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PARTITIONING OF Fe(II) IN REDUCED NONTRONITE (NAu-2) TO REACTIVE
SITES: REACTIVITY IN TERMS OF Tc(VII) REDUCTION
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Abstract—Clay minerals impart important chemical properties to soils, in part, by virtue of changes in the
redox state of Fe in their crystal structures. Therefore, measurement of Fe(IIl)/Fe(Il) and partitioning of
Fe(Il) in different reactive sites in clay minerals (during biological and chemical Fe(Ill) reduction) is
essential to understand their role and their relative reactivity in terms of reduction and immobilization of
heavy metal contaminants such as technetium. This study had three objectives: (1) to understand the degree
of dissolution of nontronite (Fe-rich smectite) as a result of chemical and biological reduction of Fe(III) in
the structure; (2) to quantify partitioning of chemically and biologically produced Fe(Il) into different
reactive sites in reduced nontronite, including aqueous Fe?', ammonium chloride-extractable Fe(II)
(mainly from the ion-exchangeable sites, denoted as Fe(IDng,c1), sodium acetate-extractable Fe(II)
(mainly from the surface complexation sites, denoted as Fe(Il),cetate), and structural Fe(Il) (denoted as
Fe(Il)s); and (3) to evaluate the reactivity of these Fe(II) species in terms of Tc(VII) reduction. Chemical
and biological reduction of Fe(III) in nontronite (NAu-2) was performed, and reduced nontronite samples
with different extents of Fe(Ill) reduction (1.2—71%) were prepared. The extent of reductive dissolution
was measured as a function of the extent of Fe(III) reduction. Our results demonstrated that chemically and
biologically produced Fe(II) in NAu-2 may be accommodated in the NAu-2 structure if the extent of Fe(I1I)
reduction is small (< ~30%). When the extent of reduction was >~30%, dissolution of nontronite occurred
with a corresponding decrease in crystallinity of residual nontronite. The Fe(Il) produced was available for
partitioning into four species: Fe%‘:q), Fe(IDacetates Fe(IDnm,c1, and Fe(I)g,. The increase in Fe(Il)acetate
during the early stages of Fe(Il) reduction indicated that the Fe(Il) released had the greatest affinity for the
surface-complexation sites, but this site had a limited capacity (~60 pmol of Fe(Il)/g of NAu-2). The
subsequent increase in Fe(IT)np,c1 indicated that the released Fe(II) partitioned into the exchangeable sites
once the amount of Fe at the surface-complexation sites reached half of its maximum site capacity. The
fraction of Fe(Il)y, decreased concomitantly, as a result of Fe(Il) release from the NAu-2 structure, from
100% when the extent of Fe(Ill) reduction was <30% to nearly 65% when the extent of Fe(IlI) reduction
reached 71%. The Fe(Il)acerare and Fe(Il), exhibited greater reactivity in terms of Tc(VII) reduction than
the Fe(I)ny,c1- Clearly, the surface-complexed and structural Fe(II) are the desirable species when reduced
clay minerals are used to reduce and immobilize soluble heavy metals in contaminated groundwater and
soils. These results have important implications for understanding microbe—clay mineral interactions and
heavy metal immobilization in clay-rich natural environments.

Key Words—Fe(IIl) Reduction, Fe(Il) partitioning, Shewanella putrefaciens CN32, NAu-2, Tc(VII)
Reduction.

INTRODUCTION Kim et al., 2004; Jaisi et al., 2005, 2007a, 2007b;

Clay minerals play an important role in environ-
mental processes such as nutrient cycling, plant growth,
contaminant migration, organic-matter maturation, and
petroleum production (Stucki et al., 2002; Kim et al.,
2004; Stucki, 2006). Iron is a major constituent in clays
and clay minerals, and its mobility and stability in
different environmental processes are, in part, controlled
by the oxidation state (Stucki et al., 2002). The
structural ferric Fe in clay minerals can be reduced
either chemically or biologically (Gates et al., 1993;
Kostka et al., 1996, 1999; Dong et al., 2003a, 2003b;
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O’Reilly er al., 2005, 2006; Stucki, 2006; Stucki and
Kostka, 2006). Although these studies have consistently
shown that the extent of Fe(III) reduction is a function of
different parameters such as cell and clay concentration,
crystal-chemical environments, the amount of Fe(IIl) in
clay structures, solution chemistry, and growth/non-
growth media, the fate of Fe(Il) produced by chemical
and biological reduction of Fe(Ill) in clay minerals is
still poorly understood.

The extant literature reports starkly contrasting
results on Fe(Il) partitioning in reduced (either chemi-
cally or biologically) smectites. In one extreme, it is
reported that all Fe(Il) is accommodated in the smectite
crystal structure with some structural modifications
(Manceau et al., 2000a, 2000b), suggesting that reduc-
tion of Fe(Ill) to Fe(II) occurs primarily in a solid state
(Lee et al., 2006). Consistent with this solid-state
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reduction mechanism, multiple studies (Fialips et al.,
2002; Favre et al., 2006; Lee et al., 2006, Komadel et
al., 2006; Stucki, 2006; Stucki and Kostka, 2006) have
found that upon reoxidation, fully or partially reduced
smectites (both by chemical and biological methods) can
mostly be restored to the unaltered state. One study
reported that partial dehydroxylation and redistribution
of Fe, and perhaps Al, from Fe(Ill) reduction was not
fully recoverable upon reoxidation (Fialips et al., 2002).
In contrast to the solid-state reduction mechanism, other
studies have shown partial dissolution of reactant
smectite (Dong et al., 2003a, 2003b) and formation of
biogenic minerals such as illite, siderite, and vivianite as
a result of bacterial reduction of Fe(IIl) in smectites
(Kim et al., 2004; Li et al., 2004). O’Reilly et al. (2005,
2006) and Furukawa and O’Reilly (2006) reported
dissolution of nontronite and release of structural Fe,
even before the onset of Fe(III) bioreduction.
Chemically and biologically produced Fe(Il) in reduced
nontronite may be partially released and partitioned into
four different reactive sites, i.e. aqueous, surface-
complexation, ion-exchangeable, and structural
(Hoffstetter et al., 2003, 2006). These species may
exhibit different reactivity in terms of degradation of
nitroaromatic compounds (Hoffstetter er al., 2003,
2006). In order to understand the relative reactivity of
these various Fe(Il) species in terms of heavy metal
reduction and immobilization, it is important to quantify
Fe(Il) partitioning in reduced clay minerals such as
nontronite.

%T¢, a predominantly nuclear reaction product, is a
significant contaminant at several US Department of
Energy (DOE) sites (Riley and Zachara, 1992) because
of its long half-life (2.13x10° y), its mobility (as
%TcO;), and subsequent uptake into the food chain
(Cataldo et al., 1989). For example, at the Hanford site
in Washington State, there exist four large *°Tc plumes
and new ones are forming as a result of continued
leakage (Fredrickson et al., 2004). Due to a very low
partitioning coefficient (Kq) of **Te(VII) in the Hanford
soil (0—0.1 mL/g; Cantrell et al., 2003), pertechnetate
(TcO;) behaves as a conservative tracer and hence
moves nearly unimpeded with groundwater. Present
forecasts suggest that >1480 GBq of TcOj; may
potentially be discharged into the Columbia River in
the future (Fredrickson et al., 2004), and therefore it
poses an immediate problem to the major watershed of
the Pacific Northwest.

The redox geochemistry of *°Tc is dominated by
Tc(IV) and Tc(VII), two stable valence states of Tc
(Bratu et al., 1975). The mobility of Tc(VIIl) is
substantially decreased under reducing conditions
(Albinsson et al., 1991) when soluble Tc(VII)Oy (g is
transformed to relatively insoluble Tc(IV)O, (Lieser
and Bauscher, 1988; Wildung er al., 2000; Hess et al.,
2004). Previous studies have shown that Fe(II) produced
from microbial reduction of natural sediments
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(Fredrickson et al., 2004) or Fe(Il) associated with
natural soils and sediments (Cui and Ericksen, 1996;
Lloyd et al., 2000; Wildung et al., 2004; Burke et al.,
2005) is effective in reducing Tc(VII) to Tc(IV). These
results imply that Fe(Il) in clay minerals may be used as
an effective reductant for heterogeneous reduction of
Tc(VII). However, the role of Fe(Il) in clay minerals,
especially in smectite, in reduction of Tc(VII) has not
been investigated. As clay and clay-like minerals
(smectite, illite, chlorite, biotite) are commonly present
at DOE sites (Fredrickson et al., 2004; Qafoku et al.,
2003; Kukkadapu et al., 2006), and they are potential
backfill materials for nuclear-waste repositories
(Giaquinta et al., 1997; NAGRA, 2002), understanding
the interaction of clay minerals with radionuclides such
as Tc is important.

Among different Fe(II) species in smectite, Fe(Il) at
surface-complexation and structural sites has been found
to be reactive for reduction of Cr(VI) (Gan et al., 1996;
Taylor et al., 2000), organic compounds (Hofstetter et
al., 2003, 2006), and possibly for U(VI) and Tc(VII) as
well (Stucki, 2006). However, the reactivity of Fe(Il)
species in one smectite may be grossly different from
that in another due to variation of intrinsic properties
such as location of the Fe, the presence or absence of
other structural and interlayer cations, the degree of
swelling, and the hydration of interlayer cations
(Cervini-Silva, 2004; Cervini-Silva et al., 2006).
Determining the relative partitioning of Fe(Il) into
various reactive sites of different smectites as a function
of Fe(Ill) reduction is, therefore, important.

Our results show that Fe(Il) partitions into four
different reactive sites and their partitioning is a function
of Fe(III) reduction. These Fe(Il) species are found to be
reactive in reducing Tc but to have different degrees of
reactivity.

MATERIALS AND METHODS

Mineral, media, and reagent preparation

Clay-mineral preparation. The bulk sample of nontro-
nite [NAu-2: Mg 7> (Fes §3Mgo.05)(Alg.45Si7.55)020(0H s,
where M may be Ca, Na, or K (Keeling et al., 2000)] was
purchased from the Source Clays Repository, of The
Clay Minerals Society, located at Purdue University,
Indiana. The sample was soaked thoroughly, sonicated
briefly in an ultrasonic water bath, and then centrifuged
in order to obtain the <0.2 um size fraction. This size
fraction was characterized by direct current plasma
(DCP) emission spectroscopy, chemical extraction,
Moéssbauer spectroscopy for Fe(Il) and Fe(Ill) content;
and X-ray diffraction (XRD) and transmission electron
microscopy (TEM) for mineralogy and morphology.
Briefly, the treated NAu-2 was pure, and contained
23.4% total Fe in its structure, with almost all (99.8%) of
the Fe as Fe(Ill) (Jaisi et al., 2005, 2007a, 2007b).
Keeling et al. (2000) and Gates et al. (2002) reported
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minor amounts (~1%) of carbonate impurities and
possibly some Fe oxyhydroxides in the <0.15 pm size
fraction.

To understand the role of interlayer cation composi-
tion in the electron-transfer process, the <0.2 um size
fraction of NAu-2 was converted into Na and K
homoionic forms by the ion exchange process (Bukka
et al., 1992; Baeyens and Bradburry, 1997; Bradbury and
Baeyens, 2002; Hofstetter et al., 2003). The preparation
of the homoionic forms was carried out by subjecting the
size-separated NAu-2 to repetitive ion exchange (four
times) with aqueous (1.0 M) chloride salt solutions
containing either Na or K cation (Bukka et al., 1992).
The total concentration of the cation in the chloride salt
solution corresponded to at least five times the cation
exchange capacity (CEC) of NAu-2 (639.45 (£11.20)
meq/kg; Jaisi et al., unpublished results). Each of the
repetitive exchange reactions was carried out for a
period of 24 h with constant, slow stirring at room
temperature. The homoionized, <0.2 pm size fraction of
NAu-2 was dialyzed in deionized (DI) water for 1 week,
using fresh DI water twice each day to remove any
residual cations and chloride. After freeze-drying, these
homoionized samples were analyzed by XRD to confirm
the collapsed layer spacing (10 10\). These samples were
used to assess the effect of interlayer cation composition
on microbial reduction of Fe(III) in the NAu-2 structure.

Bacterial culture. Shewanella putrefaciens CN32 cells
were routinely cultured aerobically in a tryptic soy broth
(TSB) from frozen stock culture, which was kept in 40%
glycerol at —80°C. After harvesting in TSB until the
mid- to late-log phase, CN32 cells were washed three
times (4 min each) by centrifugation at 4000 g and re-
suspended using: (1) Na-bicarbonate buffer (2 g/L of
reagent grade NaHCO;, and 0.1 g/L of KCl) for the
experiment designed to study the Fe(Il) partitioning; and
(2) 30 mM of PIPES (1,4-piperazine diethanesulfonic
acid) buffer for the experiments designed to understand
the role of interlayer cation composition (Na and K) in
the electron transfer.

Fe(lll) reduction in NAu-2

Biologically mediated Fe(lll) reduction. Experiments
involving biological Fe(Ill) reduction were performed
following our previously described procedure (Jaisi et
al., 2005) in Na-bicarbonate buffer. NAu-2 and cell
concentration were fixed at 5 mg/mL and ~1 x 10%/mL,
respectively. To understand the role of interlayer cation
composition in the electron-transfer process, bioreduc-
tion experiments were performed in PIPES buffer using
the homoionized, < 0.2 um size fraction and the CN32
cells prepared in the same buffer. All experiments were
performed in duplicate. To prepare different levels of
Fe(Ill) reduction, bioreduction was stopped at pre-
determined times, by means of pasteurization (at 80°C
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for 3 h). The extent of bioreduction and Fe(II)
partitioning was measured (see below).

Chemical Fe(lll) reduction. Chemically reduced NAu-2
was prepared by adding a known amount of dithionite to
a solution containing NAu-2 (final concentration of
5 mg/mL) in an anaerobic buffer (266 mM sodium
citrate and 111 mM sodium bicarbonate buffer, Stucki et
al., 1984a). The amount of dithionite required to achieve
a certain extent of Fe(III) reduction was calculated based
on a few preliminary experiments and the reaction
stoichiometry. Each experiment was allowed to run for
5 days based on our previous experience (Jaisi et al.,
2007b). The extent of reduction and Fe(Il) partitioning
was measured (see below).

X-ray diffraction

All NAu-2 samples, including the unreduced, homo-
ionized, chemically and biologically reduced, were
studied by XRD. For the homoionized NAu-2, confirming
the collapsed interlayer spacing was important. For the
reduced samples, identifying changes in crystallinity as a
function of the extent of Fe(IIl) reduction was important.
The oriented mounts of the samples were air-dried in
either air or an anaerobic glove box (95% N, and 5% H,)
(Coy Laboratory Products, Grass Lake MI). The XRD
patterns were collected with a Scintag X1 powder
diffractometer system using CuKo radiation with a
variable divergence slit and a solid-state detector. Low-
background quartz XRD slides (Gem Dugout, Inc.,
Pittsburgh, Pennsylvania) were used for calibration.

Measurement of Fe(ll) partitioning in Fe(lll)-reduced
NAu-2

HCl-extractable Fe(Il) produced by Fe(IIl) reduction
was measured by 0.5 N HCI extraction followed by
Ferrozine assay (Stookey, 1970), and total Fe(Il) by total
dissolution using HF (Andrade ef al., 2002). For clarity,
and in order to comply with the convention of expressing
Fe(Ill) reduction based on 0.5 N HCIl extraction
(Fredrickson et al., 1998; Zachara et al., 1998), all
reported values in this communication were 0.5 N HCl
extraction results, unless specifically referred to as ‘total
dissolution.” The extracted Fe(Il) and other dissolved
cations from both biologically and chemically reduced
NAu-2 were measured by direct current plasma (DCP)
emission spectrometry (Katoh et al., 1999) and induc-
tively coupled plasma mass spectrometry (ICP-MS)
methods to quantify NAu-2 dissolution and to calculate
mass balance.

Felsy concentration was determined in the super-
natant following centrifugation of the reduced NAu-2
suspensions. Ammonium chloride is effective in displa-
cing cations from ion-exchangeable sites and it is
commonly used in the determination of the CEC of
clay minerals and soils (Skinner et al., 2001). Therefore,
this extraction was presumed to be effective at extracting
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Fe(Il) from ion-exchangeable sites and was termed
Fe(Il)np,c1- Briefly, reduced NAu-2 was extracted
twice with 200 mM ammonium chloride at pH 7.0 for
a maximum of 1 h under absolutely anoxic conditions.
The NAu-2 suspension was centrifuged and mass
recorded to determine any entrained extractant. Any
extractable Fe(Il) remaining after this extraction was
presumed to be associated with the surface complexation
(amphoteric/variable surface charge) sites and could be
desorbed by Na acetate (Fe(Il)icetae) (Bradbury and
Baeyens, 1997; Jaisi et al., unpublished results). The
same sample (after the ammonium chloride extraction)
was immediately extracted for 4 h with absolutely
anoxic 1 M Na acetate buffered at pH 4.25.

The pH 7.0 extract was analyzed for Fe(Il) and other
ion exchangeable cations to define the total adsorbed
cation charge. Similarly, the pH 4.25 extract was
analyzed for Fe(Il) and NHj to determine the total
adsorbed cation charge and to calculate mass balance
with the pH 7.0 extract. If a significant difference was
found in mass balance, the pH 4.25 Na-acetate extraction
was followed with lanthanum nitrate extraction to desorb
exchangeable Al. The amount of Fe(Il) in the pH 7.0
extract was termed Fe(Il)np,c1, while that in the pH 4.25
extract was termed Fe(Il),cerare- The amount of Fe(Il)
remaining in the reduced NAu-2 samples after these
extractions was termed structural Fe(Il) (denoted as
Fe(Il)s,). Structural Fe(II) was extracted by reacting the
residual NAu-2 with 0.5 N HCI. All these experiments
were performed under absolutely anoxic conditions. The
presence of contaminant oxygen was checked using a
CHEMets®™ colorimetric analysis kit R-7540 (2.5 ppb
sensitivity). Only solutions that showed negative results
were used for extractions. Mass balance of Fe(Il) was
calculated by comparing the sum of all independently
measured Fe(Il) species with the total Fe(1l) as measured
by 0.5 N HCI. The mass balance was reasonably good
(92% or better).

Preparation of Fe(lll)-reduced NAu-2 for Tc(VII)
reduction

Once the Fe(Il) concentration had leveled off, the
Fe(I1T) bioreduction experiments were stopped by means
of pasteurization (at 80°C for 3 h). The extent of
bioreduction was measured by means of 0.5 N HCI
extraction. The bioreduced NAu-2 was washed four
times in anaerobic, sterile, DI water to remove lactate
and anthraquinone-2, 6-disulfonate (AQDS) by centrifu-
gation and re-suspended in the same solution. The
amount of lactate and AQDS remaining in the final wash
was measured using high-performance liquid chromato-
graphy (HPLC). The remaining lactate was found to be
~4 nmol/g of NAu-2 and AQDS was not detectable. The
amount of buffer remaining after washing should be
=0.1 umol/L. The concentration of the NAu-2 suspen-
sion was measured by drying an aliquot of the
suspension for 72 h at 65°C.
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Chemically reduced (for 5 days) NAu-2 samples were
also prepared by washing four times with anaerobic,
sterile, DI water to remove any residual dithionite (Liu
et al., 2005). The extent of total Fe(III) reduction, Fe(II)
partitioning, and final NAu-2 concentration were mea-
sured as above.

Tc(VID) reduction experiment

Tc(VI)O4 reduction experiments were performed
using both biologically and chemically reduced NAu-2
at different extents at pH 7.0. The Tc stock solution was
in the form of NH,Tc(VI)O4 All experiments were
performed in 20 mL glass vials inside a glove box. The
glass vials were capped with thick butyl rubber stoppers
and crimp sealed. The experiment vials were hand-
shaken carefully once a day, to mimic natural conditions.
At different time intervals, the Tc-NAu-2 suspension
was sampled with a syringe using anaerobic techniques.
The suspension sample was centrifuged to obtain soluble
Tc, which was operationally defined as Tc(VII). The
Tc(VIID) activity in the filtrate was measured by liquid
scintillation counting (Beckman LS8100), which was
later converted to the Tc concentration using a standard
Tc activity-concentration relationship (Fredrickson et
al., 2004). The time-course decreases in Fe(Il) species in
different reactive sites as a result of Tc reduction were
measured.

Reactivity of different Fe(ll) species in terms of Tc(VII)
reduction

To determine the reactivity of the various Fe(II)
species associated with NAu-2 [Fe(Il)acetate Fe(IDNm,c1s
and Fe(Il),, (Na-acetate extractable, NH,Cl-extractable,
and structural Fe(Il), respectively] in terms of Tc(VII)
reduction, three types of NAu-2 samples were prepared:
(1) Fe(Il) mainly at the surface complexation (=SOH)
sites, prepared by sorbing 60 pmol Fe(II)/g of unreduced
NAu-2 in a strictly anaerobic environment in a glove box
(monitored by CHEMets®™ colorimetric analysis kit
R-7540) (Bradbury and Baeyens, 1997); (2) Fe(Il) in
all reactive sites of reduced NAu-2 (33.5% and 35%
Fe(Ill) reduction for biologically and chemically
reduced NAu-2, respectively); and (3) Fe(II) presumably
at the structural sites only, prepared by removing
Fe(IDacetate and Fe(ll)nu,c1 species from the same
stock of reduced NAu-2 with the Na acetate (pH 4.25)
and ammonium chloride (pH 7), respectively (see
above). These samples with Fe(Il) in different reactive
sites were reacted individually with 60 pmol/L of
Tc(VII) at pH 7.0 and the time-course change in
Tc(VII) concentration was measured. We did not
measure the reactivity of Fe(zgq), as it was analyzed in
detail by Zachara et al. (2007).

In order to understand the effect of the interlayer
cation composition on the electron-transport process, the
reduced NAu-2 consisting of Fe(Il)s, only (after
removing the Fe(Il)acerare and Fe(Il) ny,cr species) was
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homo-ionized in Na and K (following the same
procedure as for the unreduced sample, but in an
anaerobic environment). To eliminate the steric effect
due to different extents of reduction and dilution, the
post-reduction homo-ionization (in Na and K) of reduced
NAu-2 was prepared from the same stock solution as that
used for examination of Fe(II)-species reactivity (see
above). The time-course Tc(VII) reduction was mea-
sured as before. Again, these homoionized, reduced
NAu-2 samples were analyzed by XRD to verify the
collapsed interlayer spacing.

RESULTS

Fe(ll) partitioning as a function of the extent of Fe(lll)
reduction

Various extents of Fe(III) reduction in NAu-2,
ranging from 1.2% to 71%, were achieved via chemical
reduction. The concentration of Fe(zifq) increased consis-
tently with increasing extent of reduction (Figure la);
however, it constituted only a small fraction (<5%) of
total Fe(Il). Similarly, the concentration of Fe(Il)acetate
consistently increased as the extent of Fe(Ill) reduction
increased (Figure 1b) and attained the maximum value at
40—45% of Fe(IIl) reduction. For any further increase in
the extent of reduction, the maximum concentration of
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Fe(Il),cetate remained nearly constant. The concentration
of the Fe(Il)icetate in NAu-2 was ~60 pmol/g
(i.e.120 meq/kg), which was reasonably close to the
surface-site concentration of =SOH (141 meq/kg) in
NAu-2 (measured independently by a potentiometric
titration method, Jaisi et al., 2007; authors’ unpublished
results).

The concentration of the Fe(Il)ny,c1 species was very
small (<2%) at the limited extents of reduction (~20% or
less). With increasing Fe(III) reduction and Fe(II)
production, the proportion of Fe(Il) partitioned into
these sites increased. The concentration of Fe(Il)nu,ci
increased dramatically once the Fe(Il),cerae reached
saturation at ~45% Fe(IlI) reduction (Figure 1c). After
that, Fe(Il)ny,c1 slowly but steadily increased with
additional Fe(III) reduction. The maximum concentra-
tion of Fe(Il)nw,c1 was found to be close to the CEC of
native NAu-2 (i.e. 697.1 (£73.4) meq/kg, Jaisi et al.,
unpublished results). However, as the CEC increases
with increased extent of Fe(IIl) reduction (Shen and
Stucki, 1994; Stucki et al., 2002; Favre et al., 2006), the
exchange sites may contain other cations (which
originally existed at the interlayer or those produced
via dissolution).

Fe(Il) at structural sites (Fe(Il).), i.e. Fe(Il) species
that could not be extracted by the ammonium-chloride
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Figure 1. Fe(Il) partitioning into different reactive sites as a function of Fe(IIl) reduction in NAu-2: aqueous Fe(1l), i.e. Fe%;q) (a);
Fe(Il) extracted by Na-acetate, presumed to be dominant at the surface complexation sites (b); Fe(Il) extracted by NH4Cl presumed
to be dominant at the ion-exchangeable sites (¢); and, structural Fe(II) (d). The straight line in (d) represents the amount of Fe(II) if

all Fe(II) remained at the structural sites.
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and Na-acetate methods, was close to 100% at low
degrees of Fe(Ill) reduction (Figure 1d). When the
extent of reduction was >~30% (although there was a
gradual transition), NAu-2 dissolution occurred with a
consequent release of Fe(II) from the structural sites.
The dissolved Fe(Il) released, partitioned into the
surface-complexation sites, exchangeable sites, and
aqueous solution. As a result, a corresponding decrease
in the Fe(Il),, concentration was observed. For example,
at 50% Fe(Ill) reduction, the relative proportions of
Felaq) Fe(IDnm,c1 epxs Fe(ID)acetates and Fe(ID)y, were 4%,
3%, 20%, and 73%, respectively. The mass balance of
Fe(Il) (a comparison between the sum of all Fe(Il)
species measured independently and total Fe(Il)) was
normally better than 92%.

NAu-2 dissolution as a function of Fe(lll) reduction

A significant quantity of cations, especially Si, was
released from the NAu-2 into the supernatant solution
during Fe(III) reduction by both biological and chemical
methods. Such a release was particularly pronounced
when the extent of Fe(Ill) reduction was > ~25%. A
significant amount of cations, however, was also
observed in control experiments without any Fe(Ill)
reduction (i.e. at time 0 in Figure 2). Whether certain
cations were already present before Fe(III) reduction
was not clearly understood. However, a limited amount
of these cations was possibly produced from dissolution
of any amorphous materials and/or impurities (carbo-
nates/Fe oxides) in unreduced NAu-2 (Keeling et al.,
2000). Nonetheless, all cation concentrations increased
with increasing Fe(IIl) reduction except for Al, the
concentration of which decreased continuously with

Jaisi, Dong, and Morton

Clays and Clay Minerals

Fe(Ill) reduction. This odd Al dissolution behavior was
consistent with a previous observation for dithionite-
reduced smectite (Stucki et al., 1984b).

The amount of NAu-2 dissolution measured, based on
Si, a proposed indicator of smectite dissolution (Amran
and Ganor, 2005), was 2.1% when the extent of
biological Fe(Ill) reduction was 31%. Similarly, the
extent of NAu-2 dissolution was 1.3% and 5.9% for
NAu-2 that had been chemically reduced to 31% and
71%, respectively. Since silica normally supersaturates
in aqueous solution at neutral pH (Furukawa and
O’Reilly, 2007), the aqueous concentration of silica
would normally underestimate the extent of clay
dissolution, because precipitated and other surface-
bound Si forms were not accounted for in the measure-
ment of aqueous Si. Fe(Il) could be another indicator to
approximate the extent of NAu-2 dissolution, especially
when all Fe(Il) species were measured in this study.
Based on the amount of structural Fe(II) remaining
(Figure 1d), the extent of Fe(II) dissolution (out of the
NAu-2 structure) was ~35% at 71% extent of Fe(IlI)
reduction (for chemical reduction). The amount of
NAu-2 dissolution at other extents of Fe(Ill) reduction
is reported in Table 1.

0.5 N HCI extraction efficiency and crystallinity of
reduced NAu-2

The measurement of total Fe(Il) produced during
bioreduction of clay minerals and clay-rich sediments
(by 0.5 N HCI extraction followed by Ferrozine assay)
was previously reported to underestimate the extent of
Fe(IIl) reduction. The variations reported in the litera-
ture were: ~27% in nontronite (NAu-2) (Jaisi et al.,
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Figure 2. Reductive dissolution of major structural cations during (a) biologically mediated and (b) chemical Fe(III) reduction. The
cation concentrations were measured by the direct current plasma (DCP) method. The cation concentrations at 0% Fe(I1l) reduction

correspond to controls.
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Table 1. XRD pattern characteristics, solution chemistry, layer charge, and extent of dissolution as a function of Fe(IIl)

reduction.

Extent of Fe(Ill) Relative peak Peak shift Relative Increase in Layer Extent of dissolution
reduction intensity' 207 FWHM' ionic strength charge based on Fe(Il)’
(%) (meq/L)° (e /unit cell)*

Chemical reduction (by dithionite)

0 1.00 0.00 1.00 0.00 0.00

7 1.15 0.00 0.72 —1.28 2.01

17 0.66 0.10 1.01 0.77 7.09

29 0.63 0.10 0.78 1.27 14.12

40 0.51 0.13 1.44 1.78 19.98

54 0.25 0.12 1.50 3.56 31.56

71 0.15 0.90 15.99 34.61
Biological reduction (by CN32 cells)

0 1.00 0.00 1.00 0.00 0.47 0.00

9 0.75 0.05 1.18 0.00 2.15

15 0.66 0.30 1.45 0.00 5.31

21 0.64 0.32 1.55 1.62 5.21

31 1.64 3.94 0.61 12.57

! Peak intensity and full width at half maximum (FWHM) was calculated relative to native NAu-2

FWHM is a measure of the broadness of peak.

2 Shift of the 001 peak was compared to native NAu-2. The native (control) had a 001 peak at 17.8 A and 15.6 A in

biologically and chemically reduced NAu-2, respectively.

3 Change in ionic strength (of soluble ions) compared to control experiments

4 Results from Jaisi er al. (2005)

3 Percent calculated from the dissolved cations originally present in the NAu-2 structure

2007b); 2% in ferruginous smectite (SWa-1) (Kostka et
al., 1996); and 10% in clay-rich sediments (Cooper et
al., 2000). In our previous study (Jaisi et al., 2007b),
when comparing the extent of Fe(IlI) bioreduction by
0.5 N HCI extraction and by total HF acid dissolution,
the greatest degree of Fe(Ill) reduction achieved was
~52%. The measured decrease in the concentration of
structural Fe(Il) with an increased degree of Fe(Ill)
reduction (Figure 1d) prompted us to extend this
comparison to greater degrees of Fe(IIl) reduction.
Because the extent of Fe(Ill) bio-reduction was limited
to ~35% (under 0.5 N HCIl extraction), or to 52% (under
acid dissolution) (Jaisi et al., 2005, 2007b), we made
such a comparison using chemically reduced NAu-2
samples. A plot of Fe(Il), measured by the HF total
dissolution method (Andrade et al., 2002) vs. the 0.5 N
HCI extraction followed by Ferrozine assay (Fredrickson
et al.,1998; Zachara et al., 1998; Stookey, 1970),
showed that the disparity between these two methods
was greater with small amounts of Fe(Ill) reduction
(Figure 3). This disparity decreased as the extent of
Fe(IIl) reduction increased and became negligible when
the extent of reduction was great (i.e. ~60% or more)
(Figure 3). This result suggested that the efficiency of
0.5 N HCI at extracting Fe(II) was a function of Fe(IIl)
reduction.

To understand the change in crystallinity of NAu-2 as
a result of Fe(Ill) reduction, XRD patterns of both
chemically and biologically reduced NAu-2 were
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obtained (Figure 4, Table 1). No significant change in
peak intensity or peak width was observed for the
biologically reduced NAu-2 (up to 21% reduction).
These results suggested that the crystallinity of NAu-2
was not significantly different from that of unreduced
NAu-2, as consistent with a small amount of dissolution
(~5%, Table 1). The XRD results showed a small but
systematic shift in the 001 peak position with increase in
the extent of Fe(Ill) bioreduction (Figure 4a). For
example, the 20 angle increased from 4.96 to 5.2°

80
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20 1

Total dissolution measured Fe(ll) (%)

40 60
0.5 N HCI measured Fe(ll) (%)

0 20 80
Figure 3. Relationship between the Fe(Il) concentration as
measured by 0.5 N HCI extraction followed by the Ferrozine

method and that as measured by HF total dissolution and
titration.
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Figure 4. XRD pattern showing the 001 peak for differentially reduced NAu-2: (a) biologically mediated Fe(III) reduction; and
(b) chemical Fe(III) reduction. The values given in the XRD spectra are d spacings (A).

(corresponding to a decrease in the interlayer spacing
from 17.8 to 16.9 A) when the extent of reduction
increased from negligible levels to 21%. The ionic
strength of the aqueous solution was approximately
constant in all bioreduction experiments, except for a
small contribution from reductive dissolution of NAu-2
(=1.62 meq/L, Figure 2 and Table 1). Such a small shift
in d spacing was consistent with the change in ionic
strength of the solution. No significant change in peak
intensity or peak width was observed for the range of
Fe(III) reduction tested. These results suggested that the
crystallinity of biologically reduced NAu-2 was not
significantly altered.

In contrast, the chemically reduced samples showed a
systematic decrease in the 001 peak intensity with an
increased extent of Fe(IIl) reduction. The 001 peak
became progressively broader with increased Fe(III)
reduction and ultimately appeared X-ray amorphous
when the extent of Fe(Ill) reduction reached 71%
(Figure 4b). However, the 001 peak position remained
nearly constant, except for the greatest degree of
reduction (see discussion). Such a change in NAu-2
crystallinity was consistent with a large amount of
NAu-2 dissolution (35%) (Table 1). Additionally, the
approximate agreement by the 0.5 N HCI extraction and
HF dissolution in estimating the extent of Fe(IIl)
reduction, at greater extents of Fe(IlI) reduction, further
implied that crystallinity of residual NAu-2 decreased
progressively with increased extent of Fe(III) reduction.
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Effect of interlayer cation on Fe(lll) bioreduction

In the identically treated samples, the extent of
Fe(III) reduction in the Na-NAu-2 (homoionic in Na)
was consistently greater than that in the K-NAu-2
(homo-ionic in K) at each time point (Figure 5). This
result was consistent in both types of treatments (with
and without AQDS). For example, in 202 days, the
extent of reduction reached 8.6% and 25.3% in the
absence and presence of AQDS, respectively, in the case
of Na-NAu-2. Over the same period, the extent of
reduction was 7.1% and 19.5% in the absence and
presence of AQDS, respectively, for K-NAu-2. After 7.2
days of incubation, the extent of Fe(Ill) reduction was
16% and 33% greater in the Na-NAu-2 than that in the
K-NAu-2 in the absence and presence of AQDS,
respectively.

Sodium and K have been reported to inhibit growth of
Shewanella oneidensis MR-1 (Katz and Hazen, 2005)
with 50% growth inhibition at 250 and 6000 ppm of Na
and K, respectively, suggesting that Na was more
effective than K at inhibiting cell growth. Our experi-
ments were performed at a greater Na concentration than
this limit (250 ppm) in order to maintain adequate
buffering capacity (Dong et al., 2003a, 2003b; Kim et
al.,2004; Li et al., 2004; Jaisi et al., 2005). If we assume
that the same inhibition mechanism operated in our
experiments, Na-NAu-2 would be the one to exhibit the
inhibitory effect, not K-NAu-2. Our data did not support
this explanation, however, but instead showed the
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Figure 5. Microbial reduction of Fe(Ill) in Na-NAu-2 (homo-
ionic in Na) and K-NAu-2 (homoionic in K). The samples were
treated identically and the experiments were performed in
30 mM of PIPES buffer. The XRD patterns of homoionic NAu-2
were collected in order to verify collapsed interlayer spacings
(data not presented).

opposite result. Therefore, it is very likely that the
interlayer cation (K or Na) and its hydration shell may
have affected the electron-transport process (see discus-
sion below).

Overall reactivity of reduced NAu-2 in terms of Tc(VII)
reduction

The reactivity of NAu-2 chemically reduced from
4.5% to 44.5% was used to identify whether the total
concentration of Fe(II) influenced Tc(VII)Og reduction.
As expected, the rate and extent of Tc(VII) reduction
was proportional to the extent of Fe(IIl) reduction (i.e.
total Fe(Il) concentration) in NAu-2. For example,
chemically reduced NAu-2 with the greatest extent of
Fe(Ill) reduction (i.e. largest Fe(Il) concentration)

Soluble Tc (pmoll/L)

400

Time (h)
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exhibited the greatest rate and extent of Tc reduction
(Figure 6a). However, when Tc(VII) reduction was
normalized to the product of NAu-2 mass and Fe(Il)
concentration, all four curves converged reasonably
during the main phase of Tc(VII) reduction
(Figure 6b). This result suggested that both NAu-2 and
total Fe(II) concentrations were primarily responsible for
controlling the Tc(VII)-Fe(II) interaction.

Reactivity of different Fe(ll) species in terms of Tc(VII)
reduction

The overall reactivity of Fe(Il) and individual
reactivities of Fe(Il)aceate and Fe(Il)g, (from 33.5 and
35% Fe(Ill) reduction in biologically and chemically
reduced NAu-2, respectively) were compared in
Figure 7. To account for the Fe(Il) and NAu-2 concen-
tration effects, the observed reactivity was normalized
by dividing the cumulative Tc(VII) reduction by the
product of NAu-2 mass and initial Fe(Il) concentration
(same as Figure 6b). The reactivity of the sorbed Fe(II)
mainly at surface complexation sites was the greatest
among all Fe(ll) species present, suggesting that the
surface-complexed Fe(Il) was the most reactive in terms
of Tc(VII) reduction. Although the concentration of
sorbed Fe(Il) (60 pmol/g) was slightly less than the
independently measured =SOH site concentration in
NAu-2 (141 meq/g), it was equal to that measured by Na
acetate extraction.

When Fe(II) was present in all reactive sites, the
overall reactivity was less than that of the Fe(Il),cetate
alone. The measured partitioning of Fe(z,;l), Fe(ID)acetates
and Fe(Il)np,cr at these extents of Fe(III) reduction (i.e.
33.5% and 35% for biologically and chemically reduced
NAu-2) was ~34, 25, and 150 umol/g, respectively
(Figure 1). This result suggests that the overall reactivity
was also contributed by the Fe(Il)s,. When Fe(Il)y, was
present alone, a certain degree of reactivity in terms of

Normalized Tc(VII) reduction
(umol L=1/umol g-1)

0.00 T T T T

200 300 400 500

Time (h)

—%—4.5% reduced, 1 mg/mL —a 18.1% reduced, 1 mg/mL

—=— 35% reduced, 1 mg/mL —e—44% reduced, 0.8 mg/mL

Figure 6. (a) Tc(VII) reduction as a function of Fe(II) concentration in NAu-2 which was initially reduced to different extents by dithionite.
(b) Normalized Tc(VII) reduction (relative to NAu-2 mass and Fe(II) concentration) with time. The data were taken from (a).
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Figure 7. Normalized Tc(VII) reduction by Fe(II) species associated in different reactive sites in (a) biologically, and (b) chemically
reduced NAu-2. The original Tc(VII) at =0 was 60 pumol/L. For the biologically reduced samples, the total concentrations of Fe(II)
and structural Fe(IT) were 1264 pmol/L and 400 umol/L, respectively. Similarly, the total concentrations of Fe(II) and structural
Fe(II) were 1498 and 373 pmol/L, respectively, in the chemically reduced samples. The concentration of Fe(II) sorbed primarily at
the surface complexation sites was 60 umol/L (shown in both treatments). The K-homoionic, reduced NAu-2 samples were verified

by collapsed, 10 A layer spacing on XRD patterns (not shown).

Tc(VII) reduction was also observed (Figure 7). The
reactivity of Fe(zgq) was not determined as it was recently
analyzed in detail (Zachara et al., 2007). Their results
showed that the reactivity of Fe(zgq) was large when Fe(zzfq)
gradually sorbed onto newly precipitated hydrous ferric
oxide.

Effect of interlayer cation on reactivity of structural Fe(ll)

To assess the effect of the interlayer composition on
the electron-transport process, K and Na homoionized,
reduced NAu-2 (consisting of structural Fe(Il) only) was
reacted with Tc(VI)Oy (Figure 7). The reactivity of
structural Fe(Il) in the K-exchanged NAu-2 was less
than that in the Na-exchanged NAu-2 for both chemi-
cally and biologically reduced NAu-2, when the
concentration of Fe(Il) was kept constant. This relative
order of Tc(VII) reactivity between K- and Na-homo-
ionized NAu-2 (Figure 7) was consistent with the
relative extent of Fe(Ill) reduction (Figure 5).

DISCUSSION

Change of structural integrity of NAu-2 with increased
Fe(lll) reduction

Our data collectively demonstrated that the integrity
of the nontronite structure was an inverse function of the
extent of Fe(Ill) reduction. When the extent of Fe(IIl)
reduction was small (<~30%), the nontronite structure
largely remained intact, as shown by ~100% retention of
biogenic Fe(Il) in the structure (Figure 1d), incomplete
extraction by 0.5 N HCI (Figure 3), and nearly constant
breadth of the 001 peak of NAu-2 in the XRD pattern
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(Figure 4a). These results suggested that solid-state
Fe(III) reduction (Manceau et al., 2000a, 2000b; Lee et
al., 2006) was only possible when the extent of Fe(IIl)
reduction was small (<30%). These reduced NAu-2
samples were expected to restore to unreduced condi-
tions upon reoxidation, as documented by Lee et al.
(2006) for Garfield nontronite samples with ~20%
Fe(IIT) reduction. Our data demonstrated this relation-
ship consistently.

When the extent of Fe(Ill) reduction increased further
(> 30%), the nontronite structure apparently became less
stable or even became partly X-ray amorphous as shown
by the nearly complete extraction of Fe(Il) by 0.5 N HCI
(Figure 3), <100% retention of Fe(Il) in the structure
sites (Figure 1d), and significant broadening of the 001
peak in the XRD pattern of reduced NAu-2 (Figure 4b,
Table 1). A certain portion of NAu-2 must have
dissolved at this stage, as shown by release of structural
Fe(Il) (Figure 1d). At this stage, the nontronite structure
may no longer be able to accommodate all Fe(Il). The
replacement of Fe(IIl) by Fe(Il) in the structure may
create local instability in the Fe sites and thus provides a
basis for structural rearrangements that may provoke
dissolution of Fe and Si (Stucki et al., 1984b; Fialips et
al., 2002). These results are consistent with those of
several previous studies (Dong et al., 2003a, 2003b; Li
et al., 2004; Kim et al., 2004; Jaisi et al., 2005, 2007b)
in showing that the nontronite structure dissolves as a
result of Fe(IlI) bioreduction.

In spite of these independent and consistent results
suggesting reductive dissolution of NAu-2, the extent of
dissolution could not be quantified due to multiple
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complications such as incongruent dissolution of the
nontronite structure and variable partitioning and
solubility of released major elements such as Si, Al,
Fe, and Ca. Assuming Si release as a possible indicator
of dissolution as previously assumed (Amran and Ganor,
2005), the extent of dissolution was limited to only 5.9%
at the greatest degree of reduction (71% level of
chemical reduction). This amount of dissolution was
far less than that reported by Rozenson and Heller-Kallai
(1976) in unbuffered nontronite solutions (~20%), but
was slightly greater than that reported by Stucki et al.
(1984b) (0.4—4%) with the same chemical reductant
(Na-dithionite). The greater extent of dissolution in our
experiments than observed by Stucki et al. (1984b) was
probably related to occupancy of Fe(Ill) in the
tetrahedral sites of NAu-2 (Gates et al., 2002), as
opposed to ferruginous smectite and nontronite used in
the Stucki et al. (1984b) study. The tetrahedral
occupancy of Fe(IIl) and its greater reducibility
(among tetrahedral, trans- and cis-octahedral Fe(IIl))
(Cardile and Slade, 1987; Jaisi et al., 2005) might have
promoted more extensive dissolution.

The estimation of the extent of dissolution by
measuring silica released in the solution may not be
very reliable given the fact that Si precipitates at neutral
pH (Furukawa and O’Reilly, 2007). Since we measured
each Fe(Il) species in differentially reduced NAu-2 and
the mass balance was normally better than 92%, the
extent of dissolution could be estimated more reliably
from the amount of Fe(Il) that was not retained in the
structure (Figure 1d). According to this approach, there
was 35% Fe(II) dissolution at 71% of Fe(III) reduction, a
significantly larger number than that estimated based on
aqueous Si concentration. It should be cautioned,
however, that neither Si nor Fe is a perfect measure of
dissolution, given the complications of incongruent
dissolution, sorption and solubility issues of NAu-2,
and any secondary mineral precipitation.

It was important to note that despite the extensive
changes to the NAu-2 structure at significant degrees of
Fe(IlI) reduction (>30%), the 001 peak position (and
thus interlayer spacing) was apparently constant
(Figure 4) (except removal of two or one layers of
water in biologically and chemically reduced NAu-2,
respectively). Such invariant layer spacing may be a
result of the coexistence of fully collapsed, partially
expanded, and fully expanded layers in the same
crystallite of reduced NAu-2 (Foster et al., 1955;
Rhoades et al., 1969; Viani et al., 1983; Wu et al.,
1989). The observed insensitivity of the interlayer
spacing to the extent of Fe(Ill) reduction also appeared
to be consistent with the explanation by Lear and Stucki
(1989) that some of the layers did actually collapse but
they were so randomly interstratified that they were not
detectable by XRD. Another possibility might be related
to increased Na concentration (due to high Na-dithionite
concentration required to reduce more Fe(Ill)). As a
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result, the limited amount of Fe(Il) produced may not be
able to replace completely the Na in the ion-exchange-
able sites due to the mass effect, even though the
selectivity coefficient of Fe is greater than that of Na
(Baeyens and Bradbury, 1997).

Partitioning of Fe(ll) into reactive sites

Fe(Il) partitioning was found to vary as a function of
the extent of Fe(Ill) reduction. At small degrees of
Fe(III) reduction, the Fe(Il)y, accounted for nearly 100%
of total Fe(Il). Therefore, the measured Fe(Il) in non-
structural sites (Figure la—c) was probably due to the
presence of impurities (Keeling et al., 2000) or to
unknown amorphous Fe(Il) phases in the unreduced
NAu-2. The presence of other aqueous cations, even in
the abiotic control, or at very small degrees of Fe(Ill)
reduction (Figure 2) also suggested some contribution
from soluble or amorphous materials. This difficulty was
also reported by Baeyens and Bradbury (1997). These
authors noted that it was almost impossible to remove all
impurities in clay minerals. Although our extensive
XRD, scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS), and Mdssbauer spectro-
scopy (Jaisi et al., 2005) did not identify any impurities,
Keeling et al. (2000) reported very small (~1%) amounts
of impurities in NAu-2. The presence of these impurities
may have some effect on partitioning of Fe(Il) species.
However, given several other uncertainties (such as
inter-species Fe(II) transfer (Jaisi et al., unpublished
results) and possible inter-valence Fe(II)-Fe(III) electron
transfer (Lear and Stucki, 1987; Williams and Scherer,
2004), any effects from trace impurities would be
minimal and therefore we ignored them in this study.

At larger degrees of reduction (>30%), Fe(Il)s, was
released and partitioned into different reactive sites,
according to the relative affinity of these sites for Fe(Il).
For example, increase in Fe(Il),cerare during the early
stage of Fe(Ill) reduction suggested that the surface
complexation sites were the most favored Fe(Il) sorption
sites, although the concentration of such sites was
relatively small in NAu-2 (~141 meq/kg). Subsequent
increase in Fe(Il)nyp,c1 concentration suggested that the
ion-exchangeable sites were the second most preferred
sites for Fe(II), as Fe(Il) could progressively replace
interlayer Na due to its greater selectivity constant
(Baeyens and Bradbury, 1997). The rate at which Fe(Il)
partitioned into the ion-exchangeable sites accelerated
once the surface complexation sites were partially or
fully saturated. Eventually, the Fe(Il) concentration at
the ion-exchangeable sites slowly reached the CEC value
of native NAu-2 (at ~55—-60% Fe(Ill) reduction)
(Figure 1b), beyond which point any further Fe(Il)
released from the nontronite structure would occur as
Fe(zgfq). Since the CEC would increase continuously and
steadily due to Fe(III) reduction (Stucki et al., 1984b;
Shen and Stucki, 1994), the amount of Fe(II) at the ion-
exchangeable sites may not accurately reflect the CEC
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value of native NAu-2, but instead reflect the CEC value
of reduced NAu-2. Additional complexities may have
existed; e.g. other cations released from reductive
dissolution of NAu-2 (Figure 2) would also be available
to exchange with the interlayer cations. Some cations
(such as Si, Al) having greater selectivity coefficients
than that of Fe(II) could replace Fe(II) in the ion-
exchangeable sites. Therefore, actual interlayer cation
composition (both fixed and exchangeable) might be
more than just Fe, although concentration of other
cations was expected to be insignificant (Figure 1).

Bulk reactivity of reduced NAu-2 in terms of Tc(VII)
reduction

The dependency of Tc(VII) reduction on the extent of
Fe(Ill) reduction in NAu-2 was due to the Fe(Il)
concentration effect, since more Fe(Il) was produced at
greater degrees of Fe(Ill) reduction. When the Fe(Il)
concentration effect was accounted for by normalizing
the extent of Tc(VII) reduction by the product of NAu-2
mass and Fe(Il) concentration, all results showed a
nearly identical trend (Figure 6b). It strongly suggested
that the reactivity (i.e. Tc(VII)O; reduction activity)
was a function of Fe(Il) concentration. This result,
however, may not be true in later phases of the
experiments, because of the formation and accumulation
of TcO,nH,0. Continued oxidation of Fe(II) would
inhibit additional Tc(VII) reduction, probably due to
passivation from precipitated Fe(III) hydroxides (Brusic,
1972; Morrison, 1980).

The overall rate of Tc(VII) reduction by Fe(Il) in
NAu-2 (after normalization to total Fe(Il) concentration)
was greater than that by sediment-associated Fe(II) in
Hanford saprolite (Fredrickson et al., 2004), but less
than that by Fe(Il) associated with Fe oxides (Cui and
Erickson, 1996). The rate of Tc(VII) reduction by
bacteria was very dependent on solution chemistry
(Wildung et al., 2000) and hence could not be compared
with an abiotic reduction rate. These data have important
implications for field-scale applications, where the
Tc(VID) reduction rate is to be maximized.

Reactivity of different Fe(ll) species in terms of Tc(VII)
reduction

Our data (Figure 7) suggest that the Fe(II) species at
the surface-complexation sites (i.e. Fe,corate) Was the
most reactive among all Fe(II) species. This is consistent
with previous findings that the Fe(Il) adsorbed on
surfaces of different minerals was the most reactive for
a number of inorganic and organic contaminants (Morris
et al., 1990; Buerge and Hug, 1999; Amonette, 2003;
Chisholm-Brause et al.,, 1994; Elsner et al., 2004;
Silvester et al., 2005). This reactivity of surface-
complexed Fe(Il) may be understood in terms of the
surface-complexation theory. The hydroxo ligands favor
oxidation of Fe(Il) by effectively releasing electrons due
to its high electron density and corresponding generation
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of more stable Fe(IIl) (Stumm and Morgan, 1996; Luther
et al., 1996).

When all Fe(Il) species were present, it is not clear if
Fe(Ilnp,c1 contributed to the overall extent of Tc(VII)
reduction. A limited amount of Fe(Il) as Fe(Il)acetate
(~20 pumol/g) would have been exhausted early during
the Te(VII) reduction. Therefore, unless Fe(Il)np, ¢y and/
or Fe(Il)g,, or both, participated in the Tc(VII)-Fe(II)
redox reaction, there would not have been any additional
Tc(VIID) reduction.

The structural Fe(II) was found to be a less reactive
species than the surface-complexed Fe(Il). It reduced
Tc(VID) to a moderate degree when NAu-2 consisted of
structural Fe(II) species only. The apparent, small
reactivity of structural Fe(II) may have resulted from
its inaccessibility (due to its location) and bonding
environment. Additionally, NAu-2 surface passivation,
due to Fe(Ill) accumulation/ferrihydrite formation, or
sorption/precipitation Tc(IV)O,-nH,O at surface sites
might have resulted in decreased reactivity. The surface
passivation has been found to be responsible for the
large amount of residual Fe(Il) when there was a large
degree of Tc(VII) reduction and Fe(Il) oxidation (Jaisi et
al., unpublished data).

In summary, our data showed that the surface-
complexed Fe(Il) was more reactive than the exchange-
able or structural Fe(Il). Our data did not allow us to
determine the relative reactivity between the exchange-
able and structural Fe(II). This result was qualitatively
consistent with those reported by Hofstetter ef al. (2003,
2006). Those authors reported that both surface com-
plexed and structural Fe(II) were reactive in terms of
reduction of nitroaromatic compounds, but the reactivity
of interlayer Fe(Il) was insignificant.

Role of interlayer expansion in Tc(VII) reduction

The reduction of Fe(IIl) in smectites can cause more
K fixation in the interlayer sites than other cations (such
as Ca, Cu, and Zn) (Khaled and Stucki, 1991; Shen and
Stucki, 1994), resulting in expulsion of interlayer water
(Sposito and Post, 1982) and collapse of interlayer
spacing, largely due to the small hydration energy of K
relative to Na and other cations (Haderlein et al., 1996;
Weissmahr et al., 1996). The layer collapse originates
from the increased attractive force between clay layers
of reduced smectite (Stucki and Huo, 1996). Conversely,
any smectite/nontronite that is prefixed with K would
retain collapsed and dehydrated interlayers. Such
collapsed interlayers would make electron transfer
more difficult, thus lowering the extent of Fe(IIl)
reduction (Figure 5). Similarly, for Fe(Il) species in
the structure of NAu-2 that was pre-fixed with K, it
would be more difficult to deliver electrons to Tc(VII),
thus lowering the extent of Tc(VII) reduction (relative to
Na) (Figure 7). Such interlayer hydration/collapses have
been found to be key factors in controlling electron
transfer (Ilton et al., 1997, 2004; Amonette and Scott,
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1995; Scott and Amonette, 1988), because Fe(III)
reduction in smectites has been found to proceed from
basal surfaces rather than from particle edges (Komadel
et al., 2006; Hofstetter ef al., 2006). Decreased reactivity
of K-substituted smectite has been reported in the
reduction of uranyl by ferrous mica (Ilton ef al., 2004),
and reduction of chromate by a variety of clay minerals
(Taylor et al., 2000). All these results support the role of
interlayer cations and hydration in controlling the rate of
electron transfer (Cervini-Silva, 2004; Cervini-Silva et
al., 2006), suggesting that the layer collapse might have
narrowed the possible electron-transfer pathways or
partially blocked diffusion of redox reactive species
into the interlayer.
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