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SUMMARY

This project was initiated because of the current interest in the
Elkem Polar Process for reduction of ore fines. SINTEF and Elkem
developed a laboratory scale reactor designed to simulate the
Elkem Polar Process. This reactor was used in all prereduction
experiments. The main intention of the present work has been to
explain different reduction rates of iron ore concentrates by

physical and chemical characterization of raw materials.

Oxidation of magnetite
Hematite and magnetite are the most common iron ore minerals, and

both are included in the present investigation. Reduction of
magnetite is known to be very slow compared to reduction of
hematite. However, magnetite becomes an interesting iron ore
mineral for the Elkem Polar Process after preoxidation to
hematite. The process concept allows precxidation in the heating
unit, but maximum retention time will only be about 40 seconds.

Kinetics of magnetite oxidation was studied in the laboratory
scale reactor to investigate the possibility of magnetite
preoxidation in the heating unit of the Elkem Polar Process.
Oxidation experiments were carried out in air at constant
temperatures in the range 400-850°C for periods up to 60 seconds.
The maximum conversion of Sydvaranger magnetite was 42% after 60
seconds at 850°C. Grain sizes in the range 74-100um were used.
Lower conversion was obtained using Xiruna and Minnesota
magnetites.

These results indicate that, oxidation should be carried out in
a separate unit and not in the heating unit of the Elkem Polar

Process.

Topochemical growth of hematite with needles of hematite ahead
of the topochemical front was observed. The rate of oxidation
was found to follow the parabolic rate law, except during the
initial period of 10 seconds or so. Best correlation was
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achieved on the assumption of plane specimens, not spheres.

The chemical reaction at the surface of each grain is probably
rate controlling during the initial period. Otherwise, diffusion
through a growing hematite layer is thought to be the slowest
step.

Some magnetite was completely oxidized in another apparatus to
produce material for subsequent reduction experiments.
Sydvaranger super magnetite was oxidized for several hours in air

at constant temperatures in the range 800-1250°C.

Individually oriented hematite c¢rystals were formed in each
grain. A gradual coarsening of the hematite crystals was
observed for an increasing oxidation temperature. At the higher
temperatures the hematite crystal size approached the grain size.
The low temperature subgrain structure (800°C) is stable at the
temperature at which it is formed, but not at higher
temperatures.

The subgrain structures of oxidized samples were quantitatively
characterized, using videoplan. Mean SBA values were measured.
SBA is the ratio of the total length of subgrain boundaries
within each grain and the grain section area. The mean SBa
values were found to decrease steadily with increasing

temperature.

Prereduction of hematite

Prereduction experiments were carried out at constant
temperatures in the range 700-850°C for periods up to 60 seconds.
Reduction gas mixtures of CO, CO, and H, and grain sizes in the
range 63-90um were used. The oxidizing potential of the
reduction gas (%R0} and the content of hydrogen were varied in
the ranges 20-50%RO and 0-45%H,, respectively. Hematite
concentrates from Brazil (2 types: angular and laminated),
Guinea, Liberia, Canada and Norway (Rana) were included in the
present investigation. Both preoxidation temperature and type
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of hematite were found to be of importance for the rate of

reduction.

The reduction of hematite to magnetite proceeds topochemically.
Branches of magnetite/wistite were observed along subgrain
boundaries ahead of the topochemical front. This pattern is far
more frequent in natural hematites than in preoxidized magnetite.
Diffusion along subgrain boundaries seems to be easier in natural
hematites than in preoxidized magnetite having comparable SBA
values.

Wastite starts forming in the magnetite pores, before the
conversion of the hematite core is completed. Magnetite is
reduced either uniformly (the whole grain volume participates)
or quasi topochemically to wustite. The front is most distinct

during rapid reduction. Metallization proceeds mainly uniformly.

Prereduction of Sydvaranger magnetite proceeds at a higher rate
after preoxidation at low temperatures (800-1050°C) than after
preoxidation at elevated temperatures (1150-1250°C). The
beneficial effect of low preoxidation temperatures is attributed
to the subgrain structure. The initial reduction rate and the
SBA value decrease gradually for increasing preoxidation
temperature. Metallization is markedly retarded if the
preoxidation temperature 1is raised from 1050 to 1150°C. The
subgrain structure is markedly changed in the same temperature
range. Iron nucleation may be enhanced by numerocus active sites
where subgrain interfaces intercept, or by vacancies, tiny
cracks, defects, and foreign ions along the subgrain boundaries.

Natural hematite which contain grains made up of crystals, are
reduced at a higher initial rate than those without substructure.
However, the SBA values can not be used directly to predict
reduction rates. Additional information about crystal shape and
orientation is necessary. A laminated subgrain structure is
reduced at the highest overall rate while anhedral subgrain
structures (lack of crystal shape) are slowly reduced to wiastite
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and metal.

The laminated hematite from Brazil is reduced equally fast or
even faster than magnetite preoxidized at low temperature. Tiny
cracks along subgrain boundaries are probably created during
rapid initial reduction, in which iron easily nucleates.
Nucleation may have been enhanced by manganese on the subgrain

boundaries.

The natural hematites from Guinea and Liberia, having anhedral
subgrain structures, are reduced at a high initial reduction
rate. The further reduction is equally slow, or even slower than
the reduction of magnetite preoxidized at elevated temperature,
Iron nucleation may have been retarded by aluminium, magnesium,

silicon or chrome in the lattice.

The specific surface area is an important parameter for the
initial reduction rate. Small variations in mean grain sizes and
grain shapes, are of less importance. Magnetite contents in the
natural hematite concentrates should be low, because magnetite
reduces so slowly that magnetite can be considered to be inert
during prereduction.
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GEOLOGICAL AND MINERALOGICAL GLOSSARY

alteration: a change in the composition or texture of a rock
occurring subseguent to its formation

anhedral (allotriomorphic): having a lack of crystal form
angular: grains with sharp edges

ankerite: variety of dolomite containing much iron,
Ca(Fe,Mg,Mn) (CO;),

apatite: group of calcium phosphate minerals,
Cag(F,Cl,0H, 0.5C0;) (PO,) ,

BIF: Banded Iron Formation

biotite: K(Mg,Fe);A18i;0,4(0H,F),, mineral in the mica group
boehmite: AlO(OH)

calcite: CaCO;, calcium carbonate

chalcopyrite: CuFeS,, mineral with tetragonal structure

concentrates: ore treated by any process which retain valuable
constituents and discard those of no commercial interest

chrysotile: fibrous silky serpentine Mg,;Si,0;(OH),
cummingtonite: (Fe,Mg),;Sig0,,(0H),, may contain MnO
dolomite: MgO-CaO' (CO,),, calcium magnesium carbonate
euhedral (idiomorphic): having the proper crystal shape
epidote: a group of minerals, generally Ca,(Al,Fe);Si;0;,(OH)
ferrodolomite: Ca (Mg, Fey 5) (CO3),

gibbgite: Al (CH);, aluminum hydroxide

goethite: FeO'OH, a mineral of iron hydrogen oxide
granular: consisting of granules (small grains, as sugar)
grunerite: Fe;Sig0,,(0H),, a variety of amphibole
hematite: common iron ore, a-Fe,0;, rhombohedral lattice
hornblende: mineral (Ca,Na), ;(Mg,Fe,Al)(Si,Al)g0,,(0H),

hypogene: formed by generally ascending solutions (opposed to
supergene)

ilmenite: FeO'TiO,

itabirite: iron ore composed of alternate layers or laminations
of metamorphosed hematite, magnetite, or martite and quartz



XI
kaolin: clay containing kaolinite as its principle constituent
kaolinite: hydrous aluminum silicate Al,8i,0;(CH),

jaspilite: a compact siliceous rock rich in hematite and
resembling jasper (an opaque cryptocrystalline quartz)

maghemite: Y-Fe,0;, spinel with structure similar to magnetite
magnetite: magnetic iron ore, Fe,;0,, inverse spinel (cubic)
marble: the metamorphosed equivalent of carbonate rocks
martite: pseudomorph hematite, formed from magnetite

metamorphic grade: the relative intensity of metamorphism, low
m.g. implies low pressures and temperatures

metamorphism: a pronounced change in the constitution of a rock
caused by pressure, heat, and moisture that results in a
more compact and crystalline condition of the rock

metasomatic: relating to important changes in the chemical
composition as well as mineral comp. and texture of rock

meteoric water: water which falls as rain or snow

mica: group of hydrous aluminosilicate minerals with a sheetlike
crystal structure, K,0°3A1,0,°6Si0, '2H,0

protore: metalliferous material before it becomes ore
pseudomorph: with characteristic outward form of another mineral
pyrite: FeS,, cubic crystals

rutil: TiO,, tetragonal crystals of titanium oxide

schist: a metamorphic crystalline rock with a closely foliated
structure that readily is cleaved in approx. parallel planes

siderite: ferrous carbonate, FeCO;, containing 48% Fe
specular: having a smooth reflecting surface or metallic lustre

subhedral (hypidiomorphic): a textural term implying that some
grains show crystal contours, others are irregular

supergene: deposited or enriched by downward moving solutions

synmetamorphic: deposit metamorphic changed at the same time as
the rocks in which it occurs

taconite: a low grade, hard, sedimentary ore, mainly magnetite
and a silicious gangue

tabular: having a flat surface

talc: 3Mg0O-4S5i0, H,0



1 INTRODUCTION

1.1 Background

The reason why this project was initiated was the actuality of

the Elkem Polar Process for reduction of iron, manganese, chrome,

and titanium fines (Basen and
Ephithite, 1988). Although most
cf the work done so far has
focused on iron ore prereduction,
the Elkem Polar Process is
designed to reduce ore fines to
pig iron, steel, FeNi, FeMn, FeCr,

etc.. The steel process is shown
in figure 1.1. The original
process concept includes a

calcining unit for cheap coal. 1In
separate units ore fines are
dried, preheated and prereduced
during pneumatic transport in a
reducing gas from Elkem’s electric
furnaces, and introduced directly
into the respective smelts. In
each step gas and concentrate are
concurrent, but the different
steps are arranged to be counter
current for optimum energy

benefit, referring to figure 1.2.
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Fig. 1.1 The steel process
(Bdsen and Ephithite, 1988)
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Fig. 1.2 Prereduction unit, 3 steps (Kolbeinsen et al.,1988)
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Because the Elkem Polar Process is based on pneumatic transport,
only limited time will be available for prereduction. High
reduction rates are essential for the benefit of the prereduction

unit.

The Elkem Polar Process lower the production price of pig iron
both by optimal energy use and cheap raw materials (Basen and
Ephithite, 1988). There will be no need for pellet or sinter
plants.

SINTEF and Elkem developed a laboratory scale reactor designed
to simulate the Elkem Polar Process. It has been described by
Kolbeinsen, Lindstad and Grentvedt (1988 and 1989). This reactor
provides a convenient means to study gas/solid reactions.
Positive results from prereduction experiments encouraged Elkem
to build a pilot plant in collaboration with Norsk Jernverk A/S
at their facilities in Mo i Rana in northern Norway to test parts
of the concepts of the Elkem Polar Process. Drying, heating, and
prereduction of hematite fines from Rana was conducted,
Calcining of cheap coal was also carried out.

Bédsen, Ephithite, and Floa (1989) concluded from the gathered
results that prereduction should take place in one or two steps
preferably without calcining of coal. In this way 20-25% of the
ore oxygen content is removed. Actual pilot plant experiments
gave a retention time of 12 s for fines in one prereduction unit.
During these 12 seconds, 8% of the oxygen was removed from the
hematite concentrate. Reduction gas from the electric reduction
furnace at Norsk Jernverk A/S was used and coal calcining was
excluded. Experiments carried out in a modified model of the
pilot plant have indicated the possibility of extending the
retention time to 40 seconds. Bé&sen, Ephithite, and Floa (1989)
also conclude that there is good agreement between the results
from the laboratory scale reactor and the pilot plant. Smelting
of fines is possible and has been carried out at New Zealand
Steel and in the laboratory, but further experiments are

regquired.



1.2 Aim of the present study

Hematite (Fe,0;) and magnetite (Fe;0,) are among the most common
iron ore minerals. The reduction rate of magnetite is known to
be very slow compared to the reduction rate of hematite.
Experiments carried out in the previously mentioned laboratory
scale reactor by Baumann (1985), Storemyr (1986 b), and Steinmo
(1986), have verified that magnetite concentrates are too slowly
reduced to be used directly in the Elkem Polar Process.

However, magnetite becomes an interesting iron ore mineral for
the Elkem Polar Process after preoxidation to hematite. The
process concept allows oxidation in the heating unit, but maximum
retention time will be the same as in the prereduction unit
{40s). Preoxidation should be carried out in a separate unit if
oxidation is not fairly complete within 40s. Partial oxidation

is not sufficient for rapid prereduction (Monsen et al., 1988).

It is considered to be a great advantage for the Elkem Polar
Process if initial reduction rates for different natural hematite

concentrates could be predicted by raw material characterization.

Oxidation conditions may influence on the reduction rates.
Predictions of reduction rates of differently oxidized magnetite
by characterization of subgrain structure of preoxidized samples
should also be an advantage for the Elkem Pclar Process.

The aim of the present work can be divided in three parts:

The first is to explain different reduction rates of naturally
occurring hematite by physical and chemical characterization of
raw materials.

The second is to investigate the possibility of preoxidation of
magnetite in the heating unit of the Elkem Polar Process by
studying oxidation kinetics for magnetite.

The third is to investigate a possible influence of the
preoxidation temperature on the reduction rates of completely
oxidized magnetite concentrates. Different reduction rates
should be explained by characterization of preoxidized samples.
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1.3 Experimental plan

Hematites from Brazil (2 types), Guinea, Liberia, Canada and
Norway have been selected for comparing reduction rates. A
narrow fraction (63-90)um of the hematite fines is to be used in
the prereduction experiments (see chapter 5) and the same
fraction is to be characterized in chapter 4. Actual parameters
are mineral phases, grain size distribution, specific surface
area, subgrain structure, grain shape, and trace elements.

The progress of reduction will be studied in the previously
mentioned laboratory scale reactor developed by SINTEF and Elkem.
Hematite samples will be exposed to moderate temperatures (700-
850°C) for periods up to 60 seconds in gas mixtures of H,, H,0,
CO and CO,, according to an experimental plan shown in table 1.1.

Table 1.1. Experimental plan for hematite reduction.

Temperature ROV [H, in inlet gas Reduction time “
{°C) (%) (%) (s)
700|730|760800 85012035500 0 {15]|25]|35|45(112]20]|30[35]40|50 60!
X X X XI1X | X X X | X |
X X X X |1 X X xX
2 2 b4 21 X 25 2%
x x X x
X x X X
x X X X
X X X X
x x || % x
x x x x
X x X X
b.s X 2= .o
x xX X X
x I x X X
X X X X
X x x x
X X X X
X X X X
1) RO (%) = The oxidizing potential of the reduction gas

Equilibrium phases at 760°C: Fe (20%R0O), Fe, O (35 and 50% RO)

$RO = $H,0 + %CO,

The gas mixture is equilibrated by means of a Ni-catalyst for the
water-gas shift reaction {WGSR). The inlet gas mixture consists
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of H,, CO, and CO,. Temperature, oxidizing potential of the
reduction gas (%RQO, referring to formula 1.1), and hydrogen
content will be varied, but kept constant during each experiment.

$RO = $H,0 + %CO, (1.1)

Methods chosen to investigate the progress of reduction are wet
chemical analyses of the prereduced samples and studies in
optical microscope on polished surface specimens of selected
samples. Differences in rates of reduction are to be related to
properties characteristic of the hematite fines.

Sydvaranger magnetite concentrate with >99% magnetite is
commercially available. This concentrate is chosen both for the
studies of oxidation rate 1in section 3.3, and for the
preoxidation experiments (complete oxidation, see section 3.4).

The laboratory scale reactor developed by SINTEF and Elkem is
well suited for the studies of rate of oxidation at temperatures
below 850°C. Oxidation will be carried out at 400-850 °C in air
for 15, 30, and 60s, referring to section 3.3. Chemical analysis
and microscopy will be used to study the progress of oxidation.

Another method, described in section 3.4, was chosen for
preoxidation of material for subsequent reduction. Magnetite
concentrate is oxidized to hematite at 8 different temperatures
ranging from 800°C to 1250°C, referring to section 3.4. The
subgrain structures of these preoxidized samples (“artificial*
hematites) are characterized by wvideoplan in section 3.5, The
results of prereduction experiments with the preoxidized
magnetite are given in section 5.4, while the different reduction
rates are discussed in section 5.8,

The rates of reduction for "artificial" and natural hematites
will be compared in section 5.10. Differences will, if possible,
be related to characteristic properties.
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2 GENERAL PRINCIPLES

2.1 Physical and structural properties
This section deals with the physical and structural properties
of the minerals hematite and magnetite and the reduction products

wistite and iron. Table 2.1 gives a brief review of the actual

modifications, their existence and physical and structural
properties.
Table 2.1 Physical and structural properties.
Density|Iron
Name Formula Structure 1) content
(g/cm®) | (wt%)
Hematite |0-Fe,04 rhombohedral 5.24 70.0
Maghemite|y- ° cubic, spinel -
Magnetite|Fe30, cubic, inverse spinel {5.18 72.4
Wastite Fe;_,0 T>560°C cubic, NaCl tvpe 5.7 74 .4-
76.9
Iron: Fe?! cubic: 7.86 100
Ferrite Jo-Fe T<912°C body-centred
Austenite|y-Fe 912<T<1394°C |face-centred
0-Fe 1394<T<1539°C |body-centred
1) Weast: "Handbook of chemistry and physics®, 1981-1982.

2) Transformation temperatures: Cubberly et al.: "Metals Handbook", 1979,

Hematite is the highest oxidation state of iron and forms the
Different modifications
A

has also been produced under very

most abundant and important ore of iron.
exist (o and y) of which a-Fe,0; is the one abundant in ores.
B-Fe,05,
B-Fe,03; has a cubic structure.

third modification,
special conditions.

0-Fe,0, crystallizes in the rhombohedral system of the Al,0, type.
The unit cell contains 18 oxygen ions arranged in a close-packed
(Fe’*)

As indicated in figure 2.1 only 4/3

hexagonal lattice with the ferric ions in octahedral

coordination between them.
of the octahedral spaces are occupied by Fe’*, the remaining !/3

Each

are vacant. The (0001) plane is also shown in figure 2.1.

oxygen ion is shared between four octahedra.
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Fig. 2.1 Structure of hematite, 0-Fe,0,, with one octahedron
vacant for every two octahedra with Fe®' in centre,
(Hurlbut and Klein, 1977).

Hematite crystals are usually tabular on (0001), as shown in
figure 2.2b, and both thick and thin plates are common (Hurlbut
and Klein, 1977). The thin plates may be grouped in rosettes
(iron roses). More rarely crystals are distinctly rhombohedral
and twinned on (0001) and (1011l). Hematite crystals may also be

micaceous and foliated (specular).

= <= B

Fig. 2.2 Hematite crystals (Hurlbut and Klein, 1977).

Y-Fe,0, is a spinel with an increased concentration of vacancies
in the octahedral positions,. The lattice structure of this
modification of hematite has great similarities with the
magnetite lattice. Y-Fe,O0; is called maghemite and it is also
magnetic. Maghemite may be produced by oxidation of magnetite,
but only under quite specific conditions. Water is thought to
stabilize the structure.
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Magnetite (Fe%trFe}§O3) crystallizes in the cubic, inverse
spinel, lattice, The oxygen ions form a face-centred cubic
lattice while the smaller iron ions are distributed in the
interstices.

The unit cell contains 32
oxygen atoms and 24 iron ions.
A photograph of a model of the
magnetite structure is shown in
figure 2.3. In an ideally
ordered lattice the iron ions
occupy 8 of the 64 tetrahedral
possible positions {mainly
vacancies) and 16 of the 32
octahedral ©positions. The
sixteen octahedral positions

are occupied by 8 Fe** and 8 -
Fig. 2.3 The magnetite
structure, inverse spinel, from
are in the tetrahedral Hurlbut and Klein (1977).

positions.

Fe?*, while the remaining 8 Fe’*

Deviations from this ideal inverse spinel structure occur in that
octahedral and tetrahedral vacancies may be occupied and vice
versa. Disorder plays an important part in the iron ions
diffusion in the magnetite lattice. Easy interchange of charge
between Fe?* and Fe’* in octahedral positions gives rise to high
electrical conductivity. Magnetite is also strongly magnetic.
At elevated temperatures (>900°C) the magnetite structure is able

to incorporate an excess of the trivalent iron ions.

Magnetite is £frequently found as 1

octahedral crystals, occasionally

twinned on (111). Dodecahedrons @
occur more rarely, referring to \V /
figure 2.4, (Hurlbut and Klein, Q

1977) . octahedron dodecahedron

Fig. 2.4 Magnetite crystals
(Hurlbut and Klein, 1977).
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Wiistite crystallizes in the cubic NaCl lattice. The oxygen sub-
lattice is largely occupied in the face-centred (close-packed)
positions while the smaller iron ions are arranged in the
octahedral interstices. Iron is to be considered as deficient
as the formula Fe,; 0 indicate. The letter y in Fe; ,O denotes
the proportion of vacant iron ion lattice positions relative to
the available number of iron lattice-points. The range of
existence for wustite is fairly large, but does not include
stoichiometric FeQ (0.046<y<0.168, Barin et al., 1977). The
concentration y of the vacancies 1is dependant on the oxygen

pressure and the temperature.

a-4.310 4

Electrical neutrality is
maintained by the substitution

of trivalent iron ions for
divalent iron ions, equal to
double the number of vacancies.
The structure is illustrated in

figure 2.5, indicating the easy
diffusion of iron ions in the
wistite lattice because of the

vacancies.

Wastite is unstable below

570°C, where it decomposes into

o-Fe and Fe,0,. Fig. 2.5 (100)-plane of Fe%xo with
an lron ion vacancy and 2Fe””. Big

ions are oxygen and small ions are
4Fe0 — o-Fe + Fejy0, (2.1) iron (Bogdandy and Engell, 1971).

However, wistite can easily be maintained as a metastable phase

by quenching.

Iron in its pure liquid state freezes at 1539°C and crystallizes
to 6-Fe in a body-centred cubic lattice. On cooling the lattice
changes to a face-centred cubic structure at 1394°C. This iron
modification is called austenite (y-Fe) and is stable down to
912°C, where the structure rearranges again to a body-centred
cubic form, named ferrite (o-Fe).
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Iron is magnetic, but looses its magnetism during heating above
771°C (magnetic transformation temperature: Cubberly et al.:
Metals Handbook", 1979.)

Iron may dissolve carbon in the presence of CO/CO, gas mixtures.
The body-centred cubic structure of ferrite has a maximum
solubility of approximately 0.025% carbon at about 723°C, while
the face-centred cubic structure of austenite may dissolve almost
2% carbon.

2.2 Phase diagrams

The thermodynamically stable phases in the iron-oxygen system are
given in the binary diagram in figure 2.6. The diagram is mainly

/Luquid(Meiai \[L| i lMc:gneu‘ite + Liqmd Hematite
; Liquid{Metal) + Liquid (Omde) |0-6 |O'4 1072 100 -+
1600 - —— ——-— —y~——— = ] R 4 Liquid
}/cf Iron+Liquid{Metal) 'quuid(Odee)\ ol N '1_4'..._\_
N |\ 7" 5| Hematite
& - Iron+Liquid (Oxide) L N \. 10281 109
1400 e et : l}\g:
- . Wustite 1. ™ 1K -Magnetite
] Iron+|_|q,[|d(0>ude) " /Wiisj\ne “l0-8- 'l”—- o2
(200 — Liquid N oo | —
T -Iror + Wistite Wﬁs*_tite |L -10™%
51000 —— — —— M — (075 — — . Magnetite —
: \ I
@800 N g | [ Moanette . -
—\ N ~—F-10
_ Hematite
o -Iron+ Wustite
600 — .\ - —10-15
_A_._._._._._\\._ _—ee 0l - - - | 0-20-
400 |— a - Iron + Magnetite
__._._._.._,_._\J\_.___._|o-40_ - =
_.-50-30_
200 —— . _|0-40:

| | | | 1 | i
Fo 2 4 O 20 22\ 24 2 A28 [ g
FeO FeO-Fe,04 2-'3
Wt % Oxygen

Fig. 2.6 The iron-oxygen system (Levin, Robbins, and McMurdie,
1969). Dash-dot lines are O, isobars.
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based on the original measurements of Darken and Gurry (1946}, in
the form given by Muan (1958}, and presented by Levin, Robbins, and
McMurdie in "Phase diagrams for ceramics" (1969).

Figure 2.7 shows the
regions of stability for
iron, wastite,
magnetite, and hematite.
The diagram was prepared
by Bogdandy and Engell
(1971) by using mean
values for AH and AS
from thermodynamical
tables. The narrow
stability region of
wistite decreases
continuously as the
temperature falls and

disappears at 570°C.

A closer look into the
wistite phase domain in
the iron-oxygen system
is taken in figure 2.8.
The diagram shows the
dependence of the
vacancy concentration y
in Fe,_,0 on both
temperature and oxygen
pressure. The diagram
was constructed by
Bogdandy and Engell
(1971) from the results
obtained by several
authors.

]

| //L// 1700
v-fe 1000
.\\Q,//
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1
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| /’/// // S
/f Magneti /0 5
-t
/ 2
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— 500
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Fig. 2.7 Thermochemically stable regions
for Fe, Fe;_ O, Fe;0,, and Fe,0,
{Bogdandy and Engell, 1971).
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Fig. 2.8 The Fe, (O phase domain with O,
isobars in the Fe - 0, system
{Bogdandy and Engell, 1971}.
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Fig. 2.9 Baur-Glaessner diagrams showing the equilibria between
iron, wustite, magnetite and:
a) H,/H,0
b) CO/CO, and C(s), P(CO) + P{CO;) = 1 atm.

The equilibria between iron, wistite, magnetite and a H,/H,0 gas
mixture are shown in figure 2.9a while figure 2.9b shows the
equilibria between the same solid phases in addition to carbon
and a CO/CO, gas mixture (Bogdandy and Engell, 1971). Such
equilibrium diagrams are generally known as Baur-Glaessner

diagrams.

The two diagrams are fairly similar and the characteristic shape
of the phase boundaries of the wistite phase, the "fork", may be

recognized in both.

The equilibrium line for the Boudouard reaction: 2CO(g) = CO,(g)
+ C{s) is also drawn in the diagram in figure 2.9b. Below this
line the CO0O/CO, gas mixture is supersaturated on carbon and

carbon deposition is possible.

To avoid carbon deposition, according to figure 2.9b, the
temperature should not fall below 760°C and 685°C with 20% and
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50% CO, (%RO) in the reducing gas, respectively. These limits
have been carefully watched in the present work in the reduction
experiments without hydrogen in the reduction gas. The reduction
experiments are carried out in the temperature range 700-850°C
and the content of CO, in the inlet reduction gas never falls
below 20%.

However, in most of the o

reduction experiments, 1100F J
the reduction gas is a

mixture of CO, CO,, H,, 061000' ]
and H,0. A diagram — g4,b .
which combines the two 2 Fe

diagrams 1is therefore D soof .
very useful, Such a g 200l |
Baur-Glaessner diagram 2

is shown in figure 2.10. qu 600 -
The diagram was

constructed by Dr. L. >00F i
Kolbeinsen, as explained 400 1L i
in his thesis

(Kolbeinsen, 1982) and 76 20 30 20 50 60 70 80 91
reported by Grentvedt et The oxidizing potential (%RO)
al.(1986) and Kolbeinsen Fig. 2.10 Baur-Glaessner diagram

showing equilibria between the solid
et al. (1988, 1989). The phases and H,, H,0, CO, and CO,

constant relations
between carbon and hydrogen bearing species in the reduction gas
in accordance with formula 2.2. The oxidizing potential of the

reduction gas (%RO) is defined according to formula 2.3.

c Peo + Peo,

kR Py + Pyo (2.2)

Fipo * Peo, -100%

%RO =
Pyo * Peo, + Py, + Poo (2.3)
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The relative thermodynamical stability of the phases Fe, Fe, 0,
and Fe;O, in the temperature range 700-850°C is insignificantly
changed in the c¢/h range 1.22-3.0, corresponding to 45%-25% H,
in the reduction gas.

The iron-carbon phase diagram is given in figure 2.11 as
presented by Rosengvist (1985) on the basis of the work by Smith

(1946). Only the thermodynamically stable phases are shown.
1200 T I \
1o -]
Al(xf’t)emle 1.5%/
& 1000
[F]
3
a
& o
£ 900 0.01% Austenite i
] + graphite
0.3% 0.85"§r/
800
Ferrite ‘\EOW o,
] 738°C
[ Ferrite + graphite
700 l | |

0 1.0 20

Weight % carbon

Fig. 2.11 The iron-carbon system showing the
thermodynamically stable phases.
(Rosengvist, 1985).

2.3 Chemical reactions

2.3.1 Reduction of hematite

Reduction of Fe,0; (hematite) to iron proceeds over the lower
oxides Fe;0, {(magnetite) and Fe; ,O (wistite). The reduction
reactions for reduction of hematite with the two reducing gases
H, and CO are shown in the following. Other reducing gases (e.
g. natural gas) have not been considered in the present work.
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Fe,0; + 3H, — 5Fe;0, + 3H,0 (2.4)
(1-y)Fe;0,4 + (1l-4y}H, = 3Fe; O + (1-4y)H,0 (2.5)
Fe; ,O0 + Hy = (1-y)Fe + H0 (2.6)
Fe,0; + 3CO =  3Fe;0, + 3CO, (2.7)
(1-y)Fes0, + (1-4y)CO — 3Fe; O + (1-4y)CO, (2.8)
Fe; ;0 + CO = (1-y)Fe + CO, (2.9)

Calculations of AH’, and AG°, for the reactions 2.4-2.9 are
presented in table 2.2. The calculations are based on JANAF
Thermochemical Tables (1985) and y=0.053 in Fe; 0 (Feq 9470).

Table 2.2. Thermodynamical data calculated from JANAF
Thermochemical Tables (1985).

Equation (kJ/equation)
no.! AH®, 509 AG’, 508 | AH'y 1033 AG'L 1033
2.4 -2.7 -11.0 -3.0 -31.6
2.5 72.1 48.0 48 .4 -0.9
2.6 24 .4 16.6 15.7 6.5
2.7 -16.1 -20.5 -14.5 -32.3
2.8 39.7 25.4 21.2 -2.5
2.9 -16.7 -12.1 -18.8 4.5
1) vy = 0.053 in equaiions 2.5, 2.6, 2.8, and 2.9.

Both H,- and CO-reduction of hematite to magnetite are exothermal
reactions, while reduction of magnetite to wiastite are
endothermal reactions. The final reduction of Fe; ,0O to iron
with H, is endothermic while reduction with CO is exothermic,
Enthalpy and free energy of reaction at 760°C (1033°K}) are
incorporated in table 2.2 because most of the reduction

experiments are carried out at that temperature,.

Fe,_ ,O is unstable at temperatures below 570°C. At these low
temperatures magnetite reduces directly to iron according to the

equations:
(X7
. mole .
AH ¢ 508 AG v, 598
Fe,0, + 4H, — 3Fe + 4H,0 153.6 103.1 (2.10)

Fe;0, + 4CO — 3Fe + 4CO, -11.1 -11.5 {2.11)
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2.3.2 The water-gas shift reaction (WGSR)

When reduction 1is carried out with mixtures of the reduction
gases H, and CO, the WGSR has to be taken into account:
(%)
, mole .
AH | 508 AG 508
CO + H,0 & CO, + H, -41.2 -28.6 (2.12)

The WGSR does not change the oxidizing potential of the reduction
gas, but merely shifts the oxygen atom between the two reducing
gases, H, and CO. Reduction rates are higher for reduction by
H, than by CO and even small additions of H, to CO/CO, mixtures
have a reaction promoting effect, referring also to chapter 5.
Bogdandy and Engell (1971, pages 200-202) conclude in their
literature survey that Fe;_ O is reduced largely by H, in gas
mixtures and a major use for the CO is to regenerate H, by the
WGSR. In this way the WGSR is thought to play an important role

in iron ore reduction with gas mixtures.

According to Bogdandy and Engell (1971) there is also a general
agreement in the literature that the rate-determining stage of
the water-gas shift reaction is the transfer of adsorbed oxygen
{adsorbed on a catalyst) to the CO in reaction 2.12b,

H,0 = H, + Ouq, (2.12a)
CO + O,gqc — CO, (2.12b)
This was later confirmed by Meschter and Grabke (1979). They

found an activation energy of 124.7 kd/mole for the WGSR on a
Fe, ,0 surface. They also confirm that the WGSR needs a catalyst
to be effective at temperatures of iron ore reduction. Karim and
Mohindra (1974), among others, also found that the WGSR did not
reach equilibrium conditions within a reasonable residence time
below 730°C in homogeneous uncatalysed combustion systems.

The WGSR is a reaction of considerable industrial importance and



17

frequently used in conjunction with the production of hydrogen
via the nickel catalysed steam reforming of hydrocarbons. The
effluent from the steam reformers is passed to a series of water-
gas shift reactors which are operated at lower temperatures in
order to shift the equilibrium of reaction (2.12) to the right.
In the first stage at intermediate temperatures (315-485°C) the
water-gas shift reaction catalyst is based on iron oxide-chromium
oxide compositions. In the second stage at still lower
temperatures (175-350°C) the catalyst of choice is based on
copper oxide - zinc oxide. This information and further
descriptions of commercial catalysts can be found in *"Catalytic
processes and proven catalysts" by Thomas (1870). Grenoble et
al. (1981) have investigated the catalytic effect of several
alumina-supported metals on the WGSR at 300°C and found the
turnover number (rate per surface metal atom) to decrease in the
order: Cu, Re, Co, Ru, Ni, Pt, Os, Au, Fe, Pd, Rh, and Ir. In
the present work a nickel based catalyst is chosen to provide
water-gas shift equilibrium prior to reduction in the reactor.

All the constituents in iron ore reduction are catalysts, but
metallic iron is held to be a much better catalyst than the iron
oxides. According to Grabke (1965 and 1967) the rate constants
for oxygen exchange according to reaction (2.12b)} are 1.5°107°
and 2.5'10"7 for wustite and iron, respectively, at 800°C for a
ratio of C0,/CO = 0.5. Turkdogan and Vinters (1972) found that
the rate of dissociation or formation of H,0 or CO, on the iron
surface is about an order of magnitude greater than that on the
surface of Fe; ,0. They also conclude that even in the presence
of porous metallic iron, gas reactions participating in the
water-gas shift equilibrium are slow at temperatures below
1000°cC.

As earlier pointed out, the rate determining step in the WGSR is
the transfer of oxygen from the catalyst to the CO. The same
step is rate determining in CO-reduction of Fe,_,0 {Grabke,
1965). This immediately implies that the WGSR on Fe,;_ 0 cannot
take place more quickly than Fe, ,O reduction with CO. To
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understand the increase in reduction rate of Fe, O by addition
of even slight amounts of H, to CO/CO, mixtures, the catalytic
effect of iron on the WGSR must be remembered. The reduction
takes place at the oxides, but the regeneration of the hydrogen
by the WGSR takes place at the iron. These two reactions must
be connected by diffusion of one of the participants in the
reaction. The optimal conditions occur at the boundary

metal/oxide/gas.

The equilibrium constant (k,) for the WGSR is given by:

Pco, Py AGY
kw=#=exp(— RI’_:l:‘T) (2.13)
Peo Ph,o

A formula for rough calculations of k, is given by Bogdandy and
Engell (1971, page 39) for the temperature range 600 - 1100°C:

log k, = -1.6 + 1800/T (°K) (2.14)

However, for accurate calculations the values of k, must be found
from the values of AG’;  for the components as given in
thermochemical tables. These accurate values of k, are given in
table 2.3 for the temperatures which are actual in the present
work. The free energy of the reaction {(2.12) is calculated from
JANAF Thermochemical Tables (1985} . From the same
thermodynamical data it is found that k, = 1 at 823°C.

Table 2.3 Equilibrium constant (k,) for the WGSR (2.12),
calculated from AG°, ; according to formula 2.13.

|| Temperature AG®, o 1 k,

I (°C) (°K) (kJ/mole)

i 700 973 -3.888 1.6169
730 1003 -2.923 1.4196
760 1033 ~1.984 1.2598
800 1073 ~0.733 1.0856
850 1123 +0.811 0.9169

1) Calculated from JANAF Thermochemical Tables (1985)



19

2.3.3 Methane formation

Undesired reactions in gas mixtures of CO/H,/CO,/H,0, such as
formation of methane (CH;), are theoretically possible by the

reactions:
3H, + CO g CH, + H,0 (2.15)
2H, + 2CO g CH, + CO, (2.16)

Nickel has a catalytic effect on these two reactions (Thomas,
1970} . Formation of CH, 1is favoured at low temperatures,
elevated pressures and low contents of H,O and CO,, respectively.
However, the opposite reactions, formation of H, and CO, are
applied in the reforming of natural gas on a nickel based
catalyst with steam and CO, at temperatures in the range of 650-
1000°C at 3-40 atm. The ratio of steam or CO, (moles} to
hydrocarbons (atoms) is here 2-6, or higher. These conditions
leave 0.1-2.0% CH,; unreacted (Thomas, 1970). At lower pressure
and high contents of CO, it is not to be expected any significant
formation of CH,, even for intermediate temperatures (700-850°C)
and in the presence of a nickel catalyst. Formation of methane
in the gas phase is neglected in the present work for the above
mentioned reasons. In the absence of a Ni-catalyst Hara (1976)
found that the amount of CH, is lower than 1% where the CO-
concentration is lower than 30%.

2.3.4 The Boudouard equilibrium

The Boudouard equilibrium has to be taken into account:

(X9
o mOIe o
AH | 598 AG 1 598
2C0(g) 2 CO,(g) + C(s) -172.5 -120.1 (2.17)

Formation of carbon (graphite} from the reduction gas is
dependant on temperature, total pressure, and partial pressure
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of CO and is likely to happen at low to moderate temperatures and
at elevated pressures of CO.

The experimental conditions in the present work have been chosen
to avoid carbon deposition because this reaction changes the gas
composition in an uncontrollable manner. The oxidizing potential
of the reduction gas (%R0O) increases with increasing carbon
deposition. Carbon deposition will also damage the nickel
catalyst.

The decomposition of CO in the homogeneous gas phase takes place
so slowly that it is of no real importance for the reduction of
ores (Bogdandy and Engell, 1970). Supersaturated reduction gas
with respect to graphite may therefore exist, even at rather low
temperatures., However, iron 1is an active catalyst for CO
dissociation while cementite (Fe;C) is considered to be a poor
catalyst (Walker et al., 1959, Ruston et al., 1969, Turkdogan and
Vinters, 1974, and Olsson and Turkdogan, 1974). Nickel catalysts
are also highly active for this undesirable reaction (Thomas,
1970) .

The presence of H, or H,0 can markedly enhance the rate of carbon

deposition under certain conditions (Walker et al., 1959,
Turkdogan and Vinters, 1974, Olsson and Turkdogan, 1974, Kolesnik
and Pierre, 1980, and Towhidi and Szekely, 1983). Kolesnik and

Pierre (1980) try to explain these experimental evidences by
suggesting a possible formation of an intermediate complex (CHO) "
on the catalytic surface. They found that there is an optimum
content of H,0 in CO-H,0 mixtures which provides the maximum rate
of carbon deposition at each temperature in the temperature range
430-590°C. It is possible to consider the influence of H;0 in
association with the influence of H, by taking the water-gas
shift reaction into account., Hydrogen is thought to play the
active part of the two in carbon deposition. Towhidi and Szekely
(1983) found a maximum rate of carbon deposition to occur between
500°C and 600°C, when reducing hematite pellets in H,/CO/N, gas
mixtures. Above 900°C no carbon deposition was observed. The
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presence of N, appeared to retard the deposition process.

The critical temperature region for carbon deposition is extended
to higher temperatures as the hydrogen content of the gas mixture
(CO/H,;) is increased {(Walker et al., 1959). For increasing H,-
content and in the presence of an iron catalyst they found that
the temperature increased at which the maximum rate of carbon
deposition occurred, from about 528°C (99.2% C0-0.8% H,) to 630°C
(80.1% CO-19.9% H,). Increasing the hydrogen content in the gas
also markedly increased the total amount of carbon which was
formed before catalyst deactivation occurred. A spent catalyst

consisted primarily of cementite.

2.3.5 Cementite formation

Cementite (Fe;C) may be formed by reaction of iron or its oxides
and a reduction gas supersaturated with respect to graphite
{(carbon activity greater than unity):

3Fe + 2C0 — FeyC + CO, (2.18)
3FeO + 5CO — FesC + 4CO0, (2.19)
Fe,0, + 6CO — FejC + 5CO0, (2.20)

Because cementite is thermodynamically unstable with respect to
graphite, the reactions 2.18 - 2.20 are to be regarded as
metastable equilibria (Rosenqgvist, 1985). Formation of cementite
from wistite and magnetite is only possible below 700°C.

Towhidi and Szekely (1983) found, however, in a structural
examination of their partially reacted hematite pellets that the
carbon deposited was in the form of elemental carbon rather than
cementite. These experiments were carried out in CO/H,/N,-
mixtures in the temperature range 500-1200°C. Turkdogan and
Vinters (1974) have pointed out that if carbon is converted into
cementite this could inhibit or at least hinder further carbon
deposition since cementite is not a catalyst for CO
decomposition.
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2.3.6 oOxidation of magnetite

Oxidation of magnetite takes place according to equation 2.21.

(KT
o moie o
AH 1 598 AG y, 398
Fes0, + 30, — 3Fe,0, ~117.4 -97.8 (2.21)

Oxidation of magnetite is an exothermal reaction which might well
take place at room temperature from a thermodynamical point of
view (negative AG’, ,45) . The kinetics of the oxidation process
is unfavourable at low temperatures. Hence, large magnetite
deposits are present in nature. The kinetics of the oxidation
process will be discussed in chapter 3. Thermodynamical data for
the oxidation reaction 2.21 are given in table 2.4 for the
temperatures actual in the present work.

Table 2.4 Thermodynamical data for oxidation of magnetitel,

" Temperature AH® - AG®, .
(°C) {°K) {kJ/mole) (kJ/mole)
400 673 -118.7 -73.3
600 873 -123.1 -59.3
700 973 -120.9 -52.1
800 1073 -119.2 -45.1
850 1123 -119.90 -41.7
900 1173 -118.8 -38.3
1000 1273 -118.5 -31.4
1050 1323 -118.4 -28.0
1100 1373 -118.2 -24.6
1150 1423 -117.9 -21.2
1200 1473 -117.7 -17.8
1250 1523 -117.4 -14.4 “

fr-__Egiculated from JANAF Thermochemical Tables (1985)

2.4 Why preoxidation is necessary

As previously pointed out in section 1.2, the reduction rate of
magnetite 1is too slow to be used directly in the Elkem Polar
Process. The slow reduction rate of magnetite compared to hematite

was confirmed in experiments performed in the previously mentioned
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laboratory scale reactor by Baumann (1985), Storemyr (1986 b}, and
Steinmo (1986). These authors used reduction gas mixtures of Hy,
CO, and CO,, and grain sizes in the range 50-100 um.

Figure 2.12 shows some results 100
from reduction of magnetite and 2% -Fosaalg’? gggnetite (Rorway)
hematite, obtained by Steinmo § 90} ﬁox RO
. . N S ¥ f ‘_ ‘; _ﬂ
(1986) . The initial degree of s -
3 x
» . 1 . — |
oxidation® of the magnetite was g 80 0% 50—
88.7%, while it was close to 100% v + Rana hematite (Norway)
for the hematite. After reduction g 70N
18]
. . M | <
for 60 seconds, the magnetite 1s i . 20% RO}
insignificantly reduced, while the 720 725 730 755 740
hematite is considerably reduced. Tewperature (%)
Fig 2.12 Magnetite and

The inlet content of H, was 15%. hematite reduced for 60s.
The degree of oxidation was only slightly lowered during reduction
of different magnetite ores (Storemyr, 1986 b). The results after
60 seconds reduction at 800°C and 35% RO (35%H,, inlet gas) were:
Fosdalen magnetite from Norway: 88.7% — 87.2% degree of oxidation

Sydvaranger magnetite " 88.7% — 88.0% "
Kiruna magnetite from Sweden: 88.9% — 86.9% "

The oxygen ions form a closed-packed hexagonal structure in
hematite and a face-centred cubic structure in both magnetite and
wistite. The slow reduction of magnetite compared to hematite, may
be explained by the fact that no structural change in the oxygen
lattice takes place during reduction of magnetite to wistite, while
the oxygen atoms have to undergo a severe readjustment during
reduction of hematite. The readjustment results in volume
increase, which tends to open up the structure, facilitating the
subsequent reduction.

Edstrem (1953) found that there was 4-5% shrinkage due to
nucleation and growth of iron crystals when natural magnetite
crystals were reduced to iron by CO at 1000°C. He found a volume
increase of 25% for the reduction of hematite to magnetite and a
volume increase of 7-13% for the next reduction step to wistite.
The overall volume increase was 25-27%, due to metal sintering.

1} Degree of oxidation (0X%), a measure for the oxygen content
compared to pure hematite: OX = 100°(1.5°Fe’* + Fe?*)/1.5Fet*



24

3 MAGNETITE OXIDATION

3.1 Introduction

As previously pointed out, reduction of magnetite is too slow to
be used directly in the Elkem Polar Process. However, the
reduction rate is considerably increased by oxidation of
magnetite to hematite prior to the reduction.

The Elkem Polar Process concept allows oxidation in the heating
unit. The concept is based on pneumatic transport of iron ore
concentrates. A realistic estimate for the maximum retention
time would be about 40 seconds, If oxidation is fairly complete
within 40-60 seconds at moderate temperatures, magnetite
concentrates may be used directly in this process without any
process modifications. In this way the costs of both the usual
agglomeration step and an ordinary oxidizing unit will be
avoided. However, if oxidation is far from completion a separate
oxidizing unit will be necessary. The rate of oxidation is for
this reason very important.

The rate of oxidation is investigated in the temperature range
400-850°C (see section 3.3). The previously mentioned laboratory
scale reactor developed by SINTEF and Elkem was chosen for
simulation o©of oxidation during pneumatic transport of
concentrates. The laboratory scale reactor has a maximum
operating temperature of 850°C limited by its steel quality.
Because of material loss during the experiments, a practical
limit of 60 seconds is set for the length of each experiment.
The main purpose of these experiments, is to study the rate of
oxidation at different temperatures, and not to complete the
oxidation. The rate of oxidation at elevated temperatures
(>1000°C} 1is also of interest, Dbut experiments at these
temperatures have not been carried out in the laboratory scale
reactor. A high oxidation temperature would also require some
modifications of the original concept of the Elkem Polar Process.
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Another method, described in section 3.4, was chosen for
preoxidation of material for subseguent reduction experiments.
It is important that the oxidation is completed to eliminate the
retarding effect of magnetite inclusions on the reduction rate.
Material for reduction tests was oxidized at constant temperature
in the temperature range 800-1250°C. A qualitative description
and photographs of grain sections of the preoxidized samples are
given 1in section 3.4. The subgrain structure of these
preoxidized samples are characterized by videoplan in section
3.5. A quantitative measure for the subgrain structures is
developed.

3.2 Previous work

Most of the previous work on oxidation of magnetite has been
carried out on pellets because of their industrial importance.
Ball et al. (1973) concluded from a literature review that the
oxidation mechanism of magnetite cannot be considered to be
completely explained. A two step mechanism was considered to be
most probable, the first of which was rapid whilst the second was

slow.
With "artificially" made magnetites {usually made by
precipitating magnetite from a solution), the first step did

proceed at temperatures below 400°C with the formation of y-Fe,O,
(maghemite). In the second step Y-Fe,0; was transformed to -
Fe,0; (hematite). With natural magnetites, the mechanism of the
first step is a source of controversy, but the second step
definitely resulted in the formation of ®-Fe,0;. Differences in
the behaviour of various magnetites during the first step of
oxidation were attributed to differences in specific surface
areas and to different diffusion rates of ferric ions (Fe®*).
Diffusion of ferric ions can be affected by dislocations,
vacancies, and the presence of trace elements.

The main processes during oxidation of unfluxed pellets made from
magnetite concentrates can be described as oxidation of each
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magnetite grain and subsequent recrystallization (reorientation
and grain growth). Oxidation in the present work is carried out
using magnetite concentrates. The main processes during
oxidation of pellets and concentrates will be very much the same.
Hence, this review of previous work includes oxidation of
pelletized materials. Relevant topics are oxidation mechanism,
products, grain refinement and recrystallization, and oxidation
kinetics. These topics are intimately mixed, but are tentatively

separated here.

3.2.1 Mechanism

Bentell and Mathisson (1978) found that oxidation at 800°C took
place by solid-gas reaction throughout the whole volume of a
comparatively porous pellet made from magnetite concentrate.
After some time the reaction speed decreased significantly as the
magnetite grains were covered by a thin layer of hematite. The
temperature was too low to permit a fast diffusion of ferrous
ions through the hematite shell. The growth continued slowly in
the most favourable planes. Bentell and Mathisson describe the
growth of the characteristic hematite laminae as follows:

At low temperatures oxidation of the magnetite depends only upon
the diffusion of Fe?* and the Fe’* ions in the magnetite because
of the limited mobility of the oxygen ions and the high degree
of stoichiometry in the hematite structure. A continuous film
of hematite around the magnetite grains would prevent further
oxidation. A schematic description of the oxidation process is
shown in figure 3.1 and stoichiometrically described in equations
3.1 and 3.2.

0, + 4e” = 207" (3.1)
202- 4+ AFe?* 4+ 8Fe’* + 160%” — 1802 + 4Fe3* 4+ 8Fe3* 4+ de” (3.2)
O-) + 4Fe-;0,. o 4 6F9293 (3.3)

Reaction 3.1 results in production of oxygen ions and in the
consumption of electrons. The oxygen ions do not diffuse into
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the magnetite, but remain
at the surface of the Magnetite

grain. (Diffusion of 1808

oxygen ions is only _ﬁi\\‘

. ‘-"' Air
possible to a small extent 8F3+
e - -
along the hematite- O,+ie —20?
magnetite boundary.) The

electrons originate from
the Fe?* ions which have
diffused from the central

part of the magnetite
grain to the surface. . ) )
Most of the resulting Fe’* Eig. 3.1 igﬁf;gsﬁizzizfﬂiga;fntell
ions return to the most

favourable surface sites of the hematite crystal and are
intercalated with local oxygen ions from the magnetite. In the
beginning the growth is parallel to the close packed planes in
the magnetite, and the (111l) planes are transformed to (1000)
planes in the hematite. The distance between the close packed
planes is greater in hematite than in magnetite, which implies
that there is no space available for new (111) planes and so the
perpendicular growth is halted. Later the supersaturation of
oxygen ions and Fe’* ions between the laminae increases to an
extent, which makes the driving force sufficient to allow lateral
growth. At increased temperatures, diffusion of Fe?* through any

hematite layer is also possible.

An important detail concerning the transformation of the lattice
at the hematite magnetite boundary is the occurrence of stresses,
owing to the fact that the distances between the oxygen ions in
the close packed planes are shorter in the hematite than in the
magnetite. The distances between the ions are 5.04 and 5.94 A,
respectively. However, the distance between these planes is
greater in the hematite than in the magnetite, 6.87 compared to
4.85 A, The lattice disturbance probably causes the
transportation not only of iron ions but also of oxygen ions
along the interface where the defects in the lattice are

greatest. Stresses may cause microcracks.

3.1

4Fe?*—>4Fe**+4e” (3.2)
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3.2.2 Oxidation products

Gilliot, Rousset, and Dupre (1978) investigated the influence of
crystallite size on the oxidation kinetics of artificial
magnetite in the temperature range 80-600°C. The artificial
magnetite was made by precipitating magnetite from a solution.
The investigation was carried out for crystallite sizes with
diameters (¢) between 0.01-1.5 pm. The oxidation product was
dependant on crystallite size and the influence of size could be
accounted for in terms of structure and stresses at the crystal

lattice level. Their findings are summarized below.

q) < 0.5 lm: Fe304 — Y‘FE203
0.5< ¢ <1.0 l.lm: Fe304 — Y—Fe203 — (I—Fe203

— 0-Fe,0; directly, in the end
¢ > 1.0 pm: Fe304 - OL—F6203

For intermediate sizes (0.5<¢<1.0 pm), <Yy-Fe,0; forms at the
beginning of the reaction, followed by 0-Fe,0; forming from ¥y-
Fe,0;. 0-Fe,0; forms directly from the unoxidized core towards
the end of the reaction.

Some authors are of the opinion that Y-Fe,0; is formed from
artificial magnetite and o-Fe,0; is formed from natural
magnetite. Artificial magnetite usually have a large specific
surface and small grain sizes, which lead to the formation of y-
Fe,0,, according to Gilliot et al. (1978). Natural magnetites
usually have larger grain sizes. According to the same authors,
the comparatively larger grain sizes promote the formation of o-
Fe,03. Other authors claim that stabilizing impurities initially
present in Fe;0,, or traces of H,0, promote formation of y-Fe,0,.
However, in most of these works there appear to be a lack of
control with grain sizes.

Because of the disagreements in the literature, concerning the
oxidation products at low temperatures, some examples from
earlier works will be given.

Twenhofel (1927) found that y-Fe,0, (called oxidized magnetite),

formed by oxidation of artificial magnetite, always converted to
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o-Fe,0; above 500°C. This conversion from Y- to o-Fe,0; occurred
at 800°C for natural magnetite. Prolonged oxidation did always
result in transformation from Y- to ®-Fe,0;.

DeBoer and Selwood (1954) made Y-Fe,O0; from artificial magnetite
by oxidation at 230-300°C in air. They found the transformation
of Y- to 0-Fe,0; to take place at 350-500°C and measured the
activation energy of the transformation. The activation energy
decreased with increasing severity of the heat treatment. They
concluded that water stabilizes the Y-Fe,0;. They also concluded
that alumina stabilizes the Y-Fe,0; structure, lanthana decreases
its stability, while gallia has no effect.

The results of David and Welch (1956) supported the view that
water 1s essential for the stability of maghemite. They found
that maghemite contained water which could not be removed without
destroying the spinel structure. They suggested that the
structure is stabilized by OH™ replacing some of the 0% in the
spinel lattice. These conclusions or suggestions are based on
their experiments with artificial magnetites, one precipitated
from solution and dried in steam and another produced by reacting
hematite with iron at 960°C in argon atmosphere for 6 hours. The
latter gave only o-Fe,0; on oxidation (185-370°C). The oxidation
was very slow and not completed after 30 hours. Precipitated
magnetite, which prior to oxidation was dried at temperatures
between 250 and 850°C in argon, gave Y-Fe,0; on oxidation in the
temperature range 180-500°C. At higher drying temperatures o-
Fe,0; was formed, but traces of -Fe,0; were also detected at the
lower oxidation temperatures. The temperature of the first
appearance of o-Fe,0, was dependent on the temperature of
pretreatment . Wet magnetite precipitate, which was oxidized
without drying, gave diffuse x-ray patterns. Hence, magnetite
and a possible y-Fe,0; phase could not be distinguished.

These previous findings may be regarded as a confirmation of the
importance of grain size on the product of oxidation. If water
is removed from artificial magnetite by heating, grain growth
occurs, and the oxidation product may change from Y- to &-Fe,0,.
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3.2.3 Grain refinement and recrystallization

Cooke and Stowasser (1952) studied isothermal oxidation of
magnetite pellets (¢ = 0.75 inch}) made of Mesabi magnetite
concentrate in the temperature range 300-1400°C. During
oxidation hematite was formed from magnetite by a process of
grain refinement. No physical disintegration was observed.
Because certain crystallographic directions within any one
magnetite crystal are preferentially oxidized, a single crystal
of magnetite eventually became a number of independently oriented
crystals of hematite. At temperatures around 500-600°C the
resulting structure was relatively stable, and prolonged heating
at these temperatures did not change the orientation or size of
the hematite crystals. At higher temperatures, however, the
hematite crystals did grow, and what was originally a single
crystal of magnetite became a single crystal of hematite.

Just as crystal growth (reorientation) occurs within a hematite
grain, also does grain growth occur throughout the mass of a
pellet. Cooke and Stowasser found that the small grains were
absorbed by the larger, until a network of egually axed hematite
grains were established throughout the pellet.

There is a striking increase in grain size at elevated
temperatures, especially above 1300°C, referring to figure 3.2
by Cooke and Stowasser. The

two authors used analytical

1=
o
o

grade hematite with an
original particle size of
¢=0.8um. Heat treatment for
30 minutes at 1100, 1200,
1300, and 1400°C resulted in
an average grain size of 6,
7, 20, and 400 Um,

respectively, referring to

(o)
o
o

—_
o
o

Grain size (pm)
S
(==

0 T
0 400 800 8200
Temperature { C)

figure 3.2 Fig. 3.2 Grain growth of hematite

{Cooke and Stowasser, 1952)
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The early observations by Cooke and Stowasser (1952), concerning
crystal growth and grain growth of hematite, are supported by
other authors. Ulvenséden et al. (1991) found that each hematite
grain was made up of several crystals after isothermal oxidation
of magnetite concentrate in a bed (height of bed was 3 mm),
instead of using pellets. A small increase in the crystal size
within each grain was observed for an increasing oxidation

temperature in the range 800-1050°C.

Callender (1962) oxidized fine grained artificial magnetite. He
observed that the hematite grains formed during oxidation of
pellets at 850°C, were larger than the original magnetite grains.
Large hematite grains were found to consist of several small
crystals and recrystallization had commenced. Between 850°C and
1180°C the grains continued to grow. Between 1180°C and 1250°C
a distinct change in structure occurred, the fine interstitial
hematite was replaced by a compact mass of equiaxial crystals.

The importance of temperature on the hematite grain size was
emphasized by Bentell and Mathisson (1978). They observed that
the surface of indurated pellets was characterized by small
hematite grains with different orientations of crystal axis,
while in the centre of the same pellet the hematite grains were
bigger. Because oxidation is an exothermal reaction, the
temperature is increased in the pellet cores in so-called
"isothermal" experiments. Hence, the central part of the pellets
is oxidized at a significantly higher temperature than the

surface.

Olsen and Malvik (1989) believe that large grain hematite is
formed from recrystallized magnetite because recrystallization
of magnetite occurs during heating in nitrogen atmosphere. They
found that fine grained, randomly oriented hematite crystals were
formed during isothermal oxidation of pellets at temperatures
below approximately 1000°C. At higher temperatures groups of
large grained equiaxial hematite were formed.

Cooke and Stowasser (1952) actually measured the core and surface
temperature of the pellets, the core temperature being the
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higher. The temperature difference was 54°C, if the pellets were
brought up to the reaction temperature (1120°C) in a nitrogen
atmosphere and then oxidized in O,. The temperature difference
was 104°C, if heating and oxidation (at 1020°C) both were carried
out in O,. The authors presumed that the lower temperature
difference when heating in nitrogen was caused by slow magnetite
oxidation due to recrystallization of magnetite, and also by the
lowered permeability effected by slag formation. The temperature
difference was only 10°C, if heating and oxidation {(at 1090°C)
were carried out in air. Papanastassiou and Bitsianes (1973)
reported the maximum temperature rise within any one pellet to

be 35-40°C during oxidation in air.

The above presumptions by Cooke and Stowasser, concerning
recrystallization of magnetite followed by slow oxidation, have
been verified by several authors. Papanastassiou and Bitsianes
(1973} found that the rate of oxidation in air at 1000°C was
slower for pellets preheated in N, atmosphere at 1250°C, due to
magnetite recrystallization. Fitton and Goldring (1966} observed
grain growth of magnetite at temperatures above 1250°C.
Magnetite in pellet cores recrystallized and the original shape
of the Sydvaranger concentrate particles was lost. Oxidation was
also slow because gas diffusion was halted by smelt formation.

Grain growth of magnetite particles was also observed by Cooke
and Ban (1952) during isothermal heat treatment of pellets in an
inert atmosphere (N, or He). They found that magnetite grains
in pellets did tend to form bonds already at 900°C. At about
1000°C, grain growth commenced at the expense of the fine
magnetite particles (spatially separated), probably due to a
transfer of magnetite through a slag (gangue) phase.

To conclude, previous findings seem to confirm that hematite is
formed from magnetite by a process of grain refinement. The
independently oriented hematite crystals are relatively stable
at 500-600°C, but grow at higher temperatures. There is a
striking increase in hematite grain size above 1300°C. Magnetite
may recrystallize prior to oxidation, which will retard the
subsequent oxidation, and probably affect the hematite grain size.
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3.2.4 Kinetics

Papanastassiou and Bitsianes (1973} investigated initial
oxidation rates for pellets made of two different magnetite
concentrates. Below 420°C, a surface type of chemical reaction
with activation energy of about 37 kcal/mole was initially rate
controlling. The experimental rate constants (k) were calculated
according to the formula 3.4. The specific surface areas (84)
of the actual concentrates, taconite and relatively pure Missouri
magnetite, were 12140 and 5350 cm?/g, respectively.

3
dn 4nR
o = °© Sb.Sg.k.cb (

gmole 02)
at 3

S

{3.4)

dng,/dt= rate of fractional weight gain (compared to theoretical)

Ry = pellet radius (cm)

Sy = specific surface area (cm?/g)

3, = pellet density (g/cm’)

Cp = concentration of oxygen in gas phase (g mole/cm®)

-34.3 cm

T, te: k =3.49-104 = .

aconite 3.49°10% exp( =7 ) = {3.5)

Missouri: k = 3.47°10% exp(-—2-%4) S  (3.6)
RT 5

Above 420°C, mass transfer through the gaseous boundary layer
dominated the initial reaction rate and was the controlling step
with an activation energy of 2.5 kcal/mole. The flow rate used,
1100 cm’®/min (0.07 m*/h), was said to be well above the critical
flow rate needed for the oxidation experiments. However, in my
opinion this low flow rate could be the reason for the dominance

of gas film resistance during initial oxidation above 420°C.

Later on, at 1000-1200°C, diffusion through a growing product
layer dominated the overall reaction rate. At intermediate
temperatures (600-300°C) there was a mixed control, both chemical
and mass transfer control, Uniform pellet porosity was achieved
by a special method and the porosity was 35% in all these
experiments. In other experiments, the pellet porosity was
varied in the range 22-42% and found to be important for the rate

of oxidation.
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The oxygen potential is one of the major factors influencing the
rate of reaction, according to Zetterstrém (1950), Edstrdom
{1957), and Papanastassiou and Bitsianes (1973).

Ball, Buttler, and Ratter (1966) oxidized pellets (¢ = 0.38-0.5
inch) in air in the temperature range 200-840°C, They measured
the weight gain (y%) during oxidation and found y to obey formula
3.7 where k; and k, are rate constants and t is time. This model
is used in corrosion studies. The formula was derived by Evans

(1960), on the assumption that the pores in the material are
blocked by formation of fresh hematite. k; is in fact an
asymptotic value of the weight increase (v}, which can never be
exceeded.
y =k (1-e7f (3.7)

25
Their weight gain - time curves "y
are very similar to those reported ; 20
by Zetterstrdm (1950}. The rate .ﬁ
of oxidation falls off rapidly and 5
the % oxidation approaches a value e
which appears to be very -% __ . Experiment
temperature dependant. Figure 3.2 =~ - - Calculated
shows a theoretical curve for the

e 5 20 3
Time {min)

oxidation, compared to the
experimental results. The values

of k; and k, were selected to give Fig. 3.3 Oxidation curve for
the best fit magnetite (Ball et al.,1966)

Ball et al. could not find any relationship between k, and
temperature but the value of k; did steadily increase with
temperature. From Arrhenius plots, between log k; and T, the
activation energy was calculated both for their own results and
for the oxidation data of Zetterstrdém. Some of the Arrhenius
plots appeared to fall into two distinct parts with different
slopes. As shown in table 3.1, all activation energies were low,
especially low for artificial magnetite, which may indicate a
physical rather than a chemical rate control.
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Table 3.1 Activation energy (E), calculated by Ball et al. (1966),

for oxidation of magnetite pellets.

Data of Ball, Buttler, and Ratter Zetterstrdm, 400-1000°C

Magnetite Temperature E Magnetite E

type (°C) (kcal/mole) |type {kcal/mole)

Artificial 210-520 1.1 Artificial 0.4

Sydvaranger 280-840 5.6 Auroral 7.3 “

Gellivare D 240-440 2.0 Scrub ocaks 5.1
440-560 6.2

Jaspilite 200-320 10.6 Babbitel 5.1
320-560 1.1 Shasta 5.8

1) Magnetic concentrate from taconite, an intimate association

of magnetite and a siliceous gangue.

Mazanek et al. (1973) found the rate of oxidation in air to obey
formula 3.7 in the temperature range 200-1000°C., Contrary to
Ball et al., they obtained a temperature dependence for both rate
constants, and used k, instead of k; in the calculations of
activation energies from Arrhenius plots. For pellets made of
artificial magnetite they cobtained low activation energies (0.3-
6,7 kcal/mole) in accordance with those reported by Ball et al..
Arrhenius plots for pellets made of natural magnetite concentrate
(Fosdalen) did not show any linear relation between log k, and
T-l. The authors concluded that the mechanism and kinetics of
the oxidation are dependant on the type and origin of the
magnetite. They presumed that the temperature of its formation

and crystallization is decisive for the oxidation.

The rate of growth of hematite on magnetite have also been
measured by Davies, Simnad, and Birchenall (1951), using a
thermogravimetric method, and found to be diffusion controlled
in oxygen atmosphere at temperatures between 800 and 1000°C.
They did not use pellets, but flat specimens (0.75'0.5°0.1 inch)
which were produced by oxidizing iron in water. The rate of
oxidation gave a parabolic relationship between weight gain and
time, suggesting diffusion control, since an interface reaction
controlled process would manifest itself in an linear rate law.
Approximate values for the parabolic rate constant were derived
from the straight portions of the plot of weight gain (W) per
area {(A) (g/cm?) versus timel’?. The parabolic rate constant is
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defined by formula 3.8.

1

W —

= =k 2 .

2 t (3.8)
800°C: k = 4.5°10°° g/ (cm?'minl’/?)
900°C: k = 1.5'10°¢ "
950°C: k = 1.3-10°¢ "
988°C: k = 3.0-10°4 "

From these values of the parabolic rate constant, the activation
energy was calculated to E = 101 kJ/mole {24 kcal/mole) in an
Arrhenius plot.

Himmel, Mehl, and Birchenall (1953) measured the self diffusion
coefficient (D) for iron in magnetite and in hematite. Natural
hematite crystals from Minas Geraes in Brazil were cut in
rectangular parallelepiped (0.75°0.5°0.24 inch). They found D to
be near independent of crystallographic direction in hematite.

Self dAiffusion coefficient (D) for iron in hematite:

1000°C: D=1.0°10"1%m?/s 1217°C: D=2.0-'10"12cm?/s parallel to c-axis
" D=1.0-10"1 = . D=1.6-10712 = perpendicular
D for iron in magnetite: 800°C: D=10" cm?/s

Because the rate of iron diffusion in magnetite is several orders
of magnitude higher than in hematite, the mechanism of initial
oxidation proposed by Bentell and Mathisson (1978) is plausible.

An Arrhenius plot gave an activation energy of about 100
kcal/mole for self-diffusion of iron in hematite. Since only two
temperatures were included in the investigation, Himmel et al.
have pointed out that the high value of 112 kcal/mole reported
by Lindner (1952) tentatively must be accepted.

Himmel et al. calculated a parabolic scaling constant from D at
1000°C and compared it to the parabolic rate constant found by
Davies et al. (1951), the latter being two orders of magnitude
higher. They concluded that iron 1is not the only mobile
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component in ®-Fe,0,. The lack of agreement between calculated
and experimentally determined rate constants was attributed to
transport predominately by oxygen ions or oxide ion vacancies.

Edstrdm (1957) studied the mechanism and kinetics of oxidation
of magnetite pellets (¢$=5-32 mm) with 32% porosity at 1230°C and
found oxidation to be topochemical and the rate of oxidation to
obey the parabolic rate law for spheres (equation 3.10). The
parabolic rate law is derived from Fick’s l.law and lead to the
formulas 3.9 and 3.10 for ©parallelepiped and spheres,

respectively.
x = depth oxidized x2 = k' ¢ (3.9)
R = pellet radius
t = time X2 x3
k = rate constant > " 35 ° k-t (3.10)

The time required to obtain a given oxidation percentage was
proportional to the sguare of the pellet diameter and the rate

of oxidation was more than 10 times faster in oxygen than in air.

k
k

0.72 mm?/min
8.6 mm?/min

1.2:107% em?/s in air, R = 10.5-15 mm
1.4-1073

.20
.4 cm?/s in oxygen

Edstrém concluded that pore diffusion, and not solid state
diffusion, was responsible for the inward transport of oxidizing
agent, because the rate constant was hundreds of times higher
than for oxidation by solid diffusion of iron through hematite.

To conclude, the rate controlling mechanism at temperatures above
1000°C is pore diffusion, according to Edstrém (1957) and
Papanastassiou and Bitsianes (1973). Most authors (Davies et
al., 1951, Ball et al., 1966, Mazanek et al., 1973) find that
diffusion is rate controlling also at lower temperatures, and not
the chemical reaction. Papanastassiou and Bitsianes (1973),
however, suggest chemical control during initial oxidation below
420°C and mixed control at intermediate temperatures (600-900°C).
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3.3 Rate of oxidation

3.3.1 Experimental

The rate of oxidation was studied under isothermal conditions in
the temperature range 400-850°C. The experiments were carried
out in air for periods of up to 60 seconds. An ordinary quality
of Sydvaranger magnetite concentrate was used in most of the
experiments. A few experiments at 600 and 850°C were also
carried out using other magnetite concentrates. The fractions
74-100 pm of the concentrates were oxidized, if not otherwise
indicated. Chemical analyses of the actual magnetite fractions
are given in table 3.2.

Table 3.2 Chemical analyses! of magnetites.

Weight %
Sydvaranger | Kiruna? Minnesota
Fetot 65.2 71.1 57.4
Fe?t 22.3 23.7 21.90
Fe;0, 90.1 98.3 79.3
Sio0, 8.6 0.8 16.1
TiO, <0.01 0.23 -
Al,O, <0.1 <0.1 0.11
MnoO 0.09 0.07 0.26 ||
Ca0O 0.3 0.3 0.80
MgO 0.3 0.1 1.30
P 0.019 0.052 0.024
S 0.13 - -
co, 0.11 - -
"S <99.8 <100.0 97.9

1) Analyzed at Norsk Jernverk A/S.
2) Exception: Fraction analyzed was 53-100 pm.

The previously mentioned laboratory scale reactor, developed by
SINTEF and Elkem, was used for oxidation of the concentrates.
This equipment provides an excellent means of bringing small
particles in thorough contact with gas. Because of the high
speed of air (3.5 m’/h) and the small samples, each particle will
always experience fresh air, which at the same time removes the
excess heat evolved during oxidation. Hence, the particles are
isothermally oxidized. The rate of diffusion through the gas
film around each particle is regarded to be of no significance.
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The reactor was most frequently used in reduction experiments.

It is thoroughly described in the chapter 5, section 5.3.2, and

shown in the figures 5.26 and 5.27. The Ni-catalyst, shown in

figure 5.26, was removed from the apparatus before the oxidation

experiments were carried out. The main principles, however, will

be repeated here.

Magnetite concentrate samples (0.5 g)
were blown with argon into the reactor,
shown in figure 3.4. The reactor is
placed inside a furnace together with
heating coils for the gas. During
oxidation, centrifugal forces keep the
particles rotating inside the reactor,
while the oxidizing gas leave the
reactor. There will always be a loss of
material because some particles will
follow the off gas. A process computer
provided automatic valve operations and
the necessary time control. After
oxidation, the samples were purged out

Gas in

Gas out

Fig. 3.4 Reactor
Ry_5,=25-22mm

of the reactor using nitrogen and collected in a filter outside

the furnace where they were cooled in purging argon gas for 20

seconds. Several (5-19) single samples were collected in the

filter to get enough material for one sample. The total sample

was split in two parts for different purposes.

Wet chemical analvses were carried out by Norsk Jernverk A/S

using one part of each sample (1 g).

The total amount of Fe

(Fe®t) and Fe?' were determined in separate analyses. The methods

are described in section 5.3.3. Fe** was calculated: Fe’t= Fetot-

Fe?*,

Polished surface specimens were made by moulding samples in

epoxy. After hardening, the specimens were alternating polished
and cleaned. The last polish was on a 1 um NAP-cloth.

A Reichert MeF3 optical microscope from Leica in Austria with

equipment for photographing was used to study polished surfaces.
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3.3.2 cCalculation of conversion

Previous works on oxidation kinetics are mainly based on the
continuous gravimetric method, referring to section 3.2.4. The
conversion is reported as a fractional weight increase. The
fractional weight increase {y) is the ratio of the measured
weight increase (AW;) and the weight increase for complete
oxidation (AW,..).

The present work is based on a completely different principle.
Samples are oxidized in batches and the results are based on
chemical analyses of both Fe®°® and Fe?* of each batch after
oxidation at desired temperatures. The remaining content of
magnetite {(mt) may be calculated according to formula 3.11 for
each sample. In the formulas 3.11 - 3.14, M is the molecular
weight. The subscripts denote the actual materials.

Fe’* (%) . M,

mt (%) = T {3.11)

The weight% of hematite (hm) in each sample is calculated

according to formula 3.12. The weight% of Fe’* in hematite is

the difference between the total weight% of iron and the weight%

of iron in magnetite. Weight% of iron in magnetite is 3 Fe?* (%),

since the formula for magnetite can be written as Fe?*0'Fe’*,0,.
Fetft (%) - 3 -Fe?* (%) Mym

hm(%) = 7 - = (3.12)

For an easy comparison of this method with the usual gravimetric
method, the conversion calculated from chemical analyses can be
presented in the usual way, as a fractional weight increase (v).

' _ Fetot(%)- 3-Fe®* (%) M _ Mpt
AW; (%) = 2 A s 3 ) (3.13)
tot M M
AWmax(%) = Fe (%) ( hm _ mt)

MF‘e * ) 3 (3.14)

AW, (%) (Fet®t (%) - 3-Fe?* (%))
vE = 1 .100% = . 100%
ZWmaxi%j FetOt(%) (3-15)
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3.3.3 Results and discussion

Results

Chemical analyses and calculated conversions (y%) are given in
table 3.3. The ordinary quality of Sydvaranger magnetite was
used in most of the experiments. Through a fairly simple process
this concentrate reaches a high purity, >99% magnetite, so-called
Sydvaranger super magnetite, which was used in a few experiments.

Table 3.3 Conversion to hematite during isothermal oxidation in
air. Fraction 53-150 pm of Sydvaranger super was used,
and fractions 74-100 pm of the other magnetites.

Temp.|Time| Analyses Calculations?
Sample tot 2+ . . 4
(ec) (s) Fe Fe Magnetlite|Hematite Y
(Mt) 2 (Hm) 3
(%) (%) (%) (%) (%)
Sydvaranger | 400 15 65.3 | 21.5 89.1 1.1 1.2
30 65.3 | 20.8 86.0 4.3 4.6
60 65.0 120.86 85.5 4.5 4.8
600 15 65.8 | 20.0 82.9 8.2 8.8
30 65.3 1 20.1 83.5 7.0 7.5
60 65.0 | 20.0 82.9 7.2 7.7
60 67.2 120.3 84.0 9.2 9.6
700 15 65.0 | 19.8 81.9 8.2 8.9
30 66.0 | 19.5 80.8 10.7 11.4
60 68.3 | 18.5 76.7 18.2 18.7
60 68.0 119.4 80.3 14.1 14.5
800 15 67.5 | 17.6 73.1 20.9 21.6
30 68.0 | 16.6 68.9 25.9 26.6
60 68.5 115.5 _64.3 31.5 32.1
850 15 67,5 |1 15.9 65.8 28.4 29.4
30 67.0 | 15.0 62.2 31.5 32.8
60 68.5 | 13.4 55.5 40.5 41 .4
60 68,5 113.1 4.4 41.6 42.5
Kiruna 600 60 71.0 | 21.8 90.2 8.2 8.1
60 71.0 | 21.6 89.7 8.7 8.6
850 60 70.8 116.0 66.3 32.5 32.2
Minnesota 600 60 60.8 | 18.3 75.7 8.6 9.9
850 60 61.8 |114.5 60.1 26.1 29.6
Sydv. super| 600 60 72.5 | 22.5 93.3 7.2 6.9 |
L 850 60 72.0 114.3 59.1 41.8 4

1) Calculations were carried out with 2 decimals in the analyses

2) Mt(%) = M, 'Fe?'(%)/Mp, = 231.54 Fe’*(%)/55.85

3) Hm(%) = My, (Fe™t(%)-3-Fe?* (%)) /(2 Mp)= 159.69" (Fe*™© -3 Fe?*)/(2'55.85)
4) y(%) = Conversion(%) = 100% (Fe®™"(%)-3 Fe®* (%)) /Fe™" (%)
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The progress of oxidation may more easily be studied in figure
3.5 for the ordinary quality of Sydvaranger magnetite. The rate
of oxidation is rather high during the first 15 seconds,
especially at the higher temperatures, 800 and 850°C. During
this period the surface of the particles are covered with
hematite. The conversion is nearly 30% after 15 seconds at
850°C. The rate of oxidation levels off, and the conversion has
only reached 42% after 60 seconds at 850°C.

50
_.-850°C
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Fig. 3.5 Isothermal oxidation in air of the fraction 74-100 fm
of Sydvaranger magnetite (ordinary quality).

The curves in figure 3.5 were not drawn by hand, but by a program
called Freelance. A power function (y%:kftkﬂ was chosen, where
k, and k, are constants and t is the oxidation time in seconds.
The program calculated k; and k, in such a way that the curves
gave the closest fit to the experimental values. The formulas

and the correlation factors (R?) for the curves are given below.

400°C: v% = 0.089-¢1-03 R%=0.771 (3.16)
600°C?t: v% = 3.69-£0-206 R*=0.357 (3.17)
700°C: v% = 2.52-t0-456 R%=0.888 (3.18)
800°C: v% = 10.05-£9-28 R%=0.999 (3.19)
850°C: v% = 14.02-£0-265 R%=0.962 (3.20)

1} The point (15s, 8.8%) at 600°C is excluded
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The curves correlate well with the experimental values at the
highest temperatures, but not at the lowest temperatures.

Figure 3.6 shows a grain cross
section of the ordinary
Sydvaranger quality after 60
seconds oxidation at 850°C in
air. Hematite is white and
magnetite is grey. The
oxidized layer appears to be

rather compact. Oxidation
proceeds mainly
topochemically, but with

—
. 10pm
needles of hematite ahead of Fig. 3.6 Oxidized Sydvaranger

the topochemical front. grain, 850°C for 60s.

According to Bentell and

Mathisson (1978) these needles are parallel to the close packed
planes in magnetite, and the (111) planes in magnetite are
transferred to (1000) planes in hematite.

Initially, the <chemical reaction 1is thought to be rate
controlling. During the first 15 seconds, the rate controlling
mechanism appears to change and diffusion through a growing
hematite layer 1is believed take over. Diffusion would be
expected to be rate controlling, especially at the higher
temperatures, where chemical reactions usually are rapid. At the
lowest temperature, 400°C, the rate of oxidation could be
chemically controlled. The best fit to the experimental values
was a linear approach, referring to equation 3.16 and figure 3.5,
although correlation was not good (R%=0.771).

The rate of oxidation is not increased by using other natural
magnetite qualities, referring to figure 3.7. After 60 seconds
oxidation at 850°C, the Sydvaranger magnetite obtains the highest
conversion (only 41-42%). The conversions of the ordinary
Sydvaranger quality and the Sydvaranger super quality are
approximately egual. The conversions of the different magnetite
qualities after 60 seconds at 600°C can be considered to be
equal, within the limits of experimental uncertainties.
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Fig. 3.7 Conversion after isothermal oxidation of different
magnetites in air. Fraction 53-150 pum was used for
Sydvaranger super, and 74-100 pum for the others.
Oxidation time: 60 seconds.

The conversions of Minnesota and Kiruna magnetite, however, are
about 10% lower than for Sydvaranger magnetite at 850°C. The
reasons for this may be several. Some factors affecting the rate
of oxidation, which may differ for the different qualities, are
mentioned: grain size distribution, grain shape, porosity,

vacancy concentration, and foreign ions in the magnetite lattice.

Oxidation product

The oxidation product is probably «-Fe,0; at all temperatures.
o-Fe,0, was verified in polarized light in optical microscope by
identifying the reflections of the anisotropic o-Fe,0;.
Contrary, the cubic structure of Y-Fe,0; is isotropic in all
directions. From the previous work by Gilliot et al. (1978), it
would be expected that o-Fe,0; 1s formed, even at low
temperatures, due to the large grain sizes (53-150um).

Discussion of method

The method in the present work has both advantages and drawbacks.
The exact content of hematite and magnetite of each sample may
be determined for each batch. The small particles are brought
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into close contact with oxidizing gas. The rate of diffusion
through the gas film around each particle may be regarded to be
of no significance. Each particle will always experience fresh
reaction gas because of the high gas flow rate compared to the
small samples. At the same time the surplus gas removes the heat
evolved during oxidation and provides isothermal oxidation.

However, the method is not continuous and many experiments are
required to draw a precise curve showing the course of oxidation.
Some material is lost during oxidation. This material loss may
be selective. Particles may be lost because of their density (f.
ex. low density of Si0O,}, size, or shape. However, since both
Fe'® and Fe’* of each sample are analyzed a loss of material due
to low density is not thought to be significant for the
calculated conversion. The density of hematite and magnetite are
rather close, 5.24 and 5.18 g-cm?, respectively. Hence,
selective material loss due to different density is not expected.

There is a possibility for grinding of particles in contact with
reactor walls. "Dust" from the particle surface in the form of
hematite may be blown out with the gas. The conversion will in
this case be higher than determined by the chemical analyses.
The maximum fault will be limited to the material loss.

The particles get a thermal shock both on heating and cooling,
which might cause cracks and size degradation. Thermal shocks
on ccoling will not have any effect on the calculated conversion.
Size degradation due to thermal shocks on heating might cause
material loss, especially of the smaller grain sizes. The

remaining smaller particles may get an increased oxidation rate.

Material is mainly lost during the first 15 seconds. The mean
material loss was about 32%, except at 400°C and in one
experiment at 600°C (15 s). The mean material loss in these
experiments was 67% and 75%, respectively, about twice as high
as in the other experiments. The reason was a leakage which was

later repaired.
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The loss of material during oxidation was about 33% for the
ordinary quality of Sydvaranger magnetite after 60 seconds at
850°C, while it was only 17% for Sydvaranger super magnetite.
If hematite was the only material lost, maximum conversion would
have been about 75% and 58%, respectively. Small leakages are
thought to be the main reason for the different material losses.
Leakages are thought to cause a uniform material loss, which
should not have any significant effect on the calculated
conversion. The main difference between the two concentrates is
in their quartz contents, which are not thought to affect the
rate of oxidation.

The content of Fe'®® (%) is supposed to decrease during
oxidation, but by comparing table 3.3 and 3.2, an increase
frequently can be observed for the ordinary quality of
Sydvaranger magnetite. This may be explained by selective
material loss of £. ex. S5i0, during oxidation. Iron from the
reactor walls is not thought to be the iron source. Prior to the
oxidation experiments, the reactor was opened and metallized
particles from previous reduction experiments were removed. The
reactor walls were polished.

Discussion of accuracy of chemical analyses

Referring to table 3.3, four oxidation experiments were carried
out twice., These parallel experiments {(runs) were carried out
for 60 seconds. The mean values of the calculated conversion and
the deviations are presented below. The deviations increase from
1.3% of the conversion at 850°C to 13% at 700°C.

Sydvaranger (ordinary): deviation in % of v%:
600°C: v = (8.7 = 1.0)% 11%

700°C: v% = (16.6 = 2.1)% 13%

850°C: yv% = (42.0 = 0.6)% 1.3%
Kiruna:

600°C: v = (8.4 £ 0.3)% 3.6%

tot

Standard deviations {(STD) of the chemical analyses of Fe and

Fe?’* are reported in chapter 5. The following standard
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deviations were found in prereduction experiments (different

runs) :
FetOt

5 = 69-76% £ 0.3
Fe<t = 2

3% £ 0.7

Maximum deviation in the conversion may be calculated from the
above standard deviations, being the difference between maximum
and mean conversion. Maximum conversion is found using the lower
value of Fe?* (-STD) and the higher value of Fe't (+STD) in
formula 3.15. Maximum deviation so calculated is dependant on
the degree of conversion, referring to table 3.4. The table
shows the maximum deviation, calculated for the ordinary quality
of Sydvaranger magnetite after oxidation for 60 seconds. For the
higher conversions at 800-850°C, maximum deviation is 8-10% of
the conversion, which is acceptable.

Table 3.4 The conversion of Sydvaranger magnetite after 60
seconds oxidation, and calculated maximum deviation.

|| Oxidation Conversion Max. deviation in % of
temperature + max. deviation conversion

{°C) (v%)

400 4.8 + 3.7 75 %

600 8.6 £ 3.6 42 %

700 16.6 + 3.4 21l %

800 32.1 £ 3.4 10 %

850 41.5 & 3.3 8 % N

The deviations observed in the parallel oxidation experiments are
low, compared with maximum deviations calculated from STD of the
chemical analyses.

Maximum deviation for the conversion of Sydvaranger magnetite at
400°C, is large, about 75% of the conversion. At 600°C, the
calculated conversion after 15 seconds is higher than after 30
seconds. It is also higher than the mean value of the conversion
after 60 seconds. This point at 15 seconds is excluded in the
further work for several reasons: it seems to be out of range,
large maximum deviation (42% of the conversion), and a large loss
of material (75%) during oxidation.
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Comparisons with previous works

Interpretations of oxidation curves previously reported, give an
indication whether oxidation rates in the present work are faster
than those obtained for pellets. Comparison after only 1 minute
conversion gives only a rough measure, because experiments with
pellets have been carried out for at least half an hour. The
conversion obtained for pellets after one minute of isothermal
oxidation in air varies considerably. Several authors, Saverud
{(1984) and others, have pointed out the rate retarding effect of
bentonite additions to pellets.

Saverud (1984) oxidized pellets made of Sydvaranger super
concentrate without bentonite addition. The conversion obtained
by Saverud after one minute of isothermal oxidation in air is
compared with results obtained in the present work, see below.
At 400°C the conversion was appreciably higher for pellets,
probably due to the smaller grain sizes. About 80% of the
materials used for pelletizing are usually grains smaller than
45um. The grain sizes used in the present work are much larger.
At higher temperatures, Saverud obtained about 30% conversion
after one minute at both 750°C and 900°C, while the conversion
was 12% higher (42%) at 850°C in the present work.

Saverud (1984) Present work
400°C: 23% 4.8%
600°C 28% 8.7%
750°C 30% -
800°C - 312%
850¢°eC - 42%
900°cC 30% -

A lower conversion, was obtained by Zetterstrdm (1950) for
pellets made of different natural magnetite concentrates. The
conversion after one minute in air at 800°C varied from 13 to 17%
for these concentrates. Bentell and Mathisson (1978) obtained
a conversion of 30% at 800°C for dolomite fluxed pellets, fairly
close to 32% obtained in the present work.

These findings indicate that oxidation at 800-900°C proceeds
somewhat slower in pellets. If the whole volume of the pellet
participates in the reaction, the rate of oxidation would be

expected to be much higher for pellets due to the smaller grain
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sizes. The results indicate that pore diffusion in the
macroscopic pellet pores contributes weakly to the overall
resistance. Pore diffusion in the growing hematite layer in each

grain appear to be the rate controlling mechanism.

Egtimategs for complete oxidation

Recrystallization of magnetite retards oxidation, referring to
section 3.2.3. Recrystallization has to be taken into account
when extrapolating to higher temperatures, or to prolonged
residence times. If the time at temperature is short (f.ex. 20-
40 seconds), recrystallization probably may be neglected.

Recrystallization of magnetite prior to oxidation is not expected
to retard oxidation in the present experimental work, because:

- heating time is short
- the reaction temperature is too low
- the reaction time is too short.

The particles are heated during the transport to the reactor.
The transport time is about 1/10 second.

Calculations of the time needed for complete oxidation (y=100%)
from the formulas 3.19 and 3.20 give 52 and 28 minutes at 800 and
850°C, respectively. As the experimental work is limited to the
first minute of oxidation, these calculations are far outside the

experimental range.

The following conversions were obtained after oxidation of

pellets made of natural magnetite concentrates in air:

Papanastassiou et al. (1973} : 100% after 4 min. at 1000°C
Szverud (1984) : 95% after 6 min. at 900¢°C

" . 92% after 6 min. at 1100¢°C
Mazanek et al. (1973) : 96% after 8 min. at 900°C
Zetterstrom (1950) : 98% after 11 min. at 1000°C

Since 95-100% conversion is achieved for pellets within 4 minutes
at 1000°C or within 6 minutes at 900°C, concentrates should reach
the same conversion sooner, since oxidation appears to proceed
somewhat slower in pellets. However, the results indicate that
oxidation will not be completed (95-100%) in the heating unit of
the Elkem Polar Process, using air. Recrystallization probably
retards oxidation at 1100°C, referring to the results by Saverud.
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Enriched air

The rate of oxidation is increased if the oxidation is carried
out in oxygen instead of in air, according to Edstrdéom (1957),
Zetterstrdm (1950) and Papanastassiou and Bitsianes (1973).

Papanastassiou and Bitsianes (1973) obtained high conversions in
alr at reasonable temperatures. Oxidation of Missouri magnetite
pellets, having a uniform porosity of 42%, gave the following
conversions after one minute at 1000°C:

60% using air
70% using 30% O,
85% using 40% O,
100% using 60% O,.

Complete oxidation within 40 seconds was achieved at 1000°C for

concentrations of 0, at and beyond 80%.

Oxidation in enriched air in the Polar Process 1s an economic
gquestion, which will not be considered here. Since complete
oxidation within 40 seconds can be obtained for pellets at 1000°C
using 80%0,, it should also be possible for concentrates during
pneumatic transport.

3.3.4 Mathematical models

The present experimental work is limited both in temperature and
in time of oxidation. Anyway, an effort is made to suit a
physical and mathematical model to the experimental results
obtained for the ordinary Sydvaranger gquality. If the model
describes well what actually takes place, the model may predict
the lower temperature limit for complete oxidation in air within
40 seconds. The activation energy will indicate whether the rate
of oxidation is controlled by chemical reaction or by diffusion

in the pores.

The temperature dependence of the rate constants (k) can be

expressed by formula 3.21.



51

k=kye R T (3.21)
The activation energy (E) is calculated from the slope of an
Arrhenius plot between lnk and T!. The temperature independent
constant k, is found from the cut of the y-axis at lnk,.

Pore blockage model

Ball et al. (1966) and Mazanek (1973) found the weight gain
during oxidation to obey formula 3.22, referring to section
3.2.4. k; and k, are rate constants, and t is time. The value
of k; is the asymptotic value of the conversion. The model is
used in corrosion studies. The model is derived on the
assumption that the diffusion in the product layer is halted
because the pores are blocked by the fresh hematite produced.
Ball et al. found the appearance of the conversion-time curves
to be very similar to those reported by Zetterstrdm (1950). The
rate of oxidation decreased and the conversion approached a value
which appeared to be very temperature dependant.

v% =k (1 - e (3.22)

In the present work, good

50
correlation between i y% =k ( 1—exp(Skt)) 850°0
formula and experimental N 40 |
values were not obtained > ///’: 800°C
. ~ 30
at the higher & //7/’/,145”P
temperatures, see figure ¥ 54 %
: 0 L/ . %700°q
3.8. The model describes P I ®
. S 10 / e 4600°G
well the experimental & P S - S
i e B ___g400°Q
results at 400-700°C, 0 e P

within the experimental 0 1 20 30 40 50 60 70
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accuracy.
Fig. 3.8 Isothermal oxidation of
Sydvaranger magnetite,
The k,-values may  be Model: y%=k, (l-exp(-k,t)).

derived from the slope of
the straight line in a plot between ln(k;-y) and oxidation time
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as shown in figure 3.9. The values for k, and k, are given in
table 3.5. The higher k;-values obtained in the experiments by
Saverud (1984), may be explained by the smaller grains used in
pellets compared with the grain sizes used in the present work.

S
TR the formala 3.2, g [420] 5507 700/ 800 550
o R S || SIS
- T

400 5.0 T\?w%f\h\A \QghT“: ........ Hm“““nﬁm

600 | 8.8 < AL = P

700 [18.9 50 NI

800 [32.8 -1 T

|42 6 — ﬁx“?mﬂgh
gi;gﬁgeggf‘“ obtained by  “S5— 5" 55" 30 40 50 80 70
400°C: k,=50% Time (s)
gggzg; E:ggz Fig. 3.9 Model: y%=k, (l-exp(-kyt)) .
Finding k, from the slopes.

An Arrhenius plot for k; 4.0 :
is shown in figure 3.10. &
The activation energy for 3.5 \\\
k, was found to be 29.6 N
kJ/mole (7.1 kcal/mole) 30 \\
from the Arrhenius plot, 52_5 \
for the temperature range \¥
400-850°cC. Correlation 2.0
coefficient for the 15 o
straight line was 0.903. 0.8 1.0 1.2 1.4 1.6
This activation energy is Tewmerdhwe,T_!103(Kq)

rather close to the one Fig. 3.10 Arrhenius plot for k.

obtained by Ball et al. Model: y%¥=k,{l-exp(-k;t)).
(1966} for Sydvaranger magnetite, 5.6 kcal/mole, using the same
model. A higher correlation factor for the straight line in
figure 3.10 is obtained, R2?=0.999, if the k,i-value at 400°C 1is
excluded. An activation energy of 51.1 kJ/mole (12.2 kcal/mole)
is calculated for the temperature range 600-850°C. The latter
value gives a better approach to the experiments in the present
work, due to the low accuracy of the calculated conversion after
oxidation at 400°C. The low activation energy indicate that
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diffusion is the rate controlling mechanism,

Formula 3.23 is derived for k; and 1is utilized for

extrapolations to higher temperatures.

_51.14 (kJ/mole)
k, = 10224-¢ RT (3.23)

A mean value for k, (0.058%0.016s!) in the temperature range
600-850°C is applied in the extrapolation. 40 seconds in air is
found to be sufficient for complete oxidation above a temperature
of about 1086°C. Deviations in k, contribute to diminish the
accuracy of the extrapolation. k2=0.074s'1 gives 1071°C and
k,=0.042s"1 gives 1118°C.

Ball et al. (1986) found no correlation between k, and
temperature. The latter is supported by the present work, as an
Arrhenius plot for k, showed no correlation for the straight line
(R?=0.0016) .

Complete oxidation is not obtained for values of k; below 100%.
However, other experiments 1in section 3.4 have shown that
oxidation 1is complete at 800°C after 24 hours. As the
correlation between the experimental values and the model is not
too good for the curves at and above 800°C, a better model should
be used, at least at the higher temperatures.

Conventional diffusion models

Two diffusion models are derived from Fick’s 1. law on the
assumption that diffusion is rate controlling. Both are called
the parabolic rate law and are derived on the assumptions of
plane specimens (or parallelepiped) and spheres, respectively.
These models are expressed by the equations 3.24 and 3.25, where

k, is a rate constant and t is time.

plane specimens: y% = kl'\/g (3.24)

2 5
spheres: 1 - (1-y)° - = kit
P ¥ 3¥ =M (3.25)
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The models, derived by anticipating that oxidation does not
contribute to volume changes, lead to the expressions 3.26 and
3.27 {x = oxidized depth, R = sphere radius, h = specimen height)

lane specimens: X =y
p T (3.26)

1

spheres: X=-1-(1-1n7
P R Y (3.27)

The equations 3.24 and 3.25, can be derived from the formulas 3.9
and 3.10 in section 3.2.4, by inserting equations 3.26 and 3.27,

respectively.

The rate constants (k,), being the slope of the straight lines
shown in figures 3.11 and 3.12, are found by linear regression

analyses.
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Square of oxidation time (s%8) Oxidation time (s)
Fig. 3.11 Diffusion model, Fig. 3.12 Diffusion model,
plane specimens (3.24). spheres (3.25).

Diffusion is not initially rate controlling at 800 and 850°C,
because the curves cut the y-axes above zero. In the initial 10
seconds or so the chemical reaction at the surface of each
particle is thought to be rate controlling.

The values for k,, the cut of the y-axes (a), and the correlation
coefficients for the straight lines in figures 3.11 and 3.12, are
given in table 3.6. The parabolic rate law for plane specimens
correlates the better of the two models. Correlation is best at

the highest temperatures. The models are compared in figure 3.13,.
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Table 3.6 Coefficients in the two diffusion models.

Temp. | Plane specimens model (3.24) Sphere model (3.25) "
(=3
(°C) k4 a R? k,°10° a-103 R?
(%'s°2°) (%) (s™1)
400 0.679 0 0.835 0.48 0 0.775
600 1.124 0 0.941 1.39 0 0.822
700 2.123 0 0.953 5.59 0 0.854
800 2.687 11.48 0.995 16.83 3.526 0.991
850 3.356 15.70 0.977 30.64 5.918 0.983 ]
50
E f !
5 H t i
- - spheres o
4o} > _ r/la5o C
%o —_plane specimens 1
~ 5 /i’/ . 800°C
o '/;57’
7] L~ _
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Oxidation time (s)
Fig. 3.13 Comparison of two diffusion models for isothermal
oxidation of Sydvaranger magnetite (74-100pm)

Figure 3.13 shows that both models fit well with the experimental
work, but neither of them apply for the initial oxidation up to
about 10 seconds or so at temperatures above and at 800°C. Both
models correlate better than the model y = k;(l-exp{-k,'t}), with
the experimental results above 700°C, except during the first 10
seconds.

The activation energy was calculated from Arrhenius plots for
both models, shown in figures 3.14 and 3.15. It was found to be
34.2 kJ/mole (8.1 kcal/mole) according to the parabolic rate law
for plane specimens and 99.7 kJ/mole (23.7 kcal/mole) for
spheres. k; at 400°C was excluded in the calculations for the

same reasons, as previously mentioned.
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General equations for k; in the two diffusion models are derived

from the Arrhenius plots.
_34.23(kd/mole)

; . = . R T %
plane specimens: k; = 131.46'e (_:;) (3.28)
_99.72(kJ/mole)
spheres: k, = 12.68'¢ RT (s71) (3.29)
1.5 -7
- _8 \ \
1.0 g K
~ @ N
e _
N
—11
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-0.5 N 2 -13
0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Temperature, T-10 ? (K ') Temperature, 7103 (K™")
Fig. 3.14 Arrhenius plot, R?=0.976 Fig. 3.15 Arrhenius plot R?=0.999
Diffusion model, Diffusion model,
plane specimens (3.24). spheres (3.25).

The activation energy deviates with a factor of nearly 3 for the
two diffusion models, although both are low, indicating diffusion
control. Himmel et al. (1953} found the activation energy for
diffusion of iron in hematite to be about 100 kcal/mole while it
was 55 kcal/mole for diffusion of iron in magnetite. According
to these authors, and because of the low activation energy
derived for both diffusion models, solid state diffusion of iron
is not thought to be rate controlling.

Selection of a model

The rather big discrepancy between the two diffusion models in
calculated activation energies shows the importance of the
selected model. A selection between these to models is rather
difficult because the experimental work is limited. The highest
correlation coefficients (R?) for 4 of the 5 curves, were
obtained using the parabolic rate law for plane specimens. Both
models correlate better than the pore blockage model, y%=k;{(1-
exp{-k,'t)), with the experimental results above 700°C, except
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during the first 10 seconds. Hence, the parabolic rate law for
plane specimens is selected. A shape factor have been determined
for preoxidized Sydvaranger magnetite in section 3.5. It was
found to be 0.66+0.03, indicating deviations from the spherical
shape, which partly supports the selection.

The low activation energy of 34.2 kJ/mole (8.1 kcal/mole), which
was obtained for plane specimens, is fairly close to that
obtained by Ball et al. (1966) for Sydvaranger pellets in the
temperature range 280-840°C. They found E=5.6 kcal/mole, using
the pore blockage model {(3.21). The activation energy obtained
in the present work by use of the latter model was 12.1
kcal/mole, in the temperature range 600-850°C.

Davies et al. (1951) and Edstrdém (1957) found the oxidation to
obey the parabolic rate law for plane specimens and spheres
(pellets), respectively. Davies et al. obtained an activation
energy of 24 kcal/mole, which is somewhat higher than the present
findings, using the same model. Davies et al. used flat
specimens produced by oxidizing iron in water. Magnetite so
produced could be denser than the natural magnetite grains,

implying slower diffusion.

For calculating the lowest temperature necessary for complete
oxidation within 40 seconds based on the selected model, a
temperature dependence for a (the cut of the y-axis in Fig. 3.11)
must be assumed. As only two points exist, extrapolation to
higher temperatures is rather uncertain. However, complete
oxidation in air may be achieved within 40 seconds at
temperatures above 1118°C, according to the selected model.

To conclude, in the present work the chemical reaction at the
surface of each grain is rate controlling during the initial
period of about 10 seconds at the higher temperatures. Diffusion
in micropores or cracks in hematite and/or diffusion of oxygen
along the hematite needles at the hematite/magnetite interface
are thought to be rate controlling after the initial period. The
experimental work is too limited to distinguish between diffusion
or chemical rate control at 400°C.
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3.3.5 Concluding remarks

Isothermal oxidation in air for maximum 60 seconds for an
ordinary quality of Sydvaranger magnetite (74-100um) has been
carried out in the temperature range 400-850°C. Maximum
conversion obtained was 42.0%, after 60 seconds at 850°C. A few
experiments were performed with Kiruna and Minnesota magnetites,
for which the conversion obtained under equal conditions were
approximately 10% lower.

Topochemical growth of hematite with needles of hematite ahead

of the topochemical front was observed.

The rate of oxidation for the ordinary quality of Sydvaranger
magnetite follows the parabolic rate law in the temperature range
400-850°C, except during the initial period of 10 seconds or so.
Best correlation 1is obtained on the assumption of plane
specimens. The chemical reaction at the surface of each grain
is thought to be rate controlling during the initial period.
Otherwise, diffusion in micropores or cracks in hematite and/or
diffusion of oxygen along the hematite needles at the
hematite/magnetite border is thought to be rate controlling.

The activation energy was found to be 34.2 kJ/mole (8.1
kcal/mole) in the temperature range 600-850°C, according to the
parabolic rate 1law for plane surfaces. According to the
parabolic rate law for spheres the activation energy was found
to be nearly the triple.

A model based on the assumption that the pores in the material
are blocked by the fresh hematite produced, was also found to
correlate well with the experimental data at and below 700°C.

The results indicate that, oxidation should be carried out in a
separate unit and not in the heating unit in the Elkem Polar
Process, provided that oxidation 1s to be carried out using air
at temperatures below 1100°C.
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3.4 Complete oxidation

3.4.1 Choice of method

Complete oxidation of magnetite to hematite is carried out to
produce the necessary amounts of material for subsequent studies
of reduction kinetics. The prereduction experiments require 50-
100 g oxidized material of the fraction 63-90gm. It is important
that the oxidation is brought to completion to eliminate the rate
retarding effect of magnetite inclusions.

Isothermal and complete oxidation are important premises for the
following reduction experiments. The results reported in section
3.3 have shown that the oxidation at temperatures below 700°C is
too slow to be of practical interest. Oxidation should be
carried out in a large temperature interval, 800-1300°C, to
detect any effect of preoxidation temperature on the reduction
rate.

Different oxidation methods were considered; the previously
mentioned laboratory scale reactor used to study reaction
kinetics, a fluidized bed apparatus, or plainly a crucible or a
tray in a muffle furnace. Reduction experiments require larger
guantities of oxidized material than what is practically produced
in the laboratory scale reactor. This reactor does neither
satisfy the need for prolonged residence time nor the demand for
temperatures above 850°C, but it do satisfy the claim of
isothermal oxidation. Isothermal oxidaticn is not possible in
a crucible, and is difficult in a fluidized bed.

The method chosen was oxidation on a large tray (a plate) in a
ceramic furnace with devices for gas inlet and outlet. The
temperature of a heat resistant steel plate will be uniform and
provide an equal temperature for all the particles, provided that
the concentrate is distributed in a rather thin layer on the
plate. In this case the excess heat evolved during oxidation
will be transported out with the off gas.
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3.4.2 Experimental

Oxidation procedure and materials

The magnetite used was a very pure concentrate from Sydvaranger.
The quality was so-called Sydvaranger super concentrate. The
results of chemical analysis, carried out by MINPRO (Swedish

Mineral Processes AB), and size analysis are given below.

Element basis: Oxide basis: Size distribution:
Fe: 71.9 % Fe O,: 99.36% -106 um: 99.0%
Mn: 0.11 % Mno, : 0.17% - 75 Um: 87.9%
Si: 0.11 % 8i0, 0.24% - 53 pum: 61.8%
P : 0.005% Sum : §9.77% - 45 um: 46.3%
S : 0.003% - 38 um: 24.6%

Approximately 20% of the concentrate was in the size range 63-
90pm, which was the actual fraction for the reduction
experiments. To minimize the heat evolved during oxidation, only
the necessary amount of material was applied in the isothermal
oxidation experiments. For this reason the magnetite concentrate
was sieved wet on a 63um sieve. The +63um fraction was dried at
110°C and sieved on a 90pum sieve. In each oxidation experiment
150 g of the fraction 63-90pum was uniformly distributed on a
steel tray in a 0.5 mm thick layer.

Two different furnaces were used. Oxidation in the temperature
range 800-1100°C was carried out in furnace 1, shown in figure
3.16. This furnace was best suited, but could not be used above
1100°cC. Oxidation in the temperature range 1150-1250°C was
carried out in furnace 2, illustrated in figure 3.17.

Heating and cooling were carried out in nitrogen atmosphere. The
guality wused was nitrogen grade 2. Maximum contents of
impurities according to specifications are given below.

Nitrogen grade 2:
N, > 99.99%
0, < 40 ppm
H,O < 21 ppm
Ar < 30 ppm

The rate of heating in furnace 1 was 600°C/h and 200°C/h during
the last 100°C below oxidation temperature. Heating was carried
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out in a flow of N, (1 m?/h). The temperature was allowed to
stabilize for about 10 minutes before oxidation was started. The
heating rate in furnace 2 was also 600°C/h during the first hour,
but later as fast as possible. The temperature lagged behind the
program. In order to reach the desired temperature, the flow of
N, was reduced from 1 m’/h to 0.5-0.3 m’/h towards the end of the
heating period. Total heating time was about 5 hours in furnace

2 while maximum heating time in furnace 1 was 2.5 hours.

Oxidation was carried out for 3 hours in air at each of the
temperatures 900+7, 100245, 105045, 110447, 1150+5, 1195+7, and
1244+£7°C, and for 24 hours at 799+5°C. The oxidation temperature
was kept constant within the limits indicated. Temperature
curves for each experiment are given in Appendix A.l.

Oxidation in the temperature range 799-1104°C was carried out in
furnace 1 while air was purged at an initial rate of 2.5 m’/h.
After 1 minute, the flow rate was reduced. Minimum flow rate was
1.1 m*/h. The samples were in this way supplied with enough O,
for complete oxidation during the first 25 seconds.

Oxidation in the temperature range 1150-1244°C was carried out
in furnace 2 while air was purged at a rate of 0.2 m®/h. During
the £first 5 minutes enough 0, was supplied for complete
oxidation. At 1150°C, the flow rate was 1.0 m’/h during the
first minute.

Furnaces
Furnace 1 is shown in figure 3.16. Maximum operating

temperature was 1100°C. The heating element was 4.2 kW. Each
of the four gas inlet tubes has 10 holes (¢; = 4 mm) to secure
a uniform gas distribution. The tray (550°400°30 mm) containing
the sample was placed directly on the insulation block. The
furnace was controlled by a temperature control unit. The
control temperature was measured 10 cm above the sample.

Two temperatures were recorded. The first temperature was
measured directly in the sample with a calibrated thermocouple,
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type Chromel-Alumel. The thermocouple (0.5 mm in diameter) was
inserted into the furnace between the washer and the flange. The
temperature correction relative to a reference thermocouple was -
1.9°C and -0.59C at &00°C and 1000°C, respectively. The
calibration uncertainty was calculated to 2+ 2.5°C. The
temperature was recorded with a data logger and reported without
temperature correction. The second temperature recorded was
measured approximately 10 c¢m above the sample.

Exhaust water
qos  cooling

1

NI

Insulation block with
heating element

|

AVAVAVAVAV) f"‘ |
NE Air

Fig. 3.16 Furnace 1

Flowmeter

Chesterton 191 - washing, 2.4 mm thick

Tubes of Canthal (¢;= 10 mm) each with 10 holes
(¢p;=4 mm) uniformly distributed for gas inlet.

4 Tubes of Canthal (¢;=3 mm) for thermocouples.

Ll B3 =2

Furnace 2 1is a ceramic chamber furnace with inner dimensions
610-830°540 mm, and shown in figure 3.17. Maximum operating
temperature was 1300°C. A special equipment was constructed to
control the atmosphere above the sample during the experiments.
The gas inlet is easily seen from the figure. The gas outlet was
plainly between the c¢over and the tray periphery. The
temperature was measured with a thermocouple, type Pt/Ptl0%Rh,
which was inserted directly in the sample in the centre of the
tray and the temperature was recorded with a data logger. A
temperature control unit did control the furnace.
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Fig. 3.17 Furnace 2 (Scandia)

Sample preparation after oxidation

Some sintering occured during oxidation, the more the higher the
temperature. The samples were alternately ground and sieved
until each sample was -90um. Sieving at 63 um was first
performed dry and than wet. The fractions 63-90um were dried at
110°C and kept for prereduction experiments. Samples for wet
chemical analyses and polished surface specimens were split from
this fraction before wet sieving.

Wet chemical analvses were carried out by MOLAB. The total

amount of Fe (Fe't*) and Fe?' were determined in two separate
analyses. Fe'' was determined by making a solution of 0.5 g
sample in HCIL. The solution was reduced by SnCl,. Fe?* was
determined in another 0.5 g sample by reduction by NaHCO; in HCL
without access to air. Indicator and an acid solution were added
to the cold solutions before both were titrated with K,Cr,0;.

Polished surface specimens were made by moulding the powder in

a two component epoxy (Epofix). After 8-12 hours hardening, the
specimens were alternating polished and cleaned. As a last step
the surface was polished on a 1 um NAP-cloth.

A german Leitz Wetzlar Microscope with equipment for

photographing was used to look at and take pictures of polished
surfaces, both in reflected and polarized light.
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3.4.3 Subgrain structure after complete oxidation

The samples of Sydvaranger super magnetite concentrate were
completely oxidized at the different temperatures. Wet chemical
analyses gave Fe?* < 0.2% for all the oxidized samples, which
implies that the magnetite content is below 0.28%. The detecting
limit is 0.2% for Fe?* by wet chemical analysis. Hence, traces
of magnetite in the grain cores of the "artificial" hematite
{(preoxidized magnetite) can not be detected by wet chemical

analysis.

The subgrain structures of representative grains of the
preoxidized magnetite samples are presented in the figures 3.18
and 3.19. The samples are named S1-S8 for an increasing
temperature from 799°C (S1) to 1244°C (S8}). The photos were
taken in optical microscope using polarized light. In polarized
light, the individual orientations of hematite crystals appear
in each grain. In reflected light, the grain sections shown on

the photos look uniformly white.

Magnetite inclusions, which have a brownish-greyish appearance
in reflected light, were only observed in a few grain cores of
the samples S1 and S8, approximately in 1 of 100 grains and in
1l of 500 grains, respectively. All the samples are said to be
completely oxidized as their magnetite contents are well below
the detecting limit by wet chemical analyses.

The higher the temperature of oxidation the coarser are the
individual hematite crystals formed in each grain. There is a
gradual coarsening, which 1is easily detected at the higher
temperatures in the temperature range 1104-1244°C, referring to
figure 3.19. There is also a gradual coarsening in the lower
temperature interval, referring to figure 3.18, but this is not
so easy to observe from photos. When the polarizer, or the
specimens, are rotated in the microscope, however, other
individually oriented hematite crystals appear, the more the
lower the oxidation temperature.
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Subgrain structures of Sydvaranger super magnetite

after isothermal oxidation in air.

799+5°C for
900+7°C for
1002+5°C for
1050+5°C for

24 hours
3 hours
3 hours
3 hours



Fig. 3.19
a) S5:
b} S56:
c) 87:

d)

58:

—

10 um
Subgrain structures of Sydvaranger super magnetite
after isothermal oxidation in air for 3 hours.

1104+7°C
1150+5¢°C
1195+x7°C
1244+7°C
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Ulvensdéen et al. (1991) did also notice a small increase in the
crystal size of individually coriented hematite crystals for an

increasing oxidation temperature in the range 800-1050°C,.

For the high temperature forms, 57 and S8, shown in figure 3.19
¢ and d, the subgrain structure from one grain cross section to
another may vary. For these samples the subgrain size, which is
the size of the individually oriented hematite crystals,
approaches the grain size. The way the grains are cut, in the
centre, or at the sides, parallel to c-axes or in an angle to the
c-axes, becomes more important as the subgrain size approaches

the grain size.

The subgrain structure seems to be formed by a process of grain
refinement, in accordance with observations by Cooke and
Stowasser (1950). During oxidation certain crystallographic
directions within any one single magnetite c¢rystal are
preferentially oxidized and a single crystal of magnetite
eventually becomes a number of independently oriented crystals
of hematite. Preferential growth of hematite was observed during
oxidation, referred to in section 3.3 and shown in figure 3.6 as
needles of hematite ahead of the topochemical front. In the
beginning the growth is parallel to the c¢lose packed planes in
magnetite and the (111) planes in magnetite is transferred to
{1000) planes in hematite, according to the oxidation mechanism
presented by Bentell and Mathisson (1978).

Callender (1962) observed a gradual grain growth between 850°C
and 1180°C when oxidizing pellets of fine grained magnetite, but
between 1180°C and 1250°C a distinct change in structure
occurred. Fine interstitial hematite was replaced by a compact
mass of equiaxial crystals. 2aAn abrupt change in the subgrain
structure has not been detected in the present work.

The subgrain structure at 800°C, referring to sample S1 in figure
3.18 a, is relatively stable at 800°C. This sample was oxidized
for 24 hours (to ensure complete oxidation at this rather low

temperature) compared to 3 hours for the others. 1In spite of the
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prolonged time at temperature, the sample S1 has the finest
subgrain structure (each grain section consists of several more
individually oriented hematite crystals). This is in accordance
with the findings of Cooke and Stowasser (1952), who found that
the resulting hematite structure was relative stable at low
temperatures, arcund 500-600°C.

The low temperature subgrain structure is not stable at higher
temperatures, referring to figure 3.20. The figure shows the low
temperature subgrain structure of S1 (799°C for 24 hours) after
additional heat treatment at 1250°C in air for 7 hours. The
subgrain structure of S1 has changed markedly. The individually
oriented hematite crystals in each grain have recrystallized.
The crystal size is approaching the grain size. The appearance
of the subgrain structure resembles the high temperature subgrain
structure of sample S8, which was oxidized at 1244°C for 3h and
shown in figure 3.19% d. The change in subgrain structure
indicate that the hematite crystal size at each temperature
approaches a characteristic crystal size, from which further
changes take place very slowly. The present observations are in
accordance with the findings of Cooke and Stowasser (1952).,

)

Fig. 3.20 Subgrain structure of S1 (799°C for 24 hours) after
further heat treatment in air at 1250°C for 7 hours.
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During heating in nitrogen there is a possibility of solid state
reaction between the tray and the magnetite with formation of
wustite, but this reaction is very slow and no sintering between
the plate and the oxidized material was observed.

The samples may oxidize during heating in nitrogen. Maximum
content of O, in the nitrogen gas was 40 ppm, according to
specifications. As the heating period in furnace 1 was maximum
2.5 hours and the nitrogen flow rate was 1 m3/h, each sample was
supplied with maximum 0.0045 mole oxygen during this period.
If every O, molecule reacted with Fe;0,, a maximum of 2.8% of the
magnetite in each 150 g sample would oxidize during heating.

However, the actual conversion taking place during heating is
probably far less. Oxidation is slow at the lower temperatures,
below 600°C. Further, the gas flow rate is rather high compared
to slow diffusion of oxygen in the bulk gas. In addition, the
actual content of O, in the nitrogen gas 1is in most cases far

below the guarantied maximum content of 40 ppm.

Referring to section 3.2.3, magnetite probably recrystallizes
during heating in nitrogen, especially at elevated temperatures.
Cooke and Ban (1952) found that magnetite grains in pellets did
tend to form bonds already at 900°C.

The subgrain structure observed in the present work at the higher
temperatures may have been formed from recrystallized magnetite.
However, similar subgrain structures were observed for
preoxidized Sydvaranger super magnetite samples which were not
preheated in an inert atmosphere. Hence, the hematite subgrain
structure formed at each temperature 1is not significantly
dependant on whether the magnetite has recrystallized or not
prior to oxidation. Sydvaranger magnetite were oxidized in
crucibles by introducing them directly into a hot furnace at 850,
1050, and 1150°C. The hematite crystal size of these samples
were perhaps a little coarser than those heated in nitrogen at
the respective temperatures of oxidation, and there were also
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greater variation from grain to grain. The reason for this is
the lack of temperature control during oxidation of batches of
0.5 kg in crucibles. A temperature increase is to be expected

because of the exothermal heat evolved.

The subgrain structure formed at the higher temperatures could
have been formed from a fine subgrain structure by
recrystallization of hematite. It could also have been formed
directly at the higher temperatures.

3.4.4 Concluding remarks

Complete oxidation of Sydvaranger super magnetite concentrate
(63-90um) was achieved after isothermal oxidation in air for 24
hours at 7998°C or for 3 hours at 900°C, 1002°C, 1050°C, 1104°C,
1150°C, 1195°C, and 1244°C, respectively.

Individually oriented hematite crystals were formed in each
grain, probably by a process of grain refinement. A gradual
coarsening of the hematite c¢rystals was observed for an
increasing oxidation temperature. At the higher temperatures the

hematite crystal size approached the grain size.

The low temperature subgrain structure (800°C) is stable at the
temperature at which it is formed, but not at higher
temperatures. The results indicate that there 1is a

characteristic hematite crystal size at each temperature.
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3.5 Characterization by videoplan

3.5.1 Introduction

Complete oxidation of Sydvaranger super magnetite concentrate
(63-90pum) was carried out in the temperature range 800-1250°C as
previously described in section 3.4. In the same section is also
given a qualitative description and photographs of the different
subgrain structures obtained after 3 hours (or 24 hours)
isothermal oxidation.

The main purpose in this section is to characterize the subgrain
structure of these completely oxidized samples by a gquantitative
measure. A guantitative measure is developed, which may be
useful for the subsequent studies of reduction kinetics. A shape

factor is also measured.

3.5.2 Method

Quantitative characterization of the three-dimensicnal subgrain
structures and grain shapes were carried out using planar two-

dimensional sections.

A Videoplan 2 Image Processing System, Kontron Image Analysis

Division, with a Sanyo Camera Adopter and a Leitz Wetzlar
Microscope, were used. Measurements were carried out directly
on polished surface specimens at a magnification of 2520 in the

microscope.

Subgrain structure

Characterization of subgrain structure was based on the
anisotropic structure of hematite. By rotating either the
polarizer, the analyzer, or the sample 90°, the light intensity
of the crystals will vary from zero to maximum. Photographs of
the subgrain structures were not used in the characterization
because all the subgrains do not necessarily appear on the
photographs. For this reason, the measurements were performed
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directly on the polished surface specimens in polarized light in
the microscope. The polarizer of the microscope was rotated so
that all the individually oriented hematite c¢rystals in each
grain were detected.

Several measurements may be carried out. Examples are:

- the average hematite subgrain diameter in proportion to average
grain diameter (diameter of a sphere with the same area as the
subgrain or grain in section)

- the average hematite subgrain diameter

- the major or minor axis of the hematite subgrain in proportion
to the major or minor axis of the grain

- the major or minor axis of subgrains

- an average number of subgrains per grain area in section

- the average subgrain area in proportion to the grain area in
section.

Results can be reported as mean values or as size distributions.

However, to detect a possible influence of the subgrain structure
on the reduction rate, the characterization should be carried out
with this in mind. In the present work the subgrain boundaries
are regarded as preferable reduction paths where diffusion of
reduction gas and/or diffusion in the solid state more easily are
accomplished. The total area of the subgrain interfaces in
proportion to the grain volume would be the most interesting
measure. On two-dimensional planar sections a convenient measure
is the ratio of the entire lenght of the internal subgrain

boundaries and the grain section area.

The following parameters were measured for each grain cross
section: L

Area: A ()

Periphery (perimeter): L {Hm)
n

Subgrain boundaries: 1; (um
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The area was measured by the computer from the drawing of the
grain cross section. For each polished surface specimen 10
representative grains were measured this way, if not otherwise
indicated.

From these measurements the ratio of the entire length of the
internal subgrain boundaries to the grain section area (SBA) was
calculated for each grain section according to formula 3.30.
I In
1; 1; (3.30)

SBA = 13 (pm~t) = 108- F; (m1)

From these separate SBA calculations an average value, SBA, was
derived for a number of grains.

If the subgrains are uniformly distributed in each grain and the
subgrain boundaries are uniformly distributed in each grain
section, the two-dimensional measure in equation 3.30, if
averaged for a number of grain sections, will be an adeguate
measure. A true measure for the total internal subgrain
interfaces in proportion to the grain volume is probably not
obtained from the two-dimensional measurements. However, the
two-dimensional measures are well suited for comparing different

subgrain structures.

Shape factor

Numercous shape parameters have been proposed, but only a few are
practical. By far the most freguently used planar shape
parameter is the one in equation 3.31 (Exner, Metals Handbook,
1984). This shape factor was applied in the present work.

4-xw- A

Shape factor: Yy = —7 (3.31)

For a spherical particle, yl, and for any other shape, 0< y<l1.

Highly elongated grains as well as highly rugged perimeters
{large surface areas) vield low shape factors. To differentiate
between these aspects of shape, additional measurements are
necessary.
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For an accurate statistical calculation of the shape factor, 50-
100 grains should have been measured. However, a mean value for
at least 10 grains will give an indication of the degree of
surface ruggedness or deviation from the spherical size. The
shape factor was calculated separately for each grain and the
mean value was calculated for a number of grains.

Standard distribution
The mean value ( X) of SBA and ¥ were calculated and reported

along with the standard deviation (STD) according to formula 3.32
{(n=10 if not otherwise indicated).

(x;- X)?
STD = JIZ; i (3.32)
n -1

There is a 68% probability for a value x; to be within the range
X+STD.

3.5.3 Results

The subgrain structures of Sydvaranger super magnetite
concentrate (63-90um) after isothermal oxidation in air for 3
hours in the temperature range 900-1250°C, and for 24 hours at
799°C, were qualitatively described in section 3.4. The results
from the characterization of these subgrain structures by
videoplan, are presented in figure 3.21. For simplicity, this
curve is called the SBA curve. There i1s a gradual decrease in
the mean SBA values for an increasing temperature. At each
temperature the average SBA value for 10 grains and the standard
deviation are shown in the figure.

The figure 3.21 illustrates the gradual coarsening of the
subgrain structure for an increasing temperature. There is no

abrupt changes in the structure as previously pointed out and
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Fig. 3.21 SBA curve for preoxidized magnetite, showing

the effect of oxidation temperature on the
subgrain structure after 3 hours (24h/800°C).

discussed in section 3.4. However, there is a shift in the slope
of the SBA curve at 1050°C. Above this temperature the
coarsening of the individually oriented hematite crystals is more
pronounced. At elevated temperatures the SBA value approaches
zero, implying that the subgrain size approaches the grain size.

The exact measurements of the average SBA values and the shape
factors, and the standard deviations, are given in table 3.7.
According to the rather low shape factors, particle shapes either
deviate significantly from the spherical shape and/or their
surface are rugged. The shape factor appears to be independent
of the oxidation temperature in the temperature range 800-1250°C.
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This indicate that the observed coarsening of subgrain structure
for an increasing temperature, does not contribute to any
exterior changes in the surface or in the shape of the particles.
The average value, 0.66+0.03, for the 80 grains could as well be
reported. The high number of grains makes this wvalue an
acceptable statistical average.

Table 3.7 Average SBA values and shape factors W measured by

videoplan?, for preoxidized Sydvaranger magnetite,
completely oxidized at different temperatures.

Sample Oxidation in air SBa v
Temperature Time Shape factor
(°C) (hours) (m/m?)

s1 79925 24 (3,20+£0.15) °10° 0.66+0.03
52 9007 3 (2.69%0.14)-10° 0.67+0.02
S3 10025 3 (2.10+0.11)-10° 0.73+0.03
sS4 105045 3 (2.21+0.21)-10° 0.63+0.03
SS 1104+7 3 (1.47+0.10) -10° 0.62+0.02
S6 115045 3 (1.11+0.15) -10° 0.66+0.03
s7 1195+7 3 (0.33+0.14)-10° 0.66+0.04
S8 1244+7 3 (0.13+0.06)-10° 0.62+0.03

1) 10 grains were measured on each polished surface.

3.5.4 Discussion

The figures 3.22-3.25 show the 10 individual measurements of the
total length of the internal subgrain boundaries in each grain
and the respective grain area in section for the eight samples.
Different grain areas arise mainly because the grains are
differently cut. Some are cut in the centre and some at the
sides. Linear regression analyses give straight lines which
intercept the y-axes close to origo, implying that the subgrain
interfaces are uniformly distributed in each grain. This
indicates a uniform temperature throughout each grain during

oxidation.

If there is a large number of subgrains in each grain, it will be
sufficient to measure 10 grains. This will be the case for the
low temperature forms (S1-S5) also shown in the figures 3.18a-d
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and 3.19a. The photos look perhaps similar, but additional
subgrain boundaries will appear if the polarizer is rotated,
especially for the samples S1 and S2. The accuracy of the
measurements is acceptable for all these samples (S1-S85). The
standard deviations in percentage of the mean SBA values are
excellent, only 5%, for the samples S1, S2, and S3, and below
10%, for the all samples S1-55, referring to table 3.7.

Correlation coefficients (R?) for the regression lines are given
in the figure texts. A correlation coefficient between 0.8 and
1.0 is usually accepted as an excellent linear approach. This is
achieved for the samples Sl1, 82, S$3, and S5, which implies that
the subgrain boundaries are uniformly distributed in the grain
sections.

An exception is the low correlation factor for the sample S84
(R°=0.64), which still is acceptable for a linear approach. This
regression line intercepts the y-axis at 127um, indicating an
increased number of subgrains towards the grain surface. As the
other samples show no such trends, the subgrain boundaries may be
considered to be uniformly distributed in the grain sections.

The bad linear approach for S6 (R®=0.22) may be explained by an
unfortunate choice of grains of approximately equal grain area in
section. The standard deviation in percentage of the average SBA
value is 13,5%, still acceptable.

The grain orientation before cutting is growing more important
for an increasing subgrain size. Variations in subgrain
structure from one grain section to ancther are observed for the
high temperature samples, S7 and S8, presented in the figures
3.1% ¢-d, 3.24, and 3.25. To maintain the accuracy for the two
samples, for which the subgrain size approaches the grain size,
the number of grains included in the investigation should be
increased. Instead only representative grains are measured.
These considerations explain the bad correlation coefficients for
the samples S$7 and S8. It does also explain the large standard
deviations in percentage of the average SBA values, 42% and 46%,
respectively.
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3.5.5 Concluding remarks

The subgrain structures of preoxidized Sydvaranger super
magnetite concentrate (63-90um) were quantitatively characterized
by videoplan measurements. The ratio of total length of subgrain
boundaries and the grain section area, SBA, was measured.
Average SBA values were derived for 10 grains of each of the
samples S1 - S8.

The mean SBA values were found to steadily decrease with an
increasing oxidation temperature from (3.20+0.15)-10° at 799°C to
(0.13+0.06)"10° m/m? at 1244°C, shown by the SBA curve. The slope
of the curve changes at 1050°C. Above this temperature the
coarsening of the individually oriented hematite crystals is more
pronounced.

The subgrain interfaces were found to be uniformly distributed in
the grains, indicating & uniform temperature throughout each
grain during oxidation.

The standard deviation in percentage of the average SBA
measurements were below 10% for S1-85 (5% for S1-S3). Above an
average SBA value of (1-1.5)°10° m/m? the characterization method
has the necessary sensitivity to differentiate between subgrain
structures. At elevated temperatures, however, the subgrain size
approaches the grain size, the direction of the grain cut gains
importance, causing a high percentage standard deviation for S7
(42%) and S8 (46%).

A shape factor was measured to 0.66x0.03. The results indicate
that the shape factor is independent of the oxidation temperature
in the temperature range 800-1250°C. Hence, the observed
coarsening of subgrain structure with temperature does not
contribute to exterior changes in the particles surface or shape.
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3.6 Conclusions

Isothermal oxidation experiments in the range 400-850°C were
carried out in the laboratory scale reactor for periods of up to
60 seconds, using air. Maximum conversion, 42.0%, was obtained
for an ordinary quality of Sydvaranger magnetite (74-100um) after
60 seconds at 850°cC. Lower conversions were obtained using

Kiruna and Minnesota magnetites.

The activation energy for Sydvaranger magnetite was found to be
34.2 kJ/mole (8.1 kcal/mole) in the temperature range 600-850°C,
according to the parabolic rate law for plane surfaces.

The results indicate that, oxidation should be carried out in a
separate unit and not in the heating unit of the Elkem Polar

Process.

Topochemical growth of hematite with needles of hematite ahead of

the topochemical front was observed.

The rate of oxidation for Sydvaranger magnetite £follows the
parabolic rate law, except during the initial period of 10
seconds or so. Best correlation is obtained on the assumption of
plane specimens, not spheres, The chemical reaction at the
surface of each grain is probably rate controlling during the
initial period. Otherwise, diffusion through a growing hematite

layer is thought to be the slowest step.

A model based on the assumption that the pores in the material
are blocked by the fresh hematite produced, was also found to
correlate well with the experimental data at and below 700°C.

Some magnetite was completely oxidized, using another apparatus,
to produce material for subsequent reduction experiments.
Sydvaranger super magnetite concentrate (63-90um) was oxidized
for several hours in air at constant temperatures in the range
800-1250°cC.
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Individually oriented hematite crystals were formed in each
grain, probably by a process of grain refinement. A gradual
coarsening of the hematite crystals was observed for an
increasing oxidation temperature. At the higher temperatures the
hematite crystal size approached the grain size. The low
temperature subgrain structure (800°C}) 1is stable at the
temperature at which it is formed, but not at higher
temperatures.

The subgrain structures of the completely oxidized samples were
gquantitatively characterized, using videoplan. SBA values were
measured. SBA is the ratio of total 1length of subgrain
boundaries within each grain and the grain section area. Average
SBA values were derived for 10 grains of each sample.

The mean SBA values were found to decrease steadily with an
increasing oxidation temperature, shown by the SBA curve. The
slope of the curve changes at 1050°C. Above this temperature the
coarsening of the individually oriented hematite crystals is more

pronounced.

The characterization method has high reproducibility and the
necessary sensitivity to differentiate between subgrain
structures. At elevated temperatures, the subgrain size
approaches the grain size, the direction of the grain cut gains

importance, causing a high percentage standard deviation.
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4 CHARACTERIZATION OF NATURAL HEMATITE CONCENTRATES

4.1 Introduction

It is considered a great advantage if initial reduction rates for
different natural hematite concentrates could be predicted by raw
material characterization. For this reason hematite concentrates
from the whole world have been included in the present
investigation. A characterization of these concentrates is given
in this chapter. The results from prereduction experiments with

the same concentrates are given in chapter 5.

A narrow fraction (63-90pum) of the concentrates is used in the
prereduction experiments both because this fraction is most
convenient for our laboratory scale reactor and because
comparison should be carried out for approximately equal grain
sizes. The same fraction (63-90um) is characterized in this
chapter. Actual parameters are mineral phases, grain size
distribution, specific surface area, subgrain structure, grain
shape, and trace elements.

4.2 Description of the iron ores

Hematite is the dominating iron oxide in the mineral assemblage
of hematite ores. The 6 different hematite concentrates, which
are characterized in the present investigation, are made from
hematite ores situated in 5 different countries, Brazil, Liberia,
Guinea, Canada, and Norway. Simple short terms are used for
simplicity, based on country, type, mine, or company. Each of
these ores is in the following described below the heading of the
respective country. The short terms are written in braces in the
headings. Descriptions of these ores among others are also found

in a report written by P. Storemyr (1986a).

The hematites and the short terms used are shown in table 4.1.
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Table 4.1 Short terms for the hematite concentrates.

Short | Country District, mine Company Received type
term

" MBA |Brazil [Minas Gerais, MBR? Lumps. Angular
Aguas Claras

MBL |* " MBR? Lumps. Laminated

GUL |Guinea |Nimba Range Lamco Washed fines

“ LIL {Liberia [" " "

" CCL |Canada |Wabush, Carol Lake|IOC? Pellet feed
RHP [Norway |Rana Rana Hematite fines?
Gruber A/S

1) Mineracoes Brasileiras Reunidas
2) Iron Ore Company of Canada
3) Taken from the dryer of Elkems Polar Process equipment in Mo i Rana

Brazil (MBA and MBL)
The second largest iron ore producer in Brazil is MBR {Mineracoes

Brasileiras Reunidas) (Cooke and Bailey, 1987). The company runs
several hematite mines and produces both fines for pelletizing,
sinter fines, and lumps. We have received lumps of two different
types from Aguas Claras Mine in the Minas Qerais district. These
are named angular and laminated hematite. The company’s output
of lumpy ore was 2.9 mill. tonnes in 1985, that is 21% of MBR’s
total output (Cooke and Bailey, 1987}. According to Caracas
{private communication with the MBR company, 1987) the hematite
is both granular and specular and occurs in compact, platy and

powdery varieties.

The high-grade hematite deposits of Minas Gerais occur in the
Caue Itabirite which 1is a metamorphosed chemical sediment
consisting mainly of banded hematite and gquartz of Precambrian
age (BIF). It is generally agreed that the hematite has replaced
guartz to form large ore bodies of extraordinary purity.
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The following description of the ore was given by Caracas (1987):
"The Aguas Claras ore is a tabular lens of high-grade hematite
and is made up of essentially soft hematite. The mine is 1650
m long, on average 250 m wide, and lies in a 200-350 m thick
section of the Caué Formation. Conformably enclosed in the soft
hematite body there are lenses and beds of mixed and hard
hematite, up to 30 m thick. It is believed that most of the soft
ore was formed through supergene alteration of dolomitic
itabirite frequently found to the south-east of the mine.*®

Dorr (1964, 1965) investigated the nature and origin of the iron
ores of Minas Gerais and defined the following expressions:

high-grade hematite ore: ore containing more than 66% Fe on
average and less than 1.5% water of crystallization

soft high-grade hematite: porous ore, density varies to as low
as 3 g/cm3

hard high-grade hematite: dense and compact ore, density
varies to more than 5 g/cm® in the best.

Dorr concluded that all the significant high-grade hematite ores
in the region are hypogene (contrary to supergene) in origin,
formed by synmetamorphic metasomatic replacement of quartz in
itabirite by hematite derived from the iron formation itself.
Transportation of iron to and quartz from the formation was by
fluids at high temperatures (350-600°C) and pressures. According
to the opinion of Dorr, most high-grade soft ores were formed
from the hard, but porous, high-grade hematite by supergene
leaching of hematite.

Two-three generations of hematite occur in the ore (Dorr, 1965).
The specular ore being the older and the granular ore the
younger. Ore minerals include hematite {(martite) with minor
amounts of magnetite, goethite and maghemite (Caracas, 1987).
Constituents other than hematite in the high-grade hematite ores
are minor amounts of magnetite, quartz, gibbsite or boehmite,
talc, kaolin, chrysotile, and probably apatite (Dorr, 1965).

MBL (termed laminated) is the specular and MBA (termed angular)
the granular ore, from the appearance of handpieces and lumps.
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Liberia and Guinea {(LIL and GUL)
The Nimba Range is a mountainous area in the border region

between Liberia and Guinea in West Africa. Lamco operates iron

mines on both sides of the border. The products being lumps
(62.5% Fe), fines (64.3% Fe), and DR concentrate (66.7% Fe)
(Cooke and Bailey, 1987). We have received washed fines from

both Liberia and Guinea. About 97-98% of the washed fines was
coarser than 63um and 94-95% was coarser than 90um. The
company'’s output of washed fines was 6.7 mill. tonnes in 1985,
which was 86% of their total output (Coocke and Bailey, 1987).

In the following a description is given of the high-grade
hematite ores and their corigin according to Berge {1974, 1977):

"The Main Orebody of the Nimba Range, northeast Liberia, was
formed by alteration of grey itabirite (magnetite and quartz) of
the Precambrian age Nimba Itabirite. The banded iron formation
of the Nimba Itabirite is chemical sediments subsequently folded
and metamorphosed, mainly an iron silicate formation, but with
grey itabirite to northeast where the Main Orebody is located.
The Main Orebody consists of hard, medium-hard and soft high-
grade hematite (locally termed blue ores) and has a dual origin.
Hard and medium-hard ores were formed through synmetamorphic
alteration of the grey itabirite at moderate metamorphic
temperature and pressure. soft ores were formed from blue
itabirite (hematite and quartz) through leaching of silica by
postmetamorphic meteoric waters. The blue itabirite was formed
by local oxidation of the grey itabirite. Elsewhere along the
Nimba Range close to the surface there is goethite-martite brown
ore formed by supergene leaching of silica from itabirite. Blue
and brown ores are blended during mining and processing.

The blue ores of the Main Orebody consists almost entirely of
anhedral hematite and martite with guartz as the only significant
impurity. Anhedral hematite is by far the most common form of
hematite, martite is of secondary importance, while specular
hematite and goethite are rare in the blue ores. Both anhedral
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hematite and martite have been developed by oxidation of
magnetite. Remnants of magnetite are present in some few grains
of hematite. Martite is distinguished from anhedral hematite by
the extinction pattern of grain cross sections in polarized light

in optical microscope.

Hard and medium-hard ore is compact, cemented or not, with a
porosity of about 30% and a dominance of anhedral hematite.

Soft ore has a dominance of martite with some gquartz and reacts
on handling as a sand.

Martite extinction pattern is characterized by a cross-hatched
network of dark and 1light stripes at angles forming
octahedra (lamellas).

Anhedral hematite extinction pattern shows an irregular patchwork
of dark and light spots which form an anhedral mosaic."

Canada (CCL)
Carol Lake mine is situated in the Wabush iron ore district in

the southwestern part of the Labrador province and is operated
by the Iron Ore Company of Canada (IOC). The company owns
several mines and the output in 1985 was 9.0 mill. tonnes of
Carol Lake pellets and 5.4 mill. tonnes of Carol Lake
concentrates (Cooke and Bailey, 1987). We have received Carol
Lake pellet feed, of which approximately 25% is coarser than 63
pm and 13% 1s coarser than 90 pm.

The Upper Wabush Iron Formation consists 80% of specular
hematite-quartz schist, the remaining being banded to massive
magnetite-quartz rocks, while the Lower Iron Wabush Formation
consists of quartz-carbonate-iron silicate schist and quartz-
magnetite rock (Klein, 1966). Klein states that most Upper
Wabush Iron Formation outcrops show little or no weathering.

The Wabush Iron Formation is of late Precambrian age and is
thought to have deposited as a well banded chemical sediment
which later has undergone regional mechanical and thermal
metamorphose (Klein, 1966). According to Klein minimum pressure
conditions have been approximately 600-1000 MPa (6000-10000 bar)
and the maximum temperature has been below about 600°C, The
mechanical metamorphism produced tight, overturned folds and



88

minor faulting. Accordingly the thermal metamorphism caused
recrystallization of the original hematite, magnetite, and chert,
to coarser grained specular hematite, magnetite, and quartz,
along with reactions between chert and carbonates. The

sedimentary textural features are still preserved.

The minerals present are mainly specular hematite which is medium
to coarse grained and flaky in habit, magnetite, quartz,
ferrodolomite-ankerite, and cummingtonite-grunerite (Klein,
1966) .

Norwav_ (RHP)
Rana mines is situated in Dunderlandsdalen at Mo 1 Rana and is

run by the company Rana Gruber A/S, previously owned by Norsk
Jernverk A/S. Both hematite and magnetite concentrates are
produced. The company runs @rtfjell and Storforshei mines and
output 1in 1985 was 1.3 mill. tonnes concentrates ({Cooke and
Bailey, 1987). A hematite concentrate of the same quality as
used in the Polar Process pilot plant in Mo i Rana in 1988 was
applied in the present work. About 61% of this concentrate was
coarser than 90 um and 80% was coarser than 63 pum.

The ores are banded, metamorphic, of sedimentary origin, and
occur in a sequence of marble and mica schists (Bugge, 1948).
The banded structure is due to thin alternating bands of quartz
and hematite or magnetite, the band heights being a few mm to
more than one cm. Such banded iron formations constitute a
characteristic common type (BIF), but they are generally of
Precambrian age. The deposits of Dunderlandsdalen are younger,
both a late Precambrian (800-900 mill. years) and a Cambrian-
Silurian (408-570 mill., years) age have been suggested (Bugge,
1978). Whether they may be classified in this group or not is
a guestion of controversy.

The hematite is usually specular, the lamellas being 0.1-1.0 mm
long and 0.01 mm thick, but granular hematite, 0.2-1.0 mm across,
occurs in minor amounts in small stringers in the ore (Bugge,
1978). The lamellas are always cleaved along the basal facies
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{0001) (Bugge, 1948). Polysynthetic twins along (1010) are
common and these have probably been formed during deformation
{Bugge, 1948). The gangue minerals of the hematite- and
magnetite-dominated ores are quartz, calcite, epidote, biotite,
green hornblende, grunerite, and a flour-carbonate apatite with
a Mg0O:Ca0 ratio of 1:10, while sulphur is present in pyrite and
chalcopyrite in subordinate amounts (Bugge, 1978). In some
hematite grains Bugge (1948) observed very small oriented
lamellas of probably rutil or ilmenite.

4.3 Sample preparation

The hematites were used as received without further
concentration. Lumps from Brazil were crushed. Large quantities
{5-20kg) of each concentrate were screened, because only 2-20%
of each concentrate was in the actual 63-90um fraction. About
0.5kg was enough for further work. The 63-90um fraction was also
wet sieved on the 63um screen and dried at 110°C. All the
samples used for characterization of hematite concentrates were
split from the 63-90um fraction, if not otherwise indicated.

Polished surface sections were made by moulding these samples

(split from the 63-90um fraction) in epoxy. After hardening, the
specimens were alternating polished and cleaned. The last polish
was on a 1 um NAP-cloth.

4.4 Grain size distribution

Although the 63-90um fractions have been sieved both dry and wet
on the 63um sieve, the size cut at 63um was not efficient. Screen
analyses of samples split from the 63-90um fraction are shown in
figure 4.1 and in table 4.2, and particle size distributions
measured by sedigraph are shown in figure 4.2. In fact, 18-50%
of the fractions passes the 61lum screen, and 32-50% of the
fractions have equivalent spherical diameter less than 60um.
Efficient size cutting of large quantities, 5-20kg, is difficult.
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The samples were oxidized for one hour in air at 800°C (heating
and cooling were slow) before the measurements by sedigraph were
carried out. This was done to avoid agglomeration of magnetite
grains during settling, which will be registered as coarse
particles. Magnetite grains may agglomerate due to their

magnetic properties. Before measuring, the samples were also
treated with ultra high frequency waves for 15 minutes. The
effect of heat treatment on grain size was controlled by screen
analyses, which are reported in table 4.3 and in figure 4.3. The
changes are negligible. CCL have become a little coarser, while

the other samples have become a little finer,

The cumulative mass percent less than the reported equivalent
spherical diameter was calculated from the particle settling rate
in a solution of 50% glycerol. The calculations are based on the
mean density of each concentrate, which is reported in section
4.11.
analysis is considered to be better than by sedigraph, since the
which

The mean grain size

The accuracy of the grain size distributions by screen

concentrates contain hematite, magnetite, quartz, etc.,
have different densities and settling rates.
(dgq) , of which 50 weight® is coarser, is ranging from about 61lum

for RHP to 82um for GUL, based on screen analysis.

Table 4.2 Screen analysis of the fractions 63-90um.

Sieve size Cumulative % through sieve "
() RHP GUL LIL MBA MBL ccL |
104 100.0 100.0 100.0 99.4 99.9 100.0
74 62.5 32.0 45.1 60.2 44.3 51.2
61 50.4 17.7 29.7 44 .5 30.4 31.9
45 4.6 0.0 0.0 0.9 0.3 0.1 |

Table 4.3 Screen analysis of the fractions 63-90um after heat
treatment in air at 800°C (1lh).

Sieve size Cumulative % through sieve
(Hm) RHP GUL LIL MBA MBL CCL
104 100.0 100.0 100.0 100.0 100.0 100.0
74 66.1 34.8 49.1 64.8 50.8 49.1
61 49.2 17.4 30.9 48 .1 31.1 30.9
45 4.0 0.0 0.0 1.8 1.6 0.1
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Fig. 4.2 Particle size distributions, measured by sedigraph,
of the fractions 63-90um of the hematite concentrates
after heat treatment at 800°C for 1 hour.
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Fig.4.3 Grain size distributions of the fractions 63-90um of
the hematite concentrates after heat treatment in air
at 800°C (l1lh), measured by screen analysis.

4.5 Chemical analvsis

Chemical analyses of the 6 hematite concentrates, fraction 63-
90um, were carried out at MOLAB and are presented in table 4.4.
The table shows that all the concentrates have a high content of
hematite. Especially high-grade are MBL, LIL, GUL, and MBA with
98.9, 98.4, 98.2, and 96.1% hematite, respectively.

Traces of magnetite are present in all the concentrates. CCL has
a high magnetite content, 19.1%, while RHP contains 7.1%.
Observations in optical microscope confirm these findings.
Magnetite is present as separate grains in the concentrates CCL
and RHP, while in MBL, MBA, GUL, and LIL the magnetite is present
as inclusions in hematite. The lowest content of magnetite was
found in MBL (0.4%).



93

Table 4.4 Chemical analysis of hematite concentrates,
fraction 63-90um.

MBL MBA LIL GUL CCL RHP

(%) (%) (%) (%) (%) (%)
Fetot 1 69.5 69.9 70.0 69.6 64.6 66.9
Fe?t 1 0.1 0.9 0.4 0.3 4.6 1.7
Fe’* (calc.)? 69.4 69.0 69.6 69.3 60.0 65.2
Hematite {calc.)? | 98.9 96.1 98.4 98.2 72.6 88.4
Magnetite " 3 0.4 3.7 1.7 1.2 19.1 7.1
Sio, 0.01 0.51 0.44 0.63 5.4 1.83
Ti0, 0.01 n.d. n.d. n.d. 0.10 0.89
A1,0, 0.43 0.05 0.03 0.09 0.1 0.73
Mno n.d. n.d. n.d. n.d. 0.11 0.14
Ca0o n.d. n.d. n.d. n.d. 0.4 0.67
MgO n.d. n.d. n.d. n.d,. 0.1 0.13
s0,* n.a. n.a. n.a. n.a. 0.022 0.018
C, total? n.a. n.a. n.a. n.a. 0.58 0.08
co,* n.a. n.a. n.a. n.a. 0.42 n.a.
P,0¢ 0.027| 0.1210| ©0.057| 0.043{ n. 0.032
Sum oxides 99.8 100.5 100.6 100.2 <98.8 100.0
1) Determined by wet chemical analysis (referring to section 3.4.2)
2) Fe3+= Fetot_Fe2+
3) Assumption: Fe?* is contained only in magnetite and Fe’* is present

in either hematite or magnetite: Fe’* in hematite = Fe’*-2'Fel?t
) Determined in a LECO-apparatus.
.d. not detected
.a. not analyzed

o R e YN

The contents of Si0, are high in CCL and RHP (5.4 and 1.8%,
respectively), low in MBA, GUL, and LIL (about 0.5%), and
especial low in MBL (0.01%). According to the previous
description of the different ores, Si0O, is probably mainly
present as quartz in all the concentrates.

TiO, in RHP (0.89%) is probably present as ilmenite or rutil
lamellas in the hematite grains as previously proposed by Bugge
(1948) . Traces of Ti0, were also detected in MBL and CCL.

The reported content of Al,0; is 0.7% in RHP and 0.43% in MBL,
while the other concentrates contain less than 0.1%. According
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to the literature referred to in section 4.2, Aluminium is
probably present in mica (biotite), epidote, or hornblende in
RHP, but in gibbsite/boehmite or kaolin in MBL,

Sulphur were detected as SO, in CCL and RHP, and is probably
present in pyrite (FeS,) and/or chalcopyrite (CuFeS,). Bugge
(1978) mentioned these minerals in the mineral assemblage of the
Rana hematite/magnetite,

Phosphorous was found in all the hematite concentrates apart from
CCL, in which phosphorous was not analyzed. Phosphorous 1is
probably present in apatite, Cag{(F,Cl,0H, 0.5C0;4) (PO,})3. According
to literature referred to in the description of the ores, section
4.2, apatite is present in the mineral assemblage of MBA, MBL,
and RHP. MBA has the highest level of P,0; (0.11%) and MBL the
lowest content (0.027%), contributing to approximately 0.27% and
0.07% apatite at a maximum, respectively.

Ca0, Mg0O, and MnO were only detected in RHP and CCL. Some Cal
is contained in apatite. The remaining content of Ca0, MgO, and
MnO in CCL and RHP are partly contained in carbonates because
these concentrates contain carbon, 0.08% and 0.58%, respectively.

According to Klein (1966}, the main gangue minerals in CCL are
ferrodolomite-ankerite and cummingtonite-grunerite. If all the
detected CO, (0.42%) in CCL is contained in ferrodolomite,
Ca(Mgy s Feg.5) (CO3),, this would contribute to approximately 1.0%
ferrodolomite. The remainder being 0.1% Ca0O, 0.1% MnO, and 0.47%

free carbon.

In RHP about (0.04% Ca0 and 0.004% MgO are contained in apatite,
according to the description of the flour-carbonate apatite by
Bugge {(1978). Ca0, and MgO may be contained in calcite, biotite,
hornblende, and/or epidote, in accordance with the observations
by Bugge (1978}, but the presence of dolomite-ankerite is also
possible. Manganese may substitute for magnesium in dolomite-
ferrodolomite-ankerite, but may also be contained in magnetite
and hematite.
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Typical uncertainties of the analyses are given in table 4.5.

Table 4.5 Typical uncertainties of the analyses.

Il Conc. range Uncertainty
(%) (%)

Fe®ot 60-68 0.1
Fe?* 0.5-15 +0.05-0.20
Sio, 1-7 £0.1-0.2

| Ti0, 0.2-0.8 +0.02-0.05
C - +0.01

S - +0.005

P 0.01-0.03 +0,002
121,05 0.5-1.5 +0.05-0.10

The calculations of hematite and magnetite are based on the
assumption that the complete amount of Fe’* is present in
magnetite and Fe’* is contained in either hematite or magnetite.
If some of the samples have other iron containing minerals, for
example goethite (FeO'OH), ferrodolomite (CaMg, cFey ¢{(CO5),),
siderite (FeCO;), or iron silicates, the calculated amount of
magnetite and hematite 1in table 4.4 should be adjusted
accordingly. The hematite content of MBA is for example a little
lower than indicated in table 4.4 because traces of goethite
(which also contain Fe®*) were detected in optical microscope on

a polished surface specimen.

4.6 Mineral phases by x-ray diffraction

Powder x-ray diffraction analyses (XRD) were carried out at NTH
{the Norwegian Institute of Technology). 2an automatic powder
diffractometer system from Phillips (PW 1700) was used at 40 kV
and 20 mA. The x-ray source was Cu K, radiation with 2
wavelengths, 1.54060 and 1.54439 A. The samples were split from
the fractions 63-90um. They were not further crushed.
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The diagrams are presented in figure 4.4a and 4.4b. The angle
in degrees (20) on the abscissa in the diagrams is related to the
d-spacing in the mineral crystals in accordance with Bragg’s law
given in formula 4.1 for the wavelength of the Cu K, radiation
{A=1.54060 A) where n is an integer.

n-A =2-d-sinb (4.1)

The detected minerals were mainly hematite in all the samples and
minor amounts of magnetite in CCL and RHP. Quartz (Si0O,) was
detected in CCL, RHP, and in GUL (traces). Quartz is probably
present in small amounts below the detecting level also in MBA
and LIL, referring to the chemical analyses. A few small peaks
in the diagram of MBA indicate that traces of magnetite and
goethite may be present. This is confirmed by chemical analysis

and in optical microscope.

Traces of dolomite-ferrodolomite-ankerite were detected in CCL
and RHP, based on the observed main peaks at d=2.89.
Ferrodolomite is probably present in CCL f{about 1% is possible,
referring to section 4.5) in accordance with the observations by

Klein (1966). About 0.6% dolomite may be present in RHP, if
carbon is mainly contained in dolomite. According to Bugge
(1948), calcite is common in the Rana hematite-magnetite ores.

Calcite, however, has its main peak at d=3.03, which 1is a little
too far from the observed peak at d=2.89. The d-values of the
main peaks of dolomite, ferrous dolomite, and ankerite are 2.89,
2.90, and 2.90, respectively.

Traces of siderite (FeCO;) were probably detected in CCL, based
on another small peak at d=2.78. Siderite has its main peak at
d=2.795 while the other peaks are 35% of the main peak, or less.

The peak at d=4.81 in MBL indicates that traces of gibbsite,
Al(OH});, are present. This is supported by chemical analysis.
Al,0; = 0.43% may as well be reported as Al(OH); = 0.66%. A
similar peak 1is observed in the diagram for GUL. Chemical
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analysis gave Al,0; = 0.09% or Al(CH); = 0.14% and support this
observation, although contents as low as 0.1% are usually not
detected by x-ray diffraction analyses.

The minerals detected by XRD are shown in table 4.6. Referring
to the chemical analyses in section 4.5, the calculated content

of some of the minerals are included in the table.
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Fig. 4.4a X-ray diffraction diagrams of fraction 63-90um of
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Table 4.6 Minerals detected by XRD (xx and x!).
The amounts are calculated from chemical analyses.

Hematite|Magnetite|Quartz|Gibbsite|[Goethite| Ferro-/ |Siderite
2) 2) Dolomite
(%) (%) (%) (%) (%) (%) (%)
||MBA xx 96.1|x 3.7 0.5 x
MBL |xx 98.9 0.4 0.0 x
GUL |xx 98.2 1.2 |x 0.6]x 0
LIL [xx ©98.4 1.7 0.4
CCL |xx 72.6|xx 19.1 |xx 5.4 b4 b4
||RHP Xxx 88.41x 7.1 |x 1.8 x 0.6
1} xx identification by strong peaks
X traces, weak peaks
2) The content is calculated on the assumption that Fe?* is contained

only in magnetite and Fe?' is contained in either hematite or
magnetite. Fe’* in hematite = Fe’*-2-Fe?*

The magnetite content is an important parameter in the
characterization of the hematites. Minor amounts of magnetite
in hematite is difficult to detect by XRD, because the second
strongest peak of hematite coincides with the main peak of
magnetite {(see figure 4.4a). As previously mentioned, magnetite
is present as separate grains in CCL and RHP and as inclusions
in hematite in MBL, MBA, LIL, and GUL. According to the chemical
analyses, all the concentrates contain some Fe?*. Other Fe?*-
containing phases than magnetite have not been detected in the
four last mentioned concentrates. Hence, the calculated contents
of magnetite in tables 4.4 and 4.6 are correct for MBA, MBL, GUL,
and LIL within the uncertainty of the determination of Fe?*.

The reason why magnetite was not detected by XRD in GUL, LIL, and
MBL may be because the amount is below the detecting level or
because the x-ray radiation did not reach the magnetite in the

grain cores.

The calculated amounts of magnetite in RHP and CCL, on the other
hand, are probably too high. In these concentrates other Fe?*-
containing minerals have been detected. 2An estimation of the
amounts of these minerals will be rather uncertain. In CCL

traces of ferrodolomite and siderite were detected by XRD.
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Pyrite or chalcopyrite are probably also present in small amounts
below the detecting level. In RHP ferrodolomite-ankerite or
dolomite have been detected by XRD. According to chemical
analyses there is also a possibility for the presence of both
ilmenite, pyrite or chalcopyrite, biotite, and hornblende, but
in small amounts below the detecting level by XRD.

Rough estimates have been made for the contents of Fe?* which may
be contained in other minerals than magnetite. The estimates
were less than about 0.55% Fe?* in CCL {contained in siderite and
pyrite) and less than 0.63% Fe?' in RHP (contained in ilmenite
and pyrite). These estimates were derived on the assumptions
that the complete amounts of CO, and SO, detected in CCL are
present in siderite and pyrite, respectively, and that the
complete amounts of TiO, and SO, in RHP are present in ilmenite

and pyrite, respectively.
Minor amounts of magnetite and maghemite (Y-Fe,0,} are difficult

to distinguish both by x-ray diffraction analysis and in optical

microscope.

4.7 Trace elements

Secondary Ion Mass Spectrometry (SIMS) is a sensitive technique
for measuring trace elements in micro areas of material surfaces.
The technique, equipment, procedure, and results were well
described in a report by Storemyr (1989) where alsc a survey of
the SIMS-literature was given. The semi - quantitative and the
qualitative SIMS analyses were all conducted at Chalmers
Institute of Technology in Gothenburg in Sweden using a Cameca
IMS 3F instrument. Primary ions of 0, with an energy of 5.5 keV
and a primary current of 800 nA were bombarded on the samples.
The main results of the 15 trace elements analyzed are presented
in table 4.7.

Except the sample called RANA, the 5 other hematite concentrates
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were taken from the 63-90um fractions. RANA is from the same ore
as RHP. The fraction 54-100um of RANA was applied. Chemical
analysis of RANA is given in the foot note in table 4.7,

Only 3-6 point analyses, usually on different grains, were
conducted for each concentrate, The grains were embedded in
indium - foil to ensure a good conducting "matrix". No polishing
was involved. To obtain good results, a well controlled
quantitative procedure should be applied. Several spot analyses
should be carried out on one or different grains to get good
statistical mean values since trace elements are not
homogeneously distributed in the hematite lattice (Storemyr,
1989). Unfortunately the SIMS guantitative procedure followed
was not accurate since only 3-6 point analyses were carried out
for each concentrate. Hence, the results can only be regarded

as semi-quantitative.

The quantitative procedure followed was based on RSF (Relatiwve
Sensitivity Factors) values for standard glass samples with known
concentrations. Iron was used as an internal reference element.
Matrix effects may affect the gquantification as different
matrices (glass and hematite) lead to different rates of
sputtering. The SIMS results are included in the present
investigation, despite the fact that they are rather uncertain.
They may be used to compare the level of each trace element in

the different concentrates to each other.

Table 4.7 shows that the variation for an element from ore to ore
is usually less than two orders of magnitude. The concentration

of each element is in mole ppm.

The semi-quantitative SIMS analyses of the hematite concentrates
are compared with the chemical analyses in table 4.8. The
absolute levels of trace elements are not accurate, because the
calculations were based on RSF-values for standard glass samples
while the different matrices, glass compared to hematite, may
cause unequal sputtering rates of the different elements. In the
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Table 4.7 Semi-quantitative SIMS analysis of hematite
concentrates (Storemyr, 198%G).
Element | Cal? Element concentration (mole ppm) "
MBL MBA LIL GUL ccL | rana? |
Na 3 6 20 40 35 40 0.1
Mg 1.3 15 85 90 190 12 11
Al 1.5 1350 3300 1800 5000 1250 2800
51 1.5 760 5100 2900 125 20 25
|‘ K 3.5 6 15 10 75] < 0.05|< 0.02
Ca 1.8 6 80 70 11| < 0.25)< 0.45
Sc 1.8 < lppm| < lppm| < 1lppm| < lppm} < lppm| < lppm
Ti 1.8 270 120 110 30 85 2850
v 1.3 100 50 15 30 44 200
Cr 1.4 150 16 240 23 10 a5
Mn 1.2 430 215 245 265 100 65
Co 1.2 2 2 4 6 <1 2
Ni 1.3 7 15 20 35 35 5
Cu 1.7 < 5 < 5 < 6 < 5 < 3 < 40
Zn 2 50 25 < 6 < 8 25| < 300

1) Calibration uncertainty factor. A factor of 1 is a quite
certain analysis while a factor of 2.0 means that there is
a 100% uncertainty. The factors have been obtained when
comparing RSF-values measured in different SIMS-laboratories.

2) Chemical analysis: Fe"°': 68.6%, Fe?*: 0.8%, SiO,: 0.8%,
Ti0,: 0.75%, Al,0;: 0.3%, MnO: 0.08%, CaO: 0.1%, Mg0:0.1%.

calculations it is assumed 100% hematite matrices, which is
approximately correct for the concentrates MBL, MBA, GUL, and
LIL, but which may be too high for CCL and RANA.

In most cases lower contents of the different oxides are detected
by SIMS than by chemical analyses, referring to table 4.8. This
may reflect that these oxides are contained 1in separate
inclusions and not in the hematite lattice. 1In some cases the
SIMS analyses give the highest values, which may indicate an
uneven distribution of the respective elements in the hematite
lattice. The SIMS analyses provide poor statistical results for
unevenly distributed elements, since only 3-6 point analyses were
carried out for each concentrate. Too high levels by SIMS
analysis may indicate that the elements are present in tiny



Table 4.8 Semi-quantitative SIMS analysis of hematite
concentrates compared to chemical analysis.
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(weight¥)
MBL MBA LIL GUL CCL RANA
Si0, chemical 0.01 0.51 |0.44 |0.63 5.4 0.8
SIMS 0.057 |0.38 |0.22 |0.0094|0.0015 |0.0019
SIMS/chem. |5.7 0.7 0.5 0.01 0.0003 |0.002
TiO, chemical 0.01 |n.d. {n.d. |n.d. |< 0.10 |0.75
SIMS 0.027 |0.012{0.011|0.0030/0.0085 |0.29
SIMS/chem. |2.7 - - - >0.09 0.4
"A1203 chemical  [0.43 [0.05 |0.03 [0.09 |< 0.1 |0.3
SIMS 0.086 |0.21 |0.11 |0.32 0.080 0.18
SIMS/chem. |0.2 4.2 3.8 3.5 >0.8 0.6
MnoO chemical n.d. n.d. |n.d. |n.d. 0.11 0.08
SIMS 0.038 |0.019(0.022|0.023 |(0.0089 |0.0058
SIMS/chem. |- - - 0.08 0.07
Ca0 chemical n.d. n.d. |n.d. |n.d. 0.4 0.1
SIMS 0.0004]|0.006|0.005|0.0008|0.00002]|0.00003
SIMS/chem. |- - - - 0.0000450.0003
MgO chemical n.d. n.d. |n.d. [n.d. 0.1 0.1
SIMS 0.0008|0.004{0.005(0.01 0.0006 |0.0006
SIMS/chem. |- - - - 0.006 0.006
n.d.: not detected
inclusions which are not homogeneously distributed. Too high

levels may also have been caused by matrix effects.

Two concentrates are much lower in K and Ca than the others, RANA
and CCL, but according to bulk chemical analyses the CaO-contents
This indicates that
Ca 1s distributed in the hematite grains or in finely distributed

of the same two concentrates are the higher.

apatite in the hematite grains in MBA, MBL, GUL, and LIL, whereas
Ca is mainly found in separate inclusions as for example in
dolomite-ferrodolomite in RANA and CCL.

The same relation is also observed for the elements Mg and Mn for
the two concentrates CCL and RANA.
analyses the contents of both MgO and MnO are approximately 0.1%
in CCL and RANA (and RHP) while MgO and MnO were not detected in
the other concentrates.

According to bulk chemical

However, the same two concentrates have
the lowest level of Mg and Mn according to the SIMS analysis.

Mg and Mn are probably mainly contained in separate inclusions
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in CCL and RANA (and RHP), in for example dolomite-ankerite,
while these elements probably are mainly distributed in the
hematite lattice in the other samples. The Mn concentration is
about twice as high in MBL as in GUL, LIL, and MBA. The Mg

concentration is 6-12 times lower.

According to chemical analyses, the highest contents of Si0O, were
found in CCL (5.4%), RHP (1.83%), and GUL {0.63%}). XRD proved
this SiO, to be guartz. According to the SIMS analyses, however,
the concentrates CCL, RANA, and GUL have the lowest level of Si
(20, 25, and 125 mole ppm, respectively). Once more Si is
thought to be distributed in the hematite lattice in relatively
high concentrations in MBA (5100 mole ppm}, LIL (2900 mole ppm),
and MBL (760 mole ppm), but it may also be contained in finely
divided inclusions, while it is mainly found in separate quartz

grains or large inclusions in the other concentrates.

RANA has by far the highest content of TiO, of the concentrates
according to chemical analyses (0.75%) and does also have an
order of magnitude higher level of Ti (2850 mole ppm) according
to SIMS analyvses. The second highest Ti concentration, about
twice as high as in MBA and LIL, is found in MBL (270 mole ppm) .
Ti0, was found to be 0.01% by chemical analysis. Only 85 mole
ppm Ti was detected by SIMS in CCL, although Ti was verified also

by chemical analysis.

Other elements as Na, Co, Ni, Cu, and Zn are present at low
concentration levels. The Na level is especially low in RANA.
Aluminum, however, is present at comparatively high concentration
levels in all the concentrates according to the SIMS analysis.
There does not seem to be any relation between the amounts of Al
detected by chemical analyses and the concentration levels found
by SIMS, but the amounts are of comparable sizes for CCL and
RANA. This may reflect a homogeneous distribution of Al for
these two concentrates and an uneven distribution for the others.

The concentration of Cr was found to be about an order of
magnitude higher in LIL, MBL, and RHP (240, 150, and 95 mole ppm,
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respectively) than in the other concentrates.

Ion micrographs of 2 grains of the RANA hematite (Storemyr, 1989)
confirm that elements as Na, Mg, Mn, Ca, and Si are concentrated
in separate inclusions on the grain surfaces. Some Mg, Mn, and
Si, are also homogeneously distributed in the grains. Al, Sc,
Ti, and Cr are homogeneously distributed in the grains, but Al
shows depletion along a few "lineaments" where there is also an
increased concentration of Cr, Ti, and V. The concentration

level of Ti differ for the two grains.

4.8 Specific surface area

The specific surface areas of the six hematite concentrates were
measured by the BET isothermal adsorption method. Krypton was
used instead of nitrogen because small specific surface areas
were expected to be found. Specific surface area of hematite
spheres with a specific gravity of 5.24 g/cm® and a diameter of
63 pm, can be calculated to 0.018 nF/g. The measurements were
carried out with a Carlo Erba Sorptomatic 1800, which was
evacuated to p<10 % mmHg at 150°C for one hour before measuring.
The BET method is described in textbooks about heterogenous
catalyses, for example the textbook by Satterfield (1980). The
results are given in table 4.9 and in figure 4.5, The standard

deviation of such measurements is +5%.

Table 4.9 Specific surface

area of 63-90um fractions. 3% 1.0
N _
Specific iyrface £ 0.8 073
area {(m‘/g) o F
| cuL 0.73+0.04 06
| mBL 0.5040.03 S T
S 04
I 1o 0.37£0.02 |
/3]
| vBa 0.3420.02 o 021
| ccu 0.22+0.01 3 0.l _ _ 7
" RHP 0.05740.003 a GUL MBL LIL MBA CCL RHP
0.061+0.003 Fig. 4.5 Specific surface area
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Surface areas of GUL and MBL are about 40 and 28 times larger
than calculated, respectively, while those of LIL and MBA are
approximately 20 times larger. The most striking feature is the
small surface area of RHP compared to the others (0.059 m?/g,
only 3 times larger than calculated). The specific surface area
of RHP was measured twice and the obtained wvalues, 0.057 and

0.061 m?/g, lie within the said standard deviation.

Although the shape of the particles deviates from the shape of
a sphere, surface ruggedness is probably the main reason for the
large surface areas of GUL, MBL, LIL and MBA, The surfaces of
these concentrates look rugged in the stereo microscope, while
the surfaces of RHP and CCL look smooth and rather smooth,
respectively. The samples contain pores and/or cracks, except
perhaps RHP, referring to the photos of grain sections in section
4.9. Pores are dominating in the grains of GUL and LIL and pores
are present in MBL, too. Some cracks are observed 1n all the
samples, but MBL has the most.

The presence of undersize will contribute to a slightly larger

surface area. About 50% of RHP is -61um, and only 18% of GUL,

referring to the screen analyses in section 4.4.

4.9 Subgrain structure

Subgrain structures of natural hematites are presented in figures
4.6 and 4.7. All photos were taken in a Leitz Wetzlar optical
microscope in polarized light on polished sections. Only pure
hematite grains are shown on the photos. The different white to
grey to dark shadows represent the subgrains or twin planes which
appear in polarized light because of the anisotropic structure

of hematite.

The grains of CCL do not have any subgrains, as shown in figure
4.6a. The subgrain size equals the grain size. According to
Klein (1966) maximum temperature during metamorphism at the
formation of the ore was approximately 600°C and minimum pressure
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was 600-1000 MPa (6000-10000 bar). In section 3.4 the effect of
oxidation temperature on the subgrain structure of hematite is
demonstrated for hematite oxidized from Sydvaranger magnetite.
The grains of the 63-90um fractions were shown to consist of
several subgrains at the lowest oxidation temperature {800°C).
The fact that CCL (63-90pum) has no such subgrains, although the
formation temperature probably did not exceed 600°C, may reflect
the prolonged time at temperature or the extreme pressure
conditions during the formation. The lack of subgrain structure
of CCL can also indicate that this ore was not formed from
magnetite, in accordance with Klein‘s theory of its formation,

as previously described in section 4.2.

The majority of the grains of RHP are rather equal to the grains
of CCL, but some RHP grains have twin planes as shown in figure
4.6b. Twins are common and have probably been formed during
deformation (Bugge, 1948).

a) CCL ) RHP
—
10 pm
Fig. 4.6 Subgrain structure of CCL and RHP in polarized light.
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Fig. 4.7 Subgrain structure of MBL (a), MBA (b), LIL (c) and
GUL (d) in polarized light.
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The subgrain structures of MBL, MBA, LIL, and GUL are shown in
figure 4.7. Each of these grains consists of several subgrains.
The subgrains of LIL and GUL have mainly an anhedral structure
{lack of crystal shape), but a few grains have a martitic
extinction pattern as shown in the grain to the right in figure
4.7d. LIL and GUL have probably been formed by oxidation of
magnetite {grey itabirite) according to Berge (1974 and 1977).
These concentrates do also show subgrain structures similar to
those observed when oxidizing magnetite in section 3.4.3, but the
anhedral shapes of the subgrains are far more common.

The subgrain shapes of MBL and MBA are more well developed than
for LIL and GUL, and may be characterized as subhedral to
euhedral. MBL has probably the best developed subgrain crystal
shape of the two. This ore is also the older.

The impression of the subgrain structure was visualized by
measuring the sum of internal subgrain boundaries divided by the
grain area in section (SBA) on 10 grains, if not otherwise
indicated. The measuring method and the videoplan used were
described in greater detail in section 3.5.2. The mean values
and the standard deviation (#(L(x;-x)?%}'/%2/(n-1), according to a

standard distribution) are given in table 4.10.

Table 4.10 Subgrain structure of hematite concentrates,
] measured by videoplan?
Polished surface specimens of SBA
(fraction 63-90um) (m/m?)
" GUL (1.48£0.19)*10°
MBL (1.0520.16)*10°
I LIL (0.97+0.09) *105
I MBA (0.56+0.13) *10°
I RHP? (0.46+0.18) *105
| CCL 0
1) 10 grains were measured on each polished surfaée,

except on RHP for which 14 grains were measured.
2) Boundaries between twin planes, only.
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From the table it is seen that GUL have the highest SBA value,
while MBL has the second highest. The SBA value 1is of course
zero for CCL because its subgrain size eguals the grain size.
The SBA measure for RHP 1is an exception as the boundaries
measured are boundaries between twin planes. For this sample the
investigation was expanded to 14 grains, because of wvariation
from grain to grain. Some grains have several twin planes, some
have only one, but the majority has none. In calculating the
standard deviation for RHP, n is used instead of n-1. All the

same, the standard deviation is rather huge, 39% of the value.

The standard deviations for the others are 9-23% of the values.
Compared with equal SBA wvalues for preoxidized magnetite 1in
section 3.5.3, the standard deviations are approximately of
comparable sizes, except for GUL. The standard deviation for GUL
is twice as high (13%) as for S5 (oxidized at 1104°C).

Naturally one would expect a larger standard deviation for
natural hematites than for carefully oxidized magnetite, since
the conditions they have been exposed to may vary within the same
ore both with respect to temperature and pressure.

The results are summarized in figure 4.8, where the subgrain
structure of natural hematite concentrates are compared with the
SBA curve for preoxidized magnetite (described in section 3.5).

Referring to figure 4.8, all natural hematites have rather low
SBA values, corresponding to elevated oxidation temperatures
(1100°C or above) for preoxidized magnetite. Since natural
hematites have been exposed to high pressures and a prolonged
time at temperature, the temperature axis of the SBA curve should
not be used to predict a maximum temperature which the natural
hematites have been exposed to. Effects of pressure and a
prolonged time at temperature on the subgrain structure have not
been studied in the present work. In addition some of these

hematites may not have been formed from magnetite.
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Fig. 4.8 Subgrain structure of natural hematite concentrates
compared to the SBA curve for preoxidized magnetite.

4.10 Grain shape

The grain shape was characterized by a shape factor and an
elongation factor, which are not independent variables.

The shape factor (¥} was measured by videoplan on polished
surface specimens according to the method described in section
3.5.2 and defined according to formula 3.31 where A is the grain
area in section and L is the periphery.

A-|- A

Shape factor: Yy = —r (3.31)
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According to this formula the shape factor of a sphere with a
smooth surface is 1. All other shapes, including rugged

surfaces, have shape factors below 1.

The shape factor is a combined measure for both the actual grain
shape and the surface ruggedness. Both large specific surface
areas and elongated particles give low shape factors.

The elongation of the particles was for this reason measured
separately. The ratio of the particle length (major axis, a) to
the width (minor axis, b) was measured and here called the
elongation factor as defined by formula 4.2. The elongation

factor is a true measure of shape.

Elongation factor =.% (4.2)

The shape factor and the elongation factor were measured for 10
grains on each polished surface, except on RHP for which 14
grains were measured. The average values and the standard
deviations are reported in table 4.11 for the six hematites.

Table 4.11 Elongation factor and shape factor

Samples Elongation factor Shape factor
RHP 2.2 + 1.0 0.55+0.03
= 2.0 £ 0.9 0.58+0.05
| wmeL 1.7 + 0.5 0.44+0.05
[ mea 1.5 + 0.4 0.43+0.04
| ris 1.5 + 0.2 0.46+0.04
| ocu 1.3 + 0.4 0.50+0.04

The deviation from a sphere with a smooth surface is rather large
for all the hematites, the shape factors being between 0.43 and
0.58. The standard deviations are +(5-11)% of the values. For
comparison, the shape factor for oxidized magnetite was found to
be 0.66+0.03 in section 3.5.3.
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Referring to the elongation factors in table 4.11, the
concentrates RHP, CCL, and MBL contain the most elongated
particles. As previously mentioned, these ores are all called
specular in the literature (section 4.2). CCL and RHP have the
highest mean elongation factors (2.0-2.2}). The grain shapes of
the two have a wide distribution, shown by the large standard

deviations, +0.9-1.0.

MBaA, LIL, and GUL have low elongation factors, 1.3-1.5, being
more spherical. These ores have been described as granular (MBA)
and anhedral in the literature. These elongation factors have
low standard deviations, +0.2-0.4.

A graphical presentation of the shape factors and the elongation
factors is given in the figures 4.9 and 4.10, respectively.

The shape factor and the elongation factor are not independent
variables. A schematic relation between grain shapes, elongation

factors and shape factors is shown in figure 4.11.

0.7 2.4
0.6-0:58 w2922
S os §\§ %752 > g 2.0'% &
2 04 &\\ //4 N & s 18',//4 N\
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CCL RHP GUL LIL MBL MBA RHP CCL MBL MBA LIL GUL

Fig. 4.9 Mean shape factor of

natural hematite concentrates Fig.4.10 Mean elongation factor

of the hematite concentrates.

Lo faeo ) Lo gt E e
Shape factor: 1 0.79 0.78 0.75 0.71 0.64 0.52 0.33
Elongotion f.: 1 1.0 1.3 1.5 1.9 25 38 75

Fig. 4.11 Schematic relation between grain shape and factors.
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The concentrates have smaller shape factors than what is expected
from their elongation factors, because their rugged grain
surfaces also result in small shape factors. Elongated grains
have small shape factors, as shown in figure 4.11, but small
shape factors do not necessarily imply elongated grains. Grains
with highly rugged surfaces have relatively long perimeters (L)
compared to the area in section (A), also resulting i1n small
shape factors. The very small shape factors of MBA, MBL, LIL and
GUL (0.43-0.50) can mainly be attributed to their large specific
surface areas. Small differences between these mean shape
factors, in the range of the standard deviations, +0.03-0.05, can

be disregarded.

The shape factors of RHP and CCL (0.55-0.58) are in fact rather
small, which may largely be attributed to the elongated grains
of the two concentrates, since their grains have rather smooth
surfaces. Specific surface areas, elongation factors and shape
factors are presented together with other physical

characteristics in table 4.13 in section 4.12.

4.11 Porosity

Estimates of the closed pore volume in the grains of each
concentrate were derived from the measured densities compared
with theoretical densities based on chemical analyses. Open
porosity of ore lumps was calculated from measured bulk density.

Mean densities of the concentrates were measured in a Beckman,
Air Comparison Pycnometer, model 930. Each sample (50 g) was
split from the 63-90um fraction. The samples were not crushed

before the measurements. The results are shown in table 4.12.

The mean density of CCL is much lower than for the other
concentrates. This can be explained by its high content of SiO,
{5.4%) . Specific gravity of 8i0O, is only 2.65 g/cm®, while
specific gravity of hematite and magnetite is 5.24 and 5.18
g/cm®, respectively. Accordingly, the density of RHP is second
lowest because of its second highest SiO, content (1.8%).
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The density is lower than theoretical for the high-grade
indicating the presence of closed pores and
{and XRD analyses) of MBL,

and LIL, a theoretical density of approximately 5.22

concentrates, too,
cracks.

MBA, GUL,
g/cm’® was calculated.
were made and found to be about 1% for MBL and MBA and about 2%
for GUL and LIL, referring to table 4.12.

was found to contain about 0.7% of closed pores or cracks. An

From the chemical analyses

Estimates for their closed pore volumes

Correspondingly, RHP

estimate for CCL is not reported, because the chemical analysis
of CCL only reaches 98.8%, and because a high content of foreign

minerals makes an estimate very uncertain.

Open porosity of handpieces or ore lumps was calculated according
to formula 4.3 in which p, is the density of the concentrates.
The weight of 3-4 lumps of each ore was recorded. The volume was

determined in mercury by measuring the weight increase on

submerging each lump. The bulk density (p,) of the lumps were

calculated. The results are included in table 4.12.
L1t
Open porosity: Py Pe -100%
[ (4.3)
Po
Table 4.12 Porosity and density of concentrates and lumps
Concentrates Lumps "
Density Closed Bulk density Open ”
(pe) porosity (pp} porosity
(g/cm?) (%) (g/cm?) (%)
MBL 5.15 1 5.01 + 0.03 2.7 £ 0.6
MBA 5.17 1 5.00 £ 0.08 3.3 £ 1.6
GUL 5.10 2 3.75 £ 0.03 26.5 = 0.6
LIL 5.13 2 3.34 + 0.05 34.9 + 0.9
| ccr 4.89 _ 4.51 + 0.05 | 7.8 + 1.0
| rup 5.07 0.7 - -

The high open porosity of the ore lumps of GUL and LIL (26.5 and
34.9%,

the ores in section 4.2,

respectively), 1is in accordance with the description of
Hard and medium-hard ores were reported

to have about 30% porosity and a dominance of anhedral hematite.
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Contrary, the ores of MBA and MBL are massive with only about 3%
open porosity. This is in accordance with the description in
section 4.2 of the hard high-grade hematite ores in Brazil. Hard
high-grade hematite was described as dense and compact ore. Bulk

density could reach 5 g/cm® at the best.

The higher contents of closed pores in the grains of LIL and GUL
(having about 2% closed porosity) than in the grains of the other
concentrates (1% or less), are reasonable from the high porosity
of the lumps (25-35%).

4.12 Table of physical characteristics

Table 4.13 presents the main physical characteristics of the
natural hematite concentrates, which previously have been

discussed in this chapter.

Table 4.13 Physical characteristics of the hematite concentrates.

Physical Concentrate
properties
MBL MBa LIL GUL RHP CCL
I Specific
surface area 0.50 0.34 0.37 0.73 0.059 0.22
(m?/g)
Mean grainl 77 66 77 82 61 73
"size dgp (Hm)
Shape 0.44 0.43 0.46 0.50 0.55 0.58
factor
Elongation 1.7 1.5 1.5 1.3 2.2 2.0
factor
SBA'107° 1.05 0.56 0.97 1.48 0.46% 0
(m/m?)
Closed grain 1 1 2 2 0.7 -
porosity (%)
Grain or specular | granular | anhedral |anhedral|specular| specular
subgrain laminated | euhedral-
shape euhedral | subhedral

1) Mean grain size by screen analysis; the size of which 50 weight% is coarser
2) Boundaries between twin planes, only
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5 PREREDUCTION

5.1 Introduction

This chapter deals only with gaseous reduction of hematite. As
previously pointed out in chapter 1, it is considered a great
advantage for the Elkem Polar Process if (initial) reduction
rates for hematite concentrates could be predicted by raw
material characterization. Reduction kinetics 1is here studied
both for natural hematite concentrates and for "artificial®
hematite concentrates made by complete oxidation of Sydvaranger
magnetite at different temperatures. A possible influence of the
preoxidation conditions on the reduction rate 1is also
investigated. The natural hematites have been characterized in
chapter 4 and the "artificial® hematites have been described in
sections 3.4 and 3.5. Since reduction rates of the different
hematite concentrates should be compared for egual grain sizes,
only fraction 63-90um of the concentrates has been used in all

the prereduction experiments.

All the reduction experiments have been carried out at constant
temperature in the previously mentioned laboratory scale reactor
developed by SINTEF and Elkem to simulate reduction of
concentrates during pneumatic transport. This reactor has a
maximum operating temperature of 850°C, limited by the steel
quality it is made of. The reduction experiments in the present
work have been carried out at moderate temperatures in the range
700-850°C., Experiments have been carried out for 12-60 seconds
in batches and each batch has been chemically analyzed. Because
of material loss during the experiments a practical limit of 60
seconds have been set for the length of each experiment.

Reducing gas mixtures, initially consisting of CO, CO,, and H,
were used. A Ni-catalyst was installed to provide equilibrium for

the water-gas shift reaction (WGSR});

The water-gas shift reaction does not change the %RO (the
oxidizing potential of the reduction gas), but merely shifts the
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oxygen atom between the two reducing gases, H, and CO.

The %RO was defined in section 2.2 according to formula 2.3.
This quantity is indeed useful because %RO and %CO, in the
initial gas mixture are identical, as shown in equation 5.1la.

A hydrogen balance gives equation 5.1b.

Py 4+ P
$RO = H0~ "% -100% (2.3)
Pyot Poo,* Py, * Peo
$RO = $H,0+ ¥CO,= %CO; (5.1a)
$HS = $H, + %H,0 (5.1b)

%$CO5 = initial CO, content prior WGSR equilibrium
%¥H; = initial H, content

The degree of oxidation is a measure of the oxygen content of the
sample compared to pure hematite and it is defined according to
formula 5.2. Reduction proceeds from hematite (0X%=100%), to
magnetite (0X%=89%), to wistite (0X%=67-72%), to iron (0OX%=0%).

1.5-Fe’* (%) + Fe** (%) . 1403 (5.2)

OX{%) = -
1.5- Fetot (%)

The results of the chemical analyses are included in sections
5.4-5.6 and in appendix A.3. Optical microscope observations are
included in the discussion in sections 5.8 and 5.9. For a quick
understanding of tables and figures it is important to notice the
degree of oxidation (0X) and the %RO. A plan for the hematite
reduction was shown in table 1.1. The same table, together with
the calculated gas composition for a WGSR in equilibrium at the
different temperatures, is presented in table 5.1. Eqguilibrium
constants for the WGSR in table 2.3 were used in the
calculations. The gas composition is defined when %RO and the
initial H, content are given. Most of the experiments have been
carried out at 20, 35, or 50%RO with 35%H, in the inlet gas. The
H, content was also varied (0-45%), but the gas composition was
kept constant during each experiment.,
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Table 5.1 Experimental plan for the prereduction of hematite.

Temperature RO H, in inlet | Reduction time Equilibrium!

{(°C) (%) gas (%) (3) composition (%)
700]730|760|800{850]20|35|50] 0 [15[25|35/45]12|20[30] 35 [40{50({60] H, | H,O0 | CO | CO, |
X x X X[x|x X|x|x]28.1]6.92}151.9|13.1
X X x x|x X x|23.1]11.9141.9|23.1
X X X x|x X x118.2]16.8/31.8]33 .2
x b X bd 0 0 |80.0/20.0
x x x X 12.0|3.0|68.0|17.0
x x x X 20.114.9]59.9|15.1
X x X X 36.2|18.8143.8]11 .2
x x| x x H] 0 |50.0150.0
X X X X 7.6|7.4142.2]42.6
x X x x 12.9(12.1137.1(37.9
x X bid pad 23.7121.3126.3128.7
x x x X 28,01 7.¢]152.0[13.0

X | X X X " " " "
x X x x 19.1]15.9§30.9|34.1
X x X x 18.6{16.4]31.4433.6
X X x X 17.7M17.3132.3132.7
x X x X 17.2117.8]32.832.2

1 Equilibrium gas composition according to the WGSR at the actual temperature

i 1
Iron is the equilibrium r
) X e
product in the experiments 1100
carried out at 20%R0O, while ~1000
] + L) U 3
wustite is the equilibrium ©
product at G50%RO, referring .; 9001
to the phase diagrams in H O
. . D 8oof o
section 2.2 and figure 5.1. o O
The phase diagram in the 8 700p
figure 5.1 shows the § 500
experimental conditions )
during the prereduction 500+ H, (%)
experiments (temperature and 10 1.22 45
- 0L
gas  composition). The ;'36 gg .
reduction gas at 760°C and LR
35%R0 is in equilibrium with 10 20 30 40 50 60 70 80 90
The oxidizing potential (%RO)
Fe,_,0 and close to
equilibrium with iron. Fig. 5.1 Baur-Glaessner diagram.

o Experimental conditions
during reduction.
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5.2 Reduction kinetics

5.2.1 Physical models

Reduction of hematite with H, or CO proceeds as a sequence of
reactions, to magnetite, wistite, and iron as previously pointed
out in section 2.3.1. The rate processes involved are rather
complex because of the porous nature of the reduction products
and the change of pore structure with reduction temperature.
Wistite is not formed below 570°C, but at ordinary prereduction

temperatures it will be an intermediate product.

Two rather simple idealized models, a topochemical reduction
model and a uniform internal reduction model, are often referred
to in the literature. These are based on physical observations.
The topochemical reduction model 1is also often called the
shrinking core model and the uniform internal reduction model is
also called the continuous reaction model. Depending on
temperature, particle size, porosity, pore size, and gas
composition, one of these models dominates, or an intermediate

of the two models is observed.

The topochemical reduction
model is shown in figure 5.2,
which illustrates the cross
section of a large pellet.
The indicated phases may be
present at the same time
during the reduction of large FeSO FeO |[Fe
pellets and lumps, although
they are not all at chemical
equilibrium. During the
reduction of concentrates, all

these phases are not exXpected

to be found simultaniously.
Fig. 5.2 Topochemical reduction

However, each of the reduction of hematite.

reactions may proceed
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topochemically. Two or three, of the respective layers will in
this case be found in the grain cross sections. The topochemical
model is most commonly observed in all non-catalytic fluid-solid
reactions according to Levenspiel (1967). The front may not

always be sharply defined as shown in the model.

The uniform internal reduction model is
shown in figure 5.3. The figure may for
example illustrate reduction of porous
wistite in which droplets of metallic iron
have been uniformly formed. This model
may dominate in small and porous granules
at low temperature according to Turkdogan
and Vinters {(1971). They found that the

chemical reaction on the pore walls Fig. 5.3 Uniform
internal reduction

between the gas and the oxide was rate
controlling. The size of the pores must be so large that gas
diffusion in the pores offers little hindrance compared to the
chemical reaction. The reduction rate is independent of granule

size.

Porous pellets, reduced at low temperatures, may show an uniform
internal reduction pattern on a macroscopic scale. However, each
of the grains, which the pellets are composed of, may be
topochemically reduced. The topochemical reduction model has
been chosen in section 5.2.2, concerning rate equations for the

reduction of concentrates.

5.2.2 Rate egquations

The sequence of reactions occurring during reduction of hematite

to iron, can be written as shown in equations 5.3-5.5. R denotes

the reducing species in the gas phase, which are H, or CO.
3Fe,0; + R (g) — 2Fe304 + RO (g) (5.3)

Fe;O0, + R ({(g) — 3Fe0 + RO (g) (5.4)
FeO + R {(g) — Fe + RO (g) (5.5)
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Total reaction:

WFe,0; + R (g) — %Fe + RO (qg) (5.6)

Equation 5.7 is a general term for each of the reactions 5.3-5.6.

bB (s) + R {g) = sS (s) + RO {(g) {(5.7)

During reduction, three steps are considered to offer resistances
in series, Whenever one of the steps offer the major resistance,

that step alone is considered to be the rate controlling step.

1) Diffusion of gaseous reactant R through the gas film
surrounding the particle to the particle surface,

2) Diffusion of R (g) through the pores of the solid
reduction product to the surface of the unreacted core.

3) Chemical reaction of R (g) with the iron oxide.

If one of the product layers is not porous, the mass transfer
through this layer will not be by pore diffusion according to
step 2, but by solid state diffusion. Compact iron and wastite
layers, during the reduction of dense magnetite, have been
reported by Wiberg (1941), Edstrém (1953), Ulvensden et al.
(1991} and others. During reduction of hematite, however, porous
magnetite, wastite, and iron are usually formed (Bogdandy, 1971,
page 135). On the other hand, under special conditions, the
formation of dense wustite and iron do occur during hematite
reduction (reduction by H, at elevated temperatures, observed by
Ulvensden and coworkers (1991)).

The diffusion of gaseous products (RO) from the particle interior
to the bulk gas, may also offer resistances to the reactions, but

are ignored in the following treatment.

A graphical representation of the above mentioned 3 steps, 1is
presented in figure 5.4 for a spherical particle of unchanged
size with radius R. The radius of the shrinking core is called
r.. The figure shows schematically the concentration gradient
for gaseous reactant R when all the 3 steps contribute to the
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overall resistance. The

e e
e -~

- - .‘."!
7" Gas film™-_ Surface of
particle
b

concentration of R (Cg)

decreases towards the
] rface of
centre of the particle.
The subscripts g, s, and
¢, denote gas, solid,
and core, respectively,

and eg denotes chemical

QO
lnIl

equilibrium between the
actual solids and the

a0

gaseous reactant R. The

Concentration of R (g)

driving force in each of
these steps is the Radial position

concentration gradient, Fig. 5.4 Concentration of gaseous
as emphasized below: reactant (R) for a spherical particle
when all the 3 steps contribute to
overall resistance (Levenspiel, 1967)

1) Diffusion in the gas film: (Cg ~ Cg,)/ (R4=R)
2) Diffusion in the porous product layer: (Cp_- Cg )/ (R-I¢)
3) Chemical reaction at the core surface: (Cr.~ Cr,)

The relative importance of the resistances in the gas film and
in the solid product layers, to the chemical reactions 5.3-5.5,
will vary as conversion progresses. The gas film resistances
will remain unchanged during the reduction for each of the
reactions. The concentration of R in the bulk gas (C}g) can be
considered to be constant in all the reduction experiments in the
present work. Diffusion resistances in the product layers are
nonexistent at the start, but become progressively more important

as the solid product layers build up.

The mass transfer coefficients ky, D,, and k,, are general
measures for resistances (actually conductivities) in gas films,
product layers, and of chemical reactions, respectively. The
lower the coefficient the higher the resistance. A closer look
at the several factors which influence on these coefficients is

taken in the next section. Superscripts on D, and k; are used to
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indicate specific product layers and chemical reactions,

respectively.

In the following, each of the steps 1is considered to offer the
major resistance and hence be rate controlling. The review is
based on the work by Levenspiel (1967} with the assumptions of
spherical particles and constant particle volume during the
reactions. It differs in that he treats irreversible reactions,
instead of reversible reactions as in the present work. A
comparison will first be given between the common variable
applied by Levenspiel (r./R), the loss in weight frequently used
in the gravimetric methods, and the variable 0X% used in the

presentation of the reduction results in the present work.

Comparison of variables

The percentage degree of oxidation (0X%=0X'100%) is a measure for
the oxygen content of a sample compared to the maximum amount of
oxygen the sample can contain after complete conversion to
hematite. It is defined according to equation 5.8.

. 3 2
oxg = L1:5 Fe ' (%} + Fe +(%)'100%=OX'100% (5.8}
1.5 Fet°t (%)

The fractional loss in weight at any stage during reduction of
a sample is defined by equation 5.9. AW; is the actual weight

loss and AW,,, is the maximum weight loss on complete reduction.

Y S {5.9)

The loss in weight on complete reduction to iron will equal the

maximum amount of oxygen a sample can contain if:

1) No other iron phases than hematite is contained in the
sample before reduction take place.
2) The weight loss is only caused by loss of oxygen initially

contained in hematite

On these two assumptions, the fractional 1loss in weight is

expressed by formula 5.10, or simply as y=1-0X in formula 5.11.
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1.5+ Fel™ (%) . Fei' (%)

npe'l.S'Ao - nFe ( Tor ToL ).AO
nFe°1.5'AO
1.5-Fei'(%) + Fei'(%)
y=1- - Tor - =1-0x (5.11)
1.5 Fe;°" (%) ’
ng., = The constant number of iron atoms in a sample.
A, = Atomic weight of oxygen

A relation between r./R, y, and OX is derived on the assumptions
that the total reduction from hematite to iron proceeds
topochemically for a constant particle volume (V°), referring to
figure 5.5 and formulas 5.12 and 5.13.

The volumes of the iron, wistite,
and magnetite layers are called
vFe, yYU, and V™, respectively,
while VP denotes the volume of the
hematite core. The number of iron
atoms in the particle (ng.) 1is
constant during reduction and is
assumed to be homogeneously
distributed in the particle. For
each iron atom there are 3/2, 4/3,

or 1, oxygen atoms in the

hematite, magnetite, or wulstite On B ©BR

. Radial position
phase, respectively. The wvacancy P
concentration in wiastite (Fe,_,0) %éga;%;%thﬁoﬁgggtiié

is set to zero (y=0).

th th 4 VWU
AW HFe'l.S'AO -nFe( 2 .1.5 + O.T + O.l)AO
y = i 14 v