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Making the best use of capacitive current: Comparison between fixed and 
moving granular bioanodes 

C. Borsje a,b, T. Sleutels a, W. Zhang a, W. Feng a, C.J.N. Buisman a,b, A. ter Heijne b,* 

a Wetsus, European Centre of Excellence for Sustainable Water Technology, P.O. Box 1113, 8900 CC, Leeuwarden, Netherlands 
b Environmental Technology, Wageningen University, P.O. Box 17, 6700 AA, Wageningen, Netherlands   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Discharging closest to the membrane is 
most efficient to recover stored charge. 

• A wider discharge cell produces more 
overall charge. 

• The moving bed bioanode reached a 
high current of 4.3 × 103 A/m3

granules. 
• Moving bed current was higher than 

fixed bed current because of capacitive 
current.  

A R T I C L E  I N F O   
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A B S T R A C T   

Capacitive bioanodes can be used to improve current production in bioelectrochemical systems for combination 
of energy recovery and wastewater treatment. Here, we compared current production in fixed and moving bed 
capacitive bioanodes. For fixed bed bioanodes, the recovered charge was studied as a function of the discharge 
current collector position and the thickness of the granule bed. The most capacitive charge was recovered from 
the current collector closest to the membrane. Increasing bed thickness from 5 mm to 10 mm resulted in a 1.6 
times higher current density per membrane area. These findings were used to improve the design of a moving bed 
reactor, where granules moved through a discharge cell and were recirculated using a gas lift. The moving bed 
produced a current of 43 A/m2, about 2 times the fixed bed current over the full charging and discharging cycles. 
The relatively short discharge time and long charging time of the moving bed as compared to the fixed bed 
bioanodes led to higher capacitive currents. The design of the discharge cell and the ratio between charge and 
discharge times can be further optimized to make better use of stored charge of the granular capacitive 
bioanodes.   

1. Introduction 

A sustainable approach to wastewater treatment should allow for 
recovery of energy and nutrients [1]. Energy can be recovered using 
bioanodes in bioelectrochemical systems (BESs), to directly produce an 

electrical current from the biological oxidation of dissolved organic 
matter in wastewater. Bioanodes are anodes in a BES on which an 
electroactive biofilm grows [2]. The current can be used to produce 
electrical power in a microbial fuel cell (MFC) [3], to produce valuable 
products, like hydrogen [4,5] and hydroxide [5,6], or to drive 
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separation processes such as desalination [7], recovery of ammonia 
[8–10] and recovery of phosphate [11,12], in a microbial electrolysis 
cell (MEC). Scaling up these systems, however, is still a challenge [13], 
since it often involves energy losses and contact resistance, which reduce 
current densities and conversion efficiency compared to lab-scale sys-
tems [14]. Research and development has focused on electrode mate-
rials [15–18], microbial communities [19–27] and reactor design 
[28–34], but has yet to lead to a scalable and efficient cell or stack design 
[13,15,27,35,36] whereas small-scale stacked MFCs have been demon-
strated [37]. 

High surface area for biofilm attachment has been shown to improve 
current densities compared to low surface area electrodes [38,39]. This 
attribute was used to form packed bed electrodes with high current and 
power densities using graphite [40–42] or activated carbon granules 
[43]. Activated carbon has a large surface area because of a high 
porosity. On this large surface area (in the order of 1000 m2/g) an 
electrical double layer can be formed, which can be used to store elec-
trical and ionic charge [14]. This charge storage property of activated 
carbon enables intermittent operation of capacitive bioanodes as charge, 
produced by the bioanode, is stored when the anode is disconnected 
from the electrical circuit. When the capacitive bioanode is then con-
nected to the electrical circuit, the stored charge produces a capacitive 
current, on top of the faradaic current from acetate oxidation at the 
bioanode, resulting in a high (peak) discharge current. 

The implementation of capacitive bioanodes has followed two di-
rections [14]: a bioanode with an internal or external capacitor [44–60], 
or fluidized capacitive granules [29,61–70]. The main difference be-
tween the two is that the bioanode with a capacitor is used with inter-
mittent control, which requires a period without producing an electrical 
current in the circuit [56], whereas the fluidized granules are in inter-
mittent contact, where the capacitive granules only discharge when they 
are in contact with the current collector [29]. Fixed capacitive bio-
anodes allow improved stability for scale up using stacked MFCs [47,71, 
72] and use of temporary operation for applications like robots and 
remote sensors [73]. The main advantage of the fluidized bed capacitive 
bioanodes, compared to fixed capacitive bioanodes, is the ability to 
continuously produce a current [29,63]. The fluidized bed bioanode 
continuously produces a capacitive current on top of the faradaic current 
as charged particles pass the discharge cell. The fluidization also im-
proves access to substrate [61] and promises to decrease clogging issues 
related to wastewater treatment, since it allows for physical separation 
of the charging and discharging process [63]. 

Several types of fluidized bed bioanode reactors have been devel-
oped [35]. Mechanical stirring [61,68], liquid [61–67,69,74] and gas 
[29,63] have been used to move the charged granules to induce inter-
mittent contact with the discharge anode, which generated an electrical 
current. A moving granular bed reactor has been developed, in which 
the granules were fluidized in a gas lift and recirculated through settling 
on top of a moving granular bed. The granules were discharged in an 
internal discharge cell through which the granular bed moved [63]. 
When normalized to the volume of the discharge cell, this moving bed 
reactor [63] had a higher current than a non-capacitive fixed granular 
bed [80], however, per total volume of granules, the current was lower. 
The current was limited by incomplete discharge of the capacitive 
granules by an inadequate total granule volume to discharge surface 
area ratio [63]. To further develop the moving granular bed system, it is 
crucial to understand what are the factors that influence its perfor-
mance. One aspect that needs further study is how the current of the 
moving granular bed compares to a fixed granular bed. Although fixed 
and fluidized capacitive bioanodes have been studied separately, a 
comparison between the two systems is lacking. In addition, it is not 
known how the thickness of the granule bed and the position of the 
current collector affect the performance of the capacitive bioanode. This 
information is important to assess which system is most attractive to 
recover current from capacitive bioanodes. The aim of this study was 
therefore to investigate and compare the capacitive and faradaic charge 

transfer in fixed and moving bed capacitive bioanodes using a discharge 
cell with similar design. 

2. Materials and methods 

2.1. Reactor setups 

2.1.1. Discharge cell 
The fixed and moving granular bed bioanode setup used a similarly 

designed electrochemical discharge cell [75]. Fig. 1 shows a schematic 
view on the fixed and moving bed discharge cells in three different 
configurations. The fixed bed cells with 5 and 10 mm bed width had two 
(inner, outer) or three (inner, middle, outer) electrodes serving as cur-
rent collectors respectively. The moving bed cell was operated with only 
one (inner) electrode operating as current collector and used the second 
(outer) electrode for measurements instead of discharge. The cathode 
flow compartment (10 mL) was filled with carbon felt. The electrodes 
were titanium with Pt/Ir mixed metal oxide coating (Magneto Special 
Anodes BV, Schiedam, Netherlands). The effective cation exchange 
membrane area was 22.3 cm2 (Ralex CMH-PP, Mega c.z., Stráž pod 
Ralskem, Czech Republic). 

2.1.2. Fixed bed setup 
The anode flow compartments of the fixed bed systems were 3D 

printed structures (PLA, printed using Ultimaker 2+, Ultimaker, 
Utrecht, Netherlands) modeled after previous cell designs [75] (see CAD 
images in the supporting information (SI), Fig. S1). The anode was 
formed by granular activated carbon granules, which filled the anode 
compartment. The granules were kept in the flow channel using a fine 
plastic mesh which was glued on the entrance and exit of the 3D 
structure. On the other side of the inner current collector, the cation 
exchange membrane separated the bioanode from the cathode 
compartment. To ensure a watertight seal, injectable gasket (Repliset 
F5, Streurer GmbH Nederland, Maassluis, Netherlands) was used be-
tween the anode current collectors and the 3D printed structure. The rest 
of the cell was sealed using gaskets and O-rings [75]. The total anode 
volume, including the recirculation volume was 100 mL. The total 
catholyte volume was 67 mL and the catholyte was continuously 
sparged with N2, just before entering the cell. Additional 10 mL flow 
channels were added to the outside of the cell and used to maintain the 
cell at 30 ◦C using a heating bath (Immersion circulator DC10, Thermo 
Fisher Scientific, Breda, Netherlands). 

2.1.3. Moving bed setup 
The moving granular capacitive bed bioanode setup, an adaption 

from previous design [63], consisted of 2 main parts: the discharge cell 
and a two-part glass flow volume (produced by Laboratory Glass Spe-
cialists B.V, Assen, Netherlands). The setup was designed after the pre-
vious moving bed reactor. Fig. 1B shows the moving bed reactor, with 
the discharge cell and recirculation of granules. In the supporting in-
formation, CAD images of the reactor and discharge cell are shown in 
Fig. S2. The discharge cell had an anode flow channel for the moving 
granular bed, which was formed by two 15.8 cm long transparent PMMA 
parts with a thickness of 10 mm. The distance between anode current 
collector and cathode current collector was 5 mm. This 5 mm space 
contained the cation exchange membrane and plastic mesh, to prevent 
membrane movement and to prevent granules from filling the space. For 
normalization of the current, the exposed membrane area of 22.3 cm2 

and a granule volume of 22.3 cm3 (in the 10 mm width next to the 
membrane) were used. The parts of the current collectors not in contact 
with the granules were coated with a non-conductive paint to prevent 
biofilm formation. The discharge cell was connected to the rest of the 
reactor by two PMMA funnels, above and below the cell. The granules 
were circulated through the system and moved through the discharge 
cell into the bottom part of the reactor. At its lowest point, the granules 
were transported up to the top of the flow volume via a gas lift using N2 
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gas. From the top of the gas lift, a PVC tube with 9 mm inner diameter, 
the granules settled down through the next part of the reactor. Above the 
discharge cell, the granules settled on the top of the moving granular 
bed. The gas flow was controlled at 140 mL/min and monitored using a 
mass flow controller (Massstream D-6311 with ±1% accuracy, Bronk-
horst Nederland B.V., Veenendaal, Netherlands). At the top of the 
reactor, the gas was separated from the liquid and granules. Further up, 
a narrow opening prevented the granules from flowing out, but allowed 
the electrolyte to overflow into a recirculation bottle. The anode had a 
total volume of 1458 mL, of which 1083 mL was anolyte and the rest 
were granules. The catholyte circulated through a similar recirculation 
volume. 

2.2. Medium, inoculum, and granules 

The medium for the bioanodes was mixed from carbon and nutrient 
feed bottles. The carbon feed contained 40 mM acetate, 10 mM KH2PO4 
and 10 mM K2HPO4 and 10 mM sodium 2-bromoethanesulfonate (2- 
BES). The nutrient feed contained 20 mM KCl, 20 mM NaCl, 10.4 mM 
NH4Cl, 1.4 mM CaCl2, 0.08 mM MgSO4 and trace elements solution 0.2 
mL/L [76]. The catholyte was a 50 mM phosphate buffer. Both the 
anolyte, after mixing, and the catholyte pH were 6.9. The anolyte feed 
bottles were constantly flushed with N2 gas and the solutions were fed at 
a 1:1 ratio into the recirculation volume at 0.084 and 1.8 mL/min (fixed 
resp. moving bed) to reach a hydraulic retention time of 10 h. For both 
systems, the pH was controlled at 6.9 in the recirculation of the anolyte 
through NaOH dosing. The recirculation was set to 80 mL/min for both 
anode and cathode. The catholyte was continuously sparged with N2 gas 
just before entering the cell, to limit H2 crossover over the membrane. 
The inoculum was taken from acetate-fed bioanodes that were operated 

with 2-BES to suppress methanogenic growth [77]. 
The activated carbon granules (HR5, Eurocarb, UK) were washed 

and wet sieved between 0.5 and 0.8 mm sieves (stainless steel sieves, 
VWR, Netherlands). The granules had a bulk density of 0.486 g/cm3 and 
surface area of 1100 m2/g between 0.3 and 50 nm pore width [63]. 
Table 1 shows the volumes of the granules as used in the experiments. 
The volume of the granules in the fixed bed was calculated from the dry 
weight and bulk density. The volume of the granules in the moving bed 
was measured in a measurement cylinder. 

2.3. Electrochemical control and measurements 

The electrochemical cells were controlled using a potentiostat (n-Stat 
with sModules, Ivium Technologies B.V., Eindhoven, Netherlands), 
where the potentials were measured against an Ag/AgCl/3 M KCl 
reference electrode (+205 mV vs SHE)(QM711X/Gel, ProSense, Oos-
terhout, Netherlands). All further potentials are reported referenced to 
the Ag/AgCl reference electrode potential. The reference electrodes in 
the fixed bed reactor were connected via a 3 M KCl salt bridge to a 
capillary (4 mm diameter, Prosense, Oosterhout, Netherlands), which 
was placed in anolyte flow before entering the anode flow compartment. 
In the moving bed reactor, the capillaries were placed in the granular 
bed: one in the middle of the discharge cell, and one close to the granule 
potential probe at the top of the granular bed [63]. This probe was a 
Pt/Ir wire (Pt/Ir 80:20, Advent-RM, Oxford, United Kingdom) placed in 
the granular bed before the granules entered the discharge cell. 

2.3.1. Fixed bed operation 
The fixed bed bioanodes were first controlled at − 0.3 V, using all 

current collectors combined to allow the biofilm to grow over the whole 

Fig. 1. A schematic overview of the three different cell configurations. The fixed granular bed cells were (A1) 5 mm and (A2) 10 mm thick, with 2 respectively 3 
anodes in the bioanode compartment. The moving granular bed (B) had 1 current collector in the discharge cell. 

Table 1 
Setup parameters in the experiments.  

Cell Bed width (mm) Granule volume (mL) Charging time (s) Discharging time (s) Discharge potential (V) 

Fixed bed replicate 1 5 17.8 60 60 − 0.3 
Fixed bed replicate 2 5 16.4 60 60 − 0.3 
Fixed bed 10 27.8 60 60 − 0.3 
Moving bed 1 10 375 363 ± 32 23 ± 2 − 0.2 & 0 
Moving bed 2 10 375 320 ± 18 20 ± 1 − 0.2 & 0  
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granular bed. After the continuous current was stable, the intermittent 
experiments were performed. 

The multiple current collectors in the fixed bed setups allowed anode 
control using multiple combinations of current collectors. The 5 mm cell 
had three control options (inner, outer and both combined) and the 10 
mm cell had seven control options. 

Each experiment consisted of a continuous control phase of 1000 s at 
− 0.3 V, followed by 150 cycles of 60 s open circuit charging, followed by 
60 s discharging at − 0.3 V. After the intermittent cycles, a second 1000 s 
of continuous control at − 0.3 V ended the experiment. The faradaic 
current produced by each current collector was calculated as the average 
of the last 100 s of continuous potential control after the intermittent 
experiment. The faradaic current was used to calculate the faradaic 
charge transferred over 20 cycles by multiplication by 20 (the number of 
cycles) and 60 (the discharging time per cycle). The faradaic charge was 
then used to determine the capacitive charge by subtracting it from the 
total recovered charge over the same 20 cycles [56]. The current and the 
potential of all current collectors were measured every second. The 
average charge per cycle was calculated using the last 20 cycles. A 
representative cycle was calculated by averaging the current over 20 
cycles for every time point. The results of the replicate 5 mm reactors 
were averaged. 

2.3.2. Moving bed operation 
The current collector in the moving granular bed was continuously 

controlled at − 0.2 V in the first 27 days for Moving bed 1 and in the first 
40 days for Moving bed 2. The current became positive after 10 days, 
which was taken as the start of the intermittent experiment. The anode 
potential was changed from − 0.2 V to 0 V on day 27 and 40, when the 
granule activity test (see 2.3.3.) seemed to stabilize, to study the effect of 
anode potential on the produced current. The potential was controlled at 
0 V until for the rest of the experiment. The potential of the measure-
ment electrode in the discharge cell (see SI Fig. S3) and the potential of 
the granules were collected every 60 s, together with the anode current 
collector potential and current. The measurement electrode was further 
used in combination with the current collector to measure the resistance 
over the granular bed. During these resistance measurements, the cur-
rent collector potential was not controlled and electrochemical imped-
ance spectroscopy (PGSTAT302 N with FRA32 M, Metrohm Autolab, 
Utrecht, Netherlands) was used to scan 100 times at controlled current 
of 0 ± 1 mA and 5 kHz, after an open circuit period of 5 min. The real 
part of the impedance represented the granular bed resistance. 

The capacitive granules were charged and discharged in the moving 
bed through intermittent contact with the current collector by recircu-
lating the granules through the discharge cell. The granule velocity was 
determined using video analysis of the granular flow in the discharge 
cell (see 2.4.1). The retention time of the granules was 23 ± 2 s in the 
discharge cell (discharging) and 363 ± 32 s outside the discharge cell 
(charging) for Moving bed 1 (20 ± 1 s resp. 320 ± 18 s for Moving bed 
2). 

2.4. Other analyses 

2.4.1. Moving bed granule flow velocity 
The moving bed flow velocity was used to determine the charging 

and discharging time. Videos (1080p, 60 fps using Nikon D750 and 
Sigma 105 mm F2.8 EX DG at F11) were recorded of the moving par-
ticles in the discharge cell. A graduated scale (5 mm intervals) was 
drawn on the transparent side through which the granular flow was 
observed (see example still image with flow path in SI Fig. S4). For each 
video, the scale was determined in pixels/cm. Using Fiji ImageJ2 [78], 
flow paths were determined for 5 granules per video, on days 10, 17 
(Moving bed 2), 28, 47 and 66 (Moving bed 1). The recorded length and 
timestamps for the first and last frame of the path were used to deter-
mine the superficial flow velocity (cm/s). The volumetric flow was 
calculated by multiplying the flow velocity with the discharge area 

(22.3 cm2). The recirculation time of the granules was calculated by 
dividing the total volume of the granules by the volumetric flow. The 
discharging time was calculated by dividing the length of the discharge 
cell (exposed to the membrane area for 10 cm) by the superficial flow 
velocity. The charging time was calculated by subtracting the discharge 
time from the recirculation time. 

2.4.2. Bioanode activity of moving bed granules 
An external test cell, developed in our previous study [63], was used 

to measure the bioanode activity of a small sample of granules taken 
from the reactors (minimum of 3 times on 1 day, per setup). The bio-
anode granules were first allowed to charge in open circuit until − 0.45 V 
and then discharged at − 0.2 and 0 V for 600 s per step, with the current 
and potential logged every second. The activity of the granules was 
determined as the average current over the last 60 s, normalized to the 
volume using the dry weight and bulk density. The electrolyte had the 
same composition as the influent of the moving bed systems. 

2.4.3. Chemical analyses 
The precipitates on the current collectors of the moving bed were 

identified using X-ray diffraction (XRD) and Energy Dispersive X-ray 
spectrometry (EDS) to confirm elemental composition. XRD was per-
formed using a Bruker D8 advanced diffractometer with a Cu source. 
Analysis was performed over a range of 10–60◦ in 4◦ per minute. EDS 
was performed using a scanning electron microscope (JSM-6480LV, 
JEOL (Europe) B.V., Nieuw-Vennep, Netherlands) and EDX spectrom-
eter (Oxford Instruments x-act SDD energy dispersive x-ray spectrom-
eter, Oxford Instruments NanoAnalysis, Halifax, United Kingdom). 

3. Results and discussion 

3.1. Fixed bed: discharging closest to the membrane is most efficient to 
recover stored charge 

The fixed bed granules were charged and discharged in intermittent 
operation to investigate the effect of the position of the anode current 
collector and the width of the granular bed on the recovered charge. The 
produced current was recorded and analyzed for each anode current 
collector and for each combination of anode current collectors in the 
granular beds. Before the start of the intermittent experiments, the re-
actors produced an average 14 A/m2 in the 5 mm cells and 33 A/m2 in 
the 10 mm cell using all current collectors combined. The average 
charge produced in one discharge cycle, normalized to volume of 
granules (see Table 1), is shown in Fig. 2, where the total charge is the 
sum of the faradaic and capacitive charge (see section 2.3.1). For both 
bed thicknesses, the inner current collector produced higher total charge 
than the current collectors further away from the membrane. When the 
inner current collector was combined with one of the other current 
collectors, the produced charge was similar or lower compared to the 
inner electrode alone. The total charge per cycle was on average 2.3 
times higher when the inner current collector was used compared to the 
outer current collector in the 5 mm cells. For the 10 mm granular bed, 
the total charge was 4.6 times higher for the inner current collector 
compared to the outer current collector. 

The total charge was separated into faradaic and capacitive charge 
(see also section 3.2). When the inner current collector was used, the 
contribution of capacitive charge to total charge was considerable and 
constituted about 34–48% of the total charge. At increasing distance 
from the membrane, the contribution of the capacitive charge decreased 
strongly, whereas the faradaic charge showed a less strong decrease. The 
inner current collector is thus crucial to produce a high capacitive 
current. 

3.2. The wider discharge cell produced more overall charge 

In the previous section the total charge was normalized to the 
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membrane surface area. This normalization gives insight in the perfor-
mance of the additional granules in the thicker bed compared to the 
thinner bed. In this section the total charge is normalized to the granule 
volume, which gives insight in the activity per granule. In Fig. 3, the 
current and charge produced during a single cycle is shown for the inner 
current collector of the 5 mm and 10 mm granule bed. Fig. 3A and B 
shows the current and charge normalized to the volume of the granules 
in the granular bed and Fig. 3C and D shows the current and charge 
normalized to the membrane surface area. Fig. 3A and C shows a 
representative charge-discharge cycle for the inner anodes of both cells, 
which is characteristic for capacitive bioanodes [56,57]. During the 
open circuit period, no current was released to the anode and charge is 
stored in the granules [50,56]. During discharging, the stored charged 
was released in a capacitive peak current, which decreased towards the 
faradaic current. The striped area in Fig. 3C and D shows the charge from 
the faradaic current of the granular bed (13 A/m2 for 5 mm, and 21 
A/m2 for 10 mm), and the grey area corresponds to the capacitive charge 
in Fig. 3C and D. Looking at Fig. 3D we can see that the 10 mm granular 
bed produced 1.6 times more overall charge than the 5 mm granular bed 
when normalized to membrane area. At the same time, the charge per 
volume of granules (Fig. 3B) was similar in the 5 and 10 mm bioanodes. 
Therefore, the additional granules in the wider granule bed added to the 
overall charge recovered, while the charge per granule was the same 

regardless of bed width. 

3.3. Moving bed bioanode reached a high current, which decreased with 
time due to increasing granular bed resistance 

Since the fixed bed bioanodes showed that the inner current collector 
resulted in the highest charge, the two moving bed bioanodes were 
discharged using the current collector closest to the membrane. The bed 
width of the moving bed bioanodes was 10 mm, which was required to 
obtain granular flow with the size of the granules used [79]. In contrast 
to the fixed bed intermittent control, the discharge electrode control in 
the granule bed was continuous, while the capacitive granules were 
moving between the discharge cell (where they released charge) and the 
rest of the reactor (where they were charged). The granules moved down 
in the bed through the discharge cell and were recirculated using a gas 
lift, which resulted in an average discharging time of 23 s and charging 
time of 363 s for Moving bed 1 (see Table 1). Fig. 4 shows the current 
density of the replicate moving bed bioanodes, which were operated for 
67 days. The current density is normalized to the volume of granules in 
the discharge cell and to the membrane area in the discharge cell. The 
current density of both systems increased quickly during the first 16 
days, after which the current density reached a maximum. At the same 
time the potential of the granules, as measured before entering the 
discharge cell, reached a potential close to thermodynamic equilibrium 
of acetate oxidation (− 0.49 V), indicating fully charged granules [63] 
(see SI Fig. S3). Moving bed 1 reached a maximum current density of 4.3 
× 103 A/m3

granules (257 A/m3 total volume of granules). The current of 
Moving bed 2 was always lower than the current in Moving bed 1 and 
reached a maximum of 2.3 × 103 A/m3

granules. During the experiment, 
the discharge potential was increased from − 0.2 V to 0 V (see Meth-
odology), on day 27 for Moving bed 1 and on day 40 on Moving bed 2, 
but no effect on the current density was observed. After the high current 
density, the current decreased over the rest of the experimental time. 

To identify if the current was related to the resistance of the granule 
bed, we measured the ohmic resistance over the moving granular bed 
between the two electrodes on each side of the moving bed in the 
discharge cell. Fig. 4B shows the ohmic resistance during the experi-
ment. The resistance increased over time, as the current decreased. The 
resistance for Moving bed 1 was lower than for Moving bed 2, which 
matches with the higher current of Moving bed 1. At the end of the 
experiment, the cells were opened to identify potential causes for the 
increase in resistance. We observed that the mesh openings in the 
discharge anodes were partially filled with hydroxyapatite, 
Ca5(PO4)3(OH), which are solids (identified using XRD and EDS mea-
surements) in which the activated carbon granules were trapped (see SI, 
Figures S5, S6 and S7). The increasing resistance over the granular bed 
may thus be caused by these precipitates. 

Fig. 2. The average charge produced in 1 cycle of charging and discharging, 
normalized to the volume of granules in the granular bed. A) for 5 mm granular 
bed width, averaged over the replicates, and B) for 10 mm bed width. The 
Combined current collector combined all current collectors, and In + Mid (and 
similar in B) indicate a combination of controlling the inner and middle current 
collector simultaneously. 

Fig. 3. The charge and current produced in 1 repre-
sentative cycle of charging and discharging, averaged 
over 20 cycles, for the inner anode for the 5 mm, 
averaged over the replicates, and 10 mm granular bed 
width. A) and B) Current and charge density 
normalized to volume of granules in the discharge 
cell. C) and D) Current and charge density normalized 
to exposed membrane area. The striped area under 
the graph shows to the recovered faradaic charge in 
the cycle of the 5 mm cell, the grey area shows the 
recovered capacitive charge.   
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3.4. The activity of the granules increased but the moving bed current did 
not 

To measure the biological activity of the granules in an external test 
cell, granules were taken from the moving bed reactors: in triplicate per 
reactor per sampling day. The activity was measured at a constant po-
tential as an indicator of the performance of the biofilm on the granules 
[61]. Fig. 5A and B shows the activity of the granules of Moving bed 1 
and 2 for the discharge potentials of − 0.2 V and 0 V. Activity is 
expressed as current normalized to the volume of granules in the sample 
(see section 2.4.2). The activity of the granules from both moving beds 
increased over time, where Moving bed 1 showed higher activity than 
Moving bed 2 over the whole experiment, which is in line with the 
higher current observed for Moving bed 1. In our previous study, we 
correlated an increased activity with increased amounts of biofilm on 
the granules [63]. The increasing activity of the biofilm on the moving 
bed granules in this study, however, did not correspond to an increased 
current density in the reactors, most likely due to the increase in internal 
resistance of these reactors (Fig. 4B). 

3.5. Discharge cell current density in the moving bed was higher than in 
the fixed bed 

We investigated the performance of the moving bed bioanode as 
compared to the fixed bed bioanode operated in intermittent mode. 
Table 2 shows an overview of the best performance and operational 

parameters for the 10 mm fixed granular bed bioanode, operated for 24 
days, and the moving granular bed bioanode, 16 days after start. 

The discharge current density of the moving bed was slightly higher 
than that of the fixed bed. In the moving bed, there is a high contribution 
of the capacitive current to the total current, as the moving bed 
continuously discharged fully charged capacitive granules. 

The potential difference between charged granules and the current 
collector, is the driving force behind the capacitive current [49]. The 
high capacitive current in the moving bed, compared to in the fixed bed, 
was the result of the high potential difference due to the fully charged 
granules that continuously entered the discharge cell for discharging. In 
the fixed bed, the potential difference, determined from lowest potential 
before discharging, was 66 mV: 4 times less than in the moving bed. 

The granules in the moving bed were always fully charged because 
the charging time was 6 times longer and the discharging time 3 times 
shorter. A short discharge time, though resulting in a high contribution 
of capacitive current, does not allow for large amounts of stored charge 
to be harvested [49]: the granules were likely already fully charged 
again shortly after being discharged. Thus, the ratio between charging 
and discharging time can be further improved. In the fixed bed, the low 
potential difference between granules and current collector indicates 
that the short charging time in the fixed bed was a limiting factor for the 
capacitive current since the granules were not fully charged. 

Thus, the short discharge time and the long charging time in the 
moving bed thus resulted in a high capacitive current and thus in a 
higher discharge current density compared to the fixed bed bioanode. Of 

Fig. 4. A) Daily average of the produced current, 
after the current became positive, normalized to the 
volume of granules in the discharge cell, and to the 
exposed membrane area. B) The resistance over the 
granular bed, as measured between the discharge 
anode and the second electrode in the discharge cell 
using impedance spectroscopy at 5 kHz. The arrows 
show when the discharge anode potential was 
changed from − 0.2V to 0V (straight for moving bed 1, 
dashed for moving bed 2). The error bars are the 
standard deviation over the day.   

Fig. 5. The daily activity of the granules in the 
moving bed, as measured in the external test cell for 
(A) Moving bed 1 and (B) Moving bed 2. The values 
are averaged over 3 samples, with the error bars 
showing the standard deviation. The line shows the 
moving average between 2 points to guide the eye. 
The arrows show the time of change in anode poten-
tial (green for cell 1, dashed blue for cell 2). (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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course, on top of this effect, the current from the moving bed reactor is 
continuous, in contrast to the intermittent discharging of the fixed bed, 
where current is only produced half of the time. The average current 
over the total charging and discharging cycle was therefore only half of 
the current density during discharge alone (see graph in graphical ab-
stract). This shows how a moving bed can make the best use of the 
capacitive properties of bioanode granules. 

4. Conclusions and outlook 

We showed that the moving granular bed used properties of the 
capacitive bioanodes granules better than a fixed granular bed, since in 
the moving bed, the fully charged granules produced a continuous high 
capacitive current. In the fixed bed reactor, study of the position of the 
discharge electrode, showed that only the electrode closest to the 
membrane was effective in recovering the stored (capacitive) charge. 
Regarding bed thickness, an increasing thickness from 5 to 10 mm 
resulted in higher current density (normalized to membrane area), at 
similar volumetric activity. These results were used to design the 
discharge cell of the moving bed reactor. From the comparison between 
the fixed and moving bed, it was found that the short discharge time 
(~23 s) together with the long charging time (~363 s) in the moving bed 
resulted in a high capacitive current, though the granules were not 
discharged well. The design of the discharge cell and the ratio between 
charge and discharge times can be further optimized to make better use 
of stored charge of the granular capacitive bioanodes. In terms of design 
of the discharge cell, a better understanding of the discharge process is 
needed and how it depends on contact resistance and mass transfer 
processes. 

Improving the discharging will also affect the charging process: a 
high capacitive discharge current would transfer more stored charge, 
making more charge storage capacity available to be charged again. The 
charging time of the moving bed is dependent on the volume of granules 
outside of the discharge cell, the recirculation rate, and the length and 
contact area for discharge. Improving the discharge process is thus 
important to optimize current production. These parameters can be 

further optimized to effectively charge and discharge the granules in the 
moving bed reactor to further improve the use of capacitive current from 
granular bed bioanodes. 
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