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Quantitative Environmentgil Cell - Transmission 
Electron Microscopy: Studies of Microbial Cr(VI) 
and Fe(III) Reduction 

Tyrone L. Daulton^ Brenda J. Littlett, Jin W. Kim% Steven Newellt, Kristine Lowettt, Yoko 
Furukawat, Joanne Jones-Meehan^^t and Dawn L. Lavoiet 

^ tMarine Geosciences Division, Naval Research Laboratory 
^Oceanography Division, Naval Research laboratory 
tttChemistry Division, Naval Research Laboratory 

tstennis Space Center, MS, 39529 USA 
^E-mail :tdaulton@nrlssc.navy.mil 

Several applications of environmental cell (EC)-transmission electron microscopy (TEM) to microbial 
metal reduction studies are reviewed. Electron energy loss spectroscopy (EELS) techniques were used 
to determine oxidation state, at high spatial resolution, of Or associated with the metal-reducing bacteria, 
Shewanella oneidensis, in anaerobic cultures containing Cr(VI)042-. These techniques were applied to 
fixed cells examined in thin section by conventional TEM and unfixed, hydrated bacteria examined by 
EC-TEM. Measurements by EELS demonstrated that cell boundaries became saturated with low 
concentrafions of Or and the precipitates encrusting bacterial cells contained a reduced form of Or in 
oxidation state +3 or lower. In addition, reduction by S. oneidensis of structural Fe(lll) in nontronite, an 
expandable clay, was studied under anaerobic conditions. Direct observafions by EC-TEM yield 
unambiguous measurement of layer spacings and the contraction of hydrated, clay layers upon 
reduction of structural Fe(lll). In particular, nonreduced and Fe(lll)-reduced nontronite, observed by EC- 
TEM, exhibit mean (001) spacings of 1.50 nm and 1.26 nm, respectively. 

Introduction 

Conventional transmission electron microscopy (TEM) studies of microbial 
reduction of metals have provided important information. However, they are 
limited because the techniques of fixation, embedding, and microtoming, 
necessary to prepare thin specimens, are known to alter deUcate cellular and 
abiotic microstructures. Fixation and dehydration preserve some cellular 
structure, but buffer and organic solvent washes remove extracellular 
polymers. In addition, soluble ions from extracellular and intracellular sources, 
such as soluble reduction intermediates, can be lost. Reduction intermediates 
are unstable with intermediate valence state between the valances of the stable 
end members of the reduction process. Dehydration causes basal layer spacings 
in expandable clay minerals to contract and the extracellular biopolymers 
produced by bacteria associated with clays to collapse into a filamentous, web- 
like network. In contrast, environmental cell (EC)-TEM is a powerful 
technique in which hydrated specimens can be examined at high spatial 
resolution in more or less their natural state. The purpose of this paper is to 
demonstrate the appUcation of EC-TEM for the study of microbial metal 
reduction mechanisms and their alteration products; two studies are reviewed. 

http://www.jeol.com/jeol_newsjuly2002/htm/06/index.htm 2/20/2003 
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MIcrobial reduction of Cr(VI) 

Hexavalent chromium species are strong oxidants which act as carcinogens, 
mutagens, and teratogens in biological systems [1]. The high solubihty, 
bioavailability, and toxicity of Cr(VI) make it a particular environmental 
concern. Microbial mechanisms for Cr(VI) reduction are of particular 
technological and biological importance because they convert a toxic, mobile 
element into a less toxic, immobile form. The study of microbial Cr(VI) 
reduction, such as the identification of reduction intermediates, has been 
hindered by the lack of an analytical technique that can determine the oxidation 
state of Cr at subcellular spatial resolution. The most widely used method for 
following Cr(VI) reduction is the diphenylcarbazide colorimetric method [2]. 
Other methods used to determine oxidation state in bacterial cultures include 
electron spin resonance (ESR) (also called electron paramagnetic resonance 
(EPR) and electron magnetic resonance (EMR)) spectroscopy, and X-ray 
photoemission spectroscopy (XPS). These bulk techniques cannot provide 
detailed information at the subcellular (submicron) level necessary for 
understanding microbial reduction processes. 

Both TEM and scanning electron microscopy (SEM) have sufficient 
resolution to study the spatial relationship between cells and reduction 
products, as well as their chemistry. For example, energy-dispersive X-ray 
spectroscopy (EDXS) has been used to identify elements present in reduction 
products associated with bacteria [3-8] and wetland plants [9]. However, 
EDXS is insensitive to oxidation state. Electron energy loss spectroscopy 
(EELS) by TEM is a direct probe of the electron configuration around atoms, 
and can determine the oxidation state of 3d and 4d transition metals at high 
spatial resolution [10, 11]. Furthermore, EELS techniques have been used to 
produce oxidation state maps using energy filtered imaging [12]. 

Determination of oxidation state by EELS is accompUshed by analyzing 
valence induced differences in fine structure of L2 and La (or collectively L2,3) 
absorption edges by comparison of unknowns to standards of known oxidation 
state. The L2,3 absorption edges arise fi-om transitions to unoccupied d levels 
from two spin-orbit split levels, 2pi/2 level (producing the L2 edge) and the 2p3/2 
level (producing the L3 edge). The valence of a transition metal is related to the 
number of holes in the d level (i.e. the 3d" or 4d") configuration. For example, 
tetrahedral Cr(VI) has an empty d orbital (3^" configuration) and octahedral Cr 
(III) has a 3d3 configuration. Since L2,3 absorption edges are inherently 
dependent on the number of unoccupied d levels in 3d and 4d transition metals, 
they are sensitive to valence state. In general, oxidation state can affect the 
position, shape and relative intensity of L2,3 absorption edges. Techniques used 
to determine mixed/single valence states involve analysis of the following: (a) 
the position of the L2,3 absorption edges [10], (b) the ratio of the I(L3) / I(L2) 
integrated-peak intensity (henceforth abbreviated L3/L2) [10,11], and (c) least 
squares fits of summed spectra of standards or calculations to the shape of L2,3 
absorption edges [13]. 

Because of difficulties in the application of EELS techniques to actual 
microcharacterization of mineral oxidation state, these techniques have been 
under utilized. For example, despite the detailed, submicron-scale information 
EELS techniques can provide, to our knowledge, they have never been applied 
in microbial reduction studies. In fact, previous TEM studies assumed 

http://www.jeol.com/jeol_newsjuly2002/htiii/06/index.htm 2/20/2003 
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microbial Cr(VI) reduction products were Cr(III) [6, 8]. Since Cr(III) is a 
stable and insoluble reduced form, this assumption is likely correct. However, 
the oxidization state of the Cr associated with bacteria has not yet been 
determined by direct measurement. We recently demonstrated the application 
of EELS techniques for the determination of oxidation state of metals 
associated with hydrated bacteria [14]. In particular, Cr(VI) reduction by 
Shewanella oneidensis [15] was studied. 

Basal layer contraction of expandable clays induced by Fe(lll) 
reduction 

Bacteria have been shown to effectively reduce octahedral Fe(III) in clays 
[16,17]. The importance of the role of redox driven interactions between 
ferruginous clays and bacteria in the aUeration of clays has been receiving 
increasingly more attention. For example, swelling pressures of ferruginous 
clays are related to basal layer spacing [18], which depends on the oxidation 
state of octahedral Fe [19]. Furthermore, reduction of Fe(III) in ferruginous 
clays produces decreased swelling pressures [20], increased cation fixation 
[21], smaller specific surface area [22], and a decrease in mean layer spacing 
[23]. Interlayer force is believed produced by the mutual attraction to interlayer 
cations by the net-negative charge of phyllosihcate layer surfaces which 
balances the total charge of the clay. Therefore these studies suggest, increased 
interlayer force may be driven by reduction-induced changes in the surface 
layer charge. However, this theory cannot be fully evaluated because of the 
lack of direct measurements. Nearly all structural data have been obtained by 
bulk techniques, and data available by direct measurements are inconclusive, 
e.g. [24]. 

Stuki and Tessier [24] examined chemically reduced Fe-rich smectite by 
high resolution (HR)-TEM. Specimens were prepared by thin section after 
water exchange with embedding resin. Using selected area electron diffraction 
(SAED), they showed the crystal stacking changed from turbosfratic to a more 
ordered structure in the reduced state, indicating an increase of interlayer 
attraction due to the structural reduction of Fe(III) to Fe(II). However, the 
expected confraction in clay (001) layer spacing was not found. A constant 
layer spacing of 1.26 nm was observed in both oxidized and reduced smectite. 
This measurement is in conflict with the earlier in-situ pressure-cell X-ray 
diffraction work of Wu et al. [23] which demonstrated a decrease in mean 
interlayer distance upon reduction of Fe(ni) in bulk Na-nontronite. However, 
the effects of resin infiltration on the interlayer spacing are uncertain and, 
therefore, the homogeneous layer spacing observed by Stuki and Tessier [24] 
may be due to artifacts induced by resin infiltration. We recently demonstrated 
the apphcation of EC-TEM to study the collapse of basal spacing in 
ferruginous-expandable clays induced by microbial Fe(III) reduction [25]. The 
effects of anaerobic respiration (Fe(III) reduction) by S. oneidensis on 
nontronite were examined. In particular, differences in layer spacings between 
nonreduced and reduced nontronite, in their 'native' hydrated state, were 
characterized using EC-TEM. 

Cultures, Methods, and Techniques 

Cultures 

http://www.jeol.com/jeol_newsjuly2002/htm/06/index.htm 2/20/2003 
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.S". oneidensis [15] was originally isolated from the anaerobic zone of Mn- 
rich sediments in Oneida Lake, NY [26]. S. oneidensis (ATCC RF50108) is a 
Gram-negative bacterium capable of respiring aerobically and anaerobically 
using a variety of terminal electron acceptors, including: O2, Fe(III), Mn(IV), 
nitrite (NO2-), nitrate (NO3-), sulfite (SOs^-), thiosulfate (S2O32-), tetrathionate 
(S4O62-), trimethylamine N-oxide, ftunarate, glycine, Cr(VI), U(VI), and Tc 
(VII) [27-29]. Complete details on the cultures and reduction experiments can 
be found in [14, 25], and are summarized below. 

For conventional-TEM studies of Cr(VI) reduction, cells were grown 
anaerobically for 30 days with 100 ^iM Cr042- as the sole terminal electron 
acceptor. Samples (1 mL) were pelleted by centrifugation, fixed in 1 mL of a 
5% aqueous solution of glutaraldehyde overnight at room temperature, and 
embedded in Spurr's resin. The embedded specimen was sectioned to 80 nm 
thickness by microtome, and mounted on amorphous carbon (a-C) coated Cu 
TEM grids (see [14] for frill description). 

For EC-TEM studies of Cr(VI) reduction, cells were grown anaerobically 
with 100 ^M Cr042- as the sole terminal elecfron acceptor. A total of 0.275 
moles K:2Cr04 was added to the culture over a 51-day incubation. In contrast to 
conventionally prepared TEM specunens, EC-TEM specimen preparation was 
minimal: culture was centrifriged, supernatant removed, and the pellet rinsed 
with distilled water to remove trace salts. An ahquot (several |xL) of the 
resuspended pellet was quickly loaded into the EC-specimen holder. Removal 
of frace salts from the culture circumvented sah precipitation on the EC 
window as the bulk of the aliquot evaporated, leaving a thin hydrated layer. 
The specimen was examined at 100 Torr of air (saturated with water vapor) 
circulating through the EC at a rate of '==^ 2 Torr L min-'. 

For studies of clay reduction, nontronite from Uley graphite mine. South 
Ausfraha (Clay Mineral Society standard (NAu-1) [30]) was used as the sole 
terminal elecfron acceptor. Samples (diameters < 2.0 ycm) were sterilized by 
exposure to microwave radiation (5 min), and sterility was confirmed from 
lack of bacterial growth on Luria-Bertani (LB) agar after 2 days. Cells were 
grown anaerobically with nontronite for 4 days, then examined by EC-TEM at 
10 -100 Torr of air (saturated with water vapor) circulating through the EC at a 
rate of ^^ 2 Torr L min-'. 

Transmission electron microscopy 

A JEOL JEM-3010 fransmission electron microscope operating at 300 keV 
with a LaBe filament was used in these studies. This instrument is equipped 
with an EDXS system, a Gatan imaging filter (GIF200) capable of EELS, and a 
JEOL EC system. The EC-TEM system is of the closed cell type [31] where 
confinement of a pressurized environment is achieved with electron- 
fransparent windows. The microscope is equipped with two interchangeable 
JEOL EC specimen holders (a two-line gas EC and a four-line gas/hquid EC) 
that are connected to the EC system by flexible, stainless steel lines. Both in- 
situ EC-TEM specimen holders are capable of circulating dry or water- 
saturated gas (using two lines) at flow rates of 0 -15 Torr L min-' through the 
specimen chamber at 10-^ to > 200 Torr pressure. The four-line holder has two 
additional service lines which can be used to independently inject several 
microliters of hquids from different reservoirs. Each EC holder consists of a 

Cap Plate 

^O-rittg mm 

Windowed Grid-—€> 
O 
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small cylindrical cell sealed by two electron transparent windows on the top 
and bottom (see Fig. 1 for the 4-line cell used in this study). The windows are 
15 - 20 nm thick amorphous carbon (a-C) fibns covering seven hexagonally 
arrayed, 0.15 mm apertures on a 3.5 mm diameter Cu disk (Fig. 1). Prior to 
use, the windowed grids were tested to withstand a pressure differential of 250 
Torr for one minute. A computer controls the EC system and facilitates the 
operation of inserting, and removing the EC holders from the microscope 
column without breaching the deUcate windows (Fig. 2). Higher sensitivity 
leak checks of the EC windows are performed automatically during the 
specimen insertion sequence prior to full insertion into the colimm. Specimens 
are supported on the lower a-C fihn window. In conventional TEM, many 
specimens are supported on a-C films, in this sense, there is only one additional 
a-C fihn the electron beam must past through using EC-TEM. Resolution tests 
of graphite in the EC show lattice resolution of at least 0.38 nm at 60 Torr of 
hydrated room air. It should be noted that the EDXS system caimot be used 
with EC-TEM because there is no direct line of sight between the specimen 
and the EDXS detector. 

Fig. 1. Schematic illustration of 
the specimen chamber for 
the four-Une EC specimen 
holder. 

^ To Air ® ftnf MT Vaiw 
D VM^ Fiilcr     ® Nmtic Vatvc 

"P  "co) IVesMirv <»:mgt' frorr) 

Fig. 2. Schematic illustration of the EC control system. 

Unlike EC systems based on the principle of differential pumping, closed- 
cell EC systems require absolutely no modification to the column and the 
transmission electron microscope can still be used for conventional TEM 
without compromising resolution and analytical capabilities. The microscope 
was also equipped with conventional single- and double-tilt specimen holders 
for conventional TEM. The single-tilt holder has an adapter which accepts 
windowed EC grids for analysis following their use in the EC holder. 

EELS techniques for oxidation state determination 

Two EELS techniques were used to identify oxidation state of Cr associated 
with bacteria. Oxidation state was determined by both the chemical shift of Lz, 3 
edges and the ratio of L3/L2, integrated-peak intensities, the two most sensitive 
and straightforward techniques. Results of both techniques are used in 

http://www.jeol.com/jeol_newsjuly2002/htin/06/index.htm 2/20/2003 
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combination to yield higher confidence and accuracy. In contrast, previous 
EELS studies have focused on demonstrating the capability of one technique, 
rather than applying techniques in combination to actual microcharacterization 
in physical^iological systems. 

EELS experimental parameters 

The following conditions were used during collection of EELS spectra 
under EC-TEM and TEM conditions: an illumination angle 2(7 = 4 -10 mrad, a 
collection angle of 2y?= 10.8 mrad, a 2 mm entrance aperture, and an energy 
dispersion of 0.1 eV / channel. Low-loss spectra were acquired with an 
integration time of 0.128 s and core-loss spectra between 0.512 and 1.02 s. For 
each acquisition, 10 (EC-TEM) or 25 (conventional TEM) spectra were 
summed. Spectra were collected m diffraction mode of the transmission 
electron microscope (i.e. image coupling to the EELS spectrometer) and were 
corrected for dark current and chaimel-to-channel gain variation of the charge 
coupled device (CCD) detector. 

Energy calibration of the core-loss regime and measurement of energy drift 
during data acquisition were performed by collecting zero-loss spectra before 
and following collection of core-loss spectra. Energy of core-loss spectra was 
calibrated using the average position of the two zero-loss peaks. The error in 
the energy calibration corresponded to the energy drift of the zero-loss peaks. 
In addition, a C-K edge spectrum was acquired immediately following 
spectrum collection from the 0-K / Cr-L core-loss regime. The measured 
position of the C-K (Is) peak at 284.9 eV (arising from transitions to the n* 
molecular orbital) from the TEM a-C support film was used to evaluate the 
energy calibration. Either the pre-O-K edge background or the pre-Cr-L edge 
background (depending on the analysis to be performed) was subfracted from 
core-loss specfra using a power law and plural inelastic scattering was removed 
by Fourier deconvolution methods [32]. 

Chromium standards were analyzed by conventional TEM. Standards were 
produced by placing high purity Cr(II)F2, Cr(II)Se, Cr(III)Cl3, Cr(III)203, KCr 
(ni)(S04)2-12H20, and K2Cr(VI)04 powders directly on Cu TEM grids coated 
with holey a-C. Once the standard was prepared, it was examined immediately. 
For each standard, 20 individual grains were analyzed by EELS. Resuhs were 
averaged and reported with the statistical standard error. 

Results 

Direct imaging of Cr(VI) cultures 

Examination ofS. oneidensis in Cr(VI) cultures by EC-TEM, showed the 
rod-shaped morphology typical of the species (Fig. 3). The micrographs 
demonstrate that bacterial membranes were intact and did not show evidence of 
rupture from partial decompression. Cells remained hydrated and intact while 
extracellular polymers surrounding the cells retained moisture. In comparison, 
unfixed cells deposited on a holy a-C film and examined under high vacuum by 
conventional TEM (not shown), exhibited ruptured cell membranes, as well as 
loss of both cell and extracellular polymer mass through dehydration. 

Direct imaging revealed two distinct populations of 5. oneidensis in the 
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cultures: bacteria exhibiting low image contrast (Fig. 3a) and bacteria 
exhibiting electron dense, high-contrast cell boundaries often encrusted with 
high-contrast precipitates (Fig. 3b). Cross sectional images of bacteria by 
conventional TEM showed no evidence of intracellular precipitates, suggesting 
precipitates are restricted to the outer surface of the bacteria. Precipitates 
ranged in size between ««10 - 200 nm, and SAED indicated that the grains were 
predominantly amorphous perhaps due to a high degree of hydration. Often the 
cells exhibited a 30 - 49 nm thick, high contrast perimeter, indicating that the 
cell boundary became saturated with elements of heavy mass. 

Chemical analysis by EELS of Cr(VI) cultures 

Figure 4 shows EELS low-loss and core-loss spectra collected from an 
encrusted bacterium examined by EC-TEM. The dominant feature in the low- 
loss spectrum is the zero-loss peak corresponding to elecfrons which escaped 
inelastic collisions. The width of the zero-loss peak is a measure of the energy 
distribution of the incident beam and corresponds to the best energy resolution 
of the specfrometer (energy resolution typically decreases with increasing 
energy loss). The narrow zero-loss peak (Fig. 4) shows energy resolution is not 
significantly affected by transmission through the hydrated, pressurized 
environment of the EC. The broad feature around 25 eV in the low-loss 
spectrum corresponds to plasmon excitations (i.e., collective excitations of 
valence elecfrons). The ratio of the integrated intensity under the zero-loss and 
plasmon peaks is related to specimen thickness. The relative height of the two 
peaks illusfrates that multiple scattering is not severe in the EC. The total 
thickness fraversed by the elecfron beam, estimated by the log-ratio technique 
[32], is 1.13 A, where 1 is the total mean free path for inelastic scattering 
through the EC windows and specimen. The low-loss spectrum also exhibits a 
sharp feattire at 13.2 eV that is only observed in EELS specfra collected in the 
EC. It is consistent with the EELS K-edge of hydrogen [33] which can be 
produced by elecfron beam radiolysis of water in the hydrated specimen. For 
example, similar EELS edges at 13 eV have also been observed concurrently 
with elecfron-beam-induced bubble formation from frozen-hydrated biological 
specunens and were attributed to hydrogen formation [34]. 

In the core-loss spectrum of encrusted S. oneidensis examined by EC-TEM, 
a sfrong 0-K {\s) edge signal was observed at 537.1 ± 0.5 eV due to H2O in 
the hydrated bacterium and exfracellular substances. A less intense feature at 
529.2 ± 0.5 eV can be attributed to oxygen 2p hybridization with the Cr 2>d 
band, while the broad feature at 558 eV can be attributed to plural (0-K core- 
loss plus plasmon) scattering. The characteristic pair of Cr-Li and Cr-Ls edges 
in the EELS spectrum indicates that the precipitates are Cr-rich. 

Bacterial cultures were also examined in cross-section by conventional 
TEM. Specfra collected from individual precipitates encrusting the outer cell 
boundary of 5. oneidensis (Fig. 5) showed characteristic Cr-L2,3 edges. The 
sectioned precipitates selected for analysis were those loosely attached to the 
bacterial outer surface where spectra could be collected without contributions 
from the bacterial cell. In addition, the elecfron-dense cell boundary of 5". 
oneidensis cells that lacked precipitates encrusting the surface was examined 
by EELS in cross section. Specfra from the cell boundary revealed 
characteristic Cr-La, 3 edges indicating the cell boundary was saturated with Cr 
at concenfrations likely too low to be detected by EDXS. 
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Fig. 3. Shewanella oneidensis 
imaged by EC-TEM at 
100 Torr: (a) bacteria 
exhibiting low confrast in 
bright-field imaging and 
(b) bacteria encrusted 
with elecfron dense 
particulate. The 
arrowhead in panel (b) 
points to a low contrast 
bacterium in the same 
field of view as a 
bacterium with elecfron 
dense particulate, 
illusfrating the dramatic 
contrast difference. 
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A comparison of core-loss spectra from encrusted, hydrated S. oneidensis 
(collected by EC-TEM) and Cr standards of known oxidation state (collected 
by conventional TEM) is shown in Fig. 6. The spectrum of KCr(S04)2-12H20 
exhibited a peak at 535.7 eV similar to the stronger feature observed in the 
spectrum from hydrated S. oneidensis, and likely corresponds to H2O bound in 
the structure. More importantly, systematic differences in Cr-L2,3 fine structure 
are apparent in the spectra of standards (Fig. 6). For example, the Cr-L2,3 lines 
for the standards show a systematic shift in edge-peak energy and variation in 
relative intensity with oxidation state (Fig. 6). In addition, the Cr-L2, slines of 
the K2Cr04 peaks are ftirther differentiated in that they appear asymmetric 
because each is split into two separate peaks separated by ~ 2 eV. 

EELS oxidation state analysis of standards 

Oxidation state was identified by both the La peak positions and the ratio of 
L3/L2 integrated-peak intensities. Measurement of the LB peak positions is 
straightforward and the results for Cr standards are summarized in Table 1. For 
measurement of the ratio of L3/L2 integrated-peak intensities, two methods of 
background subti-action were used. The fnst method, illustrated in Fig. 7, is 
similar to the double step ftmction used by [35]. In this method, the Cr-L3 pre- 
absorption edge was fit to a power law and subtracted. A linear ftmction was 
then fit to the Cr-L2 post-edge region over a 20 eV window (extending from 
600 to 620 eV). A linear step ftmction was inserted at the L2 maximum and a 
Sfraight Ime (of the same slope as that fitted to the Cr-L2 post-edge region) was 
exfrapolated into the L3threshold. A second step ftmction was inserted at the L3 
maximum and set to zero below the L3maximum. The ratio for the step heights 
was set at 2:1, consistent with the multiplicity of the initial states, that of four 
2p3/2 electrons and two 2pi/2 elections. It should be noted that the ratios of L3to 
L2 intensities do not follow the expected 2:1 ratio for early M transition metals 
[36]. These anomalous ratios can be partially explained by atomic multiplet 
effects producing overlapping transitions from lp3/2 and 2pi/2 states [37]. 
Nonetheless, an approximation of 2:1 is sufficient for this work. 

VMtfon Kwrs:.v t.«t i<tV) 

Table 1 
Cr-L3 (2p3/2) and Cr-L2 (Ipm) Adsorption-Edges 

XPS-binding energies, EELS L edge peak positions 
Compound Formal 

Valence 
Cr-L3 (2p3/2) 
(eV) 

Cr-L2 (2pf/2) 
(eV) 

Technique Reference 

Cr 0 573.8 
574.0 
574.1 
574.3 
576.5 ±1.0 

583.0 
583.4 

582.8 
585.0 ±1.0 

XPS 
XPS 
XPS 
EELS 
EELS 

[40] 
[41]a 
[42]b 
[43]c 
[38]d 

CrP 0 574.2 XPS [42] 

Cr(C0)6 0 577.6 586.3 XPS [40] 

CrF2 11 574.2 ±0.1 583.5 ± 0.1 EELS This study 

CrSe II 574.2 ±0.1 583.1 ±0.1 EELS This study 

CrCl3 111 574.9 ± 0.1 
576.4 

583.4 ±0.1 
587.4 

EELS 
XPS 

This study 
[40] 

CrP04-4H20 III 576.4 ± 0.2 XPS [44]b 

CuCr02 III 576.4 ± 0.2 586.2 ± 0.2 XPS [40] [45]e 

Fig. 4. Shewanella oneidensis 
imaged by EC-TEM at 
100Torr:(a)cellis 
encrusted with electron 
dense particulate. (b) EC- 
TEM EELS specti^i 
from the bacterium 
demonstrates the presence 
of Cr. Both the low-loss 
spectrum containing the 
zero-loss peak (ZLP) and 
the core-loss spectrum of 
the 0-K and Cr-L 
absorption edges are 
shown. The full width at 
half maximum of the ZLP 
is a measure of the 
instrumental resolution, 
which under these EC- 
TEM conditions is '^l 
eV. As indicated by 
vertical arrows, the top 
abscissa corresponds to 
the low-loss spectrum and 
the bottom abscissa 
corresponds to the core- 
loss spectrum. 
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Cr3(OH)2(OOCCH3)7 III 576.5 ± 0.2 XPS [44]b 

NaCr02 III 577.0 ± 0.2 586.9 ± 0.2 XPS [40] [45]e 

Cr203 III 575.9 ± 0.1 
576.4 
576.6 - 576.8 
576.8 ± 0.2 
576.8 
576.8 
577.9 ±1.0 

584.3 ± 0.1 
585.9 

586.2 ± 0.2 
584.8 
586.7 
585.8 ±1.0 

EELS 
XPS 
XPS 
XPS 
EELS 
XPS 
EELS 

This study 
[41]a 
[42] 
[40] [45]e 
[46] 
[47] 
[38]d 

FeCr204 III 576.0 584.0 XPS [48]f 

KCr(S04)2-12H20 III 576.0 ± 0.1 
581.0 

584.5 ± 0.1 
590.5 

EELS 
XPS 

This study 
[40] [45]e 

LaCrOa III 576.1 ± 0.09 585.8 ± 0.05 XPS [49] 

LiCr02 III 577.0 ± 0.2 586.8 ± 0.2 XPS [40] [45]e 

CrOOH III 577.0 586.9 XPS [47] 

Cr(OH)30.4H20 III 576.9 
577.1 

586.3 XPS 
XPS 

[41]a 
[42] 

CrP III 577.4 XPS [42] 

CrCl3-6H20 III 577.5 XPS [42] 

CrP04 III 577.8 XPS [42] 

CrB03 III 578.0 XPS [42] 

Cr2{S04)-15H20 III 578.6 XPS [42] 

Cr02 IV 576.3 586.0 XPS [47] 

LaCr04 V 578.8 ± 0.21 588.0 ± 0.22 XPS [49] 

Cr03 VI 578.3 ± 0.2 
579.0 

587.0 ± 0.02 
588.2 

XPS 
XPS 

[45]e 
[41]a 

CaCr04 VI 578.9 ± 0.2 588.1 ± 0.2 XPS [40] [45]e 

BaCr04 VI 579.1 ±0.2 588.4 ± 0.2 XPS [40] [45le 

K2Cr207 VI 579.4 ± 0.2 
579.8 

588.8 ± 0.2 
589.1 

XPS 
XPS 

[40] [45]e 
[47] 

Na2Cr207 VI 579.4 ± 0.2 588.5 ± 0.2 XPS [40] [45]e 

Rb2Cr207 VI 579.4 ± 0.2 588.7 ± 0.2 XPS [40] [45]e 

Cs2Cr207 VI 579.5 ± 0.2 588.7 ± 0.2 XPS [40] [45]e 

SrCr04 VI 579.6 ± 0.2 588.6 ± 0.2 XPS [40] [45]e 

K2Cr04 VI 578.6 ± 0.1 
579.6 ± 0.2 

587.2 ± 0.1 
588.9 ± 0.2 

EELS 
XPS 

This study 
[40] [45]e 

PbCr04 VI 578.6 
580.9 

587.2 
587.8 - 589.5 

XPS 
EELS 

[48]f 
[50] 

Cs2Cr04 VI 579.8 ± 0.2 588.8 ± 0.2 XPS [40] [45]e 

Li2Cr04 VI 579.8 ± 0.2 589.0 ± 0.2 XPS [40] [45]e 

Na2Cr04 VI 579.8 ± 0.2 589.1 ± 0.2 XPS [40] [45]e 

XPS studies used the Au 4/7/2 line at 84.0 eV for energy calibration unless otherwise 
stated. 
a) After recalibrating the XPS Au 4/7/2 line to 84.0 eV from 84.07 eV. 
b) Reported as calibrated to XPS Au 4/7/2 line at 84.0 eV and C (Is) at 284.8 eV. 
c) As reported in reference as binding energies. 
d) EELS L-edge onsets reported in reference, however L-peak positions are shown 
here. 
e) After recalibrating the XPS Au 4/7/2 line to 84.0 eV from 82.8 eV. 
f) Energy calibration not reported. 

fm      s"«      wi     ,*Jn     *t**      *!<» 

Fig. 5. Shewanella oneidensis 
imaged by conventional 
TEM in ^ 80 nm thick, 
thin section: (a) cell is 
encrusted with electron 
dense particulate. The 
field of view displays 
several bacterial cells in 
random, oblique cross- 
section. Cross-sectional 
images show precipitates 
occur on the outer cell 
surface and no evidence 
ofintracellular 
precipitates is observed, 
(b) EELS spectra from 
the isolated precipitates 
demonstrates the presence 
of Cr. The analyzed 
precipitates are labeled 
and the diameter of the 
circle corresponds to the 
electron probe diameter. 
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Although the first subtraction method approximates the decreasing 
background, the fit of Cr-L2 post-edge region was often affected by a broad 
post-edge feature, containing plural scattering effects not completely removed 
from the spectra. The post-edge feature varied with each spectrum, introducing 
scatter in the L3/L2 peak ratios. To provide a more consistent background 
subtraction for all spectra, a second method using a flat, two-step ftinction was 
applied. The second background fitting procedure is identical to the first except 
the slope of the linear function is set to zero and it is fit to a 2 eV wide window 
immediately following the Cr-L2 peak, in the edge tail, prior to the post-edge 
feature. 

Once the background was subtracted using either of the two methods, the 
Cr-L peaks were integrated over a 5 eV window. The L3/L2 peak ratios for the 
Cr standards are summarized in Table 2. The flat, two-step background 
subtraction method yielded the lower values, however, less relative scatter in 
the data. The core-loss spectra for K2Cr04 exhibited ahnost no post L2 edge 
features and this may account for the close similarity in L3/L2 peak ratios 
determined using the two background subtraction methods (Table 2). The 
correlation between measured L3/L2 integrated-peak intensity ratios and Ls 
peak positions for the Cr oxidation-state standards is shown in Fig. 8a. 
Measurements of the standards demonstrate that Cr oxidation states fall within 
well-separated regions in the correlation plot. Since the local electronic 
structure of the atom is responsible for the fine structure of absorption edges, 
other factors in addition to valence state influence L2,3 fine structure. These 
factors include atom coordination, spin-orbit interactions, crystal field splitting, 
atomic coulomb repulsion, and exchange effects. For example, within a given 
oxidation state in Fig. 8a, spectira for the individual standards fall within 
separate groupings reflecting possible differences from these factors which 
must be considered to correctly interpret fine structure of absorption edges. 
The correlation plot represents a map of the possible range in fme stiiicture 
(including influences from factors other than valence) that a particular Cr 
oxidation state can display. 

Electron Ener|;y Loss Spectra 

Table 2 
Cr-L Adsorption Edge Ratios 

Compound Formal 
Valence 

L3/L2 Integrated Ratio 

Background Method 1 
Pearson ef a/. (1993) 

Background Method II 
Flat Two Step 

CrF2 II 2.97 ± 0.07 2.37 ± 0.03 

CrSe II 2.60 ± 0.06 2.04 ± 0.02 

CrCl3 III 1.75 ±0.03 1.68 ±0.01 

CraOa III 1.81 ±0.01 1.70 ±0.01 

KCr(S04) 
2-12H20 

III 1.77 ±0.02 1.60 ±0.01 

K2Cr04 VI 1.42 ±0.01 1.44 ±0.01 

EELS oxidation state analysis of Cr(VI) cultures 

The EELS measurements of the bacterium examined by EC-TEM and 
precipitates examined in thin section by conventional TEM are summarized in 

5.W   5-50   550   Sm   STQ   5B0   5TO   fifW 

Etectroti Enifgy Loan {cV) 

Fig. 6. A comparison of the core- 
loss EELS spectra of 
encrusted Shewanella 
oneidensis in the EC at 
100 Torr and Cr standards 
of known oxidation state. 
Specfra were normalized 
to the intensity of the L3 
peak and offset from one 
another. The spectra 
shown for the Cr 
standards represent the 
sum of twenty individual 
specfra. The error bars 
shown for S. oneidensis 
represent the error in 
energy loss calibration for 
that spectrum only. For 
the errors associated with 
other specfra, see Table 1. 

L^/L2 Ratio Measurement 
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Table 3. The error reported for the precipitates represents the standard error of 
the mean of 10 measurements. The errors reported for the encrusted bacteria 
represent the drift in energy calibration of the spectrometer (L3 position) and an 
estimate based on counting statistics (L3/L2 ratio). 

Table 3 
Cr-U(2p3/2), Cr-L2(2pi/2) Adsorption-Edges and L3/L2 Integrated 

Ratios 

Specimen Cr-Ls (2po/2) Cr-L/2 {2pi/2) L3/L2 Integrated Ratio 

(eV) (eV) Background 
Method 1 

Background 
Method II 

Encrusted S. 
oneidensis 

575.7 ± 0.5 584.5 V 0.5 2.75 ± 0.30 1.90 ±0.30 

Isolated 
precipitates 

575.7 ±0.1 584.3 ±0.1 1.72 ±0.02 1.85 ±0.02 

576.3 ±0.1 584.7 ±0.1 1.77 ±0.02 1.91 ±0.02 

Direct imaging of nontronite cultures 

Clay-layer structures in their hydrated state are beam sensitive. Therefore, 
standard procedures for imaging beam sensitive specimens were employed. 
Representative examples of high resolution lattice images of nontronite basal 
layers taken by EC-TEM are shown in Fig. 9. The EC-TEM measured 
distributions of (001) layer spacings in nonreduced and microbially reduced 
nontronite are shovm in Fig. 10. Each data point in the distribution represents 
the mean (001) spacing of a packet of fringes within individual clay grains. 
Nonreduced nontronite has mean (001) spacing of 1.50 ± 0.08 nm and the 
microbially Fe(ni) reduced form has mean (001) spacing of 1.26 ± 0.10 nm 
(the errors represent the standard deviation of the population). It is clear from 
Fig. 10 that the distributions differ and a standard statistical T-test for impaired 
data with unequal variance confirms the difference in means is significant. 
Reduction of Fe(III) in nonfronite over 4 days by iS". oneidensis produced a 0.24 
nm confraction in mean (001) layer spacing. 

.■->i.'L.<..Ji 
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Fig. 9. jjjgjj resolution lattice images of basal layers of nontronite 
imaged by EC-TEM at 10 -100 Torr: (a) nonreduced control 
and (b) microbial Fe(ni) reduced form. The bar illustrates five 
consecutive basal layer fiinges and their average (001) spacing 

Fig. 7. Core-loss EELS spectrum 
for K2Cr04 illustrating 
the background 
subtraction used in 
method I. The step 
function (bold line) used 
to subfract the 
background from the L2.3 
edges and the areas 
integrated to yield peak 
intensities (shaded 
regions) are shown. The 
fitting parameters a, b, s, 
and m are: the Ls 
maximirai, the L2 
maximum, the slope of 
the linear function fitted 
to the 20 eV post L2 edge 
region (600 - 620 eV), 
and the intercept of the 
linear function. The 
parameter m' is given by 
m'=(2 m-as)/3. 
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Fig. 8. 
The correlation between 
measured L3/L2 
integrated-peak intensity 
ratios and L3 peak 
positions for a) the Cr 
oxidation-state standards, 
b) bacteria and 
precipitates. Plotted L3/L2 
ratios were determined 
using background 
subfraction method II. 
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is indicated. There is a range of (001) layer fringe spacings in 
any one nontronite image. However, the mean spacing is 
generally smaller for Fe(III)-reduced nontronite than the 
nonreduced nontronite control (see Fig. 10). The layer fringes 
annotated by the bars were chosen to contrast the difference in 
(001) spacings for fringes near the means of the distributions 
shown in Fig. 10. 

Discussion 

Oxidation state determination 

It is difficult to explicitly deconvolve the influences of atom coordination, 
spin-orbit interactions, and crystal field splitting on fine stricture from those of 
valence state. Nonetheless, the mean oxidation state of an unknown can be 
determined by plotting its Ls peak position and L3/L2 integrated-peak intensity 
ratio in a correlation plot of oxidation state standards (see Fig. 8a). However, it 
is important that the correlation plot contain the broadest collection of 
standards feasible to map the frill range in fme structure that a particular 
oxidation state can display. The better these ranges are known, the more 
confidence can be placed in the oxidation state determination. In this regard, 
the data in Table 1 supplement that of Fig. 8a. Table 1 includes pubhshed L2,3 
peak positions (absorption edge maximums) from previous EELS studies as 
well as core-level (or inner-shell) binding energies measured from XPS studies. 
In XPS, a bulk specimen is illuminated with monochromatic X-rays and the 
kinetic energies of ejected photoelecfrons are measured. The EELS edge onset, 
the sudden rise in intensity preceding each of the L2,3 peaks, represents the 
ionization threshold which approximately corresponds to the inner-shell 
binding energy measured by XPS. The difference in chemical shift measured 
by EELS and XPS for oxides has been suggested to be on the order of the 
band-gap energy [38], and may arise from many-body relaxation effects (more 
dominant in XPS) m which nearby election orbitals are pulled towards a core 
hole [32]. Table 1 gives an indication of the range of L2.3 peak positions 
expected for each Cr oxidation state and their relative overlap. It is important 
to note that XPS values are reported as binding energies, not edge maxima. 
Furthermore, charging of insulating materials in XPS requires the referencing 
of binding energies to allow comparability of results from different specimens. 
However, various methods are used for this referencing which lead to binding 
energy differences of up to 0.5 eV [39]. Therefore, the XPS binding energies in 
Table 1 should be compared qualitatively. 

The EELS measurements of the bacteria examined by EC-TEM and 
precipitates examined in thin section by conventional TEM are plotted in Fig. 
8b. The correlation plot (Fig. 8b) indicates that Cr associated with S. 
oneidensis is most consistent with a mean oxidation state of+3 or lower. 
Measurements of hydrated bacteria in the EC are in good agreement with the 
analysis of isolated precipitates measured in cross section by conventional 
TEM. These results illusfrate EELS techniques yield accurate data even under 
the more onerous experimental conditions of the EC. 

Collapse of nontronite layers by Fe{lll) reduction 

We report the furst accurate TEM measurements of nonfronite layer 
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The different Cr oxidation 
states fall within separate 
regions in the plot and are 
labeled n,in, and VL 
The sohd data points 
represent the mean of the 
data for a particular Cr 
standard. 

1      »»«»»»*;<    9t    ^1 

Fig. 10. Distiibutionof(OOl) 
layer spacings in 
nomeduced and 
microbially reduced 
nontronite as measured 
by EC-TEM. The 
horizontal bar represents 
the mean of the 
distribution. 
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contraction induced by the reduction of structural Fe(III). A contraction of 0.24 
nm in mean (001) layer spacing was observed. Our measurement is consistent 
with previous in-situ X-ray diffraction studies which observed an interlayer 
contraction of 0.28 ±0.04 nm in Na-nontronite after ^ 85% of the Fe(III) was 
reduced (based on Fig. 8 of [23]). Our TEM measurement was possible 
because clays were exammed in their 'native' hydrated state in an EC. Previous 
TEM reduction studies used water exchange with methanol and infiltration 
with L.R. White resin in attempts to preserve the layer spacings of hydrated 
clay [24]. However, our EC-TEM resuhs suggest the homogeneous layer 
spacing observed m both reduced and oxidized smectite by Stuki and Tessier 
[24] results from the mteraction between the non-polar methanol and clay 
interlayer surfaces. In comparison to EC-TEM results, the observation that a 
homogeneous 1.26 nm (001) layer spacing is produced in the methanol-clay 
system regardless of Fe(III)/Fe(II) content [24] suggest interlayer forces are 
effected by the presence or lack of polar water molecules. 

We show that estabhshed embedding techniques used to study clay 
reduction do not accurately preserve basal spacings of expandable clays. At 
least for L. R. White, solvent exchange and resin infiltration confract layer 
spacings, and therefore cannot be used to study, for example, the correlation 
between layer spacing and local Fe(III) / Fe(II) composition. In fact, 
conventional TEM has been unable to even image conclusively the contraction 
of clay layers induced by Fe(III) reduction. As demonstrated here, 
conventional TEM specimen preparation artifacts such as clay layer 
contraction arising from solvent exchange, dehydration, and resin infiltration 
are avoided by using EC-TEM. 

Summary 

We demonsfrate quantitative EELS oxidation state measurements can be 
performed using EC-TEM which could provide data lost by conventional 
specimen preparation. To our knowledge, this is the first demonstration of 
EELS microanalysis by EC-TEM. We fiulher demonsfrate, for the first time 
using TEM, the collapse of (001) layers of nontronite induced by Fe(III) 
reduction. This is possible because the clays were examined in their 'native' 
hydrated state using an EC. The technique of EC-TEM, especially together 
with EELS, can provide data on mineralogy, spatial distribution, and speciation 
of metals, necessary for determining the mechanism (s) of microbial metal 
reduction / oxidation. 
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