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a b s t r a c t
A continuous-flow microbial fuel cell (cfMFC) system with bio-cathode chamber (BCC) was designed 
to improve organic pollutant removal performance, along with electricity production. Aerobic granular 
sludge (AGS) formation was observed by accident in the BCC of the cfMFC system. Process and mecha-
nism of the AGS formation were stated, and the effect of influent chemical oxygen demand (COD) con-
centration, hydraulic retention time, cathode aeration rate on organic pollutant removal in the cfMFC 
was studied. According to the sludge morphology, AGS formation process could be divided into six 
stages with a total duration of around 80 d. Mechanism of the AGS formation was explained from mac-
roscopic and microscopic point of views. Moreover, COD removal efficiency was always higher than 
90% in the cfMFC system after the AGS formation when influent COD concentration was increased from 
3,000 to 7,540 mg/L. Maximum output voltage of 91 mV was obtained in the AGS-based cfMFC system.
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1. Introduction

Microbial fuel cell (MFC) is a relatively novel wastewater 
treatment technology, which can convert chemical energy 
contained in the wastewater into electrical energy economi-
cally with the metabolism of electricigens. The MFC process 
has characteristics of wide available substance, high conver-
sion rate, mild operating condition and zero secondary pol-
lution [1]. Configuration of the MFC is usually divided into 
two types, including single-chamber MFC and dual-chamber 
MFC, and dual-chamber MFC is used more commonly [2]. 
Organic pollutants are mostly removed in anode cham-
ber (AC) of dual-chamber MFC under anaerobic condition. 
However, anaerobic process’ organic pollutant removal is 
not thorough while has no ammonia removal performance. 
Therefore, traditional MFC is difficult to meet discharge 
requirement for wastewater treatment.

Our research transformed cathode chamber (CC) in a 
traditional MFC into a bio-cathode chamber (BCC) aiming 

at improving organic pollutant removal. Surprisingly, the 
formation of aerobic granular sludge (AGS) was observed in 
the BCC of the continuous-flow microbial fuel cell (cfMFC) 
system after successful start-up of the system. The AGS has 
great potential in the management of sewage and high con-
centration organic wastewater treatment, because of good 
settling properties, abundant microbial population, high 
sludge concentration and strong shock load-resistant ability 
[3]. Recently, AGS research was usually in a lab scale, and 
applications of the AGS in full-scale utilization are rarely 
reported [4]. Meanwhile, the sequencing batch reactor or its 
deformation technology was used mostly for the AGS cultiva-
tion, and cylindrical reactor with high aspect ratio (the range 
of H/D from 5 to 15) was adopted [5,6]. However, cylindri-
cal sequencing batch reactor (SBR) process with high aspect 
ratio is not conducive to be enlarged in practical engineering, 
and higher aspect ratio will induce greater challenge for aer-
ation equipment, both of which impeded wide application 
of the AGS process. Therefore, to achieve relative stable AGS 
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formation in a continuous operation reactor with low aspect 
ratio is a major strategy to solve the problems.

Six hypotheses about formation mechanism of granular 
sludge have been proposed mainly, which are microorgan-
isms self-flocculating hypothesis [7], nuclei hypothesis [8], 
selection pressure driving hypothesis [9], extracellular poly-
meric hypothesis [10], cell surface hydrophobicity hypothesis 
[11] and phase formation hypothesis [12]. The quite differ-
ent formation mechanism of the AGS proposed was due to 
the variation of reactor type, operating condition and study 
angle. For example, some scholars proposed the AGS for-
mation hypothesis from microcosmic point of view, such as 
microbial population structure, physical and chemical char-
acteristics of sludge morphology. Some scholars observed floc 
sludge granulation process by changing operating parame-
ters of the reactor, proposing the AGS formation mechanism 
from macro perspective. The hypotheses proposed ahead had 
their rationality and limitations, but the AGS formation mech-
anism in a continuous flow reactor has been reported rarely.

In this research, the AGS was observed by accident in the 
BCC of the cfMFC system. The continuous flow MFC reac-
tor with AGS combined the high efficient anaerobic fluid-
ized bed, AGS and biological cathode. It not only optimized 
wastewater treatment, but also produced electricity. More 
importantly, configuration of the BCC adopted in the experi-
ments was cubic which was more common in aerobic waste-
water treatment process, and the ratio of height to length 
was just 1.6 which will be more conducive for application 
of the AGS in practical engineering. The AGS was found in 
MFC CC for the first time which provides a new direction for 
AGS’s cultivation technology.

The study focused on studying formation process and 
characteristic of the AGS in the low aspect ratio BCC-based 
cfMFC system, and formation mechanism of the AGS in the 
system was discussed as well. In addition, main advantage 
of the MFC is to achieve organic pollutant removal and elec-
tricity production simultaneously for wastewater treatment. 
Therefore, the other focus of this study was to investigate 
organic pollutant removal and electricity production perfor-
mance in a newly set up cfMFC system after the AGS forma-
tion in the BCC, which presented a new research direction 
for the combination application of the AGS and MFC process.

2. Materials and methods

2.1. Wastewater

Synthetic wastewater (glucose as carbon source, NH4Cl as 
nitrogen source and K2HPO4 as phosphorus source) was used 
as feed for the cfMFC system, and pH value of the influent 
wastewater was controlled from 7.8 to 8.2 using sodium bicar-
bonate. In order to prevent acidification in the anode anaerobic 
reactor, influent pH should be slightly increased. According 
to report, the electricity production efficiency of MFC is 
higher when influent pH is weak alkaline [13]. According 
to the experimental requirements, influent chemical oxygen 
demand (COD) concentration was adjusted by controlling the 
amount of glucose in the synthetic wastewater. In addition, 
trace elements were added to maintain microbial growth, and 
detailed components were shown as follow: Zn2+(0.42 mg/L), 
Cu2+(0.17 mg/L), Ni2+(0.21 mg/L), Co2+(0.28 mg/L), B3+(0.014 mg/L), 
Mn2+(0.85 mg/L), Mo6+(0.20 mg/L), Fe2+ (5.0 mg/L). CaCl2 and 

MgCl2 were added into the synthetic wastewater directly at 
the concentrations of 75 and 50 mg/L, respectively.

2.2. Set up and start-up of the cfMFC system

The experiments were carried out in dual-chamber 
bio-reactors which were made of plexiglass. In dual-chamber 
bio-reactors, the cfMFC system was formed. AC and CC were 
connected by proton-exchange membrane (DuPont mem-
brane Nafion 117, DuPont company, USA), and schematic dia-
gram of the cfMFC is shown in Fig. 1. AC of the cfMFC system 
was formed by two parts, one was reaction zone with internal 
diameter of 100 mm and volume of 5.9 L, and the other was 
settling zone with internal diameter of 160 mm and volume 
of 4.2 L. Top of the AC was sealed and installed a three-phase 
separator. The synthetic wastewater was fed at the bottom of 
the AC by peristaltic pump, and effluent of the AC flowed into 
the BCC by gravity. The BCC was a 200 mm (length) ×15 mm 
(width) × 320 mm (height) open container with total working 
volume of 9.6 L. AC and BCC were filled with porous poly-
mer packing self-developed by our laboratory for microbe 
enrichment [14], and filling ratio were 15% and 10%, respec-
tively. Two electrodes in the AC and BCC were connected to 
a resistor by copper wire, and outer resistance was fixed at 
100 Ω during the experiment. In addition, variation of voltage 
data was recorded automatically by computer.

Inoculum of the AC was obtained from AC of a 
dual-chamber cfMFC with abiotic cathode as reported by 
Huang et al. [15]. Influent COD concentration increased from 
1,000 to 3,000 mg/L gradually during start-up period, and 
reflux ratio of improved from 5:1 to 20:1. The AC exhibited rel-
ative good organic pollutant removal performance after culti-
vation for more than 1 month, and gas production was stable. 
Reflux ratio of the AC in the cfMFC system was controlled at 
20:1 after the start-up period. The pH value was controlled at 
6.8–7.5 using NaHCO3, and the temperature was controlled 
at 30°C–35°C. Inoculated sludge of the BCC was gained from 
aeration tank of a municipal wastewater treatment plant in 
Chengdu. The BCC of the cfMFC system started up together 
with the AC. That is, effluent of the AC flowed into the BCC 
directly after addition of porous polymer packing and 4 L of 

Fig. 1. Schematic diagram of the cfMFC system.
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activated sludge mixed liquor. The pH value in the BCC was 
not controlled in the experiment, and the temperature was 
controlled at 25°C ± 2°C.

2.3. Analytical methods

During the experiment, samples were taken from influ-
ent and effluent of the AC and BCC every other day and were 
analyzed immediately after being filtered through 0.45 μm 
filter paper. COD, settling velocity, sludge volume index 
(SVI), mixed liquor suspended solids (MLSS) were ana-
lyzed in accordance with Monitoring and Analytic Methods 
of Water and Wastewater [16]. The pH value was measured 
by pHS-2F pH meter. Morphology of the AGS was observed 
by scanning electron microscope (SEM) and Olympus BX51 
electron microscope. Load voltage of the cfMFC system was 
measured by UT70B professional multimeter electronic, and 
output voltage values were recorded automatically by com-
puter with acquisition interval of 180 s.

3. Results and discussion

3.1. The AGS formation

Generally, oxygen is used as electron acceptor in the CC 
of conventional MFC, and organic matter is biodegraded by 
anaerobic microbes in the AC releasing electrons and pro-
tons. Electrons were transferred to the CC through external 
circuit to form a current, and the protons transfer into the 
CC through the proton-exchange membrane (PEM) forming 
water with restored oxygen. Oxygen supplied in the CC is 
achieved by aeration mainly. In the BCC-based MFC system, 

aeration can stir activated sludge and provide oxygen for 
microbial activity simultaneously. Floc sludge in the BCC 
adapted to operation condition of the reactor after start-up 
period, and MLSS and SVI were around 2 g/L and 150 mL/g. 
The AGS formation in the BCC underwent more than 80 d, 
which can be divided into six periods by sludge morphology, 
as shown in Fig. 2. Division of the AGS formation process 
would be benefit for understanding formation mechanism 
of the AGS. In addition, during the AGS formation period, 
influent COD concentration of the AC was controlled around 
3,000 mg/L, and effluent COD concentration of the AC var-
ied from 1,700 to 1,800 mg/L flowing into the BCC directly. 
Hydraulic retention time (HRT) of the system was 37.2 h with 
the AC of 19.1 h.

Brown floc sludge in the BCC was observed after start-up 
period, with loose and irregular shape, and corresponding 
MLSS concentration and SVI were 1.65 g/L and 167 mL/g. 
According to previous reports, initial MLSS concentration var-
ied greatly in order to cultivate the AGS, and the range was 
between 2 and 9 g/L mostly [17–19]. The MLSS concentration in 
the BCC was at a relative low level comparing with the above-
mentioned values. Indicating high initial MLSS concentration 
is not a prerequisite for the AGS formation in the cfMFC sys-
tem. Floc sludge shape changed significantly after the system 
ran for around 60 d. Some floc sludge was aggregated together 
and a small amount of white granular sludge core emerged in 
the BCC. MLSS concentration in the BCC was raised gradually, 
which was at the range of 2–3 g/L, and corresponding SVI was 
70–80 mL/g. In this period, multiplication rate of microbes in 
the BCC accelerated after accommodation, which promoted 
the secretion of the extracellular polymeric substances (EPSs). 

Fig. 2. Sludge morphology variations during the AGS formation.
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Microbial cells in the activated sludge were aggregated to 
small particle cores by the effects of the shear force and the 
EPS [20]. At around 65 d, the small granular sludge cores 
increased and the size became larger, and floc sludge was 
replaced gradually by tiny, white and regular granules with 
average diameter of 0.50 mm at this period. Subsequently, the 
small granules increased in size from days 65 to 70 and part of 
granules increased from 1 to 3 mm with beige color although 
the white granular sludge in the reactor was still dominant. 
Total sludge concentration (combination of MLSS and the AGS 
concentration) in the BCC varied between 6 and 9 g/L, and SVI 
was 30–50 mL/g. After that, a vary colors of granules including 
beige, white and pale yellow were observed in the BCC simul-
taneously at 75 d or so. Smaller granules were white mostly 
and surface of some white granules became pale yellow as 
well, and small part of white granules converted to pale yellow 
completely. On 80 d, orange granules were formed with diam-
eter of 2–5 mm (some granules up to 7 mm), which had smooth 
and regular spherical or oval shape. The orange granule sludge 
was identified as mature AGS in the BCC for its morphology 
and good stability. Wet density of the mature granular sludge 
was 1.02–1.06 g/cm3, and sedimentation rate varied along with 
granules size which was in the range of 83–130 m/h.

Through the AGS’s formation course, it can be seen that 
activated sludge in the BCC has gone the evolution of floc 
sludge, small white granule, mixed colors granule (exterior 
white and interior orange) and orange granule. Variation of 
the AGS appearance was probable due to the following rea-
sons. Distribution of dissolved oxygen (DO) and nutrients 
was heterogeneous along the axial direction of the AGS with 
the increase of the AGS size. Then, adaptability of microbes 
participated in substrate metabolism adjusted according to 
the type of substrate, concentration of substrate and DO, and 
so on, which promoted the evolution of microbial commu-
nity structure and type [21,22]. Therefore, different morphol-
ogies of the AGS were observed during the formation of the 
AGS in the BCC, which can be used to analyze the AGS for-
mation mechanism in the unique environment of the BCC in 
the cfMFC system. In addition, it took 3/4 of time to achieve 
the aggregation of floc sludge forming granular sludge core 
during the AGS formation process. It indicated that the pre-
requisite for the AGS formation must be the formation of 
small granular sludge core, which can be used to explain the 
AGS formation mechanism as well.

3.2. Discussion of the AGS formation mechanism

According to current reports on the AGS formation and 
characteristics of the system adopted in the experiments, the 
AGS formation mechanism in the BCC of the cfMFC system 
was explored by two points of view during different periods. 
One was the macroscopic aspect, such as reactor operating 
conditions, and the other was the microscopic aspect, focus-
ing on physical characteristics of the initial forming granules.

From the macroscopic point of view, typical conditions of 
cycle time, settling time and substance scarcity for the AGS 
formation in the SBR process which was inexistence in the 
cfMFC system. Hence, the commonly discussed factors were 
not determinant elements causing the AGS formation in the 
system. Hydraulic selection pressure (to improve the liquid 
shear force) and microbial selection pressure (to improve 

organic load, shorten HRT or add microbial inhibitors) have 
been reported facilitating the AGS formation in a continu-
ous flow reactor [23,24]. Operation of the cfMFC system had 
the following characteristics. First, relative high and stable 
organic load rate ranging from 2.2 to 2.5 kg COD/(m3·d) for 
the BCC was in favor of overcoming the mass transfer resis-
tance affecting the AGS formation, and it has been reported 
that the AGS can be formed with the organic load rates of 
1.5–15 kg COD/(m3·d) [25]. Second, the internal recycle flow 
pattern in the BCC generated high water shear force on the 
sludge, which can improve mass transfer effect and form 
more regular AGS. Third, small inert carriers (0.56mm of wet 
particle size) were added into the BCC aiming at supporting 
the microbe growth, which can be used as “induced nuclear” 
as well to stimulate the AGS formation. Moreover, proton 
and other cation passed from the AC to the CC through the 
PEM, which can reduce the negative charge on the sludge 
surface and promote aggregation among the bacteria. 
Through comprehensive effect of the above factors, microbes 
collided mutually and attracted together forming bacteria 
group, which grew larger forming the initial irregular small 
sludge granule and mature AGS was formed finally.

From the microscopic point of view, two types of granu-
lar sludge have been reported in the AGS formation process, 
namely single-core type and multi-core type [26]. Two types 
of granules were observed simultaneously during the initial 
formation process of the AGS. Microscopic and SEM exam-
ination of these two kinds of granules are shown in Fig. 3. 
One was white small granule, which had a relative regular 
shape and was major in the BCC (Fig. 3(a)), the other was 
pale yellow granule, which had an irregular shape mostly 
and was minor in the BCC (Fig. 3(b)). A lot of viscous sub-
stances were observed on the edge of the white small granule, 
and protozoa, such as the rotifers, existed around the gran-
ule simultaneously (Fig. 3(c)). On the other hand, pale yellow 
granule was composed of many tiny granules. It can be seen 
clearly that there were many particle nucleations at the edge 
and the intermediate of the pale yellow granular, and the gap 
between the nuclei was filled with viscous material (Fig. 3(d)). 
As shown in Fig. 3(e), the spherical white small granule had a 
rough surface and a compact structure, which looked like an 
integral granule mostly. The pale yellow granule had a rugged 
surface and a relative loose structure, which was constituted 
by many condensation cores (Fig. 3(f)). Therefore, AGS formed 
based on the white small granule was apt to single-core type 
AGS formation process, and formed based on the pale yel-
low granule was apt to multi-core type AGS formation pro-
cess. In addition, the bacteria aggregate formation in MFC is 
a complicated process. For example, the AIDA adhesin from 
diarrheagenic Escherichia coli would influence cell aggregation 
and biofilm formation [27]. The EPS in bioflocculation may 
influence the aggregation of bacteria [28]. The role of bacteria 
in formation mechanisms of AGS was not studied.

The mature yellow AGS indicated different formation 
process between white small granule and pale yellow gran-
ule formed AGS. Small size of the initial formed white small 
granule facilitated dissolved oxygen and organic substrate 
permeating to the granule center, which made a relative uni-
form microbe distribution forming the white granules. With 
the increase of the white granule size, dissolved oxygen and 
organic substrate transfer resistance was enhanced, which 
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promoted the growth of aerobic microbes in the inner of the 
granule being substituted by anoxic or anaerobic microbes. 
The variation of microbe constitution might cause color of the 
white granule turning into light yellow and yellow further. 
On the other hand, the condensation cores, constituting pale 
yellow granule, might be formed by the special environment 
of the cfMFC system. Neighboring condensation cores in the 
pale yellow granule were filled with a large number of vis-
cous matters. Color shift of the pale yellow granule was not 
caused by microbe variation, but mainly because the multi-
core type granule would have better dissolved oxygen and 
organic substrate transfer effect than the white small granule. 
The viscous matters increased with microbe growth, which 
would absorb more condensation cores. Then, the aggregate 
condensation cores contacted closely, and merged gradually 
to form the mature yellow AGS, which was different from 
formation mechanism of the white small granule formed 
AGS. Therefore, from microscopic view, two types of AGS 
formation process existed in the BCC, and the white small 
granule formed AGS was closer to the AGS formation pro-
cess shown in Fig. 2. The hypothesized mechanisms for white 
granule and yellow granule are presented in Fig. 4.

3.3. Variation of the AGS under PW2

The cfMFC system consisted of two relative indepen-
dent bio-reactors, which was operated at anaerobic and 
aerobic condition, respectively. On the basis of mature AGS 

formation, effect of influent COD concentration, HRT and 
cathode aeration rate on organic pollutant removal and elec-
tricity production performance of the cfMFC system was 
studied.

3.3.1. Organic pollutant removal

COD removal efficiency is an immediate indicator to 
reflect organic pollutant removal efficiency. Evolution of COD 
concentration in the influent and effluent of the anode and 
cathode with the variation of operation conditions are shown 
in Fig. 5, along with COD removal efficiency. Moreover, 
detailed operation conditions were as follows. First, cathode 

Fig. 3. Appearance and SEM photographs of the initial white and pale yellow color granule.

Fig. 4. Two hypothesized mechanisms for granulation.
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aeration rate and HRT of the system was 0.2 ± 0.02 m3/h and 
19.3 h when influent COD concentration increased from 3,000 
to 7,540 mg/L (Figs. 5(a) and (b)). Second, HRT of the system 
improved from 19.3 to 37.2 h with cathode aeration rate of 
0.2 ± 0.02 m3/h, after influent COD concentration decreased 
to around 3,000 mg/L and operated for around 10 d (Figs. 5(c) 
and (d)). Finally, cathode aeration rate changed at the range 
of 0.16–0.30 m3/h, after influent COD concentration and HRT 
were adjusted to 4,000 mg/L and 23.6 h and operated for 
around 10 d (Figs. 5(e) and (f)).

Average COD removal efficiency of the AC increased 
from 46.5% to 75.1% with the increase of influent COD con-
centration (Fig. 5(a)). Performance of the AC was not affected 
obviously with the improvement of organic pollutant load, 
which was probably due to good adaptability of anaerobes 
and the addition of porous polymer packing. The high 

organic pollutant load resistance ability of the pre-anaerobic 
process would provide a relative stable influent wastewater 
quality for the post aerobic process, which facilitating the 
AGS formation. Although influent COD concentration of 
the BCC varied from 1,340 to 2,170 mg/L after the AGS for-
mation, average COD removal efficiency of the post aero-
bic process was stable at around 79% (Fig. 5(b)). Therefore, 
excellent organic pollutant shock load resistance ability was 
achieved for the large number of the AGS in the BCC, which 
supported the stable COD removal performance. Then, efflu-
ent COD concentration of the AC and BCC turned to normal 
level (before the improvement of influent COD concentration) 
after 10 d. When influent COD concentration decreased to 
around 3,000 mg/L, it indicated a good recovery ability of the 
cfMFC system. With the extension of HRT from 19.3 to 37.2 h, 
COD removal efficiency increased from 56.4% to 72.7% in the 

Fig. 5. Evolution of COD concentrations in the influent and effluent of the anode and cathode with the variation of operation conditions 
along with COD removal efficiency.
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AC (Fig. 5(c)) and enhanced from 70% to 82.7% in the BCC 
(Fig. 5(d)). Organic pollutant removal in the cfMFC system 
was improved obviously with the increase of the HRT, which 
indicated that bacteria growth in the porous polymer packing 
of the AC or in the AGS of the BCC needs a long time to con-
tact with organic pollutant because of the relative low mass 
transfer rate. Besides, longer HRT is accorded with kinetics 
of biodegradation process. However, unlimited extension of 
the HRT is not practical, and a suitable choice between influ-
ent COD concentration and HRT (organic load rate) for the 
cfMFC system is worth studying in subsequent research. 
After being operated stably for another 10 d at HRT of 23.6 h, 
the effect of BCC aeration rate on COD removal performance 
of the cyMFC system was studied, and COD removal effi-
ciency in the AC was affected slightly in this time (Fig. 5(e)). 
COD removal efficiency in the BCC increased from 75.2% to 
86.2% with the improvement of aeration rate (Fig. 5(f)), which 
was due to the enhancement of oxygen transfer rate in AGS 
promoting the activity of organic pollutant removal microbe. 
In addition, granule size (data were not shown) was reduced 
with the increase of aeration rate, and the SVI decreased from 
63 to around 50 mL/g.

Total COD removal efficiency of the AGS-based cfMFC 
was always higher than 90%, which suggested that organic 
pollutant removal capacity of the cfMFC system had reached 
a good level and was relative stable. More importantly, the 
cfMFC system can generate electricity as well, which was 
superior to other anaerobic and aerobic combined systems.

3.3.2. Electricity production performance

Electricity production performance is one of main research 
directions in the MFC process. To produce more electricity 
on the premise of high wastewater treatment performance 
is desired. Electrical production performance of the cfMFC 
system with the variation of operation conditions is shown in 
Fig. 6. As shown in Fig. 6(a), output voltage increased from 
56 to 91 mV with the enhancement of influent COD concen-
tration, which indicated that available organic substrate was 
important to maintain electricity production in the MFC pro-
cess. However, increase of the output voltage slowed down 
obviously with influent COD concentration increased from 
around 6,000 to around 7,500 mg/L. Therefore, output voltage 
of the cfMFC approached the limit when the influent organic 
substrate concentration was too high. The available organic 
substrate for microbes was improved with the increase of 
influent COD concentration initially, which promoted gener-
ating more electrons in the system and facilitated the increase 
of output voltage. Concentration of by-product and toxic 
compounds increased further with continuing enhancement 
of influent organic pollutant concentration, which would 
inhibit the activity of microbes, especially the electricigens 
activity. Hence, higher output voltage was not achieved with 
the further increase of organic substrate concentration, which 
was induced by the “saturation effect” [29].

Electricity production performance had close relationship 
with the HRT of the cfMFC system (Fig. 6(b)). Average out-
put voltage increased from 78 to 91 mV when the HRT was 
extended from 19.3 to 23.6 h, but decreased to 65.7 mV with 
further improvement of the HRT to 37.2 h. Maximum out-
put voltage level was achieved at HRT of 23.6 h in the cfMFC 

system, which indicated that an optimal HRT value or range 
existed to obtain maximal output voltage in the MFC. The 
phenomenon was similar with the results reported by Li et 
al. [30] and Liu et al. [31]. However, the results was contradic-
tory to the results reported by Liu et al. [32] where continuous 
decrease of electricity production performance was obtained 
with the increase of the HRT in a cfMFC with single chamber, 
which might be due to deoxidation handle of influent waste-
water and the relative low influent COD concentration. In 
this experiment, lower output voltage in a shorter HRT could 
be due to the slower biodegradation rate of organic pollut-
ants and the enhancement of oxidation–reduction potential 
induced by dissolved oxygen in the influent wastewater. 
More electrons were generated by efficient biodegradation 
of organic pollutants with proper extension of the HRT, 
which promoted the increase of output voltage. The available 
organic pollutant for electricigens was decreased with fur-
ther enhancement of the HRT and corresponding electricity 

Fig. 6. Evolution of electrical production with the variation of 
operation conditions.
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production performance decreased. In addition, other anaer-
obic bacteria plundered the limited organic pollutants with 
electricity production bacteria under longer HRT, and this 
was the main reason for the continuous elevation of COD 
removal with the increase of the HRT (see Fig. 5(c)).

Under different aeration rates in the BCC, the output 
voltage of the system was quite distinct (Fig. 6(c)). Average 
output voltage rose from75.4 to 86.2 mV after the aeration 
rate increased from 0.18 ± 0.02 to 0.22 ± 0.02 m3/h. When the 
aeration rate was improved to 0.28 ± 0.02 m3/h further, maxi-
mal output voltage achieved 97.1 mV after 4 d, but decreased 
gradually and stabilized at about 70 mV. Therefore, output 
voltage of the system can be improved by the enhancement 
of aeration rate in the BCC at a reasonable range. Most of 
dissolved oxygen was consumed by aerobic microbes in 
the BCC to biodegrade remaining organic pollutants in the 
effluent of the AC when the aeration rate was relative low, 
which affected the electrons accepting ability generated in 
the AC and induced the poor electricity production perfor-
mance. Certainly, dissolved oxygen, main electron acceptor 
in the BCC, was increased by the enhancement of aeration 
rate, and the output voltage was heightened subsequently. 
However, plenty of residual dissolved oxygen would exist at 
a relative high aeration rate for a long time, part of which 
might spread into the AC through the PEM. Electricity pro-
duction performance of the system was affected by the dis-
solved oxygen passed through the PEM, because the activity 
of the strict anaerobic electricigens and the quantity of the 
generated electrons would be affected by the participation 
of oxygen. And the negative effect of excess aeration on the 
output voltage would be enhanced by extended aeration at 
a relative high strength, which induced the decrease of the 
output voltage.

The results obtained above indicated that electricity 
production performance of the system can be optimized by 
adjusting influent COD concentration, HRT and cathode aer-
ation rate appropriately without affecting pollutant removal 
performance obviously. The maximum output voltage 
value obtained was 91 mV in the AGS-based cfMFC system 
which was low. The electrical energy required for the oper-
ation of this system could not be covered by the electrical 
energy produced by this system. However, the purpose of 
this study was to treat the wastewater meeting the discharge 
standard, and generation of electrical energy was a unique 
benefit of this system. Therefore, the energy balance was 
not considered in this study because the wastewater must 
be well treated. Output voltage value can achieve 200 mV 
and even up to 500 mV by optimizing operating parame-
ters in abiotic cathode MFC system [33,34]. The BCC in the 
cfMFC system was rich in microbes, which affected the 
reaction in the cathode, resulting in the decrease of output 
voltage. Configuration of the BCC was designed to ensure a 
good flow ability in the reactor, which might result in oxy-
gen inadequate near the electrode and affected electricity 
production performance. The exact reasons for the obvious 
low output voltage in the BCC need to be demonstrated by 
following research. In addition, the AGS formed in the CC 
which had a rectangle shape with a low ratio of height to 
length. This kind of tank was easy to be found in the domes-
tic wastewater treatment plant which could be used directly 
after suitable adjustment.

4. Conclusion

The AGS with regular shape was cultivated in the cubic 
BCC with height to length ratio of 1.6. Formation of the AGS 
can be divided into six stages according to the variation of the 
sludge morphology, and mechanism of the AGS formation 
can be explained by macroscopic view based on hydraulic 
and microbial selection pressure and microscopic view based 
on two types of initial formed granular sludge. Organic pol-
lutant removal efficiency was always higher than 90% after 
the AGS formation. The highest output voltage was 91 mV, 
which had a large gap comparing with conventional MFC 
process. In addition, effect of the AGS-based cfMFC system 
on nitrogenous contaminants removal, such as ammonia and 
total nitrogen, was not studied during the experiments. The 
AGS formed in the BCC can provide a suitable environment 
for nitrogenous contaminant removal because of its special 
structure. Therefore, subsequent research can strengthen this 
part of the study to further improve ammonia nitrogen, even 
total nitrogen removal in the cfMFC system.
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