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Diffusion mechanisms and reactions during
reduction of oolitic iron-oxide mineral

S. NADIV*T, S. WEISSBERGERY, I. J. LIN, Y. ZIMMELS
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Technology, Haifa 32000, Israel

Diffusion mechanisms with moving reaction interfaces involved in the reduction process of
oolitic iron oxide, containing small goethite particles in a kaolinite matrix, are presented.
Reduction was effected by means of CO gas at 950° C, with the oolite already transformed by
dehydroxylation into haematite particles and a metakaolinite matrix. The haematite particle
under the CO + O — CO, reaction taking place at its external surface develops concentric
layers with unreacted haematite at the core enclosed by magnetite wustite and metallic iron, in
that order. In the matrix between particles, “bridges” of a two-phase mixture of hercynite and
fayalite develop by diffusion of iron ions and “‘reactive transport” of oxygen (by means of

CO, molecules), thereby permitting coarsening of the metallic particles. Detailed models are
presented for the diffusion mechanisms and reactions involved, and the thermodynamical pic-

ture is brought out.

1. Introduction

Direct reduction of oolite iron oxide mineral was
studied. The oolite in question appears in the form of
an oval particle (0.05 to 1.0 mm), containing fine par-
ticles (1 to 2 um) of goethite (Fe,0O, - H,0) divided
along concentric shells (in the large variants), or in a
network pattern (in the small ones) within the matrix
mineral which consists mainly of kaolinite (Al,O,
2510, - 2H,0), the relative amounts being 81% geoth-
ite, 12% kaolinite (Fig. 1).

After removal of clays, carbonates, etc. from the
rest, the resulting oolite concentrate was pressed into
10 mm pellets, which were placed in an alumina cruc-
ible under a covering layer of anthracite powder, and
slowly heated in an electric furnace to a preset tem-
perature, at which it was kept for a predetermined
residence time. It was then cooled (together with the
furnace) to 150°C, and finally placed in a desiccator
for final cooling.

Direct reduction was effected with carbon mon-
oxide gas produced from the anthracite. In this
process oxygen is removed from the iron oxide par-
ticles through the CO + O — CO, reaction taking
place at their external surface with the resulting
growth of metallic iron particles. The latter become
amenable to low-intensity magnetic separation after
having increased in size by at least two orders of
magnitude, and this fact determines the reduction
temperature (25 um average size at 1000° C).

The details of the process and the parameter inter-
relationship (temperature, particle size, processing
time, type of reductant, etc.) are described elsewhere
[1]. The same paper reports characterization data

of the raw and reduced materials, and the reader
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interested in the pyrometallurgical aspects is referred
to it.

The present paper, theoretical in nature, introduces
a model based on observations and on fundamental
theories whereby the overall process is controlled by
mechanisms of diffusion with moving reaction inter-
faces. The emphasis is on insight into the thermo-
dynamical principles underlying the process, in which
the given heterogeneous solid-state open system is dis-
turbed both thermally and chemically, and reacts non-
reversibly so as to dissipate the external activation.

2. Dehydration and reduction processes
In the oolite particle, pores larger than 10um
amounted to 5 to 33% as the size decreased from
—20 + 40 mesh down to — 100 + 325 mesh, respec-
tively. The pores facilitate flow of the CO gas inside
the oolite and this accelerates the reduction. Accord-
ingly, the rate of metallization increases the smaller
oolite particles. For a given heating residence time the
amount of metallization as a function of temperature
follows an S-shaped curve, with the steep intermediate
section between 975 and 1075° C. Below 900° C only a
few per cent metallization was observed, as against
90% above 1200° C. At 900° C the metal particles were
one order of magnitude larger than those of the goeth-
ite, at 1100°C by two orders, and at 1200°C they
coalesced into a continuous phase.

Upon heating, the goethite loses its crystal water by
dehydroxylation and the formation of protohaematite
at 250°C:

2FeO(OH) — Fe,O; + H,0 (H
This takes place by the rupture of hydrogen bonds

0022-2461/88 $03.00 + .12 © 1988 Chapman and Hall Ltd.



00 o
qo000° o,
60 0000004

between (FeOg) octahedra layers (see Pauling [2]
on the structure of the diaspore crystal) and proton
delocalization preceding the dehydroxylation. The
protohaematite, which initially consists of fine imper-
fect crystallites, recrystallizes (starting at 430°C, but
mostly about 600° C) into haematite («-Fe,O;) in the
form of larger and perfect crystallites. Identification is
possible by means of X-ray diffraction [3] or infrared
absorption spectroscopy [4]. The dehydration may
end with a product of about 10~*cm’ g~' pore volume,
comprising 0.6 to 1.0 nm micropores [5].

At 450° C the kaolinite is transformed by dehydroxy-
lation into metakaolinite [6, 7):

AL, - 28i0,2H,0 — ALO, - 2Si0, + 2H,0  (2)

This conversion takes place by the rupture of hydro-
gen bonds and proton delocalization between layers of
Si0, tetrahedra and AlO,(OH), octahedra, followed by
the delamination of layer packets (lamellae) and con-
cluding with the opening of micropore channels. At
900°C this metakaolinite structure collapses into
2Al1,0; + 3510, spinel of y-Al, O; structure.

Within the newly formed haematite, the micropores
are too narrow for easy migration of CO molecules
inside the particles. Accordingly, as was in fact
observed, the reduction has to follow the pattern typi-
cal for dense particulates — namely, formation of
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Figure 1 Oval particle of oolite : geothite particles in
a matrix, with kaolinite as major constituent, plus
minor minerals (schematic presentation).

KAOLINITE MATRIX

concentric layers (Fig. 2) of magnetite (Fe;0,), wustite
(FeO) and metallic iron, around the shrinking core of
haematite [8, 9]. As the reduction process advances it
is assisted by diffusive migration of iron and oxygen
atoms (the mechanism is described in detail in the next
section). Once the external metallic layer has formed,
arms rich in iron consisting of a two-phase mixture —
hercynite (FeAl,0O,) and fayalite (Fe,SiO,) — develop
through dissolution of the metal in the adjoining
metakaolin matrix, and eventually coalesce into con-
tinuous gangue material bridges between the particles.
Formation of these bridges makes possible a ripening
process, whereby the larger iron particles grow at the
expense of the smaller ones as iron atoms diffuse into
them from the latter, and at the same
time the overall free surface energy of the particles
decreases.

Above 1050°C some of the apatite Ca,;(PO,),F
(also present in the oolite matrix material) decom-
poses, supplying calcium for a reaction with the her-
cynite and fayalite to form anorthite [1].

CaO + FeALO, + 2Fe,SiO,
- CaO - ALO; - 28i0, + 5FeO 3)

In this reaction the bridges are destroyed, and the -
ripening process is arrested. At the same time pockets

(CORE)
.

Figure 2 Reduction process mech-
anisms in haematite particle.
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of phosphorus-rich molten iron are formed (since the
solidus temperature of the iron—phosphorus system
lies within the range in question), and the constitu-
tional requirement of local equilibrium causes separ-
ation of solid iron, thus providing an alternative
mechanism of metallization. This mechanism, how-
ever, falls outside the scope of the present paper,
which is concerned with the situation prevailing at
950° C, with the reduction taking place by means of
the CO gas only, and no molten phase being formed.

3. Reduction of iron oxide particles
As noted earlier, the reduction is effected by means of
CO gas reacting with the oxygen supplied by the
decomposing oxide. The bulk of the process takes
place at the moving interface between the wustite and
iron layers (Fig. 2), by the following reaction:

3Fel* [Fe?*| + O = |[Fe**|” + 2Fe™ [FeX*|" + FeO
C)]

where
FeO = Fe**|Fe’*| + O* |0*7|

The notation suggested by Schottky, and used by
others [10], designates point defects here: Fe?* {Fe’*| is
a divalent cation in the normal lattice position; |Fe** |”
is an unoccupied divalent cation lattice position
(cation vacancy); Fe**|Fe** | is a trivalent cation in the
lattice position of a divalent ion (positive hole).
Divalent ion deficiency as represented by a vacancy is
responsible for the excess of two negative charges at
the lattice point, and must appropriately be balanced
by two adjoining positive holes. Thus, migration of
Fe?* ions against |Fe’™|” vacancies call for parallel
interchange of charges between the divalent and
trivalent iron jons, i.e. for migration of positive holes.

In Equation 4 an Fe?* ion diffuses from the Fe/FeO
interface into the wustite layer, against an [Fe**|” and
two Fe*'|Fe*™|" positive holes. Annihilation of the
vacancy at the Fe/FeO interface supplies in fact the
two electrons needed to annihilate the two positive
holes. The local stress situation is one of compression
exerted by the denser rim of the iron layer on the
waustite, in conjunction with the capillary forces at the
curved interface, which assist the FeO decomposition.
The O~ anion is transformed into an oxygen atom
capable of interstitial diffusion through the metallic
iron rim lattice towards the outer surface, where the
reaction with the CO molecule takes place. The
released electrons neutralize an iron cation attached to
the inner side of the iron layer, whereby the Fe/FeO
interface moves towards the core direction.

The other important interface is the Fe,0,/Fe,0,,
which surrounds the residual haematite core of the
reducing particle. Here, reduction of the a-Fe, O, takes
place by means of the inward-diffusing Fe** ions,
presumably through the reaction

Fe,0, + F&** |Fe** | == |Fe’*|” + 2Fe’* |Fe**|" + 3FeO
(component of magnetite) &)
where
Fe,0, == 2Fe** |[Fe’*| + 3077 |0* |
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At this interface the most important event is “‘open-
ing” of the close-packed hexagonal (CPH) anionic sub
lattice of «-Fe, O, into the cubic close-packed (CCP)
one of spinel form, carrying an excess of cation vacan-
cies. The reaction which takes place is

g transformed Fe,0; ) Fe, 0, * FeO spinel
(complex Fe, O,
oxide)

(6)

The complex oxide Fe,O, resulting from the solid-
state reduction is imperfect compared with magnetite
produced by chemical precipitation. Rearrangement
of atoms is only possible through crystalline imperfec-
tions. The state of stress at the interface must be such
that the new product on the outer side of the Fe, O,/
Fe, O, interface would be under tension. It should be
emphasized again that the reduction process proceeds
exclusively by cation diffusion, with no anions taking
part.

No sharp interface could be discerned between the
Fe;0, and FeO layers as the latter oxide is non-
stoichiometric; it derives from the transformed Fe, O,
component of the complex Fe,O,, and is deficient in
iron to some extent. This transition likewise follows
Equation 5. The unit-cell formula of the inverse spinel
structure of magnetite is (Fe** )s[Fei* Fei*]0,, where
[ ] stands for octahedral, and () for tetrahedral
cationic sites. Its iron content is 42.86 at %, and the
unit cell parameter 0.83 nm. Out of the 32 available
octahedral sites only 16, and out of the 64 available
tetrahedral sites only 8, are occupied. The unit cell can
be divided into eight cubic octants [11] close-packed
with oxygen anions and resembling an fcc system
(Fig. 3). In all octants, six octahedral sites at edge
midpoints (out of 12 available) are equally occupied
by Fe?*, Fe’" ions. Apart from this common feature
two types of octant can be distinguished: Type A has
two tetrahedral sites occupied by Fe’*t ions, facing
each other along the diagonal (three-fold rotation
axis) on either side of the central octahedral site; it
represents the transformed Fe,O; component of the
magnetite (resembling a modification of y-Fe,0;
structure). In Type B only this octahedral site is occu-
pied by a Fe** ion, while the two adjoining tetrahedral
sites (as in Type A) are empty; it represents the defici-
ent FeO component. The octants of these different
types are packed together in the manner of a three-
dimensional chequer-board.

To obtain FeO out of the Fe, O, [12] without upset-
ting the electrostatic charge balance, the Fe’* ions
should be replaced by 1.5 times as many Fe** ions
occupying some of the vacant edge midpoint sites as
well. Thus, the 16 Fe** ions of the Fe; O, unit cell must
be replaced by 24 Fe?* ions, thus bringing the latter to
a total of 32, occupying exclusively octahedral sites in
the NaCl-type crystallographic system. The resultant
FeO will have an equivalent supercell parameter of
0.856 to 0.860 nm with a non-stoichiometric iron con-
tent of 47.7 to 48.8 at %, respectively.

Fe, O,
deficient FeO

4. Transformation of matrix phase
Once the reduced metallic layer has formed in the
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Figure 3 Unit cell of magnetite, resembling a three-dimensional
chequer-board of different type octants [11], forming an inverse
spinel structure.

particle, a reaction interface moves away from the outer
surface and advances radially into the matrix. The
matrix, which originally consisted mainly of kaolin-
ite (AL O, - 2S8i0,* 2H,0), had already been dehy-
drated, through detachment of bound water molecules
at 450° C, into metakaolinite (A1, O, * 2Si0,), which is
in turn transformed at the moving reaction interface,
with a constant supply of iron and oxygen, into a
mixture of two compounds: hercynite (FeAl,O,) and
fayalite (Fe,Si0,), following the reaction

ALO, - 28i0, + 5FeO — FeALO, + 2Fe,SiO,

metakaolinite hercynite  fayalite
(N
with
AG%px = —290kcalmol™' (—1214kJmol™")

Being an interface reaction, it takes place by the redis-
tribution of aluminium and silicon ions through inter-
facial diffusion at the moving interface. The process as
a whole is one of reoxidation, with both species sup-
plied in parallel with the major reduction process: the
oxygen atoms diffusing throughout the external

metallic layer (induced by the CO + O — CO, reac-
tion), and Fe?" ions dissolved from the same layer into
the adjoining already-transformed matrix (Fig. 4). As
atoms of both types arrive at the reaction interface (as
is described below), a chain of reactions takes place
sequentially [6, 7] instead of the one represented by
Equation 7, probably as follows
(a) 2(Al,0; - 28i0,)
metakaolinite
i 2A1203 * 38102
spinel-type phase
(b) 2Al,0,-3Si0, + 2FeO
spinel-type phase (8)
i 2(A1203 M SIOZ) + 2FCO * SIOZ
cyanite fayalite
(¢c) ALO,-SiO, + 3FeO
cyanite
— 2Fe0 - S8i0, + FeO - AL,O,
fayalite hercynite

amorphous

The spinel-type phase is believed to be some form of
y-alumina [6]. Structurally, its unit-cell formula is
(Sig)[AL;:]0;5,. It is metastable to the extent that with
FeO as mineralization agent it decomposes and trans-
forms. All forms in the chain reactions are close-
packed anion sublattices. The cyanite is an aluminium
orthosilicate (Al,SiO;), a CCP structure with all alu-
minium atoms in the octahedral sites; above 800° C it
decomposes into a mixture of hercynite (FeAl,O,) and
fayalite (Fe,Si0,), the first having a normal (CCP)
spinel structure with iron atoms in tetrahedral and
aluminium in octahedral sites, and the second resemb-
ling olivine (CPH) in structure with silicon atoms in
tetrahedral and iron in octahedral sites. It is reason-
able to assume that the chain of reactions takes place
by reshuffling of the anionic sublattice to permit
proper accommodation of the newly arrived oxygen
and incorporation of the newly arrived Fe?* , in paral-
lel with local redistribution of silicon and aluminium.
The diffusion of the latter is not necessarily coupled,

Figure 4 Mineral reactions in the inter-
particle matrix material.
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and since the formation reaction of the hercynite and
fayalite are of topotactic nature [1] (since the cation
lattice positions in the reacting and product phases are
conserved, namely: aluminium in octahedral sites of
hercynite as in alumina, and silicon in tetrahedral sites
of fayalite as in silica), the compounds can be formed
simultaneously without mutual interference.

The Fe** ions arrive by diffusion through both
phases of the transformed matrix, moving mostly via
vacant tetrahedral cationic sites. The oxygen ions
arrive by “reactive transport” via CO, gas molecules
formed by the reduction process at the particle inter-
faces and flowing through the porous matrix (Fig. 4).
The molecular decomposition of CO, into CO and
oxygen supplies the oxygen needed at the reaction
interface. Thus the carbon serves as a carrier for the
oxygen.

Carbon monoxide and dioxide molecules have
resonating bond structures [13]: in the CO molecule
the most probable (50%) mode out of the four poss-
ibilities is :C=0:" (in contrast to the purely coval-
ent mode such as :C=0:). The direction of the mol-
ecular dipole moment corresponds to a positive
charge on the oxygen atom, accounting for 16% of the
partial ionic bonding. In carbon dioxide, all four
modes are of equal probability such as :0-C=0:"
(in contrast to the purely covalent mode such as
:0=C=0Q:), which makes for easy retransformation
into a CO molecule by donation of an O~ ion. The CO
molecule is somewhat more stable than CO,, with
resonance energy (relative to ketonic double-bonded
type) 83 kcalmol™' (348 kImol~") as against 33 kcal
mol~! (138kJmol™") for the latter.

At the chemical-attack interface (Fig. 2) take place
the transformations Fe —» Fe’* + 2¢ (with the two
free electrons serving for formation of CO, molecules
of partially ionic character) and Fe’* — |Fe|” +
2Fe** |[Fe**|" (as a basis for the diffusion mechanism in
the transformed matrix phases). The Fe** ions arriv-
ing at the interface of mineral reactions (Fig. 4) meet
there 20~ ions provided by reactive transport, and
there ensues the chain of reactions described above.
Although the exact kinetics of the overall process in
the matrix are not yet well established, it is likely
that mass drift towards the particles, as well as the
closing of pores, compensate for the volumetric changes
accompanying the reactions.

5. Coarsening process

As the reaction interfaces, moving away from the
reducing particles, impinge on one another within the
matrix, and the bridges of gangue material referred to
earlier form between the particles, diffusion of Fe**
ions from the smaller into the larger particles sets in as
a necessary step in the coarsening process (Fig. 5). At
this stage reduction of the particles proper is still far
from complete and from now on both processes take
place simultaneously.

The coarsening process (known also as “Ostwald
ripening”’) can be described as follows [14]: when dis-
persed particles are soluble in the containing matrix,
smaller particles tend to dissolve and subsequently
precipitate on larger ones. The driving force derives
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Figure 5 Probable diffusion directions of Fe’* ions along gangue
material bridges during the coarsening process of the particles
(schematic presentation).

from the attendant decrease in the overall interfacial
energy. This effect is often observed in metal alloys,
but rarely in minerals. The concentration of solute in
the matrix adjoining a particle is inversely related to
the radius of the latter (as in the well-known Gibbs —
Thomson equation): the smaller the particle the higher
this concentration. In these circumstances a down-
ward gradient of Fe’* ion concentration develops
between the smaller and larger particles, along which
the iron ions diffuse.

6. Conclusions

1. When a thermodynamical heterogeneous solid-
state open system is disturbed through thermal (iso-
thermal heating) and chemical (a reducing gas in the
present case) activation, it drives for a situation of
minimum build-up of free energy. In our system, the
increase in free energy of the haematite particles by
their reduction into metallic iron is counteracted by
transformation of the matrix phase and the subse-
quent ripening process, which lower the overall free
energy of the system as far as possible.

2. The mechanism by which the different processes
take place in both the particles and the matrix is
diffusion of divalent iron ions. Simultaneously, some
oxygen is transferred by interstitial atomic diffusion in
the newly formed metallic phase, and by reactive
transport (with the oxidized CO, gas as carrier)
through the porous matrix.

3. In kinetical terms, the problem becomes one of
diffusion with moving reaction interfaces. The main
reduction interface lies below the outer interface of the
particles, at which wustite decomposes and liberates
both divalent iron ions and oxygen atoms. The chemi-
cal attack interface, at which the intruder CO gas is
oxidized to CO,, coincides with the outer surface, and
remains stationary throughout. Apart from these,
there are two important moving interfaces. The first is
located within the core of the particle, where the hae-
matite, on arrival of diffusing Fe’* ions, opens its
CPH anionic sublattice by transforming into a CCP
one of magnetite, producing both cation vacancies
and positive holes. The second, located within the
matrix, is an interface of mineral reactions, whereby
local interfacial diffusion of aluminium and silicon
ions, enriched by bulk diffusion of Fe’* ions, and
oxygen brought by reactive transport with CO, gas as



a carrier, leads to the metakaolinite matrix transform-
ing into iron-bearing mineral phases.

4. When the interfaces of mineral reaction, in their
motion away from the initial particles, impinge on one
another, bridges of gangue-material phases form
across which the Fe’* ions move and permit coarsen-
ing of the particles, thereby lowering the overall inter-
facial energy of the system.
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