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Abstract

The cathode of microbial fuel cells (MFC) implemashtn constructed wetlands (CW)
is generally set in close contact with water swafao provide a rich oxygen
environment. However, water level variations caubgdplants evapotranspiration in
CWs might decrease MFC performance by limiting @tydransfer to the cathode .
Main objective of this work was to quantify the exft of water level variation on MFC
performance implemented in HSSF CW. For the purpdgskis work two MFCs were
implemented within a HSSF CW pilot plant fed withinpary treated domestic
wastewater. Cell voltage (&) and the relative distance between the cathodetland
water level were recorded for one year. Resultsveldahat kg was greatly influenced
by the relative distance between the cathode aedmiter level, giving an optimal
cathode position of about 1 to 2 cm above wateelleBoth water level variation and
E.oit were daily and seasonal dependent, showing a pnmed day/night variation
during warm periods and showing almost no dailyatemm during cold periods. Energy
production under pronounced daily water level \ama was 40% lower (80156
mWh/nt-day) than under low water level variation (131+8dVh/nf-day). Main

conclusion of the present work is that of the penfance of MFC implemented in
HSSF CW is highly dependent on plants evapotraaspir. Therefore, MFC that are to
be implemented in constructed wetlands shall begded to be able to cope with

pronounced water level variations.

Keywords. microbial fuel cells, constructed wetlands; evamos$piration; cathode

limitation; energy production
1. Introduction

Microbial Fuel Cells (MFCs) are bioelectrochemisgbtems that generate electricity
from organic matter oxidation using bacteria asalgats (Logan, 2008). Electrons
produced during the oxidation are transferred ®dlectrode (anode) from where they
flow through a conductive material and a resistoreduce an electron acceptor at the
cathode (Rabaey and Verstraete, 2005; Logan e2@06). The current generation in
MFCs depends on the redox gradient between theeanad cathode. For MFC to
produce an electric current two areas are requoed,under reduced redox conditions
where organic matter is oxidized and the otherumger higher redox potential where

terminal electron acceptors are reduced. Horizosidbsurface flow constructed
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wetlands (HSSF CWSs) are engineered treatment béiet up with granular media
and planted with macrophytes that are used maiotyttie treatment of domestic
wastewater. In HSSF CWs the presence of both argaatter and naturally generated
redox gradients can be exploited to produce enel@yMFCs (Corbella et al., 2014;
2015). The implementation of MFCs in CWs (and intipalar on HSSF CW) is in its
first stage and current scientific information dabie on the topic is limited. So far,
some studies have been developed in pilot-scaléerags (Doherty et al., 2015;
Villasefior et al., 2013), though most of them wdrased on laboratory-scale
experimental designs (Yadav et al., 2012; Fand.e2@13; Zhao et al., 2013) and used
synthetic wastewater instead of real domestic wadtr. In HSSF CWs, redox
potential decreases with depth generating a véntzhox gradient between the upper
layer, which is in higher redox conditions, and theeper layers where anaerobic
environment predominates (Garcia et al., 2003; $tadleet al., 2013; Dusek et al.,
2008). Main configuration for MFC implementation HESF CWs relies on setting a
cathode at the surface of the system while the enexhains buried in the deeper zone
of the treatment bed. Evapotranspiration causedplaypts induces marked daily
variations on water level within the treatment lbed therefore, has a notable influence
on wetland’s redox conditions (Mann and Wetzel,%%edescoll et al., 2013). Notable
fluctuations of water table caused by plants evapspiration may vary MFC
performance on daily and seasonal terms by chanma@vailability of oxygen at the
cathode. Consistent with this, cathode has beesidered to be one of the major
sources of limitation in CW-MFCs due to the sloweédics of oxygen reduction and the
scarcity of oxygen in CW environment (Doherty et 2015; Corbella et al. 2015).
However, although most of the reported CW-MFCsudel plants in the experimental
designs, none of them consider the effect of evapspiration on cathode performance
(Fang et al., 2013; Villasefior et al. 2013). Updtade daily fluctuations of CW-MFC
performance have been attributed to the photostiotaetivity of plants (Villasefor et
al., 2013; Liu et al. 2014) with no specific memtito water level variation caused by
plants evapotranspiration.Therefore, the purpose¢hisf study was to determine the
influence of water level fluctuations on the penfiance of MFCs implemented in
HSSF CW that, as far as authors know, is curremlgddressed. To this purpose the
relative distance between cathode and water leasl @ontinuously monitored for one

year in two MFCs implemented in HSSF CW pilot pldad with real domestic
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wastewater. Results shown in this study providegulsaformation to optimise the

architecture of microbial fuel cells that are toitmplemented in HSSF CWs.

2. Materialsand methods

Pilot plant description

The pilot plant was located in Barcelona and it seisup in March 2011. It consisted of
one wetland of 0.4 frof surface with a gravel matrix having an initrosity of about
40% and a depth of 35 cm (Figure 1). Water leveid@ the wetland was kept at about
30 cm depth (5 cm below the gravel surface). Théawd was planted with common
reed Phragmites Australis) and was very mature by the time this work wasieadrout
(year 2013). The wetland had a sampling area @n2@iameter located in the centre of
its surface. This area was not filled with gravetlavas used to take samples and to
place the probes and microbial fuel cells.

The wetland was fed with urban wastewater which wamsped directly from the
municipal sewer. Initially wastewater was coarsalyeened and after that it was stored
in a 1.2 ni tank of five hours of hydraulic retention time (FRbefore being conveyed
to the primary treatment. In the tank, wastewates wontinuously stirred to avoid
solids sedimentation. Primary treatment consistéda chydrolytic up-flow sludge
blanket reactor (HUSB reactor) of 115 L of totaluroe that was operated at four hours
of HRT. Secondary treatment consisted of one hota@csub-surface flow constructed
wetland fed under a continuous flow of 0.875 l/aqidn HRT was that of 2.6 days).
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Figure 1. Constructed wetlands pilot plabéft picture: the wetland during summer

2013.Right figure: a scheme of the pilot plant process line.

Wastewater physical and chemical analysis

Water quality parameters ( total and soluble chamaxygen demand (COD) and
ammonia) were measured at the influent, middle pad effluent of the wetland. They
were analysed once every week or two weeks acaptdirstandard Methods (APHA-
AWWA-WEF, 2005). The influent and effluent flow wadaily monitored which
allowed us to calculated evapotranspiration rate$s r@moval efficiencies on a mass
balance basisAir temperature was obtained from a close metegioal station
(Department of Astronomy and Meteorology, Universit Barcelona).

MEC'’s configuration and monitoring

Three MFC were implemented within the HSSF CW pgptant. Two MFC were
operated at closed circuit and one was left at @penit. For the purpose of this work
only the two MFC working under closed circuit wik considered. MFCs implemented
consisted of a plastic mesh of 40 cm length andh%ot diameter filled with 35 cm of
gravel in order to simulate wetlands’ charactasss{iFigure 2). The anode and cathode
were made of twenty cylindrical graphite rods (1 lemgth and 0.6 cm diameter) each,

covered by a mesh of stainless steel (marine ¢8aée) (Figure 2). They were cubic
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shaped with a projected surface of 7.5°@nd 1 cm high. The external circuit was
closed by connecting both electrodes with one eateresistance of 1000 ohms by
means of cooper wires. Epoxy materials were usqudserve metal connections from
wastewater corrosion. MFC were placed in the cepae of the treatment bed which
was empty of gravel (Figure 2).

1000
ohms

ELECTRODE (cathode)

3

CWs’ gravel level 35 cm
CWs’ water level 30 cm

gravel
Plastic mesh
cylinder
Figure 2. MFC experimental set up. On the uppetupec we can see the MFC
implemented within the wetland. On the bottom pietwe can see the schematics of

MFC and the picture of the electrodes implemented.

MFCs were monitored during two consecutive periofdsix months each in which two
different cathode positions were tested. Differeathode positions were applied in
order to get a wider range of the relative distabetveen cathode and water level.
During the first period (from February to July 20tathode was placed 5 cm below the
design water level. During the second study peffodm August 2013 to January
2014), cathode was placed at the same level treadeakign water level. In both cases,
anodes were located 10 cm below cathodes (15 cni@ruin below the design water

level, respectively).

MFCs were connected to a datalogger (Datataker D8ésies 3) which collected a
value of voltage across the external resistanceyeife minutes. Current was calculated
following ohms law and power calculated by meansPef*/R, where P represents

power, V is voltage and R regards the externaktasce. Current and power density
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values were related to the projected anodic arbahmvas considered to be the base of
the electrode (7.5 cfhin order to be able to express energy or powedymtion per
wetland surface.

Statistical analyses

Differences among experimental conditions for ahyhe considered parameters were
determined by carrying out an ANOVA test, T-testsl &Vilcoxon tests depending on
the type of dataset considered. Data normality hoohogeneity of variances were
determined by performing the Kolmogorov-Smirnoffdabevenne tests, respectively.
Differences among experimental conditions were iclemed significant at p values
bellow 0.05. All statistical analyses were perfodsing the software package R 3.0.2.

3. Results and discussion

Plant treatment performance and organic mattetablaifor MFC functioning

Soluble and total COD and ammonia were surveyetheninlet, middle and outlet of
the wetland along both periods. As it can be seérable 1, despite the high variability
of results, the organic matter concentration inittet in terms of both soluble and total
COD, was higher during the first period than durthg second one (p value<0.05).
However, no statistical differences were found leetv removal efficiencies in both
periods. Accordingly, removal efficiencies for to@OD were that of 61+19% and
60+£10% to the first and second period, respectivei®D removal efficiencies were
slightly lower than those found in the literatundhere reported values range from 65 to
80 % (Puigagut et al., 2007). However, it is wadhmention that organic loading in our
pilot plant (ca. 15 g COD. thday') was slightly higher than that generally
recommended for HSSF CW (Kadlec and Wallace, 200093.amount of fuel for MFC
functioning is of capital importance for MFC permaince (Liu et al., 2004). In our
study organic matter in the vicinity of the MFC waksimilar extent in both study
periods (ca. 140+50 mg/L and ca. 9030 mg/L for tb&al and soluble COD,
respectively for the first study period and ca. A7ZWmg/L and ca. 120+30 mg/L for the
total and soluble COD, respectively for the secetudly period). Finally, it is worth
mentioning that the effect that MFC might have &e@ron wastewater treatment
efficiency will not be considered in the presentrkveince MFC active electrodes

represented a very small proportiei®(02%) of the total treatment bed volume.
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Table 1. Total and soluble chemical oxygen dema@D) and ammonia
concentrations at inlet, middle and outlet of thetland during the first and second
period. Note: average values are based on n=1éxperimental period.

FIRST PERIOD SECOND PERIOD

in middle out in middle out

Total mg O,/L | 323+33| 137+53| 12661 | 254194 | 175+70| 99+26
COD

Soluble| mgO,/L | 178+51| 88+29 | 96+43| 132+58122+33| 80+24

Ammonia mgN'fF“' 41+7 ; 10+19| 29+7 - | 24418

In terms of ammonia, again, inlet ammonia concénimawas higher during the first
period than during the second one (p value<0.08)h Beriods were of six months each
and, therefore, the performance of the pilot plaas affected by seasonal variations. It
is reported that nitrogen removal is influencedtéyperature (Vymazal et al., 2007)
leading to larger removal efficiencies achieved vaarm than colder periods. This
behaviour was specially marked during the firstigtperiod. Thus, the average removal
efficiency during all the period was that of 60+4086t the mean value obtained from
February to mid-May was that of 29+24% and from 4iidy to end of July that of
98+2%.

Temperature is described to affect HSSF CW mictobiacesses and its treatment
performance (Garcia et al. 2010). CW-MFCs functiana microbial basis and
therefore, as in conventional MFCs, temperature gy affect their performance
(Jadhav and Ghangrekar, 2009). Accordingly, metegrcal data from both periods
was analysed to ensure they were comparable irstefrtemperature. Results showed
very similar average temperatures at the firsttaedsecond periods (166 and 1716 °C,
respectively) thus being comparable despite thetfet both experimental conditions

were tested during different periods (February-dulgt August-January).

Daily cell voltage pattern

Figure 3a and 3b depict a representative cell geltpattern recorded under intense
evapotranspiration during the first and second ewmntal periods, respectively.

Figure 4 depicts a representative voltage patecorded under low evapotranspiration
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conditions during the second experimental perib. Worth mentioning that during the
first experimental period, where the cathode wdsas& cm below the design water
level, cell voltage was close to zero for the muett of the day during cold periods
(low evapotranspiration conditions due to the absef plants). From Figure 3a and 3b
it is possible to see that cell voltage was depehde the water level variation along
the day. During the first study period (were ca#hadas located 5 cm below water
level) higher MFC performances were generally réedrfrom noon to about 6 pm
(Figure 3a) when cathode was exposed to the atreosplue to a lower water level
caused by evapotranspiration. During the secomraxental period (were cathode
was located at water level) higher MFC performamese recorded during hours were
evapotranspiration was not intense (Figure 3b).ofgiagly, cell voltages remained
high during most part of the night and dropped mydaylight when the cathode was
well above the water level and reached a dryintg steat hampered any electrons flow
(short-circuit conditions). Our results on cell tagle pattern are in accordance to that
previously stated in current literature were markiady oscillations of MFC voltage
were recorded (Villaseror et al., 2013). Howevaeilydcell voltage oscillation of MFC
implemented in wetlands has been attributed sddahe photosynthetic activity of
plants (Villasefior et al., 2013; Doherty et al. 13D Our results suggest that, even
though carbon exudates are a good carbon sourcepdarering a MFC (De
Schamphelaire et al., 2008), main factor governirggcell voltage in our system was
the availability of oxygen at the cathode which wakated to water level variation

caused by plants evapotranspiration.
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236 Figure. 3 Representative cell voltage patterns (t@plicates, REP1 and REP2)
237  recorded during high evapotranspiration conditiftimsthe first experimental period (a)



238 and second experimental period (Hpte: negative cell voltage values are the result of

239  small inaccuracies of the measurement equipment.
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242 Figure. 4 Representative cell voltage patterns (t@plicates, REP1 and REP2)

243  recorded under low evapotranspiration conditiomghe second experimental period.

244  Best cathode position to maximise MFC performance

245  Figure 5 depicts the cell voltage recorded aloregydhe-year study period against the
246  relative position between cathode and the watesl I&Results show that both during the
247  first and the second period, only when cathode slightly above water level (position
248 around 1 to 2 cm above water level) cell voltages waaximised. These results
249  suggested that, even though it is reported thaupper water layer of HSSF CWs is
250 under higher redox conditions (Garcia et al., 20@8descoll et al., 2013), the real
251  oxidized layer from which we can benefit by implertieg MFC is of very little extend.
252  Consequently, when cathode was even slightly suipedethere was not enough redox
253 gradient between electrodes (anode-cathode) for Md&(roduce any significant
254  current. Performance of cathodes is therefore,idered for the authors of this work as
255 the main source for MFC performance limitation. @esults are in accordance to that
256  previously reported in conventional MFCs, wherenodes have been described as the

257  main limiting factor of microbial fuel cell perforamce (Anh et al., 2014; Fan et al.,
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2008). Actually, it has been demonstrated that pa@eeeration is dependent on oxygen
availability at the cathode (Oh et al., 2004; Ahlnaé 2014; Ferreira-Aparicio and

Chaparro, 2014, Zhang et al., 2013) and also tinatathodes, compared to agueous
ones, lead to higher cell output not only due ghbr oxygen concentrations but also to
higher mass transfer rates (Fan et al., 2008).hEurtore, in conventional MFCs,

cathodes’ flooding (Ferreira-Aparicio and Chapar2014; Zhang et al., 2013), air

humidity and water pressure (Ahn et al. 2014) hheen described to be factors
affecting oxygen accessibility. For all that, thetheors believe that in order to avoid

cathode limitation in MFC implemented in CW, celclitecture shall address the

possibility to cope with intense water level vaoas. To this regard, authors believe
that a cathode based on a thick layer of graphateed at the upper part of the treatment
bed will allow the CW-MFC to have always an actigathode zone for oxygen

reduction, regardless the water level within thelavel. According to our results, water

level can vary up 10 cm from the design water |€i#dure 3a; Figure 5). Therefore,

the thickness of the graphite layer shall be, atlethat of 10 cm.
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Figure 5. Voltage plotted against the relativeahse between cathode and water table
from both replicates (REP1 and RERf)te’: Negative values of relative distance
between cathode and water level means that thedsik below water levelNote?:
negative cell voltage values are the result of Ematcuracies of the measurement

equipment.

Effect of water level variation on cell voltage asukergy production

Cell voltage and energy production was assessedobyparing MFC performance
under conditions of low water level variation (LWkhd high water level variation
(HWL), regardless the study period considered. Vilatvo point out that, as mentioned
before, cell voltage along the day during cold rheraf the first study period the MFC
was close to zero. Therefore, these data will motdnsidered for the purposes of this
section. Voltage and energy produced under LWS itond was calculated from the
cold months of the second experimental period. Reshowed that maximum cell

voltage values were recorded for MFC working und®YL conditions. Accordingly,
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under very intense evapotranspiration conditionstnod the cell voltages recorded
achieved values higher than 120 mV, while during ENVL these figures were rarely
achieved. However, when daily maximums were stedity compared, no significant

differences could be detected.

Contrary to voltages generated, energy producedHfmivday) was significantly lower
(p<0.05) under HWL conditions when compared to L\ddnditions. More precisely,
energy produced under HWL conditions was, in awersegms, 40% lower (80+56
mWh/nt-day) than that under LWL conditions (131+61 mWhhtay) (Figure 6). This
result was due to the fact that MFC operated uhigrer water level variations resulted
in periods of high cell voltage and periods werdl geltage remained essentially
constant and close to zero. On the contrary, MF€raipd under low water level

variations resulted in a nearly constant cell \gdtaignal along the day.

300
250 -

°
200 T

150 - T
100 - L

50 ~

oY

Daily power production (mWh/mz-day)

HWL LWL

Figure 6. Daily energy production during high wdeael variation conditions (HWL)
and low water level variation conditions (LWL).
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Significance of energy production with MFC in thentext of constructed wetlands

Constructed wetlands (CWs) is a technology thatseores little energy for the
treatment of domestic wastewater (<0.1 KW#/nfKadlec and Wallace, 2009).
However, due to its large surface requirementsuygbarf/PE) CWs implementation is
generally restricted to the sanitation of small hansettlements (<10,000 inhabitants).
In order to not only overcome the large surfaceuiregnents of CWs but also to
increase its treatment efficiency, active aeratias been considered a suitable strategy
(Kadlec and Wallace, 2009; Austin and Nivala, 200Blpwever, CWs aeration
increases the energy devoted to the treatment stewater when compared to passive,
more traditional wetlands configuration. Currergufies of energy consumption for
completely aerated wetlands range from 0.16 to B\M®/m3 (Kadlec and Wallace,
2009; Austin and Nivala, 2009). Under this condlitize can estimate that MFC
implemented in CWSs using the energy productionrégihere reported may cover less
than 1% of the total energy demand (note thatHerestimation we have assumed that
one PE generates about 0.1%day of wastewater and that MFC energy production i
that of 131 mWh/day and that only one third of the wetland is altyusuitable for
energy production via MFC since most of the CObassumed within the first third of
the wetland length). However, recent works carogatlon the optimization of wetlands
aeration have shown that the aeration of a smalhe® area of horizontal sub-surface
flow constructed wetlands (8% of the total areaglthbe enough to increase treatment
efficiency and reduce surface requirements (Lakadllal., 2015). Under this situation
the energy requirements are lower when comparetlultosurface aeration (0.029
kWh/n-year). Therefore, under this lower energy requénes for aeration the energy
provided to the wetlands by means of MFCs woulalbeut the 50% of the total energy
demand (note that for the estimation we have asguh® same conditions that in the

previous calculation).

Influence of oxygen availability on the internasistance: Impedance analysis

As it has been stated before, water level variatidinenced the oxygen availability at
the cathode, what in turn affected cells’ perforo@anin this section this influence is
assessed in terms of MFCs’ overpotentials and ohlméses. To this aim, two
polarization curves were performed during the fpstiod of MFC operation. One of

the polarization curves was performed when cathmmgtion was under sub-optimal



336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

351

352

353

conditions (cathode submerged 2 cm below waten)l€i#gure 6a) whereas the other
polarization curve was performed close to optinmaiditions (cathode was in line with
water level) (Figure 6b). Overpotentials are gelherrent dependent and can occur
both at the anode and the cathode. Logan et al6§2@ivides them into activation
losses, bacterial metabolism losses and mass tdrspconcentration losses. The latter
arise due to insufficient mass transfer of chemsgecies to or from the electrode what
limits the reaction rate (Logan, 2008). Resultsvgtmbin Figure 3 confirm that the lack
of oxygen availability at the cathode when it wadreerged increased concentration
losses to the extent of preventing electrons tw.flaccordingly, Rabaey et al., (2008)
reports that oxygen reduction at non-catalysed madégecause large overpotentials.
Moreover, open circuit voltage and internal resiseaare also a manner to analyse
MFCs’ performance. The internal resistance, whichlso current dependent, is defined
as the sum of all internal losses (Logan et aD62@nd it is reported that cathode is one
of the main factors contributing to it (Fan et 2008). In fact, the cathode as the power
limitation has also been reported in a plant-MF@ikSt al., 2008).
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355 Figure 6. Polarization curves made on the same MHRE same replicate) during
356 normal operation: a) under optimal cathode posifionline with water level) and b)
357 under suboptimal cathode position (2 cm below wiatezl).

358 Polarization curves were made in order to electoutbally characterize MFCs
359  working under two different cathode positions rekato water level. Maximum power
360 and their corresponding current densities regidterere 7.9 mW/rhand 45.5 mA/rh
361 for the case of MFC under suboptimal cathode cardt (that is to say cathode
362 submerged about 2 cm) and 14.5 mW/m2 and 138.8 mfwnthe case of MFC close
363 to optimal conditions (cathode in line with watevél). Accordingly, the internal
364 resistances estimated from the polarization cuwese that of 508Q and 10002,
365 respectively. This result is in accordance to thet fthat the maximum power is
366 achieved when the internal resistance is equahaoekternal (Lefebvre et al., 2011).
367 Internal resistance can be estimated as the sloghe dinear section of the polarization
368 curve (Logan et al., 2006). Results obtained frbis estimations showed that under
369 both conditions internal resistance estimated wake range of external resistances at
370 which maximum power was reached (6€66&nd 1064 for suboptimal and optimal
371  cathode conditions respectively) and therefore dahataximum point B=Ri;. Overall,
372 this analysis based on impedance shows that cafmgigon under optimal conditions
373  reduces the internal resistance of the systemtharkfore, maximises cell performance.
374

375 4. Conclusions
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e Water level variation in constructed wetlands cdusgevapotranspiration has a
great effect of microbial fuel cell performance.

» Cathode shall remain between 1 to 2 cm above viewet in order to optimize
cell performance.

* Microbial fuel cell having a fixed cathode and acgied under high water level
variation produced about 40% less energy (80+56 fnWiday) than that under
low water level variation (13161 mWh#nday). Therefore, cell architecture
shall address the possibility to cope with intengater level variation to
optimise cell performance.

* Water level variation influences cathode perforneabyg increasing the overall

internal resistance of the system.
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