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» Microbial fuel cell using Fe(II)-EDTA catalyzed persulfate as the cathode solution.

» Microbial fuel cell degraded OG and harvest electricity simultaneously.
» The decolorization kinetics of OG followed the second-order kinetics well.

» EDTA could improve the stability of voltage output.
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This study constructed a microbial fuel cell (MFC) using Fe(II)-EDTA catalyzed persulfate as the cathode
solutions to decolorize Orange G (OG) and harvest electricity simultaneously. Chelated Fe?* could activate
persulfate to generate sulfate free radicals (SO;) which with high oxidation potential (E°=2.6 V) can
degrade azo dyes. The influence of some important factors such as pH value of cathode solutions, dosages
of K,S,0s, Fe?* and EDTA were investigated in a two-chamber microbial fuel cell. Under an optimal con-
dition, the maximum power density achieved 91.1 mW m 2, the OG removal rate was 97.4% and the
K5S,05 remaining rate was 47.3% after 12 h. The OG degradation by Fe(II)-EDTA catalyzed persulfate
was found to follow the second-order kinetic model.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Azo dyes are characterized by the presence of one or more azo
bonds (-N=N-) in association with aromatic systems and auxo-
chromes (-OH, -SOs, etc.). Azo dyes represent more than 50% of
all dyes in common use because of their chemical stability and ver-
satility, and most of them are non-biodegradable, toxic and poten-
tially carcinogenic in nature (Figueroa et al., 2009; Bakhshian et al.,
2011). The widespread utilization of azo dyes has caused an impor-
tant environmental problem (Gupta and Suhas, 2009). Many
wastewater treatment technologies have been applied for the re-
moval of azo dyes from aqueous solutions including physical,
chemical, and biological processes (Yuan et al., 2011; Wu and
Wang, 2001; Sun et al., 2006). Nevertheless, these methods are
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inefficient and costly for removing dyes from wastewater (Sun
et al., 2009). In recent years, advanced oxidation processes (AOPs)
have been widely developed as promising and efficient methods to
treat these dyes such as Fenton reaction (Fu et al, 2010),
TiO,-mediated photocatalysis (Yu et al., 2008) and other oxidative
reactions using persulfate with ferrous ion (Xu and Li, 2010). AOPs
are based on in situ generation of very powerful oxidizing agent
such as hydroxyl radical, which has one unpaired electron and
was highly effective for removing organic dyes from water.

Fe?* activated persulfate degradation of OG (a typical azo dye in
textile wastewaters) has been reported (Xu and Li, 2010), and the
reactions in accordance with Egs. (1)-(3) (Kolthoff et al., 1951):

2Fe’" 45,05 — 2Fe*" + 2503 (1)
Through the steps:

Fe’" 4+ 5,05 — Fe’" + S0, - +S0%" (2)

SO, - +Fe** — Fe’* + 503~ 3)
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Table 1

Physiochemical characteristics of Orange G.
Dye Chemical structure Molecular formula MW(g mol~!) Jmax(NM)
Orange G C16H10N2Na,0S, 452 478

Ferrous ion can activate persulfate anion to produce the sulfate
free radical (SO, ) with a standard redox potential (E°) of 2.6 V. The
sulfate free radicals with high oxidation potential can degrade or-
ganic contaminants such as lindane and trichloroethylene (Liang
et al., 2004a; Cao et al., 2008). However, extensive persulfate con-
sumption resulted from the presence of excess Fe?*, which was not
necessarily for contaminants degradation (Liang et al., 2004a). It
was postulated that chelating agents can regulate and maintain
Fe?* activity as an activator for persulfate (Liang et al., 2004b).
EDTA is most importantly used in industrial processes among a
variety of chelating agents (Pirkanniemi et al., 2007). Minimization
of free Fe?* by EDTA, and the resulting slow generation of SO, can
be beneficial in reducing peroxide consumption and can increase
contaminant degradation efficiency.

Microbial fuel cell (MFC) was explored to treat azo dye contain-
ing wastewater (Hou et al.,, 2011; Liu et al., 2009), which is an
emerging technology for wastewater treatment and energy pro-
duction simultaneously (Cusick et al., 2010; Wang et al., 2011).
The most remarkable advantage of MFC is its ability to generate
combustion-less, pollution-free bioelectricity directly from biode-
gradable compounds by utilizing bacteria as catalysts (Rittmann,
2008). This study constructed a double-chamber MFC to improve
the decolorization efficiency of OG and harvest electricity at the
same time. Fe(II)-EDTA activated persulfate was used to reduce
OG in cathode chamber. The authors investigated the influences
of some important factors such as pH value of cathode solutions,
dosages of K,S,0s, Fe** and EDTA on the OG degradation and
power generation in aqueous solution. Furthermore, the kinetics
of OG degradation by Fe(II)-EDTA activated persulfate was eluci-
dated based on the experimental data.

2. Methods
2.1. Chemicals

The Orange G was purchased from Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and its physiochemical characteristics are
shown in Table 1. The excess activated sludge used in the anode
chamber was obtained from the Second Wastewater Treatment
of Changsha City in China. All other chemicals were analytic grade
and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China)

2.2. MFC configuration and operation

A two-chamber microbial fuel cell used in the present study
was made of plexiglas and built in a traditional “H” shape. The
MEC consist of an anaerobic anode chamber and an aerobic cath-
ode chamber which are usually separated by proton exchange
membrane (PEM, Nafion™ 117, Dupont Co., USA). The anode cham-
ber was anaerobic while the cathode chamber was open to the air;
each chamber has an effective volume of 250 mL. Substrate is oxi-
dized by bacteria generating electrons and protons at the anode

chamber. The protons travelling through the PEM and the electrons
travelling through the external circuit are combined with electron
acceptors at the cathode chamber. The flow of electron and proton
in MFC was shown in Fig. S1. Prior to use, the PEM was pretreated
by boiling in H,O, (30%) and deionized water, followed by
0.5 mol L' H,S0, and deionized water, each for 1h, and then
was stored in deionized water. Graphite rods with a projected sur-
face area of 13.1 cm? (of 50.0 mm in length and 8.0 mm diameter)
were used as the anode electrode and the cathode electrode.

All MFCs were conducted in batch-fed mode at a load of 1,000 Q
(unless stated otherwise) at the temperature of 30 °C. MFCs were
inoculated with 100 mL excess activated sludge and 150 mL
artificial wastewater (glucose 1 gL', NaH,P0,42H,0 5.618 gL/,
Na,HPO,-12H,0 6.150 g L™}, NH,Cl 0.31 g L1, KC1 0.13 g L7}, trace
mineral 12.5 mL L~! and vitamin solutions 12.5 mL L~ (Lovely and
Phillips, 1988), pH 7.0). After replacement of this feed solution
twice over three days, the reactors were then operated using only
artificial wastewater in the anode chamber. When the maximum
voltage was reproducible at least three times, the MFC was consid-
ered fully acclimated. During the experiment, the anode chamber
was filled with 250 mL artificial wastewater. The cathode solution
consisted of EDTA, FeSO4-7H,0, persulfate and OG, the initial con-
centration of OG was maintained 0.1 mmol L~! during the opera-
tion. A predetermined amount of OG solution was prepared for
the cathode solution, premixed EDTA and Fe?" solution was added
to the contaminant solution (OG). The resulting solution was
mixed for a few minutes, and then K,S,05 was added and mixed
briefly. Additionally, the experiment with only Fe?* and dye in
the cathode solutions was investigated, the degradation of Orange
G could not be found under this condition.

2.3. Analytical methods

Voltage (E) was measured at 30 min intervals by a multimeter
(UNI-T 803; Uni-Trend Electronics Co., Ltd., Shanghai, China) con-
nected to a personal computer. Current density (I5) and power den-
sity (P) were obtained according to I = E/RA and P = EI/A, where E is
the voltage, R is the electrical resistance, I is the current, and A is
the surface area of the electrode. In order to obtain the power den-
sity curves, external circuit resistances were varied from 9000 Q to
100 Q in a decreasing order. Potassium persulfate concentration
(Frigerio, 1963) and OG concentration were analyzed by a Shima-
dzu UV-2550 spectrophotometer. The pH values were measured
with a pH meter (pHS-25; Shanghai Rex Xinjing Instrument Co.,
Ltd., Shanghai, China).

3. Results and discussion
3.1. OG degradation
Fe(II)-EDTA activated persulfate for OG degradation was inves-

tigated in this experiment. The spectrum of light absorption by the
OG solution showed three main peaks at 248 nm, 330 nm, and
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Fig. 1. Degradation rates of OG at different MFCs with SZO§’/Fe2*/EDTA/OG at the
molar ratios of 2:1:1:0.1, [0G] = 0.1 mmol L.

478 nm. The peak at 478 nm was attributed to the absorption of
the n —» m* transition related to the -N=N- group in OG molecule,
while the peaks at 248 nm and 330 nm were assigned to its aro-
matic rings (Sun et al., 2009; Deng et al., 2009). The extent of OG
decolorization was evaluated by measuring the absorption inten-
sity of solution at 478 nm. UV-Vis absorption spectra of the reac-
tion solution with Fe(II)-EDTA activated persulfate revealed that
with the color removed from the cathode solution, the absorbance
in the visible region at 478 nm for OG was decreased during 12 h of
operation (Fig. S2). This indicated that azo bonds (-N=N-) were
destroyed by Fe(II)-EDTA catalyzed persulfate.

3.2. Optimization of system influencing factors for OG decolorization
and power generation in MFC

3.2.1. Effect of pH for OG decolorization

The pH value of aqueous solution plays a significant role in organic
compounds degradation. This paper investigated the effect of initial
pH value of cathode solutions on OG degradation in the MFCs with
szo§* /Fe?*|/EDTA/OG at the initial molar ratios of 2:1:1:0.1
([0G] = 0.1 mmol L~!). The cathode solutions of different MFCs were
carried out at initial pH from 3.0 to 9.0. As shown in Fig. 1, the effi-
ciency of OG degradation decreased with the increase of pH. The max-
imum OG degradation rate of 96.8% was achieved in the MFC with the
initial pH value of 3.0. The OG degradation rates of MFCs with differ-
ent initial pH at 5.0, 7.0 and 9.0 were 57.4%, 16.8% and 6.8%, respec-
tively. Acidic pH condition was more favorable to the OG
degradation than neutral pH and alkaline pH. This might result from
the formation of ferrous/ferric hydroxide complexes (pH > 4) which
are poor activators for persulfate led to decrease of the SO, amount
(Liang et al., 2009). It is obviously that OG could not be removed effec-
tively at the pH from 5.0 to 9.0. Therefore the best initial pH for the
following experiments of OG degradation in this study was 3.0.

3.2.2. Effect of potassium persulfate dosage on OG decolorization and
power generation

Persulfate as a source of SO, generation plays an important role
in the cathode reaction. The experiment was carried out at con-
stant initial dosages of Fe?*, EDTA and OG, but 4 levels of K,S,0g
concentrations in cathode chambers. The effect of K,S,05 dosage
on the decolorization of OG was examined by varying initial con-
centration of K,S,0g from 0.0 to 8.0 mmol L' and the results were
shown in Fig 2A. Compared to the MFC without persulfate, the re-
moval rates of OG in MFCs using persulfate are much better. The
OG removal rate in MFC without K,S,0g was 13%. It can be

observed that with the persulfate dosage increasing resulted only
a slight improving in the OG removal. The OG removal rates were
96.8%, 97.4% and 98.2% after 12 h respectively when the initial con-
centration of K,S,0g were 2.0, 4.0 and 8.0.

In addition to influence the efficiency of OG degradation, the
K,S,05 dosage also affected the power generation significantly.
From Fig. 2B, we can see that the maximum power density of
MFC was improving with the increasing of initial K,S,0g concen-
tration. The maximum power density of MFCs were of
21.8mWm=2 351 mWm™2 91.1mWm2 and 191.6 mW m
in the presence of 0.0 mmol L™, 2.0 mmol L', 4.0 mmol L' and
8.0 mmol L™! of K,S,0g. The results indicated that persulfate was
propitious for both OG degradation and power putout. However,
in order to obtain better performance with less K,S,05 dosage,
4.0 mmol L7! K,S,05 was selected for the following experiments.

3.2.3. Effect of ferrous ion dosage on OG decolorization and power
generation

Fe2* is another important factor in cathode reaction which cat-
alytically decomposes K3S,0s to SO,. The experiment was carried
out at constant initial dosages of K,S,0g, EDTA and OG, but 4 levels
of Fe?* concentrations in cathode chambers, the varying initial Fe*
concentration were of 0.0 mmol L~!, 0.5 mmol L™}, 1 mmol L~! and
2.0mmol L. Fig. 3A showed the effect of Fe?* dosage on the
decolorization of OG. A great improvement of the decolorization
of OG could be observed in the presence of Fe** with 0.0 mmol L™,
0.5mmol L™, 1.0 mmol L~ and 2.0 mmol L™}, the decolorization
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Fig. 2. OG degradation rates (A) and power density curves (B) with different

initial persulfate concentration in cathode chambers. [0G]=0.1 mmol L7},
[Fe?*]=1.0 mmol L', [EDTA] = 1.0 mmol L.
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Fig. 3. OG degradation rates (A), persulfate remaining rates (B) and power density
curves (C) with different initial Fe?* concentration in cathode chambers.
[0G] =0.1 mmol L™, [K,S,0g] = 4.0 mmol L~?, [EDTA] = 1.0 mmol L.

efficiencies within 12 h of reaction were 17.1%, 26.8%, 97.4% and
97.9%, respectively. Higher decolorization efficiencies achieved
with more initial Fe?* concentration, which was chiefly attribute
to more generation of SO, with more Fe?" in cathode reaction. It
is obviously that OG can be removed effectively when the initial
dosage of Fe?" more than 1.0 mmol L~'. This study also investi-
gated the persulfate remaining rates with different initial Fe**

concentrations (Fig 3B). It can be seen that more Fe?* consumed
more persulfate.

The power generation of MFCs with different initial Fe?* con-
centration was illustrated in Fig 3C. The maximum power density
was highest for the MFC using 2.0 mmol L~! Fe?* (121.1 mW m2),
followed by 1.0 mmol L~! Fe?* (91.1 mW m2), 0.5 mmol L™! Fe?*
(35.1 mW m™2) and absence of Fe?* (22.8 mW m~2). These results
indicated that variations in power generation during azo dye
decolorization are associated with Fe** dosage used in MFCs. Fer-
rous ion can activate persulfate anion to produce the sulfate free
radical. According to Egs. (4) and (5), sulfate free radical with a
standard redox potential of 2.6 V which is higher than that of
S,02 (2.01V).

S,03” +2e —2S05 E° =201V (4)

SO, -+e  — SO E° =260V (5)

The increasing concentration of Fe?* contributed to the genera-
tion of sulfate free radicals that would increase power output in
MEFC, whereas consumed more K,S,0g. Herein, 1.0 mmol L' of
Fe?* was considered to be a suitable dosage for effective OG decol-
orization, higher power generation and less persulfate
consumption.

3.2.4. Effect of EDTA dosage on OG decolorization and power
generation

Chelated ferrous ion has been used as an activator for persulfate
in previous studies (Liang et al., 2004b; Nadim et al., 2006), how-
ever, little is known on Fe(II)-EDTA catalyzed K,S,0g to decolorize
OG in MFC. Chelating agents could regulate and maintain the con-
centration of Fe?" for persulfate oxidation of organic contaminant.
The effect of initial EDTA concentration on OG degradation, persul-
fate consumption and power output were investigated. The exper-
iment was carried out at constant initial dosages of K,S,0s, Fe?*,
OG and with 4 levels of EDTA concentrations in cathode chambers,
the varying initial EDTA concentrations were 0.0 mmolL™ !,
0.5mmol L™}, 1.0mmolL™! and 2.0 mmolL~!. Fig. 4A and B
showed that the Fe(Il)-EDTA catalyzed persulfate can effectively
degrade OG and increasing EDTA concentration can reduce the
consumption of persulfate. The persulfate remaining rates within
12 h of reaction were 18.2%, 17.4%, 47.3% and 82.4% when the ini-
tial concentrations of Fe?* were 0.0 mmolL~!, 0.5 mmolL},
1.0 mmol L~! and 2.0 mmol L™, respectively. However, excessive
EDTA was not conducive to OG degradation in short time. EDTA
minimized the free ferrous iron concentration that resulted slow
generation of sulfate radical which was similar to the Fenton reac-
tions (Li et al., 2007). This can be beneficial to reducing peroxide
consumption and can increase contaminant degradation efficiency.
It should be noted that small amounts of yellow precipitate has
been found in cathode chamber of MFC in the absence of EDTA.
This was due to the reaction between sulfate radicals and excess
Fe?*, Fe** converted to Fe>* by SO, (Eq. (3)). Additionally, yellow
precipitate could not be discovered in the MFC using EDTA. One
limitation to the use of ferrous iron as an activator of persulfate
is that the sulfate radicals and excess ferrous iron react so rapidly,
that the sulfate radicals could be destroyed, which would obstruct
the destruction of the organic contamination. The reaction showed
in equation 3 was minimized by EDTA which can slowly provide
small quantities of Fe?",

The slow generation of sulfate radical affected the power gener-
ation. As presented in Fig. 5A and B, increased initial EDTA concen-
tration could decrease the maximum power density of MEFC,
whereas improved the stability of voltage output during the MFC
operation. Based on what has been mentioned above, 1.0 mmol L™!
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Fig. 4. OG degradation rates (A) and persulfate remaining rates (B) with
different initial EDTA concentration in cathode chambers. [0G]=0.1 mmol L™,
[K5S505] = 4.0 mmol L™, [Fe?*] = 1.0 mmol L.

EDTA was selected for effective OG decolorization and stability
power generation.

3.3. Kinetic study
Zero-, first- and second-order reaction kinetics were used to

study the decolorization kinetics of OG. The individual kinetic
model was presented as below:
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Fig. 5. Power density curves and voltage output of MFCs with different initial Fe?*
concentrations. [0G] = 0.1 mmol L', [K,S,0g] = 4.0 mmol L™, [Fe**] = 1.0 mmol L.

where C; is the concentration of OG at time t; C, is the initial con-
centration of OG; ko, k; and k, represent the apparent kinetic rate
constants of zero-, first- and second-order reaction Kkinetics,
respectively.

Comparing the regression coefficients (R?) obtained from Fig. S3
(A-C), it can be seen that the plot of 1/C; versus time shows a linear
relationship and R? based on the second-order reaction kinetics
was 0.9827, which was obviously much better than that based
on the zero-order (R*=0.8369) and the first-order (R* = 0.5446)

C. = Co — kot (6) reaction kinetics., The results indicated t‘hat.the decolorization
kinetics of OG followed the second-order kinetics well. The appar-
C, = Coehit (7) ent kinetic rate constant§ (ky) of the dgcolorizati_op of OG was
found to be 543.1 M~! min—! at an optimal condition of [OG]=
1 1 0.1mmolL™!,  [K;S,05] =4.0 mmolL~!, [Fe?']=1.0mmol L',
cC=C + kot (8) [EDTA]=1.0mmol L', pH=3.0 and 30°C. Based on the above
t 0 analysis, the second-order kinetic rate constants and regression
Table 2
The second-order kinetic rate constants and regression coefficients for the decolorization of OG at different reaction conditions.
No. [OG] (mM) pH [K5S,05] (mM) [Fe?*] (mM) [EDTA] (mM) Temperature (°C) ky (M~ ' min~1) R?
1 0.1 3.0 2.0 1.0 1.0 30 444.05 0.9818
2 0.1 3.0 4.0 1.0 1.0 30 543.10 0.9827
3 0.1 3.0 8.0 1.0 1.0 30 798.98 0.9920
4 0.1 3.0 4.0 2.0 1.0 30 666.67 0.9206
5 0.1 3.0 4.0 1.0 0.5 30 1442.40 0.9719
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coefficients for the decolorization of OG at different reaction condi-
tions were obtained and the results were shown in Table 2. In the
present study, it can be concluded that the decolorization of OG by
Fe(I)-EDTA catalyzed persulfate fits the second-order reaction
kinetic.

4. Conclusions

Our study showed that microbial fuel cell using Fe(II)-EDTA
catalyzed persulfate as the cathode solution could degrade OG effi-
ciently and harvest electricity. EDTA could improve the stability of
voltage output. Under the optimal conditions, the OG remove rates
was 97.4%, K,S,0g remaining rates was 47.3% and the maximum
power density of MFC was 91.1 mW m 2 (optimal conditions:
[0G] =0.1 mmol L™, [K,S,0g] = 4.0 mmol L', [Fe?*] = 1.0 mmol L',
[EDTA] = 1.0 mmol L~!, pH = 3.0). The kinetics study indicated that
the decolorization kinetics of OG followed the second-order kinetics
well.
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