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ABSTRACT

Microbial fuel cells (MFCs) provide new prospects for a sustainable production of energy from organic waste water. Most of the
results obtained so far from the field of MFCs research can be exploited to design MFCs. From this context, we proposed the
novel simplified softwood based MFC, using pencil was first reported. In pencil, the graphite rod could act as anode besides
submerged with wooden portion into the raw high concentrated wastewater solution, and remained wooden portion bound with
Pt/Carbon cloth (Cathode) exposed to air. Raw high concentrated waste waters was used both as inoculum to form
electrochemically active bacteria on graphite based anode and also as the medium to be treated. Later we treated the softwood
with sulphuric acid solution for overnight, tracheids cells lose its cell wall integrity and become swollen in nature. Further, FT-IR
spectroscopy confirmed the presence of lignosulfonate on the sulphuric acid treated softwood in the 1032 cm ™ and 872 cm ™
regions. The conductivity (o) followed the tendency as 6M sulphuric acid treated softwood < 3M sulphuric acid treated softwood
< softwood, and increased almost with the increasing concentration of the sulphuric acid. The volumetric power densities of the
novel softwood based MFCs were follows the propensity, 6M sulphuric acid treated softwood (956 mW/m?) < 3M sulphuric acid
treated softwood (212 mW/m?) < softwood (3 mW/m?). Thus, the presence of lignosulfonate on the sulphuric acid treated
softwood, along with partially hydrolyzed tracheid cell surface bearing SO3H group mediated proton exchange of both a surface
bound proton and a covalently bonded proton between water and hydroxyl, could facilitate the proton exchange. In the case of 3M
and 6M sulphuric acid treated softwood MFCs, anodic resistance exhibited higher than the cathode, due to the lower kinetics of
the bacterial metabolisms on the anode. However, in softwood MFC showed high cathodic resistance, ascribable to lack of
lignosulfonate. From the operation with raw high concentrated wastewater, 6M sulphuric acid treated MFC unveiled superior
characteristics of volumetric power density of 1016 mW/m?* with 19 % columbic efficiency. In addition, eliminating the
commercial ion exchange membrane greatly decreases the cost and maintenance for MFC construction, since the costly ion
exchange membranes (such as Nafion) contributes a significant portion of capital investment. Thus, this cost-effective feature
increases the feasibility for practical application linked with wastewater treatment.
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1. Introduction

Microbial fuel cells are a promising renewable energy production technology, especially in wastewater
application, where bacteria act as bio-catalysts to oxidize complex organic or inorganic material to
generate electricity, while at the same time the wastewater is treated [1-3]. The increase in MFC power
output over the years by several orders of magnitude is a promising trend [4]. However, further increases
in power densities are desirable to help improve the economic feasibility of MFC technologies for
practical real-world applications [4]. Improved MFCs performance is likely to result from improvements
made in optimizing component properties such as anode, cathode, electrolyte and separator (membrane)
and reactor configurations. Biocatalysts are capable of directly transferring electrons without the addition
of an external mediator to the anode were found in 1999 [5]. Since then, numerous studies of MFCs have
been performed, including selection of electrochemically active bacteria, electron-transfer mechanisms,
affecting the performance of electric power generation [6].

Many chemicals have been used as electron acceptors in MFCs, but oxygen is the most cost effective,
sustainable and environmental friendly electron acceptor for wastewater treatment applications. Cathode
design is challenging due to the relatively poor kinetics of oxygen reduction under neutral pH conditions
in MFCs, compared to hydrogen fuel cells where cathodes work at much lower pH [7]. Improving cathode
performance is therefore critical for increasing power production in MFCs by changes in system
architecture that reduce internal resistance, such as by reducing electrode spacing and increasing solution
conductivity [8].

Most MFCs require either a closed chamber or two chambers separated by an ion exchange membrane
in order to prevent organics or oxidants crossing over to a counter chamber. However, chambered
configurations having a membrane show limitations for scaling-up MFCs; for instance, the membrane
requires regular cleaning when biofouling or contamination on membrane surface occurs [9]. In addition,
closed two chambered MFCs should be designed to ensure that the membrane is not physically damaged
by the high hydraulic pressure occurring in large-scale systems; even single-chambered MFCs using air
cathodes or membrane electrode assemblies (MEAS) are not free from these challenges. Another concern
for fabricating large-scale MFCs and their operation could be the availability of system optimization to
minimize the internal resistance of the entire system. The use of one large electrode can cause MFCs to
lose cell voltage (i.e., voltage drop) because of the internal resistance and mixed potential formation [10,11

].

Among the MFCs components, MFCs reactor configurations is one of the major bottlenecks to high
power density and improving its performance is critical to continued development of practical
applications. For MFCs to be applied in the energy-recovering wastewater treatment process, both the
entire configuration and unit cells should be scalable, moldable, and stackable in series, along with having
a low operating cost and be easily serviceable.

We understand this is a first; we employed a softwood material of pencil exploited as integrated
membrane via air cathode assembly for real time high concentrated wastewater application. Later we
improved the performance of the system treated with sulfuric acid solutions. Moreover, this type of
integrated system will have a possibility to scale up the MFCs for conventional wastewater treatment
application.
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2. Experimental
2.1. Collection of Inoculum

Wastewater was collected from a Universidad Politécnica de Aguascalientes (UPA) and stored in
refrigerator at 4°C. The wastewater served as inoculum in anode and also as medium to be treated.

2.2 Construction of novel softwood microbial fuel cell and operation

We took the 5 pencils (4b, 6b, No2), generally protective layer of the graphite made up of softwood
material. From that we select the Koh-i-Noor Hardtmuth pencil (Koh-i-Noor Hardtmuth a.s. is a Czech
manufacturer and one of the world's largest producers and distributors of a full line of pencils, pens, and
art supplies [12]) based on conductivity as well softwood material (Supplementary Table S1.).

Table S1. Electrical measurement of different pencils

No. Pencils Image Resistance Conductivity*
(Q) (S/m)

1 Conventional Pencil 48 Q 14.88 S/m
No.2

2 Pencil - Koh-i-Noor 292 Q 24.46 S/m
Hardtmuth

3 Pencil 4b 2.8Q 25.51 S/m

4 Pencil 6b 1.64 Q 43.558 S/m

5 Graphite bar Pencil 1.18Q 60.53 S/m

* normalized with the surface area
Far ahead, we peal it off the protective layer (up to 4.2 cm) and remaining graphite could act as anode

besides submerged wooden portion (4.2 cm) into the wastewater, remained wooden portion (4.2 cm)
bound with Pt/Carbon cloth (0.5mg/cm?) exposed to air, in order to reduction of oxygen in air to generate
water as final by product (Figure 1.). Further, the softwood materials were treated with sulphuric acid
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solution (3M and 6M) for overnight; then the samples were carefully rinsed with distilled water and left in
distilled water for 12 hrs. Earlier, to construct the novel softwood microbial fuel cell using sulphuric acid
treated softwood and raw high concentrated wastewater as source of inoculum in all the circumstances.
Prominently, we didn’t utilize any external input energy (agitation, circulation, and air purging) in our
system (Patent pending).

Anode

-5 Cathode

- Ptc carbon cloth

" BE

l Graphite

Wooden part
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\ .

Fig 1. Schematic representation of novel softwood Microbial fuel cell

2.3 Optical microscopy analysis of softwood materials

For optical microscopy, part of the softwood materials was cut in to pieces and immersed in sulphuric acid
solution (3M) for overnight. The samples were carefully rinsed with distilled water and left in distilled
water for 12 hrs. They were then subjected to dry under ambient conditions. Future, microscopic
structures of softwood and sulphuric acid treated softwood were analysed using a MENJI Techno IM7100.

2.4 Fourier transform infrared (FTIR) spectral analysis of softwood materials

The softwood material and sulphuric acid treated softwood (3M) were characterized with FTIR
spectroscopy. FTIR measurements were conducted on an infrared spectrophotometer (Bruker Co.,
Germany) equipped with an ATR accessory within a range of 4000 to 400 cm™.

2.5 Conductivity analysis of softwood materials

Proton conductivity of the samples were measured using an AC impedance method with Gamry
reference600 Instruments, and the AC frequency ranged from 100 kHz to 10 mHz at a voltage amplitude
of 10 mV. A four-electrode system was used to measure the softwood resistance with two outer current
carrying electrodes and two inner potential sensing electrodes [13]. With this method the current passed




X1V International Congress of the Mexican Hydrogen Society
Cancun, Mexico, 2014

between the two outer electrodes and the resistance was calculated from the AC potential difference
between the two inner electrodes. The conductivity was calculated with the following equation:

o = m (1)

where o, I, R and S are the proton conductivity, distance between the potential sensing electrodes,
resistance of softwood and area and thickness of the membrane in contact with the blocking electrodes
respectively. Conductivity measurements were carried out at an ambient temperature with the softwood
under fully saturated conditions (100% humidity).

2.6 Electrochemical characterization of novel softwood microbial fuel cells

Novel softwood microbial fuel cell was characterized by linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS). Liner sweep voltammetry (LSV) was performed in a
Gamry Reference 600 Potentiostat/Galvanostat, run at a recommended scan rate of 0.1 mV s™, starting
from the measured open circuit potential up to +50 mV [14,15]. Impedance spectra of microbial fuel cells
were obtained at the open circuit potential (Eop). The amplitude of the signal perturbation was 10 mV,
scanned in the frequency range from 100 kHz to 10 mHz. Data fitting was accomplished by Z-view
software.

2.7 Analyses
Chemical oxygen demand of the feed and MFC liquor and pH were determined according to the Standard

Methods [16]. COD removal efficiency ncop and coulombic efficiency nco, Were calculated as reported
elsewhere [17]. All the experiments were duplicated.
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3. Results and discussion

In generally, pencil cores are made of graphite mixed with a clay binder which leaves grey or black
marks, usually protective casing material permanently bonded to the core, which prevents the core from
being broken. The protective case material could uses softwood. Softwoods are coniferous trees, such as
pines or spruces. Cedar wood (Calocedrus decurrens (syn. Libocedrus decurrens)) is most commonly used
in pencil production [18].

Fig 2. Optical microscopy images of softwood. a) Softwood b) Softwood treated with sulphuric acid

Softwood cellular structure is simple and 90-95 percent of the cells are longitudinal tracheids,
longitudinal tracheids function in water conduction and support. The limited number of cell types makes
softwoods more difficult to differentiate from one another [19]. Figure 2 shows the optical images of the
longitudinal structure of the tracheids. Softwood exhibited the well-defined cell walls structure of the
longitudinal tracheids cell (Fig 2.(a)), after the overnight treatment with sulphuric acid (3M) loses its cell
wall integrity and become swollen (Fig 2.(b)).

The FT-IR spectra for the softwood and sulphuric acid tread softwood were explicit in Figure 3. The
FTIR spectra of softwood (Fig 3.) showed a broadening to lower wavenumbers of the band at 3320 cm™
corresponding to the O-H stretching vibration from alcohols (3600-3300 cm™) and carboxylic acid (3300-
2500 cm™), present either in polysaccharides and lignin. In treated softwood exhibited slightly broader
band at 3335 cm™ and slightly increased sharpen band at 2925 cm™ -2850 cm™. This could be speculated
to the slight increase in carboxylic acids due to primary OH oxidation and/or hydrolysis of acetyl groups
from hemicelluloses. Moreover the change of O-H stretching frequencies can also be due to the
modification of cellulose crystallinity influenced by dehydration effects [20 ,21]. Even though O-H stretch
due to polysaccharides could decrease, at the same time O-H from phenolic groups in lignin increases
since it is a well fact that the lignin percentage increases due to carbohydrate degradation [22].
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Fig 3. FTIR Spectrum of the softwood and sulphuric acid treated softwood, Inset- Footprint region of
sulfonyl group

The two bands at 2900-2800 cm™ are composed by the overlapping of the stretch asymmetric vibration
of —CH, (2935-2915 cm™) and —CHj; (2970-2950 cm™) and by the overlapping of stretch symmetric
vibrations of —CH, (2865-2845 cm™) and —CHj; (2880-2860 cm™). Untreated softwood showed the stretch
asymmetric vibration of —CH, at 2925 cm™ and —CH; at 2970 cm™ and symmetric stretch at 2855 cm™ of —
CH,. Normally the asymmetric band shows a higher absorptivity. The treated softwood shows evident
disappear of frequency at 2970 cm™ of —CHjs and, slightly increase frequency at 2925 cm™ of —~CH, and
2852 cm™ of —CH, bands are due to structural and relative composition changes, particularly at cellulose
crystallinity level with influence of C-H and O-H stretch frequencies [20,21] and changes in the relative
importance of lignin methoxyl groups for which the CHj; stretching vibrations have lower CH stretching
frequencies [23].

According to Mitchell and Higgins (2002) [24], the band around 1730 cm™ is almost exclusively due to
carbonyl group of acetoxy groups in xylan. In the spectra of untreated softwood shows sharp peak at 1735
cm™ and treated softwood shows band decreases might be due to the breaking of hemicelluloses
specifically acetyl or acetoxy groups in xylan. Similar results were obtained by Tjeersdsma and Militz
(2005) [25].

The band at 1595 cm™ corresponds to vibrations in the aromatic ring of lignin plus C=0 stretching. The
band at 1595 cm™ broadens to about 1615 cm™ for treated softwood but not for untreated softwood. This
peak shifting suggests that there was an increase of structural diversity around the aromatic rings,
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absorbing at a greater range of frequencies. The height of the band slightly increase only in the spectrum
of treated softwood, might be an increase in the percentage of lignin in treated wood [26,27].

Aromatic rings exhibited band at 1510 cm™ for softwood lignin (Guaiacyl- G ) [28]. Fig 3. Shows the
treated softwood exhibited the slightly increase peak at 1510 cm™, Also confirmed the increase the content
of lignin after the acid treatment.

The band at 1460 cm™ corresponds to the asymmetric deformation of C-H bond of xylan, while the
band at 1420 cm™ corresponds to the vibration of the aromatic ring of lignin [24]. Untreated softwood
shows the peak at 1460 cm™ corresponds to xylan. Interestingly, treated softwood exhibited two bands at
1460 cm™of —CH; and 1420 cm™ of lignin. This could be speculated the effect of sulphuric acid on
hemicellulose decrease and lignin peak arises.

The band at 1330 cm™ represents the contributions of all structural components of wood because it
corresponds to C-H bending of polysaccharides which joins the bands at 1327 cm™ of S lignin condensed
units [28]. There was a clear intense peak observed in treated softwood at 1330 cm™ corresponding to an
increase in lignin condensation. The report was corroborated by Windeisen et al., 2007 [29].

For treated softwood the band at 1240 cm™ decreased in height, which once again confirms the
existence of a more condensed structure [29,30]. This band has a shoulder at 1145 cm™ with G lignin and
1105 cm™ with GS lignin [28].

The peak at 897 cm™ corresponding to the sugar ring tension, seemed to decrease with treated softwood
treatment which is consistent with ring opening. Similar results were obtained by Kaotilainen et al., 2000
[26], Gonzalez-Pefia et al., 2009 [31]. The band appearing at 620-660 cm™ is assigned to the sulfonic
groups (S-O stretching vibration) formed from the reaction of sulphuric acid with the secondary OH of the
aliphatic side chain of lignin’s [32], formed on sulphuric acid treated softwood. The FT-IR spectrum of the
SO;H group-bearing sulphuric acid treated softwood is shown in the Figure 3. The peaks due to the SOs;H
group are seen at 1032 cm™ and at 872 cm . Thus, confirmed the presence of lignosulfonate on the
sulphuric acid treated softwood [33].

Figure 4. lllustrate the proton conductivity of the softwood, 3M sulphuric acid treated softwood and 6M
sulphuric acid treated softwood. From the proton conductivity (o) study, the value of the ¢ followed the
tendency as 6M sulphuric acid treated softwood < 3M sulphuric acid treated softwood < softwood and
increased almost with the increasing concentration of the sulphuric acid. It is well-known that SOsH group
bearing materials like Amberlyst-15 can be used as a cation exchanger [34-36]; therefore the sulfonated
softwood materials also exhibited the high proton conductivity in 6M sulphuric acid treated softwood
(10.8 mS/cm?).

The polarization curve of the softwood, 3M sulphuric acid treated softwood and 6M sulphuric acid
treated softwood based novel softwood MFCs were shown in figure 5. The volumetric power densities was
follows the propensity, 6M sulphuric acid treated softwood (956 mW/m3) < 3M sulphuric acid treated
softwood (212 mW/m®) < softwood (3 mW/m®) (Table 1. Fig 5.). This behaviour could follow the
conductivity results. Thus, the presence of lignosulfonate on the sulphuric acid treated softwood (Fig 3),
along with partially hydrolysed tracheid cell surface bearing SO;H group mediated proton exchange of
both a surface bound proton and a covalently bonded proton between water and hydroxyl, could facilitate
the proton exchange [37]. Further, the integrated membrane cathode enables a unidirectional flow, which
improves proton transfer through convection. In addition, eliminating the commercial ion exchange
membrane greatly decreases the cost and maintenance for MFC construction, since the costly ion exchange
membranes (such as Nafion) contributes a significant portion of capital investment. Thus, this cost-
effective feature increases the feasibility for practical application linked with wastewater treatment.
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Table 1. Electrochemical characterization of novel softwood Microbial fuel cells

TypeS I max I:)malx I:>v—max'Sl Is, maxb Emax Ranode Rcathode Rsoftwood R int(Q)
mA) (W)  mwm®) mamy M) @ @ (@

Softwood 0.00099 0.00033 3181 9143 0.403 358+3 15175 26504+65 42037152
+4 +7 +2 +42

3M 0.095 0.023 212+ 63 863+47 0.246 138t1 4603 58212 766x2

H,SO, +3 +6 5

treated

Softwood

6M 0.276 0.105 956+22 2511+ 0.381 36448 5+6 260+4 629+6
H,SO, +2 +2 22 +3

treated

Softwood

Note:  maximum volumetric power density; ® maximum volumetric current density.

Electrochemical impedance spectroscopy of the novel softwood based MFCs are shown in Figure 6.the
inset explicit the equivalent circuit fitted by Z-view. In the case of 3M and 6M sulphuric acid treated
softwood MFCs, anodic resistance exhibited higher than the cathode, due to the lower Kinetics of the
bacterial metabolisms [38] on the anode. However, in softwood MFC showed high cathodic resistance,
ascribable to lack of lignosulfonate (Table 1.).
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Fig 6. Electrochemical Impedance Spectroscopy of Softwood (a) and 3M H,SO,[[]]. 6M H,SO, [A] (b).
Inset: Equivalent Circuit

Later, we operate the novel softwood based MFCs with high concentrated raw wastewater solution as
sole carbon source and biocatalyst. Figure 7. Demonstrated the closed circuit operation of the novel
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Fig 7. Closed circuit operation of Softwood (a), 3M H,SO, (b) and 6M H,SO, ()

Table 2. Average values of parameters in operation of the novel softwood microbial fuel cell. Standard
deviations were calculated with respect to time of operation.

Parameters Softwood 3M H,SO, treated 6M H,SO, treated
Softwood Softwood
P? (MW/m?) 0.0101+0.1 22.19+22 249.49+5
Py ° (MW/m®) 0.0514+0.45 118.63+11 1016.11+202
P ¢ (mW) 0.0000056+4 0.0130+2 0.112+2
| (mA/m?) 0.313+1 83.82+36 370.99+39
I (mA/m°) 1.592+3 425.81+19 1510.95+162
1% (mA) 0.000175+1 0.0468+1 0.166+2
E®(V) 0.000876+0.005 0.234+0.1 0.665+0.8
Ncon ' (%) 80.6 84.6 92.3
Neout ° (%) 3 16 19

Notes:  surface area power density; ° volumetric power density; ¢ average power; ® average current; ¢ average
potential; f chemical oxygen demand removal efficiency; ¢ coulombic efficiency.

softwood based MFCs for 700 hrs. Their average parameters values were in Table 2. 6M sulphuric acid

11
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treated MFC unveiled superior characteristics such as volumetric power density of 1016 mW/m?® with 19
% columbic efficiency, among the other softwood based MFCs. Despite of the low columbic efficiency,
especially during the treatment of real wastewater, had one of the following reasons: 1.entrapment and
accumulation of organic particles from wastewater in the anodic biofilm [39]; 2. Production of methane
[40]; 3. Losses in efficiency due to the energetic requirements to sustain fermentative and acetogenic
communities in the anodic food web [41]; and 4. Diffusion of the terminal electron acceptor oxygen into
the anode [42].

4. Summary and perspectives

The simplified novel softwood based microbial fuel cell using pencil was first reported. In pencil, the
graphite rod could act as anode besides submerged with wooden portion into the raw high concentrated
wastewater solution, and remained wooden portion bound with Pt/Carbon cloth (Cathode) exposed to air.
Raw high concentrated waste waters was used both as inoculum to form electrochemically active bacteria
on graphite based anode and also as the medium to be treated. Later we treated the softwood with
sulphuric acid solution for overnight, lose its cell wall integrity and become swollen in nature. Further,
FT-IR spectroscopy confirmed the presence of lignosulfonate on the sulphuric acid treated softwood in the
1032 cm * and 872 cm* regions. The proton conductivity (o) followed the tendency as 6M sulphuric acid
treated softwood < 3M sulphuric acid treated softwood < softwood, and increased almost with the
increasing concentration of the sulphuric acid. The volumetric power densities of the novel softwood
based MFCs were follows the propensity, 6M sulphuric acid treated softwood (956 mW/m3) < 3M
sulphuric acid treated softwood (212 mW/m®) < softwood (3 mW/m®. Thus, the presence of
lignosulfonate on the sulphuric acid treated softwood, along with partially hydrolysed tracheid cell surface
bearing SOsH group mediated proton exchange of both a surface bound proton and a covalently bonded
proton between water and hydroxyl, could facilitate the proton exchange. In the case of 3M and 6M
sulphuric acid treated softwood MFCs, anodic resistance exhibited higher than the cathode, due to the
lower kinetics of the bacterial metabolisms on the anode. However, in softwood MFC showed high
cathodic resistance, ascribable to lack of lignosulfonate. From the operation with raw high concentrated
wastewater for 700 hrs, 6M sulphuric acid treated MFC unveiled superior characteristics such as
volumetric power density of 1016 mW/m?® with 19 % columbic efficiency. In addition, eliminating the
commercial ion exchange membrane greatly decreases the cost and maintenance for MFC construction,
since the costly ion exchange membranes (such as Nafion) contributes a significant portion of capital
investment. Thus, this cost-effective feature increases the feasibility for practical application linked with
wastewater treatment.
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