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1. Hall-Héroult Process

Electrolytic reduction of alumina
—> Currently the only industrial process for the
production of Aluminum

The Aluminum Industry is the primary
source of industrial energy consumption,
consuming about 1% of the total electric
energy produced globally.

The Hall-Héroult process is the most
energy consuming stage in aluminum
production, while also being highly
expensive and only economically feasible in
large scale production.

The Hall-Heéroult process is also a CO,
intensive process and is known to be
responsible for producing 2.5% of the
world’s anthropogenetic Greenhouse gas
emissions.

**Based on 2011 data [1]
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Al is recovered at the bottom of the cell.
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1.1 Moving towards Sustainable Alternatives

/Carbothermic Reduction of Alumina \

Has been suggested and studied by many researchers in the last 50
years.

Based on 2011 documentation, the implementation of such a
process would reduce energy consumption by 21% and would
reduce Greenhouse gas emissions by up to 52%. [1]
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2. Basics of Carbothermic Reduction

of Alumina

2.1 DATABASE SELECTION

Development of thermodynamic data

KEY: Understanding the thermodynamics of the Al203-Al4C3 slag system and the Al-C
liquid metal [2]

- Gibbs free energies
- Activities

NEW DATABASE in FactSage: FACT FTOxCN

- Developed for performing equilibrium calculations in the Al-(Si-Ca-Mg-Fe)-C-O-N
System at very high temperatures

Project Database selection: FTOXCN & FactPS for gaseous products

* The addition of a very small amount of argon (10E-4 mol) is sometimes required for convergence of
PhaseDiagram and Equilb module calculations. [3]
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REACTION
Al203(T) + 3 C(T)=2 ANT)+3 CO(T) &ctSage"

2.2 Carbothermic 350000
Reduction of Alumina ...

General equation:

150000

AlO, + 3C = 2Al + 3CO

5

) o ESUUDU B
As shown on the right, utilizing the |2
reaction module, this reaction is oo |
thermodynamically favorable at high AG<O0 for T>2035°C
temperatures. il =
However, it occurs e
simultaneously with other
reaCtlonS WhICh Compllcate the -2500001500 ‘IEIDEI '1?IIZID ‘IBIDEI '19IIZID EDIDEI 21IIZID 22IIZID 23IIZID 24IIZID 2500
direct reduction process. T(©)

Figure 1. Al,O; + 3C - 2Al + 3CO

The direct reduction of alumina using carbon suffers from critical issues such as
Aluminum carbide and oxycarbide formation, and
Aluminum vaporization

These reduce the aluminum yield considerably—> Visual demonstration using FactSage on
the next slide
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4l Thermodynamic analysis

Al203 + 3C + 0.00000001 Ar
C:\FactSage\A1\Equil.res 27Apri13

1.500 | —

1.000 alﬁgi-l-iﬁl ]
Al(Liqu)

mole

0.500 |

':l'ﬁ. CEC " 1 3 [ 1 1
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Figure 2. Distribution of Aluminum content at equilibrium for an input of Al,O; + 3C

**Note that the molar variations of CO(g), CO2(g) and C(s) along with all other species
k present at negligible content have been omitted from this graph.

For a system initially containing 1 mole of alumina and 3 moles of carbon, the following displays the molar
variations in the species containing Aluminum at equilibrium for a range of temperatures.

Important Factors:

For 1940°C <T< 2050°C,
aluminum is mainly in the
slag phase (red & blue).

For 2020°C <T< 2160°C,
Al,C; carbides are stable
outside of the slag phase

(pink).

For 2080°C< T< 2330°C,
Aluminum liquid alloy is
stable (green).

At T = 2160°C, maximum
aluminum yield is reached.

Near max. yield T, a
significant amount of Al is
lost to Al (gray) or AlL,Oq,
(teal).
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Overall process [4]
Stage 1: Slag Production

Upper reaction zone
3Al,0; + 9C 2> (Al,C5.AlL035)g 5, + 6CO

Stage 2: Alloy Formation

Lower reaction zone
(Al,C3.AlO3)g1a92 6 Aly ey + 3CO
(At higher temperature than stage 1)

A grate or screen (13) separates the upper and
lower reaction zones in the reactor, allowing
only liquid phases to pass through to stage 2.
Most of the carbon dioxide gas is produced in
the first stage and ejected through the top
preventing interference with alloy formation in

\the lower stage.

3. Two Stage Reactor

—->Patent issued in 1981 By C.N. Cochran et al.

/ Increase Aluminum yield and reduction process efficiency by \
reducing losses to carbides or aluminum vaporization.
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[
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TO Al-Al4C3
SEPARATOR

Figure 3. Two stage Reactor by Cochran. Demonstration of upper

reaction zone (stage 1) and lower reaction zone (stage 2). [4] /
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Since the issue of this patent, most of the research done by Alcan and Alcoa has revolved around
Cochran’s idea. [1]

Latest development in relation to this process has been done through the collaboration of Alcoa and Elkem
who developed the Advanced Reactor Process ARP, a flow chart of which is shown in Figure 4. This
process resolves previous issues such as

- heat supply

- slag transfer

-> vapour losses through the addition of a Vapour Recovery Reactor [1]

3.1 Slag production stage (ALO)
(Upper reaction zone; stage 1) c co
3A1,0; + 9C > (Al,C;.AL,05)g ., + 6CO Vapor recovery reactor

CO

-

Figure 2, this is dependent upon the Slag production Alloy production
temperature at which the reactor is reactor reactor
operated.
'M-Ci T"ﬂ:fca
i | Aluminum
Next>> Determining the optimal Pure Al < recovery

temperature for slag production

Key factor: Al,O; and Al,C; can either ALO iloD (A1,09
be produced as separate phases or as adl v

a slag phase. As shown previously in

Figure 4. Flow Chart of Advanced Reactor Process with focus
on the upper reactor stage [5]
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/ Slag Production Stage: Upper Reaction Zone \
3ALL0; +9C 2 (Al,C3.AlLO5) ),y + 6CO

Temperature range for slag production

3 Al203 + 9 C+ 0.00001 Ar Phase Species
| | Stalble Phases \Ifs. Tempera!l‘ure | | Gas: C O, A|, A|2 ')
wl ] Slag#1: Al,O,, Al,C4
AIC#1: Al,C4(s)
o : Lig#1: Al-C alloy
er o) 1 Stable Slag Temperature range

1907-2049°C
but 1907-1948°C has =1E-5moles
Best estimate: 1948-2049°C

Edit Line

mole

Selected Line Description

index I?E name ISlagﬂ'l

Lines & Points
----- ® Point# 42: »=1905 v=0
A R R | I @ FPoint# 43: x=1307.7 v=0
2400 = | M i ® Foint#t 44: x=1907.7 y="1.4589E5
----- @® Foint#t 45: x=1910 y=16129E-5
----- ® Foint#t 46: x=1915 y=20291E-5
Figure 5. Stable phases created by 3Al,O; + 9C as a function of equilibrium — § - ® Foint# 47 x=1920 y=2F5114E5
temperature. @ Paont# 48: «=1325 y=3471E5
----- @® Foint#t 43: x=1930 y=4.5436E-5
----- @® Foint# 50: x=1935 y=7.333E5
----- @® Foint# 51: x=1340 y=0.0001308
----- @® Foint# 52: x=1345 y=000039166

K ----- ® FPointf 53 x=1947.9 v=27514 /
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: Slag Production Stage: Upper Reaction Zone N

Temperature range for s

3A1,0; + 9C > (Al,C5.AlLO4)g,, + 6CO

3 Al203+ 9C + 0.00001 Ar

Slag Phase Components

ALO,(Slag#1)
.

[

mole

o1

or Al,C,(Slag#1)
l//-f——-k
1] 1 | L

1500 1880 2000 2080 2100

T(C)

0.

Figure 6. Molar amount of each species in the slag phase as a function
of temperature

Concluding Note: An operating temperature of 2000°C is
chosen as optimum temperature. This value will be used for
further calculations based on the slag production stage (upper

k reaction zone)

ag production

Zooming in on the stable slag temperature
range:

In Figure 6. the components of the slag
phase are displayed based on their mole
content in relation to the total mole content
of the slag phase (red).

Stage 1 slag production is concerned with
creating a slag phase without the
production of Al,C; carbides out of phase
and with minimum aluminum vaporization.

From previous analysis, Figure 2. showed
that Al,C; carbides become stable at
T=2020°C therefore this temperature must
be avoided. Furthermore, aluminum
vapours increase with temperature for the
slag temperature range.

Finally, a relevant amount of Al,C; in the
slag phase is required for an efficient
carbothermic reduction. (this will be shown
later)
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The operating temperature of the Slag Production Stage has been determined as 2000°C.
This is lower than the temperature proposed in Cochran’s patent in 1981 (2050°C).

Next we consider the lower reactor stage which receives the slag produced in the upper
reactor region. The lower reactors is known to operate at a higher temperature than that
above it and so it heats up the slag to produce the aluminum alloy.

3.2 Alloy Formation Stage (ALO)
(Lower reaction zone; stage 2) ¢ co
(A|4C3'A|203)S|ag9 6 Alalloy + 3CO Vapor recovery reactor
Al CO Al

The aluminum alloy yield from slag is : 3% ALLO EIGD ({_}:03}
the primary focus of the entire ' Al o -
carbothermic reduction process. As _
shown before, aluminum content can Slag production | 16 I | Alloy production
be lost to either aluminum carbides or reactor JALC-ALD; | reactor
aluminum vapours.

P AllovW-C Al
Next>> Determining the most . Aluminum
efficient molar slag ratio ‘ recovery

Figure 7. Flow Chart of Advanced Reactor Process with focus
k on the lower reactor stage [5]
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Alloy Formation Stage: Lower Reaction Zone
(Al,C5.ALOS)g g2 6 Al

+ 3CO @2100°C (patent temperature)

alloy

Optimization of Al-C Yield from Al,C;/Al,O; Ratio

On right, Figure 8. shows the
stable phases present at
equilibrium for T= 2100°C,
based on the mole fraction of
Al,C5 initially present in the
slag phase. This temperature
was chosen for optimization
because it is the temperature
chosen by Cochran in 1981.

(It will be shown later that this
approximation gives the
correct result)

Phase Species
Gas: CO, Al, ALLO
Slag#1: Al,O,, Al,C,
AIC#1: Al,C4(s)
Lig#1: Al-C alloy

-

mole

<A> Al4C3 + <1-A> AI203 + 0.00001 Ar
Al-C alloy output vs. 5lag ratio

iqu#F

iqu#1

Slag#

LE
AlC_#1

lag#1 AlC_#

a Q100 0200 0300 0400 Q500

moles of A4C3 <Alpha=

QE00 Q700 0300 0200 1.000

Figure 8. Aluminum yield as a function of mole Fraction of Al,C; in the slag




Alloy Formation Stage: Lower Reaction Zone
(AlL,C3.ALO3)gag2 6 Alyy, + 3CO @2100°C (patent temperature)

Optimization of Al-C Yield from Al,C;/Al,O; Ratio

Al-C alloy yield is maximum when the slag in
the lower reaction region has a nearly equi-
molar concentration of Al,C; and Al,O4

from liquid phases occurs when the mole
fraction of Al,C4is, Xajucz < 0.53.

The formation of carbides Al,C4(s) separate

Edit Line Edit Line

Selected Line Deszcription Selected Line Description

index [55  name [Liquit index [74  name |AIC_#1

Linez & Points Lines & Points
----- & Point# 49: «=04E p=20722 . F'l:n?nt g 51: %=048 y=0
----- & Point# 50: x=047 p=215914 e i F'D!ntﬂ hZ: w=049 p=0
----- & Point# 51: x=048 p=23088 . F'n:l!ntﬂ B3 w=068up=0
----- & Point# 52: x=049 p=24239 . F'l:u!nt # B4: x=051 y=0
----- & Pont# 53: w=05 p=2537 . F'D!ntﬂ BR: =052 py=0
----- & Point# 54: 2=051 p=25481 - Point# BE: x=0529547 v=0
----- & Point# B55: x=052 p=27571 - Point# &7 x=053 p=000036333
----- & Point# 5E: »=0529547 »=25593 - Point# B8: x=0854 p=0022219
----- L ] 57: #=0053 y=2855E5 - Point# 53: x=0855 p=0043476
----- & Point# B58: x=054 p=27957 - Point# B0: x=0856 p=0064732
----- & Point# 53: =085 p=2735 - Poirnt# B1: x=057 p=0035333
----- & Point# BO0: x=05E p=2E742 - Point# B2: x=0853 p=0107244

Concluding Note: A slag ratio of 1:1 is chosen. For further calculations involving the slag phase,

a mole ratio of 0.5Al,0,-0.5Al,C; will be used.

Not that the slag produced in the upper reactor and through to the lower stage does not have
this equimolar ratio. Therefore, additional carbon must be added to the lower reactor to meet
the required stoichiometry

\Next>> Determining the operating temperature in the lower reactor

™~
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Alloy Production Stage: Lower Reaction Zone
(Al,C3.ALO3)gag2 6 Alyey + 3CO

Temperature Range for Highest Aluminum Yield from Slag

. — 0.5 Al4C3 + 0.5 Al203 + 0.00001 Ar
USIng the Optlmlzed Slag Alloy yield from slag vs temperature

composition, the temperature
at which the lower reaction
stage must be operated is
determined.

2500 -

Figure 9 shows the variation 20 |
in the number of moles of

Aluminum (liqu#1) produced 2 1

as a function of the reactor £

temperature.

Graphed Species & Phases S

* Displayed are both the |

entire Liquid phase (Liqu#1) = A:0(9) A:0(g)

and the Aluminum portion of

that Al(liqu#1). o zm
* The Gas phase (GAS) is T(C)

displayed as well as the Figure 9. Aluminum yield as a function of the operating temperature of the lower reactor
aluminum vapour portions of  Note: The graph agrees with the 1981 patent where the second
it (Al,O, Al) stage was performed at 2100°C since this is within the

\ approximate optimum range: 2055- 2125°C. /




/ Alloy Production Stage: Lower Reaction Zone
(Al,C3.ALO3)gag2 6 Alyey + 3CO

Temperature Range for Highest Aluminum Yield from Slag

0.5 Al4C3 + 0.5 Al203 + 0.00001 Ar

Alloy yield from slag vs temperature

The aluminum vyield is
measured based on the

input number of moles vs Ligu#1
the output number of moles =T
of Al in the liquid metal.
An optimum temperature of 200 |
2070°C was chosen for the
lower reactor region.

mole

1500

At this temperature, the Al Al Yield: 2.26
yield is 75%. . moles output/3

moles input = 75%

Slag
Concluding Note: For further —all il ALO(g) ALO(g)
calculations based on the
alloy formation stage (lower pow
reaction zone), an operating T(C)

o .
Lempergture of 2070°C will Figure 9. Aluminum yield as a function of the operating temperature of the lower reactor
e use
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3.3 Phase Diagram: Al,C;-Al,O,

™

Validating that all assumptions and conclusions collide together and form a viable process.

2000

A|203 - AI4C3 - AI’

Ar/{ALO,+Al,C,+Ar) (mol/mol) = 0.00001, 1atm

&ctSage”

2800

2600

2400

2200

2000

gas_ideal + Cis}

gas_ideal

gas_ideal + Slag

gas_ideal + Liguid + C(s)

gas_idgdl + Slag™u4C3 + Liguid
gas_ideal + Slag + Liquid —;-‘ul.bqs:
|

as_ideal + Slag + Liguid gas_ideal + AMC3 + Liguid

1800

1600

gas_

1400

1200

ideal + ALD (54) + &,0,005)

1000

Tas_ideal + Liquid + ALOC(s) + ALO,C(s) gas_ideal + AMC3 + Liquid + ALOC(s)

gas_ideal + ALOC(s) + ALO,C(s) gas_ideal + AlRCT + ALOC(s]

gas_ideal + AKC3 + AL0,Cis)

ALO,

02 04
Al,C4/(ALO+AL,C;+Ar) (molmol)

06 0.8

Al,C,

Figure 10. Al,C;-Al,O; phase diagram with focus on phases present for 0.5 mol fraction

For a 0.5 mol fraction,
we can see that the
slag phase begins to
form at T=1999°C.

We can also see that
beyond T= 2055, the
slag phase is
completely converted to
Liquid (Al-C alloy) and
gas.

This supports the
operating temperature
of 2000°C that was
determined for the first
stage.

It also confirms the
temperature obtained
for the second stage
2070°C.
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Summary

- A thermodynamic evaluation of the basic carbothermic reduction of alumina
showed aluminum content losses to the formation of carbides or that of vapours.
- The development of a two stage process by Cochran et al. was presented in
which aluminum vaporization is avoided in the first stage and carbide formation is
unstable in the second

- The evaluation of Stage 1: slag production resulted in an optimal temperature
of 2000°C

—> A study on the optimum molar ratio of slag demonstrated that a 0.5Al,05-
0.5Al,C; mole ratio gives the maximum Aluminum metal output, explaining the
charge mole ratio of 1 moles of Al,O4 to 3 moles of C in the theoretical
carbothermic equation

- Finally,the evaluation of Stage 2: aluminum alloy formation set the operating
temperature at 2070°C
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4 Flux Addition
In industry, Flux is often added to help in the smelting process. Here, will we study

the effect of the addition of CaO, MgO and SiO, in alumina carbothermic reduction.

Objective: Determine the optimum flux composition to obtain

the lowest possible melting temperature forming the Al,O, -
Al,C, Slag and increasing the Aluminum yield.

CO(9)

Flux: CaO-MgO-SiO,

VUL

Al-C alloy Figure 11. Schematic of the
addition of Flux in the two stage
Slag: A|203 -A|4C3 reactor

- /




4. Flux Composition

CaO-MgO-SiO,

Determination of the best flux composition to lower operating temperatures and
increase aluminum yield.

<a>CaO, <b>MgO, <c> SiO,

The total flux charge in the upper reactor zone is approximated at 20% of the total charge.
Therefore,a + b + ¢ = 0.20 moles

INPUT:

Al,O; = 0.4 moles

Al,C; = 0.4 moles
& Argon gas is added at 0.0001mol for convergence of the phase diagram and equilb modules

- Determine the effect of each slag component individually

- Observe the combined effect of two components at a time and determined the
most adequate molar ratio between the two

- Analyze the data to determine what ratios increase the aluminum yield and
decrease the operating temperatures.

N I




4.1. Effect of Each Component on the process
4.1.1 An example: MgO- Al,C,;-Al,O5 system

Step by step demonstration of flux component effect on the temperature at which slag is
formed, Tslag, the temperature at which liquid Al is formed, Tliquid and the Aluminum yield.

—
G Mer - Proee i e

Input Species:
Ar and MgO are constant

File Units Pararneters WYariables Help

O = E TIC) Platm] Energul]] kazz{mol] Waolllitre]

Phases selected with
possible immiscibility gap

— Components [4]

/

[ AZ03 + AMC3 + Mgl + A |

Select gases from
FactPS and Pure Solids
from FTOxXCN

[TIC] ws AMC3/AIZ03+214C3]|

— Products
— Compound snecie + Solutinhsnecis — Custom Solutions
[+ gas & ideal ¢ real |26 = | + | BasePhase | Full Mame 0 fived activities
[T aqueous 0 | FTOxCN-Slag Slag 0 idedl solutions
|_ pure liquids 1] N | FTORCN-AIC_ AMC3 0 actiaty u:u:ueffu:u_ants
= [+ pure solids 16 | FTOCH-AIOM AI0N-5 pirel Details ...
[v suppre;;?gp|igategﬁa|ﬂ I FTORCM-Liqu Liquid  Peeudorpms
* o~ ebam {{Talal .
species: 42 apply [ List ... |
[ include molar volumes
— Target | egend Total Spec.ies [max 1500] &8
- honE - - immiscible 4 [+ Showi* all  zelected Total S olutions [max 40] a
Estimate T(K.]: |'| noo species: 26 o
b ass{mol] ||:| solutions: 8 _l Defaul |
—¥ariables Phaze Diagram
TIC) ArdAR20E3+AICS) AlCa/ kgQ/ v
1600 2400 0.0000 01 024 ¥

Calculate >» |

FactSage 6.3 |




/4.1. Effect of Each Component on the process A

4.1.1 An example: MgO- Al,C;-Al,O4 system
Variable Selection

G Variables: Al203-Al4C3-MgO-Ar Ti(C) vs compaosition #1. Iﬁ
Yariables TandP
v ‘_17 compozitiong Temperature Presszure or Wolume
b & 1(0) -aniz - {* Platm] |constant -
Vary Temperature from & || [legtOia) ~] 0] ~ Max " lagP
1600 to 2400°C VAN Min: C Viite)
Ysteps: ™ lag ¥
Xsteps:@
C itions (mole)
Al203 and Al4C3 A
theorectically make up fo 0 Jaucss [0 |Ma0 « 1 |a |constant >
.- 1. — — =
100% (_)f the composition l [T Jaeos« | Jadchs [0 |MaD « [0 |
according to this
[0 Japoa+ [ Jauca+ [0 |mMgo Meas v
h2. = 1 [max)
41203 + aC3+ [0 | Mgo e |
0.24 moles of MgO
represents 20% of the [0 Japo3s+ 0 aMcss MgO constant ¥
#3. =
total. 7
M203+ [1] ]amcas [0 |MaD +
Total: 100 + 120 = 120 >

0.20(120) = 24%




/ 4.1.1 Effect of Each Component on the process; MgO example
Phase Diagram: MgO-Al,C,-Al,O,

2400

2300

2200

2100

T(C)

2000

1900

1800

1700

1600

A|203 - AI4C3 - Mgo - Ar

Ar/[ALO,+Al,Cy) (mol/mol) = 0.00001, MgO/(Al,O,+Al,

|
gﬂs_i':IeIﬂHLiquk:I

C lfmaol) =0, "
1 atm J (mol/mo) ‘[}El'itsagf

gas_ideal + S'EQ + AMC3 + Liguid
|

gas_ideal + Slag + AMC3

S

|
pas_ideal + AKCS + Cis) = ALD,C(=) + r.1gAI‘.ID*(5'.}

gas_ideal + Slag + AMC3 + Ciz)
.ea+5mg+Amc3+c;;:Z¢imu\K\\
A

g#s_id eal + AHC'._Zi + C(z) + ALOC(s) + MgALO,(s)

02

0.4 | 0.6
ALC4/(ALO,+41,C;) (molmol)

0a

The focus is on phase
transformations at 0.5
mol/mol especially for the
lower reactor variables
Tjiquia @nd Al;eq However,
it can also be used to
estimate change in Tslag
for upper reactor.

*Specifically on the
temperature at which the
slag phase starts to have
Al,C,

* Also on the temperature
at which Al-liquid is
formed at a relevant
amount.

k Figure 12. Al,C5-Al, O, Phase Diagram including 20% MgO
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5. Show Results

File Edit

At T=1747, X=0.5
Some slag has
formed with 4% Al,C,

DN[==)
5]

T %.J3odion— Lo 3

+ £.2087E-34 o3

+ 0.52593& mol S5laggl

B Show Results

{44 _00¢ gram, 0.525%36 mol)

(1743.45 C, 1 atm, a2=1.0000)
{ 0.81457 L1203

+ 0.32035 Mgl

+ 4.2380E-02 L14C3

+ 2.2122E-02 Mgzl

0.73235

File Edit

DN[=1E]
= [ s

tion of subklattice constituents:
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/ 4.1.1 Effect of Each Component on the process; MgO example \

Using the Equilb Module to determine Al yield

The slag seems to form at 0.4 AI4C3 + 0.4 AI203 + 0.00001 Ar + 0.2 MgO
relatively low temperatures Stable phases vs Temperature for MgO addition
but as shown in the last L
slide, Slag formation with LI I S —— -
A|4C3 On Iy occurs arou nd i lSeIecled Line Descriptil.:m
° index |39 name |AI[L|qu#‘I]
1740 C. 2500 ||| [ Lines & Points -
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produced ground _1990°C. L e

The Aluminum vyield at [

2070°C is 1.5337 moles for  H -+ - — - -
an input of 2.4 moles, T(C)

therefore 63.9%.

Figure 13. Stable phases present + Al (liqu) as a function of Temperature with 20%
MgO addition

Note: The addition of MgO gives an Al yield that is lower than the initial yield of 75%
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/ 4.1.2 Effect of Each Component on the process; CaO addition

2400

4.1.2 Phase Diagram: CaO-Al,C;-Al,O,
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The Phase Diagram gives
a general idea of how the
Important variables Tslag,
Tiquia @nd Alj;ey change for
the addition of a
component. However the
equilb method is much
more adequate and will
be used for further
analysis.
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K Figure 14. Al,C5-Al,O; Phase Diagram including 20% CaO




4.1.2 Effect of Each Component on the process; CaO addition

Using the Equilb Module to determine T,

The slag containing Al,C,
forms at a relatively low
temperature of 1655.3°C.
This temperature is much
lower than the original
slag production
temperature of 2000°C
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Figure 15. Stable phases present + Al (liqu) as a function of Temperature with 20%

CaO addition
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4.1.2 Effect of Each Component on the process; CaO addition

Using the Equilb Module to determine T,

Figure 15. also shows that the liquid
phase is initially produced around
2085°C. This temperature is higher
than the initial liquid alloy temperature

of 2070.
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Furthermore, the Aluminum yield
at 2070°C is 0.000118 moles for
an input of 2.4 moles, therefore

0%.
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Note: the same procedure was used to determine the effect of SiO, addition. The
following table displays the effect of each on the key variables.
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a 4.1 Effect of Each Component on the process h

4.1.3 Conclusions

Variables:
Tsag = Temperature at which slag is formed in the upper reactor
Tiiquia = Temperature at which Al liquid alloy is formed in the lower reactor

Aljiels @ 2070 = Mole percentage of Aluminum converted to the Aluminum liquid alloy at a lower
reactor temperature of 2070°C

Max. Alyelg @ T = Maximum aluminum yield at a given temperature in the lower reactor

Table 1. Effect of individual flux addition

Added Ts1ag (°C) Aljieg @ 2070°C | Max. Alyq @ T
Component
(20%)
None 2000 2070 75% --
MgO 1747.1 1990 63.9% 66.37% @ 2042.1
CaO 1655.3 2085 0% 69.29% @ 2103.5
SiO, 1931.3 2027.3 61.08% 61.75% @ 2055

Note: All Aluminum yield whether they be at 2070 or the maximum aluminum yield for a
given temperature, are lower than the Aluminum yield without flux addition.




/4.2, Effect of Adding Component Combinations on the process\
The same procedure was followed but an additional component was added. The

aluminum yield for a two-flux component system was determined.
As before, Initial amount of Al in slag 0.4Al,C;-0.4Al,0;=0.4(2) + 0.4(4) = 2.4 moles

Table 2. Effect of CaO -SiO, addition

CaO % | Si02% | Tslag (C) | Tliquid (C) | Max. Al (moles) | Al (moles) % Al Yield
@T @2070C** @2070

1657.5 2045 1.5839 @ 2045 1.5094 62.89%
20 0 1655.3 2085 1.663 @ 2103.5 1.834E-5 0%
0 20 1931.3 2027.5 1.4819 @ 2055 1.466 61.08%
15 ) 1657.2 2055 1.6258 @ 2095 0.533 22.21%
5 15 1663.2 2031.7 1.5381 @ 2070 1.5381 64.09%

Table 3. Effect of MgO =SiO, addition

MgO % | Si0O2% | Tslag (C) | Tliquid (C) | Max. Al (moles) | Al (moles) @ | % Al Yield
@T 2070C** @2070

1742.9 1990 1.5338 @ 2050 1.4863 61.93%
20 0 1747.1 1990 1.5928@ 2042.1 1.5337 63.90%
0 20 1931.3 2027.3 1.4819@ 2055 1.466 61.08%
15 5 1742.9 1990 1.5638@ 2041.5 1.4906 62.11%
K 5 15 1740.9 2015 1.5079 @ 2050 1.4781 61.59% /




Summary of the Flux Analysis

- The presence of CaO significantly decreases the temperature at which slag
(including Al,C,) is formed. This means that composition of CaO in the flux
reduces the operating temperature of the Upper Reactor region.

—> The presence of SiO, as well as that of MgO reduces the temperature at
which the liquid alloy is formed in the second stage of the two stage reactor.
- Despite this affect of reducing considerably the operating temperatures of
the reactor stages, it was shown that the presence of these flux components
either individually or in pairs, decreases the original Aluminum yield of 75%.




5. Effect of Oxygen content on Aluminum Yield

In industry, the addition of flux is usually known to be beneficial to the smelting
process. For the case of the carbothermic reduction of alumina, it was found that
this is not the case.

A possible explanation for this result could be the effect of the presence of oxygen
In contact with the Aluminum liquid that is forming.

Cochran’s two stage reactor had a two stage process partially in order to avoid the
interference of carbon monoxide gas with the liquid aluminum. Therefore,
interaction with oxygen atoms could be the downfall of process efficiency.

Next>> The effect of oxygen atoms on aluminum yield
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5.1 A Previous study on mole ratios of oxygen to aluminum
2011 Study by School of Mining and Metallurgical Engineering, Greece [1]

A study recently performed in Greece showed that the mole to mole ratio of oxygen
and Aluminum in the initial charge (usually Al,O,) affects the final aluminum yield.[1]

Result: As you decrease the
number of moles of oxygen
to the number of moles of
Aluminum, you increase
your Aluminum vyield and
reduce losses to Al(g) and
ALLO(g)

Perhaps, the inverse can be
applied also. Addition of
CaO, MgO and SIiO,
Increases the amount of
oxygen present which
could potentially account
for reduction in yield.

Next>> Variation in amount
of oxygen added as a
Kfunction of Aluminum yield.
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Figure 4: Calculated aluminium molar speciation and alumina to metallic aluminium reduction
yield at 2200 *C in system with varying mitial aluminium to oxygen atomic ratio and
excess carbon. For ratio 3 oxygen atoms / 2 Al atoms the initial system is equivalent to
the composition of ALO;+10C, for 2 oxygen atoms / 2 Al atoms to Y- (ALO4C+19C).
for 1 oxygen atoms / 2 Al atoms to ALOCH+9C. and for 0 oxygen atoms / 2 Al atoms

to Y2 (ALC:+17C)
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Input:

* 1 mol of
(Al203)0.5(Al4C3)0.5

* <A>mol of O

Vary <A> from 0 to 2.5
by 0.01

T=2070°C

Figure 16 shows that
the number of moles of
Al produced decreases
as the input number of
moles of oxygen added
to the slag increases.

Note: This confirms the
initial assumption that
the presence of oxygen
atoms in the flux reduce
the aluminum yield.

-

mole

5.2 Variation in the moles of oxygen reacting with the slag
A possible explanation for the reduction in Aluminum yield by addition of Flux

™

(AI203)0.5(Al4C3)0.5 + <A> O + 0.00001 Ar
C:AFactSage\A1\Equil.res 30Apr13

[=]

Figure 16. Aluminum yield as a function of the number of moles of oxygen present.
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