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ABSTRACT

Sulfanilamide antibiotics show the highest detection frequencies and concentrations in
surface water of China. In this work, we aim to investigate the feasibility of sulfanilamide
removal in the anode of two-chambered MFCs and to examine the influence of sulfanil-
amide on the electricity generation in MFCs. Results show that sulfanilamide can be effi-
ciently removed in the anode of MFCs and exerts exciting positive effect on electricity
generation at the studied concentration range (10–30 mg L−1). In comparison with MFCs
using glucose as the sole substrate, the peak voltage output is increased by 8.5, 13.9, and
15.7% for addition of 10, 20, and 30 mg L−1 sulfanilamide, respectively. The anode and the
cathode polarization curves reveal that the lower anode overpotential with addition of sul-
fanilamide is responsible for the promoted electric power output of MFCs. Four groups of
comparison experiments are conducted. In normal MFCs, sulfanilamide removal efficiency
reaches 90% in 96 h, while the removal efficiencies are 58, 10.8, and 7.5% in open-circuit, no
co-substrate and abiotic MFCs, respectively. The results of comparison experiments indicate
that sulfanilamide removed in MFCs is mainly stemmed from the biocatalytic co-metabo-
lism degradation other than physical adsorption and the current generated in MFCs plays
an active role in accelerating the removal efficiency. These experimental results offer
theoretical basis for the possibility of the MFCs application on the industrial wastewater
treatment containing sulfanilamide and simultaneous electricity generation.

Keywords: Microbial fuel cells; Sulfanilamide; Removal; Electricity generation

*Corresponding author.

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 24982–24989

Novemberwww.deswater.com

doi: 10.1080/19443994.2016.1146923

mailto:cligw@163.com
mailto:songhong8912@163.com
mailto:xiaowei801101@163.com
mailto:lyzhou1980@163.com
http://dx.doi.org/10.1080/19443994.2016.1146923


1. Introduction

Recently, researchers have found that bioelectro-
chemical processes can enhance the removal rate of
contaminants [1,2]. Microbial fuel cell (MFC) is the
most popular bioelectrochemical system (BES), which
exploits micro-organisms to catalyze electrochemical
reactions and to generate electricity from various sub-
strates [3,4]. In MFC, the anode could serve as a suffi-
cient anaerobic terminal electron acceptor for microbes
to enhance the degradation of organic contaminants
under anaerobic conditions [5–7]. And in contrast to
planktonic cells, anodic microbial biofilms in BES
show less susceptibility to toxins (such as heavy met-
als and antibiotics) [8–10]. MFC is becoming a promis-
ing candidate for the removal of environmental
contaminants and renewable energy generation in the
past decade.

Recently, studies have been reported on the degra-
dation of recalcitrant contaminants in MFCs. Huang
et al. studied the degradation of pentachlorophenol
(PCP) in a MFC with fermentable and non-fermentable
co-substrates. The results indicated that PCP degrada-
tion rates and power densities were affected by cur-
rent generation and the type of electron donor [11].
Liu et al. demonstrated that the MFC displayed a
maximum power density of 1.778 mW m−2 and a max-
imum PNP degradation rate of 64.69% when PNP was
used as a sole substrate [12]. Wang et al. adopted 26
trace organic compounds (TOrCs) with broad physico-
chemical properties to spike in synthetic wastewater,
and studied the removal and fate of these TOrCs, and
confirmed that TOrCs removal process involved both
sorption and biodegradation [13]. However, the study
of recalcitrant contaminants removal in MFCs is still
in its infancy and tremendous effort is required to
extend the application fields of MFCs before practical
application can be realized.

As a type of antimicrobial used in the treatment
and prevention of bacterial infection, large amounts of
antibiotics are produced and consumed in controlling
diseases in humans and animals. Recently, with the
development of analysis technology, antibiotics have
been detected in various aquatic environments [14].
Therefore, antibiotics have received growing global
attentions as emerging contaminants threatening
human health and aquatic ecosystems.

So far, a few reports could be tracked on the
research of antibiotics removal and simultaneous elec-
tricity generation in MFCs. Wen et al. constructed air-
cathode MFCs to generate electricity with glucose-cef-
triaxone sodium or glucose-penicillin mixtures. In
comparison to 1 g L−1 glucose (19 W m−3), the maxi-
mum power density is increased by 495% for 50 mg

L−1 ceftriaxone sodium + 1 g L−1 glucose (113 W m−3).
The maximum current density with 50 mg L−1 peni-
cillin (10.73 A m−2) was 3.5-fold compared with that
without penicillin (3.03 A m−2) [15,16]. Wu and col-
leagues studied the impact of tobramycin on the perfor-
mance of MFC and experimental results demonstrated
that the inhibition ratio of the MFC increased exponen-
tially with the tobramycin concentrations in the range
of 0.1–1.9 g L−1 [10]. Sun et al. and Liang et al. studied
the reductive degradation of CAP in the cathode cham-
ber of BES with applied external voltage of 0.5 V
[17,18]. Sun et al. reported that CAP reduction potential
of the biocathode was 0.3 V higher than that of the abi-
otic cathode. It indicated that the overpotential of CAP
reduction with the biocathode was decreased, and
which would in turn lower the energy barrier for CAP
reduction. Liang et al. focused their attention on the
degradation pathway of CAP, providing detailed infor-
mation about the degradation mechanism. Harnisch
et al. studied the removal of the sulfonamides from arti-
ficial wastewater using anodic microbial biofilms. They
reported that the removal process did not affect the
microbial bioelectrocatalytic performance. But they did
not report the simultaneous electricity generation dur-
ing the removal process [9].

As we know, MFC is gaining an increasing atten-
tion for simultaneous wastewater treatment and bio-
mass-based electricity production. Since the
explorations about the simultaneous electricity genera-
tion during the process of antibiotics removal using
MFC are still scarce. Therefore, we are interested in
whether antibiotics (such as Sulfanilamide) could be
removed in the anode of MFC and whether their
degradation process would have any positive or nega-
tive impact on the power output of MFC.

Sulfanilamide falls into the category of sulfon-
amide antibacterial. It is frequently used in the form
of a topical cream or powder to treat surface infec-
tions, as well as a pill for internal infections. Chemi-
cally, it is an organic compound consisting of
an aniline derivitized with a sulfonamide group and
the chemical structure is:

H2N S

O

O

NH2

Considering sulfanilamide antibiotics showed the
highest detection frequencies and levels in surface
water of China [19]. In this work, sulfanilamide, which
possesses the basic structure of sulfanilamides antibi-
otics, is selected as a representative antibiotic to inves-
tigate the feasibility of sulfanilamide removal in MFCs
and to explore the influence of sulfanilamide on the
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electric power generation of MFCs. These results could
provide basic data of the simultaneous sulfanilamide
removal and bioelectricity generation in MFCs.

2. Materials and methods

2.1. Construction and operation of MFCs

Two-chambered MFC, as Fig. 1 showed, was con-
sisted of two equal rectangular perspex frames (served
as an anode chamber and a cathode chamber) with an
operating volume of 140 mL (7 cm × 5 cm × 4 cm) as
previously reported [20,21]. The two frames were held
together by an external metal screw and CMI-7000
cation exchange membrane was sandwiched between
the two frames. Rubber gaskets were used to secure a
seal between perspex walls and the membrane. Car-
bon papers (without waterproofing or catalyst) with a
projected surface area of 16 cm2 were used as elec-
trodes. Prior to use, they were soaked in acetone for a
period of 4 h and then soaked in 1 M hydrochloric
acid and 1 M sodium hydroxide, respectively, for 24 h.
Titanium wires were used to connect the circuit with
an external resistance of 1,000 ohms (except for the
polarization experiments) and all leaks were sealed to
maintain anaerobic microenvironment in the anode
chamber.

Anaerobic sludge collected from a local wastewater
treatment plant was used for original inoculum for
MFC and was controlled as 25% (volume) of the
whole anode chamber. During the start-up and accli-
mation stage, the anode chamber was filled with ano-
dic growth medium, which was composed of basic
nutrient medium (50 mM PBS, 12.5 mL L−1 vitamins,

and 12.5 mL L−1 mineral) and organic carbon source
(glucose, 1,000 mg L−1) as our previously reported
[20,21]. Once the start-up and acclimation stage
accomplished, different concentration of sulfanilamide
(10, 20, and 30 mg L−1, respectively) was added into
the above anodic growth medium to further examine
the sulfanilamide removal and simultaneous bioelec-
tricity generation. For all MFC experiments:
100 mM K3[Fe(CN)6] in 50 mM (phosphate buffer solu-
tion (PBS)) (PBS, pH 7.0) was used as the highly effi-
cient electron acceptors [22,23]; the anodic growth
medium was replaced by fresh cultivation solution
when the voltage decreased below 50 mV; N2 gas was
flushed continuously for 15 min to remove dissolved
oxygen in the anodic chamber before each batch test.
MFC experiments are affected by the biological fluctu-
ation of the anaerobic sludge and other experimental
conditions; therefore, parallel groups of experiments
are carried out in our work.

Four groups of comparison experiments, including
normal MFCs, open-circuit MFCs, no co-substrate
MFCs, and abiotic MFCs (as shown in Table 1), were
conducted to test the impact of electron transfer and
the effect of physical adsorption on the removal of sul-
fanilamide in MFCs. All the comparison experiments
were operated in batch-fed mode with the same exper-
imental parameters, the same sampling method, and
the same pretreatment.

2.2. Analysis and calculations

The voltage across an external resistor was
recorded with a digital multimeter every 30 min.
Polarization and power density curves of the anode,
the cathode, and the whole cell were obtained by
changing external circuit resistance from 10,000 down
to 50 Ω. The current density, IA (A m−2) and the
power density, PA (W m−2), of the system were
calculated using the formula: IA = V/(R A) and
PA = V2/(R A), where V (V) is the cell voltage, R (Ω) is
the external resistances, and A (m2) is the projected
area of the anode.

A UV–vis spectrometer (Beijing Purkinje General
Instrument Co., Ltd, China) was used for absorbance
measurements. The spectra of Sulfanilamide displayed
the maximum absorption band at 258 nm in this work.
The UV–vis absorbance of the characteristic band
decreased gradually with the increase in reaction time
reflecting the successful removal of Sulfanilamide in
the anode solution. So, removal of Sulfanilamide was
determined by monitoring the decrease in the absor-
bance at a wavelength of 258 nm. Samples were with-
drawn from the anode chamber at a time interval of
2 h during every cycle with different concentrations of

Fig. 1. Configuration of the two-chembered MFC (SA is
short for sulfanilamide).
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sulfanilamide. In order to remove impurities and sus-
pended biomass from the anode solution, samples
were firstly centrifuged at 4,000 rpm for 15 min and
then filtered through a 0.22 μm-pore-size syringe filter
unit. Finally, sample solutions with higher concentra-
tion of sulfanilamide were diluted prior to measure-
ment of absorbance. The anode solution taken from
the anode of MFCs without sulfanilamide was used as
the blank solution and was pretreated with the same
procedures as that of the samples. Sulfanilamide
removal efficiency is calculated as the following:

Removal efficiency ð%Þ ¼ A0 � At

A0
� 100% (1)

where A0 is the absorbance of the initial solution taken
from the anode chamber, and At is the absorbance of
solution taken from the anode chamber at certain
reaction time t (min).

Chemical oxygen demand (COD) was measured
according to the standard dichromate titration
method. Glucose was analyzed using the anthrone
method. The COD removal efficiency of the anode
solution is measured by the decrease in COD of the
anode solution and is estimated by the following
expression:

COD removal efficiency ð%Þ ¼ COD0 � CODt

COD0
� 100%

(2)

where COD0 is the COD of the initial solution taken
from the anode chamber, and CODt is the COD of the
solution taken from the anode chamber at certain reac-
tion time t (min).

Glucose degradation efficiency was calculated as
the following:

Glucose degradation efficiency ð%Þ ¼ G0 � Gt

G0
� 100%

(3)

where G0 is the glucose concentration of the initial
solution taken from the anode chamber, and Gt is the

glucose concentration of solution taken from the
anode chamber at certain reaction time t (min).

3. Results and discussion

3.1. Effects of sulfanilamide on the performance of MFCs

Prior to the experiments, MFCs should be started
up with 1 g L−1 glucose as the sole organic carbon
source and anaerobic sludge as mixed culture bacterial
source. During the acclimation period, the maximum
voltage gradually ascends as the time increases and
yields a stable maximum output voltage of 570
± 10 mV after nearly 500 h, indicating the exoelectro-
genic biofilm formation and marking the ending of the
start-up stage.

The electricity generating function has always been
a distinguishing feature of the MFC technology, so it
is interesting to explore the effect of sulfanilamide on
the electric power output of MFCs. Distinct concentra-
tions of sulfanilamide (10, 20, and 30 mg L−1) are
added into the anode of the MFCs. One of the repre-
sentative cycles is presented in Fig. 2, exciting voltage
changing trend is shown at these tested concentration
levels. The maximum output voltages are not only

Table 1
Operation mode for comparison experiments

External circuit Co-substrate Inoculums

Normal MFCs Connected Added Anaerobic sludge
Open-circuit MFCs Disconnected Added Anaerobic sludge
No co-substrate MFCs Connected Not added Anaerobic sludge
Abiotic MFCs Connected Added Autoclaved anaerobic sludge
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Fig. 2. Voltage generation from MFCs with 1 g L−1 glucose
and different concentration of sulfanilamide (numbers
indicated the concentration of sulfanilamide, mg L−1)
under external resistance of 1,000 Ω.
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restrained by the added sulfanilamide, but also are
promoted to reach the higher voltages. In comparison
with MFCs using glucose as the sole substrate, the
peak voltage output is increased by 8.5% for addition
of 10 mg L−1 sulfanilamide, 13.9 and 15.7% for 20, and
30 mg L−1, respectively.

Fig. 3 shows the polarization curves and power
density curves of MFCs with different concentration
of sulfanilamide. The MFC generates a maximum
power density of 202 mW m−2 using glucose as the
sole substrate. Addition of 10 mg L−1 of sulfanilamide
improves the maximum power density by 56% to
316 mW m−2. When 20 mg L−1 of sulfanilamide is
added, the maximum power density reaches
352 mW m−2, which is 74% higher than that obtained
without sulfanilamide. Increasing the sulfanilamide
concentration to 30 mg L−1, further increased the max-
imum power density to 434 mW m−2, which is two
times larger than that obtained without sulfanilamide.
The polarization curves further verify that sulfanil-
amide added in the anode chamber indeed exerts
positive effect on electricity generation at the studied
concentration level with the improvement of the
power output.

3.2. Electrode polarization analysis

As we know, the output voltage of the whole cell
is determined by the anode potential and the cathode
potential. In order to make it clear that whether the
anode or the cathode plays the more important role in
promoting the performance of the MFCs, individual
electrode polarization behaviors are investigated in
the present or absent of sulfanilamide. Results are
depicted in Fig. 4, as 1 g L−1 glucose mixed with

sulfanilamide of 0, 10, 20, and 30 mg L−1, the anode
open-circuit potential (OCPa, vs. SCE) are –398, –445,
–457, and –488 mV. The OCPa moves toward more
negative values from –398 mV (without sulfanilamide)
to –488 mV (with addition of 30 mg L−1 sulfanil-
amide). Furthermore, decreased slope of the anode
polarization curves can be found in MFCs with addi-
tion of sulfanilamide compared to those with no sul-
fanilamide added. With the increase in the current
density from 0 to 600 mA m−2, the anode potential
of MFC without sulfanilamide increases by 24% from
–398 to –263 mV, indicating that a larger overpotential
would be required for the bioelectrochemical reaction
at higher currents [24], while the anode potentials of
the MFCs with 10, 20, and 30 mg L−1 sulfanilamide
increase by 22, 19, and 14%, respectively. The lower
anode overpotential with sulfanilamide reflects the
positive role plays by sulfanilamide in enhancing the
bioelectroactivity of the anode [25]. At the same time,
the cathode open-circuit potentials and the cathode
potential changing trends with the increase in the cur-
rent density exhibit almost the same features. The
results reflected by the cathode polarization curves are
understandable because the cathodes and the cathodic
solutions are exactly the same as each other. These
results of the electrode polarization behaviors further
reveal that the differences in the overall power output
of MFCs originate from the anode rather than the
cathode.

In MFCs, the anode potential is controlled by the
kinetics of electron transfer from the micro-organisms
to the anode. We speculate that the increase in voltage
output or the lower anode overpotential with
sulfanilamide could be attributed to the following
factors. Firstly, sulfanilamide is likely to play an active
role in accelerating the electron transfer from
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Fig. 3. Polarization (hollow symbol) and power density
(solid symbol) curves of MFCs with 1 g L−1 glucose and
different concentrations of sulfanilamide (0■, 10●, 20★,
and 30▲ mg L−1).
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polarization curves of MFCs with 1 g L−1 glucose and dif-
ferent concentrations of sulfanilamide (0■, 10●, 20★, and
30▲ mg L−1).
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electricity-generating bacteria to the anode, leading to
a decreased anodic charge transfer resistance and then
promoting the voltage output of the MFC. Researchers
have reported that azo dye and its decolorization
products could act as electron mediator for conve-
niently electrons’ transfer from bacteria to the anode
in MFCs [26,27]. It’s well known that the decoloriza-
tion products of azo dye are usually aromatic amine
products resulted from the cleavage of the –N=N–
bond under anaerobic conditions [28]. Sulfanilamide
just possesses the aromatic amine structure. Therefore,
we suppose that the addition of sulfanilamide proba-
bly results in the decreased electron transfer resistance
from micro-organisms to the anode and then pro-
moted the electricity generation. Secondly, the electric-
ity-generating bacteria acclimatized in the biofilm on
the anode probably present a high tolerance to
sulfanilamide at these relatively low concentrations
and the electrochemical activity of these bacteria may
be not seriously inhibited.

Furthermore, the power output or the maximum
voltage outputs are gradually increased with the
increase in sulfanilamide concentration. Based on the
above discussion, it is not difficult to deduce that
more sulfanilamide is added in the anode chamber,
the electrons could more conveniently transfer from
bacteria to the anode, resulting in higher output volt-
age. But the maximum output voltage does not increa-
se in exact proportion to the concentration of
sulfanilamide. It is probably due to the accumulated
toxicity of sulfanilamide which would produce an
inhibition on electrochemical active bacteria and con-
sequently lead to negative impact on electricity gener-
ation. We deduce that the observed voltage changing
trend is probably the result of the joint effect of the
two opposite effects.

3.3. Synthetic sulfanilamide wastewater treatment
performance in MFCs

In order to find out the rudimentary removal
mechanism and the essential factors of sulfanilamide
removal in MFCs, four groups of comparison experi-
ments, including normal MFCs, open-circuit MFCs, no
co-substrate MFCs, and abiotic MFCs, are conducted
at an initial sulfanilamide concentration of 10, 20, and
30 mg L−1. As sulfanilamide concentrations are 10, 20,
and 30 mg L−1, the removal efficiencies of the compar-
ison experiments show the similar characteristics and
changing trends. Therefore, only the curves at sulfanil-
amide concentrations of 30 mg L−1 are plotted.

As is clearly shown in Fig. 5, in normal MFCs, sul-
fanilamide removal efficiency reaches 83% after 48 h
and 90% is achieved as prolonging the reaction time

to 96 h, while the removal efficiencies are 58, 10.8, and
7.5% in open-circuit, no co-substrate, and abiotic
MFCs, respectively. Firstly, the low removal efficien-
cies in no co-substrate and abiotic MFCs indicate that
sulfanilamide removal originated from physical
adsorption, including the adsorption onto the micro-
bial cells, the anaerobic sludge, and the components of
MFCs reactors, may be very limited. Most of the
removed sulfanilamide is probably stemmed from the
biocatalytic co-metabolism degradation with co-
substrate and micro-organisms as the two essential
elements. Secondly, compared with sulfanilamide
removal in open-circuit control, the accelerated
removal in normal MFC reveals that the current
between the anode and the cathode is favorable to the
sulfanilamide removal in MFCs. The continuous elec-
tron transfer from the anode to the cathode leads to
the more efficient and faster substrate metabolism
than that in open-circuit control, which is apparently
beneficial to sulfanilamide removal. The results are
consistent with the results reported in literatures
[29,30].

The synthetic sulfanilamide wastewater treatment
performance is also evaluated by the removal of
COD of the anodic solution with 30 mg L−1 sulfanil-
amide and 1 g L−1 glucose as mixed substrates. As is
clearly shown in Fig. 5, COD of the anode solution
is efficiently removed 87% during 24 h, and slowly
ascends to 90% in 48 h. The easily degradation co-
substrate glucose can be quickly and almost com-
pletely consumed during each cycle and the removal
efficiency achieves 95% during 12 h. Another notice-
able phenomenon is that the changing trends of
removal curve of COD and that of glucose are
very similar in 8 h during each cycle test.
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This phenomenon suggests that glucose degradation
may mainly contribute to the COD removal we
tested. It is probably due to that the concentrations
of sulfanilamide added in the anode solution (the
maximum concentration is 30 mg L−1) are much
lower than that of glucose (1 g L−1), so the COD of
the anode solution is predominantly composed by
the co-substrate glucose. Thus, the degradation effi-
ciency of glucose determines the COD removal effi-
ciency of the whole anode solution. While the
residual COD may be due to both the intermediates
resulting from the co-metabolism degradation of sul-
fanilamide under anaerobic condition and the sul-
fanilamide not removed. Therefore, growing attention
need to be paid to understand the degradation mech-
anism and to realize the complete mineralization of
sulfanilamide in MFCs in our future work.

4. Conclusions

It is feasible to realize the simultaneous sulfanil-
amide removal and bioelectricity generation in MFCs.
Sulfanilamide shows the positive effects on the elec-
trical energy generation of MFCs. In comparison with
MFCs using 1 g L−1 glucose as the sole substrate,
the peak output voltage is increased by 15.7% for
1 g L−1 glucose and 30 mg L−1 sulfanilamide as
mixed substrates. The electrode polarization behav-
iors further reveal that the differences in the overall
power output of MFCs originate from the anode
rather than the cathode. Compared with sulfanil-
amide removal efficiencies in open-circuit (58%), no
co-substrate (10.8%), and abiotic MFCs (7.5%), accel-
erated sulfanilamide removal is achieved in normal
MFCs, reaching 90% in 96 h. In MFCs, sulfanilamide
removal is probably stemmed from the biocatalytic
co-metabolism degradation and the current genera-
tion between the anode and the cathode plays a
favorable role. But the residual COD of the anodic
solution points out that growing attention needs to
be paid to understand the degradation mechanism
and to realize the complete mineralization of sulfanil-
amide in our future work.

Acknowledgments

The authors are grateful for the support from Xinx-
iang Medical University, the plan for the Key Scientific
Research Foundation of the Higher Education Institu-
tions of Henan Province, China (Grant No.
16A610012), the plan for the Natural Science Founda-
tion of Xinxiang, China (Grant No. 15SF07), and the
Innovation Scientists and Technicians Troop Construc-
tion Projects of Henan Province.

References

[1] X. Wang, Z. Cai, Q. Zhou, Z. Zhang, C. Chen, Bioelec-
trochemical stimulation of petroleum hydrocarbon
degradation in saline soil using U-tube microbial fuel
cells, Biotechnol. Bioeng. 109 (2012) 426–433.

[2] H. Luo, G. Liu, R. Zhang, S. Jin, Phenol degradation in
microbial fuel cells, Chem. Eng. J. 147 (2009) 259–264.

[3] B.E. Logan, J.M. Regan, Microbial fuel cells—Chal-
lenges and applications, Environ. Sci. Technol. 40
(2006) 5172–5180.

[4] A. Rinaldi, B. Mecheri, V. Garavaglia, S. Licoccia, P.D.
Nardo, E. Traversa, Engineering materials and biology
to boost performance of microbial fuel cells: A critical
review, Energy Environ. Sci. 1 (2008) 417–429.

[5] Z. Yan, N. Song, H. Cai, J.-H. Tay, H. Jiang, Enhanced
degradation of phenanthrene and pyrene in freshwater
sediments by combined employment of sediment
microbial fuel cell and amorphous ferric hydroxide, J.
Hazard. Mater. 199–200 (2012) 217–225.

[6] D.R. Lovley, K.P. Nevin, A shift in the current: New
applications and concepts for microbe-electrode
electron exchange, Curr. Opin. Biotechnol. 22 (2011)
441–448.

[7] L. Wang, Y.L. Liu, J. Ma, F. Zhao, Rapid degradation
of sulphamethoxazole and the further transformation
of 3-amino-5-methylisoxazole in a microbial fuel cell,
Water Res. 88 (2016) 322–328.

[8] S. Patil, F. Harnisch, U. Schröder, Toxicity response of
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