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Abstract Iron particles were immobilized onto non-woven
carbon fiber via electroplating for use in a microbial fuel
cell (MFC). Electroplating was performed under an applied
voltage at a current of 0.2 A for 5, 10, and 15 min. The
scanning electron microscope (SEM) observations show
that 5 min was not adequate for the particles to be immo-
bilized, whereas 10 and 15 min of electroplating resulted in
an adequate number of particles on the surface. To evaluate
the strength of the binding of iron via electroplating on the
surface of the fiber, the samples were washed with pure
water and observed using an SEM. The 10 min electro-
plated sample has a larger surface area, which is suit-
able for the MFC anode, than the 15 min electroplated
sample. According to X-ray photoelectron spectroscopy
and X-ray diffraction analysis, the peaks corresponded to
those of Fe,O3, and the sample dipped into tannic acid
shows the peaks of Fe;04. The amount of biofilm of She-
wanella oneidensis MR-1 was evaluated using crystal
violet staining, and living bacteria were counted as colony
forming units. Electroplated Fe,O5; and Fe;0O,4 were found
to be effective for producing biofilm and immobilizing S.
oneidensis MR-1.
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Introduction

Respiration is one of the main energy aquisition processes
of living microorganisms, and many living microorganisms
depend on this efficient energy conversion mechanism.
Electron donors and acceptors are required for respiration
and heterotrophic microorganisms deliver the electrons,
acting as a relatively strong reducing substance to O,, such
as glucose. Glucose is oxidized to CO,, and O, is reduced
to H,O. An inorganic compound including nitrogen or
sulfur is used as an electron acceptor in the microorganism,
and a metal-ion represented by iron or manganese is
sometimes used. ATP is used to accumulate energy in
living cells through this process. Alternatively, a microbial
fuel cell (MFC) is used to convert the Gibbs free energy of
redox reactions into electrical energy via movement of
electrons and ions separately.

Shewanella oneidensis MR-1 is often used in an MFC.
The processes of S. oneidensis MR-1 to transfer electrons
to the electrode can roughly be classified into three cate-
gories. One process is called indirect electron transport,
which concerns the mediator. The mediator having oxida-
tion—reduction activity receives an electron from the cells
and shuttles the electron between the electron acceptor and
the electrode. In the case of S. oneidensis MR-1 secreting a
derivative of quinone and flavin to the outside of the cells,
it is possible to use these excretions as mediators [1-4].
Another process is called direct electron transport. S.
oneidensis MR-1 is a metal-reducing and facultative
anaerobic bacterium. This microorganism produces the
outer membrane cytochromes called OmcA and MtrC at
high density onto the cell surface via anaerobic cultivation.
Unlike indirect electron transport involving mediator dis-
persion, an electron that is generated in the cell directly
moves to the solid surface of the electrode through the
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outer membrane cytochromes [5—14]. S. oneidensis MR-1
produces electrically conductive pilus-like appendages [8]
called bacterial nanowires [15] in direct response to the
electron-acceptor limitation.

In addition, S. oneidensis MR-1 forms a biofilm of
extracellular polysaccharide. The biofilms formed on the
anode surface used for an MFC plays an important role in
extracellular electron transfer. The relation between the cell
density and the power generation output using the S. loihica
PV-4 strain was previously studied [16]. The study found
that the current density was hardly changed with increasing
microbial density in microbial suspension. This result
shows that the biofilm formed on the electrode surface
contributes to current generation and becomes the main
current generation source. By comparing the power gener-
ation output between the PV-4 strain formed biofilm and the
S. oneidensis MR-1 added mediator, the current density and
the coulomb efficiency of strain PV-4 were found to be
higher than those of S. oneidensis MR-1 [5]. This result
shows the electron transfer to the electrode via the mediator
is limited by the diffusion of the mediator [17]. A biofilm
can facilitate the bacterial electron transfer efficiency in an
MEFC primarily due to the much higher biomass densities
and higher bacterial viability caused by anode respiration
[8, 18-20]. From these results, in an MFC, the advantage of
the formation of a biofilm on the electrode is understood to
be the large specific surface area for the electrogenic
microorganism. Although the electron is generated from the
cell but the biofilm, these reports do not show the number of
living cells for the given amount of the biofilm.

Metal-reducing bacteria such as S. oneidensis MR-1 have
been studied to understand their ability to recognize the sur-
face of iron oxide and to initiate extracellular electron transfer
to an attached iron oxide as a terminal process in its meta-
bolism [21, 22]. Moreover, iron oxide may promote the bio-
film formation of S. oneidensis MR-1 onto an electrode [23].

Non-woven carbon fibers (NWCFs) are suitable for use
as electrodes of MFCs because they have good conduc-
tivity, a large surface area, and relatively low cost. NWCFs
have been used in many studies. For example, an ITO glass
slide coated with carbon graphite fiber used as the anode
showed much higher current density than the non-coated
slide when S. loihica PV-4 was used in an MFC [24]. In
another report, an NWCF electrode for MFCs interposed
between iron nets showed 1.5 times higher power density
compared with that for MFCs without the iron nets [25]. In
another report, NWCFs were used in a type of MFCs called
a Slalom-flow cassette-electrode microbial fuel cell [26].
As mentioned above, the development of an NWCF coated
with ferric oxide is important to improve the current den-
sity. However, there are few reports regarding the coating
technique, except for a chemical vapor deposition tech-
nique [27]. However, the chemical vapor deposition
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technique requires a large-scale apparatus and is an
expensive method. As a result, another method to immo-
bilize iron oxide onto NWCFs is necessary.

Therefore, in this study, iron oxide immobilized NWCFs
were developed using an electroplating technique. The
redox state and crystal structure of iron oxide particles
immobilized onto NWCFs using this electroplating tech-
nique were determined using X-ray analysis. Moreover, the
amounts of biofilm and the number of living cells of S.
oneidensis MR-1 on this electrode were quantified.

Experimental
Materials and chemicals

Non-woven carbon fiber (NWCF) firming polyacrylonitrile
was specially made by Japan Vilene Co., (Tokyo, Japan).
The lengths of fibers are about 50 mm and the diameter is
about 7 pm, and the mass per unit area of NWCF is 100 g/
m>. Iron (II) sulfate heptahydrate (FeSO4-7H,0) as elec-
trolyze solution and crystal violet were purchased from
Nacalai Tesgue, Inc (Kyoto, Japan). Saponin (Practical
grade, MP Biomedicals LLC, France) and tannic acid were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). S. oneidensis MR-1 (ATCC 700550) was
obtained from the American Type Culture Collection.

Iron plating on NWCF

A1 g of FeSO4-7H,0 was dissolved in 100 mL of distilled
water and used as electrolyze of electroplating method.
NWCEF is cut into 3 x 5 cm, then immersed in the beaker
and connected to negative and positive side of power
supply (SN-5B, Kenis Ltd., Osaka, Japan). The NWCFs
were adjusted the distance at 6 cm and depth at 3.5 cm.
Electroplates were carried out under current at 0.2 A
(22 V) for 5, 10 and 15 min. After electroplating, the
samples were washing with pure water (using about
50 mL) till the pH became neutral promptly, because in the
process of electroplating, the H,SO, is produced in the
solution and soaked in the NWCEF. This causes pH decrease
which inhibits the growth of microorganism for MFC. The
samples were cut in half (1.5 x 5 cm) and one piece was
dried at room temperature. To evaluate how strong the iron
was plated on the surface of the fiber, another piece was put
in 150 mL of pure water and stirred with magnetic stirrer at
250 rpm for 24 h, then dried at room temperature.

Tannic acid treatment

The 1.7 g of tannic acid is dissolved in 50 mL of distilled
water and poured to petri dish. The iron plated for 10 min
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on NWCEF (1.5 x 5 cm) was cut in half and dipped in petri
dish containing tannic acid solution for 24 h. Then the
sample was washed with 50 mL of pure water and dried at
room temperature.

Biofilm growth on non-woven carbon fiber

Shewanella oneidensis MR-1 was first grown aerobically in
Luria-Bertani (LB) medium at 30 °C for 18 h preparing
pre-culture. The pre-culture was inoculated in 5 mL of
flesh LB medium in testing tube to ODgyy = 0.1 and
incubated with shaking at 120 rpm at 30 °C for 24 h. The
iron plated NWCF of the dimensions of 1 x 1 cm were
soaked into the culture then incubated with shaking at
120 rpm at 30 °C for 24 h. After incubation, samples were
washed in 0.85 wt% of NaCl solution. As a control, non-
inoculated LB medium and non-iron plated NWCF were
used.

Analytical methods

Observations of the phase of iron plated NWCF were
carried out by scanning electron microscope (SEM) (JSM-
6510A, JEOL Ltd., Tokyo, Japan) operated at 15 kV.
Surface elemental analysis of iron plated NWCF was per-
formed using X-ray photoelectron spectroscopy (XPS)
(JPS-90MX, JEOL Ltd.). An Mg Ka radiation with voltage
of 8 kV and current of 5 mA were applied. The phase
structures of iron plated NWCF were measured by X-ray
diffraction analysis (XRD) (RINT 2500 V, Rigaku Co.,
Tokyo, Japan) and were scanned from 10° to 100° in 2
theta using Cu Ko radiation.

For SEM analysis, the samples incubated with S. onei-
densis MR-1 were fixed with 1 v/v% glutaraldehyde in
0.1 M phosphate buffer (pH 7.2) for 30 min at 4 °C.
Subsequently, they were dehydrated in graded ethanol
series (50, 60, 70, 80, 90, 95 and 100 v/v%). After dehy-
dration, the samples were put in n-butanol followed by
frozen at —8 °C and dried under vacuum. The dried sam-
ples coated with platinum were examined using SEM.

To evaluate the biofilm formation, the samples incu-
bated with S. oneidensis MR-1 were fixed with 2.5 mL of
methanol for 20 min and then were stained with 2.5 mL of
0.75 w/v% crystal violet [28, 29]. To eliminate residual
crystal violet, the stained samples were washing under
running tab water. After the stained samples were air-dried,
crystal violet absorbed on samples was dissolved in 2.5 mL
of 33 v/v% acetic acid. The absorbance of crystal violet
eluted was measured at 600 nm [28, 29].

To evaluate the viable bacteria count, the samples were
washing with 0.1 M PBS buffer (pH 7.2) and then vortexed
in 1 mL of 0.5 w/v% saponin solution for 2 min. Serial
tenfold dilutions of the suspension obtained were prepared

and then 100 pl of dilutants were plated onto LB agar
plates. After incubation for 48 h at 30 °C, the number of
colonies on the agar plates was measured and then colony
forming unit (CFU) was calculated [30, 31].

Results and discussion

Photographs of an iron plated NWCF produced after
electroplating for 10 min for the subsequent processing
stages are shown in Fig. la—c. After washing with pure
water, the surface of the NWCF exhibits a black color
(Fig. 1a); then, after 24 h of air drying, the surface of the
NWCEF turns from black to brown (Fig. 1b). Finally, the
change of the surface following the tannic acid treatment
presented in Fig. Ic shows that the color of the particles
deposited on the NWCF changed from brown to black.
This color change indicates that plated iron changed to 7y-

Fig. 1 Photograph of iron plated NWCF for 10 min. a Washing with
pure water, no-drying, b after 24 h, drying and c¢ tannic acid
treatment, after drying
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FeOOH, o-Fe, and y-Fe,Oj3, characterized brown color and
called lepidocrocite or iron oxide hydroxide, iron, and
maghemite, or iron (III) oxide, respectively, during the
drying process. In addition, the y-FeOOH, o-Fe, and vy-
Fe,03 were reduced to Fe;O,, characterized by the black
color and called magnetite or iron (IL, IIT) oxide, due to the
tannic acid treatment. Furthermore, this is confirmed by
XRD analysis. To our knowledge, studies of the effect of
iron on biofilm formation of S. oneidensis involve only
pure iron [32]; we were unable to find a study that com-
pared several iron compounds for biofilm formation.
Hence, the results of this study are interesting.

Morphology of iron plated NWCF

SEM analysis showed that the surface of the NWCEF appears
smooth (Fig. 2a). In contrast, the results of electroplating at
different times (5, 10, and 15 min) are shown in Fig. 2b—d.
The electroplating for 5 min was not sufficient to coat iron
onto the NWCF (Fig. 2b). In contrast, the electroplating for
15 min resulted in abundant deposition of iron (Fig. 2d). As
shown in Fig. 2c and d, the particles of iron were closely
packed on the surface of the NWCEF, resulting in a large
surface area. Such a large surface area is advantageous to
electron transport from the cell to the anode.

The results of the stability test of plated iron on the
NWCF are shown in Fig. 3. As shown in Fig. 3a, particle
aggregates were distributed throughout the NWCF, and
each NWCF was enclosed with particle sheets (Fig. 3b).
The characteristics of the particles following electroplating
for 10 min were better than those following electroplating
for 15 min because of the large surface area suitable for
application to an MFC. Thus, we choose the case of per-
forming iron electroplating at 0.2 A for 10 min.

Fig. 2 SEM images of a NWCF. Iron electroplated for b 5 min
¢ 10 min and d 15 min after washing with 50 mL water

g
\/
pjellase ¢llall al .
sty oty €) Springer

Surface elemental analysis of an iron plated NWCF

To examine the composition of iron on the NWCF at dif-
ferent plating times, XPS spectra of Feps/,, Ols, and Cls
are shown in Fig. 4. The sample electroplated for 5 min
shows peaks of 718, 538, and 290.8 eV for Feps, (Fig. 4a),
Ols (Fig. 4b), and Cls (Fig. 4c), respectively, while the
corresponding peaks appeared at 715, 533-534, and
289 eV, respectively, for the samples electroplated for 10
and 15 min. This observation suggests that the initial layer
of iron electroplated onto the NCWF has a different
structure from the iron of the upper layer.

The phase structure of iron plated NWCF

The XRD profiles for the iron coated NWCF for 5 and
10 min of electroplating are shown in Fig. 5a and b,
respectively. The diffraction peak appearing at the 20 value
of 25.54° is the characteristic reflection of carbon graphite
crystals in the composite. The characteristic peaks of an a-
Fe crystal were observed for the sample electroplated for
5 min; the assignment was determined on the basis of the
Crystallography Open Database (9013415). Additional
peaks of y-FeOOH and y-Fe,O; were presented for the
sample electroplated for 10 min, as determined on the basis
of the Crystallography Open Database (9009154) and
(9006317), respectively. These peaks may be caused by the
electroplating process of iron on the NWCF: first, the

SEl  15kv WD13mm  $S35

Fig. 3 SEM images of iron particle stability test stilled in 150 mL
water for 24 h, electroplated for a 10 min and b 15 min



Mater Renew Sustain Energy (2016) 5:16

Page 5 of 7 16

a
( ) Fe2p;,
2 .
g 15 min
= J/\«\W 10 min
5 min
NWCF
720 718 716 714 712 710
(b) O1s
2
,,023, 15 min
£ 10 min
5 min
NWCF
543 540 537 534 531 528
(c) Cis
L N 115min
R 10 min
o 5 min
k]
£
NWCF
298 295 292 289 286 283 280
Binding energy (eV)
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Fig. 5 X-ray diffraction patterns of iron plated NWCEF for a 5 min,
b 10 min and c after tannic acid treatment for 24 h. The symbols; o-
Fe (circle), y-FeOOH (triangle), y-Fe,O5 (square), Fe304 (diamond)

NWCF was covered with a-Fe, and then the layers of y-
FeOOH and y-Fe,O3; were deposited.

Clearly, the diffraction peaks of y-FeOOH and y-Fe,O;
appeared for the sample electroplated for 10 min (Fig. 5b),
which is because of the increase of the amount of immo-
bilized iron with the electroplating time. Furthermore,
Fig. 5c shows the XRD pattern of the iron plated NWCF
after treatment with tannic acid for 24 h. The figure shows
that all the diffraction peaks can be assigned to y-FeOOH,
a-Fe, and Fe;O4 (COD 9005840). In other words, y-Fe,O3
tranformed to Fe;O,4 due to the tannic acid treatment.

Effect of iron oxide on the biofilm formation by S.
oneidensis MR-1

Using the NWCF and the iron plated NWCEF, the biofilm
formation by S. oneidensis MR-1 was demonstrated over
24 h with shaking. Expectedly, the biofilm formation by S.
oneidensis MR-1 was observed on iron plated NWCEF after
24 h of incubation. However, no biofilm formation was
observed on the NWCF (Fig. 6). It has been reported that S.
oneidensis MR-1 exhibits an affinity to iron oxide [22, 23].
These results suggest that the iron oxide on the NWCF
promoted biofilm formation by S. oneidensis MR-1.

To quantitatively evaluate the biofilm formation, the
NWCEF and the iron plated NWCEF after 24 h of incubation
with S. oneidensis MR-1 were assayed using crystal violet
staining. The respective absorbance values observed via the
assay with the NWCF after 24 h of incubation
(Agoo = 0.655) were compared with those for the iron
(Fe,O3 and Fe3;0,4) plated NWCEF after 24 h of incubation
(Agoo = 1.309 and 1.205, respectively) (Fig. 7). This result
indicated that biofilm formation by S. oneidensis MR-1 on
the NWCF grown enough after 24 h of incubation. The
iron plated NWCF showed a higher amount of biofilm than
NWCEF after 24 h of incubation. This result is in good
agreement with the result of the SEM analysis. Compared
with the case of NWCF, the amount of biofilm on the iron
plated NWCF was approximately twofold higher after 24 h
of incubation. This result may be due to the higher surface
area of the iron plated NWCF compared with the bare
NWCF, thereby enabling more S. oneidensis MR-1 to
attach. In fact, iron oxide has a hollow structure and pro-
vides a high surface area. This finding suggests that iron
oxide provides not only affinity with S. oneidensis MR-1
but also a high surface area with the NWCF.

To understand the cell viability on the NWCF, the CFU
was measured. The respective CFU increased when
assayed with the iron (Fe,O; and Fe;0,) plated NWCF
(2.77 x 10%mL and 2.675 x 10%mL, respectively) com-
pared with that with the bare NWCF (2 x 10%mL)
(Fig. 8). In addition, the amount of biofilm formed was
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Fig. 6 SEM images of the attachment of S. oneidensis MR-1 on a the
NWOCEF, b the Fe,O3 plated NWCF and ¢ the Fe;04 plated NWCF

[ Without S. oneidensis MR-1
B with S oneidensis MR-1
15+

AGOO

0.5 -

NWCF F9203 Fe3o4

Fig. 7 Quantification of biofilm formation on NWCF, Fe,O; and
Fe;04 plated NWCF after 24 h incubations. The amount of biofilm
was evaluated using crystal violet staining. The absorbance of crystal
violet eluted was measured at 600 nm after washing with saline
solution for 15 min. This assay was performed in duplicate, and the
mean value is presented with error bars representing standard
deviations from the mean. White bars, without S. oneidensis MR-1
(control); gray bars, with S. oneidensis MR-1
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Fig. 8 CFU of S. oneidensis MR-1 on NWCF, Fe,O; and Fe;0y4
plated NWCF after 24 h incubations. This assay was performed in
duplicate and the mean value is presented with error bars represent-

ing standard deviations from the mean

approximately 1.385 times that on the bare NWCF. This
result is in good agreement with the results of SEM anal-
ysis and crystal violet staining.

Taken together, it was concluded that almost all the
biofilm was formed after 24 h of incubation and that iron
oxide promotes biofilm formation by S. oneidensis MR-1
and results in a high surface area. Electroplated iron oxide
was immobilized onto the NWCF with sufficient strength,
thereby enabling the use of the coated NWCF as an elec-
trode. The results presented herein provide a pathway to a
novel immobilization technique for depositing iron parti-
cles onto NWCFs for use in MFCs.
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