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ABSTRACT: In this study, a new approach to improving the
performance of a Chlorella vulgaris-based microbial solar cell
(MSC) by using a riboflavinyl-salicylaldehyde-4-aminosalicylic-
1-tetracarboxylate ester (RSA) modified carbon rod anode was
reported. It has strong hydrophilicity but can be easily soluble
in organic solvents rather than water and can be attached to
the surface of a plain carbon rod without using any carrier. The
single-chamber MSC operated with this RSA modified anode
and a cupric hexacyanoferrate modified cathode achieved a
maximum power density of 0.847 W/m? which was 7 times
higher than that obtained from the MSC equipped with an
unmodified anode. The scanning electron microscopy (SEM)
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results indicated that there was no biofilm formed on the anode surface. Charge transfer was facilitated only by RSA modification.
KEYWORDS: Microbial solar cells, Redox mediator, Riboflavin, Hydrophilic, Chlorella vulgaris

B INTRODUCTION

As a promising energy technology, microbial fuel cells (MFCs)
have been developed extensively. Although it is difficult to
utilize them on a large-scale at present, the working
mechanisms of MFCs have been detailed and studied in
depth. A suitable redox mediator (RM), the most important
part of electronic transmission, is critical in the constructing of
MEFCs. Admittedly, though the external soluble redox mediators
have excellent performance, they have the disadvantage of easy
loss. Self-generated redox mediators or nanowire from microbes
can solve the above-mentioned problem to a certain extent, but
they increase the limitations of selections of microorganisms
greatly.”” For these reasons, the immobilization of redox
mediators on the surface of an electrode proves to be a useful
method to enhance power output and reduce the loss of
catalysts. In fact, the techniques of immobilization of redox
mediators have been studied extensively. Porphyrins,” phtha-
locyanine,* anthraquinone-2,6-disulfonic disodium salt,” ethyl-
enediamine® or pyrolyzed iron ethylenediaminetetraacetic acid,”
metal oxides® and polyoxometalate’ are commonly used
modifiers. For the cathode modifications, strong oxidants
such as manganese dioxide,'’ percarbonate,'’ potassium
ferricyanide,” persulfate’® and permanganate'* are the most
commonly used compounds. What all these techniques have in
common is that the RMs are adsorbed or embedded in certain
carriers such as polyaniline,"> polypyrrole and polyethyleni-
mine'® and then the carriers are attached to the surface of
electrodes like amorphous carbon,’ graphite,18 carbon nano-
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tube,"’ graphene oxide,” tungstenls’21 and even the natural

loofah sponge.”” Among these carriers, the conductive
polymers have excellent performance. They can not only
maintain the stability of RMs but also provide hydrophobic
cavities for the growth of microorganisms. However, most
carriers themselves do not have the reversible nature of
electrons gain and loss. On the other hand, the inherent
properties of RM are not changed by immobilization. The
soluble catalysts will still be lost and the cost might
increase.”’

Synthesizing a water-insoluble flavin derivative and immobi-
lizing it on the plain carbon rod surface is the strategy to solve
the above-mentioned problems. This modifier of the anode
material is a riboflavinyl-salicylaldehyde-4-aminosalicylic-1-
tetracarboxylate ester (RSA). This compound has the function
with both the RM and the carrier. To evaluate the performance
of this RM, a Chlorella vulgaris (C. vulgaris)-based microbial
solar cell (MSC) was established. Because C. vulgaris can utilize
light energy’® to maintain its life activities and synthesize cell
organic molecules,”” it provides conveniences for the research
of self-sustained equipment, which is the new focus of the
energy and environmental field.”® Although C. vulgaris has the
ability to form biofilms,”” this process might take a long time.
This makes the required lengths of time of start-up period
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Figure 1. Synthetic route of RSA.

increase. The algal cells in this study were suspended in
solution and would not form biofilm. In this case, C. vulgaris
would cause almost no harm to the surface of the electrode.
This is also the reason and advantage for the requirement of an
immobilized RM. Although C. vulgaris is a light autotrophic
microorganism, organic carbon sources were still added to
evaluate the performance of MSCs in this study. These
facilitated the rapid assessment of RM performance and
accurate calculation of Coulombic efficiency (CE). A set of
control experiments that contained no RM, used anthraquinone
(AQ, a hydrophobic RM) modified anode or added riboflavin
(RF, a water-soluble RM) were also conducted. Although algal
cells could produce organics through photosynthesis, all these
systems have the same background values. The errors of
producing organics by C. vulgaris can be deducted by the blank
tests. The property of RSA, the surface morphology of anode
and the performance of MSCs were also examined.

B EXPERIMENTAL SECTION

Microbial Growth and Inoculum Preparation. C. wvulgaris
(FACHB-1227) was obtained from Freshwater Algae Culture
Collection of the Institute of Hydrobiology (FACHB-collection,
Institute of Hydrobiology, Chinese Academy of Sciences, China). It
was incubated anaerobically at 30 + 2 °C in a liquid medium that
contained S g of CH;COONa, 1 g of NH,C], 1 g of KNO;, 0.6 g of
KH,PO,, 0.4 g of K,HPO,, 0.1 g of CaCl,, 0.1 g of MgSO, and 1 mL
of trace elements solution (which contained 2.86 g of H;BO;, 1.81 g of
MnCl,-4H,0, 0.222 g of ZnSO,-7H,0, 0.391 g of Na,MnO,2H,0,
0.079 g of CuSO,-SH,0 and 0.049 g of Co(NO;),-6H,0 per liter) per
liter for 3 days. The medium was sealed in a transparent common glass
sample vial. Because the original system did not undergo deaeration,
the device still contained a certain concentration of O,. In a sealed
culture of C. vulgaris, the photosynthetic O, evolution rate dropped
below the rate of respiratory O, consumption by increasing the
illumination intensity (3000 lx, fluorescent lamp). Thus, an anaerobic
microenvironment was produced.*® Methylene blue (MB), which is
colorless in reducing atmosphere while turning blue as it is oxidized,
was added into the system as an indicator (cy = 6.27 pmol/L). The
disappearance of blue represented the depletion of O,.*'

RSA Synthesis. Riboflavin (RF), 4-aminosalicylic acid (PAS) and
salicylaldehyde (Sal) were used to synthesize the RSA (Figure 1).
Thionyl chloride was used as both a solvent and catalyst. PAS and Sal
were stirred in thionyl chloride at 30 °C for 12 h with a molar ratio of
1:1. Then RF was added into the mixture in a molar ratio of 1:4.5 with
the above-mentioned product. The solvent was dried by air after it was
stirred for 24 more hours at 30 °C. The pH of the product was
adjusted to 7 with NaHCOj (solid). Then the product was washed by
water and ethanol 3 times respectively and then vacuum filtered. The
filter cake was collected and dried in a vacuum at 60 °C. 'H NMR,
mass and FT-IR spectroscopy were used to identify the structure of
RSA (Figure S1 and Figure S2, Supporting Information).
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Electrodes Preparation. Plain carbon rods, 100 mm in length and
8 mm in diameter, purchased from Jiangsu SuChuang teaching
equipment Co., Ltd. (China), were used as the electrode substrates.
The anodes were modified by RSA (the average load mass was 5.5 mg)
or AQ_(the average load mass was 5.2 mg). The carbon rods cleaned
by ultrasonication were then immersed in RSA (saturated) or AQ (0.1
g/L) ethanol solution (for S min each time) initially. The carbon rods
were removed from the solution and dried at 60 °C. The dipping-and-
drying process was repeated 20 times (for RSA) and S times (for AQ)
to increase their loading to achieve a sufficient load mass.

The cathodes were modified by cupric hexacyanoferrate through the
interface deposition.”> The carbon rods cleaned by ultrasonic were
then immersed in 0.1 mol/L K;[Fe(CN)s] aqueous solution (for S
min each time) initially. The carbon rods were removed from the
solution and dried at 60 °C. Then the carbon rods covered by
K;[Fe(CN)4] were dipped into 0.2 mol/L CuCl, ethanol solution (for
10 min each time). Because it has an extremely small solubility in
ethanol, K;[Fe(CN)] will react with CuCl, exceedingly slowly and
the cupric hexacyanoferrate will deposit on the surface of carbon rods.
Thereby, a compact film was generated after being dried at 60 °C. The
dipping-and-drying process was repeated 10 times to increase cupric
hexacyanoferrate loading to achieve a sufficient load mass (the average
load mass was 565.2 mg). The cathodes were then washed by
ultrapure water and dried at 40 °C. All load masses mentioned in the
text were detected by adopting gravimetric method.

Surface Characterization. The surface morphologies of RSA
modified anode, before and after being used, were examined by a
Hitachi SU8010 scanning electron microscope. Briefly, the samples
(cut from the anodes) were immersed in $% (v/v) glutaraldehyde
solution for 24 h at 4 °C in order to stabilize the microalgae attached
to the anodes. The samples were then rinsed with PBS buffer solution
(pH 7.4) for 3 times, dehydrated consecutively with increasing
concentration of acetone (50%, 70%, 80%, 90%, 100% and 100% (v/
v)) for 20 min each and vacuum freeze-dried.

Measurements and Reagents. The reactor was a transparent
common glass sample vial. The individual reaction spaces of reactor
were 100 mL. All materials and mediums were sterilized by autoclaving
(120 °C, 30 min). The assembled reactor was sealed with epoxy. The
anodes of 4 sets of parallel experiments had effective surface areas of
9.57, 9.53, 9.55 and 9.52 cm?, respectively. The cathodes of 4 sets of
parallel experiments had effective surface areas of 9.93, 9.95, 9.58 and
9.99 cm?, respectively. The distance between the anodes and cathodes
was 2 cm. The voltage and current output, cyclic voltammogram were
monitored with a polarographic apparatus (797 VA Computrace,
Metrohm, Switzerland) and a multimeter (VC97, VICTOR, Xi'an,
China). A rheostat (J2361, Feixiang, Jiangsu, China) was employed to
measure the internal resistances, polarization and power curves. The
COD was determined by colorimetry (DR3900, Hach, Loveland,
USA). The CE was calculated by integrating the measured current
relative to the theoretical current using the following equation:*”**

t
_ M jo 1dt
FbvACOD

DOI: 10.1021/acssuschemeng.5b00151
ACS Sustainable Chem. Eng. 2015, 3, 1974—1981


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5b00151/suppl_file/sc5b00151_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.5b00151

ACS Sustainable Chemistry & Engineering

Research Article

where v is the volume of chamber of MSC; M = 32, molecular weight
of oxygen; F, Faraday’s constant = 96 485 C/mol; b = 4, the number of
electrons exchanged per mole of oxygen; ACOD is the difference in
COD at the initial and the end of each separate electricity generation
cycles. The concentrations of methyl orange (MO), Orange II, reactive
red X-3B (RR) were determined by HPLC (1200, Agilent, Santa Clara,
USA, C18 column (5 pm; 150 X 4.6 mm), UV detector (254 nm), the
mobile phase (70% methanol, 30% H,0) was pumped at a rate of 1.0
mL min~").

All the above-mentioned chemicals were from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and used as received unless
otherwise mentioned.

B RESULTS AND DISCUSSION

Physicochemical Properties of Redox Mediators.
Although riboflavin (log P = —1.097), the substrate of RSA,
is often used for biodegradation and MFCs* as the RM, it is
seldom used for electrode modification due to its poor
operability. Compared with RF, which has low solubility
(0.012 g) in water, RSA, as a RF derivative, is a compound
inclined to hydrophilicity (log P = —0.770) but extremely
difficult to dissolve in water. However, its solubility in ethanol
(0.027 g) is 2 orders of magnitude higher than that in water
(0.000 32 g). This was due to the formation of imine structures
(Figure 1), a strong Lewis-base.

As revealed in Figure 2, RSA and RF have similar main redox
processes. The same reduction potential of —0.483 V can be
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Figure 2. Cyclic voltammogram of riboflavin and RSA (scan rate, SO
mV/s; temperature, 25 °C; working electrode, plain carbon rod;
counter electrode, platinum plate; reference electrode, Ag/AgCI-KCl
saturated electrode; redox mediator concentration, 1 mg/L; solvent,
0.1 mol/L KNO;; purged with N, for 600 s prior to analysis).

found. There were minor differences in oxidation potentials
between them (0.02 V). This is because the reaction center of
RSA is derived from the active conjugated double bonds of the
1 and S position nitrogen atoms on the structure of
isoalloxazine, the same as RF. Although the ribityl has no
electrochemical activity, the reaction center in the RSA
structure is not destroyed. Apart from this, there were slight
differences of electrochemical properties between the two
materials. Although both of them have the same number of
reduction peaks, RSA has only one obvious oxidation peak.
Compared with these, RF has another two weaker oxidation
peaks (—0.27 and —0.57 V). This is because flavin derivatives
can also transfer electrons through the formation of the
structure of semiquinone. In addition, the ability of electron
gains or losses of 1 and S position nitrogen atoms is also
different. This is also the reason for the emergence of a number
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of redox peaks. For RSA, these differences in numbers and the
shift of redox peaks might be caused by the structure of imine.
As a strong Lewis-base, imine has a strong electron donating
ability. It would inhibit the process of electron loss on the
structure of isoalloxazine to a certain extent. This also explains
why the oxidizability of RSA has been affected to a greater
extent than the reducibility.

MSCs Performance. Aerating air into the cathode region is
commonly used in the traditional single-chamber bioelectrical
systems.”> However, because of the often significant polar-
ization and overpotential of oxygen and requirement of a noble
metal catalyst, a conventional air cathode is not efficient and
stable enough. Potassium ferricyanide solution is a popular
substitute, but it needs to use the membrane.’® Therefore,
cupric hexacyanoferrate, an insoluble compound, was used as a
final electron acceptor. It neither occupies device volume nor
leads to obvious polarization phenomenon. More importantly,
cupric hexacyanoferrate has no toxicity to microorganisms. To
evaluate further performance of the MSC after anode was
modified, three control experiments were added that contained
no RM, used an AQ modified anode or added RF, respectively.
Although they have the same microbial growth environment,
electrode material and cathode modifications, the electro-
chemical characteristics of above-mentioned batteries are
closely related to the use of RM.

Figure 3 shows that the reactor operated with unmodified
anode reached a steady open circuit voltage (OCV) of 0.57 V,
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Figure 3. Power density curves and polarization curves of MSCs.

which was significantly lower than that of the reactor operated
with the RSA modified anode (0.81 V) and RF added (0.78 V).
The OCV of the AQ modified system was only 0.03 V higher
than the reactor operated without RM. The cathode potentials
offered by cupric hexacyanoferrate were 0.36 V.*> Although
there was no liquid junction potential, this potential was almost
not lost in the homogeneous (solid phase) reaction. The anode
potential is dependent on the oxidation potential of the
electron donor. This value was —0.30 V in the unmodified
anode system in which acetate was used as the carbon source.’
There was a significant loss of cell potential (0.24 V on OCV)
in the RM-free system. It can be observed that there was
minimum substrate conversion efficiency (reduced by 86.9% on
power density) in this system. The growth of microorganisms
can set up thermodynamic potentials in terms of substrates, pH
and other gradients that can often lead to the generation of an
electromotive force, but not to appreciable current generation.
It can be predicted that the loss of cell voltage of RM-free
system would be more obvious when the load was added
(There will no longer be concentration potential).”” RSA and
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RF have much higher oxidation potentials (—0.412 and —0.392
V, respectively) than acetate. The system containing RF can
greatly accelerate the rate of consumption of acetate, which to
some extent made up for the disadvantage of low efficiency of
electron transport on the surface of electrodes. Meanwhile, the
electrons from the oxidation state RF were partly captured by
the anode, which made the OCV of system containing RF reach
up to 0.78 V. For the system using the RSA modified anode, the
electrons through which the anode was obtained were totally
received from the oxidation state RSA. The anode potential was
almost not lost. The polarization curve of anode modified
system had a greater slope than that of the RF added system.
This is because the anode modified system produced far fewer
electrons than that of system containing RF. Surprisingly, AQ
(log P = 3.400) was extremely unlikely to enhance performance
of the MSC as an insoluble RM. In contrast with RSA, AQ has
almost no effect on OCV of MSC though it has an oxidation
potential of about —0.25 V.>® This property was quite different
from its soluble derivatives such as anthraquinone-2,6-
disulfonic disodium salt (log P = 0.400).>” It can be seen that
solubility is not the only factor that affects the performance of
electron transfer.

As shown in Figure 3, the current densities and power
densities of a system containing RF or RSA were much higher
than those of a nonmediator or AQ-contained system. As a
result of homogeneous catalysis, despite the fact that it had low
anode surface electron transfer efficiency, a system containing
RF still had the power density of 0.845 W/m”. This might be
due to the rapid consumption of electron donors (the reaction
rate was 0.79 mmol-L™"h™), to sodium acetate meter).
Although the system using the RSA modified anode had only
nearly one-third of the acetate consumption rate (0.29 mmol-
L™"h™") of the system containing RF, it had a greater electron
utilization rate (CE = 14.1%). This would compensate for the
above-mentioned shortcoming. When the anode modified
systems was up to the maximum power density of 0.847 W/
m?, it had a lower current density than that of the system
contained RF. In fact, the differences of operating voltage and
the OCV among the three systems were not enormous. The
state of reactants determined the internal resistances of those
systems and thus determined the current densities indirectly.
There is no denying that the power density of this MSC is
lower than other power generation systems using light such as
silicon solar cells and dye sensitized solar cells or traditional
bacteria-based MFCs. But this system still improved the
performance of similar algae-based MSCs by about 2
times.*”*" Substrates in no mediator system were in a state
of difficult ionization. The corresponding power density was as
low as 0.111 W/m? This was another example that the electron
transport efficiency on the surface of electrodes was also an
important determinant of internal resistances of MSCs. Once
again, AQ failed to improve significantly the power output of
MSC (0.185 W/m?). It can initially be inferred that
electrostatic interaction is the key factor that might affect the
electron transfer.

Besides, the cupric hexacyanoferrate modified cathode was
indeed almost completely eliminated polarization. These
differences are reflected in Figure 4. The OCVs of unmodified
cathode controls were all decreased by about 0.1 V. Not only
that, the operating voltages of unmodified cathode controls
rapidly dropped by an average of 60%. Then their current
densities and power densities were also to drop inevitably.
These data were also reduced by two-thirds. There was no
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Figure 4. Power density curves and polarization curves of the
corresponding MSCs with unmodified cathodes.

doubt that the linearity of their polarization curves was also
decreased significantly. These fully showed that cupric
hexacyanoferrate had similar positive impacts on the above-
mentioned systems.

To investigate further the performance of the above-
mentioned systems, a continuous observation of their operating
voltages and electricity generation cycles was conducted.
Because of the consumption of sodium acetate by C. vulgaris,
the cell voltages would drop over time. When their cell voltages
dropped to a maximum operating voltage of 10%, the battery
was considered to have completed one cycle of electricity
generation. At this point, sodium acetate was added to
corresponding reactors to make their concentration reach
0.02 mol/L. The cathode would also be replaced at the same
moment (although there was very little (the final average
consumption of cupric hexacyanoferrate was 49.4 mg). For
RSA, AQ and RF, they would no longer be supplemented.
Because each system had different start-up periods, their
complete electricity generation cycles in 240 h were selected for
analysis. Figure 5 shows the hydrophilic RMs indeed can
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Figure S. Power output curves of MSCs. Cell voltage as a function of
time with external resistances of 500 Q (unmodified), 500 Q (AQ

modified), 100 Q (RSA modified) and 100 Q (added RF),
respectively. RF concentration, 10 mg/L.

significantly accelerate the consumption rates of acetate by C.
vulgaris. The system adding RF included 6 complete electricity
generation cycles in 12 days. This value was 4 for the RSA
modified system in the same conditions. The mediator-free
system contained only 3 electricity production cycles in the
same period. Compared with the nonmediator system, the
average single electricity generation cycles of systems adding
RF and using RSA modified anode were respectively shortened
to 50% and 75%. Similar to the OCV, AQ also had a minimal
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Table 1. Comparison of Open Circuit Voltage (OCV), Power Density (PD), COD Removal Efficiency (fcop), Coulombic
Efficiency (CE), Start-up Period and Voltage Loss for Different Systems”

system OCV (V) PD (W/m?)
unmodified anode 0.57 + 0.03 0.111 + 0.012
AQ modified anode 0.60 + 0.03 0.185 + 0.015
added riboflavin 0.78 + 0.04 0.845 + 0.041
RSA modified anode 0.81 + 0.04 0.847 + 0.024

“Error values represent standard deviations of replicate samples.

Ncop (%) CE (%) start-up period (h) voltage loss (%)
90.7 + 3.3 10.0 + 0.3 120 11.5 + 0.6
92.7 + 3.9 10.6 + 0.4 922 129 + 0.8
955 + 1.1 51 +0.1 44 50.0 + 3.3
94.6 + 1.8 14.1 + 0.7 29 9.1 + 0.6

impact on the power output of MSC. Indeed, although a slight
increase was observed in power output, there was also an
increase of 10% in the length of single electricity generation
cycle. It illustrated that it was difficult for the hydrophobic
catalytic to have a positive impact on electron transfer in
aqueous phase.

More importantly, the integrated area of a single cycle can
approximately reflect the CE of each system. As can be seen
from the Table 1, although the system containing RF had the
shortest reaction period, it had the lowest CE of 5.1% (first
electricity generation cycle, same as below). Because the
reaction rate was too high, the resultants had no time to reach
the surface of electrodes through the free diffusion. Although a
high internal resistance reduced its power output and there was
no RM in reactor, the nonmediator system had a higher CE of
10.0% than the system containing RF. This value was 10.6% for
the AQ modified system on average. The anode modified
system, also in the case of absence of soluble RM, had the
highest CE up to 14.1%. When MSCs completed one cycle of
electricity generation, their COD removal efliciencies were
exceeded by 90%. Even if it was a heterogeneous catalysis, RSA
still greatly accelerated the rates of reactions in solution. This
indicated that the electron transfer efficiency was certainly an
important factor that affected the CE, but the solid phase
catalysts on the surface of electrodes can also affect the liquid
phase reactions. It can be inferred that the RSA on the surface
of anode formed a film of single-molecule hydration layer. The
hydrated RSA molecular was easily combined with free
electrons in solution and then reduced. The reduction state
RSA which was negatively charged would exchange with the
oxidation state RSA and then release electrons on surface of
carbon rod. The oxidation state RSA spread to hydration layer
would repeat this process. Although it might also have the same
properties, the degree of hydration of AQ was inevitably low.
That is to say, there was very weak electrostatic interaction
between AQ and hydrated anions.

Although the use of RF made the system get a high initial
operating voltage and power density, the loss of operating
voltage was very significant. The operating voltage dropped
even less than the nonmediator system after about 200 h. The
voltage loss was up to 50%. The consequent increase in internal
resistance led to further decline in power density. For the
system adding RF, another important change was the growth of
length of single electricity generation cycle. The last cycle was
nearly 2 times the length of the first one. All of these proved
that RF was depleted rapidly. This is also the disadvantage of all
soluble RMs. In contrast, the operating voltage of the anode
modified system was almost unchanged throughout the whole
reaction process. The length of each cycle had no significant
change. This was almost identical with the nonmediators and
the AQ-contained system (the final average load mass was 5.0
mg). Both of them lost only 10% of operating voltage. In other
words, little if anything of RSA (the final average load mass was

1978

5.5 mg) was consumed under such conditions. RSA in aqueous
phase did have the tendency of hydrolysis and photolysis as an
ester and a photosensitive compound. Stable power output was
sufficient to explain the stability of RSA under experimental
environment. It showed that the hydrophobically modified not
only increased the lipophilic of RSA so that it could not use any
carrier to be attached to the surface of plain carbon rod, but
also improved its stability in aqueous solutions indirectly. Thus,
there was a sharp decline in degree of hydrolysis. Further, as it
was difficult to go into aqueous solutions, the light stability of
RSA was also substantially increased. Moreover, the life cycle of
C. vulgaris was longer than the experimental time. The above
influential factors can almost be ignored. Because the cathodes
used in every separate cycle were new, it can be certain that the
react conditions in above systems were equal. Obviously, the
RM was the main factor which affected the potential and power
densities. In addition, a slowly voltage drop occurred in each
separate electricity generation cycles of RM contained systems.
This displayed the nonlinear consumption of substrates. Thus,
the catalytic efficiency was related to substrate consumption
rate.

Anyway, the use of RSA modified anode improved the
performance of original system greatly. The operating voltage
(0.44 V), conductance (0.01 S), power density (0.847 W/m?),
reaction rate (0.29 mmol-L™"-h™, to sodium acetate meter) and
CE (14.1%) were increased by 63%, 367%, 663%, 74% and
41%, respectively. These were close to or even exceeded what
RF-contained system exhibited. What is more, purely hydro-
phobic modification might reduce the efficiency of microbial
reactions performed in aqueous phase. Though RSA is
insoluble in water, its octanol—water partition coefficient (log
P = —0.770) also explained why it had a strong catalytic effect
on the reactions in aqueous phase.

Characteristics of Surface Catalysis. To verify further
that hydrophilicity was one of the important factors to
determine the catalytic performance of the anodes, a group of
control experiments of decolorization was conducted. Three
structurally similar compounds, MO, Orangell and RR, which
all contains azo bonds, were used to evaluate the performance
of dye removal efficiency in the above-mentioned MSCs.
Similar to the RMs, although the reaction conditions and
chromophore were the same, the rates of decolorization still
depended more on the hydrophilicity of azo dyes. As shown in
Figure 6, the rate of decolorization of RR (log P = —1.865) was
far more than that of Orangell (log P = —0.408) and MO (log
P =0.415) in any conditions. The decolorization rate promoted
by AQ was rather little by comparing their half-lives. It can be
seen that hydrophobic compounds in aqueous solution did
have very weak electrostatic and hydrogen bonding interaction
with hydrophilic compounds. As shown in Figure 6A, in the
case of the same concentration of MO (5 X 10™* mol/L), the
half-life of the RM-free system was 3.866 h. By contrast, RSA
modified system consumed 3.118h to achieve this effect. This
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Figure 6. Time profiles of normalized concentration of azo dyes. (A)
MO, (B) Orangell, (C) RR. Dye concentration, 5 X 107™* mol/L.

value was only 1.549 h in the system added RF. The half-lives
of Orangell were 2.804 h (RM-free), 1.988 h (contained AQ),

1217 h (contained RSA) and 0.683 h (contained RF)
correspondingly. For RR, it consumed only 1.209 h (RM-
free), 1.141 h (contained AQ), 0.478 h (contained RSA) and
0.315 h (contained RF), respectively, to achieve the same effect.
Even in homogeneous catalysis, RF had a better enhancement
effect on more hydrophilic dyes. The half-lives of decolorization
of MO, Orangell and RR were shortened by 149.6%, 205.1%
and 283.8%, respectively. For heterogeneous catalysis, RSA still
shortened the half-lives of decolorization of above-mentioned
azo dyes by 24.0%, 71.2% and 153.0%, respectively. This trend
was consistent with the RF. The stronger the hydrophilic of
dyes, the smaller the gap between the promotion rates of RF
and RSA. As a matter of fact, although the promotion rates
were very low, AQ, a hydrophobic RM, was still consistent with
this rule in aqueous solution. This fully illustrated that
hydrophilic catalysis did have a greater capacity of capturing
hydrated anions under such conditions.

SEM Study. Although the RSA modified anode significantly
increased the performance of the system, there was still the
possibility that this improvement might be due to the
enhancement of biocompatibility of the anode surface rather
than the promotion of electron transfer efficiency. To prove
this, we conducted a study of SEM of the anode we used before
and after the experiment. As shown in Figure 7, there were no
obvious changes in the surface morphology of anodes modified
with RSA (Figure 7b-1) or not (Figure 7a-1), indicating that
RSA cannot form regular crystal but uniformly adheres to
carbon rod in amorphous state. The modification was harmless
to the carbon rod itself. By comparison, although the surfaces of

Figure 7. SEM images of (a-1) as-received unmodified carbon rod, (a-2) used unmodified carbon rod attached with C. vulgaris, (b-1) as-prepared
RSA modified carbon rod, (b-2) used RSA modified carbon rod attached with C. vulgaris.

1979

DOI: 10.1021/acssuschemeng.5b00151
ACS Sustainable Chem. Eng. 2015, 3, 1974—1981


http://dx.doi.org/10.1021/acssuschemeng.5b00151

ACS Sustainable Chemistry & Engineering

Research Article

the used anodes (Figure 7a-2,b-2) showed slight erosions and
some visible impurities adhered, there were still no significant
changes in the surface morphology. More evident was that
because a little scattered C. vulgaris were attached to both
anodes, they could not form a stable biofilm. This fully
illustrated that hydrophilic modification was not conducive to
microbial attachment. Besides, the C. vulgaris cell wall itself is a
poor conductor. The acceleration of electron transfer process in
this study was indeed caused by modifications of the anode but
not through C. vulgaris itself.

Additionally, cupric hexacyanoferrate was nonrenewable
under normal conditions. To this end, a simple way was used
to solve this problem. Because the original system was run
anaerobically, the C. vulgaris was mainly responsible for
photofermentation at the initial growth stage. By adjusting
the illumination intensity (500 Ix) of the cathode region, the C.
vulgaris within this area would keep a low respiratory O,
consumption rate. The C. vulgaris mainly carried photosyn-
thesis. Through this way, C. vulgaris would be able to carry out
different types of metabolisms in the same space without a
separator. The cupric hexacyanoferrate was reduced to cupric
ferrocyanide by electrons generated from anode reactions. The
O, produced by photosynthesis was reacted with cupric
ferrocyanide and H,O to generate Fe** and OH™. The Fe®"
would regenerate to cupric hexacyanoferrate and redeposit on
the surface of the cathode. MB was also added into the system
as an indicator. Thus, the regions of different types of
metabolisms were clearly indicated (Figure S3, Supporting
Information).*!

B CONCLUSION

In summary, the excellent capability of capturing free electrons
in solution of RSA was demonstrated. Although there were
microorganisms scarcely attached to the surface of the anode,
the OCV and power densities were increased by 41% and
663%, respectively, compared with the original system. With
the improvement of reaction efficiency, the electricity
generation period was shortened by 25%. Because the RSA
itself was modified through the incorporation of hydrophobic
groups rather than embedded in the carrier, this method was
more inexpensive, quicker and easier. The characteristics of
almost no loss of RSA in the course of reaction would also
greatly increase the life of the anode. This promising method
provides the possibility of enhancing its performance of current
generation greatly and also shortens the start-up period
significantly. The enhancement of electron capture capability
provides a convenient way to construct renewable biocathode
by light autotrophic microorganisms. The current studies are
significant in that they can be further extended to other algae-
based microbial solar cells.
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