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Abstract:

The current industrial production of aluminum from alumina is based on the electrochemical Hall-Héroult
process, which has the drawbacks of high greenhouse gas emissions, reaching up to 0.70 kg CO,-equiv/kg
Al, and large energy consumption, about 0.055 GJ/kg Al. Considerable efforts have been applied to produce
aluminum by the alternative process of the carbothermic reduction of alumina. Thermodynamic equilibrium
calculations and experiments by induction furnace heating indicated that this reaction can be achieved under
atmospheric pressure only above 2200°C. Thermodynamics predict the advantage of much lower required
reaction temperatures by alumina reduction under vacuum. This was experimentally demonstrated under
simulated concentrated solar illumination, and by induction furnace heating. At a temperature of about
1550°C and a CO partial pressure less than 0.1 mbar, the reactants were almost completely consumed, with
only minor remaining solids in the reactor crucible. Deposits condensed on the cold reactor walls contained
up to 59-71 wt % of Al, in addition to Al,C3, Al-oxycarbides and Al,Os.
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1. Introduction

Aluminum is the most abundant metallic element in the Earth’s crust, amounting to 8.3% by weight
of the crust. Aluminum metal has been first isolated in 1825 by the Danish chemist Hans Christian
Orsted. This metal, and particularly its alloys, has become of considerable importance due to its
unique properties of light weight, high thermal and electric conductivity, and corrosion resistance
[1]. Because of the high calorific value of aluminum, 31 MJ/kg Al, a future important role could be
that of an energy carrier and energy storage material. Thus, the well-known alkaline decomposition
of aluminum or aluminum alloys such as Al-Si to release hydrogen:

2A1+ 6H,O =2 Al(OH); + 3H» (1)

could be applied for hydrogen fuel cells in the transportation sector [2, 3].

The production of primary (new) aluminum is the largest in volume in the non-ferrous metal
industry. In 2010 the world primary aluminum production reached 24 million metric tons,
accounting for 1% of the world anthropogenic greenhouse gas emissions, while the production of
iron and steel contributed 5.4%. Current aluminum production is based on two main stages,

developed in the late 19th century:

a) The Bayer process for producing Al,O3; from a mixture of minerals composing the deposits of
bauxite. A simplified overall equation describing this process is:
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ALO;nH>O + 2NaOH = 2NaAlO; + (n+1)H,O (2)

in which in the above forward reaction, carried out in digesters, the alumina is solubilized to sodium
aluminate at temperatures of 140-240°C, while most of the oxides of iron, silicon and titanium
remain insoluble, and are separated as “red mud”. The solution of sodium aluminate is then cooled
to 45-70°C, resulting in the reverse reaction of Eq.1, with precipitation of hydrated alumina, which
then is calcined at 1150-1300°C to Al,O3 [3] The Bayer process often requires a stage of mineral
beneficiation, which involves the removal of fines and the separation of iron oxides by hydrochloric
acid leaching, and also co-produces a strongly alkaline waste (red mud) which is a serious
environmental hazard (major accident in Hungary, 4 October 2010), and also requires large areas.
The Bayer process uses about 25% of the total energy consumption of aluminum production.

b) The Hall-Héroult electrolytic smelting process for converting Al,O3 to Al. The high-temperature
electrochemical Hall-Héroult process in molten cryolite using sacrificial carbon anodes (releasing
CO2, prepared from calcined coke with pitch as binder) has the drawbacks of considerable
environmental pollution due to perfluorocarbon (PFC) release, high greenhouse gas emissions,
reaching 0.70 kg COs-equiv’kg Al even in modern smelters, and large electrical energy
consumption, about 15.4 MWh (or 55.4 GJ) per metric ton Al. If the CO2 emission from coal-fired
electric power generation is included, the Hall-Héroult process may cause the emission of up to 8
kg CO,-equiv/kg Al, while the Bayer process uses up to 0.035 GJ/ton Al [1, 4]. In the present study,
thermochemical equilibrium calculations were made using the FACTSAGE and HSC computer
codes [5, 6]. Reaction enthalphies were derived using the data of NIST [7].

2. Reactions at atmospheric pressure

Considerable efforts had been applied to produce aluminum from alumina by the alternative process
of the carbothermic reduction of alumina, according to the overall reactions [8-14],

ALO; +3C=2A1+3CO (3)

AlLO; + 3CH, = 2A1 + 3CO + 6H, (4)

Thermodynamic equilibrium calculations and experiments by induction furnace heating indicated
that these reactions can be achieved under atmospheric pressure only above 2200°C [14]. The
reduction of alumina to Al under Ar and CH4 at atmospheric pressure had been studied by radio-
frequency generated induction-coupled plasma, at above 10,000°C. The reduction products
collected on a water-cooled surface contained Al and Al4Cs [15]. The drawback of the very high
reaction temperature is partly compensated by producing syngas as a valuable by-product, and by
not requiring vacuum pumping [16]. Experiments using mixtures of Al,O3; and charcoal under Ar at
atmospheric pressure in a quartz-tube reactor heated by 30 sec pulses from an 18 kW induction
furnace resulted in the condensation on the cold region of the reactor tube of elementary Al, as well
as variable amounts of Al,O3, Al4Cs, and the oxy-carbides ALLOC and Al4O4C. In the best result in
one of the experiments the Al content in the deposit was 29% [14, 17].

3. Reactions under vacuum

According to the Le Chatelier principle, the extent of a chemical reaction should be favored by a
decrease in the total gas pressure. Thus, under vacuum conditions, the equilibrium of Eq. (3) should
be shifted to the right and the onset temperature for the metal production should be significantly
lowered. Thermodynamic equilibrium calculations indeed predict the advantage of much lower
required reaction temperatures by alumina reduction under vacuum, as shown in Fig. 1 [17, 18].
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Fig.1. Calculated onset temperature for Al(g) production as function of pressure in the system
Al20s3 + 3C.

This had been experimentally demonstrated under simulated concentrated solar illumination [18]
and by induction furnace heating [19, 20]. The direct vacuum carbothermic reduction has also been
applied to the alumina contained in bauxite [21-23]. In a study of the vacuum carbothermal
processing of low-iron bauxite, a mixture of calcined bauxite and charcoal heated up to 1600°C at
an initial pressure of 0.01 mbar in a corundum reactor tube resulted in the condensation of B-SiC,
Al,04C, Al, Al4C3, and a-alumina on the cold wall of the reactor, and in a residue of a-alumina,
TiC, and FeO in the hot zone of the reactor [21]. In a related study, the production of Al-Si alloys
had been studied by the vacuum carbothermal reduction of bauxite tailings containing mainly
ALOs, SiO,, and Fe,0s in a graphite furnace at pressures down to 10” bar and temperatures up to
2000°C, resulting in the formation of an Al-Si-Fe alloy, as well as carbides and elementary Al and
Si. The proposed mechanism involves the intermediate formation and decomposition of carbides, in
which the presence of Fe seemed to have a catalytic effect [22].

4. Induction furnace experiments

In experiments with induction furnace heating, using a 25 kW desktop Induction Heater, at a
temperature of about 1550°C, an argon carrier gas flow rate of 100 ml/min, a pumping speed of 250
m’/h, and a CO partial pressure less than 0.1 mbar, the reactants were almost completely consumed,
with only minor amounts of solids remaining in the reactor crucibles. Details of the experimental
setup and of the reaction procedure have been reported [19]. Aluminum vapors left the crucible and
condensed on colder places of the reactor. The content of elementary aluminum at the deposition
site depends on the rate of the reverse reaction. The reverse reaction is promoted by the temperature
and its rate is higher in hotter places. A number of test results are detailed in Table 1. It can be seen
that at temperatures of 1520°C and 1720°C and maximal CO partial pressures of about 0.1 mbar
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and 1 mbar respectively the forward reactions are almost fully completed with negligible residual
amount (about 1% of the initial mass of the reactant mixture) left in the crucible, which consists of
crystalline or amorphous carbon and a few percent of aluminum carbide. At lower temperature the

residue in the crucible is larger and amounts about 12% of the original loaded material (see Test No
1, Tablel).

The best results were observed at deposit places with a temperature of about 1000-1150°C, starting
with pellets made of a stoichiometric mixture of reactants, made of nano-particles of alumina and
beech charcoal. The content of elementary Al in the deposit (59wt%) was measured by XRD
quantitative analysis. When the alumina nano-powder in the pellets was replaced by 10pum alumina
powder with 10 wt % addition of sugar as a binder, 71 wt % of elementary Al was obtained,
together with aluminum carbide, oxy-carbide and oxide (see Fig.2).

Table 1. Amounts and composition of crucible residues after induction furnace heating.

Test No Reaction Maximal | Initial Mass | Residue in | Content of
temperature | CO partial | of reactant | crucible [g] | residue
[°C] pressure | mixture [g]
[mbar]
1 1380 0.05 2.76 0.33 33% ALO;
41% AlsCs
19% Al404C
24% Graphite
2 1520 0.09 2.15 0.02 1% AlC3
50% Graphite
49%
amorphous
carbon
3 1720 1.2 3.62 0.04 7.6% AlyCs
92.4%
Graphite

5. Discussion

A major issue involved in aluminum carboreduction in vacuum is the actual electrical energy
consumed by the vacuum pumps which is substantially higher than the theoretical work of
isothermal compression. The minimum theoretical work in isothermal expansion of the product
gases, assumed to be brought from atmospheric pressure P0 to vacuum pressure P is

WanTrga((ion[nPO/P[kJ IIIOI.AIZOS] (5)

where 7 is the increase in the number of gas moles formed per mole of aluminum oxide including
the amount of argon carrier gas moles, if any, R = 8. 314x10~ kJ K' mol™ is the gas constant, and
Teaciion 18 the absolute temperature of the reaction. The total net enthalpy input can be estimated
from

AH = HIAI(Treacu'on) + HSCO(Treaction) + HkAr(Treaction) - HADOS(-)O‘:C) - HSC(zocVC) -
Hy4:(20°C) (6)
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Fig.2 Results of quantitative analysis of a sample from a deposit site at a temperature of about
1000°C.

The hypothetical heat input for the reaction of Eq. (1) to 2Al(g) + 3CO(g) at T = 1800 K without
carrier gas was calculated to be 2,242 kJ/mol Al,O3. The minimum work of expansion from normal
pressure to P = 10-4 bar is 689 kJ/mol Al203. The total theoretical energy input would be 0.054
GJ/kg Al, comparable to that in modern smelters by the Hall-Héroult process of about 0.052 GJ/kg
Al [1]. At higher reaction temperature 2000K and Imbar pressure the total theoretical energy is
0.0522 GJ/kg Al which is similar to the energy consumption in the industrial process. However, the
real pumping energy consumption can significantly exceed the theoretical work of exothermal
expansion and at a CO partial pressure of less than 0.2-0.3 mbar (depending on amount of carrier
gas used) the actual pumping energy would exceed the energy consumed in the industrial Hall-
Héroult process which in itself is at least in two times higher than the theoretical figure which is
0.023 GJ/kg Al [24].The pumping energy was estimated according to [25] for a dry vacuum system
based on a Roots blower and a multi-stage Roots backing pump. As can be seen in Fig, 3, in order
for the pumping energy to be lower than the energy consumption in the current industrial process,
the operating pressure must be higher than about 0.2 mbar of the CO partial pressure. In order that
the total energy input into the process (pumping plus the process heat and the sensible heat to bring
the reactants to the reaction temperature) to be similar to the industrial process, the CO partial
pressure should be about 1 mbar. This entails an increase of about 200°C in the reaction
temperature. That was proved experimentally when the forward reaction was successfully
completed during 20 min as the CO partial pressure was increased from 0,08 mbar up to 1.4 mbar
and the reaction temperature was increased from 1550°C to about 1750°C respectively.
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Fig.3 Real energy consumption for production of 1 kg Al per hour as function of the CO partial
pressure. I-theoretical work for exothermal expansion,; 2-net total process energy (chemistry plus
sensible heat), 3— pumping energy, 4 —total energy, 5 — energy consumption in Hall-Héroult
industrial electrolytic process (a- 55.5 mol CO +0mol Ar per hour, b-55.5 mol CO +55.5mol Ar, c—
55.5 mol CO +100mol Ar).

The main difficulty in the carbothermic reduction of alumina is of preventing the re-oxidation or
carbonization of the gaseous aluminum that condenses on the walls of the reactor where the
temperature is still sufficiently high to promote the reverse reaction. XRD analyses of samples
taken from different sites in the reactor confirm that the amount of elementary aluminum in the
deposit strongly depends on the temperature at the specific site. The problem could be that at
continuous irradiation of the reaction crucible to a high temperature (1800°C), the forward reaction
(3) is too fast relative to the rate of pumping out of the CO and of the Ar carrier gas. As a result
aluminum vapor condenses on hotter areas and the residence time of the CO molecules is sufficient
to allow them to react back. It is therefore important to design the pumping speed appropriately and
in addition to the speed at the inlet of the pump, the resistance to flow in the connecting pipes, traps,
etc, should be considered in order to obtain fast removal of the gases from the reactor. One possible
approach would be to slow down the average forward reaction rate, while irradiating to a high
reaction temperature. This could be achieved by pulsing the irradiation. With a smaller rate of Al(g)
and CO production, the yield of Al(s) collection and CO removal could be improved. Also, the
average electrical energy consumption would be decreased. This technique of pulse irradiation had
been successfully applied in previous studies of alumina reduction at atmospheric pressure in
pulsed-arc reactors or induction furnaces [12, 14, and 16]. A moving-bed electric arc furnace for
carbothermic reduction of Al,O3; with petroleum coke was patented, producing Al containing only
9-12% Al4Cs [26, 27]. Concentrated solar energy could be used to provide the energy required to
preheat the reactor and the reactants to the operating temperature and to supply the endothermic
energy required for the chemical reaction [12, 18].
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