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Carbothermal Reductive Upgrading of a Bauxite Ore
Using Microwave Radiation
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Abstract. The utilization of microwave radiation as the en-
ergy source for the carbothermal reductive upgrading of a
bauxite ore was investigated. The bauxite ore was mechan-
ically mixed with carbon and reacted in a quartz crucible
in a multimode cavity. The iron oxide in the bauxite ore
was reduced to magnetite and/or iron and the magnetic frac-
tion was separated using a Davis Tube Tester. Three exper-
imental arrangements were utilized: (i) microwaving of the
mixture, (ii) microwaving of the mixture plus charcoal lay-
ers under ambient conditions and (iii) microwaving of the
mixture plus charcoal layers in argon. The utilization of
the charcoal layers resulted in more uniform heating of the
sample. The effects of irradiation time, sample mass and in-
cident power on the mass of the magnetic fraction were de-
termined. Both the iron and the aluminum contents of the
magnetic fraction were measured and using these values,
the iron removal from the bauxite ore and the alumina re-
covery in the non-magnetic fraction were calculated. It was
shown that under mildly reducing conditions, almost half of
the iron could be removed as magnetite. However, the for-
mation of hercynite limited the iron separation as magnetite
and higher iron removals could only be achieved through
the formation of metallic iron under more highly reducing
conditions.
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modynamics, reduction, magnetic separation, hercynite,
magnetite, metallic iron.
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1 Introduction

Bauxite ore is the most important raw material for the ex-
traction of alumina, which is the feedstock of the aluminum
industry. These ores contain some iron oxide and as the
higher-grade bauxites are consumed, ores with more ele-
vated iron oxide contents will be utilized. The presence of
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the iron oxide has several detrimental effects on the alu-
mina extraction process. Firstly, the iron oxide is present in
a finely disseminated form and separation from the alumi-
nate liquor as red mud is both difficult and slow. Secondly,
alumina dissolution in the caustic solution can be facilitated
at higher temperatures but some of the iron oxide also dis-
solves and this increases the reagent consumption. Thirdly,
the iron oxide interferes with the recovery of other impuri-
ties, such as titanium oxide. The previous research on pro-
cesses to either remove or recover the iron from the bauxite
ore prior to the Bayer process can be categorized into the
following four groups: (1) magnetic separation, (2) selec-
tive leaching, (3) reduction plus magnetic separation and
(4) gas-solid reactions such as chlorination. In the mag-
netic separation processes, the iron oxides are magnetically
separated from the bauxite ore prior to the Bayer Process
[1,2]. In the selective leaching processes, the hematite in the
bauxite ore is leached using acids [3–5]. In the third group,
the hematite in the bauxite ore can be reduced to magnetite
and/or metallic iron and separated magnetically [6–9]. In
the gas-solid reactions, the iron oxide is typically preferen-
tially chlorinated to iron chloride and then separated from
the remaining alumina [10–13].

With regards to the reduction and magnetic separation
processes, Reddy et al. [6] reacted a bauxite ore with a
solid reductant such as coke fines, charcoal or other car-
bonaceous materials at 1073–1173 K for 30 to 60 minutes.
Mixtures of carbon monoxide and carbon dioxide were also
utilized [7]. The bauxite ore contained 4.5% hematite and
the particle size was less than 1 mm. After reduction, low
intensity magnetic separation was performed and the mag-
netic fraction contained 1.96% hematite and approximately
80% alumina, which was suitable for refractory use. Sadler
and Venkataraman [8] employed a low gradient magnetic
field, to recover the iron bearing components from the baux-
ite ore after a reduction pretreatment. The bauxite sample,
with a particles size of less than 0.5 mm, contained about
2.7% hematite. The reduction process was performed in a
horizontal tube reactor, which was heated in a resistance
furnace for varying temperatures and times. After reduc-
tion, the bauxite samples were cooled to room temperature
in the reactor, which was purged with nitrogen, and then
the reacted sample was magnetically separated in a Davis
Tube Tester. The optimum results were obtained under two
conditions: (1) 20 minutes reduction at 1073 K and (2) 2
hours reduction at 773 K. The alumina recoveries in the
non-magnetic fractions were 94.7% (1.5% hematite) and
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93.5% (1.4% hematite), respectively, while the iron recov-
eries in the magnetic fractions were 40.8% and 43.9%, re-
spectively.

A number of studies have been performed on the reduc-
tion of iron oxide or iron ores using microwave radiation
[14–16]. In general, it has been observed that the reduction
of iron oxide occurs more rapidly under microwave con-
ditions than in conventional heating processes and this has
been attributed to the higher heating rates. With regards to
bauxite ores, Rao has studied the removal of iron from a
refractory bauxite ore (55.7% alumina and 5.6% hematite)
using microwave radiation in either the ambient or a reduc-
ing atmosphere [17]. The products were then crushed, clas-
sified and processed in a low intensity magnetic separator
at 4000 Gauss. With the reducing treatment in a microwave
cavity, some hematite was converted to magnetite. In ad-
dition, the particles became coarser, due to the formation
of hard agglomerates of magnetite and metallic iron. For
the bauxite sample, with no treatment, about 6.1% mag-
netite was recovered. With microwave radiation in an ambi-
ent atmosphere, the magnetite concentration was increased
to 10.6% and the non-magnetic fraction contained 4.1%
hematite. In the reducing atmosphere, the magnetite in-
creased to 18% and the hematite was reduced to only 2.5%
in the non-magnetic fraction. However, the products were
coarser due to sintering. The microwave roasting time was
only half that of the conventional rotary furnace roasting.
Rao attributed the success of microwave roasting to the abil-
ity of microwaves to selectively heat the iron oxide phases
in the bauxite. Under reducing conditions, microwaves pro-
moted a faster conversion of hematite to magnetite. It was
suggested that the microwave process should be considered
for scale-up to commercial application.

In this research, the utilization of microwaves for the re-
duction of the hematite in a gibbsite bauxite ore was inves-
tigated. The experiments were performed in a Conversion
Technology Corporation microwave system and the power
could be varied continuously from 0 to 2000 W. The baux-
ite samples were mechanically mixed with carbon and three
different experimental arrangements were utilized. Char-
coal layers were interspaced throughout the sample in order
to achieve more uniform heating. The effects of irradiation
time, incident power, sample mass, number of charcoal lay-
ers and the presence of inert gas were investigated. A major
objective was to achieve reduction of hematite to magnetite
without significant sintering, so that crushing and grinding
would not be required, before magnetic separation.

2 Experimental

2.1 Raw Materials

The chemical composition of the bauxite ore sample uti-
lized in this work was determined by X-ray Fluorescence

(XRF) and the results are shown in Table 1. It can be seen
that the alumina content was 49% and the Loss on Ignition
(LOI) was 26.7% with the major impurities being iron ox-
ide (19.3%) followed by titanium oxide (2.49%) and silica
(2.28%). X-Ray Diffraction analysis of the ore showed that
the major components were gibbsite (� -Al(OH)3/, goethite
(FeOOH), hematite (Fe2O3/, anatase (TiO2/, boehmite (� -
AlOOH) and kaolinite (Al4Si4O10(OH)6/. The bauxite ore
was very fine and the particle size distribution was mea-
sured by wet sieving. One hundred percent of the particles
were less than 0.147 mm and about 94% of the particles
were smaller than 0.038 mm.

Species (%)

Al2O3 49.00

Fe2O3 19.30

TiO2 2.49

SiO2 2.28

Na2O 0.06

CaO 0.04

MgO 0.06

K2O 0.02

MnO 0.42

P2O5 0.22

Cr2O3 0.11

LOI 26.70

Sum 100.08

Table 1. Chemical analysis of the bauxite ore (mass %).

2.2 Microwave Heating System

Figure 1 shows a schematic diagram of the microwave heat-
ing system employed in this work. The major features were
a power supply, a control panel, a 2.45 GHz air-cooled
magnetron, a rectangular aluminium waveguide, a circu-
lator and a multimode cavity containing the sample to be
processed. Conversion Technology Corporation manufac-
tured the Model P2000L power supply. The magnetron pro-
duced high frequency (2.45 GHz) microwaves and the inci-
dent power could be varied continuously from 0 to 2000 W.
The microwaves traveled along the rectangular aluminum
waveguide to the cavity, which was 26 cm in height, 40
cm in width and 40 cm in length. Here, the microwaves
could be absorbed, reflected or transmitted by the sam-
ple. Microwaves, which were not absorbed by the sample,
would eventually return back down the waveguide and be
absorbed by the water load. Both the incident and the re-
flected microwave powers were monitored using two detec-
tors installed in the waveguide. The three stub tuners in the
waveguide were utilized to adjust the incident microwave
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Figure 1. Schematic diagram of the microwave system uti-
lized in the experiments.

power in order to achieve an optimum match between the
microwave power and the load (sample). The samples to be
processed were placed in a cylindrical quartz crucible on a
platform (SALITM: 80% Al2O3 and 20% SiO2/, at the cen-
tre of the base of the cavity. The cylindrical quartz crucible
had the following dimensions: 37 mm in height, 28 mm in
diameter, and 1.5 mm in thickness. Both silica and alumina
are essentially transparent to microwaves under the present
experimental conditions.

2.3 Microwave Heating Behaviour Studies

The microwave heating behaviours of bauxite ores have
been studied previously [18] and only a brief description of
the technique is given here. In the present work, the heat-
ing behaviours of charcoal with varying particle sizes were
investigated and also mixtures of bauxite ore and charcoal
were studied. The sample temperature was measured by
inserting a K-type thermocouple into the powdered sam-
ple. A wire diameter of 0.5 mm was employed, because
this wire size has a relatively fast response time and also
a long lifetime. In order to eliminate any interference of
the microwaves, the power was turned off during the mea-
surement and the maximum sample temperature was then
recorded. The sample temperature was always measured in
the same position, i.e. in the vertical central line at the sam-
ple bottom. The measured sample temperature varied with
position in the sample. This effect was investigated using a
70 g bauxite sample that was heated at 825 W for 180 sec-
onds. Then the sample temperatures were recorded verti-
cally at four different positions, which were 0.0 cm, 0.5 cm,
1.5 cm, 2.5 cm, and 3.5 cm from the bottom of the sample.
Replicate tests were performed for each temperature mea-
surement. As shown in Figure 2, the highest temperature
was obtained at the 2.5 cm position; the lowest temperature
was found at 0.0 cm. The average temperature difference
between these two positions was about 100 K.

(a) set-up (i)                                                            (b) set-up (ii) 

                                                                                       

              
                                     
                                    (c) set-up (iii)    
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Figure 2. Schematic diagrams of the three experimental
set-ups: (a) set-up (i) – microwaving of a mechanical mix-
ture of the bauxite plus charcoal particles under ambient
conditions, (b) set-up (ii) – microwaving of a mechanical
mixture of the bauxite plus charcoal particles with multiple
charcoal layers under ambient conditions and (c) set-up
(iii) – microwaving of a mechanical mixture of the baux-
ite plus charcoal particles with multiple charcoal layers in
argon.

2.4 Microwave Reduction Studies

The microwave reduction studies of a mechanical mixture
of the bauxite ore plus carbon were performed in the mul-
timode cavity, as described previously. In the microwave
tests, three experimental arrangements were utilised: (i) mi-
crowaving of the mixture under ambient conditions, (ii) mi-
crowaving of the mixture with multiple charcoal layers un-
der ambient conditions and (iii) microwaving of the mix-
ture with multiple charcoal layers in argon. These exper-
imental arrangements are shown in Figures 2 (a), (b) and
(c). A microwave transparent cover (SALITM: 80 mass %
Al2O3, and 20 mass % SiO2/ was placed on the quartz cru-
cible. Charcoal with a particle size of minus 0.038 mm
was utilised. The product gases, i.e. carbon monoxide and
carbon dioxide exited through a small hole in the cover to
the exhaust gas system. After processing, the reacted sam-
ples were quenched by rapidly pouring the products into a
650 ml container of water and then dried at 373 K. This
procedure minimised reoxidation during cooling.
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Figure 3. Vertical temperature distribution along the centre-
line of a 70 g bauxite ore sample that was heated at 825 W
for 180 seconds. Charcoal was not added.

In set-up (i) as shown in Figure 2 (a), a mechanical mix-
ture of 27.5 g of the bauxite plus charcoal particles was mi-
crowaved at 1000 W. In set-up (ii) as shown in Figure 2 (b),
multiple charcoal layers were incorporated into the sample
and the charcoal layer arrangement is shown in Table 1.
The major two functions of the charcoal layers were: (1) to
transfer the microwave energy to the sample mixture more
uniformly, which could reduce the local overheating and (2)
to react with the ambient oxygen in the sample and so main-
tain a reducing atmosphere. The effects of the number of
charcoal layers and the mass of the charcoal in each layer
on the mass of the magnetic concentrate were studied. Set-
up (iii) as shown in Figure 2 (c) was similar to set-up (ii)
except the reduction test was performed in an argon atmo-
sphere. Four charcoal layers were utilized. First argon gas
was purged through the crucible, then the reduction process
was carried out and subsequently the sample was cooled un-
der an argon atmosphere for one hour. The operating vari-
ables studied were: heating time and incident power.

2.5 Analysis

A Davis Tube Tester was utilized to separate the magnetic
fraction from the non-magnetic fraction. Wash water at a
flow rate of 100 ml/min was passed through the tube. Since
there was about 20 g of reduced material from each experi-
ment then the test was performed three times and the aver-
age values for the magnetic and the non-magnetic fractions
were determined. For each test, the stroke rate was set at 75
strokes/min and the processing time was 600 seconds. The
magnetic fraction (concentrate) and non-magnetic fraction
(tailings) were recovered and dried in a conventional oven
at 373 K. The mass of the concentrate was used as an in-
dicator of the reduction degree. For selected samples, the
percentages of total iron and total aluminium in both the

concentrate and the tailing were determined using Atomic
Absorption Spectrometry (AAS). The iron removal and the
aluminium recovery were calculated as follows:

%Feremoved D MNM � %FeNM

27:5 � 13:51
; (1)

%Alremoved D MNM � %AlNM

27:5 � 25:94
; (2)

where MNMis the mass of the non-magnetic fraction,
%FeNM is the iron content of the non-magnetic fraction,
%AlNM is the aluminum content of the non-magnetic frac-
tion, 27.5 is the sample mass utilized in the reduction test,
13.51 is the total iron percentage in the as-received sam-
ple and 25.94 is the total aluminum percentage in the as-
received sample. Also, some reacted samples were ana-
lyzed by X-Ray Diffraction (XRD).

3 Results and Discussion

3.1 Microwave Heating Behaviour Studies

The microwave heating behaviour of bauxite ores has been
discussed extensively in previous research (18) and only a
typical example is shown here in Figure 4. The effect of
irradiation time on the sample temperature is shown for a
sample mass of 27.5 g and a microwave power of 1000 W. It
can be seen that the temperature increases relatively rapidly
during the first sixty seconds, levels off and at about 330
seconds the temperature again increases rapidly from about
613 K to about 1473 K. It has been shown previously that
this levelling off is due to the thermal arrest associated with
the dewatering process [18]. The subsequent rapid increase
in temperature was attributed to the associated significant
increase in the permittivities [18].

It is well known that charcoal is an excellent microwave
absorber and heats rapidly under microwave irradiation.
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Figure 4. Effect of microwave irradiation time on the tem-
perature of 27.5 g of bauxite ore at 1000 W.
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Figure 5. Effect of charcoal particle size on the charcoal
temperature for various charcoal masses. The samples
were irradiated for 180 seconds at 1000 W.

Figure 5 shows the temperature of the charcoal particles
as a function of average particle size for different sample
masses. The samples were irradiated for 180 seconds at
1000 W. In general, it can be seen that the sample tem-
perature decreases with increasing particle size. However,
above about 0.125 mm the effect becomes less pronounced
and the temperature becomes essentially independent of
particle size. Also, it can be seen that the sample temper-
ature increases with increasing sample mass and also the
effect of sample size is less significant at sample masses
above about one gram. The effect of particle size is gener-
ally explained in terms of an increasing bulk density with
decreasing particle size for a given sample mass. On the
other hand, the increasing temperature with increasing sam-
ple mass is a result of the volumetric heating characteristic
of microwave radiation.

The effect of charcoal additions on the temperature of
the bauxite ore (27.5 g) for various charcoal particle sizes is
shown in Figure 6 for a heating time of three minutes and an
incident power of 1000 W. In the absence of charcoal par-
ticles, the bauxite sample had a temperature of only about
530 K and the temperature remained close to this value at
low charcoal additions. However, at a critical carbon addi-
tion, the temperature increased rapidly and this critical car-
bon addition decreased with decreasing particle size. Once
above the critical carbon content, the rate of temperature
rise increased with decreasing particle size. Again, the ef-
fect of decreasing particle size can be attributed to a lower-
ing of the bulk density.

3.2 Microwave Reduction Studies

Based on the some preliminary tests it was determined that
temperatures below about 1073 K were necessary to avoid
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Figure 6. Effect of charcoal additions on the temperature of
27.5 g of bauxite ore for an irradiation time of 180 seconds
at 1000 W.

sintering. Also utilizing the microwave heating behaviour
studies, it was possible to determine the times and char-
coal additions required to achieve this aim reduction tem-
perature in experimental set-up (i). The results are shown
in Figure 7 (a) for 27.5 g of bauxite and an incident power
of 1000 W. It can be seen that as the charcoal addition in-
creased then the time required to reach the aim tempera-
ture initially decreased rapidly and then more slowly. As
the amount of charcoal increased than the absorbtion of mi-
crowaves increased and as a result, less time was required.
Figure 7 (b) shows the amount of magnetic material that
could be obtained for the conditions shown in Figure 7 (a).
It can be seen that the amount of magnetic material was low
at the low charcoal addition (0.8 g), due to insufficient re-
ducing agent. At higher charcoal additions the amount of
magnetic material was higher and constant, reflecting the
fact that the aim temperature was reached in each case and
the amount of reducing agent was sufficient. Additionally,
the amount of the magnetic fraction was significantly lower
than would be expected based on the stoichiometric con-
version of hematite to magnetite (about 5 g). Temperature
measurements in the center of the sample were significantly
higher than the exterior. XRD analysis of the magnetic frac-
tion showed the presence of metallic iron, hercynite and alu-
mina, while the non-magnetic fraction contained gibbsite
and hematite. These results are indicative of non-uniform
heating, resulting in a steep inverted temperature gradient
from the inside to the outside of the sample, with reduction
occurring in the center of the sample and unreacted gibb-
site and unreduced hematite being present on the exterior of
the sample. In order to overcome this non-uniform heating
phenomenon, further studies were performed with charcoal
layers dispersed throughout the sample.
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2 Layer 3 Layers 4 Layers 5 Layers

Description Mass (g) Description Mass (g) Descriptio Mass (g) Description Mass (g)

Bauxite 4.0 Bauxite 1.5 Bauxite 1.5 Bauxite 1.5

Charcoal 0.5 Charcoal 0.5 Charcoal 0.5 Charcoal 0.5

Bauxite 18.5 Bauxite 14.5 Bauxite 6.5 Bauxite 6.5

Charcoal 1.0 Charcoal 1.0 Charcoal 1.0 Charcoal 1.0

Bauxite 6.0 Bauxite 12.5 Bauxite 8.0 Bauxite 8.0

Charcoal 1.0 Charcoal 1.0 Charcoal 1.0

Bauxite 8.0 Bauxite 5.0

Charcoal 1.0 Charcoal 1.0

Bauxite 4.5 Bauxite 4.0

Charcoal 1.0

Bauxite 3.5

Table 2. Charcoal layer distribution in experimental set-up (ii).

3.3 Microwave Reduction Studies with Charcoal Layers

As discussed previously, the major difficulty observed in
the microwave reduction tests was the non-uniform heating.
Additionally, it has been noted that the microwave absorb-
tion characteristics of charcoal are far superior to those of
the bauxite ore. In order to distribute the microwave energy
more homogeneously, layers of –400 mesh charcoal were
placed inside the sample as previously described in set-up
(ii) in Figure 2 and Table 2. Figure 8 shows the mass of the
recovered magnetic materials as a function of the number of
charcoal layers. The bauxite (27.5 g) was mixed with 1 g of
charcoal and irradiated for 160 seconds at 1000 W. As the
number of charcoal layers increased from 2 to 4, the mass
of the recovered magnetic materials increased from 2.2 g to
4.1 g. Above four charcoal layers, the mass of the magnetic
material began to level off at about 4 g. No overheating and
sintering were observed during the experiments and a more
uniform temperature distribution was achieved than in set-
up (i).

In set-up (iii), microwave reduction experiments with
four charcoal layers were conducted in an argon atmo-
sphere. The effects of irradiation time and the incident
power level were studied. Figure 9 shows both the amount
of the recovered magnetic material and sample temperature
as a function of the irradiation time. The bauxite (27.5 g)
was mixed with 1 g of charcoal and irradiated at 1000 W.
For a processing time of 80 seconds the sample temperature
was measured at the different positions as shown in Figure 3
and the error bar indicates the variation of temperature. It
can be seen that the mass of the magnetic material remained
relatively constant in the range of four to five grams when
the heating time increased from 160 seconds to 360 sec-
onds. Above 360 seconds the mass increased rapidly up to
about 9.5 g. These processing times are significantly shorter
than those previously reported in the literature [6–8]. Fig-

ure 10 illustrates the effect of the incident power level on
both the temperature and the mass of the magnetic material
for an irradiation time of 360 seconds. For the sample at 600
W, the temperature within the sample was determined at the
positions as shown in Figure 3 and the error bar represents
the variation. It can be seen that the mass of the magnetic
material increased slightly from 4.8 g at 825 W to 5.1 g at
1000 W and then increased rapidly to 8.8 g at 1175 W.

3.4 Process Analysis

In order to understand the reactions occurring in the pro-
cess, a thermodynamic analysis was performed utilizing the
relevant reduction reactions. The reaction of carbon with
iron oxide generates carbon monoxide and therefore both
carbon and carbon monoxide were considered as reducing
agents. The reduction of hematite (Fe2O3) by carbon (C)
can result in the formation of magnetite (Fe3O4), wustite
(FeO), metallic iron (Fe) and hercynite (FeAl2O4), in the
presence of alumina (Al2O3/, as given by the following re-
actions:

3Fe2O3 C C D 2Fe3O4 C CO.g/; (3)

Fe2O3 C C D 2FeO C CO.g/; (4)

Fe2O3 C 3C D 2Fe C 3CO.g/; (5)

Fe2O3 C C C 2Al2O3 D 2FeAl2O4 C CO.g/: (6)

The standard free energies of formation of these reactions as
a function of temperature are shown in Figure 11(a). The re-
duction of hematite to magnetite as given by reaction (3) is
favourable above about 570 K. The formation of hercynite
by reaction (6) is even more favourable, while the reactions
for the formation of wustite (reaction (4)) and metallic iron
(reaction (5)) have negative standard free energies only at
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Figure 7. (a) Effect of charcoal additions on the time re-
quired to achieve the aim reduction temperature of about
1073 K at an incident power of 1000 W; (b) Effect of char-
coal additions on the amount of the magnetic fraction at
the aim reduction temperature of about 1073 K at 1000 W.

relatively high temperatures. These results indicate that at
low temperatures, although hematite can be relatively easily
reduced to magnetite, in the presence of alumina, hercynite
formation would be favourable. The formation of wustite is
only possible at high temperatures and metallic iron at even
higher temperatures. The reduction of hercynite to metallic
iron is given by the following reaction:

FeAl2O4 C C D Fe C Al2O3 C CO.g/: (7)

This reaction is also shown in Figure 11 (a) and it can be
seen that the standard free energy change is very positive,
reflecting the high stability of hercynite. It would be ex-
pected that this reaction would become more favourable as
the partial pressure of carbon monoxide is reduced.
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Figure 8. Mass of magnetic fraction as a function of the
number of charcoal layers. The bauxite (27.5 g) was mixed
with 1g of charcoal and irradiated for 160 seconds at
1000 W.
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Figure 9. Mass of magnetic fraction and sample temper-
ature as a function of the irradiation time. The bauxite
(27.5 g) was mixed with 1 g of charcoal and irradiated
at 1000 W. The error bar for the sample temperature at an
irradiation time of 80 seconds indicates the temperature
variation in a typical sample (see Figure 3).

The corresponding reactions for reduction by carbon
monoxide are as follows:

3Fe2O3 C CO.g/ D 2Fe3O4 C CO2.g/ (8)

Fe2O3 C CO.g/ D 2FeO C CO2.g/ (9)

Fe2O3 C 3CO.g/ D 2Fe C 3CO2.g/ (10)

Fe2O3 C CO.g/ C 2Al2O3 D 2FeAl2O4 C CO2.g/: (11)

The standard free energy changes for these reactions as
a function of temperature are shown in Figure 11 (b). The
reduction of hematite to magnetite (reaction (8)) is highly
favourable even at room temperature, while the reduction of
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Figure 10. Mass of magnetic fraction as a function of in-
cident power. The bauxite (27.5 g) was mixed with 1 g of
charcoal and irradiated for 360 seconds. The error bar for
the sample temperature at an incident power of 600 W in-
dicates the temperature variation in a typical sample (see
Figure 3).
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Figure 11. (a) Standard free energy change of reactions (3)
to (7), with carbon as the reducing agent, as a function of
temperature; (b) Standard free energy changes of reactions
(8) to (12), with carbon monoxide as the reducing agent, as
a function of temperature.
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Figure 12. Mass of magnetic fraction as a function of en-
ergy consumption for the experiments with charcoal layers
in argon.

hematite to wustite (reaction (9)) and hematite to iron (re-
action (10)) are somewhat favourable. Reaction (11) has a
very negative standard free energy change, again reflecting
the high stability of hercynite. The reduction of hercynite
to metallic iron by carbon monoxide is described by the fol-
lowing reaction:

FeAl2O4 C CO.g/ D Fe C Al2O3 C CO2.g/: (12)

Once more the standard free energy change for this reac-
tion is positive, reflecting the relatively high stability of her-
cynite.

Figure 12 shows the amount of magnetic material for all
the experiments in argon as a function of the energy con-
sumption. It can be seen that there are three major regimes.
At low energy consumptions the amount of magnetic mate-
rial is low but increases with energy consumption. X-Ray
Diffraction analyses of samples in this region showed the
presence of alumina, hematite and magnetite. At interme-
diate energy consumptions, the amount of magnetic mate-
rial was between four and five grams and this roughly cor-
responded to the amount of magnetite predicted by equa-
tion (3). Here the amount of magnetite has reached the op-
timum value but the conditions are not sufficiently reduc-
ing to allow the reduction of magnetite. X-Ray Diffraction
analyses of the magnetic material in this region showed ma-
jor peaks for magnetite, hercynite (FeAl2O3) and alumina.
In the third regime, the amount of magnetic material in-
creased rapidly with energy as more and more of the iron
oxide was reduced to metallic iron. X-Ray diffraction anal-
ysis of this material showed the presence of metallic iron,
hercynite and alumina.

Figures 13 (a) and (b) show the percentage of iron recov-
ered in the magnetic fraction (percentage iron removed) and
the alumina recovery in the non-magnetic fraction, as func-
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Figure 13. (a) Iron removal as a function of the mass of
the magnetic fraction for the experiments with charcoal
layers in argon; (b) Alumina recovery in the non-magnetic
fraction as a function of the mass of the magnetic fraction
for the experiments with charcoal layers in argon.

tions of the mass of the magnetic fraction, respectively. It
can be seen that the percentage of iron removed increased
in essentially a linear manner with the amount of mag-
netic material. As mentioned previously, the majority of
the magnetite is found when the amount of magnetic ma-
terial is in the range of about four to five grams and this
corresponds to an iron removal of about 45 to 50%. Be-
yond this range, reduction of iron oxide to metallic iron
occurs. Since the metallic iron is in a finely disseminated
form, then some alumina is also entrapped in the magnetic
fraction. As shown in Figure 13 (b), the alumina recovery
was essentially constant up to a mass of magnetic material
of about four to five grams and then dropped precipitously
as reduction to metallic iron occurred and an increasing
amount of alumina was found in the magnetic concentrate.
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Figure 14. Alumina recovery versus iron removal for the
experiments with charcoal layers in argon.

Figure 14 shows the alumina recovery as a function of the
amount of iron removed. For alumina recoveries of almost
ninety percent, the maximum amount of iron removed was
about forty-five percent. Subsequently, the alumina recov-
ery dropped sharply with increasing fraction of magnetic
particles. Consequently, for an iron removal of about ninety
percent, the alumina recovery was only about seventy per-
cent.

4 Conclusions

(1) Microwave heating behaviour studies of bauxite ores
showed that after the dewatering process, the ore became
an excellent microwave absorber and temperatures of over
1473 K could be achieved. The addition of charcoal to the
bauxite improved the microwave heating behaviour. Higher
temperatures were achieved with increasing amounts of
charcoal and decreasing particle size of the charcoal.

(2) Microwaving of a mixture of bauxite and charcoal re-
sulted in non-uniform heating. The exterior of the sam-
ple contained unreacted gibbsite and hematite. The inte-
rior was overreacted, sintered and contained magnetite, her-
cynite and metallic iron.

(3) More uniform heating was achieved by adding char-
coal layers to the bauxite plus charcoal mixture. The mass
of the magnetic fraction increased with irradiation time,
number of charcoal layers and incident power. The pro-
cessing time under microwave irradiation was significantly
lower than in conventional heating processes. The utiliza-
tion of an argon atmosphere promoted more highly reducing
conditions.

(4) A thermodynamic analysis of the process indicated that
hercynite would be more stable than magnetite and X-ray
diffraction analysis demonstrated that hercynite was present
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in the reacted product. The formation of hercynite limited
the amount of magnetite that could form and as a result the
maximum iron separation as magnetite was about fifty per-
cent with an alumina recovery of about ninety percent. With
more reducing conditions metallic iron formed and the iron
separation was as high as ninety percent with an alumina
recovery of about seventy percent.
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