Waste Biomass Valor (2017) 8:2037-2043
DOI 10.1007/s12649-016-9712-0

CrossMark

@

ORIGINAL PAPER

The Effects of Salinity, pH and Temperature on the Performance

of a Microbial Fuel Cell

Asimina Tremouli'” - Michalis Martinos” - Gerasimos Lyberatos>>

Received: 13 June 2016/ Accepted: 21 September 2016/ Published online: 24 September 2016

© Springer Science+Business Media Dordrecht 2016

Abstract

Purpose In order to develop microbial fuel cells (MFCs) as
a wastewater treatment technology, it is necessary to
investigate the performance of these systems under various
operating conditions. This study investigated the effect of
salinity, pH and temperature on the performance of a dual
chamber MFC.

Methods All experiments were conducted in batch mode
using synthetic wastewater as a medium (based on
approximately 0.55 gCOD/L glucose). The performance
was evaluated in terms of chemical oxygen demand (COD)
removal efficiency, coulombic efficiency (CE) and power
production.

Results Good electrochemical performance (P,,x 66 mW/
mz) and COD removal efficiency (70 %) were maintained
up to a salinity of 4.1 g/L, but P, decreased by 92 % and
COD removal by 25.3 %, as the salinity was raised to
6.7 g/L. The optimum CE (13 %) was achieved at 4.1 g/L.
Maximum power density was improved by 37 % (Ppax
50.6 mW/m?) as the pH of the anolyte was increased from
6 to 9, while the optimum CE (15 %) was achieved at pH 7.
Moreover, maximum power density and CE were both
improved by 64 % (Pnax 59 mW/mz) and 211 % (CE
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14 %), when the operating temperature was raised from 24
to 35 °C. The COD removal efficiency remained approxi-
mately constant (75-80 %) for all pH and temperature
changes.

Main Conclusions These results indicate the great influ-
ence of salinity, pH and temperature on MFC performance
in terms of power generation and wastewater treatment.

Keywords Microbial fuel cell - Salinity - PH -
Temperature

Introduction

A microbial fuel cell (MFC) is a bioreactor capable of
converting the chemical energy of the bonds of organic
compounds to electrical energy, through catalytic reactions
of microorganisms under anaerobic conditions [1, 2]. MFC
is considered to be a promising sustainable technology,
since it can generate electricity while treating wastewater
simultaneously [3]. Bioelectrochemical systems could be
implemented for the treatment of wastewaters which
originate from various industrial sectors. However, there
are yet several factors to be examined in order to obtain
knowledge of the robustness of MFC to different operating
conditions.

Many industries, including agro-food, petroleum and
leather industries, produce high salinity and high organic
content wastewater, which may adversely affect aquatic
life, water potability and agriculture. Up until today, phy-
sico-chemical treatments are used in order to treat saline
effluents since biological treatment is strongly inhibited by
salts [4]. However, biological methods need to be opti-
mized so that they can be optimally implemented, replac-
ing the high-cost conventional treatments.
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A significant limiting factor for MFC performance is the
slow rate of proton transfer. This limiting factor could be
improved by increasing the salinity of the solution, thus
increasing the conductivity of the medium. However,
increased salinity might have detrimental effects to the
physiology of the biofilm [5]. Some studies regarding the
correlation between salinity and MFC performance, using
different MFC designs and operational conditions, can be
found in the literature. Adelaja et al. [6] investigated the
effect of salinity (0.5-2.5 % (w/v) as sodium chloride), on
the biodegradation of a petroleum hydrocarbon mix in
MFCs. Good electrochemical and degradation performance
were maintained up to a salinity of 1.5 % (w/v) but the
deterioration was 35-fold and fourfold respectively as
salinity was raised to 2.5 % w/v. Liu et al. [7] increased the
ionic strength of the solution in a single-chamber MFC
from 100 to 400 mM by adding NaCl and observed an
enhancement of the power output from 720 to 1330 mW/
m?. Tremouli et al. [8] examined the effect of salinity in a
single-chamber MFC by adding NaCl (1 and 2 g/L) or by
reducing the amount of phosphate in the anode chamber,
thus changing the conductivity in the range of
5.31-17.12 mS/cm. The maximum volumetric power was
achieved at 12.25 mS/cm (10 W/m®) while lower and
higher values of salinity had detrimental effects on the
MEC performance.

Moreover, a number of other factors, such as the pH and
temperature, can also significantly affect the overall MFC
performance. In particular, depending on the bacteria and
their growth conditions, pH shifts can cause changes to
several parameters, such as the concentration of ions,
membrane potential, proton-motive force and biofilm for-
mation. The anodic pH plays a crucial role on MFC per-
formance, since it alters the metabolic rate of the
microorganisms for a substrate and hence the concentration
of protons and electrons in the anodic chamber [9]. He
et al. [10] varied the anodic pH in the range 5-10 and
concluded that it affects both the anodic and the cathodic
reactions while the optimal MFC performance was
achieved in the range of pH 8-10. Puig et al. [11], observed
a constant COD removal (77 & 6 %) and an increase of the
maximum volumetric power density by 80 % (from 0.36 to
0.66 W/m®) when the pH increased from 6 to 9.5. Yuan
et al. [12], achieved the maximum power density
(1170 + 58 mW/m?) at pH 9 which was 29 and 89 %
higher compared to the values achieved at pH 7 and 5,
respectively.

Oliveira et al. [9] saw that changes in temperature may
influence system kinetics and mass transfer (activation
energy, mass transfer coefficient, conductivity), the MFC
thermodynamics (free Gibbs energy and electrode poten-
tials), as well as the nature and the distribution of the
microbial community (optimum temperature varies for the
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different bacterial strains). Guerrero et al. [13] examined
the effect of temperature (from 20 to 35 °C) using both a
single and a dual chamber MFC. The results showed that
there was no significant change in COD removal efficiency
with the temperature shifts (dual chamber: 75-82 %; single
chamber: 90-95 %). The CE was low in all cases (CE
0.7-1.8 %). Similarly, Ahn and Logan [14] using a single
chamber MFC observed constant COD removal efficiency
(88 %). On the contrary, they achieved relatively high
values of CE (47-50 %) when changing the operating
temperature from 23 to 30 °C. Jadhav and Ghangrekar
[15], using a dual-chamber MFC, also observed constant
COD removal efficiency when changing the temperature
(in the range 20-35 °C) while the CE remained relatively
low (1.5 %). Michie et al. [16] using single chamber air
cathode MFCs examined the effect of temperature (10, 20
and 35 °C) on the system performance. The highest COD
removal rates of 2.98 g COD/L/d were produced in the
35 °C reactor but CEs were found to be significantly higher
at psychrophilic temperatures. Acclimation at different
temperatures was found to a have a significant effect on the
dynamic selection of psychrophilic, psychrotolerant and
mesophilic anode respiring bacteria (ARB).

The purpose of this study was to assess the effect of
salinity, pH and operating temperature on a dual chamber
MEFC, thus contributing to a better understanding of the
effect of these parameters on MFC performance. The
performance of the system was evaluated in terms of its
substrate (glucose) removal efficiency, coulombic effi-
ciency (CE) and its electrical properties (maximum power
generation and internal resistance).

Materials and Methods
MFC Enrichment and Operation

All experiments were performed in a dual-chamber MFC
consisting of two 310 mL glass bottles. The set up of the
MEFC used in this study was the same as that previously
described [17]. The anode electrode consisted of carbon
paper (10 wt % wet proofing, E-Tek), while the cathode
electrode was made of carbon cloth coated with Pt (E-Tek).
A proton-exchange membrane (Nafion® 117, DuPont) was
used to separate the two chambers. The electrodes were
connected via silver wires with a 100 Q external resistor
(unless stated otherwise), forming a closed electrical cir-
cuit. The whole MFC was placed in a thermostatic cham-
ber, maintained at 32 °C, unless stated otherwise.

The enrichment of the electrochemically active bacteria
in the anode chamber was performed using anaerobic
sludge provided by the Wastewater Treatment Plant of
Patras, Greece. The anaerobic sludge had the following
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main characteristics: pH 7, COD = 0.7 gCOD/L, total
suspended solids (TSS) = 24.3 g/L and volatile suspended
solids (VSS) = 15.12 g/L. In each cycle the active inocu-
lum concentration was 10 % by volume. Glucose (~0.55
gCOD/L) was used as substrate (electron donor) in all the
experiments. Each anolyte replacement occurred by com-
pletely draining the anode chamber and refilling it with
fresh anolyte solution. The exact composition of the
medium used in the experiments can be found in Ref. [18].

Following the inoculation period, six successive batch
cycles were performed, without further addition of sludge.
In order to study the effect of salinity on MFC perfor-
mance, the synthetic wastewater feed was modified by salt
additions to six anolyte values (addition of KCI: 0, 1.4, 2.7,
4.1, 5.4 and 6.7 g/L corresponding to the conductivity
values 12, 14, 16, 18, 20 and 22 mS/cm, respectively). The
value of 0 KClg/L does not include the amount of KCI
which is initially added in the synthetic wastewater feed
[18]. After the salinity tests, four cycles were conducted at
pH 7 and KCL 0 g/L, in order to recover the reduced
electrocatalytic activity of the exoelectrogens which was
observed at high salt concentrations.

Following the recovery cycles the anodic pH was
adjusted to the values 6, 6.5, 7, 7.5, 8, 8.5, and 9 by adding
HCI or NaOH in the anolyte and the effect of pH on MFC
performance was examined. In order to ensure the repro-
ducibility of the results, two operation cycles were con-
ducted at each pH. Following the pH changes the pH was
switched back to 7.

Finally, the effect of operating temperature on MFC
performance was investigated. For this experiment the
temperature was shifted in the range from 24 to 35 °C.
Specifically, the temperature was set to the following val-
ues: 30 °C (1st, 2nd, 3nd cycle), 26 °C (4th, 5th, 6th cycle),
33 °C (7th cycle), 35 °C (8th cycle), 24 °C (9th, 10th, 11th
cycle).

Polarization experiments were carried out by connecting
a decade variable resistor box between the anode and
cathode electrodes. Polarization data were obtained by
varying the external resistance from 0.1 Q to 1000 kQ and
recording the corresponding steady-state cell voltage and
current values. Measurements were taken 10 min after
changing the external resistance, so as to ensure that the
system reached steady state. The internal resistance R;, of
the MFC was determined using the power density peak
method [19].

Analytical Methods and Calculations

The performance of the dual-chamber system was evalu-
ated in terms of COD removal efficiency, CE and power
density normalized on the apparent surface area of the
anode electrode (13.8 cmz).The COD removal efficiency

and the CE were calculated as described in Logan et al.
[20]. The measurements of dissolved COD, TSS and VSS
were carried out according to Standard methods [21]. Each
COD measurement was conducted twice and the average
value is presented for each sample taken. The pH and
conductivity were measured using a digital pH-meter
(HACH) and conductivity meter (HQ440d multi),
respectively.

The cell voltage, as well as the effluent COD were
followed with time. The fuel cell voltage U..; was moni-
tored and recorded at 10 min intervals, using a data
acquisition system (Advantech ADAM-4019+), connected
to a personal computer, while the current I passing through
the cell was measured using a precision multimeter (Mas-
tech MY 64).

Results and Discussion
Effect of Salinity on MFC Performance

In this study different salt concentrations (0, 1.4, 2.7, 4.1,
5.4 and 6.7 gKCI/L corresponding to the conductivity
values 12, 14, 16, 18, 20 and 22 mS/cm, respectively) were
varied in the anodic chamber of the MFC, in order to
evaluate its influence on system performance. The salt
concentration was sequentially increased, by addition in the
anolyte of the proper amount of salt after the end of each
operation cycle. The MFC voltage and the COD con-
sumption versus time for the different salt concentrations
are shown in Fig. 1. The maximum voltage output
improved significantly by about 19 mV when increasing
the concentration of salt from O to 4.1 g/L. However, when
salinity was further increased to 5.4 and 6.7 g/L, the
maximum voltage output decreased rapidly up to a
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Fig. 1 MFC voltage U, and COD consumption versus time at
different salt concentrations. The arrows indicate the salt concentra-
tion for each batch cycle
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percentage of 75 % (Fig. 1). The COD removal efficiency
remained practically constant (~70 %) up to the salt
concentration of 2.7 g/L, while it drastically decreased at
higher KCI concentrations, reaching the maximum
decrease of 25.3 % (COD removal efficiency 52 %) at the
value of 6.7 g/L (Fig. 1).

Moreover, there was also a strong correlation between
coulombic efficiency and maximum power density which
was obtained from polarization experiments with salinity
(Fig. 2). The coulombic efficiency increased gradually (CE
8, 11, 12, 13 %) with the increase of salt concentration (0,
1.4, 2.7, 4.1 g/L) until the value of 4.1 g/L. Further
increase in salinity (5.4 and 6.7 g/L) resulted in the drop of
CE (9 and 3.8 %, respectively). Additionally, the low CE
implies that most of the COD was removed by methano-
gens or other nonelectrogenic microbes established in the
anode rather than by electron transfer bacteria [22]. A
similar trend was followed by the maximum power density
which reached its optimum value (P,.x = 66 mW/mz) at
4.1 gKCL/L, while it drastically decreased by 92 %
(Pmax = 5.3 mW/mz) when the salinity was 6.7 g/L
(Fig. 2).

Results indicated that salt concentration (ionic strength)
has great impact on the electrochemical and degradation
performance of the MFC. Specifically, conductivity
increased proportionally with salinity and this benefited the
MEC system up to the value of 4.1 g/LL (18 mS/cm) as
higher ionic strength facilitated proton transfer. The posi-
tive effect of the increased conductivity on the MFC per-
formance is in accordance with previous findings
[7, 23, 24]. This study shows that although increasing
levels of salinity and ionic strength enhanced the electro-
chemical and COD removal efficiencies, higher salt con-
centrations (5.4 and 6.7 g/L) had detrimental effects on the
electrochemical performance of the system. This result
indicates relatively low tolerance of anodiphilic bacteria to
KCl, as their activity (which is correlated to the CE values)
was affected at higher salt concentrations [5, 6].
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Fig. 2 The effect of salinity on maximum power density and CE
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Effect of Anodic pH on MFC Performance

In order to recover the reduced electrocatalytic activity of
the exoelectrogens which was observed during the high
values of salt concentration, four successive recovery
cycles were conducted. Each recovery cycle was conducted
at pH 7 and KCL 0 g/L. The maximum voltage output was
increased by 124 % (1st cycle: 45 mV, 4th cycle: 109 mV)
and CE was raised from 4.6 % (1st cycle) to 12 % (4th
cycle) indicating that a successful electrocatalytic activity
recovery was accomplished after the four cycles (Fig. 3).

Following the recovery cycles the MFC performance at
different anodic pH values (pH 6, 6.5, 7, 7.5, 8 and 9) was
examined. As shown in Fig. 3, the maximum voltage out-
put was reduced by 27 % (73 mV) at pH 6.5 compared to
the fourth recovery cycle (pH 7). This value remained
practically constant for pH 6, while a relatively small
increase (80 mV) was observed for pH 8 and 9. COD
removal efficiency ranged between 69 % and 78 %
(Fig. 3). The optimum CE value was achieved at pH 7
(CE ~ 25 %). The constant COD removal efficiency
confirms the presence of nonelectrogenic bacteria which
competitively consume the organic substrate at different
pH environments. Although, the polarization experiments
showed that the maximum power density P,,,, increased
with increasing anodic pH (Pp.x ~37, ~37.2, ~44.8,
~44, ~46.4, ~47.4 and ~50.6 mW/m* for pH 6, 6.5, 7,
7.5, 8, 8.5 and 9, respectively) (Fig. 4), for the high pH
values the duration of the cycle decreased and this leads to
a drop in the CE for high pH.

Figure 5 shows the effluent pH values (obtained at the
end of each batch cycle) compared to the pH values of the
feed (influent pH). It can be clearly observed that effluent
pH increased under acidic feeds (pH 6, 6.5) and was
reduced under alkaline feeds (pH 8, 8.5 and 9). On the
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Fig. 3 MFC voltage U and COD consumption versus time at
different anodic pH. The arrows indicate the initial anodic pH for
each batch cycle



Waste Biomass Valor (2017) 8:2037-2043 2041
<~ 70 r r r r r r 35 0.12 . . . . 1.0
€ @ Pmax —o- Ucell 0.9
S oo ACE L 30 0104 T=33°C T=35°C % COD |
3 AN ’ 8 0.8
> 50 - J oA @ |25 1/ 243 [
",ﬁ 8 e ° ° 0.08- Y : 0 07
S 404 a2 L20 O S g @
T 9 8 ‘\ ’ m ~ 8 o)
5 o = S 0.06- %3 8 8
S 30- A L15 & 3 8 o
[} 2 o 8 =
Q 44 (8 g r
g 20{ 4 A L 10 0.0
S A A A A 2
E 10 L Ls
= 1 F 0.024 §
S }
= ol : : : : : —+o okl
6.0 6.5 7.0 7.5 8.0 8.5 9.0 T T T
0 200 400 600
pH

Fig. 4 Maximum power density P, and CE at different anodic pH

8.0
o Q
7.6 4 PN * -3
T .7 o
o 9 e ,
o -~ _-
B 7.2 Rtk
o
S °
- o
g 6.8
=
=
7]
6.4 °
6.0 T T T T T T T T T T T T T
6.0 6.5 7.0 75 8.0 8.5 9.0

influent anodic pH

Fig. 5 Effluent anodic pH versus influent anodic pH

contrary, no changes on effluent pH were observed for
neutral feeds (pH 7, 7.5).

The increase of effluent pH at acidic conditions can be
attributed to the proton transfer to the cathode and
increased consumption through the cathodic reactions [25].
On the contrary, at high feed pH values, as bacterial
metabolism produces weak acids the effluent pH decreased
in comparison with the values of the feed [26]. Clearly,
neutral pH conditions proved to be the optimum environ-
ment for the anodic bacteria. These results are in accor-
dance with previous findings [11, 12, 27].

Effect of Temperature on System Performance

Following the pH shifts, the system performance was
examined at different temperatures (Fig. 6). As shown in
Fig. 6, the maximum cell voltage was enhanced when
increasing the temperature. A raise up to 46 % of the peak
voltage was observed when the temperature increased from
24 °C (62 mV) to 35 °C (92 mV). Similarly to the maxi-
mum output voltage, the CE values were higher for MFC
operation above 30 °C. Namely, the CE values were 12, 14

Time (h)

Fig. 6 MFC voltage U and COD consumption versus time at
different temperatures. The arrows indicate the temperature for each
batch cycle. Numbers next to the arrows indicate the cycle number

and 11.5 % for the cycles carried out at 30 °C (3nd cycle),
33 and 35 °C, respectively. Moreover, CE values ranged
from 4.5 to 6 % for the cycles conducted at 24 °C and
67 % for the cycles carried out at 26 °C. The higher
performance of the MFC at relatively high temperatures
could be attributed to the enhancement of the metabolic
activity of the electrogenic bacteria with increasing tem-
perature. The fact that the MFC performance did not sig-
nificantly change when varying the temperature between
24 and 26 °C implies that the metabolic activity of the
electrogenic bacteria was not sensitive to relatively small
changes in this temperature range. These results are in
accordance with previous studies, which also reported
higher values of CE at higher temperatures [8, 28-30].
However, the COD removal remained relatively stable, in
the range 75-80 %, for all batch cycles, indicating the
presence of non electrogenic bacteria in the anode chamber.

Similarly to the observed change in the peak voltage and
the CE, the maximum power density increased with tem-
perature. In particular, P,,x remained practically constant
(~36 mW/mz) at 24 and 26 °C, while further increase to 30,
33 and 35 °C enhanced the maximum power output to values
of 49, 50.5 and 59 mW/m?, respectively. These results are
consistent with previous findings [6, 8, 13, 14, 30-32].

The internal resistance of the MFC for the operating
temperatures ranging from 24 to 33 °C, as determined by
the power density peak method for the data presented in
Fig. 7b, was 2 kQ. Moreover, the almost constant slope of
the polarization curves (Fig. 7a) indicates the very signif-
icant contribution of ohmic losses (ohmic overpotential) in
the dual chamber MFC of the present study [18].

The internal resistance was reduced to 1 kQ and the
highest maximum power density was achieved (59 mW/
m?) when temperature increased to 35 °C. This result is
partly attributed to the increase in the conductivity of the

@ Springer
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Fig. 7 MFC voltage U, (a) and power density (b) versus current
density at different temperatures

anolyte medium at higher temperatures (12.05 mS/cm:
24 °C; 12.09 mS/cm: 26 °C; 12.25 mS/cm: 30 °C mS/cm;
12.38 mS/cm: 33 °C mS/cm; 12.60 mS/cm: 35 mS/cm)
[6, 18].

Conclusions

In this study, the operation of a two-chamber MFC was
assessed at different salinity, pH and temperature condi-
tions. A salinity of 4.1 gKCL/L (18 mS/cm) was found
optimal in terms of maximum power density (P,,x 66 mW/
m?) and CE (13 %). Additionally, when pH was tested, the
highest CE (25 %) was observed at pH 7 while the highest
P.ax Was achieved at pH 9 (50.6 mW/m?). COD removal
efficiency remained practically constant (69-78 %) for all
pH changes. Moreover, when different temperatures were
examined, the optimal MFC performance was achieved at
the highest operating temperature (CE 14 % at 33 °C, P,ax
59 mW/m? at 35 °C). However, the COD removal

@ Springer

efficiency remained relatively constant (75-80 %) for all
the temperatures which were examined. The results of the
present work indicate the importance of salinity, pH and
temperature on MFC performance. Under this view, it
demonstrates that MFC technology can be implemented for
the treatment of saline wastewaters. Furthermore, the MFC
technology can be more attractive for the countries with
warm climate since higher temperatures enhance its
performance.
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