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Abstract

Results from the development of a novel type of anode for
electrowinning Mg are reported. A tailored alloy system based on
the binary Cu-Al can be made to form a thin alumina layer on its
surface that is relatively impervious to attack by the molten
chloride melt at high temperature. This barrier is thin enough (5-
50nm) to conduct electrical current without significant IR loss.
As the layer slowly dissolves, the chemical potential developed at
the surface drives the diffusion of aluminum from the bulk alloy
to reform (heal) the protective alumina layer. In this way, an
anode that generates Cl, (melt electrolysis) and O, (wet feed
hydrolysis) and no chlorocarbons can be realized. Further, we
expect the rate of loss of the anode to be dramatically less than the
coke-derived carbon anodes typically in use for this technology,
leading to substantial cost savings and ancillary pollution control

by eliminating coke plant emissions, as well as eliminating

chlorinated hydrocarbon emissions from Mg electrowinning cells.

Introduction

The development of inert (non-carbon) anodes for the electrolytic
production of magnesium is recognized to be of importance in the
metals industry. First, the cost and pollution associated with coke
plant carbon electrode production can be eliminated. Second,
since an inert anode would be dimensionally stable, cells could be
redesigned to reduce the anode-cathode distance and therefore IR
loss. Finally, unwanted CO, and chlorinated hydrocarbon (CHC)
emissions from the cell can be eliminated if there is no carbon
source. Due to the adverse environmental significance of CHCs,
they are discussed in a separate section below, followed by a
section describing our approach to developing an inert anode.
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CHCs

Chlorinated hydrocarbons (CHCs) are a broad group of organic
compounds that contain at least one chlorine atom. There are a
number of subgroups of CHCs that are classified according to
their general molecular arrangement. The most important CHC
subgroups with regard to magnesium production are{1]:

o  Chlorophenols, containing one benzene ring, at least one
hydroxyl (OH) group and at least one substituted chlorine
atom.

e  Chlorobenzenes, containing one benzene ring and at least one
substituted chlorine atom. The most important compound
with regard to magnesium production is hexachlorobenzene
(HCB). Another - important  chlorobenzene is
pentachlorobenzene (SCB).

*  Polychlorobiphenyls (PCBs), contammg 2 benzene rings and
at least one substituted chlorine atom.

e  Polychlorinated dibenzofurans (PCDFs), containing 2
benzene rings linked by an oxygen atom in a furan
arrangement and at least one substituted chlorine atom.

e  Polychlorinated dibenzo-p-dioxins (PCDDs), containing 2
benzene rings linked by 2 oxygen atoms in a dioxin
arrangement and at least one substituted chlorine atom.

e  Octochlorostyrene (OCS).

In general, CHCs are considered to be toxic. The compounds are
highly lipophilic (soluble in fat), tend to bioaccumulate in the food
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chain and have been shown to cause a variety of biological and
toxic responses including immunological and hepatic toxicity,
carcinogenic and teratogenic effects.[2] Despite this potential,
there is currently no clear indication of increased disease in the
- general population attributable to CHCs.[3]

The PCDFs and PCDDs are considered to be harmful to human
health at very low concentrations. The other CHCs are less toxic
but are a cause for concern due to bioaccumulation through the
food chain. A system of Toxicity Equivalent Factors (TEQs) is
used to rank the relative toxicities of the PCDFs and PCDDs, and
to determine the overall toxicity of a complex mixture. The most
toxic of the dioxins and furans are those isomers with chlorine
atoms at the 2, 3, 7 and 8 positions (e.g. 2,3.7.8-
tetrachlorodibenzodioxin [furan]).{1]

There is an ever-increasing global awareness with regard to
persistent organic pollutants (POPs) of which the CHCs are a sub-
group. Members of the United Nations Economic Commission for
Europe (UN-ECE) completed negotiations in February 1998 on a
legally binding protocol on POPs under the Convention on Long-
Range Transboundary Air Pollution (LRTAP).[4] The UN-ECE
region covers the Russian Federation, the Newly Independent
States, Central and Eastern Europe, Western Europe, Canada, and
the United States. The objective of the LRTAP protocol is to
control, reduce, or eliminate discharges, emissions, and losses of
POPs. Specific protocol obligations include the application of
best available technology to limit air emissions from major
stationary sources of dioxins (including PCDDs), furans
(including PCDFs), hexachlorobenzene, and polycyclic aromatic
hydrocarbons.

The formation of CHCs in magnesium plants using the electrolytic
process has been recognized as an environmental issue since the
1970s. Norsk Hydro’s Porsgrunn plant in Norway decreased
emission of HCB + 5CB + OCS in water effluent from 150
kg/week in 1970 to 0.1 kg/week in 1991.

There appears to be a general lack of understanding of the
mechanisms of formation of CHCs in industrial processes. This is
especially the case for the magnesium industry. The focus on
dealing with CHCs therefore appears to be concentrated on
destruction of the CHCs that form, rather than on controlling and
minimizing their formation.

Dellinger[5] prepared a report that discusses the possible sources
of CHCs in the electrolytic production of magnesium. In
summary, he concluded that the most probable mechanism for
CHC formation is reaction between chlorine from the electrolysis
cell and the carbon anodes to form CCly, followed by gas phase
reactions with hydrogen and oxygen containing species to form a
range of CHCs. Reactions with free carbon were not ruled out,
but were determined to be of minor importance.

Inert Anode Concept

Previous approaches to inert anodes for aluminum production
have not been adopted. Clearly, there are noble metals which
could be used but are prohibitively expensive. Ceramic metal
composite electrodes have been shown to work, but have poor
conductivity and can crack due to the stress of thermal cycling.
Coatings are inherently susceptible to damage and undercutting.

In previous studies on aluminum electrowinning, copper and its
alloys have outperformed other metal-based anodes. [6,7] In the
research performed by Hryn and Sadoway, CuAl binary alloys
were found to operate as anodes for extended periods of time
without significant dissolution.

Recent surface and thin film studies provide insight into the
mechanism that could allow the binary CuAl to function as an
inert anode material. Copper alloys such as the aluminum bronzes
have been known for some time to ‘self-heal’. These materials
form a surface of dramatically different composition than the bulk
material, due to the difference in surface free energy of the various
components and their oxides [8]. In this case, the more volatile
and reactive component, Al, will surface segregate and oxidize to
preferentially form a thin Al,O; surface oxide. A unique feature
of this protective layer is that it is self-limited in thickness.
Depletion of aluminum from the near-surface region reduces the
supply to the surface until a copper-rich sublayer is formed,
effectively stopping further oxidation. (See Figure 1).

Briefly, our approach to an inert anode for electrowinning Mg is
to use a copper-aluminum-based alloy of optimized composition
that has undergone an initial hot oxidation treatment. We believe
that our approach provides a novel, workable scheme for forming
a protective layer on an inexpensive, easily produced metal alloy.
This layer, consisting largely of AlL,Os, is resistant to chemical
attack by the molten chloride salt under an applied potential, but is
thin enough to allow for substantial conduction of current from the
oxidized surface species.

Bulk Alloy

Al Surface Segregation
and Oxidation

Copper Segregation
to Alumina Interface

Figure 1: Formation of a Protective Alumina Film by
Heat Treatment.
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Figure 2 Dynamic Healing of the Protective Alumina Layer

Depending on the water content of the MgCl, feed, this protected
anode can be expected to operate in two regimes. In a perfectly
dry feed, the AL, Oj; film is thermodynamically stable and therefore
does not dissolve. In a wet feed, there is the possibility of AL,Os
dissolution at a low rate, but the induced chemical potential and
source of oxidation provided by water (or its hydrolyzed
components), - enhances diffusion of aluminum from the bulk
material. (See Figure 2).

The aluminum bronzes selected for initial study comprise two
binary compositions. These alloys share a number of desirable
characteristics for this application, including:

Low cost

Simple preparation

Sufficiently high melting point
High bulk electrical conductivity
Thermal shock resistance

High fracture toughness
Inability to produce CHCs

The compositions selected are Cu with 17 at.% and 23 at.% Al,
which at the cell operating temperature (720°C) represent the o
(fec) and B (bee) solid solution phases, respectively.[9] Although
the o phase alloy is stable to room temperature, the  phase is
known to separate below 567°C into a mixed . and y phase. The
addition of certain ternary components at concentrations as low as
0.5 at.% is sufficient to stabilize the B phase to room temperature,
which has important implications for anodes that are heat treated
prior to use.

Experimental Approach

Alloys are formed by repeated melting and mixing in a furnace.
We have built a furnace with a purgable atmosphere that can be
agitated during heating to facilitate mixing. Alloy blocks of the
CuAl(23 at.%) binary were purchased for initial melt tests.

We are currently testing the Cu - 23 at.% Al with anodes of 100g
scale in lkg melts against plain carbon steel cathodes. The

experiment consists of a melt furnace (see Figure 3) with steel
containment, an inner quartz containment sheath, a quartz beaker
for the melt, an o-ring sealed aluminum cap with feedthroughs for
thermometry, electrodes (anode, cathode, reference), gas in/out,
and illumination. An important feature of our cell is the ability
into the cell. With the water-cooled cap and hollow stainless steel
leads used for the electrodes, less than 30°C operation can be
maintained at the top of the cell with the melt at 720°C. Computer
control of the current source allows I-V measurements to be made.

Melt compositions were typically NaCl (50 wt.%), MgCl, (30
wt.%), CaCl, (19 wt.%), and CaF, (1 wt.%). High purity
anhydrous salts were obtained from Alfa Chemical. Melting and
subsequent anode tests were always performed under dry nitrogen
or argon purge.

Another important feature of our experiment is the spectroscopic
analysis of the off-gas. An argon purge is maintained throughout
cell operation. The off-gas flows through two 10cm spectrometer
cells, coupled to IR and UV-vis spectrometers. The IR
spectrometer is a Mattson Galaxy FTIR that scans over the 4500-
400cm™ range, providing sensitive detection of HCl, CO,, H,0,
and numerous CHCs. An Ocean Optics SD-2000 UV-vis
spectrometer is fiber-optically coupled to the second absorption
cell that is physically located inside the FTIR frame. The UV-vis
spectrometer is sensitive to electronic absorption for species such
as Cl, that do not have a dipole moment, and therefore are not
measurable in the IR. '

A unique facility for studying the formation of thin oxide layers
on these alloys and for depth profiling of the residual anode after
melt testing is available. Coupled with an X-ray
Photoelectron/Auger Spectrometer (XPS/AES) with angle-
resolved and sputter depth profiling is an instrument known as
SARISA (surface analysis by resonant ionization of sputtered
atoms).  This instrument can accurately measure atomic
concentrations while depth-profiling a material, unlike SIMS,
which suffers from a substantial matrix effect reducing its ability
to quantify insulating layers such as the oxides of interest here.
SARISA has recently achieved near part per trillion detection
limits, yet can also measure near unity sample concentrations with
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Figure 3: Schematic of Bench Scale Cell with Off Gas
Analysis.




the same experimental conditions, yielding close to 9 orders of
magnitude dynamic range. SARISA simultaneously measures
SIMS along with the neutral yield for comparison.

While accurate depth profiles for short length scales (1-1000nm)
can be measured by XPS or SARISA, long-range depth profiles
are measured on cross cut samples by energy dispersive x-ray
(EDX) spectroscopy. Surface microstructure has been
determined for selected samples by scanning electron microscopy.
The SEM/EDX instrument is capable of 100am structure
resolution and has 1% detection limit for most elements.

The salts in use in the experiments were also analyzed by
inductively coupled plasma atomic emission for metal content.

Results

Results for the heat treatment of a set of alloys and melt testing
under potential are described. Table 1 shows the surface EDX
measurements for three alloys before and after heat treatment at
900°C in air. The EDX is sensitive to the top 0.5um of material,
but not to low z elements such as O. Both the o-phase and -
phase alloys were seen to double their Al content in the near-
surface region upon heat treatment, probably due to the growth of
an alumina layer. The addition of 0.5% atomic of a ternary
component to the B-phase alloy enhanced this effect, yielding
nearly 80% Al in the near surface. This ternary component
furthermore was apparently partitioned in the oxide film, since its
signal did not change upon heat treatment. )

Table 1: Near-surface compositions for polished and heat-treated
alloys. Al diffusion to the surface can be enhanced by stablizing
the a-CuAl phase to lower temperatures.

Nominal composition %Cu %Al %Ternary

a-CuO.g3Alo,17 79.7 203 -
" a-CuggsAly 17 59.5 40.4 -

heat treated

B-Cug.r7Alp3 71.4 28.6 -

B'CUO.77A10'23 48.8 50.4 -

heat treated

Cu0‘77Alo.23Temary0.005 69.5 30 0.4

(B-stabilized to 25°C)

Cuo_77Alo_23Temary0,oo5 19.6 79.3 04

heat treated

An example of the off-gas analysis is indicated in Figure 4. The
electronic absorption of Cl, is clearly measured near 330nm. This
peak grew in over a 30-second period after starting a SA current
flow through a test cell with graphite electrodes. Given the flow
rate of the purge gas, this peak represents a concentration in the
effluent of about 3%. The expected production rate of Cl, at this
current is about 4L/hr, and we could realistically measure levels
about 40 times lower then that shown, giving us a detection limit
of 0.1L/hr for Cl,.

Angle-resolved XPS of the a-phase CuAl is shown in Figure 5.
The data are integrated XPS intensities for the Al (1s) and Cu
(2p3n2) peaks measured at various angles from normal incidence

(longer mean sampling depth) to 60 degrees from normat (shorter
mean sampling depth, hence greater surface sensitivity). The data
demonstrates clearly that the surface has segregated aluminum.
This effect can be understood as an expression of minimal surface
free energy, and has been previously observed using other
techniques on single crystal atloys [10]. '
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Figure 4: Chlorine production apparent in uv-vis spectrum of off
gas with carbon anode.
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Figure 5. XPS Shows Al Surface Segregated in Clean Alloy.




Although the surface layer may be aluminum rich, the top 3nm of
material is initially copper dominated, presumably representative
of the bulk composition, as shown in Figure 6 (grey curves).
Upon successive exposures to oxygen, the aluminum and oxygen
were seen to increase and the copper is diminished (not shown).
Finally, the same sample was heat treated in air at 900°C for 4
hours. The curves in black show the final composition of the near
surface region, which is at least 99% Al,Os. Results for the other
alloys studied were similar, with Al,O3; being the primary but not
always the exclusive constituent of the surface.

Signal (a.u.)

1565 1560 935 930 535 530 525
Binding Energy (eV)

—e— Sputter cleaned surface
—— Heat Treated 900C In Air

Figure 6. CuAl surface before and after heat treating. -
The Al diffuses to the surface to oxidize, excluding
the Cu.

Initial depth-profile studies using SARISA and the XPS
instruments yielded complimentary information about the
composition and depth of the oxide films. The depths were
typically 4-5nm regardless of heat treatment conditions, although
there was considerable variability in Al/Cu content of the oxide.
The XPS data consistently showed that the copper oxide in the
film was Cu,O when present. SARISA was able to measure
quantitatively the Cu content in the alumina film, which was
generally reduced but often as much as 50% of the bulk
concentration. The ideal conditions for generating a relatively
pure alumina layer were rapid heating and cooling to the 900°C
treatment temperature in air.

We have also measured the diffusion rate of Al in the o-phase
alloy under unpolarized, wet melt (worst case) conditions. In this
case, the protective layer was rapidly lost and the surface became
copper rich. A cross section measured by EDX shows a diffusion
profile several microns deep into the alloy after only 30 seconds
(see Figure 7). An exponential fit to this profile gives a diffusion
constant of 10""%m®/sec. This implies that for a heat treated CuAl
alloy used as an anode, the surface can dissolve at up to Ium/sec
(initially) before the dynamic reformation of the ALO; is

compromised. In practice the dissolution rate should be much

lower than this. Furthermore, for longer times, the implication is
that significant quantities of aluminum can diffuse through long
distances (mm) of the bulk alloy, driven by the aluminum
depletion near the surface.
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Figure 7. Depth profile of Cu-Al showing rapid Al
diffusion in a wet melt, unpolarized. The rapid diffusion
of Al allows the oxide layer, under anodic conditions, to
reform.

Discussion

The results above show that while it is possible to grow a
predominantly AlL,O; layer on the surface of the dilute CuAl
alloys, there is often some fraction of Cu,O present. It was
observed in preliminary work that the nature of the alloy surface
depends on the heat treatment conditions (temperature, oxygen
level, and cooling rate). Previous studies showed that for the
thermodynamically stable phase to form (Al,Os, in this case), the
temperature and oxygen level must be in a regime where the
diffusion of aluminum to the surface is greater than or equal to the
arrival rate of oxygen molecules.[11,12] If the temperature is too
low for a given oxygen environment (e.g. air), the rate of
oxidation exceeds the aluminum diffusion flux, and the primary
component (copper) will oxidize.

Future work

Preliminary cell tests have shown that we can electrowin Mg
using a CuAl alloy anode. Stability and reproducibility remain
concerns, since in some cases dissolution of copper was observed.
We believe that the surface oxide in our initial tests is strained
relative to the bulk metal, inducing cracks that lead to film
breakdown. We plan to investigate the addition of ternary
components to control the composition, thickness, and thermal
expansion properties of the oxide so that it can be more adherent
and will not suffer breakdown.

Conclusion

We introduce the concept of an inert metal anode for Mg
electrowinning in molten chloride baths. By controlling oxidation
conditions during anode preparation, for example heating to a
sufficiently high temperature, we were able to form pure ALOs
passivating films on a B-CuAl alloy. We expect that under certain
cell conditions these films will protect the anode from dissolution,




and slow etching of this layer should be followed by growth of
new oxide by transport of Al from the bulk alloy.
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