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Structural mechanism of Co21 oxidation by the phyllomanganate buserite
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ABSTRACT
The geochemistry of Co at the Earth’s surface is closely associated with that of manganese oxides. This geochemical association results from the oxidation of highly soluble
Co21 to weakly soluble Co31 species, coupled with the reduction of Mn41 or Mn31 ions,
initially present in the manganese oxide sorbent, to soluble Mn21. The structural mechanism of this Co immobilization-manganese oxide dissolution reaction was investigated
at the buserite surface. Co-sorbed samples were prepared at different surface coverages
by equilibrating a Na-exchanged buserite suspension in the presence of aqueous Co21 at
pH 4. The structure of Co-sorbed birnessite obtained by drying buserite samples was
determined by X-ray diffraction (XRD) and powder and polarized EXAFS spectroscopy.
For each sample we determined the proportion of interlayer cations and layer vacancy
sites, the Co21/(Co21 1 Co31 ) ratio, the nature of Co sorption crystallographic sites, and
the proportion of interlayer vs. layer Co. From this in-depth structural characterization
two distinct oxidation mechanisms were identified that occur concurrently with the transformation of low pH monoclinic buserite to hexagonal H-rich birnessite (Drits et al.
1997; Silvester et al. 1997). The first mechanism is associated with the fast dispropor41
21
tionation of layer Mn31 according to 2Mn31
layer → Mnlayer 1 Mlayer 1 Mnsolution, where M
denotes a vacant site. Divalent Co sorbs above or below a vacant site (M1 ) and is then
31
oxidized by the nearest Mn31
species fills the M1 position while the
layer. The resulting Co
reduced Mn migrates to the interlayer or into solution creating a new vacant site (M2 ).
31
21
31
This reaction can be written: Co21
solution 1 M1 1 Mnlayer → Cointerlayer 1 M1 1 Mnlayer →
31
21
31
21
Cointerlayer
1 M1 1 Mnlayer
→ Colayer
1 M2 1 Mnsol/inter
. This mechanism may replicate along
a Mn31-rich row, and, because the density of vacancies remains constant, it can result in
41
relatively high Co concentrations, as well as domains rich in Co31
layer-Mnlayer . During the
low-pH buserite transformation, about one-half of the layer Mn31 that does not disproportionate migrates from the layer to the interlayer space creating new vacancies, with
the displaced Mn31 residing above or below these vacancies. The second oxidation mech31
anism involves the replacement of Mn31
interlayer by Cointerlayer ; the latter may eventually migrate
into layer vacancies depending on the chemical composition of octahedra surrounding
the vacancy. The criterion for the migration of Co31 into layer vacancies is the need to
31
31
avoid Mn31
layer-Colayer-Mnlayer sequences. The suite of chemical reactions for this second
31
21
mechanism can be schematically written: Co21
solution 1 Mninterlayer 1 M → Mnsolution 1
21
31
Co31
1
M
→
Mn
1
Co
,
the
last
step
being
conditional.
In
contrast
to
the first
interlayer
solution
layer
mechanism, this second mechanism decreases the density of vacant sites. At high surface
coverage, Co-sorbed birnessite contains a substantial amount of unoxidized Co21
interlayer species despite some non-reduced Mn31 in the sorbent. This result can be explained by the
31
41
sorption of Co21
solution onto vacant sites located in Colayer- and Mnlayer-rich domains devoid
of Mn31. The number and size of these domains increase with the extent of oxidation
and the total Co concentration in the solution, and this accounts for the decreasing
capacity of buserite to oxidize Co. The weight of structural evidence indicates that Co
is oxidized by Mn31 rather than Mn41. Thermodynamic considerations indicate that under
the solution pH conditions employed in this study Mn31 is the more likely electron sink
for the oxidation of Co21. This study also shows that the high affinity of Co for man* Alain.Manceau@obs.ujf-grenoble.fr
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ganese oxides is not only due to its oxidation to weakly soluble Co31 species, but also
because of the reducted layer strains from the substitution of Co31 for Mn31.
Results obtained for these model compounds were compared with those for natural
Co-containing asbolane and lithiophorite (Manceau et al. 1987). This comparison indicates that the different structural mechanisms explored in the laboratory can satisfactorily
account for the observations made on natural samples. Specifically, the present study
proves that Co substitutes for Mn in natural phyllomanganates and allows us to eliminate
the possibility of precipitation of discrete CoOOH particles.

INTRODUCTION
It has long been recognized that manganese oxides exhibit strong control on the environmental distribution of
Co. Early observations by Taylor and coworkers (Taylor
1968; Taylor and McKenzie 1966; Taylor et al. 1964)
showed that manganese minerals lithiophorite, hollandite,
and birnessite (dehydrated form of buserite) present in
Australian soils contain relatively large amounts of Co.
This geochemical Mn-Co association was also recognized
in deep-sea nodules and crusts (Burns and Burns 1977).
In addition, monomineralic Co-containing Mn phases,
such as asbolane and lithiophorite, have been identified
in oceanic nodules, soils, and lateritic formations (Chukhrov et al. 1982; Chukhrov et al. 1980; Llorca 1987;
Manceau et al. 1987; Ostwald 1984). Many laboratory
experiments have been performed to understand the reason for this unusually high geochemical selectivity of
manganese oxides for Co (Balistrieri and Murray 1986;
Gray and Malati 1979; Loganathan and Burau 1973;
McKenzie 1967; Means et al. 1978; Murray 1975). In
general, sorbed Co is strongly bound and sparingly extractable. Its sorption is accompanied by a release of
Mn21 and a darkening of the manganese oxide. These
facts were attributed to an electron transfer between
sorbed Co21 and manganese oxide (McKenzie 1970;
McKenzie 1980; Traina and Doner 1985). Direct evidence for the oxidation of Co21 to Co31 at the surface of
manganese oxides was first reported by Murray and Dillard (1979) using X-ray photoelectron spectroscopy
(XPS), and this technique was then used to demonstrate
the trivalent state of Co in oceanic nodules (Dillard et al.
1982). More recently, Manceau et al. (1987) showed by
extended X-ray absorption fine structure spectroscopy
(EXAFS) that Co is trivalent and in a low spin electronic
configuration (d6) in lithiophorite and asbolane from a
New Caledonian soil. Although the oxidation state of Co
in Mn-rich natural samples is now well established, the
mechanism of its oxidation at the atomic scale and the
structural reasons for its immobilization remain poorly
understood. Dillard et al. (1982) showed that Co21 is oxidized by Mn31 or Mn41 at the surface of the phyllomanganate birnessite and that XPS spectra of Co-sorbed complexes were consistent with Co31 in an oxide or hydroxide
environment such as CoOOH or Co(OH)3. EXAFS
Co-(O,OH) and Co-(Co,Mn) interatomic distances were
found to be identical to those of Mn atoms in Co-containing lithiophorite and asbolane. This result indicates

that Co atoms are present in a layered, phyllomanganatetype structure. The structural environment of Co and Mn
atoms strongly differed, however, by their short range ordering: The amplitudes of Co-EXAFS spectra and radial
structure functions (Co-RSF) were systematically enhanced compared to Mn-EXAFS and Mn-RSF. The origin
of this difference in local order is still a mystery. These
experiments allowed a random distribution of Co atoms
in Mn layers to be ruled out, and Co was inferred to be
segregated in Co-rich domains, either dispersed in phyllomanganate layers or forming individualized CoOOH
layers (Manceau et al. 1987).
The work presented in this paper was undertaken to
gain further insight into the crystal chemistry of Co in
phyllomanganate structures. The main challenge in studying this system originates from the fact that Mn41 and
low-spin Co31 ions have practically the same ionic radius
(0.53 Å and 0.54 Å, respectively) and atomic number,
preventing them from being formally distinguished by
electron and X-ray diffraction. To reach our objective,
three factors proved to be critical. First, the phyllomanganate buserite was used as the sorbent in aqueous solution. This mineral is a powerful oxidant and has often
been used for studying surface redox reactions (Bidoglio
et al. 1993; Fendorf and Zasoski 1992; Fendorf et al.
1993; Manceau and Charlet 1992; Oscarson et al. 1983;
Silvester et al. 1995; Stone and Morgan 1984; Stone and
Ulrich 1989). The poor knowledge of the defective nature
of solids belonging to the buserite and birnessite group
(Strobel et al. 1987) was the principal limitation to understanding these reactions at the atomic level. This limitation has now been overcome with the recent structural
studies by Drits et al. (1997) and Silvester et al. (1997),
who have determined the spatial distribution of lower valence Mn (Mn31 and Mn21) and the density and distribution of layer cation vacancies. Second, Co-sorbed birnessite samples were prepared at different surface
coverages so that birnessites with varying Co21/Co31 ratios were produced. As shown later, the simultaneous
presence of Co21 and Co31 in some samples has proved
very helpful in gaining an understanding of the early
steps in the oxidation mechanism. Third, quantitative
powder X-ray diffraction (XRD) as well as powder and
polarized EXAFS methods were used as complementary
techniques. The unique combination of these three factors
proved to be critical in solving many aspects of the crystal chemical properties of the Co-phyllomanganate
system.

