The Reduction of Al,O, to Aluminum in a Plasma

ROGER K. RAINS AND ROBERT H. KADLEC

The reduction of aluminum oxide to aluminum in radio frequency generated plasmas was
studied experimentally. Argon with hydrogen, carbon dioxide, and methane were used as
plasma gases. Product was collected from the reactor walls and/or cold-finger collectors.
Gaseous quenching was also investigated, using hydrogen, methane, and carbon dioxide. Con-
versions up to 50 pct were determined using wet chemistry. Optical and X-ray methods con-
firmed the species present during and after reaction. The effects of particle size, flow rates,
and power input were determined. Solutions of energy, momentum, and mass balances yield a
qualitative explanation of the process. Vaporization rate controls.

THE primary aim of this research was to investigate
the reduction of AlxQ; to aluminum in radio frequency
generated, induction coupled plasmas. It was also in-
tended to demonstrate that an induction-coupled plasma
reactor is especially suitable for such gas-solid reac-
tions. The conversion of Al;O; to aluminum in this
study was effected in argon, Ar-H:, Ar-CO, and Ar-CH,
plasmas. Different quench techniques and three reac-
tion variables were investigated.

Several investigators'™® have attempted plasma re-
ductions of metallic oxides, chlorides, and sulfides.
Their work demonstrates that the reduction of metallic
oxides in plasmas is feasible. The extent of the reduc-
tion depends on the oxide particle size, the oxide flow
rate, and the power input to the plasma. It is apparent
that the lack of success with Al:0s was due to the use
of particle sizes and flow rates that were too great.

The gaseous aluminum suboxides are of interest
since they are expected to occur either during the
dissociation of Al;Os or by a recombination of alumi-
num and oxygen atoms. It is concluded from an exam-
ination of the literature® that AlO and Al:O are the only
two important gaseous oxides of aluminum, The former
is the principal gaseous suboxide under neutral or oxi-
dizing conditions and the latter predominates under
reducing conditions. There has been no conclusive
evidence that solid suboxides can exist at room tem-
perature® but solid AlO and AL:O have been identified
between 1100° and 1600°C.” However, this does not
preclude the possibility of the formation of a solid
suboxide from the rapid quench of the gaseous oxide.

THEORETICAL CONSIDERATIONS

In the nonreducing environment of an argon plasma,
Al:O; will vaporize to AlO and oxygen. The optimum
temperature for the dissociation

Al,O; — 2A10 + 0O (1]

is about 4000°K.*"** But Fig. 1" shows that AlO is un-
stable above 4400°K and since temperatures in excess
of 10,000°K are present in an argon plasma, the AlO
will further dissociate:
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AlO — Al +0 (2]

shortly after its formation.

When a reducing gas (such as Hz, CO, or CHy) is
added to the argon plasma, the Al:0; dissociation is
to Al.O and oxygen:

ALO; — ALO +20 [3]

Again, from Fig. 1, it is seen that Al O is unstable
above 4300°K, so it also decomposes:

ALO —2Al + O [4]

In either case, therefore, the plasma core will contain
aluminum and oxygen atoms instead of AlO or Al:0
molecules.

Once free aluminum is obtained, it must be re-
moved from the plasma before it can be reoxidized
in the cooler tail flame. This is done by condensing
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the aluminum onto a water-cooled surface: either the
reactor wall or a probe inserted into the plasma core,
The concentration and temperature gradients are very
steep in this ‘‘quench region’’ between the plasma
core and the cool surface. A condensable species en-
tering the quench region is condensed with extreme
rapidity. If this rate of condensation is greater than
the rate of oxidation in the quench region, free alumi-
num is obtained.

The recovery of aluminum can be improved by in-
creasing the rate of transport of aluminum through
the plasma to the quench region. The radial molar
flux of aluminum in a mixture of aluminum and the
noncondensable species in an argon plasma is:

_ CDA1m 3XA1
Nair = 1—-Xa1 or [5]

The other gases present in the quench region are as-
sumed to form a stagnant film in the derivation of Eq.
[5]. It is seen that the molar flux of aluminum in-
creases with both the concentration and temperature
of aluminum (Da1m increases with temperature). So,
the recovery of aluminum from an Al-O-Ar plasma
can be increased by increasing either the concentra-

tion or the temperature of the aluminum in the plasma.

The addition of Hz, CH4, or CO to the plasma is ex-
pected to aid the recovery of aluminum. In the hot
plasma core, these gases dissociate to their elements.
Thus, atomic hydrogen or carbon is present in the
plasma. The carbon will condense along with alumi-
num in the quench region. Oxygen prefers carbon to
aluminum, as seen by a comparison of the free ener-
gies of formation of CO, AlO, and Al;O in Fig. 1.
Therefore, carbon should effectively remove oxygen
during the quench; thus diminishing the chance that
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Fig. 2—Plasma reactor.
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the aluminum will oxidize. Hydrogen, on the other
hand, has less affinity for oxygen than does aluminum
over fairly large ranges in temperature. Therefore,
hydrogen should be of little benefit in removing oxygen
during the quench.

The history of a small Al,Q; particle in an argon
plasma was estimated from a computer solution of un-
steady state heat, mass, and momentum balance equa-
tions for the particle. The momentum balance de-
rived for a small particle injected into the plasma is:

2 2
B (G -v) e (6]

The energy balance for a particle as it is being heated
to its vaporization temperature is:

dT
% Psds Cps d_ts = k(T - Ts) - UesT; (7]

Vaporization of the solid particle to AlO and oxygen is

described by the combined heat and mass balance

equation:

d(ds)
dt

where AH; =heat of reaction for dissociation to alu-

-7 MM ps =h(T — Ts) - oesTg (8]

‘minum and oxygen (since the AlQ initially formed

quickly dissociates to aluminum and oxygen).
The heat transfer coefficient used in Eqgs. [7] and
[8] is:®®

3
n= é (2 + 0.6Re¥°Pr2?) [9]

The relative velocity of the particle is used in evalu-
ating the Reynolds number. The two terms on the
right hand side of Eq. [9] represent the conductive
and convective contributions, respectively. Thermal
radiation effects from the plasma can be neglected.™
The average boundary layer temperature at which the
gas properties are evaluated is that which corre-
sponds to the reference enthalpy given by:

Bref= 0.5 — hg) + hg [10]

This reference enthalpy method is suggested by
Eckert' for the case of a large temperature differ-
ence across the boundary layer.

EXPERIMENTAL APPARATUS AND PROCEDURES

The radio frequency, induction-coupled plasmas were
generated and contained in the water-cooled quartz re-
actor diagramed in Fig. 2. The majority of the argon
was fed tangentially (the outer two arrows on Fig. 2) to
provide vortex stability. Additional argon was fed
axially to provide a sheath for the oxide powder as it
entered the plasma. This helped to keep the powder on
the centerline of the plasma. The remaining argon was
used as carrier gas for the solids and was introduced
axially through an alumina powder feed tube. When-
ever Hz, CO, or CH, was used in the plasma, it was
introduced with the tangential argon.

The radio frequency power for the plasma was pro-
vided by a 23.5 kva; 3 Mc Lepel generator. By passing
the radio frequency current through a five turn induc-
tion coil, a 3 Mc alternating electromagnetic field was
produced and electrodeless discharge could be obtained.
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A maximum power input to the plasma of about 10 kw
was attainable. The plasma column was initiated with
the high voltage discharge of a tesla coil. A 3.4 m
focal length Ebert Mark IV stigmatic plane grating
spectrograph was used to analyze the radiation from
the plasma.

Quench probes were used both to augment the re-
covery of product by collection on its outer wall and to
introduce quench gases countercurrent to the plasma
flow. To meet this dual need, water-cooled probes
consisting of three concentric stainless tubes were
used.

The three variables that were studied in detail were
the Al:Os; particle size, Al:O; mass flow rate, and power
input to the plasma. The first two were varied at a
constant power input level. The effect of the last was
determined by varying the power input level for a
constant Al:0Q; flow rate and particle size.

The effects of Hz, CO, and CH, were studied in two
ways. First, the gas was fed directly into the plasma
along with the argon. A single run was made with each
of the gases. Second, the gas was fed through the
quench probe countercurrent to the plasma. For this
case, several H» flow rates and one each for CO and
CH, were used.

For the above experiments, the conversion of Al:O;
to aluminum was based on the amount of product col-
lected on the reactor wall instead of the Alz0; input
flow rate. No aftempt was made to collect all the ma-
terial that was fed to the reactor., Water-cooled quench
probes were then used to show that it would be possi-
ble to increase the recovery without lowering the con-
version. The probes were positioned directly in the
plasma so that the tip was about & in. below the coil,
see Fig. 2.

The amount of aluminum in the product was deter-
mined by a wet chemical procedure. After dissolving
the aluminum in HCl, it was precipitated as aluminum
quinolate by using an excess of 8-quinolinol. The pre-
cipitate was redissolved in half concentrated HCI1, re-
forming 8-quinolinol. This was brominated with a
KBrQ;-KBr solution, liberating Brz, and then an ex-
cess of KI was added. The resulting iodine was titrated
with thiosulfate to the starch end point. This method is
discussed in greater detail by Kolthoff and Belcher.'

Argon and aluminum temperatures were determined
spectrographically. Certain species of these are elec-
tronically excited in the plasma, thus emitting radia-
tion. The intensity of this radiation depends on both
the temperature of the emittor and the wavelength of
the radiation. Only certain wavelengths occur for a
given element, and these are characteristic of the ele-
ment. By measuring the absolute intensity at a given
wavelength with an optical spectrograph, the tempera-
ture is obtained. It is thus possible o obtain a tem-
perature for each species in the plasma.

EXPERIMENTAL RESULTS AND ANALYSIS

Aluminum-containing species were identified at
various points in the argon plasma and tail flame by
use of the spectrograph. The plasma core consisted
only of atomic and ionic species. This hot core was
surrounded by a thin region containing AlQ and alumi-
num. Both AlQ and aluminum were also detected
throughout the cooler tail flame of the plasma.

METALLURGICAL TRANSACTIONS

A rigorous group III qualitative chemical analysis
of product obtained from the reduction of Al.Q; in an
argon plasma gave a positive test for aluminum. The
presence of aluminum in the product was confirmed
by an X-ray diffraction analysis. The only diffraction
lines in addition to the aluminum lines were due to
a-AlOs, y-Al:Os, and the impurities that were present
in the reactant alumina. Thus, it is certain that alumi-
num is the reduction product of Al:Os instead of a
solid aluminum suboxide. This aluminum was found to
be finely divided and highly pyrophoric.

Products from the reduction of Al,O; in Ar-CO and
Ar-CH, plasmas were also analyzed to determine the
nature of the products. Both gave positive qualitative
tests for aluminum and both contained a considerable
amount of carbon. Diffraction analysis of the product
from the Ar-CO reduction identified aluminum,
a-Al:O3, and y-Al:0;. The Ar-CH, reduction product
also contained Al;Cs;. The aluminum oxycarbides,
Al;OC and Al,04C, were not found in either case nor
were solid aluminum suboxides.

The variation of percent conversion with alumina flow
rate for the particle sizes used is shown in Fig. 3. A
single run was also made with 60 mesh (250 u) alumina
flowing at 0.19 g per min. In this case, there was no
aluminum in the product nor was there any spectro-
scopic evidence of gaseous aluminum in the plasma.
The 500 mesh oxide gave a higher conversion than the
400 mesh alumina throughout the entire range of flow
rates that were used. This is probably because the
smaller 500 mesh particle vaporizes more completely
than the 400 mesh oxide under the same conditions.
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The increase in conversion with a decrease of solids
flow rate, obtained for all three particle sizes, is also
reasonable. At lower alumina mass flow rates, fewer
particles are present in any section of the plasma at
a given time. This means that energy is transferred
from the plasma to each particle more efficiently and
more of the particle is vaporized.

Conversely, as the alumina mass flow rate increases,
the efficiency of the energy transfer to a given particle
decreases. So a smaller percentage of the alumina is
vaporized and the conversion drops. The larger the
particle, however, the less noticeable is this effect.
This is because the number density of oxide particles
in the plasma decreases as the particle diameter in-
creases. Eventually, this can result in higher conver-
sions for larger particles than for smaller particles
at high flow rates. This is in fact exhibited by the be-
havior of the 320 mesh oxide.

At very low flow rates, single particle flow is ap-
proached. In this case, the efficiency of the energy
transfer is no longer important. Instead, the true di-
ameter effect is observed. That is, conversions ob-
tained at very low flow rates agree qualitatively with
the extents of vaporization predicted by the computer
solutions of the heat, mass, and momentum balances.

The variation of conversion with power input is given
in Fig. 4. As the power level increase, the Al:O; parti-
cles are more completely vaporized and the concentra-
tion of aluminum in the plasma is greater. In addition,
the aluminum temperature is higher so that the alumi-
num has a greater diffusivity. Both effects can in-
crease the molar flux of aluminum to the quench re-
gion, and hence, increase the recovery.

The use of H; in the plasma caused only a slight in-
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crease in the percent conversion of Al:0s;. But with
CO, the conversion was twice that obtained with argon
alone. And with CH,4, the conversion was quadrupled.
These results confirm the earlier discussion concern-
ing the effect of carbon vs hydrogen. Carbon is simply
much more effective than hydrogen.

In the above experiments, there was no attempt to
collect all the material fed to the plasma. In some
runs, water-cooled probes were inserted into the
plasma and additional product was recovered. The
conversions based upon the material collected on these
probes were actually greater than those for the product
on the reactor wall. So the quench probes can be used
not only to recover additional material but to increase
the conversion as well. The probes are inserted di-
rectly into the plasma core, where the aluminum con-
centration is the highest. Therefore, more aluminum
is available to condense on the probes than on the wall.

The probes were also used for feeding Hz, CO, and
CH, into the lower section of the plasma core counter-
current to the plasma flow. Once again, hydrogen was
of little benefit, as is seen in Fig. 5, but both CO and
CH, doubled the conversions obtained with only argon.
This further illustrates that carbon helps to prevent
oxidation of aluminum during the quench.

Argon temperatures, determined at the power
levels in Fig. 4, were 10,900°, 11,100°, and 11,200°K.
The corresponding plasma enthalpy range is 1900 to
2100 cal per g."” So a modest 3 pct increase in tem-
perature results in a 10 pct rise in the enthalpy. The
measured aluminum temperatures were somewhat
lower than anticipated. But in general, higher temper-
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atures were obtained at greater power input levels and
lower alumina flow rates.

Computer solutions of heat, mass, and momentum
balances for aluminum oxide particles in an argon
plasma estimate the amount of alumina that will va-
porize. This is reported as percent vaporized, which
is 100 times the volume vaporized divided by the ini-
tial volume for a spherical particle. The conversions
for 320, 400, and 500 mesh alumina at a flow rate of
0.06 g per min, taken from Fig. 3, are compared with
the percents vaporized, determined for the same
plasma conditions, in Fig. 6. Since the curves have
the same shape, it appears that the conversion depends

directly on the extent to which the alumina is vaporized.

This explains the poor results obtained by earlier in-
vestigators:l’2 they simply did not produce enough
gaseous aluminum with the flow rates and particle
sizes they used.

SUMMARY AND CONCLUSIONS

The reduction of aluminum oxide to aluminum in an
atmospheric, induction-coupled argon plasma was
studied experimentally. The conversion of the alumina
was based upon the amount of Al;O; and aluminum col-
lected on the reactor wall. The variation of conversion
with alumina particle size, alumina mass flow rate
and the power input to the plasma was determined.
Particle sizes of 500 mesh (26 p), 400 mesh (37 p),
and 320 mesh (45 p); flow rates of 0.03 to 0.6 g per
min; and power inputs of 5.03, 5.86, and 6.69 kw were
used. These power levels correspond to argon tem-
peratures of 10,900°, 11,100°, and 11,200°K, respec-
tively. With argon plasmas, the conversions (ranging
from 3 to 30 pct) were generally found to increase
with decreasing alumina flow rate and particle size
and with increasing power input. The improvements
in the conversion were due to increases in the amount
of the oxide vaporized. The results agree qualitatively
with the amount of alumina vaporization predicted by
computer solutions to heat, mass, and momentum bal-
ances for the oxide. The conversions obtained can be
explained on the basis of a diffusion controlled quench
of aluminum atoms.

The use of water-cooled probes placed directly in
the plasma allowed the recovery of additional alumi-
num at higher conversions. This indicates that with
a reactor designed to collect a maximum amount of
product, the conversions obtained in this work will be
maintained or even improved. It was also possible to
enhance the conversion by using CO and CH, in the
plasma with the argon and as quench gases introduced
into the lower section of the plasma core countercur-
rent to the plasma flow. Doubling and quadrupling of
the conversion was obtained in this way. The use of H,
in each application was of little benefit. The relative
effect of carbon and H; as oxygen scavengers explains
the results.

Wet chemical and X-ray diffraction analyses of the
reduction product from argon and Ar-CQO plasmas iden-
tified aluminum, ®-Al:0s3, and y-Al:0s. Similar analy-
ses of product from an Ar-CH, plasma indicated that
aluminum and Al,C; were present in addition to the ox-
ides. No solid aluminum suboxides or aluminum oxy-
carbides were found.
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The reduction of aluminum oxide with appreciable
conversion has been demonstrated to be quite feasible
in an induction-coupled plasma reactor. It should be
possible, on the basis of the results of this study, to
achieve equal success in the reduction of other metallic
oxides that are as stable as alumina.
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NOMENCLATURE
Symbols
area—sq cm
C total concentration—gmol per cu cm
Cp drag coefficient
Cp heat capacity—cal per g-°K

d diameter —cm
Dy, effective binary diffusivity for diffusion of ¢
in a mixture —sgq c¢cm per sec
emissivity
g gravitation acceleration —cm per sq sec
h heat transfer coefficient—cal per sec-sq cm-"C

>

specific enthalpy—cal per g

VOLUME 1, JUNE 19701505



href  Specific enthalpy at reference temperature in
film around a solid particle —cal per g

AHy;  heat of reaction—cal per g
k thermal conductivity —cal per sec-cm-°C

Ny radial molar flux of i—gmol per sq cm-sec

Pr Prandtl number

r radial position —cm

Re Reynolds number

t time particle has been in plasma—sec
T absolute temperature —K

v velocity —em per sec

vrel Vvelocity of solid particle relative to the
plasma—cm per sec

X; mole fraction of

z axial position in plasma—cm

p density —g per cu cm
Stefan-Boltzmann constant—cal per sec-sq
cm-"K*

Subscripts

f film or boundary layer around a solid particle
in plasma

s solid particle

% bulk plasma
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