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Nanocomposite membranes based on polyethersulfone
(PES) and nanomagnetite have been investigated with
regards to the effect of pretreatments on the electrochemical
performance of microbial fuel cells (MFCs). Nanocomposite
membranes containing various amounts of Fe3O4 (5, 10, and
20 wt%) were characterized by Fourier transform infrared
spectroscopy, scanning electron microscopy, ther-
mogravimetric analysis, differential scanning calorimetry,
and tensile tests. The application in MFC systems requires
also chemical characterizations such as ion exchange
capacity, water uptake, and oxygen permeability. The best
formulation (PES10) showed electrochemical properties
similar to the PES20. With the aim of obtaining a high-
performance membrane with a low filler dosage, a pre-
treatment procedure (1 h of boiling step in deionized water
and 1 h of immersion in 0.5 M of H2SO4) was adopted. The
results of such pretreatment in terms of maximum power
and current density were 10.59 � 0.72 mW/m2 and
52.07 � 0.86 mA/m2, respectively. The adoption of a pre-
treatment avoids the need of higher amount of nanofillers
that can affect membrane surface roughness and its
processing. Overall, the nanocomposite membranes repre-
sent a suitable technology in the MFC process. POLYM. ENG.
SCI., 00:000–000, 2019. © 2019 Society of Plastics Engineers

INTRODUCTION

Microbial fuel cell (MFC) system is a well-known
bioelectrochemical device where electrical energy is produced
directly by electroactive bacteria from organic carbon rich waste-
water [1], which still represents a potential renewable energy
source alternative to fossil fuel based electricity. A typical dual
chamber MFC consists in an anodic and cathodic chamber sepa-
rated by a half-cell separator, which can be a proton exchange
membrane (PEM) [2], salt bridge [3], or ceramic [4]. Cells based
on PEMs are considered the optimal solutions in some applica-
tions, including backup power sources, power sources for portable
electronics and distributed power generation [5]. In this regard,
Nafion117 membrane is the most common commercial membrane
due to the high ionic conductivity, which enhances the electro-
chemical properties of MFC, and mechanical/thermal stability [6].
On the other hand, the high cost of this material (~38% of the
capital costs in MFC) [7] in addition to oxygen crossover and
substrate loss [8, 9] has stimulated research toward alternative
materials.

In an attempt to reduce the cost of MFC system, other polymer
matrices have been proposed as alternatives to Nafion-based
membranes (such as sulfonated polystyrene–ethylene–butylene–
polystyrene, sulfonated PEEK, poly(vinylidene fluoride)–poly(sty-
rene sulfonic acid)) [8, 10–12] and the addition of nanofillers
proved to be an effective solution for the enhancement of the elec-
trochemical properties of MFCs [13, 14]. In a previous work,
polyethersulfone (PES)-Fe3O4 nanocomposites were tested in a
dual-chamber MFC as an alternative separator and mechanical,
thermal and electrochemical performances of neat PES, PES-
Fe3O4 (5 and 20 wt%) were compared to those observed with
commercial membranes (CMI 7000 and Nafion 117) [15]. Posi-
tive results in terms of mechanical and thermal stability were
obtained, while maximum power and current density values for a
PES with 20 wt% of Fe3O4 (PES20) were found to be slightly
lower than those of commercial ones.

Proton conductivity in Nafion-related membranes is due to sul-
fonic acid groups that act as extremely effective proton donors,
especially in the hydrolyzed form with water [16, 17]. This
explains why Nafion membranes are usually pretreated before
being used in MFCs. A common pretreatment reported in many
experimental studies consists of three steps: (1) a first boiling in
distilled water, (2) then in hydrogen peroxide, and (3) finally in a
strong acid (HNO3, H2SO4) [18–20]. The combination of these
steps allows the removal of impurities and is required to provide a
higher power density, columbic efficiency (CE) and chemical oxy-
gen demand (COD) removal in a dual compartment MFC, as dem-
onstrated by Ghasemi et al. [20]. The pretreated membrane was
also able to reduce the biofouling tendency, which is another limit-
ing factor in MFCs, leading to electrode surface blockage and ulti-
mately a reduction in surface area [21]. Rough surfaces tend to foul
easily due to increased surface area and when using polymer mem-
branes doped with nanoparticles, the roughness increases with
increasing amount of fillers [19]. This was confirmed also in our
previous study [15], where for PES20 this aspect was likely
suggested to limit the MFC performance by influencing the fouling
tendency and the resulting internal resistance.

In the present study, it is speculated that an increase in mem-
brane conductivity can counteract the increase in surface rough-
ness due to nanoparticle amount, and for this reason a new
content equal to 10 wt% of nano-Fe3O4 was used in PES matrix
and all membranes were compared with and without pretreatments
in terms of MFC electrochemical parameters during the treatment
of sodium acetate as sole electron donor. To the best of authors’
knowledge, the effects of pretreatment on this type of PEM in
terms of mechanical, thermal, and morphological properties have
not been addressed in literature. In addition, thermal and mechani-
cal properties of pretreated membranes were compared with those
of membranes after 360 h of MFC operation, thus paving the way
for a more detailed understanding of the property–structure
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relationships in nanocomposite membranes for their subsequent
optimization as alternatives to Nafion membranes.

EXPERIMENTAL

Synthesis of Fe3O4 Nanoparticles and PES-Based Nanocomposite
Membranes

Nanocomposite membranes with PES (Ultrason E3010 from
BASF) as matrix and Fe3O4 nanoparticles as filler were prepared
using the melt-blending technique. The chemical procedure
adopted for the synthesis of magnetic nanoparticle was the
coprecipitation of Fe2+ and Fe3+ with a molar ratio of 3:2 in
ammonium hydroxide as precipitating agent, as fully described
elsewhere [15, 22]. A new formulation with magnetite content of
10 wt% (PES10) in sheet form was prepared using a micro-
extruder DSM Xplore 15 CC Micro Compounder coupled with a
DSM Film Device as detailed in Ref. [15].

PEM Characterization

Differential scanning calorimetry (DSC; Mettler Toledo, 822e)
measurements were performed in the temperature range from
25�C to 260�C at 10�C/min under nitrogen flow. PES and PES
nanocomposite samples (6–8 mg) were heated from −25�C to
260�C at a rate of 10�C/min and held at 260�C for 2 min to erase
the thermal history (first scan), then they were cooled to 25 at
10�C/min and reheated under the same conditions (second scan).
Glass transition temperature was determined from the second
heating scan. Fourier transform infrared (FTIR) measurements
were performed at room temperature in reflection mode in attenu-
ated total reflectance (ATR) using a JASCO FTIR 615 spectrome-
ter. Spectra were acquired within 4,000–600 cm−1 region, using
32 scans overlapped and 4 cm−1 resolution.

PEM Morphological, Mechanical, and Thermal
Characterization. Samples for the tensile characterization were
cut from the films (thickness = 150–250 μm) in accordance with
UNI EN ISO 527-2 (Type 1BA) with a gauge length of 30 mm.
Tests were performed in displacement control on a universal test-
ing machine Zwick/Roell Z010 with a crosshead speed of 10 mm/
min. At least five tests were carried out at room temperature for
each material formulation and pretreatment.

A SETSYS Evolution system by Setaram was used for the
thermogravimetric analysis (TGA) of membranes in the tempera-
ture range from 25�C to 800�C with a heating rate of 10�C/min
under nitrogen flow.

A contact profilometer Talyscan 150 by Taylor Hobson was
used for measuring the surface roughness of the membranes and
the corresponding Ra values were obtained by TalyMap software.

The morphology of membranes after MFC operation was investi-
gated by scanning electron microscopy (Zeiss, Auriga). Specimens
were sputter coated with chromium prior to observation.

Chemical and Electrochemical Characterization. Properties such
as water uptake (Wut), ion exchange capacity (IEC), and oxygen
transfer coefficient (Ko) were determined. Wut of the
nanocomposite membranes was calculated as the difference
between the wet weight (Ww), after immersion in deionized water
at room temperature for 24 h, and dry weight (Wd), after vacuum
drying at 100�C for 12 h, according to Eq. 1:

Wut %ð Þ = Ww−Wd

Wd
�100 ð1Þ

IEC was determined by titration method [23] and calculated
using Eq. 2:

IEC =
VNaOH mLð Þ �Normality of the titrant NaOHð Þ

Weight of the drymembrane gð Þ ð2Þ

Ko was determined directly in the H-type MFC. Each chamber
was fed with distilled water and anodic chamber was supplied by
the oxygen sensor (SEVENGO PRO-Mettler Toledo) while the
cathodic chamber was continuously aerated. Ko (cm/s) was calcu-
lated using Eq. 3:

K0 = −V=Atln C0−Cð Þ=C0½ � ð3Þ

where V (mL) is the liquid volume in the anodic chamber, A (cm2) is
the cross-sectional area of the membrane, t (s) is the time, and C0 and
C (mg/L) are the concentration of saturated oxygen in cathodic cham-
ber and the dissolved oxygen concentration at time t, respectively.

The evaluation of the electrochemical performance of the
membranes was conducted by placing the nanocomposites
between the two cylindrical compartments (typical H-type MFC
configuration) hermetically fixed by a clamp. The electrical resis-
tance provided by the membrane was measured by a test cell
where both chambers were equipped with a Pt electrode and filled
with 0.05 mol/L sodium sulfate solution. Galvanostatic tests were
conducted using current intensity (I) value in a range of
0–100 μA. Potential (E) values were recorded and the internal
resistance (R) was obtained by using Ohm’s law (Eq. 4):

R =
E

I
ð4Þ

Open-circuit voltage (OCV) measurement and linear sweep
voltammetry (LSV) technique (VSP Bio-Logic Potentiostat) were
performed during the simulation of a synthetic wastewater treat-
ment. The Pyrex glass anodic and cathodic compartments (each
with a volume of 250 mL) were filled with the buffered [24] syn-
thetic wastewater (pH = 7 measured by GLP21 Crison) using
sodium acetate (2 g/L) and only buffer phosphate [25], respec-
tively. Anaerobic digestion supernatant (2 mL) was used as
microorganism source and inoculated in the anaerobic anode
chamber. The aeration in the cathode chamber was maintained by
an air diffusion system. Carbon paper electrodes were placed in
both chambers and they were connected by a titanium wire closed
by a resistor (180 Ω). A reference electrode (Ag/AgCl Crison
5240) was placed in the anodic compartment while an air diffuser
was activated in cathodic chamber to enhance reduction reactions.

The sodium acetate removal was evaluated by total organic
carbon measurement (TOC-L Analyzer, Shimadzu) and the
corresponding CE was calculated using Eq. 5:

CE %ð Þ = M
Ð t
0I dt

F bV anΔCOD
ð5Þ

where M is the molecular weight of the oxygen, I is the current
over the time (t), F is the Faraday’s constant, b is the number of
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electrons exchanged per mole of oxygen (b = 4), COD identifies
the chemical oxygen demand of the compounds present in the
wastewater [26], and Van is the anolyte volume. In case of sodium
acetate, it was observed (data not reported) that the COD/TOC
ratio is almost constant and equal to 2.8 � 0.73. For this reason,
Eq. 5 was adapted to use TOC values [27].

Membrane Pretreatments

According to the standard procedure adopted for Nafion
117 [20], the pretreatment was made by single steps or by the
combination of different steps each of 1 h. Boiling water, H2O2

(3%) and H2SO4 (0.5 mol/L) are reagents commonly used for the
pretreatment of Nafion-based or sulfonated polymers, as previ-
ously discussed. In our case, the effectiveness of these three
chemicals at room and 100�C was investigated and the internal
resistance through test cell was evaluated after each cycle.

RESULTS AND DISCUSSION

Characterization of PES10 Membrane

A preliminary characterization was performed on the new
membrane formulation with a nanomagnetite content equal to
10 wt%. The water uptake is an important parameter for a mem-
brane as it is directly linked to its proton conductivity [28].
PES10 exhibited a water uptake of 1.56% � 0.24%, which is
intermediate between the values of PES5 and PES20 membranes
[15], thus confirming that this property is dependent on the addi-
tion of Fe3O4 nanoparticles, even if this value remained lower
than the commercial membranes. The relatively hydrophobic char-
acter of PES [29] is likely its main disadvantage, as several stud-
ies have reported that membrane fouling is directly related to

hydrophobicity [30, 31]. IEC and K0 values were calculated as
0.07 � 0.02 meq/g and 1.26 × 10−3 cm/s, respectively. IEC value
for PES10 membrane is lower than Nafion 117 but equal to
another commercial membrane CMI-7000 and higher than
PES5-PES20 membranes. The presence of sulfonic acid groups in
magnetite nanoparticles could be beneficial to increase water
uptake and IEC. Agglomeration of nanoparticles at a 20 wt%
amount caused a decrease in IEC value [15], which is not
observed in PES10, thus suggesting an homogeneous dispersion
of Fe3O4 in the polymer matrix. This uniform dispersion resulted
also in an increased oxygen transfer coefficient, even higher than
that of PES20, due to enhanced void space in membranes caused
by inorganic (magnetite) and organic (polymer) interspace [32].
These preliminary results suggest that only a further increase in
filler content will not be able to lead to an increase in water
uptake and a decrease in oxygen permeability coefficient, which
is needed to reach anaerobic conditions in the anodic cham-
ber [25].

In Table 1, the electrochemical parameters observed during the
treatment of 2 g/L of sodium acetate and the results of LSV test
are reported. The OCV trend (Fig. 1) exhibited by the MFC with
PES10 as membrane was similar to that reported in our previous
work [15]: after 360 h of MFC treatment, a TOC removal of
73.35% and a CE of 8.16% were calculated (Fig. 2). This result
shows that PES20 can be still considered as the best performing
nanocomposite membrane in our investigation.

Effect of Pretreatments on the Thermal, Mechanical, and
Morphological Properties of Nanocomposite Membranes

In attempt to improve the electrochemical performance of the
MFC based on nanocomposite membranes without increasing the
content of nanoparticles due to enhanced agglomeration issues
and costs, pretreatments were developed in this study and their
effects investigated. As mentioned in our previous work [15], gen-
erally the pretreatment is not used for improving IEC [33], but
can enhance the electrochemical properties during the MFC oper-
ation. Before addressing this issue, the effects of pretreatments on
the thermomechanical properties of membranes were investigated.
At first, the treatment with H2O2 was performed at 100�C
(according to the procedure suggested for Nafion 117) and then
also at room temperature. The use of H2O2 (3 wt%) at 100�C is
not a viable pretreatment, as specimens underwent a significant
embrittlement with occurrence of cracks (white arrow), as exem-
plified in Fig. 3 for a PES5 membrane. This treatment is usually
recommended to remove the organic impurities from Nafion
membranes and at the same time in order to gain more water mol-
ecules during the subsequent treatment steps. PES displays excel-
lent mechanical properties and a good thermal stability [34], but
its resistance to powerful oxidants, such as hydrogen peroxide,

TABLE 1. Electrochemical performance of MFC using PES-based nanocomposite membranes.

Sample ID Pmax (mW m−2) Imax (mA m−2) OCVmax (mV) Membrane resistance (kΩ) Reference

PES5 1.66 � 0.21 6.65 � 0.86 485.00 � 15.00 46.28 � 2.91 [15]
PES5 pre 3.80 � 0.54 15.23 � 0.87 513.50 � 9.75 32.86 � 3.80 This study
PES10 5.72 � 0.81 20.78 � 0.30 550.50 � 3.53 13.87 � 1.79 This study
PES10 pre 10.59 � 0.72 52.07 � 0.86 555.00 � 15.00 7.55 � 2.19 This study
PES20 9.59 � 1.18 38.38 � 4.73 552.50 � 29.50 8.88 � 0.11 [15]

FIG. 1. OCV trends in PES10 without (●) and with pretreatment (Δ), PES
5 without (■) [15] and with pretreatment (♦), PES20 without pre-
treatment (�) [15].
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can reduce the required membrane physicochemical properties
due to a chemical degradation. The H2O2 attack is supposed to
result in loss of the S O bonds, with the conversion of the SO2

group to charged SO3 (sulfonate) groups [35], and related radi-
cals attack on the PES [36]. Similar cracks on PES membranes
were also reported after exposure to NaOCl [37, 38]. Reinforcing
PES membranes with nanoparticles has been proposed as a strat-
egy to minimize membrane degradation when exposed to strong
oxidizing chemicals [35, 39]. The nanoparticles are supposed to
act as decomposition catalysts, which minimize radical oxidative
attack and degradation of membranes. In this study, Fe3O4

nanoparticles do not seem to be beneficial to resistance to chemi-
cal degradation induced by H2O2.

As already mentioned, conductivity in PEMs is related to the
hydrophilic sulfonic groups that may be subjected to hydration,
that is, water molecules may accumulate around these groups. In
fact, water can hydrolyze the anhydrous form, SO3H, to
SO3

−H3O
+, allowing proton transport across the membrane [5]. A

sulfonation process consists in the addition of sulfonic groups to
the aromatic backbone of PES, through an electrophilic aromatic
substitution reaction, even if PES is difficult to sulfonate because
of the electron repulsing effect of the sulfonic group, which dis-
ables the aromatic rings for substitution [29]. Sulfuric acid is the

cheapest sulfonating agent but can lead to the degradation of the
main polymer chain as a function of temperature (too high) and
time (too long). This degradation can affect the mechanical resis-
tance of the membrane, thus compromising its in-service proper-
ties. In this regard, sulfuric acid solution is commonly used for
polymer sulfonation, but this step is generally preceded by a treat-
ment at high temperature [33], which can act as a swelling step
and can enhance the effectiveness of the subsequent H2SO4 step.
In this study, a boiling step in deionized water for 1 h followed
by 1 h immersion in the acid at room temperature was adopted.

TGA still showed a better thermal stability of pretreated
nanocomposite membranes compared to commercial membranes
[15] (Fig. 4). Pretreament did not alter the typical degradation pat-
tern of PES, characterized by a single step related to chain random
scission and carbonization to release SO2 from the sulfone group
and phenol from the ether group at the peak temperature [40].
When comparing the effect of the pretreatment for each formula-
tion, the only significant difference was related to the final mass
loss, which was found to decrease for pretreated samples, as
shown in Fig. 5 for PES10 membranes. Results for other formula-
tions showed the same response of PES10 membranes and the
corresponding results were not included. The results suggest that
the thermal stability was only marginally affected by the pre-
treatment steps that avoided the exposure to a strong oxidizing
agent and the sulfonation at high temperature [29]. The degrada-
tion of the membrane after use and the presence of a biofilm are
responsible for the slightly higher mass loss reported in Fig. 5.

In contrast, pretreatment markedly affected the tensile response
of membranes, as can be inferred from the stress vs. strain curves
and the relevant mechanical properties reported in Fig. 6. All
pretreated membranes exhibited a higher ductility compared to
untreated formulations, while strength and stiffness were reduced.
The enhanced ductility can be related to a plasticizing effect due
to the presence of increasing amount of water as a result of pre-
treatment. Generally, the glass transition can be considered as the
range of temperatures at which segment motion of macromole-
cules becomes thermally activated and the shorter the segment
length, the more flexible the macromolecular chains and the lower

FIG. 2. Total organic carbon removal % (gray) and CE % (black) after
15 days of MFC operation.

FIG. 3. Picture detailing the surface morphology of a PES5 membrane after
H2O2 treatment.

FIG. 4. Weight loss as a function of temperature and nanoparticle amount
for pretreated membranes. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 5. (a) Weight loss and (b) DTG curves with temperature of virgin PES10, pretreated PES10 (PES10pre), and
PES10 after MFC operation (PES10pre_MFC). [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 6. Typical stress versus strain curves from tensile tests for pretreated PES-based nanocomposites membranes and
their tensile strength, Young’s modulus, and strain at failure. [Color figure can be viewed at wileyonlinelibrary.com]
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the Tg. Water can act as an effective plasticizer, shielding the
intermacromolecular interactions and making easier the segmental
molecular motion. This is usually described in terms of a reduced
fracture strength and Young’s modulus. DSC scans (Table 2)
highlighted a decrease of glass transition temperature for all for-
mulations, thus providing evidence of PES plasticization and,

indirectly, of chemical functionalization of nanocomposite mem-
branes, that is, the modification with sulfonic acid groups.

To this purpose, the surface chemistry and chemical composi-
tion of neat PES and PES/Fe3O4 systems after the treatment with
H2SO4 were analyzed using ATR-FTIR in a wavenumber range
of 400–4,000 cm−1. For the sake of brevity, only spectra form
PES10 membranes have been reported (Fig. 7). For all mem-
branes, the absorption bands corresponding to the PES structure
are observed at 1,580 cm−1 (benzene ring stretching),
1,488 cm−1 (C C bond stretching), 1,244 cm−1 (aromatic ether
stretching) and 1,106 cm−1 (C O bond stretching), respectively
[41]. A peak can be found at 574 cm−1 in the spectra of PES
membranes with increasing content of Fe3O4 nanoparticles, that
is associated with the stretching vibration mode of Fe O. This
band corresponds to intrinsic stretching vibrations of metal at
the tetrahedral site [42, 43]. After surface treatment with sulfuric
acid, ATR-FTIR spectra of PES-based membranes showed a
more evident peak related to epoxy groups (C O C stretching
at 1,200 cm−1) and alkoxy groups (C O stretching at
1,044 cm−1) [44]. After the pretreatment, a weak shoulder at
1,019 cm−1 appeared, characteristic of the aromatic SO3H

TABLE 2. Glass transition temperature of the different formulations.

Formulations Second heating scan Tg (�C)

Neat PES 228a

Neat PESpre 224
PES5 230
PES5pre 226
PES5pre-MFC 226
PES10 234
PES10pre 227
PES10pre-MFC 229
PES20 234
PES20pre 231

aFrom TDS.

FIG. 7. FTIR spectra of PES10 membranes. [Color figure can be viewed at wileyonlinelibrary.com]
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symmetric stretching vibrations. This absorption peak is absent
in the PES spectrum and this confirms that the SO3H groups
can be detected on PES membranes. Water molecules may easily
accumulate around these groups. Absorption peak at 1,065 cm−1

can be also assigned to the C O stretching band related to the
C O SO3 group [34].

MFC operation revealed the presence of several peaks on all
the membrane spectra, indicating that the PES membranes were
fouled by some contaminants (1,647 cm−1 due to stretching vibra-
tion of Amide I (C O) and Amide II ( NH ) in proteins;
1,180 cm−1 as stretching vibration of C N C; 1,053 cm−1 due
to the stretching vibration of S O and 980 cm−1 as stretching
vibration of C O C) [45]. This is also supported by SEM micro-
graphs after MFC operation (Fig. 8), which displayed that the
fouling layer consisted of microorganisms and some inorganic salt
precipitations. With increasing nanofiller content from 5 wt%
(Fig. 8a and b) to 10 wt% (Fig. 8c and d), the surface roughness
was found to increase, and this resulted in a higher fouling ten-
dency, as can be inferred from the presence of deposited material
on the surface of the membrane exposed to the anodic compart-
ment. This fouling connected to the roughness of the material is
highlighted by comparing the figures at the same magnification
(Fig. 8a–c) where is clearly evident a greater accumulation of
deposit in PES10 (Fig. 8c) compared to PES5 (Fig. 8a) after the
same operative time. The pretreatment roughened the membrane
surface to a larger extent compared to untreated membranes, as
clearly evident from the surface roughness images, and
corresponding Ra values (Fig. 9). Surface roughness directly
affects the fouling tendency and hinders the performance of the
membrane, but at the same the formation of a thin biofilm on the
surface can also have a beneficial effect on reducing the oxygen
crossover from the cathodic chamber to the anodic one. This

enhances the anodic aerobic environment and better efficiency of
the MFC as a whole can be expected [46]. In addition, the pres-
ence of an extended roughness can result in a higher nucleation of
defects and stress concentration points on membranes, which can
explain the further reduction in mechanical properties of mem-
branes after MFC operation, especially in terms of strength, and
the enhanced brittle character as extensive uniform elongations
cannot be any longer sustained (Fig. 6).

MFC Performance

Pretreated PES5 and PES10 membranes were considered and
compared with the optimal membrane obtained in a previous
study (PES20) [15]. Test cell was considered as a measurement
of the internal resistance in order to establish the best pre-
treatment before MFC application. As previously mentioned, the
treatment involving hydrogen peroxide was discarded not only
for its effects on the mechanical integrity of membranes, but also
because an increase of 15% and 9% in internal resistance for
PES5 and PES10 was observed, respectively. The same test per-
formed at room temperature did not result in a decrease of the
internal resistance (50.31 and 14.24 kΩ). Moreover, the treat-
ments with H2SO4 0.5 mol/L at room temperature and at 100�C
were not effective; on the contrary the boiling step with only
deionized water resulted in a decrease of internal resistance of
14.13% and 24.36% for PES5 and PES10, respectively. After
1 h of boiling step in deionized water and 1 h of immersion in
the acid at room temperature, a significant decrease of internal
resistance was observed (Table 1), suggesting that 10 wt% as
nanoparticle content can be considered as the optimal amount to
be combined with a pretreatment. The same procedure was
followed also for PES20, but no significant enhancements were

FIG. 8. SEM micrographs at two image magnifications of the fouling layer on PES5 (a,b) and PES10 (c,d) membranes
after 15-day operation of MFC.
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observed, likely related to the lower IEC and agglomeration
issues. The electrochemical properties of pretreated membranes
were evaluated during the application of MFC system for waste-
water remediation. After a treatment of 360 h of 2 g/L of sodium
acetate, LSV measure was applied and the results are reported in
Table 1. According to test cell also LSV results showed a

positive enhancement of power and current density and in case
of pretreated PES10 membranes, these values outperformed
those exhibited by PES20. Similar organic carbon removal was
observed with and without pretreatment but, although slightly,
the CE observed with MFC coupled with pretreated PES10 was
higher than PES20.

FIG. 9. Surface roughness images of different nanocomposite membrane formulations and treatments.
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CONCLUSIONS

This study investigated a novel membrane based on PES and
different amounts of nanomagnetite for MFCs. These membranes
were manufactured by melt blending and extrusion and tested in
an H-type MFC. In an attempt to improve the performance of
MFC, different pretreatments were designed and tested, and their
effects on mechanical, morphological, and thermal properties of
membranes evaluated. A boiling step in deionized water for 1 h
followed by 1 h immersion in H2SO4 (0.5 M) at room temperature
did not compromise the thermal stability of the membranes but
induced plasticization due to the increased water amount related
to the sulfonation treatment, as confirmed by FTIR. This pre-
treatment was beneficial to the electrochemical performance of the
MFC and an amount of 10 wt% of nanomagnetite showed the
best compromise in terms of membrane resistance (7.55 kΩ),
power density (10.59 mW/m) and mechanical properties. The pre-
treatment avoids the need of using higher amount of nanoparticles
that degrade the mechanical properties of the membranes and sig-
nificantly increase the surface roughness, potentially leading to
higher biofouling tendency. Overall, the present investigation
suggested that the incorporation of nanomagnetite fillers in
pretreated nanocomposite membranes can be an effective tool to
enhance the MFC performance. Future studies will be focused on
tailoring the sulfonation of nanomagnetite to be used as effective
proton conducting additives.
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