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Capacitive microbial fuel cells (MFCs) use bacteria on a capacitive anode to oxidize organics in wastewater and
simultaneously charge the electrode. This study aims to gain knowledge on the performance of single activated
carbon (AC) granules, which are used as capacitive bioanodes. To this end, a multi-anode MFC that allows the
testing of up to 29 granules under the same experimental conditions is used. 2 types of AC granules (PK and GAC)
and 3 diﬀerent size-ranges (n = 8 each) are studied in terms of current production, biomass quantiﬁcation,
microbial community and charge storage. Additionally, charge storage of PK granules (n = 24) is determined for
diﬀerent charging/discharging times. Results show that total produced charge directly relates to biomass
amount, which has a linear relation towards granule outer surface area. Small AC granules have higher volumetric current densities, which could be of interest for their application in up-scaled reactors. PK granules show
slightly higher biomass and current production than GAC granules, while these latter ones show larger volumetric charge storage capacity. Similarly, it is shown that short charging/discharging times are needed to obtain
maximum charge storage and current output. These ﬁndings are of importance to design and operate MFCs with
capacitive properties.
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1. Introduction

capacitors by the use of carbon porous electrodes such as activated
carbon or carbon nanotubes [33–36]. In MFC studies with an increased
capacitance of the electrodes, the overall performance of the cell was
boosted due to an increase of microbial attachment to the electrode,
total produced charge and current and power densities [37–39]. Particularly AC granules have been used in diﬀerent reactor types as
electrodes, where they are mobilized by stirring [40], ﬂuidization
[41–46] or both ﬂuidization and recirculation [9], thus intermittently
contacting the current collector.
The intermittent contact of AC granules with the current collector in
ﬂuidized bed reactors beneﬁts from the capacitive properties of AC
granules, as the current produced by EAB can be stored in the granule
during the Oﬀ period (no contact with the current collector) and be
released at a later stage during the On period (in contact with the
current collector). Fluidized bed reactors have several advantages
compared to classical MFCs, such as the reduction of clogging and
ohmic losses, the use of less electrode and membrane materials, and a
better competition of electrogens over methanogens [47]. To reach
reasonable current densities in such reactors, it is crucial to improve the
bioﬁlm growth on granules but also the contact between granules and
current collector. To assess the maximum performance of AC granules
in such a system, Borsje et al. [48] studied the electrochemical performance of single AC granules as bioanodes. The produced current
density reached up to 76 and 63 mA cm−3 at −0.3 V for AC granules
commercially known as PK and GAC, respectively, which is several
orders of magnitude higher than the currents obtained in ﬂuidized reactor systems [9]. The potential of single AC granules was thus demonstrated, as well as the possibility to provide valuable information
for optimizing up-scaled systems that use this material. However, it is
needed to build further on these ﬁndings by the study of e.g. more
granules that can show reproducibility, important engineering parameters such as granule size, bioﬁlm growth or charge storage at different intermittent operation conditions, among others.
In this study, a multi-anode MFC was built, which allowed for the
growth and monitoring of 24 single AC granules under same conditions.
The aim was to test several variables of interest for the use of AC
granules in MFCs in a reproducible way, looking into outputs such as
current production, charge storage, bioﬁlm growth and microbial
community of AC granules. The challenges were to: i) determine the
performance of diﬀerent types and sizes of AC granules; and ii) determine the inﬂuence of anode discharging potential and optimum
charging/discharging times on charge storage.

A microbial fuel cell (MFC) is a bio-electrochemical system that
allows for simultaneous degradation of organic matter in wastewater
and production of electricity by the use of microorganisms, also known
as electrochemically active bacteria (EAB) [1,2]. Compared to the
conventional wastewater treatment process, MFCs can recover chemical
energy from wastewater that has low concentration of organics [3],
without demanding energy for aeration [4] and reducing sludge production [5]. Thus, it can be considered a promising and cost-eﬃcient
technology for wastewater treatment [6–8]. However, the recently reported power production by most MFCs can only reach up to
2–3 W m−2 [9], which is still relatively low compared to anaerobic
digestion. How to increase the power output is still a remaining challenge and so there are many research studies focused on that domain
[10–13]. One possibility is to combine MFCs with capacitors, which act
as an energy storage system to improve the power output [14,15].
Dewan et al. [16] used an external capacitor to collect the generated
power by an MFC and dispensed it intermittently, which showed an
advantage in providing energy for high-power-consuming devices. It is
also possible to integrate a capacitor within the MFC by the use of capacitive materials as electrode [17,18]. Deeke et al. [19] tested an internal capacitor by using a graphite plate coated with activated carbon
powder and a polymer solution, which outperformed a non-capacitive
electrode in terms of current density and charge recovery.
The electrode material on the anode plays a vital role in MFCs, as it
is the place where the bioﬁlm attaches and electron transfer takes place
[5,20]. By optimizing anode properties such as surface area or roughness, among others, electron transfer can be enhanced and thus the
overall MFC performance can be improved [21]. Carbonaceous materials are the most widely used materials for bioanodes, as they have
good biocompatibility, good chemical stability, high electrical conductivity and relatively low cost [22,23]. Carbon materials with threedimensional structure and high surface-area-to-volume ratio are of
special interest, as they can increase volumetric power outputs [24,25].
Activated carbon (AC) granules have a very porous structure that provides them with a large speciﬁc surface area (SSA > 1000 m2 g−1) [26],
which beneﬁts the amount of catalytic sites (and thus the number of
electron transfer) but also allows charge storage [27]. This feature is
particularly important in MFCs with an internal capacitor, where the
electrons produced by EAB (i.e. faradaic current) are stored in the form
of electrochemical double-layer (EDL) [28–30]. The electrochemical
double-layer (EDL) is a known charging mechanism of the so-called
electrochemical double-layer capacitors (EDLCs) [31,32], which confers features (e.g. energy density, power density, charge/discharge
cycle lifetime) intermediate between batteries and conventional

Fig. 1. A) Representation of the custom-made multi-anode MFC. B) Picture of a custom-made clamp to hold a single AC granule. C) Bioﬁlm growth on a single AC
granule placed on the tip of a clamp.
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2. Materials and methods

Table 1
Weight and size distribution of the granules selected for the study of: i) granule
size, type and potential ii) scanning electron microscopy (SEM) images, iii)
next-generation sequencing (NGS) analysis and iv) charging/discharging times.

2.1. Setup of the multi-anode MFC
The custom-made MFC reactor (Fig. 1A) consisted of two compartments: a 2.3 L container as the anode chamber and a glass tube
attached to a funnel as the cathode chamber. The anolyte (10 mM
NaCH3COO·3H2O; 1 mL L−1 Wolfe's vitamin solution; 1 mL L−1 Wolfe's
modiﬁed mineral solution; 3.7 mM NH4Cl, 1.7 mM KCl; 30.5 mM
Na2HPO4·2H2O; 19.5 mM KH2PO4) consisted of 2 L of which 0.2 L was
inoculum from another active MFC run on acetate, leaving a headspace
of 0.3 L. The cathode chamber had approximately a volume of 0.13 L
(100 mM K3FeCN6; 30.5 mM Na2HPO4·2H2O; 19.5 mM KH2PO4) and
was placed in the centre of the anode chamber. The cathode was 24 cm2
of graphite felt attached to a titanium wire (1 mm diameter, 36 cm
long) as the current collector. To connect both chambers, a 1.76 cm2
cation exchange membrane (Fumasep FKB, FuMa-Tech GmbH, St. Ingbert, Germany) was placed on the bottom of the cathode chamber. The
lid of the container had one hole for the inﬂow of substrate, one hole for
the reference electrode (Saturated KCl Ag/AgCl) and 29 holes for the
working electrodes. Additionally, a hole was made on the side of the
container for the outﬂow. The eﬀect of the distance between working
and the reference electrodes on current production was neglected as the
latter one was placed outside of the electric ﬁeld. All potential values in
this paper are reported versus Ag/AgCl reference electrode (+0.199 V
vs NHE).
Single granules were held up separately with custom-made hookshaped clamps (Fig. 1B). The core of the clamps was titanium (Ti) wire
(1 mm diameter) covered by a heat shrink tube (RS Pro 389–634) to
prevent its oxidation and the growth of bioﬁlm on its conductive surface. The clamp was passed through a PTFE tube (Polyﬂuor Plastics BV)
surrounded by Tygon® tube (Saint-Gobain Performance Plastics) on the
tip. PTFE tape was placed between the PTFE tube and the Ti wire in
order to create resistance and ensure a proper and enduring contact
with the granule. On the tip of the clamp, a layer of conductive glue
(EMS, Pennsylvania, USA) was added and its contact area with the
granule was minimized with non-conductive resin (Revlon® ColorstayTM) to limit bacterial growth on the clamp. The other side of the
titanium wire was passed through a rubber that ﬁtted on the holes made
for the working electrodes. The average resistance of the clamps was
0.8–1 Ω between the two ends. Each clamp was connected to a channel
from the MultiWE32 module (Ivium Technologies, Eindhoven, the
Netherlands). This module can operate up to 32 working electrodes that
share a common reference electrode and counter electrode. All channels
can be simultaneously controlled and sampled with restricted operation
modes. Fig. 1C is an example of an AC granule in a clamp with the
bioﬁlm in red.

Size & Type &
Potential
SEM images

NGS analysis

Charging/
Discharging
times

Carbon
granule

Small
(1.0–2.0 mm)

Medium
(2.0–2.8 mm)

Large
(2.8–4.0 mm)

PK 1-3
GAC
830W
PK 1-3
GAC
830W
GG
PK 1-3
GAC
830W
GG
PK 1-3

1.5–2.0 mg
1.8–2.3 mg

3.2–3.9 mg
–

7.5–9.7 mg
–

–
–

4.2–6.0 mg
7.6–9.4 mg

8.1–10.3 mg
11.2–29.8 mg

–
–
–

18.2–22.1 mg
3.9–6.1 mg
4.5–7.0 mg

46.2–50.8 mg
–
–

–
1.8–3.0 mg

8.6–14.2 mg
5.0–8.9 mg

–
10.0–23.3 mg

for the small size-range were used to analyse the inﬂuence of the discharging anode potential on charge storage. A new reactor was built
with 24 PK granules of three size ranges, 8 granules of each. Only the
small granules were used to study the eﬀect of diﬀerent charging/discharging times. As control, three glass beads (B Braun biotech international, Schwarzenberg, Germany) of 2 mm diameter covered with
PTFE tape were clamped and placed in each reactor. For scanning
electron microscopy (SEM) and next-generation sequencing (NGS) experiments, graphite granules (GG), i.e. non-activated carbon granules,
were also placed in the reactor.
The weight of the granules was the only parameter that was measured, while the size was ensured within certain ranges. Therefore, the
volume of the granules was estimated by using the apparent density
values from the manufacturer: 0.3 g mL−1 for PK granules and
0.5 g mL−1 for GAC. These are diﬀerent densities from those used in a
previous study for the same type of granules [48]. To estimate the outer
surface area (SA) from the granule volume, a spherical granule was
assumed, without considering the possible roughness or pores where
bacteria could have access to. As for the speciﬁc surface area (SSA),
values from a previous study (764 m2 g−1 for PK granules and
885 m2 g−1 for GAC granules) [48] were used, measured for a pore
width range of 0.3–50 nm. These values were the result from applying a
model (2D-NLDFT) to N2 adsorption measurement data.
2.3. MFC operation
Right after granules were placed in the reactor, cyclic voltammetry
(CV) scans (3 cycles, −0.3 V to −0.48 V, at a scan rate of 0.3 mV s−1)
were performed to verify if the cables of the MultiWE32 module worked
well and if the contact between granule and clamp was good (see
Supporting Information, chapter S1). After, granules started to be
controlled at a constant anode potential of −0.35 V and current was
monitored during one week. Batch mode was maintained for approximately 3 days after inoculation in order to prevent the wash out of
inoculum. Continuous mode was then started by pumping anolyte at a
rate of 200 μL min−1, which translated in an HRT of 7 days. 3 solutions
(acetate, PBS with mineral and vitamins, and demi-water) were placed
in separate bottles in the fridge (at 4 °C) and were continuously ﬂushed
with N2 gas to keep them anaerobic. The pump (Gynkotek M480 CS
HPLC Pump - High Precision Pump) was able to mix the solutions, at a
ratio of 1:1:2, to have the desired ﬁnal concentration. The catholyte was
replaced once its colour faded (pointing out complete reduction of
K3FeCN6). In addition, an oxygen sensor spot (PreSens- Precision Sensing GmbH, Regensburg, Germany) was used to monitor the oxygen
level in the anolyte, which was kept below 0.1% (= 0.036 mg L−1). A
magnetic stirrer at 100 rpm was used to minimize mass transfer

2.2. Carbon granules
All the granules were ﬁrst sieved (aperture sizes 2, 2.8 and 4 mm,
Retsch®, Germany) and then individually selected for an approximate
spherical shape and weighted (Mettler Toledo, d = 0.001 mg). Table 1
contains the exact size range and weight information about each of the
granules used in this study. After selection, granules were treated with
22% hydrochloric acid (HCl) for 24 h and washed 3 times with demi
water [49]. This is a common practice to remove surface organic contamination and metal impurities and thus standardize the electrode
material under study for comparative purposes.
To analyse the inﬂuence of the electrode material and size, two
types of activated carbon with the commercial names of PK 1–3 and
GAC 830W (Cabot Norit Nederland B.V., Amersfoort, the Netherlands)
and three ranges of sizes for PK granules (small, 1.0–2.0 mm; medium,
2.0–2.8 mm; large, 2.8-4.0 mm) were tested in the same reactor.
Altogether, 24 granules were tested: 6 GAC small granules, 6 PK small
granules, 6 PK medium granules and 6 PK large granules. Same granules
3
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was mixed with formic acid (15%) in a 9:1 ratio and added to the GC
vessels that were well closed with rubber lids. Acetate concentration
was analysed with the gas chromatograph (Agilent 7890B). Split injection (1:25, 1 μL volume) was done at constant temperature (250 °C)
in a HP-FFAP column (25 m × 0.32 mm x 0.50 μm) with helium as the
carrier gas (grade 5.0, at 2 mL min−1 column ﬂow). A ﬂame ionization
detector (FID, 240 °C) was used and data were recorded with
Chromeleon™ CDS software (6.80 SR13).

limitations and temperature was controlled at 30 °C. Samples (2 mL)
were taken daily from the anolyte to measure pH, and stored after at
−80 °C for further acetate analysis. Current was recorded every 600 s.
In the study concerning the type and size of granules as well as the
applied anode potential, about 7 days after inoculation clamps were
disconnected and granules were collected. Just before that, 3 charge/
discharge cycles of 600 s each were done. Charge was done at open
circuit (OC) and discharge at a constant potential of −0.2 V, −0.3 V or
−0.4 V. Only because granules were placed in the same reactor we
were able to compare between them. Same was done for SEM images,
where 8 granules (4 medium and 4 large) of activated (PK and GAC)
and non-activated carbon granules (GG) were placed in the same reactor and controlled at −0.35 V for 9 days (see Supporting Information
for cumulative charge, chapter S2). For NGS analysis, same procedure
was followed but for 5 granules of each type and for 15 days to ensure
enough bacterial growth (see Supporting Information for cumulative
charge, chapter S3). As for the study of charging/discharging times,
growth was maintained up to 3 weeks in which charge/discharge cycles
were done regularly (every 2–3 days) as previously explained. Before
collecting the granules, diﬀerent charging and discharging time combinations were applied with 2, 5, 10 and 15 min at −0.2 V and −0.3 V
as discharging potentials. Combinations between 2 and 15 min were not
addressed, and the discharging potential of −0.4 V was not contemplated as little charge could be measured. The faradaic current, i.e.
the current produced from acetate oxidation, was determined from the
steady-state current recorded after 600 s of stabilization period during
discharge. This current was used to calculate the capacitive current, i.e.
the current released from the EDL formation, according to Eq. (1).
t

QStored =

Granules were individually collected from the reactor and ﬁxated
with 2.5% glutaraldehyde for 2 h at room temperature. Afterwards,
they were rinsed 3 times with a phosphate buﬀer solution (30.5 mM
Na2HPO4 and 19.5 mM KH2PO4) and dehydrated with a sequence of
ethanol solutions (30%, 50%, 70%, 90% and 100%) for 30 min each.
Finally, granules were dried at 105 °C for 1 h. For the imaging, single
granules were placed in a specimen holder of the scanning electron
microscope (SEM) JEOL JSM-6480 LV (JEOL Technics Ltd., Tokyo,
Japan). With a magniﬁcation of 30–100,000x, SEM was operated at an
acceleration voltage of 3–10 kV and an electron beam diameter of
20–30%. Images were analysed with the software JEOL SEM Control
User Interface version 7.07.
2.7. Next-generation sequencing (NGS) analysis
Five granules of each carbon type were harvested, cleaned individually with phosphate buﬀer and placed in the same Eppendorf for
storage at −80 °C. Genomic DNA was extracted with the Powersoil®
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) and used
to amplify the V3-V4 region of 16S rDNA according to the standard
illumine library preparation method described by Takahashi et al. [50].
The same primer sets were used to analyse both bacteria and archaea.
Taxonomic analysis was performed by using the QIIME software
(package version 1.9.1) and OTU picking was done by the SILVA 128,
16S reference database and the uclust tool [51]. The same SILVA reference database was subsequently trained by the RDP classiﬁer to
perform OTU classiﬁcation [52].

t

∫ IC dt = ∫ (IT − IF) dt
0

2.6. Scanning electron microscopy (SEM) imaging

0

(1)

; where QStored is the stored/capacitive charge (C), IC is the capacitive
current (A), IF is the faradaic current (A) and IT is the total current (A)
as result of the sum up of capacitive and faradaic currents. More information on current and potential behaviour of capacitive electrodes
can be found in previous research [19,48].
2.4. Total nitrogen (TN) analysis

2.8. Statistical analysis
Total nitrogen (organically and inorganically bounded) was determined as indication of the amount of biomass attached to AC granules. After one week of bacterial growth, granular bioanodes were
collected from the reactor and bioﬁlm growth was quantiﬁed (as total
nitrogen). They were ﬁrst washed in a buﬀer solution without NH4Cl to
avoid measuring nitrogen from the anolyte. After, granules were processed according to the protocol of Laton Total Nitrogen cuvette test
20–100 mg L−1 TNb (LCK 338, HACH®, Dusseldorf, Germany). Note that
the kit works in terms of volume, therefore 0.2 mL of miliQ water was
added in the reaction vessel together with each AC granule. After other
chemicals were added, the digestion step consisted of 30 min at 120 °C.
0.5 mL of the ﬁnal sample was transferred from the reaction vessel to
the LCK cuvette, from which the nitrogen concentration was read. Some
(PK) granules were again checked for nitrogen content after the ﬁrst TN
analysis to verify if any biomass was left behind. Nitrogen content of
those granules was 1.9 ± 0.4 μg N (average of 3). Similarly, clean (PK)
granules without biomass but with the same acid treatment were also
measured for TN as control. Nitrogen content of those granules was
1.3 ± 0.1 μg N (average of 3). These TN contents are more than 5-fold
lower than those measured for the smallest PK granules (see next section).

Diﬀerences in current production, total produced charge, nitrogen
and charge storage were analysed with one-Way ANOVA at p < 0.05
with IBM SPSS Statistics 20, using the following factors: type of activated carbon (PK or GAC), size of activated carbon (small, medium or
large) and discharging anode potential (−0.4 V, −0.3 V or −0.2 V). All
granules compared with this method were grown under same environmental conditions. The assumption of normality was tested with
Shapiro-Wilk statistics and homogeneity of variance was assessed with
Levene's test. In case the variance between groups was high or the
number of samples between groups was unequal, Welch's t-test was
performed.
3. Results and discussion
3.1. Current production by diﬀerent types and sizes of single AC granules
under continuous growth conditions
Performance of diﬀerent granule types and sizes placed in the same
reactor was compared. Fig. 2A shows the current produced by each type
of granule (with standard deviations) as a result of average values of 6
granules for PK and GAC, and 3 glass beads for controls. Generally, all
granules followed the same growth pattern, with a maximum current
around 3 days after inoculation and a steady-state current of 65–71% of
the maximum current after 1 week of growth. This shape seems to be
typical for potential controlled bioanodes as previously reported in

2.5. Acetate quantiﬁcation
Liquid samples taken from the reactor were centrifuged for
10 min at 10000 rpm to remove the biomass. Part of the supernatant
4
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Fig. 2. A) Current production (mA) of three
sizes of PK and small GAC granules controlled at a constant potential (−0.35 V vs
Ag/AgCl). Each data point represents the
average current value of every 0.25 days. B)
Total produced charge (C; primary axis) by
each granule during the whole growth
period and estimated granule outer surface
area (cm2; secondary axis) as a function of
total nitrogen (mg).

Fig. 3. SEM images of PK (A), GAC (B) and GG (C) granules at diﬀerent magniﬁcations: ×30 (up), ×2000 (middle) and ×10000 (bottom). For this ﬁgure, a medium
and a large granule were used for PK (4.4 and 8.1 mg), GAC (9.4 and 29.8 mg) and GG (22.1 and 50.8 mg) granules. They were controlled at −0.35 V vs Ag/AgCl in
the same reactor for 9.4 days.

respectively [48]. The current measured for controls was more than 10
times lower than the current produced by granules, i.e.
0.003 ± 0.001 mA, showing that the contribution of the current collector (clamp) to the current production by single AC granules was
negligible.
Total produced charge was calculated as a result of the current
produced throughout the whole growth period. Average values were
107 ± 20.4 C for large PK, 51.2 ± 12.2 C for medium PK,
31.4 ± 4.8 C for small PK, and 20.5 ± 7.6 C for small GAC granules.
Fig. 2B shows a positive relation between the produced charge and total
nitrogen content of each granule, which is expected as both parameters
are meant to increase with bacterial growth. The relation found was
2340.3C mg−1 N (R2 = 0.98), which is half of that found for bioanodes
in ﬂat (FTO) electrodes, i.e. 4982.2 C mg−1 N [53]. The lower value

literature [53], which could relate to an increased ionic diﬀusion resistance due to the formation of a thicker bioﬁlm [54]. Nevertheless,
nutrients and substrate were continuously supplied (acetate concentration was maintained > 5 mM) and the solution was continuously
stirred (Fig. 2).
Average currents, after the maximum was reached (around 3 days
after inoculation), were from high to low: 0.3 ± 0.05 mA for large PK,
0.1 ± 0.03 mA for medium PK, 0.1 ± 0.01 mA for small PK and
0.05 ± 0.02 mA for small GAC granules. However, when normalized to
granule weight, small PK granules had the highest current densities,
43.3 mA g−1, followed by medium PK (34.2 mA g−1), large PK
(31.7 mA g−1) and small GAC (24.6 mA g−1) granules. These values are
in the same range to those previously found for single PK and GAC
granules at −0.3 V anode potential, i.e. 58 mA g−1 and 24 mA g−1,
5
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obtained in this study could relate to a lower microbial activity of the
bioﬁlm or to a higher nitrogen content of the same, although it is difﬁcult to say since the bioanodes measured in FTO were grown between
1 and 24 days. Similarly, the graph shows an increased nitrogen content
with increased granule size. This was found to be related to the estimated outer SA of granules, which had a linear relation (R2 = 0.9)
towards the amount of biomass. In fact, large PK granules had most
biomass
(0.05 ± 0.005 mg)
followed
by
medium
PK
(0.03 ± 0.007 mg), small PK (0.02 ± 0.003 mg) and small GAC
(0.01 ± 0.004 mg) granules. Diﬀerences in current were signiﬁcant
between all PK sizes among each other (p < 0.05), meaning that
higher currents were related to more biomass on larger granules. Differences between small PK and GAC granules were non-signiﬁcant in
terms of produced charge and total nitrogen (p = 0.47 and p = 0.37,
respectively), probably due to their similar estimated outer SA
(0.16 ± 0.01 cm2 and 0.12 ± 0.01 cm2 in average, respectively).
Fig. 4. Microbial community at the genus level of three types of carbon granules: GG, GAC and PK. (f) = family level, as the genus was unknown. Granules
were controlled at −0.35 V vs Ag/AgCl in the same reactor for 15 days.

3.2. Bioﬁlm visualization and microbial community determination in
activated and non-activated carbon granules
Bioﬁlm growth was also assessed by means of SEM images and genetic sequencing for activated (PK and GAC) and non-activated (GG)
carbon granules, which were grown in the same reactor and under the
same conditions. Fig. 3 shows the surface of granules (see Table 1) at
diﬀerent magniﬁcations after 9.4 days of growth. They were all covered
by bioﬁlm with no apparent diﬀerences among each other, which could
mean that: i) the activation process of carbon granules did not have an
inﬂuence on bacterial growth; ii) the available surface area where
bacteria can grow (> 0.5 μm, bacterial size [55]) is similar in every
granule type; iii) the surface roughness of all granules is high enough
for the attachment of bacteria or, instead, has no inﬂuence after the ﬁrst
layer of bacterial growth; or iv) the operation conditions (e.g. a continuous growth, potential control, good contact of the electrode with
the current collector and little shearing forces) led to a well-developed
bioﬁlm no matter the electrode material. The average produced cumulative charge by each granule type (4 medium and 4 large granules)
in the reactor was 83.3 ± 29.3 C for GG, 56.1 ± 19.7 C for GAC and
53.3 ± 0.5 C for PK granules (see Supporting Information, chapter S2).
Based on these data it seems that, under continuous growth, activated
carbon granules did not provide any advantage in terms of bioﬁlm
growth and current production compared to non-activated carbon
granules, which have in contrast very few pores and therefore have low
charge storage capacity. These results contradict what was found in a
previous study [19], where the increased current densities of ﬂat capacitive electrodes over non-capacitive ones under continuous growth
(at −0.4 V vs Ag/AgCl) were attributed to the increased roughness of
the former.
Microbial community of the bioﬁlm was characterized for the same
type of carbon granules (see Table 1) but in another run that lasted 15
days (see Supporting Information, chapter S3). Fig. 4 shows the composition of the microbial community, which was similar among the
three types of granules. Geobacter spp. accounted for 50% of the microbial community in PK granules, 31% in GAC granules and 43% in GG
granules. The next most abundant microorganisms were within the
family of Rhodocyclaceae, which accounted for 11–14.3% of the total
microorganisms, and the genus Acetobacteroides with relative abundances of 6.4–12.1%. Other bacteria (with > 1% of relative abundance)
belonging to the phyla of Proteobacteria, Bacteroidetes, Firmicutes or
Synergistetes could also be found in the bioﬁlm. This is a similar microbial community composition to what was determined in other studies for bioanodes [56]. Some studies have searched for changes in
microbial composition and bioﬁlm morphology for diﬀerent electrode
materials (surface functional groups) [56,57] and operation modes
(periodic polarization over constant control) [58]. However, in this
study, the similar composition and relative abundance of microorganisms as well as current production indicate that the above-mentioned

granule properties did not aﬀect bioﬁlm growth or, instead, those
properties were overruled by e.g. the continuous and potential controlled operation mode.

3.3. Inﬂuence of the anode discharging potential and charging/discharging
times on charge storage of PK and GAC granules
Experiments were performed at OC (charging) and potential control
(discharging) to study charge storage in PK and GAC granules. Here, we
report on the results for small granules. Overall, more positive discharging potentials increased the released charge of PK and GAC
granules belonging to the EDL formation process, i.e. charge storage, as
shown in Fig. 5. This is expected as, when the potential diﬀerence between charging and discharging processes increases, the driving force
to harvest electrons also increases, leading to a larger charge storage
value. Nevertheless, only −0.2 V obtained signiﬁcantly diﬀerent values
compared to the other two potentials (p < 0.01). PK granules had an
average stored charge of 1.4 ± 0.5 mC, 4.5 ± 1.8 mC and
15 ± 4.4 mC at discharging potentials of −0.4 V, −0.3 V and −0.2 V,
respectively, while GAC had an average stored charge of 1.8 ± 0.7 mC,
5.5 ± 2.7 mC and 16.2 ± 6.8 mC at same potentials. Even though
GAC obtained overall higher values than PK granules (Fig. 5A), when
normalized to the calculated speciﬁc surface area, PK granules showed
higher values (Fig. 5B) meaning their surface area is used more eﬃciently for charge storage. This could relate to the increased mesoporosity (2–50 nm pore size) of PK granules (40%) compared to that of
GAC granules (20%) [48], which has been related in literature to an
increased double-layer capacitance [35,59]. The pore size distribution
could also be the reason for diﬀerences in the discharge behaviour of
each granule type; PK granules had 80% of charge recovery (of the total
stored charge released in 10 min) after 2 min of discharge, while GAC
granules reached the 80% charge recovery after 3 min of discharge (see
Supporting Information, chapter S4). This delay in GAC granules could
relate to their increased microporosity (< 2 nm pore size) contribution
(80%) compared to that of PK granules (60%), which could limit the ion
transport [48]. Nevertheless, diﬀerences in charge storage between
materials were non-signiﬁcant at every potential with and without
normalization (p = 0.22–0.82).
As the measurement of charge storage depends on the discharging
time (t) used to determine it (see Eq. (1)) and the charging time used by
bacteria to produce electrons, we studied the eﬀect of combining different time intervals (2, 5, 10 and 15 min) for OC periods (charge) and
constant potentials (discharge) on charge storage. Fig. 6A shows the
absolute values of stored charge by small PK granules (see Table 1) for
every measured combination at −0.3 V discharging potential. In
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Fig. 5. A) Absolute values of stored charge (mC) and B) stored charge normalized to SSA (mC m−2), both as a function of anode discharging potential (−0.4 V,
−0.3 V and −0.2 V vs Ag/AgCl) for small PK and GAC granules 7 days after inoculation.

the highest absolute values previously presented. Similar trends were
found for PK granules at −0.2 V, with overall higher absolute values
and contributions of charge storage due to a larger driving force (see
supporting Information, chapter S5).
It is important to highlight that charge storage was highly variable
at diﬀerent stages of bioﬁlm growth. For example, the same small PK
granules (from the charging/discharging times experiments) had a
charge storage of 9.3 ± 2.5 mC at day 4, 18.8 ± 2.5 mC at day 7, and
16.2 ± 2.5 mC at day 10 (discharging potential = −0.3 V vs Ag/
AgCl). This makes sense if we consider that EDL formation will largely
depend on bacterial activity at OC conditions. Therefore, it is important
to always compare the performance of bioanodes that have strictly
grown under the same conditions and for the same amount of time if
any conclusion on the electrode material wants to be withdrawn, as
done in this study.

general, and based on statistical analyses, stored charge 2 min of charge
was signiﬁcantly lower than 10 and 15 min of charge (p < 0.01). This
was not the case at the shortest discharging time, where 2 min of charge
had non-signiﬁcant diﬀerences compared to the rest of charging times.
Similarly, no signiﬁcant diﬀerences could be found between 5, 10 and
15 min of charge (p = 0.3–1.5). As for discharging times, no signiﬁcant
diﬀerences were found among them (p = 0.1–1). However, if we look
at the total duration of the cycle, shorter charge/discharge cycles might
be beneﬁcial not only to increase overall charge storage compared to
longer cycles but also to reduce the number (mass) of granules needed
in the system. As an example, a cycle of 5-2 min can store 8.7 mC, while
in that same time 1.75 cycles of 2-2 min can store 14.5 mC.
If we calculate the total produced charge (faradaic + capacitive), it
increased linearly with longer discharging times due to longer faradaic
currents. In the case of small PK granules, the total produced charge
after 10 min of OC increased from 32.5 ± 5.6 mC with 2 min of discharge to 171.7 ± 19.4 mC at 15 min of discharge. Deeke et al. [19]
also studied the eﬀect of diﬀerent charging/discharging times on the
total produced charge and indeed found that longer discharging times
favoured total produced charge. However, longer discharging times
might not be preferable as it limits the contribution of capacitive current. To get more insight about faradaic and capacitive currents, contribution (%) of stored charge to the total produced charge was calculated (Fig. 6B). If we consider charging times, similar statistical results
to those explained for absolute charge storage values were found. On
the contrary, shorter discharging times led in general to signiﬁcantly
larger contribution of the capacitive charge to the total charge
(p < 0.02). Therefore, from the results we conclude that 2 min of
discharge should be combined with 2 min of charge for the highest
contribution of stored charge to the total produced charge, same as for

3.4. Outlook
As shown in the results section, the outer SA of granules plays an
important role in current production, with larger granules providing
larger SA for bacterial growth. However, from an engineering point of
view, volumetric current densities are most important, as the amount of
granular electrode material needed for a system will be generally
evaluated per volume. The highest volumetric current densities
(average values after the maximum was reached) were achieved by
small
PK
and GAC
granules,
12.4 ± 1.7 mA mL−1 and
12.2 ± 1.4 mA mL−1,
respectively,
followed
by
medium
(9.9 ± 1.1 mA mL−1) and large (9.1 ± 1.0 mA mL−1) PK granules.
However, no signiﬁcant diﬀerences were found between them
(p = 1.4–1.5). Additionally, the surface-area-to-volume ratio (SA:V) of

Fig. 6. A) Stored charge in absolute values (mC) for PK at −0.3 V vs Ag/AgCl. B) Stored charge contribution (%) to total produced charge for PK at −0.3 V vs Ag/
AgCl. Combination of charging/discharging times were 2, 5, 10 and 15 min.
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Having a reactor with many granules is crucial for simultaneous and
reproducible characterization of diﬀerent types of granule properties,
which similarly enables statistical analysis of results.

granules needs to be maximized, as it means larger surface area for
bacterial growth will be available per unit of volume. The calculated
SA:V ratio of the granules used in this study showed that larger granules
have a lower ratio, which again indicated the preference towards the
use of small AC granules.
If we look at charge storage normalized to granule volume, small
GAC granules showed higher volumetric charge storage
(1.3 ± 0.6 mC L−1) than small PK granules (0.74 ± 0.3 mC L−1) at
−0.3 V discharging potential, even though the latter ones could store
more charge per SSA. Once again, diﬀerences between the two type of
granules were non-signiﬁcant (p = 0.1). If we look at granule (PK) size,
no linear relation could be found between charge storage and granule
weight (R2 = 0.3), current (R2 = 0.5) or SSA (R2 = 0.3). This could
relate to an increased variability of charge storage with an increased
granule size, as shown in the Supporting Information (chapter S6) as a
function of SSA. Therefore, it is possible that other factors aﬀect charge
storage at increased granule size, such as larger potential drops, larger
internal resistances due to ionic transport or lower actual SSA values, as
previously measured on thick electrodes [60].
The speciﬁc capacitance of every granule was determined prior to
bacterial inoculation. The average values obtained ranged from 4.9 to
6.1 μF cm−2 for PK large, medium and small granules and 5 μF cm−2 for
small GAC granules (data not shown). These capacitance values diﬀer
several order of magnitudes from those measured (with aqueous electrolytes) for electrodes in MFCs (e.g. 13 10−3 μF cm−2 for 3D-graphene
nanosheets [18] or 0.5 106 μF cm−2 for carbon black [61]), but is more
similar to electrodes measured in other research ﬁelds such as electrochemical double-layer capacitors (EDLCs) (e.g. 12.6 μF cm−2 for
activated carbon [35]) and capacitive deionization (CDI) (e.g.
12.2 μF cm−2 for activated carbon cloth [59]). The measurement of
electrode capacitance is complex and, when bioﬁlm is present, diﬃcult
to determine as the faradaic current depends on the anode potential.
Additionally, the open cell potential (OCP) of granules could not be
determined with the MultiWE32 module. For these reasons, in this
study charge storage instead of capacitance was reported, which describes the actual charge release by the capacitive bioanodes at a certain potential.
The studied charging/discharging time combinations are of importance when the capacitive properties of AC granules want to be
optimally used. From the results we conclude that short charging and
discharging times (2 min or less) are needed to achieve higher absolute
values and larger contributions of stored charge compared to faradaic
charge. Similarly, in terms of current output, short discharging times
are preferred as the capacitive current is at highest. This is advantageous when using AC granules in ﬂuidized MFC reactors, where often
short discharging times are achieved. However, it is important to point
out that, because of the constant movement of AC granules on ﬂuidized
bed reactors, electroactive bioﬁlm might undergo a selective pressure in
terms of e.g. bioﬁlm thickness, microbial population and activity, that
do not suﬀer under static conditions (this study). Particularly when the
granules are in contact with each other and touch the current collector,
the bioﬁlm might get damaged and detached. Due to these shear forces,
granules could erode and have a smoother surface, and bacteria might
only grow in the inner mesopores in order to get protected from the
outside, or could use more substrate for growth instead of for electricity
production. Even though it is diﬃcult to translate single granule performance to up-scaled reactors, this study can give valuable information about the potential of AC granules in MFCs: it shows the maximum
performance such systems could achieve when conditions are ideal.

Acknowledgments
This research is supported by the Netherlands Organisation for
Scientiﬁc Research (NWO), Domain Applied and Engineering Science
(TTW) (VENI grant no 13631), and which is partly funded by the
Ministry of Economic Aﬀairs. The research was performed in cooperation with Wetsus, the European Centre of Excellence for Sustainable
Water Technology. Wetsus is co-funded by the Dutch Ministry of
Economic Aﬀairs and Ministry of Infrastructure and Environment, the
European Union Regional Development Fund, the Province of Fryslân,
and the Northern Netherlands Provinces. The authors would like to
thank the participants of the research theme “Resource Recovery” for
the fruitful discussions and their ﬁnancial support. Furthermore, the
authors would like to thank Agnieszka Tomaszewska for helping with
the SEM images.
Glossary
MCF
EAB
GAC
SSA
EDL
EDLC
TN

Microbial Fuel Cell
Electrochemically Active Bacteria
Granular Activated Carbon
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