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ENHANCEMENT OF TOLUENE DEGRADATION AND ELECTRICITY
GENERATION USING SPIRULINA MICROALGAE IN A MICROBIAL
FUEL CELL

Shu-Hui Liu'?, Wei-Hsuan Jenni Ting?®, Yu-Cheng Hsieh* and Chi-Wen Lin ™

ABSTRACT

The microbial fuel cell (MFC) is a new type of green technology, combining pollution treatment and renewable energy. In a
MFC system, the energy released from the degraation of organic contaminants is harnessed as electricity. One can increase the
MFC's power production efficiency by using oxygen, which has a high oxidation-reduction potential, as the system's terminal
electron acceptor. In our present study, bacteria cultured under microaerobic conditions to decompose BTEX (benzene, toluene,
ethybenzene, and xylene) were introduced into the anode chamber of a cube-type MFC. Toluene was added to the anode chamber,
and the subsequent biodegradation of toluene by bacteria released both electrons and protons, which then migrated to the cathode
(electrons via the wire, and protons through the proton exchange membrane) and reacted with the oxygen produced by the
microalgae Spirulina via photosynthesis to form water. Our experimental results show that a sufficient concentration of dissolved
oxygen (DO) must be maintained within the cathode in order for the MFC system to generate electricity. Furthermore, we found
that when Spirulina was added to the cathode, DO levels stayed high enough to sustain continuous toluene degradation and power
generation. We conclude from these results that the microalgae Spirulina is suitable as an oxygen source in the MFC cathode with
its ability to maintain DO concentrations, thus stabilizing the MFC's power output and extending the system's effective lifespan.
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1. INTRODUCTION

A traditional microbial fuel cell (MFC) system is composed
of anode and cathode chambers separated by a proton exchange
membrane (PEM). Bacteria present in the anode chamber de-
compose the organic matter introduced into the chamber, releas-
ing protons and electrons as byproducts. The protons pass
through the PEM and, when the two electrodes are connected in a
circuit, the electrons travel through the wire from anode to cath-
ode chamber, creating a current; once both are present in the
cathode, they react with a terminal electron acceptor (e.g. oxy-
gen) to produce water as the product (Mogsud et al. 2013; Tan-
ikkul and Pisutpaisal, 2017). In practice, bacteria in the MFC
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require organic matter as fuel to produce current, and studies
have shown that different substrates result in different currents.
Thus far several wastewater sources have been tested, including
brewery wastewater (Liu et al. 2017; Lu et al. 2017), swine
wastewater (Ma et al. 2016a; Ma et al. 2016b), dye wastewater
(Solanki et al. 2013; Zou and Wang 2017), and industrial
wastewater (Abbasi ef al. 2016; Zhang et al. 2010). With regards
to industrial wastewater, Luo et al. (2009) through multiple
experiments demonstrated that the biodegradation of phenol
could produce an electric current; the following year, Zhang et al.
(2010) discovered that benzene and toluene could also serve as
suitable substrates.

Under normal conditions, bacteria can utilize the dissolved
oxygen (DO) in their surroundings as terminal electron acceptors
with decomposing organic substrates via cellular respiration.
Predominantly DO is inversely related to the depth; as one goes
deeper, DO gradually approaches microaerobic (< 1.0 mg L-1)
levels (White et al. 1990). Bioremediation has been proven to be
much more efficient in aerobic environments than anaerobic ones
(Salminen et al. 2004). However, aerobic bioremediation requires
that DO levels be maintained high enough for the microbes to
continually consume, increasing the total cost of treatment and
power production. From these results, groundwater can be classi-
fied as a microaerobic environment and is thus difficult to treat
via aerobic bioremediation. However, according to published
literature, oxygen can act as the terminal electron acceptor for
respiration even when separated from the bacteria (Rhoads et al.
2005). In other words, it is possible for respiration to proceed
under anoxic conditions as long as the electrons are able to even-
tually react with a terminal electron acceptor. Thus, by initiating
cellular respiration under anaerobic or microaerobic conditions,
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one can increase the amount of electrons harvested as electrical
energy before they complete respiration by reducing a terminal
electron acceptor. Using the techniques discussed above, the
MFC system could be considered as a viable option to simulta-
neously degrade organic contaminants while generating power
under microaerobic conditions.

When using a MFC, one must consider that, in addition to
the type of fuel and microorganisms used in the anode, the ter-
minal electron acceptor selected for use in the cathode will also
affect power-production efficiency. Some common electron ac-
ceptors include nitrates, sulfates, ferricyanide (Liu et al. 2014),
and permanganate (You et al. 2006). However, when these salts
are used in the system, they are reduced, releasing unwanted by-
products. The treatment of these byproducts, combined with the
fact that the salts must be continuously replenished to maintain
electricity production renders them practically not sustainable.
Oxygen, on the other hand, is easy to acquire, has a relatively
high oxidation-reduction potential, and does not produce dan-
gerous side-products after reduction. The only challenge of using
oxygen as the terminal electron acceptor is maintaining sufficient
concentrations of it in the cathode chamber; according to pub-
lished literature, the concentration of DO in water under atmos-
pheric conditions is insufficient for the MFC system to function
efficiently (Jang et al. 2004). Thus, a suitable method is needed
to maintain a high DO to improve biodegradation and power
generation efficiency.

Keeping the cost of production in mind, selecting microal-
gae to serve as a source of oxygen is theoretically practical, as it

eliminates the need to continuously pump oxygen into the system.

When microalgae undergo photosynthesis, CO, is consumed to
produce O,. This characteristic can be utilized in the cathode
chamber to increase DO (Saba et al. 2017); in open ponds, DO
levels have been recorded to rise as high as 25-40 mg L'
(Weissman et al. 1988), much higher than the measured 8.2 mg
L' at Sewage Treatment Plants (Tchobanoglous ef al. 2014).
According to De Schamphelaire and Vertraete (2009), certain
species of microalgae are able to produce sufficient amounts of
O, to keep the MFC system functional. In this study, we selected
the fast-growing, high oxygen output microalgae Spirulina
platensis (Hoshino ef al. 1991). By adding toluene to the anode
chamber and using Spirulina to produce oxygen in the cathode,
we examined the relationship between toluene degradation and
Spirulina oxygen output under various light conditions.

2. MATERIAL AND METHODS
2.1 Construction of Microbial Fuel Cell

We constructed a cube-type MFC (Fig. 1) using acrylic sheets
with an effective volume of 500 cm’ (10 cm x 10 cm x 5 cm). The
cathode and anode chambers were separated by a PEM made of
DuPont™ Nafion®117, with a surface area of 100 cm” (10 cm x 10
cm). Inflow and outflow ports were drilled into the sides and top of
the cell, and openings were made for connections to external cir-
cuits. In each chamber, a square (10 cm x 10 cm) piece of carbon
cloth (Hephas Energy, Thickness: 0.65 mm, Taiwan) served as the
electrode. The cathode and anode were connected by a copper wire
with a 1 kQ resistor, forming a closed circuit system. The MFC
system's voltage and power output efficiency were monitored using
a multifunction voltmeter (Model 48R, CHY, Taiwan).
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Fig.1 Schematic diagram of microbial fuel cell

2.2 Bacteria and Microalgae

The bacteria for this study came from a mixed culture taken
from the waste sludge of a petroleum treatment plant in Yunlin
(Nan-Ya Plastics Corporation, No. 6 Naphtha Cracking Project,
Yunlin County). The culture was grown in a 5-L separatory funnel
under microaerobic conditions using a constant influx of N,. Dur-
ing this period, BTEX (benzene, toluene, ethybenzene, and xylene)
was introduced as the sole carbon source, with a set daily inflow of
250 uL BTEX (approximately 55 mg L' initially), to isolate a
mixed-culture capable of degrading BTEX.

The fluid used in the MFC system was phosphate buffer (pH
7.0) with some added minerals; each liter of solution contained
4.27 g K,HPO,, 3.48 g KH,PO,, 0.95 g NH,CL, 0.53 g MgCl,
MgCl, - 6H,0 6H,0, 0.018g CaCl, - 2H,0, 10 g NaHCO;, 0.01
mg CuCl, - 2H,0, 0.2 mg CoCl, - 6H,0, 0.047 mg ZnCl,, 0.03
mg MnCl, - 4H,0, 0.03 mg Na,MoO, - 2H,0, 0.02 mg NiCl, -
6H,0, and 0.972 mg FeCl; - 6H,0.

The microalga S. platensis (Taihsi Branch, Fisheries Research
Institute, Council of Agriculture) provided a source of terminal
electron acceptor (oxygen) in the cathode. It was operated under
alternating 12-h light-dark cycles, with a light intensity of 8000 1x
(Lux meter, LX-101, Lutron, Taiwan). For this experiment, 20 mL
of mixed-culture bacteria (27.7 mg L") were added to the anode
chamber, and 20 mL of the Spirulina culture (0.4 g L") were add-
ed into the cathode. Various light intensities and cycles were used
to test the effects of light on toluene-degradation and electricity
generation efficiencies.

2.3 MFC Power Output Monitoring and Analysis

The MFC system's output voltage was monitored using a dig-
ital voltmeter (Model 48R, CHY, Taiwan). Power density (W m )
was calculated using the formula P = IV/A4, where I represent cur-
rent (4), V represent voltage (Rashid et al. 2013), and 4 is the ef-
fective anodal surface area (m’). Coulombic efficiency (C, %) was
calculated as Cr = Cp/Cr, where Cp is defined as the experimental
number of coulombs calculated by integrating the measured cur-
rent over time, and Cr is the theoretical number of coulombs possi-
ble in the added substrate as calculated from chemical oxygen de-
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mand measurements. Using toluene as the substrate, Crwas calcu-
lated as follows:

Mjo Idt
Fb,_V, (ACx100%)

C, (%) = (1)

Where F is the Faraday constant (96,485 C mol™’ e), b is a de-
fined number of moles of electrons for a given substrate (b,, for
toluene is 36), AC is the change in toluene concentration (g L),
V. is the liquid volume in the anode chamber, and M is the molar
mass of toluene (92 g mol ™).

2.4 Measurement of MFC Internal Resistance

The MFC system's internal resistance was estimated using
both the power density peak and polarization slope methods as
described by Feng et al. (2008). In the power density peak method,
different resistances were applied to the system (50 Q to 1 MQ in
set intervals), and the voltages produced were measured. The
power density curve was then calculated from the recorded voltag-
es using P = E2R (where P is power, E is the system's voltage, and
R is resistance). According to equation (2) below (Feng et al. 2008),
the maximum value for power density is obtained when internal
resistance and external resistance are equal:

2
= OCV X Rext (2)
" (]{inl + Rext )2

where Ppg is the maximum power density (W m ), OCV is the
measured open circuit voltage, and R;,, and R,,; (Q2) are the internal
and external resistances, respectively. The two methods, polariza-
tion slope and power density peak method, are similar to each oth-
er except for the fact that the polarization curve is produced by
plotting the current density (normalized by the anodal surface area)
against the recorded voltages.

2.5 Toluene Concentration Measurement

In this experiment, toluene was added to the anode chamber at
three different concentrations (10.4, 17.3, and 34.6 mg L™"). These
concentrations were measured by drawing out 1 plL sample from
the anodal chamber into a gastight syringe (Hamilton, USA), and
injecting them into a gas chromatography- flame ionization detec-
tor (GC-14B, Shimadzu, Japan). During chromatography, the oven
temperature was maintained at 105°C, the column inlet tempera-
ture at 200°C, and the detector oven temperature at 250°C. A com-
bination of hydrogen and air was used as fuel for the detector flame
with N, as the carrier gas. A calibration curve (R* = 0.9993) was
created using solutions with known toluene concentrations. Then,
the unknown samples were tested and the measured values were
interpolated onto the curve to determine concentrations.

2.6 Measuring DO Levels

DO levels were monitored using a multifunction meter
(SX751, Major Science, Taiwan). By placing the probe in the an-
ode and cathode chamber, and recording the displayed values, we
measured changes in DO.

3. RESULTS AND DISCUSSION

3.1 Effects of Limited Oxygen in the Cathode

In a MFC system, oxygen acts as a terminal electron acceptor
in the cathode to react with the protons and electrons released by
the biodegradation of organic matter in the anode chamber, form-
ing water as the final product (Oh et al. 2009). Once the concentra-
tion of DO decreases to the point where there is not enough oxygen
to react with the released protons and electrons, the MFC system
will cease generating electricity.

In this study, we used phosphate buffer solution with limited
amount of oxygen, as the MFC system's terminal electron acceptor
to study microbial toluene degradation and electricity generation.
Theoretically, the saturation point of dissolved oxygen in deionized
water at 101 kPa (760 mm Hg) and 25°C is approximately 8.24 mg
L' (Tchobanoglous ef al. 2014). In our experiment, we found the
DO saturation concentration of the phosphate buffer to be 7.0 £ 1.0
mg L', As shown in Fig. 2(a), from 7 = 0 to = 5 h the voltage
stabilized at approximately 0.41 + 0.31 mV, showing that no no-
ticeable changes in voltage occur before adding toluene. At¢#=5 h,
toluene was added to three systems at concentrations of 10.4, 17.3,
and 34.6 mg L. Once the toluene was added and biodegradation
began, the system’s voltage steadily increased, until they reached
maximum values of 39.6 mV (10.4 mg L™, 59.3 mV (17.3 mg
L"), and 84.7 mV (34.6 mg L") at = 12.7, 11.2, and 13.8 h, re-
spectively. Biodegradation was completed after 15.3, 18.7, and
25.6 h, after which the voltages decreased, finally returning to their
initial values after 19.8, 25.0, and 38.6 h (Table 1). These results
show that when toluene concentrations are within the microorgan-
ism’s tolerance levels (10.4 ~ 34.6 mg Lfl), the initial toluene con-
centration and system's maximum achieved voltage are directly
related. After the CE for the three concentrations were calculated
to be 1.0, 1.3, and 1.7%, respectively, we concluded that CE is also
directly related to initial toluene concentration.

For the three toluene concentrations, the maximum power
densities were 0.18, 0.18, and 0.20 mW m > (average of 0.19 mW
m "~ across all three systems), while the current densities were 2.09,
2.07, and 2.23 mA m” (average of 2.13 mA m ). Using the polar-
ization slope method, the internal resistances of the three MFCs
were determined to be 2.0, 2.1, and 1.9 kQ (average of 2.0 kQ).
These results demonstrate that under stable conditions and constant
internal resistance, the initial toluene concentration added to the
system has no significant effect on power output density or internal
resistance.

Toluene was added to the anode chamber in successive por-
tions at an initial concentration of 34.6 mg L™ (Fig. 2(b)); after the
first addition, it was observed that along with electricity production,
the concentration of DO in the cathode decreased from 6.2 to 4.0
mg L. Once biodegradations of the added toluene reached com-
pletion, oxygen consumption and DO stabilized at 4.0 + 0.2 mg L.
These results show that when the MFC system has no organic
matter for bacteria to degrade, protons and electrons are not re-
leased as byproducts, without which the system cannot proceed
with power generation. Thus, even though the cathode contained
plenty of terminal electron acceptors, the lack of proton or electron
available to reduce the oxygen explained the stabilization of DO at
4.0+ 0.2 mg L™ after the toluene was completely consumed. At t =
60 h, toluene was added a second time; DO decreased from 4.0 to
1.5 mg L', and the maximum voltage was 84.7 mV. Once again,
DO stabilized as soon as biodegradation was completed, producing
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Table 1 Effects of anodic toluene concentration on biodegradation and electricity-generation efficiencies

Items Microaerobic Limited dissolved oxygen Darkness Light Alternating Light-Dark
Toluene concentration (mg L") 104 173 346 10.4 17.3 346 104 173 346 104 173 346 104 173 346
Biodegradation time (h) 39.7 476  66.0 15.3 18.7 256 164 196 272 149 193 268 157 190 262
Maximum voltage (mV) - - - 39.6 59.3 84.7 98 162 244 378 574 846 395 609 865
Time at appearance of maximum voltage (h) - - - 12.7 11.2 13.8 156 245 337 144 19.1 9.3 12.0 129 9.7
Initial voltage (mV) - - - 19.8 25.0 386 223 305 402 190 243 368 198 292 405
Coulombic efficiency (%) - - - 1.0 1.3 1.7 0.3 0.7 0.7 1.1 1.6 2.4 1.6 2.6 2.5
Maximum power density (mW m ) - - - 0.2 0.2 0.2 - - - 0.3 0.3 0.3 0.8 0.8 0.8
Internal resistance (kQ) - - - 2.0 2.1 1.9 - - - 3.0 3.0 3.0 3.0 3.0 3.0
Open circuit voltage (mV) - - - 296 290 308 - - - 364 364 367 464 464 465

“.” Data were not recorded.

results similar to those observed after the first addition. Finally, at t
= 108 h one last toluene addition was made. This time the DO lev-
els decreased to 0 mg L', and because the cathode was no longer
able to provide enough electron acceptors to react with the protons
and electrons from the anode, power generation was interrupted.
Taking all of the above into consideration, we concluded that for
efficient electricity generation, in addition to considering the type
of organic matter used as fuel, one must also ensure that cathodic
DO is high enough to react with all of the protons and electrons
from the anode (Oh et al. 2004).
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3.2 Effects of Cathodic Hypoxia on Toluene
Biodegradation and Electricity Generation

In this study, nitrogen gas was pumped into the MFC to re-
move oxygen from the system, creating a microaerobic environ-
ment. Under these conditions, when different concentrations of
toluene were added to the anode chamber, the bacteria required
different amounts of time to degrade the toluene (Fig. 3). At the
three concentrations of toluene (10.4, 17.3, and 34.6 mg L"), com-
plete biodegradation took 34.7, 42.6, and 61.0 h, respectively.
Compared to the aerobic systems, which required 15.3, 18.7, and
25.6 h for biodegradation of toluene under microaerobic conditions,
it required more than double the time to complete, demonstrating
that when the cathode is unable to provide sufficient amounts of
oxygen, an “open circuit” phenomenon will occur in the system,
where the protons and electrons produced from toluene degrada-
tion are unable to travel to the cathode. Without the continuous
flow of electrons from the anode to the cathode, electric power is
not generated (Zhou et al. 2012).

Generally speaking, a MFC uses cellular respiration to de-
compose organic contaminants, and the protons and electrons re-
leased in the process can be converted into electrical power (Vicari
et al. 2017). While respiration will continue regardless of whether
oxygen is present, the presence of a terminal electron acceptor
affects the rate at which the process continues. In an open circuit
MFC system, there is no way for the electrons and protons in the
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anode to react with the terminal electron acceptor in the cathode.
Instead, the reaction is forced to proceed using the ions present in
the anode chamber (e.g., nitrate and sulfate ions); without adequate
amounts of electron acceptors, the rate of degradation decreases,
reducing the system's efficiency (Huang et al. 2011). However,
when the system's cathode and anode are connected to form a
closed circuit, the protons and electrons are able to travel between
chambers and complete the reaction in the cathode. This shows that
biodegradation of organic matter and power generation can pro-
ceed efficiently even in anaerobic conditions, as long as a terminal
electron acceptor is present in sufficient concentrations to complete
the reaction (Cheng et al. 2015; Morris and Jin 2009).

3.3 Effects of Spirulina under Full Light on Toluene
Biodegradation and Electricity Generation

When using oxygen as the terminal electron acceptor in the
MEFC system's cathode chamber, it is continuously consumed as
bacteria degrade organic contaminants in the anode. Since biodeg-
radation, and subsequently power output, is directly affected by the
amount of oxygen available for reduction, cathodic DO concentra-
tion should be considered as one of the key factors in determining
MFC power generation efficiency (Rago et al. 2017). While it is
possible to directly pump oxygen into the cathode, doing so would
significantly increase the cost of production. When placed in the
cathode, microalgae are able to consume inorganic carbon in solu-
tion (given as NaHCOs) and produce carbohydrates and oxygen
through photosynthesis, the latter of which then acts as a terminal
electron acceptor for the proton and electron byproducts from the
anode chamber. Thus, to reduce the cost of production, microalgae
can act as an oxygen source via photosynthesis (Powell et al. 2009;
Strik et al. 2010).

In this study, we tried using the microalga S. plantesis to re-
plenish the amount of oxygen in the cathode and consequently
stabilize the MFC system's power output. Given the initial toluene
concentrations of 10.4, 17.3, and 34.6 mg L™ (Table 1 and Fig.
4(a)), the systems took 14.1, 19.1, and 9.3 h, respectively, to
achieve maximum voltages of 37.8, 57.4, and 84.6 mV.

Biodegradation of the added toluene was completed after 14.9,
19.3, and 26.8 h, and the recorded voltages returned to their initial
values after 19.0, 24.3, and 36.8 h. The CEs of the systems were
calculated to be 1.1%, 1.6%, and 2.4%; finally, using the polariza-
tion slope and power density peak methods, the maximum power
density and internal resistance were calculated to be 0.3 mW m >
and 3.1 kQ, respectively.

Using Spirulina as the system's oxygen source and an initial
toluene concentration of 34.6 mg L' (Fig. 4(b)), we observed that
voltage was related to toluene concentration; gradually increasing
after each addition (at 0, 48, and 96 h) before returning to their
initial values after the toluene was completely degraded. These
results show that the system is able to treat organic contaminants
through biodegradation, and that the amount of oxygen produced
by the microalgae is sufficient to serve as terminal electron accep-
tors for the byproducts of toluene degradation. Also, we observed
from changes in DO that, excluding the initial 24 h before the sys-
tem reached a stable state, the microalgae were able to maintain a
stable DO (average of 7.5+ 0.5 mg L™").

However, when the cathode maintains such a high concentra-
tion of oxygen, some of it passes through the PEM via diffusion,
turning the anode's anaerobic environment into a microaerobic one
with a DO of 0.3 mg L™ (measured over a 120-h period); this
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Fig.4 MFC performance under full light conditions

results in some of the electrons reducing oxygen directly in the
anode and subsequently lowering the MFC system's power output.
Yet, while the diffusion of oxygen occurs continuously, due to the
presence of facultative anaerobes in the mixed culture, the oxygen
is consumed soon after crossing the PEM barrier, keeping the DO
concentration in the anode chamber well under 0.3 mg L™ and
reducing the negative effect oxygen would otherwise have on the
system's power generation efficiency.

3.4 Effects of Spirulina without the Light on Toluene
Biodegradation and Electricity Generation

In this study, Spirulina was added to the MFC cathode and the
entire system was run in complete darkness. In the first 24 h before
initiating biodegradation, it was observed that the DO levels in the
anode chamber decreased from 7.5 to 1.0 mg L', showing that
under conditions without light not only is the microalgae unable to
produce oxygen via photosynthesis, but also it consumes the oxy-
gen present in the water to produce CO, via respiration (Siew Moi,
2004). By consuming oxygen, the microalgae decreases the num-
ber of terminal electron acceptors available to react with the elec-
trons and protons released from the anode, thus reducing the over-
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all efficiency of the MFC system. Given initial toluene concentra-
tions of 10.4, 17.3, and 34.6 mg L', the systems took 15.6, 24.5,
and 33.7 h (respectively) to reach their maximum voltages of 9.8,
16.2, and 24.4 mV, completed biodegradation of the added toluene
at 16.4, 19.6, and 27.2 h, and took 22.3, 30.5, and 40.2 h to return
to their initial voltages (Fig. 5 and Table 1). Over this period, the
average Cgs were calculated to be 0.3, 0.7, and 0.7%. The fact that
the system was able to generate electricity even though DO was
below 1.0 mg L™ demonstrates that under microaerobic conditions
the protons and electrons from the anode will find and react with
any other possible electron acceptors (Feng et al. 2008; Kakarla
and Min 2014). In this case, the CO, (E” = — 0.24V) present may
be reduced to form CH,, as seen below in Equation 3 (Rittmann
and McCarty 2007):

CO, +8H" +8¢” — CH, +2H,0 3)

The fact that CO, has a lower oxidation-reduction potential
than O, (E’ = 0.805V)) results in a lower power output, explaining
the comparatively lower Cg, values in these systems.
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3.5 Effects of Spirulina under Alternating Light on
Toluene Biodegradation and Electricity Generation

In this study, Spirulina was added to the system, which was
placed under alternating 12-h intervals of light (intensity 8000 lux)
and darkness. Using toluene as the organic fuel source, we investi-
gated the effect of alternating light and dark conditions on biodeg-
radation and power output efficiency. When toluene was added to
the MFC systems in three concentrations (10.4, 17.3, and 34.6 mg
L"), biodegradation reached completion after 15.7, 19.0, and 26.2
h, respectively (Fig. 6(a)). The systems achieved maximum volt-
ages of 39.5, 60.9, and 86.5 mV after 12.0, 12.9, and 9.7 h before
returning to their initial voltages after 19.6, 29.2, and 40.5 h. Using
the methods detailed in section 2.3, the Cgs of the systems were
calculated to be 1.6, 2.6, and 2.5%. Finally, using the polarization
slope and power peak density methods, the maximum power den-
sity and internal resistance were found to be 0.8 mW m ~ and 3 kQ,
respectively (Table 1). After analyzing the data from all three tol-
uene concentrations, we concluded that the initial toluene concen-
tration did not have a significant effect on the system's final output
density.
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Fig. 6 MFC performance under alternating light-dark condition

When comparing values of the microalgal systems against the
limited oxygen systems (Table 1), the systems containing Spirulina
have a noticeably higher internal resistance. This higher resistance
can be explained by the addition of NaHCO; needed to sustain the
Spirulina microalgae which in turn dissociates into bicarbonate and
sodium ions with the addition of water. While the bicarbonate ions
are consumed the sodium ions are not, leading to their buildup,
which prevents H' from crossing the PEM barrier as easily due to
the electronic repulsion of cations, creating a higher internal re-
sistance (Rozendal et al. 2006). Moreover, compared to the limited
oxygen system in section 3.1, the light-dark microalgae system
produced significantly higher CE. The main difference between the
two systems comes from the microalgal system's effect on cathodic
pH levels. While undergoing photosynthesis, Spirulina consumes
the bicarbonate (HCO; ) ions present in solution, subsequently
raising the pH and producing higher efficiencies in basic condition
as similar to those observed by (He et al. 2008; Yuan et al. 2011).

Under alternating light-dark conditions, after Spirulina was
added the DO concentration displayed a sinusoidal pattern (Fig.
6(b)). Under dark conditions, photosynthesis was interrupted while
respiration continued, causing DO to decrease from 8.5 to 5.3 mg
L'; under light conditions photosynthesis resumed, increasing DO
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back to 8.5 mg L. However, regardless of the large range of con-
centrations, there was enough oxygen present to continuously serve
as terminal electron acceptors to complete the biodegradation and
power generation process.

In the last alternating light-dark experiment, toluene was
added at t = 0, 48, and 96 h, after which the recorded results were
compared to the ones taken from an identical experiment under
limited oxygen conditions. It was observed that DO in the
light-dark system did not decrease as toluene was consumed, in-
stead stabilizing at 7.0 + 1.6 mg L™, eliminating oxygen as the
limiting reactant. This gives the microalgal system an advantage
over the limited oxygen system, which requires a continuous in-
flow of oxygen. In conclusion, the alternating light-dark system is
a better option for maintaining a stable and sufficient concentration
of dissolved oxygen.

4. CONCLUSIONS

Microalgae can be used as a source of oxygen to provide ter-
minal electron acceptors for the MFC system to efficiently degrade
organic contaminants and generate electricity. When microalgae
were grown under “full light”, “full dark”, and “alternating
light-dark™ conditions, all three released sufficient amounts of ox-
ygen to keep the system operating smoothly, with the “alternating
light-dark™ system producing the best results. In the future, we can
use the knowledge gained from this study to treat other pollutants
present in water, even under microaerobic conditions, to degrade
organic contaminants and produce electricity.
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