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Abstract

Microbial fuel cells (MFCs) is the bioelectrochemical typed approach in which bacterial species generate electricity and
remove the metal ions from synthetic wastewater. To improve the performance of MFCs, a local oil palm trunk sap (OPTS)
was used in the present study as an organic substrate to improve the bacterial activities. The present electrochemical and
biological characterizations proved that OPTS can deliver good efficiency in MFCs operations. The maximum obtained
power density was 0.37 mW/m? and a current density of 55.26 mA/m?. Similarly, the obtained removal rate for Pb>*, Cd*",
Cr**, Ni**, Co?* and Hg** was 75%, 70.10%, 75%, 80%, 78.10% and 60%, respectively. During biological characterization,
conductive pili-type bacterial species such as Klebsiella pneumoniae, Bacillus species, Lysinibacillus, and Enterobacter were
found for metal removal and energy generation. Additionally, the parameter optimization showed that room temperature and
pH 7 are ideal conditions for the industrial-scale application of the MFCs.
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Introduction

The two most universal issues today are environmental
threats, such as water pollution and energy crises. Several
physical, chemical, and biological techniques are applied
to overcome the issues but still, the challenges remain. All
conventional methods such as adsorption, photocatalysts,
ozonation, electrochemical degradation, chemical precipi-
tation, coagulation, monitoring natural recovery, electrolytic
reduction, ion-exchange, and thermal treatment are used
to treat wastewater (Owusu and Asumadu-Sarkodie 2016;
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Umar et al. 2020a; Yaqoob and Ibrahim 2019). Despite all
developments, the performance was not at a satisfactory
level. The above-mentioned methods showed some draw-
backs such as the production of sludge, energy demand, high
operating cost, and excessive involvement of chemicals dur-
ing operation, etc. These drawbacks limit their applicability
in the modern world (Umar et al. 2021a). With the con-
tinued efforts of experts, the microbial fuel cells (MFCs)
was introduced to remediate the wastewater treatment by
concurrently generating the energy (Bajracharya et al. 2016;
Logan and Regan 2006). This approach seems to be promis-
ing because it does not require any special support such as
external energy supply (Yaqoob et al. 2020c). The energy
generation process is carried out using the bacterial species
as a biocatalyst in MFCs to oxidize the organic substrate.
The organic substrate is converted into the electric form via
the bacterial metabolism process. The anode and cathode
electrodes are separated by a proton permeable membrane
(PEM) in MFCs (Logan and Rabaey 2012; Yaqoob et al.
2020a). This is also known as double chamber MFCs. In an
anode chamber, the bacterial species oxidized the organic
substrate to produced electrons and protons. The protons
can transfer to the cathode directly via PEM while electrons
travel through an outer circuit to take part in the reduction
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process at the cathode (Palanisamy et al. 2019; Yaqoob
et al. 2020d). This approach offering several merits over
other common approaches in terms of pollutant removal and
energy generation such as no energy is required for opera-
tion, low generation of sludge, simple working in normal
environments, and eco-friendly (Li et al. 2017). The pre-
sent study was focused on the removal of toxic metals with
energy generation using the synthetic wastewater. Accord-
ing to one report, Malaysians are using 99% surface water
for their utility while 1% is coming from groundwater (Ab
Razak et al. 2015).

Currently, Malaysia is suffering from toxic metal con-
tamination in water resources (Low et al. 2016). A large
amount of allocation is required to address this issue via con-
ventional methods. Therefore, the MFCs can be an appro-
priate approach at an industrial scale for such struggling
countries to overcomes these issues without big expenditure.
In the literature review, it was found that reported studies
on the removal of one metal at a time via MFCs with high
removal efficiency (Zhang et al. 2020). With the experts’
recommendations and revealed issues in MFCs, the organic
substrate is one of the key factors in the success of MFCs
operations. Several studies reported that instability of sub-
starte to bacterial specie is another identified challenge the
removal of metals via MFCs (Ahmad et al. 2020; Kumar
et al. 2018; Yaqoob et al. 2021b). The removal of several
toxic metals (such as Pb>*, Cd**, Cr**, Ni**, Co**, Hg**)
simultaneously is explored in this study. The present study
focused on the utilization of oil palm trunk sap (OPTS).
According to Yamada et al. (2010) the OPTS contains 85%
simple sugar with other carbohydrates. Several articles
already explained and proved that the OPTS is a high sugar
content substrate (Kunasundari et al. 2017; Murata et al.
2013; Salim et al. 2013). Therefore, the utilization of OPTS
as the organic substrate can be a perfect diet for a bacterial
community to grow and respirate. The present study high-
lighted the utilization of OPTS as the organic substrate to
remove the mixture of Pb**, Cd**, Cr**, Ni**, Co**, Hg**
ions from synthetic wastewater. Lastly, the working mecha-
nism of MFCs (energy generation-transportation and metal
removal) are well explained with future recommendations.

Experimental detail
Chemicals and materials

The OPTS (received from Prof. Dr. Rokiah Hashim’s
research group in the School of Industrial Technology at
Universiti Sains Malaysia), local pond water (collected from
the Fajar Harapan lake, Universiti Sains Malaysia), com-
mercial graphite rods (FUDA 2B Lead, NY, USA), cadmium
nitrate tetrahydrate (R&M Chemical), lead nitrate (R&M
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Chemical), chromium nitrate (R&M Chemical), nickel
nitrate hexahydrate (R&M Chemical), Nafion-117 mem-
brane, cobalt nitrate hexahydrate (R&M Chemical), silver
nitrate (R&M Chemical), copper nitrate (R&M Chemical),
and glucose (AR, grade) are used throughout the study.

Preparation of inoculation source

The local pond water was collected from the Fajar Harapan
lake, Universiti Sains Malaysia. The local pond water was
filtered to remove the solid impurities and supplemented
the different metal ions (50 mg/L each). This metal supple-
mented local pond water is known as synthetic wastewater in
the present study. This synthetic wastewater was used as an
inoculation source in MFCs in an anode chamber. The phys-
icochemical properties of collected local pomd water and
synthetic wastewater are measured and shown in Table 1.
The conductivity, temperature, and pH were analyzed using
an electrical meter (ECM) (Alpha-800 conductivity meter,
Vernon Hills, IL, USA), thermometer (GH, ZEAL LTD;
London, UK), and pH meter (EUTECH instrument-700;
New York, NY, USA).

MFCs start and setup

A 10 cm high double chamber MFCs was employed in
this study. The width of the anode chamber was 9.5 cm
while the width of the cathode chamber was 9.0 cm. The
prepared inoculation source (350 mL) was supplemented
in the anode chamber with an anode electrode while the
cathode chamber was added by tap water (350 mL). The
Nafion-17 membrane was used to separate the anode and
cathode chambers. Before using the Nafion-117 membrane,
it was washed according to the method explained by Liu and
Logan (2004). Copper wire was used to make the outer cir-
cuit for electron transference. The graphite rod (GR series,
FUDA 2B Lead, NY, USA) was used as anode and cathode

Table 1 Physiochemical properties of the prepared inoculation source

Parameters Local pond water Synthetic wastewater
Colour Light yellow Dim yellow

Odor Pungent smell Pungent smell

pH 6.90 6.25

Temperature Room temperature ~ Room temperature
Electrical conductivity 24 uS/cm 122 puS/cm

Pb>* 0 mg/L 50 mg/L

Cd>* 0 mg/L 50 mg/L

cr*t 0 mg/L 50 mg/L

Ni2* 0 mg/L 50 mg/L

Co** 0 mg/L 50 mg/L

Hg*? 0 mg/L 50 mg/L
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electrodes throughout the operation. The distance between
both electrodes was 7 cm. The size of the anode and cathode
electrodes was 8 cmx 0.7 cm (heigh X radius) with 38.28
cm? surface area of each electrode. The external resistance
was 1000 Q. According to Igboamalu et al. (2019), 1000
Q external resistance was preferable for MFCs under room
temperature with pH 6-7. The external oxygen was supplied
at the cathode chamber to maintain the aerobic environment
for a high reduction rate. The OPTS was provided to the
anode chamber 5 mL/day. It works as fuel toward the bacte-
rial community in the operation. The model and used reactor
of the MFCs are shown in Fig. 1.

Electrochemical measurements

The voltage potential of the operation was measured by a
digital multimeter (UNI-T UT33A, China). To interpret the
voltage into current, Ohm’s law was followed. The equa-
tions which are used to measure the internal resistance (r),
power density (PD), and current density (CD) are as follow
(Yaqoob et al. 2021a):

Voltage output (V) = IR, (D
d Ve
P ity (PD) = —, 2
ower density (PD) 2 )
. 1
Current density (CD) = 1 3)
Internal resistance (r) = [E;VV]R, 4

where, I =current, r=1internal resistance, A = cross-sectional
area, V=voltage output, E =electromotive force (Emf). An
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open-circuit voltage (OCV) is equivalent to the Emf. The
term "open circuit voltage" refers to the absence of exter-
nal resistance between the anode and the cathode. While in
closed-circuit there are specific external resistance present
between the both electrodes. Further, the polarization behav-
ior of the operation was observed after the pseudo-steady
state of the reaction using the changeable resistance switch
box from 10 kQ to 100 Q.

Further, the cyclic voltammetry (CV, Model BAS Epsi-
lon Version 1.4; West Lafayette, IN, USA). and Electro-
chemical Impedance Spectroscopy (EIS; Gamry Reference
600; Warminster, PA, USA) was used to analyze the redox
reaction potential and electron transfer mobility. In the CV
analysis, the scan rate was 30 mV/s with a window range
of potential from +0.8 to — 0.8 V. During measurements,
the glassy carbon and Pt wire were used as an operat-
ing electrode and counter electrode, respectively. The Ag/
AgCl was used as a reference electrode. The CV measure-
ments were carried out every 15 days. The total period of
the reaction was 90 days. Additionally, the CV curves offer
the opportunity to calculate the specific capacitance (C,)
value. The unit of C,, is F/g and can be calculated using
Eq. 5. The C,, indicates the stability rate of the biofilm
during the redox reaction:

A

G = k(2 VD)’ ®)

where, A=CV area, m =loaded quantity, k=scan rate,
(V2 — V1) = voltage range. The effect of the resistance of
anode in the direction of voltage was studied by EIS. On
the completion of the operation, the EIS test was performed
within the 100 kHz—100 MHz frequency range.

Oxygen
inlet
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Fig. 1 a Model of double chamber MFCs b used reactor of the MFCs in the present study
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Biological tests

The removal rate of supplemented metals was studied
using the atomic adsorption spectrometer (AAS; Perki-
nElmer AAnalyst 400; Waltham, MA, USA). On every
10 days, 1.5 mL of inoculum source was collected for AAS
analysis. The removal percentage was calculated through
the following equation:

M.

RE% = initial — Mﬁnal x 100,

(6)
initial

where, M, ;. = the initial concentration of metal ions,

M= the final concentration of metal ions.

To study the biofilm formation and its stability, scan-
ning electron microscopy (SEM-Zeiss, DSM-960, Ger-
many) was used. The SEM analysis of the treated anode
with biofilm was carried out at the end of the operation.
Moreover, the electron dispersive X-ray (EDX) was used
to observe the biofilm composition on the completion of
the operation. This was done to evaluate whether there is
any metal on the surface of the anode electrode or other-
wise. The EDX can ensure the produced biofilm around the
anode surface is free from metal deposits. It is a clue that
can ensure all metal ions are transformed into an insoluble
state.

Finally, in a biological test, the bacterial identification
process was performed to identify the bacterial species
which are present on the surface of the anode. Around
1 mm biofilm was taken from an anode surface and dilute
for mixed culture growth. The nutrient agar plates were
used to grow the mixed culture and later pure culture
bacterial species. The bacterial 16S rRNA genes were
obtained through the polymerase chain reaction (PCR)
method. The reverse primer (1492R) and forward primer
(27F) was used to amplify the DNA of the PCR product.
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A cloning kit (TOPOTA, Invitrogen; Carlsbad, CA, USA)
was used to clone the PCR amplified product. 16S rRNA
microbial strains were deposited in GenBank after DNA
sequencing analysis.

Multiple parameters optimizations

The multiple parameters optimizations studied were car-
ried out. The pH and temperature were considered in the
present study. First, pH the range from 4 to 10 was opti-
mized in terms of energy generation and metal removal.
The NaOH and H,SO, was used to adjust the pH. A series
of experiments was carried out using the OPTS as organic
substrate, at room temperature, 1000 Q external resistance,
and synthetic wastewater in a double chamber MFCs. Each
pH range voltage removal efficiency was calculated after
10 days. Similarly, temperature range from 20 to 35 °C was
optimized with the OPTS as organic substrate, 1000 Q exter-
nal resistance, pH 6.25, and synthetic wastewater in a dou-
ble chamber MFCs. In each temperature range, the voltage
removal efficiency was calculated after 10 days.

Results and discussion
Electrochemical tests

Figure 2a showed the voltage generation trend under the
closed-circuit condition for 90-day operation. The operation
was successfully operated for three-cycle for more precise
measurements. The fresh inoculation source was used in the
beginning with a continuous supply of OPTS throughout
the operation. In the beginning, the voltage was 1 mV on
the first day with external resistance while the open-circuit
voltage was 400 mV. As the OPTS was supplied, the voltage
showed a gradually increasing trend. On the 24th day, the
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Fig.2 a Voltage generation trend under the closed circuit b polarization behavior with the experimental variations from 10 k€ to 100 ©
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maximum voltage of 202 mV was achieved on the comple-
tion of the first cycle. On the completion of the first cycle,
the voltage gradually started decreasing trend even the sup-
plying of OPTS was continued. The reason for the reduc-
tion in voltage trend is it might be due to some bacterial
species which are completing their life cycles. Similar, as
the operation continued for the second and third cycles the
same trend is observed in voltage generation. The maximum
observed voltage on the second cycle was 166 mV (on the
44th day) and in the third cycle, it was the highest on the
67th day (134 mV). Upon the completion of the third cycle,
the voltage generation trend started to reduce and reached
even below the first-day value. It is an indication that the
present operation showed maximum voltage was on the first
cycle and reach its bacterial life completion time in the third
cycle. Further, the voltage generation trend has also cor-
responded to the removal of toxic metals. The maximum
voltage achieving point was a turning point of toxic metals
where the toxic soluble state of the metal is converted into
insoluble states. Yaqoob et al. (2020b) presented that Pb>*
was converted into Pb or PbO and they described the conver-
sion process of metal with the support of voltage generation
trend. They also followed a similar trend in describing the
voltage generation trend. The reasons for the maximum volt-
age of 202 mV were also given such as (a) the continuous
supply of OPTS which acts as a fuel for bacterial species to
generate the electrons and protons, (b) the external supply
of the oxygen at the cathode chamber which significantly
increased the reduction reaction and increased the bacterial
adaptability.

Figure 2b showed the polarization behavior which is
describing the relationship between CD, PD voltage, and
resistance. A different range of external resistance (100
Q-10 kQ) was used to plot the polarization slope. It is
very common to measure the polarization behavior at high

1.5x10° v T T T v T v T

voltage. The polarization curve revealed that the voltage
dropped from 10 to 100 kQ while the CD and PD increased.
Several studies were reported to follow a similar trend and
reported the PD efficiency (Kumar et al. 2015; Yaqoob et al.
2020b, 2021b). In the present study, the cell design point
was observed at 1000 Q with a PD value of 0.37 mW/m?>.
The maximum achieved current density was 55.26 mA/m>.
However, at 10 kQ showed the PD value was 0.08 mW/m?
while at 100 Q the PD value was 0.13 mW/m?. The low
external resistance such as 100 Q showed a high voltage
generation but the stabilization of the voltage was not fast
which leads to poor energy generation performance. Similar,
at high external resistance, the destabilization was high but
due to high external charge resistance, the voltage genera-
tion turned poor. It leads to low performance of energy gen-
eration. Therefore, a stable external resistance with internal
resistance should be used. A stable electron transference
with stable charge resistance can deliver high-power effi-
ciency. The poor availability of oxygen at the cathode can
also be a reason for low energy generation, therefore external
oxygen supply is an appreciated step.

To study the redox potential and electronic resistance of
the operation, CV and EIS studies were carried out. The
CV was measured at a different time interval to evaluate the
rate of oxidation and reduction during operation at different
stages. Figure 3a showed the maximum reverse and forward
scan rate. Different values of current were observed in for-
ward as well as reverse scan. The observed highest forward
scan was on the 90" day (7.5% 107 mA) while in reverse
scan the maximum current was — 1 X 10~ mA on the 90th
day. The forward and reverse scans correspond to the oxi-
dation and reduction processes of the cell. The observation
showed that both oxidation and reduction reactions were
increased gradually. The maximum oxidation rate means that
the generation of electrons and protons is the highest. The
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Table2 The C, values at different time intervals

Measurement time interval (days) Capacitance (F/g)
15th 0.00014
30th 0.00021
45th 0.00017
60th 0.00041
75th 0.00020
90th 0.00059

Removal effi-
ciency (%) of
Hg+2
34.04

9.10

24.55
49.50
56.21
60.00

0.0

Removal
efficiency (%)
of Co**

0.0

20.50

29.81

45.00

62.03

71.50

78.10

study also corresponds that the OPTS can easily be oxidized
by bacterial species.

Further, to study the anode biofilm formation and stability
rate, the C,, value was calculated. The increasing trend of the
C, value indicated that the biofilm was formed gradually.
From the observation, as shown in Table 2 the maximum Cp
value was observed on the 90th day. On the completion of
each cycle, the voltage started to reduce. The reduction was
occurred due to the instability of the biofilm. Days 45th and
75th showed that the biofilm was unstable due to the bacte-
rial instabilities. A similar trend was explained by Abbas
et al. (2018) to study the oxidative/reductive electron transfer
activities via biofilm.

Figure 3b showed the EIS-Nyquist plots by employing
the equivalent circuit model. This study showed the electron
transference rate of the operation. The straight-line slope of
the EIS indicated the poor transfer of electrons due to the
presence of high charge resistance. While the semi-circle
or bent slop of EIS indicated the stable and high electronic
movement during the operation (Hung et al. 2019). In the
present study, the semi-circle/bent-shaped EIS curve was
found. It is indicated that the electronic mobility was high,
and the charge resistance was poor. The charge resistance
toward the electrolytes was low because the internal resist-
ance was lower (809.9 Q) than the external resistance (1000
Q). The low internal resistance and low charge resistance
can lead to the high transfer rate of electrons during the
operation. Further, to increase the electron transfer rate, the
electrode material should be made from a highly conductive
material. Therefore, it is a need to pay special attention to
the development of the anode electrode.

efficiency (%)

Removal
of Ni+
0.0
21.09
38.71
44.55
66.90
74.50
80.00

Removal
efficiency (%)
of Cr**

0.0

15.60

29.00

39.50

55.00

67.80

75.00

Removal
efficiency (%)
of Cd**

0.0

17.00

21.50

30.25

48.80

61.50

70.10

Removal
efficiency (%)
of Pb>*

0.0

16.10

27.00

33.90

51.00

68.00

75.00

Time
interval
(days)
0

1

30

4

60

7

90

Concentration of
each metal ions

(mg/L)

Synthetic waste-
water

Removal of toxic metals studies

Table 3 indicates the removal trend of the toxic metals via
MEC:s for a 90-day operation. The removal trend was found
to gradually increase. The OPTS was used as fuel for the
bacterial community to remove the toxic metal ions into
insoluble states. The present results were encouraging as
compared to the previous studies. For example, Yaqoob et al.
(2021b) reported around 60% removal of Pb** and 65.51%
removal of Cd via MFCs using sweet potato waste as an

OTPS

Table 3 Removal trend of the metal ions via MFCs energized by OPTS

Target metals Organic substrate Inoculation source

Bold values indicate to highlights the results

C 02+
H g+2

Pb2+
C d2+
Cr3+
Ni 2+
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organic substrate. In the present study, OPTS increased the
removal efficiency to 75% for Pb**, and 70.10% for Cd**.
Similarly, the removal efficiency for Cr**, Ni**, Co**, and
Hg2+ was 75%, 80%, 78.10%, and 60%, respectively, is
achieved in the present study. The Hg removal efficiency is
considered a unique attempt in the field of MFCs due to its
highly toxic nature. In the present work, the OPTS supply
empowered the bacterial community to remove more than
half Hg successfully. Furthermore, the removal efficiency
was observed to gradually increased in the beginning due
to the fresh inoculation source. Later, the removal rate effi-
ciency was quite fast until the 75™ day. After the 75" day, the
observation showed the removal rate was slow which might
be an indication of the maximum removal has reached. Dur-
ing the operation, the number of electrons going toward the
anode will increase the pH which therefore significantly
lowered the exoelectrogens power. Another reason is, after
the maximum removal efficiency is reached, the bacterial
growth pattern showed a reduction in their life period. The
bacterial community has a particular life pattern that is to
convert into the death phase. Whenever the bacterial com-
munity started the death phase, the metal removal ability
was reduced, and as a result, the removal efficiency was
low. Several other eco-friendly parameters such as pH of
the solution, external resistance, biofilm formation are also
engaged in MFCs operation which requires careful study in
the future.

Fig.4 SEM images of the

a untreated anode electrode
b treated anode electrode ¢
untreated cathode electrode d
treated cathode electrode

Biological characterizations

In the biological analysis, the SEM—-EDX is used to study the
biofilm formation and its growth on the surface of the anode.
The biofilm is known as a city of bacterial species, where
it is a collection of bacteria at one specific place. The bio-
film is one of the responsible factors to oxidize the organic
substrate and later transfer the produced electrons via an
anode electrode. The biofilm composition mostly contains
2-5% bacteria cells, 97% water content, and 3—6% extracel-
lular polymeric substance (EPS’) (Singh and Songera 2012).
Further, the EPS is the most important material in the oxi-
dation process to generate the electron and protons. EPS
consists of 1-60% (protein), 40-95% (polysaccharide), 10%
(nucleic acids) and 40% (lipids). EPS is commonly known
as a biofilm aging regulator (Di Martino 2018; Kumar et al.
2011). Once the supply of organic substrate is depleted,
EPS will decrease resulting in low electron generation. Fig-
ure 4 showed the SEM images of both treated and untreated
anode and cathode electrodes. The SEM image of the treated
anode with biofilm (Fig. 4b) showed very dense and healthy
growth of the bacterial community on the surface of the
anode. This image shows that the bacterial community does
not face toxic effects and the biofilm grows uninterrupted.
Similarly, some bacterial communities are also found on
the surface of the cathode (Fig. 4d). The reason for stable
biofilm growth on the surface of the anode was the supply
of OPTS to the bacterial communities. The SEM images
of biofilms (Fig. 4b, d) showed both images having almost
a similar morphology. They are showing tube/rod-shaped
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appendage. means there is a limited type of bacteria present
on the samples. Several studies showed that the SEM images
of biofilms with tube/rod-shaped appendages indicated the
presence of conductive pili-typed bacterial species such as
Acinetobacter, Bacillus, Proteus, Lysinibacillus, Leucobac-
ter, Klebsiella sp. etc. (Yaqoob et al. 2020a, 2021c). The
conductive pili-typed bacteria are those who use the pili to
transfer the electrons. The pili is the body part of the bac-
teria which is conductive. The limited bacterial species are
found in very dense conditions on the surface of biofilm
because of the high sugar content from the organic substrate
supplied. EDX study of the biofilm was carried out to detect
the presence of the metals on the surface of the anode. From
Fig. 5, few metals such as Cr’*, Cd**, Pb>*, were found on
the surface of the anodic biofilm. However, these metals are
present in oxide forms. The solid form of metal is less toxic
as compared to the metal ions. Overall, the study showed
that during the MFCs operation the metal ions did not show
any toxicity toward the bacterial community. Previously,

70004

60004

50004

40004

30004

20004

10004

0

Yaqoob et al. 2° have conducted studies on the MFCs opera-
tional biocompatibility factors.

In the biological study, the bacterial isolation and identifica-
tion process was carried out to discover the bacterial species.
The anode biofilm was used to identify the bacterial species.
Table 4 showing the list of the identified bacterial species.
There are few types of bacterial species which belong to the
conductive pili-typed species. It means that the rod-shaped
appendages as seen in SEM images are proving that there are
conductive pili-typed species. Klebsiella pneumoniae, Lysini-
bacillus, and Bacillus are the most dominant species found on
the surface of the biofilm. The identified bacterial are already
well-proved exoelectrogens and metal-reducing species in pre-
vious literature in different studies. For example, Zhang et al.
(2008) stated that K. pneumoniae sp. is well-known species in
MEC:s as exoelectrogens and metal-reducing species. Nandy
et al. (2013) reported that the Lysinibacillus sp. served as a
biocatalyst in bioelectrochemical systems and able to produce
85 mW/m? energy power. Similarly, Mathivanan et al. (2016)

cl
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Fig.5 EDX spectra of the anode biofilm
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Percentage of metal ions on the surface of biofilm

Table 4 Identified bacterial
species from the surface of the
anodic biofilm

Bacterial species Query cover (%) Identity (%) Accession number
1 (6S rRNA gene)
Klebsiella pneumoniae 99 93.25 NR_037084.1
Enterobacter bugand 98 93.16 NR_148649.1
Klebsiella pneumoniae 99 92.79 NR_041750.1
Enterobacter asburiae 99 92.96 NR_024640.1
Klebsiella pneumoniae 99 92.64 NR_113702.1
Lysinibacillus pakistanensis 98 93.90 NR_113166.1
Lysinibacillus sphaericus 99 96.50 NR_115529.1
Bacillus flexus 98 89.90 NR_024691.1
Klebsiella oxytoca 99 91.27 NR_119277.1
Bacillus paramycoides 78 86.55 NR_157734.1
Bacillus tropicus 78 86.55 NR_157736.1
Bacillus cereus 78 86.55 NR_115526.1
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also found the Lysinibacillus sp. and they called the Lysini-
bacillus sp. as the most effective species for copper and cad-
mium ions degradation from wastewater. Further, Nimje et al.
(2009) observed the 0.000105 mW/m? power density using
the Bacillus strains as biocatalyst. However, several studies
showed that the identified bacterial species (Table 4) are well
exoelectrogens and metal-reducing species (Ayangbenro and
Babalola 2020; Yaqoob et al. 2020b, 2021b).

The working mechanism of MFCs in the present
study

The basic working principle of MFCs is dependent on bac-
terial species which served as a biocatalyst to oxidize the
organic substrate to produce the electrons and protons (Abbas
and Rafatullah 2021; Umar et al. 2020b, 2021b). Previously,
many bacterial species, e.g., Acidobacteria, Proteobacteria,
Firmicutes, fungi, and many others are considered as exoelec-
trogens (Abbas et al. 2017; Chuo et al. 2020; Yaqoob et al.
2020a). In the present work, OPTS which is a polysaccharide
is used. Before oxidization, it was converted into simple sugar
through the bioelectrogenesis process which was carried out
by the bacterial community. The oxidation and reduction pro-
cesses of the present study can be represented as:

Reduction reaction at the cathode : 24H* + 24e~ + 60, — 12H,0,

The overall reaction : CgH;,0¢
+ 60, — 6CO, + 6H,0 + energy + biomass.

The process of conversion of the OPTS into glucose
and further glucose breakdown into pyruvate leads to the
production of acetyl coenzyme A (acetyl CoA). Next, the
acetyl CoA followed the Kreb’s cycle which produced
three reduced nicotinamide adenine dinucleotide (NADH)
and one reduced flavin adenosine dinucleotide (FADH,)
molecules on completion of one Kreb’s cycle. The pro-
duced NADH and FADH, followed the electron transport
chain (ETC). Lastly, the 34-adenine triphosphate (ATP)
molecules were produced (Abbas et al. 2017; Yaqoob et al.
2020b). The exoelectrogenic species have generally fol-
lowed this route or process. The most common exoelec-
trogens are Geobacter sulfurreducens, Geobacter lovleyi,
Shewanella putrefaciens, Rhodopseudomonas palustris,
Geothrix fermentans, E. coli, and Shewanella oneiden-
sis (Abbas et al. 2017). All exoelectrogens have to follow
some mechanism to transfer the electrons to the anode
surface as shown in Fig. 6.

Oxidation reaction at the anode : OPTS — C¢H;,0¢ + 6H,0 — 6CO, + 24H* + 24¢™,

Fig. 6 Electron transfer mecha- e-

e-
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1. Direct electrons transfer The direct transportation of
electrons is depending on two sub-categories. First, the
electron transfer through conductive pili of bacterial spe-
cies. This mechanism can be used only by the conduc-
tive pili-typed bacteria. The K. pneumoniae, Leucobac-
ter, Bacillus species, Proteus species, and Acinetobacter
species are well-known conductive pili-typed bacterial
species. The conductive pili is a body part of the bacteria
and it is conductive like a metal. Second direct elec-
tron transportation is using the redox-active proteins to
transfer the electrons. The most dominant redox-active
proteins are OmcB, OmcZ, OmcT, OmcE, and OmcS to
transport the electrons (Igboamalu et al. 2019).

2. Indirect electrons transfer The indirect electrons transfer
mechanism proceeded via reduced and oxidized shut-
tles molecules. Some bacterial species generated their
self-reduced and oxidized shuttles molecules to utilize
to transfer the electrons. Several bacterial species fami-
lies such as Geobacteraceae and Desulfuromonadaceae
obeyed this mechanism. The self-electron shuttle mol-
ecules are MtrF, OmcA, MtrC, MtrE, and components.

However, the present study followed the direct electron
transfer mechanism using the conductive pili to transfer the
electrons. According to the biological test, specifically from
the SEM images, it showed the rod-shaped morphology while
bacterial identification showed conductive pili-type species.
This is a sign that the transportation of electrons was done via
conductive pili. On the other side, the protons are transferred
directly to the cathode via PEM for the reduction reaction.
Simultaneously, the metal ions are reduced into insoluble
form during the redox reactions. The soluble metal ions were
transferred into the insoluble state such as sludge as shown in
Fig. 7. Generally, it can be written as:

e Reduction of Pb** into Pby
Pb** +2e” — Pby,

2Pb** + 2H,0 — 2PbO + 4H*

PbO + 2e” + 2H" — Pb, + H,0

e Reduction of Cd** into Cd,q
Cd** +2e” — Cdy,

2Cd** + 2H,0 — 2CdO + 4H*

CdO +2¢™ + 2H* — Cd, + H,0

e Reduction of Cr** into Cr

Cr'* +3e™ — Cry

2Cr** + 3H,0 — Cr,0, + 6H"
Cr,0; + 6e™ + 6H" — 2Cr(, + 3H,0

e Reduction of Ni** into Ni
Ni** +2e” — Ni

2Ni** + 2H,0 — 2NiO + 4H*
NiO +2e~ + 2H* — Ni, + H,0

e Reduction of Co** into Coyg

Fig.7 The obtained metal sludge at the end of the MFCs operation
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C02+ + 26_ g CO(S)
2Co** + 2H,0 — 2Co0 + 4H*
CoO +2¢™ 4+ 2H" — Co, + H,0

e Reduction of Hg** into Hgq
Hg®* +2¢” — Hg,

2Hg** + 2H,0 — 2HgO + 4H*
HgO +2¢~ + 2H' — Hg, + H,0

Multiple parameters optimization

Figure 8a, b demonstrated the effect of pH on the voltage
generation trend as well as the removal efficiency of metal
ions. According to the present observation, the voltage was
gradually increased from pH 4 to 7 but after pH 7 it started a
reduction in the voltage generation. It means that the highly
alkaline or acidic both are not favorable conditions for a
stable operation. The maximum achieved voltage was 70 mV
at pH 7 with the continued operation of MFCs. While pH
4 showed 30 mV but pH 10 showed less than 20 mV. The
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reason for the low voltage generation in the alkaline and
acidic conditions is the disturbance in the bacterial growth
which directly affects the biofilm formation. A weak and
unstable biofilm will not lead to higher performance. Ear-
lier, Huang et al. (2012) studied the optimization parameter
and discussed the pH optimization in detail because it is
one of the important factor of the operation. The report said
pH 5.2 generated the acidic sludge which drastically dis-
rupts the voltage output, while the highest voltage output
was recorded at neutral pH. Similarly, the effect of pH was
noticed in terms of metal removal. AS shown in Fig. 8b, the
maximum removal efficiency of each metal was found the
highest at pH 7. The acidic condition still offered higher
removal efficiency of metals than the alkaline condition. The
results for pH 6 were almost similar to pH 7, but the reduc-
tion in removal efficiency rate started to decrease from pH 8
and above. The lowest removal efficiency rate was recorded
at pH 10. The reason is in alkaline conditions there are more
chances of the formation of metal oxides directly from metal
salts. Another reason is, the bacterial community required
special requirements to survive in alkaline conditions as
compared to the acidic medium (Asim et al. 2021). Overall,
the neutral pH is found to be the most favorable condition.

Removal efficiency %

N
o
1
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Fig.8 a, b Effect of pH on voltage and removal efficiency c, d effect of temperature on voltage and metals removal efficiency
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Similar, Fig. 8c showed the effect of temperature variation.
The temperature is also an important environmental factor
that needs careful attention in a large-scale application. On an
industrial scale, pH and temperature are the two most com-
mon factors which the operators need to control. For a lab-
scale operation, the MFCs usually operated at room tempera-
ture.To optimize the temperature, the present study selected
a very close temperature range to the room temperature. The
obtained results showed that the temperature 25-30 °C was
the most favorable temperature range. At 30 °C the maximum
voltage generation was achieved, however at 25 °C was the
favorable temperature for bacterial growth and biofilm for-
mation. At 30 °C, the MFCs delivered 58 mV while at 25 °C
showed its slightly lower value (55 mV). The temperature
effect on metal removal is presented in Fig. 8d. The results
showed that a temperature range of 25-30 °C is the ideal con-
dition for the removal rate. A slight difference was found in
the metal removal rate between 25 and 30 °C. Previously, Hsu
et al. (2013) demonstrated that a temperature of 30 °C was
the required environment for bacterial biofilm formation and
working stability. It can be suggested that the room tempera-
ture and neutral pH is the most preferable condition for the
MECs operations at any scale.

Conclusion and future recommendations

The present study highlighted the performance of OPTS as an
organic substrate in MFCs. The OPTS showed encouraging
results in terms of metal removal efficiency. Due to the contin-
ued supply of the OPTS, the bacterial community developed
a stable and healthy biofilm for a successful MFCs operation.
According to the literature, there is a need for a stable organic
substarte for the bacterial activities. From the electrochemical,
biological, and physicochemical analysis, the OPTS found to
be a good source of energy for the bacterial community in
the MFCs operation. The bacterial community as observed
during the bacterial identification process are well-known
exoelectrogens with conductive pili. Although the energy gen-
eration was not high, the removal of metal was very promis-
ing. Energy generation was not a major issue as compared to
electron transportation and energy storage. This is because
offering the high sugar content-based substrate can improve
the generation of electrons. The transportation of the produced
electrons and energy storage remain critical challenges cur-
rently in the MFCs field. As the detailed mechanism of the
MFCs was described in the present work, it is found that the
electron transportation required highly conductive electrodes,
particularly an anode to deliver the electrons. The highly con-
ductive electrode material can capture the electrons more eas-
ily as compared to the less conductive material. Capturing the
electrons from the bacterial cell and later transfer rapidly to
the cathode is the main challenge. At present, several efforts
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are ongoing to fabricate the anode electrode using various
materials. From the literature survey, graphene-derived metal
oxide composite has the promising potential to offer a break-
through in the field of MFCs. The graphene-derived metal
oxide composites are highly conductive which can capture
the electrons from conductive pili-typed species and later send
them to cathode more effectively.
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