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A B S T R A C T

The electrodes spacing would exert a pronounced effect on bio-electrochemical systems (BESs) performance,
especially for the scaling-up of reactors and practical applications. In this study, we traced the effect of electrode
spacing on wastewater treatment performances from the aspects of hydrodynamics and electrochemical char-
acteristics. Three series of folded stainless steel mesh (f-SSM) electrodes with electrode spacing of 2, 4 and 8 mm
were designed for azo dye (acid orange 7 (AO7)) wastewater treatment. Results showed that BES with electrode
spacing of 2 mm (RS2) obtained the highest efficiencies of AO7 decolorization (90.9 ± 0.4%) and COD removal
(36.8 ± 3.8%) at HRT of 8 h, which was 30.7% and 15.2% higher than that in BES with electrode spacing of
8 mm (RS8), respectively. Moreover, the relationship between pollutants removal, internal resistance and hy-
drodynamics of BESs with different electrode spacing supported the hydrodynamics was significantly influence
the pollutants removal performance.
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1. Introduction

As the most important industry in national economy in China, tex-
tile industry produced large quantities of azo dyes containing waste-
water, which are toxic and highly persistent to biodegradation, raising
attention for environmental concerns, as biological toxicity, ‘‘three-in-
duced’’ (carcinogenicity, teratogenicity, mutagenicity) and undesirable
aesthetic effects etc. (Pandey et al., 2007). Azo dyes are generally
persistent under aerobic conditions but maybes reduced under anae-
robic conditions, and anaerobic decolorization is a cost-efficient pro-
cess; however, it is usually with slow rate and requires extra organic co-
substrate to provide electrons for the reduction(dos Santos et al., 2005).
The co-substrate addition typically far exceeds the stoichiometric re-
quirements, leading to additional costs and unwanted methane pro-
duction (van der Zee and Villaverde, 2005). Thus, treatment process of
azo dyes containing wastewater is a challenging issue that requires
improvement. As all kinds of azo dye, acid orange 7 (AO7) is the most
widely used dye in the textile industries, thus it is a significant com-
ponent of wastewaters produced by these manufacturers that requires
removal (Mu, 2009).

Recently, BESs have been explored extensively for its innovative
features and environmental benefits for recalcitrant contaminants de-
gradation in wastewater (Logan et al., 2006a,b; Rozendal et al., 2008),
especially for azo dyes (Cui et al., 2016a; Mu, 2009; Sun et al., 2011),
nitro-aromatics (Liang et al., 2014; Wang et al., 2011), and halogenated
aromatics (Liang et al., 2013) reduction. However, most bio-electro-
chemical technologies developed until now have been restricted to lab
scale as lacking of appropriate strategies to scaling-up. To overcome
this challenge, numerous of researchers have focused on the BES
scaling-up form many aspects, such as selection of suitable anode ma-
terials (Baudler et al., 2015; Guo et al., 2015; kumar et al., 2013; Zhou
et al., 2011), improving catalyst activity in cathode (Heidrich et al.,
2013; Zhang et al., 2014), as well as optimization of reactor archi-
tectures (Escapa et al., 2016), to name a few. Among these problems,
electrode configuration and electrode spacing were of crucial im-
portance and had attracted a great deal of attentions (Wei et al., 2011).

Different electrode spacing and configuration has significant im-
pacts on internal resistance and thereby resulted in different power
generation, COD removal and columbic efficiency (CE) (Ghangrekar
and Shinde, 2007; Zhang et al., 2009). It is reported the maximum
power output of air-cathode microbial fuel cells (MFCs) was increased
68%, which corresponded to a decrease of internal resistance from 161
to 77 Ω when the electrode spacing was reduced from 4 to 2 cm (Liu
et al., 2005). The maximum power of MFC with continuous mode in-
creased from 826 mW/m2 to 1540 mW/m2 as 75% overall decrease in
internal resistance when the electrode spacing was decreased from 3 to
1 cm (Cheng et al., 2006). Besides, several studies demonstrated that
the variation of electrode configurations has a strong relationship with
hydrodynamics and takes an important role on mass transfer, convec-
tion and flow path of BESs. It demonstrated that MFC with full brush
anodes spaced evenly between two cathodes (S2C) has slightly higher
COD removal (6.4–24.4%) and lower coulombic efficiency than the
MFC with trimmed brush anodes near a single cathode (N1C). These
results were attributed to the different hydrodynamics resulted by N1C
configuration and S2C configuration, for example, at theoretical HRT of
8.8 h, the measured HRT, dispersion number and Peclet number of the
MFCs with N1C was 10.7 h, 0.020 and 49, respectively, which were
7.4 h, 0.028 and 36 for MFCs with S2C configuration, respectively (Kim
et al., 2015). Therefore, the importance of internal resistance and hy-
drodynamics to performance becomes more important when design
electrode spacing for BES in full-scale application. However, there was
no studies consider both internal resistance and hydrodynamics impact
on BES performance when varying the electrode spacing.

In this study, an innovative folded stainless steel mesh (f-SSM)
electrode was developed (Wang et al., 2017) and built-in BES with
different spacing (2, 4 and 8 mm) to treat azo dye wastewater. The

performances of BESs from the aspects of hydrodynamics and internal
resistance simultaneously investigated and carried out the research
from three-folded. Firstly, three pairs of f-SSMs were deployed in three
BESs with different electrode spacing. They were operated in batch-fed
mode to investigate the relationship of electrode spacing and internal
resistance of BESs and its effect on azo dye removal. Secondly, BESs
were operated in continuous flow mode with four theoretical hydraulic
retention times (HRTs) of 8, 6, 4, and 2 h. In addition, the hydro-
dynamic characteristics of BESs with different electrode spacing under
different HRT conditions were investigated by tracer test and residence
time distribution (RTD) curve. Finally, the relationship between hy-
drodynamics, internal resistance and pollutants removal performance
were explored to reveal the significant effect of electrode spacing on
BES performance.

2. Materials and methods

2.1. BES construction

Single-chamber BESs with up-flow channel were used in the present
study. The electrode was made of SAE 304 stainless steel mesh with
wire diameter of 0.18 mm and a filter rating of 20 mm (Kaian Ltd.,
China). The electrode was prepared as following: (1) cutting the single
layer stainless steel mesh (SSM) into 7 cm× 144 cm pieces (one side
surface area of 0.1008 m2); (2) folding the single layer SSM pieces ac-
cording to Zheng and colleagues’ method (Zheng et al., 2015) to
maintain folding angle with 40°; (3) the folded SSM electrode was
thoroughly treated in 1 M H2SO4 for 24 h to remove surface oxides and
obtain a rough surface; (4) cleaning SSM by deionized water and drying
in air. Titanium wire (φ1 mm) was used as the current collector, copper
wire was used to connect the electrodes to an external resistor
(Rex = 10 Ω).

The spacing of anode and cathode in the plexiglas reactor was
varied in order to systematically investigate the effect of electrode
spacing on BES performance. The electrode spacing, D, defined as the
vertical distance between anode and cathode, was set as 2, 4 and 8 mm
(Fig. 1). The BES with electrode spacing of 2, 4 and 8 mm, was denoted
as RS2, RS4 and RS8, respectively. Correspondingly, the effective reactor
volumes were 1.55, 1.85 and 2.25 L. The specific surface areas of the
cathode electrode per volume of reactor were 65, 55, and
45 m2SSM m−3, respectively. The f-SSM electrodes were all placed -
close to the wall of reactor to make sure all of wastewater penetrated
the electrode. An Ag/AgCl reference electrode (+197 mV vs standard
hydrogen electrode) (Shanghai Precision Scientific Instruments Co.,
Ltd., China) was installed between the anode and the cathode to enable
potential measurement. Electric power (0.5 V) was provided to each
pair of electrode with a power supply (PS-3005D, Zhaoxin Co., Ltd.,
China) during the whole experiments. The voltage across external re-
sistor, cathode potential and anode potential were recorded using the
data acquisition system (Keithley 2700, Keithley Co., Ltd., USA) every
10 min.

2.2. Operating conditions

2.2.1. Inoculation and start-up
Three BESs (RS2, RS4 and RS8) were all inoculated with 10 mL of

concentrated anaerobic sludge from a laboratory-scale biocatalyzed
electrolysis system that had been operated for about 200 days, with
mixed liquor suspended solid (MLSS) concentration of 7 g L−1. During
the start-up period, the reactors were continuously fed domestic was-
tewater containing 100 mg L−1 AO7, the theoretical HRT was fixed at
8 h by a peristaltic pump (Longer Co., China). Current output was ob-
served in all reactors after 2 days and finally reached plateau after a
rising duration.
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2.2.2. Batch-fed and continuous flow modes
After start-up successfully, the three BESs were conducted in batch-

fed mode for 10 days with initial AO7 concentration of 100 mg L−1 for
5 cycles. Then, the operation was switched to continuous flow mode
lasting for more than 110 days. Three BESs were continuously fed with
domestic wastewater (average COD of 518 ± 56 mg L−1) containing
100 mg L−1 AO7. Four different theoretical hydraulic retention times
(2, 4, 6 and 8 h) were investigated by varying the flow rates. Each
loading rate was repeated at least 100 times, with all data reported as
the average of replicate experiments. All of the experiments mentioned
were conducted at ambient temperature (24–29 °C).

2.2.3. Hydrodynamic test
RTD analysis was conducted according to the stimulus-response

method by using AO7 as tracer as it was easy determined and re-
presented the actual flow regime of BES reactor. The theoretical HRT
was calculated from the set flow rate (Q, mL h−1) and reactor volume
(V, mL) as HRT = V/Q. Different flow rates were chosen to obtain the
same theoretical HRTs (8, 6, 4 and 2 h) for the three reactors. Tracer
test was conducted to measure the actual residence time of solutes in
the three BESs during continuous mode operation according to
Nwabueze (Nwabueze and Iwe, 2008). The mean residence time (MRT)
was used to characterize the measured HRT (mHRT), and square of the
standard deviation (σθ

2 = 1/N) was used to characterize the degree of
back-mixing in different reactors. Peclet number (Pe) was obtained
from the normalized variance of the tracer curve to characterize the
mass transport.

2.3. Analysis and calculations

Liquid samples taken from the BESs were filtered through 0.45 μm

membrane filters. COD was measured by a COD analyzer
(HACH DRB200 and DR3900, USA). The AO7 concentration was de-
termined by UV-Vis spectrophotometer (HACH DR3900, USA) at the
wavelength of 484 nm (Mu, 2009). The current (mA) was obtained
based on the detected voltage across the sampling resistor according to
the Ohm’s law.

The pollutant removal efficiency (RE, %) and removal rate (RR, kg-
AO7 m−3 d−1 or kg-COD m−3 d−1) were calculated according to the
previous study (Cui et al., 2014) .The coulombic efficiencies (CE) for
AO7 and COD were evaluated according to Logan et al. (2006a,b).
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where, CAO7(t0) and CAO7(tn) were the initial and final (tn = 12 h) AO7
concentration for the batch test (mg L−1). CCOD(t0) and CCOD(tn) were
the initial and final (tn = 12 h) COD concentration for the batch test
(mg L−1). Δti was the time interval for current acquisition (s), MAO7 and
MCOD were the molecular weight of AO7 and oxygen (g mol−1), V was
the volume of BESs (m−3), F was Faraday’s constant
(96485 C mol−1 e), 4 was the number of electrons exchanged per mole
of AO7 or oxygen, Cin-AO7 and Ceff-AO7 were influent and effluent AO7
(mg L−1), Cin-COD and Ceff-COD were influent and effluent COD (mg L−1).

To estimate the internal resistances of BESs, Rint was measured by
using the linear portion of the polarization curve obtained using linear
sweep voltages (LSV) with the anode as the working electrode, cathode
as counter electrode and reference electrode (Ahn and Logan, 2013,
2012; Escapa et al., 2015; Logan, 2008). In the single-chamber BES as
described in this research, the total internal resistance Rint can be dis-
sected into anodic resistance Ran, cathodic resistance Rca, contact re-
sistance Rco, and electrolyte resistance Re (Cheng et al., 2006; Fan et al.,
2008).

3. Results and discussion

3.1. Influence of internal resistance on BES performance

LSV (Logan, 2008) was conducted to measure the internal re-
sistances of the three BESs with different electrode spacing. As shown in
Table 1, larger electrode spacing resulted in higher internal resistances.
The total internal resistances of RS2, RS4 and RS8 measured via LSV were
26.2, 33.5 and 43.4 Ω, respectively. The difference in internal re-
sistance can be contributed to the electrolyte resistances (Re), as Re
showed increased with the increasing of electrode spacing and were
10.7, 18.6 and 29.4 Ω for RS2, RS4 and RS8 in order. Thus, we believed
that electrode spacing took an important role on ion transfer and led to
different electrolyte resistances.

To value the impact of electrolyte resistance on AO7 and COD re-
moval in BESs, the BESs were operated in batch-fed mode. As Fig. 2
shown, AO7 and COD removal efficiencies were close in the three re-
actors. In terms of kinetics, the AO7 removal fitted first-order kinetic
model very well (R2 > 0.97), RS4 observed the highest rate constant k
of 0.264 h−1, followed by RS2 (0.258 h−1) and RS4 (0.230 h−1)

Fig. 1. Schematic diagram of BES with f-SSM electrode.
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(Fig. 2a). Correspondingly, the AO7 removal efficiencies at 12 h
reached 94.8 ± 1.2%, 95.8 ± 0.9% and 94.7 ± 1.5% in RS2, RS4 and
RS8, respectively. The COD removal showed the same trend (Fig. 2b)
with the similarly COD removal efficiency of 40% in all reactors.
Moreover, the columbic efficiencies (CEs) based on COD removal and
current generation were calculated to further investigate the perfor-
mance of bioelectrochemical process that took place in the reactors. CEs
based on COD removal (CECOD-batch) ranged from 4.31 ± 0.07% (RS4)
to 4.58 ± 0.26% (RS2) indicating the organics was sufficient for anodic
microbial respiring and growth. QI (electric quantity calculated based
on the measured current within 12h operation time) of RS2, RS4 and RS8

were 185.3 ± 5.9, 221.6 ± 8.7 and 254.0 ± 7.9 Coulomb, with
corresponding CEAO7 of 114.7 ± 6.8%, 115.1 ± 7.4% and
108.5 ± 5.6%, respectively. CEAO7 in all BESs were slightly higher
than 100%, suggesting that electrons transferred from the anode to the
cathode were sufficient for AO7 reduction in the three BESs. The above
results implied that although the electrode spacing varying between 2
and 8 mm led to electrolyte resistances increasing from 10.7 Ω to

29.4 Ω, it did not affect the wastewater treatment performance ob-
viously with power and enough carbon sources apply.

3.2. Hydrodynamics characteristics

The hydrodynamics of BESs with different electrode spacing were
compared via tracer test and residence time distribution (RTD) curve
analysis. The RTD curves showed the overall hydrodynamics behavior
for each theoretical HRT (HRTt). As shown in Fig. 3, only one peak was
observed for each RTD curve, which indicated that all the BESs reactors
were operated without obviously inner circulation and preferential flow
(Kjellstrand et al., 2005; Wang et al., 2015). The RTD curve obtained
for RS2 showed a typical plug flow-like curve (with RTD peaks about 0.9
θ). However, it presented a typical shape of a poorly mixed reactor with
dead volumes for RS8, as much earlier presence of RTD peaks (about
0.25 θ). The RTD peaks of Rs2 observed between 0.81θ and 1.05θ, in-
dicating the real HRT of Rs2 was much close to theoretical HRT. Thus, it
seemed that minifying electrode spacing in BESs could improve the

Table 1
Comparison of internal resistance and bio-electrochemical characteristics of BESs with different electrode spacing.

Reactor Internal resistance (Ω) QI (C) QAO7-batch (C) QCOD-batch (C) CEAO7-batch (%) CECOD-batch (%)

Rint Re Ran + Rca

RS2 25.2 10.7 14.5 185.3 ± 5.9 161.6 ± 8.6 4043.5 ± 245.6 114.7 ± 6.8 4.6 ± 0.3
RS4 33.5 18.6 14.9 221.6 ± 8.7 192.5 ± 6.1 5144.6 ± 457.1 115.1 ± 7.4 4.3 ± 0.2
RS8 43.4 29.4 15.0 254.0 ± 7.9 234.1 ± 6.8 5552.3 ± 398.1 108.5 ± 5.6 4.6 ± 0.7

QI: electric quantity calculated based on the measured current (tn = 12 h).
QAO7: theoretical electric quantity calculated based on the AO7 removal (tn = 12 h).
QCOD: theoretical electric quantity calculated based on the COD removal (tn = 12 h).

Fig. 2. Comparison of (a) AO7 removal, (b) AO7 removal rate, (c) COD removal and (d) COD removal rate in different reactors with batch-fed mode.
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hydrodynamics in the reactors.
In addition, the RTD curves can be mathematically featured by two

key parameters, the retention time factors (β) and the Peclet number
(Pe), which were listed in the Table 2. The retention time factors (β)
were used to show the ratio between MRT and theoretical HRT. The β
values of each reactor at outlet and the internal points showed the same
trend at different tHRTs. The largest β (1.27 ± 0.05) was observed at
RS2, and the value declined linearly with increasing of electrode

spacing. The smallest values of β (0.84 ± 0.08) for the RS8 showed
coexisting short-circuiting fractions plus dead zones (i.e., stagnant vo-
lumes) for these runs. This was confirmed by the lower tracer recovery
average with 80.7 ± 1.5% and earlier peak time about 0.25θ. Ad-
ditionally, the β values in RS2 and RS4 even over one, this was probably
due to some eddies formed as a portion of fluid blocked by stainless
steel wire, which changed the flow regime and extend the fluid path in
the reactors (Rhines and Holland, 1979; Nere et al., 2003; Travin et al.,
2002). Similar results were also reported in the bioelectrochemical
system with carbon brush electrode (Kim et al., 2015) or other bior-
eactors equipped with different carriers (Munoz et al., 2006; Rebecca
Moore, 2001). Besides, the smaller electrode spacing, the larger Pe
values can be observed (Table 2), indicating that mass transfer in the
reactors were mainly driven by convection but not by diffusion. The Pe
values of RS2 for most HRTt were higher than 10, indicating no sub-
stantial differences in the effect of plug flow reactor (PFR). However,
the overall hydrodynamic pattern of RS4 and RS8 converged to CSTR
model as the Pe values ranging from 5.6 to 8.2.

As discussed above, reducing electrode spacing in BES could im-
prove the hydrodynamic behavior, such as minimize dead zone and
short-circuiting, prolong mean residence time and promote the trans-
verse convection mass transfer. There are several possible reasons for
the variations of BES hydrodynamic when varied the electrode spacing.
Firstly, electrode with smaller electrode spacing represents larger
electrode surface area/volume. For example, electrode surface area/
volume in RS2 was 64.8 m2SSM m−3, which was 1.19
(54.3 m2SSM m−3) and 1.45 (44.7 m2SSM m−3) times of RS4 and RS8,
respectively. Surprisingly, we found that retention time factors β of RS2

was 1.18 and 1.52 times of RS4 and RS8, which were almost the same as
the electrode surface area/volume, suggesting that electrode surface
area/volume of BESs had a direct impact on the reactor hydrodynamics
behavior. Secondly, the f-SSM electrode with smaller electrode spacing

Fig. 3. Different BES reactors RTD curves with four different HRTt (2, 4, 6 and 8h).

Table 2
Hydrodynamic parameters of BES with different electrode spacing.

HRTt
a MRTb βc ε(%)d τpeake Nf Peg δθ

2h

2 RS2 2.47 1.234 100.4 1.05 3.9 10.7 0.256
RS4 2.19 1.097 94.7 0.51 2.7 8.1 0.372
RS8 1.43 0.716 81.3 0.25 1.7 6.0 0.582

4 RS2 4.96 1.240 100.1 0.81 3.7 10.5 0.270
RS4 4.41 1.103 86.7 0.65 2.7 8.0 0.364
RS8 3.40 0.850 78.6 0.31 2.4 7.3 0.421

6 RS2 8.17 1.316 93.1 0.89 4.5 12.1 0.220
RS4 6.32 1.053 86.1 0.53 2.7 8.2 0.365
RS8 5.59 0.931 82.8 0.28 2.0 6.4 0.501

8 RS2 10.03 1.245 92.9 0.85 3.7 10.2 0.272
RS4 8.49 1.061 96.4 0.39 2.4 7.4 0.415
RS8 6.76 0.845 80.2 0.18 1.6 5.6 0.608

a Theoretical hydraulic retention time.
b Mean residence time.
c MRT/HRTt.
d Tracer recovery.
e The normalized time of the E-curve peak.
f CSTR number calculated by TIS model.
g Peclet number.
h Variances of RTD curve.
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can form more complicated geometric convex in macro-meter scale, -
which could greatly influenced the flow channel, enhanced mixing and
hence increases the macroscale mass transfer rates, which could greatly
enhance the mobility of reactants and subsequently improve the reac-
tion efficiency (Ji et al., 2015).

3.3. Influence of hydrodynamics characteristics on BES performance

3.3.1. AO7 and COD removal
As Fig. 4 shown, under continuous flow operational condition, both

AO7 and COD removal efficiencies and removal rates dramatically in-
creased with the decreasing of electrode spacing, and thus RS2 with the

closest spacing exhibited the best performance. The AO7 removal effi-
ciency in RS2 grew from 54.6 ± 1.7% to 90.9 ± 0.4% when HRTt

extended from 2 h to 8 h, which was 14.4% and 27.7% in average
higher than that in RS4 and RS8, respectively. The highest AO7 removal
rate (AO7 RR) in RS2 reached 0.634 ± 0.016 kg-AO7 m−3 d−1 at HRTt

of 2 h, which was 56.3% higher than that in RS8.

COD removals showed the similar trend as the AO7 in the three
BESs. The highest COD removal efficiency (36.8 ± 3.8%) was obtained
in RS2 at HRTt of 8 h (organic loading rate = 1.52 ± 0.14 kg-
COD m−3 d−1), which were 8.8–15.1% higher than those in RS4 and
RS8. Although this value declined to 20.5 ± 2.2% in RS2 at the shortest
HRTt (HRTt = 2 h, organic loading rate of 6.09 ± 0.59 kg-

Fig. 4. Comparison of (a) AO7, (b) COD removal in different reactors with continuous
flow, (c) Pollutants removal efficiency of BES with different electrode spacing based on
measured HRTs.

Fig. 5. Comparison of (a) current generation, (b) columbic efficiency (based on AO7
decolorization and COD removal) in different reactors with continuous flow, (c)
Pollutants removal rates of BES with different electrode spacing based on current gen-
eration.
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COD m−3 d−1), it was still 3.8% and 7.4% higher than that for RS4 and
RS8, respectively.

The above results indicated that the pollutants removal showed
divergence in the three reactors with different electrode spacing under
continuous flow operation. However, AO7 and COD removal effi-
ciencies of the three reactors were presented similarly with each other
under batch-fed mode operation. This suggested that the different hy-
drodynamics brought by electrode spacing variation at continuous flow
condition had an obvious effect on the performance of BES reactor. As
indicated by the larger Pe number (Table 2), the longitudinal dispersion
of BES with closer electrode spacing was weakened, which may has a
faster mass transfer to the surface of electrode compared with the fur-
ther electrode spacing (Wang et al., 2017).Thus, faster apparent reac-
tion rate and higher pollutants removal can be observed in RS2. More-
over, as shown in Fig. 4c, the relationships of pollutants removal with
the measured HRTs were positive agreement (R2 > 0.95). The corre-
lation coefficients for AO7 and COD removals with measured HRTs
based on a linear regression were both higher than 0.70, which in-
dicated that pollutants removal were a function of measured HRTs, and
thus the measured HRT was altered by the vary of hydrodynamics of
reactors. The close deployment of f-SSM electrode forced more of the
fluid flowing through the electrode module and formed more eddies in
the reactors, which indicated higher measured HRT. Therefore, the
higher COD and AO7 removal of RS2 compared to RS4 and RS8 were due
to prolonged the mean residence time of wastewater in RS2 and favor-
able for mass transfer.

3.3.2. Bio-electrochemical behavior
Under continuous flow operation, inconsistent current and columbic

efficiency were observed for the three BESs with different electrode
spacing (Fig. 5). RS2 observed the highest current and columbic effi-
ciency of the three BESs, the current of RS2 was higher than that of RS4

and RS8, which were 15.85 ± 0.51, 13.18 ± 0.38, 11.43 ± 0.57 and
10.82 ± 0.46 mA at theoretical HRT of 2h, 4h, 6h and 8 h, respec-
tively. Correspondingly, the columbic efficiencies based on AO7 and
COD removal of RS2 were also the highest at different HRTs (Fig. 5b).
This phenomenon was in contrast to the batch-fed mode (similar cur-
rent and columbic efficiency were obtained in different reactors), in-
dicating that the hydrodynamics companied with continuous flow op-
eration also had a strong relationship with the bio-electrochemical
performance of BESs. Fig. 5c illustrated that the current generation was
generally good agreement (R2 > 0.95) with pollutants removal rate.
As previous analysis, smaller electrode spacing led to longer measured
HRTs and further resulted in higher pollutants removal rate at the same
theoretical HRTs. Thus, the current generation was altered by the hy-
drodynamics characteristics that directly depend on the electrode spa-
cing.

3.4. Outlook and potential

BES with close electrode spacing will increase pollutants removal
performance, but that design would have more electrode surface area
per volume of BES means higher capital cost. Therefore, a techno-
economic analysis that takes both of the pollutant (AO7) removal
performance and the material cost into account to solve the tradeoff in
BES design. The techno-economic assessment (Table 3) was based on
the principle that BESs are fed by the same amount of AO7 per day and
have to achieve the same REAO7 to discharge; the scale of different BESf-
SSM (including the electrode module and the reactor) can be different
because of their varied RRAO7. Results demonstrated that the cost for
initial capital was positively correlate to the target AO7 REs and closer
electrode spacing of electrode built-in BES with lower initial cost to
removal the same amount of pollutants form wastewater at all the
target AO7 REs. RS2 with the minimum unit initial capital costs of the
three BESs.

As expected, the f-SSM electrode applied for wastewater treatment
may lead to plugging as biofilm growth, in the case of the wastewater,
particle capture and clogging (Ahn and Schröder, 2014; Cheng et al.,
2006). This study was focused on demonstrating the relationship be-
tween hydrodynamics, internal resistance and BESs pollutants removal
performance resulting from electrode spacing. To explore the potential
problems with electrode clogging will need long-term operation and we
did not systematic exploration in this study. However, it should be
noted that during the whole experiment (more than 120 days opera-
tion) of the three BESs, the electrode did not clog even with the closest
electrode spacing (2 mm). There were several possible reasons for the
failure of the cloth to clog in the BESs. The biofilms produced in elec-
trode were much thinner compared with the electrode spacing, and the
activity of biofilm proportion to the distant from the electrode surface
prohibited the biofilm excessive proliferation. These f-SSM electrodes
would be built-in liquid phase for higher performance may be porosities
to help mitigate the potential for plugging in electrode (Cui et al.,
2016b).

4. Conclusion

This study investigated the effect of electrode spacing on BES per-
formance and clearly revealed that decreasing the electrode spacing
resulted in variation of internal resistances and hydrodynamics, which
further improved AO7 and COD removal during continuous flow mode.
The AO7 and COD removal efficiencies in BESs with electrode spacing
of 2 mm were 30.7% and 15.2% higher than those in BES with electrode
spacing of 8 mm, respectively. The pollutants removal varying with
electrode spacing should be more ascribed to the variation of hydro-
dynamics. These results demonstrate that electrode spacing should be
considered when BES was scaled-up.

Table 3
Basic assumptions in the techno-economic assessment.

Parameters Concept Unit Calculation equations/Values

CIC Initial capital cost of BES € kg-AO7−1 d−1 CIC = (Ure + Uoth + Uele)/f(x)
x AO7 removal efficiency %
f(x) Function between AO7 vLRs and REAO7

=
⎧

⎨
⎪

⎩⎪

=
=
=

∈

−

−

−
f x

e R R
e R R
e R R

x( )

8.223 1.000
8.017 0.994
7.734 0.989

[34.9,92.9]

x S
x S
x S

0.036 2 2
0.036 2 4
0.036 2 8

Ure Unit cost of reactor €m−3NV 94.32a

Uoth Other cost of a unit electrode module (1m3) €m−3NV 14.51b

USSM Cost of SSM of an unit electrode module (1 m3) €·module−1 Uele = ASSM·UASSM

ASSM Area of SSM of an unit electrode module m2SSM·module−1 = ⌊ ⌋ ⌊ + ⌋A π d π π0.06· 50csc(40 /360)/3 · 1000/( csc(40 /360) 30cos(40 /360)SSM
d Spacing of anode and cathode mm 2, 4 and 8
UASSM Unit cost of 1 m2 stainless steel mesh €·m−2SSM 2.90c

a, b, c data were estimated based on www.1688.com
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