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Abstract

Microbial fuel cells (MFCs) rely on microbial conversion of organic substrates to
electricity. The optimal performance depends on the establishment of a microbial
community rich in electrogenic bacteria. Usually this microbial community is
established from inoculation of the MFC anode chamber with naturally occurring mixed
inocula. In this study, the electrochemical performance of MFCs and microbial
community evolution were evaluated for three inocula including domestic wastewater
(DW), lake sediment (LS) and biogas sludge (BS) with varying substrate loading (Lsub)
and external resistance (Rext) on the MFC. The electrogenic bacterium Geobacter
sulfurreducens was identified in all inocula and its abundance during MFC operation
was positively linked to the MFC performance. The LS inoculated MFCs showed
highest abundance (18 + 1%) of G. sulfurreducens, maximum current density (Imax= 690
+ 30 mA-m) and coulombic efficiency (CE = 29 + 1%) with acetate as the substrate.
Imax and CE increased to 1780 + 30 mA-m™ and 58 + 1%, respectively, after decreasing
the Rext from 1000 Q to 200 Q, which also correlated to a higher abundance of G.
sulfurreducens (21 £ 0.7%) on the MFC anodic biofilm. The data obtained contribute to
understanding the microbial community response to Lsus and Rex: for optimizing

electricity generation in MFCs.

Key words Lake sediment; coulombic efficiency; Denaturing gradient gel

electrophoresis; Geobacter sulfurreducens; anode polarisation resistance.
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1 Introduction

A microbial fuel cell (MFC) encompasses anode and cathode reactions to drive
redox processes that result in production of electricity. The core principles of the
electricity generation are similar to those in chemical fuel cells, but in MFCs, the
reactions rely on bacterial metabolism based on a microbial biofilm on the anode
electrode [1]. Fermentative bacteria are needed to convert complex substrates (e.g.
glucose) into carboxylic acids including acetate, which can then be digested by
electrogenic bacteria [2,3]. Geobacter sulfurreducens, is an electrogenic bacterium
widely found in nature, which means that it can directly transfer electrons to the
electrode [4,5]. The performance of MFCs depends therefore on the type and abundance
of the microbial consortium in the anode chamber and notably in the anode biofilm. The
inoculum source of electrogenic and fermentative bacteria is therefore important in the

establishment of the anodic biofilm.

Inocula sources that have been studied in MFCs include pure bacteria [5], domestic
wastewater (DW) [6-8] and biogas sludge (BS) [9]. Nevin et al. reported that pure
cultures of electrogenic bacteria can produce higher maximum power density (MPD =
1900 mW-m-2) than mixed communities (1600 mW-m2) with acetate as feed [5].
Holmes et al. [10] operated MFCs inoculated with marine sediment, salt-marsh
sediment and freshwater sediment and showed that the power output was linked to
electrogenic bacteria regardless of the salinity. Yates et al. [7] examined the microbial
community in two-chamber H-shape MFCs inoculated with DW (two sources tested)

and lake sediment (LS). They found that the cell voltage reached similar values (470 +
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20 mV) after 20 operational cycles and that the anodic biofilm community were

dominated by Geobacter sp.

Previous studies have shown that external resistance (Rext) and substrate
concentration affect the power generation and microbial community composition [11—
13]. It is known that in a mixed culture, the electrogenic bacteria compete for substrate
with the fermentative non-electrogenic bacteria [13]. From the available literature, it is
clear that a decaying microbiota is required for the MFC to convert organic substrates to
electric current via electrogenic bacteria, but it is unclear whether the frequently tested
DW may be surpassed by denser inocula such as BS and LS. A better understanding of
the evolution of the electrogenic versus the fermentative non-electrogenic bacteria will

aid in improving MFC performance.

The objective of this work is to assess the electrochemical performance, stability
and microbial consortium development using three inocula including DW, BS and LS,
respectively. It was expected that a denser inoculum would allow an increase in power
generation and make the process more robust to substrate changes. Based on the optimal
inocula, the effect on the microbial evolution of a variation of Rext and substrate loading
(Lsub) Was examined to improve MFCs performance. The process analysis was
performed with thorough microbial analysis, and chemical analysis and electrochemical

impedance spectroscopy (EIS).



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

2 Materials and methods
2.1 MFCs configuration

The H-shaped reactors used in this study were constructed by two cylindrical
acrylic glass bottles with a volume of 300 cm? for each of the compartments (220 cm?®
liquid), which were connected with a tube with an inner diameter of 30 mm [6]. A
proton exchange membrane (Nafion™ N117, Dupont Co., USA) with an area of 7.1
cm? was placed between the chambers. The two chambers were tightened with rubber
rings. Both anode and cathode electrode were made of two paralleled carbon paper
sheets (TGPH-020, Fuel Cells Etc, USA) of 3 cm x 8 cm (A = 24 cm?) and a thickness

of 0.35 mm.
2.2 Inoculation and operational conditions

The basic anolyte consisted of M9 medium containing per liter: 6 g NazHPOs, 3 g
KH2PO4, 1 g NaHCOs3, 1 g NH4CI, 0.5 g NaCl, 0.247 g MgS04-7H:0, 0.0147 g CaCl,
and 1 cm? trace element solution [6]. pH could be maintained at 7.0 due to the high
buffer capacity of the M9 medium (64 mmol-dm™ of phosphate buffer + 12 mmol-dm™
of carbonate buffer). The carbon source (sodium acetate or xylose) was added to the
medium. The cathode solution was 100 mmol-dm= of K3sFe(CN)s and 100 mmol-dm3
of phosphate buffer (pH 6.7) and was replaced at the beginning of each cycle. All MFCs

were operated at 30 “C in an incubator with magnetic stirring [6].

Reactors (triplicates) were inoculated with three types of inocula: DW obtained
after the fine separation process (Lyngby Taarbek Community, Denmark); LS collected

from Sorg lake (55°25°21"N, 11°32°23"E); and BS from Hashgj Biogas (Dalmose,
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Denmark). pH, electric conductivity (EC), dry matter (DM) and chemical oxygen
demand (COD) of these inocula are shown in Table 1. The reactors were inoculated in a
1:1 ratio of medium to inocula and fed with sodium acetate (1 g-dm= of COD) using
Rext of 1000 Q. Feeding was done every 5 days (equal to one cycle) with fresh medium
and corresponding substrates. Due to start up time, the first cycle lasted for 7 days. After
2 to 3 batch cycles, stable power generation was obtained in all the reactors. The acetate
substrate was changed to xylose to study the adaptability of the microbial community to
a fermentative substrate still using 1 g-dm of COD content.

Based on the inocula test, four reactors (duplicate) inoculated with an optimal
inoculum (LS) were operated in batch mode testing Rext of 200, 500, 800 and 1000 Q.
Anode solution was replaced every 5 days, which equals to one cycle. From second
cycle, all the reactors were fed with fresh medium and sodium acetate. After 3 batch
cycles, stable power generation was obtained and different Lsu (0.5, 1, 1.5 and 2 g-dm3
of COD) were tested in the MFCs. Operational cycles and corresponding Rex: and Lsub

are outlined in Table 2.
2.3 Microbial community analysis

Biofilm samples from the anode chamber were obtained by cutting 0.5 cm? of the
anode electrode surface at the end of each cycle [6]. Genomic DNA extraction followed
by polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis
(DGGE) were conducted as previously described [6,14]. Similarity between the samples
was analyzed by using BioNumerics software v.7.1 (Applied Maths, Sint-Martens
Latem, Belgium) [6].

A clone library for providing a phylogenetic affiliation of the DGGE bands was

constructed and resulting sequences were submitted to EMBL Nucleotide Sequence
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Database (Accession No. LN650984 — LN651064). Subsequently the unique clones
were amplified by PCR as described above. The PCR products were then run in a

DGGE gel to identify the bands formed by biofilm samples [6].
2.4 Scanning electron microscopy

In order to examine biofilms on the anode surfaces, the anodic electrode (~ 1 cm?)
was removed without touching its surface. Small samples (1 x 1 cm) were fixed in 50
dm?3-m glutaraldehyde + 20 dm3-m paraformaldehyde in 0.1 mol-dm Na-acetate in
deionized water (pH 7.2). After fixation, the samples were dehydrated in aqueous
ethanol using: 20%, 40%, 60%, 80%, 90% and 100% for 20 min in each solution.
Subsequent dehydration was performed in 33%, 66% and 100% acetone in ethanol
before samples were critical point dried using Agar E3000 critical point dryer (Agar
Scientific, Stansted, UK) with liquid CO- as drying agent. Following coating with gold
using an Emitech E5000 sputter coater, samples were observed using a Philips XL30

ESEM scanning electron microscope at 50 to 10000 times of magnification [15].
2.5 Chemical, electrochemical and statistical analysis

The COD concentration and dry matter content were measured similar to Sun et al.
[6]. Concentrations of monomeric sugars and volatile fatty acids (VFA) were measured
by HPLC (High-performance liquid chromatography) [6]. pH and electrical
conductivity were tested by multimeter (Multi 3430, WTW, Germany).

Electric current was recorded every 15 minutes by a data logger (Model 2700,
Keithley Inc.). In polarization tests, Rext was varied between 30 Q and 50 kQ. The
current density (1) and maximum current density (Imax) were calculated by dividing the

current with the electrode surface area (A = 48 cm?) including both sides. EIS was
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carried out with a potentiostat (SP-150, BioLogic, France). The anode polarization
resistance was measured by connecting the MFCs to the potentiostat in the three-
electrode mode within the range from 10 kHz to 0.1 Hz with amplitude of 10 pA. Lower
frequencies were not tested since it can disturb the microbial process due to a long test
period (> 1 h). The anode and cathode were used as working electrode and counter
electrode, respectively. The third lead was attached to a reference electrode (Ag/AgCl;
#MF2079; Bioanalytical Systems Inc.) inserted in the anode chamber. Zview (Scribmer
Associates Inc.) was used for EIS data fitting. Coulombic efficiency (CE) was
calculated as the ratio of accumulative charges produced from the MFCs to the charges
released from substrate degradation. Statistics analysis by ANOVA (one-way; p<0.05)
was done by using Minitab 16 and means were compared using Turkey’s multiple range

procedure. The significant difference between the values was indicated by letters A-D.

3 Results and discussion
3.1 Electricity generation in MFCs using the three inocula

The current density outputs of the DW-, LS- and BS- inoculated MFCs are shown
in Fig. 1. During cycle 1, DW-inoculated MFCs needed shorter lag time (2 days) to
achieve stable current than LS-inoculated MFCs (4 days) and BS-inoculated MFCs (5
days). The short lag time of DW-inoculated MFCs indicated rapid start-up compared
with previous studies of 7 days by Li et al. [16] and 9.5 days by Zhang et al. [8]. After 2
cycles of MFC operation, the average current density (lae=138 + 2 mA-m2) in LS-
inoculated MFCs was slightly higher (2 — 5 %) than in DW- and BS-inoculated MFCs.
When xylose was added to all the MFCs (cycle 3), they took one day to recover to

stable current generation. Adaptation of the MFCs to xylose also resulted in a 20% drop
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in lave. In particular for DW-inoculated MFCs (Fig. 1A), lave Showed earlier drop at the
end of cycles 4 and 5, but after 3 cycles, all MFCs converged to a similar lave (140 + 2
mA-m-2). Thereby DW showed the shortest lag time while LS gave the highest lae.
However, lae was similar with the three inocula after shifting to xylose (cycle 5).

Imax 1S @ key factor demonstrating the capability of power generation that MFCs can
produce (Table 3). Imax in all the MFCs increased from cycles 2 to 6, which can be
explained by the study of Read et al. [3] showing that a stronger biofilm can be formed
when the MFCs run for longer time. With acetate, LS-inoculated MFCs showed the
highest Imax (cycle 3; 690 + 30 mA-m2) compared with DW (440 + 50 mA-m) and BS
(370 + 30 mA-m2). After addition of xylose (cycle 6), LS-inoculated MFCs still
generated higher Imax (1690 + 40 mA-m2), than DW and BS with 1330 + 10 and 930 +
50 mA-m2, respectively. The differentiation in Imax proved that the inocula had a

significant effect on electricity generation and that LS-inoculated MFCs performed best.
3.2 Substrate conversion and efficiency using the three inocula

For the acetate fed MFCs, the utilisation of acetate and current generation are
shown in Fig 2A,B,C (cycle 3). Acetate removal rates in the range of 58 — 61% were
achieved after 5 days of current generation (lave = 131 — 138 mA-m2) with the three
inocula. For the xylose fed MFCs, the utilisation of xylose and formation of acetate and
propionate are shown in Fig 2D,E,F (cycle 5). Xylose was completely degraded with all
the inocula after the first day with accumulation of acetate and propionate as by-
products. The accumulation of acetate (5.2 + 0.2 mmol-dm) in DW-inoculated MFCs
was higher than with LS (4.7 + 0.4 mmol-dm) and with BS (3.7 = 0.2 mmol-dm™). The

high formation of acetate with DW indicates a large abundance of xylose-fermenting



203  bacteria since acetate is produced faster than it is utilized in the electrogenic bacteria
204 [2].

205

206 CE was calculated based on the accumulated charge produced from the MFCs

207  divided by the charge released from substrate degradation as shown in Table 3. LS

208  showed the highest CE of 29 £+ 1% when acetate was used (cycle 3). The higher CE is
209  due to the high current density and low COD removal. After xylose was added to the
210  MFCs (cycle 4), CE dropped dramatically to 14 + 2%, 18 + 1% and 17 = 0.1% for DW,
211 LS and BS, respectively. However, the CE increased to 17 + 3%, 23 £ 1% and 21 £ 1%
212  respectively after 3 cycle of operation (cycle 6). The highest CE (23%) and Imax (1690
213 mA-m) were thereby obtained in the LS-inoculated MFCs.

214
215 3.3 Anode polarization resistance using the three inocula

216 In an MFC, the biofilm, which is attached to the anode, serves as biocatalyst for
217  electricity generation. The metabolism of bacteria in MFCs is one of the limiting factors
218  for power generation which can be represented by the polarisation resistance of the

219  anode. EIS is an efficient non-destructive technique to determine the anode polarisation
220  resistance [17]. Measurements were conducted by connecting the MFC to a potentiostat
221  in three-electrode mode. The impedance of the anode is presented in Fig. 3 and was

222  used to calculate anode polarisation resistance (Rp) by fitting the impedance data to

223 Randles circuit (Fig. 3D). The anode polarisation resistance for DW-, LS- and BS-

224 inoculated MFCs were 94 Q, 119 Q and 87 Q, respectively, before MFCs started work.
225  The differentiation of the resistance at this time is due to the different EC in the inocula

226  (Table 1). Resistance decreased after the MFCs achieved stable current generation to 51
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Q (DW), 30 Q (LS) and 40 Q (BS), respectively. The decrease in resistance indicated
that the biofilm formed on the anode surface activated the electrochemical reaction and
that LS-inoculated MFCs can generate higher Imax than DW and BS. Furthermore, when
the more complicated substrate (xylose) was added to all the MFCs, LS-inoculated
MFCs performed with lower anode resistance (24 Q) than DW (41 Q) and BS (35 Q).
These results are corroborated by Fan et al. [18] that the lower anode resistance with

LS contribute to higher power generation (Table 3).

3.4 Effects of Rextand Lsup 0N electricity generation

Four MFCs (duplicate), with a different Rext (200, 500, 800 and 1000 Q), were
evaluated from cycle 1 to 3 for lave and Imax (Table 4). The reactors with 200 Q needed
1.5 days before notable current generation was obtained, while the reactors at 500 —
1000 Q needed 2.5 days. The MFCs with lower Rex: performed thereby a better start-up
in agreement with a previous study [10]. After stable current was observed, lave ranged
from 145 + 10 mA-m2 (1000 Q) to 555 + 8 mA-m (200 Q). Differences of Imax among
these reactors with different Rext were also noted. The MFCs with 200 Q produced
highest Imax of 1780 + 30 mA-m, while 1000 Q only generated 570 + 0.01 mA-m,
After all MFCs changed to use 200 Q (cycle 4), similar lave (557 = 13 mA-m?) and Imax
(1800 + 20 mA-m2) were generated. At Rex: of 200 Q (cycle 5), the Lsus sShowed no
significant effect on lave and Imax €xcepting the Lsus of 0.5 g COD-dm, which generated
lower lave (419 = 28 mA-m) than the higher Lsus (555 mA-m2). This can be explained
by previous research, which reported that only at low resistances or at near maximum

current the increased Lsub can result in increased electricity generation [10].

11



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

Table 4 also reported COD removal rate (CODy) and CE in the MFCs with
different Rex: and Lsup. The MFCs with lower Rext sShowed both higher CODy (152 £ 1
g-m3.day™?) and higher CE (58 + 1%), which can be attributed to the higher rate of
elecrogenesis resulting in higher current generation. Comparatively, the decreasing Lsun
resulted in lower CODyr (92 + 6 g-m=-day™) and higher CE (61 + 2%). A previous
study, using the same MFC design, also reported that the increasing Lsu, from 0.25 to 2
g-dm™ of COD resulted in a decrease of CE from 37% to 16% [19]. High lave and high
CE were thereby obtained at low Rext (200 2) and a relatively low Ly of 1 g-dm™ of

COD.

3.5 Microbial community: effect of inocula

3.5.1 Biofilm microstructure

SEM analysis of the micro- and ultrastructure of anode electrode biofilms after the
6 cycles of MFC operation showed considerable differences as shown in Fig 4. The
control showed no bacterial colonisation over the surface of the electrodes (Fig. 4a).
The electrode rods had clean, smooth and homogeneous surfaces (Fig. 4a, inset top
right) with even diameter of ca 8 um. BS: Not dense unevenly distributed bacteria and
only low biofilm slime formation was observed (Fig. 4b). Sometimes, rods were
observed with areas of non-colonized clear surfaces (Fig. 4b, inset top right). In
addition, a diverse bacterial community (e.g. long rod types (arrowhead, Fig. 4c) and
oval shaped ones (arrows, Fig. 4c)) was apparent (Fig. 4c).These characteristics agree
the low Imax of 930 mA-m? (Table 3). DW: Electrode rods had unclean surfaces with
often observed inhomogeneous particles (arrows, Fig. 4d). A close-up view showed

condensed colonies of mostly rod shaped bacteria with infrequent presence of slimy

12
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material (inset top right, Fig. 4d and Fig. 4e). Different bacterial morphology was found
(Fig. 4f) and the bacteria were attached to each other (Fig. 4e and 4f). In addition, it was
also infrequently observed nano-threads like structures from bacteria (arrows, Fig. 49)
and all these characteristics of the biofilm should collectively contribute to the 43%

higher Imax (Table 3).

LS: An even higher and thick colonisation of the electrode surfaces were seen (Fig.
h) with more frequent particles of varying sizes densely distributed over electrodes
(arrows, Fig. 4h). The large particles were thick highly concentrated bacterial colonies
(inset top right, Fig. 4h) that are thought to contribute for higher electricity production.
In addition, morphology of the biofilm indicated comparatively less diverse bacterial
communities where long rod-shaped bacteria were more commonly observed (Fig, 4i).
Interestingly, nano threads-like appendages ranging from 70-120 nm in width and
extending tens of micron long were often seen associated with rod-shaped bacteria
(arrowheads, Fig. 4j) presumably representing bacterial nanowires. G. sulfurreducens
are known to produce nanowires that are highly conductive and have potential for long-
range exocellular electron transfer across biofilm via intertwined nanowires [20,21].
These characteristics lead to 82% higher Imax than with BS (Table 3) and presumably
also suggest high abundance and activity of electrogenic Geobacter sp. as evidence
from DGGE analysis (Fig. 5).
3.5.2  Molecular determination of microbial community

In order to provide greater insight into microbial diversity of the biofilm samples,
bacterial gene libraries were examined using full length 16S rRNA (Table 5). The

bacterial species identified included the electrogenic species G. sulfurreducens [5] and

13
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the fermenting species Bacteroides graminisolvens [22], Arcobacter butzleri [23],
Paludibacter propionicigenes [24], Thermanaerovibrio acidaminovorans [25],
Enterobacter cancerogenus [26], Citrobacter braakii [27] and Propionispora hippie
[28].

The anodic biofilms in the three types of inoculated MFCs were sampled at the end
of each batch test (from cycle 2 to 5) as shown in Fig. 1. The microbial community of
the biofilm samples were analysed with 16S rRNA-based DGGE in combination with a
clone library as summarized in Fig. 5A. The band patterns of the biofilm in all the
MFCs became stable after 7 days of enrichment with inocula and acetate (cycle 1 in Fig.
1). The similarities between the lanes comparing cycle 2 and 3 were higher than 88%
for the 3 inocula. However, the band patterns in cycle 2 varied significantly between the
three types of inoculated MFCs with 59% for LS compared to DW (LS_2:DW_2) and
with 33% for LS compared to BS (LS_2:BS_2). The patterns of the bands also changed
after switching substrate from acetate to xylose in all the MFCs, with similarities from
cycle 3 to 4 of 46%, 40% and 4% for LS, DW and BS, respectively. After short
acclimation of the MFCs to xylose, stable band patterns were observed in all the biofilm
samples with similarities above 80% (LS 4, LS 5; DW_4, DW_5; and BS 4, BS 5).
The distinct similarities among the different inocula and substrates demonstrated that
they are key factors affecting anodic microbial community in MFCs.

When acetate was used in MFCs, G. sulfurreducens was predominant with all the
inocula. In addition, T. acidaminovorans was dominant with DW, Shigella flexneri and
Azonexus caeni were dominant with LS and S. flexneri was dominant with BS
(comparing cycle 2 and 3). Among these species, only G. sulfurreducens has the

potential to electricity generation as a metal-reducing bacterium [4,5,29]. The change to

14



323  use xylose resulted also in a more diverse microbial community. LS-inoculated MFCs
324  became dominated by E. cancerogenus, G. sulfurreducens, C. braakii and P. hippie.
325  The presence of a more diverse microbial community after addition of xylose further
326 illustrated why it took a short adaptation time for the MFCs to enrich fermentative

327  bacteria to convert complex substrates (xylose) to non-fermentable substrates (e.g.

328  acetate and propionate) [8].

329 3.5.3 Quantification of G. sulfurreducens

330 Composite analysis of the DGGE bands showed the different proportions of G.
331  sulfurreducens in the biofilm community (Fig. 5B). When acetate was added to MFCs
332  (cycle 2), LS-inoculated MFCs had the highest percentage of G. sulfurreducens (18 =
333  1%) compared to DW and BS with 12 + 0.4% and 11 * 3%, respectively. The high

334  proportion of G. sulfurreducens in LS-inoculated MFCs may further explain the higher
335  Imax generation (Table 3). These results are also corroborated by Li et al. showing that
336  DWe-inoculated MFCs produced much higher MPD (33 mW-m) than activated sludge
337 inoculated MFCs (23 mW-m) with the predominance of Geobacter pickeringii and
338  Magnetospirillum sp. in the wastewater inoculated MFCs [16]. However, the abundance
339  of these species was not quantified.

340 After xylose was added to the MFCs (cycle 4), the proportion of G. sulfurreducens
341  decreased to 6 — 11%. This may be due to that xylose boosts the growth of fermentative
342  bacteria, which also resulted in a significant drop in CE (Table 3). However, the

343  concentration of G. sulfurreducens increased after two cycles of MFC operation to 13 +
344 0.3% in LS-inoculated MFCs, which was higher than DW (11 £0.2%) and BS (10 £
345  0.3%). These results show that Imax increased versus the abundance of electrogenic

346  bacteria (most G. sulfurreducens with the LS inoculum).
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3.6  Effects of Rextand Lsus 0N microbial community and current generation

Based on DGGE band intensities in Fig 6A, the abundance of G. sulfurreducens in
the biofilm communities was estimated (Fig. 6B). After 3 batches, the MFCs with Rext
of 200-Q showed highest proportion of G. sulfurreducens (21 £ 0.7%), followed by 18
+0.4%, 16 + 0.4% and 16 £ 0.4% for 500-, 800- and 1000 Q, respectively. The higher
abundance of G. sulfurreducens in 200-Q MFCs explains why they generated higher
Imax and CE (Table 4). The results also indicated that the lower Rex: assist the enrichment
of G. sulfurreducens, as explained as that lower Rex: results in higher electrode potential
[11], which is favoured by G. sulfurreducens growth. When all MFCs changed to use
Rext 0of 200 Q, no significant difference in the proportion of G. sulfurreducens (22 —

23 %) was observed.

The increase in MFC performance versus the abundance of the G. sulfurreducens is
also reflected by lave in the MFCs with different Lsu, (Table 4). The maximum lave was
557 + 13 mA-m2 at 200 Q, which is almost two times higher than lave (285 + 6 mA-m2)
at 150 Q reported by Jung and Regan [13]. Whereas an increase in the Lsu, from 0.5 to
1.0 g-dm™ of COD had no measureable effect on the abundance of the G.
sulfurreducens. In general, increased Lsus significantly decreased the abundance of G.
sulfurreducens (20% —>12%) (Fig. 6B). The increased Lsun boosted thereby enrichment
of fermenting bacteria, which in turn significantly decreased CE. The increased
abundance of G. sulfurreducens resulted in an increase of CE regardless of the level of
Rext and Lsup, which demonstrated that CE increased versus the abundance of
electrogenic bacteria. The results show that low Rex:and low Lsus increased the

abundance of G. sulfurreducens, which in turn gave higher laye.
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Overall SEM microscopy (Fig. 4) showed dense, less diverse and highly active
bacterial community and DGGE showed high dominance of G. sulfureducens for the LS
inoculum (Fig. 5). Both of these results confirm the hypothesis that high current

generation is linked to high dominance of G. sulfureducens (Table 3).

4  Conclusion

This study showed that the lake sediment inoculated MFCs yielded higher Imax up
to 1690 mA-m2 and CE up to 23 + 1% at Rex: of 1000 Q. A decrease of Rext
significantly increased Imax and CE to 1800 mA-m~2and 59 + 1%, respectively, while an
increase of Lsu, only showed effect on CE with a decrease. On the basis of
electrochemical performance and microbial community analysis, the higher abundance
of G. sulfurreducens resulted in higher MFCs performance with emphasis on current
generation and coulombic efficiency. Elucidating the positive correlation between
microbial community and electrochemical performance will assist in optimization of

MFCs technology for practical application.
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Captions of the Figures

Fig. 1. Current density in MFCs inoculated with DW (A), LS (B) and BS (C)
respectively. ace: acetate; xyl: xylose. The arrows indicate the substrate
replacement. pH was found constant on approx. 7 during the experimental cycles.

Fig. 2. lave and substrate degradation as function of time in MFCs enriched with DW (A,
D), LS (B, E) and BS (C, F) respectively. The substrate used in (A, B, C) and (D, E,
F) are acetate and xylose, respectively. The initial concentration for each substrate
was 1 g-dm™ of COD.

Fig. 3. The impedance of the anode in MFCs inoculated with DW, LS and BS
respectively. (A) Beginning MFC operation; (B) MFCs using acetate as substrate;
(C) MFCs using xylose as substrate. (D) Schematic of Randles equivalent circuit to
model charge transfer: ohmic resistance (Rs), polarisation reisitance (Rp) and
constant phase element (CPE).

Fig. 4. Scanning electron micrographs of the electrode without biofilm (a) and
electrodes in MFCs showing their micro- and ultrastructure of biofilms formed after
inoculated with BS (b, ¢), DW (d-g) and LS (h-j), respectively. Bars: a,b,d,h, 100
pum; ¢, 3 um; e, 10 um; f,g,i,j, 2 pm.

Fig. 5. Bacterial 16S rRNA gene-derived DGGE profiles (A) and relative abundance of
G. sulfurreducens in MFCs inoculated with DW, LS and BS respectively (B). The
numbers (2, 3, 4 and 5) in lanes name (DW_2, DW _3, ...... , BS_4, BS_5) means
the samples were taken at the end of 2", 3™ 4™ and 5" cycle, respectively. The
identified bands (1-11) are presented in table 4. UB indicates bands not identified
by cloning. Letters A—C indicates significant difference at 95% confidence limit.

Fig. 6. Bacterial 16S rRNA gene-derived DGGE profiles (A) and relative abundance of

G. sulfurreducens with different Rex: and Lsub (B). The letter a — d indicating the

23



MFCs started with 200, 500, 800 and 1000 Q respectively. The numbers (3, 4 and
5)in lanesname (a_3,a 4, ...... , €_5, d_5) means the sample were taken at end of
the batch cycle 3, 4 and 5 respectively. The identified bands (1-11) are presented in
Table 4. UB indicates bands not identified by cloning. Letters A-C indicates

significant difference.
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Table 1 Chemical parameters of the inocula including pH, electric conductivity (EC), dry matter

(DM) and chemical oxygen demand (COD).

Inocula pH EC DM COD
[mS-cm™] [mg-g*] [g-dm™]
DW 7.2 2.1 1.2 0.4
LS 7.4 0.9 3.8 2.1

BS 82 370 20.5 16.5
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Table 2 Overview of the operational parameters in 4 MFCs (duplicates) testing Rext and

Lsub.
Batch No. Rext COD conc (Lsub)
[€] [g-dm™]

Cycle 1 200, 500, 800 and 1000 1
Cycle 2 200, 500, 800 and 1000 1
Cycle 3 200, 500, 800 and 1000 1
Cycle 4 200 1
Cycle 5 200 05,1,15and 2
Cycle 6 200 05,1,15and 2
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Table 3 Imax and CE generated in MFCs inoculated with DW, LS and BS respectively. Batch No.

is corresponding to the batch test in Fig. 1. Letters A-D indicates column wise significant difference.

27

| max CE

Batch No. [mA-m] [%]

DW LS BS DW LS BS
Cycle2 390+10 A 410+30 A 390+10” 28+2° 31+4~ 23+27°B
Cycle3 4405078 690+30 A 370+30” 27+1” 29+ 178 24 +1B
Cycle4 580+90B¢ 680+208° 590+70” 14+2% 18+1¢ 17+0.1B
Cycle5 840+20 © 1000+60 © 870+50” 19+ 3B 22 +0.58C 21 + 178
Cycle6 1330+10 P 1690+40 © 930+50" 17 +3B 23+ 1°BC 21 + 178




Table 4 Average current density (lave), COD removal rate (CODyr), coulombic efficiency (CE) and
maximum current density (Imax) in the MFCs using different external resistance (Rext) and substrate

loading (Lsub).

Batch No. Rext Lsub lave Imax CODy CE
[©] [g-dm"] mAm?  [mAm? [gm3day’] [%]
Cycle 3 200 1 555+ 8 1780 +£0.03 152+ 1 58=+1
500 1 272 + 4 990 + 0.01 112+ 2 38*1
800 1 180 £ 2 860+£0.01 110+ 3 26=%1
1000 1 145 + 10 570+ 0.01 92+ 6 25+2
Cycle 4 200 1 557 + 13 1800 + 0.02 150 =10 59+1
200 0.5 419 + 28 1820+0.06 111+ 1 61%2
Cycle 5 200 1 559 + 10 1810+0.05 149+ 2 60z%1
200 1.5 557 =10 1780+0.05 187+ 3 471
200 2 553 £ 12 1780 = 0.04 188+ 6 47+1

Note: all four MFCs in cycle 4 were changed to use same Rext and Lsub With similar performance.
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Table 5 DGGE 16S rRNA gene band identification and characterisation of the species

Band Accession  Gene bank match Identity Ref. Characteristics
no. [%0]

1 LN651010 Bacteroides o1 [22] Strict anaerobe fermenting
graminisolvens xylan /xylose

2 LN651006 Arcobacter butzleri 100 [23] Facultative anaerobe

detected on meet/food

3 LN651030 Paludibacter 84 [24] Strict anaerobg fermenting
propionicigenes sugars to propionate

4 LN651003 Thermanaerovibrio 87 [25] Fermenting anaerobic
acidaminovorans bacterium

5 LN651037  Shigella flexneri 99 Facultative anaerobe

failing to ferment lactose
or decarboxylate lysine

6 LN651061 Uncultured 92
bacterium
7 LN651020 Enterobacter 99 [26] Facultative anaerobes
cancerogenus fermenting glucose
8 LN651027 Geobacter 99 [5] Metal-reducing anaerobe
sulfurreducens oxidizing short-chain fatty
acids, alcohols, and
monoaromatic compounds
with the ability to generate
electricity
9 LN651013 Citrobacter braakii 99 [27] Facultative anaerobe solely
fermenting lactose
10 LN651053 Propionispora 91 [28] Strict anaerobe fermenting
hippei sugars to acetate and
propionate
11 LN651007 Azonexus caeni 100 Nitrogen-fixing bacteria
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