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Abstract

The production of Al from its ores at present relies on the Bayer (alumina production) and the Hall-
Heroult (Al production) process. The cost associated with alumina production and apparent
disadvantages of the Hall-Heroult process have led to intensive research to find alternative routes for Al
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technique. Another alternative includes the indirect carbothermal reduction route where alumina (or
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study reviews and provides systematic thermodynamic analyses of alternative Al production routes. In
this paper (Part 1), a comprehensive review of alternative Al production techniques focusing on the
indirect carbothermal reduction routes is presented. These include carbochlorination, carbonitridation
and carbosulphidation routes for the formation of intermediate Al compounds, followed by various Al
extraction processes.
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ABSTRACT

The production of aluminium from its ores at present relies on two processes: the Bayer
process (alumina production), and the Hall-Heroult process (aluminium production). The cost
associated with the alumina production and apparent disadvantages of the Hall-Heroult
process have led to intensive research to find alternative routes for aluminium production.
The direct carbothermal reduction process has been thoroughly investigated as an alternative
technique. Other alternatives include the indirect carbothermal reduction process where
alumina (or aluminous ores) is reduced to intermediate Al-compounds before further reduced
to extract aluminium. The current study reviews and provides systematic thermodynamic
analyses of alternative aluminium production routes. In this paper (Part I), a comprehensive
review of alternative aluminium production techniques focusing on the indirect carbothermal
reduction routes is presented. These include carbochlorination, carbonitridation and
carbosulphidation routes for the formation of intermediate Al-compounds, followed by
aluminium extraction processes.

Keywords: carbothermal reduction of alumina, carbochlorination of alumina, carbonitridation
of alumina, carbosulphidation of alumina, thermal dissociation, electrolysis,
disproportionation



1. Introduction

Aluminium is the most abundant metallic element in the Earth’s crust (about 8%) and the
second most widely used metal next to steel. The production of aluminium has increased by
nearly four times in the last three decades’. Pure aluminium cannot be found in nature
because of its high affinity to oxygen. In general it is found in a variety of minerals combined
with various elements such as silicon, oxygen, phosphates, fluorine, and hydroxides®®. In the
last century a number of methods have been developed to extract aluminium from its ores.
The current commercial production method relies on two energy-intensive processes
developed in the late 1800s: the Bayer process which produces pure alumina from bauxite
ore, and the Hall-Heroult electrolysis process which produces aluminium metal from
alumina. The cost of the Bayer process represents about 27% of the cost of aluminium
production® and the Hall-Heroult process uses about three quarters of the total energy
requirement, though these numbers vary depending on the specifics of the ores and sources of
energy used.

The Bayer process is the principal industrial technique to refine bauxite to pure alumina.
There has been little changes to the basic process since the first plant opened in 1893’. In this
process, bauxite containing typically 10-30 wt% Fe,03, 4-8 wt% SiO,, and 2-5 wt% TiO, as
major impurities® is dried, ground, digested in sodium hydroxide under pressure. Impurities
are separated by filtration, before an alumina hydroxide is precipitated and calcined to
produce commercial alumina. The relatively high purity alumina produced from the Bayer
process is then transferred to the Hall-Heroult electrochemical cell for electrolysis.

The Hall-Heroult process was patented in 1886° and the basic process layout remains
unchanged except for the form of the carbon anode®. There has been significant
improvement in the process over last hundred years, through increasing cell size, greater
automation and control, and improved control of emissions. Tarcy et al."* provides an outline
of the improvements in a recent review, showing that the overall energy usage per kg of
metal has decreased from typically over 30 kWh/kg Al in 1914 to below 14 kWh/kg Al by
2000.

In the Hall-Heroult process aluminium metal is extracted through electrolysis of purified
Al,O5 dissolved in NaF-AlF; (cryolite) solution according to the following overall reactions:

0.5 (A|203) +0.75 C(S) — A1(|) +0.75 COz(g) (1)
0.5 (A|203) +15 C(S) — A1(|) +15 CO(g) (2)

In this process, liquid aluminium is produced at the bottom of the cell and CO and CO, gases
are evolved from the bath. The Hall-Heroult process also generates greenhouse gasses such as



CF4 and C,Fg from the carbon electrode and reactions with liquid cryolite (NasAlFg). Per
fluorocarbons (PFCs) may also form during the so-called anode effect when the electrolyte
becomes depleted in alumina®®. In general, the process has high capital costs, low
productivity compared to other metallurgical processes and consumes significant energy
(from 12.9 to15 kWh/kg AI***"). The production of each kg of Al consumes between 0.4 to
0.5 kg of carbon in the form of anodes and in total, aluminium production contributes to 2.5%
of the world anthropogenic CO, equivalent emissions**. This value will vary from plant to
plant as it depends on energy source, the details of the cell and quality of the feed materials™.

The apparent disadvantages of the Hall-Heroult process have led to numerous researches to
develop alternative routes throughout the 20" and early 21% centuries. The most important
alternatives that have been envisaged include modified Hall-Heroult process utilising inert
anodes, direct carbothermal reduction of alumina'®, and indirect carbothermal reduction of
alumina (e.g. formation of AICI; intermediate followed by Al extraction in the Alcoa
process'®).

In this Part 1 paper, a comprehensive review of various aluminium production methods,
focusing on the indirect carbothermal reduction routes, is presented. There have been a
number of major review papers on Al production routes. In 1964, Stroup™ provided a
detailed review on the carbothermal production processes of aluminium. Russell?® provided
another major review on various new technologies in 1981, including review and progress on
the development of Alcoa processes. The current paper briefly reviews the recent
development in direct carbothermal routes followed by systematic reviews of different
indirect carbothermal reduction routes. In the Part 2 of the paper, systematic thermodynamic
analyses of selected indirect carbothermal reduction routes are presented. These include
evaluation of Gibbs free energy formation and equilibrium calculations of various
intermediate Al-compounds formation and extraction of aluminium from these compounds.

2. Direct Carbothermal Reduction Processes

The direct carbothermal reduction of alumina to aluminium has potential for greater
productivity, lower capital investment, less consumption of electric power, and lower overall
greenhouse gases emission, compared to the Hall Heroult process. It is well established that
direct carbothermal reduction of iron oxide, through blast furnace technology, offers far
greater productivity and energy efficiency than any comparable electrolytic process. It is this
desire to duplicate the merits of pyrometallurgy processing to aluminium that has driven
interest in carbothermal reduction of alumina. The overall reactions for carbothermal
reduction of alumina can be presented as:



Aly,O3() + 3C() = 2Al(5) + 3COg) (3)
A|203(s) + 3CH4(g) = 2A|(s) + 3CO(g) + 6H2(g) (4)

These two reactions are thermodynamically favoured above 2057°C and 1497°C,
respectively®®. Although these reactions look simple, in practice these are difficult to achieve
with high Al yield. The reaction steps are not straight forward as the aluminium oxide forms
intermediate and volatile sub-compounds during the process. During cooling down of the
products, mixture of carbide and oxycarbide can form due to reactions between the products.

The chemistry and thermodynamics of the Al-C-O system have been studied extensively ***"
19, 21-32

Recent developments in carbothermic production of aluminium have evolved in the direction
of a two-stage process. Cochran and Fitzgerald®® invented a stack-type reactor in which Al,O3
and C was reacted in a high-temperature upper reaction zone and produced liquid mixture of
Al,O3 and Al,C3 which was then transferred to a lower reaction zone for Al extraction. Alcoa
and Elkem companies thoroughly investigated carbothermic production of aluminium using
the stack-type reactor’**°(ARP-Advanced Reactor Process). Alumina was carbothermally
reduced in the first reaction compartment of a vessel to produce a 50% Al,03-50% Al,Cs slag
melt at approximately 2000°C. Further reaction took place between alumina and aluminium
carbide in the second compartment at approximately 2200°C to produce an aluminium-carbon
alloy. The reactions associated with each stage are given below:

3 A|203(5) +9 C(S) = (A|4C3.A|203) 0} +6 CO(g) T= ZOOOOC (5)
(A|4C3.A|203) n= 6 Al m+t 3 CO(g) T =2200°C (6)

The ARP included a method for vapour recovery for recycling the aluminium and aluminium
sub-oxide vapours generated. Fruehan et al. * studied the mechanism and reaction rate of
Al,O(), Alg with carbon source. They found that the rate of formation of Al,C; from Al,O
and Al gases in CO is controlled by diffusion of the reactant gases through the Al,C3 product
layer. The two-zone method was also researched by Persson*!, and Dougan and Southam*.
Dmitriev and Karasev* proposed an induction shaft furnace for Al,C; production from
alumina. Then aluminium was extracted by electrolysis in the lower zone of the furnace.

Other recent developments include the vacuum carbothermic reduction currently being
developed under the ENEXAL project**. This process uses an electric arc furnace (EAF) with
integrated shaft attachment. The EAF is the main reactor where liquid aluminium is produced
and the shaft acts as condenser for the Al and Al,O vapours. By carrying out the process
under vacuum, the formation of aluminium rich vapour will be favoured over liquid
aluminium. The process can also be carried out at lower temperatures, e.g. 1500°C at 10 Pa
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pressure. Preliminary experimental study has been carried out using a solar furnace to
demonstrate the process. At temperatures 1027 t01727°C and pressures 350 to 1200 Pa, Al
(up to 19%) along with Al,C3; and Al,04C can be produced upon condensation®°. It is
unclear whether yield can be improved and whether the proposed process has potential for
commercialisation.

Sayad-Yaghoubi*’ proposed a carbothermic process for the production of aluminium carbide
by injection of carbon and Al,Os into superheated aluminium (> 1400°C). The reaction
between the injected carbon with molten aluminium followed:

4 Algy + 3 Cs) = Al4Cyqy T > 1400°C @)

The formed Al,C; attaches to Al,O3 and forming a mixture of Al,C5 - Al,O3. Aluminium was
then extracted from this mixture in a separate zone through reaction given in EQ.6 at
temperatures about 1700°C to 2000°C. This was done by maintaining a sufficiently low gas
pressure in the second zone, e.g. by extracting the CO gas. Sayad-Yaghoubi*®* also proposed
various types carbonaceous materials (such as CH, and other hydrocarbons) and additional

reactants (such Al scrap and dross).

Despite the developments to date and significant scientific and financial investment of
resources, no processes based on direct carbothermal reduction have been successfully
developed to full plant scale. Direct carbothermal processes have to date suffered generally
from problems with yield, associated with the formation of other compounds other than
aluminium.

3. Indirect Carbothermal Reduction Processes

Researchers and industry have also directed their attention to multi-stage process, in
particular indirect carbothermal reduction of alumina. These types of processes involves two
or more steps where in the first step (Stage 1) alumina or aluminium ores are converted to
intermediate Al-compounds. The intermediate Al-compounds are then further reduced to
aluminium metal in subsequent steps (Stage 2). This is schematically shown in Figure 1.

The following sub-sections review the various indirect production processes of aluminium,
focusing on the carbochlorination, carbosulphidation and carbonitridation routes for the Stage
1 followed by various Al extraction techniques in the Stage 2.



Thermal
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Figure 1 — A schematic diagram showing the indirect carbothermic aluminium production
method from alumina.

3.1 Carbochlorination Route

This route involves the formation of aluminium chloride intermediate compounds from
reactions of alumina and/or aluminous ores with carbon and chlorine sources. The production
of volatile metal halides (including aluminium trichloride) from alumina has been known for
many years, but most of the processes have difficulties in terms of operation and control. One
of the earliest patented works in the production of aluminium trichloride was from Ferguson
et al.>°, where they developed a continuous process using fluidised-mixture reactor. In the
case of carbochlorination of alumina, the process can be represented by the reactions,

A|203(3) +3 C(S) +3 C|2(g) =2 A|C|3(g) +3 CO(g) (8)

Al,O3) + 3 COg) + 3 Clyg) = 2 AlCl3() + 3 COqg) €)]

The chlorination temperature is in the range of 400 to 1000°C depending upon the reacting
agents. There have been a number of studies on the chlorination of alumina investigating the
effect of various Kinetic parameters (chlorination media, partial pressure of gaseous
components, particle shape and size and reactor design) on the reactions in the temperature
range between 427 and 1027°C°*>*. Unless a high purity alumina source is used, other
elements that are generally present such as iron, silicon, and titanium are also chlorinated and
must be separated from the aluminium trichloride. Yuan et al. carried out study of
carbochlorination of alumina in vacuum and reported that AICly is formed at temperatures
1430 to 1580°C at pressures 40 to 150 Pa.

Grob and Richarz®® attempted to chlorinate alumina in kaolinitic clay in Cl, and CO gas
mixtures. They found that the reactivity of alumina in the raw material increases when the
material is first pretreated using ammonium sulphate (NH4)2SOa(g) or sulphur trioxide SOsg).
At temperatures below 727°C, the chlorination rates were found to be comparable to those
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reported for using pure gamma alumina as starting material. However above 727°C, SiCl,
formed and interacted with alumina, leading to a decrease in the rate of aluminium
chlorination.

Huapin et al.>” produced aluminium trichloride from alumina through reaction with carbon
and chlorine in alkali metal halides and alkaline earth metal halides molten salt baths (AICI;-
NaCl-LiCl) between 400 and 950°C. Becker et al.”® used a mixture of high purity activated
carbon and alumina heated in bubbling chlorine between 500 and 775°C and was able to
obtain 100% conversion to AICl3 vapour.

In 1971 Toth®® patented a two-stage process for aluminium production where in the 1% stage,
alumina was reacted with manganese chloride in the presence of carbon at temperatures 900
to 1300°C producing aluminium trichloride and manganese, through the reaction:

A|203(s) +3 MnCI2(|) +3 C(S) =3 Mn(|) +2 A|C|3(g)+ 3 CO(g) (10)

Wyndham et al.®® and Lippman et al.”* (of Toth Al Corporation) used alumina based ores as
the source for aluminium. In the case of alumina-silica ores, the reaction was carried out in
the presence of sulphur to improve the halogenation. Sulphur acted as a catalyst and the
process could be carried out a temperature as low as 400°C through this reaction:

A|203.28i02(5) + 7C(5) +7 C|2(g) + Sulphur =2 A|C|3(g) + 28iC|4(g) + 7CO(g)
T = 400 to 1000°C (12)

There are other processes for aluminium trichloride production, including various aluminium
extraction techniques from the chloride. Table 1 summarises selected processes and
technological development associated with the chloride route (both the Stage 1 and 2).

3.2 Extraction of Aluminium from Aluminium Trichloride

The common routes for extracting aluminium from its chlorides are through
disproportionation and electrolysis reactions. Other routes include distillation and direct
reduction with other metals.

Disproportionation of Aluminium Halides (including Chlorides)

Willmore®® (Alcoa) discovered that AIF; and several other fluorine compounds selectively
distil aluminium at 900-1300°C. Klemm and Voss® indicated that this occurs because of a
formation of a monovalent compound (in this case AIF) at a temperature around 1200°C. This
compound was then disproportionated at a lower temperature of around 800°C according to
the following reaction:



3 A|F(|) =2 A|(S) + A|F3(s) (12)

In this process the aluminium condensed as a fine powder, mixed with solid AlF;. Therefore
further process using molten-flux was necessary to separate and agglomerate the aluminium.
It was then found that the above reaction also occurs with other aluminium halides. The
halide formation has been the basis of aluminium production and refining process using
various aluminium halides and other sub-compounds. Belyayev and Firsanova® conducted a
survey on various aluminium sub-compounds and concluded that subfluoride and subchloride
provided the most potential for practical refining processes.

Gross®>® in 1944 proposed a process using AICI; where AICI; vapour was passed through a

bed of impure crushed aluminium alloy above 1000°C and aluminium was extracted and
condensed by disproportionation at 700°C according to the reaction:

3 A|C|(g) =2 A|(|) + A|C|3(g) (13)

The reformed AICI; was not condensed and was recirculated through the reaction furnace. As
only aluminium was condensed, further separation process from the AICl; was not
necessary.

In the 60’s, Alcan developed an alternative process for production of aluminium which
involved carbothermal reduction of aluminous ores followed by monochloride purification®.
This work was stopped due to problems associated handling of chlorides which included
stress-corrosion cracking and inefficiency in separating manganese impurities. In the 70’s
Othmer®”®® proposed a separation of aluminium from aluminous ores (bauxite, clays,
feldspar) through carbochlorination (to form AICIs) followed by disproportionation or
halogenation in a flash condenser. One of the recent works associated with carbochlorination
of alumina followed by disproportionation was from Yuan et al.>®>. They carried out the
carbochlorination in vacuum and observed AIClg at temperatures between 1430°C and
1580°C and pressures from 40 to 150 Pa. The AICI, was then disproportionate into Al and
AlCl3( below 660°C. They were able to obtain Al metal with average purity of 95.32 wt%.

Electrolysis of Aluminium Trichloride

It has been claimed that aluminium chloride electrolysis method is attractive both from an
economic and technical point of view®. Ishikawa and Ichikawa™ argued that the potential
advantages of aluminium chloride salt electrolysis process include:

(1) chloride salts are much less corrosive than fluoride salts which results a longer cell
life;
(2) the electrolysis process requires a closed system which limit the emission of gasses;



(3) chloride salts have higher conductivities compared to the fluoride salts resulting lower
energy consumption, higher power and current efficiencies;

(4) the electrolysis process has a very broad operational range of aluminium
concentration which results in no “anode effect”;

(5) it is possible to design an electrolytic process cell with bipolar electrodes which
results in a much more compact cell with increased production potential per unit
volume.

In the 70’s, Alcoa developed alternative processes to produce aluminium which focused in
three major directions: (1) direct carbothermal reduction of alumina and (2) indirect
carbothermal reduction of aluminous ores that involved carbochlorination, monchloride
purification and (3) electrolysis of aluminium chloride®. The general schematic of the
process routes is shown in Figure 2.

Hall-Heroult Process

I Alumina

| Direct Carbothermic - Oxycarbide

Bayer Process Carbochlarination

I .,

Aluminous Ores Carhnchlnrmatm: Aluminium Chloride w Aluminium
Carhathermic Manochlaride Purification
® Aluminium Alloys !

Figure 2 — A schematic diagram showing the process routes considered by Alcoa %.

Russell et al.’® from Alcoa developed an aluminium chloride electrolysis process using NaCl-
LiCl (50:50 wt%) electrolyte at temperatures from 660 to 730°C. They suggested operation
with 1 to 15 wt% concentration of AICI; in the bath. The anode-cathode distance in the
process was approximately 25mm. They were able to improve the current efficiency (up to
80%) and avoid the formation of sludge from the impurities using these proposed operating
conditions. Dell et al.”, improved the process by developing a new design with bipolar
electrodes. This allowed the process to operate with a lower anode-cathode distance (less than
19mm). Alcoa developed the aluminium trichloride electrolysis route in the 1970s to a
commercial level but halted operations in the 1980s, because of difficulties associated with
production and handling of pure aluminium trichloride’.



Ishikawa and Ichikawa™ from Nippon Light Metal electrolysed AICl; in a molten AICI;-
LiCI-NaCl salt bath at 700°C. Additions of LiCl, CaCl, or MgCl, salts to the bath improved
the electrical conductivity and the current efficiency. They were able to obtain 90 to 100%
current efficiency. Cohen et al.”® from Pechiney proposed a continuous process through
carbochlorination of alumina to form AICI; followed by electrolysis in AlCls-alkali/alkali-
earth metal halides electrolyte. One of the recent works on the electrolysis of AICI; was from
Sharma’ where aluminium was produced through electrolysis in a chloride-fluoride salt bath
at 750°C. The electrolytes used include NasAlFg-NaCl-NaF, LizAlFg-LiCI-LiF, and KsAlFs-
KCI-KF.

Wilkening™, produced aluminium through electrolysis where the bath consists of alkali
halides and/or alkali earth halides. A mixture of aluminium oxide and carbon was used as a
feed material. Different arrangements of the electrolytic cell were also proposed in the work.
Tomaswick™ from Alcoa electrolysed Al,Os directly in a bath containing AICI; and an alkali
metal chloride (NaCl, LiCl, KCI, MgCl,, CaCl,, BeCl,, BaCl,). The process was carried at
300°C and aluminium was extracted as a solid metal at the cathode in a frozen layer of the
alkali metal chloride.

Other Al Extraction Methods from Aluminium Trichloride

There are other methods used to extract aluminium from AICIl;. One example is through
direct reduction using another metal (e.g. manganese). Toth>® patented a two-stage process
where in the 1% stage, alumina was reacted with manganese chloride in the presence of
carbon producing aluminium trichloride and manganese, as given in reaction in Eq. (10). The
aluminium was extracted by reacting AICI; with manganese in the 2" stage at a temperature
sufficient to reduce AIClI; to Al, according to the following reaction:

3 Mn(|) + 2 A|C|3(g) =2 A|(|) + 3 MnC|2(|) T =900 to 1300°C (14)

The flowsheet of the process is shown in Figure 3. Terry et al.”” modified the process and
carried out the reaction at lower temperatures (180 to 600°C) and higher pressures (0.1 to

3.04 MPa) using solid manganese to form solid aluminium directly according to the reaction:

3 Mn(s) +2 A|C|3(g,|) =2 A|(5) +3 MnC|2(5,50|n) (15)

10



Coio
—

Condenser

AICIE (o) + CO (o)

Coke

Faw Cla

T—P Blast Furnace | ©2 (o) I_' Reactor
&l

Diry Clay |

—— 3| Drying Kiln

AICI3 ()
MRCI2 ) MRCI2 (g) ™!
AICI3 ) | Hx 2
L 4
hir i1 Alurniniurm (0

Figure 3 — A flowsheet of Toth process .

11




Table 1: Summary of previous major works/patents in the Chloride Route (*” refers to patent; 1 stage refers to production of intermediate Al chlorides; 2™ stage
refers to extraction of Al from the chlorides)

Year | Author Reactions and Parameters Process Information
2002 Tomaswick P AICIl; molten bath with NaCl, LiCl, KCI, MgCl,, CaCl,, | Electrolysis of Al,O3 in a low temperature bath containing AICI; and an alkali
(Alcoa) BeCl,, BaCl,. T = 300°C preferably (150-200°C). metal chloride. The bath is at 300°C and solid aluminium is produced at the
Conc. of alkali metal chloride = 10-50 mol%, Voltage < | cathode in the frozen layer of the alkali metal chloride. (2" Stage)
2.0 volts. Current density > 0.2A/in’.
2000 Sharma "? AICl; + 3NaF = AlF; + 3NaCl l Electrolytic production of aluminium metal from aluminium trichloride using
3NaCl =3 Na + 1.5Cl, AlCl; = Al + 1.5Cl, chloride-fluoride salts bath. Aluminium fluoride is separated from the bath and
AICl; + 3LiF = AlF; + 3LiCl electrolytically reduced to metallic aluminium. (2" Stage)
3LiCl = 3Li + 1.5Cl, }AICIg = Al + 1.5Cl,
AlF; + 3Li = 3LiF + Al
AICI; + 3KF = AlF; + 3KCI
3KCI=3K+1.5 Clz }ICI3 =Al+ 150'2
AlFl; + 3K = 3KF +Al
Electrolytes: NasAlFg-NaCl-NaF; LisAlFg-LiCI-LiF;
K;AIFs-KCI-KF; Temperature: 750°C
1990 Wilkening P Electrolyte melt: > 50% consist of NaCI-KCI, 10-40% at | Production of aluminium from alumina through electrolysis where the bath
(VAW Vereinigte | least of cryolite, alkali fluorides and alkaline earth | consists of alkali halides and/or alkali earth halides. Alumina is charged as
Aluminium-Werke | fluorides; AlICl; 3-5%. briquette with carbon which also acts as anode. Bipolar electrodes designs are
AG) T = 680-850°C also used. (2" Stage)
1986 Cohenetal. °? Al,O3) + 3Clyg) + 3C) = 2AICI3() + 3CO(g Al production method through carbochlorination of alumina, followed by
(Pechiney) T = 660-800°C; electrolysis of aluminium trichloride in a molten salt bath containing at least
Chlorinating gas: Cl,, CCl,, C,Clg, phosgene one alkali/alkali earth metal halides. Flowsheet of a continuous process. (1% &
Electrolysis: Conc. of AICI; in bath = 10-40 mol% 2" Stage)
T = 450-900°C
1986 Rao etal. % Example for MgF, catalyst: MgF,) = MgF;( The use of catalysts for carbochlorination of Al,O; at 750-950°C. These
(Washington Res. | 3AlL,05¢) + 2MgF;g + 9CO(g + 9Clyq = 2MgAIlsF,Clgg | include: alkali fluorides, alkaline earth fluorides, alkaline earth carbonates,
Foundation) +9C0yq) alkaline earth chlorides, alkaline earth bromides, alkaline earth oxides, and
MgAI5F,Clg = MgFq + 3 AlCl5 their mixtures. (1% Stage)
1981 Sinha "®? Dehydration T = 300-400°C Development of a process to produce anhydrous aluminium chloride from

(CSIRO Australia)

Chlorination T = 400-500°C

2AICI;.6H,0 + 12C0O( + 12 Clyg) = 2 AlClyg) + 2
COyg + 24 HClg,

Gas Mixture: 40-50%v Cl,, 30-50%CO, 5-15%CO0,, 5-
15%H.

aluminium chloride hexahydrate. The process involved dehydration and
chlorination in a fluidized bed reactor. (1% Stage)
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1981 Mueller et al. P Dilution Agents: quartz, corundum, MgO Improved carbochlorination process of aluminous ores in a fluidized bed
(Swiss Al Ltd.) Size: comparable to starting materials, amount 10- reactor by the addition of an inert solid dilution agent to the bed. (1% Stage)
90wt%. Gas flow rates: 2-30cm/sec
Conversion: 58-65%
1981 Loutfy et al. P Al;,03.Fe;044) + 6Clyq) + 6C) = 2AICI5) + 2FeClzg + | Production of aluminium trichloride from aluminous material contains iron,
(Dept of Energy of | 6CO(); T =900-1200 K titanium and silicon compound reacting with carbon and a chlorine-containing
USA) Al,S;() + 2FeClyg) = Fe Sy + 2AICI ;T = 800K gas. Produced chloride gases are cooled down to 400 K or lower to condense
Yield: 99.8%. the aluminium chloride and iron chloride gases then heated to 800K and passed
into intimate contact with aluminium sulphide to precipitate solid iron sulphide.
(1" Stage)
1979 Ishikawa et al. P | Electrolyte Bath: CaCl,/MgCl,(15-70wt%)-(83- Production of aluminium by electrolysis of fused aluminium chloride together
(Nippon Light 15wt%)NaCl; with conc. AICl; = 2-15wt%; with an alkali metal halide. (2" Stage)
Metal Co Ltd) T = 680-780°C; Current Density: 0.5-2.0 A/cm?
Current Efficiency: 90-100%
1978 Harvey et al. **P Al;,03.5i0,() + 5C + 5Cl, = 2AICl3 + SiClyg + 5CO | Production of Al through chlorination of chemically bonded Al,Ozand SiO, to
(Westinghouse 2AICl5 + 3Mngy = 3MNClyq) + 2Al, produce AICI; and SiCl,. AlCI; is then reacted with Mn to produce elemental
Electric Corp.) SiCly(g) + 2Hy(q) = Sigy + 4HCl g, Al and MnCl,. Oxidizing MnCl, produces MnO. Reducing SiCl, by hydrogen
MnClyg) + Oyg) = MNn,035) + Cly to yield silicon which can be used to reduce MnO producing Mn which is
Si(y + Mn,O35) = SiOy) + Mng recycled to the previous step to reduce AICI;. (1% & 2™ Stage)
T =1227-1727°C
1978 Becker et al. **? Al,O3) + 3Clyg) + 3C) = 2AICI3() + 3CO(g Production of aluminium chloride by using high purity activated carbon and
(Alcoa) Cl, Flow Rate: 0.95-3L/min alumina and bubbling chlorine gas. Aluminium chloride was remove in vapour
Chlorine to AICl;: 100%; T = 500-775°C from and condensed. (1% Stage)
1978 Lippman et al. **? | Bauxite/Clay + Clyg + Ci = AIClg + FeClyg + | Process for the production of pure aluminium chloride and alumina from
(Toth Al Corp.) SiCly) + TiClyg) + CO) +COy); T =750-850°C aluminous ores through carbochlorination followed by chlorides separation and
Vaporization of AICI-FeCl; mixture, followed by | purification. (1* Stage)
separation of AICI; by distillation.
1978 Wyndham et al ®°® | Al,03.2Si0y¢) + 7C) + 7 Clyg + Sulphur = 2 AICl3 + | Improved halogenation of aluminous ores by sulphur treatment; allowing low
(Toth Al Corp.) 2SiClyg + 7CO(g temperature processing. Sulphur acts as catalyst but no detailed mechanisms
T = 400-1000°C (~700°C) were presented. (1% Stage)
1978 Pope %P N/A Development of a fluidised bed reactor for chlorination of alumina with
(Alcoa) multilayer lining. (1 Stage)
1977 Holliday et al. ®P Fe203(s) (in bauxite) + 3 SOxzg) + 7 COg) = FeS3() + COy(g) Removal of iron from bauxite by reaction with SO,/CO gas mixtures followed
(Comalco Ltd) Fe2S3(s) (in bauxite) + Clag) = FEClgg) + purified bauxite by chlorination. (1** Stage)
T =430-750°C
Purified bauxite + Clyg = AlCly (with low Fe content)
T = 650-750°C
1977 Haupin et al. >"P Al;O34 + 3Clyq + 3C = 2AICI5 ) + 3COy Production of aluminium chloride by reaction of aluminium oxide, carbon and
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(Alcoa)

Molten bath: AICI;-NaClI-LiCl
Cl, conversion to AlCls: 99%; T = 400-950°C

chlorine in an alkali metal halides and alkaline earth metal halides molten salt
bath. Aluminium chloride was separated by vaporization. (1 Stage)

1975 Terryetal. "'P 3Mng) + 2AICl3q 1y = 3MNClys somy + 2Al ) A method of producing aluminium wherein aluminium chloride in liquid phase
(Toth Al Corp.) Pressure range: 15-450 psi. reacted with manganese in solid phase. The manganese reduces aluminium
Temperature: 180-600°C; Time: ~2hrs chloride and forms essentially elemental aluminium and manganese chloride.
AICI; Flow Rate: 0.75-3.20 g/hr (2" Stage)
1975 Dell etal. P AlClsg) = Algy + 1.5Cly Design and development of electrolytic cell with intermediate bipolar
(Alcoa) Electrolyte: 50-75% NaCl and 25-50%L.iCl, electrodes. This allows the flow of bath melt and settling of Al metal. Anode-
Conc. AICI3: 1.5-10wt%; T = 660-730°C cathode distance/spacing of less than % inch. (2" Stage)
1975 Othmer *°? 3 AIClg = 2 Al + AlCly Extraction of aluminium from aluminium trihalide by halogenation and/or
2 AlClyg + 6 Sgy = 2 Algy + 3 S;Cl»(9) disproportionation in a flash condenser. (2™ Stage)
T =600-1000°C
Other reactions above 1500°C:
AlgOg(S) + SzClz(g) + 30(3) =2 AlCl(g) +2 S(|) +3 CO(Q)
2 Aleg(S) +2 SgClg(q) + Oz(s) =4 AlCl(q) +4 SOg(q)
1974 Othmer °7P Clyg) + Al,O3() + 3C() = 2AICI g + 3CO(g Separation of Aluminium from aluminous ores (bauxites, clays, feldspar, etc)
SiClyg) + 2Al,05() + 4C) = 4AICI g + 4CO(g) + SiOx through the formation of volatile tri-halide, followed by disproportionation of
AlClgg) + Al,O46) + 3C() = 3AICI ) + 3COy tri-halide to metallic aluminium. (1** and 2" Stage)
T =1000-1200°C
Removal of Fe impurities:
2A|C|2(g) + Fe203(s) = 2F9C|3(g) + Aleg(s)
Disproportionation T = 700°C
3A|C|(q) = 2A|(|) + A|C|3(q)
1973 Russell et al. **? AlClgg) = Algy + 1.5Clyq ;T =660-730°C Production of aluminium by continuous electrolysis of aluminium trichloride.
(Alcoa) Electrolyte: NaCl-LiCl; (50:50 wt) Increase of current efficiency of the process (avoiding the formation of sludge)
Conc. AICI; in bath 1-15wt%; oxide impurities<0.25wt% | using proposed operating conditions (2" Stage)
ACD: 1linch, Current density: 10A, Voltage: < 5V,
Current Efficiency: 80%
1971 Toth *P Al;,O3 + 3MNClyy + 3C() = 3Mng) + 2AICI5q + 3CO(, | Production of aluminium by a two-steps process comprising the reaction of
(Applied Al 3Mng, + 2AICl5q = 2Alg) + 3MnCly, alumina with manganese chloride in the presence of carbon to form aluminium
Research Corp.) T =900-1300°C trichloride and manganese and the subsequent reaction of aluminium trichloride
with manganese at a temperature sufficient to reduce aluminium trichloride to
aluminium. (1% and 2" Stage)
1948 Ferguson et al. ®® | Al,Oy) + 3C() + 3Clyg = 2AIClyq + 3COy Production of Al-chloride and Al-bromides. Development of a continuous
(Standard Qil T = 649-816°C process using a “fluidised mixture” type reactor (1* Stage)
Development Co)
1939 | Willmore *P 3 AlFg =2 Al + AlFs Disproportionation of Al-halides, including Al-chlorides (2" Stage)

(Alcoa)

T =900°C-1000°C
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3.3  Carbosulphidation Route

Another alternative aluminium production method that has received a less attention is through
the formation of aluminium sulphides (Al,S3; and AlS), as intermediate compounds. One of
the first patented works on the carbothermic production of Al,S; was by Haglund®. Haglund
produced a mixture of Al,O3 and Al,S3; from the reaction between Al,O3-containing ores,
carbon as reduction agent, and sulphur sources in the form of FeS and ZnS. FeS was added in
the form of a lump (mixed with uncalcined bauxite) where it was sink through the formed
slag into the liquid iron alloy underlying the slag. Aluminium sulphide was formed as part of
the reaction products, while aluminium was contained in the iron alloy.

In 1958, Weiss®™ proposed a method for producing aluminium from a mixture of aluminous
ores and Al,S; reacted with carbon at temperatures above 1000°C at pressures below
atmospheric pressure. The reaction resulted in vapors of aluminium subsulphide (such as
Al,S) which upon cooling disproportionated into aluminium sulphide (Al,S3) and aluminium
precipitate. The reactions are given below;

2A|203(3) + A|253(S) + 6C(s) = 3A|28(g) + 3C0(g) (16)
3A|25(g) = A|283(g) + 4A|(S) (17)

Weiss proposed the process to be carried out at 1000-1200°C at pressure below 5 mmHg. The
process could be carried out at higher pressures if the temperature of the process is increased,
e.g. at temperature above 2000°C, the process can be carried out at atmospheric pressure.

Loutfy et al.®® studied the thermodynamics of the carbosulphidation of alumina and patented

an aluminium production process in 1981%”. Aluminous ores were reacted with carbon and
sulphur containing gas at temperatures 1027 to 1227 °C to obtain molten aluminium sulphide
(Al,S3) and CO gas according to the following reaction:

A|203(3) + 3C(s) + 1.552(9) = A|283(|) + 3CO(g) (18)

The Al,S; was further heated at temperatures 1327 to 1627°C to produce aluminium
monosulphide (AIS) and sulphur. Then AIS was cooled to a temperature 927 to 1097°C
where it disproportionated to molten aluminium sulphide (Al,S3) and aluminium metal
following the reactions:

A|253(|) = 2A|S(|) + S(g) (19)
3A|S(|) = A|253(|) + A|(|) (20)

The Al,S3(l) produced from the reaction in Eq. 20 was then electrolysed to extract the
aluminium. The flowsheet of the process is shown in Figure 4.
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Figure 4 - A flowsheet of aluminium production through carbosulphidation followed by
combination of disproportionation and electrolysis proposed by Loutfy et al.®’

Sportel and Verstraten®® (of Corus Aluminium GmbH) produced Al,S; from y-Al,O3 using
CS;gas at 850°C according to the following reactions:

A|203(S,Y) + 3C82(g) = A|283(|) + 3CO(g)+ 1.582(g) (21)
A|203(S,Y) + 3C82(g) = A|253(|) + 3COS(g) (22)

The carbon disulphide was produced by reacting methane with sulphur gas through the
following reactions:

CHy(g) + 2S2g) = CSz(g) + 2H2S(g) (23)
3H2S(g) + 1.505¢) = 3S(g) + 2H20() (24)

The process is preferably performed in the range 750 t01100°C and 5x10° to 35x10° Pa.
Typically a temperature of 850°C and 30x10° Pa is applied if solid Al,Ss is required®. This
temperature was proposed to avoid transformation of y-Al,O3 to a-Al,O3. It was shown that
the reaction rate between y-Al,O3 and CSy(g is higher compared to reaction rate between o-
Al,O3 and CSy(). It was proposed that the resulting Al>S; is then electrolysed to extract the
aluminium. This route (carbosulphidation followed by electrolysis) is the basis of the Corus -
Compact Aluminium Production Process (CAPP). The proposed flowsheet for this process is
shown in Figure 5.
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Figure 5 - A flowsheet of compact aluminium production process (CAPP ™28

Xiao et al.®

, Studied the kinetics of the sulphidation of alumina with CS, gas at ambient
pressure. They suggested that the optimum temperature for sulphidation of y-Al,O3 is around
850°C. In the experimental conditions studied, they reported that the particle size of y-Al,Os
had no effect on the reaction rate. A maximum conversion ratio of about 40% after 5 hours of

reaction at the conditions studied was achieved.

Li et al.%® investigated the possibility of direct formation of aluminium monosulphide (AIS)
by reacting alumina-carbon mixture with FeS according to the following reaction:

A|203(3) + 3C(s) +2 FeS(s) = 2A|S(g) + 3C0(g) + 2Fe(s) (25)

They suggested the above reaction can be carried out at temperatures as low as 407-597°C at
pressure range of 15 to 300 Pa.

Previous major works on the production of aluminium from alumina (or aluminous ores)
through carbosulphidation reactions followed by various aluminium extraction process (Stage
1 and 2) are summarised in Table 2.

3.4  Extraction of Aluminium from Aluminium Sulphides

The literature review on the production of aluminium through carbosulphidation route
revealed that the methods proposed to extract aluminium from its sulphides are
disproportionation and electrolysis.

Disproportionation of Aluminium Sub-Sulphides

The basis of aluminium extraction by dispropotionation is through dissociation of aluminium
sub-sulphides to aluminium sulphide (Al3S;) and aluminium upon cooling (e.g. at
temperature below the disproportionation temperature of associated sub-sulphides). Weiss®
suggested the disproportionation of Al,S¢) sub-sulphide as per reaction given in Eq. (17) at
pressure 5 mmHg and temperature of 1200°C. Loutfy et al.?® proposed an extraction of liquid
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aluminium through disproportionation of AlS;y sub-sulphide at temperature between 927 and
1097°C following reaction in Eq. (20). Loutfy et al.®® did not provide information on the
pressure for the process. Thermodynamic analysis carried out by Rhamdhani et al.** showed
that the reaction in Eq. (20) does not occur at ambient pressure. Although mentioned in a
number of patents®™®°, there is a limited published work on the details of thermodynamics
and kinetics of the disproportionation reactions of aluminium sub-sulphides. Further studies
on the thermodynamics and kinetics of aluminium sub-sulphide disproportionation are
needed for optimisation of the process.

Electrolysis of Aluminium Sulphide

The extraction of aluminium metal by electrolysis of aluminium sulphide in molten salts is
attractive from the viewpoint of energy utilization. By improving the cell design and
electrolyte composition, the theoretical energy consumption can be reduced to 8.41 kWh/kg
Al which is considerably lower than the value of 14 kwWh/kg Al in the current Hall-Heroult
process®. Aluminium sulphide (AlySs) has a lower theoretical decomposition potential,
compared to Al,Og and AICIs™. Al,Sze can be electrolytically decomposed in a molten
cryolite between 727 and 927°C®’ to produce molten Al and sulphur gas that can be recycled
for CS;, production.

The early works on the electrolysis of Al,S; in a mixture of cryolite with NaCl were from
German and Russian scientists (in 1930’s and early 1940’s). In these studies, a maximum
current efficiency of 55% was reported®*®. The overall reaction for electrolysis of Al,S; in
molten electrolyte follows:

AlpS3soi) = 2AlG) + 1.5S5() (26)

In the early 1980°s, Minh et al.***" electrolysed Al,Ss to extract aluminium in an electrolytic
bath containing alkali metal chloride and alkaline earth metal chlorides (MgCl,-NaCl-KClI
and MgCl,-NaCl-KCI-AICls). They carried out the process at 750°C and found out that the
limiting current density for the process was at the graphite anode. Within the current density
range investigated (0.2-1.2 A/cm?), current efficiencies of 75 to 85% were claimed. Minh et
al.®® further patented the work in 1984. In this work it was suggested that the process be
carried between 700 to 800°C, with the concentration of MgCl, in the electrolyte between 20
and 70 mol% with a balance of NaCl, KCI and AICl3. The solubility of the Al,S3; was about 3
wt% at 750°C, but could be enhanced by the presence of MgCl, and AICI; according to the
following reactions:

MgC|2(so|n) + AIZSS(soIn) =2 A|SC|(so|n) + MgS(S) (27)

AICI3(30|n) + AIZS3(30|n) = 2 AISCI(som) (28)
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In the 2000’s, Corus developed a process for Al extraction through electrolysis of Al,Ss, as
part of development of the CAPP process. Lans et al.”*'® electrolysed Al,S; and obtained
aluminium melt and sulphur gases at the anode according to reaction given in Eq.(26). A
molten electrolyte of MgCl,-NaCl-KCI (50:30:20 mol %) was used and cryolite (~10 wt%)
was added to enhance the solubility of Al,S; and increase the activities of Al and S in the
melt. This resulted in an increase in the current density up to three times. This work was the
basis of the Corus patent (Van Der Plas'®") in 2004. Further studies were carried out by Xiao
et al. to investigate in detail the mechanism of the process. It was concluded that the
electrolytic process was governed by its ohmic drop. The production of sulphur bubbles at the
anode was suggested to significantly affect the ohmic drop. Addition of cryolite changed the
characteristic of the sulphur bubbles layer thus decreasing the ohmic drop. Increased Al,S3
solubility due to the cryolite addition resulted in a higher limiting current density. It was
reported that a current efficiency of 62% can be achieved.

In 2006, Corus'%? developed a continuous production process of aluminium from alumina. In
the first stage, alumina was dissolved in a molten salt and a sulphur containing gas (in
particular CS;) was fed through the melt; this resulted in partial conversion of alumina to
aluminium sulphide. Aluminium was then separated from aluminium sulphide in a multi-pole
electrolysis cell. The process was carried out at temperatures 800-900°C, at pressures above
3x10° Pa in a KCI-NaCl-(10wt%) cryolite mixture.
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Table 2: Summary of previous major works/patents in the Sulphide Route (*” refers to patent; 1 stage refers to production of intermediate Al sulphides; 2™ stage
refers to extraction of Al from the sulphides)

Year Author Reactions and Process Parameters Process Details
2007 Xiao et al. % Al;S; = 2Al + 1,55, The electrochemical behaviour of Al,S; in molten salt on a laboratory scale.
Electrolytes: MgCl,-NaCI-KCl Temperature and cryolite addition have a positive effect on the current density. (2™
Temperature: 700°C. Stage)
Yield: 42%, Current Efficiency: 62%
Energy Required: 13.4 kwh/kg

2006 Van Der Plas et | Temp: 800-900°C Continuous production of aluminium from alumina including a first step of converting
al. 1%p Pressure: > 3 x 10° Pa alumina into aluminium sulphide (Al,S;) and a second step of separation of aluminium
(Corus Salt mixture: KCI-NaCl-10 %wt. Cryolite from aluminium sulphide in a separating reactor. In the first step, alumina is dissolved in
Aluminium) Sulphidation gas: mainly CS, a molten salt. Sulfur containing gas is fed through the melt. It is proposed that Al

extraction is carried through electrolysis in multi-pole cell (1 & 2™ Stage)

2004 Xiao et al. ® CHyg + 2S5y = CSyg + 2H,S(g) Investigation of sulphidation kinetics of Al,O; with CS, gas. The alumina with a higher

Al;,O5) + 3CSy) = AlLS; + 3CO(g + 1.5 S | specific surface area results in a higher sulphidation ratio. The particle size of y-Al,05
Al S; = 2Al + 1.5S, has no effect on the reaction ratio. (1 & 2™ Stage)
Sulphidation T = 850°C. Yield: 40%

2004 Van Der Plas | Cathode: AF* +3e = Al Production of aluminium by electrolysis of Al,S; in multipolar cell, using a molten
10tp Anode: 2S,. = Sy + 4€ chloride salt bath. The sulphur gas was collected and recycled to produce CS, which was
(Corus Overall: Al,S; = 2Al + 1.5, used in the sulphidation step. MgCl, is added to the bath to increase solubility of Al,Os.
Technology Electrolytes: MgCl,-NaCI-KCl Cryolite may also be added. (2™ Stage)

BV) T =700-800°C. Current Efficiency: 80%

2003 Sportel et al. P | 3H,S + 1.50, = 3S + 3H,0 Production of primary aluminium from alumina comprising the step of converting
(Corus CH, + 2S, = CS, + 2H,S (T = 550-650°C) alumina into aluminium sulphide (Al,S3) and subsequently aluminium is separated from
Aluminium) 2Al,0;3 + 6CS; = 2Al,S; + 6CO + 3S; aluminium sulphide. y-alumina is preferred for the reaction due to better kinetics. Three

Al,O; + 3CS; = Al,S; + 3COS reactors were proposed: (1) for manufacturing CS,, (2) for manufacturing Al,S; from
T = 750-1000°C. P = 1x10° to 40x10° Pa Al,O; and CS,, and (3) electrolysis cell for Al extraction (1% Stage)

1984 Minh et al. ®P MQClysoiny + AlzSzs) = 2AISClsoiny + MgS() Production of aluminium through electrolysis of Al,S; utilizing an electrolytic bath
(Dept of Energy | Temperature: 700-800°C, Voltage < 2-3V containing alkali metal chloride and/or alkaline earth metal chloride to provide improved
of USA) Conc. Al,S; in bath 2-10 mol% operating characteristics of the process. (2" Stage)

Electrolytes: MgCl,(20-70mol%)-NaCI-KCl
MgCl,-NaCI-KCI-AICl3(1-10mol%)
Current Efficiency: 75-85%

1981 Loutfy etal. *P | AlLLO; + 3C + 3S = Al,S; + 3CO; T =1027- | Aluminium ore is reacted with carbon and sulphur containing gas at elevated
(Dept of Energy | 1227°C temperatures forming molten aluminium sulphide which is decomposed to aluminium
of USA) AlL,S; =2AIS +S; T =1327-1627°C sub-sulphide (AIS). Then aluminium monosulphide is cooled to below its

3AIS = Al,S; + Al; T =927-1097°C disproportionation temperature to produce aluminium metal. Blended aluminous ores
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and coke were used. (1 & 2" Stage)

Note: Current thermodynamic analyses indicate that the proposed reactions of the 2™
stage of the process do not occur at the conditions specified.

1958 Weiss *P 2A1,056 + Al;S5(s) + 6C) = 3Al,S(g) + 3CO(, | Production of aluminium from aluminous ores by reactions of a mixture of aluminous
(Vereinigte 3ALS(g) = Al,Syg) + 4Al ores, Al,S; and carbon. The reaction produce vapours of aluminium sub-sulphide which
Aluminium- T =1000-1200°C at P < 5mmHg upon cooling produce aluminium sulphide and aluminium precipitate. (1% Stage and 2"
Werke AG) T > 2000°C at P = 0.1MPa Stage)

1931 Haglund **? N/A Production of mixture of Al,O5 and Al,S; by reaction between Al,Os—containing

materials, reduction agents (carbon) and sulphur sources (FeS, ZnS). (1% Stage)
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3.5 Carbonitridation Route

103 and Haussonne'® provided a review on various methods for the

Selvaduray and Sheet
synthesis of aluminium nitride. In general the methods can be classified into: carbonitridation
reactions, direct nitridation, floating nitridation, CVD (chemical vapour deposition), vapour
phase reactions, and reactions utilising organometallic precursors'®. Only the
carbonitridation route will be described in this paper, as it is the route most relevant to

industrial scale production of metal.

Carbonitridation of alumina and aluminous ores is a well-known process. It follows an
overall reaction of:

A|203(3) + 3C(s) + Nz(g) = 2A|N(s) + 3CO(g) (29)

Rather than for aluminium production, the original aim of the process was to produce
aluminium nitride or to purify alumina from its ores. In the later case, for example in the
Serpek™® process, a mixture of bauxite and coke is heated in an electric furnace in the
presence of nitrogen to produce aluminium nitride. Aluminium nitride can then be hydrolysed
through reaction with water to form pure alumina and ammonia. The reaction can be carried
out even at ambient temperature'®®%" but at slow reaction rates'%.

Considerable disagreement exists in the literatures concerning the detailed reaction steps for
nitride formation. Hirai et al. ' synthesized AIN) from Al,Os) and graphite at temperatures
between 1500°C and 1700°C. They observed a small quantity of aluminium oxynitride,
AION, when alumina graphite mixture was heated at 1700°C*®. Their results indicated that
the reaction rate was not affected by the grain size of graphite, pellet diameter and flow rate
of Ny; and they suggested that the diffusion of the reactant gas through the AIN() layer
(formed around Al;O3¢) was the rate determining step. Lefort and Billy*'® argued that the
rate determining step suggested by Hirai et al. was unlikely as the apparent activation energy
(~530 kJ/mol) was beyond what would be expected from a limiting gaseous diffusion. Lefort
and Billy suggested that the rate limiting process was the combustion of carbon and
suggested the following reaction steps:

A|203(3) = 2A|(g) + l.SOz(g) (30)
3C) + 1.50, = 3COy) (rate limiting step) (31)
2Alig) + Na(g) = 2AIN() (32)

The dissociation of alumina was suggested to be controlled by the very low partial pressure
of oxygen in contact with carbon, and followed by fast nitridation of the aluminium vapor
formed. Lefort and Billy recommended temperatures from 1550°C to 1600°C for the process.
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Chen and Lin''!, studied a carbonitridation of alumina at temperatures from 1375°C to
1552°C and developed a kinetic model for the process. A mixed mechanism was proposed
comprising reaction between Al;O3) and Cs) to form Al,O) and CO(g), followed by surface
reaction between Al,O() and N to form AIN"*™. They suggested that the formation of
Al,O(g) is the rate limiting step according to:

Al O3 + 2C() = Al,O(g) + 2CO(q) (33)

Aluminium monocyanide, AICN,), can also form as described by Perieres and Bollack
(Pechiney)** according to

A preferred temperature of 1700°C was recommended for nitride preparation as the formation
of AICN(g) increases above 1700°C, which explains the apparent decrease in nitride formation
and the presence of aluminium carbide in the condensates’*®. Aluminium monocyanide
vapour can react with aluminium vapour forming solid encrustations of carbide and nitride.

Ide et al.™* produced AIN( through carbonitridation of alumina at temperatures 1350°C-

1450°C using CaFy) as catalyst. They reported that nitridation rate tended to increase with
decreasing particle size of alumina and was affected by the history of the alumina used in the
reaction. They observed the formation of intermediate compounds CaO6Al,03; (CAs) and
Ca0O2Al1,03 (CA;) and suggested that the process proceeded through the nitridation of the
intermediate compounds from liquid phase system CaF,-CAs-CA,. Molisani and
Yoshimura'® investigated the effect of various additives (0.5-3 wt% of CaFy, Y203, Li,CO;3
and SrCO3) on the carbonitridation of alumina at 1300-1400°C. The addition of these
additives (and their mixture combinations) was reported to reduce the synthesis temperature
by a maximum of 200°C. They attributed this to the formation of aluminate phases that easy
to vaporize at lower temperature.

Bartnitskaya et al."*® studied the carbonitridation reaction at temperatures from 1800 to
1900°C in a static condition (closed system) under nitrogen atmosphere of 0.2 to 0.3 MPa.
They obtained isometric AIN particles of 2 to 6 um as opposed to fibrous type particles
usually obtained in reaction carried out in a stream of nitrogen gas. They suggested that in the
case of reaction at a high nitrogen pressure, alumina dissociation is suppressed which exludes
the possibility of reaction in the gas phase, hence the formation of isometric particles.
Chowdhury et al.™'’" synthesized nano size AIN by nitridation of C-Al,03 composite
particles at 1500-1600°C in an over pressure (0.4 MPa) flowing nitrogen gas. A mixture of
fibrous and spherical particles was obtained.
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Joo and Jung™® investigated the effect of CO content in the N»-CO gas mixture for
carbonitridation reaction from 1000 to 1600°C. They used Al-hydroxosuccinate as precursor
for the reaction. The carbonitridation reaction was found to be retarded with increasing
content of CO in the mixed gas. They observed conversion sequence from p-Al,03 to »~Al,05
to ANy (or to 8&Al,O3) depending on the CO content in the gas mixture. Qin et al.'*®
prepared C-Al,O3 composite particles from Al(NO3)39H,0, CO(NH,),, and CgH12,06H,0
and carried out the nitridation at 1000-1600°C in a flowing nitrogen gas. They reported a
conversion to »Al,O;3 followed by direct conversion to AlN upon nitridation. Complete
conversion was observed at 1400°C.

Galvez et al."® produced AIN( using concentrated thermal radiation through reduction of

Al,O3 using activated C (and CH,) in a flowing nitrogen. The radiative fluxes used were
equivalent to solar concentration exceeding 4500 kW/m? and the reaction was carried out at
1827-2027°C. In the case of carbothermal-nitridation reaction (reaction given in Eq.28), the
experimental data were fitted into a solid-solid reactions model with an apparent activation
energy of 360 kJ/mol. In the case of reduction using CH4 (methanothermal reduction), the
overall reaction follows:

AlyO3() + 3CHa(g) + Nogg) = 2AIN() + 6Hz(g) + 3CO(g) (35)

In this case, a low conversion (~10%) was observed. It was suggested that the diffusion is
hindered by a carbon layer produced from the decomposition of CH,. The kinetics, however,
may be enhanced by doping the alumina with metallic particles (such as Ni and Fe). Best
results were obtained when Ni is used, where it acts as nucleation site for carbon filament
growth.

Galvez et al.'® also investigated the carbothermal reduction of alumina in nitrogen

atmosphere at temperatures between 1500 and 1700°C. The kinetics were described as solid-
solid reactions and fitted to Jander and Ginstling-Brounshtein models with activation energies
of 815 and 757 kJ/mol, respectively. They also evaluated various types of carbon sources and
reported that the reaction rates vary for different carbons (listed in decreasing order of

reaction rates: petcoke, activated carbon, wood charcoal, and carbon black)™".

Baik et al.*?? and Kuang et al.**® produced aluminium nitride through carbonitridation using

sucrose precursors. Zhang and Gao'®* produced nanocrystalline aluminium nitride from §-
Al,O3 nanoparticles in flowing ammonia. They reported that the nanocrystalline 3-Al,O3 was
converted into AIN() completely at temperatures 1350 to 1400°C within 5 hours in a single-
step synthesis process. Xi et al.'® synthesized AIN¢) by carbothermal reduction using a
mechanically activated Al,Os. They showed that carbonitridation can be carried out at
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temperature as low as 1100°C and completed thoroughly at 1250°C when milled Al,O3 (for
20 hours) was used.

There are two primary methods to prepare AIN powders in an industrial scale'®: (1) direct
nitridation of Al with N, (2Al + N, = 2AIN), and (2) carbothermal reduction of Al,O3 with
carbon black (or other carbonaceous sources) in the presence of Njg at 1500-2000°C
(reaction in Eq. 29). The former is beyond the scope of this paper. In terms of technological
developments, a number of aluminium nitride production processes by carbonitridation in
nitrogen or mixed gas atmosphere have been patented. A summary of these studies are
presented in Table 3.

One of the first patents in the carbonitridation of alumina was from Shoeld'?® in 1918 where
he carried out the reaction at 1800-2000°C. In the 1960’s, Pechiney*** *#"1% patented various
carbonitridation processes. Perieres and Bollack™® produced AIN powder to 99% by roasting
the produced AIN() from carbonitridation reaction in an oxygen-free atmosphere at 700-
800°C to burn off the excess carbon. Clair*?’ developed a vertical-shaft counter-current
reactor for continuous production of aluminium nitride, while Paris and Perieres'® used a
mixed environment of nitrogen and hydrocarbon gas for carbonitridation of alumina at 1200-
1700°C. The hydrocarbon gas was cracked to elemental carbon in a highly reactive state in
uniform distribution throughout the aluminium oxide particle.

Kuramoto et al.*® produced AIN powder from alumina and carbon by firing the mixture at
1400-1700°C in nitrogen (or ammonia) gas atmosphere followed by heating at 600-900°C to
improve the purity to 94%. Bolt"* patented a method to produce aluminium nitride films (and
fibres) using precursors containing alumina and carbon.

In the 1990’s, a number of AIN) production processes were patented by various companies.
Nakano et al."*! patented a process using very fine source materials (<5um). Dunn et al.**
increased the purity of AIN) produced by carbonitridation by applying mechanical agitation.
Most of the impurities remain in the outer zone of the pellet and a significant amount of the
surface portion is removed to improve the purity of the final aluminium nitride product. Dorn
et al."® produced AIN( through calcinations of aluminium hydroxide-carbon mixtures at
temperatures from 400 to 1000°C followed by nitridation from 1400 to 1700°C. Ravenel et
al.**** patented a process for continuous production of aluminium nitride from 1350 to
2000°C using a moving bed reactor. Kotaka et al.** patented a process to produce AlN)
from »Al,O3; using mixtures of ammonia and hydrocarbons from 1200 to 1700°C and
claimed to obtain purity of 99%.
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3.6 Extraction of Aluminium from Aluminium Nitride

One of the ways to extract aluminum from aluminum nitride is through thermal dissociation.
The thermal dissociation of aluminium nitride occurs at a temperature above 2400°C at
0.1MPa according to reaction:

A|N(s) = A|(g) + 0.5N2(g) (36)

The temperature of the dissociation can be reduced by operating the process at lower
pressures or in a vacuum condition. Thermodynamic calculations™ showed that the
dissociation temperature can be reduced to around 1700°C if the pressure is reduced to
0.1kPa.

The theoretical decomposition voltage of aluminium nitride to aluminium and nitrogen is
0.75V at 700°C. This is a lower decomposition voltage than that of AIClsg), AlSzs and
Aly,O3 at the same temperature. From the thermodynamic point of view, electrolysis has a
good potential to be used for extracting aluminum from aluminium nitride. One of the major
challenges is to find the appropriate electrolytes that can dissolve the very stable AIN).
Bonomi et al.**" carried out a limited study on the solubility and the electrolysis of AIN in
molten salt (LizN-LiCl) bath at 660-700°C. The current efficiency for this system was 83%
with a cathodic current density of about 1.5A/cm?. No further results indicating the successful
of the process have been presented. Goto et al.*® used the salt system of LiCI-KCI-LisN to
deposit AIN film onto Al substrate. Figure 6 shows the E-pN* diagram for the Al-N system
in a LiCI-KCI eutectic melt at 450°C showing the region where Al solid is stable. Yan*
conducted a direct electrochemical reduction of AIN cathode in a CaCl,-NaCl melt at 1133K

and observed a pure Al droplet. The yield however was low, i.e. 3-5%.
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E/V vs. CL/CI

Figure 6 - A potential-pN* diagram for AI-N system of a LiCI-KCI eutectic melt in the
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Table 3: Summary of previous major works/patents in the Nitride Route (*" - patent)

Year Author Reactions and Parameters Process Details
2008 | Joo and Jung ™® | Al, 05+ 3C + N, = 2AIN + CO The carbothermal reduction and nitridation (CRN) of alumina to aluminium nitride was
Temperature: 800-1600°C investigated in a gas environment consisting of N, and CO. The CRN reaction of alumina is

slowing with increasing content of CO in the mixed gas.

1998 | Kotaka et al. *° | Calcination of y-Al,O5: 300-1100°C A method of manufacturing aluminium nitride by calcining y-Al,O; in ammonia and
P Nitridation Temperature: 1200-1700°C hydrocarbon gas to obtain aluminium nitride having both carbon content and an oxygen content
(Toshiba Gas: Mixtures of NH; and hydrocarbons | of 1wt% of less.

Ceramics Co.) Purity: 99%

1997 | Ravenel et al. | Al,O;+3C + N, =2AIN + CO A continuous process for production of aluminium nitride by the carbonitriding process of
135p Temperature: 1450-1500°C. alumina.
(ELF Atochem | Time: 12 hrs
SA) Residual carbon, < 700 ppm

Oxygen Content < 1.1%.
Flow rate of granule: 4.4 kg/hr
Flow rate of N,: 12 kg/hr

1996 | Ravenel et al. | Al,O;+3C + N, =2AIN + CO Continuous production of aluminium nitride by carbonitriding of alumina in a moving bed reactor
134p Exchange surface area/volume, 5-50 m™. | reaction zone comprising at least one conduit.
(ELF Atochem | C/ Al,O;=3
SA) Granules Feed Rate: 5 kg/h.

N, Feed Rate: 20 kg/h
Yield: 100%

Time:12 hrs

Temperature: 1350-2000°C.

1993 | Dornetal. **P | Calcination of mixture at 400-1000°C Production of fine aluminium nitride by reaction between aluminium hydroxide with carbon in
(Hoechst) Nitridation at 1400-1700°C (1-100 hrs) the presence of flowing nitrogen.

1992 | Dunnetal. ¥**P | Al,O; + 3C + N, = 2AIN + 3CO Purification of aluminium nitride produced by carbothermal reaction of aluminium oxide, carbon
(Dow Chemical | Temperature: 1650-1750°C. and nitrogen. Significant amount of the surface portions are removed by mechanical agitation or
Co) Time: 90 min mechanical abrasion to leave behind aluminium nitride pellets having significantly increased

Frequency: 1100 vibration/min. purity.
Yield: 97%wit.
1991 | Nakano et al. | Al,O;+3C+ N, =2AIN +3CO Production of aluminium nitride by firing and reacting alumina and carbon mixture in a nitrogen

131p

(Sumitomo
Chemical Co
Ltd)

Temperature: 1500-1700°C.

Time: 2-10 hrs, starting materials < 5pum
0, <2 wt.%

Fe, <20 ppm

containing atmosphere.
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1989 | Bolt %P Al,O3 + 3C + N, = 2AIN + 3CO Production of aluminium nitride fibers/films through carbontiridation of precursor fibers/films
(Du Pont) T nitridation = 1550-1800°C containing source of alumina and carbon.

1986 | Kuramoto et al. | Al,O; + 3C + N, (NH3)= 2AIN + 3CO Production of aluminium nitride fine powder (not more than 2 microns) by firing alumina carbon
129p Temperature: 1400-1700°C mixture after optionally drying it.

(Tokuyama) Yield: 94 wt%.

1963 | Paris and Al,O3 + 3C + N, = 2AIN + 3CO Manufacturing of aluminium nitride from the aluminium ores reacting with nitrogen and a
Perieres 2P nAl,O; + 3CyHa+ + NN, = 2nAIN + | reducing agent (hydrocarbon), which is relatively free of impurities and unreacted components.
(Pechiney) 3nCO + 3(n+1) H,

CH4 + % 02+ 2N2: CO + 2N2 + 2H2
Al,O3 + 3CH, + N, = 2AIN + 3CO + 6H,
Temperature: 1200-1750°C.

1962 | Clair *'P T =1750°C Development of reactors for continuous production of aluminium nitride. Counter current reactor,
(Pechiney) vertical shaft. A mixture of alumina, carbon and calcium aluminate binder.

1961 | Perieres and Al,O; + 3C + N, = 2AIN + 3CO A process for making aluminium nitride having a degree of purity above 97%, particularly free
Bollack 3P AIN + C = AICN from any substantially amounts of alumina or carbon.

(Pechiney) Yield: 99%
Temperature: 1700°C (nitridation)
700-800°C (roasting)
Time: 2 hrs
Nitrogen Flow: 100 L/min.

1918 | Shoeld P Al,O3 + 3C + N, = 2AIN + 3CO Production of aluminium nitride from comminuted carbon, alumina, and a binder mixture, and a
(Armour Fert. Temperature of 1800-2000°C nitrogen-containing gas travelling in opposite directions by passing a heating current of
Works) Time: 3-4 hrs. electricity.
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4. Concluding Remarks

Many researchers have pursued an alternative commercial method for aluminium production.
Although carbothermal reduction of alumina or aluminous ores (direct or indirect) offers the
potential for lower energy consumption and improved productivity, compared to existing
process, none of these proposed processes have been successfully commercialized. In the
case of direct carbothermal reduction of alumina/aluminous ores, a mixture of aluminium
carbide and metallic aluminium is formed. Equilibrium studies show that the driving forces
for both aluminium carbide and aluminium metal formation by carbothermic reduction of
alumina are similar, therefore it is difficult to obtain high yield of pure aluminium. This route
has other difficulties, including a high operating temperature and yield problems associated
with aluminium vapour back reactions with carbon monoxide forming aluminium oxides and
carbides. The recent technology in this area has shifted to a multi stage process, the Alcoa-
Elkem process, where a slag of Al,O3 -Al,Cs is first produced followed by extraction of
aluminium.

In the case of multistage production of aluminum through the formation of intermediate
compounds; there had been intense developments of the chloride route in the 60’s and
throughout the 70’s with major players including Alcoa and Toth Al Corporation. At one
stage, the Alcoa chloride process (carbohclorination followed by electrolysis) was used to
produce Al commercially. This however was halted in the mid 80’s due to problems
associated with production and handling of pure aluminium chloride and chlorine at high
temperatures.

In the sulphide route, Al;Ss(y can be produced by carbosulphidation of alumina or aluminous
ores. Aluminium metal can be extracted from Al,Ssq) by disproportionation and electrolysis
processes. In the 2000’s, Corus developed a process for making aluminium through
carbosulphidation followed by electrolysis. This, however, is not yet commercialised.

There is also the nitride route where AIN) is produced from alumina-graphite mixture
reacted at 1700°C in nitrogen containing gas. One of the major challenges is to find the
economical route to extract Al from AlIN). The nitride is a very stable phase but can be
dissociated to aluminium metal at above 2400°C at 0.1 MPa pressure. The theoretical
decomposition voltage of aluminium nitride to aluminium and nitrogen is 0.75V at 700°C. It
is the lowest compared to the decomposition voltage of AlClsg), AlSss) and AlyOs) at the
same temperature. Therefore, electrolysis has potential to be used for extracting aluminum
from aluminium nitride. However, to date no appropriate electrolytes are available to dissolve
the very stable AIN.
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In summary, direct carbothermic reduction has yet to be commercialized because of problems

with extreme operating conditions and vyield, whilst, two stage indirect carbothermic
reduction using ClI, S, and N sources to form intermediates have been investigated but still
require significant development. No systematic thermodynamic examination of all the
options has been published in the literature.

5. Acknowledgement

The current study is funded by the “CSIRO - Breakthrough Technologies for Primary

Aluminium” Research Cluster.

6. References

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

H. Mahadevan and T. R. Ramachandran: “Recent Trends in Alumina and Aluminium Production
Technology”, Bulletin of Materials Science, 19, 1996, pp. 905-920.

W. B. Frank, W. E. Haupin, R. K. Dawless, D. A. Granger, M. W. Wei, K. J. Calhoun, and T. B. Bonney:
“Aluminum”; 1985, Weinheim, VCH Verlagsgesellschaft mbH.

L. K. Hudson, C. Misra, and K. Wefers: “Aluminum Oxide”; 1985, Weinheim, Verlag Chemie.

D. R. Lide: “CRC Handbook of Chemistry and Physics: A ready-reference book of Chemical and Physical
Data,” 1991, Boca Raton, Florida, CRC Press.

WHO: “Environmental Health Criteria 194. Aluminum”, ISBN 92 4 157194 2, Geneva, 1997.

J. P. Murray: “Aluminum Production using High-Temperature Solar Process Heat”, Solar Energy, 66(2),
1999, pp.133-42.

IAl, Bayer Process Chemistry. 2010, The International Aluminium Institute; http://www.world-
aluminium.org/?pg=85: London.

Y. K. Rao and M. K. Soleiman: “Alumina Chlorination”, US Patent 4,565,674, 1986.

H. J. Gardner, K. Grjotheim, and B. J. Welch: *“ ICSOBA Symposium, Tihany, Hungary, 1981, p.27.

. G. Brooks, M. Cooksey, G. Wellwood, and C. Goods: “Challenges in Light Metals Production”, Mineral

Processing and Extractive Metallurgy, 116(1), 2007, pp.25-33.

G.P. Tarcy, H. Kvande and A. Tabereaux: “Advancing the Industrial Aluminium Process: 20" Century
Breakthrough Inventions and Developments”, JOM, 63(8), 2011, pp.101-8.

A.T. Tabereaux: “Anode Effects, PFCs, Global Warming, and the Aluminum Industry”, JOM, 46, 1994,
pp. 30-34.

S. Namboothiri, M. P. Taylor, J. J. J. Chen, M. M. Hyland, and M. Cooksey: “Aluminium Production
Options with a Focus on the Use of a Hydrogen Anode: A Review”, Asia-Pacific Journal of Chemical
Engineering, 2, 2007, pp. 442-7.

M. Halmann, A. Frei, and A. Steinfeld: “Carbothermal Reduction of Alumina: Thermochemical
Equilibrium Calculations and Experimental Investigation”, Energy, 32, 2007, pp. 2420-7.

K. Motzfeldt, H. Kvande, A. Schei, and K. Grjotheim: “Carbothermal Production of Aluminum”; 1989,
Dusseldorf, Germany, Aluminium-Verlag.

A. Steinfeld and G. Thompson: “Solar Combined Thermochemical Processes for CO, Mitigation in the
Iron, Cement, and Syngas Industries”, Energy, 19(10), 1994, pp. 1077-81.

R. Huglen and H. Kvande: “Global Considerations of Aluminum Electrolysis on Energy and the
Environment”, Proceedings of the 123rd TMS Annual Meeting on Light Metals, Febrary 27, 1994 - March
3, 1994, San Francisco, CA, USA, 1994, Minerals, Metals & Materials Soc (TMS), pp. 373-80.

A.S. Russell, L.L. Knapp, and W.E. Haupin: “Production of Aluminum”, US Patent 3,725,222, 1973.

P.T. Stroup: “1964 Extractive Metallurgy Lecture - Carbothermic Smelting of Aluminum”, Transactions of
the Metallurgical Society of AIME, 230(3), 1964, pp. 356.

A.S. Russell: “Pitfalls and Pleasures in New Aluminum Process-Development”, Metall. Trans. B, 12(2),
1981, pp. 203-15.

31


http://www.world-aluminium.org/?pg=85:
http://www.world-aluminium.org/?pg=85:

21.

22.
23.

24.
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43.

44,

45.
46.
47,
48.
49,
50.
51.
52.
53.

54,

M. Halmann, A. Frei, and A. Steinfeld: “Carbothermal Reduction of Alumina: Thermochemical
Equilibrium Calculations and Experimental Investigation”, Energy, 32(12), 2007, pp. 2420-7.

J.H. Cox and L.M. Pidgeon, Can. J. Chem., 41, 1963, pp. 671.

A.F. Lacamera: “Carbothermic Aluminium Production using Scrap Aluminium as a Coolant”, US Patent
6,475,260, 2002.

Askenasy, Jarkowsky, and Waniczek, Z. Electrochem., 14, 1908, pp. 811.

Askenasy and Lebedeff, Z. Electrochem., 19, 1910, pp. 559.

Moissan, Compt. rend., 119, 1894, pp. 15.

E. J. Kohlmeyer and S. Lundquist, Z. Anorg. Allgem. Chem., 260, 1949, pp. 208.

W. Fraenkel: “Formation of Aluminium Nitride From Clay, Carbon and Nitrogen”, Zeitschrift Fur
Elektrochemie Und Angewandte Physikalische Chemie, 19, 1913, pp. 362-73.

O. Ruff, E. Jellinek, and T. Foehr: “Constitution and Thermal Stability of Carbides”, Z. Elektrochem, 24,
1918, pp.157-162.

K. Motzfeldt, Tek. Ukeblad, 109, 1962, pp.1137.

M. Hoch and H. L. Johnston, J. Am. Chem. Soc., 76, 1954, pp. 2560.

N. E. Filonenko, I. V. Lavrov, and S. V. Andreeva, Dokl. A kad. Nouk SSSR, 124, 1959, pp.155.

B.N. Cochran and N. M. Fitzgerald: “Energy Efficient Production of Aluminum by Carbothermic
Reduction of Alumina”, US Patent, 4,299,619, 1981.

M. J. Bruno: “Aluminum Carbothermic Technology Comparison Hall-Heroult Technology™, Light Metals
2003, TMS, Warrendale, PA., 2003, pp. 395-400.

K. Johansen: “Aluminum Carbothermic Technology, Alcoa-Elkem Advanced Reactor Process™, Light
Metals 2003, TMS, Warrendale, PA., 2003, pp. 401-6.

K. Johansen and J. A. Aune: “Method and Reactor for Production of Aluminum by Carbothermic
Reduction of Alumina”, US Patent, 6,440,193, 2002.

J. A. Aune and K. Johansen: “Method and Reactor for Production of Aluminum by Carbothermic
Reduction of Alumina”, US Patent 6,805,723, 2004.

R. J. Fruehan, Y. Li, and G. Carkin: “Mechanism and Rate of Reaction of Al,O, Al, and CO vapors with
carbon”, Metall. Mater. Trans B, 35(4), 2004, pp. 617-23.

R.J. Fruehan and G. Carkin: “The Pressure of Al,O and Al in Equilibrium with a Al,0s-Al,C; Slag at
1950°C to 2020°C”, Metall. Mater. Trans. B, 35(5), 2004, pp.1011-8

V. Garcia-Osorio and B. E. Ydstie: “Vapor Recovery Reactor in Carbothermic Aluminum Production:
Model Verification and Sensitivity Study for a Fixed Bed Column”, Chem. Eng. Sci., 59(10), 2004, pp.
2053-64.

J. A. Persson: “Method of Producing Aluminum”, US Patent, 4,385,930, 1983.

E.W. Dewing, R.R. Sood, and F. W. Southam: “Carbothermic Reduction of Aluminium”, US Patent
4,261,736, 1981.

V. A. Dmitriev and S. V. Karasev: “Induction Heated Shaft Furnace for Carbothermic Reduction Alumina
to Aluminum Carbide and Electrochemical Dissociation to Molten Aluminum Product™, Patent, 2000.

E. Balomenos, D. Panais, |. Paspaliaris, B. Friedrich, B. Jaroni, A. Steinfled, E. Guglielmini, M. Halmann,
M. Epstein, 1. Vishnevsky: “Carbothermic Reduction of Alumina: A Review of Developed Processes and
Novel Concepts”, Proceedings of EMC 2011, European Metallurgical Conference 2011, Dusseldorf, pp.
729-44.

J.P. Murray A. Steinfled, E.A. Fletcher: “Metals, nitrides, and carbides via solar carbothermal reduction of
metal oxides”, Energy, 20, 1995, pp. 695-704.

M. Kruesi, M.E. Galvez, M. Halmann, A. Steinfeld: “Solar aluminium production by vacuum carbothermal
reduction of alumina”, Metall. Mater. Trans. B, 42, 2011, pp. 254-60.

Y. Sayad-Yaghoubi: "Carbothermic Process", Patent WO 2007/012123 Al, 2007.

Y. Sayad-Yaghoubi: "Carbothermic Process", Patent WO 2008/080188 A1, 2008.

Y. Sayad-Yaghoubi: "Carbothermic Process", Patent WO 2009/135269 A1, 2009.

R.P. Ferguson and N.J. Cranford: “Producing Aluminum Halides by the Reaction of Alumina, Carbon, and
Free Halogen™, US Patent 2,446,221, 1948.

A. Toth, I. Bertoti, and T. Szekely: “Kinetics of Gamma-Alumina Chlorination by Carbon-Monoxide and
Chlorine”, Thermochimica Acta, 52(1-3), 1982, pp.211-5.

I. Bertoti, A. Toth, T. Szekely, and I. S. Pap: “Kinetics of Gamma-Alumina Chlorination by Phosgene”,
Thermochimica Acta, 44(3), 1981, pp. 325-31.

AJ. Milne: “The Chlorination of Alumina and Bauxite with Chlorine and Carbon Monoxide”, The
Australasian Institute of Minning and Metallurgy, 1976, pp. 23-31.

AJ. Milne and L. J. Wibberley: “Chlorination of Alumina and Bauxite. Using Pyrolytic Carbon as
Reductant”, Light Metals, New York, AIME, 1978, pp. 147-62.

32



55.
56.
S7.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

73.

74.

75.

76.
77.

78.
79.

80.
81.
82.
83.
84.

85.
86.

87.

88.

89.

H. Yuan, B. Yang, B. Xu, Q. Yu, Y. Feng, Y. Dai: “Aluminum Production by Carbothermo-chlorination
Reduction of Alumina in Vacuum”, Trans. Nonferrous Met. Soc. China, 20, 2010, pp.1505-10.

A. Grob and W. Richarz: “Chlorination of Alumina in Kaolinitic Clay”, Metallurgical Transactions B-
Process Metallurgy, 15(3), 1984, pp.529-33.

W. E. Haupin, J. A. Remper, and M. B. Dell: “Production of Aluminum Chloride”, US Patent 4,039,648,
1977.

A.J. Becker and S. K. Das: “Aluminum Chloride Production’, US Patent 4,105,752, 1978.

A. Toth: “Process for Producing Aluminum’, US Patent 3,615,359, 1971.

R. Wyndham and J.C. Terry: “Clay Halogenation Process”, US Patent 4,082,833, 1978.

A. Lippman and R.F. Sebenik: “Process for the Production of Aluminum Chloride and related Products”,
US Patent 4,083,923, 1978.

A. B. Willmore: “Refining nad Producing Aluminium”, US Patent 2,184,705, 1939.

W. Klemm and E. Voss, Z. Anorg. Allgem. Chem., 1943, 251, 223.

A.l. Belyayev and L. A. Firsanova, USSR JPRS, 1962, 1961.

P. Gross: British Patent, 582579, 1944,

P. Gross: “Process for the Production and Refining of Metals”, US Patent, 2,470,306, 1949.

D.F. Othmer: “Method for Producing Aluminum Metal Directly from Ore”, US Patent 3,793,003, 1974.
D.F. Othmer: “Method for Producing Aluminum Metal Directly from Ore”, US Patent 3,861,904, 1975.

K. Grjotheim, C. Krohn, M. Malinovsky, K. Matiasovsky, and J. Thonstad: “Aluminium Electrolysis - The
Chemistry of the Hall-Heroult Process”, 14; 1977, Dusseldorf, Aluminium Verlag GmbH.

T. Ishikawa and H. Ichikawa: “Process for Electrolytically Producing Aluminum’, Patent US Patent:
4,135,994, 1979.

M.B. Dell, W.E. Haupin, A.S. Russell: “Electrolytic Cell for Metal Production”, US Patent 3,893,899,
1975.

J. Thonstad, P. Fellner, G. M. Haarberg, J. Hives, H. Kvande, and A. Sterten, Aluminium Electrolysis:
fundamentals of the Hall-Heroult process. 2001, Aluminium Verlag.: Dusseldorf. pp. 340-6.

J. Cohen, B. Gurtner, Y. Bertaud: “Process for the Continuous Production of Aluminum by the
Carbochlorination of Alumina and Igneous Electrolysis of the Chloride Obtained”, US Patent 4,597,840,
1986.

R.A. Sharma: “Method for Producing Aluminum Metal from Aluminum Trichloride”, US Patent
6,066,247, 2000.

S. Wilkening: “Process for Producing Aluminium by Molten Salt Electrolysis”, US Patent 4,919,771,
1990.

K.M. Tomaswick: “Low Temperature Aluminum Production”, US Patent 6,428,675, 2002.

J.C. Terry, A. Lippman, R. F. Sebenik, and H. G. Harris: “Reduction of Aluminum Chloride by
Manganese”, US Patent 3,900,312, 1975.

H.N. Sinha: “Production of Anhydrous Aluminium Chloride”, US Patent 4,264,569, 1981.

H.P. Mueller, H. Alder, G. Zhuber-Okrog: “Process for the Production of Aluminium Chloride”, US Patent
4,289,735, 1981.

R.O. Loutfy, R. Keller, and N. P. Yao: “Method of Processing Aluminous Ores™, US Patent 4,252,774,
1981.

A.J. Harvey and M. G. Fey: “Chlorination Process for Producing Aluminum™, US Patent 4,106,928, 1978.
R.M. Pope: “ Aluminum Chloride Production Process”, US Patent 4,080,435, 1978.

R.B. Holliday and D.J. Milne; “Production of Bauxite and Aluminium Chloride of Low Iron Content”, US
Patent 4,059,673, 1977.

T.R. Haglund: “Process for Producing Products containing both a Sulphide and Aluminium Oxide”, US
Patent 1,837,543, 1931.

P. Weiss: “Method of Producing Aluminium”, US Patent 2,843,475, 1958.

R. O. Loutfy, N. Q. Minh, C. Hsu, and N. P. Yao: “Potential Energy Savings in the Production of
Aluminum: Aluminum Sulfide Route”, Chemical Metallurgy - a Tribute to Carl Wagner, Proc. of Symp.
on Metallurgical Thermodynamics and Electrochemistry at the 110th AIME Annual Meeting New York,
1981, The Metallurgical Society of AIME.

R. O. Loutfy, R. Keller, and N. P. Yao: “Method of Winning Aluminum Metal from Aluminous Ore”, US
Patent 4,265,716, 1981.

H. Sportel and C. W. F. Verstraten: “Method and Apparatus for the Production of Aluminium™, US Patent
6,565,733, 2003.

Y. Xiao, D. W. Van Der Plas, J. Soons, S. C. Lans, A. Van Sandwijk, and M. A. Reuter: “Sulfidation of
Al,O3 with CS, gas for Compact Aluminium Production Process”, Canadian Metallurgical Quarterly,
2004, 43(2), 283-292.

33



90. Q. Li, W. Chen, D. Zheng, and Y. Dai: "Thermodynamic Study of Direct Aluminium Extraction from
Aluminium Sub-Sulphide", Chinese Journal of Vacuum Science and Technology, 26, 2006, pp.150-4.

91. M.A. Dewan, M.A. Rhamdhani, G.A. Brooks, B.J. Monaghan, L. Prentice: “Alternative Al Production
Methods: Part Il. Thermodynamic Analyses of Indirect Carbothermal Routes”, submitted to International
Materials Review, 2011.

92. Y. Xiao, D. W. Van Der Plas, J. Bohte, S. C. Lans, A. van Sandwijk, and M. A. Reuter: “Electrowinning
Al from Al,S; in Molten Salt”, Journal of The Electrochemical Society, 2007, 154(6), D334-D338.

93. N.Q. Minh, R. O. Loutfy, and N. P. Yao: “The Electrochemical Behavior of Al,S; in Molten MgCl, +
NaCl + KCI Eutectic”, Journal of Electroanalytical Chemistry, 1982, 131, 229-242.

94. P. Rontgen and H. Borchers: Metallwirtschaft, 12, 1933, p.431.

95. E.l. Khazanov and A.l. Belyaev: Legk. Met., 4, 1935, p.1.

96. E.l. Khazanov and N.I. Komarov: Tsvetn. Metall., 2, 1940, p.68.

97. N.Q. Minh, R.O. Loutfy, and N.P. Yao: "The electrolysis of Al,S; in AICI;-MgCl,-KCI melts", Journal of
Applied Electrochemistry, 12, 1982, pp.653-8.

98. N.Q. Minh, R.O. Loutfy, and N.P. Yao: “Production of Aluminum Metal by Electrolysis of Aluminum
Sulfide”, US Patent 4,464,234, 1984,

99. S. Lans, J. Bohte, Y. Xiao, A. Van Sandwijk, and M. A. Reuter: “The Possibilities of electrowinning of Al
from Al,S;”, The International Symposium on Light Metals 2003, Vancouver, Canada, 2003, 63-75.

100.Y. Xiao, J. Soons, S. Lans, A. Van Sandwijk, M. A. Reuter, and D. W. Van Der Plas: “Sulfidation of
Al,O3 with CS, gas™, The International Symposium on Light Metals 2003, Vancouver, Canada, 2003, 101-
117.

101.D.W. Van Der Plas: “Process for the Electrolysis of Aluminumsulfide”, Patent 2004/088000, 2004.

102.D.W. Van Der Plas and Y. Xiao: “Method and Apparatus for the Production of Aluminium”, Patent
2006/0226026, 2006.

103.A. Selvaduray and L. Sheet: “Aluminum Nitride - Review of Synthesis Methods”, Mater. Sci. Technol.,
9(6), 1993, pp. 463-73.

104.F.J. Haussonne: "Review of the Synthesis Methods for AIN", Materials and Manufacturing Processes,
10(4), 1995, pp. 717-55.

105.0. Serpek: “Method for Producing Aluminium Nitride”, US Patent 867,615, 1907.

106.J.W. Li, M. Nakamura, T. Shirai, K. Matsumaru, C. Ishizaki, and K. Ishizaki: “Mechanism and Kinetics of
Aluminum Nitride Powder Degradation in Moist Air”, Journal of the American Ceramic Society, 89(3),
2006, pp. 937-43.

107.J.G. Highfield and P. Bowen: “Diffuse-Reflectance Fourier-Transform Infrared Spectroscopic Studies of
the Stability of Aluminum Nitride Powder in an Aqueous Environment”, Analytical Chemistry, 61(21),
1989, pp.2399-402.

108.M.E. Galvez, A. Frei, F. Meier, and A. Steinfeld: “Production of AIN by Carbothermal and
Methanothermal Reduction of Al,O; in a N, Flow Using Concentrated Thermal Radiation”, Ind. Eng.
Chem. Res., 48(1), 2009, pp. 528-533.

109.S.Hirai, T. Miwa, T. Iwata, M. Ozawa, and H. G. Katayama: “Formation of AIN by Carbothermic
Reduction of Al,O; in a Flowing N, Atmosphere”, Nippon Kinzoku Gakkaishi/Journal of the Japan
Institute of Metals, 1989, 53, 1035-1040.

110.P. Lefort and M. Billy: "Mechanism of AIN Formation through the Carbothermal Reduction of Al,Os in a
flowing N, Atmosphere", J. Am. Ceram. Soc., 76(9), 1993, pp. 2295-99.

111.H.K. Chen and C. I. Lin: “Mechanism of the Reduction of Carbon Alumina Powder Mixture in a Flowing
Nitrogen Stream”, Journal of Materials Science, 1994, 29(5), 1352-1357.

112.H.K. Chen and C. I. Lin: “A Mathematical-Model of Carbothermic Intridation of Carbon/Alumina Powder
Mixture”, Journal of Chemical Engineering of Japan, 1994, 27(1), 90-94.

113.R. Perieres and R. Bollack: “Process for Making Aluminium Nitride™, US Patent, 2,962,359, 1961.

114.T. Ide, K. Komeya, T. Meguro and J. Tatami: "Synthesis AIN Powder by Carbothermal Reduction-
Nitridation of Various Al,O3; Powders with CaF,", J. Am. Ceram. Soc., 82(11), 1999, pp. 2993-8.

115.A.L. Molisani and H.N. Yoshimura: "Low-temperature Synthesis of AIN powder with Multicomponent
Additive Systems by Carbothermal Reduction-Nitridation Method", Mater. Res. Bull., 45, 2010, pp. 733-8.

116.T.S. Bartnitskaya, N.F. Ostrovskaya, G.N. Makarenko, Y.R. Mahajan, N. Thiyagarajan, K. Radha, S.V.
Bhaskar: "Features of Carbothermal Synthesis of Aluminium Nitride under Nitrogen Pressure”, Powder
Metall. Metal Ceram., 41(5-6), 2002, pp. 232-6.

117.S.A. Chowdhury, H.S. Maiti, S. Biswas: "Synthesis of Spherical Al,O; and AIN powder from C-Al,O;
Composite Powder", J. Mater. Sci., 41, 2006, pp. 4699-705.

118.H.U. Joo and W. S. Jung: “Effect of Carbon Monoxide on the Carbothermal Reduction and Nitridation
Reaction of Alumina”, Journal of Materials Processing Technology, 204(1-3), 2008, pp. 498-501.

34



119.M. Qin, X. Du, Z. Li, I.S. Humail, X. Qu: "Synthesis of Aluminium Nitride Powder by Carbothermal
Reduction of a Combustion Synthesis Precursor”, Mater. Res. Bull., 43, 2008, pp. 2954-60.

120.M.E. Galvez, A. Frei, M. Halmann, and A. Steinfeld: “Ammonia Production via Two-Step Al,Os/AIN
Thermocehmical Cycle. 2. Kinetic Analysis”, Ind. Eng. Chem. Res., 46, 2007, pp. 2047-53.

121.M.E. Galvez, I. Hischier, A. Frei, and A. Steinfeld: “Ammonia Production via Two-Step Al,Os/AIN
Thermocehmical Cycle. 3. Influence of the Carbon Reducing Agent and Cyclability”, Ind. Eng. Chem.
Res., 47, 2008, pp. 2231-7.

122.Y. Baik, K. Shanker, J. R. McDermid, and R. A. L. Drew: “Carbothermal Synthesis of Aluminum Nitride
using Sucrose”, Journal of the American Ceramic Society, 77(8), 1994, pp.2165-72.

123.J. Kuang, C. Zhang, X. Zhou, and S. Wang: “Synthesis of High Thermal Conductivity Nano-Scale
Aluminum Nitride by a New Carbothermal Reduction Method from Combustion Precursor”, Journal of
Crystal Growth, 256(3), 2003, pp. 288-91.

124.Q. Zhang and L. Gao: “Synthesis of Nanocrystalline Aluminum Nitride by Nitridation of 8-Al,O3
Nanoparticles in Flowing Ammonia”, Journal of the American Ceramic Society, 89(2), 2006, pp.415-21.

125.S. Xi, X. Liu, P. Li, and J. Zhou: “AIN Ceramics Synthesized by Carbothermal Reduction of Mechanical
Activated Al,03”, Journal of Alloys and Compounds, 457(1-2), 2008, pp.452-6.

126.M. Shoeld: “Process of Producing Aluminum Nitride, US Patent, 1,274,797, 1918.

127.J. Clair: “Process and Furnace for the Continuous Production of Aluminum Nitride”, US Patent,
3,032,398, 1962.

128.R. A. Paris and R. Perieres: “Process of Making Aluminum Nitride”, US Patent 3,092,455, 1963.

129.N. Kuramoto and H. Taniguchi: “Fine Powder of Aluminum Nitride, Composition and Sintered Body
Thereof and Processes for their Production”, US Patent 4,618,592, 1986.

130.J.D. Bolt: "Aluminium Nitride Articles by Carbothermal Nitridation", US Patent 4,857,246, 1989.

131.K. Nakano, M. Murase, N. Matsuda, and H. Murakami: “Aluminum Nitride Powder and Process for
Preparation of the Same™, US Patent 5,049,367, 1991.

132.A.A. Dunn, J. A. Hughes, J. A. Broka, and M. S. Paquette: “Purification of Carbothermally Produced
Aluminum Nitride”, US Patent 5,100,846, 1992.

133.F.W. Dorn and H. Zschach: "Process for Producing Aluminium Nitride", US Patent 5,221,527, 1993.

134.P. Ravenel, J. P. Disson, and R. Bachelard: “Carbonitriding of Alumina to Produce Aluminum Nitride™,
US Patent 5,538,705, 1996.

135.P. Ravenel, R. Bachelard, J. P. Disson, and P. Joubert: “Continuous Process for the Preparation of
Aluminum Nitride by the Carbonitriding of Alumina”, US Patent 5,674,465, 1997.

136.A. Kotaka, H. Yamaoka, S. Matsuo, M. Ando, M. Fujii, H. Terada, and Y. Misu: “Method of
Manufacturing Aluminum Nitride”, US Patent 5,817,274, 1998.

137.A. Bonomi, M. Hadate, F. Breda, and C. Gentaz: “Exploratory Studies on Electrolysis of AIN Dissolved in
Molten Salts”, Journal of the Electrochemical Society, 129, 1982, pp.102-6.

138.T. Goto, T. lwaki, Y. Ito: "Electrochemical formation of AIN in molten LiCI-KCI-LisN systems",
Electrochim Acta, 50, 2005, pp. 1283-88.

139.X.Y. Yan: "Chemical and Electrochemical processing of Aluminium Dross using Molten Salts", Metall.
Mater. Trans. B, 39B, 2008, pp. 348-63.

35



	Alternative Al production methods: Part 1 - a review of indirect carbothermal routes
	Alternative Al production methods: Part 1 - a review of indirect carbothermal routes
	Abstract
	Keywords
	Disciplines
	Publication Details

	1. Introduction
	2. Direct Carbothermal Reduction Processes
	3. Indirect Carbothermal Reduction Processes
	3.1 Carbochlorination Route
	3.2 Extraction of Aluminium from Aluminium Trichloride
	3.3 Carbosulphidation Route
	3.4 Extraction of Aluminium from Aluminium Sulphides

	4. Concluding Remarks
	5. Acknowledgement
	6. References

