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INFLUENCE OF Fe(II) ON THE FORMATION OF THE
SPINEL IRON OXIDE IN ALKALINE MEDIUM
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Abstract—Fe(I1) and Fe(Ill) in various proportions were coprecipitated by NH; at pH = 11. The Fe(II)/
Fe(III) ratio (x) was varied from 0.10 to 0.50. After stabilization by aging at pH = 8 in anaerobic conditions,
hydrous precipitates were characterized by electron microscopy, Mossbauer spectroscopy, and kinetics
of dissolution in acidic medium. At any x value, all stable products exhibited the structure of (oxidized)
magnetite. For x = 0.30, two distinct species were coexisting: the one (“‘m”) was made up of ca. 4nm-
sized particles with a low Fe(II) content (Fe(II)/Fe(III) = 0.07), and the other (“M™) consisted of particles
of larger, more or less distributed sizes, and composition Fe(II)/Fe(III) =~ 0.33; “M” increased relative
amount with increasing x. For x = 0.35, “M” was the only constituent and its Fe(II)/Fe(III) ratio was
equal to x. “M” is identified with (nonstoichiometric) magnetite, whereas “m” is likely to be an oxy-
hydroxide. Mechanisms of formation are discussed, and a phase diagram is proposed which schematizes
the evolution of the coprecipitation products with x and with time. Addition of Fe(II) after the precipitation

of Fe(111), instead of coprecipitation, yielded very similar results.
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INTRODUCTION

Divalent transition metal cations (M = Fe, Mn, Cu,
Ni, Co, Zn) at sufficiently high ratios (M(I1)/Fe(III) >
0.2, roughly) are known tc interact with the least or-
dered variety of ferrihydrite to produce phases with
the spinel structure (Cornell and Giovanoli, 1987, 1988;
Cornell, 1988; Mann et al., 1989). This generally pro-
ceeds by dissolution and reprecipitation.

We recently reported (Tronc et al., 1992) that Fe(IT)
ions in alkaline medium (pH = 11) can also make
ferrihydrite convert to a spinel phase by a reaction in
the solid state. Fe(II) adsorption induces an interfacial
electron transfer and the mobility of the extra electrons
within the whole Fe(II)-ferrihydrite particle drives the
transformation. The rearrangements required for elec-
tron hopping occur easily because of the low degree of
cross linking in ferrihydrite. They proceed by olation/
oxolation processes with water elimination. At any val-
ue of the Fe(I1)/Fe(IIl) ratio (x), local ccp ordering rap-
idly sets in; the degree of ordering increases with x and
with time. The reaction is competing with dissolution
of complexes from the surface; the Fe(II) level rules
the kinetics of the two processes and the composition
of the soluble species. At x < 0.1, the ordering remains
globally too poor to ensure stability against dissolution.
The dissolved species have a low Fe(Il) content and
recrystallize into goethite, the only stable phase. Pure
ferrihydrite, too, converts into goethite in the experi-
mental conditions, with the presence of Fe(II) ions ac-
celerating the conversion. A similar effect also occurs
at pH 5-7 (Fischer, 1973). At x > 0.1 (Tronc et al.,
1992), goethite formation is totally suppressed and both
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reactions, in the solid state and via the solution, lead
to stable (nonstoichiometric) magnetites which can be
morphologically very distinct.

In this paper we report an investigation of these
magnetites as a function of the initial Fe(II) level (0.10
< x = 0.50). The materials were obtained by simul-
taneous or successive precipitation of Fe(IIT) and Fe(II)
ions in alkaline medium, and aging in anaerobic con-
ditions at pH = 8 and room temperature for 1-2 days.
Hydrous materials were characterized by electron mi-
croscopy, dissolution kinetics in acidic medium, and
Maossbauer spectroscopy.

EXPERIMENTAL METHODS
Materials

Aqueous mixtures of FeCl; (40 cm?, 1 M) and FeCl,
(2 M, 2 M HQ)) in various proportions were added to
an NH, solution (400 cm?, 0.6 M, pH = 11) with
vigorous stirring at room temperature. A dark brown
precipitate instantaneously formed. The solid was sep-
arated by magnetic settling on a permanent magnet (or
by centrifuging), washed with degassed distilled water,
separated again, redispersed in distilled water, and
stored under argon. The pH of the suspensions was
near 8 and the Fe concentration was about 0.1 M. All
preparation and separation steps were carried out using
degassed solutions and nitrogen flowing within the ves-
sel. The Fe(I1)/Fe(III) molar ratio (x) in the initial mix-
ture was varied from 0.10 to 0.50. At x = 0.15 and
0.50, experiments were also carried out with addition
of Fe(Il) after the precipitation of Fe(III).
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Methods

Chemical analysis. Fe(Il) and total Fe concentrations
in the suspensions were determined after dissolving the
solid in concentrated HCl. Fe(II) was titrated poten-
tiometrically with K,Cr,O,. At the titration end, in
order to determine the total Fe concentration, all Fe
ions were reduced with a SnCl, solution, and the mix-
ture was again titrated with K,Cr,0O,.

Chemical reactivity. The various solid species were
characterized by their kinetics of dissolution in acidic
medium (2 M HCI). The dissolution frees both Fe(II)
and Fe(III) species. As they were released into solution,
Fe(III) species were reduced by KI (0.2 M). The lib-
erated I, was automatically titrated with Na,S,0, ions
using a 3D Metrohm Combititreur which maintained
the potential in the medium at the equivalent point of
the 1,/S,0,%" redox reaction. This method left no excess
iodine in the medium, and I~ concentration remained
constant during the dissolution. Because of acid excess,
H* concentration was quasi constant. The two reduc-
tion reactions (Fe(IIT)/I- and 1,/S,0,;%") are very fast so
that the rate of the global reaction is determined by
the dissolution of the particles. Data analysis using
pseudo-first-order rate laws yielded dissolution rate
constants and proportions of the various Fe(IT) spe-
cies.

Suspension fractionation. In some cases, suspended
particles were separated according to their size. The
separation was carried out entirely under flowing Ar.
The suspension was magnetically concentrated and the
supernatant liquid (free of Fe) was eliminated. The
solid was treated with concentrated N(CH,),OH. The
mixture was vigorously stirred and magnetically set-
tled. The supernatant sol (Jolivet et al., 1983) was iso-
lated. It contained the smallest particles and constitutes
the small particle size fraction hereafter termed the
S-fraction. The settled fraction was washed alterna-
tively with water and N(CH,),OH until magnetic set-
tling yielded a supernatant free from colloids. The solid
was dispersed in water in an Ar atmosphere. This frac-
tion made up of particles of large size was termed the
L-fraction.

Techniques

Transmission electron microscopy. Micrographs and
diffraction patterns were obtained on a JEOL 100 CXII
apparatus. Samples were prepared by evaporating very
dilute ultrasonicated solutions onto carbon-coated grids.
The d-spacings were calibrated using a Au pattern.
Particle size distributions were estimated by measuring
the size of about 400 particles.

Mdssbauer spectrometry. Mdssbauer spectra were re-
corded using a conventional spectrometer (ELSCINT-
INEL) with a 5’Co/Rh source. The suspensions were
added to an aqueous solution of polyvinyl alcohol and
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the mixtures were dried in an Ar flow yielding rigid
films. Some samples consisted in suspensions confined
in a plastic cell, rapidly frozen to 77K. Velocities were
calibrated using an iron foil. Isomer shifts are given
relative to metallic iron at room temperature.

RESULTS

The following results generally concern suspensions
aged for 1 or 2 days. Their composition always cor-
responded to the stoichiometry of the initial Fe(II)/
Fe(III) mixture. Operating conditions effectively
avoided oxidation. The addition of Fe(Il) after the pre-
cipitation of Fe(Ill) yielded the same features as co-
precipitation, as reported earlier (Tronc ef @/, 1992).

Influence of the level of Fe(Il)

Electron microscopy. Images of hydrous precipitates at

= 0.10-0.15 showed two distinct types of particles
(Figure la): spheroids of ca. 4 nm and well-faceted
prismatic crystallites of 25 to 150 nm. Selected area
diffraction (Figures 1b and 1¢) showed that particles
of each type had the spinel structure. The large crys-
tallites generally yielded diffuse scattering features in-
dicative of stacking faults. With increasing x (Figure
1d), the large particles became less numerous and
smaller, while the small particles significantly increased
in size. Above x = 0.25, no particle larger than 20 nm
was observed and the system appeared to be made up
of a single type of particle whose mean size increased
with x (Figures le and 1f). Size distributions are shown
in Figure 2, other data are given in Table 1. Size dis-
tributions for x < 0.25 samples only concern the small
particles; because of the very large difference in the size
of the “small”” and “large” particles, the two popula-
tions could not be correlated on the same diagram.

Observations performed after prolonged storage
showed that the suspensions at x > 0.10 remained
practically unaltered even after several months. After
8 days, the suspension at x = 0.10 contained a few
crystallites of goethite and hematite and only small
changes occurred with further aging.

Mdssbauer spectroscopy. At room temperature, the
spectrum of magnetite consists of two sextets. One (B)
is due to the Fe(II) and Fe(IIl) ions paired by electron
exchange in octahedral sites, and the other (A) to the
Fe(IID) ions in tetrahedral sites. The unpaired Fe(III)
octahedral ions in partly oxidized magnetite contribute
to the A subpattern (Daniels and Rosencwaig, 1969)
so that the B/A area ratio decreases from 2, approxi-
mately, down to O with increasing oxidation. Gener-
ally, particles more than 10 nm in size give the bulk
pattern with hyperfine fields reduced by collective mag-
netic excitations. Particles smaller than 6 nm are su-
perparamagnetic and produce a paramagnetic pattern.
Intermediate sizes lead to complex spectra (Morup et
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Figure 1.

Electron microscopy observations from precipitates formed at various Fe(IT)/Fe(I1l) ratios (x), aged for 1-2 days.

For (a), (b), and (c) x = 0.15, image and selected area diffraction from small particles and a crystal, respectively; (d) x = 0.25;

(e) and (f) x = 0.50.

al., 1976, 1980; Coey and Khalafalla, 1972; Tronc and
Bonnin, 1985).

The spectra of the precipitates at x = 0.10-0.15 show
the magnetite pattern superimposed on a symmetrical
doublet (Figure 3). With increasing x, the magnetite
pattern grows at the expense of the doublet, and for x
= 0.50 the spectrum is similar to that of 10-nm Fe,
O, particles (Morup et al., 1976). Mossbauer param-
eters were determined by fitting the spectra to simple
distributions with 2 or 3 hyperfine fields for each of
the 2 magnetite subpatterns. The quadrupole shifts were
fixed at zero and the line widths of the various sextets
were constrained to be all equal. Overall departure
from the theoretical 3:2:1 intensity ratio was allowed.
The parameters obtained from these fits are given in
Table 2.

The A and B isomer shifts identical to those of bulk
magnetite (Murad and Johnston, 1987), and the hy-
perfine fields reduced in similar proportions are con-
sistent with the size effect (Figures 2 and 7a). The ay/
a, area ratios, generally much smaller than 2, are typ-
ical of nonstoichiometric magnetite. Their variation
suggests a break in the evolution of the composition.
The ratio of the recoilless fractions of >’Fe nuclei in
octahedral (o) and tetrahedral (t) sites in Fe,O, at room
temperature is f/f, = 0.94 (Sawatzky et al., 1969). For
nearly stoichiometric materials Fe(II)/Fe(III) = a,/(1.88
a, + ag), which yields Fe(Il)/Fe(III) = 0.48 for the x
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=0.50 material, in good agreement with the theoretical
value. However, in the case of significant oxidation,
because of mixed Fe, and Fe, contributions to the A
pattern, it is simpler to assume the same recoilless
fraction for all Fe ions; then Fe(Il)/Fe(Ill) = ag/(2 a,
+ agy). Thus, the data suggest that Fe(IT)/Fe(IIl) = 1/3
for x < 1/3, and Fe(II)/Fe(lII) = x for x = 1/3.

The paramagnetic pattern only exists for x < 0.35.
It shows no resolved Fe(II) (Fe?3* ) component and the
parameters are typical of Fe(III) ions in small iron
oxide particles (Tronc and Bonnin, 1985; Murad and
Schwertmann, 1980; Murad and Johnston, 1987).

(%),
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0 5
Figure 2. Particle size distributions as a function of the initial
Fe(IT)/Fe(III) ratio (x); (——-) truncated distributions (see text).
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Table 1. Characteristics of suspensions formed at various Fe(IT)/Fe(III) ratios (x), and aged for 1-2 days.

x 0.10 0.15 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.50
D (nm) - 5.2! 5.4! 7.2! - 7.5 8.5 8.6 10.2 10.6 10.5
¢ (nm) - 31 3.1 3.7 - 3.7 31 2.5 2.8 2.4 2.5
Immediately dissolved
f (%) 10 5 6 3 7
k, (min-Y)  0.51 0.40 0.38 0.45 *
f (%) 73 65 66 52 25
k, (min~') 0.012 0.012 0.018 0.026 0.044 0.055 0.090 0.096 0.100 0.120 0.110
f (%) 17 30 28 45 68 100 100 100 100 100 100

Data in italics refer to successive precipitation, others to coprecipitation. D and ¢ stand for mean and standard deviation
of size distributions, respectively; ! truncated distribution as mentioned in the text; k, and k, are dissolution rate constants;

f is the fraction of dissolved Fe(III); * not determined.

Therefore, the Fe(II)/Fe(III) ratio must be low in the
(super)paramagnetic fraction (=0.1 with the above as-
sumption), and a mixture of superparamagnetic oxi-
dized magnetite and ferrihydrite cannot a priori be
excluded. Note that this cannot be confirmed or ex-
cluded by TEM observations owing to the very small

*.

size of the particles and poor structural ordering of
ferrihydrite.

Dissolution kinetics. Ferrihydrite dissolves quasi-in-
stantaneously at the pH conditions used, while mag-
netite dissolves more slowly regardless of the particle

S
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Figure 3. Observed and calculated Mdssbauer spectra (295 K) of frozen in suspensions of different Fe(I1)/Fe(III) compositions.

https://doi.org/10.1346/CCMN.1992.0400506 Published online by Cambridge University Press

-6 0 6

4


https://doi.org/10.1346/CCMN.1992.0400506

Vol. 40, No. 5, 1992

2 0.25

iy

s) 20 40 t min
Figure 4. Dissolution kinetics for suspensions of various
Fe(II)/Fe(I1I) stoichiometries (x). (a) x =< 0.25; (c) x = 0.30;
(b) plot of the first stages appearing in (a), recalculated by
taking into account the amount of slowly dissolved species
determined by extrapolation in (a). (c, represents the amount
of total Fe(III) and c represents Fe(III) undissolved at time
t). Straight lines correspond to first-order rate law fits.

size and the Fe(Il)/Fe(IIl) ratio (Tronc ef al., 1992).
Small particles of magnetite and ferrihydrite can thus
be differentiated by the rate of dissolution.
Dissolution rate results (Figure 4, Table I) exhibit
two types of behavior depending upon the x value. At
x < 0.30 (Figures 4a and 4b) there are three distinct
stages corresponding to immediate, rapid (rate con-
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Figure 5. Suspension constitution as a function of the Fe(11)/

Fe(III) ratio. Fe(1Il) partitioning in early systems (~—-), data
taken from Tronc ez al, 1992: Fe(Il)-ferrihydrite (x), and
magnetite (+). In aged systems (——) as deduced from Moss-
bauer and dissolution kinetics data: (super)paramagnetic (&)
and magnetic (O) fractions, immediately plus rapidly (a) and
slowly (@) dissolved species.

stant k,), and slow (k,) dissolution, successively. As x
increases, k, remains practically constant and k, reg-
ularly increases. At x = 0.30 (Figure 4c¢) the stage of
immediate dissolution no longer exists and there is
practically only one kinetic stage. The rate constant
(k;) jumps between x = 0.30 and 0.35, then slightly
increases up to x = 0.50. Ferrihydrite is present only
for x < 0.30, and then only in small quantities (<10%
of total Fe(III)).

The characteristics of the dissolution of the mag-
netite particles vary strongly with x. This is due to size
and/or composition effects. Comparing the Fe(III) par-
titioning with that deduced from Mé&ssbauer data (Fig-
ure 5), it appears that rate constantk, is to be associated
with the superparamagnetic particles, and k, with the
magnetically blocked ones. The difference between k,
and k, is mainly due to the size effect. As x increases
from 0.15 to 0.30, the Fe(II)/Fe(lll) ratio in the large
particles remains constant (Table 2) while their mean
size decreases (Figure 2) making k, increase. From x
= 0.35 up to 0.50, k, and the mean size both increase,
which is not consistent with a pure size effect. The
increase in the Fe(II)/Fe(IIl) ratio in the particles is
likely to have the dominant effect. The fact that an
increase in the Fe(Il) level enhances the dissolution in
acidic medium may be related to the release of iron as
Fe(IT) exclusively in weakly acidic medium (Jolivet and
Tronc, 1988). Both phenomena are likely to be con-
nected with the high mobility of electrons in the oc-
tahedral sublattice.

Analysis of fractionated suspensions

The species formed at low x values were character-
ized separately by fractionating the x = 0.15 sample.
The small (S) and large (L) particle fractions showed a
mean particle size of 4 nm and 57.5 nm (Figures 6 and
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Table 2. Maossbauer parameters (295 K) of the coprecipitation products as a function of the initial Fe(II)/Fe(III) ratio (x).

X Q.15 0.20 0.25 0.30 0.35 0.40 0.50

IS 0.33(1) 0.33(1) 0.33(1) 0.34(1) 0.35(2) - -

Qs 0.66(1) 0.66(1) 0.65(1) 0.56(1) 0.40(5) - -

w 0.58(1) 0.62(1) 0.70(1) 0.70(2) 0.70(2) - -

a (%) 78 56 38 16 4 — -

A: IS 0.31(2) 0.26(2) 0.25(2) 0.21(1) 0.23(1) 0.26(1) 0.25(1)
H, 48.3(2) 47.6(2) 46.5(2) 46.9(1) 46.6(1) 45.2(1) 46.3(2)
(H) 47.0 46.1 44.8 42.4 42.5 42,5 44.6
a (%) 11 21 30 41 48 45 37

B: IS 0.60(2) 0.65(3) 0.65(2) 0.61(1) 0.61(2) 0.63(1) 0.62(1)
H, 45.5(6) 45.2(2) 44.3(2) 45.2(2) 44.3(2) 43.4(1) 44.5(3)
(H) 448 433 41.8 41.0 40.8 40.9 41.3
a (%) 11 23 31 43 48 55 63

1S, QS, and W (mm/s) stand for isomer shift, quadrupole splitting, and line width, respectively. H,, and (H) Teslas (T)
stand for most probable and mean hyperfine field, respectively. The relative absorption area is a.

7a). Chemical analysis yielded Fe(I)/Fe(IIl) compo-
sitions of 0.07 and 0.30, respectively. %

Dissolution kinetics (Figure 7b and Table 3) show
that ferrihydrite is present only in the S fraction where 90
it represents 10% of the Fe(III). The rate constant of S
the major stage in the dissolution of the S fraction is
equal to the rate constant k, involved in the dissolution
of the whole suspension (Table 1). Therefore the same
particles are concerned, their size is less than or about
5 nm, and their Fe(IT)/Fe(I1I) stoichiometry is certainly
less than or about 0.07. The larger particles (k,) in the
S fraction may have a higher Fe(II) content. As sug- %
gested above, dissolution behavior at rate constant k,
in the dissolution of the whole suspension {Table 1) 25
concerns all the particles larger than ca. 5 nm. The lack
of selectivity in spite of dissolution rate decreasing by
an order of magnitude when particle sizes increase from
5-10 nm (k,, S) to =60 nm (k,, L) (Table 3), probably 0
comes from the uniform distribution of sizes over the
range 5-150 nm (Figures 2 and 7a).

The temperature evolution of the Mgssbauer spec-
trum of the S fraction (Figure 8a) is typical of super-
paramagnetic relaxation (Merup et al, 1980). The
blocking temperature (50% of the spectral area in the
superparamagnetic and magnetically split compo-

O

25 7.5 nm

25

- . -
40 60 t min

Figure 7. Characteristics of a fractionated suspension (Fe(II)/
Fe(IIl) = 0.15). (a) Size distributions for small (S) and large
(L) particle fractions; (b) dissolution kinetics for the whole

% g 2
RS

Figure 6. Electron micrographs of small (S) and large (L)
particle size fractions isolated from a suspension of compo-
sition Fe(I1)/Fe(I1l) = 0.15.
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suspension (W) and separated fractions (¢, and ¢ stand for the
amounts of total Fe(IlI) and Fe(IIl) undissolved at time t,
respectively).
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Table 3. Characteristics of a fractionated suspension at Fe(1I)/Fe(III) = 0.15.
Fraction S L
Fe(11)/Fe(I1I) 0.07 0.30
D (nm) ¢ (nm) 4.1 1.3 57.4 26
imm. diss. f{%) 10 -
k, (min~') f{%) 0.37 72 0.49 8
k, (min™!) f{%) 0.04 18 0.004 92
* t o t 0; 0,
IS (mm/s) 0.42(1) 0.49(1) 0.42(1) 0.53(1) 0.90(1)
QS (mm/s) 0 0 0 0 —0.26(1)
H(T) 49.9(1) 51.8(1) 50.8(1) 52.8(1) 48.4(1)
a (%) 60 40 57 22 21

D and o stand for mean and standard deviation of size distribution, the k;’s are dissolution rate constants, and f is the
fraction of dissolved Fe(III). M&ssbauer parameters at 4K are represented by *. IS, QS, H, and a stand for isomer shift,
quadrupole shift, hyperfine field, and relative area, respectively, with standard deviations given in brackets.

nents) is estimated to be near 60 K. The 4 K spectrum
is slightly asymmetric and shows no resolved Fe(II)
component. Two-sextet fits (Table 3) yield parameters
similar to those of tetrahedral (t) and octahedral (o)
Fe(IIl) ions in small y-Fe,O, particles (Haneda and
Morrish, 1977). This and the much higher blocking
temperature than that of pure ferrihydrite (28K) (Mu-
rad et al., 1988) support the spinel structure and con-
firm that ferrihydrite is present only in a small amount.
The area ratio (a,/a, = 0.67) notably deviates from the
value (1.67) expected for v-Fe,O,: this may be due to
strongly overlapping components and size effects which
persist (De Bakker et al., 1950), or to variable hyperfine
parameters because of incomplete ordering of the spi-
nel structure.

Apart from a weak component that is superpara-
magnetic down to ca. 150 K, the L fraction spectra
(Figure 8b) are typical of bulk nonstoichiometric mag-
netite (Daniels and Rosencwaig, 1969; Ramdani ef al.,
1987). Assuming identical recoilless fractions for all
Fe ions at 4 K, the results of the fit (Table 3) yield
Fe(Il)/Fe(I1) = 0.27, consistent with the chemical
analysis of this fraction.

Investigations of a fractionated suspension at x =
0.10 produced similar results. The L fraction Fe(I1I)/
Fe(IIT) composition was still about 0.3 while the ratio
for the S fraction was equal to 0.05.

DISCUSSION

All the results consistently show that the system in-
volves two distinct stable products with the spinel
structure. One product, “m,” exists only if x is roughly
in the range 0.10-0.33. It is made up of particles of
about the same size as starting ferrihydrite (2.5-3 nm)
(Trong et al., 1992). The Fe(Il)/Fe(Ill) stoichiometry
is low (=0.07) and independent of x. The other product
(“M”) forms provided x = 0.10. It shows different
features depending on whether x is lower or higher than
about 0.33. For x < 0.33 growth phenomena strongly
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sensitive to the x value occur, and the Fe(II)/Fe(III)
stoichiometry stands close to 0.33. For x = 0.33, this
stoichiometry is equal to x.

The “m™ and “M” products are the result of the
Fe(I)-induced transformation of ferrihydrite particles
through the two competing processes: dehydration and
structural rearrangements in the solid state, or disso-
lution of complexes from the surface and recrystalli-
zation in solution (Tronc et al., 1992).

At x < 0.33, “m” is formed via the solid state re-

a b
M W “"\f\f'\ﬂl\ﬁl"—
250K 250K % v
M.”vﬁ;‘m ""’\ Ar\’.ﬁ,'\"’.
120k ¢ 150K.:('* L

' Mff‘:‘\’\"”
gok % EULRH R
PN i, H : :

3
\AAANATT
80K .0 :
AP

e v

_ﬁ.:'f‘," ) i‘,‘.‘
LR I
ak o v

N

-6 0 6 -6
velocity (mm/s)

Figure 8. Mossbauer spectra of small (a) and large (b) particle
size fractions isolated from a suspension of composition Fe(II)/
Fe(IIl) = 0.15.
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Figure 9. Phase diagram schematizing the time evolution of
the products of the precipitation of Fe(IIl) and Fe(Il) as a
function of the Fe(I)/Fe(III) ratio. G and M stand for goethite
and magnetite, respectively; FH stands for a ferrihydrite-like
phase with variable degrees of ordering, and spinel-ordered
end member m.

action and “M” exclusively grows in the solution. In
view of “M” composition, the dissolved species must
have a Fe(II)/Fe(I1) stoichiometry close to 0.33, and
crystallize as nonstoichiometric magnetite. At x = 0.10-
0.15 a few “M” nuclei grow as long as complexes with
suitable composition form in the solution. If x increas-
es, more nuclei are formed and their growth is limited.
The process of dissolution lowers the Fe(II) content in
the small particles, the Fe(II) concentration at the sur-
face becomes increasingly low, thus stabilizing “m”
particles against dissolution.

Atx = 0.33, both transformation routes lead to “M.”
The Fe(II) level is high enough for a very fast onset
of spinel order at long range in Fe(II)-ferrihydrite par-
ticles (note that magnetite may form from the start in
the case of coprecipitation). Soluble complexes of stoi-
chiometry Fe(II)/Fe(IlI) = 0.33 can form so that the
particle composition is not altered by Ostwald ripen-
ing. It is likely that there are several species with Fe(I1I)/
Fe(III) ratios in the range 0.3-0.5, and not only 0.5
(Misawa et al., 1974; Tamaura et al., 1981, 1983),
which are able to nucleate the magnetite phase. Their
structure might derive from the mixed-valence {Fe,O,
(OH), (OH,),]° species proposed by Henry et al. (1992),
whose compact configuration, with four u;-oxo bridges,
presumably ensures maximization of electron trans-
fers. The magnetite formed in the present conditions,
either in the solid state or via the solution, has an Fe(I[)/
Fe(III) ratio of at least 1/3; this minimum Fe(II) level
might be related to complete dehydration of the spinel
structure and/or energetic stabilization due to a co-
operative effect of the mobile electrons.
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In view of “m” and “M” compositions as a function
of x, the system behaves like a system of two ther-
modynamically distinct spinel phases. The earlier re-
ported system (Tronc et al., 1992), too, behaves like a
two-phase system (Figure 5). Taking into account the
data relative to the time evolution at x = 0.15 (Tronc
et al., 1992), and considering that ferrihydrite and “m”
are end members of a single phase characterized by
variable degrees of hydration and structural order, we
can represent the evolution of the whole system with
x and time by the phase diagram in Figure 9.

“M” is an oxide and “m” is likely to be an oxyhy-
droxide. It exhibits all the features of the deficient spi-
nel structure of oxidized magnetite; however, because
of the process of formation, long range ordering may
still be poor, significant hydroxylation is probably re-
tained, and tetrahedral sites may be partly vacant. Pure
ferrihydrite is well known to be a phase which shows
variable degrees of hydration and ordering, (e.g., Chu-
khrov et al., 1973; Eggleton and Fitzpatrick, 1988).
The “m” species might actually be an additional va-
riety, with prevailing ccp ordering. Also, this material
may provide a source for finely divided maghemites
in nature, independent of magnetite oxidation. At
Fe(Il)/Fe(IIl) = 0.5, ferrihydrite converts to spinel
without green rust intermediates, contrary to what is
observed at higher Fe(Il) levels (Mann et al., 1989).
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