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Enhanced microbial reduction of Cr(VI) and U(VI) by different natural organic
matter fractions
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Abstract—Although direct microbial reduction of Cr(VI) and U(VI) is known, few studies have examined the
kinetics and the underlying mechanisms of the reduction of these contaminants by different natural organic
matter (NOM) fractions in the presence or absence of microorganisms. In this study, NOM was found to
chemically reduce Cr(VI) at pH 3, but the reduction rates were negligible at pH �7. The abiotic reduction of
U(VI) by NOM was not observed, possibly because of the presence of small amounts of nitrate in the reactant
solution. However, all NOM fractions, particularly the soil humic acid (HA), enhanced the bioreduction of
Cr(VI) or U(VI) in the presence of Shewanella putrefaciens CN32. The reduction rates varied greatly among
NOM fractions with different chemical and structural properties: the polyphenolic-rich NOM-PP fraction
appeared to be the most reactive in abiotically reducing Cr(VI) at a low pH, but soil HA was more effective
in mediating the microbial reduction of Cr(VI) and U(VI) under anaerobic, circumneutral pH conditions.
These observations are attributed to an increased solubility and conformational changes of the soil HA with
pH and, more importantly, its relatively high contents of polycondensed and conjugated aromatic organic
moieties. An important implication of this study is that, depending on chemical and structural properties,
different NOM components may play different roles in enhancing the bioreduction of Cr(VI) and U(VI) by
microorganisms. Polycondensed aromatic humic materials may be particularly useful in mediating the
bioreduction and rapid immobilization of these contaminant metals in soil. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION

Natural organic matter (NOM), or humic substances, are
known to be redox reactive and therefore capable of reducing
redox-sensitive metals such as Fe(III), Cr(VI), Mn(IV), V(V),
and Hg(II) (Szilagyi, 1971; Alberts et al., 1974; Sunda and
Kieber, 1994; Wittbrodt and Palmer, 1995; Lu et al., 1998;
Nakayasu et al., 1999). More recently, NOM was also found to
greatly enhance the reduction of Fe(III) metals or metal oxides
by a variety of microorganisms (Lovley, 1996; Benz et al.,
1998; Coates et al., 1998; Fredrickson et al., 1998; Lovley et
al., 1998; Royer et al., 2002b; Chen et al., 2003a). Lovley
(1996) postulated that humic substances were likely acting as
electron mediators or shuttles between microorganisms and
Fe(III) or Fe(III)-oxide minerals. They found that certain an-
aerobic microorganisms could reduce NOM (as an electron
acceptor), which then donates electrons to reduce Fe(III) or
Fe(III)-containing minerals to release soluble Fe2�. Iron-reduc-
ing microorganisms such as S. putrefaciens, G. metalliredu-
cens, S. alga, and a variety of fermenting bacteria have all been
shown to use humic substances as terminal electron acceptors.
By incubating NOM with S. putrefaciens, the equivalent
Fe(III)-reducing capacity of NOM was reported to range from
0.1 to 0.6 mol/kg (Royer et al., 2002a; Chen et al., 2003a).

An important implication of these studies is the effect of
NOM on the potential transport of the metals by either increas-
ing or decreasing their redox states and solubility and thereby
causing their mobilization or immobilization in the subsurface
soil (Truex et al., 1997; Lovley et al., 1998; Fredrickson et al.,
2000; Wildung et al., 2000). For example, under oxic condi-

tions, chromium and uranium are commonly present as CrO4
2�

and UO2(CO3)2
2� oxyanions (with CO2 or carbonates) in the

environment. These oxidized forms of Cr(VI) and U(VI) are
soluble and highly mobile in groundwater because they are
poorly sorbed by soil minerals carrying a negative surface
charge. On the other hand, the reduced forms of Cr(III) and
U(IV) are only sparingly soluble and are strongly sorbed by soil
sediments (Puls et al., 1999; Gu et al., 2002). Therefore, of
particular interest is the possibility that NOM-mediated reduc-
tion of Cr(VI) and U(VI) may lead to more rapid immobiliza-
tion of these metals in soil and thus the remediation of a
contaminated site. Because of the much smaller size of humic
molecules as compared to the size of bacteria, humic sub-
stances could allow access to locations from which bacteria are
excluded due to size or nutrient limitations and therefore trans-
fer the microbial reducing power to contaminants at such
isolated locations.

While many studies to date have focused on direct microbial
reduction of Cr(VI) and U(VI) (Lovley et al., 1991; Shen et al.,
1996; Chen and Hao, 1998; Abdelouas et al., 2000; Fredrickson
et al., 2000), few studies have examined the effect of NOM on
the enhanced microbial reduction of Cr(VI) or U(VI), as has
been observed for the reduction of Fe(III) or Fe(III)-oxide
minerals (Lovley, 1996; Royer et al., 2002b; Chen et al.,
2003a). In particular, because of the complexity of NOM, the
reaction mechanisms and functional groups that participate in
metal reduction or electron-transfer reactions are largely un-
known. Recent studies have pointed out that the behavior of
heterogeneous bulk NOM is not representative of the functional
roles of NOM subfractions, which may vary greatly in chemical
and structural properties and thus in the reactivities in the
natural environment (Gu et al., 1995; Chen et al., 2002). Our
main objective in this study was to determine the reaction
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kinetics and effectiveness of various NOM components in the
chemical and microbial reduction of Cr(VI) and U(VI) under
varying experimental conditions. We used three NOM fractions
with significant differences in molecular size, aromaticity, and
other structural features for the reduction experiments. These
studies allowed us to link the structural and functional proper-
ties and the underlying reaction mechanisms of NOM with
these contaminant metals in the presence or absence of a
specific strain of bacteria, S. putrefaciens CN32.

2. EXPERIMENTAL

2.1. Natural Organic Matter Fractions

The NOM samples used in this study include two subfractions
(NOM-PP and NOM-CH) of a total aquatic NOM (hereinafter referred
to as GT-NOM) obtained from a wetland pond and a soil humic acid
(soil HA) obtained from the International Humic Substances Society
(Gu et al., 1995; Chen et al., 2002). The reference soil HA has been
studied extensively and was used to represent a high-molecular-weight
NOM fraction that is rich in high-molecular-weight, polycondensed
aromatic moieties (Senesi et al., 1991; Pullin and Cabaniss, 1995; Chen
et al., 2002). The method of fractionation and purification of NOM-PP
and NOM-CH has been described in detail elsewhere (Lowe, 1975;
Chen et al., 2002). Briefly, this method fractionates the bulk NOM on
the basis of its adsorptive behavior on a cross-linked polyvinyl pyrro-
lidone (PVP) polymer, where components rich in aromatic C�C moi-
eties preferentially adsorb on PVP under acidic conditions, while
organic components not adsorbed by PVP are comprised primarily of
low-molecular-weight carbohydrates, proteins, amino acids, and uronic
acids. Such a fractionation process selectively separates one group of
organic compounds from the other and thus provides NOM subfrac-
tions with better-defined physical and chemical properties than the bulk
NOM. After fractionation, both of the NOM fractions were purified to
remove inorganic ions and were freeze-dried before use. The NOM-PP
and NOM-CH were found to consist of �70% and �20%, respectively,
of the bulk NOM. Detailed chemical and spectroscopic characterization
of these NOM fractions was given previously (Chen et al., 2002, 2003a,
2003b).

2.2. Reduction of Cr(VI) and U(VI) by NOM

To evaluate the effect of NOM on the chemical reduction of Cr(VI)
and U(VI), a series of batch kinetic experiments were performed under
anaerobic conditions. For the reduction of Cr(VI), the reaction was
initiated by mixing stock solutions of different NOM fractions with
Cr(VI) (as K2CrO4) in an anaerobic chamber. Stock NOM solutions
were prepared by dissolving the freeze-dried NOM fractions in purified
Milli-Q water; their total organic carbon (TOC) concentrations were
determined by means of a Shimadzu 5000A-TOC analyzer (Shimadzu
Co, Japan). Both NOM and Cr(VI) stock solutions were first purged
with high-purity N2 (�99.99%) to remove dissolved oxygen and were
left in an anaerobic chamber (97.5% N2 and 2.5% H2) for 2–3 d before
the initiation of reactions. The pH of samples was adjusted to 3 with
dilute HCl, and the final volume was made up to 20 mL in glass vials.
The final concentrations of reactants were 0.2 mM Cr(VI) and 100 mg
C/L of NOM, respectively. Samples were then agitated on a rotary
shaker in the anaerobic chamber, and at specified time intervals, an
aliquot of the sample was taken and analyzed immediately for the
remaining oxidized form of Cr(VI). The Cr(VI) concentration was
measured by a colorimetric method with diphenylcarbazide (DPC) by
mixing a 0.5-mL sample with 0.1 mL of a DPC reagent (0.1% in
acetone), then adding 2 mL of 0.05 M H2SO4 (Wittbrodt and Palmer,
1995, 1996). Ten min after the addition of DPC, the absorbance at 540
nm was measured by means of a Hewlett-Packard 8453 spectropho-
tometer (Hewlett-Packard, Wilmington, DE). Control samples without
added NOM were also prepared and included in each batch of samples.
In addition, NOM samples without addition of Cr(VI) were analyzed
for background corrections.

For the reduction of U(VI), similar experiments were performed by
mixing stock solutions of different NOM fractions with U(VI) [as

UO2(NO3)2] in 25-mL pressure tubes. The stock solutions of NOM
fractions also were purged with N2 and equilibrated in a glove box
before addition of the stock U(VI) solution. The final concentrations of
U(VI) and NOM were kept at 100 mg/L (or 0.42 mM UO2

2�) and 100
mg C/L respectively for the kinetic experiment, and the volume was
made up to 20 mL. At specified time intervals, an aliquot of a 0.1-mL
sample was collected with a syringe, and the U(VI) concentration was
measured by the steady-state phosphorescence technique, which is
specific for the detection of hexavalent U(VI) because the reduced
U(IV) species do not give fluorescence (Kaminski et al., 1981; Brina
and Miller, 1992; Gu et al., 2002). In brief, the method involves the
addition of 0.1 mL of sample solution into 3 mL of deoxygenated
phosphoric acid (10%) in a quartz vial. Phosphoric acid is used to
complex U(VI) and to enhance its phosphorescence for sensitive de-
tection. The measured fluorescence intensity is directly proportional to
the amount of U(VI) in solution, and the detection limit is better than
0.1 mg U(VI)/L. All measurements were performed with a Fluorolog-3
fluorescence spectrometer equipped with both excitation and emission
monochromators (Johin-Yvon-SPEX instruments, New Jersey). A
450-W Xenon arc lamp was used as the excitation source, and the
emission spectra were collected from 482 to 555 nm with an excitation
wavelength of 280 nm. The peak emission at 515.4 nm was used for the
calculation of U(VI) phosphorescence intensity or U(VI) concentration
in solution.

2.3. Microbial Reduction of Cr(VI) and U(VI)

The effects of different NOM fractions on the microbial reduction of
Cr(VI) and U(VI) were studied in the presence of S. putrefaciens strain
CN32. This bacterial strain was selected because of its its capability of
using humic substances as either electron acceptors or donors (Royer et
al., 2002a; 2002b; Chen et al., 2003a). S. putrefaciens CN32 cells were
initially provided by Dr. D. Boone at Portland State University from his
Subsurface Microbial Culture Collection, Western Branch, and were
routinely cultured aerobically in trypticase soy broth without dextrose
at ambient temperature (�22°C). The stock cultures were maintained
by freezing in 40% glycerol at �70°C in our laboratory.

Bacterial cells used for the inoculation were harvested from a 16-h
culture suspension by centrifugation at 4000 rcf for 20 min at 4°C. The
cells were washed three times in a 50 mM 1,4-piperazinediethanesul-
fonic acid (PIPES) medium at pH 6.8 supplemented with 30 �M
phosphate. The final wash was made with the same PIPES-phosphate
buffer solution, except that the medium was purged with 97.5% N2 and
2.5% H2 to remove dissolved O2 and kept under anaerobic conditions
in a glove box. The cells were resuspended in the buffer solution and
transferred to vials for their reactions with NOM and Cr(VI) in the
anaerobic chamber. The cell density was estimated by the absorbance
at 420 nm, and the cell numbers were calibrated by direct counting
using 4�,6-diamidino-2-phenylindole staining and epifluorescence mi-
croscopy (Chen et al., 2003a).

The microbial reduction of Cr(VI) in the presence of NOM was then
performed in acid-washed glass vials containing the PIPES buffer
solution. A “nongrowth” condition (Royer et al., 2002b) or a near-
constant cell concentration was maintained during the reaction by
excluding assimilable-nitrogen sources using H2 as the sole electron
donor and Cr(VI) as the electron acceptor. Such experimental condi-
tions allowed us to evaluate the effects of different NOM fractions as
electron mediators on the reduction of Cr(VI). Washed bacterial cells
were added to the reactor to obtain a final concentration of 107 cells/
mL, as estimated by the relationship between the absorbance at 420 nm
and direct counts of washed cell suspensions of the culture. The initial
added NOM concentration ranged from 0 to 200 mg C/L for each NOM
fraction, and the Cr(VI) concentration (as K2CrO4) was 0.2 mM.
Samples were shaken gently in an anaerobic chamber at room temper-
ature. At preselected time intervals during the reaction, a 0.5-mL
aliquot of sample was taken and analyzed for remaining Cr(VI) by the
DPC method as described earlier. Controls consisting of identical
treatments either without microbial cells or without NOM fractions
were evaluated along with samples. All experiments were carried out in
triplicate.

Similar experiments were performed for the microbial reduction of
U(VI). However, preliminary experiments indicated that the bioreduc-
tion of U(VI) under similar conditions used for Cr(VI) was slow, and
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practically no U(VI) bioreduction occurred over a one-week period at
about neutral pH conditions. As a result, subsequent experiments were
performed in the presence of lactate to determine the roles of NOM in
bioreduction of U(VI). Samples were prepared in 25-mL glass pressure
tubes containing 1�108 cells/mL of CN32 and 0–200 mg C/L of NOM
or NOM fractions in 30 mM NaHCO3 buffer (pH 8.1) in an anaerobic
chamber (97.5% N2 and 2.5% H2). Sodium lactate was added to make
a final concentration of 10 mM and a final volume of 10 mL. Note that
NaHCO3 buffer and Na-lactate were used here to avoid the complex-
ation and/or precipitation of uranyl with phosphate and PIPES at
circumneutral pH conditions, and U(VI) is expected to present primar-
ily as UO2(CO3)2

2� complexes in solution (Fredrickson et al., 2000).
Each pressure tube was then closed with a butyl rubber stopper and
crimp-sealed with an aluminum cap. A 0.1-mL U(VI) stock solution [as
UO2(NO3)2 at 42 mM] was injected into each tube with a syringe,
resulting in an initial U(VI) concentration of about 0.42 mM. Duplicate
samples were prepared and equilibrated on a rotary shaker at room
temperature. At a given time interval, a subsample (0.1 mL) was taken
with a needle syringe and diluted 100 times with deoxygenated phos-
phoric acid (10%) before analysis. Samples were not filtered because
the reduced U(IV) species do not interfere with the phosphorescence
analysis of hexavalent U(VI), as described earlier. Control samples
consisting of identical treatments either without microbial cells or
without NOM fractions were also prepared along with samples.

3. RESULTS AND DISCUSSION

3.1. Effects of NOM on the Chemical Reduction of
Cr(VI) and U(VI)

The chemical reduction of Cr(VI) by various NOM fractions
was observed at a low pH (3) in the absence of microorganisms
(Fig. 1). The reaction was relatively slow as compared with the
reduction of Fe(III) by NOM (Chen et al., 2003a) and did not
reach equilibrium in a 2-week reaction period. Among the three
NOM fractions, NOM-PP appeared to be the most effective in
reducing Cr(VI), whereas soil HA was the least reactive at pH
3. Approximately 95% of the Cr(VI) was reduced by NOM-PP
in 2 weeks, an amount substantially greater than that for either
soil HA or the carbohydrate-rich NOM-CH fraction. The re-
maining Cr(VI) concentrations were 0.01, 0.04, and 0.11
mmol/L after treatment with NOM-PP, NOM-CH, and soil HA,
respectively.

An approximately linear relationship was observed between

the logarithmic concentrations of Cr(VI) in samples and the
reaction time (Fig. 2a). Results suggest that the reduction of
Cr(VI) by NOM may be described by a pseudofirst-order
reaction kinetics. A close examination of the data, however,
indicated that initial reduction of Cr(VI) did not exactly follow
either the first-order or the second-order reaction kinetics (with-
in the first 24 h, Fig. 2b inset). These results may suggest that
the initial rapid drop in Cr(VI) concentration was likely due to
the reactions of certain functional groups in NOM that are
much more reactive than the bulk of reaction sites in NOM.
This is not surprising considering the multifunctional and mul-
ticomponent nature of NOM or its subfractions (Chen et al.,
2003a). Indeed, the primary purpose of this study was to
investigate the roles of various NOM subcomponents and their
structural properties in the reduction of redox-sensitive metals
such as Fe(III), Cr(VI), and U(VI), as will be discussed in the
following sections. Similar observations have been reported by
Wittbrodt and Palmer (1995, 1997), who found that the reduc-
tion of Cr(VI) by humic substances commonly displays a
nonlinear relation with time and could not be adequately mod-
eled with either the first- or the second-order rate equations.

Nevertheless, by assuming a pseudofirst-order reaction ki-
netics to compare the reduction of Cr(VI) with that of Fe(III),
we found rate constants (k1) of Cr(VI) reduction by three NOM
fractions in the order of NOM-PP (7.9�10�3 h�1) �
NOM-CH (4.4�10�3 h�1) � soil HA (1.5�10�3 h�1). These
findings are similar to the reduction of Fe(III) by the three
NOM fractions, among which NOM-PP was the most effective
in reducing ferric Fe(III) at low pH conditions (Table 1) (Chen
et al., 2003a). However, the reduction rate of Cr(VI) was nearly
an order of magnitude lower than that of Fe(III) despite the fact
that about ten times higher initial NOM concentration was used
in the reduction of Cr(VI) than in the reduction of Fe(III). The
first-order rate constants for the reduction of Fe(III) ranged
from 13�10�3 h�1 to 26�10�3 h�1 at pH 3.

These observations indicate that the reduction of these met-

Fig. 1. Effects of NOM fractions on Cr(VI) reduction under abiotic
conditions at pH 3. The initial NOM concentration was 100 mg C/L. Fig. 2. (a) Logarithmic plot of Cr(VI) concentration against reaction

time by three NOM fractions under abiotic conditions as shown in
Figure 1 (pH 3). The inset (b) shows the reduction kinetics within the
first 24 h. The initial NOM concentration was 100 mg C/L, and Cr(VI)
concentration was 0.2 mM.

3577Humics enhanced bioreduction of Cr(VI) and U(VI)



als depends not only on different NOM components but also on
the metals themselves. The reported redox potential of humic
materials varied widely, from �0.9 up to �0.8 V (Visser,
1964; Helburn and MacCarthy, 1994; Nakayasu et al., 1999;
Struyk and Sposito, 2001; Nurmi and Tratnyek, 2002), and
could not be directly used to assess their relative effectiveness
in reducing these metals. However, CrO4

2� is thermodynami-
cally the preferred electron acceptors as it is a stronger oxidant
than Fe(III). The standard redox potential of the Fe(III)/Fe(II)
couple is �0.771 V as compared with �1.35 V for the Cr(VI)/
Cr(III) couple under acidic pH conditions (Lide, 2000). Simi-
larly, Liu et al. (2002) recently found that, among various metal
ions studied, Cr(VI) consistently showed the slowest bioreduc-
tion rate although its calculated free energy changes were the
most favorable. It therefore appears that the reactions between
Cr(VI) and NOM fractions were kinetically limited and re-
quired a higher activation energy than that of Fe(III). Indeed,
the reduction of Cr(VI) only accelerates at extremely acidic pH
conditions (�3) and/or by heating the samples as is done in the
method commonly used for the determination of the maximum
quantity of reducing equivalent of NOM by the well-known
Walkley-Black method (Walkley and Black, 1934). At pH 3,
the anionic HCrO4

� and cationic Fe3� or FeOH2� are the
predominant ionic species in solution (Baes and Mesmer,
1976). Because both NOM and HCrO4

� are negatively
charged, an unfavorable electrostatic interaction may thus re-
sult in a high activation energy that is likely to slow down the
electron transfer reactions between NOM and HCrO4

�. On the
other hand, NOM is known to form strong complexes with
Fe3� or FeOH2�, and such complexation could have facilitated
the electron-transfer reactions and therefore the reduction of
Fe(III) by NOM.

Although the reactions of Cr(VI) with three NOM fractions
were also performed at about neutral pH conditions, no signif-
icant Cr(VI) reduction was observed over a 2-week reaction
period (data not shown). These observations are consistent with
previous studies showing that the reduction of Cr(VI) by NOM
is strongly pH-dependent and proceeds extremely slow at pH
�7 (Wittbrodt and Palmer, 1995; Nakayasu et al., 1999). These
observations may be attributed to both the kinetic and thermo-
dynamic factors because of the changes of Cr(VI) speciation in
solution (as CrO4

2�) at pH �7. More importantly perhaps, an
increased pH results in a significantly reduced redox potential
of the Cr(VI)/Cr(III) couple to �0.13 V at pH above neutral
[i.e., CrO4

2� 3 Cr(OH)3] (Lide, 2000). In other words,
CrO4

2� becomes a much weaker oxidant at pH 7 than at pH 3.
For U(VI), NOM was found to be ineffective in chemically

reducing U(VI) even with the NOM-PP fraction at pH 3 in a

three-week reaction period (data not shown). On the basis of
our studies with Cr(VI) and Fe(III) (Chen 2003a), we antici-
pated that NOM would be ineffective in reducing U(VI) as well
at about neutral pH conditions. Furthermore, because UO2

2�

may undergo hydrolysis and precipitation at pH �5.5 (Gu et
al., 2003), no additional abiotic experiments were performed
between U(VI) and NOM. However, as will be presented
below, the abiotic reduction of U(VI) was performed later in
the bicarbonate buffer solution at pH 8.1 and in the presence of
lactate as controls. Similarly, no significant reduction of U(VI)
was observed within the experimental error. In a study of the
redox behavior and complexation between hexavalent actinides
and a peat humic acid, Nash et al. (1981) also reported that no
reduction of U(VI) was observed in a 2-month reaction period
although the humic acid reduced Np(VI) and Pu(VI) to Np(V)
and Pu(IV). These studies appear to support our observations
that NOM has little or no effect in abiotic reduction of U(VI).
However, we may also argue that U(VI) reduction by NOM
could have been inhibited by the presence of NO3

� since
UO2(NO3)2 was used for the experiment. It is generally known
that microbial reduction of U(VI) does not occur until nitrate is
consumed as preferred electron acceptors (Abdelouas et al.,
1998). Although, to the best of our knowledge, no studies have
been reported to suggest a direct abiotic reduction of NO3

� by
NOM, nitrate may nevertheless result in reoxidation of the
reduced forms of U(IV) species. Further studies are obviously
needed in this respect.

3.2. Effects of NOM on Microbial Reduction of Cr(VI)
and U(VI)

Although the reduction of Cr(VI) by NOM has been studied
extensively, to our knowledge no studies have examined the
role of NOM in the microbial reduction of Cr(VI), particularly
in the presence of different NOM subfractions. Numerous
studies, however, have reported that humic substances could
greatly enhance the microbial reduction of Fe(III) or Fe(III)-
oxides by acting as electron shuttles (Lovley, 1996; Benz et al.,
1998; Coates et al., 1998; Fredrickson et al., 1998; Lovley et
al., 1998; Royer et al., 2002b). To evaluate the potential en-
hancement of Cr(VI) and U(VI) reduction by NOM, we exam-
ined the reduction of Cr(VI) and U(VI) after freshly grown
cells (S. putrefaciens CN32) were inoculated into the samples
containing various NOM fractions at circumneutral pH condi-
tions. As shown in Figure 3, microbial reduction of Cr(VI)
occurred rapidly (within several hours), a rate substantially
greater than rates observed in the absence of microorganisms
(Fig. 1) or in the absence of NOM (but with cells as a control).
The enhancement of Cr(VI) reduction was particularly evident
in the presence of soil HA; about 50% of Cr(VI) was reduced
in 28 h in the presence of S. putrefaciens CN32 as opposed to
less than 10% Cr(VI) reduction in the absence of these micro-
organisms (Fig. 1). However, the reduction rates of Cr(VI)
decreased over time and did not appear to follow either the
first-order or the second-order reaction kinetics, as noted ear-
lier.

The microbial reduction of U(VI) by NOM fractions was
found to be very slow under the same conditions as used for the
bioreduction of Cr(VI) with H2 as a sole electron donor, as
indicated earlier. Subsequent experiments were performed in

Table 1. Effects of different NOM fractions on the abiotic reduction
kinetics of Cr(VI) and Fe(III) at pH 3.

Rate constant, k1 (h�1)

Cr(VI) Fe(III)a

Soil HA 1.5 � 10�3 2.6 � 10�2

NOM-PP 7.9 � 10�3 4.3 � 10�2

NOM-CH 4.4 � 10�3 1.3 � 10�2

a From Chen et al. (2003a) for comparison.
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the presence of lactate and with an increased cell concentration;
an increased rate of U(VI) bioreduction was therefore observed
by the three NOM fractions (Fig. 4a). The reduction was the
most effective in the presence of soil HA and least effective in
the presence of the NOM-CH fraction. About 82, 67, and 22%
of added U(VI) were reduced in a 24-h period in the presence
of soil HA, NOM-PP, and NOM-CH, respectively.

To evaluate if U(VI) was truly reduced to U(IV) species,
selected samples were analyzed for U(VI) concentrations by
the phosphorescence before and after filtration using 0.2-�m

syringe filters. As discussed earlier, this analytical method is
specific for hexavalent U(VI). If U(VI) is present in solution as
sorbed or colloidal species (�0.2 �m), the unfiltered samples
should give higher fluorescence signals [or higher U(VI) con-
centrations] than those of filtered samples under the same
experimental conditions. Results between filtered and unfil-
tered samples generally agreed well, within a 	5% error. It is
further pointed out that a decreased U(VI) concentration was
not attributed to its sorption onto bacterial cells because, in the
bicarbonate buffer solution, negatively charged UO2(CO3)2

2�

was expected to be the dominant species. This conclusion was
independently evaluated by analysis of U(VI) concentrations
before and after removing bacterial cells by either the filtration
or centrifugation techniques.

It is of interest to note that no significant reduction of U(VI)
occurred until �8 h of incubation (Fig. 4a). This observation
may be partially attributed to the time required for microbes to
degrade residual NO3

� in solution and/or for the growth of
these microorganisms. As discussed earlier, the bioreduction of
U(VI) would be inhibited in the presence of NO3

� in solution
(Abdelouas et al., 1998). Therefore, if we ignore the first 8-h
lag time, an approximately linear correlation was found be-
tween the logarithmic concentration of U(VI) and the reaction
time (Fig. 4b, inset). The results suggest a pseudofirst-order
reduction kinetics of U(VI) by S. putrefaciens CN32 under
anaerobic conditions. The estimated rate constants were about
0.1, 0.06, and 0.02 h�1 for the microbial reduction of U(VI) in
the presence of soil HA, NOM-PP, and NOM-CH, respectively
(Table 1). Although these reduction rates appeared to be higher
than those observed for the abiotic reduction of Cr(VI) and
Fe(III), they could not be directly compared because a much
more favorable reducing condition was used for the reduction
of U(VI) (i.e., in the presence of lactate and 108 cells/mL). In
fact, the microbial reduction of Fe(III) was much greater than
that of U(VI) even though H2 was used as a sole electron donor
in the Fe(III) bioreduction experiments (Chen et al., 2003a).

These observations indicate that the reduction rates are metal
specific both under abiotic and microbial reducing conditions in
the presence of various NOM fractions. Similarly, in a study of
the bioreduction kinetics of Fe(III), Co(III), U(VI), Cr(VI), and
Tc(VII), Liu et al. (2002) observed the following rate trend:
Fe(III) � Co(III) �� U(VI) � Cr(VI) � Tc(VII). Our results
(Chen et al., 2003a and this study) appear in general agreement
with these observations, except for the reduction of U(VI). Liu
et al. (2002) reported a much higher bioreduction rate (�0.58
h�1) for U(VI) in the presence of S. putrefaciens CN32 and
lactate but without NOM. However, it should be noted that
about twice as much of microbial cell concentrations were used
in their studies, and we also realize that the presence of small
amounts of NO3

� in our reactant solution could have been
responsible for a slow reduction rate of U(VI) observed in this
study. In addition, a relatively high pH condition (8.1) was used
in the present study as compared with the conditions (pH �6.8)
used by Liu et al. (2002).

The bioreduction of Cr(VI) and U(VI) in the presence of S.
putrefaciens CN32 was also found to depend on NOM concen-
trations in the reactant solution (Fig. 5a,b). With an increase in
NOM concentration, the microbial reduction of Cr(VI) and
U(VI) greatly increased. Among the three NOM fractions, soil
HA was again the most effective in mediating the bioreduction

Fig. 3. Effects of NOM fractions on Cr(VI) bioreduction by a
bacteria strain of S. putrefaciens CN32 in a PIPES buffer solution (pH
6.8). The initial NOM concentration was 100 mg C/L, and the micro-
bial cell concentration was �107 mL�1.

Fig. 4. (a) Effects of NOM fractions on the bioreduction of U(VI) in
the presence of S. putrefaciens CN32 and Na-lactate in 30 mM bicar-
bonate buffer solution (pH 8.1). Open symbols (and dashed lines)
represent those controls without addition of microbial cells but with
three NOM fractions, and the filled squares are for inoculated no-NOM
controls. The inset (b) shows the logarithmic plot of the U(VI) reduc-
tion within the first 2 h (after subtracting 8 h of the lag time). The initial
NOM concentration was 100 mg C/L, and the microbial cell concen-
tration was �108 mL�1.
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of these two metal species. About 30 and 65% of Cr(VI) were
reduced in the presence of 50 and 200 mg C/L soil HA in �43
h; but only about 20 and 40–47% of Cr(VI) were reduced in
the presence of NOM-CH or NOM-PP at the same concentra-
tions and the same experimental conditions. The bioreduction
of U(VI) in the presence of lactate increased from �17% to
more than 80% when the soil HA concentration increased from
50 to 100 mg C/L. Further increases in the concentration of soil
HA had less effect, probably because of limited amounts of
U(VI) added in the initial solution (Fig. 4b).

3.3. NOM Roles and Structural Properties in the
Reduction Processes

Data presented in this study suggest different NOM subcom-
ponents play different roles in the reduction of contaminant
metals. Both NOM-PP and NOM-CH were found to be more
effective than soil HA in chemically reducing Cr(VI) at a low
pH (Figs. 1–2). However, soil HA was found to be much more
effective than NOM-PP and NOM-CH in reducing Cr(VI) or
U(VI) in the presence of microorganisms (Figs. 3–5). These
observations could be attributed to the different structural and
functional properties of NOM samples as a result of the frac-
tionation process. Similar observations have been reported pre-

viously in studies of the effect of NOM in chemical and
microbial reduction of Fe(III) (Chen et al., 2003a). In the
absence of microorganisms, the three NOM fractions exhibited
significantly different reduction rates for Fe(III); NOM-PP was
the most effective. However, the bioreduction rates of Fe(III)
by S. putrefaciens CN32 were about an order of magnitude
higher in the presence of soil HA than in the presence of
NOM-PP or NOM-CH.

Under abiotic conditions, the fact that soil HA appeared to be
less reactive with Cr(VI) than NOM-PP or NOM-CH at a low
pH may be partially attributed to its lower solubility and
conformational changes at low pHs. Unlike NOM-PP or
NOM-CH (both of which are soluble in acid), soil HA macro-
molecules may become coiled or aggregated, with fewer reac-
tive sites, at pH below 3 and thus were ineffective in reducing
Cr(VI). Quinone, hydroquinone, phenolic, and ketonic func-
tional groups in NOM have been postulated to be responsible
for the reduction of redox-sensitive metals such as Fe(III)
(Chen et al., 2003a). Our investigations of structural and func-
tional groups in NOM through 13C-nuclear magnetic reso-
nance, infrared, and UV-visible spectroscopy revealed that the
contents of phenolic functional groups in the three NOM frac-
tions decrease in the order NOM-PP � soil HA � NOM-CH
(Chen et al., 2002). However, the contents of aromatic func-
tional groups and the UV molar absorptivity decrease in the
order soil HA � NOM-PP � NOM-CH, which also holds true
for a summation of total amounts of aromatic and phenolic
functional groups. Scott et al. (1998) considered that quinone
moieties as major components in NOM directly responsible for
electron transfer reactions through the stable free radical inter-
mediates detected by electron-spin resonance (ESR) spectros-
copy. However, Struyk and Sposito (2001) questioned qui-
nones being the exclusive agents of electron transfer because
their theoretical calculations indicate that the measured free
radical concentrations may account for only a small fraction of
the electrons that could be transferred from NOM to reduce
Fe(III). The normalized ESR spin counts of the three NOM
fractions used in this study are in the order NOM-PP (2.6�1018

spins/g C) � soil HA (2.4�1018 spins/g C) �� NOM-CH (not
detected) (Chen et al., 2002). This order seems consistent with
the observed effectiveness of NOM-PP in reducing Cr(VI) at a
low pH. However, it failed to explain the ineffectiveness of soil
HA in reducing Cr(VI) for reasons noted above.

Previous studies also have indicated that low-molecular-
weight fulvic acids are more effective than high-molecular-
weight humic acids in chemically reducing Cr(VI) (Wittbrodt
and Palmer, 1995, 1997; Nakayasu et al., 1999). Nakayasu et
al. (1999) suggested that this may be related to the redox
potential of these organic materials; those low-molecular-
weight organic compounds have a low oxidation potential and
are thus more readily oxidized by Cr(VI) than high-molecular-
weight humic acids. Ironically, Cr(VI) is a strong oxidant at
low pH conditions, and it could also cause the breakdown of
some organic compounds (Nelson and Sommers, 1982), par-
ticularly the NOM-CH fraction, which is enriched with low-
molecular-weight organic materials such as carbohydrates,
uronic acids, and other compounds (Lowe, 1975; Chen et al.,
2002). This may offer a partial explanation on the effectiveness
of NOM-CH in chemically reducing Cr(VI) (Fig. 1), although
this fraction was depleted of aromatic or phenolic organic

Fig. 5. Effects of added NOM concentration on the bioreduction of
(a) Cr(VI) at pH 6.8 (PIPES buffer) and (b) U(VI) at pH 8.1 (NaHCO3

buffer) in the presence of S. putrefaciens CN32. Sodium lactate was
added in the bioreduction of U(VI). The initial Cr(VI) and U(VI)
concentrations were 0.2 and 0.42 mM respectively.
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compounds. Similarly, Sunda and Kieber (1994) reported the
breakdown of humic substances by chemical oxidation with
Mn(IV), which yielded low-molecular-weight organic sub-
strates.

A most striking observation of this study was that soil HA
became the most effective in reducing Cr(VI) and U(VI) in the
presence of microorganisms at circumneutral pH conditions
(Figs. 3–5). The effectiveness of soil HA may be partially
explained by the fact that, with an increase in solution pH, soil
HA became more reactive with Cr(VI) or U(VI) because of its
increased solubility and conformational changes as mentioned
earlier. Under these conditions, soil HA acts more favorably
than NOM-PP or NOM-CH as electron shuttles, and the result
may be correlated to its relatively high molecular sizes and
polycondensed and conjugated aromatic components, as re-
ported previously (Chen et al., 2003a). In comparison with
NOM-PP, these conjugated and polycondensed aromatic or-
ganic moieties may be among the most important components
responsible for Cr(VI) or U(VI) reduction at circumneutral pH
conditions (Chen et al., 2003b). This argument is supported by
the fact that soil HA gives intense fluorescence at high wave-
lengths (or a red shift at �460 nm), suggesting its relatively
high content of polycondensed and conjugated aromatic struc-
tural features (Miano et al., 1988; Senesi, 1990; Chen et al.,
2003b). On the other hand, the NOM-PP fraction contains
relatively low-molecular-weight organic components and thus
low proportions of conjugated aromatic compounds as com-
pared with soil HA. Even though it is also enriched with
aromatic and phenolic contents, NOM-PP did not perform as
well as soil HA in mediating the bioreduction of Cr(VI) or
U(VI). Similar observations were reported for the microbial
reduction of Fe(III) in the presence of S. putrefaciens CN32
(Chen et al., 2003a). Additionally, Scott et al. (1998) observed
that humic substances of aquatic origin generally show lower
Fe(III)-bioreduction capacity than humic acids obtained from
sediments or soils. Those humic materials isolated from soils or
sediments presumably contain higher molecular weight organic
compounds than those from the aquatic environment.

4. CONCLUSIONS

Different NOM subcomponents are capable of chemically
reducing Cr(VI) at a low pH (3), but the reaction rates decrease
dramatically at about neutral pH conditions. Although thermo-
dynamically more favorable, the abiotic reduction of Cr(VI)
was found to be much slower than that of Fe(III) at both low
and high pH conditions due to the kinetic and thermodynamic
factors. The abiotic reduction of U(VI) by NOM was not
observed, possibly because of the presence of small amounts of
nitrate in the reactant solution. However, all NOM fractions
enhanced the bioreduction of Cr(VI) or U(VI) in the presence
of S. putrefaciens CN32, and the reduction rates also varied
greatly among NOM fractions with different chemical and
structural properties. Although NOM-PP appeared to be the
most reactive in abiotic reduction of Cr(VI) at low pH, soil HA
acted much more effectively in mediating the bioreduction of
Cr(VI) and U(VI) at circumneutral or slightly alkaline pH
conditions. These observations were attributed to an increased
solubility and conformational changes of soil HA with pH and,
more importantly perhaps, the relatively high proportion of

polycondensed and conjugated aromatic moieties in the humic
acid structure.

Acknowledgments—We thank Drs. Y. Roh and J. Zhou for their help
during the course of microbial experiments. Funding for this research
was provided by the Natural and Accelerated Bioremediation Research
(NABIR) Program, Office of Biologic and Environmental Research,
U.S. Department of Energy (DOE), under contract DE-AC05–
00OR22725 with Oak Ridge National Laboratory, which is managed
by UT-Battelle LLC.

Associate editor: D. Sparks

REFERENCES

Abdelouas A., Lu Y., Lutze W., and Nuttall H. E. (1998) Reduction of
U(VI) to U(IV) by indigenous bacteria in contaminated groundwater.
J. Contam. Hydr. 35, 217–233.

Abdelouas A., Lutze W., Gong W. L., Nuttall E. H., Strietelmeier
B. A., and Travis B. J. (2000) Biological reduction of uranium in
groundwater and subsurface soil. Sci. Total Env. 250, 25–31.

Alberts J. J., Schindler J. E., and Miller R. W. (1974) Elemental
mercury evolution mediated by humic acid. Science 184, 895–896.

Baes C. F.and Mesmer R. E. (1976) The hydrolysis of cations. John
Wiley & Sons.

Benz M., Schink B., and Brune A. (1998) Humic acid reduction by
Propionibacterium freudenreichii and other fermenting bacteria.
Appl. Env. Microbiol. 64, 4507–4512.

Brina R. and Miller A. G. (1992) Direct detection of trace levels of
uranium by laser-induced kinetics phosphorimetry. Anal. Chem. 64,
1413–1418.

Chen J., Gu B., LeBoeuf E. J., Pan H., and Dai S. (2002) Spectroscopic
characterization of the structural and functional properties of natural
organic matter fractions. Chemosphere. 48, 59–68.

Chen J., Gu B., Royer R. A., and Burgos W. D. (2003a) The roles of
natural organic matter fractions in chemical and microbial reduction
of ferric iron. Sci. Total Environ. 307, 167–178.

Chen J., LeBoeuf E. J., Dai S., and Gu B. (2003b) Fluorescence
spectroscopic studies of natural organic matter fractions. Chemo-
sphere 50, 639–647.

Chen J. M. and Hao O. J. (1998) Microbial chromium(VI) reduction.
Critical Rev. Environ. Sci. Technol. 28(3), 219–251.

Coates J. D., Ellis D. J., Blunt-Harris E. L., Gaw C. V., Roden E. E.,
and Lovley D. R. (1998) Recovery of humic-reducing bacteria from
a diversity of environments. Appl. Environ. Microbiol. 64(4), 1504–
1509.

Fredrickson J. K., Zachara J. M., Kennedy D. W., Dong H., Onstott
T. C., Hinman N. W., and Li S. M. (1998) Biogenic iron mineral-
ization accompanying the dissimilatory reduction of hydrous ferric
oxide by a groundwater bacterium. Geochim. Cosmochim. Acta 62,
3239–3257.

Fredrickson J. K., Zachara J. M., Kennedy D. W., Duff M. C., Gorby
Y. A., Li S. M., and Krupka K. M. (2000) Reduction of U(VI) in
goethite (a-FeOOH) suspensions by a dissimilatory metal-reducing
bacterium. Geochim. Cosmochim. Acta 64(18), 3085–3098.

Gu B., Brooks S. C., and Jardine P. M. (2003) Geochemical reactions
and dynamics during titration of a contaminated groundwater with
high uranium, aluminum, and calcium. Geochim. Cosmochim. Acta
(in press).

Gu B., Schmitt J., Chen Z., Liang L., and McCarthy J. F. (1995)
Adsorption and desorption of different organic matter fractions on
iron oxide. Geochim. Cosmochim. Acta 59(2), 219–229.

Gu B., Watson D. B., Phillips D. H. and Liang L. (2002) Biogeochemi-
cal, mineralogical, and hydrological characteristics of an iron reac-
tive barrier used for treatment of uranium and nitrate. In Ground-
water remediation of trace metals, radionuclides, and nutrients, with
permeable reactive barriers (eds. D. L. Naftz, S. J. Morrison, J. A.
Davis, and C. C. Fuller), pp. pp. 305–342. Academic Press.

Helburn R. S. and MacCarthy P. (1994) Determination of some redoc
properties of humic acid by alkaline ferricyanide titration. Anal.
Chim. Acta 295, 263–272.

3581Humics enhanced bioreduction of Cr(VI) and U(VI)



Kaminski R., Purcell F. J., and Russavage E. (1981) Uranyl phospho-
rescence at the parts-per-trillion level. Anal. Chem. 53, 1093–1096.

Lide D. R. (2000) Handbook of Chemistry and Physics, 81st ed. CRC
Press.

Liu C. X., Gorby Y. A., Zachara J. M., Fredrickson J. K., and Brown
C. F. (2002) Reduction kineitcs of Fe(III), Co(III), U(VI), Cr(VI),
and Tc(VII) in cultures of dissimilatory metal-reducing bacteria.
Biotechnol. Bioeng. 80(6), 637–649.

Lovley D. R. (1996) Humic substances as electron acceptors for mi-
crobial respiration. Nature 382, 445–448.

Lovley D. R., Fraga J. L., Blunt-Harris E. L., Hayes L. A., Phillips
E. J. P., and Coates J. D. (1998) Humic substances as a mediator for
microbially catalyzed metal reduction. Acta Hydrochim. Hydrobiol.
26(3), 152–157.

Lovley D. R., Phillips E. J. P., Gorby Y. A., and Landa E. R. (1991)
Microbial reduction of uranium. Nature 350, 413–416.

Lowe L. E. (1975) Fractionation of acid-soluble components of soil
organic matter using PVP. Can. J. Soil Sci. 55, 109–126.

Lu X., Johnson W. D., and Hook J. (1998) Reaction of vanadate with
aquatic humic substances. Environ. Sci. Technol. 32, 2257–2263.

Miano T. M., Sposito G., and Martin J. P. (1988) Fluorescence spec-
troscopy of humic substances. Soil Sci. Soc. Am. J. 52, 1016–1019.

Nakayasu K., Fukushima M., Sasaki K., Tanaka S., and Nakamura H.
(1999) Comparative studies of the reduction behavior of chromi-
um(VI) by humic substances and their precursors. Environ. Toxicol.
Chem. 18, 1085–1090.

Nash K., Fried S., Friedman A. M., and Sullivan J. C. (1981) Redox
behavior, complexing, and adsorption of hexavalent actinides by
humic acid and selected clays. Environ. Sci. Technol. 15, 834–837.

Nelson D. W. and Sommers L. E. (1982) Total carbon, organic carbon,
and organic matter. In Methods of Soil Analysis. Part 2 (ed. A. L.
Page), pp. 539–579. American Society of Agronomy.

Nurmi J. T. and Tratnyek P. G. (2002) Electrochemical properties of
natural organic matter (NOM), fractions of NOM, and model bio-
geochemical electron shuttles. Environ. Sci. Technol. 36, 617–624.

Pullin M. J. and Cabaniss S. E. (1995) Rank analysis of the pH-
dependent synchronous fluorescence spectra of six standard humic
substances. Environ. Sci. Technol. 29, 1460–1467.

Puls R. W., Paul C. J., and Powell R. M. (1999) The application of in
situ permeable reactive (zero-valent iron) barrier technology for the
remediation of chromate-contaminated groundwater: a field test.
Appl. Geochem. 14, 989–1000.

Royer R. A., Burgos W. D., Fisher A. S., Jeon B. H., Unz R. F., and
Dempsey B. A. (2002a) Enhancement of hematite bioreduction by
natural organic matter. Environ. Sci. Technol. 36, 2897–2904.

Royer R. A., Burgos W. D., Fisher A. S., Unz R. F., and Dempsey B. A.
(2002b) Enhancement of biological reduction of hematite by electron

shuttling and Fe(II) complexation. Environ. Sci. Technol. 36, 1939–
1946.

Scott D. T., McKnight D. M., Blunt-Harris E. L., Kolesar S. E., and
Lovley D. R. (1998) Quinone moieties act as electron acceptors in
the reduction of humic cubstances by humic-reducing microorgan-
isms. Environ. Sci. Technol. 32, 2984–2989.

Senesi N. (1990) Molecular and quantitative aspects of the chemistry of
fulvic acid and its interactions with metal ions and organic chemi-
cals. Part 2. The fluorescence spcetroscopy approach. Anal. Chim.
Acta. 232, 77–106.

Senesi N., Miano T. M., Provenzano M. R., and Brunetti G. (1991)
Characterization, differentiation, and classification of humic sub-
stances by fluorescence spectroscopy. Soil Sci. 152, 259–271.

Shen H., Pritchard P. H., and Sewell G. W. (1996) Microbial reduction
of Cr(VI) during anaerobic degradation of benzoate. Environ. Sci.
Technol. 30, 1667–1674.

Struyk Z. and Sposito G. (2001) Redox properties of standard humic
acids. Geoderma. 102, 329–346.

Sunda W. G. and Kieber D. J. (1994) Oxidation of humic substances by
manganese oxides yields low-molecular-weight organic substrates.
Nature 367, 62–65.

Szilagyi M. (1971) Reduction of Fe3� ion by humic acid preparations.
Soil Sci. 111, 233–235.

Truex M. J., Peyton B. M., Valentine N. B., and Gorby Y. A. (1997)
Kinetics of U(VI) reduction by a dissimilatory Fe(III)-reducing
bacterium under non-growth conditions. Biotech. Bioeng. 55, 490–
496.

Visser S. A. (1964) Oxidation-reducton potentials and capillary activ-
ities of humic acids. Nature 204, 581.

Walkley A. and Black A. (1934) An examination of the Degtjaeff
method for determining soil organic matter, and a proposed modi-
faction of the chromic acid titration method. Soil Sci. 37, 29–38.

Wildung R. E., Gorby Y. A., Krupka K. M., Hess N. J., Li S. W.,
Plymale A. E., McKinley J. P., and Fredrickson J. K. (2000) Effect
of electron donor and solution chemistry on products of dissimilatory
reduction of technetium by Shewanella putrefaciens. Appl. Environ.
Microbiol. 66, 2451–2460.

Wittbrodt P. R. and Palmer C. D. (1995) Reduction of Cr(VI) in the
presence of excess soil fulvic acid. Environ. Sci. Technol. 29, 255–
263.

Wittbrodt P. R. and Palmer C. D. (1996) Effect of temperature, ionic-
strength, background electrolytes, and Fe(III) on the reduction of
hexavalent chromium by soil humic substances. Environ. Sci. Tech-
nol. 30, 2470–2477.

Wittbrodt P. R. and Palmer C. D. (1997) Reduction of Cr(VI) by soil
humic acids. Eu. J. Soil Sci. 48, 0151–0162.

3582 B. Gu and J. Chen


	Enhanced microbial reduction of Cr(VI) and U(VI) by different natural organic matter fractions
	INTRODUCTION
	EXPERIMENTAL
	Natural Organic Matter Fractions
	Reduction of Cr(VI) and U(VI) by NOM
	Microbial Reduction of Cr(VI) and U(VI)

	RESULTS AND DISCUSSION
	Effects of NOM on the Chemical Reduction of Cr(VI) and U(VI)
	Effects of NOM on Microbial Reduction of Cr(VI) and U(VI)
	NOM Roles and Structural Properties in the Reduction Processes

	CONCLUSIONS
	REFERENCES


