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also be stored in the form of an electric double layer in the pores, which has been shown to improve
bioanode performance. So far, it is not known how much current can be generated by a single granule. In
this study, we investigate the current production and charge storage behavior of a single carbon granule.
Two types of activated carbon granules and one graphite granule are tested to find the untapped po-
tential of granular bioanodes. A single activated carbon granule produces up to 0.6 mA, corresponding to
60 mA cm > granule volume at —300 mV vs. Ag/AgCl anode potential. Charge — discharge experiments
show that capacitive granules produced 1.3—2.0 times more charge compared to a graphite granule with

Keywords:
Microbial fuel cell
Capacitive bioanode

Granular bed low surface area. When extrapolated to other granular systems, our study indicates that the current
Activated carbon generated by granular bioanodes can be improved with several orders of magnitude, which could form
Bioelectrochemical system the basis of an economically feasible Microbial Fuel Cell.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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wastewater into other energy carriers. Electroactive microorgan-
isms catalyze the oxidation of soluble organic components under
anaerobic conditions. When they use the anode as electron
acceptor, the microorganisms form a biofilm and the anode be-
comes a bioanode [1]. The application of a bioanode is found in two
types of BESs. The first generates electrical power over an electrical
load: a microbial fuel cell (MFC); the second utilizes power in
addition to the oxidation of organics, to form products at the
cathode, such as Hj, H,0, and NaOH: a microbial electrolysis cell
(MEC) [2]. Both systems simultaneously remove the organics from
wastewater and produce a useful resource.

Conversion rates and energy recovery in bioanodes are still low
when compared to biogas production through anaerobic digestion,
even when taking into account significant losses for electricity
production from biogas [3,4]. A strategy to enhance the conversion
rate at the bioanode is the use of three-dimensional electrodes to
provide more surface area for microbial growth per volume of
reactor. These electrodes are often made of graphite felt [5—7],
graphite granules or activated carbon granules [8—10]. An addi-
tional property of activated carbon granules is their high specific
surface area (SSA), which is the surface area created by the porous
structure of the carbon granules. An electric double layer (EDL) can
form on this pore surface area in presence of an electrolyte [11]. In
this EDL, electricity can be stored, acting as a capacitor, where high
SSA generally relates to more charge storage: a property widely
used in supercapacitor technologies [12]. Using activated carbon as
a bioanode (Fig. 1) allows two processes to occur: (i) the electro-
active biofilm releases electrons during the oxidation of organics
(faradaic process), and (ii) these electrons are stored at the pore
surface in the carbon, while cations are required to maintain the
charge balance in the EDL (capacitive process) [13]. Following this
concept, activated carbon granules have previously been integrated
with the bioanode to form a capacitive bioanode, for in-situ charge
storage [14], as well as in a fluidized bed reactor, where the gran-
ules are charged and discharged in separate locations [15].

While granular electrodes, both with high surface area (acti-
vated carbon granules) and with low surface area (graphite gran-
ules), have been applied as bioanodes, it is unknown how much
current can actually be produced by one single granule. For this
purpose, an MFC was developed to study one single granule. We
investigated three types of granules: two types of activated carbon
granules with high SSA, and one graphite granule with low SSA. We

H+
Na*

Mg?
Car

Fig. 1. The principle of capacitive granules with an electrochemically active biofilm. A
faradaic reaction occurs when the biofilm oxidizes acetate and electrons are trans-
ferred to the activated carbon granule. This electron transfer, together with cation
transport, leads to the formation of an electric double layer inside the pores so that
charge is stored: a capacitive process.

analyzed the current produced during continuous operation and
the performance during intermittent charge and discharge cycles in
terms of charge recovery.

2. Experimental
2.1. Setup of the single granule MFC

The single granule MFC was made of two Plexiglas plates, with a
cylindrical chamber (13 mm diameter, 1 mL volume) drilled in each
plate for an anode and cathode compartment (Fig. 2). The anode
chamber contained the granule, held in place by a Pt wire (300 um
diameter, 17.9 g cm™3), and a capillary for the reference electrode
(3 M KCl Ag/AgCl, QM710X, ProSense Qis, Oosterhout, The
Netherlands), see Fig. 2B. During assembly, multiple points of
contact between wire and granule were ensured and, using a
multimeter, the contact resistance was checked between wire and a
point on the granule. We ensured the contact resistance was below
5 Q. A cation exchange membrane (fumasep FKB, FuMa-Tech
GmbH, St. Ingbert, Germany) separated the anode and cathode
chambers. The cathode consisted of a piece of platinum foil con-
nected to a stainless steel rod (Austenitic Corrosion Resisting Steel,
Material No. 1.4539, ThyssenKrupp Materials International GmbH,
Essen, Germany) as the current collector. An overview of the
experimental set-up can be found in the supporting information
(SI) chapter S1.

Three types of granules were used as anode: two activated
carbon granules and one graphite granule. As a control, the Pt wire
alone, without granule, was tested throughout the experiment. The
activated carbon granules, with high SSA, were GAC830W, here-
after denoted as GAC, and PK1-3, hereafter denoted as PK, both
from Cabot Norit Nederland B.V., Amersfoort, The Netherlands. The
graphite granule, with low SSA, hereafter denoted as GG, was ob-
tained from enViro-cell Umwelttechnik GmbH, Oberursel,
Germany.

Though the current is a surface related process, it is singularly
difficult to determine the surface area of a granule as used by the
biofilm. As such, it was decided to use the volume as a normali-
zation parameter, because of its usefulness for translating results to
reactor performance. Through sieving, granules between 1 and
2 mm (stainless steel Analysensieb, Retsch, Haan, Germany) were
obtained. The granules were further visually selected based on their
comparable shape. As initial observations of mass and size indi-
cated differences in density, the granule envelope volume was
determined from the weight and envelope density. The envelop
volume includes the solid carbon skeletal structure and the volume
of the pores of the granule, and excludes the inter-granule volume
of a granular bed [16]. The envelope volume, density (detailed in-
formation for its analysis in S2) of the granules and dry weight
(dried for 24 h at 105 °C) of each granule is shown in Table 1.

2.2. Inoculum, media and operational strategy

The inoculum originated from a bioanode running on acetate. To
obtain an active biofilm, the granules were first operated as a bio-
anode in a larger cell, completely filled with GAC granules, using a
resistor of 1 kQ and a 50 mM PBS buffer (pH 7) and a cathode open
to air. After 2 weeks, one granule was transferred to the single
granule MFC (GAC 17 days, PK and GG 21 days after inoculation).

The anode medium contained 10 mM NaCH3COO,
0.2 g L1 NH4Cl, 10 mL L~ Wolfe’s Vitamin solution [17], 10 mL L~}
Wolfe’s mineral solution [17] with 10.0 mg L! of NaySeOs,
NiCl,-6H,0 and NaWO4-2H20 in 50 mM PBS buffer at pH 7
(5.43 g L1 NayHPO4-2H20, 2.65 g L~ KHoPO4, 013 g L~ KCI). The
catholyte was a 100 mM K3FeCNg solution in 50 mM PBS buffer at
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Fig. 2. A) The anode half-cell contains B) the anode compartment (volume of 1 mL and diameter of 13 mm) with capillary for reference electrode and graphite granule held by a Pt

wire.

Table 1
Physical properties of the granules.

Granule Mass (mg) Density (g cm™) Volume (mm?)
GAC 6.6 + 0.1 1.06 + 0.003 6.2 +0.1
PK 10.2 + 0.1 1.03 + 0.004 99 +0.1
GG 154 + 0.1 2.13 £ 0.007 72 +0.1

pH 7. Temperature of the anolyte recirculation vessel was
controlled at 35 °C in a water bath. Anaerobic conditions of the
anolyte were created by continuous flushing with N». The electro-
lytes were replaced before the start of the electrochemical experi-
ments (GAC 90 days, PK and GG 77 days after inoculation). The
recirculation flow rate of anolyte and catholyte was between 0.5
(external resistance) and 2 (anode potential controlled) mL.min .

During the growth phase in the singe granule MFC an external
resistance of 1 MQ was used, which was later decreased to 100 kQ
and 10 kQ. This high resistance was chosen as not to draw too high
currents from the small bioanode and thus damage the biofilm in
its growth phase [18]. When the cell voltage stabilized at 10 kQ, the
electrochemical measurements were performed. The Pt wire con-
trol was connected via a 2 MQ resistor to the cathode, during the
entire experimental period. We used a higher resistance for the Pt
wire than for the granule, because a lower current was expected
from the Pt wire alone, because of its low surface area compared to
the granules.

The anode potential and cell voltage over the external resistance
were measured for each MFC throughout the experimental period
and recorded every 60 s with LabVIEW and Fieldpoint modules
(National Instruments Netherlands BV, Woerden, The Netherlands),
except during electrochemical measurements.

2.3. Electrochemical experiments

All electrochemical measurements were performed using a
potentiostat (Ivium n-Stat with IviumSoft v2.462 (Ivium Technol-
ogies BV, Eindhoven, The Netherlands), with the anode as working
electrode. All potential values are reported versus Ag/AgCl refer-
ence (+205 mV vs. NHE). The measurements were recorded every
0.1 s.

2.3.1. Polarization curves
Polarization curves for granules with biofilm were recorded at
anode potentials of —400, —300 and —200 mV for at least 600 s, up

to 2 h for GAC and PK because of their higher capacitance, until the
current was stable. The average current during the last 60 s of each
potential was used for the polarization curve.

2.3.2. Constant potential charge and discharge

To determine the charge recovery of the high SSA granules
compared to the low SSA granule, charge — discharge experiments
were performed on the bioanodes. A single cycle consisted of 60 s
Open Circuit (OC), followed by a discharge period of 180 s at a fixed
anode potential. To ensure that each particle was equally dis-
charged before the experiment at —300 mV, in line with previous
work [9,10,15], the granules were discharged for 1 h before each
charge — discharge experiment, from which the continuous current
for each granule was taken as the average of the last 60 s. The stored
charge can be determined by subtracting the total continuously
produced charge from the total charge measured during discharge
(total surface area of the current-time graph) [9]. The relative
charge recovery 1 was calculated (equation (1)) over 40 sequential
cycles. The relative charge recovery is used to compare the total
accumulated volumetric charge (current integrated over total cycle
time) of the intermittently operated active carbon bioanodes (PK
and GAC) to the volumetric charge accumulated during continuous
operation of the GG bioanode, which was considered as a non-
capacitive granule because of its low SSA, in the same amount of
time [10]:

n= Qintermittent/ QGG, continuous (l)

2.4. Porosity characterization

To characterize the porous structure of the carbon granules, N,
adsorption (77 K) was measured using Micromeritics Tristar 3000.
SSA and pore size distribution (PSD) in the micropore (<2 nm) and
mesopore (2—50 nm) range were analyzed using the Carbon-N,
2D-NLDFT model [19] (Non Local Density Functional Theory). More
details on the analysis can be found in S3.

3. Results and discussion
3.1. Current production of a single granule bioanode

After the growth phase, each granule reached a stable current.
Fig. 3A shows the currents achieved during polarization curves. The
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Fig. 3. A) The current densities, normalized to granule volume, achieved during polarization curves for the three granules. B) The PK granule as bioanode, photographed at the end

of the experiment.

current density per volume of granule at an anode potential of
—300 mV, which is the potential used in charge-discharge experi-
ments, was 25 mA cm > (0.16 mA) for GAC, 60 mA cm > (0.59 mA)
for PK and 33 mA cm~3 for GG (0.23 mA). The control experiment
with only the Pt wire did not produce more than 0.154 mA cm™>
wire volume (0.32 pA at E;, = —313 mV) throughout the experi-
ment, indicating that the current produced by the Pt wire as bio-
anode was negligible compared to the current produced by the
bioanode granules. After opening the cell at the end of the exper-
iments, a biofilm was observed during visual inspection (Fig. 3B).

3.2. Charge recovery of the capacitive bioanodes was higher than
that of the graphite granule bioanode

The relative charge recovery (n) describes the efficiency of the
charge transfer of a capacitive system, during charge and discharge
cycles, as compared to a non-capacitive system in continuous
operation. Previous work by Deeke et al. showed that charging and
discharging of a capacitive anode resulted in an 1 of 1.0-1.3
compared to a graphite anode in a flat plate MFC [10], showing the
enhanced current production for a capacitive MFC.

Fig. 4 shows the current (A) and anode potential (B) in time
during a single cycle of charging (60 s) and discharging (180 s) of
the three bioanode granules. During OC conditions, there is no
current and electrons are stored in the granule. As a result, the
anode potential decreases towards the equilibrium anode potential.
During discharge, the anode potential is controlled at —300 mV,
and because of the potential difference with the open circuit
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potential reached during charging, electrons are released from the
granule. The current showed a peak, which is a combination of
capacitive and faradaic current, after which the current decreased
towards a stable value, which is the faradaic current continuously
produced by the biofilm from conversion of acetate (without stor-
age). The stored charge (Fig. 4A) was 9.7 times larger for the PK and
4.1 times larger for GAC granules compared to GG, which implies a
higher capacitance compared to GG. The lower capacitance of GG
resulted in a lower bioanode potential, while anode potential of
GAC and PK decreased more slowly.

After 40 charge and discharge cycles, the accumulated charge
over the total timespan was 318 C cm ™3, of which 59 C cm ™~ stored
(and discharged) charge, for GAC, 547 C cm >, of which 86 C cm™3
stored charge, for PK and 211 C cm~3, of which 18 C cm™3 stored
charge, for GG. In the same timespan 269 C cm™> for GG was
accumulated in continuous operation. This results in a n of 1.2 for
GAC and 2.0 for PK, which indicates that both activated carbon
granules in intermittent mode outperformed the GG granule in
continuous mode. GG itself had an m of 0.8 — meaning that
continuous operation results in better performance than inter-
mittent operation. The results show the PK granule has the highest
1, while the 1 of GAC is in the same range as found the capacitive
anode by Deeke et al., which also composed of GAC type activated
carbon [10].

3.3. Influence of porosity characteristics of the granules

N, adsorption was used to study the pore structure of the three
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Fig. 4. One typical charge and discharge cycle, where charging occurred in the first 60 s, followed by a 180 s discharge period. A) Volumetric current density in time for the three

granules. B) Anode potential in time during the same charging and discharging cycle.
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Fig. 5. Pore size distribution in the range of 0.3—50 nm: cumulative pore volume
against the pore width for the three carbon granules. The total pore volume in the pore
width range is shown.

granule types, in the pore width range 0.3—50 nm. The specific
surface area (SSA) was 885 m? g~ ! (940 m? cm~3) for GAC,
764 m? g1 (790 m? cm~3) for PK and 0.438 m? g~ ! (0.934 m? cm3)
for GG. In Fig. 5, the cumulative pore volume is shown as a function
of the pore width. GAC and PK both showed about 250 times higher
total pore volume than GG. The pore volume increased until 5 nm
for GAC, until 29 nm for PK and for GG the pore volume increased
up to the range limit of 50 nm. The microporosity (pore
volume < 2 nm) was 80% of total pore volume for GAC, 60% for PK
and 4% for GG and the mesoporosity (pore volume between 2 and
50 nm) was 20% of total pore volume for GAC, 40% for PK and 96%
for GG. The combination of low SSA and high density indicates the
pores of the GG granule are likely close to the external surface. It

should be noted the SSA cannot be used for normalization of cur-
rent, as the pores <50 nm are smaller than the bacteria themselves
(e.g. Geobacter sulferreducens is about 1.7 um long by 0.4 wide pm
(based on 10 observations in the SEM image of an electrode surface
from Bond and Lovely [20]).

From the polarization curve and Fig. 4, it can be seen that the
continuous current densities of GAC and GG are similar and thus
the biofilm activities are similar on the two granules. During the
charge and discharge experiments, however, it is clear that more
charge can be stored per cycle in GAC than in GG. As the biofilm
activity for both granules is similar, it becomes clear that the
physical granule properties, rather than possible capacitive prop-
erties of bioanode bacteria [21—25], are dominant for the charge
storage. As the SSA is linked to the charge storage via surface
available for EDL formation [11], the differences in NLDFT surface
area, which is about 866 times higher for the GAC granule than for
GG, can explain the larger storage capacity of GAC compared to GG.
However, the 3.2 times higher charge storage cannot be explained
by differences in SSA only. One possible explanation could be not all
pore surface area is used, as Deeke et al. found increasing thickness
of the capacitive layer of a capacitive bioanode decreased the
charge stored [10].

The continuous current density of PK was 2.4 times higher than
GAC, indicating that the biofilm activity was higher on PK granules.
Similarly, PK had 2.3 times higher charge storage during the
intermittent experiments compared to GAC. As the SSA of PK is
lower than of GAC, the higher charge storage may be due to the
higher biofilm activity. While the SSA of PK is lower than of GAC, it
does have a higher mesoporosity. Although the higher meso-
porosity has been shown to have a positive influence on the
capacitance in supercapacitors and capacitive deionization
[13,26—28], and could also affect charge storage by the capacitive
bioanodes [10], other variables than the pore structure are likely to

Table 2
Table comparing single granule results to both intermittent and continuously operated systems found in literature.
Granules™” Cell type Vanode Vgranules Iy (mA cm—3 Iy (mA cm—3 Circuit? Cathode Source
(mL) (mL) reactor) granules)

Continuous operation

GAC 830  Single chamber, packed bed 2,200° 1405 0.006 0.009 100 Q resistor n/a [34]

GG"! Two chamber, packed bed 350 182 0.063 0.121 10 Q resistor O, reduction [4,31]

GGP? Two chamber, packed bed, 6 in 936 576 0.052 0.085 46 Q resistor K3Fe(CN)g [4,33]

series
GGP? Two chamber, packed bed 156 111 1.063 1.495 0 mV E,, K3Fe(CN)g [4,32]
GGP3 Two chamber tubular, packed bed 4900 2500 0.033 0.066 1 Qresistor  Biological O, [4,30]
reduction

GAC Two chamber, single granule 1 0.0062 0.155 24958 —300 mV E,;, KsFe(CN)g This
study

PK Two chamber, single granule 1 0.0099 0.586 59.475 —300 mV E;, KsFe(CN)g This
study

GG Two chamber, single granule 1 0.0072 0.231 31.934 —300 mV E;, KsFe(CN)g This
study

Intermittent operation

GAC 1240 Fluidized bed, external discharge 2102 392 0.001 0.004 —300 mV E;, KsFe(CN)g [15]

GAC 830  Fluidized bed, in situ discharge 3534 583 0.003 0.020 48 Q resistor O, reduction [35]

GAC 3030 Fluidized bed, in situ discharge 7 1.14 0.260 1.603 1000 Q 0O, reduction [14]

resistor

GAC Two chamber, single granule 1 0.0062 0.394 63.462¢ —300 mV E;, KsFe(CN)g This
study

PK Two chamber, single granule 1 0.0099 0.757 76.765¢ —300 mV E;, KsFe(CN)g This
study

GG Two chamber, single granule 1 0.0072 0.218 30.202¢ —300 mV E,, KsFe(CN)g This
study

2 GAC: Granular Activated Carbon in mesh size.

b GG: granular graphite with particle size distribution in mm diameter: ®'2—6, ®21.5—5, ®average of 10.

¢ Single chamber system: reactor volume reported.

4 E..: anode potential versus Ag/AgCl reference electrode.

e

Volumetric current density of the single granules during the intermittent operation were taken from the discharge only, as this is most consistent with operation in larger

reactor systems where the current generated originates from the discharge of the capacitive granules.
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be of influence as well. Properties such as surface roughness and
surface chemistry could be different for each granule and might
enhance the biofilm via surface availability (external surface per
granule volume), protection from shear forces and biofilm attach-
ment (e.g. hydrophobicity [29]). More investigation is required to
identify the determining variables for the performance of granular
systems.

3.4. Potential for higher performance in larger reactor systems

The volumetric current densities of the single granules have
been determined for both the working volume (anode) and for the
volume of the granule itself (via weight and envelope density), in
order to compare the single granule results to bioelectrochemical
granular anode reactors in previous studies. These reactors were
either operated using continuous [30—34] or intermittent
[14,15,35] harvesting the current from the granular anode. The re-
sults from the previous studies and the current densities of the
single granules can be seen in Table 2.

The volumetric current densities of the single granules are
several orders of magnitude higher than those reached by other
systems. In continuous systems, current densities between 9 and
1500 A m~2 of granules, depending on reactor size and configura-
tion, have been achieved [4,30—34]. The PK granule produced 43 to
7200 times higher current density than the currents reported in a
granular bed reactor. Especially in larger reactors, the performance
of these granules in continuous mode is low.

The comparison for granular bioanodes in intermittent opera-
tion shows a similar trend: currents between 4 and 1600 A m~3 of
granules were reported [14,15,35], which are 48 to 21,000 times
lower than the current density of the PK granule. Again, a similar
trend is seen in that the smaller system performed much better
than the large system.

There are several possible explanations for the low performance
of both intermittent and continuous granular bioanodes compared
to the single granule MFC, related to 1) contact, 2) flow and 3)
biofilm damage. First, good contact between the granule and Pt
wire was ensured and among the intermittently operated systems,
increased collision force resulted in higher current density [14]. The
second explanation is related to limited medium flow, where for
the highest current density, homogeneity was ensured in the
granular bed [32]. Third, the contact and sheer force between the
granules and the current collector may damage the biofilm. From
this comparison, it becomes apparent that there is much room for
improvement in systems using granular bioanodes.

4. Conclusions

In this study, three single carbon granules were studied as
bioanodes in a MFC. The highest volumetric current density was
found using the PK activated carbon granule. In intermittent
operation, where the charge storage in electrical double layer
capacitance is used, the highest relative charge recovery of 2.0 and
charge storage were found for the PK activated carbon as well,
which was 4.7 times higher than the graphite granule. In compar-
ison with other granular systems, it was shown that granular bio-
anodes can achieve much higher current densities than shown so
far, especially if capacitive bioanodes are used. We demonstrate
here a new test system in which single granules can be studied in
detail, under continuous and intermittent operation strategies. This
setup opens new opportunities to study bioanodes and to better
understand the processes that determine the performance of
granular electrodes. More insight in the performance of systems,
that use capacitance by operating in intermittent mode, gives
essential insights for further development of capacitive bioanodes

in microbial fuel cells. If the untapped potential of a single granule
can be realized on a larger scale, a big leap can be made towards
practical application.
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Glossary

BES Bioelectrochemical System
MEFC Microbial Fuel Cell
MEC Microbial Electrolysis Cell

SSA Specific surface area
EDL Electric double layer
| relative charge recovery

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jpowsour.2016.06.092.
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