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POLARIZED ATR-FTIR INVESTIGATION OF Fe REDUCTION IN
THE ULEY NONTRONITES
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Abstract—Reduction of structural Fe in smectites affects the surface chemical behavior of the clay, but the
underlying mechanism and changes in clay structure are still in need of investigation, particularly with
respect to changes in the tetrahedral sheet. The purpose of this study was to probe changes in the tetrahedral
sheet that occur when structural Fe is reduced in the Uley nontronites, NAu-1 and NAu-2, using polarized
attenuated total internal reflection Fourier-transform infrared spectroscopy. Despite the differences in their
structures — NAu-2 has tetrahedral Fe*™ while NAu-1 does not — the changes observed in the Si—O
stretching region were quite similar. Reduction results in a shift of the in-plane Si—O stretching modes to
lower frequencies, while the out-of-plane Si—O stretch shifts to higher frequencies. The magnitude of these
shifts is greater in NAu-2 than in NAu-1, but the crystallinity of the tetrahedral silicate sheet of NAu-2 is
preserved upon reduction. In both nontronites, the orientation of the out-of-plane Si—O bond changes and
becomes completely perpendicular to the basal (001) surface of the clay, indicating the formation of
trioctahedral domains wherein the individual tetrahedra reorient relative to the plane of the clay layer.
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INTRODUCTION

The reduction of Fe*' within the structure of
nontronites and ferruginous smectites is a subject of
interest due to the role of Fe-bearing clays in geochemical
redox cycles and in particular the reductive degradation of
common groundwater contaminants (e.g. Hofstetter et al.,
2006; Elsner et al., 2004; Ribeiro et al., 2004b; Cervini-
Silva et al., 2000, 2003; Nzengung et al., 2001; Xu et al.,
2001; Yan and Bailey, 2001). A range of techniques
including Mdssbauer (Jaisi et al., 2005; Ribeiro et al.,
2004a; Komadel et al., 1995), extended X-ray absorption
fine structure (EXAFS) (Manceau et al., 2000), and
infrared (IR) (Lee et al, 2006; Fialips et al., 2002a,
2002b; Manceau et al., 2000; Yan and Stucki, 1999, 2000;
Komadel et al., 1995; Stucki and Roth, 1976) spectro-
scopies has been used to investigate the reduction
mechanism in these clays. Some details of the structural
changes in the octahedral sheet accompanying reduction
have been discerned: dehydroxylation of the octahedral
sheet occurs (Drits and Manceau, 2000; Manceau et al.,
2000; Komadel et al., 1995), as well as migration of the
newly created Fe®" from cis-octahedral to frans-octahe-
dral sites (Manceau et al., 2000). Furthermore, structural
rearrangement results in the creation of trioctahedral
domains within the originally dioctahedral structure
(Manceau et al., 2000).
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As described above, the mechanism of Fe reduction in
nontronites is focused predominantly on changes to the
octahedral sheet. Such significant changes in structure,
however, must also affect the adjoined tetrahedral sheets.
Indeed, several IR spectroscopy studies have shown that
the Si—O stretching bands shift by tens of wavenumbers
upon reduction of structural Fe in nontronite (Fialips et
al., 2002b; Stucki and Roth, 1976) and ferruginous
smectite (Fialips et al., 2002a). More specifically, Yan
and Stucki (1999) showed that the out-of-plane compon-
ent of the Si—O stretching region shifts to higher
frequency upon reduction of Fe** in montmorillonite,
while the in-plane components shift to lower frequencies.
These previous studies clearly indicate substantial struc-
tural modification to the tetrahedral sheet, but the details
of this transformation remain to be determined. In this
study, polarized infrared spectra of oriented nontronite
films are presented in order to examine bond orientation
changes that occur with reduction and further clarify the
nature of the changes to the tetrahedral sheet. In a
previous study, the O—H stretch of reduced nontronite
was shown to exhibit pleochroic behavior after reduction
of structural Fe (Fialips et al., 2002b), but to date, no
polarized infrared studies of the Si—O stretching region of
reduced Fe-bearing clays have been presented in the
literature.

The second purpose of this work was to examine the
effect of the reduction of tetrahedral Fe** on the structure
of the tetrahedral sheet. The Uley nontronites, NAu-1 and
NAu-2, examined in this study were chosen to allow a
comparison between a clay with only octahedral Fe** and
one with both octahedral and tetrahedral Fe*". NAu-1 is a
bright yellowish-green clay with structural formula
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m.05[8i6.98A11.02][A10.29Fe3.68Mg0.04]020(OH)4 (Keeling
et al., 2000). Chemical and spectroscopic analyses of
NAu-1 (Jaisi et al., 2005; Gates et al., 2002; Keeling et
al., 2000) have indicated that Fe*, as in most nontronites,
is mainly located in the octahedral sheet. NAu-2 is a dark
brown clay with the structural formula
M3.72[Si7,55A10A16Feo,29][A10A34Fe3A54Mg0,05]020(OH)4
(Keeling et al., 2000) with ~8% of its Fe in tetrahedral
coordination (Gates et al., 2002). A comparison of these
two clays will therefore allow a determination of the role
of tetrahedral Fe** in the evolution of the silicate structure
during reduction.

Infrared spectroscopy has been applied to the study of
clay mineral structures using a variety of sampling
techniques. Absorption studies in both transmission and
reflectance modes (Madejova, 2003) as well as IR
emission spectroscopy (Kloprogge and Frost, 2005) have
been reviewed previously. The IR absorption data
presented here were acquired using attenuated total
reflection (ATR), which has several distinct advantages
over other sampling techniques. Most importantly for this
study, ATR allows for the characterization of an aqueous
suspension in situ without additional sample preparation.
In this technique, the IR beam is internally reflected
within a crystal with a high refractive index. At each
reflection point, an exponentially decaying evanescent
wave escapes from the internal reflection element (IRE),
allowing an absorption spectrum of any material in direct
contact with the IRE to be acquired. The small effective
penetration depth (~1 pm) of the evanescent wave allows
an aqueous sample to be analyzed despite the strong
absorption of water, making ATR ideal for in situ studies.
Additionally, a suspension of clay particles forms a thin,
oriented film on the IRE with the basal surfaces of the
clay platelets parallel to the IRE surface (Johnston and
Premachandra, 2001). In the present study, oriented films
were examined with plane-polarized incident radiation in
order to observe changes in bond orientation accompany-
ing reduction of structural Fe.

MATERIALS AND METHODS

Clay preparation

The nontronites used in this study, NAu-1 and NAu-2
(Keeling et al., 2000), were obtained from the Source
Clays Repository of The Clay Minerals Society
(www.clays.org/sourceclays/SourceClays.html). The
clay was purified through a wet sedimentation process
(Vaniman, 2001) in order to isolate the 0.35—2 pum size
fraction of the mineral. Once the appropriate size
fraction was collected, the clay was acid washed with
0.1 M acetic acid (Baker) to eliminate carbonate
impurities. The clay was then rinsed three times with
18 MQ-cm deionized water. Finally, Na'-saturated
samples were produced by washing the clay with
0.1 M NaCl (Fisher), followed by three washes with
18 MQ-cm deionized water.
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Structural Fe reduction

All chemical manipulations were performed in an
anaerobic glovebox under an atmosphere of 95:5 N,:H,.
A measured amount of sample (~30 mg) was dispersed
in 20 mL of N,-sparged 18 MQ-cm deionized water. To
this was added ~10 mL of N,-sparged sodium citrate-
bicarbonate buffer solution [2 parts of 1.2 M sodium
citrate (Naz;CgHsO,2H,O, Baker) and 1 part of 1 M
sodium bicarbonate (NaHCOj;, Spectrum)]. The tem-
perature was raised to ~70°C. A reducing agent [sodium
dithionite (Na,S,04), 100 mg, Matheson] was then
added to the sample. The clay was allowed to react for
~4 h, which has been shown to be sufficient time for
nearly complete reduction of nontronite (Komadel et al.,
1990). The extent of reduction was verified by the color
of the suspension, which turned deep blue in color and
then bluish gray, indicating that the majority of
structural Fe had been reduced (Komadel et al., 1990).
The reduced sample was washed twice with N,-sparged
18 MQ-cm deionized water and then allowed to dry in
the glovebox.

To prepare samples for Attenuated Internal
Reflection Fourier Transform Infrared (ATR-FTIR)
analysis, ~2 mg of clay was suspended in 1 mL of
deuterated water (D,0) which was used as the suspen-
sion medium to eliminate complication of the Si—O
stretching region by the intense H,O librational band at
686 cm™' and thereby improve the quality of the
baseline fits used in the spectral analysis.

ATR-FTIR spectroscopy

Infrared spectra of the nontronite suspensions were
recorded using a Thermo Nicolet 3700 Fourier-transform
infrared spectrometer equipped with a deuterated trigly-
cine sulfate (DTGS) detector and Omnic software,
version 7.2. Spectra are the average of 64 scans with a
nominal resolution of 1 e¢m™' at increment steps of
0.481 cm™! from 4000 to 500 cm~'. Samples were
placed on a horizontal attenuated total internal reflection
(ATR) apparatus (Pike Technologies) for analysis. The
internal reflection element (IRE) was a horizontal
80 mm x 10 mm x 4 mm trapezoidal ZnSe crystal with
a 60° angle of incidence and eight internal reflections.
The IRE was mounted in a trough plate, which was used
to contain the aqueous suspensions for analysis. A
holographic wire polarizer (Thorlabs) was used to select
the polarization of the incident radiation with the electric
field oriented either parallel to the plane of incidence
(p-polarized) or perpendicular to it (s-polarized). The
orientation of the electric field in each polarization is
shown in Figure 1.

A background spectrum with one polarization of light
was first recorded with the empty sample cell in place.
The clay suspension was then added to the sample cell of
the ATR apparatus within the glovebox, covered with
Parafilm, and then quickly transferred to the N,-purged
sample compartment of the spectrometer. The suspen-
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sion was allowed to sit for several minutes to allow the
formation of a stable, oriented film on the IRE as
demonstrated by Johnston and Premachandra (2001).
The sample spectrum was then acquired and ‘ratioed’ to
the background spectrum. Without disturbing the sam-
ple, a second spectrum was taken using the other
polarization of light, followed by a background spectrum
of the empty cell. Each sample and corresponding
background was scanned with continuous purging of
the spectrometer with dry Nj.

Spectral analysis

Spectral analysis of the Si—O stretching region
(900—1200 cm™') was accomplished using the Peak
Fit software package, version 4.12 (Systat). Baseline
subtraction was accomplished with a linear algorithm.
Peaks were fit to Voigt (Gaussian-Lorentzian) line
shapes. The amplitudes, band positions, half-widths,
and Gaussian/Lorentzian compositions of the individual
bands were optimized. No parameters were locked for
the optimization of line shapes. Values of > for the fits
were > 0.98.

RESULTS

The absorption spectra of a portion of the Si—O
stretching region of unaltered NAu-1 obtained with both
p- (a) and s-polarized (b) incident radiation are presented
in Figure 2. The raw data are the circles. The solid line
on top is the best fit, composed of the peaks given below
each spectrum. The broad feature at ~1020 cm ™' can be
fit to two component peaks at 1011 and 1038 cm™'.
Previous IR studies of nontronites (Farmer and Russell,
1964; Yan and Stucki, 2000) and of NAu-1 in particular
(Frost et al., 2002; Merola et al., 2007), found that the
Si—O stretching region is made up of two overlapping
pairs of peaks at 1000—1050 and 1050—1100 cm ™~ '. The
peak at 1038 cm™' is the out of plane Si—O stretch
(dotted line) corresponding to the apical Si—O bond,
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Figure 1. Schematic representation of the two polarizations of
incident radiation used in ATR. The plane of the electric field in
each case is shown relative to the surface of the IRE, which
resides in the x-y plane. P-polarized radiation has a vector
component of the electric field perpendicular to the IRE surface,
while the electric field of s-polarized radiation lies completely
in the plane of the IRE surface.
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while the other three are all in-plane stretching modes.
The feature in Figure 2 corresponds to the stronger pair
in this region. The major difference between the
spectrum obtained with p-polarized light (Figure 2a)
and the s-polarized spectrum (Figure 2b), is that the out-
of-plane peak is distinctly more intense in the p-polar-
ized spectrum.

Since spectra obtained with both polarizations of
incident radiation were taken using the same clay film,
one may define the dichroic ratio, Rotr, as follows:

As

Ryrr = A_p

In the case of unaltered NAu-1 as shown in Figure 2,
Ratr for the out-of-plane (apical) Si—O stretch is 0.2.
Because the p-polarization has a vector component of
the electric field perpendicular to the surface of the
crystal but the s-polarization does not (see Figure 1), this
low value of the dichroic ratio indicates that the apical
Si—O bond (see Figure 3) responsible for the out-of-

Relative absorbance

1010
Wavenumber (cm'1)

Figure 2. ATR-FTIR absorption spectra of the Si—O stretching
region of unaltered NAu-1 using p-polarized (a) and s-polarized
(b) incident radiation. The raw data are the circles, while the
solid line on top is the best fit, composed of the peaks given
below each spectrum. The labels indicate the components due to
the in-plane (i-p) and out-of plane, apical (A) Si—O stretching
modes.
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plane stretch is oriented almost perpendicular to the
surface of the ATR crystal. This observation confirms
that the basal (001) surfaces of the individual clay
platelets are aligned parallel to the ATR crystal and that
the clay film is indeed well oriented. This finding is in
agreement with previous ATR-FTIR studies of clay
suspensions, which demonstrated that clay particles in
aqueous suspension form a highly oriented thin film
(25—50 nm) on the surface of a ZnSe IRE with the (001)
faces of the platelets parallel to the IRE surface
(Johnston and Premachandra, 2001).

The absorption spectra of the Si—O stretching region
of reduced NAu-1 using both p-polarized (a) and
s-polarized (b) incident radiation are given in Figure 4.
The apical Si—O stretch (dotted line) has shifted to a
higher wavenumber, 1044 cm™', in agreement with
previous studies of reduction in ferruginous smectite
(Yan and Stucki, 1999). Note that while the out-of-plane
peak is quite apparent in the p-polarized spectrum, it is
almost non-existent in the s-polarized spectrum. Thus,
Ratr for the apical Si—O stretch approaches zero for
reduced NAu-1. The in-plane stretch present in the
unaltered spectrum has shifted to a lower wavenumber
(986 cm™') and a second in-plane stretch, presumably
one of the peaks from the weaker pair in the
1050—1100 cm ™" region, has also shifted to a lower
wavenumber (1011 cm™") and increased in intensity.

The absorption spectra of the Si—O stretching region
of unaltered NAu-2 obtained with p-polarized (a) and
s-polarized (b) radiation and the corresponding fits to the
data are shown in Figure 5. Similar to the spectra of
NAu-1 and in agreement with a previous IR study of
NAu-2 (Frost et al., 2002), the strongest pair of peaks in
the Si—O stretching region of unaltered NAu-2 resides
between 1050 and 1100 cm™'. The peak at 1030 cm ™'
(dotted line) is the apical Si—O stretch. The other peak at
1014 cm™' is an in-plane stretch. Comparing the peak
intensities for the two polarizations, Rotgr for the out-of-
plane Si—O stretch is calculated to be 0.55.

Basal ———
oxygens

Apical
oxygens

 —
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@ Si

OQOH

@ Fe, Al, or Mg

Figure 3. Structure of a nontronite, with the two tetrahedral
sheets containing mostly Si and the octahedral sheet containing
Fe, Al, and Mg. The apical Si—O bonds in all the tetrahedra are
oriented approximately perpendicular to the basal surface of the
clay.
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The absorption spectra of the Si—O stretching region
for reduced NAu-2 (Figure 6), compared to the spectra
of unaltered NAu-2, revealed that all three in-plane
Si—O stretching modes shifted to lower frequencies. The
dominant in-plane peak present in the unaltered sample
shifted to a lower wavenumber (990 cm™') and the two
in-plane Si—O bands from the less intense pair
apparently shifted from a higher wavenumber to
1008 cm™'and 1070 cm™". In contrast, the out-of-plane
apical Si—O stretch (dotted line) shifted to higher
wavenumber (1050 cm™"'). The apical stretch is very
prominent in the p-polarized spectrum (Figure 6a), but
has essentially no intensity in the s-polarized spectrum
(Figure 6b). In other words, Ratr approaches zero.

DISCUSSION

Reduction of tetrahedral Fe**

The trends observed in the spectra of NAu-1 and
NAu-2, as summarized in Table 1, are very similar. In
each mineral, reduction brings about a shift in the in-plane

Relative absorbance
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Figure 4. ATR-FTIR absorption spectra of the Si—O stretching
region of reduced NAu-1 using p-polarized (a) and s-polarized
(b) incident radiation. The raw data are the circles, while the
solid line on top is the best fit, composed of the peaks given
below each spectrum. The labels indicate the components due to
the in-plane (i-p) and out-of plane, apical (A) Si—O stretching
modes.
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Figure 5. ATR-FTIR absorption spectra of the Si—O stretching
region of unaltered NAu-2 using p-polarized (a) and s-polarized
(b) incident radiation. The raw data are the circles, while the
solid line on top is the best fit, composed of the peaks given
below each spectrum. The labels indicate the components due to
the in-plane (i-p) and out-of plane, apical (A) Si—O stretching
modes.

Si—O stretching modes to lower frequencies while the
out-of-plane Si—O stretch shifts to higher frequency and
exhibits a decrease in its dichroic ratio. Given that NAu-2
contains tetrahedral Fe’™ and NAu-1 does not, the
similarity of the changes in their IR spectra as a result
of reduction suggests that either the tetrahedral Fe** is not
reduced, or the reduction of this species does not have a
substantial influence on the changes which occur in the
silicate structure. In the reduction of both minerals, a four-
fold molar excess of sodium dithionite relative to the
mineral’s Fe content was used and sufficient time given to
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Figure 6. ATR-FTIR absorption spectra of the Si—O stretching
region of reduced NAu-2 using p-polarized (a) and s-polarized
(b) incident radiation. The raw data are the circles, while the
solid line on top is the best fit, composed of the peaks given
below each spectrum. The labels indicate the components due to
the in-plane (i-p) and out-of plane, apical (A) Si—O stretching
modes.

allow the nearly complete reduction of structural Fe as
demonstrated by the resulting gray color of the nontronite
(Komadel, et al., 1990). Previous studies of the microbial
reduction (Jaisi et al., 2005) of NAu-2 provided evidence
that the tetrahedral Fe*" in NAu-2 is preferentially
reduced before the octahedral fraction. The tetrahedral
Fe*' in the NAu-2 in the current study, therefore, should
be reduced.

Previous studies pointed out that the ionic radius of
Fe?" is too large to fit into the tetrahedral site in
smectites (Cardile, 1989; Jaisi et al., 2005), suggesting

Table 1. Summary of the observed band positions of the apical (out-of-plane) and in-plane Si—O stretching
modes and the calculated dichroic ratio for each of the nontronites.

Apical Si—O stretch

In-plane Si—O stretch

Dichroic ratio, Ratr

(cmfl) (cmfl)
Unaltered NAu-1 1038 1011 0.2
Reduced NAu-1 1044 986, 1011 0.55
Unaltered NAu-2 1030 1014 ~0
Reduced NAu-2 1050 990, 1008, 1070 ~0
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that reduction of tetrahedral Fe is followed by its release
to solution. Jaisi et al. (2005) also reported that
microbial reduction of Fe** in NAu-2 caused a decrease
in the crystallite size of the nontronite, a change in the
crystal-size distribution, and a release of Si into aqueous
solution. They proposed that their results indicate a
reductive dissolution mechanism. The results of the
present study, however, argue against a loss of crystal-
linity of the silicate structure upon reduction of
tetrahedral Fe. The spectra of reduced NAu-2 have
well-defined peaks suggestive of a crystalline structure
rather than an amorphous structure that one would
expect if significant dissolution of the silicate had taken
place. NAu-2, however, does exhibit a more dramatic
structural change to the tetrahedral sheet upon reduction
than NAu-1 does. The apical Si—O stretch in NAu-1
shifts six wavenumbers higher upon reduction of
structural Fe, while the apical Si—O stretch in NAu-2
shifts 20 wavenumbers higher upon reduction. Although
the general trends in NAu-2 are similar to those in
NAu-1, the change in the silicate structure is clearly
more significant, presumably as a result of the reduction
of the tetrahedral Fe. Further work is needed to fully
elucidate the reorganization of the tetrahedral sheet in
NAu-2.

Effect of reduction on Si—O bond orientation

The ratio of the intensity of the out-of-plane Si—O
stretching peak obtained with s-polarized incident
radiation to its intensity with p-polarized radiation is
an indication of the orientation of the apical Si-O bonds
of the tetrahedral sheet relative to the surface of the ATR
crystal. The lower the dichroic ratio, the closer the bond
is to being perpendicular to the surface of the ATR
crystal and consequently the plane of the clay layers. In
both NAu-1 and NAu-2 the dichroic ratio decreases
significantly upon reduction of the clay. In fact, the ratio
approaches zero in both cases, indicating that the apical
Si—O bond is oriented almost completely perpendicular
to the plane of the clay. The magnitude of this change
appears to be greater for NAu-2 than NAu-1, suggesting
that the degree of structural rearrangement is more
significant in NAu-2. However, one must be cautious in
making a quantitative comparison between the two
samples. The dichroic ratio depends on not only the
orientation of the bond within the clay structure, but also
the degree of orientation of the clay particles relative to
each other and to the IRE surface. A more well oriented
film also will result in a smaller dichroic ratio. The
larger change in dichroic ratio resulting from reduction
of NAu-2 may, therefore, partially be the result of an
increase in the ordering of the film in addition to
changes in the clay structure. In any case, the dichroic
ratio value of nearly zero measured in both reduced
nontronites indicates both that the films were well
oriented and that the apical Si—O bond orientation is
perpendicular to the (001) surface of the clay.
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The increasingly perpendicular nature of the apical
Si—O bond upon reduction has implications for under-
standing the structural rearrangement of the tetrahedral
sheet in both NAu-1 and NAu-2. A previous study
(Manceau et al., 2000) employing polarized extended
X-ray absorption fine structure (P-EXAFS) spectroscopy
indicated that reduction of Garfield nontronite resulted
in a structural modification that suppressed the corruga-
tion of basal oxygen planes, typical of dioctahedral
smectites, yielding a flat basal surface, as found in
trioctahedral layer silicates (Lee and Guggenheim,
1981). This evidence for a flat basal surface, in
combination with the perpendicular nature of the apical
Si—O bond as determined in the current study, indicates
that the Ogpicai—Si—Opasar bond angle remains fixed and
the tetrahedra, as whole units, realign relative to the
plane of the clay layer.

CONCLUSIONS

The IR spectra presented here yield substantial
information about the structural evolution of nontronite
upon reduction of Fe**. Nontronite with tetrahedral Fe*",
e.g. NAu-2, retains the crystalline structure of the
tetrahedral sheet, although the observed shifts of the
Si—O stretching bands are larger than those observed in
a nontronite without tetrahedral Fe**, such as NAu-1.
Polarized ATR-FTIR spectra indicate that the apical
Si—O bond changes orientation and becomes nearly
perpendicular to the plane of the clay layer upon
reduction. This observation is indicative of trioctahedral
domain formation and suggests that the tetrahedra
reorient as whole units, becoming upright relative to
the (001) surface.
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