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Abstract—Microstructural changes induced by the microbial reduction of Fe(Ill) in nontronite by
Shewanella oneidensis were studied using environmental cell (EC)-transmission electron microscopy
(TEM), conventional TEM, and X-ray powder diffraction (XRD). Direct observations of clays by EC-TEM
in their hydrated state allowed for the first time an accurate and unambiguous TEM measurement of basal
layer spacings and the contraction of layer spacing caused by microbial effects, most likely those of Fe(III)
reduction. Non-reduced and Fe(IllI)-reduced nontronite, observed by EC-TEM, exhibited fringes with
mean dgo; spacings of 1.50 nm (standard deviation, ¢ =0.08 nm) and 1.26 nm (¢ =0.10 nm), respectively.
In comparison, the same samples embedded with Nanoplast resin, sectioned by microtome, and observed
using conventional TEM, displayed layer spacings of 1.0—1.1 nm (non-reduced) and 1.0 nm (reduced).
The results from Nanoplast-embedded samples are typical of conventional TEM studies, which have
measured nearly identical layer spacings regardless of Fe oxidation state. Following Fe(III) reduction, both
EC- and conventional TEM showed an increase in the order of nontronite selected area electron diffraction
patterns while the images exhibited fewer wavy fringes and fewer layer terminations. An increase in
stacking order in reduced nontronite was also suggested by XRD measurements. In particular, the ratio of
the valley to peak intensity (v/p) of the 1.7 nm basal 001 peak of ethylene glycolated nontronite was
measured at 0.65 (non-reduced) and 0.85 (microbially reduced).
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INTRODUCTION

It has been proposed that oxidation-reduction reac-
tions of layer silicates play an important role in
environmental processes including microbial activity,
nutrient cycling, plant growth, contaminant migration
and diagenetic transformations (e.g. Egashira and
Ohtsubo, 1983). The first observation that reduced
clays swelled less than oxidized forms was in the study
of Wyoming bentonite by Foster (1953). Other early
studies observed that swelling pressures of ferruginous
clays are related to the b dimension of the unit-cell
(Ravina and Low, 1972, 1977) which was dependent on
the oxidation state of octahedral Fe (Kohyama et al.,
1973). Subsequent work reported that reduction of
Fe(IIl) in ferruginous clays, amongst other effects,
decreased swelling pressures (Egashira and Ohtsubo,
1983; Stucki et al., 1984; Gates et al., 1993), increased
cation fixation (Chen et al., 1987; Khaled and Stucki,
1991), smaller specific surface areas (Lear and Stucki,
1989; Shen et al., 1992), and a decrease in mean layer
spacing (Wu et al., 1988, 1989). All of these point
towards an increase in the interlayer force which is
produced by the mutual attraction of net-negatively
charged clay interlayer surfaces to the interlayer cations.
Increase in interlayer force can be driven by reduction-
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induced changes in total clay charge which affects the
net negative charge present on layer surfaces. However,
this theory has not been fully evaluated because the few
direct measurements of clay layer spacings at different
redox states that have been performed are inconclusive.

Stucki and Tessier (1991) examined chemically
reduced Fe-rich smectite by high resolution (HR)-
TEM. Specimens were prepared by thin sectioning
after water exchange and resin infiltration following
the method of Tessier (1984). Using selected area
electron diffraction (SAED), they showed that the
crystal stacking changed from turbostratic to a more
ordered structure in the reduced state, indicating an
increase of interlayer attraction due to the reduction of
Fe(IIT) to Fe(II). However, the expected contraction in
layer spacing was not found; rather a constant layer
spacing of 1.26 nm was observed in both the oxidized
and reduced smectite. This is in conflict with the earlier
in situ pressure-cell XRD work of Wu et al. (1989)
which observed a significant decrease in mean interlayer
spacing upon Fe(IIl) reduction in Na-nontronite bulk
samples. The effects of resin infiltration on the interlayer
spacing are uncertain and the homogeneous layer
spacing observed by Stucki and Tessier (1991) were
thought to have been artifacts induced by resin infiltra-
tion. Furthermore, previous studies focused on chemi-
cally reduced smectite using inorganic reductants, such
as dithionite (e.g. Foster, 1953; Lear and Stucki, 1989;
Shen et al., 1992; Drits and Manceau, 2000) which are
not likely to occur in abundance or to play a significant
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role in iron reduction in natural soil environments
(Stucki et al., 1987; Gates et al., 1993; Kostka et al.,
1996). On the other hand, bacteria have been shown to
reduce octahedral Fe(Ill) effectively in clays (Wu et al.,
1988; Gates et al., 1993; Kostka et al., 1999) and are
ubiquitous in soil and sediments. In order to understand
diagenetic changes of clays in anoxic soil and sediments,
it is necessary to study microbe/clay interactions on a
nm scale.

The purpose of this study is to demonstrate, using
advanced techniques, the changes in the microstructure
of ferruginous clays that are induced by metal-reducing
bacteria. Structural Fe(III) in nontronite was microbially
reduced under anaerobic conditions by Shewanella
oneidensis, a dissimilatory metal-reducing bacterium.
The resulting changes in clay microstructure were
determined by comparison with a non-reduced control.
In particular, basal layer spacings of non-reduced and
reduced nontronite were measured directly using EC-
TEM and the results were compared to those of
conventionally prepared specimens. The EC-TEM
allowed observation of the clays in their hydrated
‘native’ state, avoiding uncertainties in structural
modifications produced by specimen preparation. In
addition, changes in nontronite stacking order after
microbial Fe(III) reduction were characterized using
XRD.

MATERIALS AND METHODS
Clay mineral preparation

Nontronite from Uley graphite mine, South Australia
(The Clay Minerals Society standard, NAu-1) (Keeling
et al., 2000), was used in this study. Powdered speci-
mens (grain-size <2.0 um) were sterilized by a 5 min
exposure to microwave radiation (Keller et al., 1988),
and sterility was confirmed from lack of bacterial growth
on Luria-Bertani (LB) agar (Difco, Becton Dickinson
Microbiology Systems, Sparks, MD) following a 48 h
incubation at 22°C in the dark under aerobic conditions.
Note that no chemical treatment was carried out during
grain-size fractionation or following that procedure (e.g.
as in cation exchange). Thus, the clay can be regarded as
being minimally processed, and as such, largely in its
natural state.

Bacterial cultures

Shewanella oneidensis previously isolated from
anoxic sediment (Myers and Nealson, 1988) was
maintained aerobically on LB agar at 22°C in the dark.
The conditions for clay reduction experiments were
modified from Kostka et al. (1996) and are as follows: a
single, well-isolated colony was grown aerobically
overnight at 22°C in liquid LB medium and harvested
by centrifugation. The culture was introduced to
anaerobic conditions incrementally by re-suspension in
sterile minimal (M1) medium (pH 7.4) prepared accord-
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ing to Myers and Nealson (1988), supplemented with
20 mM formate as the electron donor and 80 mM Fe(III)
citrate as the terminal electron acceptor (TEA). The
culture was then incubated for 72 h at 22°C under
anaerobic conditions. Bacteria were pelleted by centri-
fugation, washed twice with M1 media, and transferred
into 15 mL of fresh M1 media containing 20 mM
formate to a density of a 0.5 MacFarland Standard
(1.5x10% cells mL™"). Six milligrams of sterilized
nontronite (0.4 mg mL™") were added as the sole TEA
and a 5 mL aliquot was placed into a sterile 50 mL
centrifuge tube. Controls containing heat-killed bacterial
cells and M1 media plus formate were prepared from the
same nontronite sample. The tubes were loosely capped
and incubated anaerobically in an anaerobic chamber for
4 days at 22°C.

Environmental cell transmission electron microscopy

A JEOL JEM-3010 transmission electron microscope
operating at 300 keV with a LaB¢ filament was used in
this study. This instrument was equipped with a JEOL
area scanning imaging device (ASID), Noran energy
dispersive X-ray spectroscopy (EDXS) system, Gatan
764 multi-scan camera (MSC), and Gatan imaging filter
(GIF200) capable of electron energy loss spectroscopy
(EELS). The microscope was also equipped with
conventional single- and double-tilt specimen holders
for conventional TEM as well as a state-of-the-art JEOL
EC-TEM system. All lattice images were obtained at
250 k magnification with a 20 pm objective aperture.

The EC-TEM system used in this study was described
in Daulton ef al. (2001) and is of the closed-cell design
(Fukami et al., 1991). The system is equipped with two
interchangeable JEOL EC specimen holders (a two-line
gas EC and a four-line gas/liquid EC) that are connected
to the EC-TEM system by flexible, stainless steel lines.
Both in situ EC-TEM specimen holders are capable of
circulating gas through the specimen chamber using two
lines. The gas can be saturated with water vapor
enabling hydrated specimens to be examined in their
‘natural” wet state. The four-line holder has two
additional service lines that can be used to inject several
pL of liquids independently from different reservoirs
(these were not used in this study). Each EC holder
consists of a small cylindrical cell sealed by two electron
transparent windows on the top and bottom. Each
window is a 15—20 nm thick amorphous carbon (a-C)
film covering seven hexagonally arrayed 0.15 mm
apertures on a 3.5 mm diameter Cu disk. Prior to use,
the windowed grids were tested to withstand a pressure
differential of 250 Torr for 60 s. The EC-TEM system is
fully computer controlled facilitating the insertion and
retraction of EC holders from the microscope column
without breaching the delicate windows.

For EC-TEM studies, the culture was centrifuged,
supernatant liquid removed, the pellet rinsed with H,O,
then re-suspended, and an aliquot (<15 pL) was loaded
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on the lower EC window (the rinse procedure prevents
salt precipitation on the EC window as the aliquot
evaporates). The EC holder was then sealed and
inserted into the TEM column. A flow of N, gas
(2 Torr-L-min~!) saturated with water vapor was main-
tained in the EC during operation at pressures between
10 and 100 Torr. For conventional TEM, specimens
were embedded in Nanoplast, which is a hydrophilic
resin that can be used with aqueous samples without
solvent exchange procedures (Leppard er al., 1996).
Embedded specimens were sectioned to 70 nm thickness
using a Leica Ultracut UCT microtome.

X-ray diffraction

X-ray diffraction analyses were performed on ethy-
lene glycolated (non-reduced and microbially reduced)
nontronite (grain-size <2 pm) with a Philips automated
diffractometer utilizing CuKa radiation at the University
of New Orleans. To minimize re-oxidation of reduced
nontronite during XRD measurements, X-ray scans were
restricted to a small range of 20 angles (3—8°) at a scan
speed of 1°/min.

RESULTS
Direct measurement of lattice fringes

Following 72 h of incubation of S. oneidensis with
nontronite, a substantial color change of the clay occurs
(tube ¢) in comparison to the controls of pure nontronite
(tube a) and nontronite with cell-free media (tube b) as
shown in Figure 1. This color change suggests reduction
of the clay in the samples containing viable microbes

Figure 1. Color changes (tan to green) of nontronite samples
after 72 h of incubation with S. oneidensis (tube c) in
comparison with pure nontronite (tube a) and nontronite with
cell-free media (tube b).
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when the following two points are considered. The only
significant terminal electron acceptor (TEA) present in
the cultures was the Fe(IlI) in the nontronite, and the
reduced clay reverted to its original color after several
weeks of exposure to ambient conditions (not illustrated
here).

Figure 2 shows EC-TEM images for the S. oneidensis
(S) and nontronite (Nont) culture. Figure 2a is an
intermediate-magnification whereas Figure 2b is an
enlarged image of the outlined portion of Figure 2a.
Examination by EC-TEM shows the typical rod-shaped
morphology of S. oneidensis. In particular, the bacterial
membranes are intact and show no evidence of rupture
by partial decompression in the TEM column. The S.
oneidensis, ranging in length from 2 to 5 pm, were
locally distributed in clay aggregates.

Representative, high-resolution lattice fringe images
of hydrated clays taken by EC-TEM are shown in
Figures 3a (non-reduced nontronite) and 3b (microbially
Fe(Ill)-reduced nontronite). In Figure 3a the non-
reduced nontronite shows hydrated layers with spacings
varying from 1.5 to 1.6 nm, clearly distinct from
1.0—1.1 nm previously reported for dehydrated layers
(e.g. Ahn and Peacor, 1986; Lee and Peacor, 1986).
Furthermore, 1.5 nm lattice fringes are dominant in most
areas of that image while 1.6 nm spacings were observed
as one- or two-layer units. The wavy structure and layer
termination are abundant, resulting in interfingered
layers and non-parallelism in anastomosing layers, and
varied spacings along layers. The inset SAED pattern
corresponding to the lattice image of Figure 3a shows
diffuse basal reflections forming ring patterns. The
presence of variable layer spacings and layer non-
parallelism results in the diffuseness parallel to ¢* and
normal to c*, respectively. In the example of Figure 3b,
the microbially reduced nontronite exhibits fringes that
consistently have layer spacings of 1.2—1.3 nm and are
readily differentiated from those of the non-reduced
nontronite. As shown in Figure 3, fewer wavy fringes
and fewer layer terminations were observed in reduced
nontronite in comparison with non-reduced nontronite.
Unlike the SAED pattern of the non-reduced nontronite,
the SAED pattern of the reduced nontronite is not
continuous (Figure 3b), although both show diffuse
intensity. In comparison, representative lattice fringe
images taken by conventional TEM of Nanoplast-
embedded nontronite are shown in Figure 4.
Importantly, contrary to observations by EC-TEM of
hydrated specimens, both the embedded non-reduced
(Figure 4a) and reduced (Figure 4b) nontronite show
very similar layer spacings (1.0—1.1 nm). In the
example of Figure 4a, non-reduced layer spacings of
1.1 nm are dominant with a similar structure previously
described above, and the inset SAED pattern displays
diffuse basal reflections with dyg; values of 1.1 nm. A
few nontronite units with 1.0 nm spacings are also
observed in Figure 4a. In the example of Figure 4b,
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1000 nm

Figure 2. EC-TEM images of S. oneidensis (S) with nontronite (Nont) particles, (a) intermediate-magnification image and
(b) enlarged image of the outlined portion of (a).

nontronite are shown inset.
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Figure 4. Conventional TEM lattice fringe images of Nanoplast-embedded (a) non-reduced and (b) microbially Fe(III)-reduced

nontronite. SAED patterns of nontronite are shown inset.

reduced nontronite exhibits rather continuous lattice
fringes with 1.0 nm spacings and corresponding SAED
patterns with dyo; values of 1.0 nm.

Distribution of dyy; spacing

The distribution of dyy; spacings of non-reduced and
reduced nontronite imaged by EC-TEM was measured
from lattice fringes of 120 and 138 packets of
nontronite grains, respectively. The distributions are
displayed as accumulate percentages in Figure 5. Each
data point represents the average layer spacing of a
single packet of a nontronite grain (i.e. thickness of
nontronite packet divided by number of layers in the
packet). The two distributions differ substantially. The
population of clay packets in the non-reduced non-
tronite with layer spacings >1.54 nm (~40% of
population) are completely absent in the reduced
nontronite. Furthermore, ~58% of clay packets in the
reduced nontronite have spacings below the smallest
spacing observed in the non-reduced nontronite dis-
tribution (1.30 nm). The non-reduced nontronite has a
mean layer spacing of 1.50 nm with a standard
deviation (o) of 0.08 nm, while the reduced nontronite
has a mean layer spacing of 1.26 nm with a ¢ =
0.10 nm.

The means of layer spacings for non-reduced and
reduced nontronite (Figure 5) differ from one another by
>2c. Therefore, a contraction of 0.24 nm in mean 001
layer spacing of nontronite was observed following Fe(III)
reduction. Our measurement is in close agreement with
previous in sitzu XRD studies which observed an interlayer
contraction of 0.28+0.04 nm, djpo 1.95 nm — 1.67 nm
(for all pressures between 1 and 10 atm), in Na-nontronite
(from Garfield, Washington) after ~85% of the Fe(III)
was reduced (based on Figure 8 of Wu et al., 1989).

XRD measurement

The XRD data for ethylene glycolated nontronite,
non-reduced and microbially Fe(IIl)-reduced, are dis-
played in Figures 6a and 6b, respectively. As a measure
of crystal order, the ratio of the valley to peak intensity
(v/p) was measured for the basal layer 001 peak of
ethylene glycolated (1.7 nm) nontronite (following the
technique of Biscaye, 1965). In that technique, p (peak)
is the peak intensity minus background; v (valley) is the
depression prior to the peak (i.e. intensity difference
between peak apex and valley preceding the peak). The
v/p ratio of reduced nontronite (0.85) is greater than that
of non-reduced nontronite (0.65), indicating higher order
in stacking sequence.
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Figure 5. Distribution of 001 layer spacings in non-reduced and microbially Fe(III)-reduced nontronite as measured by EC-TEM.

The horizontal axis is scaled to the normal probability distribution (i.e. Gaussian distributions plot as straight lines) and represents
the value of the integral (normalized to 100%) of the distribution from 0 to y.

DISCUSSION

We have demonstrated, for the first time by direct
TEM measurement, the microbially induced contraction
of nontronite basal layers, most likely driven by Fe(III)
reduction. This is possible because the clays were
examined in their ‘natural’ hydrated state in an environ-
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mental cell circumventing dehydration and resin artifact
effects of conventional TEM specimen preparation. In
previous studies, water exchange with methanol and
infiltration with L.R. White resin were used to prevent
clay layers from collapsing due to dehydration during
TEM examination (Stucki and Tessier, 1991). This
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Figure 6. XRD patterns for ethylene glycolated (a) non-reduced control and (b) microbially Fe(I1I)-reduced nontronite. The heights
of the v (valley) and p (peak) of the 1.7 nm reflection are shown by arrows.



388

technique was also adapted to differentiate smectite layers
from illite and smectite mixed layers using TEM (Kim et
al., 1995). However, the homogeneous layer spacing
observed by Stucki and Tessier (1991) in both reduced
and non-reduced smectite illustrates the limitations of
conventional TEM and infiltration techniques. Their
observation is representative of a clay-methanol/resin
system which is largely unaffected by the Fe oxidation
state, rather than a natural clay-water system.

In Nanoplast-embedded samples, water was directly
replaced by resin without the intermediate steps of
solvent replacement. However, the difference in layer
spacings between Nanoplast-embedded reduced and
non-reduced nontronite is too small to provide mean-
ingful information on the contraction of layers induced
by microbial effects (most likely those of Fe(Ill)
reduction). Either dehydration in the TEM column or
the presence of resin in the interlayers induced contrac-
tion of the clay layers precluding accurate measurement
of microbially induced layer contraction. In any event,
embedding altered the clay interlayer structure thereby
precluding measurement of the effects of Fe(Ill)
reduction on layer spacing.

The range of measured basal layer spacings in
nontronite (Figure 5) may reflect variations in Fe(III)/
Fe(Il) or total Fe composition among individual grains
and/or varying degrees of electron beam damage. For
example, Ahn and Peacor (1986) pointed out that
variations in layer spacings in oxidized smectite have
been attributed to heterogeneity in local composition and
therefore in interlayer charge. Furthermore, Drits and
Manceau (2000) mentioned that a small amount of ferric
iron does not effectively disturb the crystal-lattice
stabilization energy and the layer charge is compensated
predominantly by the sorption of Na.

Slade et al. (1991) identified ~1.8 nm and ~1.5 nm
XRD 001 peaks of various smectites in NaCl solutions as
corresponding to three and two H,O planes in the
interlayer, respectively. Further, Keeling er al. (2000)
identified ~1.5 nm, ~1.3 nm and ~1.0 nm XRD 001
peaks of Ca-saturated, dried (105°C, 24 h) NAu-1 and
NAu-2 nontronite as corresponding to two, one or no
H,O plane(s) in the interlayer, respectively. Therefore,
our measurements are consistent with the assertion that
the EC-TEM holder maintained our NAu-1 nontronite in
a hydrated state, i.e. that hydrated interlayers were
present. Although it is difficult to quantify precisely the
degree of hydration of the specimens in the EC, the
hydration conditions during imaging of both the non-
reduced and reduced nontronite should be largely
equivalent. Therefore, differences observed in basal
layer spacings between non-reduced and reduced non-
tronite can be attributed to microbial effects, most likely
those of Fe(IIl) reduction.

Changes in the nontronite SAED patterns (Figure 3)
from diffuse rings to rather discrete Bragg reflections
following Fe(IIl) reduction suggest an increase in the
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order of face-to-face stacking arrangements. This is
further supported by XRD results (Figure 6). Reduction
of Fe(IlI) may increase the net negative charge on clay
surfaces. Extracellular biopolymers (polysaccharides,
lipids, and organic acids), secreted by bacteria, are
also net negatively charged, yet they bind readily to
substrates including clays, with surface tension probably
dominating over electrostatic repulsion. In culture
suspensions, biopolymers may facilitate reordering of
individual clay sheets since they attract cations while
also acting as glue holding mutually repulsing clay
sheets in close proximity. Clay sheets attracted to the
same set of cations in the biopolymer could reorient to
reduce their total free energy forming a new layer
stacking.

In conclusion, the main advantage of EC-TEM is that
clays can be investigated in their hydrated state,
eliminating artifacts resulting from dehydration and
sample infiltration. We showed that established embed-
ding techniques used to study clay reduction do not
accurately preserve basal spacings of expandable clays. At
least for the L.R. White resin technique, solvent exchange
and resin infiltration modify layer spacings, and therefore
cannot be used to study, for example, the correlation
between layer spacing and local Fe(Ill)/Fe(II) composi-
tion. The Nanoplast resin technique avoids solvent
exchange and reduces artifacts of resin infiltration, though
it does not prevent layer contraction caused by dehydra-
tion during TEM observation. In fact, conventional TEM
has been unable to image conclusively the contraction of
clay layers induced by Fe(IIl) reduction.

This paper demonstrates proof of principle, laying the
groundwork for more detailed direct studies of hydrated
clays. In this regard, techniques have been developed to
determine the oxidation state of 3d and 4d transition
metals using EELS-measured L,; (Leapman et al.,
1982; Colliex et al., 1991; van Aken et al., 1998), and
M, ;5 (van Aken et al., 1999) adsorption edges. We are
presently using EELS to study Fe(III)/Fe(Il) ratios in
individual nontronite grains and that will provide further
valuable information on microbial reduction of clays.
For the study of clay layer structure, EC-TEM is indeed
the essential tool for which clay mineralogists have
searched for several years.
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