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ABSTRACT

Calculated Mn(2p3/2) X-ray photoelectron spectra (XPS) of Mn21, Mn31, and Mn41 free
ions are strikingly similar to Mn(2p3/2) spectra of Mn21-, Mn31-, and Mn41-oxides and
oxyhydroxides, indicating that these ions adopt high spin states in MnO, manganite, and
birnessite. The Mn(2p) peak structures reveal the presence of only Mn31 in manganite, but
Mn21, Mn31, and Mn41 are present in the near-surface of synthetic birnessite at about 5,
25, and 70%, respectively. Precipitation of birnessite by reaction of Mn21(aq) with an
oxidant includes two electron transfer steps: (1) oxidation of Mn21(aq) to produce Mn31-
oxyhydroxide, an intermediate reaction product that forms on the surface of synthetic
birnessite and (2) subsequent oxidation of Mn31-oxyhydroxide surface species to produce
synthetic birnessite. Some surface Mn31, however, remains unoxidized and is incorporated
into birnessite. As for this synthesis (KMnO4 used as oxidant), oxidation may not proceed
to completion in natural settings (as O2 is the oxidant) leading to Mn31 incorporation into
Mn-oxides. The hypothesis explains the abundance of non-stoichiometric MnO2 phases in
sedimentary environments. The MnO2 precipitation scheme proposed by Stumm and Mor-
gan (1981) includes the surface species Mn21·MnO2. This and other studies indicate that
the reactive intermediate is a Mn31-bearing surface species. The formation rate of birnessite
is probably controlled by one of these redox reactions. The proposed rate expression of
Davies and Morgan (1989), however, needs no modification provided surface area is a
reasonable measure of the surface density of the reactive intermediate.

INTRODUCTION

Natural Mn-oxides and oxyhydroxides scavenge heavy
metals from natural solutions and are important natural
and industrial catalysts. Knowledge of the chemical state
of elements constituting these phases is therefore of value
to industrial chemists and to geochemists. Although nu-
merous studies exist of the products of Mn oxidation
(Foord et al. 1984; Di Castro and Polzonetti 1989) we
are unaware of any that compare and contrast X-ray pho-
toelectron spectra (XPS) 2p multiplet structures of Mn21,
Mn31, and Mn41 in oxides and oxyhydroxides or compare
them with 2p spectra of other transition metal ions. These
aspects are addressed here. Mn(2p) XPS spectra have been
of limited value due to difficulties in differentiating among
the contributions of Mn21, Mn31, and Mn41 to the spectra
of most solid Mn phases (Murray et al. 1985). The diffi-
culties are twofold. The peak maxima for the three ions
are separated by about two eV, making it difficult to re-
solve the separate contributions using most instruments;
even partial resolution requires peak widths to be less than
1.4 eV the full width at half of maximum (FWHM). Sec-
ond, Mn21, Mn31, and Mn41 generally assume high spin
states in oxides and oxyhydroxides (Cotton and Wilkinson
1988), and in high spin states the 2p XPS spectrum of each
is composed of numerous peaks (multiplets) that result in
unusually broad, compound Mn(2p3/2) spectra (Gupta and

Sen 1974, 1975; Kowalczyk et al. 1975; Murray et al.
1985; Junta et al. 1992; Okada and Kotani 1992; Junta and
Hochella 1994). Previous XPS studies consequently fo-
cused on other spectral lines. The severe difficulties faced
by previous investigators were partially surmounted by
modified instrumentation and by recent developments in
spectral analysis. The focus of this study is the 2p3/2 XPS
spectra of Mn21, Mn31, and Mn41 ions of some Mn-bearing
oxides and oxyhydroxides, including manganite and syn-
thetic birnessite.

Manceau et al. (1992) used X-ray absorption near edge
spectroscopy (XANES) to investigate the chemical state
of Mn in hydrous manganese oxides (vernadite, d-MnO2,
asbolane, and birnessite). Their XANES MnK edge line
widths, however, are too broad (near 2 eV) to resolve the
three chemical states of Mn. With improvements to the
XPS instrument, and use of the maximum entropy meth-
ods, our Mn2p line widths are appreciably narrower than
MnK edge XANES lines (0.85 eV vs. 2 eV) so that the
XPS analysis is much more definitive with regards to
chemical states and the abundance of the three oxidation
states in solids. XPS analyses reflect, however, only the
uppermost few atomic layers of a mineral whereas
XANES samples deeper into the bulk.

Junta and Hochella (1994) demonstrated that Mn pre-
cipitation on goethite, hematite, and albite proceeded by


