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Abstract
Six 60-L benthic microbial electrochemical systems (BMES) were built for the bioremediation of river
sediment. Carbon mesh anodes with honeycomb-structure supports were compared with horizontal
anodes, and the system was tested using different cover depths and anode densities. The pollutant
removal, electricity generation, and electrochemistry of the six BMES with different anodes was examined
using the Ashi River (Harbin, China) as a case study. Total organic carbon (TOC) and total nitrogen (TN)
removal from sediments in BMES with three-dimensional anodes were 20%~30% and 20%~33% higher
for the other reactors. Moreover, the honeycomb-structure of the anode also resulted in higher power
density and improved humus removal.

1 Introduction
Sediments accommodate various inorganic and organic water pollutants arising from human activities,
including nutrient elements and refractory complex organic pollutant, as the most important repositories
of the overlying water body. (Beg et al. 2001). The sediments also shelter a complex microbial ecosystem
that thrives on several different electron donors and acceptors, and functions in the degradation of the
accumulated pollutions(Martins et al. 2014a; Martins et al. 2014b; Bolam et al. 2006). Usually, the
accumulation reductive substance and a lack of accessible electron acceptors are the main limitations
for the remediation of underwater sediments in anaerobic conditions(De Schamphelaire et al. 2008; Song
et al. 2011). Bio-electrochemical Systems (BESs) utilize anode-respiring microorganisms as catalysts,
they can generate electricity from the oxidation of organic or inorganic matter and does not need in situ
addition of electron donor or electron acceptor into the subsurface(Zhang et al. 2015; Lovley 2006). The
Benthic Microbial Electrochemical Systems (BMESs), with its anode embedded in the sediment and its
cathode suspended in aerobic water, could be utilized for sediment bioremediation(Zhu et al. 2015).

Recently, numerous studies have applied BMES to the bioremediation of sediments in freshwater
environments(Kouzuma et al. 2014; Yang et al. 2015; Li and Yu 2015). BMES has been performed with a
volume of 0.25 L for the treatment of phenol-contaminated soil in the anode chamber and 90% of phenol
was removed from the polluted soil, while only 13% was removed from an open-circuit control(Deng et al.
2014). A 22 L BMES with graphite plate electrodes has demonstrated effective cellulose degradation
from aquaculture pond sediment(Sajana et al. 2014). Researchers have reported that the electrical power
of BMES is controlled by the organic content of the sediment; the greater of organic content, the higher
the current and power density (PD) that can potentially be produced(Virdis et al. 2008; Villasenor et al.
2013; Beg et al. 2001). However, studies of large-scale BMES for in situ remediation of natural sediments
remain limited.

The anode material, geometry, and surface modi�cations are the key parameters in optimizing electricity
harvesting from sediments. These parameters affect microbial adhesion to the anode surface, electron
transfer, and substrate oxidation; moreover, they affect the performance of the SMFC (Zabihallahpoor et
al. 2015; Zhang et al. 2015; Teleken et al. 2017). Various types of materials have been used as electrodes.
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Nevertheless, there is still room to improve electrode materials and to optimize the performance of
SMFCs. In a comparison of SMFC reactors with carbon �ber cloth and carbon felt as anodes, the carbon
�ber cloth model showed the best performance (33.5±1.5 mW/m2)(Song et al. 2012). Air-cathode SMFCs
with anodes horizontally and vertically arranged yielded charge outputs of up to 833 and 762 C,
respectively. Considering both the enhanced biodegradation of hydrocarbons and generation of charge,
SMFCs with horizontally arranged anodes are a promising tool for future applications(Zhang et al. 2015).
The possibility of maintaining high power density at scaled-up BMFCs was explored by arranging
multiple anodes in sediment. Multiple anodes with multiple collectors effectively utilized sediment in both
the horizontal and vertical directions, and enhanced electron collection e�ciency( Bingchuan Liu. 2016).
The anode potential of SMFCs is an important parameter for determining the anode depth to optimize
power generation. Five rigid graphite plates were embedded in evenly divided sections of sediment to
compare the performances of SMFCs having anode electrodes horizontally embedded at different
depths. The maximum power and current of the SMFCs increased in depth order, the anode-embedding
depth is also an important parameter to determine the performance of SMFCs(An et al. 2013).

The main purpose of this study was to compare the remediation of sediments in when using different
con�gurations of anodes. Six 60-L BMES were built for the bioremediation of river sediment, using the
Ashi River (Harbin, China) as a case study. Carbon mesh anodes with honeycomb-structure supports were
compared with horizontal anodes at different cover depths and anode densities. Organic pollutant
removal from both water and sediment was investigated. Finally, the electricity generation and
electrochemistry of the six BMES were sustainability studied.

2 Materials And Methods

2.1 Reactor construction and electrodes
Plexiglas plate with a thickness of 10 mm were used to manufacture BMESs. The total empty bed volume
of BMES was 75 L, 60 cm in length, 25 cm in width, and 65 cm in height for the inner dimensions.
Sediment(taken from the Ashi River, Harbin, China) was laid 15 cm thick on the bottom of the reactor. The
water layer was 30 cm deep over the sediment layer with a total volume of 45 L. In total, the volume of
the BMES was 67.5 L with water and sediment.

Carbon mesh anodes with honeycomb-structure supports was constructed through heat-presse(Fig.S1).
The external resistance between the honeycomb-structure anode and air cathode was set at 500 Ω. The
honeycomb-structure anode (L × W × H: 45 × 25 × 10 cm) was buried in the bottom of the river sediment;
air cathodes (L × W: 20 × 10 cm) with activated carbon catalyst layers(Dong et al. 2012) were placed
above the water. The distance between the anode and the cathode was 35 cm.

To investigate the in�uence of anode area, the areas (anode) of carbon cloths were 400, 600, or 1200 cm2

(BMES1, BMES2, and BMES3, respectively), covering 50%, 30%, and 100% of the bottom area of the
reactor, respectively. Horizontal anodes with the same area as the bottom area were used in BMES3 and
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  BMES 1 BMES 2 BMES 3 BMES 4 BMES 5 BMES 6

L/W/H
(cm)

50/24/50 50/24/50 50/24/50 50/24/50 50/24/50 50/24/50

Cathode
area cm2

400 600 1200 1200 1200 1200

Anode
structure

horizontal
anode

horizontal
anode

horizontal
anode

horizontal
anode

honeycomb-
structure
Anode

honeycomb-
structure
Anode

Anode
depth cm

15 15 15 7.5 15 7.5

BMES4; they were buried by 15 and 7.5 cm thick sediments, respectively, to investigate the effect of
anode depth. We used honeycomb-structure anodes to obtain the same surface area as used in BMES5
and BMES6; these were buried by 15 and 7.5 cm thick sediments, respectively, to investigate the effect of
anode depth(Fig. 1).

2.2 Operation of BMES
The BMES was operated in batch mode, the solution in the reactor was recycled by a submerged pump at
a re�ux rate of 400 L h–1, simulating the hydraulic scouring of river water.

Table 1 Reactor settings

Two sediment-sampling points within the anode zone were set on the centerline 20 and 40 cm from the
bottom plate along the �ow path. The sediment samples taken from these two sampling points were
analyzed as duplicates. At each sampling point, the sediment samples around the anode were taken out
of the reactor from the top using a gravity core sampler. All the sediment samples were sieved through a
0.5-cm sieve to remove coarse debris and mechanically homogenize the material. Then, the sediment
samples were temporarily stored in refrigerator at -40°C prior to analysis and experiments. Water samples
were taken for water quality analysis.

Water quality analyses were conducted by testing the concentrations of TOC (total organic carbon), TN
(total nitrogen), and NH+ 4-N (ammonium) in the e�uent using standard methods( E.W. Rice et al. 2017).
Excitation-emission matrices (EEMs) were investigated at the end of the operation. Fluorescence EEM
measurements were conducted using a Perkin-Elmer LS-50B luminescence spectrometer. The sediment
samples weretaken for the TOC and TN measurements( E.W. Rice et al. 2017).

2.3 Analysis and calculation methods
Voltage data between the anode and cathode was recorded by data acquisition system (PISO-813.ICP
DAS CO, Ltd). The power output was calculated according to P = UI. Ag/AgCl electrodes were located
beside the �oating cathode in the water layer over the sediment. Power density (mW m−2) and current
density (mA m−2) were normalized over the cathodic area (0.02 m2). Electrochemical impedance
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spectroscopy (EIS) was performed at a cathode potential of 0.1 V over a frequency range of 100 kHz to
10 mHz with an amplitude of 10 mV. The experimental data were interpreted with an equivalent circuit
Rohm [Q(RctW)] using the Zsimpwin software 3.10(Hutchinson et al. 2011). In this equivalent circuit, the
Rohm component represents for ohmic resistance, Rct, for charge transfer resistance.

3 Results And Discussion

3.1 Electricity generation
The average voltage outputs were 232, 397, 383, 373, 455, and 321 mV for BMES1, BMES5, BMES2,
BMES3, BMES4, BMES5, and BMES6, respectively. Voltage output for BMES5 was the highest, while that
of BMES1 was the lowest. During operation, voltage outputs of BMES1, BMES2, and BMES3 descended
in the order of BMES2 > BMES3 > BMES1, showing that lower anode area (33% of the �oorage) decreased
the low voltage. The voltage of BMES2 was close to that of BMES3; that is, increasing the anode area
from 30–50% was conducive to improving the voltage output. However, increasing the anode area from
50–100% had little impact on the voltage output. Therefore, changes of anode area within a certain range
do not affect the voltage output of the reactor.

The in�uence of different anode structures on the voltage output of the BMES systems was compared.
The anode embedded depths in BMES3 and BMES5 were both 15 cm. The voltage output of BMES5 was
455 mV, 18.8% higher than that of BMES3 (383 mV), showing that honeycomb-structure anodes are more
favorable for producing higher voltage output than are horizontal anode reactors. The voltage output of
BMES4 was 16.2% higher than that of BMES6, con�rming that honeycomb-structure anodes exhibit
higher voltage output.

The voltage outputs of the anodes at different depths were also compared(Fig. 2). When the anode was
buried at 15 cm depth, the voltage output was 5% 26% higher than when the anode was buried at 7.5 cm
depth. That is, honeycomb-structure anode performance is signi�cantly affected by burial depth. This
indicates that the thickness of sediment cover above an anode can affect the voltage output of the whole
reactor. Electrochemically active bacteria usually live in an anaerobic or anoxic environment(Holmes et al.
2004; Leang et al. 2005), which is the main reason why the anode of a BMES system usually operates
under anaerobic conditions. Oxygen or other substances or factors that lead to the increase of redox
potential will directly affect the working e�ciency of the anode and the inactivation of electrochemical
active bacteria and related microorganisms in the anode region, leading to system collapse(Oon et al.
2016; Lovley 2006). We found that the burial depth of the anode in sediments will directly affect the
power output of the BMES system; to ensure the performance of the system, the burial depth of the anode
should be no less than 15 cm.

Polarization tests were performed to reveal the power generation performance of the BMES. The
maximum power densities were 29.3, 40.0, 37.1, 39.2, 49.7, and 43.2 mW m−2 for BMES1, BMES5,
BMES2, BMES3, BMES4, BMES5, and BMES6, respectively. The maximum power densities in BMES with
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honeycomb-structure anodes (BMES5 and BMES6) were 10% 40% higher than for BMESs with horizontal
anode reactors (BMES3 and BMES4). The maximum power density in BMES5 (honeycomb-structure
anode buried at 15 cm depth) was 15% higher than that in BMES6 (honeycomb-structure anode buried at
7.5 cm depth). The maximum power densities of BMES2 and BMES3 indicated increasing the anode area
is conducive to improving the power output of BMES systems.

EIS data for each anodes were obtained to further analyze the law and mechanism of the in�uence of
different anode structures on the electronic transfer of the system. A Nyquist plot was used to show the
�tting results. In general, BMES internal resistance (Rin) can be divided into three types: ohm internal
resistance (Rohm), charge transfer internal resistance (Rct), and diffusion internal resistance (Rd)
(Karthikeyan et al. 2015; Hutchinson et al. 2011). Among them, the ohmic resistance is mainly caused by
the battery con�guration, electrode material resistance, and solution resistance. The diffusion resistance
is due to mass transfer loss caused by material migration to the electrode surface. The internal resistance
of charge transfer is mainly caused by electrode reaction, which includes redox reactions and activation
loss during electron transfer(Karthikeyan et al. 2015; Feng et al. 2014). Microorganisms act as catalysts
on the anode. Their growth and domestication are closely related to substrate metabolism and electron
transfer, and the resistance caused by them is mainly the internal resistance of charge transfer. In this
study, the ohm internal resistance of each reactor was between ~34.1 and 53 Ω; BMES2 and BMES3 had
the greatest ohm internal resistance, indicating that anode areas of less than 30% and/or anode burial
depths of less than 7.5 cm are not conducive to reducing ohmic internal resistance. The internal mass
transfer resistances of BMES1 and BMES2 (4.7 97 Ω) were much higher than those of other reactors,
indicating small anode area (30%~50% of the bottom area of the reactor) is not conducive to reducing
internal mass transfer resistance. The mass transfer resistances of BMES5 and BMES6 were 5.7 and 4.7
Ω, respectively(Fig. 3), only 30% and 19.3% of the internal mass transfer resistance in BMES3 and
BMES4. This shows that a honeycomb-structure anode structure reduces the reactor mass transfer
resistance. The electrochemical performance analysis results show that differences in reactor
performance were mainly due to the high and low anode performances. The electrochemical
performances of honeycomb-structure anode structures are better than those of planar anode structures;
moreover, larger area anodes and greater burial depths (15 cm) are optimal.

3.2 Water treatment
TOC and TN content change in water

Over 60 days off operation, the average TOC concentrations were 10.58, 9.13, 9.30, 9.70, 8.39, and 9.88
mg/L in BMES1 BMES6(Fig. 4a). The TOC concentration in BMES1 was 14% 16% higher than those in
BMES2 and BMES3, while the TOC concentration in BMES2 was close to that in BMES3. As such, we infer
that some reduction in the anode area does not in�uence TOC removal in BMES, but that pollutant
removal may decline if the anode area reaches just 30% of the bottom area of the reactor.

The average TN concentrations were 19.42, 20.47, 21.24, 20.15, 20.62, and 25.34 mg/L in
BMES1 BMES6(Fig. 4b). Except for some abnormal data points, the TN content in the upper water body
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remained below 30 mg/L during the operation of all reactors. The TN content in BMES6 was higher than
that of other the reactors owing to numerical anomalies of individual data points; the average values of
TN in the other reactors were relatively close.

EC, DO, and pH change in water

The average values of EC, DO, and pH were measured daily. Increasing the anode area (from 30–50%)
was conducive to reducing the EC content in the water body. However, when the anode area increased
from 50–100%, the EC content in the upper water body was not signi�cantly affected. When the anode
was buried at 15 cm depth, the anode with the honeycomb-structure structure facilitated reduced EC in
the water body compared with planar anodes. However, when the burial depth of the anode was 7.5 cm,
the EC content of the reactor with a honeycomb-structure structure was 11.6% higher than that for the
planar anode. As such, EC content of the upper water body can be better controlled when the burial depth
of the anode reaches a certain degree (15 cm), and the water quality can be improved by controlling the
anode depth.

The concentrations of dissolved oxygen in BMES1, BMES2, and BMES5 (5.05~5.75 mg/L) were slightly
higher than those in BMES3, BMES4, and BMES6 (4.12~4.69 mg/L).

TOC, EC, and DO contents in BMES1 were higher than those in BMES2 and BMES3. Although a high
content of pollutants can lead to the breeding of aerobic bacteria and the consumption of dissolved
oxygen in water, if the pollutants are not in a form conducive to the absorption and utilization of aerobic
bacteria, there may be less bacterial breeding, so as to maintain or increase the content of dissolved
oxygen in the water. Therefore, it was necessary to further explore the chemical composition
characteristics of the water quality.

No exogenous pollutants were added during the operation, and more than 90% of the test data showed
that pH was stable between 7 and 8. The pH values in each reactor were similar, indicating that in this
condition BMESs can achieve good control and stability of water pH.

EEM

EEM is used to analyze the composition type and content of dissolved organic matter based on
�uorescence intensity information obtained from changes in excitation wavelength and emission
wavelength. In this study, to explore the mechanism of water quality difference in each reactor,
honeycomb-structure �uorescence spectrum scanning was performed(Fig. 5).

The �uorescence intensity of humic acid in Zone V of the BMES1 reactor was much higher than that of
the other reactors. In the BMES2 reactor, there was an obvious humic acid �uorescence peak with a high
�uorescence intensity (Ex. 260~265 nm/Em, 428~444 nm). Two obvious humic acid �uorescence peaks
with high �uorescence intensity were observed for BMES3 (Ex. 260~270 nm/Em, 420~452 nm; Ex.
315~335 nm/Em, 408~430 nm). A distinct humic acid �uorescence peak with high �uorescence intensity
was observed in BMES4 (Ex. 255~345 nm/Em, 400~470 nm). There was no obvious humic acid
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�uorescence peak with high �uorescence intensity in BMES5, suggesting that the content of humic acid
substances in the water in the reactor was relatively low. In BMES6, there were two obvious humic acid
�uorescence peaks with high �uorescence intensity (Ex. 260~270 nm/Em, 422~448 nm; Ex. 315~330
nm/Em, 408~428 nm).

The EEM results show that the humus content changed in the order of BMES5  BMES2  BMES6 
BMES3  BMES4  BMES1. The humus content of BMES1 was much higher than that of other reactors,
and the content of EC and TOC in BMES1 was also higher than that of other reactors. At the same time,
the water quality in BMES1 was the worst, indicating that a small anode area is not conducive to the
removal of pollutants such as TOC and humus. On the other hand, the content of humus in BMES5 was
the lowest, indicating that the honeycomb structure of the anode was conducive to controlling the release
of humus and other pollutants in the sediments to the upper water body, reducing the content of humus
in the water body. Different anode burial depths lead to different detection results of humic acid content.
By comparing the EEM results of BMES4 and BMES3, BMES6, and BMES5, we found that a small anode
burial depth (≤15 cm) is not conducive to the improvement of water quality and the removal of
pollutants. At a burial depth of 7.5cm, the removal and control of humic acid in the reactor with a
honeycomb-structure anode structure was better than that the reactor with a planar anode structure
(humic acid content: BMES3 > BMES5). For a burial depth of 15 cm, the removal and control of humic
acid in the reactor with honeycomb-structure anode structure was better than that in the reactor with the
planar anode structure (humic acid content BMES4 > BMES6). In summary, a honeycomb-structure anode
structure is more conducive to reducing and controlling humic acid substances in the upper water body of
a BMES.

3.3 Sediment treatment
The anode is placed in the sediment at the bottom of a reactor so that it can be directly involved in the
removal of contaminants from the sediment. In this study, the change in sediment pollutant content and
water quality of the upper water body were monitored. Distilled water was used in the upper water body,
and so it can be considered that the pollutants in the reactor water mainly came from the release of
pollutants from the sediment. Changes in pollutant concentrations (TOC and TN) in the sediments during
operation (40 days) and after operation (60 days) were monitored(Fig. 6).

The concentration of TOC was measured to indicate the total organic pollution in the sediment, which
had background value of 3.37g /kg of dry sediment. Similar to the water layer, pollution in the sediment
phase decreased during the operation. After 40 days of operation, removal rates of TOC in the sediments
of BMES1 to BMES6 were 29.2%, 28.2%, 27.4%, 24.6%, 48.5%, and 30.4% (Table 3-2). After 60 days of
operation, TOC removal rates of the sediments in each reactor were 24.3%, 23.0%, 23.0%, 23.7%, 53.1%,
and 24.8%.

For reactors with a planar anode structure, anode depth had no obvious effect on TOC removal e�ciency.
However, for the honeycomb structure anode, a burial depth at 15 cm (BMES5) resulted in a sediment
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TOC removal e�ciency that was 2.1 times larger than that of an anode buried at 7.5 cm (BMES6). On this
basis, the burial depths of anodes with a honeycomb structure should be no less than 15 cm.

In general, the removal e�ciency of TOC from sediments in the BMES5 reactor was 20%~30% higher
than that of the other reactors, con�rming that this is a relatively e�cient degradation method for TOC in
sediments. Except for the BMES5 reactor, the other reactors all showed a slight increase of pollutants in
the sediment during 60 days of operation compared with 40 days of operation. This may be attributed to
the rapid removal of easily degraded pollutants in BMES within a short period of time, but with increased
running time, the accumulation of refractory pollutants leads to a slight increase in the TOC content( Amy
T. Kan. et al (1994). The honeycomb structure of the anode in the BMES5 reactor enabled greater contact
with the sediments, which was bene�cial for the pollutant removal e�ciency. Furthermore, the advantage
of the BMES5 reactor for TOC content control was highlighted, indicating that the continuous TOC effect
in sediments is best when a honeycomb-structure anode is applied at a certain depth (15 cm).

The TN values in BMES systems constructed with different anode con�gurations were monitored. The TN
content in the initial sediment was 2.3±0 g/kg. After 40 days of operation, the TN removal of sediments in
BMES1 was not obvious, while TN removal rates in BMES2–BMES6 were 28.3%, 14.1%, 7.6%, 40.2%, and
14.1%. After 60 days of operation, the TN removal rates of sediments in BMES1–BMES6 were 26.1%,
20.7%, 26.1%, 24.8%, 46.7%, and 23.9%.

The removal e�ciency of TN from the sediments of BMES5 on day 40 was 2.9 times that of BMES3; and
the removal e�ciency of TN from BMES5 on day 60 was 1.8 times that of BMES3. These results show
that reactors constructed with a honeycomb-structure anode structure are more conducive to TN control
in sediments.

Changes in the TN contents of sediments at different anode burial depths were also compared. For
BMES3 and BMES4 (planar anode reactors), there was no signi�cant difference in the removal effect of
TN from sediments as a function of burial depth. From BMES5 and BMES6 (honeycomb-structure anode
reactors), the removal e�ciency of TN from sediments for an anode burial depth of 15 cm was twice as
high as that for a burial depth of 7.5 cm. As such, we recommend that the burial depth of anodes with
honeycomb structure should be more than 15 cm.

The removal e�ciency of TN from sediments in the BMES5 reactor was 20%~33% higher than that of the
other reactors. By comparing the removal e�ciencies at 40 and 60 days, we found that the removal
e�ciency of TN in BMES5 increased by only 6.5% after 20 days of operation, while the removal e�ciency
of sediments in BMES1, BMES3, BMES4, and BMES6 increased by 30.1%, 12%, 14.2%, and 9.8%,
respectively. Compared with other anode structures, the BMES5 reactor not only had a higher removal rate
for TN removal in sediments, but also shortened the operating cycle. Thus, a honeycomb structure anode
accelerates TN removal from sediments in BMES systems.

4 Conclusion
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During the study, carbon mesh anodes with honeycomb-structure supports were compared with
horizontal anodes, and the BMES was tested using different cover depths and anode densities.

During this study, it was found that the main reason affecting the performance of the reactor was the
difference in the performance of the anode, and the performance of the anode with honeycomb-structure
was the best. Three-dimensional anode can prevent pollutants from being released from sediments to the
upper water body. Meanwhile, it is found that the removal e�ciency of TOC and TN from sediments is
20% 30% higher in the reactor constructed by honeycomb-structure anode than that of other reactors.
When the anode area of the planar structure was less than 50% of the remediation site (bottom area), it
was not conducive to the electrochemical performance and pollutant removal performance of the system.
However, the performance of BMES system is not maintained when the anode buried depth is 7.5cm, and
the system performance is better when the anode buried depth is 15 cm.
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Figure 1

The dimension of the schematic of pilot-scale BMES.
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Figure 2

Voltage change during the operation.



Page 15/19

Figure 3

Electrochemical performance of the BMESs. a) EIS of anode in different reactors; b) Rd Rct and Rohm in
different reactors..
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Figure 4

TOC and TN change in water during the operation.



Page 17/19

Figure 5

EEM contour during operation. (1)BMES1 (2)BMES2 (3)BMES3 (4)BMES4 (5)BMES5 (6)BMES6.
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Figure 6

TOC and TN concentration changes in sediments. a) TOC concentration changes in sediments; b) TN
concentration changes in sediments
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