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a b s t r a c t

This study investigated degradation of azo dyes by using microbial fuel cell (MFC)-Fenton system, in
which in-situ production of H2O2 was achieved through two-electron reduction of oxygen in neutral
catholyte. Based on sequential operation where H2O2 was synthesized followed by Fenton reaction, the
MFC-conventional Fenton system was shown able to remove amaranth (75 mg/L) with the ratio of 82.59%

2+
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within 1 h when 1 mmol/L Fe was applied. For the MFC-electrochemical Fenton system with 0.5 mmol/L
Fe3+ addition, the removal ratio of amaranth (75 mg/L) could reach 76.43% and cathode potential could
keep stable for 1 h. Meanwhile, a maximum power density of 28.3 W/m3 was obtained, which was larger
than that of 17.2 W/m3 when K3Fe(CN)6 was used as cathodic electron acceptor. This study suggests a
proof-in-concept new manner for biorefractory wastewater treatment using the energy produced from
biodegradable wastewater along with electrical energy generation simultaneously, which makes dye-

eatm
containing wastewater tr

. Introduction

The removal of toxic and biorefractory organic substances from
roundwater and wastewater has been of great significance to
revent water environment from contamination of hazardous
hemicals for years. Utilizing conventional methods to treat these
ubstances, such as adsorption [1], coagulation [2], filtration [3]
nd sedimentation [4] have been proved to be technically feasible.
owever, these approaches may be problematic and unsustainable,
ue to potential production of various secondary wastes which
eed further treatments [5]. In recent years, advanced oxidation
rocesses (AOP) have been widely developed as promising and
fficient methods to treat aqueous recalcitrant organic pollutants
6–11]. Compared with other processes, AOP can offer several par-
icular advantages such as high efficiency, easy operation and less
roduction of residuals at the end of treatment. In general, AOP
an be defined as a treatment process involving in-situ genera-
ion of hydroxyl radical (•OH) which has extremely great redox

otential (E0 = 2.80 V vs. NHE) to react non-selectively with organ-

cs to their final mineralization at near-ambient temperature and
ressure [12]. The Fenton method has been widely applied as AOP
rocess, which involves the use of aqueous mixtures of ferrous iron

∗ Corresponding author. Tel.: +86 411 84706328; fax: +86 411 84708083.
E-mail address: yangfl@dlut.edu.cn (F.-L. Yang).
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ent a green treatment process and more sustainable.
© 2010 Elsevier B.V. All rights reserved.

(Fe2+) and hydrogen peroxide (H2O2) under acidic condition [Eq.
(1)]. This method is more advantageous than other AOP processes
because ironic element is highly abundant and non-toxic; as well,
the degraded products of H2O2 is environmentally-benign [13,14].

Fe2+ + H2O2 → Fe3+ + •OH + OH− k = 63 M−1 s−1 (1)

However, several limitations may hamper the conventional Fen-
ton (CF) system into commercial application. First, there can be
economic obstacles due to the great cost of H2O2 and unsafe risks
associated with the transport and handling of commercial concen-
trated H2O2. Second, massive iron sludge produced with the form of
Fe(OH)3 requires proper disposal, which needs additional invest-
ment for appropriate design and operation of the whole system.
Recently, the indirect electro-oxidation method, i.e. electrochem-
ical Fenton (EF) approach, is regarded as an effective alternative
[15], by its virtue of the ability to supply in-situ H2O2 through
two-electron oxygen reduction reaction (ORR) at the carbonaceous
cathode [Eq. (2)].

O2 + 2H+ + 2e− → H2O2 (2)
Additionally, in the process of EF, Fe2+ can also be continuously
regenerated from the reduction of Fe3+ at the cathode as can be
seen from Eq. (3) [16].

Fe3+ + e− → Fe2+ (3)

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yangfl@dlut.edu.cn
dx.doi.org/10.1016/j.cej.2010.03.032


L. Fu et al. / Chemical Engineering J

a
e

c
a
p
p
a
w
s
r
a
g
w
b
w

w
h
o
a
[
o
s
w

s
i
e
S
t
a

2

2

C
s
N
g
o
T
(
A

(
c
b
w
t

•

Fig. 1. Chemical structure of amaranth used in this study.

Although EF can overcome several disadvantages of CF, it is still
n energy-intensive method, because of the requirement of high
lectrical voltage to achieve high removal efficiency.

Microbial fuel cell (MFC) is a completely new bioelectrochemi-
al technology to treat wastewater [17], and the most remarkable
dvantage of MFC is its ability to generate combustion-less,
ollution-free bioelectricity directly from biodegradable com-
ounds by utilizing bacteria as catalysts [18]. Rozendal et al. [19]
nd our team [20] have found that, in addition to power yield, it
as also possible to synthesize H2O2 in the catholyte of a MFC

ystem with noble-metal-free graphite as cathode material. As a
esult, if H2O2 produced from MFC can be mixed with iron solution,
new external power-free EF system will be established, which

ives rise to what we call MFC-Fenton system. Providing organic
astewater used as anodic fuel, using MFC-Fenton to degrade non-

iodegradable chemicals such as dyes in biorefractory wastewater
ith energy produced from wastewater will be expected.

Dyes materials, which often constitute an important portion of
astewater effluent, are non-biodegradable and show a relatively
igh persistence in soils and aquatic systems. Azo dyes account for
ver 60% of the total number of dye structures known and salicylic
cid derivatives of mordant azo dyes are numerically predominant
21]. As shown in Fig. 1, amaranth can be a typical representative
f azo dyes, and its molecular structure determines the chemical
tability and resistance to H2O2. Based on the above considerations,
e chose amaranth as the target pollutant in this study.

The primary objective of this study is to construct a MFC-Fenton
ystem for examining in-situ degradation of biorefractory organ-
cs (amaranth) along with power generation. First, we investigated
ffects of operational modes and amaranth on H2O2 production.
econd, amaranth degradation was studied in the MFC-Fenton sys-
em by applying CF and EF method, with addition of Fe2+ and Fe3+

s Fenton catalysts, respectively.

. Materials and methods

.1. Chemicals and analyzes

Amaranth (A.G.) was purchased from Beijing Chemical Reagents
ompany and used without further purification. Other chemicals
uch as FeSO4·7H2O, Fe2(SO4)3, TiOSO4·2H2O, K3Fe(CN)6, glucose,
H4Cl, KCl, H2SO4, NaOH, NaH2PO4 and Na2HPO4 were analytic
rade. High-purity gaseous O2 and N2 were used to maintain
xygen-saturated and deoxygenated conditions in the electrolyte.
he aqueous pH was adjusted to desired levels by adding H2SO4
0.5 M) or NaOH (1 M), and measured by pB-10 pH-meter (Sartorius
G, Germany).

H2O2 concentration was determined by spectrophotometry

722s, Jinghua, China) of titanium (IV) oxysulphonate–sulfuric acid
omplex (TiOSO4·xH2SO4·xH2O). Fe2+ concentration was measured
y light absorbance at wavelength of 510 nm after complexion
ith 1,10-phenanthroline. Determination of amaranth concentra-

ion was performed spectrophotometrically by measuring the light
ournal 160 (2010) 164–169 165

absorbance at wavelength of 524 nm. TOC analyzes were carried out
using a 5050 TOC-VCPH analyzer (Shimadzu, Japan).

2.2. Electrochemical measurements

Cyclic voltammograms (CV) and electrochemical impedance
spectroscopy (EIS) measurements were carried out using a Poten-
tiostat/Galvanostat EG&G Model 263A and a frequency response
detector FRD 100 of Princeton Applied Research. The working elec-
trode was the cross section of spectrographic pure graphite (SPG)
rod (˚ 10 mm) and the counter electrode was a platinum sheet (sur-
face area 4 cm2). A saturated calomel electrode (SCE) was supplied
as the reference electrode. If not stated otherwise, all potentials
were reported against SCE (245 mV vs. NHE) in this study. All the
experiments were carried out at room temperature (20 ◦C).

2.3. MFC-Fenton system

A double-chambered MFC reactor was constructed with two
uniform glass bottles having total volume of 80 mL for each. The
anode chamber was filled with granular graphite (diameter of
6–8 mm, specific surface area of 4.12 cm2/mL area to volume), while
two SPG rods (6 cm in length and 1 cm in diameter) were fixed to
serve as cathode in the cathode chamber. Thus, the wet volume of
the anode and cathode compartment was 50 mL and 70 mL, respec-
tively. The two compartments were separated by proton exchange
membrane [Nafion 112 (Dupont, USA)] with sectional area of 9 cm2.
The MFC reactor was started up according to the procedures as
described in our previously reported studies. The anode chamber
was fed with glucose (700 mg/L COD) as fuel substrate.

H2O2-producing MFC was operated with external resistance of
20 � and O2 was purged into the cathode chamber (electrolyte was
0.1 mol/L Na2SO4) to supply the oxygen needed for two-electron
ORR. After 12 h operation, 73–80 mg/L H2O2 would be achieved,
and this system had a stable operation performance [20]. In this
study, catholyte was amaranth solution with 0.1 mol/L Na2SO4 as
supporting electrolyte, and the other operational parameters were
the same as the H2O2-producing MFC. In the experiment of CF,
catholyte containing amaranth and H2O2 which generated in-situ,
was extracted from the cathode chamber and then transferred into
a beaker, adjusted to pH 3.0 and added Fe2+ to start the Fenton
reaction. In the experiment of EF, the Fenton reaction with Fe3+

as catalyst reacted in the cathode chamber after H2O2 generation
process, and replaced growth medium of the anode concurrently to
maintain anode potential stable. Both CF and EF were stirred with
a magnetic stirrer to enhance the mass transport.

Cell voltage and cathode potential of the MFC were mea-
sured with a multimeter (UT803, China) and a data acquisition
system connected to a personal computer. Current is calculated
using Ohm’s law (I = Ecell/R). Polarization curve was obtained using
voltammetry tests at the scan rate of 1 mV/s by a Potentio-
stat/Galvanostat EG&G Model 263A.

3. Results and discussion

3.1. The selection of operation modes

Electrochemical Fenton (EF) is an electro-oxidation method, in
which H2O2 and Fe2+ can be on-site generated electrochemically,
either separately or concurrently [22]. Generally, H2O2 genera-
tion and Fenton process operate simultaneously in EF [23–26], and

thereby, H2O2 could be catalyzed to form OH immediately. Since
the optimal pH for Fenton reaction is generally in the range of
2.5–3.5 [27], H2O2 generation could be achieved at acidic solutions
in EF. For example, Zhu and Ni [28] adopted this mode to degrade
p-nitrophenol in a MFC, in which controlling pH of catholyte was
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Fe concentration on amaranth degradation efficiency is given in
Fig. 4(a). For initial amaranth concentration of 25 mg/L, Fe2+ was
shown to have little influence on degradation efficiency (almost
100%) over a wide range from 0.5 to 3.0 mg Fe2+/L. However,
when Fe2+ concentration reached higher level of 5.0 mg/L, degra-
ig. 2. EIS profile of SPG electrode in 0.1 mol/L Na2SO4 solution saturated with O2

t the potential of −0.25 V at (a) pH 7.0 and (b) pH 3.0.

significant factor for efficient H2O2 generation. Fig. 2 shows the
IS profile of SPG electrode in oxygen-saturated solutions at pH 7.0
nd pH 3.0. The data were fitted and simulated by ZSimpWin3.10
oftware, which gave change transfer resistances (Rct) for ORR of
512 � (pH 7.0) and 5708 � (pH 3.0), respectively. Thus, the stan-
ard rate constant (K0) of ORR at different pH can be derived from
ct using Eq. (4) [29]:

0 = RT

n2F2RctA CO2

(4)

here R (8.314 J/mol K) is the ideal gas constant, T (293 K) the abso-
ute temperature, n (n = 2) the mole number during two-electron
eduction of oxygen, F (96485 C/mol) the Faraday’s constant, A
0.785 cm2) the area of the electrode, CO2 (3 × 10−7 mol/cm3) the
ulk concentration of dissolved oxygen. As indicated in Eq. (4), K0

s inversely proportional to Rct, so K0
pH 7 was 2.27 times of K0

pH 3,
uggesting that ORR reaction rate at SPG electrode in neutral elec-
rolyte proceeds faster than that in acidic electrolyte. Operating
2O2-producing MFC using catholyte with different pH, the accu-
ulated H2O2 concentration at initial pH 7 was observed 2.52 times

f that obtained at initial pH 3, and this result appeared to be in
good agreement with EIS analysis. Taking into account of the

mportance of H2O2 amount for Fenton reaction and properties of
2O2 formation in the MFC using SPG as the electrode, operating

he system under sequence mode was preferred to that under syn-
hronization mode. In other words, to enable more efficient H2O2
ield, the system should be better off by synthesis of H2O2 in MFC in
eutral catholyte, then followed by Fenton reaction through adjust-
ent of catholyte pH to 3.0 and addition of ironic catalyst.
Fig. 3 illustrates the cyclic voltammograms (CV) scan of SPG elec-

rode oxygen-saturated electrolyte (pH 7.0) in the absence and in
he presence of amaranth (25 mg/L). It is clearly visible that the
RR currents of two cases were completely identical at the cathode
otential higher than −0.4 V. As the operating cathode potential of
2O2-producing MFC was changed from −0.3 V to −0.2 V and cath-
de potentials appeared almost the same over the whole testing
eriod without and with amaranth, it can be concluded that the
resence of amaranth had slight impact on the ORR process occur-
ing on the surface of the SPG rod. As a result, it can be concluded
hat the presence of amaranth had little impact on ORR process

ccurring on the surface of SPG rod. For H2O2-producing MFC being
perated in the presence of amaranth in the catholyte without addi-
ion of Fe2+, amaranth concentration did not show obvious change
fter a long time of period, which clearly suggested that H2O2 was
nable to decompose amaranth without ironic catalyst.
Fig. 3. Cyclic voltammogram (CV) scan of SPG electrode in 0.1 mol/L Na2SO4 solution
saturated with O2 at pH 7.0 in the (a) absence and (b) presence of 25 mg/L amaranth,
Scan rate was 20 mV/s.

3.2. MFC-conventional Fenton

3.2.1. Effect of Fe2+ concentration
According to Eq. (1), hydroxyl radical generation was mainly

dependent upon both H2O2 and Fe2+ concentration. Considering
that the amount of H2O2 generated from MFC could be assumed
constant at defined conditions, Fenton reaction in this prede-
fined system was dominated by Fe2+ concentration. The effect of

2+
Fig. 4. Influences of Fe2+ concentration on (a) amaranth degradation and (b) TOC
decay using Fe2+ as Fenton catalyst. pH 3.0 and reaction time = 1 h.
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ation efficiency tended to decrease to 80.15%. The variation
f degradation efficiency with Fe2+ addition demonstrated sim-
lar tendency for initial amaranth concentration of 50 mg/L and
5 mg/L. Degradation efficiency addressed a rapid increase when
e2+ concentration increased from 0.1 mg/L to 1.0 mg/L and this
hould be attributed to an increase in the amount of hydroxyl radi-
al generated with the increase of Fe2+ [Eq. (1)]. On the other hand,
urther increase of Fe2+ concentration in the range of 1.0–5.0 mg/L
ed to a gradual drop of degradation efficiency, due to the simulta-
eous consumption of hydroxyl radical by Fe2+ as shown in Eq. (5)
30]

e2+ + •OH → Fe3+ + OH− k = 3.2 × 108 M−1 s−1 (5)

Although the rate constant of hydroxyl radical reaction with
yes as given in Eq. (6) is 1–2 order-of-magnitude greater than that
f reaction with Fe2+, excessive Fe2+ would also cause hydroxyl
adical loss associated with Fe2+ oxidation, and thus decrease in
fficiency of dyes decomposition [5].

H + •OH → R• + H2O k = 109–1010 M−1 s−1 (6)

Furthermore, excessive Fe2+ added generates massive hydroxyl
adical instantaneously [Eq. (1)], and the hydroxyl radical produced
ould react with H2O2, [31]

OH + H2O2 → HO2
− + HO2

• + H2O k = 2.7 × 107 M−1 s−1 (7)

This side reaction also resulted in losses of H2O2 and hydroxyl
adical simultaneously.

Fig. 4(b) presents the effects of Fe2+ on TOC removal efficiency,
hich are seen almost the same to that of amaranth degrada-

ion curves. The optimal performances in amaranth degradation
nd TOC removal could be obtained at 1.0 mg Fe2+/L for the whole
nitial concentrations of amaranth. Much higher Fe2+ concentra-
ion might make TOC removal efficiency decline. In addition to the
xplanations mentioned above, the formation of Fe3+–carboxylic
cid complexes such as Fe(C2O4)+, Fe(C2O4)− and Fe(C2O4)3

3−

32,33] that are difficult to be degraded by hydroxyl radical can
lso be another likely reason for decrease in TOC removal when
e2+ concentration was increased. Hence, it should be of impor-
ance to control Fe2+ concentration at a suitable level to promote
ydroxyl radical generation, and consequently improve efficiencies
f amaranth degradation and mineralization. For the particular MFC
ystem used here to treat amaranth, the optimal Fe2+ concentration
as determined to be approximately 1.0 mg/L.

.2.2. Effect of reaction time
Fig. 5 presents the time course of amaranth and TOC decay in

he MFC-CF system. As is illustrated in Fig. 5(a), amaranth degra-
ation efficiencies could reach 100%, 88.89% and 75.65% during

nitialized reaction time of 15 min for initial amaranth concentra-
ion of 25 mg/L, 50 mg/L and 75 mg/L, respectively. When reaction
ime prolonged to 120 min, degradation efficiencies were merely
ncreased by 11.11% and 8.59% for initial amaranth concentration
f 50 mg/L and 75 mg/L. The maximum amaranth degradation for
nitial concentration of 75 mg/L could be 84.24%, and this system
hould be more effective for the case of low amaranth concen-
ration. As is showed in Fig. 5(b), TOC removal was achieved at
aster rates within the initial 15 min than that within latter stage.
bviously visible is that the overall reaction of hydroxyl radical
egrading azo dyes could be separated to two steps. The first step

s the cleavage of azo bond to form aromatic ring molecules by

ydroxyl radical, and then aromatic ring molecules are broken via
xidative ring opening reactions [34]. This reaction was known to
roceed rapidly; as a result, majority of amaranth could be removed
uring the first time of 15 min. The second step is characterized
y the degradation of short-chain carboxylic acids formed in the
Fig. 5. Variation of (a) amaranth concentration and (b) TOC removal with reaction
time using Fe2+ as Fenton catalyst. pH 3.0 and Fe2+ concentration = 1.0 mmol/L.

first step, which are difficultly oxidized by hydroxyl radical pro-
duced in Fenton reaction. Owing to the “platform behavior” effect
[26], the maximum TOC removal efficiencies of only 56.09%, 48.09%
and 31.08% were obtained for initial amaranth concentration of
25 mg/L, 50 mg/L and 75 mg/L, respectively.

3.3. MFC-electrochemical Fenton

Another novel method being available to perform Fenton reac-
tion in MFC is to incorporate electrochemical reduction of Fe3+ to
Fe2+ to establish a Fenton system, where Fe3+ is used as the cathodic
electron acceptor for MFC and its reduced intermediate Fe2+ plays a
role of catalyst to participate Fenton reaction. Based on the optimal
Fe2+ concentration of 1.0 mmol/L obtained above and regenera-
tion of Fe3+ from Fe2+ oxidation at the cathode continuously, we
fixed Fe3+ concentration as 0.5 mmol/L in the catholyte of MFC-EF
system.

It can be seen from Fig. 6 that degradation curves for external
resistance of 200 �, 500 � and 1000 � are almost coincident, and
degradation rates for smaller external resistance appeared slightly
higher. Degradation efficiencies could reach about 70% within the
first phase of 1 h, and then increased slowly to about 85% within the
latter 2 h. While for the MFC-EF reactor operated under open-circuit
condition, Fe3+ failed to be reduced by cathodic electrode. In this
case, Fenton reaction taking place in the cathode chamber should be
Fenton-like reaction. Fig. 6 shows that amaranth degradation rate
is linearly proportional to reaction time in Fenton-like process and
considerably slower than that obtained with external resistances
used.

Fig. 7(a) shows cathode potential curves of MFC-EF to treat

amaranth in the catholyte. Varying trends of potential curves for
different external resistance are seen principally similar. Following
relative stability within the first time of 1 h, the potential showed
substantial decrease after 1 h, particularly for the curves corre-
sponding 500 � and 200 �. After cathode potential dropped rapidly
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ig. 6. Amaranth degradation efficiency as function of reaction time at external
esistance of (a) 200 �, (b) 500 �, (c) 1000 �, and (d) open-circuit using Fe3+ as
enton reaction catalyst. Experimental conditions: pH 3.0, amaranth concentra-
ion = 75 mg/L and Fe3+ concentration = 0.5 mmol/L.

o certain levels, curves were observed to shift gently at the end of
ested phase.

The cathode potential time course of the MFC with cathode
hamber only containing Fe3+ solution is given in Fig. 7(b), the
ifference with Fig. 7(a) is that cathode potential decreased at

nitial stage. Thereafter, to quantitatively analyze kinetics of Fe3+

eduction by cathodic electrode of MFC [Eq. (3)], Fe3+ concen-
ration in the catholyte was measured at defined time intervals
data not shown). By performing kinetic analysis, the kinetic con-
tants accounting for Fe3+ reduction in MFC were calculated to be
.39 M−1 s−1, 0.74 M−1 s−1 and 1.20 M−1 s−1 for external resistance
f 1000 �, 500 � and 200 �, respectively.

It has been known that Fe3+ is incapable of catalyzing H2O2
irectly to generate hydroxyl radical in Fenton-like reaction. Alter-
atively, hydroxyl radical is produced from H2O2 catalyzed by Fe2+

eing reduced from Fe3+ [Eq. (8)]. [35]
e3+ + H2O2 → Fe2+ + H+ + HO2
• k = 2 × 10−2 M−1 s−1 (8)

Kinetic constant of Fe3+ reduction by H2O2 is far less than that of
q. (1) and Eq. (6), so Eq. (8) should be the rate-determining step of

ig. 7. Time profiles of cathode potential of (a) MFC-EF and (b) MFC system at
arious external resistances. Experimental conditions: pH 3.0, amaranth concen-
ration = 75 mg/L and Fe3+ concentration = 0.5 mmol/L.
Fig. 8. Power density curves of (a) MFC-EF system at 0.5 mmol/L Fe3+, pH 3.0, ama-
ranth concentration = 75 mg/L and (b) MFC with 100 mmol/L K3Fe(CN)6, phosphate
buffer.

overall Fenton-like reaction. In MFC-EF system, Fe3+ can be reduced
by cathodic electrode, and thus is still the rate-determining step
compared with subsequent reactions. Nevertheless, Fe3+ reduc-
tion by cathodic electrode proceeds at a rate (k = 10−1–100 M−1 s−1)
much faster than that by H2O2. Therefore, this feature results in
degradation rate of amaranth in MFC-EF being faster than that of
Fenton-like reaction in MFC (Fig. 6). Following Fe2+ generation by
cathodic electrode, it reacted immediately with H2O2 and gener-
ated hydroxyl radical. As a consequence, Fe2+ is converted to Fe3+

again [Eq. (1)]. Provided that H2O2 exists in the cathode chamber,
concentration of Fe3+ could keep stable. This may provide an expla-
nation to the question why cathode potential changed slightly at
the initial phase in MFC-EF system [Fig. 7(a)]. Once the H2O2 was
fully consumed, concentration of Fe3+ would start to decline, and
so do the cathode potential. For the MFC whose cathode chamber
only contained Fe3+ solution, Fe3+ could not be regenerated, so it is
not surprising that the corresponding cathode potential dropped at
the beginning of the scan [Fig. 7(b)]. After majority of Fe3+ has been
reduced, further reduction seems likely more difficult because of
great resistance from mass transfer. Qiang et al. examined regener-
ation of Fe2+ from Fenton reaction by using an electrolytic cell and
they found that 75% of Fe2+ could be effectively regenerated with
25% remained Fe3+ that is hardly reduced [22]. This is seen well con-
sistent with the results in Fig. 7 showing cathode potential curves
presented declined tendency at end of record time. Hydroxyl rad-
ical generation in Fenton-EF is mainly in the first 1 h so that most
of amaranth could be degraded within a short period of 1 h.

Stable power density curves of MFC-EF obtained within the
first 1 h [Fig. 8(a)], demonstrated a maximum power density of
28.3 W/m3 and defined internal resistance of 200 �. While for the
same reactor with 100 mmol/L hexacyanoferrate as cathodic elec-
tron acceptor, the maximum power density was only 17.2 W/m3,
a value 39.2% lower than that produced from MFC-EF. Such dif-
ference should be likely a result of discrimination in standard
potential of redox couple Fe3+/Fe2+ (E0 = 0.77 V vs. NHE) and
[Fe(CN)6]3−/[Fe(CN)6]4− (E0 = 0.36 V vs. NHE).

Overall, development of MFC-EF system is in good consistence
with the current tendency of sustainability and the ultimate goal of
“design for environment” (DFE). By using this method, biodegrad-

able wastewater and biorefractory can be possibly treated in
one integrated system, together with output power concurrently.
Another attractive feature of this system is that Fe3+ used as cata-
lyst could be reused through dissolving iron sludge produced with



ering J

a
o
e
s
b
a

4

c

(

(

(

A

f

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

L. Fu et al. / Chemical Engine

cidic solution. Therefore, there is no possibility and risk of sec-
ndary pollutant production from this system. The modified AOP
xplored on the basis of MFC concept for azo dyes degradation
hown in this study offers a conceptually promising manner to treat
iodegradable wastewater and biorefractory more economically
nd more sustainably.

. Conclusions

Based on experimental results obtained in this study, some main
onclusions could be made as follows.

1) H2O2-producing MFC with neutral catholyte was able to gen-
erate more H2O2, so confirmed MFC-Fenton system operated
with the mode of sequence, that is H2O2 generation first and
then Fenton reaction.

2) In MFC-conventional Fenton system, a majority of amaranth
could be decomposed within 1 h, and the optimal concentration
of Fe2+ was confirmed to 1.0 mmol/L.

3) In MFC-electrochemical Fenton system, 0.5 mmol/L Fe3+ as cat-
alyst, degradation efficiency of 75 mg/L amaranth could reach
76.4% within 1 h. The cathode potential of MFC-EF could keep
stable and the maximum power density was up to 28.3 W/m3,
which is larger than that of MFC with K3Fe(CN)6 as electron
acceptor.
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