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Abstract—Oxidation-reduction processes within natural systems greatly influence the properties of
sediments, soils and clays. The objective of this experimental study was to gather new evidence for the
effects of changes in redox conditions (reduction and reoxidation) on structural properties of ferruginous
smectite and to understand better the mechanisms involved. The <2 mm fraction of a ferruginous smectite
(sample SWa-1), which contains 17.3 wt.% of total structural Fe, was studied by infrared (IR)
spectroscopy. The pure Na-saturated clay was reduced by Na dithionite for 10 to 240 min to obtain various
Fe(II):(total Fe) ratios ranging from 0 to 1.0. Selected reduced samples were then reoxidized completely by
bubbling O2 gas through the suspensions for up to 12 h. Infrared spectra of the initially unaltered, reduced
and reduced-reoxidized samples were collected. Reduction generated changes in the three studied spectral
regions (O¡H stretching, M¡O¡H deformation, and Si¡O stretching) , indicating that major
modifications occurred within the clay crystal beyond merely a change in Fe oxidation state. Partial
dehydroxylation and redistribution of Fe, and perhaps Al, cations occurred upon reduction of SWa-1,
changing the structural properties of its tetrahedral and octahedral sheets. Water molecules, probably
generated by dehydroxylation within the octahedral sheet upon reduction, were tightly bound to the clay
surface and were possibly trapped within the clay structure. Except for dehydroxylation and the Fe
oxidation state, all these modifications were largely irreversible. The tightly bound water was not
completely removed upon reoxidation and the cationic rearrangements generated during reduction were
not reversed: either they were preserved as in the reduced state or cations were redistributed into a different
configuration from the unreduced clay.
Key Words—Cationic Rearrangemen t, Infrared Spectroscopy, Iron, Irreversibili ty, OH Stretching,
OH Deformation, Reduction, Reoxidation, Si¡O Stretching, SWa-1 Smectite.

INTRODUCTION

Chemical reduction of structural Fe in ferruginous
smectite and nontronite has been studied widely for
more than three decades (e.g. Roth et al., 1969; Stucki
and Roth, 1976, 1977; Rozenson and Heller-Kallai,
1976a, 1976b; Stucki et al., 1984a, 1984b, 1984c, 1996,
2000; Russell et al., 1979; Lear and Stucki, 1985, 1989;
Chen et al., 1987; Wu et al., 1989; Komadel et al., 1990,
1995; Khaled and Stucki, 1991; Shen et al., 1992; Yan
and Stucki, 1999, 2000; Manceau et al., 2000b; Drits and
Manceau, 2000). Results indicate that structural Fe(III)
reduction generates partial dehydroxylation and other
changes in clay properties (magnetic ordering, layer
stacking, crystallinity, texture, surface charge, etc.).
Stucki and Roth (1977) observed that the increase of
surface charge is non-linearly related to the amount of
Fe reduced, and proposed that some of the increased
negative charge was compensated by the loss of
structural OH groups. Hence, prediction of property
changes must rely on more than the observed change in
Fe oxidation state. Presumably, the crystal structure
changes in order to accommodate the larger size of
Fe(II) and the increased negative charge. To understand

changes in physical and chemical properties of clays
when subjected to redox conditions, we must first
understand changes occurring within their structure.

Numerous studies of the effect of Fe oxidation state
on the crystal structure of Fe-bearing clays were limited
to ~50% of total Fe actually reduced, and reduced
samples were often unprotected from reoxidation (Roth
et al., 1969; Roth and Tullock, 1973; Rozenson and
Heller-Kallai, 1976a, 1976b; Russell et al., 1979). Since
the 1980s, Stucki and co-workers have focused on higher
levels of Fe reduction, achieved through careful use of
inert-atmosphere techniques and by removing gaseous
reaction products during Fe reduction (e.g. Stucki et al.,
1984a; Komadel et al., 1990). In spite of past studies and
growing interest in this subject (Ernsten et al., 1998;
Hunter et al., 1999; Yan and Stucki, 1999, 2000; Drits
and Manceau, 2000; Manceau et al., 2000a, 2000b;
Stucki et al., 2000; Favre et al., 2002; Fialips et al.,
2002; Nzengung et al., 2001), we still have much to
learn about the relationships existing between the nature
of the clay, its Fe(II):Fe(III) ratio, its crystal structure,
and its chemical and physical properties. Several
experimental studies (Stucki and Roth, 1977; Stucki et
al., 1984b; Lear and Stucki, 1985) showed that reduction
of structural Fe(III) in dioctahedral smectites increases
significantly their surface charge and cation exchange
capacity (CEC). To cast this result into the form of a
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reaction mechanism, Stucki and Roth (1977) proposed
the following sequence:

m Fe(III)x + m (e¡)s ? m Fe(II)x; 2n [OH¡]x ?
n [O2¡]x + n H2Os; n [O2¡]x + n [H+]s ? n [OH¡]x (1)

where x and s denote the solid and solution phases,
respectively, and m and n are stoichiometric parameters.
Water molecules would be formed from dehydroxylation
and the residual oxygen atoms would form OH groups by
protonation from solution. The layer charge of the
smectite in this model depends on the number of OH
groups that undergo dehydroxylation (i.e. n). Lear and
Stucki (1985) determined that n/m equals 0.32. But
because these models predict a greater increase in layer
charge than is actually observed, Stucki and Lear (1989)
introduced the idea that electron-rich centers within the
smectite (such as Al-substituted tetrahedral sites) could
be a source for further structural Fe reduction, resulting
in the formation of Fe(II) without a change in layer
charge.

Though these models are generally in agreement with
the loss of OH groups observed experimentally upon
reduction and with the variation in layer charge, they
imply a transformation of VIFe coordination from six-
fold to five-fold. Manceau et al. (2000b) demonstrated
by X-ray powder diffraction (XRD) and polarized
extended X-ray absorption fine-structure (P-EXAFS)
spectroscopy that VIFe in reduced smectites is purely
six-fold coordinated. Drits and Manceau (2000) sum-
marized and discussed the different models proposed
since the 1970s for the reduction of Fe-bearing smectites
using sodium dithionite, and proposed a new model
which attempted to take into account the dehydroxyla-
tion, the increase in layer charge, and the fact that VIFe
keeps its six-fold coordination. They proposed the
following sequence:

m Fe(III)x + m (e¡)s ? m Fe(II)x; w0 Nax + p Nas ?
w Nax; n [OH¡]x + n [H+]s ? n H2Os (2)

where x and s denote the solid and solution phases,
respectively; w and w0 correspond to interlayer Na
content in the reduced and unreduced states, respec-
tively; m and n are stoichiometric parameters, m = p + n;
and w = w0 + p. This reaction model is in agreement with
the structural model proposed by Manceau et al. (2000b)
for reduced nontronite, implying that Fe retains its six-
fold coordination and each pair of edge-forming OH
groups coordinated to VIFe(II) forms 2 H2O molecules
by protonation while the VIFe(II) migrates from cis- to
trans-octahedral sites along the [010] direction. How-
ever, it implies that previous studies failed to measure
total and exchangeable Na correctly and, thus, reported
erroneous changes in silicate layer charge. New experi-
mental data for the extent of dehydroxylation and other
changes occurring within the clay structure upon
reduction, and the reversibility of these changes upon
reoxidation, are required to further clarify these models.

The aim of the present work was to characterize
changes in IR spectra of a ferruginous smectite (SWa-1)
after different levels of Fe(III) reduction and subsequent
reoxidation. The IR regions of O¡H stretching,
M¡O¡H deformation, and Si¡O stretching were studied
to understand changes occurring upon reduction within
the clay structure and to determine the extent of
reversibility of these modifications upon reoxidation.
Results will contribute to a better knowledge of
reduction-reoxidation processes, and of the relations
existing between the clay properties and the redox
conditions.

MATERIALS AND METHODS

Clay preparation

The clay studied was the <2 mm fraction of ferrugi-
nous smectite (sample SWa-1 from Grant County,
Washing ton, obtai ned from the Source Clays
Repository of The Clay Minerals Society, Columbia,
Missouri). The clay was purified using the same method
as Huo (1997) and Fialips et al. (2002) which, unlike
conventional clay fractionation by sedimentation or
centrifugation (Jackson, 1979), is effective for the
removal of fine-grained silica and Fe oxides. Briefly,
this method consisted of successive dispersions in 1 M
NaCl solution or pure water, separated by short
centrifugations at progressively increased speeds
(10,000 rpm up to 15,000 rpm; Dupont Model Sorvall
RC 5C plus centrifuge with SS-34 rotor) and removal of
any impurity settled to the bottom of the centrifuge
tubes, resulting in a salt-free and Na-saturated sample
which was then freeze dried for storage. It was yellowish
green in color and its XRD pattern was typical of pure
Fe-rich smectite (data not shown). The unit-cell formula
proposed by Manceau et al. (2000a) for the pure Na-
saturated SWa-1 is:

Na0.87(Si7.38Al0.62)(Fe3+
2.67Fe2+

0.01Al1.08Mg0.23)O20(OH)4.

Reduction and reoxidation of structural Fe

A buffer solution was prepared by mixing two parts
of 1.2 M sodium citrate (Na3C6H5O7

.2H2O) and 1 part of
1 M sodium bicarbonate (NaHCO3). A measured amount
of SWa-1 (30¡50 mg) was dispersed in 20 mL of
deionized water in an inert-atmosphere reaction vessel
(Stucki et al., 1984a), then 10 mL of the buffer solution
were quickly added and the temperature was held at
708C using a water bath. Structural Fe was reduced by
adding sodium dithionite (Na2S2O4) in the ratio of
100 mg of Na2S2O4 to 30 mg of clay, and four different
Fe(II):(total Fe) atomic ratios (0.2 to ~1.0) were
obtained by selecting reduction periods of 10, 30, 60
or 240 min. The reduced samples were washed once with
and redispersed in deionized O2-free water. Reduced-
reoxidized samples were obtained by bubbling O2 gas
through the suspensions, at 708C, for 8 to 12 h. These
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conditions were chosen because they proved to be
efficient to maximize the conversion back to Fe(III)
for other reduced Fe-rich smectites (Huo, 1997; Yan and
Stucki, 1999; Fialips et al., 2002).

Photochemical analyses

The actual Fe(II):(total Fe) atomic ratios of the
reduced and reduced-reoxidized smectites were mea-
sured by visible spectrophotometry (Beckman UV-
visible spectrophotometer, Model 5230, 510 nm wave-
length) using the 1,10-phenanthroline (phen) method
(Stucki, 1981; modified by Komadel and Stucki, 1988).
The Fe(II) concentration was first determined by
measuring under red light the Fe(phen)3

2+ complex
formed during HF-H2SO4 digestion of the mineral in
the presence of 1,10-phenanthroline. Then, the total Fe
was measured after conversion of any m-oxo-Fe2(phen)4

6+

in the digestate to Fe(phen)3
2+ by photochemical reduc-

tion using a mercury vapor lamp.

Infrared spectroscopy

Data acquisition. The unaltered (unreduced), reduced
and reduced-reoxidized SWa-1 samples were analysed
by IR spectroscopy, using a Midac M-2000 FTIR
spectrometer, combined with the Grams/386 program
for data acquisition and processing. The spectrometer
was purged constantly with dry N2 gas. The IR spectra
were recorded in transmission mode, from 400 to
4000 cm¡1, with a nominal resolution of 1 cm¡1. In
the spectral ranges of structural O¡H stretching and
deformation (i.e. 3000¡3800 and 550¡950 cm¡1, re-
spectively), IR spectra were collected from self-support-
ing films, mounted on holders with a 15 mm diameter
hole. The actual mass of each film was measured and the
peak intensity of each spectrum was normalized to a
sample mass of 10 mg/film. In the spectral range of
Si¡O stretching (i.e. 800¡1300 cm¡1), IR spectra were
collected from clay deposits on ZnSe windows. No
weight normalization was possible in this IR range. For
an easy comparison of the positions of the Si¡O bands,
the maximum absorption intensity of each spectrum was
normalized to an arbitrarily chosen value.

Preparation and handling of clay films and window
deposits. Diluted clay suspensions (~75 mL, containing
4 to 13 mg of smectite sample) were filtrated at low
pressure (20 psi during 2 h and 30 psi during 40 min)
using a mini-pressure plate apparatus with a Millipore
membrane filter (Stucki et al., 1984c). The wet self-
supporting films were peeled from the filter membranes
and dried. To prepare window deposits, 1 mL of clay
suspension (containing ~2 mg of clay) was deposited
onto a ZnSe polished disc (25 mm in diameter and 2 mm
in thickness) and dried. The films and window deposits
of the unreduced and reoxidized samples were prepared
under ambient conditions and kept in a desiccator
containing P2O5 for ~24 h to remove the adsorbed H2O

before data acquisition. The films and window deposits
of the reduced samples were prepared inside a glove box
under an Ar atmosphere (<1 ppm O2) to prevent
reoxidation. They were evacuated in the ante-chamber
of the glove box for a few hours to remove excess
adsorbed H2O. Finally, they were transferred to a sealed
vacuum cell prior to removal from the glove box for IR
spectral acquisition to prevent reoxidation and rehydra-
tion. Most of the IR spectra were collected without
removing the clay preparations from the sealed vacuum
cell, but the window material of the vacuum cell (ZnSe)
is opaque to IR radiation at energies <650 cm¡1. Thus,
during spectral acquisitions in this range, the self-
supporting films were placed directly into the sample
chamber, with the dry N2 purge being the only protection
from the atmosphere. These spectra were collected
rapidly (<5 min) and the Fe(II):(total Fe) ratio was
checked after data collection. This brief exposure of
dried films to the atmosphere resulted in no measurable
change in oxidation state.

Deconvolution of the IR spectra. Deconvolution of the
IR spectra of the unaltered, reduced and reduced-
reoxidized samples in the OH-stretching and deforma-
tion regions was realized using the Grams/32 computing
software (version 4.11, Galactic Industries Corporation,
Salem, NH). The IR spectra were fitted using mixed
Gaussian-Lorentzian bands. The Gaussian-Lorentzian
mixing ratios, position, width, and intensity of each
component band were generally left variable, but were
sometimes restrained within a specific range to obtain a
satisfactory fitting (coherent component shape and
position, small minimization function w2, function R2

close to 1.000, and good agreement between experi-
mental and calculated profiles).

RESULTS AND DISCUSSION

Fe(II):(total Fe) ratio and color changes

Drastic changes in color of the clay suspensions were
observed upon reduction. As the time of reduction
increased (i.e. as the Fe(II) content increased) up to
240 min, the color changed progressively from the
yellowish green color to emerald green, blue-green,
dark blue, light blue, gray and light gray. The exact same
sequence of color changes was observed previously by
Komadel et al. (1990) upon reduction of three other
nontronites. Changes in color during reduction often
provide a good estimate of the reduction levels
(Anderson and Stucki, 1979; Lear and Stucki, 1987;
Komadel et al., 1990; Huo, 1997), the gray color
indicating a complete or almost complete reduction of
Fe(III) to Fe(II) (e.g. Komadel et al., 1990; Huo, 1997).
For the 240 min reduced SWa-1, a small amount of
dissolved Fe was found in the supernatant solution.

The Fe(II):(total Fe) ratio of the unreduced, reduced
and reduced-reoxidized samples are given in Table 1.
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The Fe(II):(total Fe) ratio of reduced SWa-1 samples
increased significantly but was non-linear with reduction
time, as already observed by Anderson and Stucki
(1979), Lear and Stucki (1987), Komadel et al. (1990)
and Fialips et al. (2002) for reduced nontronites.
Although using the same method of reduction, the
reduction of the SWa-1 smectite is significantly faster
than that of the Garfield nontronite. After 10 min of
reduction, the Fe(II):(total Fe) ratio already reached 0.33
for SWa-1, while it was only 0.2 for Garfield (Fialips et
al., 2002). One explanation for this observation may be
that, unlike Garfield, SWa-1 consists primarily of very
small particles (mostly <0.5 mm). One could argue that
the difference in Fe reduction between SWa-1 and
Garfield could be due to the presence of goethite in
SWa-1 (Manceau et al., 2000a), but the purification
method we used was sufficient to remove goethite from
our sample: no trace of goethite was observed by XRD
and Mössbauer (data not shown). Hereafter, reduction
levels will be identified by reduction period (i.e. 0, 10,
30, 60 or 240 min) instead of by the Fe(II):(total Fe)
ratio.

After reoxidation, almost all Fe(II) was converted
back to Fe(III) (Table 1, Fe(II):(total Fe) 40.01), but
the color of the reoxidized sample differed from that of
the original (unaltered) clay by varying degrees. The
shorter the time of reduction, the closer the reoxidized
color was to the original, ranging from yellowish green
for the 10 min reduced sample to brown for the 240 min
reduced sample. The obvious color difference between
unaltered and reoxidized samples suggested a disruption
in the crystal structure during reduction, and indicated
the irreversibility of the process. The brown color after
reoxidation of the 240 min reduced samples may
indicate that a poorly-crystalline Fe oxide phase was
formed during or after reoxidation. This would require
the release of some Fe from the clay crystal structure
during the reduction-reoxidation process. As indicated
earlier, we noticed the presence of a small amount of Fe
in the supernatant solution after 240 min of reduction,
but the buffer used during the reduction (sodium citrate)
was concentrated enough to complex all dissolved Fe.
No Fe oxide precipitation was then possible during the
reduction process (Stucki et al., 1984b). Each reduced
sample was washed before reoxidation. If any Fe oxide
was present in the 240 min reduced-reoxidized sample,
this admixed phase had to be formed during the
reoxidation process only.

IR spectra in the 600¡950 cm¡1 region
Infrared analysis of unaltered SWa-1 (0 min reduc-

tion, Figure 1) clearly revealed two intense M¡O¡H
deformation bands (where M = Al or Fe) at ~876 and
~824 cm¡1 which are assigned to AlFe(III)OH and
[Fe(III)]2OH deformations, respectively (Serratosa,
1960; Stubican and Roy, 1961; Farmer and Russell,
1964; Russell et al., 1970; Farmer, 1974). These two
bands reflect the high proportions of Fe(III) and Al in
octahedral sites, as indicated also by the structural
formula which gives 2.67 atoms of Fe(III) and 1.08 of Al
per formula unit (a.p.f.u.). The results of one possible
decomposition of the spectrum of unaltered SWa-1
(0 min reduction) in the MOH-deformation range are
presented in Table 2 and Figure 2. The 875 cm¡1 band
appears much more intense than the 822 cm¡1 band,
suggesting that Fe-Al pairs rather than Fe-Fe pairs
dominate the Fe environment in the octahedral sheet.
However, the relative intensities of the AlFe(III)OH and
[Fe(III)]2OH vibration bands observed by Gates et al.
(2002) in the near infrared (NIR) spectrum of SWa-1
between 4300 and 4500 cm¡1 indicate the opposite. The
shape of the baseline and the overlapping bands due to
these characteristic deformation modes in the 750 to
950 cm¡1 mid-infrared (MIR) range hinder the accurate
decomposition of the spectrum and could account for
some of this discrepancy. The absorptivity of the
different M¡O¡H deformation bands could, however,
be different: the intensity of the AlFeOH and Fe2OH
bands would then inaccurately reflect the actual
concentration of these two groupings.

Three shoulders are also observed in the MOH-
bending region of the unaltered SWa-1: at ~921, ~849
and ~792 cm¡1 (Figure 1). The 921 cm¡1 shoulder is
generated by a band located at 919 cm¡1 (Table 2,
Figure 2) assigned to Al2OH deformations (Farmer and
Russell, 1964). Its low intensity relative to the 876 cm¡1

band suggests that Fe-Al pairs rather than Al-Al pairs
dominate the Al environment in the octahedral sheet.
The 792 cm¡1 shoulder is due to a band located at
788 cm¡1 (Table 2, Figure 2) which was attributed to
Fe(III)MgOH deformation by Farmer (1974) and
Goodman et al. (1976). However, a more intense
790 cm¡1 band is present in the spectrum of Garfield
nontronite (Fialips et al., 2002) despite the fact that it
contains a negligible amount of Mg. Another possible
assignment of this band is to a small amount of
amorphous silica, which, in spite of the extended

Table 1. Measured Fe(II) content in unaltered (unreduced), reduced and reduced-reoxidized
ferruginous smectite (SWa-1), expressed as a percentage of total Fe.

Reduction time 0 min 10 min 30 min 60 min 240 min

Reduced SWa-1 0.3 32.9 67.0 82.3 97.1
Reoxidized SWa-1 .¡ 0.7 0.9 0.9 1.0

Note: errors associated with each value are 45% of the value.
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purification process for SWa-1, could still be present;
but, as discussed below, this assignment is unlikely.

Several authors (e.g. Petit et al., 1992) suggested that
the 840¡850 cm¡1 band of nontronites is similar to the
839¡848 cm¡1 band observed by Russell et al. (1970)
and Cracium (1984) in montmorillonite and assigned by
them to AlMgOH deformation. The presence of a small
amount of Mg(II) in octahedral sites of sample SWa-1
and the apparently low intensity of the 846 cm¡1 band
(Table 2, Figure 2) are consistent with this assignment;
but several earlier studies called into question the
validity of this assignment. For instance, the intensity
of the 844 cm¡1 band in Garfield nontronite (Fialips et
al., 2002) is high even though the amounts of octahedral
Mg and Al are much less in Garfield than in SWa-1.
Alternative assignments of the 846 cm¡1 band are Si¡O
(apical) stretching vibration (Russell et al., 1979) or
(Fe)2OH deformation (Stucki and Roth, 1976), but the
attribution of this band is still being debated (e.g. Fialips
et al., 2002).

The IR spectra of the reduced SWa-1 in the MOH
deformation range are presented in Figure 1. Each

spectrum was decomposed in the 750¡950 cm¡1 range
to visualize better the changes occurring upon reduction.
Results of a possible decomposition for each spectrum
are presented in Table 2, and representative spectra for
the 10 and 30 min reduced samples are also shown in
Figure 3. After 10 min of reduction, the 846 cm¡1 band
totally disappeared and all the other bands decreased
significantly in intensity. The 875 and 822 cm¡1 band
remained almost stationary, but the 919 and 788 cm¡1

bands apparently shifted down to 914 and 781 cm¡1,
respectively (Table 2, Figures 1 and 3a). The 7 cm¡1

shift of the 788 cm¡1 band downward and its decrease in
intensity are inconsistent with the assignment of this
band to the Si¡O vibration of a Si-rich admixture. If this
band was due to such an admixture, its intensity would
either increase or remain unchanged because the
reduction process is unable to dissolve such a material
without first altering the clay itself. Moreover, its
position should be unrelated to Fe oxidation state. The
behavior of this band is more likely to be related to an
O¡H vibrator connected to at least one Fe. Thus, in the
case of SWa-1, this band could be due to FeMgOH
groupings, even though this assignment for the band at
792 cm¡1 in Garfield nontronite may be different
(Fialips et al., 2002). In the case of Garfield, this band

Figure 1. Normalized IR spectra in the OH-deformation region
of the SWa-1 nontronite initially unreduced, and reduced for
periods varying from 10 to 240 min with sodium dithionite.

Table 2. Position (v̄) and integrated area (A) of the component bands from the spectral deconvolution of the IR OH-
deformation region reported in Figure 2 for unaltered (0 min) and ferruginous smectite (SWa-1) samples reduced for varying
periods of time (10¡240 min).

0 min reduction 10 min reduction 30 min reduction 60 min reduction 240 min reduction
v̄ (cm¡1) A (%) v̄ (cm¡1) A (%) v̄ (cm¡1) A (%) v̄ (cm¡1) A (%) v̄ (cm¡1) A (%)

1 919 14.2 914 6.4 911 5.4 910 3.6 910 2.8
2 875 36.8 873 26.6 874 16.8 869 10.2 864 9.0
3 846 9.2 ¡ ¡ ¡ .¡ ¡ .¡ ¡ .¡
4 822 19.2 821 16.1 827 7.2 835 2.7 835 1.5
5 788 10.0 781 5.3 781 0.5 ¡ .¡ ¡ .¡
Total: 89.4 54.4 29.9 16.5 13.3

Note: 0.02 4 w2 4 2.8; 0.9997 4 R2 4 1.000

Figure 2. Deconvolution of the unaltered SWa-1 IR spectrum
into several components (see Table 2) in the OH-deformation
range; experimental and calculated curves.
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may be the deformation range analogue of the
3532 cm¡1 band that Fialips et al. (2002) observed in
the stretching range, the origin of which is still
uncertain. After 30 min of reduction the 781 cm¡1

band almost disappeared, suggesting that the dehydrox-
ylation of the FeMgOH groupings is almost complete
(Table 2, Figure 3b). The three other remaining bands
further decreased in intensity as reduction progressed,
and the Fe2OH band clearly shifted up to 827 cm¡1

while the Al2OH band apparently shifted slightly down-
ward to 911 cm¡1. As the time of reduction increased up
to 240 min, the decomposition of the spectra became
more difficult and clearly much less accurate due to the
very low intensity of the M¡O¡H deformation bands
(M = Al, Mg, Fe) compared to the large contribution of
the Si¡O vibration band located at ~1000 cm¡1.
However, results presented in Table 2 suggest that the
band at 780¡790 cm¡1 totally disappeared within the
first hour of reduction and that the Al2OH, AlFeOH and
Fe2OH bands decreased in intensity with increasing
reduction time, while also shifting to 910 cm¡1 (down),
864 cm¡1 (down), and 835 cm¡1 (up), respectively.

The decrease in intensity of the M¡O¡H deformation
bands (M = Mg, Al, or Fe) upon reduction reflects a
progressive loss of OH groups, as already observed in
several studies of other reduced nontronites (e.g. Stucki
and Roth, 1976; Manceau et al., 2000b; Fialips et al.,
2002). However, changes in the absorptivity of the
M¡O¡H vibrations upon reduction could also partly
explain these decreases in intensity. The shifts in
M¡O¡H band positions could also be attributed in
part to changes in the OH dipole orientation due to
different electric field environments as a result of
changes in Fe oxidation state and/or Fe rearrangement
within the octahedral sheet. For instance, the reduction
of Fe(III) to Fe(II) induces a deficit of charge on the
apical oxygen (OT) of the nearest tetrahedron which
enhances attraction between OT and the proton of the
OH dipole, resulting in a change in the orientation of the
OH dipole and the weakening of the O-H bond.
However, the increasing overlap of the Si¡O-stretching
band in the 850¡950 cm¡1 range could cause the curve-
fitting program to shift these bands artificially, espe-
cially the Al2OH and AlFeOH bands which are closer to
the Si¡O region, due to an over estimation of the Si¡O
band width and/or Lorentzian/Gaussian ratio.

Another band was observed at 677 cm¡1 in the
unreduced sample (Figure 1), and is attributed to an
Fe¡O out-of-plane vibration (Farmer, 1974). As the time
of reduction increased to 240 min, this band apparently
shifted progressively downward to ~650 cm¡1 and
increased slightly in intensity. This behavior suggests
that the properties of the SWa-1 Fe¡O bonds (length and
strength) are significantly and progressively modified
upon reduction of VIFe(III). No previous studies found
such drastic movement in this band in reduced non-
tronites. Fialips et al. (2002) observed no modification

of the 672 cm¡1 band of the Garfield nontronite, but did
observe the appearance of a new band at 653 cm¡1 after
240 min of reduction. They suspected a relationship
between this new band and trioctahedral domains in
highly-reduced Garfield. The fact that the 672 cm¡1 of
Garfield is stationary upon reduction indicates that the
change in Fe oxidation state itself is not enough to
explain the shift of this Fe¡O deformation band to
650 cm¡1 in SWa-1. This shift could actually be due to
the appearance of a new band at ~650 cm¡1, as observed
in Garfield, which progressively increases in intensity
compared to the 677 cm¡1 band. If the 653 cm¡1 band is
related to trioctahedral domains, the progressive increase
in intensity of this band indicates that the formation of
trioctahedral domains in SWa-1 begins within the first
half hour of reduction and steadily increases, and that
the distribution of such trioctahedral domains within the
sheet (in clusters, orderly, or randomly) is probably
different from Garfield.

The IR spectra of the unreduced, reduced and
reduced-reoxidized samples (Figure 4) reveal important
information regarding possible effects of reoxidation on
M¡O¡H deformations and on the extent of reversibility
after reduction. None of the reduced-reoxidized samples

Figure 3. Deconvolutionof the (a) 10 min and (b) 30 min reduced
SWa-1 IR spectra into several components (see Table 2) in the
OH-deformation range; experimental and calculated curves.
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exhibited the same spectra as the unreduced SWa-1.
Thus, as already observed in previous studies of
reduced-reoxidized nontronites (e.g. Komadel et al.,
1990; Heller-Kallai, 1997; Fialips et al., 2002), struc-
tural changes occurring during reduction are only
partially reversible, even if all the Fe(II) is reoxidized
to Fe(III). The positions of some specific peaks were
restored, however, regardless of the reduction time. The
IR spectrum of the 60 and 240 min reduced and
reox id i z ed SWa -1 w ere de co mp osed in the
750¡950 cm¡1 range using as input data the properties
of the component bands obtained after deconvolution of
the unaltered SWa-1 (Table 2). Results of possible
deconvolutions are presented in Table 3. Note that the
positions of the Al2OH, AlFeOH and Fe2OH deforma-
tion bands of SWa-1 were all restored upon reoxidation
even after extensive reduction (Figure 4, Tables 2
and 3). The intensity of the 875 cm¡1 band was mainly
restored, especially after the shorter (10 and 30 min)
reduction times (Figure 4). The 822 cm¡1 band intensity
was also partly restored but to a lesser extent than the
875 cm¡1 band (Tables 2 and 3). Reoxidation failed to
restore the 846 cm¡1 band, regardless of the time of
reduction (Figure 4, Table 3). And, whatever the time of
reduction, the shoulder probably due to Fe(III)MgOH
deformation mode was observed after reoxidation,

except at ~780 cm¡1 instead of ~792 cm¡1 and more
resolved compared to the unaltered SWa-1 (Figure 4,
Table 3). Though the ~780 cm¡1 band was never
restored fully in intensity upon reoxidation, it is
apparently most intense after the shortest reduction
time (Figure 4, Table 3). Except for the 10 min reduced
sample, reoxidation failed to restore the 677 cm¡1 band
to its original stature and position. This partial
irreversibility demonstrates that, upon reduction, not
only are transformations observed in the Fe-Al octahe-
dral neighbors due to Fe(III) reduction to Fe(II) but also
observed are some irreversible rearrangements of the
octahedral cations.

IR spectra in the 800¡1300 cm¡1 region

The Si¡O-stretching bands of the 0 to 240 min
reduced samples are shown in Figure 5. For the
unaltered SWa-1 (0 min reduction), the Si¡O basal
and apical stretching modes generated the intense band
at 1036 cm¡1 and the shoulder at 1107 cm¡1, respec-
tively. From 10 to 240 min of reduction, the position of
the 1036 cm¡1 band shifted progressively down to
991 cm¡1, and the 1107 cm¡1 shoulder shifted progres-
sively down to ~1090 cm¡1 and decreased in intensity
compared to the 1000¡1036 cm¡1 band. Similar shifts
have been reported for reduced nontronites and smectites

Figure 4. Normalized IR spectra in the OH-deformation region of the SWa-1 nontronite reduced over (a) 10 min, (b) 30 min,
(c) 60 min, and (d) 240 min, then reoxidized. The spectrum of the initially unaltered SWa-1 is given in each plot for comparison.
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(Stucki and Roth, 1976; Rozenson and Heller-Kallai,
1976a, 1976b; Komadel et al., 1990; Yan and Stucki,
1999, 2000; Fialips et al., 2002).

Regardless of the time duration of reduction, reoxida-
tion failed to restore totally the shape and position of the
overall envelope of the Si¡O stretching modes (Figure 6).
However, the Si¡O basal stretching band of all the
reduced samples moved in the direction of the unaltered
sample to the same final position (i.e. 1027 cm¡1) upon
reoxidation. By comparison, the more Garfield nontronite
was reduced, the less its Si¡O-stretching bands were
restored upon reoxidation (Fialips et al., 2002). While
changes in the orientation of the clay film could affect the
relative intensity of Si¡O in-plane and out-of-plane

vibrations, resulting in a few wavenumbers shift of the
Si¡O band, this is an unlikely explanation for the shifts in
Si¡O bands observed in these samples. The Si¡O-
stretching bands in the layers of self supporting films of
reduced SWa-1, which are known to be less oriented than

Table 3. Position (v̄) and integrated area (A) of the
component bands from the spectral deconvolution of the IR
OH-deformation region (see Figure 4) of the reoxidized
forms of ferruginous smectite (SWa-1) samples reduced for
60 and 240 min.

60 min reduction 240 min reduction
v̄ (cm¡1) A (%) v̄ (cm¡1) A (%)

919 13.9 919 12.5
875 31.8 876 26.9
822 10.9 820 7.4
782 5.9 778 2.9

Total: 62.5 49.7

Note: w2 = 0.4-0.6; R2 = 0.9997

Figure 5. IR spectra in the Si¡O-stretching region of the SWa-1
nontronite initially unreduced, and reduced with sodium
dithionite for periods varying from 10 to 240 min.

Figure 6. IR spectra in the Si¡O-stretching region of the SWa-1 nontronite reduced for (a) 10 min, (b) 30 min, (c) 60 min, and (d) 240
min, then reoxidized. The spectrum of the initially unaltered SWa-1 is given in each plot for comparison.
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those of Garfield (Manceau et al., 2000a), shift by a
similar amount (45 cm¡1 down) to the Garfield nontronite
(43 cm¡1, Fialips et al., 2002). Further, a shift of
43¡45 cm¡1 is too large a shift to be explained simply
by an orientation effect.

These variations in the Si¡O band position and
relative intensity confirm that changes in Fe oxidation
state in the octahedral sheet strongly affect the structural
properties of the tetrahedral sheet. These variations are
at least partly connected with the changes in layer charge
upon reduction (increase of layer charge) and reoxida-
tion (decrease of layer charge; Madejová et al., 1996;
Komadel et al., 1999; Fialips et al., 2002). They could,
however, also be generated by the formation of tri-
octahedral domains during the reduction process.

IR spectra in the 3000¡3800 cm¡1 region

The M¡O¡H-stretching bands (M = Mg, Al, or Fe) of
the 0 to 240 min reduced samples change dramatically
(Figure 7). For unaltered SWa-1 (0 min reduction), the
overall M¡O¡H envelope was broad and non-symme-
trical due to the presence of several component bands, as
observed by Madejová et al. (1994). Our sample,
however, was more extensively dried than the one used
by Madejová et al. (1994), which allowed us to achieve a
more accurate deconvolution (Figure 8; Table 4). Five
OH-stretching bands in the range 3565¡3652 cm¡1 and
two H¡O¡H-stretching bands at 3467 and 3231 cm¡1

were necessary to obtain a satisfactory fit of the
experimental spectrum (w2 = 4.92 and R2 = 1.000).
The integrated area of each OH-stretching component
was normalized to the total area of all components and
assignments for all bands are proposed (Table 4). The
intense 3565 cm¡1 band, attributed to [Fe(III)]2OH-
stretching modes, is always observed in the IR spectra of
nontronites (Goodman et al., 1976; Russell et al., 1979;

Fialips et al., 2002). The 3652 cm¡1 band is attributed to
Al2OH, though shifted upward by 20 to 30 cm¡1

compared to data from Farmer and Russell (1964) and
Goodman et al. (1976) for other smectites, and is well
correlated with the peak at 921 cm¡1 for Al2OH
deformation. The OH-stretching frequency in SWa-1 is
slightly greater than in other nontronites, such as
Garfield (Fialips et al., 2002), because of less Al or Fe
substitution in the tetrahedral sheet, and thus less
attraction between the closest apical oxygens and the
OH proton (Farmer and Velde, 1973; Farmer, 1974).

As noted above, the curve deconvolution solution
found in the current study placed the OH-stretching
bands consistently at a greater frequency by ~23 cm¡1

(Table 4) compared to the solution proposed by
Madejová et al. (1994). This difference may be
attributed first to the fact that their spectra contained
large water bands making precise corrections for the
overlapping water bands very difficult, and second, their
decomposition arbitrarily included two Al2OH bands and
two Fe2OH bands, which were unnecessary in our
solution (Figure 8, Table 4). Comparison of relative
intensities of the component peaks reveals that the
solution from the present study agrees perfectly with the
chemical composition of the unaltered SWa-1 (1.08

Figure 7. Normalized IR spectra in the OH-stretching region of
the SWa-1 nontronite initially unreduced, and reduced with
sodium dithionite for periods varying from 10 to 240 min.

Figure 8. Deconvolution of the unaltered SWa-1 IR spectrum
into several components (see Table 4) in the OH-stretching
range; experimental and calculated curves.

Table 4. Position (v̄), integrated area (A), and assignment of
the component bands from the spectral deconvolution of the
IR OH-stretching region (Figures 7, 8) of unaltered ferrugi-
nous smectite (SWa-1).

Band OH environment v̄ (cm¡1) A (%)

1 AlAlOH 3652 16.01
2 AlMgOH 3627 5.90
3 AlFeOH 3611 17.81
4 FeMgOH 3584 6.90
5 FeFeOH 3565 53.38

Total 100.00

Note: w2 = 4.92, R2 = 1.0000
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VIAl, 2.67 VIFe, and 0.23 VIMg per formula unit),
assuming the absorptivity is the same for all M¡O¡H
vibrators. This solution, moreover, indicates that 11, 57
and 32% of the VIAl atoms are neighbors to 1 VIMg, 1
VIAl, and 1 VIFe, respectively; but only 14 and 5% of the
VIFe atoms are adjacent to 1 VIAl and 1 VIMg,
respectively, while the remaining VIFe atoms are
adjacent to another VIFe. Further, 46% of the VIMg
atoms are adjacent to 1 VIAl while 54% have 1 VIFe
neighbor. Thus, as proposed by Madejová et al. (1994)
and Manceau et al. (2000a), the octahedral environments
surrounding the OH groups of SWa-1 are mainly
AlFe(III)OH and [Fe(III)]2OH, the proportion of Fe-Fe
pairs being greater than Al-Fe pairs. This agrees with
observations in the NIR range (i.e. 4200¡4600 cm¡1,
Gates et al., 2002) for the unreduced SWa-1. Low-
intensity bands observed in the range 3200¡3450 cm¡1

for the unreduced SWa-1 (Figures 7 and 8) are due to
adsorbed water (symmetrical and asymmetrical H2O-
stretching bands; Farmer, 1974).

After 10 min of reduction, the overall M¡O¡H-
stretching band broadened significantly and decreased
slightly in intensity (Figure 7). As the reduction time
increased from 10 to 60 min, its shape and area changed
progressively (Figure 7). To understand better the
changes occurring during the reduction process, a
systematic deconvolution of the IR spectra was per-
formed. The spectra were first normalized to the total
area of all the OH-stretching components in the
unaltered SWa-1 to allow comparison of the band
intensities. The properties of the OH-stretching compon-
ent bands of the unaltered SWa-1 were used as input to
begin the deconvolution of the 10 min reduced sample.
An acceptable deconvolution (w2 = 10.10, R2 = 1.000)
was possible only after adding a new band at 3543 cm¡1

(Table 5; Figure 9a). This band is attributed to a
combina t ion o f Fe( III)Fe (II )OH and possi bly
[Fe(II)]2OH groupings. The positions of the 3652,
3627, 3584 and 3565 cm¡1 bands appeared to be
unaffected, consistent with the assignment of the 3652
and 3627 cm¡1 bands to Al2OH and AlMgOH group-
ings, respectively. Evidently the VIFe(III) atom next to

1 VIMg was unreduced during 10 min of reduction, and a
large proportion of VIFe(III)VIFe(III) pairs also
remained. The AlFeOH band, previously located at
3611 cm¡1 for the unaltered SWa-1, shifted down to
3605 cm¡1, indicating that part of the VIFe adjacent to
VIAl was reduced to Fe(II), as an AlFe(II)OH band is
expected to be at lower wavenumber than the
AlFe(III)OH band. The sum of the relative areas of the
3565 and 3543 cm¡1 bands equals 53% of the total,

Figure 9. Deconvolution of the (a) 10 min and (b) 30 min
reduced SWa-1 IR spectra into several components (see
Table 5) in the OH-stretching range; experimental and calcu-
lated curves.

Table 5. Position (v̄) and integrated area (A) of the component bands from the spectral deconvolution of the IR OH-
stretching region (see Figures 7, 9) of ferruginous smectite (SWa-1) samples reduced for periods varying between 10
and 240 min.

10 min reduction 30 min reduction 60 min reduction 240 min reduction
v̄ (cm¡1) A (%) v̄ (cm¡1) A (%) v̄ (cm¡1) A (%) v̄ (cm¡1) A (%)

1 3652 13 3652 8
2 3627 5 3627 4 3620 22 3620 22
3 3605 12 3600 12
4 3584 4 3578 3 3577 13 3574 13
5 3565 40 3565 37
6 3543 13 3552 3 3552 20 3557 10

Total: 87 67 55 45

Note: 6.4 4 w2 4 12.3; 0.993 4 R2 4 1.000
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which is similar to the relative area of the 3565 cm¡1

band of the unaltered SWa-1, suggesting that no
dehydroxylation and/or no change in the absorptivity
of the Fe2OH groupings occurred during the first10 min
of reduction. All other OH-stretching bands, however,
decreased in relative area (Tables 4 and 5), especially
the 3652 and 3605 cm¡1 bands, reflecting a significant
change in the absorptivity of the corresponding group-
ings and/or partial dehydroxylation.

The properties of the OH-stretching bands obtained
after deconvolution of the 10 min reduced SWa-1 were
used as input for the deconvolution of the 30 min
reduced sample. One additional band at 3620 cm¡1 was
required for a successful fit. This band can be attributed
to H¡O¡H-stretching vibrations of weakly-hydrogen
bonded water molecules. An acceptable deconvolution
(w2 = 7.11, R2 = 0.9999) of the 30 min reduced sample
(Table 5, Figure 9b) revealed that the relative area of
each OH-stretching band decreased significantly com-
pared to the 10 min reduced sample, indicating a greater
loss of OH groups. This is confirmed also by the changes
in the M¡O¡H deformation region (i.e. 750¡950 cm¡1,
Figures 1, 3, Table 2). The positions of the 3652, 3627
and 3565 cm¡1 bands continued to be unaffected,
supporting once again the attribution of the 3652 and
3627 cm¡1 bands to Al2OH and AlMgOH groupings,
respectively, and indicating that a large proportion of
[Fe(III)]2OH groupings are still present. The AlFeOH
and FeMgOH bands shifted down to 3600 and
3578 cm¡1, respectively, indicating that a large propor-
tion, if not all, of the VIFe(III) atoms next to 1 VIAl or 1
VIMg were reduced to Fe(II). The band attributed to a
combination of Fe(III)Fe(II)OH- and [Fe(II)]2OH-
stretching modes was expected to keep its position or
shift downward and to increase significantly in intensity
upon reduction. This band, however, shifted only
slightly upward compared to the 10 min reduced sample
and decreased drastically in intensity. This behavior can
be explained by extensive and preferential dehydroxyla-
tion of the Fe(III)Fe(II)OH and [Fe(II)]2OH groupings
rather than [Fe(III)]2OH groupings.

The large water bands present in the 60 and 240 min
reduced samples (Figure 7) precluded as reliable a
deconvolution as obtained for the lesser reduced
samples, so they were simply decomposed using the
minimum number of components to obtain a satisfactory
fit (low w2, R2 closest to 1.000), i.e. three water bands
(one low-intensity band at 3620 cm¡1, and two large and
intense bands at ~3460 and 3260 cm¡1) and three
structural OH-stretching components (Table 5). The
intense component at 3620 cm¡1 in both the 60 and
240 min reduced SWa-1 spectra may be due to the
combination of Al2OH- and AlMgOH-stretching vibra-
tions. The relative area of this component band is,
however, significantly greater than the sum of the
relative areas of the individual Al2OH and AlMgOH
component bands of the 30 min reduced SWa-1,

suggesting that a large change in the absorptivities
occurred or, more likely, that a new band appeared in the
range 3600¡3650 cm¡1. If trioctahedral domains were
formed within the octahedral sheet of SWa-1 upon
reduction due to the migration of Fe(II) from cis- to
trans- sites, such a new band would be expected for
Fe(II)M2OH at ~3610¡3630 cm¡1 (M = Fe(II), Mg or
Al; Fialips et al., 2002). Though the 30 min IR spectra
are inconclusive on this point, the 60 min spectra are
consistent with such an hypothesis. Cationic rearrange-
ments within the octahedral sheet could be at least partly
responsible for the decrease in intensity of the FeMOH
vibrations and the observed shifts in the Si¡O¡M
bending vibrations (M = Fe(III) or Al).

The deconvolution of the 60 min reduced sample
spectrum also required one component band at
3577 cm¡1, which can be attributed to a combination
of AlFe(III)OH-, AlFe(II)OH- and Fe(II)MgOH-stretch-
ing vibrations. This component band, though keeping its
relative area, shifted slightly down to 3574 cm¡1 for the
240 min sample, indicating that some AlFe(III)OH
groupings were still present in the 60 min reduced
sample. A relatively intense component located at
3552 cm¡1 was necessary to obtain a satisfactory
deconvolution of the 60 min spectrum. This component
can be attributed to a combination of Fe(III)Fe(II)OH
and [Fe(II)]2OH vibrations, with [Fe(II)]2OH probably
being the dominant grouping. After 240 min of reduc-
tion, this component band shifted slightly up and
decreased drastically in relative area, probably due to
dehydroxylation of the [Fe(II)]2OH groupings or to the
formation of [Fe(II)]3OH (trioctahedral domains).

Dehydroxylation upon reduction was observed for
Garfield nontronite (Roth and Tullock, 1973; Stucki and
Roth, 1976, 1977; Lear and Stucki, 1985; Komadel et
al., 1995; Manceau et al., 2000b; Fialips et al., 2002);
but, unlike Garfield, the SWa-1 smectite never com-
pletely lost its M¡O¡H-stretching bands, even after
240 min of reduction.

A plot of the total area of the OH-deformation and
stretching bands (AT) of SWa-1, normalized to the
unaltered spectrum, as a function of structural Fe(II)
content (Figure 10) revealed a linear decrease in band
area with increasing time of Fe reduction. The corre-
sponding number of OH groups lost (OH lost) was
estimated by linear extrapolation assuming that AT = 0
when OH lost = 4 (stoichiometric number of OH groups
per unit-cell) and AT = 100 when OH lost = 0, i.e.

AT = elc = e’c = 25c = 100 ¡ 25c’

where the absorption coefficient e’ incorporates the path
length l into the absorptivity e, c is the number of OH
per unit-cell, and c’ is the number of OH lost per unit-
cell.

The amount of Fe(II) per unit-cell was also calculated
based on the measured Fe(II) content, assuming the total
Fe remained fixed during reduction, using the relation
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Fe…II† ˆ k
Fe…II†

Total Fe

µ ¶

where the coefficient k is assumed to be constant (= 2.68
from the structural formula: Manceau et al., 2000a) and
converts the Fe(II):Total Fe ratio to atoms per unit-cell.

The areas of the OH-deformation and stretching
bands decreased at different rates with increasing
reduction, indicating that the absorptivities for these
two modes differ. The OH-stretching band evidently is,
however, the more reliable indicator of OH content
because the AT of the OH-deformation band approached
zero after 240 min of reduction even though the OH-
stretching band was still indicating the presence of OH.
This further supports our hypothesis that the absorptiv-
ities of the different OH-deformation vibrators differ
significantly from one another and probably change with
increasing reduction time, thus explaining why the
intensity of the AlFeOH-deformation band was more
intense than that of the Fe2OH band in the unaltered
spectrum.

The use of the plot in Figure 10 as a first estimate of
structural OH content may be possible but should be
viewed with caution. For example, AT of all OH-
stretching bands estimates that ~0.8 OH molecules are
lost per Fe(II) ion formed. The creation of trioctahedral
domains upon migration of VIFe(II) from cis- to trans-
sites, however, produces a stretching band (Fe(II)M2OH,
M = Fe, Al or Mg) at ~3610¡3630 cm¡1 which has a
much lower absorptivity compared to the other stretch-
ing component bands and thereby causes AT to under-
estimate the amount of OH present (overestimates the
loss of OH). In the 10 min reduced SWa-1, however, the
number of trioctahedral domains created should be
minimal, so in this case the transformation of scale

from AT to number of OH lost may be reliable. The value
of OH lost/Fe(II) is 0.5. The value estimated by Lear and
Stucki (1985) based on 3H isotope exchange was 0.32. If
we assume the latter to be correct, from the Beer-
Lambert Law we can calculate an apparent absorptivity,
eapp’, for the dioctahedral OH-stretching bands, using the
relation

e0
app ˆ 25c0

1=n
c0

2=n

where c1’and c2’ are the molecules of OH lost per n
atoms of Fe(II) formed, as estimated from Figure 10 and
Lear and Stucki (1985), respectively, giving a value for
e’app of 39.06.

As time of reduction increased from 10 to 240 min,
the ~3400 cm¡1 and ~3200 cm¡1 bands increased in
intensity (Figure 7). These broad bands are due to H2O
molecules strongly H-bonded to the clay surface or to
other H2O molecules. As already proposed by several
authors, these water molecules could be trapped inside
large defect cavities created upon reduction by the
migration of Fe(II) from cis- to neighboring trans-
positions in the octahedral sheet (Manceau et al., 2000b;
Fialips et al., 2002). The low intensity band located at
3620 cm¡1, which may be attributed to weakly-
H-bonded water, was first observed in the spectrum of
the 30 min reduced sample and increased slightly in area
with reduction time.

The IR spectra of the unreduced, reduced and
reduced-reoxidized samples in the M¡O¡H stretching
region are shown in Figure 11. As already observed in
the other IR spectral regions, none of the reduced-
reoxidized samples exhibited the same spectra as the
unreduced SWa-1, showing that structural changes
occurring during Fe reduction are only partly reversible

Figure10. Total area of the OH deformation and stretching bands, and corresponding calculated number of OH lost vs. the reduction
level of the SWa-1 and the number of Fe(II) per formula unit.
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though the reoxidation is almost complete (Fe(II) equals
only 0.7 to 1.0% of total Fe; Table 1). For the 10 min
reduced sample, however, the overall OH band was
essentially restored to its original intensity and wave-
number upon reoxidation (Figure 11a). This is particu-
lar ly obvious from the resul ts of a possib le
deconvolution presented in Table 6. The IR spectrum
of the 10 min reduced-reoxidized sample was first
normalized to the total area of all the OH-stretching
components in the unaltered SWa-1 to allow compar-
ison, and the properties of the OH-stretching bands
obtained after deconvolution of the unaltered SWa-1
spectrum were used as input parameters. After reoxida-
tion, only 4% of the total area of the SWa-1
OH-stretching bands was not restored and all the bands
which moved upon reduction (Table 6) shifted back to
their original positions (Tables 4, 6). For all other
reduction times, the loss of OH groups was restored to
a large extent upon reoxidation but the overall OH band
clearly shifted the maximum intensity to ~3600 cm¡1

(Figure 11b,c,d). Considering the evidence from the OH-
deformation IR region (i.e. better recovery of the
AlFe(III)OH than the [Fe(III)]2OH deformation band
upon reoxidation), this shift could be due to a low
recovery of the [Fe(III)]2OH environment rather than
enhancement of the number of AlFe(III) pairings.

To check this hypothesis, the IR spectrum of the
30 min reduced-reoxidized sample was decomposed

after normalization to the total area of all the OH-
stretching components in the unaltered SWa-1. The
properties of the OH-stretching bands obtained after
deconvolution of the unaltered SWa-1 spectrum were
used as input parameters. Results of a possible
deconvolution are presented in Table 6. These results
indicate that 77% of the total area of the SWa-1 OH-
stretching bands was restored upon reoxidation, but the
AlFeOH band was almost fully restored while only 72%
of the relative area of the Fe2OH band was restored
(Tables 4 and 6). A low recovery of the [Fe(III)]2OH
band can occur in one of two ways: first, the
rehydroxylation of these sites could be less complete

Figure 11. Normalized IR spectra in the OH-stretching region of the SWa-1 nontronite reduced for (a) 10 min, (b) 30 min, (c) 60 min,
and (d) 240 min, then reoxidized. The spectrum of the initially unaltered SWa-1 is given in each plot for comparison.

Table 6. Position (v̄) and integrated area (A) of the
component bands from the spectral deconvolution of the IR
OH-stretching region of the reoxidized forms of ferruginous
smectite (SWa-1) samples reduced for 10 and 30 min.

10 min reduction 30 min reduction
v̄ (cm¡1) A (%) v̄ (cm¡1) A (%)

3652 15 3652 13
3627 6 3627 5
3609 18 3600 17
3584 5 3578 4
3564 52 3565 38

Total: 96 77

Note: w2 4 27; R2 5 0.999
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than for the other octahedral environments; and second,
redistribution of Fe (and Al) could have occurred during
reduction. In particular, as proposed earlier, some Fe
could have migrated from cis- to trans- positions upon
reduction (Manceau et al., 2000b; Fialips et al., 2002),
leading to the formation of trioctahedral clusters. These
migrations of Fe could be selective, Fe from Fe-Fe pairs
being more involved than Fe from Al-Fe pairs. Even if
all Fe(II) were reoxidized to Fe(III), reoxidation fails to
reverse these structural changes and the cations are
redistributed into a different configuration than found in
the unreduced SWa-1.

Contrary to reduced Garfield nontronite (Fialips et
al., 2002), the tightly-bound H2O band (~3400 cm¡1) of
reduced SWa-1 smectite was retained during reoxida-
tion. The water bands even increased in intensity,
suggesting either that the drying method was less
efficient than for the reduced samples or that more
water was trapped within the clay structure.

CONCLUSIONS

The present observations in the IR range of O¡H
deformation, O¡H stretching and Si¡O stretching
confirm that major changes occur within the structure
of ferruginous smectite (SWa-1 sample) upon reduction.
These changes affect both the octahedral and tetrahedral
sheets of the clay and must be regarded as being only
partially reversible. In particular, the migration of Fe
from cis- to trans- positions within the octahedral sheet
upon reduction is indicated and partly explains both the
drastic variations in the OH deformation, OH-stretching,
and Si¡O-stretching bands upon reduction and their
irreversibility. These rearrangements generate tri-
octahedral domains, as well as defect cavities, within
the octahedral sheet during reduction with sodium
dithionite at 708C. Reoxidation of virtually all structural
Fe(II) to Fe(III) restores some, but not all, of the original
cationic arrangements.
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