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We examined the reduction of nitrobenzene by Shewanella
putrefaciens CN32 in the presence of natural organic matter
(NOM) and hematite. Bioreduction experiments were
conducted with combinations and varied concentrations of
nitrobenzene, soil humic acid, Georgetown NOM, hematite, and
CN32. Abiotic experiments were conducted to quantify
nitrobenzene reduction by biogenic Fe(II) and by bioreduced
NOMs. We show that S. putrefaciens CN32 can directly reduce
nitrobenzene. Both NOMs enhanced nitrobenzene reduction
and the degree of enhancement depended on properties of the
NOMs (aromaticity, organic radical content). Hematite
enhanced nitrobenzene reduction by indirect reaction with
biogenic-Fe(II), however, enhancement was dependent on the
availability of excess electron donor. Under electron donor-
limiting conditions, reducing equivalents diverted to hematite
were not all transferred to nitrobenzene. In systems that contained
both NOM and hematite we conclude that NOM-mediated
reduction of nitrobenzene was more important than Fe(II)-
mediated reduction.

Introduction
Soil and groundwater contamination caused by the produc-
tion and storage of explosives and ammunition is a significant
problem for military facilities. Organic contaminants as-
sociated with explosives include trinitrotoluene (TNT) and
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). Because of its
relatively simple structure, we have chosen nitrobenzene as
a model nitroaromatic compound (NAC) to study the multiple
pathways operative for NAC reduction under iron(III)-
reducing conditions (Figure 1). In anoxic subsurface envi-
ronments, the presence of dissimilatory metal-reducing
bacteria (DMRB) and natural organic matter (NOM) signifi-
cantly contribute to the complexity of this biogeochemical
system.

The “direct” biological reduction of nitro-compounds by
pure bacterial cultures has been reported for several DMRB,
including Geobacter metallireducens, G. sulfurreducens, Anaer-
omyxobacter dehalogenans, Shewanella oneidensis MR-1, and

Desulfitobacterium chlororespirans with cyclic nitramines
(1-3); Clostridium sp. EDB2 with cyclic nitramines (4);
Cellulomonas sp. ES6 with TNT (5); G. metallireducens with
chloro-substituted nitrobenzenes (6-8); and S. putrefaciens
CN32 with 4-cyano-4′-aminoazobenzene (CNAAzB) (9). The
results from these studies have been variable with respect
to the DMRB’s ability to respire on the various nitro-
compounds. The fermentative bacteria such as Cellulomonas
and Clostridium were able to respire on TNT (5) and RDX
(4), respectively, and subsequently promote further biodeg-
radation beyond the initial nitro-reduction step. While G.
metallireducens could reduce RDX (1), it could not directly
reduce 4-nitroacetophenone (8) or 4-chloronitrobenzene
(6, 7). S. oneidensis MR-1 could reduce RDX, albeit at
extremely slow rates (2), while S. putrefaciens CN32 could
not reduce CNAAzB (9).

When iron(III) (hydr)oxides are added to systems con-
taining DMRB and NACs, Fe(III) reduction may compete
with NAC reduction for available electron donor, and/or
produce biogenic Fe(II) that serves as a reductant of the NAC.
The effect of solid-phase Fe(III) on NAC (bio)reduction has,
in turn, been variable. For example, the addition of ferri-
hydrite to suspensions of G. metallireducens with RDX
decreased the contaminant decay rate (1, 2), while the
addition of ferrihydrite was required for G. metallireducens
to reduce 4-nitroacetophenone (8) or 4-chloronitrobenzene
(6). When NOM is added to systems containing DMRB, NACs,
and Fe(III) it is presumed to act as a catalytic electron shut-
tle and enhance the reduction of both solid-phase Fe(III)
(10-14) and soluble NACs (1). However, because NOM can
sorb to Fe(III) surfaces it can also interfere with electron
transfer reactions between the NACs and solid-associated
Fe(II) (15, 16).

Reaction pathways of NACs in natural environments that
contain DMRB, solid Fe(III), and NOM are difficult to
generalize. The current literature suggests that characteristics
of the DMRB (i.e., metabolic capabilities), iron mineral (e.g.,
crystallinity, surface area), NOM (e.g., quinone content,
hydrophobicity), and NAC (i.e., chemical structure, reduction
potential) will all exert an effect on NAC transformations.
Therefore, the objective of this research was to use model
systems containing nitrobenzene with varied combinations of
S. putrefaciens CN32, hematite, and humic substances to better
quantify biotic and abiotic contaminant transformations.

Experimental Section
Microorganism and Culture Conditions. Shewanella pu-
trefaciens strain CN32 (hereafter referred to as CN32) was
grown aerobically on tryptic soy broth without dextrose
(Difco) at 20 °C, and cells were harvested and prepared
anaerobically as previously described (12, 17).

Chemicals and Minerals. Reagent grade nitrobenzene
and aniline (Fluka) were used to prepare 0.16 M stock
solutions in methanol. Hematite (Fisher) was used to prepare
a 2 g L-1 stock solution in deoxygenated 10 mM PIPES buffer
(pH 6.8). Two NOMs were used in these experiments: soil
humic acid (SHA) purchased from the International Humic
Substances Society (IHSS), and Georgetown NOM (GNOM)
(18) provided courtesy of Dr. Baohua Gu (Oak Ridge National
Laboratory). SHA and GNOM were used to prepare 1 g L-1

stock solutions in deoxygenated 10 mM PIPES buffer (pH
6.8).

Biotic Experiments. All experiments were conducted in
160-mL serum bottles crimp-sealed with Teflon-faced rubber
stoppers. All preparations were performed in an anaerobic
chamber (Coy, Grass Lakes, MI) under a N2:H2 atmosphere
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(97.5:2.5%) at room temperature. Reactors were filled with
ca. 100 mL of deoxygenated 10 mM PIPES buffer (pH 6.8)
containing various combinations of nitrobenzene (149 or
1490 µM), CN32 (0 or 1 × 108 cell mL-1), NOM (10 or 100 mg
L-1), and hematite (0.2 or 2.0 g L-1) (Table 1). H2 in the reactor
headspace (2.5%) served as the electron donor. Lactate (5
mM) was provided in select experiments. Reactors were
incubated at 100 rpm on orbital shakers within the anaerobic
chamber. A series of control reactors were prepared with
every experiment: abiotic controls that were not inoculated
with CN32, and biotic controls that contained no NOM,
hematite, or nitrobenzene. All treatments and controls were
run in triplicate. After cell inoculation, samples were peri-
odically removed with sterile needle and syringe (in chamber)
and nitrobenzene, aniline, aqueous Fe(II), 0.5 N HCl-
extractable Fe(II), and pH were quantified as described below.

Abiotic Experiments. The reduction of nitrobenzene by
biogenic Fe(II) and by bioreduced NOM was measured in
separate experiments (all conducted in deoxygenated 10 mM
PIPES, pH 6.8). Hematite (2.0 g L-1) was first bioreduced by
CN32 (108 cell mL-1) for 3 d to produce 0.18 mM 0.5 N HCl-
extractable Fe(II), then the cell-hematite-Fe(II) suspension
was pasteurized (85 °C for 1 h). Nitrobenzene was added to
the pasteurized suspension at an initial concentration of 13.4
µM and samples were periodically collected over 12 h. NOM
(1000 mg L-1) was first bioreduced by CN32 (108 cell mL-1)
for 2 h (10, 11), and the cell-reduced NOM suspension was
filter sterilized (0.2 µm). Nitrobenzene was added to the
reduced NOM filtrate (940 mg L-1) at an initial concentration
of 149 µM, and after 12 h samples were collected to measure
nitrobenzene, aniline, and NOM reducing equivalents.
Reducing equivalents stored in the NOM, before and after
reaction with nitrobenzene, were indirectly measured by the
amount of Fe(II) evolved from a 30-min reaction with 5.25
mM ferric citrate (11).

Analytical Methods. Nitrobenzene and aniline were
measured by an HPLC equipped with a C18 column and
photodiode array detector using an acetonitrile/water (1/1
v/v) mobile phase. Aqueous Fe(II) was measured after
filtration (0.2 µm) and analyzed using the ferrozine assay.

The 0.5 N HCl-extractable Fe(II) was measured after a 24 h
extraction, filtered (0.2 µm), and analyzed using the ferrozine
assay. Solution pH was measured after filtration using a
combination electrode.

Results and Discussion
Bioreduction of Nitrobenzene and NOM. In the absence of
NOM, CN32 reduced nitrobenzene stoichiometrically to
aniline within 48 h (Figure 2a). No other intermediate
products were detected and the total concentration of
nitrobenzene plus aniline always exceeded 98.4% of the initial
nitrobenzene concentration in both biotic reactors and
abiotic controls. The accumulation of aniline effectively
demonstrates, as expected, that CN32 cannot use aniline as
an electron donor. We believe that this is the first study
demonstrating that CN32 can respire on nitrobenzene.

The rate of nitrobenzene reduction by CN32 was observed
to be pseudo-first-order with respect to the nitrobenzene
concentration (Figure 2b) according to

Rred ) d[nitrobenzene]/dt ) -kred · [nitrobenzene]

(1)

where kred is the pseudo-first-order reduction rate constant
(h-1). The rate of nitrobenzene reduction can be affected by
other factors such as electron donor and its concentration,
cell density, temperature, and mixing conditions. Because
these factors were the same for all experiments (with the
exception of NOM or hematite or lactate addition), they have
been excluded from eq 1 for a simplified comparison. In the
absence of NOM, kred was 0.085 h-1 (Table 1).

Reduction of nitrobenzene was enhanced in the presence
of NOM (Figure 2), where kred was 0.58 h-1 and 0.16 h-1 in
the presence of 100 mg L-1 SHA and GNOM, respectively.
This enhancement effect was dependent on the NOM
concentration, where more NOM promoted faster nitroben-
zene reduction. Similarly, Borch et al. (5) showed that
anthraquinone-2,6-disulfonate (AQDS) stimulated the bio-
degradation of TNT by Cellulomonas, and Bhushan et al. (4)
showed that either AQDS or Aldrich humic acid (1 g L-1)
stimulated the biodegradation of RDX by Clostridium.
However, our results contrast with studies that tested the
effect of NOM on the reduction of nitro-compounds. Kwon
and Finneran (1) showed that the addition of AQDS stimu-
lated the bioreduction of RDX by G. metallireducens, but the
addition of Aldrich humic acid (250 mg L-1) had little effect.
Zhang and Weber (9) showed that the addition of juglone
stimulated the bioreduction of CNAAzB by CN32, but the
addition of Suwannee River natural organic matter (5 mg
L-1) had little effect. We speculate our differing results are
because nitrobenzene is much more reactive with reduced
NOMs as compared to RDX or CNAAzB.

SHA enhanced nitrobenzene reduction significantly more
than GNOM (P < 0.01), consistent with previous studies which
showed that SHA enhanced hematite bioreduction by CN32
more so than GNOM (12, 13). Compared to GNOM, SHA has
a relatively high aromatic C content and relatively low
aliphatic, alcoholic, and carbohydrate C content (12, 19).
SHA also contains a higher organic radical content (12.9 ×
1017 spins g-1) as compared to GNOM (6.67 × 1017 spins g-1)
(12) that presumably reflects a higher quantity of quinone
moieties capable of participating in electron transfer reactions
(11).

Abiotic Reduction of Nitrobenzene by Bioreduced NOM.
Reducing equivalents stored in bioreduced, filter-sterilized
SHA and GNOM were indirectly measured by reaction with
ferric citrate (11). The reducing equivalents stored in biore-
duced SHA was 0.32 eq kg-1, nearly equal to the value of 0.34
eq kg-1 reported by Scott et al. (11), and an order of magnitude
higher than measured for GNOM (0.034 eq kg-1) (Supporting

FIGURE 1. Proposed pathways for the enhancement of
nitrobenzene (NB) reduction in systems containing DMRB,
Fe(III) oxides, and NOM. Reaction numbers R1-R6 correspond to
discussions in the text and Tables 1 and 2. (a) Direct
bioreduction of NB; (b) indirect reduction of NB by biogenic
Fe(II); (c) indirect reduction of NB by bioreduced NOM; and (d)
indirect reduction of NB coupled to both NOM and Fe(III)
reduction.
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Information Figure S1). Unaltered (not bioreduced by CN32)
SHA contained some reducing equivalents (0.048 eq kg-1)
while unaltered GNOM contained none. In abiotic experi-
ments, bioreduced SHA was capable of reducing a portion
of the nitrobenzene while bioreduced GNOM was not. While
these experiments were conducted with a large excess of
nitrobenzene (149 µM ) 894 µeq electrons L-1) relative to
bioreduced NOM (297 and 32 µeq L-1 with SHA and GNOM,
respectively), the bioreduced NOMs were still able to reduce
ferric citrate added at the conclusion of the nitrobenzene
reduction period. Our interpretation of this result is that a
fraction of the redox active moieties in bioreduced NOM

had reduction potentials less than the reduction potential of
nitrobenzene.

Evaluation of Electron Flow to Nitrobenzene in the
Presence of NOM. Based on our conceptualization of
the operative redox reactions in these systems (Figure 1), the
presence of NOM could enhance nitrobenzene reduction by
serving as a preferred electron acceptor (R3) and facile electron
shuttle (R5). To quantify electron flow in our experiments we
calculated zero-order reaction rates in terms of electron
equivalents transferred L-1 h-1 (Table 2). Zero-order rates
were used because in several abiotic experiments sampling
frequency was not high enough to fit any other rate law.

TABLE 1. Summary of Pseudo-First-Order Rate Constants (Mean ± SD) for Nitrobenzene Reduction with Combinations of
Shewanella putrefaciens CN32, Natural Organic Matter (NOM), and Hematite

experimental components first-order kinetics

reaction no. in
Figure 1 reaction description CN32a

nitrobenzene
(µM)

NOM
(mg L-1)

hematite
(g L-1)

electron
donorb

time
(h) kred (h-1) R2

R1 nitrobenzene bioreduction + 149 0 0 H2 0-10 0.085 ( 0.0027 0.996
R1 nitrobenzene bioreduction + 1,490 0 0 H2 0-4 0.036 ( 0.0018 0.998

4-10 0.0029 ( 0.0003 0.985

R1 nitrobenzene bioreduction + 1,490 0 0
H2 and

lactate 0-4 0.043 ( 0.0021 0.998
4-96 0.0058 ( 0.0002 0.994

R4

nitrobenzene reduction by
Fe(II)-Fe2O3 - 13.4 0 2.0 Fe(II)c 0-1 0.14 1.00

1-12 0.035 ( 0.0017 0.989

R1 and R2 + R4

nitrobenzene reduction
with hematite + 149 0 2.0 H2 0-10 0.13 ( 0.0032 0.998

R1 and R2 + R4

nitrobenzene reduction
with hematite + 149 0 0.2 H2 0-10 0.097 ( 0.0024 0.998

R1 and R2 + R4

nitrobenzene reduction
with hematite + 1,490 0 2.0 H2 0-4 0.035 ( 0.0038 0.989

4-10 0.0029 ( 0.0003 0.985

R1 and R2 + R4

nitrobenzene reduction
with hematite + 1,490 0 2.0

H2 and
lactate 0-4 0.050 ( 0.0105 0.956

4-96 0.0071 ( 0.0003 0.990

R1 and R3 + R5

nitrobenzene reduction
with NOM + 149 100 SHA 0 H2 0-6 0.59 ( 0.053 0.967

R1 and R3 + R5

nitrobenzene reduction
with NOM + 149 10 SHA 0 H2 0-10 0.16 ( 0.0023 0.999

R1 and R3 + R5

nitrobenzene reduction
with NOM + 149 100 GNOM 0 H2 0-10 0.16 ( 0.0027 0.998

R1 and R3 + R5

nitrobenzene reduction
with NOM + 149 10 GNOM 0 H2 0-10 0.11 ( 0.0048 0.992

R1 and R2 + R4 and R3 +
R5 and R3 + R6 + R4

nitrobenzene reduction
with hematite and NOM + 149 100 SHA 2.0 H2 0-6 0.53 ( 0.0537 0.961

R1 and R2 + R4 and R3 +
R5 and R3 + R6 + R4

nitrobenzene reduction
with hematite and NOM + 149 100 GNOM 2.0 H2 0-10 0.23 ( 0.0069 0.995

a 1 × 108 cells mL-1 (+) or 0 (-). b H2 ) 2.5% H2 in 60 mL headspace over 100 mL fluid; lactate ) 5 mM. c 0.18 mM 0.5 N
HCl-extractable Fe(II).

TABLE 2. Summary of Zero-Order Rates for Electron Transfer Reactions with Combinations of Shewanella putrefaciens CN32,
Natural Organic Matter (NOM), and Hematite

experimental components zero-order kinetics

reaction no. in
Figure 1 reaction description CN32a

nitrobenzene
(µM)

NOM
(mg L-1)

hematite
(g L-1)

electron
donorb time (h)

rate
(µeq L-1 h-1)

R1 nitrobenzene bioreduction + 149 0 0 H2 0-10 52.9
R2 hematite bioreduction + 0 0 2.0 H2 0-10 6.87
R3 NOM bioreduction + 0 1,000 SHA 0 H2 0-2 122
R3 NOM bioreduction + 0 1,000 GNOM 0 H2 0-2 16.2

R4

nitrobenzene reduction
by Fe(II)-Fe2O3 - 13.4 0 2.0 Fe(II)c 0-9 2.58

R5

nitrobenzene reduction
by NOM - 149 940 SHA 0 reduced SHA 0-12 8.50

R5

nitrobenzene reduction
by NOM - 149 940 GNOM 0 reduced GNOM 0-12 0.0

R6 Fe(III) reduction by NOM - 940 SHA d reduced SHA 0-0.5 594
R6 Fe(III) reduction by NOM - 940 GNOM d reduced GNOM 0-0.5 64.8

a 1 × 108 cells mL-1 (+) or 0 (-). b H2 ) 2.5% H2 in 60 mL headspace over 100 mL fluid. c 0.18 mM 0.5 N HCl-extractable
Fe(II). d Measurements conducted with 5.25 mM ferric citrate, NOT hematite.
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Based on these comparisons, we found that CN32 could
transfer electrons from H2 to SHA faster (122 µeq L-1 h-1)
than it could transfer electrons to nitrobenzene (52.9 µeq L-1

h-1). Reduced SHA could then transfer electrons to ni-
trobenzene, although our calculated rate of 8.5 µeq L-1 h-1

for this reaction could be significantly underestimated
because it was based on a single measurement after 12 h.
Reduced GNOM appeared incapable of abiotic reduction of
nitrobenzene yet enhanced bioreduction of nitrobenzene.
One possible explanation of the GNOM results is that GNOM
can function as an electron shuttle only in the presence of
a continuous source of electron as provided by CN32. The
GNOM results highlight shortcomings of “component ex-
periments” (e.g., isolation of R5) where the reactivity of one
component (i.e., GNOM) contrasts with its reactivity in a
multicomponent system (i.e., CN32 plus GNOM).

When SHA was increased from 10 to 100 mg L-1, electron
flow from H2 through SHA (via CN32) to nitrobenzene
increased. Under these conditions we suggest that NOM-
mediated nitrobenzene reduction (R3 + R5) became the
predominant reaction mechanism. Furthermore, we propose
that electron transfer from reduced NOM to nitrobenzene
(R5) was the rate-limiting step in this coupled process. At
the lower SHA concentration (10 mg L-1 ) 5.8 mg C L-1),
more relevant to natural terrestrial systems, we believe
electron flow via direct nitrobenzene bioreduction (R1) was
still important.

Bioreduction of Nitrobenzene and Hematite. Hematite
was chosen for this study because it is resistant to phase
transformations during bioreduction which simplifies data
interpretation. In addition, reactions between Fe(II) and
hematite have been well characterized with respect to the
possible types of reactive Fe(II) species (20-22). In the
following discussion we refer to “solid-associated Fe(II)” as
Fe(II) adsorbed to the hematite surface or formed within the
solid due to electrons being transposed into the bulk crystal
lattice (23, 24). Solid-associated Fe(II) was operationally
defined as the difference between the 0.5 N HCl-extractable
and aqueous Fe(II) concentrations.

The kinetics of nitrobenzene bioreduction were enhanced
in the presence of hematite (Figure 3a), where kred was 0.097
h-1 and 0.13 h-1 in the presence of 0.2 and 2.0 g L-1 hematite,
respectively (Table 1). Compared to hematite controls
prepared with no nitrobenzene, Fe(II) production in the first
24 h was significantly less (P < 0.01) in the presence of
nitrobenzene (Figure 3b). A net decrease in Fe(II) production
was likely caused by the abiotic reduction of nitrobenzene
thereby consuming biogenic-Fe(II). Because CN32 could
transfer electrons from H2 to nitrobenzene faster (52.9 µeq
L-1 h-1) than it could transfer electrons to hematite (6.9 µeq
L-1 h-1), Fe(II)-mediated nitrobenzene reduction (R2 + R4 in
Figure 1) was not as important in this experimental system
as compared to how important NOM-mediated nitrobenzene
reduction (R3 + R5) was in the NOM-amended experimental
systems.

The enhancement of nitrobenzene reduction by hematite
was dependent on the presence of excess electron donor.

FIGURE 2. Biological reduction of nitrobenzene by Shewanella
putrefaciens CN32 (1.0 × 108 cells mL-1) in the absence and
presence of soil humic acid (SHA) and Georgetown natural
organic matter (GNOM). Experiments were conducted with 149
µM nitrobenzene and H2 (2.5% headspace) in 10 mM PIPES, pH
6.8. (a) Nitrobenzene (solid symbols) and aniline (open symbols)
concentrations as a function of incubation time. Control
contained 100 mg L-1 humic acid and no CN32. Symbols
represent means of triplicate measurements and error bars
represent 1 standard deviation. (b) Nitrobenzene concentrations
transformed to Ln([Ct]/[C0]) to calculate pseudo-first-order
reduction rates.

FIGURE 3. Biological reduction of nitrobenzene by Shewanella
putrefaciens CN32 (1.0 × 108 cells mL-1) in the absence and
presence of hematite (Fe2O3). Experiments were conducted with
149 µM nitrobenzene and H2 (2.5% headspace) in 10 mM PIPES,
pH 6.8. (a) Nitrobenzene (solid symbols) and aniline (open
symbols) concentrations over first 24 h. Control contained 2.0 g
L-1 Fe2O3 and no CN32. Symbols represent means of triplicate
measurements and error bars represent 1 standard deviation. (b)
0.5 N HCl-extractable Fe(II) (open symbols) and aqueous Fe(II)
(solid symbols) concentrations with 2.0 g L-1 Fe2O3 over first
100 h.
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With 149 µM nitrobenzene, H2 in the reactors did not limit
the extent of nitrobenzene bioreduction (Figure 3). However,
in identical experiments conducted with 1490 µM nitroben-
zene, bioreduction was incomplete with the same H2

headspace concentration (Supporting Information Figure S2).
With the inclusion of 5 mM lactate, CN32 was able to
completely reduce this higher concentration of nitrobenzene.
Under electron donor-limiting conditions (1490 µM ni-
trobenzene with H2), nitrobenzene reduction was not
enhanced by hematite but instead was slightly inhibited.
Under conditions with excess electron donor (149 µM
nitrobenzene with H2sFigure 3; 1490 µM nitrobenzene with
H2 and lactatesFigure S2), hematite always enhanced
nitrobenzene reduction. Our interpretation of these results
is that nitrobenzene bioreduction (R1) and hematite biore-
duction (R2) became competitive processes under electron
donor-limiting conditions. So while reducing equivalents
were transferred/diverted to hematite, all of those electrons
were not ultimately transferred to nitrobenzene (R4).

Abiotic Reduction of Nitrobenzene by Fe(II)-Hematite.
In experiments conducted with pasteurized cell-hematite-
biogenic-Fe(II) suspensions, nitrobenzene was reduced to
aniline in stoichiometric agreement with total Fe(II) con-
sumption (Figure 4c). Both aqueous and solid-associated
Fe(II) were consumed in this reaction (Figure 4b). The abiotic
reduction kinetics of nitrobenzene (R4) displayed biphasic
behavior where a brief period (0-1 h) of relatively fast
reduction (kred ) 0.14 h-1) was followed by a longer period
(1-12 h) of slow reduction (kred ) 0.035 h-1) (Figure 4a).

We believe these results are consistent with an evolving
conceptual model for heterogeneous oxidation of Fe(II) at the
surface of Fe(III) oxides (20, 21, 23-25). The solid-associated
form of Fe(II) is presumably the most reactive species (thus
kinetically favored) yet aqueous Fe(II) is required for contami-
nant reduction to occur (21, 23). Furthermore, because hematite
is a semiconductive solid, electrons accepted by surface-
associated Fe(II) at one location could be transferred through
the bulk crystal to another location (24). Therefore, it is
possible that the dynamics between aqueous, sorbed, and
structural Fe(II), and the corresponding current flow through
the bulk crystal, may account for the biphasic behavior of
nitrobenzene reduction observed in our experiments.

Based on these experiments, the zero-order rate of electron
transfer from hematite-Fe(II) to nitrobenzene (R4) was 8.50
µeq L-1 h-1 (Table 2), higher than the CN32-mediated rate
of electron transfer to hematite (R2; 6.9 µeq L-1 h-1). The rate
of hematite bioreduction has been shown to be proportional
to the oxide concentration (26, 27), such that the rate of R2

should have increased when the hematite concentration was
increased from 0.2 to 2.0 g L-1. This did indeed occur in our
experiments (Figure 3b). From these results we conclude
that the rate of hematite bioreduction was the rate-limiting
step in the indirect Fe(II)-mediated reduction of nitrobenzene
(R2 + R4). However, we still believe that direct bioreduction
of nitrobenzene (R1) was the predominant removal mech-
anism in this experimental system.

Bioreduction of Nitrobenzene, NOM, and Hematite. The
combined effects of NOM and hematite also increased
the reduction kinetics of nitrobenzene (Figure 5a). Using the
same nitrobenzene, H2, and cell concentrations, kred increased
from 0.085 h-1 (no NOM, no Fe2O3) to 0.58 h-1 (100 mg L-1

SHA, no Fe2O3) to 0.13 h-1 (no NOM, 2.0 g L-1 Fe2O3) to 0.53
h-1 (100 mg L-1 SHA, 2.0 g L-1 Fe2O3). With GNOM, kred increased
to 0.16 h-1 (100 mg L-1 GNOM, no Fe2O3) and to 0.23 h-1 (100
mg L-1 GNOM, 2.0 g L-1 Fe2O3). These results demonstrate, not
surprisingly, that different NOMs behave differently in these
multicomponent experimental systems.

An overarching goal of this research was to better
understand electron flow that leads to contaminant reduction
in systems containing NACs, DMRB, Fe(III) solids, and NOM.

The challenge then was to rank the importance of the four
parallel reaction paths envisioned that lead to nitrobenzene
reduction (a-d in Figure 1). We propose that NOM-mediated
reduction of nitrobenzene (R3 + R5) was the most important
mechanism in our experimental system. First, based on the
competitive utilization of available electron acceptors, we
found that CN32 reduced SHA faster (122 µeq L-1 h-1) than
nitrobenzene (52.9 µeq L-1 h-1) or hematite (6.9 µeq L-1 h-1).

FIGURE 4. Abiotic reduction of nitrobenzene by pasteurized
cell-hematite-biogenic Fe(II) suspensions. Experiments were
conducted with 13.4 µM nitrobenzene and 0.18 mM 0.5 N
HCl-extractable Fe(II) produced from 2.0 g L-1 Fe2O3 and 1.0 ×
108 cells mL-1 S. putrefaciens CN32 in 10 mM PIPES, pH 6.8. (a)
Nitrobenzene and aniline concentrations as a function of
reaction time. Nitrobenzene concentrations manipulated (open
stars) to calculate pseudo-first-order reduction rate. (b) 0.5 N
HCl-extractable Fe(II) (open symbols) and aqueous Fe(II) (solid
symbols) concentrations as a function of reaction time. Control
contained no nitrobenzene. (c) Concomitant production of
aniline and consumption of Fe(II) demonstrating stoichiometric
relationship. The aniline concentration is multiplied by six
because six electrons are transferred in the reduction of
nitrobenzene to aniline.
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This claim is consistent with Jiang and Kappler (14) who
reported that G. sulfurreducens reduced IHSS humic sub-
stances at least 27 times faster than it reduced ferrihydrite.
Bioreduced NOM could then transfer electrons to nitroben-
zene (R5) or to hematite (R6) and be reoxidized to continue
its catalytic function. Based on the rate and extent of hematite
bioreduction measured with 0 (Figure 3b) or 100 mg L-1

GNOM (Figure 5b), Fe(II) production was not significantly
enhanced (P < 0.01), yet the rate of nitrobenzene reduction
significantly increased (P < 0.01) from 0.085 to 0.23 h-1. Our
interpretation of this result is that electrons from reduced
GNOM were preferentially transferred to nitrobenzene versus
hematite, such that the coupled reaction path of R3 + R5 was
faster than the coupled reaction path of R3 + R6 + R4 (Figure
1). A contributing factor to this could be that NOM inhibited
hematite-Fe(II) reduction of nitrobenzene (R4) as observed
in studies on abiotic reactions between nitro-compounds,
Fe(II), Fe(III) solids, and NOM (15, 16).

Another line of evidence supporting the importance of
NOM-mediated reduction of nitrobenzene can be inferred
from the results obtained with SHA. With 100 mg L-1 SHA,
the addition of hematite decreased the rate of nitrobenzene
reduction from 0.58 h-1 (Figure 2asno hematite) to 0.53 h-1

(Figure 5as2.0 g L-1 hematite). This decrease in the rate of
nitrobenzene reduction occurred even in the presence of
the highest Fe(II) concentrations measured in these experi-
ments (Figure 5b). Our interpretation of these data is that

while reduced SHA effectively transferred electrons to
hematite, hematite-Fe(II) displayed limited reactivity toward
nitrobenzene in the presence of SHA. Our conclusion that
NOM-mediated reduction of nitrobenzene was the pre-
dominant mechanism agrees and contrasts with related
studies. Hofstetter et al. (7) concluded that TNT reduction
by solid-associated Fe(II) was more important than by
reduced quinones, while Zhang and Weber (9) concluded
that CNAAzB reduction occurred through a solution phase
pathway via reduced NOM, and Kwon and Finneran (3)
concluded that RDX reduction occurred concurrently by both
solid-associated Fe(II) and reduced quinones. Differing
conclusions drawn from these studies highlight the difficulty
in generalizing contaminant behavior in increasingly complex
systems but also highlight the need for additional research
in this area.
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