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a b s t r a c t

Biocathode microbial fuel cells (MFCs) are of great potentials in bioremediation of Cr(VI)-contaminant
sites due to their low operating cost, self-regenerating ability and sustainable power supply. The improve-
ment of Cr(VI) reduction rates and power generation, however, remains to be a challenging project. In
the present study, graphite fibers, graphite felt and graphite granules were evaluated as biocatalytic
cathode materials in tubular MFCs in terms of Cr(VI) reduction and electricity generation. At cathode to
anode surface area ratio (C/A) of 3, graphite fiber was found superior to graphite felt or graphite gran-
ule. Specific Cr(VI) reduction rates ranging from 12.4 to 20.6 mg g−1 VSS h−1 and power generation from
6.8 to 15 W m−3 (20–48 A m−3) were achieved in the biocatalytic graphite fiber cathode MFCs. Under a
temperature of 22 ◦C and pH 7.0, Cr(VI) reduction followed pseudo-first-order kinetic model with the
rate constant being 0.451 ± 0.003 h−1. In comparison with pH 7.0, an acidic pH of 5.0 improved Cr(VI)

reduction of 27.3% and power generation of 61.8% whereas an alkaline pH of 8.0 decreased Cr(VI) reduc-
tion of 21.2% and power generation of 6.0%. It was found that the products formed whether as dissolved
and/or precipitated Cr(III) was heavily pH dependent. Elevating temperature from 22 to 50 ◦C increased
Cr(VI) reduction with the apparent activation energy (Ea) obtained as 10.6 kJ mol−1. At high temperature
of 50 ◦C, however, a decreased power generation was observed mainly because of the increase in anode
potential. These results indicate that an optimal condition exists for efficient biocathode MFCs with quick

ltane
Cr(VI) reduction and simu

. Introduction

Hexavalent chromium is a priority toxic chemical normally
resent in wastewaters from electroplating, pigment, and lum-
er and wood product processes [1]. While physical and chemical
ethodologies can reduce Cr(VI) to Cr(III), a form of the metal
ith less toxicity, less solubility and less mobility [2,3], microbi-

logically catalyzed reduction is regarded as a safe and sustainable

rocess for Cr(VI) wastewater treatment [4–7]. Slow Cr(VI) reduc-
ion rates, high-energy consumption and large amount of sludge
roduction, however, are the main drawbacks of the conventional
ioconversion process [8].
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ous high power generation.
© 2010 Elsevier B.V. All rights reserved.

Microbial fuel cell (MFC) is a bioreactor that extracts energy
from wastes and wastewaters through catalytic reactions of
microorganisms [9]. Biocathode MFCs, which utilize electrochemi-
cally active microorganisms as catalysts at both cathode and anode,
have attracted much attention. Various forms of MFCs have been
tested which show great promise in bioremediation and waste
treatment because their operations are inexpensive, catalysts self-
regenerating and power supply sustainable [10–13]. Tandukar et al.
reported recently that Cr(VI) can be reduced in a biocathode MFC,
using a conventional H-type MFC configuration with graphite plate
electrodes [14]. Their exploratory research opened the door for
further investigation of maximizing reduction rate and bioelectric-
ity generation as a function of reactor design, electrode character
and system operation. For example, reducing the distance between
the electrodes, using a composite electrode membrane assembly,

enlarging the anode surface area, and optimizing MFC design in
abiotic cathode MFCs would decrease the internal resistance by up
to two orders of magnitude and increase the power density by 2–3
orders of magnitude [15–20]. In contrast, the enlargement of the
air biocathode MFC reactor by a factor of 2.9–3.8 reduced the vol-

dx.doi.org/10.1016/j.cej.2010.11.042
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lphuang2008@gmail.com
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metric power output by 60–67% [21]. Similarly, a comparatively
ow power production was suspected for a large biocathode reactor
22]. Although a large surface area ratio of cathode (graphite gran-
le) to anode (graphite plate) of around 100–280 in a biocathode
-type MFC showed an improved system performance, the Cr(VI)

eduction rate obtained was still lower than that of the conven-
ional aerobic and anaerobic processes [8,23]. Obviously, there are

ore work to be done to improve the Cr(VI) reduction rate on
he biocathode in order to maximize the advantages of biocath-
de MFCs over conventional biological processes and realize the
otentials of biocathode MFCs for Cr(VI) reduction.

The tubular or two-cylinder shape MFC has advantages over the
-type MFC because of the reduced electrodes spacing and the large
roton exchange area, both of which lead to a lower internal resis-
ance and therefore an improved system performance [21,24,25].
arbon-based packing materials such as graphite fibers, graphite

elt and graphite granules were often employed as biocathodes for
igh power generation and efficient nitrate or oxygen reduction
ecause of their high specific surface area [21,25–27]. Thus, an inte-
rated system of packing carbon-based materials inside a tubular
FC may be a technically sound approach to improve the electricity

eneration and Cr(VI) reduction rates in biocathode MFCs. More-
ver, pH [18,26,27,31,34] and temperature [28–30,32,33] have
een reported to affect the performance of abiotic cathode or bio-
athode using nitrate or oxygen as an electron acceptor, they are
xpected to influence the performance of biocathode MFCs system
sing Cr(VI) as a terminal electron acceptor. In this study, therefore,
e firstly tested Cr(VI) reduction and power generation in tubular

iocathode MFCs with three different carbon-based packing mate-
ials namely graphite fibers, graphite felt and graphite granules.
raphite fibers were then used to investigate the effects of cathode

o anode surface area ratios (C/A) on Cr(VI) reduction and electricity
eneration while effects of temperature and pH were also assessed
nd discussed. Interesting results have been found as discussed
ubsequently.

. Materials and methods

.1. MFC construction

The tubular MFC was similar to the one reported by Clauwaert
t al. [25]. The cathode chamber was a 7.0 cm (inner diame-
er) × 6.4 cm high cylindrical Plexiglas (2-mm thick). A cylindrical
ation exchange membrane (CEM) (CMI-7000 Membranes Inter-
ational, Glen Rock, NJ) (4.0 cm in diameter and 6.4 cm in height)
as centrally located inside, forming an outer cathode chamber and

n inner anode chamber (Fig. 1). The cathodic and anodic volumes
ere 160 and 80 mL, respectively. Both the cylindrical cathode and

node were tightly bonded to the Plexiglas base (7.0 cm in diame-
er) and sealed with superglue. The reactor was capped with a same
ize Plexiglas disk with holes for anode electrodes, cathode elec-
rodes, reference electrodes and external circuit wires. Graphite
bers [15] were used as anode in all of the reactors. Various carbon-
ased materials including graphite fibers, graphite granules and
raphite felt (Sanye Co., Beijing, China) were firstly packed in the
athode chamber to achieve a ratio of cathode to anode surface
reas (C/A) of 3:1 to investigate the effects of cathode materials on
ower generation and Cr(VI) reduction rate. The specific surface
reas of these porous industrial grade materials were estimated
o be 800 m2 m−3 for graphite granules, 2000 m2 m−3 for graphite

elt and 9600 m2 m−3 for graphite fibers, respectively. The cathodic
orking volume was 85 mL. Before the installation, these materials
ere treated in the same way as reported by Clauwaert et al. [25].
reference electrode (Ag/AgCl electrode, 195 mV versus standard

ydrogen electrode, SHE) was used to obtain cathode and anode
Fig. 1. Diagram of tubular reactor.

potentials. Two duplicate reactors were operated as controls: one
is used for the exclusion of biological catalysis of Cr(VI) reduction
(abiotic control), the other control was run in the open circuit mode
(disconnected electrode) for Cr(VI) reduction (anaerobic control).
All of the reactors were wrapped with aluminium foil to avoid the
photo illumination.

2.2. Inoculation and operation

The cathode in the present MFC was inoculated with a mixed
bacterial culture obtained from an MFC that had been operating
for more than 6 months using Cr(VI) as an electron acceptor in
cathode chamber. An acclimated mature anode made of graphite
fibers was directly transferred from the anode chamber of the pre-
vious reactor for similar research [35] and used as anode in this
study. The medium composition in both cathode and anode cham-
bers were the same as previously reported [23]. The reactor was
run in fed-batch mode at temperature of 22 ± 2 ◦C except the cases
where temperature effects were examined at 35 and 50 ◦C, respec-
tively. In the investigation of pH effects, initial anolyte was always
kept at pH 7.0 while the feed solution in cathode was adjusted by
weak acid or base solution to the desired values. The concentration
of phosphate buffer remained the same at different pH values.

2.3. Analyses and calculations

The voltage across an external resistor was continuously
recorded using a data acquisition system. Current, power
and Coulombic efficiencies (CEs) were calculated as previously
described [22]. A commonly used method termed as linear sweep
voltammetry (LSV) was employed here for the determination of
maximum power density [36,37]. Based on previously reports
[25,27], a scan rate of 1 mV s−1 was firstly chosen to obtain the
polarization curves in fiber-3 reactors. Another method termed as
“multiple cycles” was then used for comparison in order to evaluate
the reliability of 1 mV s−1 for the present study. For the “multiple
cycles” method, a single cycle was run for each resistor. The max-

imum power density value was taken at steady state conditions.
When the current started to decrease, the solution was replaced
before using a new resistor.

Samples were withdrawn as appropriate using a syringe. They
were centrifuged immediately. The supernatants were analyzed



6 neering Journal 166 (2011) 652–661

r
s
T
b
o
m
m
T
w
S
w
g
f
S

3

3

a
c
P
A
r
p
p
o
o
b

3
b

o
r
d
v
3
p
a
f
a
i
e

t
(
t
(
C
w
a
r
9
g

3
w

t
c
d
r

54 L. Huang et al. / Chemical Engi

ight after the centrifugation for residual soluble Cr(VI) and total
oluble chromium using a colorimetric standard method [38].
he amount of dissolved Cr(III) was calculated as the difference
etween the concentration of the total soluble chromium and that
f hexavalent chromium. Biomass in the cathode chamber was
easured according to the standard method [38]. All measure-
ents were taken over two or three consecutive retention times.

he bacterial morphologies on different graphite-based electrodes
ere observed using a scanning electron microscope (SEM; Hitachi,

570, Japan). Prior to observation, these carbon-based materials
ere collected and fixed overnight with paraformaldehyde and

lutaraldehyde in buffer solution (0.1 M cacodylate, pH 7.5, 4 ◦C),
ollowed by washing and dehydration in water/ethanol solutions.
amples were then coated with Au/Pt before SEM observation.

. Results and discussion

.1. Electricity generation during start-up

After a lag period of 50–58 h after first inoculation, there was
n increase in voltage output in all of the reactors with different
athodes, reaching 0.31–0.36 V across a fixed resistor of 1000 �.
ower was generated at the start of the second fed-batch cycle.
fter the fifth cycle, the electricity cycles became consistent and
eproducible exhibiting voltage around 0.45–0.52 V with the anode
otential being stably around −0.30 V during the experimental
eriods. These results demonstrate that the increase in voltage
utput was mainly attributed to the improved performance of cath-
des, on which stably and electrochemically active biofilms had
een formed (data not shown).

.2. Time course of electricity generation and Cr(VI) reduction in
iocatalytic carbon-based cathode MFCs

Fig. 2 shows the influence of different carbon-based materials
n the performance of biocathode MFCs. For all the three mate-
ials tested, the electric current increased with time initially and
ropped towards the end of the experiment resulting in a peak
alue shortly after 1 h operation (Fig. 2A). Comparatively, granule-
produced a low power of 7.6 A m−3 (2.0 W m−3) whereas power

roduced from felt-3 and fiber-3 reached 10.5 A m−3 (3.8 W m−3)
nd 11.5 A m−3 (4.5 W m−3), respectively, indicating no great dif-
erence of power generation between fiber-3 and felt-3. In the
biotic controls, only 1.7 A m−3 (0.1 W m−3) was obtained, show-
ng the importance of electrochemically active microorganisms on
lectricity generation.

Along with the electricity generation, Cr(VI) concentra-
ion in biocathode MFCs decreased gradually as expected
Fig. 2B). Fiber-3 cathode gave a higher Cr(VI) reduc-
ion rate of 3.61 ± 0.10 mg L−1 h−1 than that of the felt-3
3.07 ± 0.12 mg L−1 h−1) or the granule-3 (3.46 ± 0.09 mg L−1 h−1).
onsidering the biomass in the three biocathode chambers, which
as around 0.28–0.37 g L−1 for fiber-3, 0.30–0.35 g L−1 for felt-3,

nd 0.57–0.67 g L−1 for granule-3, respectively, the specific Cr(VI)
eduction rate was therefore 11.3 ± 2.2 mg g−1 VSS h−1 for fiber-3,
.5 ± 1.0 mg g−1 VSS h−1 for felt-3, and 5.6 ± 0.6 mg g−1 VSS h−1 for
ranule-3.

.3. SEM characterization on carbon-based materials with or
ithout a biofilm
The difference in the nature of the electrode materials is illus-
rated in Fig. 3 by the scanning electron microscopy images of
arbon-based materials before and after biofilm formation (120
ays of operation). Generally speaking, sparse coverage of bacte-
ia was found on these carbon-based electrodes (Fig. 3B, D, and
Fig. 2. Electricity generation (A) and Cr(VI) concentration (B) as a function of
incubation time in biocatalyzed carbon-based cathode MFCs (external resistor:
Rex = 400 �).

F), which was similar to the biocathodes using oxygen or carbon
dioxide as terminal electron acceptors [39,40]. In comparison with
graphite granule (Fig. 3E and F), there is more space between inter-
sectional graphite fiber and graphite felt (Fig. 3A–D). This kind of
porous structure may allow for better substrate access resulting in
a higher current density in graphite fibers and graphite felt than
graphite granules [15,19]. In addition, more perpendicular posi-
tioned bacteria on the graphite fibers were observed (Fig. 3B) while
bacteria on graphite felt were mostly attached (Fig. 3D). These bac-
terial morphologies on the cathode were similar with the reported
[39,40].

The findings here are consistent with the results reported by
You et al. who found the biocatalytic graphite fiber cathodes
produced higher power than graphite granule cathodes [27]. In
terms of power generation, the performance of biocathode can be
affected by multiple factors such as electrode electrical conductiv-
ity, bacterial accessibility, mass transfer, and surface morphology
of electrode material [12]. The efficient mass transfer in graphite
fiber and graphite felt system offers one possible reason for the
observed results [15,27]. Other factors, such as surface roughness of
cathode electrode, the properties of attached biofilm, and the level
of electrode potential, may also contribute to the noted current
generation although there is not a generally agreed relationship
[12,40–48]. The increase in polishing level decreased the surface
roughness value and the amount of bacterial adhesion, while a
rough surface promoted bacterial adhesion and colonization, and
high-energy surfaces collected more bacteria, bound the bacteria

more strongly, and selected for specific bacteria [42–44]. However,
a smoother initial surface of glassy carbon electrode and stain-
less steel electrode can lead to the growth of a more compact and
homogeneous biofilm of Leptothrix discophora SP-6 [45]. Also, a
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ig. 3. Scanning electron micrographs on different carbon-based materials before an
ttached, (C) graphite felt without biofilm, (D) graphite felt with biofilm attached, (

tainless steel biocathode provided 25 times higher power den-
ity than graphite under identical conditions and showed excellent
lectrokinetic properties to support fumarate reduction catalyzed
y pure culture of Geobacter sulfurreducens [46]. On the other hand,

n terms of Cr(VI) reduction, a higher specific Cr(VI) reduction rate
n graphite fibers than graphite felt and graphite granules may be
ttributed to the more efficient biocatalytic activity, showing with a
ess biomass production and a quicker decrease of Cr(VI) concentra-
ion in per catholyte volume and per hour in graphite fiber chamber.
his result was consistent with other researchers’ report that thin-

er biocatalytic films on the cathode corresponded with better
ystem performance [48]. Therefore, further exploration should
e focused on the relationships among graphite fiber electrode
oughness, electrode electrical conductivity, biofilm thickness and
icrobial consortia composition or specific bacteria, and system
r biofilm formation. (A) graphite fiber without biofilm, (B) graphite fiber with biofilm
phite granule without biofilm, and (F) graphite granule with biofilm attached.

performance of Cr(VI) reduction and electricity generation. How-
ever, it is beyond the scope of the present study. In the following
experiments, graphite fibers were chosen as cathode for further
investigations.

3.4. Effect of ratios of C/A in biocatalytic graphite fiber-cathode
MFCs

The two polarization methods, namely LSV and multiple cycle
methods, were firstly compared in the evaluation of maximum

power. The average maximum power density produced using mul-
tiple cycle method was of 6.3 ± 0.2 W m−3 at a current density of
19 A m−3 while that obtained using LSV was 6.8 ± 0.1 W m−3 at a
current density of 20 A m−3 (Fig. 4A and B), illustrating no signifi-
cant differences between the two methods for the present study.
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Fig. 4. Polarization (A), power density (B) curves and time course of Cr(VI) reduction
(C) in biocatalyzed graphite fiber-cathode MFCs with different ratios of C/A (♦: fiber-
3, �: fiber-10, ©: fiber-20, *: open circuit control). In the case of Cr(VI) reduction,
R
t
(
t

L
i
t
o
o

3
o
c
c

ex was set at 200 � for fiber-3, 100 � for fiber-10 and 80 � for fiber-20, respec-
ively. Comparison of power density outputs using different polarization methods
�: multiple cycles, ♦: LSV) was also shown in (A) and (B) (initial pH: 7.0, operation
emperature: 22 ◦C).

SV method was therefore used for maximum power in the follow-
ng investigations. This result may also indicate that the bacteria on
he current biocathode exhibited a quicker response to the changes
f voltage at a rate of 1 mV s−1 than that reported by others previ-
usly [25,37].
Different ratios of C/A such as 20 (fiber-20), 10 (fiber-10) and
(fiber-3) were respectively set to investigate the effects of cath-

de surface area on power generation and Cr(VI) reduction in the
urrent biocathode MFCs. There were slight increases in open cir-
uit potential (OCP) with the increase in electrode surface area
g Journal 166 (2011) 652–661

ranging from 0.63 V at fiber-3 to 0.67 V at fiber-20 (Fig. 4A). In
the control (abiotic cathode, pH of 7.0 and temperature of 22 ◦C
were the same as biotic system) with fiber-3 electrode, OCP of
0.24 V was much lower than the 0.63–0.67 V, confirming that the
involved microorganisms significantly enhanced the OCP of the
present system. Greatly different from a quicker change of volt-
age with current density at fiber-3, fiber-10 and fiber-20 showed
a comparatively slow voltage decrease with current density, illus-
trating a lower internal resistance in the biocatalytic larger surface
area cathode systems. The larger surface area corresponded with
more biocatalyst reaction sites and may permit quicker electron
exchange around cell surface, especially under the condition of
higher current density, and consequently resulted in less voltage
losses with current density course. The internal resistances cal-
culated from the polarization curves were 82, 96 and 231 � for
fiber-20, fiber-10 and fiber-3, respectively.

The maximum power values generated by the three biocatalytic
graphite fiber cathode MFCs are 15 W m−3 at 48 A m−3 for fiber-
20, 13 W m−3 at 39 A m−3 for fiber-10, and 6.8 W m−3 at 20 A m−3

for fiber-3, substantially higher than the 0.19 W m−3 at 1.9 A m−3

for abiotic cathode (Fig. 4B). In comparison with the 0.13 W m−3

in graphite plate cathode and 1.3 W m−3 in graphite granule cath-
ode [14,23], the power densities of this biocathode were therefore
53–117 times that of graphite plate and 5.2–12 times of graphite
granules, respectively at the same concentration of Cr(VI) in a bio-
cathode H-type MFCs. CEs obtained from the graphite fiber MFCs
were around 98–100%, higher than the 78% in the biocatalytic
graphite granule cathode and H-type MFCs [23], demonstrating the
high utilization efficiency of electrons transferred from anode in the
present tubular biocathode system. The increase in cathode surface
area increased the quantity of catalystic bacteria on the cathode and
thereby improved the performance of the MFC system by decreas-
ing the activation overpotential of the biocathode electrode, leading
to the increase in cathode potential and power production [12,19].
Similar observation of an increase in power due to a reduction
in cathode overpotential was also made using biocathodes with
oxygen and nitrate electron acceptors [25,26,34].

Under the optimized external resistances, Cr(VI) reduction
rate in fiber-3, fiber-10 and fiber-20 reached 4.08, 5.12 and
6.80 mg L−1 h−1, respectively (Fig. 4C). Accordingly, based on
the biomass in the biocathode system, which was around
0.28–0.37 g L−1, the specific Cr(VI) reduction rates on the graphite
fiber cathodes were therefore 12.4–20.6 mg g−1 VSS h−1, respec-
tively. These values were 69–114 times and 6.2–10.3 times,
respectively, as high as the previously reported using the same
electron acceptor and a bio-catalyzed carbon plate or graphite gran-
ule cathode H-type MFCs, showing the importance of coordinated
effects of cathode surface area and reactor architecture on the
biocathode performance [12,23]. Additionally, the values obtained
here are 3.6–6.1 times and 3.3–5.6 times, respectively, as high as
the highest Cr(VI) reduction rates recently reported in conventional
aerobic and anaerobic Cr(VI) reduction processes [8].

Electrode surface area is one important factor for reactor perfor-
mance. Increasing cathode surface area and retaining a small anode
relative to the cathode area has been suggested extensively to keep
abiotic cathodic reactions from limiting rates of electron trans-
fer at the bioanode and therefore to improve power production
[12,19]. In the case of biocathode systems, more cathode surface
area can increase the quantity of catalyst bacteria on the surface
and thereby provide more available reaction sites for cathodic reac-
tions in an identical cathode compartment [23,27]. On the other

hand, a comparatively small surface area of membrane between a
two-chamber MFC and a relatively long average distance between
anode and cathode increases the resistance associated with the
membrane and electrolyte, and consequently increases the inter-
nal resistance of the system [12,48,49]. In the case of a small size
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Fig. 5. Polarization (A), power density (B) and time course of dissolved Cr(VI) (indi-
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embrane (4.9 cm2), a long average distance between anode and
athode (12.5 cm) and over-enlargement of the cathode surface
rea (e.g. ratio of C/A was around 100–280) in a typical H-type bio-
athode MFC, membrane resistance and electrolyte resistance may
ave heavily limited the system performance [23]. Comparatively,
he present tubular MFC equipped with a large size membrane
80.4 cm2), a short average distance between anode and cathode
1.75 cm), and ratios of C/A of around 3–20 may have efficiently
mproved mass transfer and decreased internal resistance, which
esulted in a better system performance than the previous one
23]. These results were consistent with other observations, which
emonstrated cathode surface area and reactor architecture were

imiting the performance of biocathode MFCs using oxygen or
itrate as a terminal electron acceptor [21,27].

.5. Effect of initial Cr(VI) concentrations

OCP increased with the increase in initial Cr(VI) concentrations
rom 0.63 V at 20 mg L−1 to 0.66 V at 40 mg L−1, Fig. 5A, demon-
trating the decrease in activation losses with the increase in Cr(VI)
oncentrations at this range [14]. This result can be also explained
y Eq. (1), in which a high Cr(VI) concentration pushes the reaction
f Cr(VI) reduction forward in a positive direction. Further increase
n the initial Cr(VI) concentration to 50 mg L−1 resulted in an appar-
nt decrease of OCP to 0.57 V, illustrating the inhibitory effect of
his higher Cr(VI) concentration on the catalytic activity of elec-
rochemical bacteria. In the abiotic control (pH of 7.0 and 22 ◦C,
he same conditions as biotic system), OCP was only around 0.24 V,
howing the importance of biocatalysts on the increase of OCP in
he present biocathode system. A maximum power of 7.2 W m−3

t a current density of 19 A m−3 was obtained at 40 mg L−1 while it
as only 4.1 W m−3 at a current density of 13 A m−3 for an initial
r(VI) concentration of 50 mg L−1 (Fig. 5B).

r2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O (1)

Cr3+ + 7H2O → 2Cr(OH)3(s) + 6H+ + H2O(6.5 < pH < 10) (2)

Data from kinetic experiments with varying initial Cr(VI) con-
entrations and optimized external resistances were collected to
nvestigate the reaction orders. For each experiment within 3 h
eaction time, reaction rates were well described by a pseudo-first-
rder model of the form:

n
C0

C
= kobs × t (3)

here kobs, pseudo-first-order rate constant (h−1); C0, initial Cr(VI)
oncentration (mg L−1); and C, dissolved Cr(VI) concentration at
ime t (mg L−1); t, running time (h).

Good fits (R2 > 0.974) of all experimental data were obtained
sing the pseudo-first-order model. The slope of ln(C0/C) versus
ime was equal to the rate constant kobs. As shown in Fig. 5C, this
alue (mean kobs = 0.451 ± 0.003 h−1, n = 4) was essentially constant
ver the range of C0 from 20 to 40 mg L−1, indicating the suitability
f the pseudo-first-order model for the present biocathode system.
n the case of 50 mg L−1 Cr(VI), however, inhibitory action of Cr(VI)
n the electrochemically active biofilm may have happened, shown
n apparent decrease in cathode potentials from 0.03 V at 20 mg L−1

o −0.05 V at 50 mg L−1 (Rex = 200 �). The specific Cr(VI) reduc-
ion rates at 50 mg L−1 was only around 5.2 mg g−1 VSS h−1 and
herefore resulted in the disagreement with the pseudo-first-order

odel.
.6. Effect of initial pHs

A set of experiments were performed at different cathode initial
Hs ranging from 5.0 to 8.0 to investigate the effect of pHs on Cr(VI)
cated as ln(C0/C)) (C) under various initial Cr(VI) concentrations in biocatalyzed
fiber-3 cathode MFCs (pH: 7.0, temperature: 22 ◦C).

reduction and power generation as shown in Fig. 6. Open circuit
potential exhibited difference at various pH values ranging from
0.54 V at pH 8.0 to 0.76 V at pH 5.0 (Fig. 6A). The maximum power
density increased with decreasing pH and reached the highest value
of 11 W m−3 at a current density of 24 A m−3 and pH 5.0 while it
was only around 6.4 W m−3 at a current density of 20 A m−3 and pH

8.0, an improvement of 61.8% and a decrease of 6.0%, respectively
compared to the value of 6.8 W m−3 at pH 7.0 (Fig. 6B). In com-
parison with anode potentials which was stable around −0.30 V,
cathode potentials increased from 0.03 V at pH 8.0 to 0.13 V at pH
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Fig. 6. Voltage (A) and power density (B) as a function of external resistance, and
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ime courses of dissolved Cr(VI) (C), total chromium (D, open symbol) and dis-
olved Cr(III) (D, solid symbol) at pH 5.0 (diamond), 6.0 (triangle), 7.0 (circle) and
.0 (square) in biocatalyzed fiber-3 cathode MFCs (temperature: 22 ◦C, initial Cr(VI)
oncentration: 20 mg L−1).

.0 (Rex = 200 �), illustrating power increase was attributed to the
mprovement of biocathodes.

Electrode potentials at 298 K exhibit a function of pH values
ccording to Nernst equation as described in Eq. (4) [50]. A the-
retically net change of potential with pH change was therefore
hown in Eq. (5). Decrease in three pH units theoretically reduced
otential of 0.177 V (Eq. (5)). In the case of the present biocathode

ystem, a decrease of cathode pH actually increased cell poten-
ial from 0.54 V at pH 8.0 to 0.76 V at pH 5.0 (Fig. 6A), indicating
net potential increase of 0.22 V. This value was even higher than

he theoretical value of 0.177 V resulted from abiotical decrease of
pH units, indicating a positive response of catalysis activity of
g Journal 166 (2011) 652–661

electrochemical microorganisms to pH decrease.

E = E0 − 0.0591pH (4)

�E = 0.0591 �pH (5)

Concurrently with electricity generation, a decrease in the pH
of the biocathode electrolyte resulted in an increase in the rate
of Cr(VI) reduction (Fig. 6C) and the formation of dissolved Cr(III)
(Fig. 6D). Within a period of 3 h, around 98.5% Cr(VI) was reduced
at pH 5.0, whereas 61.0% Cr(VI) reduction was observed at pH 8.0,
61.6% increase of Cr(VI) reduction with a decrease of pH from 8.0
to 5.0 (Fig. 6C). In the abiotical control, systems at pH 5.0 and
pH 8.0 exhibited Cr(VI) reduction of 11.2% and 7.3%, respectively,
illustrating the more efficient Cr(VI) reduction in biocathode sys-
tem at pH 5.0 than pH 8.0 was mainly due to microbial catalysis
and not abiotical mediation. Higher product of dissolved Cr(III)
was observed in solution at pH 5.0 compared to pH 8.0 (Fig. 6D).
At pH 5.0, dissolved Cr(III) was increased to 8.6 mg L−1 within
the first 2 h of the experiment and kept around 9.3 mg L−1 dur-
ing the following running period. At pH 8.0, however, no more
than 0.3 mg L−1 of dissolved Cr(III) was observed over the dura-
tion of the time course. While total dissolved chromium at various
initial pHs decreased with the time course, pH 5.0 followed by
pH 8.0 had higher total dissolved chromium than pH 6.0 and 7.0,
indicating more acidic or alkaline condition was beneficial to the
formation of dissolved chromium (Fig. 6D). However, at pH 5.0, the
total dissolved chromium was mainly composed of dissolved Cr(III)
while at pH 8.0, it was mainly attributed to the dissolved Cr(VI)
(Fig. 6D).

The complex biological and electrochemical reactions in the bio-
cathode system can be heavily affected by pHs. On the one hand,
pHs can affect the surface properties of the cells including cell sur-
face hydrophobicity, net surface electrostatic charge, cell surface
shape and polymers, cell morphology, cell size at cell division, time
to division as well as biofilm structure [51,52], and consequently
affect the bio-catalytic activity on electron transfer from cathode to
bacteria and Cr(VI) reduction inside cells or extracellularly. On the
other hand and in terms of chemical reactions, the net Cr(VI) reduc-
tion theoretically consumes protons on the basis of Eqs. (1) and (2).
Rates of Cr(VI) reduction by various organic reductants increased
with decreasing pHs owing to the increased protonation level of
Cr(VI) species [53,54]. In the case of the present biocathode sys-
tem, a similar speciation effect at a lower pH of 5.0 may therefore
be beneficial for not only the catalysis activity of electrochemical
microorganisms, but also Cr(VI) reduction via chemical and biologi-
cal reactions. Our result was similar to the those previous reported
by Virdis et al. [26] and Clauwaert et al. [34], in which an acid-
ified cathode influence or an appropriate pH neutralizing action
can enhance the bio-catalytic activity for de-nitrification process,
during which alkalinity was produced.

3.7. Effect of temperature

Lower ambient temperatures are more relevant for wastewa-
ter treatment applications. Additionally, the seasonal temperature
change is a practical condition to adopt. It is therefore essen-
tial to investigate the temperature effects on system performance.
Meanwhile, temperature may be regulated to not only accelerate
chemical reaction rate, but also keep high biocatalyst activity, both
of which will improve system performance [28–30,32,33]. Based on
these considerations, three temperature levels namely 22, 35 and

50 C were investigated in the present study. Open circuit poten-
tial slightly increase with the increase in temperature from 0.63 V
at 22 ◦C to 0.68 V at 35 ◦C while voltage output at higher current
densities (>10 A m−3) became more apparently affected during this
temperature range (Fig. 7A). Further increase in temperature to
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Fig. 7. Voltage (A) and power density (B) as a function of external resistance, and
time course of dissolved Cr(VI) (shown as ln(C0/C)) under closed circuit (solid sym-
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tricity production. Under the same ratio of C/A of 3, graphite
ol) or open circuit (open symbol) conditions (C) at temperatures of 22 ◦C (diamond),
5 ◦C (triangle) and 50 ◦C (circle) (pH: 7.0, initial Cr(VI) concentration: 20 mg L−1).

0 ◦C led to apparent decrease in open circuit potential (0.56 V) and
oltage output (Fig. 7A).

Along with the voltage output, maximum power density
ncreased with temperature from 6.8 W m−3 at 22 ◦C to 8.7 W m−3

t 35 ◦C, a 28% improvement within the temperature range (Fig. 7B).
urther increase in temperature to 50 ◦C lowered open circuit
otential (Fig. 7A) and decreased the maximum power density to
.6 W m−3 (Fig. 7B).

Potentials of anode and cathode exhibited different change with
he increase of temperature. At a fixed external resistance of 200 �,
node potentials changed little at a temperature range of 22–35 ◦C
hile cathode potentials increased from 0.03 V at 22 ◦C to 0.07 V

t 35 ◦C, mainly contributing to the increase in power from the
ystem at this temperature range. Further increasing temperature
rom 35 to 50 ◦C increased cathode potential from 0.07 V to 0.10 V,
nd anode potential from −0.30 V to −0.235 V, resulting in a net
ecrease in voltage output from 0.37 V to 0.335 V. Thus, the lower
lectricity generation at a high temperature of 50 ◦C was mainly

ttributed to the decrease in the activity of electrochemical biofilm
n the anode.

Similar to the kinetic effects at different initial Cr(VI) concentra-
ions, data with varying temperatures under closed circuit and open
g Journal 166 (2011) 652–661 659

circuit conditions were collected. For each temperature, reaction
rates were well described by a pseudo-first-order model. The kobs
obtained increased from 0.457 h−1 to 0.663 h−1 with the increase
in temperature from 22 to 50 ◦C (Fig. 7C).

ln Kobs = ln K0 − Ea

RT
(6)

According to Arrhenius equation (Eq. (6)) and the kobs obtained
under different temperatures, 1/(RT) versus ln kobs was plotted, and
the apparent activation energy (Ea) can be found from the slope
of the straight line. The calculated Ea values were 10.6 kJ mol−1 for
closed circuit condition and 32.3 kJ mol−1 for open circuit condition,
respectively. The Ea of 32.3 kJ mol−1 under the open circuit condi-
tion was similar to the 33 and 46 kJ mol−1, obtained from chemical
reaction processes, and higher than the 21 kJ mol−1, a minimum
value for estimating chemically controlled processes [2,3]. Thus,
Cr(VI) reduction under the present open circuit condition was
chemical reaction controlled. However, the Ea of 10.6 kJ mol−1

obtained under the closed circuit (biocatalysis) condition was much
lower than the 21 kg mol−1 and consequently indicates that the
chemical reaction control for the Cr(VI) reduction process is not
likely, instead, an apparent catalysis of biofilm is more impor-
tant.

Specific Cr(VI) reduction rates of 69–114 times and power pro-
duction of 53–117 times as high as graphite plate cathodes [14],
and 6.2–10.3 times and 5.2–12 times as graphite granules cath-
odes [23], respectively, were achieved in the present study in
comparison with the values from the H-type MFCs. These spe-
cific Cr(VI) reduction rates were 3.6–6.1 times and 3.3–5.6 times,
respectively, as high as those obtained from conventional aerobic
and anaerobic Cr(VI) reduction processes [8]. These results allow
us to better explore the potential of an efficient biocathode MFC
for a quicker Cr(VI) reduction in comparison with conventional
biological processes with simultaneously higher bioelectricity gen-
eration.

While Cr(VI) reduction rates and power generation were effi-
ciently improved on the biocatalytic graphite fibers cathodes
equipped with tubular MFCs, initial Cr(VI) concentrations, pH and
temperature were proved to affect the performance of this system,
illustrating the importance of system optimization for the present
biocathode MFCs. In view of the fact that electron transfer from
electrode surface to microorganisms was the most sluggish and dif-
ficult step, and consequently limiting the biocathode performance
[55], more work needs to be done to clarify the electron transfer
mechanisms using pure culture screened from the current biocath-
ode system. For practical application and considerations, issues like
retention of biomass and recovery of the reduced chromium in
the scalable tubular biocathode MFC system need to be addressed.
Complete removal of chromium may be achieved by intermittently
pulling up the electrodes, and settling and removing the biomass
from the cathode. The chromium can be then stripped off with a
simple extractant such as sulfuric acid [56]. These subjects will need
to be further investigated.

4. Conclusions

From this work, the following conclusions can be drawn:

(1) Carbon-based materials including graphite fibers, graphite
felt and graphite granules equipped with tubular MFCs can
efficiently improve both Cr(VI) reduction rates and bioelec-
fibers were superior to graphite felt or graphite granule. Spe-
cific Cr(VI) reduction rates and power production ranging
from 12.4 mg g−1 VSS h−1 and 6.8 W m−3 (20 A m−3) at C/A
of 3 to 20.6 mg g−1 VSS h−1 and 15 W m−3 (48 A m−3) at C/A
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of 20 were achieved in biocatalyzed graphite fiber cathode
MFCs.

2) In comparison with pH 7.0, an acidic pH of 5.0 improved Cr(VI)
reduction of 27.3% and power generation of 61.8% whereas
an alkaline pH of 8.0 decreased Cr(VI) reduction of 21.2% and
power generation of 6.0%. The products formed as dissolved
and/or precipitated Cr(III) was highly pH dependent.

3) Under a temperature of 22 ◦C and pH 7.0, Cr(VI) reduction
followed the pseudo-first-order model. Elevating temperature
from 22 to 50 ◦C increased Cr(VI) reduction with an increase
in rate constant from 0.457 to 0.663 h−1 while electricity gen-
eration was decreased at a high temperature of 50 ◦C. The Ea

obtained from this biocathode system was 10.6 kJ mol−1.
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