ORIGINAL RESEARCH ARTICLE

Separation of Aluminum from More Noble Elements
in an Electrolysis Cell with Side-by-Side Geometry

ASBJORN SOLHEIM, OLE S. KJOS, HENRIK GUDBRANDSEN,
and EGIL SKYBAKMOEN

Currently, recycled metal is diluted with primary metal to keep the concentration of alloying
elements within specification. This will be more difficult in the future, when a larger proportion
of the metal is made from scrap. Particularly, there is a need for a process that can remove
elements more noble than aluminum from the scrap metal. While electrolytic refining in a
three-layer cell (the Hoopes process) is a possibility; the present paper presents a simpler and
more flexible electrolysis cell where the anode metal (alloy) and the cathode metal (purified
metal) are placed side-by-side. The principle was demonstrated in a laboratory cell. The current
efficiency was above 80 pct and the specific energy consumption was about 7 kWh/kg Al. The
refining effect was very good, e.g., the copper content in the 7xxx alloy used was reduced from
2.1 wt pct to less than 20 ppm. An industrial version of the cell used in the present work is
suggested. The principles and design are generic and can be used for other purposes than
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I. INTRODUCTION

PRODUCTION of primary aluminum metal is
extremely ener%y intensive (in average, 13.35 kWh DC/
kg Al in 2018!")). Recycling of scrap aluminum requires
only about 5 pct of the original energy, however.”
Recycled metal, including old scrap and manufacturing
scrap, accounted for 31.6 pct of the total production
worldwide in 2017, and it was 53.6 pct in North
America. Of the 24.7 Mt of end-of-life products, 17.9 Mt
(58.9 pct) was recycled. Recycling is assumed to become
even more important in the future circular economy.

The current processes for recycling of metal involves
collection and sorting of scrap, decoating, and melting.
Sorting is a very important step because some aluminum
scrap contains alloying elements that are not easily
removed, and thereby accumulate in the produced
metal. While elements less noble than aluminum can
casily be taken away by oxidation, there exist or, there
are effective methods for removing noble alloying
elements. This is not a severe problem currently, because
special alloys can be treated separately by making
similar alloys. An example is the copper-containing 2xxx
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alloys (““‘duralumin’) which are much used in the
aircraft industry. Moreover, the scrap will be “thinned
out” with primary metal. However, the situation will
become more difficult in the future, when a larger
proportion of the metal is made from scrap.

Composite alloys represent a special problem. An
example is heat exchangers used in cars and refrigera-
tors, where the individual parts (tubes, fins, etc.) are
made with different alloys! that are welded or soldered
together in such a way that they cannot be readily
disassembled. By melting all together, the resulting alloy
is not necessarily useful.

The purpose of the present work was to develop a
process for removing impurities from ‘‘difficult” scrap
aluminum-containing noble elements, aiming at produc-
ing aluminum metal with purity comparable with
primary aluminum, but produced with significantly
lower specific energy than primary metal. Experiments
using the well-known three-layer process used for
refining of aluminum were reported earlier,'” while the
present paper deals with results obtained in an electrol-
ysis cell with “‘side-by-side” geometry. The approach
was to perform a rather low budget screening of
different ideas concerning cell construction and elec-
trolyte composition, and the cells were largely produced
from parts already present in our laboratory. Unfortu-
nately, the budget did not allow for a more comprehen-
sive study including fine-tuning of promising electrolyte
candidates or assessment of reproducibility. The cell can
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be used for other purposes as well, such as refining of
rare earth metals or enrichment of alloys containing a
non-noble element.

II. THEORY

Elements less noble than aluminum can be removed
by adding an aluminum salt, which is routinely being
used for treating primary metal (fluxing):

xM + A1F3 = XMF3/X + Al [1]

The method cannot be used for removing alloying
elements more noble than aluminum, since the thermo-
dynamics requires that they remain in their elemental
form. However, it is possible to remove the aluminum
from the alloy electrochemically.

In electrorefining, aluminum is dissolved anodically
into the electrolyte (bath), leaving the more noble
elements behind. Pure aluminum is deposited at the
cathode, while non-noble elements remain in the
electrolyte.

The refining cell patented by Hoopes nearly 100 years
ago " is still in use. This is a three-layer process where
the anode metal (Al-Cu alloy) and the cathode metal
(refined Al) are separated by the electrolyte. The
arrangement entails strict restrictions concerning the
densities, which limits the choice of electrolyte compo-
sition. By placing the anode metal and the refined metal
side-by-side in separate compartments, the density
restrictions are relieved. The cell principles are illus-
trated in Figure 1.

Since the non-noble elements end up in the electrolyte,
it will be advantageous to remove those before treat-
ment (Eq. [1]). Examples are the alkalis and the alkaline
earth metals. It can be expected that the refining effect is
good for noble elements with reduction potentials far
from aluminum, such as Cu, Co, Fe, and Pb. Copper is
probably the most valuable of the noble elements used
in aluminum alloys. There will probably be a “‘gray
zone” for elements with reduction potentials close to
aluminum, where the refining effect will depend on the
concentration.

The electrode- and cell reactions are:

Anode reaction:

"« Non-noble

—= 3+
2 \ ; /VA/

Non-noble

(b)

Fig. 1—Principles for electrorefining in a three-layer cell () and in a
side-by-side cell (b). Non-noble elements (as compared with Al) are
oxidized into the electrolyte, but they are rejected at the cathode.
Noble elements will not be oxidized if less noble substances are
present.
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Al(a) + 3MX(a) — AlX3(a) + 3M" + 3e [2]
Cathode reaction:

AlX;(c) + 3e + MT — Al(c) + 3MX(c) [3]
Cell reaction:

Al(a) + 3MX(a) + AlX;(c)
— Al(c) + 3MX(c) + AlX3(a) [4]

where M is an alkali element and X is a halide. The
species on each side of Eq. [4] are the same, so the
standard voltage for the cell reaction is zero, while the
reversible voltage only depends on the activities of
aluminum.

A large proportion of the current in the electrolyte is
probably transported by the alkali ions, depending on
the electrolyte composition (e.g., the transport number
for Na™ in molten cryolite (Na;AlIFg) is 0.99 ). This
means that the aluminum-containing species are trans-
ported by diffusion and convection, so there will be
concentration gradients close to the electrodes. The
reactions are illustrated in Figure 2.

By analogy with the cathode reaction in the Hall-
Héroult process for making primary aluminum, it is
probable that the main part of the electrode overvoltage
is due to the concentration differences between the bulk
electrolyte and the electrode surfaces. The concentration
overvoltages can be expressed by

3
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III. EXPERIMENTAL

The laboratory electrolysis cell consisted of a graphite
crucible lined with a sinter corundum tube. A sinter
corundum crucible was placed at the center. The anode
alloy was pre-shaped at placed in the annulus between
the inner crucible and the lining, whereas a small
amount of pure aluminum was placed in the inner
crucible. Electrical contact was made to the graphite
crucible (anode) by means of a steel rod. A titanium

3M* (M)

Anode Cathode

Fig. 2—Schematic illustration of the electrode processes. M:
Migration, D: Diffusion.
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diboride rod served as cathode together with the metal
in the inner crucible. The cell was placed in a verti-
cal-tube laboratory furnace and flushed with dry argon.
The aluminum fluoride used was produced in our own
laboratory by vacuum sublimation of commercial grade
aluminum fluoride containing about 2 wt pct alumina,
while the other chemicals were of p.a. quality. The
powders were mixed manually and melted in the cell.
The furnace was heated during 3 hours and the system
was allowed to equilibriate for 1.5 hours before the
experiment was started.

Four successful experiments (A-D) were conducted.
Experiments C and D took place in a slightly larger cell
than the one used in A and B, which made it possible to
accommodate an aluminum reference electrode. Elec-
trolysis was performed for several hours, and the current
efficiency was determined by weighting the purified
metal produced at the cathode. Current, voltages, and
temperature were logged each 5 seconds. The cell used in
experiments C and D is sketched in Figure 3. The
nominal anode- and cathode areas were 45.3 and 54.2
cm?, respectively.

The electrolyte composition and temperature varied
between the experiments, and the data are shown in
Table I in the results section below. The anode metal
consisted of a 7xxx series alloy with Zn, Mg, and Cu as
the main alloying elements. The exact analysis is given in
Table II in the results section.

IV. RESULTS
A. Cell Performance

The electrolyte composition, temperature, and
recorded current efficiency for the four experiments are
shown in Table I.

Lining
[~ (sintered alumina)
Reference electrode
TC, type S
Electrolyte

‘ [} Crucible (graphite)

J Inner crucible
L~ (sintered alumina)

Anode metal
Titanium diboride
Cathode metal

Fig. 3—Laboratory cell for separation of aluminum from nobler
elements.
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Experiment A was run for 4 hours 41 minutes before
it was stopped due to increasing cell voltage. The current
efficiency was comparably low. This may be due to the
relatively high temperature, or the fact that the elec-
trolyte contained small aluminum droplets after the
experiment, which made it difficult to collect all the
produced metal.

Experiment B utilized a low-melting mixed chloride
and fluoride electrolyte. The experiment was run for 6
hours until it was interrupted by a broken anode current
contact (the graphite crucible was worn by air oxida-
tion). The cell voltage was low, around 2 V. The current
efficiency was difficult to assess due to some droplet
formation, but it appeared to be acceptable.

Experiments C and D were run with mixed chlo-
ride—fluoride electrolytes. The MX/AlF; molar ratio was
chosen to be about 3 (“‘cryolite composition’’), which is
close to maxima in electrolyte density as well as liquidus
temperature. The reason for this choice is elaborated in
the discussion below. Experiment C was run for about
8.5 hours. During the last 3.5 hours, the cell voltage was
stable and about 2 V at 25 A (current densities 0.55 and
0.46 A cm 2 at the anode and the cathode, respectively).
2V and 84 pct current efficiency gives 7.09 kWh/kg Al,
which is about half of the energy used for making
primary aluminum.

The electrolyte in experiment D probably contained
too much LiCl. It appeared that the electrolyte wetted
the solid surfaces extremely well, so the electrolyte could
be found underneath the metal in the inner crucible,
between the lining and the inner wall of the graphite
crucible, and underneath the anode metal. The cathode
metal did not collect properly to form a solid lump, so
the current efficiency could not be determined.

The voltage—current course in experiment C is shown
in Figure 4. As can be observed, there was an increase in
the anode voltage at the beginning of the experiment,
but the voltage decreased again after 2 to 3 hours. A
similar pattern was observed also in experiment D. The
reason for this behavior has not been clarified.

B. Refining Effect

Samples of the metal collected from the inner crucible
were taken by drilling out boring chips that were
analyzed with ICP. The metal analyses are listed in
Table II together with the analysis of the anode metal.
As can be observed, the refining effect is very good for
all elements, except that there was an unexplainable
increase in the silicon concentration. Although silicon
could be one of the “gray zone” elements with low
refining effect, none of the materials used in the cell
contained appreciable amounts of silicon. The boron
concentration is also higher than in the anode metal, but
boron is usually present in nearly all refractory mate-
rials. The produced metal contains lithium stemming
from the electrolyte. Lithium is generally unwanted in
aluminum, at least in metal intended for aluminum foil
production. While it can be removed by fluxing, it is
more difficult to remove than other non-noble elements.
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Table I. Electrolyte Compositions (mol pct), Temperature (Average and Standard Deviation for the Last 2/3 of the Experiment),
and Current Efficiency (CE)

No. AlF; NaF LiF NaCl LiCl Temp. [°C] CE [ pct] Comment
A 28.1 46.9 25.0 — — 867 £ 4 42.3 1

B 9.4 — — 40.7 49.9 683 + 4 ~ 80 —

C 24.8 — — 31.6 43.6 776 £ 2 83.9 2

D 25.0 — — — 75.0 747 £ 6 N/A 3

Comment 1. High cell voltage, increasing during experiment, Comment 2. Low and stable cell voltage, Comment 3. Problems related to wetting

and creeping of electrolyte.

Table II. Elements Present in the Anode Alloy and in the Cathode Metal from Experiments A-D (ppmw) as Analyzed with ICP

Si Fe Cu Mn Mg Zn Ti B Li
Anode 69 1265 21000 243 34000 89000 292 <10 —
A 1769 128 20 5 22 20 144 45 —
B 41 41 16 <5 411 30 <5 <20 —
C 239 65 9 10 <5 122 45 35 63
D 379 60 12 11 0 205 15 79 16
3 ' ' ' ' 30 3 3 Side wall
Current ~ | =l Electrolyte -
- Cell
/\k TiB;
< 2 20 < N
~ ~ Partition
) - . . wall
[S) B T < | |
2 -/ Anode g A A — Anode metal —
S 3 — Cathode metal
ir 110 g — — —
I~ —— Cathode EEEEERBRLILEEREL  Cell bottom —
J (a)
0~ l l l l 0 Fig. 5—Schematic illustration of possible arrangement for industrial
0 2 4 6 8 10 version of a side-by-side cell for recovery of scrap
Time / h aluminum-containing noble elements. (a) Cell seen from above (b)

Fig. 4—Cell voltage, voltage between anode and reference electrode,
voltage between cathode and reference, and current as a function of
time in experiment C.

V. DISCUSSION
A. Industrial Feasibility

The goal was to demonstrate metal production from
scrap with purity comparable with primary aluminum.
This expectation was more than fulfilled. The laboratory
cells used in the present work were not at all optimized
with respect to cell voltage or current efficiency, and
there is reason to believe that much better performances
can be achieved.

A possible arrangement for an industrial version of
the side-by-side cell is sketched in Figure 5. The anode
alloy and the cathode metal are located in channels
separated by an insulating material (sintered alumina
will be possible if the electrolyte has low enough alumina
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Section A-A. The arrows in (b) indicate the current path.

solubility). The current may be supplied by electrodes
placed in the peripheral channels. The cathode metal can
be removed by a simple spillway. The anode metal can
be added as a granulate or in the liquid state. TiB, slabs
placed in the cathode channels are not strictly necessary,
but they will serve to reduce the ohmic resistance
through the electrolyte.

B. Electrolyte Composition

The electrolyte composition changes near the elec-
trodes, due to the transport processes illustrated in
Figure 2. The electrolyte near the cathode will be more
basic (higher MX/AIXj; ratio), while the composition is
displaced in the acid direction at the anode. The
concentration differences will increase if the electrolyte
is quiescent, which might be the case in this process since
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Fig. 6—Schematic diagrams of liquidus temperature (a) and density (b)

resulting from transport processes (see the text for explanations).

there is no convection due to gas bubbles (magnetohy-
drodynamic flow may occur, depending on the
amperage).

The salt mixtures involved make complexes, e.g.,
AIX?. In fluoride melts, the liquidus temperature as well
as the density show maxima close to the cryolite
compositions (NazAlFg, LizAlFs, K3AlFg). In a melt
with excess AlX3 (more AlX3 than what corresponds to
cryolite), the composition displacement at the cathode
may give lower actual temperature than liquidus tem-
perature, which entails freezing of electrolyte at the
cathode as illustrated in Figure 6(a)). It is possible that
such freezing takes place in cells for primary aluminum
production.®™ If the melt contains excess MX (MX/AIX;
ratio > 3), freezing may take place at the anode. To
prevent freezing, the electrolyte temperature should be
above the highest liquidus temperature in the system.

Increased electrolyte density close to the electrodes
should be avoided, at least in a cell with little convec-
tion, since it will lead to stratification and build-up of
higher density electrolyte, e.g., in the anode chamber
shown in Figure 5(b)). By keeping the composition close
to the cryolite composition, the transport processes close
to the electrodes give less dense electrolyte locally, which
entails natural convection and less build-up of concen-
tration gradients and concentration overvoltages.

It is known from primary aluminum production that
the current efficiency decreases with increasing temper-
ature. The temperature should, therefore, be kept as low
as possible. The lowest possible temperature in
Na;AlF-LizAlFg is about 720 °C.°) Lithium salts
should be present to ensure high electrical conductivity.
NasAlFg (and K3;AlFs) have high oxide solubility.
Possibly, the concentration of Nas;AlFg should be
limited, in order to enable the use of oxides as cell
lining material. The use of chloride in addition to
fluoride also serves to lower the oxide solubility. Besides
rendering possible the use of oxidic lining materials, a
pure chloride melt would be water soluble, which makes
regeneration of the electrolyte and separation of salts
more manageable. The vapor pressure of the electrolyte
would be relatively high, however. Chlorides no not
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of the electrolyte. The arrows indicate changes near the electrodes

form cryolite, but it is possible to obtain very low
liquidus temperature. The electrolyte composition used
in experiment C (Table 1) appears to be a good starting
point for further development.

C. Other Uses

The cell concept sketched in Figure 5 may have other
uses than recycling of aluminum. The design is generic,
and it can be used for refining or recycling of any metal
containing more noble elements. In some cases, the
anode product will be more interesting, as the less noble
(and less valuable) element dissolves from the anode
compartment. In aluminum recycling, the anode pro-
duct itself may be treated to separate out valuable
metals.

As an example, it may be possible to produce pure
scandium or a Sc-rich Al-Sc alloy. In this case, Sc will be
dissolved at the anode and collected in the cathode
chamber. The high melting point of Sc (1541 °C) may
represent a material challenge (unless the pure Sc can be
collected as a solid).

A three-layer refining process for silicon has already
been patented,''” but it is currently not being used
industrially. The side-by-side arrangement may render
possible a whole range of alternative electrolytes, since
the density requirements are lifted.
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