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This study describes the kinetics and diversity of anode respiring bacteria (ARB) in a two-
chambered microbial fuel cell (MFC) with a Ti-TiO, electrode and continuously fed with
young or old landfill leachate at varying organic strength and hydraulic retention time. With
increasing organic loading, current generation increased, although the Coulombic efficiency
decreased. The maximum current densities for young and old leachates were 11 and 6 A/m?,
respectively. We observed maximum current densities (J__) in kinetics modeling 12.0 A/m’
and 8.0 A/m? for young and old landfill leachates corresponding to low anode potential losses
(n) of 0.25 V. A sequencing analysis of anode biofilm community after PCR-DGGE showed

that the Deltaproteobacteria family was predominant on anode surface, especially with young

leachate.

Cite this article as:Ozkaya B, Karluvali A. Microbial community structure in the biofilm
anode of MFC fed with landfill leachate. Clean Energy Technol 2023;1(1):78—-89.

INTRODUCTION

While all leachate contains high concentrations of
organic matter and ammonium nitrogen, its composition
depends upon the landfill age, the quality and quantity
of waste, biological and chemical processes took place
during disposal, rainfall density, and water percolation
rate through the waste in the landfill [1]. “Young” leach-
ate is generally produced is the first 1 or 2 years of the
landfill’s life, and its organic matter has relatively low
molecular weight, such as from volatile organic acids, a
high COD concentration (> 10 g/L), and a BOD,-to-COD
> 0.6 [2]. “Old” leachates generally come from a land-
fill after about 10 years; its organic matter has relatively
high molecular weight, such as from humic and fulvic
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Highlights

o MFC with Ti-TiO2 electrodes emerges as a promising
technology for sustainable electricity generation from landfill
leachate.

o The age of leachate establishes a crucial link between
microbial ecology, kinetics, and current density output.

substances, a relatively low COD concentration (< 5 g/L),
and a BOD5-to COD ratio < 0.3 [2].

Up to now, for an effective leachate treatment, many
researchers around the world have intensively focused on
the combination of biological and physico-chemical treat-
ment systems that require usage of high energy [3]. After
2000s years, it has been focused on the development of
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innovative technologies to realize energy efficiency in the
wastewater treatment sector. To a certain extent, this expen-
diture using anaerobic digestion can be minimized through
energy recovery processes in wastewater treatment plants
due to more suitable for concentrated leachate streams,
lower operating costs, the production of a useable biogas
product (for a review see Renou, et al. [4]). Nowadays, there
is ample scope for further innovation in energy recovery
processes. For example, a novel technology possibility to
use in leachate treatment is microbial fuel cell (MFC) that
marries microbial catalysis to electrochemistry [5], but it
needs substantially improved the power density to become
commercially feasible.

However only a handful of reports have investigated the
power output in MFC fed with landfill leachate. Several sci-
entists have previously demonstrated the feasibility of using
the MFC technology for simultaneous leachate treatment
and energy generation [6—10]. In our knowledge there is no
report on power generation from leachate in MFC depend-
ing on landfill age, which is an important point out that
young leachate is a mixture of the most common fermenta-
tion products reflecting a real fermentation effluent and old
leachate contains humic acids able to be used as artificial
electron mediators to carry electrons from inside the cell to
an external electrode [11]. We used young (<1 year) and old
leachate (>10 years) for generating electricity from continu-
ously flow MFC with Ti-TiO, anode and cathode electrode
to evaluate the effect of substrate concentration on current
density by varying concentration of leachate in the reactor.
The steady state MFC data was used to estimate important
parameters that represent the kinetics for substrate utili-
zation of biofilm anode. Previously, a biofilm model on
Nernst-Monod Equation developed by Marcus et al. [12],
describing the anode potential losses of anode respiring
bacteria that transfer electrons through a solid conductive
matrix, which can be facilitated by mathematical mod-
els (e.g. Nernst-Monod equation) for understanding and
designing of biofilm reactors having the complex inter-re-
lated phenomena [13]. That’s why we linked up between
kinetics and microbial ecology to explain performance in
the MFCs of young and old landfill leachate.

Observed high current densities in MFCs generally give
low coulombic efficiency because of a three-way syntropy
among ethanol fermenters, acetate-oxidizing anode respir-
ing bacteria and a hydrogen scavenger, a hydrogen oxidizing
methanogens. On the other hand, some indicator microbes
grow at high anode potential and many of which are known
to respire the anode using electron shuttles and produce
redox mediators [14], which contribute high current out-
put. Therefore, there is a strong linkage between microbial
community in MFCs and current density output. Namely,
high current density and low anode potential losses, which
are the keys of Nernst-Monod equation used in our work,
can be only explained by the biofilm anode communities,
which are able to transfer electrons from reduced substrate
to a solid electrode.

The biofilm anode community can be quite diverse,
but MFC must contain anode-respiring bacteria (ARB),
which are able to transfer electrons efficiently to the anode
by extracellular electron transport (EET) [15]. Many stud-
ies that characterized the microbial community of the
biofilm anode in MFCs showed a high bacterial diver-
sity in the biofilm anode, but with a general enrichment
of Proteobacteria (mainly a-, y- and §- proteobacteria),
Firmicutes, Bacteriodetes, and Actinobacteria [16—19],
as well as Geobacteraceae in some of studies [20] used as
inoculum of sediment. Using pyrosequencing targeting the
16S rRNA genes, we analyzed the community structure of
biofilm anodes from the continuously fed MFCs to explore
if certain microbial types are associated with leachate type
or with better vs poorer performance.

MATERIAL AND METHODS

Landfill leachate

Leachates were collected from separate drainage pipe-
lines coming from young (<1 year of operation) and old (>10
years of operation) cells of the Odayeri Municipal Landfill
in Istanbul. Samples were transferred immediately to the
laboratory and kept at 4°C until used for MFC experiments.
The leachates were assayed every 15 days for water-quality
parameters, and they did not change during storage for 30
days. All water-quality analyses were performed according
to Standard Methods [21]. The young leachate contained
COD 49,500+500 mg/l, BOD5 28,500+1000 mg/l, TOC
16,800+1000 mg/l, pH 5.5+0.5, conductivity 26+1 ms/cm,
nitrate-N 12+2 mg/l, sulfate 900+50 mg/l, ammonia-N
860+50 mg/l, Fe 32 mg/l, Zn 3.5 mg/l, and Ni 1.85 mg/l.

Old leachate contained COD 5000+500 mg/l, BOD
1200+500 mg/l, TOC 4200+500 mg/1, pH 7.8+0.2, conduc-
tivity 24+1 ms/cm, nitrate-N 8+2 mg/l, sulfate 45+5 mg/I,
ammonia-N 920+20 mg/l, Fe 10 mg/l, Zn 6.7 mg/l, and Ni
2.1 mg/l.

Microbial Fuel Cell

The MFC setup, similar to Ozkaya et al. [22], is shown
in Figure 1. The active volumes of the anode and cath-
ode sections were 275 mL, and the two compartments
were separated by CMI- 7000 cation exchange membrane
(Membrane International Inc. from USA) that was condi-
tioned by boiling it in 30% H,O, for 15 minutes and then
rinsing it with deionized water. Any remaining H202 on the
membrane surface was cleaned using 0.5 M H2504 before
rinsing with deionized water. Anode and cathode had the
same dimensions with an active electrode area (wet) of 7.5
cm’ Each electrode was a titanium rod coated with mixed
metal oxide including titanium dioxide, niobium oxide,
ruthenium oxide and mangan oxide by electro-catalytic
coating method (Akat Co. from Turkey). Electrodes were
washed with ethyl alcohol and rinsed with distilled water to
remove impurities prior to MFC operation.
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The liquid in both chambers was completely mixed by a
magnetic stirrer at 350 rpm. The cathode chamber was filled
with distilled water and continuously aerated by a simple
air pump. The anode chamber was sparged with nitrogen
gas to remove oxygen. The anode was inoculated only from
the original leachate. The potentials of the anode and cath-
ode were measured by Ag/AgCl reference electrodes (BASi
Reference Electrode from USA, model: MF-2079).

The external resistance (R) was set at 10 (, and the
current (I) was calculated from the measured voltage drop
across the resistor (V) according to Ohm’s Law (I = V/R)
and then normalized by the wetted surface area of anode
(7.5 cm?) or the volume of liquid media in the anode cham-
ber (275 cm?). The voltage (V) across an external resistance
(10 ©) in the MFC circuit was monitored on-line at 5-min
intervals using a four-channel precision multimeter (Fluke
8846A) connected to a personal computer. The coulombic
efficiency is defined as a ratio of coulombs recovered (Cp)
to total coulombs in substrate (C__ ). Coulombic efficiency
(CE:CP/ C,,) was calculated according to Logan [23] and
Sleutels et al. [24]:

Ms1

Cp=—m
' T F b, qAC

where M: 32 g/mol for the molecular weight of O,
I steady-state current output (A), F (Faraday constant):
96,485 Coulomb per mol €', b, : 4 mol e per mol substrate
for the number of electrons exchanged per mole oxygen,
q: flow rate (I/s), and AC: substrate utilization based COD

(Cinf._cefﬂ.) (g/l).

Molecular Techniques

At the end of continuous operation, biofilm was
removed from an anode with a pipette tip. 0.25 g of biofilm
was put into a bead tube provided by the MOBIO Powersoil
DNA extraction kit, and a Power Soil DNA isolation kit
(MoBio laboratories, Carlsbad, CA, USA) was used for
DNA extraction of anodic biofilm samples. DNA extracts
were stored at -20 °C and then thawed for use as templates
for the polymerase chain reaction (PCR) to amplify the 16S
rDNA using a primer set of GC-BacV3f and reverse 907r
[25]. PCR amplification was conducted in an automated

Figure 1. Microbial fuel cell (left) and membrane-electrode couple (right). A: Anode, C: Cathode, R: Reference electrode,

E: Electrodes and M: CMI 7000 Membrane.
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thermal cycler (TECHNE® from UK) using the following
protocol: initial denaturation for 5 min at 94 °C, 30 cycles
of denaturation for 1 min at 95 °C, annealing for 30 s at 55
°C, extension for 1 min at 72 °C, and final extension for 7
min at 72 °C.

Denaturating gradient gel electrophoresis (DGGE) was
performed with an INGENYphorU 2x2 system (Ingeny
International, Goes, The Netherlands) using 8% polyacryl-
amide gels with a denaturing gradient from 30% to 70%
(100% denaturing solution contains 7 M urea and 40%
formamide) in 1xTAE at a constant temperature of 60 °C
for 18 hours. The gel was stained with Sybr-Gold (1000x
concentration) for 1 hr and visualized on an UV transillu-
minator. Bands in the DGGE gel were carefully cut out with
a razor blade under UV illumination and eluted in 25 pL
of sterile H20 overnight. DNA sequences were determined
after re-amplification following the same PCR protocol,
except that the primer did not have a GC-clamp. Sequence
data were analyzed by database searches in GenBank using
the BLAST program. A phylogenetic tree was constructed
by the neighbor-joining method using the Unipro UGENE
v.1.9.1.

RESULTS AND DISCUSSION

MEFC performance

The operational conditions during the experimental
periods of the MFCs fed with young and old age leachate
are summarized in Figure 2. Old and young leachate run-
ning MFC have five and six running periods with different
substrate concentration and various HRTs. The MFCs were
operated in continuous mode for around two months at
increasing OLRs achieved by changing hydraulic retention
time (HRT) or the feed COD concentration.

Figure 3A and Figure 3B show OLRs during the experi-
mental periods of the MFC system. The OLR was increased
up to maximum value of 200 gCOD/I-d for young- and 20
g/1-d for old-landfill leachate.

Figure 3C and Figure 3D show how the progressions
of current density. In order to compare directly the perfor-
mance with young versus old leachate, the MFCs fed with
young or old leachate were operated with a constant influ-
ent COD of 1000 mg/L and an HRT of 2 d, correspond-
ing to organic loading rate (OLR) of 0.5 g COD/d. While
current generation was negligible during first one week, it
steadily increased to 2 A/m* and 0.5 A/m? at 18 days for
young and old leachate, respectively. During this period,
the COD removals were 5% at one week and 15-20% by
20 days for the MFC fed with old age leachate. The COD
removal rose from 5% at one week up to around 20% at 15
days in MFC fed with young landfill leachate.

The MFCs were then operated in continuous mode
for two months at increasing OLRs achieved by changing
hydraulic retention time (HRT) or the feed COD con-
centration. As the feed COD concentration increased,
the current density increased, reaching 9 A/m? for the
young leachate. Decreasing the HRT from 1 d to 0.75 d
in MFC with young leachate, corresponding to OLR of
67 g COD/d, did not adversely affect the COD removal
efficiency, which remained between 25-30% (Figure 3E
and Figure 3F). Similar observation was found in old age
leachate and HRTs were decreased 1 d to 0.75 d, corre-
sponding OLR of 6.7 g COD/d. Then, COD removal effi-
ciency had a little change with the value of 15-20% (Figure
3E). The current increased to around 7 mA and 1 mA
during this period for MFC fed with young and old age
landfill leachates, respectively. Recorded maximum cur-
rent densities were 11 A/m? and 6 A/m? for young and old
landfill leachate (Figure 3C and Figure 3D). Thereafter,
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Figure 2. Operational conditions during the five (O1-O5) and six (Y1-Y6) experimental periods of the MFC system. HRTs
in old and young leachate MFCs are O1: 2 day, O2: 1 day, O3: 0.75 day, O4: 0.5 day, O5: 0.25 day and Y1: 2 day, Y2: 1 day,

Y3: 0.75 day, Y4: 0.5 day, Y5: 0.25 day, Y6: 0.5 day.
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HRT values of both reactors were decreased to 0.5 d cor-
responding OLR of 100 g COD/d for young leachate and
10 g COD/d for old leachate. The COD removal efficiency
averaged around 30% and current increased slightly
around 7.7 mA in MFC fed with young leachate, corre-
sponding current density of around 11 A/m? (Figure 3C).
Hence, the reactor performed well even at OLR of 100 g
COD/d. Our observation was similar for MFC fed with
old age leachate and current density were rinsed 2.2 A/m?
when HRT decreased to 0.5 day (Figure 3D).

System performance was adversely while further
decreasing HRT to 0.25 day and COD removal efficiency
sharply decreased to below 5% and current decreased
sharply close to the zero in MFC fed with young leachate
(Figure 3E and Figure 3F). Thereafter, HRT was increased
back to 0.5 d to recover the process performance. In
this case, COD removal efficiency and current density
increased again to around 25-30% and 10 A/m?, respec-
tively when HRT of MFC decreased to same value of 0.25
d, the performance of MFC fed with old leachate was not
much affected as in young leachate; but its performance
decreased with the decreasing rate of 50% (Figure 3D).
The initial COD concentrations were 50 g/L and 5 g/L,
respectively, for young and old leachate fed MFCs, and
these corresponded net COD removal efficiencies of 30%
and 20%. Our observations showed that young leachate is
the better substrate for MFC than old leachate consider-
ing removal efficiency and high current output, but in our
case and reported values by other MFC researchers shows
that MFCs may require post treatment before effluent dis-
charge to receiving water.

Coulombic efficiencies of all runs varied around
2-13% for young leachate and 5-20% for old leachate,
whereas three data had high CE of 30-50% for low organic
loads. It was observed that the coulombic efficiency
decreased with increasing the OLR, but current output
increased. Much higher current density values (11 A/
m?) were reached at influent COD of 100 g/L. When we
loaded high organic matter to MFCs, CE sharply dropped
to minimum value (0.5-5%) especially in young leachate
MEC. Thus high current density correlated negatively to
high CE. Although COD removal efficiency has constant
value during the steady state conditions, CE dropped
to low level with incremental OLR. We observed con-
stant COD removal efficiency except for extremely high
OLR (100 g/L-d) with young landfill leachate. Although
removal efficiency was stable depending on increasing
OLR, extremely high OLR significantly affected both cur-
rent density and COD removal efficiency (Figure 3G and
Figure 3H).

The reason of constant COD removal but low CD
for both reactor is that methane production may not be
avoidable in MFCs fed by fermentable substrates, which
are inevitable with complex wastewater inputs like land-
fill leachate besides agricultural residues, activated sludge
and anaerobic digestion sludge [26] in case H2 poorly

utilized by anode respiring bacteria [27]. During fermen-
tation H, will be a considerable electron sink and H, com-
petition between anode respiring bacteria and other H2
consumers can have a strong impact on the CE. Therefore,
methanogenesis is always a possibility with MFC oxida-
tion of complex organic compounds like landfill leachate.
Despite all of that observed current density values in this
study are among the highest values recorded in the cur-
rent works (10-15 A/m? e.g. Catal et al. [28], Torres et al.,
[29, 30]).

Landfill bioreactor works as a real anaerobic digester
and produced leachate, especially in initial phase of landfill,
includes fermentation products such as complex organic
substrates, alcohols, simple acids, and acetate. In addition,
fermentation is an important process for the utilization of
these substrates. However, significant drops were recorded
when fermentable substrates were used at the anode of
MFCs [31, 32] and methane was a major electron sink
accounting for the decrease in CE. In this study, we had
very low CE, especially in MFC fed with young leachate giv-
ing high current density. When we consider observed high-
est current densities MFCs fed with young- (11 A/m?*) and
old-landfill leachate (5 A/m?), the currents correspond to
950,400 Coulomb/m? (9.85 eeq/m?) and 482,400 Coulomb/
m? (5 eeq/m?), respectively. Thereafter, the removed COD
per anode surface area by anode respiring bacteria can cal-
culate to be 80 g COD/m? and 40 g COD/m?. The removed
COD per anode surface area under steady state condition
giving high current densities were 58,000 g COD__ ./
m* and 3,600 g COD,__ /m*in MFCs fed with young-
and old-landfill leachate, which indicated that a very low
amount of COD were removed by anode respiring bacte-
ria at a rates of %0.15 and %1.1, respectively. The young
landfill leachate had a very low CE at high organic loads
because of a real fermentation substrate from landfill biore-
actor. In addition, young leachate feed may contain possible
methanogenesis domain but not identify in this work and
no inhibitor was added to inhibit methanogens. Therefore,
H, may route to CH, by H, oxidizing methanogens and
homo-acetogens became a channel for electron” flow from
H, to current through acetate. In a study, Parameswaran
et al. [19] compared the microbial community structure
developed in the biofilm anode of two microbial electrol-
ysis cells fed with ethanol one where methanogenesis was
allowed and another in which it was completely inhibited.
They found that H, was routed to CH, by H, oxidizing
methanobacteriales, which resulted in decreasing rate of a
CE from 84% to 60%.

Another possible way for electron flow is the presence
of other electron acceptors such as sulfate and nitrate. The
young leachate included around 1000 mg/L sulfate and 12
mg/L nitrate and old leachate had 50 mg/L sulfate and 10
mg/L nitrate, which can be calculated as the COD/SO e
ratio of 50 and 100 for the percent electron flow to sulfate
reduction, respectively.
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Figure 3. OLRs (A and B), current density outputs (C and D), COD removal efficiency (E and F) coulombic efficiency (G
and H), left side and right side of figure show young- and old-landfill leachate, respectively.

Microbial community profiles

The microbial community profiles works covered a
comparison of medium of MFC under different HRTs and
biofilm anode after completing MFC works. The changes
in DGGE profiles of microbial community in MFC anode
chamber and in biofilm on anode electrode are presented
in Figure 4 and the closest relatives of each band are given

in Table 1. The first 8 lanes represent the microbial diver-
sity at various HRTs for both young (Figure 4A) and old
(Figure 4B) leachate, while Figure 4C and Figure 4D show
the bacterial community in biofilm. Microbial dynamics
in the figure indicated that abundance of bacteria was
considerable depended on the operational conditions.
Bands 1 to 6 were observed in all operational conditions
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of anodic chamber and biofilm. Uncultured Clostridium
sp. (Band 8) was only present in the liquid medium at
start-up period then it disappeared during the subsequent
operation courses while it was also detected in biofilm.
Similarly, Pseudomonas sp. (Band 25) and Uncultured
bacterium clone (Band 28) were dominant in biofilm and
in anode liquid at start-up period while they were not
detected at lower HRTs. Conversely, Clostridium sp. (Band
9) was not present at start-up period while it was domi-
nant at lower HRTs and biofilm. Shewanella putrefaciens
(Band 10) and Uncultured Firmicutes bacterium (Band26)
were only present at HRT 2 days and then they were wash-
out at lower HRTs. Those strains might have no ability
to live attached since they were not detected in biofilm.
Subramaniam [33] indicated that S. putrefaciens needs
time to adapt to the landfill leachate treatment by MFC.
The disappearance of Shewanella putrefaciens in our study
was probably due to the fact that the operation duration
at each HRT was less than its adaptation time and it was
easily wash out the MFC reactor. Similar to Clostridium
sp. (Band 9), Uncultured Clostridiales bacterium (Band
11), Uncultured Clostridium (Band12), Uncultured
Clostridium sp.(Band 13) and Geobacter sp.(Band 14) were
not present at HRT 2 days while they were dominant at
lower HRTs. Uncultured gamma proteobacterium (Band
15), Uncultured Geobacter sp. (Band 16), Uncultured
Clostridium sp. (Band 17) and Uncultured Clostridiales
bacterium clone (Band 18), Uncultured Pseudomonas
(Band 22) and Uncultured Geobacter sp. (band 23) were
dominant in all HRTs and biofilm community. This result
indicated that those strains were not affected by the
changes in operational conditions. The distribution of
bacterial community indicated that MFC anode and bio-
film was mainly dominated by Shewanella and Geobacter
species. Shewanella and Geobacter species were commonly
reported to possess the capability to generate electricity. S.
Putrefaciens is a metal reducing bacterium and can pro-
duce its own mediators such as soluble ginones during
MEC operation [34], [35]. Galvez et al. [8] reported that S.
Putrefaciens can consume substrates of lactate and pyru-
vate while it can not convert complex organics during the
electricity production in an MFC. Geobacteraceae can
directly transfer electrons to electrodes using electro-
chemically active redox enzymes, such as cytochromes on
their outer membrane [36]. Both young and old landfill
leachate did not detected sulphate reducing microbes, and
therefore, the electrons did not flow to another electron
acceptors, which confirmed with community structure
experimental results both in biofilm anode and reactor
mixture. The strong way of electron flow signed methano-
genesis species considering community structure.

Figure 4C and Figure 4D show the DGGE patterns
of partial 16 sSRNA genes for biofilm anode. We detected
relatively more bands representing different communities
developed in the biofilm anode of MFC fed with old age
leachate. Based on sequencing analysis biofilm samples in

MEC fed with the young leachate, all of the total bacterial
16S rRNA genes belonged to the phylum Proteobacteria, of
which 33% were Gammaproteobacteria, 33% Firmicutes,
27% Deltaproteobacteria and 7% Betaproteobacteria (Table
1 and Figure 4). Figure 4 shows phylogenetic tree for anodic
biofilm in MFCs. The bacterial population in the biofilm
of the old leachate MFC revealed that the almost all of
patterns Proteobacteria phylum was a diversity, being dis-
tributed among Deltaproteobacteria (20% Proteobacteria),
Gammaproteobacteria  (44% of Proteobacteria) and
Firmicutes (31% Proteobacteria). Deltaproteobacteria was
mostly represented by the family of Geobacteraceae repre-
senting Uncultured Geobacter sp. with the different acces-
sion number in

GenBank and band label in DGGE pattern of 2, 7, 9,
12 and II, XI, XVIII (Table 1). The phylum Firmicutes in
MFCs accounted for 33% and 25% of the total bacteria in
biofilm from young and old leachates, respectively (Figure
4). Compared to anode biofilm in young leachate MFC, the
fraction of Geobacter sp., which is a known anode respiring
bacteria, was much higher than in biofilm of old leachate
MEGC; even so this family was among dominant species in
both reactors. This explains the true ecological advantage
for anode respiring bacteria. The Firmicutes 16s rRNA
genes in young leachate MFC were much higher than old
leachate MFC. Ishii et al. [37] reported that the origin of
Firmicutes characterized filamentous biofilm commu-
nity in cellulose fed MFC. We found same culture with
the DGGE pattern numbers of 3, 4, 6, 8 and VIII, X, XIII.
Clostridiales sp. was found in only one band (VI Band)
belong to Acetobacterium species. With DGGE analysis,
Pseudomonas sp. was detected, as well as Geobacter sp. as
a family of Gammaproteobacteria. Only old leachate MFC
contained Shewanella sp. (HM589853) belong to family of
Shewanellaceae and class of Gammaproteobacter with the
band no of III in DGGE pattern (Figure 4). This species
transfers electrons to the electrode surfaces via electron
transferring proteins, our observation with the accession
number of HM589853 in GenBank. The results of com-
munity analysis from various studies show that there is
no single specific microorganism in the bacterial popula-
tions that develop on the anode. Deltaproteobaceria family
group found in young landfill leachate biofilm had more
fraction than old leachate. This group has been identified
as the major bacterial family in acetate enriched MFCs and
believed to be responsible for the direct electron transfer
to electrode [38], which might be the main reason when
considered that young landfill leachate contains more fer-
mentation product like acetate during initial degradation
phase of organic fraction of municipal wastes in landfill. We
mainly detected that anode respiration was a probable role
of predominant bacterial genera in biofilm samples from
two MFC reactors fed with young and old leachate.

Observed kinetics responses of biofilm anode com-
munity gave high current density and low anode potential
losses (n=0.24) with low anode potential (~ -400mV vs
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AgAgCl) in steady-state conditions. Therefore, we should
expect anode respiring bacteria in biofilm anode accord-
ing to these observations. Our anode potential was enough
low to healthy grow anode respiring bacteria, but DGGE
patterns included some Pseudomonas sp. especially in old
landfill leachate, which had more band than young leachate
MEC. This strain may grow at lower anode potential during
start-up period (~ -120 mV vs AgAgCl) or existed in old

il

landfill leachate. Because old or stabilized leachate used
in this study had over ten years old and may contain more
dissolved oxygen because of air diffusion on the surface
of landfill. Although the dominant group of bacteria were
Gammaproteobacteria (~ 35%), but this group contains
mainly members of Pseudomonadeledes. On the other
hand, Pseudomonas sp. was found in DGGE pattern of
both leachates with more band in old leachate, which grows

213" 45 6

'-

HP

Figure 4. DGGE fingerprint of reactor medium under different conditions (A: young leachate, B: old leachate medium)
and anode biofilm (C: young, D: old) see Table 1 for the labeled bands.



86

Clean Energy Technol J,, Vol. 1, No. 1, pp. 78-89, December, 2023

Table 1. Selected band identities and affiliations of the anode biofilms from DGGE conducted with young leachate samples
amplified with the bacterial specific PCR primers

BN! SeqL? %3 Affiliation (ACNY) Class / Family

Young and old leachate MFC medium (Fig 4A and 4B)

1 397 97 Uncultured Geobacter sp. clone (JE817819) Deltaproteobacteria

2 387 99 Uncultured Geobacter sp. clone (JE817819) Deltaproteobacteria

3 365 100 Citrobacter sp. (HQ845373) Gammaproteobacteria

4 395 100 Uncultured Geobacter sp. (JF817819) Deltaproteobacteria

5 387 90 Shewanella sp. (HM589853) Gammaproteobacteria

6 435 100 Arcobacter butzleri (AP012047) Epsilonproteobacteria

7 423 100 Arcobacter butzleri (AP012048) Epsilonproteobacteria

8 471 100 Uncultured bacterium clone (GU992384) Unknown / Unknown

9 357 97 Uncultured Clostridium sp. (AB478910) Firmicutes

10 383 100 Uncultured Clostridium sp. (AB286220) Firmicutes

11 368 100 Clostridium sp. (JN873174) Firmicutes

12 382 97 Uncultured Firmicutes bacterium clone(EU638686) Firmicutes

13 383 100 Uncultured Geobacter sp. (JF817428) Deltaproteobacteria

14 382 99 Uncultured Clostridiales bacterium (FJ393201) Firmicutes

15 395 100 Uncultured Clostridium sp. (AB478911) Firmicutes

16 378 99 Uncultured Clostridium sp. (AB288647) Firmicutes

17 391 100 Uncultured Geobacter sp. (F]393123) Deltaproteobacteria

18 398 100  Pseudomonas anguilliseptica (HM103328) Gammaproteobacteria

19 384 98 Uncultured Clostridium sp. (AB286238) Firmicutes

20 393 100 Uncultured Clostridium sp. (AB478911) Firmicutes

21 415 100 Uncultured beta proteobacterium clone (GU202941) Betaproteobacteria;

22 375 99 Uncultured Geobacter sp. (JF817455) Deltaproteobacteria

23 362 100 Uncultured Clostridium sp. (AB478910) Firmicutes

24 387 100 Uncultured gamma proteobacterium (AB286293) Gammaproteobacteria

25 381 90 Uncultured beta proteobacterium (AB286282) Betaproteobacteria

26 392 100 Uncultured Geobacter sp. (JF818012) Deltaproteobacteria

27 381 99 Microbial fuel cell bacterium (AY483174) Alphaproteobacteria

28 370 100 Uncultured Pseudomonas sp. (JE736640) Gammaproteobacteria

29 361 100 Uncultured Firmicutes bacterium gene (AB478911) Firmicutes

30 366 100 Uncultured Geobacter sp.(JF817997) Deltaproteobacteria;

31 358 100 Uncultured bacterium clone (AY491586) Unknown / Unknown

Young leachate anode biofilm (Fig 4C)

1 388 100 Citrobacter sp. (HQ845373) Gammaproteobacteria/ Enterobacteriaceae
2 301 100 Uncultured Geobacter sp. (JF817819) Deltaproteobacteria/ Geobacteraceae
3 379 98 Uncultured Clostridium sp. (AB286220) Firmicutes/ Clostridiaceae

4 375 98 Uncultured Clostridium sp. (AB286234) Firmicutes/ Clostridiaceae

5 385 97 Uncultured Clostridium sp. (AB478910) Firmicutes/ Clostridiaceae

6 405 98 Uncultured Clostridium sp. (AB286238) Firmicutes/ Clostridiaceae

7 325 90 Uncultured Geobacter sp. (JF817471) Deltaproteobacteria/ Geobacteraceae
8 372 100 Uncultured gamma proteobacterium (AB286293) Gammaproteobacteria/ Unknown

9 349 99 Uncultured Geobacter sp. (JF817455) Deltaproteobacteria/ Geobacteraceae
10 372 98 Uncultured gamma proteobacterium (AB286293) Gammaproteobacteria/ Unknown

11 379 100 Uncultured beta proteobacterium clone (GU202941) Betaproteobacteria/ Unknown

12 372 99 Uncultured Geobacter sp. (JF817455) Deltaproteobacteria/ Geobacteraceae
13 391 100 Uncultured Clostridium sp. (AB478910) Firmicutes/ Clostridiaceae
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Gammaproteobacteria/ Pseudomonadaceae

Gammaproteobacteria/ Pseudomonadaceae

Gammaproteobacteria/ Enterobacteriaceae
Deltaproteobacteria/ Geobacteraceae
Gammaproteobacteria/ Shewanellaceae
Unknown / Unknown
Gammaproteobacteria/ Pseudomonadaceae
Firmicutes/Clostridiacea

Firmicutes/ Clostridiacea

Firmicutes/ Clostridiaceae
Betaproteobacteria/ Unknown
Gammaproteobacteria/ Unknown
Deltaproteobacteria/ Geobacteraceae
Firmicutes/ Clostridiaceae

Firmicutes/ Clostridiaceae

Unknown / Unknown

Gammaproteobacteria/ Pseudomonadaceae

14 381 100 Uncultured Pseudomonas sp. (JF736640)
15 391 96 Pseudomonas sp. (GQ463725)
Old leachate anode biofilm (Fig 4D)
I 388 100 Citrobacter sp. (HQ845373)
II 301 100 Uncultured Geobacter sp. (JF817819)
I 384 90 Shewanella sp. (HM589853)
v 353 98 Uncultured bacterium clone (GU591545
\% 375 90 Pseudomonas sp. (HM103333)
VI 395 99 Uncultured Clostridiales bacterium (F]J393201)
VII 384 100 Uncultured Clostridium sp. (AB478911)
VIII 405 98 Uncultured Clostridium sp. (AB286238)
IX 379 100 Uncultured beta proteobacterium clone (GU202941)
X 349 100 Uncultured gamma proteobacterium (AB286293)
XI 372 99 Uncultured Geobacter sp. (JF817455)
XII 391 100 Uncultured Clostridium sp. (AB478910)
XIII 405 98 Uncultured Clostridium sp. (AB286238)
X1V 369 100 Bacterium enrichment culture clone (F]624397)
XV 381 100 Uncultured Pseudomonas sp. (JF736640)
XVI 391 96 Pseudomonas sp. (GQ463725)
XVII 391 96 Pseudomonas sp. (GQ463725)
XVIII 369 100 Uncultured Geobacter sp. (JF817997)
XIX 362 100 Uncultured bacterium clone (AY491586)
XX 362 100 Uncultured bacterium clone (AY491586)

Gammaproteobacteria/ Pseudomonadaceae
Gammaproteobacteria/ Pseudomonadaceae
Deltaproteobacteria/ Geobacteraceae
Unknown / Unknown

Unknown / Unknown

1:Band numbers in Figure 4, 2:Sequence length, 3:Similarity, 4:Closest species in GenBank database with an accession number

at high anode potential and many of which are known to
respire the anode using electron shuttles and Pseudomonas
species are known to produce redox mediators as pyocyanin
[14], which contribute high current output in our works.

We used Nernst-Monod based model as the baseline to
distinguish intracellular potential losses from anode poten-
tial losses (n). Thus, deviations from the Nernst-Monod
model will help us determine extracellular potential losses
due to interphase electron transfer and extracellular elec-
tron transfer of anode respiring bacteria [30]. Electron
transport a solid conductive matrix can explain with the
high current densities and low potential losses. The 1 value
shows anode potential losses. We observed this parameter
as 0.25V (n=E_ , - E,,) with the high current density out-
put of 11 A/m? without any large any potential loss. Direct
contact of anode respiring bacteria confirmed in our com-
munity structure analysis provided to achieve high current
densities in MFCs.

Microbial composition in MFC system changed relative
to substrate composition and operating conditions. DNA
extraction from the biofilm anode and suspended micro-
bial consortia were independently analyzed from these two
sources from young and old leachate, and population dif-
ferences were observed between the biofilm and suspended
cultures. Interestingly, Deltaproteobacter in biofilm anode
of young landfill leachate was more dominant phylum

than old leachate biofilm anode. Sulphate concentration
in young landfill leachate have higher concentration than
old leachate because of low pH and solubility of sulphate
and other ion. The reason of Deltaproteobacter (Geobacter
sp. and Desulfuromonadales) dominancy is that this
phylum has ability to reduction of sulphate. The delta-
and gamma-proteobacter play an important role during
anodic electron transfer in young leachate MFC; however,
Gammaproteobacter more active culture in biofilm anode
of old leachate MFC not Deltaproteobacter.

CONCLUSION

Based on the current outputs, microbial community and
kinetics performance of microbial fuel cell with Ti-TiO,
electrode, is a promising candidate for electricity genera-
tion, the following conclusions can be drawn:

1) The highest current density is around 11 A/m?* in MFC
fed with young age landfill leachate at the hydraulic
retention time of 0.5 day. Current density is almost 6 A/
m? for old age leachate with the same HRT.

2) Dominated bacterial groups in anode biofilm are
Deltaproteobacteria and Gammaproteobacteria.
Deltaproteobacteria family group found in leachate fed
MEC.
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3) The kinetic parameters for young age leachate are com-
puted as # = 0.25 V, Ks=3.4 g sCOD/L, and Jow =12
A/m? and computed values are # = 0.25 V,, Ks=1.3 g
sCOD/L,and ] 8 A/m’for old leachate substrate.

In conclusion, a high current density output achieved
with MFC fed with landfill leachate with the low anode
potential and potential losses confirming kinetics
parameters.
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