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Abstract

In this work proton exchange membranes were prepared by a modified
microwave casting solution technique, using the polymers blend (polyethersulfone
(PES), polystyrene (PS), polyvinylidenefluride (PVDF)). Modified casting method
was used to overcome the poor compatibility between hydrophilic, (PES, PS) and
hydrophobic PVDF, by cooling the substrate during the film casting process to (4.5-
5.5°C). Membranes were chemically modified by three reaction types to study the
differences between their effects on the required properties for microbial fuel cell
application. These methods use blend organic sulfonic acid precasting process and
sulfonation by sulfuric acid post-casting process (APS), blending organic sulfonic
acid precasting process (AS) and sulfonation by sulfuric acid post-casting process
(AP). The presence of organic sulfonic acid and the sulfonation were confirmed via
FTIR spectra for the membranes. The membranes were characterized by proton
conductivity, ion exchange capacity (IEC), [-SO3H] value, and water uptake. MFC is
characterized by electrochemical polarization tests and power densities obtained
from it were used to evaluate the efficiency of the membrane in the cell.
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1. Introduction
The quest for sustainable and effective fuel technology has been sparked by a rise in the
scarcity of fossil fuels and environmental pollution associated with current fossil fuel
processing technologies. Fuel cells seem to be a promising technology to solve the above
problems and meet the existing requirements for the production of renewable fuel [1]. In the
natural environment, alternative energy sources, commonly referred to as renewable, are
available in nearly infinite amounts or regenerated by natural processes at a faster rate than
they are consumed [2]. The interest in safer, more environmentally sustainable, and more
efficient energy sources contributes to the increased interest in fuel cells, because and heat
[3]. Fuel cells are electrochemical devices that directly transform intrinsic chemical
energy into electrical energy. In 1839, William Grove first showed the fuel cell [4].
A microbial fuel cell (MFC) is a biological reactor that through synergistic responses of
microorganisms proselytes concoction energy present in natural or inorganic compound
substrates to electrical energy [5]. The growth and metabolic activities of microorganisms
(such as exoelectrogenic bacteria) are used in microbial fuel cells (MFC) to directly transform
chemical energy from organic waste into electricity [6]. The MFCs usually contain an anode
and cathode compartments separated by a proton exchange membrane (PEM). Protons and
electrons are generated by organic compound oxidation (via electrochemically active bacteria
(EAB) catabolism in the anode compartment. Protons are transferred through the PEM to the
cathode compartment, while the electrons pass through to the external circuit. . Subsequent
H,O formation at the cathode occurs through the reduction of oxygen with the transferred
protons and electrons [7]. Three types of PEMs (Nafion112, SPEEK, and Nafion 117) used in
MFC have been studied by Mostafa Ghasemi et al. [8]., and the amount of bioenergy
generated with wastewater feed-in 5000m/I of chemical oxygen demand (COD) has been
recorded. It was found that among the other MFCs, the MFC operating with Nafion 117 as a
separator produced the highest power. For high-temperature proton exchange membrane (HT-
PEM) applications, Liu et al.[9] reported a series of composite cross-linked membranes based
on fluorine-containing polybenzimidazole (6FPBI) and across-linkable polymeric ionic liquid
(cPIL) have been prepared. In particular, the obtained composite cross-linked membranes
displayed an excellent ability for phosphoric acid doping and proton conductivity. Gaurav et
al. [10] studied low-cost PEMs with higher conductivity which was performed using
relatively low-priced polyvinylchloride content with varying amounts of silica (SiO,), citric
acid, and phosphotungstic acid (PWA) by the solution casting process. Different membrane
properties, such as surface morphologies, ability for water absorption, ion exchange capacity
(IEC), tensile strength, leaching test, and potential application in MFCs, were investigated.
Bakonyi et al. [11] reviewed the background and recent advances in ionic liquid-containing
separators, particularly supported ionic liquid membranes (SILMs) for MFC application were
studied.
The MFC performance depends on its ohmic resistance. There are three sources of ohmic
voltage loss: (i) resistance of the electrolyte against ion migration, (ii) resistance to electron
transport through the cell components (electrodes and electrical connections), and (iii) contact
resistances. The migration of ions inside the membrane plays a major role in the resistance of
internal cells. Several techniques were used by online fuel cell testing methods to analyze the
membrane resistance.
The current interrupt method time-domain DC technique, developed 50years ago, is used for
proton exchange membrane fuel cells, to quickly interrupt the fuel cell current and calculate
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the terminal voltage quickly before and during the interruption [12]. This would need high
precision devices to monitor the interrupting effect on the cell voltage since this effect
concludes the ohmic, activation resistance, and double-layer capacitance. A recently
developed method to measure membrane resistance ex-situ is using a four-probe conductive
cell. In this work, a method similar, with minor adaptation, to that performed by the Florida
solar energy center [13] and a method recently reported by Ziv and Dekel [14] were used.

The present work aims to study the effects of three sulfonation conditions: sulfonation done
pre-and post-casting process (APS), sulfonation done precasting (AS) and sulfonation done
postcasting (AP), on the characterization of the polymer blend membranes by including
structural changes, ionic conductivity, IEC, and water uptake. Whereas, the effect of
sulfonation condition on MFC efficiency was studied via electrochemical polarization and
power density curves.

2. Experimental Procedure

2.1. Materials and Method

Materials used for the synthesis of the (PES-PS-PVDF) blend proton exchange membranes
are as specified: polyethersulfone (PES) was purchased from Xiamen keyuan plastic
company; polystyrene (PS) foam beads were purchased from Hangzhou Fuyang Wealth
Imp&ExpCo., Ltd, China; Polyvinylidene fluoride (PVDF) from Allplastics Engineering Pty
Ltd; organic sulfonic acid was supplied by the General Company for Vegetable Oils Baghdad
(Iraq); sulfuric acid H,SOswas purchased from CDH -Central Drug House (P) Ltd., New
Delhi(India), N, N-Dimethylformamide (DMF) was purchased from Sinopharm Chemical
reagent co., Ltd; Sodium hydroxide pellets NaOH were purchased from Romil LTD the
source convent drive water beatch Cambridge GB-CB25 9QT, United Kingdom; and Sodium
chloride which was purchased from ALPHA CHEMIKA, India.

2.2. Membranes preparation

(PES, PS, and PVDF) polymers were dried in a microwave oven for (20 min) before
dissolving them in DMF [15].

2.2.1. Blend solution and membranes preparation

(PES-PS-PVDF) solutions were prepared by heating with stirring. These were prepared
according to the volumes shown in Tablel. The blend solution was prepared by adding (2 ml)
of PS solution drop by drop into (8 ml) of PES with heating and stirring 500 this was
associated with a color change from light yellow to foggy white. The blend was left under
heating and stirring to obtain a homogeneous solution. Then (2ml) of the PVDF solution was
added to the previous blend solution with stirring and heating until a homogeneous solution
was obtained. All membranes were prepared by casting on a cool glass plate (at 4.5 -5.5°C)
using a casting knife, the membranes were left for (15 min) under cool conditions then at
room temperature before being dried at (45°C) for 4 hours. The obtained films were soaked in
deionized water for 24h in order to extract the solvents by water. The obtained membrane was
of (0.05mm) thickness, as shown in Figure 1.

Figure 1-Shape of the prepared blend membrane
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2.2.2. Blending with organic sulfonic acid and sulfonation processes
The sulfonation post-casting process was used to sulfonate the membrane which is listed in
Table 1.

The prepared membranes were sulfonated after casting by immersing them in 60% dilute
sulfuric acid with heating for 3 hours and then washed several times using deionized water.
These samples were labeled as (AP).

(AS) labeled samples were prepared by adding (0.5ml) of organic sulfonic acid to the
homogenous blend polymers drop by drop with increasing the temperature under continuous
stirring. A microwave oven with a low pulse was used to complete the process.

The (ASP) labeled samples were prepared by the same preparation method of the AS samples
and were post sulfonated after the casting process by immersing it in 60% sulfuric acid with
heating for 3 hours The membranes were washed several times using deionized water

Table 1-Membranes composition and sulfonation acid

Sulfonation
Postcasting
PES solution PS solution PVDF solution  organic sulfonic process by
Samples - o o . )
composition composition composition acid, (ml) solution
60%H,S0O,,
(ml)
(2g) of PES (0.8g) of PS (0.3g )of PVDF
in(8mI)PES in (2ml) PS in (2ml) PVDF
AS : . .
solution solution solution 0.5 -
(2g) of PES (0.8g)of PS (0.3g) of PVDF
AP in(8ml) PES in (2ml) PS in 2ml)PVDF _ 50
solution solution solution
(2g) of PES (0.8g) of PS (0.3g) of PVDF
APS in(8ml) PES in (2ml) PS in (2ml) PVDF
. . . 0.5 50
solution solution solution

2.3. Application in MFC

MFC Construction

The laboratory microbial fuel cell was manufactured from two airtight perspex as anode and
cathode compartments with holes of (3cm) diameter in the center of their interface.
Synthesized membranes were inserted in between the anode and cathode compartments using
a rubber gasket tightened by bolts. The anode (graphite sheet) and the cathode (Aluminum
sheet) electrodes were positioned into the chamber through the cover of the airtight containers
as shown in Figure 2. Before conducting tests, the cathode chamber must be well aerated.
Therefore, an air pump was used to add oxygen to it. This would increase the efficiency of the
fuel cell. The electrodes were connected to a data logger (USB Data Logger, Hantek365A),
and a multimeter (Digital Multimeter, DDM230B, ORWSON) to record data into the
principal component analysis (pc). The anode chamber was completely anaerobic.
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_

Figure 2-Laboratory Microbial fuel cell

Anolyte was wastewater of PH (3-5.5), Chemical Oxygen Demand (COD ) 700-2500 ppm,
Biochemical Oxygen Demand (BOD) 400-1200 ppm, glucose (5 g\l) which was obtained
from the wastewater treatment lab, ministry of science and technology. Catholyte was one
liter of distilled water containing (35 g) of solid NaCl. MFC usually operates at (370C). The
electrochemical polarization curve was obtained from using different loads (10-40000 Q).
There should be a 2minutes lapse after applying each load. The electrochemical polarization
measurements were held after 24 hours. The power density was determined by the following
equation:
Where V and | are the recorded voltage and current, respectively, A = the area of the
electrodes [10].
2.4. Membrane characterization
2.4.1. Proton Conductivity
The membranes were soaked in deionized water for 24 hours in order to let it fully hydrated
before mounting it directly in the conductive test cell. Figure 3 illustrates schematically the
membrane electrical contacts of the cell. The outer contacts were for DC current application
while the inner ones were for connecting the membrane to the digital oscilloscope to monitor
the voltage drop A constant DC current was used whose value was obtained from the MFC I-
V characterization curve. The test was done under an inert atmosphere. After the voltage
becomes stable, on the digital oscilloscope, the current was interrupted quickly. The in-plane
ion conductivity was calculated using the following equation:

L

CTRW.T (2)

Where L= the length between the inner connected wires, W = the membrane width, and T =
the membrane thickness, R= the membrane resistance calculated by the ratio of the voltage
difference (V1 during current applied and V2 after interrupted, to the current applied at the
moment of interruption.) [13.[

Figure 3. illustrates schematically the membrane electrical contacts in the cell.
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L

Figure 3- Schematic diagram of the membrane electrical contacts of the cell [13]

2.4.2. lon Exchange Capacity (IEC)
lon exchange capacity (IEC) [meq.g™'] is a measure of the ionic content in a dry membrane.
The theoretical IEC value can be determined through 'H-NMR or be calculated
experimentally[16]. To exchange all protons with ions of sodium, in the sample, the dried
samples were weighed and immersed in (1 M) NaCl solution for 24 h. The HCI content was
measured by back titration with (0.01N) sodium hydroxide. Phenonephthalene solution
(0.1%) in ethanol/water was used to determine the neutralized point[17,18]. IEC was
calculated using the given equation:

IEC (consumed of NaOH)(Molarityof NaOH)

Dried membrane weight
2.4.3. The analytical acid concentration [-SOzH] (M)
[-SO3H] concentration has a significant effect on proton conductivity and depends on the
content of acid and water. In the wet membrane, it can be determined by:

Mgy, X IEC
[—SO.H] = —22X "~ %100 4)

(3)

wet

Where Mgr,= the weight of the dried membrane, Vye= the volume of the membrane[19].
2.4.4. Water uptake

Sulfonated dry membranes were weighted and submerged for a day in deionized water. The
surface area of completely hydrated samples, dried with filter paper and weighed water
absorption was measured by the following equation:

Wwet - Wdry
W.(%) = ———M— =

W00 = =5

Where Wyer and Wy = the weight of fully hydrated and dried samples, respectively[1, 10]

3. Results and discussion

The backbone of the synthesized membranes, polyethersulfone polymer (PES), was chosen as
the principal chain due to its high adaptive flexibility to the PEM application [20]. As well as
its good chemical resistance, it has excellent thermal and dimensional stability [21]. It has
been widely modified and used in membrane separation applications in fuel cells because of
its low cost compared to the costly fluorinated polymers [22]. It is a partly crystalline polymer
which is known for its exceptional solvent resistance, thermo-oxidative degradation, and
hydrolytic stability, has high chemical resistance for many acids and alkalis [23, 1]. All these
features make PVDF an attractive membrane material; its crystalline phase provides thermal

x 100 (5)
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stability, while its amorphous phase provides the flexibility of the desired membrane [21].
High contrast in polarity between hydrophilic and hydrophobic helps the creation of efficient
proton tracks. Even in a random copolymer, and an amphiphilic block copolymer system[20].

3.1.FTIR spectroscopy

Direct sulfonation is an electrophilic reaction. The sulfonation occurs at electron-rich sites of
the polymer backbone [24]. The FTIR spectra were used to confirm the presence of (-SOzH)
group on the polymer chains. Figure 4. shows the spectra of the pure polymer blend
membrane and the three polymer blend membranes (APS, AP, AS). The peaks at 1585 cm™
and 1489 cm™ are attributed to the vibration of the aromatic ring skeleton [25, 19, 26]. The
small peak at ~3059cm’is attributed to the C-H stretching peak of the benzene
ring[26].Stretching band, at 2848 cm™, represents CH,groups[27]. At 1149cm™ the distinctive
absorption band for the aromatic sulfone group emerges, and the peak for aryl oxide appears
at 1240 cm™[25, 26]. It is possible, in fact, to identify signals at 1323 and 1149 cm ™ due to
S=0 stretching (asymmetric and symmetric, respectively) together with a band at 1103 and
1074cm™* (C-S) [27,28]. The adsorption peak at ~1029 cm™ is characteristic of the aromatic
(SO3H) symmetric stretching vibration[25,19,29,27], and the peak at ~1170 cm™ is due to two
contributions of -SO3 groups and ring modes of 1:2-substituted benzene[27, 25]. The broad
band at 3437 cm™ indicates the stretching vibrations of -OH groups [27, 8]. Transformed
infrared spectra indicated an increase in the peak located in the OH stretching region, which is
associated with acid formation [30]. The FTIR spectra revealed the successful sulfonation of
the (APS, AP) samples, and presents an organic sulfonic acid for (APS, AS) samples.
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Figure 4-FTIR spectra of the prepared blend membranes

3.2. Membrane characterizations

Table 2 shows the measurement values of IEC and active ionic group content [-SO3H], for the
synthesized membranes. It is clear that the AS membrane has higher values of active ionic
group content and IEC than the AP membrane. . While the APS membrane revealed the
highest content of the active ionic group and IEC. For the AP sulfonated membrane using the
process of dipping the membrane with dilute acid 60% H,SO, led to the reduction of
sulfonation on the surface of the membrane, which led to the possibility of cross-linking side
effect [31]. Also, the presence of a hydrophobic polymer PVDF in the structure of the
membrane played an important role in decreasing the hydrogen bond on the surface of the
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membrane [32]. Thus reducing the acid performance in the sulfonation process can decrease
the content of the active ionic group, as well as, reducing the efficiency of the membrane.

For the AS membrane, the use of organic sulfonic acid during the reaction with the use of
microwave helped in the successful introduction of (R-SO3H) to blend it directly into the
internal structure of the membrane as proved by the FTIR results. Thus, better content of the
active ionic group was obtained from the AP membrane.

For the APS sulfonated membrane, using blending organic sulfonic acid inside the membrane
and dilute H,SO40n the surface, the sulfonyl group concentration for the membrane was
increased. It showed increase content of the active ionic group, IEC, proton conductivity, and
water uptake.

Water uptake values for the three membranes (see Table2.) changed directly with changing
IEC values. The APS sulfonated membrane showed the highest water uptake values 160.41%,
as shown in Figure 5. This was explained by Linet al. [29], who found that the positive end of
the dipole water molecule is drawn by the sulfonate group's negative charge (SOg).
Therefore, increasing the membrane negative surface charge density can improve its
hydrophilicity. The negative surface charge density could be achieved by increasing the
content of the negative charged sulfonated group, (-SO3’) as part of the moiety of the polymer.
IEC measurement of APS membrane can be considered as a qualitative measure for the water
uptake of the membrane [1]

The APS sulfonated membrane was shown to have the highest proton conductivity (3.77)
S/cm compared with the AS and AP membranes (0.032, 0.01218) S/cm, respectively. These
results are compatible with the IEC and the active ionic group, (-SOzH) content in the
sulfonated membrane listed in Table 2.

According to (the Grotthus mechanism) which claimed that the proton exchange membrane
conductivity depends on the active ionic group content in the backbone of the polymer such
as (SO3, COO", PO3?, POsH", CgH4O") and the role presence of water to transport proton (H)
between that active ionic groups. From our results, it is clear that increasing the active ionic
group (-SOsH)content in the membrane structure strongly provides an active site for the
protons to jump easily from one active ion to another with the aid of water molecules between
them, forming hydronium ions and increasing the membrane proton conductive ability.

Jalal et al. [18] confirmed that water sorption can be considered as a key parameter in PEM
measurement since it is related to both proton conductivity and mechanical stability. So if the
membrane cannot take up enough water, there will be a leakage in the interconnecting
channels between ionic groups for the protons to use in crossing the membrane.

Proton conductivity improvements depend upon the fraction of water uptake and the active
ionic group concentrations [33]. Tsang et al. ascribed the higher water uptake and
conductivities of the proton exchange membrane and the increased flexibility of the gap
between groups of sulfonic acid in connection to the increased local concentration of [-SO3H]
[34, 35].

Our results confirmed that the sulfonation process for the PES/PS/PVDF blend membrane
improved its properties.
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Figure 5-Water uptake of selected membranes

3.3. Fuel cell characterization

After MFC construction by inserting the sulfonated blended member in the cell, the cell was
left for 24 hours to become stable and let the membranes fully hydrated. From open circuit
voltage curves, the APS membrane showed the highest value compared with the other
membranes. The electrochemical polarization curves of the MFC with the prepared
membranes are shown in Figure 6. The activation polarization regions show the same
behavior since the reaction parameters for the tested cell is constant. The slope of the
polarization curve in the ohmic losses region indicates the cell ohmic resistance; the
difference of slope in this region could be related to the membrane conductivity since all the
other cell components were kept constant. The curve of the cell with the APS sulfonated
blend membrane showed the lowest slope. These results are in good compatibility with the
proton conductivity measurement results. The APS membrane, as it was mentioned before,
has the highest proton conductivity SO3H) content, IEC, and water uptake. The AP membrane
suffered from a cross-linking effect in addition to the sulfonation reaction, which decreased
the active ions in the polymer chain and reduced its conductivity hence the reduction of the
cell output. From this work, the cell power density figures out the efficiency of the used
membrane. The power densities for the APS, AS, and AP membranes were (4.5826, 2.0155,
and 1.42234 mW/cm?), respectively.

Table 2-Data measurements for prepared membranes

Water Proton Power rren
Samples IEC [SOsH] upglie, condt?égivity deonsiety %gnsietyt
(meaq./g) (M) (%) (Slem) (MWicm®  (mAlcm?)
AP 0.0341 0.124 28.57 0.0128 1.42234 0.013
AS 0.0496 0.202 111.53 0.032 2.0155 0.027
APS 0.229 0.7366 160.41 3.77 4.5826 0.0388
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Figure 6-Curves of potential (a)and power density (b) of the prepared membrane used in
MFC

4. Conclusions

Blend polymers of (PES, PS, PVVDF) were prepared as proton exchange membranes modified
with the sulfonic group using three methods. blending organic sulfonic acid precasting and
sulfonation post-casting (APS), blending organic sulfonic acid precasting process (AS), and
sulfonation post-casting process (AP). FTIR spectra confirmed the success of the (APS)
membrane. This membrane showed the highest proton conductivity, (-SO3H) content, water
uptake, and power density. These membranes were used in the two-chamber microbial fuel
cell. All the membranes had stable open circuit potential, workability, durability, good proton
conductivity, and successful operation in the same MFC fuel cell under constant conditions.
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