,
meaning that the process is changed from quasi-reversible to
diffusion-limited. Although, in melts with CR 1.4, the E, swift
was not seen stating it to be a reversible process. Randles-
Sevcik equation (17) can be used to estimate the diffusion
coefficient of the electroactive ions to the tungsten cathode as
most of the processes are diffusion-controlled [48].

iep = —0.4463(zF)3/2C (3)1/2 (17)
where icp— cathode peak current density, A cm2, C —
concentration of the electroactive ions, mol cm3; D — diffusion
coefficient of the electroactive ions, cm? s1; v — potential
sweep rate, V sL.

The diffusion coefficient values of the melts with CR’s (1.2 to
1.5) lies from 0.028 to 2.724x10°5. It can be observed from
table 3 that with an increase in the CR, the D decreases which
is in good agreement with Nikolaev et al. [39]. In addition, the
D increases with the increase of Al;03 wt.%.

3.2.2 Stationary polarization. Galvanostatic polarization
curves were obtained to examine the kinetics of the cathode
process on the tungsten electrode in KF-AlIF3 melts to
determine the aluminium electrolysis parameters. Typical
stationary polarization curves acquired for different CR (1.4

0.0 e - 0.0
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: h -0.1

£20 T . —

o L T __.

< = e -

~33.0 ® " _— T

- 02 e
40 + T
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Figure 9. Dependences of ip(v1/2) and Ecp(In(v)) of the
aluminium deposition on tungsten electrode in the KF-AIF3
melt (CR = 1.3 — 1.5 mol mol-1) at 800°C

and 1.5) and Al,03 wt.% in melts with CR 1.4 at 800 °C are
demonstrated in figure 10. The aluminium reduction takes
place closer to the potential of -0.2 V with the cathode limiting
current density (i) ranging in between 0.45 and 0.5 A.cm™
depending on the [KF/AIF3] ratio and Al,O3 wt.%. The potential
at high ic (between -0.7 and -1.1 V) did not vary much which is
associated to the potassium reduction on the cathode and the
deposition of the K3AlFg and KAIF, salts mixture [49].

Limiting currents of 0.45-0.50 A cm2 were observed in melts
with CR 1.4 and 1.5. The limiting current of the cathode
process increases with the decrease in the CR [40]. This is due
to the increase in the diffusion layer thickness associated with
a higher proportion of AlFs. This shows that [KF/AIF3] ratio
plays a key role in the kinetics of the cathode process. The i
varies between 0.45 and 0.50 A cm2 with increasing Al,O3
wt.% from 0.1 to 5.5 %. The absence of proportional increase
of ij with Al,O3 content increase in the melts implies that the
process was under the mixed kinetics. The same phenomena
were observed using the W cathode in melts (CR 1.3) with
increasing Al,O3; content [40]. Reaction (18) is possible to occur
over -0.6 V along with the parallel reaction (19). Segments of
electrically conductive KAIF, and K3AlFg are subjects to form on
the surface of the cathode, leading to the passivation.

Al + 6KF(s) = K3AIFg + 3K g (18)
A,G® (800 °C) = 7.251 kJ.mol

2Al + AIF; = 3AIF (19)
A,G® (800 °C) = -180.876kJ.mol-L

Table 2. Kinetic parameters of aluminium reduction on tungsten in the KF-AlF; melts (CR = 1.3-1.5 mol mol-1) at 800°C

1/2

%] ratio v/V-s1 (VL.)S—/l)/llz In(v) icp/A-cm2 Eco/V
0.01 0.100 -4.605 -0.77 -0.207
13 0.05 0.223 -2.995 -1.31 -0.219
0.10 0.316 -2.302 -2.00 -0.229
0.20 0.447 -1.609 -2.81 -0.240
0.01 0.100 -4.605 -0.60 -0.170
14 0.05 0.223 -2.995 -1.21 -0.176
0.10 0.316 -2.302 -1.85 -0.180

0.20 0.447 -1.609 - -
0.01 0.100 -4.605 -0.47 -0.127
15 0.05 0.223 -2.995 -0.81 -0.136
0.10 0.316 -2.302 -1.09 -0.149
0.20 0.447 -1.609 -1.57 -0.184

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Diffusion coefficients (D-10° / cm? s-1) of electroactive ions in KF-AlIF; melts at 800 °C

%;3 ratio Cai(ll1)/mole-cm-3 AlLO3 wt. % D-105/cm2-s1
1.2 0.00919 0.1 2.724+0.110
1.3 0.00901 0.1 0.104+0.026
1.4 0.00892 0.1 0.081+0.002
1.5 0.00880 0.1 0.040+0.012
1.4 0.00918 1.5 0.488+0.062
1.4 0.00954 3.5 0.474+0.048
1.4 0.00989 5.5 0.624+0.058

Equation (13) is used to calculate the mass transfer
coefficients for the set of conditions and is presented in table

4.

Clearly, the mass transfer coefficient increases with increasing
CR and alumina content in the melt. While the diffusion layer
thickness decreases with an increase in the CR and increases
with the increasing alumina content in the melt, which was
expected.

3.3 Electrolysis test

3.3.1 Parameters and conditions. The electrolysis parameters
were determined based on the stationary parameters and
previously obtained results for Cu-Al anode and W cathode
working conditions:

o The limiting current densities for oxygen evolution
increased with an increase in CR and T, the anode can perform
at a high current density and a rather low overvoltage at
CR=1.4 and T=800 °C;

o KF-AIF3-Al;O3(sat) with CR 1.4 was chosen as the cathode
limiting current was almost 0.5 A cm2. Using CR lower than 1.4
would lead to the K reduction on the cathode and passivation
of the cathode with KAIF; and K3AlFg;

o High alumina solubility and dissolution rate at CR 1.4 at
800°C.

10

£ ”

<L

::’ CR =14, Al,0; wt.%

0.1 - )
-a-1.5%
-a-3.5%
8-55%

0.01 } } } } } I

0 -04 -0.8 12 0 -0.4 -0.8 -1.2
E./V E./V

Figure 10. Stationary polarisation curves measured on W
electrode at 800°C for CR 1.2-1.5 and varying Al,O03 wt.% in
melts with CR 1.4
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Electrolysis of 1.4KF-AlFs-Al;O3(sat) with the 90Cu-Al anode
and wetted tungsten cathode was performed under the
following parameters:

O current—10A
anode current density —0.25 A cm2
cathode current density — 0.25 A cm™2
anode-cathode distance —3 cm
voltage — 3.8-5.8V
temperature — 800°C

O  duration — 18 hours
The photographs related to the cell along with the cathode
and anode used for the electrolysis are shown in figure 11. The
gas evolution on the anode was observed during the
electrolysis process, assuming the main anode product to be
0, gas. The anode did not lose its geometry, although an oxide
layer was formed on the active surface of the anode (figure
11a). The aluminium reduced was in the form of droplets
ranging from 0.1 cm to 4 cm (figure 11c). The tungsten
cathode was well wetted with aluminium in the process and
no catastrophic corrosion was observed (figure 11d).
The current efficiency of about 84.41 % was obtained. The
specific energy consumption for the first four hours was
around 14.5 kWh/ kg Al and 19.8 kWh/ kg Al for the last 6
hours. The linearly increasing voltage between the anode and
cathode was observed as shown in figure 12. The anodic
overvoltage is related to the formation of the fluoride layer
between the oxide layer and the Cu-Al alloy. The sudden drop
of the potential can be seen (point 2 and 4) which is associated

O oo o g

with the depletion of this layer. Oxidation of current leads
resulted in the increase of the resistance. In addition, it was
observed that the electrical joints were corroded at the end of
the electrolysis test. Better protection of current leads and
electrical joints can help to reduce the voltage between the
anode and cathode.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Mass transfer coefficients for diffusion of electroactive particles to the electrode at 800 °C.
KF . limit current i, / Mass transfer coefficient Diffusion layer thickness
—_— t _0
alF,] MO Al205 wt.% A cm-2 K,-10%/cm?2-s1 8/ cm
1.4 0.1 0.45 1.749 0.0044
1.5 0.1 0.45 1.766 0.0020
1.4 1.5 0.47 1.768 0.0276
1.4 3.5 0.48 1.775 0.0273
1.4 5.5 0.50 1.746 0.0358
Note: In this case Cis the concentration of Al(lll) ions in the melt.

3.3.2 Oxide layer characterization. To have a better
understanding of the corrosion mechanism of the anode after
an interaction with the melt during the electrolysis, the SEM
imaging was performed on the anode at the places where the
melt was still present. Figure 13 shows the cross-section of the
90Cu-Al anode after 18-hour electrolysis. With the help of an
element-mapping image, it can be seen that the Cu, Al and O
elements are evenly distributed in the matrix. While the F
element is confined to a single area, which is between the
oxide scale and the alloy. The thickness of the entire oxide
layer is around 140 um. The outer layer (= 20 um) is CuO-rich
(see zone 2) and surrounded by the electrolyte (see zone 1).
The inner layer is about 100 um, resulted from the inward O
diffusion. The oxide layer was composed of CuO, Cu,0 and
CuAlO, according to the atomic ratio obtained from the single
point analysis (see zones 3 and 5). This layer also includes

phases, which has high concentrations of Cu and O element
(see zone 4). A thin layer (= 20 um) comprised of CuF + AlF;
and CuF; + AlIF; was observed at the surface between the oxide
layer and the Cu-rich alloy (see zone 7). Similar metal fluorides
were formed between the oxide layer and the alloy in Jucken
et al. [50]. A significant amount of Al metal was also present in
this particular region; both EDX element mapping and single-
point analysis data can validify this statement. The reactions
(20) and (21) may occur in this region:

Cus) + AIFZ™ = CuF, + AlF; + 2e~ (20)
A.G° (800 °C) = -367.037 kl.mol
Cuc) + AlF; = CuF + AlF; + e~ (21)

A,GP® (800 °C) = -513.279 kJ.mol

after

Figure 11. Photos: a. 90Cu-Al anode (before and after the experiment) b. Cell with 1-anode, 2-cathode, 3-thermocouple, c.
aluminium produced, d. tungsten cathode (before and after the experiment).

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. Anode-
cathode voltage
6.0 | 3 during the
electrolysis for 18
hours with 1.4 KF-
I AlF3-Al,03 (sat) melt
5 1 4 3 2 3( )
40 2
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The SEM imaging on the outer layer of the anode is shown in

figure Error! Reference source not found.. The element-
mapping image demonstrates that the Cu element is evenly
distributed on the outer layer, which establishes that the
anode can be electrically conductive even after 18-hour
electrolysis. Zone 1 is significantly concentrated with Cu and O
elements with 63.28 and 17.10 at.% respectively associated
with the presence of Cu element and Cu,0 according to the
atomic ratio (see figure 15). It is evident that the Cu present in
this area is reduced from the CuF+AlFs/CuF,+AlFs, which acts
as an electrolyte between the oxide layer and the Cu-Al alloy.
The oxide layer acts as a bipolar electrode where it is a
cathode towards the Cu-Al anode and as an anode towards the
W-AI cathode. While zones 2, 3 and 4 are dominated by F and
K elements, meaning the presence of the melt and formation
of other complex elements like KAIF4 and K3AlFg and the same

10 | J. Name., 2012, 00, 1-3

complex elements were observed in XRD examination (see
figure 16). In zone 5 and 6, the Cu and O elements
concentrations are comparatively high, where the Cu,O and

CuO are formed. Table 5 gives a complete understanding of
the concentrations of the elements at different places for the
SEM-EDX figures 13 and Error! Reference source not
found..

The powdered XRD examination of the solidified corrosion
layer after the 18-hour electrolysis is shown in figure 16. Three
oxide phases were detected from the analysis, Cu,0, CuO and
CuAlO,. The wt. % of the phases are: Cu,0-27.7%, CuO-
30.02%, CuAl0,-13.9%, AlIFs- 3.56%, Ks3AlFe- 9.51%, KAIF,-
12.00% and Cu 4.41%. The expected CuAl,04 phase was not
detected in the examined sample. The Cu element with 4.41

Figure 12. A SEM-
EDX image of the
cross-section of
the 90Cu-Al anode
in melt after 18-

hour electrolysis.

This journal is © The Royal Society of Chemistry 20xx



Figure 14. SEM-EDX imaging of the oxide layer on the surface of the 90Cu-Al anode after the electrolysis process

wt.% observed in the oxide powder is formed
electrochemically through the Cu ions discharge in the molten

fluoride layer between the oxide scale and the anode itself.

3.3.3 Aluminium purity. The composition of the aluminium
reduced during electrolysis was analysed using optical
emission spectrometer to detect the impurity and the results
are shown in table 6. The reduced aluminium contains an
acceptable level of impurities. Silicon content of about 0.157%
in the metal is acquired form the alumina used in the process
and this can be avoided by using smelter grade alumina (SGA)
for the reduction process. The Fe content of 0.253% is due to
the oxidised current leads and this impurity can be eliminated
with proper protection of the current leads and with better
anodic geometry. The Cu impurities of 0.0984% in the metal is
from the anode. From the obtained electrolysis results, it is
clear that the aluminium reduction can be performed using
90Cu-Al anode and wettable cathode with CR 1.4. Higher
current efficiencies and metal purity can be attained with
minor adjustment using suspension electrolyte and can be
adopted to industrial scale in the future.

Annual anode wear rate (WR) can be calculated by using the
formula (22)

(Mp.Wp+maWa )X 365 X 24
106 xd, x S, xt

WR =

(22)

where my, is the bath mass (g), mai is the produced Al mass (g),
wp is the total concentration of Cu contaminants in the bath
(ppm), wa is the total concentration of Cu contaminants in the

This journal is © The Royal Society of Chemistry 20xx

produced Al in (g), da is the density of the 90Cu-Al alloy (g/cc),
Sa surface area of the anode, t is time in hours.
The WR of the anode is 0.08 cm/year.

Conclusions

The kinetics of anode and cathode processes was studied in
KF-AIF; and KF-AIFs-Al,03 systems with varying CR and
temperatures. The electrolysis was carried out based on the
results obtained from the investigation of kinetic parameters
of electrodes. The main conclusions are as following:

o The mass transfer coefficients for oxygen ions in the
anode process increases with increasing CR and T are
in the range of 0.5-1.6:10% cm s72;

o  The anodic limiting currents are in the range of 0.3—
0.7 Acm3;

o In the cathode process the
aluminium deposition on the cathode surface occurs
between -0.125 and -0.240 V;

O The peak -current
decreasing CR’s and increasing Al,O3 wt.%;

on W electrode,

densities increase with the

O  The processes in melts with CR 1.3 and 1.5 are quasi-
reversible to diffusion-limited and with CR 1.4, it is
reversible;

O The current efficiency of the electrolysis test was
about 84.41%;

O The anode was working without any geometry
damage and the wear rate was determined to be 0.08
cm/year;

J. Name., 2013, 00, 1-3 | 11
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Table 6. Content of individual elements at.% in the cross-section of the anode and the melts figure 12, and the content on the
oxide layer on the surface of the anode in figure Error! Reference source not found. using SEM-EDX single-point analysis.
Figure 12 cu Al 0 F K Total
Zone
1 3.50 14.06 36.27 29.15 27.71 100
2 48.10 4.74 42.98 3.22 0.96 100
3 26.18 21.08 44.47 7.25 1.02 100
4 43.00 19.80 34.92 1.85 0.43 100
5 23.43 25.75 42.76 6.89 1.18 100
6 31.42 21.45 9.17 32.04 5.90 100
7 9.91 19.91 3.74 66.20 0.24 100
8 72.58 13.46 12.30 1.13 0.53 100
Figure Error!
Reference
source not Cu Al (e} F K Total
found.
Zone
1 79.18 4.24 6.75 8.01 1.81 100
2 9.70 17.10 7.93 49.06 16.20 100

Bermeshev, Valentin Yanov, Pavel Yuriev for the analysis and
materials preparation.

o From the SEM-EDX, it was found that the oxide scale
is about 140 um thick and the metal fluoride layer of
10 um was observed in-between the oxide layer and
the anode surface. The anode oxide layer acts as a
bipolar electrode;
o The cathode aluminium purity was 99.40% and the
main impurities were Fe, Si and Cu.
The present results suggest that the aluminium reduction can
be performed using 90Cu-Al anode and wettable cathode at CR
1.4 and T=800 °C. Commercial purity aluminium can be
produced using SGA and properly protected current leads.
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Table 5. Composition of reduced aluminium in electrolysis process.
Element Al Si Fe Cu Mn Mg Zn
Average 99.40 0.157 0.253 0.0984 0.0070 0.0109 0.0174
S.D 0.029 0.016 0.017 0.0043 0.0004 0.0019 0.0023
Element Cr Ni Ti Be Ca Li Pb
Average 0.0040 0.0063 0.0005 < 0.0001 > 0.0050 0.0002 0.0031
S.D 0.0002 0.0003 0 0 0.0003 0 0.0011
Element Sn Sr \Y Na Bi Zr B
Average < 0.0005 0.0001 0.0009 <0.0001 <0.0025 0.0125 0.0012
S.D 0 0 0.0001 0 0 0.0005 0.0001
Element Ga Cd Co Hg In P Sc
Average 0.0141 < 0.0005 <0.0010 <0.0010 0.0005 <0.0030 0.0001
SD 0.0005 0 0 0 0.0005 0 0.0001
SD: Standard deviation
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Figure 16. Elemental mapping of oxide layer using SEM-
EDX showing the Cu metal dominance.

intensivity /aiL

Figure 15. XRD patterns of the reaction layers on the
90Cu-Al anode after 18 hours electrolysis 1-Cu,0, 2-CuO,

3-CuAlOy, 4- AlFs, 5- K3AlFs, 6- KAIF4, 7- Cu
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