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Abstract

Air-cathode microbial fuel cell (MFC) is a potential electrochemical device for green power generation simultaneously
conducting wastewater treatment. In the present work, the MnO, catalyst has been prepared and modified by inducing carbon
nanotube (CNT) via sonochemical-coprecipitation method. The as-prepared catalyst (MnO,/CNT) was characterized by x-ray
powder diffraction patterns (XRD), field emission scanning electron microscope (FESEM), energy-dispersive x-ray
spectroscopy (EDS), transmission electron microscopy (TEM) and cyclic voltammetry (CV) to examine its morphological
surface, crystal structure, elemental analysis and oxygen reduction reaction (ORR) activity of the catalyst, respectively. The CV
results revealed that MnO,/CNT catalyzed ORR at potential of -0.45 V. The effect of catalyst loading on the chemical oxygen
demand (COD) removal efficiency of palm oil mill effluent (POME) and MFC performance were studied. The maximum power
density and open circuit voltage (OCV) generated from with the as-prepared MnO,/CNT were measured to be 215.57 mW/m?
and 582 mV, respectively.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of Research Center for Chemistry, Indonesian Institute of Sciences

Keywords: MFC; MnO,/CNT; Oxygen reduction reaction; Polarization curves; POME

* Corresponding author. Tel.: +60-16-9596643; fax: +609 549 2889.
E-mail address: mrkhancep@yahoo.com

1876-6196 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of Research Center for Chemistry, Indonesian Institute of Sciences
doi:10.1016/j.proche.2015.12.003


https://core.ac.uk/display/159186159?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proche.2015.12.003&domain=pdf

Chee Wai Woon et al. / Procedia Chemistry 16 (2015) 640 — 647 641

Nomenclature

MFC  Microbial fuel cell cv Cyclic voltammetry

CNT  Carbon nanotube COD  Chemical oxygen demand
MnO, Manganese dioxide POME Palm oil mill effluent

XRD  X-ray powder diffraction patterns OCV  Open circuit voltage

FESEM Field emission scanning electron microscope ORR  Oxygen reduction reaction
EDS  Energy-dispersive X-ray spectroscopy PACF Polyacrylonitrile carbon felt
TEM  Transmission electron microscopy MEA  Membrane-electrode-assembly

1. Introduction

The diversion of non-renewable energy to green energy has become one of the alternatives to solve the world’s
energy crisis. Solar, wind, biomass and hydroelectric power were the targeted green energy sources which could be
used to replace the dependency of fossil fuels. On the other hand, the aggressive industrialization generated large
amount of biomass wastewater which created a severe environmental problem. Therefore, microbial fuel cell (MFC)
has gained a great advertency attributable to its ability in generating bioelectricity directly from and potentially
enhancing the biomass wastewater treatments. It is a bio-electrochemical cell which utilize microorganism in the
anolyte to generate electricity from the degradation of organic substances'. Artificial anolytes such as glucose
solution, acetate solution and artificial sucrose wastewater were used in previous studies™**and limited studies were
conducted on real industrial wastewater as anolyte in MFCs™ ®"*. High strength in chemical oxygen demand (COD)
such as palm oil mill effluent (POME) served a good source of organic matter for electricity generation’. The POME
abundance in Malaysia, Indonesia and Philippine provide availability of biomass wastewater resources which could
be used for power generation.

Besides, ameliorations were done on MFC such as MFC designs , type of inoculums™ 12, and electrons
acceptors™ " * to the air-cathode MFC in order to optimize the performance of cells. Single chambered MFC
especially air-cathode MFC has drawn increasing attention due to the simple construction, sustainable sources, better
performance and lower cost *'* ' !, Oxygen has been used as electron acceptors in air-cathode which enables the
air-cathode MFC to have a sustainable source because of its availability in the environment®. However, slow oxygen
reduction reaction (ORR) on the surface of air-cathode is one of the drawbacks in the air-cathode MFCs'” ',
Therefore, electrocatalyst which acts as the heart of the fuel cell is needed in order to catalyse the ORR activity in
the air-cathode MFC. Platinum (Pt) is the best ORR electrocatalyst and conventionally used in fuel cells because it
exhibits good activity and stability under operating conditions'’. However, the applications of Pt catalyst as the
catalyst in industrial scale are not promising as Pt catalysts can even account for half of the MFCs cost and it has low
catalytic stability which due to catalyst poisoning '* 2% 2!,

Hence, the development of lower cost electrocatalyst with high ORR activity is one of the main objectives of
most of the electrocatalysts studies. Electrocatalyst materials such as metal oxides® ** %, metal complexes®* > and
carbon based catalyst*®?”*® were developed and studied throughout the decades. In our previous studies, manganese
dioxide (MnO,) and Pt doped MnO, (Pt/MnO,) were reported to be promising electrocatalysts which are active in
ORR activities and have the ability of generating high power output in air-cathode MFC” '°. In recent, carbon based
catalyst are widely used as ORR catalysts as it has good conductivity, high stability with lower cost which is
potentially to be substituting the Pt catalyst”’. The development of carbon based catalyst has drawn the attention of
scientist. In this context, carbon nanotube supported manganese dioxide (MnO,/CNT) was developed and used as
electrocatalyst in the air-cathode MFC for power generation and simultaneously for palm oil mill effluent (POME)
treatment. The as-prepared catalyst was characterized by field emission scanning electron microscope (FESEM), x-
ray powder diffraction patterns (XRD), energy-dispersive x-ray spectroscopy (EDS) and transmission electron
microscopy (TEM). The performance of MnO,/CNT in air-cathode MFC and ORR activity were determined by
polarization measurement and cyclic voltammetry (CV), respectively. The COD removal efficiency of the air-
cathode MFC was investigated.
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2. Materials and methods
2.1. Chemicals and raw materials

Carbon nanotube (CNT), potassium permanganate (KMnO,, 99%), sulphuric acid (H,SO,, 98%), Manganese (I1)
sulfate (MnSQy), isopropanol (CsHgO, 96%), Nafion solution (5 wt%) and digestion solution were purchased from
Sigma Aldrich and used without further purification. Polyacrylonitrile carbon felt (PACF) and Nafion 117
membrane were procured from Du Pont (USA). Palm oil mill effluent (POME) and anaerobic sludge were collected
from FELDA palm oil plant located at Panching, Pahang.

2.2. MnOy/CNT preparation and characterization

MnO,/CNT was synthesized with the method as described by Lv et al. (2013)* via sonochemical-coprecipitation.
In brief, 15.64 mg of CNT was mixed in KMnO, aqueous solution (0.36 mM, 50 mL) and sonicated for 30 min. The
mixture was then added to MnSO, aqueous solution (0.84 mM, 50 mL). Then, 50 mL of 0.01 M H,SO, aqueous
solution was added in under stirring at room temperature for 1 h. The black precipitates were filtered and washed
thoroughly with deionized water. The obtained precipitates were dried overnight in an oven at 65 °C and denoted as
MnO,/CNT.

The as-prepared MnO,/CNT was then characterized by field emission scanning electron microscopy (FESEM),
X-ray powder diffraction patterns (XRD), energy-dispersive x-ray spectroscopy (EDX) and transmission electron
microscopy (TEM) to examine its morphological surface, crystal structure and elemental analysis, respectively.

2.3. Electrode preparation

The electrode was prepared with the method as described by Woon et al. (2015)”* and Khan et al. (2015)". In
brief, the catalyst ink was prepared by mixing as-prepared MnO,/CNT with 0.15 mL of 5 wt% Nafion solution and
0.15 mL of isopropanol. The catalyst ink was ultrasonicated for 20 min. The prepared MnO,/CNT ink was evenly
dispersed evenly onto a 2 mm thick PACF surface with the area dispersion of 7 cm’.

2.4. Air-cathode MFC set-up and operation

Nafion 117 membrane was pre-treated with the method as described by Woon et al., (2015)" . In brief, the
Nafion 117 membrane with a dimension of 5 cm x 5 cm was boiled in 0.1 M of H,SO, solution for 30 min, followed
by boiling in deionized water for 1 h. Pre-treated membranes were soaked in deionized water overnight at room
temperature before use. The as-prepared electrode was hot pressed with the pre-treated membrane for 2 min as the
catalyst-coated side facing the pre-treated membrane. The press temperature and pressure were set to 100 °C and 1
bar respectively to develop a membrane-electrode-assembly (MEA).

The air-cathode MFC was built with a cubic plexi glass into a dimension of 5 cm x 5 cm (Shanghai, Sunny
Scientific, China) and a total working volume of 20 mL. Carbon brush was inserted into the anode chamber and
used as the anode electrode. MEA was placed at the opening of cubic air-cathode MFC with the membrane facing
the anode chamber. Titanium wire of 5 cm was then inserted into the MEA as the current collector, connected to the
external wire. Electric circuit with a resistor was connected from the carbon brush to the titanium wire. Raw POME
was diluted with deionized water in the ratio of 1:49 and anaerobic sludge was mixed with the diluted POME
solution in the ratio of 1:25. The substrate was fed into the anode chamber and flushed with N, gas to remove the
oxygen content and tightly closed. Air-cathode MFC was operated at room temperature.

2.5. Electrochemical characterization and analysis
The ORR activity of the catalyst was examined by using cyclic voltammetry (CV) by using a three-electrode

configuration (Ag/AgCl as reference electrode, catalyst coated on carbon paper as working electrode and platinum
mesh as counter electrode) in an oxygenated 0.1 M of Na,SO, solution.
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Polarization measurement was conducted to determine the power generation of MFC at different external
resistance using an external resistor. The polarization curves were obtained from the corresponding voltage data.
The open circuit voltages (OCVs) of MFCs were measured using a potentiostat.

2.6. COD removal efficiency

MnO,/CNT with different loading of 0.10 g, 0.15 g and 0.20 g were prepared as the air cathode to determine the
effect of catalyst loading towards the COD removal efficiency. Catalyst loading of 0.10 g, 0.15 g and 0.20 g were
labelled as 14.28 mg/cm?, 21.43 mg/cm?® and 28.57 mg/cm?, respectively. The COD was determined using digestive
solution (0 — 1500 mg/L range; Hach, USA) and measured using a COD reactor (HACH DRB 200, USA) and
calculated with the following equation: , USA) and calculated with the following equation:

._:D; = ::DJ-

= 100404 (1)

COD removal ef flctency =

where COD; = initial COD (mg/L) of the effluent in anode chamber and COD¢= COD of the effluent (mg/L) in the
anode chamber at any time.

3. Results and discussion
3.1. X-ray powder diffraction pattern (XRD) of MnO,/CNT

The XRD patterns of MnO,/CNT are presented at 20 = 15°-65° in Fig. 1. In general view over the XRD patterns
reveals that the synthesized samples show MnO, and CNT peaks. The XRD patterns of the as-prepared MnO,/CNT
sample showing five main MnO, peaks of (2 0 0), 30 1), (3 1 0), (4 0 0) and (5 2 1), confirming the present of
MnO, phases which was similar to that reported by” " *"**. The diffraction peaks at 20 of 26° and 43° are ascribed
to the (0 0 2) and (1 0 0) plane of carbon, respectively which is in agreement with*****. The result from XRD
analysis also indicates that high purity of MnO,/CNT was successfully synthesized.
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Fig. 1: The XRD pattern of MnO,/CNT

3.2. Morphology and elemental analysis of MnO,/CNT

Field emission scanning microscopy (FESEM) was used to examine the morphologies of as-prepared MnO,/CNT
catalyst. From Fig. 2a, it can be seen that CNT was roughened by the formation crystal structures of MnO,'¢. The
actual size of the MnO, crystals on the CNT surface cannot be observed by FESEM due to its nano-sized structure.
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Therefore, the particle size of MnO, was further visualized by TEM. In a glance in Fig. 2b, the particle size of MnO,
is about 10-20 nm. This observation implies the as-prepared catalysts are in nanoscale. As seen, MnO, was
dispersed on the surface of CNT. Besides, elemental analysis of the MnO,/CNT by EDS confirmed the present of C,
0,, and Mn which is shown in Fig. 2c. From the EDS pattern, it can be concluded that high purity of MnO,/CNT
was synthesized. The result obtained is in consistence with XRD result (Fig. 1).

1000~ Mn
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Fig. 2: Morphology and elemental analysis of MnO,/CNT by (a) FESEM, (b) TEM and (c) EDS

3.3. Cyclic voltammetry
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Fig. 3: Cyclic voltammogram for ORR in 0.1 M Na,SO4 saturated by O, with scan rate of 30 mV/s
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The ORR activity was then evaluated by cyclic voltammetry (CV) technique on a three-electrode system in O,
saturated 0.1 M Na,SO, solution with the scan rate of 30 mV/s. At the potential of -0.45 V, the current of the ORR
at the electrode with catalyst MnO,/CNT is -0.0032 A, which is 0.52 times higher than that of the electrode with
CNT catalyst (-0.0021 A). The ORR peak current of MnO,/CNT catalyst is bigger than that of CNT catalyst. The
increase of the current indicates the increase of ORR rate as reported by Khilari et al. (2014)*. It can be concluded
that MnO,/CNT is an active ORR catalyst.

3.4 COD removal efficiency

The COD removal efficiency and MFC performance on different catalyst loadings were illustrated in Fig. 4.

From Fig. 4, the highest catalyst loading of 28.57 mg/cm? provides the highest COD removal efficiency (22%) with
the highest power generation. This indicates that higher catalyst loading could enhance the performance of air-
cathode MFC by increasing the ORR activities in the air-cathode’. The results suggest that the air-cathode was the
limiting element of the cell. While higher catalyst loading was used in the cathode, the electrons produced from

anode could be utilized through ORR which caused enhanced microbial activity in the anode chamber and as a result

the COD removal efficiency was increased.
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Fig. 4: COD removal efficiency on different catalyst loadings [m - 28.57 mg/cm?, e - 21.43 mg/cm?, A- 14.28 mg/cm® (MnO,/CNT)]

3.5. Air-cathode MFC performance

Fig. 5: a) Polarization curve b) power output profile for the closed circuit MnO*CNT catalysed air-cathode MFC for 5 consecutive days
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The polarization curve and power output profile for the closed circuit air-cathode MFC is shown in Fig. 5. The
highest open circuit voltage recorded in the MnO,/CNT catalysed air-cathode MFC was 582 mV which obtained on
the Sth day. As seen in Fg. 5 (a), the drop of the voltage as the increasing current density is due to the ohmic
resistance by the wire connections and materials. The maximum power output was determined by the polarization
curves as presented in Fig. 5 (b). The maximum power output on the first, second and fifth day recorded were
114.48 mW/m’, 196.01 mW/m® and 215.57 mW/m’, respectively.

When comparing the power generation from the current study with the literature (Table I), it can be seen that the
MnO,/CNT has a great potential to be used as the electrocatalyst in air-cathode MFC as it could produce higher
energy output compared to other catalysts. The maximum output for MnO, and 0.4 wt% Pt/MnO, reported by Khan
et al. (2015)" were 95 mW/m® and 165 mW/m’, respectively.

Table 1. Performance comparison of MFC to literature

Type of electrocatalyst Type of substrate Max. power density (mW/m?) Reference
MnO,/CNT POME 215.57 Current study

MnO, POME 95 Khan et al., (2015)"°
0.4 wt% Pt/MnO, POME 165 Khan et al., (2015)"

4. Conclusion

In this study, MnO,/CNT was successfully developed and characterized. XRD and EDS confirmed that the as-
prepared MnO,/CNT was high in purity. The morphology of MnO,/CNT was visualized by FESEM and TEM. The
CNT was roughened by the formation of nanoscale structure of MnO,. The CV results presented that MnO,/CNT
shows ORR activity with the ORR peak at potential of -0.45 V. The COD removal efficiency and MFC performance
were studied. Approximately 22 % of COD removal efficiency and 215.57 mW/m® were achieved with the catalyst
loading of 28.57 mg/cm®. The maximum power density and maximum open circuit voltage OCV generated from the
as-prepared MnO,/CNT catalyzed air-cathode MFC were 215.57 mW/m’ and 582 mV, respectively. It can be seen
that MnO,/CNT catalyst has a great potential air-cathode MFCs.
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