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The microbial fuel cell (MFC) is a device that harnesses microbial metabolism
to convert chemical energy into bio-electrical energy. Extensive research has
demonstrated its efficacy in both wastewater treatment and power generation
applications. This study focused on the integration of a microbial fuel cell
(MFC) with a biocathode constructed using the oxidoreductase-producing
bacterium Bacillus sp. MCO22 and rice straw as a cost-effective substrate. The
MEFC utilized palm oil mill effluent (POME) as a chemical energy source for
electricity generation in the anodic chamber. The ability of the MFC was
evaluated by monitoring biochemical oxygen demand (BOD) activity and
electrochemical properties. Post-operation, chemical oxygen demand (COD)
and color removal were measured. The results revealed that the MFC with the
BOD-based cathode achieved a maximum current density and power density of
0.58+0.01 A/m? and 0.17+0.00 W/m?, respectively. Furthermore, it exhibited
high COD and color removal rates of 95.10+0.10% and 98.53+0.33%,
respectively, without requiring an external power supply. This study presents
novel insights into utilizing a BOD-producing bacterium as a whole-cell
biocatalyst on the MFC cathodic surface for both electricity generation and
agricultural wastewater treatment.

To cite this article: Thipraksa, J., Michu, P. and Chaijak P. 2023. Electricity production from palm oil mill effluent (POME)
through the integration of a microbial fuel cell and bilirubin oxidase-producing bacteria. Journal of Degraded and Mining Lands
Management 11(1):4961-4967, doi:10.15243/jdmlm.2023.111.4961.

Introduction

as a promising technology for alternative energy
production and liquid-waste treatment (Kim et al.,

Agricultural  activities  generate  agricultural
wastewater during the yield harvesting process. Solid-
form waste is typically incinerated for energy
production (Fareed et al., 2020). While liquid-form
waste is treated using various methods such as
constructed wetland (Nan et al., 2020), flocculation
(Picos-Corrales et al., 2020), nanoparticle absorption
(Wang et al., 2018), bio-purification (Gikas et al.,
2018), photocatalysis (Becerra et al., 2020) and
microbial fuel cell (Pandit et al., 2021).

The microbial fuel cell (MFC) is a scheme that
couples microbial metabolism to transform the
chemical energy derived from organic matter into
electrical energy. It has garnered significant attention

2021). Nevertheless, the performance of MFCs is
hindered by the high cost and irreversible nature of the
electrode reactions.

Previous studies have indicated that the cathodic
electrode, predominantly employing costly metal
catalysts such as platinum (Pt) or white gold,
constitutes a major portion of the structural expenses
(Rismani et al., 2008). According to Mani et al. (2021),
the utilization of biocathodes with microbial enzyme
catalysts shows promise as a potential alternative to
expensive platinum (Pt) metal catalysts for oxygen
reduction in MFC. Various oxidoreductases, such as
laccase (Lac), lignin peroxidase (LiP), manganese
peroxidase (MnP), bilirubin oxidase (BOD), and
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cellobiose dehydrogenase (CDH), have been identified
for their significant potential in enhancing electricity
generation in MFCs (Lai et al., 2017; Chaijak et al.,
2018; Trifonov et al., 2021; Scheiblbrandner et al.,
2022). Evans et al. (2021) established that the
implementation of oxidoreductase-based biocathodes
can improve the electrical power production of MFCs.
Furthermore, Qing et al. (2022) described a 2.39-fold
increase in power output achieved by utilizing a BOD-
based cathode in MFCs.

Bilirubin oxidase (BOD) is a multi-copper
oxidoreductase (MCO) enzyme characterized by the
presence of 4 Cu ions (Cu® or Cu?") and its ability to
catalyze the reduction of molecular oxygen (O>) under
physical conditions (Santoro et al., 2013). In contrast
to other oxidoreductases like laccase (Lac), BOD
exhibits exceptional activity and stability even under
extreme environmental conditions (Mano, 2012).
BOD is naturally produced by a variety of
microorganisms, including filamentous fungi, yeast,
and bacteria. Sadeghian et al. (2020) conducted a study
showcasing the efficient decolorization of congo red
and malachite green using BOD derived from the
thermophilic bacterium Thermosediminibacter oceani.

Palm oil mill effluent (POME) refers to the
agricultural liquid waste generated through the oil
extraction process, which poses a significant
environmental concern owing to its high nutrient and
phosphorus content (Low et al., 2021). Numerous
techniques have been employed for POME treatment,
including chemical coagulation (Mohamad et al.,
2021), photocatalysis (Norhan et al, 2021),
phytoremediation (Fernando et al., 2021), constructed
wetlands (Norhan et al., 2021; Saputera et al., 2021),

and MFC (Sarmin et al., 2021).

This study aimed to develop a bilirubin-based
biocathode within an MFC setup to enhance electricity
generation while simultaneously treating POME,
addressing both energy production and wastewater
treatment aspects.

Materials and Methods
Melanoidin degrading bacterial consortium

The facultative anaerobic consortium (S5) consisting
of Citrobacter werkmanii, known for its ability to
degrade melanoidin, was obtained from the Faculty of
Science, Thaksin University (Thipraksa et al., 2022).
The consortium was cultivated in nutrient broth
(HiMedia, India) under static conditions at room
temperature for 48 hours and subsequently stored at 4
°C until its utilization in the present experiment.

Cathodic whole-cell catalyst

The bacteria Bacillus sp. MCO22 isolated from the
biomass-rich soil was achieved by the Department of
Biology, Faculty of Science, Thaksin University. It
was preserved on the nutrient agar (HiMedia, India),
and kept at 4 °C until it was used in this experiment.

Bilirubin oxidase (BOD) activity

The colony of bacteria Bacillus sp. MCO22 was
inoculated into the nutrient broth and incubated at
room temperature for 48 hr with 150 rpm shaking. The
growing cell was determined the concentration using
the absorbance at 600 nm in the UV-Vis
spectrophotometer (Shimazu, Japan) before being used
in the next section. The 10 mL of liquid culture (ODgo
= 1.0) was re-cultured into the 90 mL of nutrient broth,
then the 1 mL of reaction was collected every 6 hr for
monitoring the BOD activity. For BOD activity, the
incubated medium was centrifuged at 12,000 rpm for
10 mins at 4 °C to remove the suspended cell. The
assay contained the 190 pL of cell-free supernatant and
10 pL of 2.0 mg/mL bilirubin. The reaction was
incubated at 30 °C for 60 mins (Feng et al. 2020). The
BOD activity was monitored at 445 nm using UV-Vis
spectrophotometry.

Biocathode preparation

The sun-dried rice straw was cut into 1.0 cm size, it
was dried at 60 °C for overnight to remove moisture
content. The 10 mL of liquid culture (ODggo = 1.0) was
added to 100 g of prepared rice straw and incubated at
room temperature for 48 hr.

MEFC operation

The dual-chamber MFC was assembled according to
Chaijak et al. (2018), and 10 cm? of carbon cloth (Fuel
Cell Store, United States) was used as the electrode.
The H™ exchange membrane was made from a 2 mm
thickness ceramic plate. The fermented rice straw with
the BOD-producing bacterium was transferred into the
cathode chamber for immobilizing the BOD-
producing bacteria on the cathodic electrode surface.
The sterile rice straw was used as a negative control.
The positive control was made from the 0.2 mg/cm?
platinum (Pt) coated carbon cloth (Figure 1).

The 4 mL of melanoidin-degrading consortium
(ODgoo = 1.0) and the 36 mL of POME were filled into
the anodic chamber. The cultures were accumulated at
room temperature for 7 days. The anolyte was fed out,
then the 40 mL of raw POME was fed in. The half-cell
potential was measured using an Ag/AgCl reference
electrode (Fuel Cell Store, United States), and the
voltage was recorded at 5-min intervals for a duration
of 1 hr.

The open-circuit voltage (OCV) was determined
on an hourly basis. The closed-circuit voltage (CCV)
was measured at resistance values ranging from 50 to
5,000 Q, and a polarization curve for the microbial fuel
cell (MFC) was constructed based on these
measurements. The chemical oxygen demand (COD)
was quantified utilizing the High Range Plus COD
Digestion kit (Hach, India) following the prescribed
procedure provided by the manufacturer. Melanoidin
removal was evaluated at a wavelength of 280 nm
using UV-Vis spectrophotometry.
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Results and Discussion
BOD activity

The BOD is one of the members of the multicopper
oxidase family that has been revealed to bind a type I
(blue copper ion), a paramagnetic type II copper and
a diamagnetic type II copper (Sakasegawa et al.,
2006). It has been found in various fungi and bacteria
such as Magnaporthe oryzae (Durand et al., 2012a),

Thermosediminibacter oceani (Sadeghian et al., 2020),
Bacillus  pumilus (Roucher et al, 2019), and
Ochrobactrum sp. BF15 (Martini et al., 2021). In this
study, the BOD activity of the bacteria Bacillus sp.
MCO22 is shown in Figure 2. The maximum BOD
activity of 2.154£0.02 U/mL was gained where the
bacteria Bacillus sp. MCO22 was cultured in the liquid
medium for 48 hr.The comparison of the BOD activity
of bacteria is shown in Table 1.

o

POME

Melanoidin

HY:

Consortium

Figure 1. Diagram of MFC with whole-cell biocatalyst.
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Figure 2. The bilirubin oxidase (BOD) activity of Bacillus sp. MCO22.

Table 1. Reviews of bilirubin oxidase activity.

Microbe Source BOD activity (U/mL) Reference
Bacillus sp. MCO22 Biomass-rich soil 2.1540.02 This study
Myrothecium verrucaria Laboratory 101 Bayineni et al. (2018)
Thermosediminibacter oceani Laboratory 0.5 Sadeghian et al. (2020)
Myrothecium verrucaria ITCC-8447 Laboratory 1.54 Agrawal et al. (2020)
Micromonospora sp. MP36 Bark compost 0.09-0.16 Itoh et al. (2021)
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Half-cell potential

For cathodic catalysts, two multicopper oxidase
enzymes have been used for enhancing electricity
generation, like laccase and BOD. They can use a
minimum of 4 Cu ions to catalyze the 4 electron
reduction of oxygen gas (O;) to water (H>O) without
the discharge of hydrogen peroxide (H20) (Solomon
et al., 1996). Durand et al. (2012b) showed the BOD-
based biocathode of B. pumilus can enhance electricity

700 +

(9,1 (=)
S S
(=) o
: :
T T
%)
>
:
B

S
S
S

}

%4

o

Half-cell voltage (mV)

generation in biofuel cells. For this experiment, the
half-cell potential of the whole-cell biocatalyst cathode
was measured by comparing it with the universal
reference electrode (Ag/AgCl electrode). The maximal
voltage of 621.20+£3.96 mV was achieved from the
bilirubin (BOD) based cathodic electrode. While the
639.60+£5.77 mV and 154.40+£0.55 mV were gained
from the positive and negative control, respectively
(Figure 3).
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Figure 3. The half-cell potential of bilirubin (BOD) based cathode, platinum-based cathode (positive
control), and non-catalyst cathode (negative control).

Milner and Yu (2018) used the aerobic biocathode
with oxidoreductase enzyme for enhancing electricity
generation. The maximal voltage potential of 400 mV
was generated. On the other hand, the biocathode MFC
with laccase can provide the maximal half-cell voltage
0f 249.67 mV (Chaijak et al., 2018).

Electrochemical properties

For electricity generation, the Bacillus sp. MCO22 was
used as the whole-cell biocatalyst, and the rice straw
was used as a cathodic substrate. Figure 4 displays the
opened-circuit voltage (OCV) of the bilirubin oxidase
(BOD) based MFC compared with the positive control
(platinum-based MFC) and negative control (non-
catalyst MFC). The maximum OCV of 907.44+2.46
mV was generated from the bilirubin oxidase (BOD)
based MFC. Whereas 927.44+2.13 mV and
164.56+£2.51 mV were produced from the positive
control and negative control. The polarization curve
was generated by calculating the closed-circuit voltage
(CCV) at various external resistance values ranging
from 50 to 5,000 Q, following Ohm's law. Figure 5
illustrates the achieved maximum current density of
0.58+0.01 A/m?> and power density of 0.17+0.00
W/m?. In a study by Pal et al. (2020), the
implementation of a biocathode comprising wheat
straw degraded by white-rot fungi Phlebia floridensis
and Phlebia brevispora demonstrated significant

enhancements in electricity generation within a dual-
chamber microbial fuel cell (MFC). A maximum
power density of 0.03 W/m? was attained. Conversely,
laccase-based biocathode MFCs have also been
utilized for electricity generation, resulting in a
maximum power output of 0.07 W/m? (Mani et al.,
2018). A comparison of power outputs achieved by the
biocathode-based MFCs is presented in Table 2.

COD and melanoidin removal efficiencies

The supernatant was collected from the anolyte after
MFC operation and used for the melanoidin and COD
removal efficiencies analysis. The maximal COD and
melanoidin ~ removal  of  95.10+£0.10%  and
98.53+0.33% were achieved when the MFC system
was operated for 48 hr. In the study conducted by
Bashir et al. (2019), an optimum power input of 40.21
mA/cm? resulted in chemical oxygen demand (COD)
and color removal efficiency of 71.30% and 96.80%,
respectively. Conversely, the utilization of microalgae
Scenedesmus sp. and Chlorella sp. for palm oil mill
effluent (POME) treatment yielded a maximum COD
removal efficiency of 48% (Hariz et al., 2020).
Furthermore, the electrocoagulation process has been
employed for COD removal during POME treatment.
Nasrullah et al. (2019) reported an 85% COD removal
efficiency achieved by supplying electrical energy for
a duration of 50 min.
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Figure 4. The opened-circuit voltage (OCV) of bilirubin (BOD) based cathode MFC, platinum-based
cathode MFC (positive control), and non-catalyst cathode MFC (negative control).
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Figure 5. The polarization curve of bilirubin (BOD) based cathode MFC.

Table 2. Reviews of the biocathode-based microbial fuel cell (MFC).

Microbe Enzyme Catalyst type Substrate Power output Reference
(W/m?)
Bacillus sp. MCO22 Bilirubin oxidase Whole-cell Rice straw 0.1740.00 This study
Phlebia floridensis and Oxidoreductase Whole-cell Wheat 0.03 Pal et al.
Phlebia brevispora straw (2020)
Galactomyces reessii Laccase Whole-cell Coconut 0.06 Chaijak et al.
coir (2018)
Aspergillus sydowii Laccase Whole-cell Banana 0.16 Abdallah et al.
NYKA 510 peel (2019)
Myrothecium Bilirubin oxidase =~ Pure enzyme NA 0.002 Tan et al.
verrucaria (2020)
Conclusion «  The bilirubin oxidase-producing bacteria can be

The rice straw material can be used as the
biocathode substrate for electricity generation by
dual-chamber MFC.

used for the whole-cell biocatalyst on the cathodic
electrode.

The electrical energy of 0.17 W/m2 was produced
from the MFC system when the POME was used
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as a substrate.

e The maximal COD removal and melanoidin
removal from the POME of 95.10+0.10% and
98.53%0.33% were gained without power input.
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