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A B S T R A C T   

Bioanodes can be used to recover the energy and nutrients from wastewater in bioelectrochemical systems. The 
use of capacitive electrodes can improve the current density produced by these bioanodes. Moving bed reactors 
are studied to produce high current densities, by using capacitive granules for charge storage and with a high 
bioanode surface area. The bioanodes store charge in the granules, which are intermittently discharged at a 
current collector. In principle, this allows for more current density in the electrochemical cell, because both 
faradaic and capacitive currents are harvested. One of the limiting factors of this technology is the capacitive 
discharge rate. In abiotic tests, the capacitive discharging was most improved by changes in potential difference 
between the current collector and charged granules (ΔE 0.3 and 0.5 V). Increasing the bulk electrolyte con
ductivity also increased the transferred charge, which could originate from the increased capacitance – as 
measured in a separate setup. Discharging from both sides of the granular bed, as compared to discharging from 
one side, reduced the maximum distance to the current collector, which increased the transferred charge, irre
spective of an increase in bulk electrolyte conductivity. This showed the electrical resistance was more important 
in determining the transferred charge than the ionic resistance. Further analysis of the discharging process 
showed that discharging increased the local conductivity through the release of ions from the granules. This 
offers opportunities for the treatment of low conductivity wastewaters. These results provide new insights to 
further improve capacitive bioanodes.   

1. Introduction 

Recovery of energy and nutrients from waste streams is a necessity 
for a sustainable society. Municipal wastewater alone contains consid
erable amounts of nitrogen (14%), phosphorus (7%) and potassium 
(19%) required in agriculture [1]. Globally, wastewater contains enough 
energy to provide electrical power to 158 million households [1]. Bio
electrochemical systems (BESs) can be used to recover the energy and 
nutrients from wastewater [2]. An electrical current can be generated by 
electroactive bacteria growing on the anode of BESs. These bacteria 
oxidize dissolved organics in wastewater and release electrons to the 
electrode. The current can be used to generate electrical power in Mi
crobial Fuel Cells [3] or produce H2 [4,5], NaOH [5,6], H2O2 [7] or 
separate NH3 [8–10], PO4

3- [11,12] and NaCl [13] from wastewater. Low 
current densities have thus far limited the implementation of BESs [14, 
15]. Capacitive bioanodes have been shown to produce more charge 
than non-capacitive bioanodes by using intermittent charging and dis
charging [16,17]. Capacitive bioanodes are a special configuration of 

BESs, that use capacitive electrodes, which can store and release charge 
[18] in the pores of activated carbon [19]. The charge, stored during 
charging by the electroactive bacteria, is released as a capacitive current 
during discharging. This capacitive current is produced on top of the 
faradaic current produced directly by the bioanode [16]. The charge is 
stored by the formation of an electrical double layer: electrons are stored 
at the surface of the pores [18], and cations from the electrolyte are 
attracted, or anions are expelled, to balance the negative charge [20]. 
These cations are released during discharging, which is expected to in
crease the local conductivity of the electrolyte [15]. 

To be able to use large amounts of activated carbon granules, and 
thus a large specific surface area of electrode surface, as capacitive 
bioanodes, fluidized bed bioanode reactors have been developed [15, 
21–30]. The granules function as charge carrier as well as biofilm car
rier, and are discharged at a current collector to produce a continuous 
current [22]. These granules are fluidized to make intermittent contact 
with a current collector, by stirring [21,23], liquid [23–29] and gas [15, 
22,30]. The reactors make use of intermittent charge storage of the 
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capacitive bioanode granules by using the large ratio of external surface 
area per volume of granules for the biofilm to produce charge. The 
stored charge is then harvested by discharging to a relatively small 
surface area electrode [30], which is the most expensive part of a bio
electrochemical system [31]. Thus, the costs per active volume of 
reactor are decreased. The current produced in these type of reactors, 
however, is still several orders of magnitudes lower (257 A/m3

granules) 
[30] than the maximum current that could be achieved when a single 
granule is used as bioanode (76.8 ×103 A/m3

granule) [32]. To fully utilize 
the capabilities of capacitive bioanodes, the stored charge should be 
recovered using a high discharge current, consisting mainly of a 
capacitive current [22]. This will allow for the conversion of a high 
organic loading and to recover a high volumetric current. Studying the 
capacitive current is less difficult under abiotic conditions as the biofilm 
affects both the charging and discharging processes [33]. 

In a moving bed reactor, the granules move as a moving granular bed 
through an internal discharge cell, using a gas lift to fluidize and 
transport the granules back to the top of the reactor [22,30,34]. To in
crease the volumetric current from this moving capacitive bed, a better 
understanding of the discharging process of the granules is required.  
Figure 1 shows four factors influencing the capacitive discharge in the 
moving bed. The discharge rate is determined by the potential difference 
between the charged granules and current collector [19,22,30]. Both the 
capacitance and the resistance over the granular bed affect the potential 
difference between the granules and current collector [35,36]. For a bed 
of capacitive granules this resistance consists of: contact between the 
granules, between the granules and the current collector, the resistance 
of the granular material itself [37] and the resistance of the electrolyte. 
The conductivity of the electrolyte also affects the capacitance of the 
granules. 

The residence time in the discharge cell is determined by the granule 
flowrate, which in turn affects the time the granules are in contact with 
the current collector [22,30]. The residence time therefore affects how 
much charge is transferred per granule, when it is in the discharge cell. 

The aim of this study therefore is to optimize process parameters for 
discharge of capacitive granules under abiotic conditions. We investi
gated the discharging of charged granules as a function of 1) the po
tential difference between current collector and granules 2) the 
conductivity of the bulk electrolyte, 3) the distance between granules 
and current collector, 4) the flowrate of the granular bed. 

2. Materials and methods 

2.1. Moving bed reactor 

The moving bed reactor was constructed similar to the gas lift reactor 
in our previous study [22]. The granules were recirculated in the 

reactor, using a gas lift, which consisted of a top and bottom glass vol
ume, with a polymethylmethacrylate (PMMA) electrochemical cell 
attached in between. The granules were transported from the bottom to 
the top of the reactor by the gas lift. From the top, the granules settled 
down on top of the granular bed slightly above the electrochemical cell. 
The granules moved as a bed through the cell and back into the bottom 
part of the reactor. The electrochemical cell was used to charge and 
discharge the capacitive granules as they moved through the cell. 

The N2 flow for the gas lift was controlled using a mass flow 
controller (Mass-stream D-6311 with ± 1% accuracy, Bronkhorst 
Nederland B.V., Veenendaal, Netherlands). The gas flow was adjusted to 
change the granular flowrate, which was used as one of the experimental 
variables (see Sections 2.2. and 2.4). The reactor volume in which the 
granules circulated was 1.2 L. The electrolyte recirculated at 80 mL/min 
via a recirculation bottle with 0.3 L liquid volume, where the gas 
effluent from the gas lift was sparged through and separated from the 
electrolyte. This ensured an anaerobic environment. The counter elec
trode had a volume of 2.3 L, including the flow compartments in the 
electrochemical cell and the recirculation bottle, through which the 
electrolyte was recirculated at 80 mL/min. 

The electrochemical cell, also called the discharge cell, was con
structed with two pairs of working electrodes and counter electrodes 
(Fig. 2), to be able to connect the granule bed to the working electrode 
on both sides. The electrodes consisted of titanium with a mesh insert 
coated with Pt/Ir (Magneto Special Anodes B.V., Schiedam, 
Netherlands). The electrodes were separated by a cation exchange 
membrane (Ralex CMH-PP, Mega c.z., Stráž pod Ralskem, Czech Re
public). The working electrodes were separated by 10 mm thick trans
parent PMMA pieces. Since the flow channel had a projected surface 
area of 22.3 cm2, both the exposed membrane area and the area 
enclosed by the mesh insert, in the electrodes, were 22.3 cm2. The 
10 mm separation created a space for the moving bed of granules. A 
capillary, attached to a 3 M KCl salt bridge and an Ag/AgCl reference 
electrode, was inserted in the cell between the working electrodes. 

A Pt/Ir wire (80:20 w%, 0.25 mm, Advent-RM, Oxford, United 
Kingdom), of which approximately 1 cm was exposed to the solution and 
granules, was placed in the granular bed above the electrochemical cell, 
to measure the potential of the granules against a locally placed refer
ence electrode, before they were charged or discharged. The granular 
material (bulk density 0.486 g/cm3, coconut based HR5, Eurocarb) was 
sieved between 0.5 and 0.8 mm (stainless steel sieves, VWR). The system 
was filled with 176 g of granules (weight after washing and overnight 
drying at 105 ◦C). 

The electrolytes were prepared from demineralized water and 
Na2SO4, under constant mixing, until the conductivity reached 5.5 and 
15 mS/cm (pH/Cond 340i, WTW, Weilheim, Germany). Na2SO4 was 
chosen to avoid unwanted electrochemical reactions such as chlorine 

Fig. 1. Factors influencing the capacitive 
discharge from a moving bed electrode. The 
capacitance is formed by the electrical double 
layer (EDL) on the surface of the porosity. The 
resistance of the granular bed consists of con
tact resistance, material resistance of the gran
ules and the ionic resistance of the electrolyte. 
The potential difference (ΔE) is the difference 
between the electrode potential and the poten
tial of the charged granules. The flowrate of the 
granules through the cell influences the resi
dence time of the granules in the discharge cell.   
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formation [38]. The electrolyte was chosen as a simple salt solution to 
avoid introducing extraneous variables that may arise from the complex 
composition of (synthetic) wastewater. The 5.5 mS/cm solution was 
chosen to match the conductivity of the synthetic medium used previ
ously [30], and was increased to study the effect of higher bulk elec
trolyte conductivity. The same solutions were used as electrolyte in the 
capacitance measurements. The electrolyte for the counter electrode 
was a 50 mS/cm Na2SO4 solution. The concentration of the electrolytes 
was 25 mM (for 5.5 mS/cm), 107 mM (for 15 mS/cm), and 412 mM (for 
50 mS/cm), calculated using the tabular data in Section S3 of the Sup
porting information. The influent for the reactor was constantly flushed 
with N2, and the recirculation vessel was flushed with N2 as well. The 
influent electrolyte solutions were pumped into the reactor at 
1.3 mL/min. 

2.2. Experimental strategy 

The performance of the moving bed was determined from the charge 
transferred during discharging. The granules were first charged at 
− 0.5 V vs Ag/AgCl, until they reached about − 0.49 V vs Ag/AgCl, 
which is close to the (open circuit) potential of acetate oxidation by 
bioanodes [39]. The discharging was studied for four different factors 
(Table 1): A) discharge potential, leading to a potential difference with 
the charged granules, B) bulk electrolyte conductivity, C) 1 or 2 working 
electrodes (WE), reducing the maximum distance between granules and 
current collector by a factor of two, and D) low and high flowrate of the 
moving granular bed. 

The concentration of the bulk electrolyte affects the capacitance of 
the granules [35]. This means more charge can be stored and discharged 
for the same potential difference. Therefore, the capacitance of the 
granules was studied in the same electrolyte as used in the moving bed 
experiments. 

2.3. Electrochemical measurements and control 

The electrochemical cells were controlled by potentiostats (nStat, 
Ivium Technologies B.V., Eindhoven, Netherlands), with the working 
electrodes controlled against Ag/AgCl/3 M KCl reference electrodes 
(+203 mV vs standard hydrogen electrode (SHE), QM711X/Gel, ProS
ense, Oosterhout, Netherlands). All further potentials are referenced to 
the Ag/AgCl reference electrode. 

The reference electrodes were attached to 3 M KCl salt bridges and 
capillaries (4 mm diameter, Prosense, Oosterhout, Netherlands). One 
potentiostat was used to control either one or both working electrodes, 
together with the matching counter electrodes, against the reference 
electrode. Another potentiostat was used to measure the potential of the 
second working electrode and the potential of the granules. The chan
nels were synchronized and set to floating mode (measured against 
common ground) using Iviumsoft (Iviumsoft version 4.946, Ivium 
Technologies B.V., Netherlands). 

The granules were charged during initial experiments. Before the 
start of the experiments in Table 1, the granules had a potential of 
− 0.47 V. Each discharge experiment had four phases: 1) pre-charging, 
2) self-discharge monitoring, 3) discharging and charging cycles, 4) 
charging after. In the pre-charging phase, the granules were charged for 
12 cycles of 50 min at − 0.5 V, followed by 10 min open circuit (OC): 
this allowed for fully charging and monitoring of the intermediate 
charging process (at OC). The pre-charging was followed by 2 h of OC to 
monitor the self-discharge process (for example parasitic faradaic pro
cesses such as oxygen reduction, from oxygen crossover from the 
counter electrode over the membrane) [40]. After pre-charging, the 
experiment was performed by discharging and charging the granules for 
10 sequential cycles. Discharging was done at − 0.2 V and 0 V, for 
20 min (long discharging) (or short discharging using 5 min, see Sup
porting Information S2), and followed by 1 h of charging at − 0.5 V, for 

Fig. 2. A) A Computer Assisted Design (CAD) drawing of the electrochemical cell, with vertical cross sections. B) A schematic view of the cell, perpendicular to the 
electrode surfaces showing the 10 mm separation between the working electrodes, and its position in the gas lift reactor 
(Modified from Ref. [22]). 

Table 1 
Overview of performed experiments.  

Charge – discharge cycle (working electrode potential) Cell configuration (# working electrodes) Electrolyte conductivity Flowrate Discharge time Figure # 

Charging − 0.5 V 2WE Low & High Low Long  3 
Discharging − 0.2; 0 V 
Charging − 0.5 V 1WE and 2WE Low & High Low Long  4 
Discharging 0 V 
Residence time 2WE High Low & High Long  5 
Charging − 0.5 V 
Discharging 0 V  
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a cycle of 1 h and 20 min. The difference in potential between the 
charged granules and the current collector thus became about 0.3 and 
0.5 V. After the cycles, the next experiment was prepared for by 
charging the granular bed again for 6 cycles of − 0.5 V for 50 min and 
10 min of OC. The whole program was run 3 times, to obtain 30 cycles of 
discharging and charging. 

The cumulative charge, calculated by Iviumsoft from the current 
over time, was used to differentially determine the charge per discharge 
cycle. The potential difference (ΔE) for each cycle was calculated by 
subtracting the measured potential of the granules, at the start of the 
cycle, from the working electrode potential. The resistance during dis
charging was calculated by dividing the ΔE by the current. The average 
resistance and associated standard deviation were calculated for each 
cycle. 

Since discharging of electrons leads to release of ions, both from the 
charge stored in the electrical double layers, we estimated the increase 
in conductivity as a result of discharge. The ions released during the 
discharging were calculated by multiplying the charge, from the current, 
with 1.04 × 10− 5 mol/Coulomb Na+ (as Q/(n × F), with n = 1 and 
F = 96485 C/mol e-). The ions were released into the electrolyte in the 
discharge cell with a volume of 1–bulk density of granules, or 0.514 mL 
electrolyte per mL discharge cell, during the discharge time. The con
centration of released ions, that adds to the bulk concentration, was 
calculated by multiplying the concentration of ions released per second 
by the residence time in the discharge cell (see Table 2). The concen
tration of Na+-ions released was converted to a Na2SO4 solution, which 
assumed SO4

2- as the counter ion in the local solution. The solution 
conductivity was determined by using regression on reported concen
tration to conductivity values for a Na2SO4 solution. The concentration 
to conductivity values were calculated by methodology described in 
Ref. [41] for concentrations below 56 mM [41], and regression on 
concentration to conductivity values from tabular data [42] for con
centrations above 56 mM. See Supporting information S3 for the data 
and regression results. 

The ohmic resistance over the granular bed was measured as the real 
component of high frequency impedance scans (PGSTAT302N with 
FRA32M, Metrohm Autolab, Utrecht, Netherlands) at constant current 
(5 kHz, 0 ± 1 mA, 100 repetitions) between the two working electrodes, 
with a 5-min OC period before the impedance scans. The impedance 
scans were performed in between the discharging experiments. The 
resistance of the granular bed was determined using the cell constant, 
which was determined as 0.045 1/cm by multiplying the ohmic resis
tance of the cell in an electrolyte with an known conductivity (no 
granules) [43]. The ohmic resistance was measured together with the 
bulk electrolyte solution. A linear regression analysis (see Supporting 
information S4 for the data and regression results) was used to deter
mine the ohmic resistance for each experiment, as the bulk conductivity 
varied slightly for each experiment. The ohmic resistance was further 
adapted to match the cell configuration: for the 2WE configuration, the 
ohmic resistance was assumed to be over half of the width of the gran
ular bed (5 mm), as compared to ohmic resistance for the 1WE config
uration, which was over the full width of the granular bed (10 mm). 

Measurements of granule capacitance were performed on small 
volumes of granules (9–20 mg) in an electrochemical cell developed in a 
previous study [30], where the granules were pressed against the 
working electrode. The counter electrode was Pt/Ir wire. The reference 
electrode was placed directly in the electrolyte. The electrolyte was 
flushed constantly with N2 under constant stirring. 

The capacitance was measured by charging first in cycles of − 0.5 V 
and OC, until the OC potential was lower than − 0.45 V. The granules 
were then sequentially discharged and charged at 20 µA and − 20 µA 
respectively, for 10,000 s each, until the potential was 0 V. The mea
surement was repeated until at least 7 discharge cycles were available 
for analysis. During discharging, the potential first quickly increased due 
to the ohmic drop (iR) and then increased linearly as the capacitance 
discharged [18,44]. To determine the capacitance of the sample of 
granules, the current (C/s) was divided by the slope of the potential 
during discharging (V/s), which was determined from linear regression 
analysis [45]. The capacitance was then normalized to the weight of the 
sample of granules (washed 3 times in ultrapure water and dried over
night at 105 ◦C). 

2.4. Granule flowrate 

The flowrate of the granules moving through the electrochemical cell 
was determined from videos (1080p, 60 fps, Nikon D750 with Sigma 
105 mm macrolens at f/11) taken through the transparent sides of the 
cell. The focus area was illuminated [22]. The videos were analyzed 
using Fiji [46] ImageJ2 [47]. The granular flow velocity was determined 
10 times per video, by measuring the distance travelled and dividing it 
by the time between the first and last frame for the granule. The resi
dence time in the discharge cell (volume 22 mL) was calculated by 
dividing the 11 cm length, over which the membrane was exposed, by 
the granular flow velocity. The circulation time, which includes the 
residence time, was calculated by dividing the total granule volume 
(362 mL) by the granular flow velocity, multiplied by the horizontal 
cross section of the cell: 2 cm2. See Supporting information Fig. S1 for an 
example of the measurement. During the experiments, the flow of the 
granular bed was changed by controlling the gas flow in the gas lift: an 
increase in gas flow from 140 to 200 mL/min of N2 resulted in a 2.9 
times higher granular flow of the granular bed in the discharge cell: 
Table 2 shows the average and standard deviations for the residence 
time and recirculation time at the low and high flowrate. 

3. Results and discussion 

3.1. Charge transfer increased with higher potential difference and with 
higher electrolyte conductivity 

First, we studied how total charge transferred from granules to cur
rent collector was affected by the potential difference (ΔE) between the 
current collector and the charged granules, and by solution conductiv
ity. The granules were pre-charged at − 0.5 V and then subjected to 
discharge – charge regimes, in which they were discharged for 20 min 
and charged at − 0.5 V for 60 min, for a total of 30 cycles. The granules 
were discharged at − 0.2 V and 0 V, which resulted in a ΔE of about 0.3 
and 0.5 V. In Fig. 3, the produced charge during discharging, in both low 
and high conductivity electrolyte, is shown against the measured ΔE. 
The current decreased from a peak to a stable current, with on average 
(for all experiments in Table 1) 88% of the recovered charge produced 
from the average current over the last 10 min of discharging. The 
transferred charge increased as expected at higher ΔE. At low conduc
tivity, the charge increased 2.5 times from 175 C to 429 C when ΔE was 
increased from 0.3 to 0.5 V. At high conductivity, the charge increased 
2.0 times from 257 C to 507 C when ΔE was increased from 0.3 to 0.5 V. 
The higher ΔE increased the transferred charge on average 2.3 times, 
which was not proportional to the increase in ΔE (on average 1.6 times). 
This is likely related to the total resistance during discharging, which we 
will discuss later (see Section 3.4). 

The bulk conductivity was increased from 6 mS/cm to 16 mS/cm, 
thereby reducing the ionic resistance of the electrolyte. With the change 
to high conductivity electrolyte, the ohmic resistance decreased from 
0.70 ± 0.02 Ω to 0.32 ± 0.02 Ω. The change in ohmic resistance (2.3 
times) was thus very close to the change in electrolyte conductivity (2.5 

Table 2 
The residence time and recirculation time of the granular bed resulting from the 
low and high granule flowrate experiments.   

Residence time cell (s) Circulation time (s) 

Low flowrate 194 ± 23 3186 ± 386 
High flowrate 67 ± 17 1096 ± 272  
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times). The discharge experiments in Fig. 3 show that at high bulk 
electrolyte conductivity, the average discharge was 1.5 times higher 
compared to at low conductivity, at a potential difference of 0.3 V, and 
1.2 times higher for discharging at a potential difference of 0.5 V. 
Therefore, the increase in bulk electrolyte conductivity resulted in more 
transferred charge, which was however, not proportional to the increase 
in electrolyte conductivity or the decrease in ohmic resistance over the 
granular bed (see Section 3.4.). 

Aside from the bulk electrolyte, the electrolyte in the pores of the 
granules was also affected by changing from low to high conductivity, 
which affects the formation of electrical double layers that form the 
capacitance [48]. The capacitance of the granules was measured by 
charge – discharge experiments on small volumes of granules in a 
separate test cell, in the two electrolytes. There was an effect of the bulk 
electrolyte conductivity on the capacitance of the granules: the gravi
metric capacitance increased from 75 ± 18 F/g to 104 ± 11 F/g. This 
increase is in line with the findings of Zhao and colleagues, where the 
capacitance was reduced at low molarity compared to high molarity 
NaCl solution [48]. The increased capacitance could be one of the rea
sons for the increased charge in the higher concentrated electrolyte and 
may result from the lower ion transport resistance in the porosity. 

In most experiments, the measured ΔE differed slightly from the 
applied ΔE. This was caused by less efficient charging than discharging. 
As the granules were discharged, the granule potential increased. 
Especially at the high applied ΔE and high conductivity electrolyte, 
when more charge was transferred, the granule potential increased more 
during discharge than it decreased during charge, resulting in a lower 
measured ΔE than applied ΔE. To see if this shift in ΔE was indeed due to 
a difference in charging and discharging, the effect of discharging and 
charging time was studied further, by applying cycles with a shorter 
discharge time of 5 min, compared to the 20 min used in the other ex
periments, while charging time was unchanged. The results, shown in 
the Supplementary information Fig. S2, show that in this case, the 
measured ΔE indeed stayed closer to the applied ΔE, meaning that 
charge and discharge were more in balance. The short discharge period 
removes less total charge from the granules than the longer discharge 
period, which means the ΔE changes less. The higher ΔE is a higher 
driving force for the discharge current, and thus results in a higher 
current density, though the charge recovered is less due to the shorter 
discharge period. 

3.2. Charge transfer increased when the bed was discharged on both sides 

To study if the transferred charge was affected by electrical resis
tance or by ionic resistance in the granular bed, the granules were dis
charged at 1 or 2 WEs, in low and high conductivity electrolyte at a ΔE of 
0.5 V. We previously showed that discharging with the electrode closest 
to the membrane was more efficient than an electrode on the other side 
of the granular bed [22]. For this study, the electrochemical cell was 
built using WEs on both sides of the granular bed, that had a thickness of 
10 mm, together with a membrane and counter electrode on both outer 
sides of the system. Using both WEs, instead of one WE, reduced the 
maximum distance from the granules to the current collector by a factor 
2, and thus reduced both electrical and ionic resistance by a factor 2. 
Aside from the distance, the second working electrode also provided 
additional surface area (also doubling the surface area of the membrane 
and cathode). Fig. 4 shows the charge from discharging at 1 and 2 
working electrodes, in the two electrolytes, for all cycles and the average 
per experiment. With the additional current collector, the transferred 
charge increased: in the high conductivity electrolyte, the average 
charge increased from 270 C to 507 C, and in low conductivity the 
average charge increased from 199 C to 429 C. Thus, by discharging on 
both sides of the granular bed the transferred charge increased on 
average 2.1 times. As discussed earlier (Section 3.1), due to the less 
efficient charging than discharging, the ΔE showed a larger variation for 
more charge recovered during discharging. During these experiments, 
the change from low to high salinity resulted on average in 1.3 times 
higher charge. From this we conclude that the effect of the bulk elec
trolyte conductivity on the average charge was less pronounced than the 
increase in charge from using an additional current collector, and 
therefore that the electrical resistance is more important in determining 
the transferred charge during discharging than the ionic resistance. 

In suspension flow capacitive deionization (FCDI) systems, where an 
activated carbon powder slurry is charged in an electrochemical cell to 
desalinate the feed stream [36,44,49–64], higher carbon content was 
used to decrease the electrical resistance [55,65]. By simultaneously 
varying the salt concentration, it was found that the voltage drop was 
reduced by 72% by the higher carbon content, in contrast to 36% due to 
increased electrolyte conductivity [65]. Thus, the electrical resistance is 
more important than ionic resistance for the performance of FCDI sys
tems. These results support our conclusions. 

Fig. 3. Charge from granules discharged at different applied ΔE (0.3 V and 
0.5 V) and at low and high conductivity (6 and 16 mS/cm). The black filled 
markers are the average values. The error bars show the standard deviation of 
the produced charge and the measured ΔE. 

Fig. 4. The charge from granules, discharged at 1 or 2 working electrodes 
(WEs), versus measured ΔE. The black filled markers are the average values, 
and the error bars show the standard deviation. 
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3.3. Charge transfer increased at higher flowrate 

To study the effect of the residence time in the discharge cell, the 
flowrate of the granules was varied. The residence time determined the 
time for discharging the granules that passed through the discharge cell 
in the 20 min of discharging (in the charge and discharge cycles). 
Through the circulation speed of the granules via the gas lift, the resi
dence time of the granules in the discharge cell changed. At high flow 
rate the residence time was 67 s, with a circulation time of 18 min, 
compared to 194 s, with a circulation time of 53 min, at low flow rate 
(see Table 2). Fig. 5 shows that with a shorter residence time, 1.3 times 
more charge was produced, than with a longer residence time. 

On the level of singular granules, the capacitive current decreases the 
longer a granule is discharged, which increases the potential of the 
granule [19,32]. For the moving bed reactor this effect can be translated 
to the granules in the discharge cell: as the granules were discharged in 
the discharge cell, the potential of the granules increased, decreasing the 
ΔE. We can therefore assume the ΔE decreased over the length of the 
discharge cell. As the ΔE was the driving force for the capacitive current, 
there the average current over the length of the discharge cell decreased 
as well. As the granules resided longer in the discharge cell for the low 
flowrate, the ΔE and current decreased more, resulting in lower recov
ered charge compared to the short residence time situation. 

Additionally, the difference in circulation time affected the volume 
of granules that could contribute to the discharge current in the 20 min 
of discharging. For the low flowrate, only 38% of the granules (and 
therefore only 38% of the potentially available charge) passed through 
the discharge cell in the 20 min discharging, while for the high flowrate 
the total granule volume passed through the discharge cell 1.1 times in 
the 20 min discharging. At the higher flowrate, the recovered charge in 
those 20 min was thus spread over more granules. This translated to a 
smaller change in ΔE, and therefore a higher average current over the 
cell. 

The result of the lower gradient over the length of the cell, due to the 
short residence time and the larger participating volume, was a higher 
average current density, resulting in a higher amount of charge recov
ered, with a higher average ΔE, as seen in Fig. 5. For the abiotic dis
charging, a higher flowrate is thus preferred. 

For bioanodes, high discharge current is preferred as the charge 
recovered is recharged in the charging phase of the circulation cycle in 
the moving bed [22,30], which increases the efficiency over the total 
reactor volume. However, at the high flowrate, there was a smaller 
change in potential of the granules. This may have implications for the 
operation of bioanodes, for which the electro-active activity depends on 
the potential of the electrode, in this case the potential of the granule. 
The competition between electro-active bacteria and methanogens for 

substrate can be favored towards electro-active bacteria by controlling 
at a higher overpotential compared to the thermodynamic equilibrium 
potential − 0.49 V vs Ag/AgCl [66]. This means that a larger change in 
granule potential is required, and thus a longer residence time may be 
preferred for the long-term operation of a moving bed capacitive bio
anode. Another factor to influence the capacitive bioanode, is the 
charging time [16,18,19,30,33,66]. For the moving bed capacitive 
bioanode, the charging time is the time that the granules are present 
outside of the discharge cell. Though the charging phase was less effi
cient for this abiotic study (see Section 3.1), as a capacitive bioanode the 
charging phase was always long enough for the granules to be fully 
charged, resulting in a high ΔE, and the charging thus was never seen to 
limit the bioanode reactor [22]. 

The beneficial effect of the higher flowrate was also observed in FCDI 
systems. Similar to the moving bed, the slurry of suspended powder 
particles forms a flowing capacitive electrode. A “convective current” 
[55,58] or “hydraulic current” [61,67] was used to describe the effect of 
charge entering [61] and leaving [55,58,61,67,68] the cell via the 
capacitive particles. This current increased with increased slurry flow 
velocity, up to the point the slurry was thinned due to larger shear effects 
at the highest flowrates [36]. This is unlikely an issue for the moving 
bed, where the carbon content is 48.6 wt% (for a bulk density of 
0.486 g/cm3) compared to the carbon content of 10–20 wt% [49,56,67] 
of slurry electrodes. The moving granular bed thus has a denser, and 
therefore a better connected particle network, and if operated equally 
(potential, electrolyte conductivity and capacitance), a higher charge 
density per volume, compared to the carbon slurry. 

3.4. The discharge resistance decreased due release of ions in the local 
electrolyte 

The maximum resistance during discharging was calculated from the 
measured ΔE and the current. The discharge resistance is the maximum 
as it is calculated from the ΔE, with the potential of the charged granules 
before discharging in the discharge cell, and the current. Fig. 6A shows 
the average discharge resistance and the ohmic resistance for each of the 
experiments. The ohmic resistance was measured at a current of 0 mA, 
and not during the discharging experiments (Section 2.3). The discharge 
resistance inside the discharge cell is difficult to determine, as there will 
be a gradient in ΔE over the discharge cell due to the increased granule 
potential (over the length, due to the time spent discharging [19]) and 
due to the ohmic resistance (over the width of the cell). The ΔE inside 
the discharge will therefore be lower than the maximum ΔE, and 
therefore the resistance during discharging will be lower than the 
maximum as well. 

For the studied factors: applied ΔE, bulk electrolyte conductivity, the 
maximum distance between granules and the current collector(s), and 
residence time in the discharge cell due to the flowrate, the resistance 
matches the earlier conclusions: the discharging resistance was lowest at 
the higher ΔE, short residence time, high bulk electrolyte conductivity, 
and a short distance to the current collectors. The lowest discharge re
sistances were found for the short discharge experiment (see SI, Section 
1.2). As lower discharging resistance means the ΔE inside the discharge 
cell was closer to the maximum ΔE, this increased the driving force for 
discharging and therefore increased the transferred charge for the 
experiment. 

The experiments varying the applied ΔE show an average 1.4 times 
lower discharge resistance when discharged at 0.5 V compared to 0.3 V. 
This is surprising, as neither the electrical resistance (the ΔE experi
ments were performed with the 2WE configuration) nor the bulk con
ductivity were changed (in comparing 0.3 V to 0.5 V). The decrease in 
resistance by using higher applied ΔE can be the result of an increase in 
local ionic conductivity by ions released during discharging [69]. 
Capacitive deionization studies using fixed [70], suspension [65] and 
fluidized bed [71] capacitive electrodes, have shown that the ions, 
released from the porosity during discharging, increase the Fig. 5. Charge produced at different granular flowrates (0.6 and 1.7 mm/s).  
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concentrations of ions in the effluent [65,70,71]. It was shown that in 
the fluidized bed system, the charged capacitive carbon beads carried 
the ions until they were discharged and increased the ion concentration 
in the bulk solution [71]. In our study, the discharge step takes place at 
the current collector(s), thus locally releasing ions in solution in the 
discharge cell. As more charge is recovered, more ions are released from 
the pores of the granules [65,70], creating a self-strengthening effect of 
improving the discharging due to a higher discharge. 

At the higher applied ΔE, more charge was harvested from the 
moving bed. From this charge, we can calculate the concentration of 
ions released. For instance, the 507 C recovered with the high bulk 
electrolyte conductivity at 0.5 V would translate to 229 mM of salt 
released in the discharge cell, compared to 79 mM of salt released for the 
175 C in the low bulk electrolyte conductivity experiment at 0.3 V. The 
bulk conductivity was 6 mS/cm (34 mM) for the low conductivity ex
periments and 16 mS/cm (115 mM) for the high conductivity experi
ments. Assuming the electrolyte flow equaled the granular flow, the 
electrolyte concentration increased in the cell, because of the ions 
released in the discharge cell. Fig. 6B shows the calculated increase in 
conductivity, on top of the conductivity of the bulk solution, during each 
of the experiments. The calculated local conductivity increased to an 
average of 10 ± 2 mS/cm at low bulk conductivity, 1.6 times increase, 
and to 20 ± 2 mS/cm at high bulk conductivity, 1.3 times increase 
compared to the bulk alone. At low bulk electrolyte conductivity, the 
release of ions lead to a stronger increase in local conductivity than at 
high bulk electrolyte conductivity. This is due to the non-linear behavior 
of concentration to conductivity at high concentrations [41]. 

The discharge resistance was lower for the short residence time ex
periments, compared to the longer residence time, with a higher 
discharge current as a result. Interestingly, the increase in local con
ductivity due to ion release was less for the short discharge time than the 
long discharge time, indicating that the driving force outweighs the 
electrolyte conductivity in determining the discharging. The effect of the 
residence time on the dilution of released ions in the discharge cell is 
more relevant for the moving bed bioanode reactor, where the driving 
force is determined by sufficient charging as well. 

The release of ions would decrease the ohmic resistance during dis
charging, but as the discharge process is also influenced by other factors, 
more study is required to elucidate the self-strengthening effect on the 
discharging process. This self-strengthening process is especially inter
esting for BESs, because at low bulk conductivity, such as wastewater 
conductivity (~1 mS/cm) [72], the local conductivity at the electrode is 

increased, resulting in lower losses. 
For BESs, the effect of the biofilm on the contact resistance and the 

ion transport resistance (from the porosity) should be investigated. In a 
previous investigation, the biofilm was not found on the surface but only 
inside the larger pores [30]. Though this indicates that the biofilm 
should have limited influence on the contact resistance, older and thus 
thicker biofilms will increase mass transport limitations [73]. Limita
tions in mass transport may result in slower release of ions (e.g. protons, 
sodium, potassium) from the granules into the electrolyte. For the 
moving bed, this could mean (part of) the ions are released outside of the 
discharge cell, thus reducing the benefit of the released ions. 

4. Conclusions and outlook for application of moving bed 
reactors 

We have studied how four factors influenced the discharging of 
capacitive granules in a moving granular bed reactor by 1) increasing 
the potential difference, between the current collector and the granules 
from 0.3 V to 0.5 V, 2) increasing the bulk electrolyte conductivity from 
6 to 16 mS/cm, 3) decreasing the maximum distance between the 
granules and the current collector by a factor of 2, and 4) decreasing 
residence time in the discharge cell by a factor of 3. 

The largest increase in recovered charge was due to the increase in 
ΔE. Analysis of the resistance during discharging, with the change in ΔE, 
indicated the discharging itself increases the charge transfer by an in
crease in local electrolyte conductivity in the discharge cell. A higher ΔE 
means both a higher charge recovery and a higher electrode potential. 
For bioanodes, a high anode potential results in an applied high cell 
voltage when hydrogen is produced at the cathode [74]. This means 
there will be an optimum between the recovered charge and the choice 
of electrode potential, for optimal use of energy recovered from oxida
tion of organics to produce hydrogen. 

Increasing the bulk electrolyte conductivity increased the charge, 
though less than the ohmic resistance was decreased. The capacitance of 
the granules, clamped in an external test cell, also increased in higher 
electrolyte conductivity, and may be the reason behind the higher 
transferred charge in higher conductivity electrolyte. For bioanodes, the 
electrolyte conductivity will depend on the choice of wastewater. How 
the composition of wastewater, as well as the influence of the biofilm, 
affect the discharging process requires more study. 

The transferred charge increased by discharging from both sides of 
the granular bed. The reduced maximum distance to the current 

Fig. 6. A) The discharge and ohmic resistance 
for each of the experiments. The discharge 
resistance was calculated using the ΔE and 
current at each measurement interval. The 
ohmic resistance was measured without ΔE 
control. B) The measured bulk conductivity and 
increase in conductivity, calculated from the 
charge transferred and the residence time, 
combine to a local increased electrolyte con
ductivity in the discharge cell. The average and 
standard deviation over 30 discharge cycles per 
experiment, are shown for the experiments in 
Figs. 3–5.   
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collector, at the two different bulk electrolytes, showed that the elec
trical conductivity of the moving bed is more important in determining 
the transferred charge than the ionic conductivity. Taken together with 
the increased local electrolyte conductivity, due to the released ions 
during discharging of the electrons, it can therefore be concluded that, 
for capacitive bioanodes, improving the electrical conductivity of the 
moving bed will improve the discharge regardless of the bulk ionic 
conductivity. 

For capacitive bioanodes, the activity in the charging volume is 
determined by the amount of charge recovered in the discharge cell 
[30]. For future operation of moving bed bioanodes, we therefore 
recommend studying the effect of residence time, in the discharge time, 
on the long-term operation of the bioanode, and to improve the elec
trical resistance over the granular bed to help to make the driving force 
more effective in discharging the stored charge in the granules. 
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