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HIGHLIGHTS

e Increased additional salinity decreased
current generation in a PBS-buffered
BES.

e Additional salt addition changed the
composition  distribution of total
resistance.

o Interfacial resistance accounted for
85%-97.8% of the total resistance.

e Decreased current was mainly resulted
from the increased interfacial resistance.

e The optimal additional salinity for ace-
tate degradation was 200 mM NacCl.

ARTICLE INFO

Keywords:

Bioelectrochemical system

PBS-buffered substrate

Additional salinity

Current production

Electrochemical impedance spectroscopy
Interfacial resistance

GRAPHICAL ABSTRACT

V22 Solution [ Biofilm
801 E= Interfacial

60 E
402
]

0100 200 300 400 500 600
Effect of Additional salinity (mM, NaCl)
additional

Equation.
y=4.94 x exp(-0/268.7)+3.36
R=0.968

Average current (mA)

s

= Experimental data
—— Fitting

0100 200 300 400 500 600
Additional salinity (mM, NaCl)

ABSTRACT

In bioelectrochemical system (BES), phosphate buffer saline (PBS) is usually used to achieve a suitable pH
condition, which also increases electrolyte salinity. A series of factors that change with salinity will affect BES
performance. To simplify the scenario, a three-electrode BES is used to investigate how additional salinity affects
the performance of a 50 mM PBS-buffered BES. Results demonstrated that current production decreased with
increasing salinity and the dominant exoelectrogens were not inhibited with the addition of 200 mM NaCl. The
distribution of system resistance was analyzed by electrochemical impedance spectroscopy. Compared to the
decreased solution and biofilm resistance, the increased interfacial resistance that accounted for up to 97.8% of
total resistance was the dominant reason for the decreased current production with the increasing additional
salinity. The effects of additional salinity on acetate degradation and columbic efficiency were also analyzed.

1. Introduction

treatment, which mainly includes microbial fuel cells (MFCs), microbial
desalination cells (MDCs), microbial electrolysis cells (MECs), and three-

The bioelectrochemical system (BES) is a biologically catalyzed electrode bioelectrochemical reactors. Substrate salinity or conductivity
electrochemical technology for bioenergy recovery and wastewater is a critical factor that regulates the performance of BES (Guo et al.,
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2020). A solution conductivity of ~20 mS/cm was suggested for a
typical maximum power density in MFCs (Logan and Rabaey, 2012).
However, the conductivity of the raw domestic wastewater is around
1.8 mS/cm, which can be increased to 8.1 + 0.3 mS/cm after an adjusted
with 50 mM PBS (Liu et al., 2011). There is a wide gap in substrate
conductivity between the suggested optimal and real conditions.

To narrow the conductivity gap, salt (e.g., NaCl or KCl) or phosphate
buffer saline (PBS) is usually added to the electrolyte in MFCs, which can
decrease electrolyte resistance and improve power performance of MFCs
(Adelaja et al., 2015; Lefebvre et al., 2012; Liu et al., 2005; Miyahara
et al., 2016). Increasing substrate salinity also decreases membrane
resistance and improves catalyst performance at the cathode in MFCs.
For example, an increased NaCl concentration dramatically decreased
the resistance of anion and cation exchange membranes, especially
when NaCl concentration was lower than 0.1 M (Dlugolecki et al.,
2010a, 2010b). It was reported that higher salt concentration reduced
platinum activity in the oxygen reduction reaction, while improved
cobalt tetramethoxyphenyl porphyrin (CoTMPP) catalyst performance
(Wang et al., 2011).

Compared to MFCs, the simple configuration of a three-electrode
BES, with no membrane or cathodic catalyst, makes it much easier to
analyze how additional salt influences the current production. For
example, researchers added 517 mM, 776 mM, and 1034 mM NaCl (30
g/L, 45 g/L, and 60 g/L) into the BES electrolyte, and analyzed the
current production and bacterial community structure (Rousseau et al.,
2013, 2014). In another BES enriched with Geobacter sulfurreducens,
current generation was improved with NaCl concentrations increased
from 0 mM to 200 mM (Harrington et al., 2015). However, increasing
the electrolyte salinity does not necessarily lead to an improved BES
performance. In a single-chamber microbial electrolytic cell (three-
electrode BES), adding 100 mM NaCl into a 50 mM PBS-buffered elec-
trolyte did not increase current density, since there was a decreased
buffer migration resulting from NaCl addition (Torres et al., 2008). A
decreased buffer capacity was also suggested when 100 mM KCI was
added to a PBS-buffered electrolyte, although it decreased ohmic drop
(Oliot et al., 2016).

It was reported that the maximum performance of MFCs was ob-
tained at a relatively low NaCl concentration of 1% (w/v) or 0.1 M, and
further salt addition would increase internal resistance and decrease
power density (Adelaja et al.,, 2015; Miyahara et al., 2015). More
recently, 10 mM NaCl addition was demonstrated as the optimal dosage
for current production in H-type microbial electrolysis cells (Lusk et al.,
2016). The minimally increased power output could be due to the
deteriorated buffer migration, and inhibited bacterial activity when the
salt is added to the medium. It should be noted that PBS and bicarbonate
not only buffer pH condition, but improve electrolyte ionic conductivity.
The salt addition does not lead to a better power performance, probably
because neither ionic strength nor electrolyte conductivity are control-
ling factors in MFCs with 50 mM PBS (Feng et al., 2008; Nam et al.,
2010). In addition, it was suggested that the solution conductivity
originated from buffer were more important than the buffer itself given
relatively stable pH condition (Nam et al., 2010).

While there are reports on power performance improvement by the
addition of salts, researchers failed to investigate the changes in resis-
tance of each individual component of MFCs or three-electrode BES
using electrochemical techniques such as electrochemical impedance
spectroscopy (EIS) (Harrington et al., 2015; Lefebvre et al., 2012; Liu
et al., 2005; Miyahara et al., 2015, 2016; Rousseau et al., 2013, 2014;
Vijay et al., 2018). It is important to understand the distribution of the
total resistance and how it changes as the electrolyte salinity increases,
which enables us to obtain optimal performance with the lowest salt
addition. It is also important to investigate how current is changing as
the additional salinity is supplemented in a PBS-buffered BES, which
should be better evaluated in multiple aspects.

In the present work, the effect of additional salinity on performance
of a 50 mM PBS-buffered three-electrode BES was investigated. Salt was
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supplemented to achieve concentrations from 0 to 600 mM NacCl in a
PBS-buffered medium. Current production at each NaCl concentration
was collected. Cyclic voltammetry (CV) and its first derivative were used
to analyze the metabolic activity and electron transfer rate of electro-
chemically active bacteria (EAB). EIS was used to determine the resis-
tance of each individual component, including the solution resistance,
biofilm resistance, and interfacial resistance, which helped for explain-
ing the changes in current generation with additional salinity. Finally,
the acetate removal rates and columbic efficiencies at different salinities
were also analyzed. The findings in this work will provide suggestions on
power performance improvement in BES.

2. Materials and methods
2.1. Three-electrode bioelectrochemical reactor

A cylindrical three-electrode BES reactor with a working volume of
185 mL was constructed as previously described (Guo et al., 2018). The
working electrode was a piece of graphite felt with dimensions of 3.5 cm
x 3.0 cm x 0.5 cm. The counter electrode was a graphite rod (Sigma-
Aldrich, catalog#: 496545) with diameter of 6 mm. An Ag/AgCl refer-
ence (+197 mV, vs Standard hydrogen electrode, SHE) was used as
reference electrode that was placed next to the working electrode.
Norprene tubing (Cole-Parmer, catalog #: EW-06404-14 and EW-06404-
16) was used to feed medium and to discharge waste medium.

2.2. Inoculum and reactor medium

Anaerobic activated sludge (25 mL) was used as inoculum for
enriching working electrode. Reactor medium contains: sodium acetate,
1.64 g/L (20 mM); PBS, 50 mM (containing NaH;PO4-H20, 2.45 g/L;
NagHPO4, 4.58 g/L; NH4Cl, 0.31 g/L; KCl, 0.13 g/L); salts solution
(100x), 10 mL/L; Wolfe’s vitamin solution (100x), 10 mL/L; and
modified Wolfe’s mineral solution (100x), 10 mL/L. Addition salinity of
0 mM, 100 mM, 200 mM, 400 mM, 500 mM, and 600 mM NaCl was
added into medium in proper order, leading to solution conductivity of
8.3 mS/cm, 18.3 mS/cm, 29.2 mS/cm, 46.9 mS/cm, 55.4 mS/cm, and
6.31 mS/cm, respectively. The conductivity was determined by a multi-
parameter analyzer (DZS-708L, INESA, Shanghai). Medium pH was
adjusted to 6.8-7.0. The medium was autoclaved at 121 °C for 20 min,
and then sparged with a gas mixture of Ny and CO; (80%/,/20%) until
precipitated chemicals dissolved.

2.3. Start-up and operation

25 mL anaerobic active sludge and 160 mL defined medium were
mixed well and used for start-up. The working electrode of the BES was
polarized at 0.25 V vs Ag/AgCl using an Interface 1000 potentiostat
(Gamry Instruments, Warminster, PA, USA). The BES was started up in
batch mode and switched into continuous mode after reproducible
current was observed. The substrate with different NaCl concentrations
of 0 mM, 100 mM, 200 mM, 400 mM, 500 mM and 600 mM was
continuously fed at a flow rate of 0.25 mL/min. Current was collected
for 36 h at each NaCl concentration. At the end of each condition, CV,
EIS and medium samples were collected. All experiments were con-
ducted in an incubator at 30 °C. A magnetic stir was used to mix the
medium in the BES throughout the experiment. The substrate in BES was
continuously sparged with gas mixture of Ny and CO, to maintain an
anaerobic condition throughout the experiments.

2.4. Electrochemical analysis

Average current at different additional salinities was calculated
using Eq. (1):
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where i (mA) is the current, T (s) is the duration of current collected. At
the end of experiment, CV was collected using a Gamry potentiostat
(Interface1000, Gamry Instruments, Warminster, PA, USA), scanning
from —0.7 V to 0.3 V vs Ag/AgCl at scanning rate of 10 mV per second.
EIS experiments were conducted in duplicate using the same potentio-
stat with perturbation amplitude of 5 mV and the frequency varied from
1 MHz to 100 mHz. An equivalent electrical circuit (EEC) was used for
EIS data fitting as previously described (Babauta and Beyenal, 2014).
The EEC is composed of solution resistance (R1), biofilm resistance (R2),
interfacial resistance (R3), and two constant phase elements (CPE) that
model the total capacitive response of the biofilm at the different
additional salinity. They are the biofilm CPE and the interfacial CPE
with a corresponding CEP coefficient (Q) and exponential factor («). The
physical interpretation in detail has been described in the literature
(Babauta and Beyenal, 2014). The Echem Analyst (Gamry Instruments,
Warminster, PA) was used for fitting EIS data to the EEC and for
obtaining Goodness of fit.

2.5. Acetate analysis and columbic efficiency

Inlet and outlet of BES reactor was collected for each NaCl concen-
tration and acetate concentration was tested using HPLC (Agilent HPLC
1100 series, Agilent Technologies, CA, USA), following procedures
described in the literature (Babauta et al., 2012). Acetate degradation
rate was calculated using Eq. (2):

R = AS*Q/V (2)

where AS is the difference in acetate concentration in inlet and outlet, Q
is the flow rate (0.25 mL/min) as mentioned in Section 2.3, and V is the
working volume of the reactor, 185 mL. Columbic efficiency (CE) was
calculated using Eq. (3):

[y ddr
CE= F*b*AS*Q*T (3)
where F is Faraday’s constant (96485 C/mol-e ); b = 8, the number of
moles of electrons generated per mole acetate; AS, Q, T has same
meanings as described in Egs. (1) and (2). Acetate degradation and CE
was analyzed in duplicate for each salinity condition.

3. Results and discussion
3.1. Current production

After successful start-up, the concentration of additional salt in the
medium gradually increased from 0 mM to 600 mM NaCl. As shown in
Fig. 1, current decreased with the increase in NaCl concentrations, and a
negative correlation was demonstrated (P < 0.005). After 36 h, the
average current production was 8.32 mA (0 mM), 6.84 mA (100 mM),
5.44 mA (200 mM), 4.69 mA (400 mM), 4.41 mA (500 mM) and 3.58 mA
(600 mM). In general, increased salinity decreased the current perfor-
mance of the PBS-buffered three-electrode BES in this work.

Various findings were reported in BES operated under different sa-
linities. In general, as NaCl concentrations increased, power output or
current could be increased in PBS-buffered MFCs (Adelaja et al., 2015;
Lefebvre et al., 2012; Liu et al.,, 2005), or in non-buffered MFCs
(Miyahara et al., 2015). In buffered three-electrode BES reactors, current
production was also increased with increases in salt concentration
(Harrington et al., 2015). However, current density almost remained
unchanged with increased salinity in buffered MECs (Lusk et al., 2016;
Torres et al., 2008). Recently, it was also demonstrated that the back-
ground salinities, with no additional salt added, were the optimal con-
ditions to obtain the highest voltage output in single-chamber MFCs

Bioresource Technology 320 (2021) 124291

* 0mM 100 mM 200 mM

10 - 400 mM < 500 mM > 600 mM

A T

AAAA&
[l

Current (mA)

T T T T T T T T T T T T T T T T T
16 20 24 28 32 36
Time (hour)

o
N
oo
S

®  Experimental data
7] — Fitting

54 N i
Equation: ~ -

Average current(mA)

y=4.94 xexp(-x/268.7) +3.36 ™
41 R'=0.968 ]

0 100 200 300 400 500 600
Additional salinity (mM, NaCl)

Fig. 1. Current production in PBS-buffered BES with working electrode
polarized at 0.25 V vs Ag/AgCl (A), and average current over a 36-hour period
at different additional salinity and its exponential fitting (B), y: current (mA), x:
additional salinity (mM).

(Tan et al., 2019; Zeng et al., 2020). This study suggested that increasing
electrolyte salinity does not necessarily lead to an increased power
performance, especially in PBS-buffered BES.

Unlike the widely reported findings, increasing salinity decreased
the current production in the present work. The opposite finding could
be explained as follows. First, the improved performance in MFCs was
attributed to the decreased internal resistance (Lefebvre et al., 2012; Liu
et al., 2005). Internal resistance was composed of anodic resistance,
cathodic resistance, membrane resistance, and electrolyte resistance
(Fan et al., 2008). Specifically, it was the decreased membrane resis-
tance and electrolyte resistance that finally improved power output
(Lefebvre et al., 2012; Liu et al., 2005). But in a three-electrode BES with
different configuration from MFCs, no membrane or separator was used,
so the positive effect of the additional salinity on the membrane per-
formance was not available in BES. Second, it has been demonstrated
that a salinity increase from 0.6% to 1.2% could increase cathode po-
tential, leading to a higher overall voltage and power density (Zuo et al.,
2006). BES has no cathode compartment and current production could
not be enhanced by an increased cathode performance at higher salinity.
Generally, the increased power output with the increase in additional
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salinity in MFCs is mainly ascribed to the decreased membrane resis-
tance and better cathode performance, and the lower electrolyte
resistance.

On the other hand, relatively low optimal salinity was also demon-
strated in MFCs (Karthikeyan et al., 2016; Li et al., 2013; Miyahara et al.,
2015). It could be due to the more positive anode potential resulting
from the inhibition of bacterial activity by the relatively high additional
salinity (Lefebvre et al., 2012; Zuo et al., 2006). It was suggested that
increasing ionic conductivity does not necessarily lead to an increased
MEFC performance, as the background salinities were demonstrated to be
the optimal conditions and the first dosage of additional salt decreased
voltage output (Tan et al., 2019; Zeng et al., 2020). Furthermore, no
buffer solution was used, nor was the total salinity accounted for in the
literature (Karthikeyan et al., 2016; Li et al., 2013; Miyahara et al.,
2015), indicating that the basic electrolyte without buffer solution was
probably subjected to the insufficient ionic strength which could be
improved by the additional salinity, and a better power performance
was obtained. In the present work, the medium was buffered with 50
mM PBS, which enhanced ionic strength and decreased electrolyte
resistance (Fan et al., 2008; Feng et al., 2008; Nam et al., 2010).
Therefore, the electrolyte resistance was probably not a controlling
factor and further additional salinity did not improve the current
production.

In 50-mM PBS or bicarbonate-buffered MECs, the addition of NaCl
did not significantly increase current production (Lusk et al., 2016;
Torres et al., 2008). In the literature, a narrower salinity range from 0
mM to 50 mM or to 100 mM was observed. In the present work, the
starting additional salinity was 100 mM NaCl, at which the current
production was decreased compared to the 0 mM NaCl condition. It
could be inferred that there was probably a missed turning point at the
salinity between 0 mM and 100 mM. In the BES enriched with
G. sulfurreducens, the increased current production with the increase in
NaCl concentration was due to the decreased ion transport limitations
(Harrington et al., 2015). The ion transport limitations could be resulted
from the different buffer solution. For example, increasing bicarbonate
concentration from 10 mM to 100 mM was helpful to obtaining a better
current output (Lusk et al., 2016). The buffer in Harrington’s work was
2 g/L sodium carbonate (~18.9 mM), suggesting the potential ion
transport limitations resulted from the relatively low buffering capacity
and ionic strength, which was improved by NaCl addition (Harrington
et al.,, 2015). However, in a 50 mM PBS-buffered MEC, additional
salinity failed to significantly increase current density, which suggested
the different capacities of the buffer solution and various effects of
additional salinity on BES performance (Harrington et al., 2015; Lusk
et al., 2016; Torres et al., 2008). More importantly, the buffer perfor-
mance may have been deteriorated with the additional salinity, leading
to a decreased current production (Torres et al., 2008). Also, the
decreased current could be due the shifted bacterial community at high
additional salinity. It was demonstrated that salinity could change
bacterial communities in non-buffered MFCs, and that G. sulfurreducens
had the highest abundance ratio at salinity of 0.1 M NaCl (Miyahara
et al., 2015, 2016). Recently, up to 1 M NaCl addition was suggested as
the optimal salinity for power production in MFCs inoculated with
bacterial consortium collected from the Sambhar Lake in India (Vijay
et al., 2018). Therefore, the power performance and optimal salinity
varies greatly with the BES reactor configuration, buffer solution, and
inoculum sources.

3.2. Electrochemical analysis

3.2.1. Cyclic voltammetry analysis

For clarity, CV collected at 0 mM, 100 mM, 200 mM, 400 mM and
600 mM NacCl was plotted and analyzed (Fig. 2A). With the increase in
additional salinity, peak current gradually decreased, suggesting the
inhibition of salinity on EAB. The shape of CV was similar to that ob-
tained in BES inoculated with domestic wastewater, and researchers
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Fig. 2. Cyclic voltammetry (A), and the first derivative of cyclic voltammetry
(B) in PBS-buffered BES at different additional salinity.

concluded the dominating role of G. sulfurreducens in power generation
(Patil et al., 2010). There was also a similarity to CV of pure culture
G. sulfurreducens (Srikanth et al., 2008).

The first derivatives of CV were calculated to analyze the redox
systems, and the redox peaks represent the activity of EAB. As illustrated
in Fig. 2B, there were two major redox systems, one centered at about
—0.37 V vs Ag/AgCl (Eg;1), while for the other system, the midpoint
potentials slightly shifted from —0.07 V at 0 mM NaCl to —0.19 V vs Ag/
AgCl at 600 mM NacCl (Eg2). Especially, E¢; was in good agreement with
the redox couple observed in the wild type G. sulfurreducens biofilms
with midpoint potentials centered at —0.15 V vs SHE (Marsili et al.,
2008; Richter et al., 2009; Srikanth et al., 2008), and —0.376 V vs Ag/
AgCl (Fricke et al., 2008). The comparable peak heights of the redox
couples centered at E¢; suggested that the bacterial activity of current
production was not inhibited when additional salinity was increased
from 0 mM to 200 mM NacCl (Fig. 2B). There should be other factors that
decreased the current production in the BES. For example, electricity-
producing bacteria other than the dominant EAB were inhibited by
the NaCl addition, and the resistance distribution of the system probably
changed with the NaCl addition, which will be discussed in Section
3.2.2.

In the literature, it was demonstrated that the electron transfer from
EAB to a solid electron acceptor was partially accomplished by cyto-
chromes, such as periplasmic c-type cytochrome (PpcA), OmcB, OmcE,
OmcS and OmcZ (Holmes et al., 2006; Nevin et al., 2009; Pessanha et al.,
2006; Richter et al., 2009). The potential (Ef;) was also comparable to
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the midpoint potential of solubilized cytochromes involved in electron
transfer in G. sulfurreducens biofilms: —0.1695 V or —0.167 V vs SHE for
PpcA (Lloyd et al., 2003; Seeliger et al., 1998), —0.19 V vs SHE for OmcB
purified from G. sulfurreducens (Magnuson et al., 2001). It was reported
that OmcB was responsible for the electron transfer across the interface
between electrode and G. sulfurreducens biofilms (Richter et al., 2009).
One explanation for the decreased current production with the increase
in salinity was that NaCl addition (higher than 200 mM) inhibited the
activity of OmcB and thus resulted in an increase in electron transfer
resistance at the biofilm/electrode interface (interfacial resistance,
Section 3.2.2).

For the second redox system centered at Eg o, it could be concluded
that EAB were not inhibited and even became more active with the in-
crease in NaCl concentrations throughout the whole experiment. So, the
species could adapt well to the high additional salinity, and some mi-
croorganisms had been demonstrated to be preferable to saline condi-
tions (Pierra et al., 2015; Rousseau et al., 2014). So far, little work has
been done reporting midpoint potentials ranging from —0.07 V to —0.19
V vs Ag/AgCl. The height of peaks of this redox system were much lower
than that centered at E¢;. Moreover, redox systems centered at different
potentials were suggested to play different roles in electron transfer
(Fricke et al., 2008; Marsili et al., 2008).

3.2.2. Electrochemical impedance spectroscopy analysis

Representative impedance data was plotted (Fig. 3), and R1, R2, R3,
Q1 and Q2 were calculated from EIS fittings. Goodness of fit for all
parameters were 2.03 x 107> (0 mM), 6.28 x 10~ (100 mM), 1.33 x
104 (200 mM), 1.67 x 10~* (400 mM), 1.80 x 107> (500 mM), and
1.84 x 107> (600 mM), which were comparable to that reported in the
literature (Babauta and Beyenal, 2014).

As shown in Fig. 4A, solution resistance (R1) dropped with the in-
crease in salinity because of the enhanced ionic strength, a common
approach used to improve power output in MFCs (Adelaja et al., 2015;
Lefebvre et al., 2012; Liu et al., 2005; Miyahara et al., 2015). In the
present work, solution resistance first experienced a fast decrease from
5.72 £ 0.18 Q (0 mM) to 2.40 &+ 0.04 Q (200 mM), and then slowly
decreased to 1.37 £ 0.03 Q (600 mM). The results suggested that solu-
tion resistance would not keep decreasing with further addition of NaCl.
So, it is impossible to obtain better performance by further adding NaCl
after exceeding a threshold. On the contrary, power generation would
deteriorate because of the inhibition to bacterial activity and plasmol-
ysis (Rousseau et al., 2014). For example, Lefebvre et al. (2012) sug-
gested that inhibition of electricity-producing bacteria began at 10 g/L
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Fig. 3. Nyquist profiles in PBS-buffered BES at different additional salinity.
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additional salinity, calculated from the fitting of EIS.

NacCl addition.

Biofilm resistance (R2) is the charge transfer resistance inside the
EAB, which first decreases from 4.16 + 0.75 Q (0 mM) to 0.94 4+ 0.21 Q
(200 mM), and then arrives at stable levels (~0.5 Q) under the last three
conditions (Fig. 4A). However, current production kept decreasing even
though both R1 and R2 decreased. There was 50 mM PBS in medium for
all experiments, which would lead to sufficient ionic strength and
accordingly favorably decrease solution resistance. So, further increased
ionic strength resulting from additional salinity would not improve
current production. It was reported that maximum power density
slightly increased from 483 mW/m? (50 mM PBS) to 528 mW/m? (200
mM PBS) when solution conductivity increased from 7.65 mS/cm (50
mM PBS) to 14.6 mS/cm (200 mM PBS) (Feng et al., 2008). On the other
hand, it has been suggested that biofilm conductivity is high enough
(0.5 mS/cm) and would not limit current production (Schrott et al.,
2011). More recently, a higher biofilm conductivity of 2.44 + 0.42 mS/
cm was observed which caused negligible maximum energy loss for
ohmic-conduction extracellular electron transfer (Lee et al., 2016).
Overall, high biofilm conductivity that represents the low biofilm
resistance was not a decisive factor for current production in this work.

Interfacial resistance (R3) that represents the charge transfer resis-
tance at the electrode/biofilm interface increases over the experiments,
from 58.0 4+ 8.9 Q (0 mM) to 82.5 + 11 Q (600 mM) (Fig. 4A). Compared
to R1 and R2, R3 was much higher, and the average contributions of R3
to the total resistance (R1 + R2 + R3) gradually increased from 85% (0
mM) to 97.8% (600 mM). It has been demonstrated that large interfacial
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resistance significantly reduced power densities in MFCs (Qiao et al.,
2015). Also, in a G. sulfurreducens respired BES, decreased interfacial
resistance played an important role in current production enhancement
(Guo et al., 2018). Increased NaCl concentrations, especially higher than
200 mM, could suppress the activities of bacteria and cytochromes as
discussed above. Some cytochromes or redox mediators are essential for
electron transfer from cells to the electrode, such as OmcZ in
G. sulfurreducens system (Inoue et al., 2011; Richter et al., 2009), and
phenazines in Pseudomonas aeruginosa respired MFC (Qiao et al., 2015).
The increased interfacial resistance is due to the weakened interfacial
redox reaction and poor attachment of biofilm on the electrode when the
additional salt was introduced. In addition, comparable total resistances
at NaCl concentrations of 0 mM (68 2), 100 mM (64 Q), 200 mM (64 Q2),
and 400 mM (65 Q) were observed, indicating that the increased NaCl
concentrations did not increase the total resistance, but changed the
distribution of R1, R2, and R3, which influenced current production in
BES. Generally, the increased interfacial resistance was the dominant
reason for the gradually decreased current production.

Fig. 4B shows the changes in the CPE coefficients (Q1 and Q2), which
represent the biofilm capacitance and interfacial capacitance. Both Q1
and Q2 decreased with the increase in salinity, sharing the similar
changing pattern with R1 and R2. C-type cytochromes have been
demonstrated to be responsible for the charge accumulation observed in
biofilm and interfacial capacitance (Babauta and Beyenal, 2014; Schrott
et al., 2011). Furthermore, previous work has shown that because of the
capacitive behavior of BES, current production could be improved by
intermittent polarization (Guo et al., 2018). The decreases in capaci-
tance could be due to the inhibition of redox systems of cytochromes by
the increasing NaCl concentrations, making BES less capacitive and
lowered current production. In addition, Fig. 4B shows that Q2 is much
higher than Q1, suggesting that charge accumulation was preferable at
the biofilm/electrode interface than in the biofilm.

To sum up, decreased current production with the increase in
salinity, and a negative correlation (P < 0.005) was observed. Based on
CV analyses, the bacterial ability of current production of the dominant
electricity-generating bacteria was not inhibited by additional salinity
within 200 mM NacCl. Solution and biofilm resistances first decreased
and then arrived at stable levels. Interfacial resistance gradually
increased, and was suggested as the dominant reason for the decreased
current production.

—a— Influent
—O— Removal rate
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3.3. Acetate degradation rate and columbic efficiency

Fig. 5 shows acetate concentration in the influent and effluent, ace-
tate removal rate, and CE at different additional salinities. Acetate
concentrations in the influent slightly fluctuated from 20.9 + 0.2 mM to
21.8 4= 0 mM. In the outlet, acetate concentrations were 5.6 &= 0.1 mM at
0 mM NaCl, experienced a slight drop to 4.8 + 0.1 mM at 200 mM NacCl,
and then gradually increased to 9.8 = 0 mM at 600 mM NaCl. Corre-
spondingly, acetate removal rates first increased from 1.23 + 0.02 mol/
m®/h (0 mM NaCl) to 1.38 + 0 mol/m>/h (200 mM NaCl), then
decreased to 0.98 + 0 mol/m>/h (600 mM NaCl) (Fig. 5). In general,
moderate additional salinity up to 200 mM NaCl would promote acetate
removal, leading to a positive influence when BES is used for wastewater
treatment. However, more than 200 mM NaCl would slow down acetate
degradation, indicating a suppression of bacterial activity. Therefore,
the optimal NaCl concentration for acetate removal or organic matter
degradation is 200 mM (~1.2% NaCl, w/v) in this work.

Similar optimal salinities for COD removal were reported previously.
For examples, in dual-chamber MFCs treating simulated azo dyed
wastewater, COD degradation efficiency first enhanced with salt content
up to 1% (w/v), and a 3.3-fold decreased efficiency was observed at
2.5% salt content (Fernando et al., 2013). Adelaja et al (2015) suggested
the same optimal salinity of 1% (w/v) for COD removal, which dropped
rapidly with further NaCl addition. Interestingly, two pathways for
organic matter degradation were proposed when chlorides were present
in the substrate. One is the direct anodic oxidation (DAO) and the other
is the indirect anodic oxidation (IAO) (Mohanakrishna et al., 2010). The
DAO is the common degradation process for organic matter accom-
plished by EAB, while the IAO is by the oxidants such as chloride di-
oxide, hypochlorite, hydroxyl radicals and hydrogen peroxide that are
bioelectrochemically generated through a similar process as happens in
an electrolysis system (Israilides et al., 1997; Mohanakrishna et al.,
2010). It is suggested that the IAO by the oxidants has significant in-
fluence on the organic removal efficiency (Mohanakrishna et al., 2010).
So, the enhancement of acetate degradation at 200 mM NaCl probably
was due to the more oxidants produced with an increased availability of
chlorides. The processes and mechanisms of IAO proposed in BES are
worth of further investigations.

As shown in Fig. 5, CE decreased rapidly from 17.0 + 0.2% (0 mM
NaCl) to 9.9 + 0% (200 mM NaCl), and then arrived at a stable level. The

—o— Effluent
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Fig. 5. Acetate concentration in the influent and effluent, acetate removal rate and columbic efficiency in PBS-buffered BES at different additional salinity.
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decrease could be attributed to the lowered current production, less
charge transferred and collected efficiently (Fig. 1). Furthermore, NaCl
addition probably accelerate the growth of the non-electricity producing
bacteria and enhance the competing metabolic processes such as
fermentation (Li et al., 2013). In short, more acetate was consumed by
other microorganisms than the electricity-producing bacteria, lowering
the charge recovery efficiency.

4. Conclusions

In conclusion, current production decreased with increasing addi-
tional salinity from 0 to 600 mM NacCl in a PBS-buffered three-electrode
BES. CV and its first derivative analyses suggested that the dominant
exoelectrogens could tolerate up to 200 mM additional salinity.
Increased interfacial resistance accounted for the majority of total
resistance and was the controlling factor for the decreased current
production. Decreases in biofilm and interfacial capacitance also
contributed to the decreased current production. Optimal additional
salinity for acetate degradation was 200 mM NacCl.
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