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Nitrogen removal performance of microbial fuel cell
enhanced bioretention system
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, Junyu Zhang
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ABSTRACT
Bioretention cell (BRC) and an enhanced system combining bioretention cell with microbial fuel cell
(BRC-MFC) were used to treat domestic wastewater. Nitrogen removal characteristics and permeation
characteristics of two systems were investigated by adjusting inﬂuent carbon/nitrogen ratio (C/N ¼ 2–
20). Results showed that nitriﬁcation and denitriﬁcation performances were mainly inﬂuenced by
organic matter and system combination, which further effected the nitrogen removal. When optimal
operating parameters were: electrode space of 30 cm, hydraulic load of 1.0 m3/(m2·d) and inlet/
reaction time of 1/8 in BRC-MFC system, chemical oxygen demand (COD), total nitrogen (TN) and NHþ
4
removal efﬁciencies still reached 97.63, 64, and 42.26%, respectively and achieved high removal
efﬁciency of organic matter and nitrogen simultaneously compared to the BRC system. Efﬁcient
supply of electron and phylogenetic diversity of bacterial communities in BRC-MFC process was the
main reason to achieve deep denitriﬁcation removal. After the V3-V4 variable region of 16S rRNA gene
was sequenced by the Miseq high-throughput sequencing method, introduction of MFC enhancement
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technology affected the microbial community structure in the system. The presence of MFC
contributed to an increase in community diversity (from 14 to 19 phyla). The results provide a simple
method without kinetic energy for simultaneous denitriﬁcation and steady inﬁltration of bioretention.
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| bioelectricity enhancement technology, bioretention cell, nitrogen removal, permeation
characteristics, wastewater

INTRODUCTION
Media ﬁltration is one of the oldest forms of treatment tech-

areas (Zhou et al. ). Treating wastewater by bioretention

nology used in the production of potable water and it is still

is much more challenging than for stormwater due to the

widely used due to its reliability and low cost. Bioretention

higher resources and energy required, much of which is

(often referred to as bioﬁltration systems, bioﬁlters, or rain-

organic in nature. To illustrate, the average inﬂuent nitrogen

gardens) has demonstrated high removal of metals and

for a stormwater bioretention system is typically around

suspended sediment from stormwater, while the reduction

2.1 mg/L with occasional spikes up to 3.2 mg/L (Payne

in nutrient concentrations displays greater variability (Payne

et al. b). However, domestic efﬂuents typically have

et al. a). However, the removal of stormwater pollutants

total nitrogen between 40 and 50 mg/L which causes

is a relatively recent practice in situations that protect water-

formidable loading in most conventional bioretention.

ways. This includes nitrogen and pathogen treatment of

In China, the pollutant concentrations in municipal

stormwater for water reuse in water stressed areas (Payne

wastewater are lower in the south than in the north,

et al. a), or to meet the standards required for discharge

especially the ratio of chemical oxygen demand to total

into sensitive water courses and drinking water protected

nitrogen in inﬂuent (C/N  4–6). Therefore, it is extremely
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difﬁcult to achieve the efﬁcient and stable removal of

electrons (e) and protons (Hþ) were produced and then

nitrogen in conventional biological treatment processes

moved to the cathode, with the return current pathway via

(Cao et al. ). A lack of electron donor is always the

insulated copper wires connecting the cathode and anode.

key limiting factor of nitrogen removal efﬁciency during

The study on bioretention and biogeobattery individu-

denitriﬁcation process. New electrons or their donor are sig-

ally has been investigated on nitrogen removal extensively

niﬁcant in nitrogen removal. The introduction of microbial

(Ge et al. ). However, the integration of bioretention

fuel cell (MFC or ‘biogeobattery’) and catalytic iron has

and biogeobattery is still in its infancy, and it is highly

been recommended because it has demonstrated the capacity

likely to provide a promising technical path for improving

to enhance denitriﬁcation and thereby increase overall nitro-

the low nitrogen removal efﬁciency of bioretention.

gen removal. The biogeobattery phenomenon is caused by

Hence, the study of biogeobattery integrated into bioreten-

microbes driving the electron ﬂow that is coupled to spatially

tion is highly signiﬁcant as it a promising technology to

separate biogeochemical processes. It is worth noting that

treat domestic wastewater with bioelectricity generation.

some innovative hybrid systems were also reported recently

In addition, to improve the understanding of the role of

based on the similarities in the design of constructed wetland

C/N ratio in nitrogen removal of bioretention coupling

integrated with biogeobattery for ensuring the efﬁciency of

with biogeobattery treating sewage, all processes under natu-

wastewater treatment and power generation. At the same

ral conditions need to be studied. Therefore, in the present

time, a catalytic iron system has the advantages of high

study, bioretention systems were operated to investigate

reduction ability, convenient in use, persistent in transporting

the effect of inﬂuent different carbon nitrogen ratios and

electron and wide obtaining paths. Therefore, it has received

different combinations on nitrogen removal performance.

signiﬁcant attention in recent years.
In the classical biogeobattery model (Figure 1(a)), the
conductor is a bacterial bioﬁlm and/or conductive biomin-

MATERIALS AND METHODS

erals (e.g. magnetite, Fe3O4) straddling a redox gradient (e.g.
the water table or the plume fringe), with the return current

Bioretention cell and microbial fuel cell assemble

pathway through the surrounding pore ﬂuid. The suggested
mechanism is a microbial fuel cell (BRC-MFC) (Figure 1(b)),

Three bioretention (BRC and BRC-MFC) columns were con-

where organic matter at the anodic region was oxidized,

structed from nonopaque perspex. These columns were

Figure 1

|

Conceptual models of redox-associated mechanisms: (a) classical biogeobattery model*; (b) BRC-MFC model (*Revil et al. 2015).
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fabricated using an acrylic column (8 cm depth × 70 cm

796 m2/g and a high C/O mass ratio of 15.2. Activated

height). Figure 2 shows the schematic diagram of BRC and

carbon was immersed in the mixed cultivated sludge and

BRC-MFC. These columns were located indoors at an aver-

fed with synthetic wastewater. The activated carbon reached

age temperature of 30 ± 4 . The composition of bioretention

saturation during the inoculation period, and acts as a

media layers for saturated designs follow the Australian

medium for attachment of microbes for biological activity

FAWB adoption guidelines (Payne et al. b): a ﬁlter

during operation. Thus, the virgin activated carbon trans-

layer of washed sand (300 mm, diameter 0.15–1.00 mm), a

formed into biological activated carbon. Meanwhile, the

transition layer of coarse sand (100 mm, diameter 0.50–

activated carbon was only placed in the cathode and

1.00 mm), a sand submerged layer (200 mm, diameter

anode area, and its dosage was very little relative to the

0.25–0.50 mm), and the bottom gravel drainage layer

whole packing layer. Therefore, although the activated

(100 mm, diameter 3–5 mm). Three columns with an elev-

carbon may have an effect on the removal of nitrogen and

ated outlet provided a saturated zone in the lower half of

phosphorus, its interference was negligible in the current

the column (‘saturated’ design). These columns included a

experiment. The volume for each layer of anode and cath-

supplementary carbon source of pine chips comprising

ode electrode was 251.20 cm3. Insulated copper wire was

approximately 5% by volume of saturated zone.

used to connect both the anode and cathode with an exter-

The electrodes (anode and cathodes) employed in the

nal resistance of 1,000 Ω to complete the circuit.

current study were made of activated carbon. Activated

In order to create an anaerobic condition for the anodic

carbon is a common carbon material used in the water treat-

region, the anode was positioned at 15 cm from the bottom of

ment process. The high speciﬁc surface makes it a good

the column. Besides that, an elevated outlet was located for

medium for the attachment of microorganisms and charac-

providing a saturated zone in the lower half of the column.

teristics of activated carbon such as good biocompatibility

The cathode was situated at 60 cm from the bottom of the

as well as moderate electrical conductivity make it a prom-

column, complying with the aerobic condition. Three col-

ising biocathode material (Yu et al. ). Activated carbon

umns were kept unplanted in order to only assess the

is one of the common materials in sewage treatment that

inﬂuence of different carbon nitrogen ratios and different

6

has low resistivity 3.2 × 10 Ωcm, high speciﬁc area

Figure 2

|

Schematic diagram of bioretention cell.
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Synthetic wastewater

Sample collection and determination

A synthetic wastewater containing the desirable amount of

Inﬂuent and efﬂuent of the experimental cells were sampled to

glucose as a carbon source was used throughout the study.

evaluate transformation and treatment performance three times

The concentrations were targeted to typical domestic

during each stage. The samples were immediately transported

wastewater nutrient levels (concentration in g/L): varying

and analyzed at the Laboratory of Southeast University-Monash

amounts of C6H12O6 (0.15 ± 0.003, 0.24 ± 0.02, 0.48 ±

University Joint Research Centre. Chemical oxygen demand

0.01, 0.6 ± 0.005, and 1.2 ± 0.01); NH4Cl (22.24 ± 0.03);

(COD) was determined with a HACH DR2800 (HACH Co.,

K2HPO4 (2.18 ± 0.05); NaHCO3 (8.73 ± 0.04); FeCl2·4H2O



USA). Total nitrogen (TN), NHþ
4 -N, NO3 -N, and NO2 -N were

(4.82 ± 0.05);

measured using a spectrophotometer UV-1800 (SHIMADZU

(0.19 ± 0.007);

CoCl2·6H2O

(0.39 ± 0.01);

MnCl2·4H2O

NiCl2·6H2O

(0.01 ± 0.001);

CuSO4

Co., Kyoto, Japan), and total phosphorus (TP) was determined

(0.01 ± 0.001); ZnCl2 (0.01 ± 0.001); CaCl2 (0.04 ± 0.002);

by the ammonium molybdate spectrophotometry method. All

Humic acid (0.12 ± 0.005). All the chemical reagents used

the parameters mentioned above were determined using the

in this study were of analytical reagent (AR) grade (Wang

methods and procedures described in the Standard Method for

et al. ).

Examination of Water and Wastewater (MoEE China ).
Microorganism samples were collected from submerged

Inoculation
Inoculation medium in the submerged layer and activated
carbon were immersed in the mixed cultivated sludge for
inoculation for 45 days, which was obtained from an anaerobic reactor in the local wastewater treatment plant (Nanjing
Banqiao Water Group, Nanjing, China). During the inoculation period, synthetic wastewater was fed to the
anaerobic inoculation tank to support the growth of the
microbial community.

layers at the end of 150 days. For this sampling, three microorganism samples were taken from each column. After
on-site collection, the samples were transported immediately
to the laboratory for the purpose of total DNA extraction. The
genomic DNA was extracted and puriﬁed using a MOBIO
PowerSoil® DNA Isolation Kit (12888-50 Soil DNA Kit
MOBIO, USA). The extracted genomic DNA was kept at
20 and detected using 1% agarose gel electrophoresis.
Data analysis
Inﬂuent and efﬂuent concentrations were used to calculate

Experimental procedure

the removal efﬁciencies and transformation or accumulation


rates of COD, TN, NHþ
4 -N, NO2 -N, and NO3 -N. Stepwise

Synthetic wastewater was supplied to the top of the bio-

regression models were built to determine the multiple linear

retention using a peristaltic pump (Longer BT100-2 J,

regression equation between nitrogen transformation rates and

China) at a ﬂow rate of 3.5 mL/min (1.0 m3/m2 s hydraulic

functional genes using SPSS Statistics 20 (IBM, USA). All data

load (HLR)), operated in intermittent mode, which was

were analyzed using analysis of variance (ANOVA). Data were

maintained at 12 hours hydraulic retention time (HRT).

checked to ensure ANOVA assumptions were not violated and

Treated wastewater was discharged and collected from an

were transformed appropriately when needed prior to analysis.

elevated outlet.
The experiment was divided into ﬁve stages (over
a total of 112 days): (1) Stage I, C/N ¼ 2:1; (2) Stage II,

RESULTS AND DISCUSSION

C/N ¼ 4:1; (3) Stage III, C/N ¼ 8:1; (4) Stage IV,
C/N ¼ 10:1; (5) Stage V, C/N ¼ 20:1. Experiments were

Effect of inﬂuent C/N ratio on COD removal

conducted in triplicate with three treatment cells. Nitrogen
and carbon levels under various C/N ratios were analyzed

The trends of COD concentration and removal efﬁciency

and compared.

under different C/N operating conditions are presented in
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Figure 3. The results revealed that when the inﬂuent C/N

the same time, activated carbon functional groups will

ratio ﬂuctuates between 2.54 and 4.16, the average COD

enhance the attachment of microorganisms on the surface

concentration of efﬂuent from BRC group and BRC-MFC

of activated carbon (Wong et al. ). In addition, a

group was 24–42 and 17–27 mg/L, respectively. The average

closed loop was formed in the BRC-MFC strengthening

COD removal rates of BRC group and BRC-MFC group

system, which enhanced the electron transfer from the

were 69.86 and 83.04% (C/N ¼ 2.54); 79.82 and 92.04%

anode to the cathode and further affected the biodegradabil-

(C/N ¼ 4.16); 80.89 and 95.27% (C/N ¼ 7.90); 80.26 and

ity of organic pollutants. Zhang et al. () also found that

97.63% (C/N ¼ 10.42); 82.94 and 95.55% (C/N ¼ 19.36),

the performance of constructed wetland coupled MFC

respectively.

system was 12–20% better than that of an open-circuit

It was noted in an earlier study that that the effective

system, and 27–49% better than that of an ordinary con-

utilization rate of COD was 74% (C/N < 5.0) in the intermit-

structed wetland without MFC. Therefore, this study

tent system (Cao et al. ). In contrast, the BRC-MFC

indicates that the BRC-MFC system has a signiﬁcant

enhanced group has obvious advantages in enhancing the

impact in organic degradation.

utilization of carbon sources when treating wastewater
with low C/N ratio under the same conditions. This is prob-

Effect of inﬂuent C/N ratio on nitrogen removal

ably due to the fact that in the anode (anaerobic submerged
layer), organic compounds are almost completely oxidized

As shown in Figure 4, NHþ
4 -N and TN removal rates are

by microorganisms (Oon et al. ). Liu et al. () deter-

closely related, mainly because the nitriﬁcation process

mined that the COD removal rate of vertical ﬂow

provides an electron acceptor for denitriﬁcation. Complete

constructed wetland coupled with MFC system was only

oxidation of NHþ
4 -N is the basis for effective TN removal.

79.65% (about 505 mg/L of inﬂuent COD). In the current

The average removal efﬁciencies of NHþ
4 -N were 32.19%

study, the COD removal rate was 95.27% (about 500 mg/L

(BRC) and 42.26% (BRC-MFC) under C/N ¼ 2.54. In

of inﬂuent COD) higher than previous research results. At

terms of average removal efﬁciency of TN, the BRC-MFC

Figure 3

|

Removal performance of COD at different C/N ratios.
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Removal performance of TN and NHþ
4 -N at different C/N ratios.

system (60.75%) was 75% higher than that of the BRC

the electron acceptor (oxygen) and then slows down the

system. The average removal efﬁciency of TN and NHþ
4 -N

metabolism of nitrifying bacteria.

was signiﬁcantly higher than that of other C/N ratios

The above results reveal that, in a certain range, improv-

except for 4.16 and 7.90. The removal rates of TN and

ing the inﬂuent C/N was an effective measure to improve

NHþ
4 -N were hardly improved further, mainly because the

the TN removal efﬁciency, but this must be based on the

cathode was located 10 cm below the top of the reaction

complete oxidation of NHþ
4 -N, otherwise the excessive

column, which limits the electron acceptor (oxygen) and

C/N will not only cause the waste of carbon sources, but

slows down the metabolism of nitrifying bacteria (Shen

also lead to the deterioration of nitrogen removal. Figure 5

et al. ).


shows the trend of NO
3 -N and NO2 -N changing with

The results reveal that when the C/N ratio was

different C/N. As shown in Figure 5, the high plateau of

increased to 10.42, the nitriﬁcation was intensiﬁed, and

the NO
3 -N concentration curve was observed in the BRC

NHþ
4 -N

concentrations in the efﬂuent of the BRC system

system under C/N ¼ 2.54, and because of insufﬁcient

and the BRC-MFC system gradually accumulated, reaching

demand for denitrifying organic matter, it is more advan-

46.22 and 28.86 mg/L, respectively. The average TN

tageous to produce nitrite from ammonia than from

removal rates were 24.41 and 52.80%, respectively. Com-

nitrate. A possible reason could be that low C/N inﬂuent

bined with the utilization of COD, the decrease in

cannot meet the organic matter required for denitriﬁcation,

nitrogen removal efﬁciency was mainly due to the incom-

which also leads to the accumulation of NO
3 -N.

plete nitriﬁcation caused by the excessive loading of
inﬂuent organic matter, resulting in the decrease of TN
removal rate. The removal rates of TN and

NHþ
4 -N

were dif-

In the BRC-MFC system with inﬂuent C/N of 4.16,
NO
2 -N

accumulated signiﬁcantly, but NO
3 -N did not

accumulate. The possible reason was that COD decreased

ﬁcult to further improve, mainly because the cathode was

and the supply of electron donors was insufﬁcient. This

located 10 cm below the top of the column, which limits

trend is consistent with the ﬁndings of Wu et al. (),
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Removal performance of NO3 -N and NO2 -N at different C/N ratios.

where they noted that NO
2 -N increases during denitriﬁca-

sufﬁcient electron acceptor, BRC-MFC system had obvious

tion when the supply of electron donors was insufﬁcient.

advantages in enhancing the utilization of carbon sources

When inﬂuent C/N was 10.42 and 19.36, the concen-

and the ability of electron transfer under low inﬂuent C/N.

tration

of

NO
3 -N

concentration of

decreases

NO
3 -N

(Figure

5),

and

the

increases gradually (Figure 4).

Therefore, the correlations between the value of C/N and
C/P and the removal rate of TN and TP were compared.

The possible reason could be that the nitrate was changed

As shown in Figure 6, when C/N < 3 or C/P < 40, the

by dissimilatory nitrate reduction to ammonium (DRNA)

TN and TP removal rates of BRC were less than 20 and

process, and DRNA dominates the reduction of NO
3

70%, respectively. The TN removal rate of BRC-MFC

NO
2

in anoxic environments. This process is in com-

was lower than 60%, and the TP removal rate was about

petition with denitriﬁcation, especially under high inﬂuent

97%. In C/N > 4 or C/P > 60 conditions, the TN removal

C/N conditions (Xu et al. ). The average voltage of

rates of both systems revealed a downward trend, and

BRC-MFC system reaches 35.5 mV, and the maximum

TP removal rates were basically stable. This trend is con-

and

3

power density was 103.83 mW/m . Hence, it could be con-

sistent with the earlier ﬁndings (Xu et al. ).

cluded that under the electric enhancement condition,

Therefore, under C/N ¼ 3–4 or C/P ¼ 30–60 conditions,

the electron migration in the system is beneﬁcial to

the removal rates of TN and TP in BRC system were 33

denitriﬁcation and improves the overall nitrogen removal

and 75%, respectively, and the treatment efﬁciency was

performance.

limited. The removal rates of TN and TP in BRC-MFC
system reached 65 and 98%, respectively, which basically

Effect of different C/N ratio and C/P ratio on

realized the simultaneous removal of nitrogen and phos-

simultaneous removal of nitrogen and phosphorus

phorus. Meanwhile, the removal efﬁciency of the BRC
system was improved by 30%.

The results showed that the change of inﬂuent C/N had little

Although the average voltage and maximum power

effect on the removal of COD and TP, but the simultaneous

density were not as good compared to the ﬁndings of Xu

removal of nitrogen and phosphorus was based on

et al. () in the CW-MFC (the average voltage was
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Correlations of TN and TP removals with inﬂuent C/N and C/P ratios.

265.77 ± 12.66 mV and the highest power density was

(0–25 d) system dropped sharply (slope K1-1 ¼ 0.0332).

3,714.08 mW/m2), the removal rate of all pollutants by

The slope for the BRC system is slightly lower than the

BRC-MFC in the current study was higher than that by

BRC-MFC system and revealed low permeability coefﬁcient

CW-MFC. Under different electric enhancement conditions,

values in the BRC system. The reason could be that the

the electron migration in the system was beneﬁcial to

structure and diversity of microbial community in the ﬁller

denitriﬁcation and improves the overall nitrogen removal

layer were changed by the increase of electron transport.
Proteobacteria (31%), Bacteroidetes (21%) and Chloroﬂexi

performance.

(14%) were the dominant bacteria in the BRC-MFC
Comparative study on permeation characteristics of

system, while the dominant bacteria in the BRC system

MFC strengthened group and BRC control group

were mainly Chlorobi (45%) and Proteobacteria (21%).
The second stage (27–49 d) appeared to be a plateau stage,

The BRC-MFC system and the BRC system were tested
3

2

mainly because MFC enhanced the ability of microorgan-

hydraulic

isms to degrade pollutants, and the microbial biomass

load (porosity ¼ 41%, initial permeability coefﬁcient

could be evenly distributed throughout the reaction

for

sewage

inﬁltration

Kini ¼ 3.893 × 10

4

with

1.0 m /(m ·d)

m/s, inﬂuent C/N ¼ 4, inlet/reaction

column region, thus making the permeability more stable.

time ¼ 1/8, intermittent operation cycle), the results are

In the third stage (51–111 d), the permeability coefﬁcient

presented in Figure 7. As shown in Figure 7, the standard

of the system continued to decline again. A possible

permeability coefﬁcient K20 of BRC-MFC and BRC systems

reason could be the coupling effect of multiple inﬂuencing

decreases with the running time, but the changing process

factors. The accumulation of inorganic/organic compounds

was different. The BRC system has experienced the three

and the growth of bioﬁlm would inevitably lead to the gra-

following stages: the permeability coefﬁcient of the ﬁrst

dual decrease of the pore space in the reaction column,

stage (0–57 d) dropped sharply (slope K2-1 ¼ 0.0416);

and consequently the permeability coefﬁcient gradually

decreased slowly in the second stage (59–121 d) (slope

decreased.

K2-2 ¼ 0.0055); but reached a more stable state in the

Although the decrease was greater than that of the

third stage on the 123rd day, where K20 (BRC) reduced to

second stage of BRC (slope K1-3 ¼ 0.0102 > K2-2 ¼ 0.0055),

0.89 × 104 m/s (accounting for 23% of Kini).

compared to the BRC system, BRC-MFC reached the

In contrast, the BRC-MFC system experienced four
stages, the permeability coefﬁcient of the ﬁrst stage
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Trend of the permeability coefﬁcient of BRC and BRC-MFC.

twice that of the BRC system in the stable stage. Therefore,

were collected from the top (ﬁlter layer), the middle (sub-

the BRC-MFC system can delay the 50% reduction of per-

merged layer) and the bottom (drainage layer) and directly

meability coefﬁcient, and can enter the stable stage of

observed

permeability coefﬁcient earlier.

(CLSM), as shown in Figure 8.

by

Confocal

Laser

Scanning

Microscope

In a previous study about the BRC treatment (Coustu-

As shown in Figure 8 and Table 1, the distribution of bio-

mer et al. ), the removal rate of TN decreases with the

ﬁlm on the sand surface of the two systems shows an

decrease of permeability coefﬁcient. The highest removal

increasing trend with time. However, the growth/decrease

rate of TN (51%) occurs in the middle region of the per-

in bioﬁlm thickness and its spatial distribution in each

meability coefﬁcient. Similar changes were also found in

system were different. Compared to BRC system, the bioﬁlm

the current study. The difference is that the highest TN

thickness of BRC-MFC system was 2-3 > 2-2 > 2-1, but the

removal rate occurred in the low permeability area. This

values were basically close. As microorganisms catalyze sub-

trend is different from the previous study (Coustumer et al.

strate denitriﬁcation by respiration to produce electrons,

). BRC-MFC can not only delay the decrease of per-

electrodes act as temporary electron acceptors to absorb

meability coefﬁcient, but also enhance the TN removal

electrons and transfer electrons to the cathode surface

efﬁciency. Therefore, BRC-MFC has the effect of simul-

through a loop for pollutant degradation in the cathode

taneous denitriﬁcation and stable permeability.

region. Thus nutrients can be effectively degraded and
removed when they ﬁrstly contact the 2-1 region (upper

Biomass distribution on the sand of differential reactors

ﬁlter layer). At the same time, the microbial community in

The bioﬁlm samples were analyzed on the 90th and 150th

out sufﬁcient HRT and long-term mass transfer of nutrients.

day of the experiment by opening a BRC column as a control

On the contrary, the 2-2 and 2-3 regions were saturated

group and a BRC-MFC column, and then different locations

(with submerged area) which could ensure the contact

the 3-1 sampling site was in the unsaturated ﬁlter layer, with-
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Biomass distribution on the sand of differential reactors.

adsorption and degradation of microorganisms and nutri-

sand surface area, and formed a uniform ‘upper thin and

ents, and promote microbial growth. Compared with the

lower thick’ spatial distribution, which enhanced the ability

BRC system, the BRC-MFC system had a considerable

to resist the accumulation of pollutants on the surface of the

increase in the thickness of bioﬁlm and the proportion of

reaction system.
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Bacteroidets in the BRC-MFC system increased gradually
with time, and by the 200th day, the relative abundance

Sampling
location

Time
(days)

Bioﬁlm thickness
range (μm)

Bioﬁlm
thickness (μm)

Bioﬁlm speciﬁc
surface ratio (%)

1–1

90
150

0–75
0–80

36.5
38.0

80
85

1–2

90
150

0–85
15–120

55.1
57.2

87
95

1–3

90
150

0–60
5–65

25.5
31.0

68
75

expanded the scope of electro-generated microorganisms.

2–1

90
150

0–100
0–95

55.0
75.3

90
95

be due to the composition of the fuel cell packed with sedi-

2–2

90
150

0–200
31–190

102.5
90.3

95
100

2–3

90
150

23–150
41–186

82.0
94.0

100
100

was 41 and 13%, respectively. The relative abundance of
Dok59 and Geobacter was high in all bacteria (9 and 6%,
respectively). It indicates that the electricity producing bacteria group is not limited to the Geobacter bacteria.
Therefore, the discovery of electro bacterium Dok59 has
The difference in the microbial community structure may
ment and its degradation products (Dong et al. ). In the
BRC system, the Rhodanobacter content was relatively
stable over time, with a content of 3%. It can be concluded
that the composition and structure of the microbial community in the system did not change signiﬁcantly without the

Phylogenetic diversity of bacterial communities

intervention of bioelectric intensiﬁcation, and anaerobic
denitrifying bacteria were the dominant species.

Many scholars have proved that Proteobacteria, Firmicutes,
Acidobacteria and Bacteroidetes have electrochemical

Practical applications and future research perspectives

activity (Lee et al. ), Citrobacter (Chen et al. ) and
Geobacter of Proteobacteria and Clostridium were the domi-

Current research ﬁndings provide a technical guideline to

nant bacteria producing electricity. All of these were found

enhance the long term operation reliability and denitriﬁcation

to exist in the BRC-MFC system. As shown in Tables 2

performance of BRC systems for an intermittent domestic

and 3, the relative abundance of Proteobacteria and

sewage treatment in China and other developing countries.

Table 2

|

Relative abundance distribution of bacterial species in experimental group (unit: %)

BRC system

BRC-MFC system

(90 d)

(200 d)

(90 d)

(200 d)

Top ten

Chlorobi, 45
Proteobacteria, 21
Chloroﬂexi, 10
Bacteroidetes, 8
Spirochaetes, 4
Firmicutes, 3
Acidobacteria, 2
WS6, 1
Verrucomicrobia, 1
OD1, 1

Proteobacteria, 40
Bacteroidetes, 21
Chloroﬂexi, 9
Chlorobi, 4
OD1, 4
Acidobacteria, 3
Firmicutes, 3
Verrucomicrobia, 3
Chlamydiae, 2
Cyanobacteria, 2

Proteobacteria, 31
Bacteroidetes, 21
Chloroﬂexi, 14
Fibrobacteres, 11
Chlorobi, 10
Spirochaetes, 4
Acidobacteria, 1
Firmicutes, 1
Verrucomicrobia, 1
OD1, 1

Proteobacteria, 41
Chloroﬂexi, 18
Bacteroidetes, 13
OD1, 7
Chlorobi, 5
Fibrobacteres, 2
Nitrospirae, 2
OP11, 2
Acidobacteria, 1
Actinobacteria, 1

Other

Nitrospirae
Cyanobacteria
TM7

Spirochaetes, 2
Actinobacteria
Planctomycetes
Fibrobacteres
Gemmatimonadetes
Nitrospirae
OP11, TM6

Candidate division, WS6, TM7
Cyanobacteria
Nitrospirae

Cyanobacteria
Firmicutes
Planctomycetes
Spirochaetes
Verrucomicrobia
Chlamydiae
Gemmatimonadetes
TM6
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Table 3
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Top ten

|
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Relative abundance distribution of bacterial genus in experimental group (unit: %)

BRC system
(200 d)

BRC-MFC system
(200 d)

Dok 59, 4
Rhodanobacter, 3
Chlorobaculum, 2
Dechloromonas, 2
Simplicispira, 2
Syntrophus, 2
T78, 2
Clostridium, 1
Flavihumibacter, 1
Sediminibacterium, 1

Dok 59, 9
Geobacter, 6
Chlorobaculum, 3
Dechloromonas, 2
Devosia, 2
Anaerolinea, 1
Thiobacillus, 1
Treponema, 1
Uliginosibacterium, 0.2
Syntrophus, 0.2
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