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Abstract

Stack connection (i.e., in series or parallel) aénobial fuel cell (MFC) is an efficient way to bsto
the power output for practical application. Howewere is little information available on short-
term changes in stack connection and its effectthan electricity generation and microbial
community. In this study, a self-stacked submeesimiicrobial fuel cell (SSMFC) powered by
glycerol was tested to elucidate this importantésdn series connection, the maximum voltage
output reached to 1.15 V, while maximum currentsitgnwas 5.73 mA in parallel. In both
connections, the maximum power density increaseth whe initial glycerol concentration.
However, the glycerol degradation was even fastgrarallel connection. When the SSMFC was
shifted from series to parallel connection, thecteareached to a stable power output without any
lag phase. Meanwhile, the anodic microbial comnyrsompositions were nearly stable.
Comparatively, after changing parallel to seriesnaxtion, there was a lag period for the system to
get stable again and the microbial community contipos became greatly different. This study is
the first attempt to elucidate the influence ofrrétterm changes in connection on the performance
of MFC stack, and could provide insight to the piat utilization of MFC.

Keywords. Self-stacked submersible microbial fuel cell; cBtaoperation; Glycerol; Series

connection; Parallel connection; Microbial communit
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1. Introduction

Microbial fuel cell (MFC) is a bioelectrochemicagvdce in which the chemical energy stored in
organic matter was converted into electricity wihle help of microorganisms as catalysts (Rabaey
and Verstraete, 2005; Logan and Regan, 2006; L&0&8). MFC has gained increasing attention
due to its unique advantages in wastewater tredtraad energy production such as mild
operational condition, less sludge production aigth lelectric efficiency (Rabaey and Verstraete,
2005; Logan and Regan, 2006; Lovley 2008). In thet decade, great efforts with regard to
architecture, microbiology, materials and applimasi have been made in the field to accelerate the
practical application of the technology (Rabaey ¥erdstraete, 2005; Logan and Regan, 2006).

In practical utilization of MFC as power sourcejsitgenerally required a high voltage or current.
However, the power output from a single MFC willm@&n limited since it cannot exceed a
theoretical open circuit voltage (approx. 1.14 \6xiygen is used as electron acceptor) (Aelterman
et al., 2006). Recently, it has been reported wien MFC units were stacked together, the power
generation of MFC can be greatly boosted and iatlyrdependent on the connection modes (Yazdi
et al., 2015; Ye et al., 2014; An et al., 2014; & Logan, 2007). The stack operations usually
refer to parallel connection and series connectWimen MFC units are stacked in series, an
addictive increase in total voltage is producederghs high current was usually achieved in
parallel connection (Dekker et al., 2009; Winfied al., 2012; leropoulos et al., 2013).
Theoretically, when two MFC units were connectedenies, the total voltage in the circuit would
be equal to the sum of separate voltage generafitwo units, while the total current in parallel
circuit was equal to the sum of electrons flowingwo units. Nevertheless, the actual power output
could be affected by several factors. For instanckage reversal has been always observed both in
series and parallel connection (Oh and Logan, 2@6@&ng and Angelidaki, 2012), which greatly

deteriorate the stack performance. So far, modtwdies focused on the system performance in
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individual stack mode (Yazdi et al., 2015; Kim &t 2013; An et al., 2016; An et al., 2015a, 2015b;
Ledezma et al., 2013; Choi and Ahn, 2013; Zhuan@lgt2012). In field applications (e.g.,
alternately powering multiple devices with variddatric properties), high voltage or current output
might be intermittently required, thus it is ne@gso switch from the series connection to paralle
connection, or vice versa. The change of connectimte could be essentially regarded as
changing external resistance or adding externaagelon a conventional single MFC, though more
complicated interaction may exist. It has been g by several studies that the external
resistance can significantly affect the anodic ob&l communities (Rismani-Yazdi et al. 2011,
Jung and Regan 2011). In addition, it was found tha anodic microbial communities were
changed when reactors were shifted from MFC to obied electrolysis cell (add external voltage)
(Kiely et al. 2011). Thus, the changes in stackneation could affect both the reactor performance
and anodic microbial communities. However, the aft# short-term changes in stack connection
on the power output and microbial communities of@gtack, which is of importance for better
understanding the stack operation and for pracéipplication, has never been explored. In addition
to the connection mode, substrate is also impoftanthe performance of MFC stack in terms of
power generation and microbial community. Most loé investigations in previous MFC stack
studies are based on simple substrate such aseaflatdezma et al., 2013; leropoulos et al., 2008;
Wu et al., 2016). Glycerol, as a major byproducbiafdiesel production (Dounavis et al., 2015),
has been widely used as substrate in various bealbgrocesses such as anaerobic digestion due to
its easily degradable property (Dounavis et all5®20~ountoulakis and Manios, 2009; Siles Lopez
et al., 2009; Zahedi et al., 2016; Zhang et alL320Glycerol has been also utilized as substrate i
bioelectrochemical systems including MFC (Fenglet2011; Sharma et al., 2011; Reiche and
Kirkwood, 2012; Guimaraes and Linares, 2014). Havethe feasibility of glycerol as substrate to

power a MFC stack has never been demonstrated.
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In this study, the electricity generation and mipgab community and their responses to connection
changes (series or parallel) were investigatedgusirself-stacked submersible MFC (SSMFC)
powered by glycerol. The SSMFC has been previogsigonstrated by our group as an innovative
MFC stack for harvesting energy from sediment witldluced construction costs (Zhang and
Angelidaki 2012). However, the application of SSMfeC wastewater treatment and its response to
the connection change have never been exploredd@gr@adation of glycerol in SSMFC stack was
also analyzed to get a better understanding of sthtestrate utilization. The effect of initial
concentration of glycerol on system performance imasstigated as well. This study may offer
instructive information for the practical appliaatiof MFC stacks in the future.

2. Material and methods

2.1. SSMFC construction and operation

SSMFC reactors were developed as previously destiibhang and Angelidaki, 2012). As shown
in Fig.1, the SSMFC consisted of one rectangulamdser (3 cm x 3 cm x 1 cm, 9 &hmade of
nonconductive polycarbonate plates. The sandwitittsired membrane electrode assembly (MEA)
was placed on each side. The cathode was a 5% prat&r carbon paper with one side covered of
Pt catalysts (3 cm x 3 cm, 0.5mg/cm2 with 20% PTHK division, USA). The membrane used as
separator was a proton exchange membrane (NafiopdiiPont Co., USA). The anode was made
of a non-wet-proofed plain carbon paper (3 cm xn3 Toray carbon paper, E-TEK division, USA).
The anode electrode, cathode electrode, and PEM karpressed together as an MEA (Min and
Logan, 2004). In SSMFC, there was only one cathatdamber including two cell units. A plastic
tube was connected to the cathode chamber fori@@ajpen to the air). Electrical connections and
electrode pretreatment were done as previouslyn@had Angelidaki, 2012).

Figurelishere
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The SSMFC was submersed into an anaerobic reagtokifig volume 500 ml, total volume of
1000 ml). For inoculation step, 500 ml of wastewateended with 1000 mg/L glycerol was fed
into the anaerobic reactor to enrich the anodicreviganism. After two weeks, the anaerobic
reactor was refilled with 50 mM phosphorus buffeluion (PBS) containing1000 mg/L glycerol to
ensure adequate organic matter supply and provédbidesbuffering capacity. The cathode chamber
was open to the air through the plastic tube. TBMBC was further operated for another two
months to ensure a stable voltage generation befmnénuing the test. In order to investigate
glycerol degradation in SSMFC, PBS with glycerod@@ mg/L) was introduced into anaerobic
reactor. The solution in the anaerobic reactor igfiled when the voltage was lower than 10 mV.
To compare effects of different connection modesvbole system performance, the SSMFC was
changed from series connection to parallel conaegcivhile the other SSMFC was changed from
parallel to series connection. To investigate tifeuénce of different substrate concentration under
different connection, the initial glycerol concaiton varied from 100 mg/L to 2000 mg/L. All
experiments were conducted in duplicate at roonp&ature (21t 3°C).

2.2. Analysisand calculations

Volatile fatty acids (VFAs) were measured by gasontatography (Agilent 6890). Glycerol was
determined by a HPLC equipped with ultraviolet (Uaf)d refractive index detectors (Agilent
Technologies, Science Park Scion DTU, Horsholm, rimt). A Vertisep® OA 8 pm column
(7.80 x 300 mm) was used for the analysisS®L solution (4 mM) flowed through the column at a
rate of 0.5 mL/min at 45 °C. The wave length in d&tector was set at 210 nm.

The voltage (V) across an external resistor (&l tinless otherwise stated) was measured every 30
min using a digital multimeter (Model 2700, Keithlénstruments, Inc., Cleveland, OH, USA).
Current (I) was calculated according to the Ohrais, lI=V/R, where V is the voltage and R is the

resistance. Power density (P= IV/A) was calculategreviously described, with the power density
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normalized by the projected surface area of andert reference). In a polarization curve test, th
external resistor was varied from 10 to 11,@D@o determine the max power density and internal
resistance of SSMFC.

2.3. Microbial community

To explore the influence of different stack coni@tw on anodic microbial communities, the
biofilm attached on anode was sampled at the eneaoh batch as indicated in section 3.5 by
scraping the electrode surface with a sterilizeadpsd. For each biofilm sample, only a small area
of the thick biofilm (less than 10% area in totalas scraped from 10 different parts on the
electrode, in order to make the sample represgatatid without disturbing the system. Total DNA
extraction, PCR-DGGE and 16 S rRNA analysis weneedas previously described (Zhang et al.,
2011a).

3. Resultsand discussion

3.1 Power generation of stack MFC in seriesand parallel connection

Stable power generation of SSMFC was observed afieut three months of enrichment. Fig.2
shows the polarization curves of SSMFC operatedifferent connection mode. In series SSMFC
connection, the open circuit voltage (OCV) of 1M%vas observed, which was much higher than
that (0.71 V) in parallel SSMFC mode. This demaatstl the additive voltage output when the
SSMFC was connected in series, which was in a goyéement with the results previously
described (An et al., 2014; Winfield et al., 20K2n et al., 2013; Sun et al., 2009; Wang and Han,
2009). The observed OCV of 1.15 V in series corete@SMFC fed with glycerol is a slightly
higher than the OCV (1.12 V) of same reactor fethvacetate (Zhang and Angelidaki, 2012),
which indicated that glycerol was easily degradaseimple substrate such as acetate in SSMFC
stack. It was also noticed that at lower curremiezahe voltage in series connection decreased

quickly, which could be caused by the activatiorerpotential (Zhang and Angelidaki, 2012).
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Moreover, it was also noted that the higher maxinoument (5.73 mA) was as expected to appear
in parallel connection compared to the current &2mA in series connection. The maximum
power density of series connection (488 mW/mvas slightly higher than that of parallel
connection (450 mW/f). However, the maximum power density in serieskstaas observed at
2.20 mA (0.40 V), while it was observed at a reklty higher current of 2.99 mA (0.27 V). In a
previous study (Aelterman et al., 2006), the OC\s W& 6 V (series) and 0.67 V (parallel) when six
MFCs were connected in parallel and series respdgtiThe OCV achieved in this study was
comparable to that obtained in their work consitgthat only two cell units were connected here.
The maximum power density was much higher than abaerved in their research, in which the
maximum power densities were 308 m\¥/series) and 263 mW/nfparallel). Furthermore, based
on the polarization curve, internal resistance 8MEC was 29&2 (series) and 130 (parallel),
respectively. The lower internal resistance in fparaould be due to the increased surface area for
electron flow (Yazdi et al., 2015).

Figure2ishere
The results indicated that parallel connection 8M&C can lead to high current while series
connection can boost the voltage output. Ye e{28l14) also observed the similar trend in their
MFC stack consisted of four cell units. Winfield ijMfeld et al., 2012) has mentioned that shunt
losses, which took place via fluidic or electricahnections in the series, most likely resultethen
superiority of current in parallel over that iniser Besides, according to Aelterman et al. (2006),
the microbial community decreased in diversity dgrstack operation in series. Since the microbial
community determined the organic degradation, ule¢danfluence the electricity generation and
electron flow in the circuit. Thus, the differentamobial community may also be a reason for the
different electricity output in series and parallehnections.

Figure3ishere



189 3.2 Effect of seriesand parallel connection on substrate degradation in SSMFC

190 From the beginning, glycerol with the concentratdri000 mg/L was used as the sole substrate. In
191 order to get a better understanding of substraggadation during the operation, the glycerol
192  concentration and VFA composition in series andalpgr connections were tested along the
193  operation time (Fig.3). As shown in Fig.3, in ssr@nnection, glycerol concentration decreased
194 from 1000 mg/L to 0 mg/L after 48 h operation, whit only took about 24 hours in parallel
195 connection. The faster the degradation of glycdfra, more electrons produced. Compared to the
196  degradation of glycerol in series connection, iswauch faster in parallel connection (approx. 2
197 times higher), which was also in accordance withttlgher current appeared in parallel connection
198  (approx. 2 times higher) (Fig. 2ligher current often indicates production of moectons from

199  oxidation of organic matter. It has been reporteat the higher current densities contributed to a
200 more rapid chemical oxygen demand (COD) removallrC stacks (Winfield et al., 2012). Thus,
201 the parallel connection of the SSMFC acceleratedetlectron flows and in return promoted the
202  substrate degradation, which could explain thetixely higher glycerol degradation. Though only
203  two cell units were utilized, the organic mattemmaral rate observed in this study was comparable
204  or even faster than that of previously reported Mf&tks powered by pure chemicals (e.g., acetate)
205 (An et al., 2016; Wu et al., 2016). The fast glgtategradation could be attribute to the compact
206  configuration of SSMFC which reduced the interredistant. Wu et al. (2016) reported that in
207 parallel connection of three MFCs power by sodiwetate, the COD concentration could sharply
208 decrease from 1200 mg/L to 700 mg/L within 3 holmsa five-MFCs stack reported by Zhuang et
209 al.(2012), the COD concentration in series stack@arallel stack was degraded from 5845 to 1190
210 and 948 mgl/L, resulting in the removal efficiendy78.6% and 83.8%, respectively. The relatively
211 higher COD removal part reason may be that thehbaperation adopted in this study allowed

212 enough time for organic matter to be oxidized bgtéaa. No significant degradation of glycerol
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was observed in the anaerobic reactor without anmidfilm (data was not shown), which excluded
the contribution of suspended biofilm to the sudistrdegradation. In addition, similar or even
smaller ratio between anode surface (or volume BCMand anaerobic reactor has been widely
adopted in previous studies (Zhang and Angelid@Ki52 Heidrich et al. 2014). Thus, the size of
anodic biofilm in this study could be adequate gubstrate degradation. Other operational factors
may also influence the substrate degradation, leitdifferences observed in here were mainly
caused by connection, as all other conditions/facie@re kept at the same level.

Although the glycerol was fully degraded after 4B8ufs in series connection, the further
degradation of intermediates such as acetate amomate still took more time (approx. 121 h).
Comparatively, the utilization of degradation imbediates in parallel connection is more faster (89
h). In MFCs, beside stack connection, the microb@hmunities of the enriched anodic biofilm
could also determine the features of electron temnsf the microbial communities of biofilm
changed, the electrochemical properties such astriel conductivity and redox potential would
also change as well. These parameters would algonrinfluence the substrate degradation. Thus,
in addition to the stack connection, the differemganic degradation rates between series and
parallel connection might also be related to thiedint microbial communities on anode (evidence
shown in section 3.5).

3.3 Effect of glycerol concentration on system performance

In order to investigate how the initial glycerolnoentration affected the maximum power density
in different stack modes, the SSMFC was operategthatxternal resistance that equal to internal
resistance (2962 for series connection and 18Dfor parallel connection). As shown in Fig.4, the
maximum power density in both series connection @aucllel connection notably increased with
the glycerol concentration. For instance, when dglyeerol concentration increased from 100 to

2000 mg/L, the maximum power density increased fdnto 511 mW/r in series, while it

10
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increased from 63 to 473 mW/rin parallel connection. The similar trend was atdiserved in
previous study, in which the maximum power densftgerially stacked MFCs also increased with
the increasing of influent COD (Wu et al., 2016heTresults indicated that substrate availability
was important to the power generation regardleseoivay of stack connection.

Figure4dishere
It was noted that the maximum power density wasdrgn series than that in parallel connection,
which was different from the previous observatidvir(field et al., 2012). In previous study, the
maximum power density increased with the increasihgcetate concentration both in series and
parallel. The different results observed here wasy owing to the different reactor configuration
which would affect the system performance. Due iteerde microbial composition in different
anode biofilms, the open circuit voltage and thernmal resistance may be different among MFCs.
When two cells are connected in parallel, even allswariation between them may result in
adverse interactions (e.g., one cell was dischgrgvhile another was in charging). Thus, the
unsuitable parallel connection may lower the poaatput, which was also observed in previous
studies (Sun et al., 2009). In addition, voltageersal could also happen in parallel operation,
which could also cause lower power density. Thing,dause of relatively lower power density in
parallel mode was likely to be due to a combinatdrseveral reasons such as voltage reversal,
internal resistance and microbial community.
3.4 Effect of short-term changesin stack connection on system performance
In practical applications, higher current is wisthvalden chemical reduction in cathode chamber is
the goal, whereas it is higher voltage when theliegtpn is for power supply. In order to
investigate how the system electricity generati@s affected by the switch of stack mode, one set
of SSMFC was switched from series to parallel catioa, and the other identical set of SSMFC

inversely was changed from parallel to series comme. Every connection mode was operated for
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around 100 h. Fig.5 shows the voltage variatioroscrexternal resistance (10Q) during the
whole operation. Both set of SSMFCs were operategingle cell mode fed with glycerol. It's very
fast to achieve the stable voltage (0.42 V) andntaaied for about 150 hs. Due to the substrate
depletion, the voltage decreased close to 0.01t& 468 h. The voltage was improved in series
connection and parallel connection mode. It wassistent with previous report that the series and
parallel connection of MFCs could increase theag#toutput contrast to the single cell (An et al.,
2014). The voltage in series connection (during twasecutive batches S1 and S2) theoretically
should be double of single cell according to Ohlas. Nevertheless, the real voltage output during
S1 and S2 was 0.60 V, which was a little lower than theoretical value. It could be due to the
overpotential on the electrode (Zhong et al., 2011

Figure5ishere
When SSMFC was changed from series (S2) to paf&®IEl connection, it was very fast to achieve
the stable voltage output. However, when SSMFC eveged from parallel (P2) to series (S1)
connection, there was a lag period (shown in SEigbb). When SSMFC was connected in series
in second batch, the voltage increased immediatety maintained a stable value around 0.60 V.
This could be due to the adaption of anodic miabbommunity to the new connection mode. It
has been reported that the microbial community mitlange due to the high current and possible
voltage reversal during parallel connection (Aeltan et al., 2006). It has also been found that
parallel operation may deteriorate the performasfa@e or more cell units in the circuit due to the
varied open circuit and internal resistant amoreggdéll units in the stack (Sun et al., 2009). Thus,
the anodic biofilm might be negatively affectedthg parallel operation and thus recovery period
was required. Our previous research has also deratet that the internal resistance was the key

factor determining the voltage reversal in stacki¢C systems (Zhang et al., 2011b). In this work,
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when the SSMFC was switched from parallel to seti®s corresponding internal resistance was
changed from 130 to 298, which might cause voltage reversal in batch S1..

Therefore, for the practical application especiallyen the change in stack connection is required,
it should be paid attention to the adaption timenofrobial community when switching from
parallel to series connection.

3.5 Microbial communities

Microbial communities established before and afesitching to new connection mode were
analyzed by PCR-DGGE and 16S rRNA sequencing. Tdfénb on anode were sampled at the end
of each batch and the DGGE profiles were summaiizdedg.6. Based on the migration distance,
intensities and similarities between the laneshenRGGE gel, the banding patterns of biofilm on
the two anodes were same during the single cetiatipa. After stacking two MFC units into series
connection, the patterns of the bands for both esedkere still same but they were greatly different
from that in single cell mode (fromy$. The similarities between lanes 8nd S, I, and $;) were
lower than 50%, and some new bands appearedifargls 3, 6, 7 and 9). It is clear that in the stack
operation, some electrochemically active bacteightrhave been enriched. When changing series
into parallel connection, the banding patternsiofilon remained unchanged, suggesting the stable
microbial community compositions. This could explavhy the electricity production was not
negatively affected after switching series to galalonnection (as shown in Fig.5). Additionaily,

is also noted that in the second batch of parafpelration, the banding patterns of anodic biofilm
(P12 and B,) started to differentiate between anode 1 and er@®drhe intensities of some bands
became stronger (e.g., bands 5 and 11), while dmands became weaker and even disappeared
(e.g., bands 6 and 7).

Figure6ishere
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In Fig.6b, the patterns of bands also changed Igratier changing the MFC single cell into parallel
connection. The similarities between four langsafid R4, I and B;) were lower than 50% and
some new bands appeared (e.g., bands 3, 6, 7 amsdid)esting the dominant species changed
during the shift from single cell to parallel staggeration. With operation time increasing, in the
second batch, the microbial community compositistasted to be different on the anodes of two
cell units. The similarities between bang Bnd B, were lower than 30%, indicating the microbial
communities were affected by the parallel connecti®n anode 2 (band.f, some bands
disappeared (e.g., bands 2, 4, 5, 6, 7, 13 anallfile some new bands appeared (e.g., bands 10, 11
and 12). When it was changed from parallel to semiede, obvious change in the banding patterns
was observed. The similarities between two lings #8d $1) were lower than 15%, suggesting the
influence of microbial communities by parallel ogion still continued even after switching into
series connection. The changes in microbial comtyumere in consistence with the adaptation
time appeared in voltage generation during the fiesch of series connection, as shown in Fig.5b.
However, with series operation continuing, the bagpdatterns between anode 1 and anode 2
tended to be similar. The similarities between tives (S, and B;) were higher than 90%,
suggesting the microorganisms were recovered ise¢hend batch of series operation.
Tablelishere
In order to provide greater insight into the migebkecology and diversity, bacterial 16S rRNA
gene libraries were examined (Table 1). The mi@obommunity in the biofilm of single MFC
unit was dominated byBetaproteobacteria (33.3% of sequenced band#)phaproteobacteria
(33.3%), followed byThermomonas (16.7%) and~lavobacteriia (16.7%). After stacking the units
into series connection (Fig.6a), the microbial camity became more diverse, and the biofilm was
dominated by Betaproteobacteria (28.6%) and Alphaproteobacteria (28.6%), followed by

Deltaproteobacteria (14.3%), Thermomonas (14.3%) andFlavobacteriia (14.3%). Aelterman
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(Aelterman et al. 2006) reported that microbial cmmity became more diverse in the stack
configuration. After switching series to parall@nnection, the diversity of microbial community
didn’'t change significantly, and the biofilm was ndioated by Betaproteobacteria (36.3%),
followed by Alphaproteobacteria (27.3%),Deltaproteobacteria (18.2%), Thermomonas (9.1%) and
Flavobacteriia (9.1%). In the case of switching from single ¢elparallel connection (Fig.6b), the
microbial community changed greatly and the doninapacteria in biofilm was
Alphaproteobacteria (33.3%), followed by Deltaproteobacteria (22.2%), Betaproteobacteria
(22.2%), Thermomonas (11.1%) andFlavobacteriia (11.1%), which actually stayed the 85%
similarities with the microbial population in sesieonnection in Fig.6a. In other words, whether
stacking the MFC units into series or parallel, tfwminant microbial community which might
possess electrochemical activity almost remainedstime composition in both conditions. After
switching the parallel connection to series corinacthe microbial community in the first batch of
series connection showed a great change and tliérbiwas dominated byBetaproteobacteria
(25%), Deltaproteobacteria (25%) andAlphaproteobacteria (25%), followed byThermomonas
(12.5%) andFlavobacteriia (12.5%). However, in the second batch, the miaobommunities
tend to become stable and the biofilm was dominbkteBetaproteobacteria (36.3%), followed by
Alphaproteobacteria (27.3%), Deltaproteobacteria (18.2%), Thermomonas (9.1%) and
Flavobacteriia (9.1%), further indicating the microbial commuesgicould be recovered with longer
running time.

Stack MFCs configuration greatly affected the cosifpan of microbial community. Sequence
related toDeltaproteobacteria was detected after stacking the MFC units. ThecEprecovered
from band 6 and 7 appeared to be phylogeneticalfted (95% and 89% similarity) to the genus
Geobacter. Previous studies have confirmed th@eobacter sulfurreducens and Geobacter

metallireducens had conductive pili which was very helpful to tséer electrons to electrode
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directly (Bond and Lovley, 2003; Richter et al. 080 Gregory et al., 2004; Eaktasang et al., 2016).
The appearance ofGeobacter after stacking MFCs demonstrated the enrichment of
electrochemically active microorganisms. The bandseries connection and parallel connection of
Fig.6a showed almost the same composition, suggette microbial communities remained stable
during this stack switching. Comparatively, in Big. when it was changed from parallel to series
connection, especially in the first batch of sewggration, bands showed a great difference. The
intensities of band 5 and 6 became weaker, suggeSeobacter sulfurreducens became minor
microorganisms during the parallel connection. Asvipusly reported (Sun et al., 2009), the
parallel operation could deteriorate the electragbally active bacteria due to the different voag
output from each cell unit. The sequence of basdd@ved 96% similarity to thacidovorax ebreus
which was isolated from anaerobic iron-oxidizingtesium. It has been confirmed that ferric could
be used as the electron acceptor in MFC anode (Eeal, 2016; Tran et al., 2015; Nguyen et al.,
2015). The gene sequence from band 9 showed 92%ariynto the Rhodopseudomonas sp.
AAP120 which was identified on anodes in MFCs (Sanchemdtla et al., 2014; Park et al., 2014,
Teng et al., 2010). The intensities of band 6 am@&dame weaker in series connection, explaining
the adaptation time appearing in the voltage geioeraafter switching parallel into series
connection as shown in Fig.5b.

3.6 Significance and outlook

Stack operation is an important approach for tlaetpral utilization of the electric energy genedate
by MFC. To the best of our knowledge, this work foe first time demonstrated how the MFC
stack responded to the short-term changes in thek stonnection in the view of system
performance and microbiology. It was proved in gtisdy that the changes in stack connection can
affect the power generation and anodic microbiahmnity, especially when the connection was

changed from parallel to series. The scientificcoates may provide new knowledge in the area of
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microbial electrochemistry, push forward the futtesearch on practical application of MFC stacks,
and assist future development of cost-effective Mft&tks for complex substrate degradation and
production of renewable energy.

Though promising, more efforts should be made leefodustrial application of SSMFC stacks.
First of all, further investigation of the long-teimpact result from connection changes is required
Secondly, pilot or large-scale SSMFC stack sho@diéveloped and tested in order to accelerate
the commercialization of the technology. Thirdligeteffect of connection on the SSMFC stack
should be further tested in different subsurfacarenments such as sediment or groundwater, in
order to broad the application fields. Lastly, atrategy (e.g., better control of the biofilm) tiean
avoid the adverse effect from connection chang&SKFC should be pursued.

4. Conclusions

This study, for the first time, demonstrated how 8SMFC performance fed with glycerol was
affected by the connection changes during stackatipe. The system performance, in terms of
power generation, current, substrate degradatidnnaorobial community, had different response
to the change of connections. Glycerol as substtaggaded much faster in parallel than that in
series connection. It was also found that maximuanvgy density increased with the increasing of
glycerol concentration both in series and paraiinection, whereas the maximum power density
in series was a little higher than that in parati@hnection all the time. During the switching from
one connection mode to the other, the voltage dwpd microbial communities were changed
differently. Adaptation time for microorganisms the case of switching parallel to series
connection was needed. When SSMFC was connecteskries, followed by parallel stack,
microbial communities remained stable. Comparagivehicrobial communities were greatly
affected by the parallel connection when SSMFC w@srated in parallel stack first. Elucidating

the response of system performance to differeckstannection modes will assist in the practical
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application of SSMFC in the future and also giveother new way to get profitable values
(electricity) from glycerol.
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Table 1. DGGE 16S rRNA gene band identifications

Band

Clads

GenBank closest matchldentity

Isolation source

Phylum (Accession no.) (%)°
uncultured Thermophilic
1 Proteobacteria Thermomonas Xanthc_)monadales 94 microbial fuel
bacterium SHBZ679 cell
(EU639124)
Flavobacterium sp.
2 Bacteroidetes’ Flavobacteriia  PAMU-2.98 97 Soils
(AB118230)
. Anaerobic iron-
. Betaproteobacte Acidovorax ebreus e
3 Proteobacteria fia P TPSY (NC011992) 96 OX|d|Z|_ng
bacterium
Alcaligenes sp.
4 Proteobacteria rBigtaproteobacte PAOSE174 97 Activated sludge
(AY994313)
. Betaproteobacte uncultured b_eta
5 Proteobacteria fia proteobacterium; 99 Fresh water
[.34.p. (AY887015)
Geobacter Subsurface
6 Proteobacteria D_eltaproteobact sulfurreducens PCA 96
eria chromosome environments
(NC002939)
Geobacter .
7 Proteobacteria gielgaproteobact metallireducens GS-15 89 ?ggﬁt\llfrlsggiuﬂs
(NC007517)
Devosia sp. LC5 o
8 Proteobacteria eri?aproteobact contig7 98 E:fﬁug:}mg' Cave
(NZ_JNNO01000045)
Rhodopseudomonas sp.
. Alphaproteobact AAP120
9 Proteobacteria eria AAP120_Contigs_108 92 Freshwater lake
(NZ_LJIC01000108)
. Betaproteobacte Curvibacter sp. PAE- : .
10 Proteobacteria fia UM (NZ_KQ483358) 98 River sediment
_ Alphaproteobact Nitratiredu_ctor indicus
11 Proteobacteria eria C115 contig44 98 Deep seawater
(NZ_AMSI01000044)
Sediminibacter sp.
12 Bacteroidetes  Flavobacteriia  Hel | 10 83 Seawater
(NZJHZX01000001)
. Alphaproteobact hizobium sp. ¥S-1r .
13 Proteobacteria eria CONTIG.23 94 Decaying Wood

(NZ_JPYQ01000020)

% The phylotypes were assigned to phyla based omsBibal Database Project Il taxonomy
classifications.
®The values represent the similarities between ssec@ated DGGE band sequence and the closest-
match sequence from GenBank.
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Figure captions

Fig.1 Schematic of the SSMFC.

Fig.2 Polarization curve in parallel (a) and ses&egk (b).

Fig.3 Substrate degradation as function of timgeines (a) and parallel (b) stack.

Fig.4 Maximum power density as a function of ifiggycerol concentration under different stack
modes.

Fig.5 The response of voltage output to short-telnanges in stack connection. S1 and S2: first and
second batch of series connection; P1 and P2afidtsecond batch of parallel connection.

Fig.6 Bacterial community profiles revealed by DGG&) Microbial community at the end of each
batch shown in Fig.5a. (b) Microbial community Aetend of each batch shown in Fig.5b. I
individual unit; S: series stack; P: parallel stagkMFC unit 1; b: MFC unit 2; S1: unit 1 in series
stack in first batch; &: unit 2 in series stack in first batchi;;Sunit 1 in series in second batch:S
unit 2 in series in second batchz:Runit 1 in parallel stack in first batchzPunit 2 in parallel stack
in first batch; B unit 1 in parallel stack in second batchy:Rinit 2 in parallel stack in second

batch.
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Self-stacked submersible microbial fuel cell powered by glycerol.
Electricity production responding to short-term changes in stack connection.
Adaption time needed when switching from parallel to series connection.
Microbial community dependent on the way of changing stack connection.

Microbial community was negatively affected by parallel connection.



