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Abstract—The mobility and toxicity of Cr within surface and subsurface environments is diminished by the
reduction of Cr(VI) to Cr(lll). The reduction of hexavalent chromium can proceed via chemical or biological
means. Coupled processes may also occur including reduction via the production of microbial metabolites,
including aqueous Fe(ll). The ultimate pathway of Cr(VI) reduction will dictate the reaction products and
hence the solubility of Cr(lll). Here, we investigate the fate of Cr following a coupled biotic—abiotic reduction
pathway of chromate under iron-reducing conditions. Dissimilatory bacterial reduction of two-line ferrihydrite
indirectly stimulates reduction of Cr(VI) by producing aqueous Fe(ll). The product of this reaction is a mixed
Fe(ll)-Cr(Ill) hydroxide of the general formula ke, Cr,(OH); - nH,O, having ana/p-FeOOH local order.

As the reaction proceeds, Fe within the system is cycled (i.e., Fe(lll) within the hydroxide reaction product
is further reduced by dissimilatory iron-reducing bacteria to Fe(ll) and available for continued Cr reduction)
and the hydroxide products become enriched in Cr relative to Fe, ultimately approaching a pure;Cr(OH)
nH,O phase. This Cr purification process appreciably increases the solubility of the hydroxide phases,

although even the pure-phase chromium hydroxide is relatively insolullepyright © 2003 Elsevier

Science Ltd

1. INTRODUCTION

Industrial wastewater discharge, along with a suite of other
anthropogenic activities, has lead to widespread Cr contamina-
tion within soils and water. Although Cr is an essential element
for humans, the hexavalent form is toxic, mutagenic, and car-
cinogenic (National Research Council, 1974). As such, the
widespread presence of Cr in the environment poses a seriou
threat to human and animal welfare. In the United States, Cr is

the third most common pollutant at hazardous waste sites and

is the second (after Pb) most common inorganic contaminant
(National Research Council, 1991). The toxicity of Cr, how-
ever, is a function of oxidation state. In natural systems, Cr
exists in two stable oxidation states, Cr(VI) and Cr(lll).
Hexavalent Cr, which typically exists as the oxyanion chromate
(Cr0O,?7), has a high solubility in soils and groundwater and, as
a consequence, tends to be mobile in the environment. In
contrast, the reduced form of chromium, Cr(lll), has a limited
hydroxide solubility and forms strong complexes with soil
minerals (Sass and Rai, 1987). Although trivalent Cr is rela-
tively innocuous and immobile, hexavalent Cr is actively trans-
ported into cells by the sulfate transport system where it is
capable of causing lesions in DNA as well as indirectly gen-
erating oxygen radicals (Bianchi and Levis, 1987). Accord-
ingly, reduction of Cr(VI) to Cr(lll) is considered an important
remediation strategy for mitigating the deleterious effects of
this toxin.

Methods for chromium remediation include excavation,
pump and treat, in situ vitrification, and chemical treatment
with a reductant (Vermeul et al.,, 1995). Bioremediation is
currently receiving attention as an alternative remediation strat-
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egy supported by the discovery that some bacteria possess
chromate reductase activity (Park et al., 2000). Within natural
environments, however, the reduction pathway, and subsequent
fate of Cr(VI), will be defined by the operating reaction kinetics
of competing microbial and chemical reactions. Common
chemical reductants of Cr(VI) include sulfides, dissolved or-

Sganic compounds, aqueous Fe(ll), and Fe(ll)-bearing minerals

(Pettine et al., 1994, 1998; Makos and Hrncir, 1995; Fendorf
and Li, 1996; Patterson et al., 1997; Sedlak and Chan, 1997).
Although cometabolic (and possibly metabolic) reduction of
Cr(VI) by metal-reducing bacteria has been demonstrated
(Lovley and Phillips, 1994; Tebo and Obraztsova, 1998; Fran-
cis et al., 2000; Fredrickson et al., 2000; Park et al., 2000),
kinetic factors favor chemically induced reduction mechanisms
within anaerobic environments. Even when considering maxi-
mum bacterial reduction rates, Fe(ll) (pH5.5) and S(-11) (pH

< 5.5) will dictate the fate of Cr(VI) within anaerobic soils
(Fendorf et al., 2000). Consequently, within anaerobic sails,
Fe(ll) and sulfide will be the dominant mechanisms controlling
the redox status of chromium with the predominant mechanism
depending primarily on pH (Fendorf et al., 2000). Nevertheless,
microbial activity will have an indirect bearing on Cr(VI)
cycling because the generation of chemical reductants, for
example, Fe(ll), S(-11), is reliant upon microbial respiration of
Fe(lll) and sulfate. Reduction and subsequent immobilization
of chromate may therefore result from a coupled biotic—abiotic
reaction pathway in which Fe(|L,, or H,S produced during
microbial respiration catalyzes the reduction of Cr(VI) (Wiel-
inga et al., 2001).

Reaction products following Cr(VI) reduction and their sta-
bility will depend on the specific mechanism by which reduc-
tion takes place; either direct enzymatic reduction or reaction
with reduced metabolic products may occur. Although either
pathway ultimately leads to metal reduction, the resulting prod-
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ucts and rate of reduction may differ appreciably. Correspond-
ingly, the mechanism responsible for Cr(VI) reduction will
dictate the solubility of the Cr(l11) reaction product. For exam-
ple, enzymatic reduction of chromate may result in soluble
Cr(l11) organic complexes that can be stable for extended
periods of time (James and Bartlett, 1983), wheresas, in contrast,
reduction by Fe(ll) and S(-1l) results in insoluble
Cr,_.Fe (OH); - nH,0 precipitates (Sass and Rai, 1987). Re-
duction by both Fe(11) and S(-11) will result in a precipitate with
the general formula Cr,_,Fe (OH), - nH,O. Within pure sys-
tems, sulfide induced reductive precipitation will generate a
solid with x = 0, and Fe(ll) will give values of x > 0O,
specifically x = 0.75 (Eary and Rai, 1989; Patterson et a.,
1997). The solubility of the Cr(lI1)-hydroxide precipitates is
proportional to the ratio of Cr(Il1) to Fe(lll), with increased
quantities of Fe(lll) stabilizing the solid (Sass and Rai, 1987).
Accordingly, it isimportant to not only define the pathways for
Cr(VI) reduction but also the resultant solids responsible for
Cr(l11) attenuation.

We have previously demonstrated sustained Cr(VI) reduc-
tion via a closely coupled, biotic—abiotic reductive pathway
under iron-reducing conditions (Wielinga et a., 2001). Ferrous
iron generated during dissimilatory Fe(l11) reduction of ferric
(hydr)oxides by Shewanella alga strain BrY serves as an ef-
fective reductant of Cr(VI) with a maximum sustainable Cr(VI)
reduction rate of 5.5 ug Cr¥' - mg-cell~* - h™*. Iron (hydr)ox-
ides of varying structures and stabilities ranging from ferrihy-
drite (Fe(OH); - nH,0) to hematite (a-Fe,O3) were investi-
gated and revealed similar Fe(I11), and hence Cr(VI), reduction
rates. We also demonstrated that this reaction pathway is cyclic
in nature, in that ferrousiron is oxidized back to the ferric state
during Cr(VI) reduction. Systems varied in the degree of iron
cycling and hence solid-phase composition. Accordingly, here
we address the solid-phase properties of two systems, both
having 2-line ferrihydrite as the electron acceptor that under-
went different degrees of iron cycling. We elucidate the com-
positional evolution, speciation, and structural environment of
Cr and Fe within the solid-phase products formed following
thisindirect Cr(VI) reduction pathway. We further address the
consequences of Fe cycling on Cr(l11) sequestration and solu-
bility within these systems.

2. MATERIALS AND METHODS
2.1. Experimental Approach

We examined microbially induced ferrous iron-mediated reduction
of Cr(VI) with Shewanella alga strain BrY (ATCC No. 51181, here-
inafter referred to as BrY) as a model dissimilatory iron-reducing
bacterium. BrY isawell-characterized, facultative anaerobic bacterium
with a demonstrated ability to couple the oxidation of organic acids and
H, to the reduction of Fe(lll), Mn(IV), and U(VI) under anoxic con-
ditions (Caccavo et al., 1992). Standard methods for culture of anaer-
obic bacteria and preparation of anoxic media were used throughout.
Media and buffers were made anoxic by boiling and cooling under a
stream of O,-free N, or N,:CO, (80:20) gas. All reactions were
performed in an anaerobic chamber (Coy Laboratories, Grass Lake,
MI) with an N, (90%):H,(10%) atmosphere. BrY was grown aerobi-
caly to late log phase in tryptic soy broth (TSB; Difco, Detroit, MI) at
32°C and frozen back in 20% glycerol at —80°C. Seed cultures were
started from frozen stocks (1 mL in 100 mL TSB) and grown aerobi-
caly for 8 h at 32°C (150 rpm). Cell suspensions were prepared by
adding 1 mL of the seed culture to 100 mL of TSB and grown to late
log phase (12 h, 32°C, 150 rpm). Cells were harvested by centrifugea-

tion (4500 g 10 min, 5°C), washed twice in 100 mL of anaerobic
HEPES (30 mM; CgH,5N,0,S) or bicarbonate buffer (2.5 g NaHCO4
and 2.5 g NaCl per liter, pH 7.0), and resuspended in the same buffer.
Cell suspensions were transferred to sterile, anaerobic pressure tubes
with a headspace of N, gas, capped with a thick butyl rubber stopper,
and stored on ice for less than 15 min before inoculation of flow cells.

Iron/chromium reduction reactions were performed in polycarbonate
stirred-flow reactors (see fig. 2 in Wielinga et al., 2001) containing
either 100 mL of either 30 mM HEPES or 10 mM sodium bicarbonate
buffered medium, which also contained the following ingredients (g/L):
NaCl, 2.5; NH,Cl, 1.5; KCl, 0.1; CaCl,, 0.1; MgSO,, 0.1 mL vitamin
and 10 mL mineral solutions (Balch et al., 1979). Lactate (as sodium
lactate) was added as the electron donor to give afinal concentration of
10 mM. Reduction experiments contained two-line ferrihydrite (nom-
inaly Fe(OH); - nH,O) as the termina electron acceptor (TEA).
Ferrihydrite was synthesized by the titration of Fe(NO); - 9H,0O (0.4
mol/L) with 1 mol/L NaOH to pH 7 (Ryden et a., 1987). The two-line
ferrihydrite was washed with ultrapure water and maintained as an
aqueoug suspension. Ferrihydrite was added to provide a surface area of
~10 m=.

Reactions were initiated by adding cell suspension (fina cell con-
centration ~2 X 107 mL %) and two-line ferrihydrite to each reactor
and bringing the volume to approximately 100 mL with Cr-free me-
dium. A 0.2-um pore-size filter and filter-backing disk were placed on
top of the chamber, and the reactor was sealed. The filter served to
retain the cells and the iron solids in the reactor. Media was pumped
into the bottom of the reactor, and effluent was forced out through the
filter to the fraction collector. The initial flow rate before Cr addition
varied between 10 and 11 mL/h. After Cr addition, the pump speed was
adjusted downward until a steady-state Fe(l1) concentration was main-
tained in the effluent. The flow rate varied from ~1.5 to 3.5 mL/h.
Samples collected were analyzed for soluble iron and chromium as
described below.

Previously, we performed both negative and positive quality controls
and investigated the ability for BrY to directly reduce Cr(VI) (Wielinga
et a., 2001). The rate of Cr(VI) reduction by BrY was considerably
slower than those observed for Cr(VI) reduction by Fe(ll). Addition-
ally, prolonged reduction of Cr(VI) by BrY was not observed, and
reduction ceased after 20 h, perhaps as a result of Cr toxicity.

2.2. Solution Analysis

Production of soluble Fe(ll) was monitored spectrophotometrically
at 562 nm by means of the ferrozine method (Stookey, 1970). Dis-
solved Cr(VI) was measured spectrophotometrically at 540 nm by the
s-diphenyl carbazide method (Bartlett and James, 1979). Total dis-
solved Cr and Fe were determined by flame atomic absorption spec-
troscopy or by inductively coupled plasma optical emission spectros-

copy.

2.3. Solid-Phase Analysis
2.3.1. X-Ray Absorption Spectroscopy

We used both X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectroscopies to
determine the speciation (oxidation states) and structural environment
surrounding the absorbing atom (Cr or Fe). At the end of the experi-
ments, solids within the suspension were dried in the anaerobic glove-
box, mounted on a Teflon plate, and sealed with Kapton polymide film
to prevent moisture loss and oxidation while minimizing X-ray adsorp-
tion. Solids remained in the glovebox until time of analysis. X-ray
absorption spectroscopy (XAS) data were collected on beamlines V-1
and V-3 (beamline 1V is an eight-pole wiggler) at the Stanford Syn-
chrotron Radiation Laboratory, running under dedicated conditions.
The ring operated at 3 GeV, with a current ranging from ~100 mA to
~50 mA. Energy selection was accomplished with a Si (220) mono-
chromator typically with an unfocused beam. Higher-order harmonics
were eliminated by detuning the monochromator ~50% for Fe and
60% for Cr. Absorption spectrawere recorded by monitoring the Cr K,
and Fe K, fluorescence with a wide-angle ionization chamber (Lytle et
al., 1984) for model compounds or a 13-element Ge semiconductor
detector for unknown samples. A Mn (for Fe) and V (for Cr) filter along
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with Soller dlits were used to minimize the effects of scattered primary
radiation when the fluorescent ionization chamber is used. Incident and
transmitted intensities were measured with in-line ionization chambers.
The energy range studied was —200 to +1000 eV about the K ,-edge
of Fe (7111 eV) and Cr (5989 eV). Each scan was calibrated internally
by placing an elemental foil between the second and third in-line
ionization chambers. Between 5 and 10 individual spectra were aver-
aged for each sample. All spectra were collected at ambient tempera-
ture and pressure.

Spectra were analyzed by WinXAS and EXAFSPAK software
(George, 1993; Resdler et a., 2000). Fluorescence spectra were back-
ground subtracted and the atomic absorption normalized to unity.
Isolation of the EXAFS function [ x(k)] was accomplished by fitting a
spline function to the absorption envelope and then subtracting it from
the spectra. The x(K)k® (where k(A ~2) isthe photoel ectron wave vector)
spectrum was Fourier-transformed to produce the radial structure func-
tion (RSF) in R-space (A). Peaks in the Fourier transform were indi-
vidually isolated and backtransformed (Fourier filtered). A nonlinear
|east-squares procedure was used to fit both the Fourier-filtered and raw
spectra by use of theoretical reference XAS phase-shift and amplitude
functions. Phase-shift and amplitude functions for both single- and
multiple-scattering (MS) paths were generated with the ab initio com-
puter code FEFF 7 (Rehr et al., 1991, 1992) by using atomic clusters
from well-characterized crystalline model compounds. The theoretical
FEFF functions wereinitially fit to experimental XAS data of reference
compounds to determine values for o2 and to estimate errors in fitting.
Bond lengths were accurate within +0.04 A and coordination numbers
within =20% for first through third shells. Experimental unknown
spectra were then fit using the theoretical phase and amplitude func-
tions and the coordination number (N), interatomic distance (R), and
disorder (0% were varied to optimize the goodness of fit (F) or
minimize the residua (R). Values for E, were determined from first-
shell fits and were subsequently fixed in fits to higher-shell backscat-
terers. As explained in O'Day et al. (1994), the contribution of MS
paths to the EXAFS spectra was investigated by identifying potential
MS paths in FEFF 7 and then comparing the amplitude of each path
(estimated by an approximate plane-wave calculation) to that of the
path with the largest amplitude and including potential MS paths in
experimenta fits.

A set of reference standards for Fe were utilized to perform linear
combination k®-weighted EXAFS spectra fitting by the EXAFSPAK
module DATFIT (George, 1993). Linear fitting routines were used to
reconstruct the unknown to determine the relative percentages of min-
eral phaseswithin the samples. Linear combinations of empirical model
spectra were optimized, where the only adjustable parameters were the
fractions of each model compound contributing to the fit. Fits were
optimized by minimizing the residual of the fit, defined as the normal -
ized root square difference between the data and the fit. Accuracy of
linear combination analysis was investigated by fitting a set of mixed
standards having known fractions. Fits were within £7% of the actual
percentages.

Model Fe compounds used in FEFF calculations and DATFIT linear
combinations include siderite (FeCOy), ferrihydrite (Fe(OH); - nH,0),
goethite (a-FeOOH), Iepidocrocite (y-FeOOH), hematite (a-Fe,O3),
green rust (F€''  Fe" (OH)1.[(SO,) w2 - 3H,0]), vivianite (Fes(PO,),
- nH,0), and magnetite (Fe;O,). Siderite, vivianite, and magnetite were
natural samples obtained from the Stanford University Mineral Collec-
tion. Goethite, hematite, ferrihydrite, and lepidocrocite were synthe-
sized following the procedures of Schwertmann and Cornell (2000) and
green rust following Schwertmann and Fechter (1994). Synthesized
standards were verified via powder X-ray diffraction analysis.

Model Cr compounds used include chromite (FeCr,O,), Cr(lIl)
hydroxide, and mixed Fe(lI1), Cr(l11) hydroxides (Fe,_,Cr,(OH)3; X
ranges from 0.75 to 0.25). Chromite was obtained from the Stanford
Mineral Collection. Chromium hydroxide was synthesized by titrating
20 mM CrCl; to pH 6; pH was maintained at this value for 24 h
(Fendorf et al., 1994). The synthesized chromium hydroxide possesses
a y-CrOOH local structure as observed previously (Charlet and
Manceau, 1992; Fendorf et al., 1994). The Fe,_,Cr,(OH); standards
were synthesized by titrating stoichiometric concentrations of
Fe(NO,); and CrCl; solutions with 0.1 mol/L NaOH to pH 7 and pH
was maintained for 3 d. Ratios of Fe(l11):Cr(I11) within the solids were
verified with X-ray wavelength dispersive spectroscopy (JEOL JXA-

Table 1. Ratios of mixed Fe and Cr hydroxides.

Mole fraction Cr(l11)?

Cr(I1):Fe(lll) Predicted Observed® Solid formula

13 0.25 0.24 + 0.003 Fey75Crg.25(OH)5
1:2 0.33 033+ 0004  Fe,q,Croas(OH)s
11 0.50 0.50 = 0.004 Fey.50Cro.50(OH) 5
2:1 0.67 0.66 + 0003  Fe,5Croe{(OH)s
31 0.75 0.75 = 0.001 Fey25Cr75(OH)5

ACr(IN)/(Fe(Il) + Cr(111)).
Value represented as mean with = first standard deviation
V(n=x? — (Ex)A/(n(n — 1))

733A Superprobe). Quantitative analysis of samples was performed by
the CITZAF matrix correction algorithm. Background correction was
obtained by using the mean atomic number method and standards were
analyzed before and after sample analysis to account for drift. Com-
parative resultsindicate an error for major elements of less than 1% and
less than 5% for minor elements. Analyses were performed in triplicate
and good agreement between the predicted and observed ratios were
observed (Table 1).

2.3.2. Microscopy

Scanning electron microscopy was utilized to determine mineral
morphologies. At the termination of the experiments, solids within the
suspension were dispersed onto carbon-coated Al mounts and allowed
to dry in the glovebox. Samples were coated with Au and examined
with a JEOL JSM-5600LV scanning electron microscope equipped
with backscatter and secondary electron detectors and an energy dis-
persive X-ray analytical system.

3. RESULTS AND DISCUSSION

3.1. Reaction Progression: Solution Chemistry

Previously, we demonstrated the reduction of Cr(VI) via
Fe(I1) produced during iron respiration by using four structur-
aly diverse ferric (hydr)oxides (a-Fe,O5, a-FEOOH, 2- and
6-line ferrihydrite) (Wielinga et al., 2001); data for two-line
ferrihydrite as the termina electron acceptor are provided in
Figure 1a. Differences in sustained reduction are evident be-
tween the HEPES-buffered (FC8) vs. bicarbonate-buffered
(FC10) systems. Although reduction ceased after 76 h in the
bicarbonate-buffered systems, reduction continued unabated in
the HEPES-buffered systems until it was intentionally termi-
nated at 168 h. This discrepancy may arise from the complex-
ation of Fe(ll) and, particularly, Cr(lll) in the presence of
HEPES, thus delaying sorption and potential poisoning of the
hydroxide and/or cell surface. As illustrated previously, re-
moval of potential sorbates via complexation allows for en-
hanced iron reduction (Urrutiaet al., 1999). Although all of the
Cr entering the bicarbonate-buffered systemsis retained in the
solid-phase, merely 45% is retained in the presence of HEPES
(Fig. 1b). Within both systems, however, no Cr(V1) is detected
in the effluent suggesting that Cr(I11) is being complexed and
eluted from the HEPES-buffered system. Although thermody-
namic data were not available for HEPES complexes with
Cr(l11) or Fe(l1l), we have observed substantial complexation
of Fe(lll) and Cr(l11) by HEPES in independent laboratory
experiments, supporting our contentions here.

Considering the initial Fe(l11) provided (as two-line ferrihy-
drite) and the reduction rate, reduction should be maintain for



404 C. M. Hansdl, B. W. Wielinga, and S. Fendorf

400

a +Cr(VI) Injection Initiated
350 D op ©
: GDo0 ®
300 4 © o0
o
250 - & o
s “a %oq,
= : Aa o FC8
= 2004 CA s Ta o0
& o: a o
o : a [ele] %29 o
w FC10 Ogpo o °
150 4 : o
A
100
A
50 4
r's
1
0 . T . T T T T : .
0 20 40 60 80 100 120 140 160 180
Time (h)
0.25
Inlet [Cr(V1)]
0.20 A
Asand aa% Al A a8 A
A
A
0.15 4 Al FC8 effluent Cr(total)
AL
— A
= a
E 010 @
e A
o A
FaY
0.05 A A
a
A FC8 effluent Cr(VI)
0.00 A CGEENIINEOESeE e®O0 000 000 00 O
FC10 effluent Cr(total)
T T T T :

0 20 40 60 80 100 120 140 160 180
Time (h)

Fig. 1. Comparison of temporal changes in (a) effluent agueous
Fe(ll) concentration for ferrihydrite reduction by BrY and (b) subse-
quent Cr chemistry within HEPES (FC8) and bicarbonate buffered
(FC10) media. Dotted line represents time at which continuous Cr(V1)
injection was initiated.

only ~70 h. Thus, for Fe(lll) reduction to continue beyond
70 h, Fe within the system must be (re)cycled back to the ferric
state—a redox cycle between the bacteria and chromate must
be established. Correspondingly, the two systems represent
differing degrees of iron cycling. Iron is cycled approximately
twice in FC8 (HEPES) and once in FC10 (bicarbonate). The
following discussion focuses on the solid-phase transforma-
tions within these two systems and the potential consequences
of Fe cycling on mineral structure and stability.

3.2. Iron Solid-Phase Char acterization
3.2.1. Oxidation Sate

XANES spectra were utilized to determine the oxidation
state of Fe within the solid-phase products. Consistent with
previous studies, normalized absorption and first-derivative
XANES spectra of Fe minerals illustrate a 2- to 4-eV energy
shift associated with a one-unit valence difference (Fig. 2)
(Waychunas et a., 1983; Kemner et al., 2001). The XANES
spectra of solid-phase products from FC8 and FC10 revea a
predominance of Fe(lll) in an oxo or hydroxyl coordination
environment (Fig. 2). The absorption edge-crest (~7128 eV)
and inflection point (noted by the peak in the first-derivative

Fey(PO,),nH,0

Fey(PO,),»nH,0

Fe(OH),nH,0

Fe(OH),nH,0

Feg 67Cro.53(OH);

Normalized Absorbance
Derivative Intensity

Fe 6/Cro.33(OH);

7100 7120 7140 7160 7180 7200 7100 7120 7140 7160 7180 7200

Energy (eV) Energy (eV)

Fig. 2. lron (8) X-ray absorption spectra and (b) first-derivative
XANES spectra of model compounds and Fe associated with the
solid-phase biomineralization products FC8 (cycled) and FC10 (not
cycled). Model compounds ferrihydrite (ferric), magnetite (ferric—fer-
rous), and vivianite (ferrous) were included to illustrate the relative
energy shifts. Only oxygen coordinated Fe minerals were included to
eliminate effects (effective charge) of different ligands (Waychunas et
al., 1983). Dashed lines refer to energy positions for ferrous (lower
energy) and ferric (higher energy) iron.

spectra at ~7124 €V) correspond to that of ferric iron within
both samples; thus, if ferrous iron is present in the sample, it
accounts for less than 5% (detection limit) of total Fe.

3.2.2. Sructural Environment

Previous studiesillustrate the sensitivity of EXAFS spectros-
copy to changes in the short-range structure of Fe (hydr)oxides
(Manceau and Combes, 1988; Manceau and Drits, 1993). A
topological approach for polyhedral frameworks was previ-
ously applied to discern the local structure of Fe(lll) within
solids that was based on EXAFS spectra. This approach inter-
prets the local order of a metal (hydr)oxide on the basis of a
correspondence between metal-metal distances and the polyhe-
dral linkages in the (hydr)oxides. The four Fe (hydr)oxide
octahedral linkages encountered are face (F, 2.89 A), edge (E,
2.97 to 3.34 A), double-corner (DC, 3.37 to 351 A), and
single-corner (SC, 3.87 A). The local order of Fe hydroxides
(e.9., a-Fe,03, a/B/y-FeOOH) can be classified on the basis of
the number and type of aforementioned octahedral linkages.
However, it isimportant to note that this approach assumes that
the metal-metal distances depend mainly on the nature of the
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octahedral linkages and that the correspondence between link-
age and bond distance remains valid in the absence of long-
range order, for example, ferrihydrite (Combes et al., 1989).
We use this approach in the following structural investigations
of the solid-phase products of the two aforementioned systems
varying in their degree of Fe cycling. Subsequently, structural
analysisis focused on radial distance determination (constrain-
ing Debye-Waller factors to realistic values on the basis of
reference compounds) and less emphasis is applied to coordi-
nation number.

The Fourier-filtered EXAFS spectraand corresponding RSFs
of four Fe (hydr)oxide standards, two mixed Fe, Cr hydroxide
standards, and bioreduction products (FC8 and FC10) are il-
lustrated in Figure 3. Distinct structural features among the
phases are more easily observed in the Fourier-filtered EXAFS
function; thus, both the filtered (Fig. 3) and raw spectra of the
unknowns (Fig. 4) are depicted (fitting parameters were equiv-
aent between the two). Parameters derived from optimal fits to
the raw spectra are presented in Table 2. Structural variations
within the EXAFS spectra of the four Fe (hydr)oxides are
manifested in the ~4 to 5.5 and >9.5 A~ ranges (Fig. 3).
Moreover, the location and intensity of the oscillation at ~7.5
A~ varies considerably among the four (hydr)oxides. Com-
parison of the spectral line shape suggests that the mixed Fe, Cr
hydroxides and FC10 adopt a ferrihydrite-like structure. FC8,
however, appears to have structural features common to both
ferrihydrite and hematite (additional oscillation at ~5.1A~%).

Thelocal coordination environment of Fe within ferrihydrite,
a-FeOOH, y-FeOOH, «-Fe,O5 are consistent with previous
distances (Manceau and Combes, 1988; Manceau and Drits,
1993). However, resolution of the individual shells within the
Fourier-transform is limited by the extent of the data in the
reciprocal space (k), where k... = 7/2AR. For consistency
among spectra, all Fe spectra were truncated at 11.5 A~
alowing for a distance resolution of ~0.14 A within the
Fourier-transform. Thus, Fe-Fe atomic shells at 3.28 to 3.34
and 3.46 to 3.51 A are difficult to resolve (Manceau and Drits,
1993). Accordingly, although a-FeOOH has two edge-sharing
octahedra at 3.01 A and 3.28 A and 4 double-corner sharing
octahedraat 3.46 A, only two contributing shells (3.03 and 3.43
A) are observed with the k-range used here (Table 2). Thus,
distinguishing between B-FeOOH (2 at 3.03, 2 at 3.34, and 4 at
3.51 A) and a-FeOOH is difficult (Combes et a., 1989; Charlet
and Manceau, 1992; Manceau and Drits, 1993). For the pur-
poses of this study their distinction is not of concern and hence
the two will be considered collectively as o/B-FeOOH.

Structural parameters for ferrihydrite indicate that it has
principally an «/B-FeOOH local structure (Table 2). Although
not evident as a result of the resolution imposed within this
study, thelocal structure of ferrihydrite is intermediate between
that of a-Fe,O5 and «/B-FeOOH (Manceau and Drits, 1993).
Similarly, the Fe-Fe(Cr) distances for Fey,5Cro.s5(OH); -
nH,O and Fe, ,5Crg-5(OH); - NH,O correspond with o/B-
FeOOH. Considering the similarity of the EXAFS spectral line
shape between ferrihydrite and Fe, _,Cr,(OH); - nH,0, it ap-
pears that the structural environment of Fe within the mixed
hydroxides has a «/B-FeOOH local order, similar to that of
ferrinydrite.  Likewise, an Ferich end  member
(Feg.99Cro.01(OH)5 - NH,0) was previously found to have an
a-FeOOH local order (Charlet and Manceau, 1992). Although

¥-FeOOH

a-FeOOH

a-FeOOH

Fe(OH),nH;0

x(0*K

" Fe(OH)unH,0

Fourer Transform Magnitude

Feo75Co2s(OH)y

i1 FegzsCro5(OH),

Fey2:Crozs(OH);

Feﬂ.?ﬁcrOJS(OH)J

2 34567 8 9101112 o 1 2 3 4 5 6 7
170-9) R(A)

Fig. 3. Iron (a) Fourier-filtered (first two shells, R = ~0.9 to 3.2
(3.7) A) EXAFS spectra and corresponding (b) Fourier transforms for
Fe standards and unknowns, FC8 (cycled) and FC10 (not cycled). All
EXAFS and RSF data (solid line) were fit (dotted line) over k = 3 to
11.5 A~ for consistency as a result of noise at high k region in some
spectra. Only the two end members of the mixed Fe, Cr hydroxides are
presented because of the equivalence of the spectra throughout the
solid-solution series.

the structure of FC10 coincides with ferrihydrite, FC8 has an
additional Fe-Fe(Cr) distance at 2.95 A corresponding to an
a-Fe,O5 contribution (Table 2). Inclusion of an Fe-Fe(Cr)
contribution at 2.95 A greatly enhances the |east-squares fit to
the experimental spectra (AF = 50). This distance reflects the
weighted average of one face-sharing octahedra at 2.89 A and
three edge-sharing octahedra at 2.97 A within the a-Fe,O,
local structure. Thus, FC10 has aferrihydrite structure and FC8
appears to be a composite of a-Fe,O5 and ferrihydrite.
Comparison of the Fourier transforms further demonstrates a
spectral similarity between «-Fe,O; and FC8 (Fig. 3). Al-
though the other (hydr)oxides contain a single Fe-Fe(Cr) shell,



406 C. M. Hansdl, B. W. Wielinga, and S. Fendorf

a
Fe 75Cro 25(OH),

Feg25Cro 75(OH);

AR
Fourier Transform Magnitude

2 3 4 5 6 7 8 9 101112 0 1 2 3 4 5 6
1709 R(A)

Fig. 4. Least-squares fits (dotted lines) to normalized k3-weighted Fe
EXAFS spectra (solid lines) for the biomineralization products FC8
(cycled) and FC10 (not cycled), and two end members of the mixed Fe,
Cr hydroxide standards.

both FC8 and a-Fe,O5 contain an additional shoulder on this
peak. For all spectra, the presence of only a single Fe-Fe(Cr)
peak is aresult of having a shortened kwindow and subsequent
lower resolution for individual RSF peaks. However, although
a larger kwindow allows for resolution of individual peaks
within the RSF, distances obtained from structural fitting of the
EXAFS spectra are equivalent (data not shown; discussed
below for Cr).

Linear combination fitting of k>-weighted EXAFS spectra
further supports the aforementioned findings (Fig. 5). The

FC8
66% ferrihydrite
34% o-Fe,0,

Xk

FC10
100% ferrihydrite

k@AM

Fig. 5. Fe K-EXAFS spectra of FC8 (cycled) and FC10 (not cycled).
Linear combination fits of model (dotted) and experimental spectra
(solid) are overlain.

solid-phase Fe EXAFS spectra from FC10 can be adequately
reconstructed by the ferrihydrite spectra. Conversely, the opti-
mized fit to the FC8 spectra consists of 66+ 7% ferrihydrite and
34+7% a-Fe,0O,. It is interesting to note that FeCO5 was not
detected as a substantial product even within systems contain-
ing as high as 20 mM bicarbonate. Siderite rhombs were not
observed after microscopic analysis, supporting the EXAFS
analysis. As such, Fe(ll) generated within the system that is not
oxidized during chromate reduction is either lost from the
system or adsorbed to the bacterial/hydroxide surface (i.e., no
other Fe(ll) mineral species are present).

We predicted previously that the solid-phase products would
be poorly crystaline, thus providing the bacteria with a desir-

Table 2. Structural parameters derived from least-squares fits to raw, k®>-weighted Fe EXAFS spectra of model compounds and biomineralization

products FC8 (cycled) and FC10 (not cycled).?

Fe-O Edge/face: Fe-Fe(Cr) Corner: Fe-Fe(Cr)
Element r(A) N o2 r(A) N o2 r(A) N o2 F
Lepidocrocite 1.99 (2 5.5(6) 0.008 (4) 3.08(2) 48(2) 0.005 (2) 45
Goethite 2.00(2) 48(2) 0.008 (7) 3.02(4) 19(2) 0.007 (4) 3.43(2) 35(3) 0.009 (1) 16
Ferrihydrite 2.00(2) 4.8(5) 0.007 (2) 3.02(3) 2.0(9) 0.008 (3) 3.43(4) 35(2 0.009 (4) 11
Hematite 1.99 (2 49(1) 0.013 (2) 2.95(2) 39(1) 0.008 (2) 3.36(3) 28(2) 0.005 (4) 12
3.69 (6) 49(2) 0.009 (7)
Fey75Cro05(0OH)3 - nH,O  2.00 (2) 49(1) 0.015 (5) 3.03(3) 19(2 0.014 (8) 342 (3) 32(2) 0.010 (4) 14
Fey25Cro75(OH)3 - nH,O  2.00 (3) 5.4(2) 0.009 (5) 3.02(3) 18(3) 0.011 (8) 3.42 (6) 35(3) 0.010 (7) 60
FC8 2.00(1) 49(1) 0.008 (2) 2.95(2) 32(2 0.008 (1) 3.43(5) 4.0(2) 0.012 (6) 117
3.02(4) 17(2) 0.010 (4)
FC10 2.00(3) 5.4 (2) 0.012 (4) 3.01(3) 1.7 (2 0.009 (4) 342(1) 4.0(1) 0.011 (2) 107

aCoordination number (N), interatomic distance (r), and Debye-Waller factor (0®) obtained from fitting raw data with theoretical phase and
amplitude functions. F is the goodness of fit = E[X(k)zexpl — x(K)%.]. Fits were performed over the k range: 3 to 11.5 A%, Distances reported in the
table differ from those in the RDF because the latter were not corrected for phase shift. Estimated errors at 96% confidence interval from the
least-squares fit are given in parentheses.
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able, high surface area metabolic substrate (Wielinga et a.,
2001). The results described above support this prediction, in
that the solid-phase products in FC10 have a ferrihydrite-like
structure. Upon further Fe cycling (FC8), however, the remain-
ing Fe(l1l) progresses toward an «a-Fe,O5-type structure. Fer-
rihydrite, being a metastable phase, transforms to more stable
Fe (hydr)oxides (e.g., a-FeEOOH, a-Fe,05) over time (Cornell
and Schwertmann, 1996). Although ferrihydrite has structural
domains of both a-Fe,O5 and o/B-FeOOH, the mechanism of
transformation to the products is quite different. Although
a-Fe,0O; is considered a solid-state conversion of ferrihydrite,
a/B-FeOOH is formed via dissolution/reprecipitation (Fischer
and Schwertmann, 1975; Schwertmann and Murad, 1983;
Manceau and Drits, 1993; Cornell and Schwertmann, 1996).
The presence of face-sharing octahedra within ferrihydrite is
thought to reduce the activation energy barrier needed for the
conversion to a-Fe,Oj, thus favoring its formation over o/B-
FeOOH (Combes et al., 1990; Manceau and Drits, 1993). This
mechanism is induced by dehydration and dehydroxylation of
Fe-OH-Fe bonds resulting in an increase in the density of face
linkages (Manceau and Drits, 1993). Conversion of ferrihydrite
to a-FeOOH is aso thought to be promoted by divalent metal
(e.g., Fe(l1)) sorption; thus, the short residence time of ferrous
iron, the result of reoxidation by Cr(V1), may aso inhibit the
conversion of ferrihydrite to o/B-FeOOH (Cornell, 1988; Za-
chara et al., 2002). Accordingly, within the solid-phase prod-
ucts of FC8 and FC10, Fe is originadly in a ferrihydrite-like
structure, whereas the fraction of «a-Fe,O; within the solid
grows at the expense of ferrihydrite over time. After two Fe
cycles, the percentage of a-Fe,O5 within the solid-phase Fe is
~34%.

3.3. Chromium Solid-Phase Characterization
3.3.1. Oxidation Sate

Because of site symmetry differences between Cr(VI) and
Cr(l11), the preedge feature of the XAS spectra is utilized to
determine the contribution of the two species (see, e.g., Patter-
son et a., 1997; Peterson et a., 1997). The preedge is caused
by a bound-state 1s to 3d transition. Although this transition is
alowed for noncentrosymmetric tetrahedral Cr(VI)O, mole-
cules (as a result of 3d-2p orbital mixing), it is forbidden for
octahedral Cr(I11)Og4 having a center of symmetry. Addition-
aly, the empty d-orbital (3d®) in Cr(VI) increases the proba-
bility of this transition, thus enhancing the pre-edge pesk in-
tensity. Normalized absorption spectra of FC8 and FC10 reveal
an absence of an appreciable contribution of Cr(V1) within the
samples (Fig. 6). Similar to Fe, the absorption spectra reveal a
prevalence of Cr(I1l) in an oxo or hydroxyl coordination envi-
ronment. Considering that Cr(VI) was not detected in the
effluent, al Cr(V1) entering the system is thus being reduced to
Cr(i1).

3.3.2. Sructural Environment

The same approach as that used for the Fe analysisis used to
interpret the Cr XAS data for FC8 and FC10. Normalized
k3-weighted EXAFS spectra for Fe,_,Cr,(OH); - nH,O stan-
dards (x ranges from 0.25 to 0.75) and corresponding FTs are
illustrated in Figure 7. Structural parameters for least-squares

Cr(VI):5993.5 eV

FC8

Normalized Absorbance

5980 6000 6020 6040 6060
Energy (eV)

Fig. 6. Chromium X-ray absorption spectra windowed to illustrate
the preedge region (~5993.5 eV) for the biomineralization products
FC8 (cycled) and FC10 (not cycled).

fits to the experimental spectra are reported in Table 3. Similar
to Fe, the short-range order of the mixed Cr, Fe hydroxides
correspond with an «/B-MeOOH-like structure (Me = Cr or
Fe) (Table 3). In contrast to Fe, however, the edge-sharing
contribution at ~3.28 A is included in the fitting parameters
(Fig. 8). Thisresult isin good agreement with a previous study
indicating that during coprecipitation with Fe, Cr (as
Fey.05Cro.01(OH)3) is integrated into a hydrous ferric oxide
(HFO) matrix having an a-type local structure (with two near-
est-neighbor metal shells at 3.00 to 3.05 and 3.40 to 3.45 A)
(Charlet and Manceau, 1992). As discussed by Charlet and
Manceau (1992), this phase is in structural discontinuity with
homogenously precipitated Cr(lll) hydroxide having a
v-CrOOH structure (two metal shells at 3.00 to 3.05 and 3.94
to 4.03 A).

Although the Ferich end member corresponds to an
a-MeOOH-like structure, Cr-Fe(Cr) bond distances increase as
the mole fraction of Cr within the solid increases. The bond
distances for both edge-sharing octahedra within the solid
undergo expansion from 3.04 A and 3.26 A t0 3.06 A and 3.30
A, respectively. More salient, however, is the increase in the
radial distance of the double-corner sharing peak from 3.48 to
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Fig. 7. Chromium (a) k®-weighted EXAFS spectra and (b) corre-
sponding Fourier transforms for Cr standards and unknowns, FC8
(cycled) and FC10 (not cycled). All data (solid line) were fit (dotted
line) over k = 3t0 10.5 A~ for consistency as aresult of noise at high
k region in some spectra. Edge- (E) and corner-sharing (C) contribu-
tions are indicated.

356 A as the mole fraction of Cr within the solid increases.
This phenomena may be a result of structural expansion and
octahedra rotation within the solid. Rotation of the double
corner-sharing octahedra would result in said Cr-Fe(Cr) radial
distances. This structural expansion/rotation appears to be a
transitory feature, intermediate to the «/B-FeOOH structure of
ferrihydrite and the y-CrOOH structure of Cr hydroxide. Sim-
ilarly, Cr(111) appears to prefer a corner-sharing arrangement as
demonstrated by a y-CrOOH loca structure (Charlet and
Manceau, 1992; Fendorf et al., 1994).

The spatia orientation and distribution of Fe/Cr atoms
within this phase are unknown and merit further investigation.
However, as aforementioned, the local order of Fe within
Fe,_,Cr (OH); - nH,O has an «/B-FeOOH structure, consis-
tent with that of Cr. Conversely, Fe does not undergo structural
expansion/rotation (corner-sharing distance remains ~3.44 A),
thus suggesting that Cr may exist in multiple domains within
the solid, including a solid-solution with Fe having an «/B-
CrOOH local structure and another, possibly, moving toward a
v-CrOOH structure. Consequently, it is possible that we are

1 component fit
N=1.79, R=3.08, °=.006

2 component fit
N=2.44, R=3.05, 6°=.005
N=2.52, R=3.26, 6°=.005

x(R)*K

kAT

Fig. 8. Fourier-filtered Cr-Cr(Fe) contributions to EXAFS for
Fey 67Cro.33(0OH); - nH,O (solid line) and fits (dotted lines). Spectraare
windowed to include Cr-Cr(Fe) peak from R = 2.07 to 2.98 A.

observing mixed «- and y-MeOOH local structures. Similarly,
Cr(l11) sorbed to goethite isinitialy present as surface clusters
having both «- and y-MeOOH local environments but tends
toward an exclusively y-CrOOH environment at higher surface
coverages (Charlet and Manceau, 1992). Nevertheless, al-
though we do not observe Cr distances at 3.94 to 4.03 A, it is
important to note that we are obtaining an “average” of the
local environment surrounding Cr. Iron adopts, in addition to
a/B-FeOOH, an a-Fe,O; loca order, which Cr does not. This
suggests that Fe may also exist in multiple, either spatialy
differentiated or intergrown, structural, domains within the
solid-phase products. The compositiona (Cr to Fe ratios), and
hence structural heterogeneity, of the solids was confirmed by
microscopic analysis.

3.3.3. Ratio of Cr to Fe in the Solid Phase

Of particular interest is the systematic enhancement of the Cr
corner-sharing peak at 3.48 to 3.56 A astheratio of Cr to Fein
the hydroxide increases. The increase in the corner-sharing
peak, normalized to the first Cr-Cr(Fe) shell, has alinear (R* =
0.90) relationship with the mole fraction of Cr(I1l) within the
solid (Fig. 9a). By use of measured peak intensities, we deter-
mined the relative mole fraction of Cr(lI1) within the solid-
phases from FC8 and FC10. Solid-phases produced via the
reduction of Cr(VI) by Fe(ll) are predicted to have a Cr:Fe of
1:3 illustrated by the following reaction:
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Table 3. Structural parameters derived from least-squares fits to raw, k®-weighted Cr EXAFS spectra of Fe, _,Cr, hydroxides and biomineralization
products FC8 (cycled) and FC10 (not cycled).?

Cr-O Edge: Cr-Cr(Fe) Corner: Cr-Cr(Fe)

Element r(A) N o? r(A) N o2 r(A) N o? R

Fey 75Cro 25(OH)nH,0 2.01(2) 53(1) 0.007 (3) 3.04 (4) 25(2) 0.005 (4) 3.48(2) 3.6(3) 0.009 (4) 16
3.26 (1) 25(3 0.005 (5)

Fey 67Cro.33(OH)5nH,0 2.01(2) 50(2) 0.006 (4) 3.05(2) 24(2) 0.005 (7) 351(3) 3.8(3) 0.009 (1) 26
3.26 (2 25(3 0.005 (8)

Fey 5Cro5(OH)5nH,O 2.01(2) 51(2) 0.007 (3) 3.06 (4) 20(2 0.006 (5) 3.54(8) 41(3) 0.009 (6) 15
3.29(6) 19(3 0.006 (3)

Fey.35Cro.67(OH)5nH,0 2.01(2) 57() 0.007 (3) 3.06 (4) 20(2 0.006 (4) 3.54 (6) 42(2) 0.009 (7) 20
3.29(4) 1.8(3) 0.006 (4)

Fey.25Cro 75(OH)gnH,0 2.01(2) 54(2) 0.007 (3) 3.06 (4) 20(2 0.006 (5) 3.56 (7) 42 (3) 0.009 (6) 22
3.30(5) 20(2 0.006 (4)

FC8 2.01(2) 46 (1) 0.007 (3) 3.05(7) 1.7 (2 0.007 (6) 3.55(1) 4.4 (3) 0.009 (2) 19
3.28 (6) 16(3) 0.006 (5)

FC10 2.01(2) 57() 0.006 (2) 3.04 (4) 25(2) 0.005 (4) 3.49 (6) 3.6(3) 0.009 (8) 21
3.26 (4) 243 0.005 (5)

aCoordination number (N), interatomic distance (r), and Debye-Waller factor (¢) obtained from fitting raw data with theoretical phase and
amplitude functions. R is the residual between the experimental and fitted spectra = (2] x(K)%expr — X( )/ (Zx(K) i) X 100. Fits were performed
over the k range: 3.6 to 10.8 A1, Distances reported in the table differ from those in the RDF because the latter were not corrected for phase shift.

Estimated errors at 96% confidence interval from the least-squares fit are given in parentheses.

3Fe?" + HCrO, + 8H,0 — 4Cr; ,5Fey 75(OH); + 5H*
@

Although solids from FC10 have an approximate Cr to Feratio
of 1:2.5 (Fe, 7,Crg 25(OH)3 - NH,0), FC8 mirrors that of FC10
with aratio of 2.5:1 (Fey ,5Crg 71(OH)5 - NH,0). Solids from
FC8 are enriched in Cr(lll) relative to the predicted ratio
suggesting that microbial reduction of Fe(l11) within the solid is
occurring. Both scanning electron microscopy and microprobe
analysis further confirms the increase in the ratio of Cr to Fe
within the solids over time.

Two distinctions exist between the FC8 and FC10 systems:
duration of reduction and buffering agent. We propose that the
enrichment of Cr(l11) within FC8 relative to FC10 is a conse-
guence of Fe cycling within the system. Considering that the
HEPES buffered system (FC8) lost ~50% of the introduced Cr
and merely 20% of Fe, then Fe should be enriched in the solids
relative to Cr. Conversely, no Cr was detected in the effluent
within the bicarbonate buffered system (FC10). However,
whereas FC10 cycled through the origina available Fe(lll)
once, FC8 cycled twice. These findings suggest that Fe(lll)
within the mixed hydroxides is available for further microbial
respiration and that continued reduction results in the enrich-
ment of Cr within the solids. Furthermore, as Fe(l11) is cycled
some solids will become purified with respect to Cr while fresh
Fe, 75Cro 25(OH)3 - NH,0 solids precipitate.

3.3.4. Consideration of Spectral Range and MS Paths

As discussed previously for Fe, the effects of a shortened k
window on the results of the least-squares fitting of the EXAFS
spectra were investigated with the solid-phase products from
FC10 (usable k window to 13.9 A~ %) (Table 4). Bond distances
were within 0.02 A among the two windows and coordination
numbers varied <10%. Nevertheless, for the purposes of this
study, the results are sufficient to determine the local structure
transformations within the solid-phase precipitates. However, it
is important to note that coordination numbers for both Cr and
Fe may be less accurate than those obtained with longer k
ranges.

The contribution of MS paths to the EXAFS spectra was
investigated from theoretical FEFF calculations. Within the
radial distances of these phases, MS paths were for the most
part less than 10% of the amplitude predicted for the first-shell
backscatterers. Two potential exceptions were identified, one
for R = 3.60 A, having an approximate 10% predicted contri-
bution; however, this distanceis 0.04 A greater than the longest
Cr-Fe(Cr) distance. The other path has R = 3.56 and a pre-
dicted amplitude of ~10%. Nevertheless, both paths are non-
linear (Fe—~Fe—0O—Fe or Fe=0—0—Fe) through O at-
oms. Although focused MS paths may be important in
compounds with (near)linear, equidistant atomic arrangements,
most MS paths involving nonlinear scattering through an O

Table 4. Effects of k window on the structural parameters obtained for FC10 (not cycled).

Cr-O Edge: Cr-Cr(Fe) Corner: Cr-Cr(Fe)
k r(A) N o2 r(A) N o2 r(A) N o2
3.6-139 2.00 591 0.006 3.04 2.72 0.005 3.47 3.30 0.009
3.24 2.20 0.005
3.3-10.8 2.01 5.73 0.006 3.04 2.46 0.005 3.49 3.56 0.009
3.24 240 0.005
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Fig. 9. (@) Correlation plot between mole fraction of Cr(lll) in
Fe,_,Cr,(OH); - nH,O and measured (circles) intensity of a corner-
sharing peak at ~3.6A (normalized to shortest Cr-Cr(Fe) contribution
shell). FC8 (cycled) and FC10 (not cycled) are plotted (triangles) to
determine the mole fraction of Cr(I11) within the solid-phase products.
(b) Solubility of Fe,_,Cr,(OH); - nH,O precipitates as a function of
mole fraction of Cr(lIl) (circles) according to reaction 2 (Rai et a.,
1986). Mole fraction for FC8 and FC10 (triangles) determined from (a)
are included to estimate the relative solubility of the two solid-phase
products.

atom contribute insignificant amplitude to the EXAFS spectra
(O'Day et al., 1994). Additionally, the MS paths overlap with
single-scattering paths at similar distances that have a greater
amplitude contribution (R = 3.59, amplitude ratio = 24%).
More importantly, inclusion of the MS paths does not signifi-
cantly alter or improve the fit. We therefore conclude that
multiple scattering does not contribute significantly to the spec-
traand that features within the third shell are primarily aresult
of single-scattering paths.

3.4. Solid-Phase Morphology

The morphology of secondary phase precipitates was inves-
tigated with scanning electron microscopy. Similar to
a-FeOOH and/or B-FeOOH, solid-phase products display an
acicular crystal habit (Fig. 10). Furthermore, the presence of

twins (most likely, epitaxial) is evident giving rise to a starlike
morphology within some solid-phase precipitates (Cornell and
Schwertmann, 1996). The formation of twins occursin high pH
solutions or in the presence of a-Fe,O; (Cornell and Giovanoli,
1985; Cornell and Schwertmann, 1996). However, epitaxial
twins may also develop without the aforementioned conditions
in the presence of ferrihydrite. Requirements for epitaxial twin
development need only be a local hexagonal arrangement (a
few unit cells) to permit growth in three different directions
from the ordered region (Cornell and Giovanoli, 1985). Hence,
twins within the solid-phase products may be induced by lo-
calized enhanced pH regions or, more likely, a consegquence of
nucleation on ferrihydrite.

4. CONCLUSIONS AND ENVIRONMENTAL
IMPLICATIONS

Within Fe-reducing environments, the reduction of Cr(VI)
by Fe(ll) is kinetically favored. The reduction and immobili-
zation of chromate is as a result of a coupled, biotic—abiotic
reaction pathway, in which Fe(I1) generated during iron respi-
ration catalyzes the reduction of Cr(VI). The reduction pathway
suggests that chromate reduction may be maintained on cate-
lytic amounts of Fe as aresult of the recycling of Fe within the
system. Specificaly, ferrous iron produced by iron-reducing
bacteriawill reduce Cr(VI) and subsequently (re)oxidize Fe(ll)
to Fe(lll). Upon Cr(VI) reduction by aqueous Fe(ll), the
(re)oxidized Fe exists as a mixed Cr(ll1)-Fe(I1l) hydroxide
phase. Iron-reducing bacteria may use this Cr(l11)-Fe(l11) hy-
droxide byproduct as a further metabolic substrate, thus regen-
erating Fe(ll) reductant pools. Consequently, even in environ-
ments with only trace levels of iron, appreciable amounts of
Cr(VI1) could potentially be reduced.

As Feisrecycled, however, the hydroxide products become
enriched in Cr relative to Fe approaching a pure Cr(OH); -
nH,O phase. The solubility of Fe, _,Cr,(OH); - nH,O phasesis
a function of the mole fraction of Cr(l1l), represented by the
following equation (Rai et a., 1986) (Fig. 9b):

log Ks = 4.23 — 0.172(1 — x)> — 1.392(1 — x)® + log x
@)

The above reaction is based on a homogeneous solid solution,
yet as mentioned earlier, the solids produced in this study are
multidomainic and thus may demonstrate varying solubilities.
Reaction 2, however, may provide a reasonable average solu-
bility estimate for solely the Cr domains within the solid-phase
products. As such, conversion from Fe, ,Cr, 5(OH); - nH,O to
Fe, 3Cro -(OH)5 - nH,0 resultsin an increase in solubility by an
order of magnitude (Fig. 9b). For sustained reduction reactions,
purification of Cr(lll) within the solid may lead to a pure Cr
phase, which is considerably more soluble than the Fe, Cr
solid-solution phases (Rai et al., 1986; Sassand Rai, 1987). The
enhanced solubility of Cr(I11) hydroxide (y) has been attributed
to structura differences from the mixed Fe, Cr hydroxides
(a/B) as was illustrated here and previously (Rai et a., 1986;
Charlet and Manceau, 1992). Nevertheless, the overall solubil-
ity of Cr is substantially diminished through the initial reduc-
tion of Cr(V1) to the less soluble Cr(l11) hydroxides.
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Fig. 10. Scanning electron micrograph (15 kV, WD = 18, 11,000X) of solid-phase products from biomineralization
products in FC10 (not cycled). Secondary precipitates illustrate a lathelike crystal habit common to «/B-FeOOH (arrow).
Multidomainic starlike o/B-FeOOH twins are also exemplified. Scale bar = 2 um.
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