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In MFCs that are used to generate electricity, the discharging of phosphate electrolyte is not economical
and environmentally friendly. To address this issue, the concept of “zero-electrolyte-discharge” MFCs
was developed. In this study, the performance of “zero-electrolyte-discharge” air-cathode MFCs were
critically evaluated using different types of substrates (sugar, alcohol, fatty acid, and salt). A final power
loss of 68% and 48% was observed for the glucose- and ethanol-fed MFCs, respectively. This power loss
was found to be mainly due to the substantially increased internal resistances under decreased
electrolyte pH that is induced by the fast production of acidic metabolites. Moreover, cathodic biofilm
growth was found to cause a higher electrolyte pH at the cathodic catalyst layer, resulted in a lower
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acetic acid is the most suitable candidate for the zero-electrolyte-discharge MFC system since it

DO 10.1039/c6ra27513¢ provides a stable electrolyte environment and least cathodic biofilm growth. The drawbacks of using
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1. Introduction

Microbial fuel cells (MFC) directly convert biomass energy
into electricity using an electroactive bacteria as a bio-
catalyst. The possible applications of MFC for both power
generation and wastewater treatment lead to its intensified
research over the past few years." Among all the MFC set-
ups, the single-chamber air-cathode MFC is to date the
most prominent configuration since mediator or cathodic
aeration is not required in its operation, thus saving cost and
at the same time keeping the internal resistances at
a minimum level.*"*

A buffer solution is commonly used as an electrolyte in MFCs
to alleviate the pH change. Phosphate buffer is the preferred
electrolyte in the MFC systems due to its buffer capacity, which
is close to neutral pH.” MFCs are commonly operated in batch
or continuous-flow mode.** In both cases, the electrolyte still
requires to be replaced, either intermittently or continuously, to
restore the buffer pH. However, in wastewater treatment
application, discharging the “electrolyte” (i.e. wastewater) is
usually not an issue. However, for sole power generation
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sodium acetate as an MFC substrate have also been discussed and it is compared with acetic acid.

purpose, discharging the electrolyte is not very appealing since
it considerably increases the operational cost. On the other
hand, the high phosphate content buffer of the discharged
stream may cause serious eutrophication of the water system.**
To address this issue, alternative buffer systems, such as
bicarbonate and saline, with lower buffer capacities or MFC
performances have been reported.’** To address these issues,
continuously operated MFCs without replacing the electrolyte,
or “zero-electrolyte-discharge” MFCs, might be an ultimate
solution. To realize a zero-electrolyte-discharge operation,
maintenance of electrolyte properties becomes crucial. The
internal environment of MFCs is highly dependent on the type
of the substrate. An ideal substrate should completely and
efficiently break down to the “clean” end products of water (in
vapor form) and CO,, which are slowly removed from the system
through the air-cathode. However, these substrates are rare.
Intermediate products, such as fatty acids, are often produced
as a result of diverse bacterial communities present in the
anodic biofilm and distinct metabolic pathways undergone by
the substrates.'***

Previous studies on MFC substrates mostly focused on the
issues of power density, energy conversion efficiencies or
kinetics of degradation.*'®* However, a comprehensive study on
the relationship between substrate type and operational
sustainability under zero-electrolyte-discharge conditions has
not been reported. In this study, four typical MFC substrates
(glucose, ethanol, acetic acid (AA), and sodium acetate (SA))
were selected as energy sources for the single-chamber air-
cathode MFCs. Polymeric substrates, such as cellulosic

This journal is © The Royal Society of Chemistry 2017
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biomass, were not selected since they are not suitable for energy
generation due to their low solubility and slow kinetics.*”
During the experiments, the properties of the electrolyte were
monitored by several key quality indicators including pH, buffer
strength, and biomass accumulation. The effects of the
changing electrolyte environment on MFC performance were
monitored by analyzing the power densities and internal
resistances of individual MFCs. Intermediate products were
profiled by nuclear magnetic resonance (NMR) spectroscopy.
Based on the results, we attempted to correlate the variations of
electrolyte properties with the changes in the MFC performance
and understand how the choice of substrate affects these
properties.

2. Experimental
2.1 Materials & cell construction

A typical MFC reactor used in this study (Fig. S1t) was
assembled by stacking an anode and air-cathode between four
pieces of acrylic parts with thin silicone gaskets to form an air-
tight cylindrical chamber, which was 4 ¢cm in diameter and
2 cm in length with a total volume of approx. 25 mL, and the
distance between the anode and cathode was maintained at
1 cm for all the experiments. The anodes and cathodes were
made of plain and 30% wet proofing carbon cloth (Fuel Cell
Earth LLC, USA), respectively. Both electrodes had an effective
area of 12.5 cm”. The air-cathodes were made according to
a reported method® with 0.5 mg cm™? Pt loading (10% Pt/C,
Fuel Cell Earth LLC, USA). Thin titanium wires were tightly
sandwiched between the electrodes and gaskets for use as
current collectors.

2.2 Microorganism and electrolytes

Domestic wastewater (primary clarifier effluent) obtained from
the Ulu Pandan Water Reclamation Plant (Singapore) was
initially used as an inoculum for our MFCs. For the past four
years, the enrichment of electroactive species has been carried
out by inoculating fresh anodes using effluents from the accli-
mated MFCs. Based on the 16S rRNA sequencing and bacterial
identification (ESI Section 1) performed by Axil Scientific Pte.
Ltd, the anodic biofilm was found to contain common anodic
species including Acetoanerobium (38%), Enterobacteriaceae
(25%), Clostridium (13%), and Stenotrophomonas (13%).***%*
The phosphate buffer saline (PBS) stock solution (400 mM)
contained the following compounds (per litre): NaH,PO,-H,0,
19.62 g; Na,HPO,-2H,0, 45.89 g; KCI, 1.04 g; NH,CI, 2.48 g;
minerals (12.5 mL) and vitamins (12.5 mL)*® were used as stock
solutions for the subsequent appropriate dilutions. Concen-
trated substrate stock solutions were prepared by mixing the
following: glucose, 2.34 g; ethanol, 1.20 g; sodium acetate,
3.20 g; and acetic acid, 2.34 g each with DI water to make 10 mL
solutions with a COD value of 250 000 mg L™ ". Substrate stock
solutions were kept in the fridge (4 °C) and restocked with fresh
solutions on a weekly basis. All mineral salts and substrates
were purchased from Sigma-Aldrich (USA) with a minimum
purity of 99%.
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2.3 Inoculation and experimental conditions

Typical anode inoculation was carried out in batch mode by
repeatedly refilling the MFC chamber with effluent from the
acclimated MFCs whose COD value was adjusted to 500 mg L™
using sodium acetate, external resistor was changed from 10
kQ in the beginning to a minimum value of 10 Q, and inocu-
lation was stopped when the peak working voltage reached
a constant value for at least 3 consecutive runs. During the
repetitively-fed experiment, individual MFCs were initially fil-
led with 50 mM PBS buffer whose COD value was adjusted to
2000 mg L' by adding substrate stock solutions (0.20 mL).
After adding the substrate, the pH value was adjusted to
a common starting value of 7.1 by the addition of either
phosphoric acid (85%) or sodium hydroxide solution (10 M).
Resistors with a resistance of 465 Q were used as the only
external resistors for the entire experiment. During the exper-
iment, samples of electrolytes were taken out from the MFCs
every 10-20 hours using a plastic dropper for analysis.
Substrate stock solution and DI water were then added to
replenish the electrolyte solutions lost due to substrate deple-
tion and water evaporation. After the completion of the anal-
ysis, electrolytes were backfilled into the respective MFCs. The
amount of the added substrate stock solution was calculated
using the method described in the ESI (Section 2).T Details of
the bacteria culturing and impedance analysis are given in the
ESI (Sections 3 and 4).f A continuous experiment was per-
formed for a total of 130 hours. After this, separate batch-mode
experiments were carried out using the same MFCs. In the
batch mode experiments, electrolyte contents were analyzed via
NMR spectroscopy after one hour of operation. The anodic and
cathodic half-cell potential was analyzed against the Ag'/AgCl
reference electrode after 24 hours of operation (ESI Section 57).
All MFCs were operated inside a homemade thermostatic
chamber (Fig. S2f) and the internal temperature of the
chamber was maintained at 25 °C. Holes drilled at the back of
the chamber enabled the connection of MFCs with other
devices (e.g. data acquisition system).

2.4 Analytical methods and calculations

The working voltage was determined every 10 seconds by
a workstation equipped with an 8-channel data acquisition
(DAQ) module, ADAM-4017, and home-made data acquisition
software (Fig. S2T). Average power densities were calculated
using the following eqn (1):

1000 [* V2
PD,,, = I

ZaN )
where PD,,, is the average power density; V is the working
voltage; R is the external resistance; ¢ is the duration of the data
collection period; and A is the projected area of the electrode.
The pH value of the electrolyte was measured using a UB-10
Ultrabasic pH meter (Denver Instrument, USA). The conduc-
tivity of the electrolyte was analyzed using an HQ40d multi-
parameter meter equipped with an IntelliCAL™ CDC401
conductivity probe (Hach Company, USA). COD analysis was
performed using a standard method via UV-vis spectroscopy
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(Hach Company, USA). The dry mass of the cathodic biofilm was
obtained by weighing the freeze-dried biomass scratched off
from the cathode. Electrochemical impedances were analyzed
using an IviumStat electrochemical station (Ivium Technolo-
gies, the Netherlands) in two different settings. Setting A: closed
circuit with an external resistance of 465 Q; two-electrode mode;
and frequency range from 10 000 Hz to 0.05 Hz. Setting B: open
circuit; three-electrode mode; and frequency range from
10 000 Hz to 0.05 Hz. Simulation of the EIS results was per-
formed by the ZSimpWin software using the equivalent circuit,
as shown in Fig. $3.f NMR spectra (‘H with presaturation,
sample contained 10% D,0) were obtained by a 600 MHz NMR
Inova spectrometer (Agilent Technologies, USA), and subse-
quently the obtained spectra were profiled by the Chenomx
NMR Suite to identify the metabolites and calculate their molar
ratios.

Typical results are presented in this study. All experiments
and measurements were performed in at least 3 replicates to
ensure reproducibility and creation of error bars.
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3. Results & discussion
3.1 MFC performances

The continuous experiment was divided into 7 operational
periods when the working voltages were obtained and 7 analysis
periods (Fig. 1A) when the MFCs were disconnected from the
DAQ, and the electrolyte was analyzed using various techniques.
The results demonstrate how the use of different substrates as
energy sources will affect the long-term performance of an MFC.
The working voltage remained constant above 0.5 V for the
sodium acetate and acetic acid fed MFCs. However, in the case
of glucose or ethanol, the voltage showed a clear declining trend
as the experiment time increased. An unexpected “S-shape”
voltage profile was also observed in both the cases. When re-
flected in power densities, the drop in the working voltage for
the glucose and ethanol fed MFCs corresponded to 68% and
48% average power density reduction, respectively, in period 7
as compared to that in period 1 (Fig. 1B). To understand this
strange-looking graph, it is necessary to look into the changes
that occurred in the electrolyte.
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(A) Measured working voltage of MFCs fed with different substrates over 130 hours. 1-7: voltage measuring period, a—g: electrolyte

analysis and refuel period. (B) Calculated average power densities for MFCs over period 1-7 for each MFC.
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3.2 Electrolyte pH & osmolarity

Most MFC studies used a relatively neutral medium (pH ~7.0)
as an electrolyte, which indicated that the nature of the anodic
bacterial strains was essentially neutrophilic. Studies on the
relationship between the pH value of the electrolyte and MFC
performance also indicated that these electroactive strains are
more tolerant to high pH. Low electrolyte pH often leads to
poorer MFC performances such as lower power density or
incomplete substrate degradation.*»** An example of acido-
philic biofilms has also been reported.?® Our results (Fig. S47)
indicate that the anodic electrogens in our MFCs are more
tolerant to alkaline environment pH (8.0-9.0), whereas under
acidic conditions (pH < 6.5), anodic impedance starts to rapidly
increase. These results also indicate that the cathodic imped-
ances are relatively independent of electrolyte pH.

Starting from a common pH value of 7.1, the pH values for all
four MFCs were continuously monitored at each analysis period
and the results are shown in Fig. 2A. An increased electrolyte pH
value of up to 8 in the sodium acetate fed MFC was caused by
the introduction of each hydroxide ion resulting from the
oxidation of one acetate molecule and reduction of two oxygen
molecules at both electrodes (overall reaction: C,H;0,  + 20,
— 2CO, + H,0 + OH ). The pH increase has only a minor effect
on the working voltage of MFC (Fig. 1). In the cases of glucose
and ethanol, the electrolyte pH decreased mainly due to the
production of fatty acids, which will be discussed hereinafter.
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Fig. 2 (A) Variations in the electrolyte pH with MFC operation time,
with a common initial pH of 7.1. (B) Variations in the electrolyte
conductivity (at 25 °C) with MFC operation time.
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After 100 h of operation, the electrolyte pH of all the MFCs
tended to stabilize; for the SA fed MFC, this is due to the reac-
tion between dissolved carbon dioxide and hydroxide ions: CO,
+ OH™ — HCO; , whereas for glucose and ethanol, it is prob-
ably resulted from the establishment of equilibrium between
fatty acid production and consumption by the anodic bacteria.

Osmotic concentration is a measure of all solute concen-
trations in the electrolyte, and it plays an important role in
maintaining the electrolytic balance and turgor of the bacterial
cell wall. A too high or too low level of osmolarity may possibly
affect the growth or even survival of bacteria. Ionic strength,
a term used to indicate the concentration of ions in a solution,
displays a proportional relationship with osmolarity if the
solution contains only a fixed set of charged solutes, such as
PBS medium. Therefore, it can also be used as an indicator of
osmotic concentration. In our experiment, the ionic strength of
the electrolyte was monitored by measuring its specific
conductivity. Similar to the study on pH, we examined the
electrochemical impedance of both electrodes under different
electrolyte concentrations. The results (Fig. S51) suggest that
the optimal buffer strength was about 25 mM, which has the
lowest activation resistance (i.e. smallest semi-circle in the
Nyquist plot). A substantial increase in anodic impedance was
observed after the electrolyte concentration exceeded 100 mM.
Cathodic impedance again displayed no obvious correlation
with the electrolyte concentration.

The conductivity of the electrolyte was monitored during the
continuous experiment and the result is shown in Fig. 2B. The
electrolyte conductivity of the SA fed MFC increased about two-
fold at the end of the experiment due to the introduction of Na*
ion. Glucose, ethanol, and AA showed a similar pattern of slowly
decreasing conductivities. Ion chromatography of the electro-
Iyte (results not shown) suggests that the conductivity drop is
related to the depletion of ammonium and phosphate ions in
the electrolyte.

3.3 Biomass accumulations

It is known that biofilm can be found in both anode and
cathode in a single chamber MFC.** Although homogenous
covered biofilms on the anode are usually desirable, thicker
biofilms do not necessary mean higher power production.?
To investigate how the choice of substrate affects the
bacterial growth, we monitored the concentration of bacteria in
the electrolyte as well as the amount of newly formed biofilm on
the cathodes (Fig. 3). Images of the electrolyte and a biofilm
sample obtained at the end of experiment are also presented
(Fig. S6T). Anodic biofilms were not included in our investiga-
tion since they showed no significant development during the
short experiment period. The obtained results indicate a faster
bacterial growth rate both on the electrode and in the electrolyte
when glucose is present. When compared with two-carbon
substrates, the six-carbon structure of glucose provides ready-
to-use building blocks for the synthesis of larger biomole-
cules.”® The ability to be anaerobically utilized also makes
glucose a favorable energy source for bacterial replication under
oxygen depleted conditions. However, sodium acetate and

RSC Adv., 2017, 7, 4070-4077 | 4073
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stopped.

acetic acid maintained the bacterial growth at a level of about 1/
3 that of glucose, and similar results were observed for ethanol.
A decreased bacterial growth rate (glucose) or concentration
(ethanol, AA, and SA) was observed as the experiment pro-
gressed. This was probably caused by the depletion of necessary
nutrients (e.g. NH,', vitamins, and minerals) in the electrolyte,
which is also consistent with our previous observation of a drop
in the electrolyte conductivity.

3.4 Power analysis

To understand the changing trend of power densities, we first
look at the factors that affect the power output, as shown in

eqn (2).

OoCv

Power = I’R, = <7
¢ Rexl + Rim

2
) R 2
where I is the electric current; OCV is the open circuit voltage;
Rey is the resistance of the external resistor; and Rj, is the
internal resistance of the MFC.

The power is determined by three factors, namely the open
circuit voltage (OCV), the internal resistance of the MFC (Rjnt),
and the external resistance (R.). Since the external resistance
was fixed throughout the experiment, power production will
only be affected by the remaining two factors. From eqn (2), it
can be seen that an increase in the internal resistance adversely

4074 | RSC Adv., 2017, 7, 4070-4077
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affects the power output by increasing the total resistance (i.e.
denominator in the parenthesized term). However, power
output is proportional to the square of OCV. Note that unlike
the standard cell electromotive force (E,), the OCV of any cell
does not have a fixed value and it is easily affected by a change
in the operation conditions. Eqn (3) and (4) show the calcula-
tion of OCV and half-cell potential, respectively.

OCV = HCP'.,, — HCP',, (3)

where OCV is the open circuit voltage of the cell; and HCP' .,
and HCP',, are the open circuit half-cell potential of the
cathode and anode, respectively.
p

HCP' =E)—n— %ln% (4)
where HCP is the open circuit half-cell potential of any elec-
trode; E, is the standard cell electromotive force; 7 is the elec-
trode overpotential; R is the gas constant; 7= 298.15 K at 25 °C;
n is the number of electrons involved; F is Faraday's constant;
and [P]’/[R]® denotes the ratio of the activities of the products
divided by the reactants raised to their respective stoichiometric
coefficients.

The effect of choosing different substrates on the internal
resistance and open circuit voltage of MFC is discussed below.

3.4.1 Internal resistance. Electrical impedances were
measured during the analysis periods a, d, and g and the results
are shown in Fig. 4. The most stable impedances were observed
in the AA-fed MFC. For the SA-fed cell, the electrolyte resistance
(i.e. impedance at high frequency) slightly decreased due to
increase in the electrolyte conductivity caused by the introduc-
tion of additional sodium ions. Both MFCs fed with glucose and
ethanol exhibited an increase in the cell impedance mainly due
to the increase in the polarization resistance, which is denoted
by the diameter of the semicircle on the Nyquist plot. Based on
the simulation results, the R, of the glucose fed MFC increased
from 9 Q to 228 Q, and for ethanol, the R, increased from 12 Q
to 160 Q, both of which had more than a 10-fold R, increase
(Table S17).

Based on the abovementioned discussion, the increase in the
internal resistance of the glucose and ethanol fed MFCs was
mainly caused by drop in the electrolyte pH to below 6.5. The
observation that the MFCs fed with sodium acetate showed
a stable performance is consistent with our finding that an
electrolyte concentration as high as 100 mM and an alkaline pH
value as high as 9 are well tolerated by anodic bacteria. To better
control the electrolyte pH under different circumstances, it is
necessary to understand the reason behind the decrease in the
pH value.

In a separate set of batch experiments, the identity and
composition of the organics present in the electrode were
analyzed and the results are summarized in Fig. 5. The sug-
gested role of anodic bacteria species in producing these
metabolites is shown in Fig. 6." The lack of Propionibacterium
suggests that propionate may be produced by another species,
following an unknown metabolic pathway.”

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrochemical impedance (Nyquist plots) obtained at analysis period a, d, and g. Measurements were performed in the two-electrode

closed circuit mode with a 465 ohm external resistor.

These results suggest that the main reason for the decrease
in pH in the glucose and ethanol fed MFCs is due to the
production of fatty acids including acetic acid, propionic acid,
formic acid, lactic acid, and butyric acid. Glucose was degraded
into fatty acid due to the rapid fermentation processes, which
resulted in electrolyte acidification. This explains the
uncommon “S-shape” voltage profile in the glucose-fed MFC in
the latter part of the experiment. The rapid voltage decline was
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caused by a rapid increase in the internal resistance due to low
pH, and the slow climb in the voltage is due to the degradation
of these fatty acids to produce CO, and water. Similarly, the
oxidation of ethanol to form acetic acid also caused the elec-
trolyte pH to decline. The difference between the glucose and
ethanol fed MFCs is that the kinetics of ethanol oxidation is not
as fast as that of glucose fermentation and also electrolyte
acidification. Since anaerobic fermentation of glucose does not
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Fig.5 Composition (molar percentage) of organics detected in the electrolyte by *H NMR spectroscopy after one hour operation using different

substrates.
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nerobium; (C) Clostridium; (E) Enterobacteriacea.

require an electron acceptor (e.g. oxygen) to proceed, its kinetics
is not restrained by the amount of current generated.

3.4.2 Open circuit voltage (OCV). After the continuous
operation, the half-cell potentials (HCP) of both electrodes were
measured based on separated batch experiments, and the result
is shown in Fig. 7. Based on this result, all the MFCs showed
similar anodic HCPs, whereas the cathodic HCPs were lower for
the glucose and ethanol-fed MFCs. Based on the HCP result, the
pH gradient (ApH) was calculated over the cathodic biofilm
using eqn (5).

1

RT
HCPey = Eg—n — —=In—
(0.2 [H]?

= HCP,,v—0.059ApH (5
F 10 p (5)
where HCP,,, is the half-cell potential of the cathode covered
with the developed biofilm; E, is the standard half-cell potential
of 1/20, + 2H" +2e~ — H,0; 7 is the overpotential of the oxygen
reduction reaction on the Pt/C catalyst; HCP., is the cathodic

# HCP_Anode
= HCP_Cathode

Voltage (V)

-0.8 -

Fig. 7 Half-cell potential (vs. Ag/AgCl 1.0 M) of electrodes after batch
operation for 24 hours.
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Fig. 8 Relationship between the amount of cathodic biomass and the
pH gradient over the cathodic biofilm.

half-cell potential of a freshly prepared cathode (no biofilm
attached); R is the gas constant; T=298.15 K at 25 °C; n (2) is the
number of electrons involved; F is Faraday's constant; [O,] (2) is
the activities of oxygen gas; [H'] is the molar concentration of
H"; and ApH is the pH gradient over the cathodic biofilm.

A plot of the amount of cathodic biomass against the pH
gradient is shown in Fig. 8. The results indicate that the pH
gradients over the cathodic biofilm are correlated (R*> = 0.8367)
with the amount of the biofilm developed. At the anode side,
due to the lack of oxygen in the surrounding electrolyte, the
metabolism of bacteria is limited by the electricity generation
process, thus the energy required for bacterial reproduction is
in limited supply unless it can be generated through alternative
ways such as fermentation. The anodic biofilm thickness is also
limited by the limited distance between the bacteria and elec-
trode that electrons can travel. However, these limitations do
not exist at the cathode side and the cathodic biofilm can grow
to the scale of millimeters as compared with the merely dozens
of micron thick (at most) biofilm on the anode. As more OH" is
trapped inside the cathodic biofilm, less OH™ will be available
to neutralize the H' in the electrolyte and the electrolyte
becomes more acidic over time.** Herein, this effect was
confirmed in the experiment since the electrolyte pH of the
acetic acid fed MFC showed a declining trend and that of the
sodium acetate-fed MFC stopped increasing in the latter stage.
The glucose and ethanol fed MFCs are expected to show a faster
declining pH since they developed a thicker biofilm over the
cathode.

It can be seen that the increase in the catholyte pH will
reduce the cathodic HCP. Note that a mere increase of 1 pH unit
will lower the HCP by 0.059, which when reflected in power
output equals a 14% drop (supposing that the original OCP is
0.83). The actual situation can be much worse if a thick biofilm
is developed or if the MFC is operated at a high current density.

4. Conclusions

Continuous MFC operations under the zero-electrolyte-
discharge condition using different types of substrates were
conducted. Among the tested substrates, acetic acid was found
to be the most suitable energy provider after close examination

This journal is © The Royal Society of Chemistry 2017
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of several electrolyte quality indicators. The deteriorations in
the performances observed in the glucose and ethanol-fed MFC
are attributed to two factors. The long term effect of the
decreasing electrolyte pH increases the internal resistance of
the MFC. On the other hand, a thicker cathodic biofilm impedes
OH" diffusion into the bulk electrolyte and leads to a higher pH
at the surface of the cathode catalyst layer, which results in
a lower OCV. To make MFC technology a sustainable source of
electricity, effective strategies to suppress the cathodic biofilm
growth are required.
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