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Abstract

The Bayer Process is the dominant industrial method to produce alumina from bauxite ore. Due to the generation of large
amounts of Bauxite Residue (red mud), an alternative method, called the Pedersen Process, is of our interest. This process
makes use of a combination of pyrometallurgical and hydrometallurgical techniques in order to prevent the Bauxite Residue
generation. In the conventional Pedersen Process, iron in the bauxite is separated in the form of pig iron through a carbothermic
smelting-reduction step which has a CO, emission similar to that during conventional iron production. In order to eliminate
the CO, emission of this step, the focus of the present work is to reduce the iron oxides of bauxite ore by hydrogen gas (H,)
prior to smelting and minimizing the use of solid carbon materials for the reduction. The thermochemistry and the kinetics of
reactions during calcination and direct reduction of a bauxite ore were studied by a thermogravimetric technique and in situ
analysis of the gaseous products. The onset temperatures for the decomposition of bauxite components during calcination
were determined. The kinetics of the reduction of hematite to metallic iron was studied and it is shown that the reduction
of iron oxides to metallic iron starts at temperatures below 560 °C and it accelerates at higher temperatures. Moreover, it is
indicated that the formation of hercynite (FeAl,0,) phase retards the complete reduction at temperatures higher than 760 °C.

Keywords Alumina - Bauxite ore - Reduction with hydrogen - Pedersen process

Introduction The production of alumina from bauxite occurs mainly

through the well-known Bayer Process which is accompa-

Bauxite ore is the main raw material used to produce alu-
mina (Al,O5) which is the feedstock for aluminum produc-
tion. There are three main structural types of aluminum
hydroxide minerals in bauxite: gibbsite (y-AlIO(OH)5), boe-
hmite (y-AlO(OH)), and diaspore (a-AlO(OH)) [1, 2]. Apart
from the aluminum minerals, basic components of bauxite
also include minerals containing iron, silicon, titanium, cal-
cium, and magnesium [3, 4].
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nied with the formation of a by-product known as Bauxite
Residue (BR). The handling of this residue is a major chal-
lenge for the alumina industry and society, mainly due to
its high volume and high alkalinity. Depending on the ore
characteristics, each metric ton of alumina production causes
1 to 1.5 metric tons of BR production [5]. Many researchers
have attempted to find an efficient way to utilize the BR, as it
may be a secondary source of metals such as Fe, Ti, Al, and
REEs [5]. However, the utilization of BR is still unsolved
mostly due to economic reasons. Hence, it is important to
find alternative technologies to overcome the environmental
problems.

A different approach for alumina production that will
prevent BR generation is of interest, and this led us to the
Pedersen Process, which had been commercialized in Nor-
way for 40 years before it was closed in 1969 [6]. At that
time, the current environmental challenges were not consid-
ered important. In the original Pedersen Process as shown
in Fig. 1, bauxite was smelted with lime as a flux and coke
as the reducing agent. The smelting of bauxite yields pig
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Fig.1 A schematic of the Pedersen Process for alumina extraction

iron due to the carbothermic reduction of the iron oxides to
metallic iron. Furthermore, it yields a calcium-aluminate
slag, which is further treated hydrometallurgically for alu-
mina extraction [2, 7, 8].

Significant research efforts on the Pedersen Process at
NTNU [9, 10] recently have basis in earlier unpublished
work. The results and conditions are sufficiently promising
to revive it in a modernized form considering the importance
of sustainable approaches in the metallurgical industries. It
is worth mentioning that according to our other study [6] it
is possible that BR at least partly may serve as a feed stock
for this process.

The present work is related to the development of a more
sustainable smelting-reduction step where hydrogen replaces
metallurgical coke as reducing agent by introduction of a
two-stage gaseous pretreatment of the bauxite ore prior to
smelting in the electric furnace (EAF). After pre-heating and
calcination in the first stage followed by hydrogen reduction
in the second stage, the intention is that most of the iron
present in the ore charged to the EAF in metallic form.

The main aim of the experiments reported here is to pro-
vide a basis for design of a pilot-scale bauxite pretreatment
equipment and is generally performed as heating ore samples
at a constant rate in inert gas until the intended subsequent
reduction temperature (the target temperature) is reached.
The gas is then switched to hydrogen for reduction of iron
compounds to render most of the iron in metallic state.

The main basis needed for the mentioned equipment
design is the chemical analysis and XRD patterns of the
samples obtained after the treatment at different target tem-
peratures. However, it is also of interest to try to understand
and explain the reactions and processes leading to such
observations even if the experimental work is not designed
to facilitate such analysis.

Direct Reduced Iron (DRI) production processes [11]
have been developed on basis of geographical factors as
availability of natural gas; however, they also meet the
requirement to reduce greenhouse gas emission and energy
consumption. In these processes, there is no need for coke
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addition and the use of gaseous reductants is more envi-
ronmentally friendly and less capital demanding than the
conventional steel production routes with ironmaking in
blast furnaces [12]. In the direct reduction processes, the
most common reactor is a shaft furnace and the reduction
reactions occur in different stages [12]. The reduction pro-
cess is usually carried out at temperatures above 570 °C
[12] and the different steps of reduction from hematite to
metallic iron by hydrogen can be described by the follow-
ing reactions, (1)-(4), [13, 14]:

3 Fe,0; + H, > 2Fe;0, + H,0 AH,p.c = 5279 kJ
(D
Fe,0, + 4H, - 3Fe +4H,0 AH,p.c = 95,551 kJ
(2)
Fe,0, + H, » 3FeO + H,0 AH,.c = 52,086 kJ
(3
FeO +H, — Fe + H,0 AHyp.c=14,488K. (4

The main objective of the present work was to reduce
the iron oxides in bauxite to metallic iron with hydrogen
gas (H,). However, before the reduction of bauxite with
H, gas, the decomposition of hydroxide minerals and car-
bonates such as diaspore, goethite, and calcite take place
during heating of the ore to the target temperatures, as
shown in Eqs. (5)—(7).

2(AIO(OH)) = Al 05 + H,0y, Q)]
2(FeO(OH)) = Fe,05 + H,0,, ©)
CaCO; = CaO + CO,y. O

In Fig. 2, the changes of the Gibbs energy with increas-
ing temperature for chemical reactions (5) and (6) as cal-
culated by HSC Chemistry are shown. Diaspore, AIO(OH)
or Al,0;x H,0, is theoretically decomposed at tempera-
ture higher than 300 °C, under 1 atm H,O vapor pressure,
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Table 1 XRF analysis from bauxite ore (wt%)
Oxides  ALO, Fe,0; CaO Si0O, TiO, Cr,0, ZrO, SO, P,0, K0 NiO  MgO LOI
Wt% 62.02 17.01 1.80 2.30 2.50 0.15 0.07 0.06 0.04 0.04 0.02 0.01 13.48
while goethite, FeO(OH), at temperatures higher than 0
80 OC. D: Diaspore, a-AlO(OH), H: Hematite, Fe,03,
D C: Calcite, CaCO3, A: Anatase, TiOZ,
504 G: Goethite FeO(OH), B: Bohmite, y-AIO(OH)
Experimental Procedure
40 1
Materials and Characterization
30
s
Bauxite ore was provided from Mytilineos S.A, Metallurgy é’
Business Unit (former Aluminium of Greece) as the start- 204
ing raw material. The ore was crushed to a particle size
5-25 mm and then dried at 105 °C for 24 h. The chemical 10+ .
composition of the ore was determined by X-ray Fluores-
cence (XRF) and the phase composition characterized by 0+
X-ray diffraction (XRD) using Bruker D8 Focus with Cu-Ka T T . —— . T 1
0 10 20 30 40 50 60 70 80

radiation, 10° to 75° diffraction angle, 0.02 step size, and
40 kV power.

Bauxite Characteristics

The result of XRF analysis for the ore is presented in
Table 1, which shows that the raw bauxite ore has slightly
over 60% aluminum oxide and 17% Fe,0;. The XRD analy-
sis of the utilized bauxite ore (Fig. 3) shows that the main

Fig.3 XRD analysis of bauxite ore and identified phases

Al,O5-containing phase is mostly diaspore (x-AIO(OH))
while much less amount of boehmite (y-AlO(OH)) is
detected with the main peak at 20 =14.42° [15]. Iron is
mainly present as hematite (Fe,O5) and a small portion of
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goethite (FeO(OH)) with a detected peak at approximately
20=21.3°.

The XRD analysis indicates the titanium oxide and cal-
cium carbonate content of bauxite ore, in the form of anatase
(TiO,) and calcite (CaCO,), respectively.

Calcination and Direct Reduction

Bauxite samples of 100 g weight were placed in a steel retort
and were heated and subsequently reduced in a thermogravi-
metric (TGA) furnace. The sample was placed on top of
a steel grid to ensure an even distribution of the upward
moving gas between the ore particles. The sample temper-
ature was measured in the middle of the bed and weight
changes were recorded at regular intervals during the test.
The gas inlet was at the top of the crucible, from which the
gas moves through the hollow crucible wall before entering
the sample at the bottom. Two thermocouples were used:
one located in the furnace wall and the other located in the
middle of the sample. The heating rate and target tempera-
ture were controlled based on the thermocouple readings in
the furnace wall. Figure 4 shows a schematic of the TGA
furnace used in this study.

The experimental target temperatures were 560, 660,
760, 860, 960, and 1060 °C with a deviation of +5 °C. The

heating was performed in a 0.25 N1/min argon stream from
room temperature to the target temperature with a heating
rate of 10 °C /min. Then 0.25 NI/min of H, gas flow was
introduced for 2 h reduction. The cooling after the reduction
was done under Ar flow for 1 h.

The reduced bauxite samples were analyzed by XRD
for phase analysis in a 10 to 75° wavelength and 0.02° step
size. However, the microstructure was studied using JXA-
8500F™ Electron Probe Micro-Analyzer (EPMA) with
15 kV voltage.

Results
Thermogravimetric Results

In Fig. 5, the thermogravimetric results for the calcination
step are presented. The starting point in Fig. 5 is defined
when the samples reached 300 °C, to minimize the buoy-
ancy effect at lower temperatures in the mass losses. This
effect becomes negligible when the temperature increases.
The ending point is defined when the samples reached the
target temperature and before the introduction of H, in the
furnace bed.

Sample T.C1

B

Eurotherm regulator/ Fumnace T.C—>
furnace controller

Flow controllers

oy H Ar

Gas Cylinders

Furnace

<«<—Weight balance

-

T— CO/CO, analyzer T

Data Logger

450mm

——» Gas Outlet

|—

* T.C: thermocouple

Fig.4 Schematic of the thermogravimetric furnace setup. The crucible is hanging in a scale, recording the weight changes and the data from

weight balance, and the gas analysis ends up to the data logger
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Fig.5 Thermogravimetric results in the calcination step

The results in Fig. 5 indicate that the calcination step
was not completed for the samples treated at 560, 660 °C,
and 760 °C. While for the samples treated at 860, 960, and
1060 °C, it seems that the calcination completed since no
further weigh losses occurred. For this reason, the reduction
step was studied for the higher temperatures only.

According to the above results, the calcination is partially
completed for the temperatures 560, 660, and 760 °C and
thus the results are not considered suitable to provide a clear
image of the kinetics of reduction at these temperatures. This
is because the kinetics of reduction at these temperatures is
affected due to the simultaneous calcination and reduction
phenomena that have inevitable effect on the kinetic curves.
However, the kinetic study focused on the samples treated
at 860, 960, and 1060 °C, where the calcination is almost
complete before the H, flow step.
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Fig.6 Weight losses plotted against time in the reduction step for the
samples treated at 860, 960, and 1060 °C

Figure 6 presents the weight losses for the samples treated
at 860, 960, and 1060 °C in the reduction step. The weight
losses normalized when H, introduces the sample bed. For
the reduction step, the gas changes from Ar to Ar and H,
mixture, even if the total flow rate is constant and this should
minimize the effect of the change in the gas: the effect of
hydrogen in the weight losses has been taken into considera-
tion for normalizing the weigh losses. The effect of hydrogen
was calculated to be 0.67 g. It is obvious that for the sample
treated at 1060 °C, the weight losses were higher, due to
the higher reduction temperature. The curves of the normal-
ized weigh losses plotted against time of reduction indicate
that the time was not enough to completely reduce the iron
oxides from the samples by applying the studied conditions
since no plateau in the curves was observed.

Phases Analysis of Reduced Bauxite

The mineralogical phases in the ore are changing during the
heating and reduction of bauxite. Figure 7 shows the XRD
results of the produced samples and it indicates that the
phases existing in the bauxite ore have significantly changed
after the calcination and reduction at different temperatures.

When the samples are heated and reduced at 560 and
660 °C, diaspore and boehmite have been completely trans-
formed to aluminum oxide, Al,O5. Moreover, the peaks of
hematite (Fe,O;) have disappeared and the peaks of mag-
netite (Fe;0,) and metallic iron (Fe) become the main Fe
phases.

At 760 °C, AlL,O; is the only Al-containing phase. Metal-
lic iron was detected with a characteristic peak at 260=44.7°

1: Aluminium Oxide, Al,O5, 2: Anatase, TiO,, 3: Rutile, TiO,,
4: Calcite, CaCOs. 5: Magnetite, Fe304, 6: Iron, Fe, 7: Calcium Oxide, CaO,
8: Wustite, FeO, 9: Hercynite, FeAI204. 10: Gehlesnite. CazAIZSiO7

1060°C

960°C

Counts

860°C

760°C

660°C

560°C
10 20 30 40 50 60 70 80
2Theta

Fig.7 XRD patterns of the samples obtained after the reduction at
different temperatures
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[3] and some small in intensity peaks of wustite (FeO) at
around 260 =36.2 and 61.5°, and the second peak is overlap-
ping with the peak of Al,O;. Titanium appears as anatase
and rutile (TiO,) for the samples treated up to 760 °C. The
peaks of calcite have been detected for all of the temper-
atures up to 760 °C with the main peak at 260=29.7°. At
760 °C, a small peak of calcium oxide appears at around
20=32.4 and 54°.

At 860 °C, aluminum oxide and metallic iron are
observed as we saw for lower temperatures and titanium
appears as rutile and anatase. However, a spinel phase that is
characterized as hercynite (FeAl,O,) has appeared in XRD
spectrums, with main characteristic peaks at 20=31 and
36.57° [16, 17]. At 960 °C and 1060 °C, the peaks of her-
cynite (FeAl,0,) become more intense in comparison with
the pattern at 860 °C. Aluminum oxide and metallic iron are
observed in the above patterns as in the lower temperatures.
Titanium appears as rutile for the sample treated at 960 °C,
while for the sample reduced at 1060 °C titanium is detected
as anatase and rutile but with lower intensity peaks, in com-
parison with the sample treated at 960 °C which are difficult
to observe in the diagram obtained.

For all the samples up to 960 °C, the peaks of SiO, have
low intensity and, due to the detection limits in XRD analy-
sis, are not clearly visible in the patterns. Calcium appears as
calcium oxide for the samples treated at 860 °C and 960 °C.
At 1060 °C, we could not detect any SiO, and CaO peaks but
instead a low intensity peak of gehlenite (2Ca0O-Al,05-Si0,)
is detected at 260=31.4°.

Microstructural Analysis

The microprobe images for the reduced samples at 560, 760,
and 1060 °C are shown in Fig. 8, at x40 magnification. The
sample reduced at 560 °C (Fig. 8a) is rich in aluminum
oxide. Iron is distributed in two main areas: one is high in
Fe with no oxygen, while the other one contains both Fe and
oxygen. SiO, is distributed mostly in the area with rich Fe;
however, the XRD analysis does not detect any compound
that contains both Fe and Si.

The X-ray mapping of the reduced sample at 760 °C,
shown in Fig. 8b, indicates locations rich in Fe with no or
very weak oxygen intensities, confirming the presence of
metallic iron and wustite. The high alumina content is also
observed for this sample, while the low silica and titanium
oxide content is obvious from the distribution observed for
the sample reduced at 560 °C. In addition, there are small
particles with high calcium content, which are most likely
calcite (CaCOs;) based on the existence of small amount of
calcite in the sample, Fig. 7.

For the sample reduced at 1060 °C, a similar microstruc-
ture is observed for the Al, Si, and Ti oxides in the reduced
samples at lower temperatures. However, in the area rich
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in Fe there is no oxygen content, showing higher reduction
to metallic iron. However, in the metallic iron particle it
seems that there are areas rich in alumina oxide, surrounded
by metallic iron after the reduction. Moreover, some of the
alumina particles having a circular shape (* in Fig. 8c) seem
that they contain also low concentrations of iron and oxygen.

Discussion
Calcination Reactions and Kinetics

According to the XRD results in Fig. 7, the transformation
of diaspore and boehmite to Al,O5 (reaction (5)) occurs
at temperatures lower than 560 °C, as indicated, and the
decomposition completed at 560 °C [15] where Al,O5 was
the only Al phase. The theoretical calculations seem to be in
close agreement with the experimental observations.

No further observation of goethite at higher tempera-
tures, according to XRD and EPMA results, confirms that
its decomposition has been completed, which is furthermore
expected based on the Gibbs energy changes of reaction (6)
shown in Fig. 2.

In order to understand better the phenomena during cal-
cination at different temperatures, the fraction conversion by
calcination can be calculated.

The decomposition of diaspore, boehmite, goethite and
also the decomposition of CaCO; are the main reasons for
the weight losses during heating in Ar. Thus, the fraction
conversion for the weight changes during heating can be
calculated according to the following Eq. (8).

AW

Lol '\’ ¥
Win X (ﬁ)

X

calcination —

where AW is the change in the mass of the sample as
recorder during the experiment, W, is the initial mass of
the sample and Lol is the loss of ignition (Table 1), which
corresponds to the expected weight losses during heating.

The calculated X_,j.inaion Values are given in the following
diagram, Fig. 9. Calculating the theoretical weight losses for
diaspore and calcite, according to the following Egs. (9) and
(10), the dehydration and decomposition seem to contribute

mostly in the total weigh changes, Eq. (11).

Wh,0
Xdehydration = W:” (9)
WCO
X L= 2
decomposition A tha] ( 1 0)
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Fig.8 EPMA analysis of the
samples reduced at a 560 °C, b
760 °C, and ¢ 1060 °C, inx 40
magnification. The spherical
area in image b represents the
coexistence of Fe with oxygen
and the matrix *In image c,

the aluminum oxide containing
iron fine particles. (Color figure
online)
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Fig.9 Fraction of calcination at the different examined temperatures

Xdehydration + Xdecomposition = 092’ (1 ])

where Wy o and W, correspond to the losses of H,O and
CO, of diaspore and calcite, respectively, according to reac-
tion (5) and (7), during heating. AW, is the theoretical
total mass losses during heating (Lol).

Obviously, the calcination seems to be completed for the
temperatures 860, 960, and 1060 °C.

The dehydration of diaspore starts at temperatures higher
than 300 °C, while the decomposition of calcite starts at
higher temperatures. According to the literature, diaspore is
transformed to alumina oxide when heated to 500 °C [18],
while the decomposition of calcite is completed at tempera-
ture higher than 750 °C [19]. During heating to tempera-
tures of 560, 660, 760 °C, the calcination of calcite is slow
and most likely is not completed during the heating step,
which is confirmed by the XRD analysis. According to I.
Halikia et al., the decomposition of calcite occurs between
635 and 865 °C [20]. Figure 9 confirms furthermore the
above observations.

In order to estimate the starting and ending temperatures
for diaspore and calcite decomposition, the cross point of the
drawn tangents method was studied, Fig. 10. The CO, gas
concentration in the gas outlet (leaving the sample bed) dur-
ing heating at temperatures higher than 860 °C was studied
for the calcite decomposition, Fig. 11.

According to the presented data in Fig. 10, the main tem-
perature for the diaspore decomposition is in the range of
505 to 510 °C, as done in the same heating regime for all of
the presented samples. For calcite, it seems that the decom-
position starts in the range of 654 to 664 °C, as determined
through the cross point of the drawn tangents on the weight
losses. This starting temperature range is lower than the the-
oretical temperature. This may be due to the low CO, pres-
sure in the gas mixture and providing conditions for calcite
decomposition from lower temperatures.
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Fig. 10 The onset temperatures for diaspore and calcite decomposi-
tion for the samples treated to higher temperatures

In Fig. 11, the CO, gas leaving the sample bed was stud-
ied to investigate the decomposition of calcite. The highest
decomposition rate of calcite is above 760 °C based on the
CO, gas analysis and the decomposition seems to be com-
pleted above 850 °C, Fig. 11, as we also see in the XRD
analysis where calcite and calcium oxide co-exist at the
sample treated at 760 °C. This indicated that the decompo-
sition needs higher temperature to be completed. Finally,
the onset temperature for the decomposition of diaspore can
be determined from the mass loss changes as outline above
and schematically shown in Fig. 10. The approximate tem-
perature for diaspore decomposition is estimated to be at
the range of 505-510 °C after applying a heating rate of
10 °C/min, which is in agreement with the literature [3, 15].
However, these temperatures are higher than the theoretical
dissociation temperature of 300 °C. Thus, we may claim
that the decomposition of diaspore is controlled kinetically.

Kinetics of Iron Oxide Reduction

The reduction of hematite to magnetite by hydrogen gas
starts at low temperatures. Thermodynamically, chemical
reaction (1) can occur at even room temperature; however,
from a kinetic point of view it needs higher temperatures.
Therefore, we see that within two hours of reduction at
560 °C and 660 °C reaction (1) is not completed, while the
extend of reduction is higher at higher temperatures.
Moreover, for the reduced sample at 560 °C the two
phases of magnetite and iron co-exist as both XRD and
EPMA analyses confirm. At 760 °C, metallic iron and
wustite were the detected phase of iron by the XRD analy-
sis, which is further confirmed by the EPMA analysis. The
reduction by H, at 860 °C and higher temperatures causes
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hercynite (FeAl,0,) formation according to XRD results.
At 1060 °C, both EPMA and XRD analyses confirm the
reduction to metallic iron. According to EPMA analysis,
the metallic iron phase has ‘cracks’ as expected due to the
higher reduction temperature. Furthermore, in some of the
aluminum oxide particles, low concentrations of iron oxide
are also detected, (Fig. 8c). Thus, we may say that those
particles represent the phase called hercynite.

Zhuo et al. suggested a mechanism for the formation of
hercynite [21] in which they claim that it is possible that the
Fe;0, and FeO are formed during reduction and they react
with Fe and Al,O; through reactions (12) and (14) to form
hercynite [21]. Moreover, according to Maniatis et al. [22]
if the atmosphere is reducing, iron is reduced to divalent
form and the initially existing oxides are dissociated. The
resulting ferrous iron is partly dissolved into the matrix and
partly forms hercynite [22]. According to [23, 24], the for-
mation of wustite is the reason for the hercynite formation
in the presence of alumina in the samples. The formation of
the above phase seems to retard the complete reduction of
iron oxides [24, 25].

FeO + ALO, = FeAlO, (13)
Fe;O, + 3Al,0; + H, = 3FeAl,0, + H,O0. (14)

According to [21], it is possible that at 900 °C part of her-
cynite continues to be reduced to metallic iron and alumina
oxide, and at temperature higher than 1000 °C hercynite can be
completely reduced using H, gas. According to the theoretical
calculations, the reduction of hercynite requires temperatures
higher than 2100 °C to occur under 1 atm pressure, which is

Temperature, °C

the standard condition and equal molar ratio of H,/H,O in the
gas. However, when the molar ratio of H,/H,O is significantly
higher, which is due to the continuous hydrogen supply over
the sample bed, the hercynite reduction is possible as shown
by the changes of the Gibbs energy of reaction (15) for higher
reducing gas mixtures (higher PH,/PH,O ratios) in Fig. 12.
For instance, the reduction of hercynite can take place at tem-
peratures higher than 1273 K by the gas mixtures with H,/H,O
ratios above 100. In practice, it means that the sample must be
under hydrogen flow so that the amount of H,O that is released
becomes low enough that the gas mixture in the bed reaches
the conditions for the hercynite reduction. As T. Lu et al. have
observed, temperatures greater than 1000 °C are required for
the reduction of hercynite using carbon and carbon monoxide
as reductants [26]. Observing no hercynite reduction from our
sample for temperatures higher than 960 °C may be due to
not enough time at this temperature after its formation, if we
assume that the H,/H,O ratio is large enough for its reduction
at the latest minutes of the reduction step.

FeAl,O4 + Hy,) = Fe + Al,O5 + H,0,. (15)

The small amount of wustite detected at the sample treated
at 760 °C, Fig. 7 can be in agreement with the above theories
and explain the appearance of hercynite in the higher tempera-
tures but the mechanism for the formation of hercynite and its
reduction is not clear yet and is of interest in our further studies
before a possible mechanism can be suggested.

To understand the reduction kinetics, the rate and extend of
reduction can be calculated from the fraction of conversion,
given by Eq. (16)

@ Springer
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A Wred

(wt% of oxygen in hematite) ’ (16)
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Xeea =

re

where AW, corresponds to the weight losses during reduc-
tion as measured during the experiments, W,, is the input
mass of the sample and wt% of O, in hematite is the oxygen
content of hematite contained in the bauxite ore. The calcu-
lated X, 4-values during the reduction are shown in Fig. 13.

Figure 13 shows that the rate and extend of reduction is
higher for the sample reduced at 1060 °C than at 860 and
960 °C, as expected based on the observation in Fig. 6. The
rate of reduction is faster for higher reduction temperatures.

@ Springer

in the fraction of conversion values and more experimental
work is required to define the exact effect of the uncertain-
ties. Furthermore, as we mentioned previously, the broad
range of particle size 5-25 mm affects the efficiency of
the reduction step and this is obvious in the X .4 curves at
Fig. 13. The fraction of reduction for the sample treated at
860 °C seems to be almost the same as the sample treated at
960 °C, which means that the Fe,05/Al,0; ratio is higher in
the sample treated at 860 °C and this is due to some inhomo-
geneities within and among the ore particles. As mentioned
in a previous section, the possible errors in the mass readings
due to the gas changes have been taken into consideration to
minimize this effect, so according to the above observations
we may claim that the inhomogeneities along the particles
should be the key source of uncertainty in this case.
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Conclusions

Calcination and reduction of bauxite ore by hydrogen was
studied by thermogravimetry method supported by micro-
structural and phase analysis. The main conclusions of this
preliminary work are summarized as follows:

e The dehydration of diaspore and boehmite occurs at
505-510 °C, under non-isothermal conditions.

e The decomposition of calcite in the ore commences at
around 645 °C and is faster at higher temperatures.

e The reduction of hematite to magnetite starts at tempera-
tures below 560 °C with slow rate.

e The reduction of magnetite to metallic iron occurs at
above 560 °C and is faster at higher temperatures.

e At higher temperatures, i.e., 860, 960, and 1060 °C, the
formation of hercynite (FeAl,O,) retards the complete
reduction to metallic iron.
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