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ABSTRACT: Virtually all 2:1 clay minerals contain some Fe in their crystal structure, which may
undergo redox reaction with surrounding redox-active species causing potentially significant changes
in the chemical and physical properties of the clay mineral and its surrounding matrix. This
phenomenon was originally of interest mostly as a laboratory experiment using strong inorganic
reduction agents, but the discovery that the structural Fe could be reduced by microorganisms in
natural soils and sediments opened the way for this to become a practical method for altering the
chemical and physical properties of soils and sediments in situ. The purpose of this report was to
review the body of literature that has been published since the inception of this field of inquiry and to
complement, update, and complete three other reviews that have been published during the
intervening years. Studies of microbial reduction of structural Fe in smectites have revealed the
extent of reduction, effects on chemical and physical properties, reversibility (or lack thereof) of
microbial reduction, stoichiometry, possible reaction mechanism, and types of organisms involved.
Some organisms are also capable of oxidizing structural Fe, such as in biotite or reduced smectite,
while one appears to be able to do both. Illitic layers resist reduction by microorganisms, but this can
be partially overcome by the presence of an electron shuttle compound such as anthraquinone-2,6-
disulfonate, which also enhances the extent of reduction in smectites. Microorganisms may be
employed as an in situ reducing agent to drive redox cycles for structural Fe in constituent clay
minerals of soils and sediments, which in turn can serve as an abiotic source for redox-mediated
remediation of environmental contaminants.

KEYwoRrDs: redox reactions, iron, smectite, microorganisms, microbial reduction, environmental contaminants.

The first bacterial redox interaction with clay
minerals was observed more than 25 years ago,
and the first published report of microbial influence
on the oxidation state of structural iron (Fe) in
smectite was provided by Stucki & Getty (1986). A
new and exciting phenomenon in clay science was
born. Since that time the bio-redox interactions
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between phyllosilicates and microorganisms have
been the aim of study of many clay, geo and bio
scientists (e.g. Stucki et al., 1987, 1996; Kostka et
al., 1996, 1999a,b, 2002a,b; Stucki, 2006, 2009,
2013; Stucki & Kostka, 2006; Kim et al., 2003,
2004; Shelobolina et al., 2003, 2004, 2005,
2012a,b; Kukkadapu et al, 2006; Jaisi et al.,
2007a,b,c, 2008a,b, 2009, 2011; Dong et al.,
2009a,b, 2010; Dong, 2012; Perdrial et al., 2009;
Zhang et al., 2009, 2012; Bishop et al., 2010, 2011;
Bishop & Dong 2010; Dong, 2010; Liu et al., 2010,
2011; 2012; Gorski et al., 2012a,b; Wu et al.,
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2012), with the number of published papers
increasing steadily (Fig. 1), including three
reviews (Stucki & Kostka, 2006; Vodyanitskii,
2007; Dong et al., 2009a).

The purpose of the present review was to
describe the chronological history and the mile-
stones of development in the study of redox
reactions between microorganisms and structural
Fe in clay minerals, from the beginning to the
present, including bacterial identification, classifica-
tion, and characterization and the potential indus-
trial and environmental applications.

EVOLUTION OF MICROBIAL
REDUCTION OF FE

Early, the ability of bacteria to be a mediator of Fe
reduction processes in (oxyhydr)oxide minerals
(hereafter referred to as Fe oxides) was observed
by Starkey & Halvorson (1927) who reported the
growth of microorganisms during the reduction of
Fe(Il) oxides to Fe(Il). Later, Bromfield (1954)
noted that microbial reduction of Fe oxides may be
enhanced by metabolic enzymes as mobilizers of
the Fe(Ill) from the oxides. Further progress was
accomplished with the extraction of Fe-reducing
bacteria from Fe oxides in nature (Ottow, 1968,
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1969; Ottow & Klopotek, 1969; Munch & Ottow,
1977, 1982; Munch et al., 1978; Rinder, 1979;
Sugio et al., 1981; Onysko et al., 1984; Soljanto et
al., 1985; Sand, 1989), but the ability of bacteria to
modify structural Fe in phyllosilicate clay minerals
was undocumented until Stucki & Getty (1986)
observed that stimulation of microbial growth in the
clay mineral converted structural Fe(Ill) to Fe(II).
They measured the extent of Fe reduction in
sterilized and unsterilized, nutrient-broth dispersions
of ferruginous smectite inoculated with pure
cultures of four different Bacillus bacteria
common to soils and with the native organisms
isolated from the clay mineral. Each culture
produced significant levels of Fe(Il) in the clay
mineral structure, up to at least 0.6 mmol/g (20% of
the total Fe). They concluded that factors control-
ling the extent of reduction included the organism
and the incubation time. Komadel er al. (1987)
continued with the investigation of microbial
reduction of Fe in clay minerals, with the first
publication of such in a peer-reviewed journal.
They reduced structural Fe(IIl) in three different
smectites (ferruginous smectite SWa-1 from Grant
County, Washington; API 33a, Garfield nontronite;
and API 25, Upton montmorillonite) by bacterial
growth. Clay mineral dispersions were incubated at
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Fic. 1. Number of articles published per year related to microbial reduction or oxidation of structural Fe in clay
minerals.
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room temperature in a nutrient-broth solution
consisting of peptone and beef extract. Some
samples were first sterilized by autoclaving and
then seeded with bacteria that had been isolated
previously from the SWa-1 sample. They found that
in all three clay minerals, approximately 0.30 mmol
Fe(Ill)/g clay was reduced to Fe(Il) by bacteria in a
28-day period. The specific organism responsible
for Fe reduction was never classified, but it was
more efficient in samples that had not been purged
of O, and it was clearly indigenous to ferruginous
smectite.

Wu et al. (1988) tested indigenous microorgan-
isms in rice-paddy soils and found that they have
great ability to reduce structural Fe. They mixed
sucrose with an aqueous nontronite dispersion and
then added an aqueous extract from a Chinese
paddy soil and incubated it for 14 days at room
temperature. Results revealed that the optical
reflectance spectra of microbially reduced nontro-
nite were comparable to dithionite-reduced smec-
tite, thus the microorganisms from the soil extract
were able to reduce the structural Fe(III) in this
dioctahedral smectite.

Gates et al. (1993) studied the reduction of
structural Fe in ferruginous smectites by a mixture
of five Pseudomonas species of bacteria, which are
generally indigenous to wheat roots, and found that
a consortium of these bacteria was a more effective
reductant than any of the individual species alone.
Levels of reduction achieved in ferruginous
smectite were in the range from 1.047 to
1.242 mmol Fe(Il)/g clay (30—35% of total Fe).
These levels, while less than achieved with
dithionite, were sufficient to invoke a change in
physical-chemical properties of the smectite. The
water content vs. swelling pressure curves revealed
less swelling compared with the unreduced
smectites. This result is similar to, or at least in
the same direction as, the effect of dithionite
reduction on smectite swelling (Stucki et al., 1984).

Two years later, Vempati et al. (1995) found that
bacteria are not the only soil organisms capable of
Fe reduction in clay minerals, but that this could
also be accomplished by exudates from fungi
attached to soybean roots as grown in an in vitro
geoponic system. They used hydroponic solutions
containing Fe salts or chelates to reflect the quasi
soil environment. In their experiment, Fe(Ill) in
Upton montmorillonite, ferruginous smectite, or Si-
containing amorphous Fe oxide served as the
electron acceptor from the fungi. The amount of
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Fe reduced in these samples was 0.012, 0.095 and
0.182 mmol/g, respectively. The reducing agent in
this case was believed to be the phenolic groups in
the exudates arising from the fungi attached to the
soybean roots. The exudates were then oxidized to
diquinones. This study revealed that a potentially
large range of possibilities exist for reductive
reactivity in soils, and it reinforced the importance
of linking the scientific disciplines of microbiology,
plant physiology, and clay mineral chemistry when
studying redox phenomena in natural soils and
sediments.

Bacteria which are specialized in Fe reduction
were not investigated until 1996 when Kostka et al.
(1996) used a pure culture of Shewanella putrefa-
ciens (strain MR-1). This family of metal-reducing
bacteria was discovered by Myers & Nealson
(1988) in Lake Oneida, New York, and has been
used extensively for Fe reduction in many different
systems. It has a versatile respiratory metabolism
involving electron shuttles, is a facultative anae-
robe, and robustly reduces structural Fe(Ill) in
smectite. Kostka et al. (1996) found that at pH 5—6
and at 25 to 37°C, the MR-1 strain of Shewanella
putrefaciens rapidly reduces the structural Fe in
ferruginous smectite (SWa-1) up to 15% in just 4 h.
This is in contrast with several days that were
required with the Pseudomonas species. Longer
reaction time (6 to 12 days) with Shewanella led to
the 25% to 41% range of Fe reduction in the SWa-1
culture. This study identified optimum conditions of
pH (5-06), time (4 h), and temperature (37°C) for
the most efficient reduction to occur, and concluded
that the reaction is consistent with an enzymatic
process and not with simple chemical reduction.

Other ongoing investigations focused on identifi-
cation, classification, and characterization of micro-
organisms with their ability to grow in a clay
mineral environment and reduce structural Fe in the
clay minerals (Komadel et al., 1987; Stucki et al.,
1987, 1992; Stucki, 1988; Wu et al., 1988; Stucki
& Lear, 1989; Gates et al., 1993, 1994; Zhang et
al., 2006; Kashefi et al, 2008). However, the
reaction conditions (Lee et al., 2006; Ribeiro et al.,
2009a,b), structural changes (Gates er al., 1996;
Stucki et al., 2002; Kim et al., 2003; Li et al.,
2003; Alimova et al., 2006, 2009), and properties
(Gates et al., 1998) of modified clay products after
bacterial treatment were studied as well.

Gates et al. (1996) studied the structural proper-
ties of reduced Upton montmorillonite. Their aim
was to characterize the relationships between
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reduction of octahedral Fe in the crystalline
structure of smectites and surface-sensitive physical
and chemical properties. The reducing agents were
Na-dithionite and bacteria, and the resulting
reduced smectites were analyzed by solid state
multinuclear (*°Si and ?’Al) magic-angle spinning
nuclear magnetic resonance (MAS NMR) spectro-
scopy. The MAS NMR analyses indicated that
reduction of structural Fe caused reversible changes
in the smectite structure, at least as far as this
method could discern. The relative level of Na-
dithionite Fe(IIl) reduction and Fe(Il) generation
was 0.261 mmol/g Fe(Il), while for microbial
treatment it was 0.101 mmol/g. They observed in
both bacterial and dithionite cases that reduction of
structural Fe resulted in a positive (down field)
chemical shift of the main Si Q(3) (Q(3)(0Al)) site,
which was strongly correlated with Fe(II) content,
and inferred that distortions in Si—7 (7 = Si, Al)
bond angles and Si—O bond lengths occurred with
increasing layer charge due to the Fe reduction. The
line width (W) of the Si-29 Q(3) signal also
increased with increasing levels of reduction. No
change occurred in the position of the peak
maximum for the octahedral Al(Al-27(VI)) signal;
however, an increased W was observed for this
peak with increasing Fe(Il) content. These results
are attributed to decreases in Si—O—T7 bond angles
and Si—O bond distances, corresponding to a better
fit between the tetrahedral and octahedral sheets
brought about by the presence of Fe(Il) in the clay
mineral structure. The increased Al-27(VI) signal
W may also be due to a lessening of the
paramagnetic influence of Fe(Ill) nuclei and
enhancement of Al-27(VI) signals with different
quadrupole coupling constants (QCC). They further
concluded that changes in the smectite structure
brought about by microbial reduction were rever-
sible, at least as far as this method could discern.

Further studies revealed other effects of microbial
reduction on the physical-chemical properties of
smectites, such as swelling pressure (Stucki et al.,
1984; Lear & Stucki, 1989; Gates et al, 1993,
1998), layer charge (Gates et al., 1996; Stucki et
al., 2002; Kashefi er al., 2008), cation exchange
capacity (Stucki, 1988; Kostka, et al., 1999b; Favre
et al., 2002a,b, 2004; Stucki et al, 2002), and
specific surface area (Lear & Stucki, 1989; Stucki
& Lear, 1989; Kostka, et al., 1999b; Stucki et al.,
2002).

Another team of co-workers (Stucki et al., 1996)
surveyed the effects of a variety of different

L. Pentrdkova et al.

reducing agents on structural Fe oxidation states
and on the physicochemical properties of the
smectite in order to have a comparison with
microbially reduced smectite. They compared the
reductive strengths of dithionite (S,037), sulfide
(S?7), thiosulfate (S,037), hydrazine (N,Hy),
ascorbic acid (C¢HgOg), hydroquinone (CgHgO»),
and sodium oxalate (Na,C,H,0,4) by measuring the
resulting level of structural Fe(Il) using both the
photo-colorimetric method (Komadel & Stucki,
1988) and Mossbauer spectroscopy. The reducing
capacity followed the order S,03~ > S*~ > C¢HgOg
> $,037 > CgHgO» ~ C,H,04. The physical-
chemical property measured was viscosity of the
dispersion, which increased with increasing Fe(II)
content. The reduction capacity of microorganisms is
generally greater than all of these except dithionite,
so one might expect an increase also in viscosity of
the clay dispersion with microbial reduction.

RELEVANCE TO NATURAL
SYSTEMS

A possible correlation between microbial reduction
of smectite Fe and observed soil properties was
suggested by Ernstsen et al. (1998). A previous
study (Ernstsen, 1996) discovered that nitrate levels
in a Danish soil profile dropped sharply at the oxic-
anoxic boundary zone. They hypothesized that the
cause for this drop was reaction with structural
Fe(Il) in the soil clay minerals, created by microbial
activity. To test this hypothesis, samples from the
Danish soils were incubated for up to 160 days with
a consortium of Pseudomonas bacterial strains.
They found that incubation times from 4 to
10 days after inoculation increased the structural
Fe(Il) content in the soil clays from approximately
10% to 20—34% of total clay Fe, thus demon-
strating that bacteria could have, indeed, been
responsible for creating the anoxic zone in the
soil profile. They further hypothesized that, as
reoxidation of Fe(Il) in the soil clay occurred by
reaction with nitrate or by weathering, the bacterial
reduction could renew the anoxic state in an
imperfectly drained soil or sediment by electron
transfer back to the structural Fe(Ill) and, thereby,
control geochemical redox processes.
Unfortunately, Ernstsen ez al. (1998) were unable
to demonstrate in the laboratory the link between
structural Fe(Il) in the soil clay minerals and nitrate
reduction. This was a puzzle because nitrate
reduction was clearly observed in the field and
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correlated with Fe(Il) oxidation. The puzzle was
solved later by Su et al. (2012) who demonstrated
that coulombic repulsion between the negatively
charged, pure reduced smectite and the nitrate
anion inhibits the reduction reaction in the laboratory.
Reversing the charge on the smectite by exchange of
a polymeric cation, however, overcame the
coulombic repulsion and enabled the nitrate reduction
by structural Fe(II). This same reaction may occur in
natural soils if polymeric cations from humic
materials become adsorbed to the smectite, and
may explain the field observations of Ernstsen
(1996).

The very important role of Fe in clay minerals on
the carbon cycle in microorganisms was described
by Kostka et al. (1999a). They were the first to
report the stoichiometric coupling between micro-
bially mediated Fe reduction in clay minerals and
the oxidation of organic carbon to CO,, using the
Fe(Ill)-reducing bacterium Shewanella putrefaciens
strain MR-1 with formate or lactate as the carbon
source. They also demonstrated that the extent of
clay mineral reduction was enhanced by as much as
double in the presence of other organic acids, in the
order nitrilotriacetic acid (NTA) > oxalate > citrate
> malate, which was accompanied by structural Fe
dissolution in the same order. CO, production,
consumption of organic acids, and structural Fe(III)
reduction and dissolution in the smectite were
directly measured, and revealed that bacteria can
combine their Fe reducing capacity with the activity
of organic acids to enhance the bioavailability of
Fe(Ill) in clay minerals.

The soil appears to contain many indigenous
microorganisms capable of reducing structural Fe in
the clay minerals, which in turn are able to alter the
chemical and physical properties of the soil. Kostka
et al. (1999b) prepared enrichment cultures of
bacteria from flooded rice-paddy soils in China as
well as from upland, aerated soils in Indiana, then
used these as the inocula for sterile smectite
samples in a minimal medium and found that they
all can catalyze the rapid reduction of structural
Fe(Ill) in the smectite clay minerals. Similar results
were found using bacteria from the saprolitic soils
of southeastern Tennessee. A new organism, named
Geobacter daltonii, was subsequently classified as
one of the primary Fe reducers in these soils
(Prakash et al., 2010).

Not only were these bacteria capable of reducing
the structural Fe in the smectites, but this process
also altered the surface properties (swelling pressure,
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hydration energy, and surface area) of the smectite
(Lear & Stucki, 1989; Stucki & Lear, 1989; Stucki
et al., 2002), much like that observed in dithionite-
reduced smectite (Stucki et al, 2002) using the
organic cation trimethylphenylammonium (TMPA).
Specific surface area decreased by 26% to 46% in
response to bacterial reduction, and the surface
charge density as measured by the ratio of cation
exchange capacity to specific surface area increased
over the same scale. The fact that the surface charge
density increased but the swelling decreased contra-
dicts the classical theory of clay swelling, i.e., that
swelling is osmotic, which predicts a direct rather
than an inverse relationship between swelling
pressure (IT) and surface charge density (o)
according to the Langmuir equation, viz.,

m-— ZnOkT(cosh 2V _ 1) (1)

kT

where n° is the outer solution concentration; k,

Boltzmann’s constant; 7, the absolute temperature;
e, the charge on the electron; and V,, the
electrostatic potential at the mid plane between
the clay mineral layers, which is directly propor-
tional to G.

INDUSTRIAL, ENVIRONMENTAL
AND GEOLOGICAL APPLICATIONS

The ability of microorganisms to modify the Fe in
clays and clay minerals has been employed in
industrial, environmental, and geological applica-
tions. One industrial use has been bioreduction to
remove Fe(Ill) impurities from clay minerals used
in porcelain and pottery production (Lee et al.,
1999, 2002; Shelobolina et al., 2005). Indigenous
dissimilatory Fe(IIl)-reducing bacteria (DIRB) were
stimulated by the addition of sugars such as
glucose, maltose, and sucrose as carbon sources,
which in turn enhanced the Fe(IIl) reduction
reaction, resulting in increased whiteness. The red
staining from the Fe(Ill) impurities was clearly
decreased. This is an excellent example to prove
that bacterial reduction has an important role in the
clay products industry. It also decreases the
environmental impact of previously used industrial
processes by eliminating certain harmful chemicals
(e.g. dithionite) from the process stream. Later, Guo
et al. (2010a,b) studied the effects of different C
and N sources on the removal of Fe impurities from
kaolin by DIRB using glucose, sucrose, food-sugar,
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maltose, and soluble starch as energy sources. They
observed that the Fe was selectively leached from
the kaolin without formation of a secondary mineral
phase. XRD and SEM measurements revealed
minimal structural changes but the crystallinity
was improved. Sometimes the nutrient medium for
the bacteria also contains agents, such as oxalic
acid, which further enhance the ability of DIRB to
remove Fe impurities from kaolin (He ef al., 2011).
Further evidence that Fe-reducing bacteria may
play a role in kaolinite dissolution was reported by
Maurice et al. (2001a,b), who found that kaolinite
dissolution was enhanced by an aerobic
Pseudomonas mendocina bacterium. This occurred
under aerobic environments where Fe was a
limiting nutrient, so the bacteria pulled it from the
Fe contaminants in the kaolinite, using it as a
terminal electron acceptor for oxidative phosphor-
ylation and, thereby, acting as a bleaching agent for
the kaolinite. The presence of Fe in the kaolinite
allowed the bacteria to grow above levels of non-
kaolinite-containing controls under Fe-limited
conditions. They further demonstrated that the
bacteria that reduced the Fe also significantly
enhanced Al- and Si-release from the kaolinite.
Anthropogenic activity, including soil fertiliza-
tion and spraying of agricultural crops, over the
years has led to contamination of soils, rivers,
lakes, and groundwater by herbicides, pesticides,
fungicides, and nitrate. Direct microbial (biotic)
degradation of these compounds has been widely
investigated. Abiotic degradation, on the other
hand, in which the compound reacts directly with
the inorganic fraction of the soil, has received less
attention but indications are that microorganisms
may play a role in the abiotic processes as well
(Ernsten et al., 1998; Tor et al., 2000; Xu et al.,
2001; Cervini-Silva et al, 2003; Stucki, 2006,
2013; Fialips et al., 2010). Tor et al. (2000)
reported the anaerobic degradation of the herbicide
trifluralin in anoxic environments by reduced,
Fe(Il)-bearing clay minerals. They found that
trifluralin degradation was suppressed by the
presence of NO3z or O,, which supposedly acted
as electron acceptors to oxidize the Fe(Il) in the
system before it could react with the trifluralin. On
the other hand, the rate of trifluralin degradation
was enhanced under Fe-reducing conditions. Similar
conclusions were reached by Xu et al. (2001) who
studied the fate of the herbicides atrazine and
alachlor in contact with chemically or bacterially
pretreated ferruginous smectite (SWa-1) in its
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oxidized, reduced, or reduced-reoxidized state.
The greatest amount of herbicide degradation
occurred in the case of reduced clay, with GC-MS
analysis providing at least 14 degradation products
from atrazine after either chemical or microbial
treatment. The parent herbicide concentration was
decreased in both cases. They hypothesized that the
mechanism for atrazine and alachlor interaction
with the clay mineral basal surfaces is a pH-
mediated process, but uncertainty still remains with
respect to the exact mechanism of degradation for
these two herbicides.

Further investigation of the degradation of p,p'-
DDT (organochlorinated pesticides) by bacterial
reduction of Fe(Ill) in NAu-2, using the metal-
reducing bacteria Shewanella oneidensis MR-1 (the
renamed version of Shewanella putrefaciens),
revealed a progressive decrease in p,p’-DDT and
production of biodegradable p,p’-DDD. The reduc-
tive degradation of DDT in Fe-bearing clay
minerals indicated that clay materials have remedia-
tion capabilities for the passive treatment of
contaminated land (Fialips et al., 2010).

Studies of geochemical mineral transformations
by microbial treatments have also been of interest.
The presence and growth of bacterial biomass in
subsurface granitic environments in deep ground-
water was studied by Hama ez al. (2001). They
reported a loss and mobilization of fine-grained
crushed material (<5 pm), which had originally
adhered to grain surfaces in the starting material, and
the formation of a secondary clay mineral. It was
revealed that microbial activity can influence rock-
water interactions even in nutrient-poor conditions.
These results gained more meaning with respect to
Fe reduction when, under extreme conditions for
bacterial growth, Tung et al. (2006) discovered Fe-
reducing microbial cells attached to clay grains in
the bottom 13 m of the GISP2 (Greenland Ice Sheet
Project) ice core, which led to a redox alteration
process of the minerals by electron hopping from the
mineral edges (see below under Mechanisms for
more discussion on this topic).

REACTIONS WITH REDOX-ACTIVE
METALS

The bioremediation of contaminated areas by heavy
metals such as U(VI) (Zhang et al., 2009, 2011) and
Cr(VI) or Tc(VII) (Fredrickson et al., 2004; Jaisi et
al., 2008b, 2009; Dong et al., 2009a,b; Bishop &
Dong 2010; Dong 2010; Stucki, 2011; Bishop et al.,
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2011; Yang et al., 2012) has been investigated. The
high oxidation state of heavy metals is responsible
for their mobility in nature. They can be
immobilized if reduced by Fe(Il) in smectite
generated either chemically or microbiologically.
Zhang et al. (2011) evaluated the stability of
biogenic nanoparticulate U(IV) in the presence of
CCa-2, an Fe-bearing chlorite from Flagstaff Hill
(El Dorado County, California, USA). The reduc-
tion of structural Fe(Ill) in chlorite CCa-2 and of
U(VI) was performed by Shewanella oneidensis
MR-1, assisted by anthraquinone-2,6-disulfonate
(AQDS), and then it was re-oxidized with O,.
They found that structural Fe(II) in the chlorite
inhibited U(VI) loss from solution, while chlorite-
associated Fe(Il) enhanced the oxidation rate of
U(IV) by dissolved O,. This indicated that chlorite-
associated Fe(II) could not protect nanoparticulate
U(V) from O, intrusion but instead increased the
oxidation rate of U(IV).

Bishop & Dong (2010) and Bishop et al. (2011)
investigated the reactivity of clay minerals toward
Tc(VII) immobilization utilizing a range of clay
minerals, including montmorillonite, nontronite,
rectorite, mixed layered I-S (70:30), illite, Fe-rich
chlorite, and palygorskite, which are present in Tc
contaminated sites of the US Department of Energy.
Structural Fe(Ill) in the clay minerals was first
bioreduced to Fe(I) (termed “biogenic Fe(Il)”), and
was then used to reduce Tc(VII). They used lactate
as the electron donor and AQDS as an electron
shuttle in bicarbonate buffer (pH 7) with
Shewanella putrifaciens CN32 cells. The levels of
Fe(IIl) reduction observed were Fe-chlorite
(~1.5 mmol/g) > nontronite (~1.1 mmol/g) >
montmorillonite (~0.16 mmol/g) > illite/smectite
(~0.015 mmol/g) > illite (~0.002 mmol/g). The
reduced smectite, however, was most effective in
reducing Tc(VII), and illite was the least effective.
Even though a large amount of Fe(Ill) was
bioreduced in chlorite, most of it was not available
for Tc(VII) reduction. Biogenic Fe(Il) in palygors-
kite was available for Tc(VII) reduction, but the
rate was very low. For all the clay minerals, the
ratio of oxidized Fe(Il) to reduced Tc(VII) was 3,
as expected based on the stoichiometric reaction
between Fe(Il) and Tc(VII). These kinetics results
are important for understanding how various clay
minerals may be used to immobilize heavy metals
in the environment.

An investigation (Yang et al., 2012) of in situ
%Tc immobilization by Fe(Il) associated with clay
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minerals discovered a two-step mechanism in the
reaction kinetics. Multiple redox cycles of Fe in
nontronite NAu-2 affected its reactivity toward
Tc(VID) reduction. The NAu-2 dispersion was first
bioreduced by Shewanella putrefaciens CN32, then
re-oxidized by air, then re-reduced, etc. Each redox
cycle resulted in a small fraction of the NAu-2
being dissolved. These authors hypothesized that
Fe(Il) released into solution during the dissolution
reaction was likely adsorbed or complexed onto
edge surface sites of the remaining smectite and
became highly reactive. The re-oxidation of edge-
complexed Fe(Il) was more rapid than structural
Fe(II), which would explain the two steps in the
reoxidation kinetics of the redox-cycled NAu-2.
They found, further, that the reduction kinetics of
Tc(VII) was also a two-step process. The first rapid
reduction of Tc(VII) was, therefore, believed to be
coupled with the highly reactive, edge-complexed
Fe(Il) reoxidation, whereas the slower step in the
Tc(VID) reduction kinetics is coupled with reoxida-
tion of structural Fe(II). This was the first extended
study of redox cycling in Fe-rich clay minerals
using bacterial reduction, and can be compared with
other investigations of redox cycling and reversi-
bility in clay minerals (Stucki, 2011).

One can conceive of a reactor system (Fig. 2) in
which the redox activity of the microorganisms and
the clay minerals can be coupled in a cyclic fashion
in order to evoke a redox reaction in a target
system, such as to remove undesired contaminants
from groundwater effluents, aquifers, rivers, or
lakes. The stability of the Fe in the clay mineral
structure during redox cycling in such a reactor is
key to its success and would provide the
reversibility desired in a heterogeneous catalysis
operation. A good understanding of the extent of
dissolution in the microbially reduced smectite is,
therefore, of fundamental importance to industrial
applications of this phenomenon (see further
discussion on this topic below).

REACTION MECHANISMS

Electron shuttles

The early results established the fact that the
presence of bacteria in the clay mineral environ-
ment has an indisputable impact on the redox state
of structural Fe, but the electron transfer mechanism
to the Fe across the clay-water interface from the
bacteria during microbial respiration was still not

https://doi.org/10.1180/claymin.2013.048.3.10 Published online by Cambridge University Press


https://doi.org/10.1180/claymin.2013.048.3.10

550

Examples

32042-’ N2H2
or microbes

SO, N,
—

~
e -donor,_, e e -acceptor, /K Tc0, @
H~\"C!
Cl
R,X
NO,
A
= - cr'\»cl Teo,
e~-donor_ acceptor,, (“ ;

L. Pentrdkova et al.

Examples

Cl RX )

FiG. 2. Schematic representation of redox cycling of structural Fe in clay minerals. The coloured hexagons
symbolize the octahedral binding environment of Fe(Ill) (top) and Fe(Il) (bottom) in the clay mineral structure.
Structural Fe(Ill) can be reduced by electron donors (e.g. dithionite, hydrazine, microorganisms, etc.). The
resulting structural Fe(ll), in turn, reduces oxidized organic contaminants (e.g. carbon tetrachloride or
nitroaromatic compounds) or metals (e.g. Tc”") (used with permission from Neumann et al., 2011).

clear. A principal question was whether direct
contact with the bacterial cell wall is necessary or
if the organism uses water-soluble compounds to
shuttle electrons between the cell wall and the
mineral surface. As of this time, no study has
clearly resolved this question, but indicators are
suggesting that the electron shuttle option is more
commonly reported than direct contact. The
mechanism could also be different depending on
the organism. Some bacteria, such as Shewanella,
produce their own electron shuttles; others, such as
Geobacter metallireducens, do not. Humic materials
in natural environments are possible electron
shuttles.

Lovley et al. (1998) studied electron shuttles,
such as AQDS, lawsone and menadione. AQDS is
commonly believed to be a good analog for humic
substances in soils and sediments. They found that
the extent of reduction of poorly crystalline Fe(III)
oxide by G. metallireducens increased greatly when
one of these shuttles was added. This indicates that
reduction sites in poorly crystalline Fe oxides are
not very accessible for direct contact with the
Geobacter cells, but are accessible to the smaller
electron-shuttle molecules. These data tend to
support the electron shuttle mechanism.

Kostka et al. (1996) compared the levels of
reduction achieved in ferruginous smectite by
Shewanella putrefaciens strain MR-1 in the
presence or absence of AQDS. They found that
AQDS caused the level of reduction to increase by
only about 10%, suggesting that most reaction sites
in the smectite were available to the Shewanella
cells either directly or through their natural electron
shuttles. These data do not rule out either
mechanism, however.

Part of understanding the reaction mechanism is
locating the reaction sites in the clay mineral layers.
Are they primarily at the basal surfaces, or are they
primarily at the edges, and how does the organism
gain access to them? Studies of Shewanella reduction
of illite revealed results that were quite different
from smectites (Dong et al., 2003a,b; Seabaugh et al.
2006; Jaisi et al., 2007a). In the case of smectite in
these studies, 26% of Fe(Ill) was reduced. In one of
the illite samples, which contained a minor compon-
ent of goethite (2-FeOOH) in addition to fibrous
illite, only the goethite was reduced and no reduction
of structural Fe in the illite was observed. With the
addition of AQDS, however, reduction of Fe in the
illite increased up to 25% of the total Fe. The
collapsed nature of the illite layers obviously
precluded access to reaction sites, either directly by
the bacterial cells or indirectly by the electron shuttle
molecules produced naturally by Shewanella.

Using several different bacterial strains,
Kukkadapu ez al. (2006), Bishop et al. (2011),
Zhang et al. (2012) and Liu et al. (2012) also
observed either no reduction or severely limited
bacterial reduction of structural Fe in illite in the
absence of AQDS. Addition of AQDS made
reduction possible, although in one case
(Muloorina illite) even AQDS failed to enable
reduction of Fe in the illite. This clearly
demonstrated that the extent of reduction is
greater in a more expandable type of clay mineral
layer, and proves that electron shuttles play an
assertive role. This information does not, however,
preclude the possibility that reduction could also
occur by direct contact with the microbial cells.

Interestingly, the AQDS molecule has access to
reaction sites in the clay mineral that are
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unavailable to the electron shuttles produced
naturally by Shewanella. Why this is true has yet
to be answered. Further insight into understanding
the effect of layer expandability on the extent of
bacterial reduction, therefore, depends on finding
the mechanism employed by AQDS to enhance
bacterial reduction and uncovering how that
compares with the naturally produced compounds.

In the study by Tung et al. (2006) of the GISP2
ice core referenced above, Fe-reducing microbes
were immobilized on clay mineral surfaces, and
then were activated to metabolize by “shuttle”
molecules (humics and phenols) which transported
electrons to grain edges. Formate and acetate ions
trapped in water films on the clay mineral surfaces
served as electron donors and structural Fe(IIl) ions
in the clay grains were electron acceptors. At the
grain edges, Fe(Ill) ions were reduced to Fe(Il)
while organic acids were oxidized to CO,. They
proposed a mechanism in which polarons in the
system may be generated by the hopping of extra
electrons on Fe(Il) to Fe(Ill) sites, thus freeing up
Fe(Ill) at the edges for further reduction. The
validity of this mechanism for electron shuttling
and diffusion along basal planes was supported by
the linear correlation of the number of attached
cells with grain perimeter, along with the analogy
of electron transport parallel with basal surfaces, to
the direct-current electrical conductivity in Fe-rich
phyllosilicates.

Ribeiro et al. (2009b), using variable-temperature
Mossbauer spectroscopy, identified Fe(Il) domains
in microbially reduced Garfield nontronite, and
proposed that reduction proceeds from the clay
mineral edge inward toward the center, creating
distinct Fe(II) domains and Fe(Ill) domains. These
results have significant implications regarding the
reversibility of the reduction reaction (see below for
more details), but they also raise the question as to
how the edge-reduction model fits with the
observations above that the expandability of the
clay mineral layer affects the extent of reduction. If
the reduction occurs primarily at the layer edges,
why would bacteria react differently with the edges
of smectite layers compared with the edges of illite
layers? One possible explanation is that the
distribution of the Fe in the octahedral sheets of
smectite is considerably different from that in illite.
In nontronite, the Fe is close to the layer edges and
is available for electron transfer from the bacteria.
If in illite the Fe resides further away from the layer
edges, the electron transfer would be more difficult.
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The present authors, however, are unaware of any
studies describing the edge-site Fe content in either
illite or smectite. Such information would be useful
in helping to resolve this question.

Recent studies of electron transfer mechanisms in
smectites by abiotic reduction, using electroche-
mical (Shaefer et al., 2011), cyclic voltammetry or
chronocoulometry (Neumann et al. 2011; Gorski et
al., 2012a,b), and theoretical calculations
(Alexandrov et al., 2013), may also be helpful by
providing tools and insight for gaining a better
understanding of the electron transfer mechanisms
at the clay-water interface. Future experiments of
bacteria-mediated reduction using these methods
would be of great interest.

Reversibility of microbial reduction

A major unresolved issue in the literature pertains
to the reversibility of the microbial reduction
reaction. What are the structural changes that occur
in the smectite when reduced by microorganisms,
and is the original structure restored upon reoxida-
tion by atmospheric oxygen? Lee et al. (20006)
compared dithionite and microbially mediated
reduction and its reversibility. Dithionite is capable
of reducing the structural Fe to almost 100%,
whereas the maximum observed by microorganisms
is approximately 25—30% or about 1.0 mmol Fe(II)/
g clay. They, therefore, limited the time of exposure
of the smectite to dithionite in order to achieve a
level similar to that attained in the reaction with
microorganisms. Using infrared spectroscopy to
monitor the structural O—H stretching bands of the
octahedral sheet, they found that the shifts in the
spectra were remarkably similar regardless of the
reduction medium, as long as the extent of reduction
was similar. Moreover, after reoxidation the spectral
peak positions and shapes returned to virtually the
same as in the unaltered or oxidized state. These
results indicate that as far as the structural O-H
stretching bands are able to reveal, structural
changes are reversible under the condition of a
modest level of reduction and that bacteria and
dithionite affect the spectra in a similar manner.

In a companion study, Ribeiro et al. (2009b)
compared the Mossbauer spectra of dithionite- and
bacteria-reduced Garfield nontronite. The fully
dithionite-reduced Garfield nontronite at liquid-
nitrogen temperature (77 K) revealed a character-
istic doublet for octahedral Fe(Il) (Fig. 3a), with
only a small component for octahedral Fe(IIl),
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indicating the level of reduction to be more than
90%. At 4 K, however, the spectrum exhibited
significant features that had never before been
reported (Fig. 3b). No known theoretical model has
been proposed for this spectrum, but it can be
considered to be a reference spectrum for a
completely reduced, Fe-rich, dioctahedral smectite.
Upon reoxidation, the spectrum at any temperature
bore little resemblance to the spectrum of the
original nontronite, indicating that irreversible
changes had occurred in the structure surrounding
the Fe.

For samples reduced to a lesser extent (~1.0 mmol
Fe(Il)/g clay), Ribeiro et al. (2009b) found that the
Mossbauer spectra at 77 K were virtually the same
regardless of whether the sample was reduced by a
limited dithionite treatment or by microorganisms
(Fig. 4a,c), showing doublets assigned to both Fe(II)
and Fe(Ill) in proportions consistent with the
chemical analyses for Fe oxidation state. At 4 K,
however, the spectra for partially dithionite-reduced
Garfield nontronite were dramatically different from
those of the microbially reduced samples (Fig. 4b,d).
The 4 K spectrum from the partially dithionite-
reduced Garfield (Fig. 4b) showed a central peak
with a flaring baseline, suggesting a partially, but
very poorly magnetically ordered system. They
attributed this behaviour to an octahedral sheet in
which Fe(IT) was distributed mostly randomly in the
a-b plane and was dominated by mixed-valent
Fe(Il)-Fe(Ill) pairs.

The microbially reduced sample, on the other
hand, produced a spectrum at 4 K which had the
appearance of an overlap of two distinct types of
spectra (Fig. 4d). One type was reminiscent of the
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completely reduced sample (Fig. 3b), whereas the
other type exhibited more typical magnetic order
with components of a six-line pattern. This second
type was assigned to structural Fe(IlI) domains,
whereas the first type was assigned to structural
Fe(Il) domains in the octahedral sheet (Ribeiro et
al., 2009b). These results provide evidence that the
site for electron transfer in microbially reduced
smectites is the edge of the mineral layer rather
than the basal plane, which produces a reducing
front of Fe(Il)-Fe(Ill) pairs that moves from the
outer edges toward the centre of the layer (Fig. 5a),
leaving behind it a domain of all Fe(Il) and, in front
of it, a domain of all Fe(Ill). A similar “front of
Fe(I)-Fe(Ill) pairs” phenomenon was observed in
the oxidation of Fe-rich mica (Fig. 5b), character-
ized by a golden colour for the all Fe(Ill) domain
behind the front and a black colour for the all Fe(II)
domain ahead of the Fe(Il)-Fe(IlI) boundary (Scott
& Amonette, 1988). This assertion that microbial
reduction occurs at the clay mineral edges rather
than at the basal surfaces provides a practical
reason for the limited extent of structural Fe
reduction by bacteria compared to dithionite. If
reduction occurs at the edges, complete reduction
would depend on electron hopping through the
octahedral sheet, which could easily be disrupted by
discontinuities in the Fe—Fe linkages across the
layer, thus limiting the extent of reduction.
Reoxidation of the partially dithionite-reduced
and the microbially reduced nontronites restored
both structures to their original state. Mdssbauer
spectra at 4 K of these reoxidized samples were
virtually indistinguishable from one another (Fig. 6)
and similar to the original sample, except for the
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small amount of goethite impurity in the original

sample.

Still unresolved, however, is whether clay
mineral dissolution occurs during bacteria-mediated
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FiG. 5. (a) Schematic illustration of a reducing boundary or front of Fe(II)-Fe(Ill) moving through a clay mineral

layer during microbial reduction; (b) photograph of an analogue oxidizing boundary or front of Fe(IlI)-Fe(II) that

moved through a mica flake (lepidomelane flake, 1 x2 cm) after treatment with an oxidizing solution of Br,-
saturated 1 M KCI solution at 90°C for 80 weeks (modified from Scott & Amonette, 1988).

Fe reduction or not. Several workers have reported
various extents of clay mineral dissolution (Dong et
al., 2003a; Li et al., 2004; O’Reilly et al., 2004,
2005, 2006; Grybos et al.,, 2011) and the
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neoformation of illite (Dong et al.,, 2003b;
Seabaugh et al., 2006; Jaisi et al., 2007a), mixed-
layered illite-smectite (Eslinger et al., 1979; Kim et
al,, 2004; Kukkadapu et al., 2006; Dong et al.,
2009a; Dong, 2010; Liu ef al., 2012; Shelobolina et
al., 2012a,b) and vivianite (Zhang et al., 2012)
during microbial reduction of Fe-bearing clay
minerals. In contrast, studies by Stucki and co-
workers, however, have not observed a dissolution-
reprecipitation process. Formation of an illitic
structure as a consequence of Fe reduction-
reoxidation cycles in smectite is not particularly
new or controversial, however, as it was hypothe-
sized and demonstrated by Shen & Stucki (1994).
Such a reduction of Fe during illitization of
smectite was also hypothesized earlier by Eslinger
et al. (1979). Those studies did not, however,
contemplate this transformation occurring as a
dissolution-reprecipitation process, with changes in
chemical composition as well as mineral structure
as observed in the more recent studies
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(Vodyanitskii, 2007; Zhang et al., 2007a,b;
Stanjek & Marchel, 2008; Vorhies & Gaines,
2009; Jaisi et al., 2011). The reader is referred to
these works, and especially to the review by Dong
et al. (2009a), for a more expanded discussion
about the reductive dissolution and illitization of
smectites by microorganisms.

The reduced clay mineral structure was found to
be more susceptible to dissolution than the oxidized
structure as evidenced by more rapid dissolution in
acid (Kostka, Stucki, and co-workers). Opposite to
the work by Dong and others mentioned before,
these studies observed little or no dissolution within
the bacterial incubations, and certainly no extensive
transformation or alteration of the mineral struc-
tures was reported (e.g. Lee et al., 2006; Ribeiro et
al., 2009b), except in the presence of organic acids
(Kostka er al., 1999). These different observations
have yet to be reconciled, and the reasons for the
differences still need to be explained by further
investigation.

At the moment, one can only speculate as to why
such disparate evidence exists regarding the dissolu-
tion of smectite upon microbial reduction. One
possible explanation could be that different experi-
mental conditions have been used in the microbial
incubations in the different laboratories; no effort
has yet been made to standardize these methods
across laboratories, including the nutrient-solution
compositions, initial growth phase and population of
the microorganisms, and even the selected microbial
strain. Another possibility is that interpretations are
based on different types of observations. For
example, studies showing dissolution base some of
their conclusions on TEM observation, whereas
comparative TEM results are not available for
those studies in which no dissolution was observed.
On the other hand, Mdssbauer spectra at 4 K were
not obtained in studies showing dissolution,
rendering comparison difficult. In the current
authors’ opinion, this is the most critical place to
begin if this conflict is to be resolved, because the 4-
K Mbossbauer spectra reveal more about the environ-
ment of the Fe than any other single method.

EXPANSION OF NUMBER AND
TYPES OF MICROORGANISMS
USED

The number and types of bacteria capable of
reducing structural Fe in smectites were well
reviewed previously (Stucki & Kostka, 2006;
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Dong et al., 2009a), but since then a few more have
appeared. Liu et al. (2012) measured the rate and
extent of reduction of structural Fe(Ill) in dioctahe-
dral clay minerals by the mesophilic sulfate-
reducing bacterium Desulfovibrio vulgaris. They
also investigated its potential role in catalyzing
smectite illitization. Bioreduction experiments were
performed in batch systems, where four different
clay minerals (nontronite NAu-2, mixed-layer illite-
smectites RAr-1 and ISCz-1, and illite IMt-1) were
exposed to D. vulgaris in a non-growth medium
with and without AQDS and sulfate. Their results
demonstrated that it was able to reduce structural
Fe(IIl) in these clay minerals, and AQDS enhanced
the reduction rate and extent. In the presence of
AQDS, sulfate had little effect on Fe(Ill) bioreduc-
tion. These data collectively showed that D.
vulgaris could promote smectite illitization
through reduction of structural Fe(Ill) in clay
minerals. Similar results were obtained by Zhang
et al. (2012) using the mesophilic methanogen
Methanosarcina mazei.

Some microorganisms are able to both reduce
and oxidize structural Fe in clay minerals.
Shelobolina ez al. (2003) observed that
Desulfitobacterium frappieri strain G2 readily uses
poorly crystalline Fe(IIl) oxides, soluble forms of
Fe(Ill), and Fe(Ill) in the structure of phyllosilicate
minerals as electron acceptors, thus bringing about
Fe reduction. They reported further, however, that
beside its ability to reduce Fe(lll), D. frappieri
strain G2 also has the potential to oxidize Fe(Il) if
nitrate is present to serve as the electron acceptor.
This organism may, therefore, play an important
role in iron cycling in sedimentary environments.

Redox cycling of Fe in soils may also occur by
the simultaneous presence of both Fe-reducing and
Fe-oxidizing microorganisms. Shelobolina et al.
(2012a,b) isolated Fe-oxidizing bacteria from a
hydromorphic soil in Wisconsin (Shovelers Sink, a
small glacial depression) which were identified as
Bradyrhizobium spp. and strains of Cupriavidus
necator and Ralstonia solanacearum. These organ-
isms were cultured using the method of Straub et
al. (1996), in the presence of either soluble Fe*" in
solution or Fe(Il) in the structure of Bancroft,
Ontario, biotite, which served as the electron donor,
and with O, or nitrate as the electron acceptor. This
microbial oxidation of structural Fe(Il) resulted in
biotite alteration and weathering, including Fe and
K release. Their hypothesis was that structural
Fe(Il) oxidation by these organisms involves either
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direct enzymatic oxidation, followed by solid-state
mineral transformation, or indirect oxidation as a
result of the formation of aqueous Fe, followed by
electron transfer from Fe(Il) in the mineral to Fe>"
in solution. In addition to promoting the oxidation
of biotite and soluble Fe>", each of the isolates
above was able to oxidize Fe(Il) in reduced NAu-2
nontronite with NO3 as the electron acceptor.
These organisms may, therefore, play an important
role in the weathering of soils.

Also discovered in the Shovelers Sink soil
(Shelobolina et al., 2012a,b) was an organism
related to Geobacter toluenoxydans which reduced
the oxidized form of Fe in NAu-2 nontronite and in
amorphous Fe(IIl) oxide. This means that this soil
contains both Fe-oxidizing and Fe-reducing micro-
organisms, suggesting that, depending on which
organisms are being stimulated by environmental
conditions, the phyllosilicate clay minerals will be
subjected to either oxidizing or reducing reactions
with the indigenous microorganisms, which, when
acting in concert, have the ability to cycle Fe by
redox transformations.

SUMMARY

Microbial reduction of structural Fe in clay
minerals has been investigated extensively since
its inception in 1986. Studies have revealed that
organisms capable of reducing this form of Fe are
ubiquitous in nature and are not limited to
submerged or hydromorphic soils. They are
present in a wide range of soils and sediments,
and only require stimulation by the presence of an
electron donor or C source to react metabolically
with the clay minerals serving as the electron
acceptors. The Fe in the more expandable clay
minerals is more susceptible to microbial reduction
than the Fe in illitic or collapsed-layer structures,
even though significant evidence is presented that
the site of electron transfer from the bacterial cells
to the clay mineral layer may be at the layer edge.
The extent of reduction is limited to ~1.0 mmole
Fe(Il)/g clay, and the percentage reduction varies
widely among the clay minerals, depending on their
total Fe content and its distribution within the
octahedral sheet. Whether this limit is due to
thermodynamic potentials or simply due to steric
constraints is unknown.

An extremely important consequence of the now
documented phenomenon of microbial reduction of
Fe in clay minerals is the clear understanding that it
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occurs in nature. This gives much relevance to
laboratory studies which have shown and continue
to demonstrate that the redox state of the structural
Fe affects important physical and chemical proper-
ties of the clay mineral, and in turn of the
surrounding soil or sediment. Such a relationship
inspires and gives insight into the creation of
systems and practices for the in situ management of
remediation strategies for environmental contami-
nants, of soil properties, of agronomic productivity,
and of a variety of industrial processes.
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