中国科技论文在线

5

http://www.paper.edu.cn

The Effect of Degree of Sulfonation of Sulfonated
Poly(arylene ether sulfone) Membranes on the Microbial
Fuel Cell Performance#
Bi Huiping, Ran Dongqin, Hu Zhaoxia, Chen Shouwen**

10

15

20

(School of Environmental & Biological Engineering, Nanjing University of Science &
Technology, Nanjing 210094)
Abstract: A series of sulfonated poly(arylene ether sulfone) (SPAES) membranes with different of
degree of sulfonation (DS) are prepared for microbial fuel cell (MFC) applications. The performance of
the MFCs equipped with SPAES membranes is investigated in details. During the start-up stage, the
need time of reaching stable state and maximum anodic potential for the MFCs decreases with the
increase of DS of the SPAES membranes. However, the power density of MFCs with SPAES(5-5),
SPAES(4-6), SPAES(3-7) is very close after 14 days, which should be resulted from the combining
effects of the exchange of H+ to Na+ in the SPAES membrane and the fouling of the membranes. The
DS affects the anti-fouling activity of SPAES membranes, and higher DS leads to lower anti-fouling
activity. The MFC equipped with SPAES(3-7) membrane (DS=30%, IEC=1.31 mmol g-1) is considered
the better choice for the long-term operation.
Key words: water pollution control engineering; Microbial fuel cell; Proton exchange membrane;
Sulfonated poly(arylene ether sulfone)
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Energy shortage and environmental pollution are restricting the social and economic
development greatly nowadays. Microbial fuel cells (MFCs) are considered as a promising new
technology for efficient production of electrical energy from wastewater[1-3]. In an MFC, the
electrons are generated from the oxidation of the dissolved organic material by electrochemically
active microorganisms, while the released electrons flow to the cathode via an external circuit,
combining with the protons or the electron acceptors to form water[3].
There are many factors that influence the performance of MFCs including bacteria, electrode
materials, operation parameters (such as pH, temperature, and energy sources), and membranes.
Generally, the membrane is one of the critical components of an MFC, however, there are only
few studies focused on the membrane itself[4]. The membrane used in an MFC served as the
proton conductor as well as the anode-cathode chamber separator should have high proton
conductivity and stability in water, good mechanical performance, and low cost. The
perfluorosulfonic acid membranes such as Nafion (DuPont, USA) were widely applied in the
MFCs[5, 6]. However, Nafion is quite expensive and has high oxygen and substrate
permeability[7]. Modification of the Nafion or developing the alternatives for the MFC application
became one of the most urgent issues[8-20]. Mokhtarian et al[8] reported the performance of
Nafion112/polyaniline composite membranes, the power density of composite membranes was
nine-fold higher than that of raw Nafion 112. Ghasemi et al[9] compared the performance and cost
of MFC with Nafion 117 and sulfonated poly(ether ether ketone) (SPEEK) membrane as
separators. They concluded that the MFCs with SPEEK membrane can produce high columbic
efficiency (CE) and low cost, but have low power density. Several other types of membranes have
also been recently explored as a separator in MFCs, including Ultrex CMI 7000S (Membranes Inc.,
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USA)[10, 11], Hyflon (Solvay-Solexis, Italy)[12] and Zirfon[13]. However, they showed higher
ohmic resistance or higher oxygen permeability than Nafion. Furthermore, membrane fouling in
MFC not only decreases the performance of MFC, but also increases the cost of the MFC
operation because some of the fouling can’t be removed by physical and chemical methods[21].
Therefore, the anti-fouling of membranes should also be considered and studied.
Sulfonated poly(arylene ether sulfone) (SPAES) membranes have been considered to be
promising candidates for their high proton conductivity and good mechanical properties. They
have been used as proton exchange membrane materials in polymer electrolyte membrane fuel
cells and shown good performances[22]. Recently, Choi et al[23] reported the performance of the
MFC equipped with a series of SPAES membranes as the separators. They found that the power
density of MFC with SPAES(4-6) showed the highest and proposed be caused by its highest
proton conductivity. However, there are hardly any reports on the effect of degree of sulfonation
(DS) of the SPAES membrane on the MFC performance after a long-term operation in detail. Here,
we investigate the MFC performance of a series of similar membranes based on SPAES in detail,
and the effect of the DS of the membranes on the performance, including the relationship between
the DS and the characteristic of start-up, the DS on the output power density of MFCs, the DS and
the anti-fouling activity. These findings provide quantitative information for a better
understanding the mechanism of the effect of membranes on the MFC performance and
improvement of MFC research and development.

1 Materials and methods
65

1.1

Materials

4,4'-Difluorodiphenyl sulfone (DFDPS, Shou & Fu Chemical Co., Ltd., Zhejiang, China) and
4,4’-biphenol (BP, Yanhua Chemical Co., Ltd., Henan, China) were purified by sublimation
before use. 3,3’-Disulfo-4,4'-difluorodiphenyl sulfone sodium salt (SDFDPS) was synthesized
from DFDPS and fuming sulfonic acid, and purified according to the literature[24]. Fuming
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sulfuric acid (50%) (Zhenxin Chemical Reagent Factory, Shanghai, China) was used as received.
Toluene was dried over P2O5, distilled at 140 oC and stored over 4Å molecular sieves before use.
Dimethyl sulfoxide (DMSO, Sinopharm Chemical Reagent, Co., Ltd) was purified by stirring
overnight over calcium hydride, distilled in vacuo at 120 oC and stored over 4Å molecular sieves
before use. K2CO3 (Sinopharm Chemical Reagent, Co., Ltd) was dried in vacuo at 120 oC before
use. Other reagents were purchased from Sinopharm Chemical Reagent, Co., Ltd and used as
received.

1.2

Synthesis and characterization of sulfonated poly(arylene ether sulfone)
(SPAES)
The synthesis of the SPAES copolymers and the preparation of the corresponding membranes
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were carried out according to the reported methods[24], and some modification was performed.
Fig.1 shows the chemical structures of the SPAES copolymers, as an example, synthesis of
SPAES (3-7) is described below. To a completely dried three-necked flask equipped with a
magnetic stirrer, a Dean–Stark trap, a condenser and a nitrogen inlet/outlet, 1.375 g (3.00 mmol)
of SDFDPS, 1.778 g (7.00 mmol) of DFDPS, 1.862 g (10.00 mmol) of BP, 1.589 g (11.50 mmol)
of K2CO3, 24.8 mL of DMSO, and 24.8 mL of toluene were charged. The mixture was allowed to
reflux at 140 oC for 4 h, while the produced water was removed with toluene as an azeotrope. The
reaction mixture was then heated to 165 oC for 6 h. After cooling to room temperature, the

-2-

中国科技论文在线

90

resulting viscous solution was poured into water to get the fiber-like precipitate. After filtering,
washing with water and acetone successively, and drying at 100 oC for 10 h under vacuum, the
polymer product was obtained. Then, the product was dissolved in DMSO (about 10 % (w/v)),
cast onto a Petri dish and dried to get the Na+-SPAES membrane. The Na+-SPAES membranes
were soaked in 1 M HCl solution to get H+-SPAES membranes. The thickness of the SPAES
membranes was controlled about 100 μm.
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Fig .1 Chemical structure of the SPAES copolymers
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Ion conductivity

Through-plane ion conductivity of was determined using an electrochemical impedance
spectroscopy technique over the frequency from 10 Hz to 100 KHz (Hioki 3532-50). For
through-plane ion conductivity, a single cell with two platinum plate electrodes (the size of 1×1
cm2) was mounted on a Teflon plate. The cells were placed in liquid water. Ion conductivity was
calculated from Equation (1):
σ⊥= ts/(AR)

(1)

where ts is the thickness of the swollen membrane in water, A is the electrode area and R is
the resistance value measured.
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1.4

Two-chamber MFC construction and operation

The cylindrical MFCs were made by PMMA. They were constructed by two chambers
(230 mL liquid capacity for each). Each chamber consisted of a sample port, wire point inputs
(top), and inlet and outlet ports. SPAES membranes used as separators in these reactors had a
projected area of 28.3 cm2. The anode and cathode used were both made of graphite felt (5 cm×5
cm, HSCF, China) with a thickness of 0.5 cm. Prior to use, the electrodes were soaked in ethanol
and deionized water to remove the impurities and the surface oil. External connection was
constructed by using titanium wire (2 mm diameter) laid on the graphite felt, and all exposed
metal surfaces were sealed with conductive materials.
The anode chamber was filled with medium containing (1 L): 50 mM phosphate buffer
solution (PBS, pH 7.0): NaH2PO4·2H2O 5.62 g; Na2HPO4·12H2O 6.93 g; NH4Cl 0.31 g; KCl 0.13
g; CaCl2 0.01 g; MgCl2·6H2O 0.02 g; NaCl 0.05 g; vitamin and mineral solution 1 mL. Acetate
(20 mM) was used as the energy resource. The medium was then sterilized at 121 °C for 15 min.
The anode chamber was inoculated from the effluent of another previously running MFC in the
lab, which was operated for 2 years with 20 mM acetate and 50 mM PBS. The distance between
the nearest surface of anode and cathode electrode was approximately 4 cm and kept constant. In
this experiment, potassium ferricyanide (50 mM) was used as the electron acceptor. The reactors
were operated in fed-batch mode. The anode and cathode chamber were replaced with medium
every 2 days after the MFC start-up successfully. The initial pH value of each feed was adjusted to
7, and all MFCs were operated at a constant temperature of 30 oC.

1.5 Bioelectrochemistry analysis
Bioelectrochemistry analysis of the MFCs was performed on an electrochemical analysis
system (CHI 604E, Shanghai Chenghua Instrument Co. Ltd, China). The voltage across an
external resistance (100 Ω, unless otherwise noted) circuit was monitored at a 1 min interval using
-3-
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a data acquisition software connected to a personal computer. An Ag/AgCl reference electrode
(+0.197 V corrected to Standard Hydrogen Electrode; NHE) was placed into the anode chamber to
determine the anode potential. For cyclic voltammetry measurements, the MFC anode and cathode
were used as working and counter electrodes, respectively. An Ag/AgCl reference electrode was
also used. The scan rate of the voltammetry was 50 mVs-1 between -1.4 V-1.4 V (vs. Ag/AgCl ).
Polarization was performed once the voltage stabilized after the MFC was fed. Power
generation and polarization curves of MFCs were carried out by changing the circuit external
resistance (5-1000 Ω) using a digital multimeter. Voltage data were taken after stabilizing about
20 min. Current density of MFCs was calculated using ohm’ law (Equation (2)),
(2)
Ian=V/(Aan×Rext)
-2
where Ian is current density (A m ) normalized by the MFC anodic electrode surface area
(Aan=0.005 m2), V is the measured voltage (V), Rext is the external resistance (Ω).
Power density of MFCs was calculated according to Equation (3):
(3)
Pan=VIan
-2
where Pan is the power density (W m ) normalized by the MFC anodic electrode surface
area .
The internal resistance (Rint) of MFC was calculated according to power density peak method,
that is, the maximum output power density (Pmax) occurred at the point where the internal
resistance was equal to the external resistance (Rext, refers the load), as calculated by the following
Equation (4)[25]:
Rint=Rext=V2/Pmax

(4)
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The membrane samples were prepared for SEM observation before and after the
experiments to examine the fouling on the membrane surface. The samples were treated with 4%
glutaraldehyde solution for 4 h, then dehydrated with a graded ethanol series: 25%, 50%, 75%,
90%, 100% and 100% separately for 10 min for each step at room temperature. The dried samples
were coated with a layer of gold by a sputter coater (JOELJSM-6380LV, Japan) prior to observe.
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Scanning electron microscopy (SEM)

Anti-fouling and antibacterial activity tests

Fouling of membranes which contact with the anolyte is expected. To evaluate the
anti-fouling property of SPAES membranes, MFCs equipped with SPAES membranes were
operated for 2 months, then the membranes were taken dawn and the optical images of the
membranes were investigated.
The antibacterial activity of SPAES membranes against E.coli was tested, which can
quantitatively reveal the antibacterial activity of the membranes. The raw SPAES membranes
were cut into circle samples with the diameter of 5.5 cm. The samples were sterilized by
ultraviolet rays for 3 h. Then, the samples were soaked into 100 mL of liquid nutrient medium (LB)
inoculated with 0.5 mL of fresh E. coli solution and shaken for 12 h at 37 oC. Finally, the
membrane samples were retrieved from cultures and washed by normal saline. The wash solutions
were collected and diluted with sterilized deionized water. The dilution solution (50 uL) was
spread onto agar culture-medium and all plates were incubated at 37 oC for 24 h. The numbers of
colonies amount on the plates were counted and the amount of the E. coli on the membrane
sample can be calculated.
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2 Results and discussion
2.1

175

Properties of the SPAES membranes

The SPAES polymers were synthesized according to the literature, and some modifications
were performed. The IEC values of the SPAES membranes are controlled about 0.48-2.08 mmol
g-1 by changing the feed ratio of SDFDPS to DFDPS, corresponding to the DS of 10-50%.
Table 1 lists the properties of the SPAES membranes. The IEC values determined by titration
method are close to the theoretical ones, indicating that the proton exchange is almost fully
performed.
Table 1 Physicochemical properties of the SPAES membranes
DS
Code
SPAES(5-5)
SPAES(4-6)
SPAES(3-7)
SPAES(1-9)

180

185

190

a)

205

(dL g-1)

50
40
30
10

0.8a
1.0
0.6
-d

WU
(%)

S
(MPa)

2.08
1.72
1.34
0.48

68.0b
38.0
17.9
7.1

46.1c
46.3
50.2
53.6

1.99
1.66
1.31
0.46
b)

Stress-Strain
E
M
(%)
(GPa)
200c
154
53.3
17.0

1.22c
1.09
0.94
0.07

At 30 oC; c) dry membranes at 25 oC ; d)Not measured.

The water content and water state within the membrane are very important factors that
directly affect ion transport across the membranes. However, excessive water contained in
membranes may lead to the decrease in mechanical strength and an excessive dimensional change
and to mismatch for MFC assembly.
Table 1 also lists the mechanical properties of the obtained SPAES membranes, which are
characterized by Young’s modulus (M), maximum stress (S) and elongation rate at break (E). The
values of maximum stress increases from 46.1 MPa to 53.6 MPa as the DS decrease from 50% to
10%. Young’s modulus and elongation rate at break reach the maximum values of 200% and 1.22
GPa, respectively. These data indicate that SPAES membranes are strong and tough enough to be
applied in MFCs.

Start-up of MFCs

Fig. 2 shows the CV curves of the MFC anode with SPAES(5-5) at different operation time
(0h, 36h, 60h, 84h). The upper peak in the CV graph indicates the transfer of electron from
electrode to acetate, while the lower peak shows the transfer of electron from acetate to the
electrode[26].

200

(%)

IEC
(mmol g-1)
Cal.
Titr.

In 0.5 % (wt/v) DMSO (containing 1% LiCl) at 35 oC;

2.2

195

η

Neither oxidation peak nor reduction peak can be found in the curve at 0 h, it is

because of the lack of biotic reaction in the anodic chamber before inoculation of the anodic
chamber. After 36 h, there is an obvious redox peak, which suggests that the electrochemical
active bacteria have attached to the anode. The corresponding shapes of all the CVs at 36 h, 60 h
and 84 h suggest that the electrochemical active bacteria communities get to mature and are
similar with each other. Only one couple of redox peaks (at the location of -0.2 V and -0.6 V) are
observed, indicating there may be only one kind of electron transfer mechanism which is
responsible for the generation of electricity. For all the MFCs, the time of getting to mature is
quite different according to the CV curves of MFC anode, and is in the order of MFC(5-5)>
MFC(4-6)> MFC(3-7)>MFC(1-9). This phenomenon reveals that MFC with higher DS leads to
faster get mature bacteria.
Fig.3 shows the open circuit voltage of the MFCs with SPAES membranes at the first 7 days.
-5-
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The open circuit voltage increased at the beginning, and then reached to the similar values about
700 mV. The open circuit voltage of MFC(5-5) reaches the platform first, followed by MFC(4-6),
MFC(3-7) and MFC(1-9), respectively. The potential of the MFC anode reached stable (-0.44 V vs
Ag/AgCl) at the same trend. The higher proton conductivity means the lower membrane resistant
or lower internal resistant, and larger current at the same external resistant. The larger current
stimulated the bacterial propagation, as a result, the MFC with larger IEC membrane reaches the
stable state faster.
It should be noted that we also tested the MFC equipped with Nafion 212 membrane.
However, because of the large permeability of the potassium ferricyanide, the MFC showed very
low power output. We had to abandon Nafion 212 as the comparison.
0.03

Current (A)

0.02

0h
36h
60h
84h

0.01

0.00

-0.01

-0.02
-1.5

-1.0

-0.5

0.0

0.5

1.0

Potential (V)

Fig.2 CV curves of the anode of the MFC with SPAES(5-5) at different time after the inoculation

220
Fig.3 Open circuit voltage curves of the MFCs with SPAES(5-5), SPAES(4-6), SPAES(3-7) and SPAES (1-9)
membrane at the first 7 days
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Performances of MFCs equipped with SPAES membranes

Fig.4 shows the maximum output power density (Pmax) for MFC(5-5), MFC(4-6), MFC(3-7)
and MFC(1-9) over time during the experiment, respectively. Table 2 lists the performance of the
MFCs on 10th day and 16th day, respectively. On the 10th day, the maximum power density (Pmax)
of MFC(5-5) was the highest, followed by the MFC(4-6), MFC(3-7), and finally MFC(1-9). It is
consistent with the order of the proton conductivity of the corresponding membranes, which
indicates that the membrane with higher proton conductivity (or high DS) is favorable to higher
maximum output power density. However, from the 14th day, the maximum output power
densities and the internal resistances are very similar for the MFCs except for MFC(1-9). For
example, on the 16th day, the Pmax were 476, 443 and 449 mW m-2, while the Rint were 68, 75, 68
Ω for MFC(5-5), MFC(4-6) and MFC(1-9), respectively.

235

Fig.4 Pmax for MFC(5-5), MFC(4-6), MFC(3-7) and MFC(1-9) over time during the experiment, respectively
Table 2. Performance of MFCs with different membranes
Code

Pmax (mW m-2)

I (A m-2)

Rexta (Ω)
10d

16d

Rintb (Ω)

10d

16d

10d

16d

10d

16d

MFC(5-5)

451

476

1.15

1.18

68

68

68

68

MFC(4-6)

275

443

0.68

1.09

150

75

150

75

MFC(3-7)

182

449

0.49

1.03

150

68

150

68

MFC(1-9)

81

101

0.23

0.32

300

200

300

200

a

The external resistance (load) at maximum power density. b The internal resistance, which equals to the external
resistance at maximum power density.
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In our experiments, the MFCs were operated at neutral conditions, the proton concentration
was about 10-4 mM, whereas the concentrations of Na+, K+ and NH4+ were about 104.3, 1.7 and
5.8 mM, respectively. The concentration of Na+ is almost the 106 times higher than that of H+. In
this case, the proton ions in the membranes were exchanged gradually by Na+ and other cations
during the MFC operation. After a certain period, the cation species (e.g. Na+, K+, NH4+) will
occupy the negatively charged sulfonated groups in the membrane. Over 98% of the sulfonated
groups are occupied by other cation species(Na+ almost) other than protons [7]. The H+-SPAES
membranes gradually converted to Na+-SPAES membranes during the operation in MFCs due to
-7-
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the occupation of Na+.
Table 3 lists the through-plane ion conductivity of the H+-SPAES and Na+-SPAES
membranes. It can be found that the ion conductivity of Na+-SPAES is lower much than that of
H+-SPAES. However, except Na+-SPAES(1-9), the ion conductivity among the membrane of
Na+-SPAES(5-5), Na+-SPAES(4-6) and Na+-SPAES(3-7) just showed very similar values of 1.5,
1.2 and 0.7 mS cm-1, respectively. The convert of H+-SPAES membranes and the change of ion
conductivity resulted in the similar Pmax and Rint of the MFCs.
Table 3 Through-plane ion conductivity of the H+-SPAES and Na+-SPAES membranes a)

255

260

265

a)

Code

H+
(mS cm-1)

Na+
(mS cm-1)

SPAES(5-5)
SPAES(4-6)
SPAES(3-7)
SPAES(1-9)

73a
37
16
<0.1

1.5a
1.2
0.7
<0.1

In water at 30 oC

It should be noted that the Pmax of MFC(1-9) is always much lower than the others. This is
because the ion conductivity of SPAES(1-9) membrane is very low, which results in a higher
transfer resistance of membranes. So, for the application of the MFC, a suitable higher IEC is
necessary for the membrane.
3.4. Fouling and anti-fouling of the SPAES membranes
Fig.5 shows the photographs of SPAES(5-5), SPAES(4-6), SPAES(3-7) and SPAES(1-9)
membranes after 2 months operation in MFCs, and an SEM image of the surface of SPAES(3-7) is
also provided. SPAES(5-5) membrane is fouled more seriously than the others, and in the order of
SPAES(5-5) > SPAES(4-6) > SPAES(3-7) > SPAES(1-9). Through visual inspection, the surfaces
of the SPAES membranes are covered with a fungi-like deposit. SEM image showed that there
were inorganic salt, microorganisms and microbial extracelluar polymers precipitation on the
fouling layer[27].
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Fig.6 shows the antibacterial activity of the membranes on E.coli. After culturing in liquid
nutrient medium with the E. coli for 12 hours, the numbers of E.coli on the surfaces of the
membranes were 14.0, 11.5, 8.3 and 3.0 (×106 cm-2) for SPAES(5-5), SPAES(4-6), SPAES(3-7)
and SPAES(1-9), respectively. These consequences suggest that membranes with high DS have
low anti-fouling activity (or good biocompatibility).
Considering the factors of the ion conductivity and antifouling property, the performance of
MFCs with SPAES(5-5), SPAES(4-6), SPAES(3-7) is very close, SPAES(3-7) membrane should
be a better choice for application of MFCs at the long-term operation.

3 Conclusions

280
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A series of sulfonated poly (arylene ether sulfone) (SPAES) membranes are prepared for
the dual-chamber microbial fuel cell (MFC) application. The membranes show high ion
conductivity and physicochemical properties, suggesting their suitable application in MFCs. The
DS affects the start-up of MFCs, and higher DS leads to start-up faster. However, the power
density of MFCs with SPAES(5-5), SPAES(4-6), SPAES(3-7) is very close after 14 days, which
should be resulted from the combining effects of the change of H+-SPAES to Na+-SPAES
membrane and the fouling of the membranes. The DS affects the anti-fouling activity of SPAES
membranes, and higher DS leads to lower anti-fouling activity. Considering these factors, the
-8-
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MFC equipped with SPAES(3-7) membrane (DS=30%, IEC=1.31 mmol g-1) is considered the
better choice during long-term operation.

290

Fig.5 Photographs of the surface of (A) SPAES(5-5), (B) SPAES(4-6), (C) SPAES(3-7), (D) SPAES(1-9)
membrane and (E) SEM image of the surface of SAPES(3-7) after 2 months operation in MFCs

A

B

Fig.6 Antibacterial activity of membranes. Living cells (diluted 106) of E.coli on the membranes: (A) SPAES(4-6);
and (B) SPAES(1-9)
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磺化聚芳醚砜膜磺化度对微生物燃料
电池性能的影响
毕慧平，冉冬琴，胡朝霞，陈守文
365

370

（环境与生物工程学院，南京理工大学，南京 210094）
摘要：本文制备了用于微生物燃料电池(MFC)的一系列不同磺化度(DS)的磺化聚芳基醚砜
(SPAES)膜。详细研究了这些配备有 SPAES 膜的微生物燃料电池的性能。最初，达到稳定
态所需时间和最大阳极电位随着 SPAES 膜中磺化度的增加而减小。然而，14 天后，装有
SPAES(5-5), SPAES(4-6), 和 SPAES(3-7)的燃料电池的功率密度非常接近，这个结果主要由
于 SPAES 膜中 H+交换为 Na+和膜杂质的共同影响。SPAES 膜的抗污能力受 DS 影响，DS
值越高，抗污能力越低。实验证明，装有 SPAES(3-7)膜(DS=30%, IEC=1.31 mmol g-1)的 MFC
在长期运行中具有较好的表现。
关键词：水污染防治工程；微生物燃料电池；质子交换膜；磺化聚芳醚砜
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