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A  novel  biocathode-coupled  elec-
trocoagulation  cell  (bio-ECC)  was
developed.
Algae  cell  was  removed  by  either  set-
tlement  or electro-oxidation.
A  positive  energy  balance  was  still
achieved at  the cost  of  aeration  in
cathode.
High  efficiency  in  removal  of NH4

+-N
by nitrifying  biocathode.
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a  b  s  t  r  a  c  t

How  to  utilize  electrocoagulation  (EC)  technology  for algae-polluted  water  treatment  in  an
energy-efficient  manner  remains  a  critical  challenge  for its widespread  application.  Herein,  a
novel  biocathode-coupled  electrocoagulation  cell  (bio-ECC)  with  sacrificial  iron  anode  and  nitri-
fying  biocathode  was  developed.  Under  different  solution  conductivities  (2.33  ± 0.25  mS  cm−1 and
4.94  ±  0.55  mS  cm−1), the  bio-ECC  achieved  almost  complete  removal  of algae  cells.  The  maximum  power
densities  of  8.41 and  11.33  W m−3 at corresponding  current  densities  of 48.03  A  m−3 and  66.26  A  m−3

were  obtained,  with  the  positive  energy  balance  of  4.52  and  7.44 W  m−3. In  addition,  the  bio-ECC  exhib-
ited  excellent  NH4

+-N removal  performance  with  the  nitrogen  removal  rates  of  7.28  mg  L−1 h−1 and
−1 −1 +
lectricity generation
H4

+-N removal
icrobial community structure

6.77  mg  L h in cathode  chamber,  indicating  the  superiority  of bio-ECC  in  NH4 -N removal.  Pyrose-
quencing  revealed  that  nitrifiers  including  Nitrospira,  Nitrobacter,  Nitrosococcus, and  Nitrosomonas  were
enriched  in  biocathode.  The  removal  mechanisms  of  algae  in anode  chamber  were  also  explored  by  AFM
and SEM-EDX  tests.  These  resu
process  into  an  energy-neutra
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. Introduction

Algal bloom is one of the major causes for aquatic environmental
roblems, exacerbating shortage of fresh water in today’s society
1]. The outbreak of algae bloom can lead to deterioration of water
uality by generating odour and taste, as well as organic matter con-
ents [2]. Besides, it also poses difficulties in the process of drinking
ater treatment, as some of the extracellular algal product could

dd turbidity by interacting with flocculation and coagulation in
aw water [3,4]. It is also believed that toxin release attributed
o high algae population is a serious threat to human and animal
ealth [5]. For example, a typical toxin-producing species belong-

ng to Microcystis has made the World Health Organization (WHO)
et the concentration limit for its associated toxin to 1 �g/L [6,7].
hus, it is essential to enhance algae removal from algae-polluted
ater.

Commonly used technologies for algae removal are conven-
ional processes, such as pre-oxidation by ozone or chlorine
ioxide, combined membrane process, and coagulation process
8–10]. These technologies have been proved to be efficient in
emoving algae, but suffer from drawbacks of huge energy con-
umption and costly input, as well as poor environmental affinity.
or example, ultrafiltration (UF) could only obtain stable removal
f algae with increasing energy demand for maintaining a constant
ermeate flux because of permeability decline [11]. Some of the
xidizers or discharged chemical precipitates during pre-oxidation,
uch as permanganate or polyacrylamide [12], have great potential
f polluting the ecosystem. Recently, several studies suggest that
lectrocoagulation (EC) technology may  offer another preponder-
nt option for algae removal [13]. A typical EC process involves
hree stages: in-situ coagulant generation (metal ions release),
oagulation reaction, and solid-liquid separation [14]. The pro-
ess offers many advantages: (1) Highly efficient and cost-effective
acrificial anode compared with traditional coagulant, such as alu-
inum or iron [15]; (2) The treatment process is easy to control

ecause the electrochemical parameters can function as useful indi-
ators of treatment level [16]; (3) Little adjustment in terms of pH,
uffer type and concentration is needed for the reaction system
17]; (4) Absence of additional chemicals and pre-treatment is also

 typical feature of EC process [18].
While EC process has been proven capable for algae removal,

everal barriers still remain unresolved to achieve further tech-
ological development. Firstly, high electrical energy demands
ake EC process unsustainable [19,20]. A lab-scale level of energy

onsumption of 0.20–2.28 kWh  m−3 during algae removal was
ecorded [21]. Furthermore, energy loss could be exaggerated
n a scaled system as a result of loss in circuit. Therefore,

ethods for energy-efficient operation are desirable. Secondly,
igh-concentration NH4

+-N is a major incentive for algae bloom
22]. However, coagulant produced by aluminum or iron anode
s less efficient for NH4

+-N removal. The use of high applied
oltage to EC system for direct electrochemical degradation of
H4

+-N in electrode surface negates some of the technological
dvantages of using EC for real-world application [23]. Besides,
ffluent turning reddish-brown color remains as another chal-
enge in use of iron anode which would cause sensory displeasure
24,25]. The color change is due to excessive coagulant production.
his phenomenon is related to violent electrode reaction due to
verqualified intensity of applied voltage, especially while treating
eavily-polluted wastewaters [26]. It is also believed that an accel-
rated electrode passivation reaction under exaggerated applied
oltage would occur, subsequently limiting the generation of coag-

lant and reducing service life of metal anode [24]. Therefore,
btaining an intensity-moderate reaction in anode is critical for
ustainable operation of EC system.
aterials 340 (2017) 104–112 105

During EC process, oxygen reduction reaction in the cathode
is crucial in achieving high algae removal efficiency. Biocathode
performs well microbial-catalyzed oxygen-reducing reaction in
microbial fuel cell, which takes advantages in lower costs, longer
service life and long-term performance sustainability for wastew-
ater treatment [27,28]. Besides, efficient nitrification process for
NH4

+-N removal is also a typical feature of biocathode [29]. In a
biocathode MFC, electrotrophic microorganisms accumulate on the
cathode surface to uptake the electrons from anode for comple-
tion of whole electrochemical reaction. As previously reported, the
activity of nitrification presented a synergetic relation with oxy-
gen reduction [30]. Compared with noble metal catalysts such as
Pt, microbial-catalyzed biocathode endows cathodic half-cell reac-
tion with unique properties of mildness and controllability, which
enables it to function as an ideal cathode system.

In this study, a novel biocathode-coupled electrocoagulation
cell (bio-ECC) with sacrificial iron anode and nitrifying biocathode
was constructed for algae-polluted water treatment. This system
utilized the biocathode-catalyzed electricity generation process
for simultaneous algae removal in anode and NH4

+-N removal
in cathode. The system performance in terms of algae removal,
power generation under different electrolyte concentrations was
investigated. Field-emission scanning electron microscope (SEM)
coupled with energy-dispersive X-ray (EDX) analysis and atomic
force microscopy (AFM) were employed to investigate the algae
removal mechanisms in anode. Microbial similarity of the two bio-
cathodes under different solution conductivities was  also analyzed
to determine if solution conductivity had an impact on community
ecology.

2. Experiment section

2.1. Reactor configuration

The bio-ECC was comprised of two polymethylmethacrylate
compartments, with the same cross-sectional dimension (5 cm
long, 10 cm high). The thickness for anode chamber was  2 cm, while
4 cm for cathode chamber. The anode chamber and cathode cham-
ber were separated by anion exchange membrane (AEM) to prevent
the move of algae cells and positively-charged coagulant such as
Fe2+ or Fe3+ between the two  chambers. A piece of iron mesh
(4 × 10 cm,  mesh number of 30, wire diameter 0.3 mm)  was  used as
anode, while the biocathode was  carbon graphite fiber brush (4 cm
diameter by 10 cm length). The total volume and working volume
of the anode chamber were 100 mL  and 80 mL,  and correspond-
ing values for cathode chamber were 200 mL and 160 mL.  An air
diffuser (4 cm outside diameter, Xiangsu Corporation, China) was
located at the bottom of cathode chamber to inject air. The two
chambers were clamped together by stainless steel fasteners and
silica gel plates were inserted between membranes and chambers
to prevent water leakage (Fig. 1).

2.2. Preparation of algal suspension and biocathode

Microcystis aeruginosa as one of the dominant cyanobacteria,
responsible for occurrence of algal bloom in most parts of China,
was used as the target algae in this study. It was obtained from
Wuhan Institute of Hydrology of Chinese Academy of Sciences,
and was cultivated in BG-11 medium as previously described [31].
The testing algal suspension was  prepared by diluting the culture
solution using deionized water to proper concentration with cell

density of 1.4 × 1010–1.6 × 1010 cell L−1. All the testing algae were
at the log growth phase.

The nitrifying biocathode was well-cultured in a two-chamber
reactor with cation exchange membrane (CEM) as separator before
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Fig. 1. Schematic diagrams of bio-ECC

nstalling into bio-ECC (detailed information in the SI). The cathode
hamber of that two-chamber reactor was inoculated with domes-
ic wastewater (50%, v/v), and the medium contained NaHCO3
1.0 g L−1) and NH4Cl (0.3 g L−1) during the startup period. A phos-
hate buffered solution (KCl 0.13 g L−1, NaH2PO4·2H2O, 3.32 g L−1,
a2HPO4 ·12H2O, 10.32 g L−1), tracer minerals and vitamins were
dded in the medium solution. The culture condition was the same
s previously reported [32].

.3. Bio-ECC operation

The solution used to simulate ammonia-rich algae-polluted
ater was prepared by adding the same substrate (NH4Cl

.3 g L−1 and Na2CO3 1 g L−1), but set at different conductivities
o investigate the performance of algae removal (NaCl 0 g L−1,
onductivity of 2.33 ± 0.25 mS  cm−1; NaCl 1 g L−1, conductivity of
.94 ± 0.55 mS  cm−1), with the characteristics shown in Table. 1.
he synthetic algae-polluted water was first injected into anode
hamber, with a detention time of 3 h. The supernatant of anolyte
as then injected into cathode chamber, with a detention time

f 6 h. The external resistance was kept at 50 � and 30 � in the
bsence and presence of NaCl, respectively. Fine air bubbles were
upplied for aeration through air diffuser at the bottom of cathode
hamber, at a rate of 15 mL  min−1 (dissolved oxygen concentration
t 2–3 mg  L−1). The anolyte was stirred with a magnetic stirrer to
nsure the rapid diffusion of coagulant.

.4. Measurement and analysis

About 3 mL  anolyte was taken out every 0.5 h for algae removal,
H4

+-N removal, and zeta potential analysis. Also, about 1 mL
atholyte was taken out every 1 h for analysis of NH4

+-N removal.
he algae removal efficiency was calculated based on the algae
ounting with a microscope (BX51 Olympus, Japan) as previously
eported [33]. The NH4

+-N concentration was measured using a
olorimeter according to the instructions of manufacturer (Hach
ompany, Loveland, CO). The zeta potential of anolyte was  deter-
ined using a zeta potential analyzer (Nano-2, Malvern, UK).
The voltages of bio-ECC were recorded every 60 s by a data
cquisition system (PISO-813, ICP DAS Co., Ltd.). The polarization
urve was obtained by recording the current response to a linear
otential decrease using the electrochemical workstation (Autolab
GSTAT128N, Metrohm Co., Swiss) at a scanning rate of 0.1 mV/s
e reactions in the anode and cathode.

from open circuit to zero mV.  The biocathode was set as working
electrode, Fe anode as counter electrode and an Ag/AgCl electrode
(+0.197 V vs. standard hydrogen electrode; SHE) as reference elec-
trode. Power density was  calculated by normalizing the power by
total anode chamber volume.

The settled algal flocs at the bottom of anode chamber were
observed by a field-emission scanning electron microscope (SEM,
FEI Quanta 200F) coupled with energy-dispersive X-ray (EDX) anal-
ysis. Atomic force microscopy (AFM) (Bioscope Veeco, USA) was
employed to further confirm the mechanisms for algae removal.
Algal flocs were firstly rinsed in phosphate buffer (pH 7.0) to
remove loosely attached impurities, then fixed on a glass slide.
Imaging was performed after air drying in tapping mode using a
probe.

2.5. Microbial community analysis

The bacterial communities of the biocathodes under different
solution conductivities were analyzed by pyrosequencing at the
end of the experiment. Total DNA was  extracted from the samples
using a MiniBEST Bacterial Genomic DNA Extraction Kit (TaKaRa
Biotechnology, Japan) according to the manufacturer’s instructions
and assessed by electrophoresis in 1% agarose gels. The bacterial
16S rDNA PCR was performed using 338F and 806R Primers target-
ing the variable region V1–V3. Pyrosequencing of amplicons was
performed by Sangon Biotech Company using MiSeq instrument.
The similarity and difference between the two  communities were
depicted by Venn diagram with shared and unique OTUs [34].

3. Results and discussion

3.1. Electricity generation performance

The electricity generation performance by the bio-ECC was
closely associated with the solution conductivity. The maximum
power densities of the bio-ECC in the absence of NaCl was
8.41 W m−3 at a current density of 48.03 A m−3 (solution con-
ductivity of 2.33 ± 0.25 mS  cm−1). With the increase in solution
conductivity to 4.94 ± 0.55 mS  cm−1 in the presence of 1 g L−1
NaCl, the maximum power density increased sharply by 35% to
11.33 W m−3 (current density of 66.26 A m−3). The power densities
produced by bio-ECC were comparable to these previously reported
using biocathode MFCs (from 4.35 to 7.6 W m−3) [35–37], but there
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Table  1
Operation parameters of the bio-ECC.

Run Influent concentration (g/L) VA (mL) VC (mL) Aeration rate (mL min−1) HRTA (h) HRTC (h) Re (�)

NH4Cl NaHCO3 NaCl

1 0.3 1 0 80 160 

2  0.3 1 1 

F
b

w
r
b
w
c
f
t
t

sponding variation from −27.35 ± 0.64 mV  to −4.35 ± 0.87 mV was
ig. 2. (A) Power generation, (B) polarization curves, and (C) current generation of
io-ECC at different NaCl concentrations.

ere many differences in these studies that precluded an accu-
ate comparison of those values. The open circuit voltage (OCV) of
io-ECC with 1 g L−1 NaCl was 0.495 V, in comparison to 0.478 V
hen no NaCl was supplied to the solution (Fig. 2A). Polarization

urves showed that the differences in power generation under dif-

erent conditions were mainly caused by anode potential, while
he cathode potential showed a slight difference with the varia-
ion of solution conductivity (Fig. 2B). The effect of conductivity on
15 3 6 50
30

anode potential was more obvious at current densities higher than
15 A m−3.

The bio-ECC with 1 g L−1 NaCl obtained a total internal resis-
tance of 30 �.  However, the total internal resistance when no NaCl
was supplied was  66.7% higher than that with 1 g L−1 NaCl (50 �).
At the external resistance of 30 � and 50 �,  the average voltage
output reached 0.23 ± 0.03 V and 0.26 ± 0.02 V under the two con-
ditions (Fig. 2C). This result demonstrated that the increase in
solution conductivity could lower ohmic resistance and improve
ion fluxes between the electrodes. It was worth noting that algal
bloom, as well as marine algal bloom, always occurred in com-
pany with highly-concentrated charged particles in polluted waters
including ions and negatively-charged algae cells with a typical
conductivity ranging from several to tens of millisiemens per cm.
Therefore, such bio-ECC would exhibit enhanced electricity gener-
ation performance when treating algae-polluted water with high
conductivity.

Noteworthily, aeration negated some of the energy-saving ben-
efits in this bio-ECC system. The aeration power was calculated
as 3.89 W m−3, which was 46.3% of the power output of bio-ECC
without NaCl input while only 34.3% when 1 g L−1 NaCl was sup-
plied. Net power outputs of 4.52 and 7.44 W m−3 were obtained
respectively. These results suggested that the bio-ECC was  capa-
ble of turning the algae removal process into an energy-neutral
operation, in spite of aeration in the biocathode.

3.2. Algae removal

The algae removal rate showed similar tendency as electricity
generation performance. The bio-ECC with higher power output
also possessed faster algae removal rate. More than 80% of the algae
was removed at treatment time of 1 h (80.5 ± 3.2%) at the solution
conductivity of 4.94 ± 0.55 mS  cm−1. With the decrease of solution
conductivity to 2.33 ± 0.25 mS  cm−1, the bio-ECC merely obtained
algae removal efficiency of 55.4 ± 4.1% with the same treatment
time. The solution conductivity had little impact on algae removal
in the final 1 h of treatment compared to its effect in the initial
1 h of treatment, with effluent achieving almost complete algae
removal after 3 h treatment (Fig. 3A). A layer of algal flocs at the
bottom of the reactor was observed with its color changing gradu-
ally from yellowish-green to reddish-brown, while the supernatant
remained transparent. The flocs might be composed of Fe-bearing
species and algae cells. The transparent supernatant indicated the
appropriate production of coagulant by iron electrode, ensuring the
sustainable operation of bio-ECC system.

Zeta potential is an indicator of effective surface charge which
determines the dispersion stability of a particle [38]. The treatment
process resulted in the increase of zeta potential of anolyte from
−35.3 ± 1.56 mV  to −9.76 ± 0.72 mV at the solution conductivity
of 2.33 ± 0.25 mS cm−1. This trend of reduction in zeta potential
from a large value to small value indicated that the flocs changed
from steady-state particles to destabilized particles. The corre-
also observed at the solution conductivity of 4.94 ± 0.55 mS  cm−1

(Fig. 3B). The final zeta potential which was more closer to zero
demonstrated that the supply of NaCl could increase the destabi-
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Fig. 4. Variation of pH in anode (A) and cathode (B) chambers during the operation
ig. 3. (A) Algae cell removal, (B) variation of zeta potential during the operation at
ifferent NaCl concentrations.

ization capacity of the flocs and facilitate solid-liquid separation of
lgae.

Solution pH is one of the key parameters influencing the EC
rocess in anode. In this study, the anolyte pH dropped gradu-
lly from 8.39 ± 0.23 to 7.40 ± 0.05 at the solution conductivity of
.33 ± 0.25 mS  cm−1. However, with the addition of NaCl, it exhib-

ted a rapid decrease in the first 0.5 h, and then remained relatively
onstant (7.50–7.69) (Fig. 4A). This decrease of anolyte pH was due
o the consumption of OH− by Fe2+ produced by iron anode form-
ng precipitation of iron hydroxide. At higher solution conductivity,
aster anode reaction resulted in release of more Fe2+ into the solu-
ion, accounting for the rapid decrease of anolyte pH in the initial
.5 h. The move of OH− from cathode chamber to anode cham-
er derived from internal electric field led to relatively constant
nolyte pH in the following treatment process. These pH variations
ere different from that in previous EC process, where solution
H increased as the increase of electrolysis time [39]. This was
ttributed to the independent processes of flocculant generation
n anode and alkalinity production in cathode of bio-ECC, while
raditional EC process occurred in a single chamber with in-situ
lkalinity production in cathode.

.3. The algae removal mechanisms

Three mechanisms are possibly responsible for the algae
emoval in this study. Firstly, due to the potential difference of

2+
ron anode and biocathode, Fe was generated and released into
olution in anode chamber, some of which were oxidized to Fe3+

ecause of dissolved oxygen in anolyte. Electrostatic attractive
orce between positively-charged iron ions and negatively-charged
time at different NaCl concentrations.

algae cells was  enhanced. Thus, those algae cells lost electrostatic
repulsive force between each other, followed by decline in system
dispersion stability, in favor of algae sedimentation. Secondly, some
of iron hydroxides, such as Fe(OH)2 and Fe(OH)3, might help to
improve the efficiency of algae removal through the sweeping and
enmeshment effect. Thirdly, it has been reported that deactivation
of algae cells could be triggered as a result of oxidation of coenzyme
A (CoA), as it plays an important role in cell respiration [40]. In this
study, the negatively-charged algae cells were absorbed on the sur-
face of iron anode under the electric field force. Electro-oxidation
of these algae cells by direct electron exchange between cells and
electrode might also account for a portion of algae removal [41].

For better understanding of the removal mechanism of algae, the
surface morphology of algae cells were analyzed by AFM (Fig. 5).
The fresh algae cells exhibited smooth surface and distinct cell
contour. However, the algae cell surface appeared to be ravined
after EC treatment, with cell boundary becoming blurred. A num-
ber of small floccules were adsorbed on the cell surface because of
charge neutralization between the positively-charged floccules and
the negatively-charged algae cells. The addition of NaCl resulted in
the burst of some algae cells, in the company of outflow of cellu-
lar contents, which might be due to direct electro-oxidation. This
AFM result confirmed that the algae cells were removed by direct
interaction of negatively-charged algae cells with either positively-
charged iron coagulant or electrode itself.

To further explore the removal mechanism, SEM-EDX was
applied to analyze the composition of flocs (Fig. 6). It could be

observed that algae cells were covered by floccules, and the supply
of NaCl in the influent could result in more floccules in the flocs.
Two sites on the algae flocs were investigated through EDX  analy-
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ig. 5. AFM topographic image of algae cell, scan rate: 0.5 Hz. (A) Algae in fresh cu
io-ECC treatment at NaCl concentration 1 g/L.

is under the two solution conductivities. One site was  on the algae
ell (spectrum 1 and 3), while the other site was on the agglutinant
spectrum 2 and 4). The algae cell was mainly consisted of carbon,
itrogen and oxygen contents. The contents of carbon, nitrogen and
xygen in the agglutinant were similar with that in algae cell. This
as probably caused by the release of cell fragments into agglu-

inant. Fe element (31.27% in spectrum 1 and 31.83% in spectrum
) was detected on the algae cell as expected, and its mass ratio
as lower than that in the agglutinant (39.36% in spectrum 1 and

5.41% in spectrum 3). This mass ratio result of Fe element further
emonstrated that algae cells were removed after the attachment

f iron coagulant to algae cells. An increase of 6.05% in Fe content
f the agglutinant was observed when NaCl was added, indicat-
ng a faster anode reaction kinetics compared to that without the
dditional NaCl input.
efore treatment, (B) after bio-ECC treatment at NaCl concentration 0 g/L, (C) after

3.4. The performance of biocathode

The coagulant produced by Fe anode presented to be less
efficient for NH4

+-N removal as influent and effluent NH4
+-N con-

centrations were almost identical. In biocathode, NH4
+-N removal

(55.7 ± 2.1%) without NaCl in the influent was slightly higher com-
pared to the addition of NaCl (51.7 ± 2.3%), with the nitrogen
removal rates of 7.28 mg  L−1 h−1 and 6.77 mg  L−1 h−1 respectively
(Fig. 7A). The catalytic activity of biocathode in terms of oxygen
reduction and nitrification was  strongly related to solution pH. The
pH of catholyte under both influent conductivities increased rapidly

during the initial 2 h, and then increased slowly after that due to
migration of OH− to anode chamber. Besides, nitrification process
producing acidity, to some extent, also slowed down the rise of
pH. A little difference of final pH between the two  influent conduc-
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Fig. 6. SEM-EDX analysis of the algal flocs produced. SEM micrograph at different magnification: (A)–(B) at NaCl concentration 0 g/L and (C)–(D) at NaCl concentration 1 g/L,
(E)–(H)  EDX analysis of elemental composition on the algae cells and on the agglutinant.
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ig. 7. (A) Degradation of NH4
+-N in the cathode chamber, (B) relative abundance

f  nitrifiers retrieved from biocathodes at different NaCl concentrations.

ivities was observed (9.30 ± 0.07, without NaCl; 9.77 ± 0.09, with
aCl) (Fig. 4B). The relatively higher pH with addition of NaCl was
ttributed to better electricity generation performance that con-
umed more protons and released more hydroxyl anions into the
olution.

The bacterial community structures of biocathodes under differ-
nt influent conductivities were characterized by pyrosequencing.
p to 26044 qualified sequencing reads were yielded at low influ-
nt conductivity (C-1), which were clustered to 401 operational
axonomic units (OTUs) on the basis of more than 97% sequence
imilarity. About 23593 qualified sequencing reads (391 OTUs)
ere obtained when NaCl was supplied in the influent (C-2). The

um of observed OTUs with a relative abundance higher than 1%
as 23, while 20 OTUs were in common between the two sam-
les. Phylogenetic diversity of bacterial communities on two kinds
f biocathodes based on phylum (Fig. S1A) and family (Fig. S1B)
evels further demonstrated the high similarity between them.
or example, the bacteria communities consisted of almost same
tructure with the dominance of Proteobacteria (a part of Proteobac-
eria families are generally called “exoelectrogens”) at phylum level
ith a relative abundance of 53.12% in C-1 and 53.6% in C-2 [42].

hese exoelectrogens played an important role in cathode reaction
or oxygen reduction. Both the two samples were enriched with
itrifiers [43] including Nitrospira,  Nitrobacter,  Nitrosococcus,  Nitro-
omonas with a total abundance of 3.79%, 1.17%, 0.95% and 0.16%
n C-1, with the corresponding values for C-2 being 2.89%, 1.39%,
.01% and 0.17% (Fig. 7B), respectively. The enrichment of nitrifiers

n biocathode ensured the high-efficiency removal of NH4

+-N in
he cathode chamber.

In the light of the above results, the variation of solution con-
uctivity did not significantly change microbial community on
aterials 340 (2017) 104–112 111

biocathode. This high similarity between bacterial communities
under different solution conductivities demonstrated that the bio-
cathode had strong resistance to salinity fluctuation. This indicated
a possibility of using bio-ECC for treatment of heavily-polluted
wastewaters with high salinity or marine algal bloom. Besides,
the biocathode could function well without inhibition from metal
ions when coupled with metal anode as in other microbial elec-
trochemical systems, evidenced by the abundant electrographic
microorganisms.

Taken together, as an effective integration of EC process and
microbial-catalyzed electricity generation process, bio-ECC rep-
resented a promising method for treatment of algae-polluted
water. Three separate innovations were highlighted to promote its
application. (1) Direct electricity generation and positive energy
balance in algae removal process: although aeration in bioctahode
shadowed the feature of electricity generation, positive energy bal-
ance could still be obtained, which overcame the limitation of
huge energy input in traditional EC process. (2) Efficient NH4

+-N
removal: microbial-catalyzed nitrification process eliminated the
need of direct electrochemical oxidization of NH4

+-N, demonstrat-
ing excellent environmental affinity. (3) Offering effective means
for process control. Spontaneous electricity generation made anode
reaction produce proper amount of coagulant inherently amend-
able by adjusting external resistor, avoiding electrode passivation
or high-chroma supernatant caused by excessive electrode reac-
tion. Notwithstanding, there still remained several challenges to
be overcome for possible application. For example, bio-ECC for real
algae-polluted water treatment has not yet been examined. With
further studies, better evaluation of bio-ECC in terms of technolog-
ical possibility could be performed.

4. Conclusions

In summary, a novel bio-ECC based on sacrificial iron anode and
nitrifying biocathode was designed and proved feasible to treat
algae-polluted water. The system achieved almost complete algae
removal at different influent conductivities. In addition, the bio-
ECC also exhibited high NH4

+-N removal efficiency (55.7 ± 2.1% and
51.7 ± 2.3%) with the nitrogen removal rates of 7.28 mg L−1 h−1 and
6.77 mg  L−1 h−1. Nitrifiers including Nitrospira,  Nitrobacter,  Nitroso-
coccus, Nitrosomonas were detected in biocathode, which ensured
the efficient removal of NH4

+-N. The direct electricity generations
of bio-ECC were 8.41 and 11.33 W m−3, resulting in net power out-
puts of 4.52 and 7.44 W m−3 when taking the aeration consumption
into account. These results demonstrate that the nitrifying biocath-
ode could be effectively coupled with EC process for algae-polluted
water treatment.
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