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Thermally induced graft copolymerization of sodium styrene sulfonate (SSS) with ozone-preactivated poly(-
vinylidene fluoride) (PVDF) produced a PVDF-g-PSSS copolymer. Sulfonic acid proton exchange membranes
(PVDF-g-PSSA) were then prepared using the solvent evaporation method. They were investigated with a
Fourier transform infrared spectrometer and an X-ray diffractometer. The results indicate that the proton
conductivity of the prepared membranes reached 0.046 S/cm when the degree of grafting was 50.52%. Results
from a quartz crystal microbalance with dissipation monitoring indicated that the PVDF-g-PSSA membrane
showed superior antifouling performance to that of a Nafion membrane. The performance of the prepared
membrane in dual-chamber microbial fuel cells was also evaluated and compared with that of Nafion 117.
Although the microbial fuel cell with the prepared membrane generated lower maximum power density
(106.7 mW/m?) than that with Nafion 117 (132.0 mW/m?), it was more cost-effective because of its lower price
and more simplified preparation process. In addition, its chemical oxygen demand (COD) removal (85%) was

much higher than that of Nafion 117 (74%).

1. Introduction

It is well known that global fossil fuels will run out in the near
future. With increasing concerns about pollution of the atmosphere
and global warming caused by fossil fuel combustion, as well as the
increasing need for sustainable energy, many scientists have com-
mitted to finding renewable and alternative sources of energy [1,2].
Microbial fuel cells (MFCs) are considered a novel process for alter-
native energy generation and have attracted wide-ranging interest
because they can extract electricity from diverse organic wastes while
providing treatment of wastewater [3,4].

An MFC basically consists of two electrodes, the anode and cathode,
that are commonly separated by a proton exchange membrane (PEM).
Under anaerobic conditions, the substrate is oxidized by microorgan-
isms attached to the anode to generate electrons and protons. The
electrons and protons transfer and migrate through an external circuit
and a PEM, respectively, toward the cathode, where they react with
oxygen to form water [5,6]. MFCs show great promise for broad
applications in wastewater treatment. However, low-scale power
density production and high cost have become the greatest obstacles
to their use. The PEM used to separate the anode and cathode is a
critical component of the MFC, as it has a significant influence on its
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performance and overall cost. The membranes should allow protons to
transport easily from anode to cathode, while preventing the transfer of
oxygen and substrates [7,8]. Nafion membrane is still considered to be
the best membrane for MFCs because of its high proton conductivity,
as well as its excellent chemical and electrochemical properties.
However, several problems, including its high cost, oxygen leakage,
and substrate loss, are limiting factors for MFCs applications [9]. In
addition, biofouling will occur during long-term operation of MFCs,
because biofilms can be formed on the surface of the membrane, which
will reduce the performance of the fuel cell [10]. Xu et al. reported their
MFCs suffered badly from biofouling during three months’ operation,
resulting in degraded performance because of the physical blockage of
cation transfer and limitations on proton transfer [11]. Miskan et al.
found that the extension of the operating time of the MFC promoted
the growth of the biofouling layer on the membrane and the biofouling
layer thickness exceeded 250 pum after six months’ operation, which led
to a significant increase in membrane resistance and eventually
reduced MFC performance [12]. Thus, an anti-biofouling membrane
with good proton conductivity is essential for the long-term operation
and large-scale practical application of MFCs.

Poly(vinylidene fluoride) (PVDF) has been widely used in battery
field, because of its excellent chemical resistance, good thermal
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stability, and outstanding mechanical properties [13—15]. Lehtinen
et al. prepared sulfonic acid proton exchange membranes using a
radiation-grafting technique, and they found that PVDF-g-PSSA mem-
branes have a higher proton conductivity than Nafion membranes [16].
Qiu et al. reported a method of preparing a PVDF-g-PSSA membrane
using a solution-grafting technique [17]. These membranes were
prepared in two steps, namely grafting of styrene onto pretreated
PVDF films followed by sulfonation to confer proton-conducting sites
[18]. However, the sulfonation reaction may damage the physical
strength and surface topography of pretreated membranes and the
degree of sulfonation of prepared membranes was difficult to control.
In addition, these processes are complicated and expensive [19]. Nasef
et al. reported a single-step method for preparation of PVDF-g-PSSA by
grafting sodium styrene sulfonate (SSS) onto electron beam-irradiated
PVDF [20]. The direct preparation of membranes using SSS eliminated
the hazardous sulfonation reaction and could simplify the casting
process and reduce costs. However, this method of surface grafting
onto existing PVDF membranes has some inherent drawbacks. For
instance, it is very difficult to control the degree of grafting, so the
extent of grafting on the membrane surfaces may differ considerably.
Furthermore, the grafting process may be severely limited in the
interior of the membrane. Therefore, the concept of producing func-
tional graft copolymers prior to membrane preparation may prove to be
a better alternative in certain cases [21]. Directly using functional graft
copolymers can yield functionalized membranes with uniform and
homogeneous graft distribution through control of copolymer compo-
sition and casting conditions. Compared with other surface modifica-
tion techniques, ozone pretreatment of PVDF to introduce peroxides,
followed by thermally initiated radical graft copolymerization, is a cost-
effective method [22,23].

In the present work, PVDF-g-SSS copolymer was produced via
thermally induced graft copolymerization of SSS with ozone-preacti-
vated PVDF. Then, sulfonic acid proton exchange membranes were
fabricated using the solvent evaporation method. The effects of the
mass ratio of PVDF/SSS on the water uptake, proton conductivity, and
swelling ratio of the obtained membranes were evaluated. The anti-
fouling property of the membrane and the membrane fouling mechan-
ism were studied at the microlevel using a quartz crystal microbalance
with dissipation monitoring (QCM-D). The performance of the pre-
pared membrane in an MFC was also investigated and compared with
that of Nafion 117.

2. Materials and methods
2.1. Fabrication of PVDF-g-PSSA membranes

2.0 g of PVDF polymer (Solef 6020; Solvay Advanced Polymers Co.,
USA) and different quality of SSS powder (2.0, 4.0, 6.0, 8.0 and 10.0 g,
respectively; Aladdin, Shanghai, China) were dissolved in 30 ml of N-
methyl pyrrolidone (NMP; Fucheng Chemical Reagent Co., China) and
30 ml of dimethyl sulfoxide (DMSO; Fucheng Chemical Reagent Co.,
China), respectively. The mass ratio of PVDF/SSS was controlled in the
range of 1:1 to 1:5. A continuous stream of O3/0» mixture was bubbled
through 30 ml of PVDF/NMP solution at room temperature (25 °C) for
8 min. The flow rate was adjusted to 50L/h to give an ozone
concentration of 0.08-0.12 g/L in the gaseous mixture. After ozone
pretreatment, the polymer solution was cooled in an ice bath. The
activated PVDF solution was degassed with a nitrogen stream for
30 min to remove any ozone and oxygen dissolved in the solution.
Subsequently, the nitrogen-bubbled SSS/DMSO solution and 0.01 g
benzoyl peroxide (BPO; Fucheng Chemical Reagent Co., China) in-
itiator were added to the reaction mixture in a three-necked flask. The
three-necked flask was stirred at 80 °C in a water bath to induce the
BPO pyrolysis and to initiate the radical graft copolymerization of SSS.
The reaction was allowed to proceed for 4 h under a constant flow of
nitrogen. The reaction mixture was then cooled and the resultant
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PVDF-g-PSSS copolymer was precipitated in pure methanol. After
filtration, the copolymer was washed with methanol and water several
times to remove the homopolymer and the un-reacted monomer. The
copolymer sample was dried at 60 °C for 24 h. The degree of grafting of
the prepared PVDF-g-PSSS copolymer was determined by acid—base
back titration [24].

The PVDF-g-PSSA membrane was prepared using a solvent eva-
poration method. 5.0 g of PVDF-g-PSSS copolymer with different
degree of grafting was dissolved in 95 ml of NMP to a concentration
of 5 wt% at 60 °C. The copolymer solution was spread as a liquid film
onto a glass plate prepared in our laboratory in an amount that would
give a thickness of ca. 100 um of the formed membrane. Solvent was
then evaporated at 60 °C for 2 h, then at 80 °C until the casting solution
became a solid membrane. The membrane was then soaked in
deionized water to remove any residual solvent. Finally, the membrane
was converted to H* form by treating with 1 M HCL solution for 24 h.
PVDF membranes were prepared using the same method, except that
the membranes obtained did not require treatment with HCL solution.

2.2. Membrane characterization

The chemical structures of the PVDF-g-PSSA membranes and
PVDF membranes were examined using a Fourier transform infrared
spectrometer (FTIR; IRPrestige-21, Shimadzu, Japan). Membrane
samples were scanned 40 times with 4 cm™ resolution in the range
of 400-4000 cm™! in transmittance mode. The crystal structure of the
PVDF-g-PSSA membranes and PVDF membranes was measured using
an X-ray diffractometer (XRD; Ultima IV, Rigaku Co Ltd., Japan). The
diffractograms were collected at ambient temperature in the scanning
range of 20=5-80° using Cu Ka radiation.

The thermal stability of the PVDF-g-PSSA membrane was studied
by thermal gravity analysis (TGA; STA 449F3, Netzsch, Germany). The
samples were heated from 40 °C to about 700 °C at a rate of 10 °C/min
under the nitrogen atmosphere.

The water uptake (wt%) evaluates the amount of water confined
within the membrane [25]. The swollen equilibrium samples in
deionized water at room temperature were removed and the excess
water adhering to their surfaces was quickly wiped by blotting paper
and the membrane weighed. The water uptake of the membrane was
determined from the difference in weight between dried and fully
hydrated membranes as:

Wo = Wa o 100%,

Wa ®
where W,,, and W, are the weight of the fully hydrated membrane and
the dried membrane, respectively.

The swelling ratio (AS%) assesses the dimensional stability of a
membrane in the target solvent. The membranes were immersed in
deionized water at room temperature for 24 h. Then the surface areas
of the dried and fully hydrated membrane samples were measured
[26]. The swelling ratio of the membrane was calculated by:

s = e =5

4 % 100%,

Sa (2)
where S,,, and Sy are the surface area of the fully hydrated membrane
sample and the dried membrane sample, respectively. The breaking
strength of the prepared membranes were measured by tension tester
(LJ-5000N, Chengde, Hebei). The sample size was 1 cmx8 cm and all
the samples were measured at room temperature (25°C) with a
stretching speed of 20 mm/min. The reported values were averages
of at least five measurements.

The contact angle measurements of membranes were conducted
using a contact angle measurement system (OCA20, DataPhysics,
Germany). The membrane samples were fixed onto the slides and
dried. Then 5 pL of water was dropped on the membrane surface from
a microsyringe with a stainless steel needle at room temperature. The

wt% =
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contact angle of a membrane sample was determined as the average
value of at least five measurements of drops at different locations [27].

The proton conductivity (o) of the membranes was measured using
an AC impedance technique by an electrochemical workstation
(PAR2273, AMT, USA). Impedance spectra were recorded in the
frequency range of 2x10° Hz to 5x1072 Hz. A two-probe conductivity
cell similar to that employed by Zawodzinski et al. [28] was used to host
the membrane samples [29]. The cell was immersed in water and
measured the AC impedance spectroscopy of the fully hydrated
membranes. The resistance of the membrane was taken at the intercept
of the impedance curve with the real axis at the high-frequency end.
The proton conductivity of the membranes was calculated by:

a
o= s
R, XA

(3)

where a is the distance between the two electrodes, R,,, is the resistance
of the membrane, and A is the cross-sectional area of the membrane.

2.3. QCM-D experiments

In the present study, BSA (98% purity, Sigma-Aldrich, St. Louis,
MO), one of the most widely used model proteins for membrane
fouling, was selected. QCM-D combined with a membrane-coated
sensor crystal was used to investigate the deposition and adsorption
behavior of BSA dissolved in either ultrapure water (UP; Elga, UK)
or PBS buffer solution (50 mM) on the PVDF-g-PSSA and Nafion
surfaces and the structure of the BSA adsorption layers. The
adherence of the BSA on the different membranes was carried out
in a QCM-D system (E1, Q-Sense, Sweden) by monitoring the change
in the oscillation frequency (Af) of the membrane-coated quartz
crystal sensor.

First, a PVDF-g-PSSA or Nafion membrane was formed on the
surface of a silica-coated sensor crystal (QSX 301 silica, Q-Sense).
To prepare a PVDF-g-PSSA-coated sensor crystal, the PVDF-g-PSSS
copolymer was first converted to H* form. A homogeneous
PVDF-g-PSSA solution was prepared by dissolving PVDF-g-PSSA
in N,N/-dimethylacetamide (DMAc; Fuchen Chemical Reagent Co.,
China) to a concentration of 5 wt% at 60 °C. The silica-coated crystal
sensors with a fundamental resonant frequency of 4.95 Hz were
cleaned using 10% (w/v) sodium dodecyl sulfate and then rinsed
thoroughly with ultrapure water and dried with pure N, gas. The
cleaned silica-coated sensor crystal was fixed on the rotary platform
of a spin coater (KW-4A; Institute of Microelectronics of the Chinese
Academy of Sciences, China). The sensors were spin-coated with
casting solution at 1500 rpm for 15 s and then the rotation speed
was increased to 8000 rpm for 60 s, followed by drying at 60 °C for
60 min [30]. For preparation of Nafion-coated sensor crystals, the
pure Nafion resin was first obtained by evaporation of 5 wt% Nafion
solution (DuPont Fluoroproducts, USA) at 100 °C under vacuum for
24 h until dry, then treated by heating at 80 °C in a solution of 3 wt
% H,0,, deionized water, 0.5 M H>SO,4 and deionized water, each
for 1h [31]. A homogeneous Nafion solution was prepared by
dissolving Nafion resin in DMAc. The remaining steps were the
same as above.

All QCM-D experiments were performed under flow-through con-
ditions using a peristaltic pump (Ismatec, Switzerland) at 100 pL/min
flow rate. The temperature was maintained at 23 °C. Prior to each
QCM-D experiment, a baseline with UP was acquired. BSA solutions
were injected sequentially to the QCM-D system in the following order:
(i) background solution of either UP or 50 mM PBS; (ii) 10 mg/L of
BSA as dissolved organic content (DOC) dissolved in the background
solution; and (iii) a similar background solution to (ii) without BSA.
The variations in frequency and dissipation factor were measured for
the three overtones (n=3, 5, and 7), but only data from the third
overtone are presented.
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2.4. MFC construction and operation

Two cubic chambers were constructed from Plexiglas and separated
by a PEM. The volume of each chamber was 165 ml with a working
volume of 150 ml. Carbon felts (Fengxiang Science & Technology Co.,
Ltd, China) with a thickness of 5 mm were selected as the electrodes.
The anode and the cathode were cut into rectangles having a projected
surface area of 9 cm? and 12 cm?, respectively. The carbon felts were
pretreated by washing in 1 M HCL and 1 M NaOH, each for 24 h, and
rinsed with deionized water to remove possible trace metal and
biomass contamination [32]. Air was continuously purged into the
cathode chamber using an air pump.

The MFCs were inoculated with anaerobic wastewater from the
Xi’an fourth sewage treatment plant. The anode medium contained
(per L): 1.64 g sodium acetate, 4.58 g Na,HPO,, 2.45 g NaH,POy,,
0.31 g NH,CI, 0.13 g KCl, and 12.5 ml trace minerals [33]. The cathode
chamber contained a 50 mM phosphate buffer solution. The external
resistance was fixed at 1000 Q and all reactors were operated in fed-
batch mode at a temperature of 30 + 1 °C. The anode solution was
replaced when the voltage dropped below 30 mV.

The voltages (E) across the external resistance (Rex) were recorded
every 2 min using a data acquisition system (SIN-R200D, Sinomeasure
Automation Technology Co., Ltd, China). Current (I) was calculated
using Ohm's law according to I=E/Rex. Power densities were calculated
as P=IE. The current and power were normalized by the projected
surface area of the membrane. After the MFCs generated power stably,
the polarization and power density curves were obtained by varying the
external resistance from 10 to 9000 Q over a single cycle [34]. The total
internal resistance was determined from the linear portion of the
polarization data using the polarization slope method [35]. Total
chemical oxygen demand (COD) was measured using standard meth-
ods. The evaluated coulombic efficiency (CE) over time was calculated
using:

MfO‘Idt

E=—"2
FbV,,ACOD @

where M is the molecular weight of oxygen (32), F is the Faraday
constant, b is the number of electrons exchanged per molecule of
oxygen (4 in this case), Vg, is the volume of liquid in the anode
compartment, and ACOD is the change in COD over time t.

Nafion 117 was pretreated by sequentially boiling in H,O» (3%),
deionized water, 0.5 M H»SO,, and then deionized water (each time for
1h).

3. Results and discussion

The role of BPO in the graft reactions and the processes of ozone
preactivation of PVDF and graft copolymerization of SSS are illustrated
schematically in Fig. 1. Peroxide and hydroperoxide species with high
activity can be generated on PVDF main chains by ozone preactivation,
which require less activation energy of reacting with the free radicals
generated by the BPO pyrolysis compared to that of directly generating
active sites on PVDF by the free radicals. Thereby, the active sites used
for graft reactions were increased and the grafting efficiency of SSS on
PVDF main chains was greatly improved.

3.1. FTIR analysis of PVDF-g-PSSA membrane

The FTIR analysis was conducted to demonstrate the success of the
grafting processes. Fig. 2 shows the FTIR analysis of PVDF-g-PSSA
membrane and PVDF membrane. For PVDF membrane, the peak at
488 cm™ is attributed to C—F bending vibration. The peak at 1408 cm™
! corresponds to the characteristic absorption bond of PVDF. The peaks
at 2983 cm™! and 3024 cm™! correspond to the symmetric and asym-
metric stretching vibrations of CH, group, respectively. Compared with
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Fig. 1. Schematic illustration of the processes of ozone pretreatment of PVDF and graft copolymerization of SSS.
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Fig. 2. FTIR spectra of PVDF membrane and PVDF-g-PSSA membrane.

the PVDF membrane, the presence of skeletal C*C in-plane stretching
vibrations at 1560 and 1672 cm™' demonstrates the presence of
aromatic ring features. The peaks at 1068 and 1280 cm™' are caused
by the presence of SO;~ groups. The broad peak at 3549 cm™ is
attributed to the water molecules incorporated in the hydrophilic
sulfonated material [19,20]. These new peaks indicate that SSS was
successfully grafted onto PVDF and the PVDF-g-PSSA membranes
were obtained.

3.2. XRD analysis of PVDF-g-PSSA membrane

The crystalline structure and the crystallinity of PVDF membranes
have an important influence on the proton conductivity and thermal
stability of PVDF-g-PSSA membranes. In the present work, the effect of
grafting SSS on the crystalline morphology of PVDF membranes was
studied with XRD. Fig. 3 shows the diffraction patterns of PVDF-g-
PSSA membrane and PVDF membrane. The PVDF-g-PSSA membrane
has a similar crystalline structure to that of the PVDF membrane. The
crystalline peak positions at angles of 26=18.02° and 26=19.98° do not
indicate an obvious shift. However, the overall crystalline peak area of
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Fig. 3. XRD diffraction curves of PVDF membrane and PVDF-g-PSSA membrane.

80

the PVDF-g-PSSA membrane decreased. These results suggest a
decrease in the crystallinity of the membranes and are attributed to
the dilution of the structure with the amorphous poly(styrene sulfonic
acid) grafts. It can be concluded that the grafts are initiated from the
amorphous region of the PVDF matrix and do not disrupt the inherent
crystallites during the grafting process. These observations are con-
sistent with the findings of previous studies on grafting of SSS or
styrene onto PVDF membranes [19,36].

3.3. TGA of PVDF-g-PSSA membrane

The thermal stability of the PVDF-g-PSSA membrane was evaluated
by thermal gravity analysis and was compared to that of the pristine
PVDF membrane in Fig. 4. The onset of the major weight loss of the
PVDF-g-PSSA membrane occurs at about 450 °C, higher than that of
the PVDF membrane, which is due to the larger molecular weight of the
PVDF-g-PSSA membrane because of SSS grafted onto PVDF main
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Fig. 4. Thermal gravity analysis curves of PVDF membrane and PVDF-g-PSSA
membrane.

chains. While, the PVDF-g-PSSA membrane presents a greater weight
loss compared to that of the PVDF membrane, associated with the
thermal decomposition of the PSSA segments. It was demonstrated
that SSS was successfully grafted onto PVDF main chains, rather than a
simple blending of the two species. The PVDF-g-PSSA membrane has
excellent thermal stability.

3.4. Membrane properties

The degree of grafting of the PVDF-g-PSSA copolymer and the
physical and electrochemical properties of the prepared membranes
were examined and are listed in Table 1.

The degree of grafting increases with the increase in SSS monomer
concentration used for graft copolymerization; this is attributed to the
increase in the number of sulfonate groups in the polymer. Graft
copolymerization with the ozone preactivation method depends on the
initiator concentration in the PVDF chains and the concentration of the
monomer molecules available at the graft sites. It can be assumed that
more SSS molecules will be grafted onto PVDF chains as the SSS
monomer concentration in the graft mixture increases, because of the
increased availability of SSS molecules at the grafting sites, which
results in an increase in the number of sulfonic acid groups in the
polymer [18,20,37]..

The water uptake increases with the increase of the degree of
grafting, which is attributed to more sulfonate groups grafted onto the
polymer membranes. When the degree of grafting was 50.52%, the
water uptake of the prepared membrane was 25%, which was close to
that of Nafion 117 membrane (20%). Compared to the membrane
prepared in the present work, the water uptake of membranes reported
by Lehtinen et al. [16]. and Nasef et al. [20] reached 115% and 71%,
respectively, at about the similar degree of grafting. The water uptake
of the proton exchange membrane is affected by the content of the ion-

Table 1
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exchange groups contained in the membrane and the microstructure of
the membrane. The total water uptake of membrane typically includes
water molecules tightly to the ion-exchange groups and the water
adsorbed in the membrane pores. Since the methods used in these
papers differ from that described in the present work, the membranes
prepared have different microstructures. Larger pores accompanied
higher water uptake and conductivity [38]. The water uptake values of
membrane prepared by Lehtinen et al. and Nasef et al. are close to or
greater than 100%, which means that most of the membrane weight
should be due to adsorption of large amounts of water in the membrane
pores [16]. Besides, the membranes were boiled in water for 1 h before
measurements in Lehtinen's work, which resulted in a greater degree of
swelling of the membrane to adsorb more water.

The change in the membrane-swelling ratio has a similar trend to
that of the water uptake, namely a slight increase in the swelling ratio
with increases in SSS monomer concentration used for graft copoly-
merization. The swelling ratio has a positive correlation with the
number of sulfonic acid groups in the membranes. The breaking
strength of the PVDF-g-PSSA membranes was slightly higher than that
of the PVDF membrane, indicating that the prepared membranes
retain the excellent mechanical properties of PVDF. When the degree
of grafting was 50.52%, the breaking strength of the prepared
membrane reached 28.63 MPa, which was higher than that of Nafion
117 (15.08 MPa). The low swelling ratio and high breaking strength are
favorable for practical application of the PVDF-g-PSSA membranes.

The contact angle of the membranes was found to decrease as the
SSS monomer concentration increased. The contact angle of the
original PVDF membranes was 101.28° while the contact angle of the
PVDF-g-PSSA membranes reached 79.86° when the degree of grafting
was 50.52%. These observations are consistent with the findings of
previous studies on SSS grafted onto PVDF porous membranes by an
electron beam-initiated surface grafting method [39]. The ionic char-
acter of the grafting chains plays an important role in decreasing the
contact angles. The hydrophilicity of the PVDF-g-PSSA membranes
increases significantly as more SSS monomer is incorporated in the
PVDF membranes because of the increase in the number of sulfonate
groups in the membranes. The contact angle measurements are further
proof of the successful grafting of SSS onto the PVDF membranes and
are in agreement with the FTIR and XRD results for the grafted and
unmodified PVDF membranes.

The proton conductivity of the proton exchange membrane is one of
the factors most affecting the performance of the MFCs. It is deter-
mined by the water uptake in the membrane and the number of ion-
exchange groups in the grafting chains [40,41]. As expected, increasing
the SSS monomer concentration in the graft mixture increases the
proton conductivity of the PVDF-g-PSSA membranes. As the ion-
exchange groups in polymer increase, the water uptake of the mem-
brane and the number of water molecules per exchange site increase,
which are conducive to the increase of the proton conductivity. The
conductivity is also dependent on the degree of crystallinity [20,42]. As
explained in Section 3.2, the degree of crystallinity of the PVDF-g-PSSA

Degree of grafting of the PVDF-g-PSSA copolymer and the physical and electrochemical properties of the membranes prepared with different mass ratio of PVDF/SSS.

Mass ratio of Degree of Physical and electrochemical properties of the membranes
PVDF/SSS grafting (%)
Water Swelling Breaking Contact Proton
uptake ratio strength angle conductivity
(%) (%) (MPa) ) (8/em)
1:0 - 5.00 2.56 25.89 101.283 0.000
1:1 20.62 18.18 5.00 26.02 86.052 0.010
1:2 32.99 20.52 6.16 28.49 85.908 0.021
1:3 41.24 22.60 6.56 28.55 83.446 0.032
1:4 46.39 23.81 7.37 28.57 81.582 0.037
1:5 50.52 25.00 7.78 28.63 79.865 0.046

39
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Fig. 5. Frequency (Af) and dissipation (AD) responses from the adsorption of BSA on two different membrane-coated sensors: (A, C) BSA dissolved in ultrapure water; (B, D) BSA

dissolved in 50 mM PBS.

membranes decreases, which may contribute to the increase of proton
conductivity. The proton conductivity of the PVDF-g-PSSA membranes
reached 0.046 S/cm when the degree of grafting was 50.52%, which is
close to that of Nafion 117 (0.078 S/cm) [29,43] and was used in the
MFC study. All of these results indicate that the PVDF-g-PSSA
membranes have excellent conductive properties.

3.5. Analysis of adherence and viscoelastic properties with QCM-D

The adsorption behavior of BSA on both the PVDF-g-PSSA- and
Nafion-coated sensor surfaces and the structural changes of the
corresponding BSA adsorbed layers were investigated in the pre-
sence of either UP or 50 mM PBS solution. The 50 mM PBS solution
was chosen because it is the most commonly used buffer solution in
MFC. Representative time-resolved QCM-D measurement para-
meter shifts are presented in Fig. 5, revealing the frequency (Af)
and dissipation (AD) at the third overtone under the two water
conditions. The frequency shift of the PVDF-g-PSSA-coated sensor
crystal was smaller than that of the Nafion-coated sensor crystal in
the presence of either UP or 50 mM PBS solution, in spite of a
slower adsorption of BSA on the Nafion-coated crystal in the initial
stage (Fig. 5A, C). From the Sauerbrey relation (Am=-C-Af/n), in
which C is the Sauerbrey constant for the 5 MHz resonance
frequency and n is the overtone number, the accumulated mass
(Am) on the sensor crystal surface was proportional to the mea-
sured Af shift. It is clear that the amount of BSA on the Nafion
surface was more than that on the PVDF-g-PSSA surface in the
presence of either UP or 50 mM PBS because of the hydrophobic
properties of the Nafion membrane, which demonstrated that our
PVDF-g-PSSA membrane showed superior antifouling performance
to that of the Nafion membrane.
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Compared with the extent of frequency shift of BSA adsorbed on the
membrane-coated crystal in the presence of UP, Af showed more
substantial changes in 50 mM PBS. That is, more BSA will adsorb and
accumulate onto both membrane surfaces in the presence of 50 mM
PBS. From the classical Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory, it is likely that in the presence of 50 mM PBS, the charges of the
membrane surface and BSA are significantly shielded, because of
electric double layer compression and charge screening, leading to a
decrease in electrostatic repulsion between the membrane surface and
the adsorbed BSA film. Consequently, the enhanced deposition rate of
BSA is represented by the higher frequency and dissipation shifts of the
membrane-coated crystal [44]. In the MFC, because of the large
quantities of cations in the PBS solution, the sulfonate groups in the
cation exchange membrane were occupied by these cations rather than
protons, which will result in a decrease in the membrane conductivity
and the increase of membrane resistance.

During the long-term operation of an MFC, biofouling will occur
and a biofilm layer will form on the membrane surface. Biofouling is
caused by organic foulants and biofoulants. Besides, intermolecular
bridging by cations in the PBS buffer solutions between biofoulants and
the fouling layer eventually contributes to the formation of a strong
fouling layer on the membrane. Biofilms will cause physical blockage of
cation transfer and a significant increase in membrane resistance,
eventually reducing MFC performance. These results were consistent
with the QCM-D results, which indicated that more BSA was adsorbed
on the membrane surface in PBS solution than in ultrapure water.

To gain further insight into the nature of the adsorbed BSA layers
on the membrane surface, the structural properties of the deposited
BSA were analyzed by examining AD with respect to the overall Af. The
final |AD/Af] ratio could be used to compare the structural character-
istics of the BSA layer on different membranes, with lower |AD/Af]
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values indicative of a less hydrated or compact protein layer [45]. The
final |AD/Af] ratios for BSA adsorbed onto membrane-coated sensors
in the presence of either UP or 50 mM PBS solution are presented in
Fig. 6. It is clear that BSA adsorption on the PVDF-g-PSSA membrane
demonstrated higher |AD/Af] values under the two water conditions,
indicating that the BSA layer deposited on the Nafion surface became
more compact. The higher |AD/Af] values in 50 mM PBS solution
compared with those in UP suggested that a nonrigid and open-
structure BSA layer was formed on the membrane surface where
cations existed. Therefore, it was easier to form a dense layer of fouling
on the Nafion membrane surface and the self-made PVDF-g-PSSA
membrane had an advantage in antifouling characteristics.

3.6. Power density and polarization curves

The power densities obtained for the MFCs with different mem-
branes are presented in Fig. 7. It can be seen that the maximum power
density produced by the MFC with PVDF-g-PSSA membrane was
106.7 mW/m?, while the MFC with Nafion 117 produced a maximum
power density of 132.0 mW/m?2. The power output in the MFC with
PVDF-g-PSSA membrane was thus 19.2% less than that of the MFC
using Nafion 117 as the proton exchange membrane.

The polarization curves of the MFCs are also shown in Fig. 7. The
internal resistances of the MFCs were obtained from the slopes of the
polarization data. As shown, the internal resistances of the MFCs with
PVDF-g-PSSA membrane and Nafion 117 were 244 Q and 211 Q,
respectively. The internal resistance in an MFC consists of three
components: ohmic resistance of the electrolyte, electrode materials,
and membranes; charge transfer resistance; and diffusion resistance
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Fig. 7.Power density and polarization curve of Nafion 117 and PVDF-g-PSSA
membranes in microbial fuel cells.
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Fig. 8. COD removal and CE of the Nafion 117 and PVDF-g-PSSA membranes in MFC
system.

[46]. In this study, the two MFC reactors had the same configuration
and identical substrates. Therefore, the difference in internal resis-
tances of the two systems with different membranes was most likely
derived from the membranes. As described above, Nafion 117 shows a
higher conductivity than PVDF-g-PSSA. Although the power produc-
tion in the MFC with PVDF-g-PSSA membrane was less than that in the
Nafion 117 MFC, it still has a strong possibility of being used in MFCs
because of its lower costs and more simplified preparation process.

3.7. COD removal and CE

The COD removal and CE of the MFCs with different membranes
are shown in Fig. 8. COD removal was high (> 70%) for all systems.
The MFC with Nafion 117 had 74% COD removal, while the MFC with
PVDF-g-PSSA membrane had a much higher COD removal of 85%.
Taking into account its lower power density of the MFC with PVDF-g-
PSSA membrane (Fig. 7), its much higher COD removal indicated that
more substrate was used by anaerobic digestion, rather than for
electricity production. The CE percentages of the MFCs using Nafion
117 and the PVDF-g-PSSA membrane were 7.90% and 5.96%, respec-
tively. Both systems showed low coulombic efficiency, mainly because
of the high substrate concentration used in the MFCs and the absence
of a cathode catalyst. The higher substrate concentration required
longer times to degrade the substrate fully, which resulted in more
oxygen leakage into the system, causing substrate loss by aerobic
removal of microorganisms, and lowering the overall CE [47]. The MFC
with Nafion 117 had higher CE, possibly because of its lower internal
resistance compared with that of the system with the PVDF-g-PSSA
membrane.

4. Conclusions

PVDF-g-PSSA proton exchange membranes were prepared success-
fully using a new method. The PVDF-g-SSS copolymer was first
produced via thermally induced graft copolymerization of SSS with
ozone-preactivated PVDF. Then, sulfonic acid proton exchange mem-
branes were prepared using a solvent evaporation method. The proton
conductivity of the membranes depends on the concentration of SSS
monomer in the graft mixture. The PVDF-g-PSSA proton exchange
membrane possesses high proton conductivity and was applied suc-
cessfully as a high-performance and less expensive separator in MFCs
compared with Nafion 117. Our PVDF-g-PSSA membrane showed
superior antifouling characteristics to those of Nafion membrane, and
the Nafion membrane surface formed a dense fouling layer more easily.
Taking into account its lower cost and excellent proton conductivity,
our PVDF-g-PSSA membrane is a promising candidate for use as the
separator in MFCs.
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