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Abstract

The effect of anodic pH on Microbial fuel cells (MFCs) inoculated with marine consortia was investigated to characterize
the microbial community adaptation to possible pH environmental changes and to define the pH extreme boundaries

beyond which MFCs do not run properly.

Tests were conducted in triplicate using different feeding pH values (pH:.eq) ranging from 3 to 13. The MFCs inoculated
with marine consortia had a strong self-regulation ability and actively counterbalanced small variations in pHseeq

maintaining the pH inside the anodic chamber (pHanode) close to neutrality.

As soon as the pH,no4e deviated from neutrality it affected MFCs’ performances. Alkaline conditions with pH,,.qe Values
between 8 and 10 corresponded to the formation of a denser biofilm together with the best performance in terms of
maximum power density (Pmax). Conversely, when the pH,,.¢ reached values lower than 5.5 or higher than 10, a sharp
drop in MFC performances, as well as a decrease of viable population, were observed. Interestingly, the system was able

to survive these extreme conditions and restart working effectively when neutrality was reset.

The obtained results underline the high adaptability and recovery ability of anodic marine consortia even in extreme
conditions, suggesting the employment of this inoculum for MFC applications as biosensors for on-site seawater

monitoring or as power supply units to be installed in remote area.

Keywords

Marine consortia; Anodic pH; Self-regulating ability; Anodic potential; Biofilm morphology


mailto:valentina.margaria@iit.it
mailto:tonia.tommasi@iit.it

31

32
33

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

62

63

1. Introduction

Microbial fuel cells (MFCs) are bioelectrochemical systems that directly convert the chemical energy stored in organic
compounds into electricity via metabolic processes of microorganisms [1]. MFCs are a versatile emerging technology,
offering a broad range of biotechnological applications [2,3]. The greatest potential of MFCs lies in energy production
from biomass or wastewater as fuel, combining wastewater treatment and energy recovery [4]. Nonetheless, MFCs are
gaining scientific and commercial interest for other types of applications such as bioremediation of contaminated areas
and in-situ power generation for remote areas [5]. Another promising application regards the use of MFCs as sensors for
water quality monitoring: their operational simplicity and potential cost-effectiveness may be the answer to efficient
water sensing devices in developing countries [6,7]. Similarly to other batteries or fuel cells, MFCs are constituted by two
electrodes. Their peculiarity lies in the exoelectrogenic bacteria that reside at the anode (and sometime at the
cathode[8,9]) forming a biofilm able to breakdown the biodegradable organic molecules present in the solution by
performing biochemical oxidation reactions. The microbial biofilm is sensitive and reactive to external conditions, such
as changes in environmental conditions and operation modes, which affect the current and power production of the
devices. Especially for MFCs working on-site, temperature and pH are crucial for the microbial electroactive biofilm
formation and for the charge transfer. Several research groups have investigated the effect of these parameters on MFC
performances [10—13]. In particular, pH of the anodic chamber is one of the important factors that can influence both
the optimal microorganisms growth and the substrate metabolic activity, consequently effecting the electron and proton
generation mechanisms [14,15]. The literature provides different results based on the nature of the biofilm, on the initial
pH during the startup phase as well as on the MFC configuration; among them, majority of the works indicate alkaline
condition as the best one for improving MFC performances. However, many studies analyzed pH variation in batch [16—
18] or fed-batch mode [19] and directly at a fixed pH [10,20], without considering how the biological system adapts to
the slow and continuous variations caused by an unexpected polluted fluid stream that can temporarily modify the
ecological equilibrium present in natural environments, e.g. seawater or river. Moreover, in these studies, the MFCs are
usually stabilized with high concentration of phosphate buffer which represents a significant limitation for on-site
applications [14]. The present paper proposes an analysis of MFC performances under different pH conditions in absence
of phosphate buffer, and the evaluation of the adaptability of anodic marine consortia, in order to better define the pH
variances which can be tolerated during MFC operation. In particular we propose a new experimental approach, firstly
developing and stabilizing the microbial community at neutral pH and then exposing it to a continuous and slow
variation of pH, mimicking the way in which environmental parameters changes can occur in real applications. In the

present work synthetic seawater salt mix was used as sole anodic electrolyte to simulate a real seawater environment

and to create suitable microelements condition for marine microorganisms growth.
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2. Material and Methods

2.1 Anodic inoculum preparation

The inoculum was derived from seawater (Arma di Taggia, Imperia, Italy) and was taken at the interface between water
and atmosphere. The seawater sample was inoculated into the anodic chambers of MFCs after an enrichment
procedure, described in [21], in sterile conditions. Briefly, the fresh seawater sample was enriched in anaerobic flasks in
three consecutive steps of 72 h each, at room temperature (24 + 2 °C) and under gentle orbital shaking (150 rpm). The
sterile medium contained 10 g/L sodium acetate,10 g/L peptone and 3.3 g/L of commercial seawater salt mix (Reef, Kent
Marine Salt mix). During enrichment, the bacterial growth was monitored measuring the optical density at 600 nm
(ODggo) with a LAMBDA 35 UV/Vis Perkin Elmer spectrophotometer in order to identify the optimal growth-phase for the
microbial sub-culture passage. Finally, the bacteria suspension was used as inoculum into the MFCs, with a ratio of

10% v/v of the total anode volume. All reagents were purchased from Sigma-Aldrich unless otherwise specified.

2.2 MFCs design and operation

Experiments were conducted in a two-chamber fuel cell (chamber volume 58 mL). A Cation Exchange Membrane (CEM,
CMI-7000, Membranes International Inc., USA), was used to separate the two chambers. The anode and cathode
electrodes consisted of a carbon felt of 38.5 cm? (Soft felt SIGRATHERM GFAS5,SGL Carbon, Germany). Electrical contacts
to the electrodes were made with graphite rods and an Ag/AgCl Reference Electrode was inserted into anodic
compartment. In the Supporting Information (Sl), a picture of the dual-chamber MFC used (Fig. S1) and a schematic

design and image of the continuous mode MFC set-up (Fig. S2) are shown.

The experimental set-up consisted in 3 groups of MFCs: neutral, acidic and basic. Each group was made of 3 identical
MFCs which were subjected to the same pH.q. The test lasted 62 days and the different phases of the experiment are
schematically shown in Fig. 1 and briefly described here: i) start-up phase (pH 7) to promote biofilm formation; ii) 1*
phase (pH:eq 7, 11, 5) in order to investigate the adaptability of the system to pH variation; iii) Restart period (pHeeq 7) to
reset neutrality; iv) 2 phase (pHeeq 7, 13, 3) to identify the pH thresholds beyond which the system does not run
properly; v) Final phase (pHseeq 7) to understand the ability of the system to recover from an intensive pH stress. After 56
days of operation, two MFCs of each triplicate were sacrificed for DNA extraction and Field Emission Scanning Electron
Microscopy (FESEM) analysis as described in Section 2.3. One MFC for each pH condition continued to run until the end
of the test (day 62).

When operated in continuous mode the MFCs had a hydraulic retention time (HRT) of 5 days (0.5 mL/h). The feeding

solution was pumped using multiple channel syringe pumps (NE1600, New Era Instrument, USA).
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The experimental tests were performed at ambient temperature, from 22 to 26 °C. The organic substrate and the
nitrogen source consisted of 1 g/L per day of sodium acetate and 1.25 g/L per day of peptone, respectively, dissolved
into diluted artificial sea water (3.3 g/L of Kent Marine Salt mix), in the absence of phosphate buffer. The ionic

conductivity was 14.1 mS/cm. A parallel abiotic test was performed under the same conditions and is described in S 3.

The pH modification of feeding solution (pHreq) Was obtained by gradually adding 2N NaOH and 2N HCI for basic and
acidic influents, respectively. The pH value inside the anodic chambers (pH.noqe) Was daily monitored by taking liquid
anodic samples (pH-Meter, BASIC 20%, Crison). The cathode compartment was filled with potassium ferricyanide (6.58
g/L) used as oxidant compound, dissolved into a phosphate buffer solution (8.2 g/L of Na2HPO4and 5.2 g/L of NaH2PQa).
Fresh catholyte was continuously recirculated using a peristaltic pump (Peri-Star Pro 8 channel, USA) at a speed of 40

revolutions per minute (rpm), in order to guarantee a stable cathodic performance.

2.3 Electrochemical and biological characterization

The system was analyzed from the electrochemical and biological point of view. The MFC and anodic potentials were
acquired automatically either in open circuit or under external load (2.7 kQ) conditions using a data acquisition unit
(Agilent, 34972A).

Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) measurements were performed
during each step of pH variation, in order to compare the cell performances at each pH range. All these experiments
were carried out with a multi-channel VSP potentiostat (BioLogic) in a two-electrode set-up configuration: a working
electrode was coupled to the anode and both counter and reference electrode were connected to the cathode.
Polarization curves were obtained by LSV using a scan rate of 1 mV/s. Current and power densities were normalized by
the surface area of the anodic electrode (38.5 cm?). EIS measurements were conducted at cell open circuit voltage
(OcV), with a small AC signal of 10 mV amplitude and 10™" — 10* Hz frequency range. The experimental spectra were

fitted with an equivalent circuit [22] in order to quantitatively evaluate the internal resistances.

Chemical Oxygen Demand (COD) analysis was made by photometric determination (Photometer PF-12 Plus, Macherey-
Nagel GmbH &Co, Germany) of Chromium (lll) concentration after oxidation with potassium dichromate/sulfuric
acid/silver sulfate and using Nanocolor kit (Test 0-28 and Test 0-29, Macherey-Nagel GmbH &Co, Germany). The samples

were prepared according to manufacturer’s instructions.

Plate count tests were conducted to identify variances in population growth after pH variations. Samples derived from
different MFCs were diluted in sterile water to a final dilution of 10®. 100 pL of the diluted samples were plated in
triplicate on microbiological medium (Tryptone 5 g/L; Yeast extract 2.5 g/L; Glucose 1 g/L; Bacteriological agar 12g/L

dissolved in synthetic sea water) and cultivated in aerobic conditions for 48 h at 30 °C.
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Real time quantitative Polymerase Chain Reaction (rt-qPCR) analysis were performed on samples of both planktonic
liguid phase and anode biofilm for the following genera of microorganisms: Total Bacteria, Total Sulfate Reducing

Bacteria (SRB) and Total Sulfate Oxidazing Bacteria (SOB), Clostridium, Geobacter, Shewanella and Methanogens.

Genomic DNA extraction was performed with a commercial kit (UltraClean® Microbial DNA Isolation Kit, MO-BIO
Laboratories Inc., Carlsbad, CA) according to manufacturer’s instructions. Before DNA extraction, biofilm samples were
subject to a pre-treatment: 1.25 g of wet anode electrode was washed twice with 4 mL of 0.9% NaCl. Supernatants were
centrifuged for 20 min at 10,000 rpm. Pellets were re-suspended in 0.9% of NaCl solution. Rt-gPCR was performed using
Opticon Monitor 3 Software and the rt-gPCR Chromo4 thermal-cycler (Bio-Rad, Hercules, CA). Gene targets, primers,

reagents and thermal protocol for bacteria and methanogens were previously described in [22,23].

FESEM (ZEISS Merlin) analyses were performed in order to characterize the biofilm attachment to the anodic electrode.
Prior to FESEM measurements, anode samples were fixed in 2% glutaraldehyde solution for 1 h, followed by ethanol
dehydration series (i.e., 30%, 50%, 70%, 80%, 90%, 100% EtOH, 15 min for each treatment, and then left in 100% EtOH
overnight). The samples were dried with hexamethyldisilazane (HDMS) with serial incremental solutions (20 min in
solution 1 part HMDS, 2 parts 100% Ethanol followed by 20 min in solution 2 parts HMDS, 1 part 100% Ethanol and
finally 90 min in solution 100% HMDS) and left few hours under chemical hood to let HDMS evaporate. The resultant
specimens were coated with platinum using a sputter coater (Q150TES from Quorum technology sputtering system)
operating at 50 mA for 38 s at room temperature and with a base pressure of about 8 x 10 mbar. The samples were

observed with FESEM at 5 kV.
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3. Results and Discussion

3.1 Variation of pH inside the anodic chamber

In order to evaluate the microbial community adaptability to pH variances and to characterize the overall MFCs
response, the devices were initially stabilized in neutral condition and consequently subjected to a continuous and slow

variation of pH to mimic on-site application (Fig. 1).

Start-up 15t phase Restart 2" phase Final phase
Batch mode  Continuous mode Continuous mode Continuous mode Continuous mode
pH 7 pH 7, 11,5 pH 7 pH 7, 13,3 pH 7
day 0 —day 9 day 10 — day 27 day 28 — day 37 day 38 —day 51 day 52 — day 62

>

Fig. 1: Overview of the experimental phases.
i) Start-up phase: the 9 identical MFCs were kept in batch mode to promote initial biofilm formation;

ii) 1* phase: MFCs were fed with influent at pHseeq Of 7, 11 and 5 (3 MFCs for each influent) in order to investigate the
adaptability of the system to pH variation;

iii) Restart: all the MFCs were subjected to the same influent at pH¢..q Of 7 to reset neutrality;
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iv) 2" phase: MFCs were fed with influent at pHreeq Of 7, 13 and 3 (3 MFCs for each influent) with the aim to identify the
pH thresholds beyond which the system does not run properly;

v) Final phase: all the MFCs were subjected to the same influent at pHyeeq Of 7 to understand the ability of the system to
recover from an intensive pH stress.

In 1* phase of the test, the system demonstrated a strong self-regulation ability maintaining the pH.noqe Values close to
neutrality. In fact, as shown in Fig. 2, the pH,,.qc Never reached the actual values of the influent (pHs..q Of 5 and 11) even
after a complete replacement of the anolyte. Microorganisms may counteract changes in pH environment conditions
with diverse mechanisms of homeostasis including cytoplasmic buffering, adaptations of membrane structure, active
ions transport, and metabolic consumption of acids and bases [24]. In particular, marine heterotrophic bacteria have
maximum acidic and basic tolerance limits of 6.5 and 9.5, respectively [25], therefore other buffering mechanisms could
occur in the MFCs with a pHs.eq of 5 and 11. For example, functional group of exopolymeric substances (EPS) secreted by
SRB exhibited different buffering capacities by releasing protons when the pH increases, and similarly, binding protons
when the pH decreases [27]. An identical experiment with abiotic MFCs was performed to exclude a buffering effect due

to the synthetic sea water, as shown in the Sl (Fig. S4).

In 2" phase, a drastic modification in pH of the feeding medium was performed (pHieeq Of 7, 13 and 3) in order to
introduce an effective change of the resultant pH in the anodic compartment. Even though the values chosen for the
influent were extreme and poorly representative of naturally occurring circumstances, monitoring of the devices in such
conditions was helpful to understand the system itself and its equilibrium, and to investigate the effect of unpredictable
events such as unexpected pollutant streams. As a result of the alimentation with a pHseq Of 13 and 3, the pHa.noge
reached the values of 12.5 and 4.2, respectively, revealing the inability of the bioelectrochemical system to counteract

pH variation when the influent is characterized by these extreme values (Fig. 2).
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Time (days)

Fig. 2: pHanode Values measured into the anodic compartments. Data from 0-56 days represent the average of three MFCs
subjected to the same pHseq Where the maximum variation observed within a triple for each pH point was 6.9%.

3.2 Effect of pH on MFC performances

MFCs performances were continuously monitored for each phase. As expected, in the first phase there were no
substantial differences between neutral and basic MFCs (pHs..q Of 7 and 11, respectively), since the resultant pH,,c4e Was
almost the same (Fig. 3a). In the case of acid MFCs (pHseq Of 5), a slightly negative effect of the pH on the performances
was induced, demonstrating that even a small deviation from neutrality in the anodic compartment resulted in a
reduction of the OCV (SI, Fig. S3) as well as P...x and short circuit current () compared to neutral MFCs (Fig. 3a). In
Figure 3 only a representative MFC among the triplicate is reported. However, in Sl (Table S1) the average values of P,

and corresponding standard deviations are reported.
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Polarization curves at day 48 representing the cell voltage as a function of the current density. The tables summarize
electrical parameters with respect to pH,n.¢e actual values.

The above reported results were successfully confirmed by the EIS analysis. The impedance spectra of three devices
subjected to different pHs.eq, acquired at day 16, are reported in Fig. 3b. All the cells exhibited similar behavior, with a
shift on the real impedance axis proportional to the series resistance R, (mainly due to the electrolyte and membrane
conductivities), a high frequency small arc proportional to the cathodic resistance R, (accounting for the charge transfer
at the cathodic electrode) and a larger (incomplete) arc proportional to the anodic resistance R,, (including the mass
transfer resistance) [22]. The spectra calculated through the fitting procedure (using the equivalent electrical circuit
defined in the inset) are also reported in Fig. 3b, superimposed to the experimental curves: the obtained electrical
parameters are summarized in the table of the same figure. Concerning the series resistance, it can be observed that
both acidic and basic devices exhibited slightly lower values if compared to the neutral ones, due to the presence of a
larger number of ions which increase the electrolyte conductivity [16]. On the contrary, as expected, similar values were
obtained for the cathodic resistances, since the cathodic compartment is less affected by the pH change of the anodic
influent. The main difference in the electrical parameters lies in the anodic resistances: in agreement with the result of
the polarization curves, the acid-based cells were characterized by a slightly larger resistance value (almost 500 Q) if
compared to the other two devices (in the range 360 — 400 Q), thus implying a reduced power production. This result is
consistent with the study of Behera & Ghangrekar [26], where a higher internal resistance for a device operating at pH 6,

with respect to a device operating at pH 8, was found.

In 2" phase of the experiment, the inability of the system to counteract the pH variations was associated with a sharp
drop in the electrochemical MFC performances, both in basic and acidic MFCs. In particular, the pH,,.¢e Values lower
than 5 and larger than 10, represented the pH thresholds that nullify the self-regulation ability of the microbial
community (Fig. 3c). Extreme values reached in the anodic chamber negatively affected the performances of the devices
mainly because they determined an unsuitable condition for microorganisms survival and growth, as explained in the
next paragraph. Nevertheless, the system was able to survive extreme pH and restarted working normally at neutral
values, hence, showing a temporary and reversible condition which did not completely compromise the activity of the
device.

During the final phase, the pH was reset to neutrality and for basic MFCs it was possible to identify a window of optimal
PHanode cONditions. In fact, in basic MFCs pH,noge diminished from the maximum value of 12.3 down to 7.4, thus inducing a
strong increase in voltage and power production particular when pH,n04e Was in the range between 8 and 10. As shown
in Fig. 4a, the optimal pH,n0qe Of 10 redoubled the maximum power density obtained with the same MFCs when pH,noge
was equal to 7.6. This behavior was in accordance with previous studies [27,28], but it has never been observed using

marine consortia as inoculum. The impedance spectra related to the cells fed with basic pH influent acquired at days 28,

10
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48, and 56, as well as the fitted curves and the relative electrical parameters extracted after the fitting procedure
(performed by using the same equivalent circuit already shown in the inset of Fig. 3b), are reported in Fig. 4b. By looking
at these values, it can be observed a noticeable decrease of the electrolyte resistance while increasing the pH,noge, but
also a reduction of the cathodic resistance, in agreement with the results reported by Liao et al. [28]. However, the
major influence of the pH on the impedance was constituted by the anodic resistances, in fact, as the pH increased from
7.6 to 10, the R,, values decreased. Similar results were obtained by Jadhav and coworkers [10]: they observed a
decrease of the resistance while increasing the pH difference between the anode and the cathode. In the present work
the cathodic pH remained quite constant due to the buffering effect of the catholyte and thus the increase of the pH,node
resulted in a larger pH difference between the anode and the cathode. Moreover, the effect observed on R,, can be
attributed to an improved colonization of the anodic electrode (see the discussion below, Section 3.3), which was able to
produce a larger current (and power), as reported in Fig 4a. By passing over the optimal basic pH range, an increase of
the resistance was observed, likely related to the poorly viable biofilm (with a lower number of total bacteria, as
discussed below), which was responsible for the reduction of the electric production, in agreement with the polarization

curves reported in Fig. 4a.
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Fig. 4: Electrochemical trend of one representative MFC among the three subjected to basic pHr.eq a) Polarization curves
at different time points. b) Impedance spectra acquired at day 28, 48, and 56: the points are experimental data, the
continuous line are fitting curves. The tables summarize the parameters with respect to pH,,.q¢e Values.
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To better characterize the devices performances under load, the individual electrode potentials were also measured. As
shown in Fig. 5, the anodic potentials varied together with pH,n.qe conditions. For pH,,.¢e Values close to neutrality, the
anodic potentials were around -150 mV, while the values were larger (i.e. more positive) for acidic pH,,.¢e cOndition. The
potentials observed are in accordance with Nernst equation which describes a shift equal to +59 mV for each pH unit
moving from neutrality towards acidity [28,29]. Conversely, moving from neutrality towards alkalinity would induce a
potential variation equal to -59 mV. In the present work, increasing the pH,,.q. Until a value equal to 10 determined a
decisive reduction of the potential, reaching values as low as -500 mV. Unexpectedly, for critical basic pH,,.q4. cOnditions
(pH >> 10) the anodic potentials exhibited an increase, which brought it to positive values up to 100 mV when the
pH.node Was equal to 12.3. This peculiar behavior cannot be explained solely with the Nernst equation. In fact, in the pH
window recognized as the optimal one (pH.noge COMprised between 8 and 10), the slope of the potential/pH curve
doubled the predicted one: this result can be ascribed to the additional effect of the marine consortia, able to
significantly increase exocellular electron pathways in these alkaline conditions. For pH,,.¢ higher than 10, the expected
potential reduction was not observed. On the contrary a strong increase was recorded probably due to the negative

effect that such drastic pH can have on microbial metabolic activity and viability.

0.2

0.1
.

-0.2
-0.3 {

0.4 -

Anodic potential (V vs Ag/AgCl)

-0.5 H

-0.6 T T T \ T T T T
4 5 6 7 8 9 10 11 12 13
pH

anode

Fig. 5: Anodic potential variation as a function of pH,node-

To summarize, anodic chamber pH greatly affected the performances of the marine consortia-based MFCs. In particular,
alkalization with an optimal pH,..¢e range between 8 and 10 increased the bioelectrocatalytic current production. On the
other hand, pH,node Values lower than 5 or higher than 10 induced a sharp drop in MFCs performances. These results are

in accordance with previous studies performed on other types of inoculum [19,25-27]. In addition, the present study
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showed that the marine-based MFCs had the interesting ability to survive alkaline extreme pH conditions avoiding

irreversible microbial community degradation.

3.3 Biological characterization

To evaluate the correlation between microbial consortia viability, pH and MFC performances, planktonic samples were
analyzed during all the experiment, to determine the number of Colony Forming Unit (CFU) in agar plates. As
demonstrated by cells count, the different pH,n0q4e had a direct impact on microorganisms growth which corresponded to
MFCs performances. In fact, a very low number of viable colonies were observed both in acidic and critical basic
conditions (PHanode iN the range 10.1-12.5), while the highest number of CFU was obtained from planktonic sample

derived from basic MFCs with optimal pH condition (pHan0qe Of 8-10), as shown in Fig. S5 in the Sl.

The metabolic activity of the marine consortia as a function of the pH,,.qe Was also evaluated by estimating the COD
removal efficiency. With pH,..qe Values close to neutrality (between 7 and 7.9) an average COD (ncop) removal of 55%
was obtained. Lower COD consumption levels were observed for acidic MFCs (35%) and for pH higher than 10 (18%). In
spite of their better electrochemical performances, the basic MFCs with optimal pH,,.¢e condition showed a n¢op equal
to 42% and therefore lower than what observed for neutral MFCs (see Fig. S6 in the SI). As already shown in [17] and
[30], especially while working with mixed population, COD consumption does not always follow the electrochemical
activity. In fact, a higher COD removal can be associated to substrate degradation performed by microorganisms for their

direct growth and sustenance, reducing the release of electrons contributing to current generation.

To better characterize the biofilm, its morphology was explored through FESEM at a single time point (day 56),
corresponding to pH,n0qe Of 7.9, 10 and 5.2. Two out of three MFCs per different pH conditions were analyzed. As shown
in Figs. 6¢c and 6d, the basic MFCs presented a greater diversity in microorganisms morphology compared to neutral
MFCs (Figs. 6a and 6b). Moreover, the microbial community adhering onto the electrode was more densely connected,
probably thanks to the ubiquitous presence of EPS. The secreted matrix, which is well visible especially in Fig. 6d, not
only provides a scaffold for cell-cell interaction, but could also house electroactive components which enable bacteria to

transfer electrons to the anode [31].

On the other hand, as it can be observed in Figs. 6e and 6f, acidic MFCs showed a poorly attached biofilm with a lower
number of total bacteria.
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Fig. 6: FESEM images of MFC marine biofilm adhering onto anodic electrode in three different pH,n.4. cOnditions: neutral
(a,b), basic (c,d) and acidic (e,f).

Previous work suggested that electrochemical interactions between biofilm and anode are enhanced in alkaline
conditions [16]. In present work the densely connected biofilm of the basic MFCs clearly contributed to the higher power
output observed for these devices, as demonstrated by EIS results and also by the anodic potential monitoring over time
(Fig. S3 in the SI). However, there are other elements that could have an additive effect in improving alkaline MFCs

performances [32,33].
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The composition of the marine consortia and its development at different pH was further investigated using rt-qPCR.
Both planktonic samples and electrodic materials (derived from 2 cells out of 3 at day 56) were subjected to DNA
extraction and then investigated for the presence of SRB and SOB, Clostridium, Geobacter, Shewanella and
Methanogens. In particular, these bacteria were chosen as markers of the phyla Proteobacteria and Firmicutes [34-36].
To analyze the microbial community and, in particular, the population dynamics, the initial inoculum was utilized as the
control [22]. The characterization performed using rt-qPCR identified the 49.3% of the total components, underlying the
high variability and diversity of the microbial marine community. With respect to the total bacteria, SRB and SOB were
the most abundant (48.8%) while Shewanella and Clostridium were present in small percentages (0.55% and 0.0001%,
respectively). In the present study Methanogens as well as Geobacter quantification by rt-gPCR resulted under the
resolution limit (< 250 gene copies/mL) both for inoculum and samples at day 56. The limited presence of bacteria
belonging to the Proteobacteria phylum (Geobacter and Shewanella) can explain the general low performances of the
presented devices independently from the pH variance. The comparison between the different MFCs at day 56 revealed
substantial variation in acid MFCs compared to neutral and basic ones. In particular, acid MFCs presented a lower

number of total bacteria and specifically a diminished number of SRB, SOB and Shewanella.

Neutral and basic MFCs had a very similar composition and the main difference was the higher number of total bacteria
in the biofilm derived from basic MFCs, which is in agreement with what observed through FESEM analysis. These results
suggested that the analyzed genera are not sufficient to describe the complexity of the microbial activity inside the
devices and probably other aerobic genera, not usually presents in MFCs, can directly or indirectly affect the

bioelectrochemical behavior in these marine consortia-based MFCs.

4. Conclusion

The aim of the current study was to investigate the response of marine consortia-based MFC at different pH determining
the pH extreme boundaries for irreversible biologic degradation, and characterizing the devices adaptation to pH
changes.

The results revealed that pH became a disturbing operating parameter only when pHs..q reaches extreme values. In fact,
pHseeq Of 5 and 11 did not significantly modify MFCs performances, as demonstrated in the first part of the experiment.
Influents with critical pH values (i.e. pHseq Of 3 and 13) were used to effectively change the pH inside the anodic
chamber and to analyze the corresponding variation of MFCs performances. The optimal conditions for MFCs operations
in terms of current and power production corresponded to a pH.noge in the range between 8 and 10. On the contrary,
acidic conditions, as well as alkaline ones with a pH,..4e higher than 10, induced a sharp drop in the electrochemical
performances. Interestingly, the data highlighted that the critical pH reached inside the anodic chamber (namely, highest
12.5 and lowest 4.2 pH,..q¢ Vvalues) did not irreversibly compromise the devices. In fact, the microbial community was
able to survive these unfavorable conditions and to re-develop an active biofilm when the pH,,.qe moved towards

neutrality. The analysis of the different types of characterization performed with respect to pH variations suggested that
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the densely connected biofilm observed in the basic MFCs with optimal pH...¢e range was a key player for the higher
power output.

The possibility to work in a wide pH range, together with the ability to survive extreme pHs without any external
maintenance, such as the introduction of new inoculum, suggest the applicability of these type of devices as bio-

detectors for remote area sensing.
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542  feeding; on the right side peristaltic pump for catholyte recirculation. (Figure S2 was rearranged from [22]).
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Fig. S3: Voltage monitoring over time. Data represent the average of three MFCs subjected to the same pHeq . One
point per day (at the same hour) was considered and the maximum variation observed within a triple for each voltage
point was 16.2%. The peak at higher voltages corresponds to OCV conditions, during the start-up phase and before the
polarization analysis.
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Abiotic test

During the first phase, a parallel abiotic test was performed under the same pH conditions to evaluate and rule out
feasible synthetic sea water buffering effect. In detail, six abiotic MFCs were employed for this experiment. Three of
them were fed with anolyte medium described in material and method, and were denoted as SM+. Three of the six
MFCs were instead exposed to the same medium composition without the Salt Mix solution (SM-).

As shown in Fig. S4, significant anodic pH variations were observed in the abiotic anode chamber, in spite of no total
replacement of anolyte solution. After few hours (17 h) of continuous feeding with pH¢.eq of 5 and pHseeq Of 11, PHanoge
reached values of about 5.8 and 9.2, respectively both in presence and absence of artificial sea water. These data
demonstrated that almost near neutral pH values measured in the biotic test were directly determined by the self-
regulation ability of marine microorganisms.

11
10
9 _ m Acid SM+
% Acid SM-
:g_t 8  m Neutral SM+
7 - Neutral SM-
M Basic SM+
6 - Basic SM-
5 ]
0 17 19 21 23
Time (h)

Fig. S4: Monitoring of pHanege Variations as a function of time in abiotic MFCs, in presence (SM+) or absence of (SM-) of
Salt Mix solution.
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Table S1: Average and standard deviation values of pH,,.4e and P. Obtained during polarization analysis.

Colony Forming Unit

Figure S5 shows the average number of CFU derived from planktonic samples collected during the different operational
conditions. In particular the neutral MFCs (pH 7/7.9) represent the CFU control number to be compared with the results
obtained from Basic MFCs with optimal pH condition (pH 8/10), Basic MFCs with critical pH condition (pH 10.1/12.5) and
Acid MFCs (pH 6.9/4.2).

350
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Fig. S5: Colony Forming Unit (CFU) on agar plates grown in aerobic conditions. Average of 3 MFCs subjected to the same
preed-
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Chemical Oxygen Demand

Organic matter removal as a function of pH was evaluated by estimating Chemical Oxygen Demand (COD) removal
efficiency. The COD of the solution fed by syringe pump was 11.7 + 0.3 g/L for all the pHseeq. In figure S3 a bar graph with
the different values of COD consumption is reported.
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Fig. S6: COD removal efficiency (%). Average of 3 MFCs subjected to the same pHyeeq.
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* Continuous and slow variation of pH,,.¢e to mimic environmental changes

* Modest pH modifications were actively counteracted by the system self-regulating ability

*  The optimal pH range for marine based MFCs operation was between 8 and 10

* Marine consortia was able to survive after drastic pH modifications
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Reviewers' comments

Reviewer 1

The manuscript entitle of “ Effect of pH variations on anodic marine biofilm in a dual chamber microbial fuel
cell " (Manuscript Number: HE_2016_1187)., by Valentina Margaria et al, depicts the effect of anodic pH on
MFCs inoculated with marine consortia was investigated in order to define the pH extreme boundaries beyond
which MFCs do not run properly, and to characterize the biofilm adaptation to possible pH environmental
changes. Before the manuscript deems acceptable for publication, it needs be revised very well. Some of

specific suggestions are listed below:

1- The authors must be rechecking the English of Accordingly, the manuscript was rechecked by a
the manuscript. It is fairly poor and must me native English speaker
improvement before publication by native
person.
2- The authors must be more highlight in abstract The abstract section was revised
section.
3- What means the final sentences of abstract The final sentence in the abstract section was
section? “ biosensor for on-site seawater reformulated to clarify the meaning.
monitoring or power supply for remote area”
The choice of inoculum taken at the interface
4-  Why the inoculum was taken at the interface between seawater and atmosphere was made in order

between water and atmosphere?

to see how a resident population tolerant to oxigen (all
bacteria, and not specific ones) can electrochemically
behave inside an MFC. In particular, we are involved in
projects where MFCs power either electronics or
sensors integrated into autonomous underwater vehicle
that can operate at the sea surface as well as at
different depth. For this reason, it was interesting to
investigate the behavior of the selected inoculum into
the MFCs. Moreover, this was not the first time that we
used an inoculum sampled in the same way: in Tommasi
et al, 2016 the presence and the enrichment of
electrogenic microorganisms, such as Shewanella and
Geobacter, was demonstrated.

Tommasi T. Sacco A., Armato C., Hidalgo D., Millone L,
Sanginario A., Tresso E., Schiliro T., Pirri C.F., Dynamical analysis of




microbial fuel cells based on planar and 3D packed Anodes, Chemical
Engineering Journal (2016) 288: 38—49.

5- The authors used mixed culture in their study.
Why they selected sterile conditions?

The tests were carried out under sterile condition to
avoid cross-contamination from different environmental
samples used in our laboratory. Moreover, operating in
this sterile condition, let us to attribute electrochemical
performances to the starting mixed culture.

6- The authors talked about bacterial growth in
material and method section but they did not
present or talk about it in their manuscript at
all.

As described in section 2.1, we estimated bacterial
growth measuring the Optical Density at 600 nm
(ODggo) during the inoculum enrichment steps. OD¢go
was determined to identify the optimal growth-phase
for the microbial sub-culture passage. No measures
were performed on samples taken from working MFCs.
We improved the description in section 2.1 to avoid any
confusion.

7- What was the HRT for cathode chamber for
ferricyanide.

We chose a catholyte recirculating system using a
peristaltic pump to ensure a stable cathodic
performance. The catholyte was placed in a 500 ml glass
bottle as reservoir and recirculated through the
cathodic chamber at a speed of 40 rpm. This
operational mode included the replacement of the
recirculating catholyte solution every 72 h.

8- From the figure 3 b, it can be understand the
pH 5 has in contrary with data provide inset.

As it is reported in the figure here below, the
resistance values are strictly related to the slope of the
Nyquist arcs, in the sense that an arc whose initial slope
is steeper (green curve in the figure below) will lead to
a resistance which would be lower with respect to an
arc with lower steepness (orange curve), no matter of
the -Z” values at a certain frequency (in Fig. 3b the last
points of all the three curves were acquired at 100
mHz), which is instead related to the capacitance
behavior. For this reason, being the pH5 curve
characterized by lower steepness with respect to the
other two curves shown in Fig. 3b in the manuscript, its
resistance should be larger, and this is in accordance




with the values obtained by the fitting procedure, as
reported in the table (Inset in Fig. 3b).
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9- Figure 1 is not informative and must be
improve

We revised the Figure 1 adding a brief description of
each phase to clarify the experimental process.

10- The authors must be provide EIS circuit mode
in the figure of EIS spectra as an inset.

The equivalent electrical circuit used for the fitting
of the impedance spectra was added as an inset in Fig.
3b. The figure caption was modified accordingly.

11- Schematic and photograph image of MFC is
necessary in supplementary material section.

A schematic of the MFC and recirculating system as
well as photographs were added in the supporting
information.

12- One of important parameter on MFC
performances is columbic efficiency.

According to the Reviewer’s comment, we have
calculated Coulombic efficiency (CE), that results in all
case very low (<1%). We associated this low value
mainly to the high external load used during the test
that brings to low current recovery, considering that we
were working near Open Circuit Condition. Even if low,
the trend reflects the behavior of acid, basic and neutral
MFCs, that is that acid MFCs have worse performances
than neutral and basic MFCs. However, the aim of our
work was mainly focused on the effect of pH variation
on the bacteria communities and their electrochemical




and biological answers, as preliminary study for sensing
applications and hence, we did not look for strategy to
improve the CE of our system.

13- How many times were repeated for
polarization curve data? Error bar must be
added.

At every data-point of characterization we
performed polarization curve only once, simultaneously,
in all the 9 MFCs. In the manuscript we showed a
representative LSV for each triplicate this is why the
error bar is not present. As an indication of the
reproducibility in fig. 3c and in fig. 4a (for
characterization of basic MFCs at day 48) we showed
two different LSV obtained from two different MFCs
within the triplicate. The values reported in the table
are very similar. However, following the advice of the
Reviewer we calculated the average of maximum power
density value among the triplicate and standard
deviation. The following table was added into Sl section.

Time (days) | pHys |pH, g, average| PH stdev P oo (MW/m?) average | P, stdev

Basic
MFCs

triplicate

14- The authors must be compare nobility of their
work with other researchers work in this area.

The aim of our work is to analyze the adaptability
of MFCs to slow and continuous variations of pH similar
to those that could occur exposing the devices to
unexpected, temporarily polluted fluid streams. For this
reason we designed experiments able to mimic changes
similar to those occurring in natural environments,
running the MFCs in continuous mode, and modifying
the pH values accordingly. In this approach lies the
novelty of our work.

As highlighted in the Introduction, from line 47 to
line 56, we discussed several works that are present in
the literature in which the effect of pH variation is
analyzed. None of them report an experimental
approach similar to the one we used. Indeed batch or
fed-batch mode are usually selected, working with fixed




pH values: with this approaches the adaptability of the
biological system is usually not investigated.

The key novelty of our work lies in the new
experimental approach that we propose, that aims at
designing pH changes as slow events occurring under
continuous mode operation. We appreciate the
comment of the Reviewer and changed the Introduction
to highlight the novelty (from line 58 to line 60).

15- Because of using buffer solution in cathode
compartment, basic condition in anode
chamber is not suitable for proton to be able to
transfer to cathode, because they prefer to be
settled in anolyte compared to transfer to
buffer catholyte.

We used buffered catholyte solution to avoid large
pH variations able to influence MFC performance.
This working condition, let us to associate the
electrochemical performance observed to the anodic
pH influent (Kaushik A. et al. 2013). In literature many
works focused on the effect of anodic pH, reported
the use of buffer in the catholyte solution. For i.e., Jia
Q. et al. 2014, used a two chamber MFC where the
cathode compartment was filled with a buffered
solution having the same composition used in our
tests (K3Fe(CN)6 32.93 g/L; Na2HPO4 20.7492 g/L
and NaH2PO4 3.1167 g/L). Raghavulu et al. 2009,
performed the experiments at different anodic pH
using two MFCs operated separately with K3Fe(CN)é
in phosphate buffer and aerated PBS. In order to
investigate the role of anolyte pH on electroactive
biofilm formation, Patil et al. 2011, utilized buffer
solution in cathodic chamber, set to an equal pH-
value as the anodic one. Furthermore, from a safety
point of view, we decided to use a buffered catholyte
due to the release of toxic hydrogen cyanide gas from
Potassium Ferricyanide under acid conditions.

Kaushik A, Chetal A. Power generation in microbial fuel cell fed
with post methanation distillery effluent as a function of pH
microenvironment. Bioresource technology 2013;147:77-83.

Jia Q, Wei L, Han H, Shen J. Factors that influence the
performance of two-chamber microbial fuel cell. International Journal
of Hydrogen Energy 2014; 39:13687-13693.

Raghavulu SV, Mohan SV, Goud RK, Sarma PN. Effect of anodic
pH microenvironment on microbial fuel cell (MFC) performance in
concurrence with aerated and ferricyanide catholytes. Electrochemistry
Communications 2009;11:371-5.

Patil SA, Harnisch F, Koch C, Hiibschmann T, Fetzer I, Carmona-
Martinez AA, et al. Electroactive mixed culture derived biofilms in
microbial bioelectrochemical systems: the role of pH on biofilm
formation, performance and composition. Bioresource technology




2011;102:9683-90.

Reviewer 2

Evaluation of the manuscript: Effect of pH variations on anodic marine biofilm in a dual chamber microbial fuel cell

In this article, the authors plan to test the behavior of an anodic electroactive biofilm established at neutral pH in the
presence of acetate in response to drastic changes in pH (up to 3 and 13).

The experiments are conducted in MFC with two compartments (anolyte: synthetic seawater + acetate + peptone;
catholyte: potassium ferricyanide + phosphate buffer, membrane: cation exchange membrane). The external resistance
used was 2700 ohms.

The authors follow the pH of the anode compartment over time. Polarization curves (Voltage = f (current) and EIS
analyzes are presented for different times. The authors also present as "supplementary figures" measures of COD or
viability of cultivable bacteria at key moments of the experiments.

Finally, some bacterial communities particularly described in the biofilm anode are targeted and sought in the biofilms
formed on the anodes.

Anodic microorganisms source: Why choose
an inoculum taken from seawater at the
interface between water and atmosphere if
the objective is to form microbial anodes?
This inoculum is susceptible to contain greatly
aerobic communities. But the anodophilic
communities are rather anaerobic. Also the
communities targeted in the manuscript by rt-
gPCR analyses are almost exclusively
anaerobic communities (Clostridium,
Geobacter, methanogens, ...).

The selection of the inoculum was influenced by the
necessity to develop biosensing systems able to work at
the interface between water and atmosphere. We have
already used an inoculum sampled in the same way, and,
as demonstrated in Tommasi et al., 2016, the anaerobic
genera can be enriched in an MFC starting from such a
sample. However, we recognize that the targeted genera
have only a limited representation of the entire inoculum
and that is why we are developing a community structure
technique in order to better characterize the whole
community of microorganisms that has grown inside the
different MFC. Preliminary data confirmed the presence of
both aereobic and facultative anaerobic bacteria belonging
to Firmicutes and Proteobacteria Phylum.

Tommasi T. Sacco A., Armato C., Hidalgo D., Millone L, Sanginario
A., Tresso E., Schiliro T., Pirri C.F., Dynamical analysis of microbial fuel
cells based on planar and 3D packed Anodes, Chemical Engineering
Journal (2016) 288: 38—49.

The authors claim the much applied nature of
their study. But is it truly possible in marine
open environments or in rivers, the pH, even
local, undergoes changes as important asa A

As indicated in the text the pH chosen for the second
phase of the experiment were extreme and poorly
representative of natural occurring circumstances but they
were necessary to introduce an effective change in the




pH of 6? The marine environment is well
known for its resilience.

anodic chamber. In particular, the research performed
wanted to evaluate the theoretical limits of recovery and
adaptability of the MFC system. Moreover, for specific
application such as biosensing the device has to be placed
very closed to the water stream line and therefore a
severe change in local pH cannot be excluded.

All experiments were performed in triplicate
(as indicated by the authors). However
reproducibility and the deviation of the
results are not discussed in the manuscript.

Accordingly to the Reviewer’s suggestion we revised
the text indicating the variability within each triplicate. In
particular, in the case of pH graph, shown in fig.2, the
maximum variation in pH values at the same day within a
triplicate was equal to 6.9% .

Considering, the variation of the voltage over time we
have a maximum error within a triplicate that is equal to
16.2%.

In the case of polarization curve and impedance
spectra one representative MFC among the triple is shown
in the manuscript. As an indication of the reproducibility in
fig. 3c and in fig. 4a (for characterization of basic MFCs at
day 48) we shown two different LSV obtained from two
different MFCs within the triplicate. The value reported in
the table are very similar. Moreover, as reported in
comment 13 Reviewer 1, to better clarify the
reproducibility of the results we added the table below in
SI, that shows the average of maximum power density
within the triplicate and standard deviation.

Time (days) | pH.. pH, o4 average| PH stdev P, .ox (MW/m?) average P StdEV

The authors describe a "self-regulation” of
the pH around neutrality in the anolyte,
whatever the pH bias created upstream. An
abiotic control with a sterilized inoculum did
not present this “self-regulation” but did not
furnish current also | guess. A complementary
biotic control without additional electrode
(without electrochemical phenomenon) could
actually help to conclude that microbiology is
primarily responsible for the observed
phenomenon. The transport of ionic species,

In our laboratory experience running MFCs, with same
design as described in the paper, but different inoculum
source, results in an acidification of the anode. This finding
is well represented in the literature where the acidification
of the anode and the alkalization of the cathode are
common results in long running MFC in the absence of a
phosphate buffer (Zhuang L, et al. 2010; Gil, G.-C., et al.
2003; Oliveira VB, et al. 2013).

In particular, with the abiotic control we wanted to
exclude the possible buffer effect due to the synthetic sea




especially protons, are accentuated in
running MFC. Also species that migrate are
different depending on the pH.

water and we explicated our intent into the manuscript.

Moreover, in accordance to the interesting suggestion,
we revised the text attributing self-regulating ability to the
overall electrochemical system not solely to the biotic
component.

Zhuang L, Zhou S, Li Y, Yuan Y. Enhanced performance of air-cathode
two-chamber microbial fuel cells with high-pH anode and low-pH
cathode. Bioresource technology 2010;101:3514-9

Gil, G.-C., Chang, I.-S., Kim, B.H., Kim, M., Jang, J.-K., Park, H.S., Kim,
H.J., 2003.0Operational parameters affecting the performance of a
mediator-less microbial fuel cell. Biosens. Bioelectron. 18, 327-334.

Oliveira VB, Simdes M, Melo LF, Pinto AMFR. Overview on the

developments of microbial fuel cells. Biochemical Engineering Journal
2013;73:53-64

The pH also has an important role on the
bioavailability of the organic matterl,
especially organic acids (protonation,
deprotonation, complexation, ...).

We certainly agree with the Reviewer about the
important role of pH in making more available the organic
matter for bacteria metabolism. However, since we are
working in a “complex system”, where the complexity is
increased by the use of a mixed consortium, it is quite
difficult to attribute the effect we observed to a specific
modification of the organic matter bioavailability instead
of direct effect on microorganism growth. Moreover, using
an organic matter already easy to be used by
microorganisms, we have partially excluded the effect of
hydrolysis that extreme pH can have, improving the
bioavailability of complex organic matter (Ruggeri and
Tommasi, 2012).

Ruggeri, Tommasi. Efficiency and efficacy of pre-treatment and
bioreaction for bio-H2 energy production from organic waste.
International Journal of Hydrogen Energy, 37 (8), 2012.

The authors speak several times about pH of
the microenvironnment referring here to the
pH of the biofilm. However, the pH
measurements are rather macroscopic, at the
scale of the bulk. No pH measurement have
been performed locally within the biofilm.
Some theories rightly defend pH control
mechanisms at the local level within the
biofilm. But here nothing is sure ...

As correctly underlined, we have assumed that the
macroscopic measurement in the bulk was representative
of local modification. To avoid misunderstanding, we
revised the text and talked more in general about the
biotic component without discrimination between biofilm
and planktonic of the bulk solution.

Plate count tests (material and methods): the
agar growth medium is not adapted for
marine bacteria growth. It is free of NaCl. On
the fig. S2, no distinction is made between
CFU obtained in aerobic condition from CFU
obtained in anaerobic conditions. This
technique is limited since the vast majority of
marine bacteria are not cultivable, especially
if limited to the heterotrophic metabolism.

Plate counts tests were performed using standard plate
count agar (PCA) recipe dissolved in synthetic sea water to
mimic marine environment. We revised the material and
method which were not exhaustive on this point.
Moreover, the fig. S2 was corrected to specify that the
results shown are related to the aerobic condition. We
agree on the limits of this technique due to the different
requirements in growth conditions and presence of non-
cultivable microorganism, as confirmed by DGGE
preliminary data. However, this approach gave us a




general indication on the number of viable microorganism.
The CFU result together with the FESEM analysis of the
biofilm suggested a correlation between the biotic
development and the MFC performances.

Introduction: the terminology of “MFC” is not

The use of terminology “MFC” was checked and

appropriately used. The authors seem to make no corrected.
distinction between "bioelectrochemical systems"

(BES) and "microbial fuel cells" (MFC)

Numbering pages and lines Done.

No monitoring of voltage or current over time is
presented

The graph representative of the average voltage within
a triplicate over-time was added in Sl and reported below.

The first 9 days as well as the peaks at time-days 16,
28, 48, 56 correspond to OCV condition.
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Reviewer 1

The manuscript entitle of “ Effect of pH variations on anodic marine biofilm in a dual chamber microbial fuel
cell " (Manuscript Number: HE_2016_1187)., by Valentina Margaria et al, depicts the effect of anodic pH on
MFCs inoculated with marine consortia was investigated in order to define the pH extreme boundaries beyond
which MFCs do not run properly, and to characterize the biofilm adaptation to possible pH environmental
changes. Before the manuscript deems acceptable for publication, it needs be revised very well. Some of

specific suggestions are listed below:

The authors must be rechecking the English of
the manuscript. It is fairly poor and must me
improvement before publication by native
person.

Accordingly, the manuscript was rechecked by a
native English speaker

The authors must be more highlight in abstract
section.

The abstract section was revised

What means the final sentences of abstract
section? “ biosensor for on-site seawater
monitoring or power supply for remote area”

The final sentence in the abstract section was
reformulated to clarify the meaning.

Why the inoculum was taken at the interface
between water and atmosphere?

The choice of inoculum taken at the interface
between seawater and atmosphere was made in order
to see how a resident population tolerant to oxigen (all
bacteria, and not specific ones) can electrochemically
behave inside an MFC. In particular, we are involved in
projects where MFCs power either electronics or
sensors integrated into autonomous underwater vehicle
that can operate at the sea surface as well as at
different depth. For this reason, it was interesting to
investigate the behavior of the selected inoculum into
the MFCs. Moreover, this was not the first time that we
used an inoculum sampled in the same way: in Tommasi
et al.,, 2016 the presence and the enrichment of
electrogenic microorganisms, such as Shewanella and
Geobacter, was demonstrated.

Tommasi T. Sacco A., Armato C., Hidalgo D., Millone L,
Sanginario A., Tresso E., Schiliro T., Pirri C.F., Dynamical analysis of
microbial fuel cells based on planar and 3D packed Anodes, Chemical
Engineering Journal (2016) 288: 38—49.

The authors used mixed culture in their study.
Why they selected sterile conditions?

The tests were carried out under sterile condition to
avoid cross-contamination from different environmental
samples used in our laboratory. Moreover, operating in
this sterile condition, let us to attribute electrochemical
performances to the starting mixed culture.

The authors talked about bacterial growth in
material and method section but they did not

As described in section 2.1, we estimated bacterial
growth measuring the Optical Density at 600 nm
(OD¢go) during the inoculum enrichment steps. OD¢go




present or talk about it in their manuscript at
all.

was determined to identify the optimal growth-phase
for the microbial sub-culture passage. No measures
were performed on samples taken from working MFCs.
We improved the description in section 2.1 to avoid any
confusion.

What was the HRT for cathode chamber for
ferricyanide.

We chose a catholyte recirculating system using a
peristaltic pump to ensure a stable cathodic
performance. The catholyte was placed in a 500 ml glass
bottle as reservoir and recirculated through the
cathodic chamber at a speed of 40 rpm. This
operational mode included the replacement of the
recirculating catholyte solution every 72 h.

From the figure 3 b, it can be understand the
pH 5 has in contrary with data provide inset.

As it is reported in the figure here below, the
resistance values are strictly related to the slope of the
Nyquist arcs, in the sense that an arc whose initial slope
is steeper (green curve in the figure below) will lead to
a resistance which would be lower with respect to an
arc with lower steepness (orange curve), no matter of
the -Z” values at a certain frequency (in Fig. 3b the last
points of all the three curves were acquired at 100
mHz), which is instead related to the capacitance
behavior. For this reason, being the pH5 curve
characterized by lower steepness with respect to the
other two curves shown in Fig. 3b in the manuscript, its
resistance should be larger, and this is in accordance
with the values obtained by the fitting procedure, as
reported in the table (Inset in Fig. 3b).
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9-

Figure 1 is not informative and must be
improve

We revised the Figure 1 adding a brief description of
each phase to clarify the experimental process.

10- The authors must be provide EIS circuit mode

in the figure of EIS spectra as an inset.

The equivalent electrical circuit used for the fitting
of the impedance spectra was added as an inset in Fig.




3b. The figure caption was modified accordingly.

11- Schematic and photograph image of MFC is
necessary in supplementary material section.

A schematic of the MFC and recirculating system as
well as photographs were added in the supporting
information.

12- One of important parameter on MFC
performances is columbic efficiency.

According to the Reviewer’s comment, we have
calculated Coulombic efficiency (CE), that results in all
case very low (<1%). We associated this low value
mainly to the high external load used during the test
that brings to low current recovery, considering that we
were working near Open Circuit Condition. Even if low,
the trend reflects the behavior of acid, basic and neutral
MFCs, that is that acid MFCs have worse performances
than neutral and basic MFCs. However, the aim of our
work was mainly focused on the effect of pH variation
on the bacteria communities and their electrochemical
and biological answers, as preliminary study for sensing
applications and hence, we did not look for strategy to
improve the CE of our system.

13- How many times were repeated for
polarization curve data? Error bar must be
added.

At every data-point of characterization we
performed polarization curve only once, simultaneously,
in all the 9 MFCs. In the manuscript we showed a
representative LSV for each triplicate this is why the
error bar is not present. As an indication of the
reproducibility in fig. 3c and in fig. 4a (for
characterization of basic MFCs at day 48) we showed
two different LSV obtained from two different MFCs
within the triplicate. The values reported in the table
are very similar. However, following the advice of the
Reviewer we calculated the average of maximum power
density value among the triplicate and standard
deviation. The following table was added into Sl section.

Time (days) | pH.. |pH, ., average| PH stdev Pax (MW/m?) average Py Stdev

Basic

MFCs

triplicate

14- The authors must be compare nobility of their
work with other researchers work in this area.

The aim of our work is to analyze the adaptability
of MFCs to slow and continuous variations of pH similar
to those that could occur exposing the devices to
unexpected, temporarily polluted fluid streams. For this
reason we designed experiments able to mimic changes
similar to those occurring in natural environments,
running the MFCs in continuous mode, and modifying
the pH values accordingly. In this approach lies the




novelty of our work.

As highlighted in the Introduction, from line 47 to
line 56, we discussed several works that are present in
the literature in which the effect of pH variation is
analyzed. None of them report an experimental
approach similar to the one we used. Indeed batch or
fed-batch mode are usually selected, working with fixed
pH values: with this approaches the adaptability of the
biological system is usually not investigated.

The key novelty of our work lies in the new
experimental approach that we propose, that aims at
designing pH changes as slow events occurring under
continuous mode operation. We appreciate the
comment of the Reviewer and changed the Introduction
to highlight the novelty (from line 58 to line 60).

15- Because of using buffer solution in cathode
compartment, basic condition in anode
chamber is not suitable for proton to be able to
transfer to cathode, because they prefer to be
settled in anolyte compared to transfer to
buffer catholyte.

We used buffered catholyte solution to avoid large
pH variations able to influence MFC performance.
This working condition, let us to associate the
electrochemical performance observed to the anodic
pH influent (Kaushik A. et al. 2013). In literature many
works focused on the effect of anodic pH, reported
the use of buffer in the catholyte solution. For i.e., Jia
Q. et al. 2014, used a two chamber MFC where the
cathode compartment was filled with a buffered
solution having the same composition used in our
tests (K3Fe(CN)6 32.93 g/L; Na2HPO4 20.7492 g/L
and NaH2PO4 3.1167 g/L). Raghavulu et al. 2009,
performed the experiments at different anodic pH
using two MFCs operated separately with K3Fe(CN)6é
in phosphate buffer and aerated PBS. In order to
investigate the role of anolyte pH on electroactive
biofilm formation, Patil et al. 2011, utilized buffer
solution in cathodic chamber, set to an equal pH-
value as the anodic one. Furthermore, from a safety
point of view, we decided to use a buffered catholyte
due to the release of toxic hydrogen cyanide gas from
Potassium Ferricyanide under acid conditions.

Kaushik A, Chetal A. Power generation in microbial fuel cell fed
with post methanation distillery effluent as a function of pH
microenvironment. Bioresource technology 2013;147:77-83.

Jia Q, Wei L, Han H, Shen J. Factors that influence the
performance of two-chamber microbial fuel cell. International Journal
of Hydrogen Energy 2014; 39:13687-13693.

Raghavulu SV, Mohan SV, Goud RK, Sarma PN. Effect of anodic
pH microenvironment on microbial fuel cell (MFC) performance in
concurrence with aerated and ferricyanide catholytes. Electrochemistry
Communications 2009;11:371-5.

Patil SA, Harnisch F, Koch C, Hiibschmann T, Fetzer I, Carmona-
Martinez AA, et al. Electroactive mixed culture derived biofilms in
microbial bioelectrochemical systems: the role of pH on biofilm
formation, performance and composition. Bioresource technology
2011;102:9683-90.




Reviewer 2

Evaluation of the manuscript: Effect of pH variations on anodic marine biofilm in a dual chamber microbial fuel cell
In this article, the authors plan to test the behavior of an anodic electroactive biofilm established at neutral pH in the
presence of acetate in response to drastic changes in pH (up to 3 and 13).

The experiments are conducted in MFC with two compartments (anolyte: synthetic seawater + acetate + peptone;
catholyte: potassium ferricyanide + phosphate buffer, membrane: cation exchange membrane). The external resistance
used was 2700 ohms.

The authors follow the pH of the anode compartment over time. Polarization curves (Voltage = f (current) and EIS
analyzes are presented for different times. The authors also present as "supplementary figures" measures of COD or
viability of cultivable bacteria at key moments of the experiments.

Finally, some bacterial communities particularly described in the biofilm anode are targeted and sought in the biofilms
formed on the anodes.

Anodic microorganisms source: Why choose
an inoculum taken from seawater at the
interface between water and atmosphere if
the objective is to form microbial anodes?
This inoculum is susceptible to contain greatly
aerobic communities. But the anodophilic
communities are rather anaerobic. Also the
communities targeted in the manuscript by rt-
gPCR analyses are almost exclusively
anaerobic communities (Clostridium,
Geobacter, methanogens, ...).

The selection of the inoculum was influenced by the
necessity to develop biosensing systems able to work at
the interface between water and atmosphere. We have
already used an inoculum sampled in the same way, and,
as demonstrated in Tommasi et al., 2016, the anaerobic
genera can be enriched in an MFC starting from such a
sample. However, we recognize that the targeted genera
have only a limited representation of the entire inoculum
and that is why we are developing a community structure
technique in order to better characterize the whole
community of microorganisms that has grown inside the
different MFC. Preliminary data confirmed the presence of
both aereobic and facultative anaerobic bacteria belonging
to Firmicutes and Proteobacteria Phylum.

Tommasi T. Sacco A., Armato C., Hidalgo D., Millone L, Sanginario
A., Tresso E., Schiliro T., Pirri C.F., Dynamical analysis of microbial fuel
cells based on planar and 3D packed Anodes, Chemical Engineering
Journal (2016) 288: 38—49.

The authors claim the much applied nature of
their study. But is it truly possible in marine
open environments or in rivers, the pH, even
local, undergoes changes as important as a A
pH of 6? The marine environment is well
known for its resilience.

As indicated in the text the pH chosen for the second
phase of the experiment were extreme and poorly
representative of natural occurring circumstances but they
were necessary to introduce an effective change in the
anodic chamber. In particular, the research performed
wanted to evaluate the theoretical limits of recovery and
adaptability of the MFC system. Moreover, for specific
application such as biosensing the device has to be placed
very closed to the water stream line and therefore a
severe change in local pH cannot be excluded.

All experiments were performed in triplicate
(as indicated by the authors). However
reproducibility and the deviation of the
results are not discussed in the manuscript.

Accordingly to the Reviewer’s suggestion we revised
the text indicating the variability within each triplicate. In
particular, in the case of pH graph, shown in fig.2, the
maximum variation in pH values at the same day within a
triplicate was equal to 6.9% .

Considering, the variation of the voltage over time we
have a maximum error within a triplicate that is equal to
16.2%.

In the case of polarization curve and impedance




spectra one representative MFC among the triple is shown
in the manuscript. As an indication of the reproducibility in
fig. 3c and in fig. 4a (for characterization of basic MFCs at
day 48) we shown two different LSV obtained from two
different MFCs within the triplicate. The value reported in
the table are very similar. Moreover, as reported in
comment 13 Reviewer 1, to better clarify the
reproducibility of the results we added the table below in
Sl, that shows the average of maximum power density
within the triplicate and standard deviation.

Time (days) | PHi.. |pH, ... average PH stdev P (MW/M?2) average P nax Stdev

Basic

MFCs

triplicate

The authors describe a "self-regulation" of
the pH around neutrality in the anolyte,
whatever the pH bias created upstream. An
abiotic control with a sterilized inoculum did
not present this “self-regulation” but did not
furnish current also | guess. A complementary
biotic control without additional electrode
(without electrochemical phenomenon) could
actually help to conclude that microbiology is
primarily responsible for the observed
phenomenon. The transport of ionic species,
especially protons, are accentuated in
running MFC. Also species that migrate are
different depending on the pH.

In our laboratory experience running MFCs, with same
design as described in the paper, but different inoculum
source, results in an acidification of the anode. This finding
is well represented in the literature where the acidification
of the anode and the alkalization of the cathode are
common results in long running MFC in the absence of a
phosphate buffer (Zhuang L, et al. 2010; Gil, G.-C., et al.
2003; Oliveira VB, et al. 2013).

In particular, with the abiotic control we wanted to
exclude the possible buffer effect due to the synthetic sea
water and we explicated our intent into the manuscript.

Moreover, in accordance to the interesting suggestion,
we revised the text attributing self-regulating ability to the
overall electrochemical system not solely to the biotic
component.

Zhuang L, Zhou S, Li Y, Yuan Y. Enhanced performance of air-cathode
two-chamber microbial fuel cells with high-pH anode and low-pH
cathode. Bioresource technology 2010;101:3514-9

Gil, G.-C., Chang, I.-S., Kim, B.H., Kim, M., Jang, J.-K., Park, H.S., Kim,
H.J., 2003.0Operational parameters affecting the performance of a

mediator-less microbial fuel cell. Biosens. Bioelectron. 18, 327-334.
Oliveira VB, Simbes M, Melo LF, Pinto AMFR. Overview on the

developments of microbial fuel cells. Biochemical Engineering Journal
2013;73:53-64

The pH also has an important role on the
bioavailability of the organic matterl,
especially organic acids (protonation,
deprotonation, complexation, ...).

We certainly agree with the Reviewer about the
important role of pH in making more available the organic
matter for bacteria metabolism. However, since we are
working in a “complex system”, where the complexity is
increased by the use of a mixed consortium, it is quite
difficult to attribute the effect we observed to a specific
modification of the organic matter bioavailability instead
of direct effect on microorganism growth. Moreover, using
an organic matter already easy to be wused by
microorganisms, we have partially excluded the effect of
hydrolysis that extreme pH can have, improving the
bioavailability of complex organic matter (Ruggeri and
Tommasi, 2012).




Ruggeri, Tommasi. Efficiency and efficacy of pre-treatment and
bioreaction for bio-H2 energy production from organic waste.
International Journal of Hydrogen Energy, 37 (8), 2012.

6. The authors speak several times about pH of
the microenvironnment referring here to the
pH of the biofilm. However, the pH
measurements are rather macroscopic, at the
scale of the bulk. No pH measurement have
been performed locally within the biofilm.
Some theories rightly defend pH control
mechanisms at the local level within the
biofilm. But here nothing is sure ...

As correctly underlined, we have assumed that the
macroscopic measurement in the bulk was representative
of local modification. To avoid misunderstanding, we
revised the text and talked more in general about the
biotic component without discrimination between biofilm
and planktonic of the bulk solution.

7. Plate count tests (material and methods): the
agar growth medium is not adapted for
marine bacteria growth. It is free of NaCl. On
the fig. 52, no distinction is made between
CFU obtained in aerobic condition from CFU
obtained in anaerobic conditions. This
technique is limited since the vast majority of
marine bacteria are not cultivable, especially
if limited to the heterotrophic metabolism.

Plate counts tests were performed using standard plate
count agar (PCA) recipe dissolved in synthetic sea water to
mimic marine environment. We revised the material and
method which were not exhaustive on this point.
Moreover, the fig. S2 was corrected to specify that the
results shown are related to the aerobic condition. We
agree on the limits of this technique due to the different
requirements in growth conditions and presence of non-
cultivable microorganism, as confirmed by DGGE
preliminary data. However, this approach gave us a
general indication on the number of viable microorganism.
The CFU result together with the FESEM analysis of the
biofilm suggested a correlation between the biotic
development and the MFC performances.

Introduction: the terminology of “MFC” is not
appropriately used. The authors seem to make no
distinction between "bioelectrochemical systems"
(BES) and "microbial fuel cells" (MFC)

The use of terminology “MFC” was checked and
corrected.

Numbering pages and lines

Done.

No monitoring of voltage or current over time is
presented

The graph representative of the average voltage within
a triplicate over-time was added in Sl and reported below.

The first 9 days as well as the peaks at time-days 16,
28, 48, 56 correspond to OCV condition.
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