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Abstract
Purpose Fe(III) has been reported as a strictly competitive
electron acceptor with respect to other substrate reductions
by dissimilatory Fe(III)-reducing bacteria (DIRB). However,
the effect of Fe(III) oxides on the substrate reduction by other
microorganisms remain unknown. The aims of this study were
to investigate the effects of iron oxides on the nitrate reduction
and current generation by Bacillus sp., in which the nitrate and
carbon anodes served as soluble and insoluble electron accept-
ors, respectively.
Materials and methods Microbial nitrate reduction by Bacil-
lus sp. were conducted in batch cultures in the absence or
presence of four chemically synthesized iron(III) oxyhydrox-
ides [i.e., α-FeOOH, γ-FeOOH, α-Fe2O3, and γ-Fe2O3].
Anaerobic techniques were used throughout all the

experiments. NO3
−/NO2

− was determined by ion chroma-
tography, and NH4

+ was measured by spectrophotometry
at 420 nm after a color reaction with Nessler’s reagent.
For total Fe(II) determination, samples were extracted
using 0.5 M HCl and tested by spectrophotometry at
510 nm, and Fe(II) analyses in NO3

− containing samples were
performed using a sequential extraction technique. Current
generation was tested using a bioelectrochemical reactor that
consisted of two identical chambers separated by a cation
exchange membrane.
Results and discussion The results showed that four iron
oxides markedly enhanced the nitrate reduction and current
generation by Bacillus sp. Nitrate reduction by the Fe(II) on
the oxide surface was proven to take place, but with lower
reduction rate than the direct microbial nitrate reduction by
Bacillus sp. Al2O3 and TiO2, as control without Fe(II)
formation, also enhanced the nitrate reduction and current
generation. It was proposed that the electron may be trans-
ferred from Bacillus sp. to conduction band of iron oxides to
the nitrate or anode, according to their redox potential
ranking as outer membrane enzyme of microorganisms <
conduction band of iron oxides < electron acceptors.
Conclusions This study demonstrated that the presence of
iron oxides can obviously enhance both the nitrate reduction
and current generation by Bacillus sp., which was in con-
trast to the previous report with respect to the inhibition
effect of Fe(III) on substrate reduction by DIRB. With
respect to the semiconductive properties of iron oxides, their
roles during the nitrate reduction and current generation
were speculated as a conduction band of iron oxides medi-
ating the electron transfer from Bacillus sp. to the nitrate and
anode.
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1 Introduction

Iron is common and abundant transition metal element on
earth, especially in the iron-rich environments, e.g., red soil
in South China. The iron reduction has a profound influence
on the transformation of other elements and contaminants,
e.g., carbon, nitrogen, and metals (Borch et al. 2010; Lovley
et al. 2004; Li et al. 2010). The insoluble Fe(III) minerals are
the most abundant forms of iron at circumneutral pH envi-
ronments. In anoxic conditions, the Fe(III) reduction to Fe
(II) was dominated by dissimilatory iron(III)-reducing bac-
teria (DIRB), which can use Fe(III) oxides as extracellular
electron acceptor for their growth coupled with organic
matter oxidization, which results in decomposition of organ-
ic matters to lower molecular weight organic acids and CO2

(Lovley et al. 2004). However, many other electron accept-
ors (or substrates), e.g., nitrate, sulfate, humic substances,
and manganese minerals, coexist in the natural environment,
which may lead to a complicated interaction (e.g., inhibition
and enhancement) between their reductions (Borch et al.
2010; Nevin et al. 2003).

Thus far, most of the reports used DIRB as the target
microorganisms to study the interactions of various sub-
strate reductions, and Fe(III) has been reported as a strictly
competitive electron acceptor with respect to other substrate
reductions by many DIRB, e.g., Geobacter, Shewanella,
and Desulfotomaculum species (Lovley et al. 2004;
Behrends and Van Cappellen 2005; Weber et al. 2006).
However, few research was to investigate the effect of Fe
(III) oxide on the substrate reduction of the other micro-
organisms. In the iron-bearing environments, many fermen-
tative microorganisms were reported with weak ability of Fe
(III) reduction, but the fermentative microorganisms are
considered to be responsible for the production of fermen-
tation products, which serve as electron donors for the iron
reduction by the DIRB. However, other coexisting sub-
strates, e.g., nitrate and humic substances, can be reduced
by many fermentative microorganisms, e.g., Escherichia and
Klebsiella species (Gonzalez et al. 2006; Li et al. 2009;
Moreno-Vivián et al. 1999; Zhang et al. 2009), and the abun-
dance of fermentative microorganisms is usually 1 or 2 orders
of magnitude higher than the DIRB (Reiche et al. 2008).
Bacillus sp., as a representative fermentative bacteria, has
been reported as capable of Fe(III) reduction under anaerobic
conditions (Kanso et al. 2002; Boone et al. 1995; Cheng and
Li 2009; Pollock et al. 2007). But, the effect of iron oxides on
the reduction of other coexisting substrates by Bacillus sp.
remains unclear.

Among the reduction of different coexisting substrates,
nitrate reduction plays a key role in the nitrogen cycle and
has important agricultural, environmental, and public health
implications (Moreno-Vivián et al. 1999; Shen et al. 2010;
Xing et al. 2010). It was dominantly attributed to the direct

enzyme catalysis of microorganisms as well (Cabello et al.
2004; Gonzalez et al. 2006). Many Bacillus sp. were able to
use nitrate and its reduction product, nitrite, as nitrogen
sources for biosynthesis (assimilatory nitrate reduction), or
as electron acceptors for anaerobic respiration (dissimilatory
nitrate reduction; Espinosa-de-los-Monteros and Martinez
2001; Dou et al. 2010; Rajakumar et al. 2008). Natural
nitrate reduction is usually coupled with iron cycles in the
iron-bearing subsoil or sediment (Cooper et al. 2003; Coby
and Picardal 2005; Wang et al. 2009). When goethite served
as solid-phase Fe(III) source, the rates of microbial nitrate
and nitrite reductions by Shewanella putrefaciens 200 were
decreased significantly (Cooper et al. 2003). Moreover, the
adsorbed Fe(II) generated from microbial reduction of iron
minerals can reduce nitrate slowly in anaerobic sedimentary
environments (Ottley et al. 1997). However, few studies
have considered the effects of insoluble iron minerals on
nitrate reduction by Bacillus sp.

Recently, anodes have been used as an alternative insoluble
electron acceptor for microbial electricity collection in micro-
bial fuel cells (MFCs; Nimje et al. 2009; Choi et al. 2001). The
current generation by many microorganisms was mainly via
outer membrane proteins, self-secreting chelators, and elec-
tron shuttles, or possible nanowires (Reguera et al. 2005;
Hernandez and Newman 2001). The presence of soluble
mediators, e.g., humic acid, has been proved to accelerate the
electron transfer from microorganisms to anodes (Thygesen et
al. 2009), and the iron oxides were also reported to facilitate
long-distance electron transport through constructing electri-
cally conductive networks with iron nanoparticles and DIRB
(Nakamura et al. 2009a). Bacillus sp. has been reported to be
an electroactive bacterium for current generation (Nimje et al.
2009; Choi et al. 2001). However, no study considers the effect
of iron oxides on the current generation by Bacillus sp. in the
bioelectrochemical system.

The objectives of this work are as follows (1) to investi-
gate the effect of iron oxides on the reduction of the soluble
substrates (nitrate/nitrite) by Bacillus sp., (2) to study the
effect of iron oxide on the reduction of an insoluble sub-
strate (anode) for current generation by Bacillus sp., and (3)
to propose a possible interaction mechanism between the
Bacillus sp., iron oxides, and electron acceptors.

2 Materials and methods

2.1 Materials

A fermentative bacterium, Bacillus sp., was isolated in our
laboratory, which can reduce nitrate to nitrite under anaero-
bic condition. As described previously (Li et al. 2009),
goethite (α-FeOOH) was synthesized by dissolving Fe
(NO3)3·9H2O in potassium hydroxide; lepidocrocite (γ-
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FeOOH) was formed by mixing FeCl2·4H2O, (CH2)6 N4,
and NaNO2 in deionized water; hematite (α-Fe2O3) was
prepared by sintering γ-FeOOH powder at 420°C for 2 h
at a temperature increase rate of 2°C min−1. Maghemite (γ-
Fe2O3) was synthesized using FeCl2, (CH2)6 N4, and
NaNO3 (Wang et al. 2008). TiO2 (Degussa P-25, with
80% anatase and 20% rutile) and Al2O3 (Alu-C, 13 nm)
were purchased from Degussa AG Company, Germany. All
the iron and non-iron oxides were ground to pass through a
100-mesh sieve before use. NaNO3 (≥99.0%), NaNO2

(99.5%), and Nessler’s reagent were obtained from Sigma-
Aldrich and used without further purification. Other chem-
icals with analytical grade were from the Guangzhou Chem-
ical Reagent Factory, China.

2.2 Nitrate/nitrite reduction experiments

Cells of Bacillus sp. were grown in a nutrient broth under an
aerobic condition on a rotary shaker at 180 rpm at 30°C and
harvested by centrifugation at 6,900×g for 10 min at 4°C
when it approached the exponential phase. The pellets were
washed three times, after which they were resuspended in
sterile deionized water. To avoid the interference of other
inorganic anions in detection, the anaerobic NaHCO3-buff-
ered (30 mM, pH 6.8, with N2/CO2080:20 atm) medium
only consisted of 7.0 mM NaNO3 or NaNO2 as an electron
acceptor and 5 mM glucose as an electron donor, and
harvested cells of Bacillus sp. with a final concentration of
ca. 107 cells mL−1 were added. Several batch experiments
for NO3

− or NO2
− reduction were conducted under different

conditions: (1) Bacillus sp.; (2) Bacillus sp. + iron oxides
(IOs, including α-FeOOH, γ-FeOOH, α-Fe2O3, and γ-
Fe2O3, 4.5 g L−1) (3) Bacillus sp. + non-Fe oxides (TiO2

and Al2O3, 4.5 g L−1); (4) abiotic controls: Fe2+ (0.7 mM);
α-FeOOH (4.5 g L−1); Fe2+ (0.7 mM)+α-FeOOH
(4.5 g L−1). Anaerobic techniques were used throughout
all the experiments as previously described (Li et al.
2009). Inoculation and sampling were conducted by using
sterile syringes and needles. All trials were conducted in
triplicate and the vials were incubated in a BACTRON
Anaerobic/Environmental Chamber II (SHELLAB, Sheldon
Manufacturing Inc.) at 30°C in the dark.

2.3 Current generation experiment

Current generation was tested using a bioelectrochemical
(BEC) reactor that consisted of two identical chambers
separated by a cation exchange membrane (Electrolytica
Corporation). Each cell chamber had an effective volume
of 75 mL. Both electrodes were made of carbon felt (4.5×
4.5 cm each, Panex 33 160 K, Zoltek) and set at the bottom
of the chamber. Ti wire was inserted inside the carbon felt to
connect the circuit. To operate the BEC reactor, a

suspension of Bacillus sp. harvested cells (ca. 107 cells
mL−1) and/or metal oxides (including α-FeOOH, γ-
FeOOH, α-Fe2O3, γ-Fe2O3, TiO2 and Al2O3, 4.5 g L−1) in
the NaHCO3 buffered (30 mM, pH 6.8) medium containing
glucose (5 mM), was added into the anode chamber under
N2/CO2080:20 atm. Catholyte containing 0.2 M potassium
ferricyanide was added to the cathode chamber under atmo-
spheric pressure. All the experiments were conducted at a
controlled temperature of 30°C. A 1,000 Ω resistor was used
as an external load and cell voltages were recorded by using
a 16-channel voltage collection instrument (AD8223,
China).

2.4 Analytical methods

To determine NO3
−/NO2

− and NH4
+, samples were filtrated

using a 0.22 μm syringe filter after centrifugation at 8,500×g
for 20min to remove the cells and oxides and exposed to O2 in
order to oxidize Fe(II) rapidly (Weber et al. 2001). The con-
centration of NO3

−/NO2
− was determined by ion chromatog-

raphy (Dionex ICS-90) with an ion column (IonPac AS14A
4×250 mm). The detection limits for both NO3

− and NO2
−

was 0.003 mM. A mobile phase consisting of Na2CO3

(8.0 mM) and NaHCO3 (1.0 mM) solution was operated at a
flow rate of 1.0 mL min−1. The concentration of NH4

+ was
measured by spectrophotometry at 420 nm after a color reac-
tion with Nessler’s reagent (Paul et al. 2007). Before Nessler’s
reagent was added, an aliquot of the sample to be analyzed
was diluted with ultrapure water. Ammonium chloride solu-
tions were used as standards. The HCl-extractable Fe(II) con-
centrations were determined as previously described (Li et al.
2009). Fe(II) analyses in NO3

− containing samples were per-
formed using a sequential extraction technique (Cooper et al.
2003). The nitrite was removed prior to acidifying the sample
to extract adsorbed Fe(II), because nitrite rapidly oxidizes Fe
(II) in acidic solution. UV/Vis diffuse-transmittance absorp-
tion spectra of the cell suspension of Bacillus sp. was mea-
sured by an UV/visible spectrophotometer (TU-1901 Beijing,
China) equipped with an IS19-1 integrating sphere reflectance
attachment. The sample was stored in a NaHCO3 buffer
solution, and optical length of the cell is 10 mm. The spectrum
was taken under aerobic condition.

3 Results and discussion

3.1 Effects of iron oxides on microbial nitrate/nitrite
reduction

Time-dependent nitrate reduction by Bacillus sp. in the
absence and presence of IOs was shown in Fig. 1a; the
calculated first-order reaction rate constant (k) was shown
in Table 1. The results show that NO3

− was reduced by
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Bacillus sp. incompletely after 14 days of incubation (k0
0.273 day−1). In the first 4 days, the NO3

− reduction was

accelerated markedly in the presence of four iron oxides,
and the first-order rate constant was increased to 0.358,
0.493, 0.712, and 0.690 day−1 by the presence of α-
FeOOH, γ-FeOOH, α-Fe2O3, and γ-Fe2O3, respectively.
This indicates that the addition of iron oxides was able to
improve the microbial nitrate reduction by Bacillus sp. The
order of nitrate reduction rates was as follows: α-Fe2O3>γ-
Fe2O3>α-FeOOH>γ-FeOOH. The major reduced interme-
diate (NO2

−) and end products (NH4
+) were measured as

well. As shown in Fig. 1b, NO2
− increased gradually as the

NO3
− was reduced, and the NO2

− formation corresponds to
the NO3

− reduction in both experiments with Bacillus sp.
and Bacillus sp. + IOs. However, the NH4

+ formation
(Fig. 1c) in the experiments with Bacillus sp. and Bacillus
sp. + IOs was in a similar concentration levels during the
14 days of incubation.

To clearly verify the difference of nitrate reduction by
Bacillus sp. with and without IOs, additional experiments
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Fig. 1 a NO3
− reduction, b NO2

− formation, and c NH4
+ formation in

various experiments with Bacillus sp. in the absence or presence of IOs.
Initial concentration of NO3

−, 7 mM; Bacillus sp., 107 cells mL−1;
glucose, 5 mM; IOs (α-Fe2O3, α-FeOOH, γ-FeOOH, and γ-Fe2O3),
4.5 g L−1. The solid line in the first figure is the model-fitted NO3

− curve
using the first-order kinetic model, with parameter estimates provided in
Table 1. Error bars represent standard deviation of the mean (n03)

R

Table 1 The first-order rate constants of nitrate and nitrite reduction
by Bacillus sp. in the absence and presence of metal oxides (α-Fe2O3,
α-FeOOH, γ-FeOOH, γ-Fe2O3, Al2O3 and TiO2), and by abiotic
treatment of Fe(II) + α-FeOOH

NO3
− reduction NO2

− reduction

Ka/day−1 R2 k/day−1 R2

Bacillus sp. 0.273±0.083b 0.946 0.021±0.007 0.876

Bacillus sp. +
α-FeOOH

0.493±0.050 0.993 0.040±0.005 0.976

Bacillus sp. +
γ-FeOOH

0.358±0.040 0.992 0.036±0.008 0.871

Bacillus sp.+
α-Fe2O3

0.712±0.119 0.982 0.047±0.007 0.939

Bacillus sp.+
γ-Fe2O3

0.690±0.137 0.974 0.043±0.004 0.975

Bacillus sp.+
TiO2

0.400±0.040 0.993 0.034±0.008 0.946

Bacillus sp.+
Al2O3

0.509±0.028 0.998 0.045±0.006 0.982

Fe(II) +
α-FeOOH

0.027±0.007 0.996 0.008±0.002 0.892

Initial concentration of NO3
− , 7 mM; Bacillus sp., 107 cells mL−1 ;

glucose, 5 mM; metal oxides, 4.5 g L−1 ; Fe2+ 0.7 mM
a The first-order rate coefficients of nitrate and nitrite reduction
b Error for the nitrate/nitrite reduction rate constants indicate the stan-
dard deviation of the slope of the linear regression equation for the
nitrate/nitrite concentration vs. time plot over 14 days incubation
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were conducted using nitrite instead of nitrate, as Bacillus sp.
can also reduce the nitrate reduction product, nitrite
(Espinosa-de-los-Monteros and Martinez 2001; Dou et al.
2010; Rajakumar et al. 2008). Compared to the nitrate
reduction, less than 22% of the initial nitrite was reduced
by Bacillus sp. after 14 days of incubation, and the first-order
rate constant of nitrite reduction by Bacillus sp. was only
0.021 day−1 (see Table 1). Similarl to the case of nitrate
reduction, NO2

− reduction by Bacillus sp. was also accelerat-
ed in the presence of IOs (Fig. 2a), wherein the k value was
raised to 0.040, 0.043, 0.047, and 0.036 day−1 by the presence
of α-FeOOH, γ-FeOOH, α-Fe2O3, and γ-Fe2O3, respective-
ly. In addition, the NH4

+ formation (Fig. 2b) was coincidental

to the nitrite reduction. These results, accompanying those of
NO3

− reduction, confirm that Bacillus sp. was able to reduce
NO3

− via NO2
− to NH4

+, and the presence of four IOs could
accelerate both the nitrate and nitrite reduction by Bacillus sp.

3.2 Role of Fe(II) during nitrate/nitrite reduction
with Bacillus sp. and IOs

Since Bacillus sp. can reduce IOs under anoxic condition
(Kanso et al. 2002; Boone et al. 1995; Cheng and Li 2009;
Pollock et al. 2007), three experiments of Bacillus sp. + IOs
(i.e., with and without NO3

−/NO2
−) were conducted to evalu-

ate the Fe(II) formation during the incubation. As shown in
Fig. 3, the HCl-extractable Fe(II) concentrations in the
Bacillus sp. + IOs with NO3

− were similar with those in
the Bacillus sp. + IOs with NO2

−, both of which were
significantly less than those in the Bacillus sp. + IOs experi-
ment without NO3

−/NO2
−. The iron reduction amounts pro-

duced by Bacillus sp. without NO3
−/NO2

− were ranked as γ-
FeOOH>α-FeOOH>α-Fe2O3≈γ-Fe2O3, which was strongly
correlated to the order of surface area as α-FeOOH
(121 m2 g−1) ≈γ-FeOOH (115 m2 g−1) >α-Fe2O3

(29.4 m2 g−1)>γ-Fe2O3 (14.36 m2 g−1), and the order of Fe
(III) available as γ-FeOOH (12.8 mmol mmol−1)>α-FeOOH
(5.57 mmol mmol−1)>α-Fe2O3 (0.904 mmol mmol−1)>γ-
Fe2O3 (0.676 mmol mmol−1) as previously reported (Liu et
al. 2011; Li et al. 2011).

When IOs were served as electron acceptor, no noticeable
increases in the cell numbers were observed in all biotic
experiments in this study (data not shown). Bacillus sp. is a
fermentative bacterium that reduces relatively trivial
amounts of Fe(III) to achieve a more favorable electron
balance during fermentation of glucose, so it is unlikely
for Bacillus sp. to gain energy for its growth when Fe(III)
oxide serves as an electron acceptor (Kanso et al. 2002;
Boone et al. 1995; Cheng and Li 2009; Pollock et al.
2007). The results of this study show that the bacterium
produced only approximately 0.48–1.0 mM of HCl-
extractable Fe(II) after 14 day of incubation in the Bacillus
sp. + IOs without NO3

−/NO2
−, and more than 77% of the

HCl-extractable Fe(II) was determined as adsorbed Fe(II).
The lower level of Fe(II) formation in the Bacillus sp. + IOs
experimentss with NO3

−/NO2
− may be due to the competi-

tion of nitrate/nitrite reduction and Fe(III) reduction because
both nitrate/nitrite and Fe(III) oxides can be reduced by
Bacillus sp. And inhibition of Fe(III) reduction in the pres-
ence of nitrate has been reported in some studies of fermen-
tative Fe(III)-reducing microorganisms (Lovley et al. 2004).

Nevertheless, it is necessary to evaluate the role of Fe(II)
species potentially produced by Bacillus sp., because Fe(II),
which was associated with iron mineral surface (e.g., goe-
thite and green rust), was subject to abiotic reduction of
NO3

− (Ottley et al. 1997; Wang et al. 2008). Three abiotic
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Fig. 2 a NO2
− reduction and b NH4

+ formation in various systemswith
Bacillus sp. in the absence or presence of IOs. Initial concentration of
NO2

−, 7 mM; Bacillus sp., 107 cells mL−1; glucose, 5 mM; IOs, 4.5 g L−1.
The solid line in the first figure is the model-fitted NO2

− curve using the
first-order kinetic model, with parameter estimates provided in Table 1.
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experiments of Fe(II), α-FeOOH, and Fe(II) + α-FeOOH
were tested for NO3

-/NO2
- reduction. As presented in

Figs. 4a and 5a, no NO3
−/NO2

− reduction was observed in
ferrous ion or α-FeOOH experiment, and the NO3

−/NO2
−

was reduced very slowly in the Fe(II) + α-FeOOH experi-
ment. Merely 12% of the initial NO3

− and 5% of the initial
NO2

- was reduced at the end of experiment in the Fe(II) + α-
FeOOH experiment, which was less than that in the Bacillus
sp. experiment. However, no significant NH4

+ was detected
in the Fe(II) + α-FeOOH experiment with NO3

−/NO2
−,

which indicated that NH4
+ formation was mainly from the

microbial activity of Bacillus sp.
Herein, the reaction kinetic of nitrate and nitrite reduction

by Bacillus sp. in the presence of α-FeOOH was analyzed as
follows. The reactions (1) and (2) show the direct nitrate and
nitrite reduction to nitrite and ammonium by Bacillus sp.
with glucose, respectively. As shown in Table 1, the first-
order rate constant of nitrate (k1, nitrate) and nitrite (k2, nitrite)
reduction by Bacillus sp. as reactions (1) and (2) was 0.273
and 0.021 day−1, respectively.

NO�
3 þ glucose��������!Bacillus sp: NO�

2 þmetabolites ð1Þ

NO�
2 þ glucose��������!Bacillus sp: NHþ

4 þmetabolites ð2Þ
In the presence of α-FeOOH, besides reactions (1) and

(2), iron reduction by Bacillus sp. (reaction 3) and chemical

nitrate and nitrite reductions by adsorbed ferrous species
(reactions iv and v) can take place in sequence. According
to the results in Fig. 3a, the zero-order rate of α-FeOOH
reduction by Bacillus sp. (r3) as reaction (3) was
0.037 mmol L−1 day−1. The first-order rate constant of
nitrate (k4, nitrate) and nitrite (k5, nitrite) reduction by adsorbed
Fe(II) on α-FeOOH as reactions (4) and (5) was 0.027 and
0.008 day−1, respectively, either of which was evidently
lower than that by Bacillus sp..

a�FeOOH þ glucose��������!Bacillus sp: � FeðIIÞ þmetabolites

ð3Þ

NO
�
3þ � FeðIIÞ !� FeðIIIÞ þ NO

�
2 ð4Þ

NO
�
2þ � FeðIIÞ !� FeðIIIÞ þ NHþ

4 ð5Þ
In nitrate reduction experiments, α-FeOOH could serve

as competitive electron acceptor for nitrate reduction by
Bacillus sp.. The nitrate reduction could be divided into
two pathways, wherein one is reaction (1) and the other is
reactions (3) and (4). Nitrate reduction by Bacillus sp. was
indicated to be faster than that by adsorbed Fe(II) on α-
FeOOH, and the latter was limited by the low rate of iron
reduction by Bacillus sp. As a result, nitrate reduction by
Bacillus sp. was supposed to be slow down in the presence
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of α-FeOOH. However, the finding that the IOs could
accelerate the nitrate and nitrite reduction by Bacillus sp.
may not be mainly due to the chemical reduction by the
biogenic adsorbed Fe(II), but some other factors.

3.3 Effects of non-Fe oxides on microbial nitrate/nitrite
reduction

Fe(II) produced by microorganisms was reported to be
reoxidized to Fe(III) with nitrate serving as the electron
acceptor (Finneran et al. 2002; Jørgensen et al. 2009). To
avoid the potential effects of biogenic Fe(II) on nitrate
reduction, mainly chemical reduction by adsorbed Fe(II)
on surface of IOs, Al2O3 and TiO2, as non-Fe oxides, were
added with equivalent quantity into the cell suspension
instead of iron oxides. The results in Figs. 4a and 5a showed
that both Al2O3 and TiO2 accelerated the NO3

− and NO2
-

reduction by Bacillus sp., and increased the corresponding
reduction rates to 0.400 and 0.509 day−1 for nitrate reduc-
tion, respectively, as well as 0.034 and 0.045 day−1 for
nitrite reduction. These results suggest that adding non-
iron oxides can also result in accelerated microbial NO3

−/
NO2

− reduction by Bacillus sp. Both the results of iron
oxides and non-iron oxides suggest that the acceleration of
nitrate and nitrite reduction was not predominantly attribut-
ed to the biogenic ferrous species, but to some other unrec-
ognized factors.

3.4 Effects of iron oxides and non-Fe oxides on current
generation

Nitrate/nitrite, as a soluble electron acceptor for reduction
by Bacillus sp., can easily enter the cell to be reduced in the
cytoplasm. However, iron oxides, as an insoluble electron
acceptor, mainly participate or influence the extracellular
electron transfer process of microorganisms. Thus, it was
difficult to distinguish whether the iron oxides are able to
influence the extracellular or intracellular reduction of ni-
trate. Previously, S. putrefaciens was thought to be able to
reduce electrode to produce electricity in MFCs (Kim et al.
1999). Bond and Lovley (2003) suggested that the electrode
surfaces were serving as terminal electron acceptors for
Geobacteraceae and they can better understand this electron
transfer process for energy production. Similarly, the fer-
mentative microorganisms, such as Klebsiella sp.,
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Escherichia coli, and Bacillus sp. have also been demonstrated
to be capable of using the anode as an electron acceptor under
anaerobic condition in the MFCs (Xia et al. 2010; Zhang et al.
2011; Nimje et al. 2009; Choi et al. 2001). The anodes in
MFCs have been used as an important solid substrate to
investigate the extracellular electron transfer of microorgan-
isms (Rabaey and Verstraete 2005). In this study, we estab-
lished a BEC reactor to study the anode reduction by Bacillus
sp. in the presence of different iron oxides.

As presented in Fig. 6a, the current generation in the
reactor inoculated with Bacillus sp. increased to the highest

output at 68 μA after 1 day, and then decreased gradually.
The highest current output was observed as 90, 74, 95, and
82 μA, in the reactors with Bacillus sp. in the presence of α-
FeOOH, γ-FeOOH, α-Fe2O3, and γ-Fe2O3, respectively. In
order to clearly evaluate the acceleration effect of IOs on the
current generation by Bacillus sp., the total power outputs
(Q) with time dependence during the incubation were cal-
culated. The results in Fig. 6b confirm that all reactors with
Bacillus sp. + IOs had higher power output than the Bacillus
sp. alone. As a result, it was demonstrated that the addition
of IOs could increase the current and power outputs by
Bacillus sp.

The current generation was reported to be a consequence
of the microbial activity of Bacillus sp. (Nimje et al. 2009;
Choi et al. 2001). The Bacillus sp. biofilm established on the
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anode is the key factor for extracellular electron transfer
from Bacillus sp. to the anode in the BEC. In this study, a
thick layer composed of cells and IOs was observed in the
suspension containing Bacillus sp. and IOs. However, the
precipitation of IOs and combination of IOs and cells on the
surface of the anode may decrease the surface sites for the
direct attachment of cells. This would reduce the direct
electron transfer from cell to the electrode and thereby lower
the current generation, which was contrary to our finding.

Since both anode and Fe(III) oxides are insoluble elec-
tron acceptors for Bacillus sp., anode and iron reductions
may take place simultaneously. To illustrate the potential
effect of Fe(II) produced by Bacillus sp., the abiotic experi-
ments with ferrous ion and Fe(II) + α-FeOOH were con-
ducted for current generation as well. Current output in the
ferrous ion experiment was less than 1 μA throughout the
incubation (data not shown), while that in the Fe(II) + α-
FeOOH experiment was high (78.6 μA) at the beginning,
and then decreased sharply to lower than 10 μA after 5 min
(see Fig. 6a). The current generation by Fe(II) + α-FeOOH
in MFCs was mainly due to the electron transfer from Fe(II)
to anode, as a result of the reduction of Fe(II) to Fe(III). The
high current at the beginning and quick decrease of current
suggested that the electron transfer rate from Fe(II) to anode
was very fast and instantaneous. In order to illustrate clearly
the contributions of Bacillus sp. and adsorbed Fe(II) on
current generation, their reaction kinetics was analyzed in
detail as below. First, the anode can be reduced directly by
Bacillus sp. (reaction 6). Bacillus

Anodeþ glucose��������!Bacillus sp: Anode� þmetabolites ð6Þ

Chemical current generation by the adsorbed Fe(II) (reac-
tion 7) followed the microbial iron reduction by Bacillus sp. in
the presence of α-FeOOH (reactions 3).

Anodeþ � FeðIIÞ !� FeðIIIÞ þ Anode� ð7Þ

According to the current and power outputs in Fig. 6, the
anode reduction rate of reaction (6) was evidently faster than
that of reactions (3), so the presence of IOs is supposed to
inhibit the current generation by Bacillus sp. The anode re-
duction rate of reaction (7) was fast and instantaneous, but the
Fe(II) formation was restricted by the low rate of reaction (3).
Consequently, even though Fe(II) can be produced byBacillus
sp., such slow Fe(II) formation can not afford continuous
enhanced effect on the current generation. Obviously, the Fe
(II) produced by Bacillus sp. cannot support the fact that IOs
accelerated the microbial current generation.

Moreover, Al2O3 and TiO2, instead of iron oxides, were
added into the Bacillus sp. suspension in the electrochemical
cell to avoid the effect of Fe(II) on the current generation.
Similarly, the current and power outputs by Bacillus sp.

were enhanced by the presence of these non-Fe oxides
(see Fig. 6). Herein, some unknown mechanisms need fur-
ther exploration. It was reported that the addition of α-
Fe2O3 colloids increases the current generation of Shewa-
nella loihica PV-4 (Nakamura et al. 2009a), and the authors
proposed that the α-Fe2O3 nanocolloids would force the
cells to self-assemble into an interconnected bacterial net-
work for promoting a long-distance extracellular electron
transfer process to the electrode surface. Similarly, such
bacterial network with IOs was presumed to responsible
for the enhanced microbial current generation by IOs, which
would be elucidated in detail as follow.

3.5 Elucidation for the interaction mechanism
among Bacillus sp., IOs, and electron acceptors

The present study has clearly demonstrated that the nitrate and
current generation were directly attributed to the microbial
activity of Bacillus sp., both of which could be enhanced in
the presence of IOs. The fact that such acceleration caused by
the IOs surpassed the contribution of biogenic Fe(II) suggests
that there might be some unrecognized mechanisms.

It has been indicated that c-type cytochrome (c-Cyt) in
outer membrane of iron-reducing bacteria (e.g., Shewanella
and Geobacter species) can mediate electron transfer from
cell to attached iron oxide in cellular metabolism; this elec-
tron transfer results in iron reduction and current generation
(Hernandez and Newman 2001). In the c-Cyt, heme acts as
an active center of electron transport chain, therefore, elec-
tron transport from bacteria to metal oxides is attributed to
electron transfer between heme and iron oxide (Mori et al.
2011). Clear evidence for conduction band-mediated elec-
tron transfer between heme and semiconductor TiO2 was
obtained from a spectroelectrochemical analysis (Staniszew-
ski et al. 2007). Similarly, iron oxides were also semicon-
ductors (Xu and Schoonen 2000) and can also be explained
by a conduction band mediated processes. When the IOs
come in contact with cells, an electron transfer process
would take place between the iron oxides’ conduction band
(IOs’ CB) and outer membrane enzyme (OME) if the redox
potential of the OME was more negative than that of the
IO’s CB. This phenomenon has been extensively studied in
the electrochemistry of semiconductors (Yang et al. 2010;
Xu and Schoonen 2000). In this study, the diffuse transmit-
tance absorption was used to measure the cell suspension of
Bacillus sp., and it was found that the absorption spectra of
some c-Cyt like species according to the peak at 413 nm
(Fig. 7), which was near to the c-Cyt at 410–419 nm in the
other’s research (Nakamura et al. 2009b). This might be an
indicator of heme species of OME in Bacillus sp. The redox
potential of the OME of some strains has been reported as lower
than −0.2 V (Thauer et al. 1977; Nakamura et al. 2009a). Xu
and Schoonen (2000) reported that the normal hydrogen
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electrode (NHE, pH 7) of CB is −0.133 V and +0.167 V for
Fe2O3 and FeOOH, respectively. Hence, no energy barrier for
the electron exchange appears between the OME and the IOs’
CB. In addition, the redox potential of NO3

−/NO2
− is +0.43 Vat

pH 7 (Beller 2005), and the NHE of graphite anode was often
poised at around +0.50 V (Holmes et al. 2004). Similarly, the
electron transfer process can also take place between the IOs’
CB and nitrate or electrode. In summary, an energy gradient,
from the order of redox potential ranking as OME < IOs’ CB <
nitrate or electrode could provide a continuous driving force for
the electrons to be transferred from the cell to IOs to terminal
electron acceptors (nitrate or electrode). Furthermore, It was
also reported that the electron injection from heme into conduc-
tion band of semiconductors was very fast, which may lead a
fast trapping by other electrons acceptors (e.g., nitrate, organic
halides, and electrode; Mimica et al. 2001; Obare et al. 2003;
Stromberg et al. 2006; Hoffmann et al. 1995). As a result, the
enhancement on nitrate reduction and current generation might
be a consequence of the fast electron transfer from the OME to
the IOs’ CB to the terminal electron acceptors (nitrate or
electrode).

As discussed above, three ways for nitrate reduction and
current generation in the interaction system of Bacillus sp.
and IOs are possible: (1) direct enzymatic reduction by
Bacillus sp., (2) reduction by the biogenic adsorbed Fe(II),
and (3) conduction band of iron oxides-mediated electron
transfer from Bacillus sp. to the electron acceptors. The
possible electron transport way was proposed in Fig. 8.

3.6 Environmental implication

In the anoxic natural environment, IOs can coexist with
many substrates (or electron acceptors), e.g., nitrate, sulfate,

and humic substances. Among these substrates, the nitrate
reductions are predominantly subject to microbial activity
(Moreno-Vivián et al. 1999; Cabello et al. 2004; Gonzalez et
al. 2006). In the presence of soluble Fe(III) species, e.g., Fe
(III) citrate, Fe(III) phosphate and Fe(III)EDTA, microbial
nitrate and Fe(III) reductions occur simultaneously
(DiChristina 1992; Obuekwe and Westlake 1982). However,
Cooper et al. (2003) found that no significant Fe(III) reduc-
tion occurs until nitrate and nitrite has been exhausted when
solid phase, Fe(III) oxide minerals is served as the Fe(III)
source for S. putrefaciens 200, and the goethite also results
in a significant decrease in the rates of microbial nitrate and
nitrite reductions.

In the present study, Bacillus sp. was proved to be with
relatively weak Fe(III) oxide reduction and strong nitrate
reduction abilities, and the presence of IOs evidently accel-
erated the nitrate reduction by Bacillus sp. Though the Fe(II)
adsorbed on the goethite surface has been demonstrated to
drive slow NO3

− reduction (Hansen et al. 1996), however,
the IOs were suggested to inhibit the microbial nitrate re-
duction because the nitrate reduction rate of biotic–abiotic
reactions (i.e., the microbial iron reduction and chemical
reduction by adsorbed ferrous) is usually lower than that
of direct biotic reduction by bacteria (Straub et al. 1996;
Weber et al. 2001). To our knowledge, this was the first case
to report the enhanced effect of IOs on the nitrate and nitrite
reductions by the fermentor, Bacillus sp. This result may
help to extend the understanding of nitrate and nitrite reduc-
tions in the natural environment with fermentative bacteria
and iron-bearing minerals.

Artificial anode may not coexist with Fe(III) oxides in the
natural environment, but many DIRB and fermentative bac-
teria have been used to demonstrate the ability of current
generation through different electron transfer pathways in
the electrochemical cells. The finding that the IOs can

300 400 500 600 700 800

0.4

0.6

0.8

1.0

1.2
A

b
so

rb
an

ce

Wavelength (nm)

413 nm

Cell suspension of Bacillus sp.  

Fig. 7 UV/vis diffuse-transmittance absorption spectra of the cell
suspension of Bacillus sp. in a NaHCO3 buffer solution (OD6000
2.1), and optical length of the cell is 10 mm. The spectrum was taken
under aerobic condition

-0.4

-0.2

0.0

0.2

0.4

0.6

e-

Bacillus sp.

Semiconductors
(Iron oxides)

E
0 H

(V
, V

s.
 N

H
E

)

Anode/Anode- (+0.5V)

NO-

3
/NO-

2
(+0.43V)

CB of FeOOH (+0.167V)

CB of Fe
2
O

3
(-0.133V)

OME < -0.2V

Electron acceptors

e-

Fig. 8 Proposed mechanism of iron based semiconductor mediating
electron transfer from Bacillus sp. to NO3

− and anode on a basis of the
different redox potentials for outer membrane enzyme (OME) of Ba-
cillus sp., conduction band (CB) of IOs, and electron acceptors (nitrate
and anode)

J Soils Sediments (2012) 12:354–365 363



facilitate the current generation by Bacillus sp. in the BEC
reactor can provide a framework of the possible reactions
that occurred in our experiments of nitrate reduction and
current generation. The proposed mechanism that the elec-
tron can be transferred extracellularly from the OME to the
IOs’ CB to the terminal electron acceptor remains quite
speculative, and further study needs to identify the electro-
chemical and biochemical properties of responsible OME in
Bacillus sp., and to understand the electron exchange be-
tween bacteria and a wide range of coexisting electron
acceptors in the presence of IOs.

4 Conclusions

The inhibition of microbial reduction of nitrate, nitrite, and
current generation in the presence of Fe(III) oxides as a strictly
competitive electron acceptor has been previously reported.
However, our current results showed that iron oxides obvi-
ously enhanced the nitrate/nitrite reduction and current gener-
ation by Bacillus sp. Nitrate/nitrite reduction by the biogenic
Fe(II) on the oxide surface was proven to have taken place, but
it showed lower reduction rates than direct nitrate/nitrite re-
duction and current generation by Bacillus sp., which may
lead the inhibitory effects for nitrate/nitrite reduction and
current generation. Interesting, the presence of four types of
iron oxides and even the non-iron oxides as comparing sam-
ples, all enhanced nitrate/nitrite reduction and current genera-
tion by Bacillus sp. Based on the redox potential of Bacillus
sp., conduction band of iron oxides, and electron acceptors,
the role of iron oxide during nitrate/nitrite reduction and
current generation was speculated as a conduction band of
iron oxides mediating the electron transfer from Bacillus sp. to
nitrate/nitrite and anode. The current findings provide new
insights into microbial reduction of coexisting substrates un-
der anoxic environments.
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