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a b s t r a c t

Algae bloom is a major environmental problem that may occur in both freshwater and marine water, and
thus it is important to develop effective manners for deactivating algae. In this study, we investigated the
monolithic ceramic electrode (MCE) for electrochemical deactivation of Microcystis aeruginosa, a typical
alga found in aquatic system. The results demonstrated that the MCE contained the mixed Magn�eli-
phases of Ti4O7, Ti5O9 and Ti9O17, which could achieve efficient and stable deactivation of M. aeruginosa
cells and removal of chlorophyll-a. The chlorophyll-a removal was shown to be positively correlated with
the current density applied, reaching the maximum efficiency of 89.2% at reaction time of 120 min. The
8-day re-cultivation experiments showed the dependence of deactivation performance on total cou-
lombs, and the coulombs in excess of 77.4 C could completely deprived the M. aeruginosa cells of
propagation and proliferation. As shown from atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM) and flow cytometric (FC) measurement, the algal cells underwent an irreversible damage
of cell structure, isolation of intracellular components and dissolution of cytoplasm-like substances after
being attacked by electrochemically produced oxidative species. The solution pH was observed to in-
crease from 8.0 to 9.8 during 120-min electrolysis, which should be the consequence of leakage of
cytoplasm containing a variety of small-molecule substances such as protein-, humus-, and sugar-like
matters, indicated by 3D excitation-emission matrix (EEM) fluorescence spectra. This study provides a
promising electrode material for effective electrochemical deactivation of algae in potential application
of water purification.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Eutrophication is a major environmental concern, which can be
accelerated by human activities associated with increased
discharge of nitrogen and phosphorus elements into aquatic sys-
tems. The algae bloom can lead to grand challenges for drinking
water sources, fisheries, recreational water bodies, and ballast
water contamination [1]. For example, the algae prevent water
body from reoxygenation and light penetration, and the algae in
water treatment processes may lead to clogging or fouling of filters,
membrane and devices, blooms of algal mats as well as disruption
of floc settlement [2]. In addition, to avoid aquatic species invasion,
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the shipping ballast water has to be free of living algae before it can
be discharged into new regions [3]. Some microalga like Microcytis
aeruginosa (M. aeruginosa) can produce microcystins and cyano-
peptolins that are highly toxic to aquatic ecosystem and human
health [4,5]. Chlorine has long been widely used as an effective
disinfectant for deactivation of algae. However, recent concerns on
chlorine rise due to its activity to react with organic matters to form
carcinogenic disinfection by-products (DBPs) like trichloro-
methanes and chloroactic acids [6,7]. A number of alternatives such
as coagulation, flocculation, dissolved air flotation, filtration, and
advanced oxidation process have been developed [8e10], but these
approaches may have the problems of low efficiency, instability,
and extensive energy consumption.

Electron offers an efficient, versatile, easy-to-operate and clean
agent. Driven by the electrons, electrochemical advanced oxidation
process can yield numerous kinds of oxidizing species like H2O2,
�OH or �O2

� radicals, sulfate radicals, and active chlorine [11,12].
These intermediate components are highly active for oxidizing

mailto:zzjjnn_4@163.com
mailto:sjyou@hit.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.10.127&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2017.10.127
https://doi.org/10.1016/j.electacta.2017.10.127
https://doi.org/10.1016/j.electacta.2017.10.127


Y. Gao et al. / Electrochimica Acta 259 (2018) 410e418 411
organic pollutants and sterilizing bacteria or virus for disinfection
purpose [13]. Recently, an increasing attention has been paid to
deactivation of algae in water using electrochemical system with
different types of anodematerials. For example, Liang et al. [14] and
Xu et al. [15] used TieRuO2 anode for oxidation ofM. aeruginosa via
the generation of active oxidants during electrolysis, and they
found the substantial dependence of inhibition on the anode ma-
terials, current density, and reaction time and mass transfer. Marcia
et al. [16] achieved efficient electrochemical treatment of water
containing M. aeruginosa in a fixed bed reactor with 3D conductive
diamond serving as anodes under continuous operation. The
removal ofM. aeruginosa inwater was accomplished by themixture
of electrogenerated oxidants, and the presence of algae could
inhibit the production of toxic by-products. The boron-doped dia-
mond (BDD) anode could also be efficient for deactivation of
Chlorella vulgaris by continuous formation of active chlorine and
other chloride oxidation products [17]. Recently, Long et al. [18]
reported a significant enhanced removal of M. aeruginosa in elec-
trochemical system with BDD anode by simple addition of
0.2mmol L�1 Fe2þ at pH-neutral conditions, and they obtained over
99.9% removal of M. aeruginosa in 60 min. However, there exists a
dilemma for the selection of electrode material in terms of elec-
trical conductivity, electrochemical activity, chemical stability,
economic reliability and environmental availability. The BDD has
been considered as the most promising candidate [19], but large
surface area is necessary to match the capability of scale-up
wastewater treatment, which adds the capital cost substantially
(e. g. $900 cm�2 for BDD).

Titanium suboxides have a crystal structure of oxygen deficiency
for every nth layer, resulting in the shear planes where 2D chains of
octahedra become face sharing to accommodate the deficiency in
oxygen [20]. This unique structure leads to a combination of
outstanding electrical conductivity approaching to that of metals at
room temperature and great corrosion resistance close to that of
ceramic materials [21,22]. For example, the most common
component of Ti4O7 (n ¼ 4, under trade name Ebonex®, Atraverda
Ltd, U.K.) exhibits a great conductivity of ~1050 S cm�1, which is
even higher than that of graphitic carbon (~727 S cm�1) [22]. These
properties make Ti4O7 suitable for many electrochemical applica-
tions, such as cathodic oxygen reduction [23], water splitting [24],
as well as pollutant removal [25e29].

The Magn�eli-phase titanium suboxides have been shown
effective for electro-oxidation of many types of pollutants [30e33].
In our previous study, we developed macroporous monolithic
Magn�eli-phase titanium suboxides, an electrode material having
good conductivity, excellent stability, and high oxygen evolution
potential [26]. In particular, the macroporous structure is preferred
because it can provide larger electrochemically active surface area.
Besides, the protons produced fromwater oxidation can maintain a
much lower local pH in the porous apertures than in bulk solution,
which is favorable for increasing the activity of �OH radicals and
formation of active chlorine. With the unique structure and prop-
erties, the macroporous monolithic titanium suboxides could be
used as anode material for not only efficient treating industrial
dyeing and finishing wastewater, but also enriching electrochemi-
cally active microorganisms in bioelectrochemical systems [34].
The titanium suboxides are able to electrochemically produce
loosely adsorbed �OH radicals in the potential region of water
discharge, which will be highly desirable for destructing the cell
structure and algae deactivation.

In this study, the macroporousmonolithic titanium suboxides (i.
e. monolithic ceramic electrode; MCE) are investigated for elec-
trochemically oxidative deactivation of targetM. aeruginosa, a most
frequently found alga in aquatic environment. First, we character-
ized the morphology, crystalline structure, and corresponding
electrochemical properties of MCE. Second, the material was
examined for electrochemical removal of algal cells, chlorophyll-a,
and the stability. Third, the re-cultivation of algae was tested to
evaluate the effectiveness of electrochemical deactivation. Last, the
mechanisms for destruction of algae cell were discussed.

2. Materials and methods

2.1. Preparation of monolithic ceramic electrode

The Magn�eli-phase MCE, produced from high-temperature
reduction of rutile TiO2 by H2 was supplied by Ti-Dynamics Co.
Ltd. (China). In brief, rutile TiO2 powders were mixed with water
and isopropanol (1:1, v/v) to decrease the capillary force of pow-
ders, followed by drying and addition of a 5% (w/w) polyethylene
oxide binder. The mixture was compressed at 20 MPa to form a
plate shape. The plate blocks were sintered in air at a temperature
of 1050 �C for 24 h, and then transferred into a furnace for reduction
at H2 atmosphere at 1050 �C for 4 h in the presence of carbon as
porosity-producing agent. The white TiO2 powers were gradually
changed to dark blue suboxides as the oxygen vacancies were
generated. The suboxides mixed with a certain amount of binders
were hot-pressed into a monolithic ceramic electrode bulk.

2.2. Microalgae and culture

The algaeM. aeruginosa used in this study were purchased from
Biological Resource Center, Institute of Microbiology, Chinese
Academy of Sciences (IMCAS-BRC) and themedium culturewas BG-
11 [14]. The culturewas inoculatedwith 15e20% pureM. aeruginosa
in sterilized flasks and was cultivated under illumination for 14
days until the cyanobacteria were within logarithm growth phase.
The light was continuously supplied by incandescent lamp upon
automated 14 h/10 h light/dark cycle at room temperature
(25 ± 1 �C). The algae in late exponential growth stage were
selected as the target for electrolysis experiments.

2.3. Electrolysis experiments

The electrolysis experiments were conducted in a 125 mL cubic
Plexiglas reactor with the dimensions of 5 cm � 5 cm � 5 cm. The
apparatus was equipped with MCE anode (effective area of
17.2 cm�2) and a stain steel (SS) cathode, placed in an opposite
position with electrodes distance of 5 cm. The culture media were
used as the electrolyte to perform batch-mode deactivation ex-
periments by using DC power supply (current density of
1e10 mA cm�2) at reaction time of 0e120 min. The silicone gaskets
were used to seal the reactor to avoid water leakage and the
agitation was implemented to enhance mass transfer. The reactor
was designed to minimize the influence of water reduction during
sample collection. All the experiments were carried out at room
temperature (25 ± 1 �C) and 1.0 atm pressure.

2.4. Analyses and calculations

The crystalline structure of as-prepared MCE material was
identified by using X-ray diffraction (XRD) based on X-ray diffrac-
tometer (Bruke D8 Adv., Germany) using CuKa radiation
(l¼ 0.15406 nm) at a power of 40 keV� 30 mA. The morphology of
MCE and algal cells were observed by using field emission scanning
electron microscope (Guanta 200F, FEI, U.S.). The high-resolution
transition electron microscopy (HRTEM) was performed on F-
30ST (Tecnai, FEI). The electrochemical properties of MCE were
performed using PARSTAT (CHI750D, Chenhua Co. Ltd.) electro-
chemical system at room temperature (25 �C). Cyclic
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voltammograms (CV) tests were conducted at a scan rate of
50 mV s�1 in BG-11 medium with algal cells (density of
1.14e1.23 � 1010 cells L�1). The algal cells density was counted
using a compound microscope (Olympus) at �40 magnification
with a Thoma counting chamber after preservation in Lugol's
iodine. The algal cell counts were carried out according to the
method previously reported [35]. The optical algal densities were
tested spectrophotometrically at wavelength of 680 nm using the
U-3100 UV spectrophotometer (Hitachi Co., Japan).

The chlorophyll-contained samples were filtered and adsorbed
on GF/C papers, and then were extracted using 90% acetone. The
optical densities (OD) values of the extracts at 750 nm, 663 nm,
645 nm, and 630 nmwere examined with 1 cm matched cells. The
chlorophyll-a concentrations were calculated according to the
standard method as

Chlorophyll� aðmg=LÞ ¼ ½11:64ðA1 � A4Þ � 2:16ðA2 � A4Þ
þ 0:1ðA3 � A4Þ�v

�
vg

(1)

where A1-A4 represents the absorbance at wavelength of 663, 645,
630, and 750 nm, respectively. n is the volume of extract (5mL), and
ng the volume of filtered sample.

The pH values were measured using an Orion 720 pHmeter. The
flow cytometric (FCM) measurements were performed to evaluate
the cell damage during electrolysis. An Accuri C6 flow cytometer
(BD Biosciences, Franklin Lakers, NJ, U.S.) equipped with 15 mW
argon laser emitting at a fixed wavelength of 488 nm was used for
fluorescence measurements. The atomic force microscopy (AFM,
Bioscope, Veeco, U.S.) was applied for observing the morphology of
algal cells before and after electrolysis. To analyze the composition
variation of algal solution, the 3D excitation-emissionmatrix (EEM)
fluorescence spectrumwas conducted to characterize the algogenic
organic matter produced by M. aeruginosa using a fluorescence
spectrophotometer (F7000, Hitachi, Japan). To remove the in-
terferences of original existed extracellular organic matter (EOM),
the initial harvested algal solution was centrifuged at 4000 rpm for
15min. The cells at the bottomof the centrifuge tubewere collected
and re-suspended in the media to be treated by electro-oxidation,
and then the electrolyte was taken for EEM analysis.
3. Results and discussion

3.1. Characterization of MCE anode

To identify the crystalline structure andmorphology of MCE, the
material was characterized by using XRD, SEM and TEM. Fig. 1a
showed the mixed crystalline phases, which consisted of dominant
crystal peaks accounting for Ti4O7, and some individual peaks
indexed as crystals of Ti5O9 and Ti9O17 (MDI Jade 5.0). All these
titanium suboxides phases exhibited good conductivity
(900e1050 S cm�1) and similar electrochemical properties [36,37],
making them suitable for electro-oxidation process. Compared
with rutile TiO2 having only edge-shared octahedron strings con-
nected to each other via shared corners, the Ti4O7 has face-sharing
Ti2O9 dimers connected with shared corner and edges every fourth
octahedral, which results from the partial reduction of titanium and
the migration of vacancies [38]. The reduction degree enables fine-
tuning of the electrical conductivity, showing excellent metallic
behavior at room temperature. The conductivity is enhanced with
the degree of Ti reduction with the formula from Ti10O19 to Ti4O7
[36].

As illustrated in Fig. 1b, the as-prepared MCE material has a
homogeneous macroscopic porous structure with the pore size
ranging from 0.5 to 2 mm, and the magnified image showed an
interlaced architecture of smooth blocks with pore size of 0.5e1 mm
(Fig. 1c). These large pores and thick skeletons (0.8e1.5 mm) give
the roughness factor of 500, accounting for electrochemically active
area being 2e3 orders of magnitude higher than the apparent
surface area of bulk electrode [X]. Additionally, the macroporous
structure allowed uniform distribution of reactant at the thin
boundary layer near the electrode, which facilitated the mass
transfer within the inner pores of electrode. Besides, HRTEM
characterization revealed the Ti4O7 (120) crystal planewith a lattice
distance of 0.339 nm (insert in Fig. 1d). This crystal face should be
themost obvious one comparedwith other crystal faces of MCE due
to the highest peak intensity among the all reflective peaks as
presented in XRD patterns at the 2q angle of 26.3� (Fig. 1a). This
result was similar with previously synthesized nanotube arrays of
Magn�eli-phase titanium suboxides [28]. Moreover, the as-prepared
MCE exhibited good conductivity (0.4 U cm�1 in Fig. 1b) and me-
chanical strength, making it particularly suitable electrode mate-
rials for electrochemical oxidation.

A stepwise increase in potential was implemented by recording
current response to show water oxidation potential in Na2SO4

electrolyte. There was a negligible response of current when the
potential was below 2.0 V. Further increasing potential resulted in
an apparent enhancement of current, indicating the potential for
water oxidation should be within the potential range of 2.0e2.5 V
versus SCE (Fig. 1d), indicating the capability of MCE to generate
�OH radicals during water oxidation [39].

3.2. Electrochemical deactivation of M. aeruginosa

The as-prepared MCE was tested for deactivation of
M. aeruginosa based on batch-fed electrolysis. The initial algal cell
density was about 1.14e1.23� 1010 cells L�1, and thenwas recorded
every 30min during electro-oxidationwith MCE anode by applying
current density in the range of 1e10 mA cm�2. As shown in Fig. 2a,
the decrease in the cell density of M. aeruginosa was positively
correlated with the current density and reaction time, the two
essential parameters controlling the reactivity and overall effi-
ciency. This was in accordancewith prior studies where other types
of algae were deactivated by electrochemical method [14,15]. The
MCE proceeded with deactivation more efficiently at lower current
density (1 mA cm�2) than other reported anodematerials (TieRuO2
and BDD anodes, the current density higher than 2.5e3 mA cm�2)
[14,17]. For the higher current density of 2.5e10 mA cm�2, the algal
cell densities tended to decrease fast to 0.67e0.83 � 1010 cells L�1

after a reaction time of 60 min whereas more gently to the final
value of 0.66e0.76 � 1010 cells L�1. Higher current density
increased the inhibition ratio of algae and shortened the electrol-
ysis time. Unlike the notable difference observed in decrease of cell
density for current density of 1 mA cm�2, 2.5 mA cm�2 and
5 mA cm�2, the discrimination of cell densities for 5 mA cm�2 and
10 mA cm�2 appeared less significant and the final algal cells were
reduced to 0.68 � 1010 cells L�1 and 0.64 � 1010 cells L�1, respec-
tively. That is, the cell density varied greatly with the current
density and reaction time in a specific region, which also coincided
well with the results reported in prior studies [40,41].

It was noticed that the lysis of algal cells caused the decrease in
apparent cell density during electrolysis. On the other hand, how-
ever, some incompletely degraded residuals and dead corpse still
had contribution to the measured number of algal cells. This could
explain the reason why the maximum removing efficiency was
maintained a relatively low level (<52%). In order to further eval-
uate the algal deactivation efficiency, the chlorophyll-a concen-
tration was also recorded. Cyanobacteria are known to have only
one type of chlorophyll, i. e. chlorophyll-a together with blue



Fig. 1. (a) XRD pattern of as-prepared MCE, (b) optical, (c) SEM and HRTEM (insert) images of MCE, and (d) amperometric curves during electrolysis in 0.5 mol L�1 Na2SO4

electrolyte at various electrode potentials.

Fig. 2. Time course of (a) algal cell density and (b) Chlorophyll-a removal at different current densities during electrolysis, (c) the optical image of solution before and after
treatment, and (d) CV scan in BG-11 medium at scan rate of 50 mV s�1. The error bars ± S.D. represent the measurement in triplicate.
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phycobilins, causing the blue and green color in water. Fig. 2b re-
veals the dependence of chlorophyll-a removal on current density
and reaction time. Increasing the current density from 1 mA cm�2

to 10 mA cm�2 increased the chlorophyll-a removing efficiency
from 35.1% to 89.2% after reaction time of 120 min. Unlike algal cell
density, the chlorophyll-a removal behaved in a different manner at
current density of 5mA cm�2 and 10mA cm�2. That is, the variation
of chlorophyll-a concentration appeared to be correlated insignif-
icantly with the number of algal cells, suggesting that the electro-
oxidation mainly destructed the cell integrity and components.
Since the chlorophyll-a released from algal cells could be further
degraded by electro-oxidation, the maximum chlorophyll-a
removal rate could be obtained by 89.2%, indicating the existence of
residual chlorophyll-a in algal cells or released into the solution.
This phenomenon was also observed in prior studies where the
algae was deactivated by ozone oxidation or copper sulfate [42,43].

The color of algal suspensions was clearly observed to change
from green to yellow-green to light yellow and finally transparent
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along with gradual degradation of chlorophyll-a (Fig. 2c). Fig. 2d
presented the CV curves of the MCE electrode in blank (no algae),
untreated and treated algal suspensions using BG-11 medium. The
oxygen evolution potential in untreated algal suspensions at cur-
rent density of 1.03 mA cm�2 was þ2.37 V versus SHE, a value
slightly lower than that reported in the literature [28]. After 120-
min electrolysis, the surface of MCE electrode altered progres-
sively, giving the oxygen evolution potential of þ2.58 V at the same
criterion. No obvious difference in the shape of CV curveswas found
for the blank and algal solution, indicating that the M. aeruginosa
were mainly deactivated via indirect electrochemical oxidation
mediated by oxidative species rather than direct interaction with
electrode. Based on the same potential, the current density was
decreased when algae were added, possibly due to the blockage of
active sites by algae. To verify the decrease in current density
resulting from the blockage of actives sites by algae, we performed
the CV test of MCE adsorbed by M. aeruginosa under disconnected
conditions for 120 min. The resultant CV curve almost overlapped
with that for the test of “treated-120 min”, indicating the adsorp-
tion of algae for decrease in current density under the same po-
tential (data not shown).
3.3. The Re-cultivation of M. aeruginosa

Despite the maximum chlorophyll-a removal of 89.2% obtained,
it remained unclear whether the destructed algal cells were
capable of propagation and proliferation. Thus, the cell suspensions
treated at different total coulombs were re-cultured for a period of
8 days at the optimum light irradiation and temperature (30 �C). As
illustrated in Fig. 3, the untreated samples (i. e. control group), as
expected, showed the fastest rate at which the algal cells could
grow. When the coulombs were lower than 46.44 C, the
M. aeruginosa were still capable of proliferation, indicated by slow
increase of algal cell density within the first four days and subse-
quent fast growth in the subsequent four days. The re-growth rate
was shown to be adversely correlated to the overall coulombs
passed during electrolysis. For the total coulombs of 0e46.44 C, the
peak cell density was decreased from 6.51 � 1010 cells L�1 to
3.35 � 1010 cells L�1 at the end of 8-day re-cultivation, indicating
insufficient coulombs required for production of oxidative species.
Fig. 3. Re-cultivation experiments of M. aeruginosa after electrolysis by MCE at
different coulombs applied. The error bars ± S.D. represent the measurement in
triplicate.
Applying higher coulombs (77.4e154.8 C) resulted in almost
colorless solution and undetectable algal cell density when the
electrolysis was stopped, suggesting the successful deactivation of
M. aeruginosa by MCE electrode.
3.4. Electrochemical stability

The long-term stability of MCE for algal removal was investi-
gated by conducting cyclic voltammetry experiments under a cur-
rent density of 10 mA cm�2. During a 50-cycle operation, the
maximum chlorophyll-a removal (89.2%) exhibited negligible
decline (Fig. 4), demonstrating a remarkable stability of MCE anode
for long-term deactivating M. aeruginosa. The excellent stability of
MCE was also verified by 5000-cycle scan without obvious loss in
ORR peak current in O2-saturated alkaline solution, and slight
current loss at high potential range and high temperature after
3000-cycle CV scan in strong acidic condition [23,44]. In our pre-
vious study, the electrochemical accelerated life-span tests were
performed by recording potential with respect to time under
extreme and harsh conditions of 3.0 mol L�1 H2SO4 and applied
current density of 1.0 A cm�2. The results showed the average life
time of MCEwas estimated to be 30 years, a valuemuch longer than
most commonly used carbon material (7 years) [26]. According to
the thermodynamics of oxygen defective Magn�eli phases in rutile,
the oxygen vacancies tend to be ordered in planes at low oxygen
chemical potentials, forming the Magn�eli phases. The spin polari-
zation lowers the normalized defect formation energies marginally.
For Ti4O7 and Ti5O9, the lowering magnitude is in the order of
0.06 eV, which has an insignificant impact on the stable ordering of
these Magn�eli phases. Besides, the relationship between the oxy-
gen partial pressure and temperature at the Ti4O7 and Ti5O9 equi-
librium point differs slightly, implying the insignificant impact of
spin to thermodynamic stability of the crystalline structure [45]. It
was worth noting that higher current density and potential may
lead to the deactivation of electrode, in association with the deac-
tivation of outside surface of Ti4O7 and Ti5O9 thin film. The per-
formance of cleaned MCE was examined after the operation for 30
days. The deactivation efficiency could be almost completely
recovered after physical cleaning by sonication for 10 min, indi-
cating the effective removal of algae cells attached on the anode
surface during long-term operation.
Fig. 4. The stability of MCE electrode for chlorophyll-a removal during 50-cycle
operation.
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3.5. Destruction of algal cells

In general, the electrochemical destruction of cyanobacteria can
take place through direct and/or indirect mechanisms [46,47]. In
the former case, the direct electron transfer takes place between
electrode and cells, where the cellular component such as coen-
zyme A is oxidized to dimeric coenzyme A, leading to cell death by
inhibiting the respiratory activity. More commonly, the indirect
pathway occurs via the oxidation of algal cells by reactive oxidative
species produced at relatively high potential on the anode. Bejan
et al. [48] reported the ability of Ti4O7 to oxidize water to produce
�OH and the Ti4O7 bounds �OH more loosely and less abundantly in
physisorbed state. In addition, the active chlorine in the form of
ClO� (pKa of 7.44) can also be produced. It is more likely for MCE to
deactivate M. aeruginosa with electrochemically produced oxida-
tive species of physisorbed �OH and HClO, and aqueous ClO�.
Furthermore, the released organic matters like cell cytoplasm and
debris may also be oxidized to carbon dioxide and water. The �OH
radicals formed during electrolysis were influenced significantly by
the anode materials [49,50]. Here the unique chemical and struc-
tural properties of MCE make it a suitable anode material to form
�OH radicals for algal deactivation. The production of �OH radicals
on MCE was examined on the qualitative basis by using p-benzo-
quinone (p-BQ) as probe molecule targeting �OH radicals
(k ¼ 1.2 � 109 M�1s�1) [51]. The introduction of p-BQ (1 mmol L�1)
led to 63.2% increase in cell density and 75.5% decline in Chla
removal during 120-min electrolysis, suggesting the action of �OH
radicals produced from water oxidation (Fig. S1).

The AFM and SEM characterizations were used to observe the
morphology of algal cells before and after electrolysis byMCE at the
current density of 10 mA cm�2. As shown in Fig. 5a and c, the fresh
M. aeruginosa cells have some excreted substances on the surfaces.
Compared with regular, integrated, and uniformly spherical algal
Fig. 5. AFM and SEM images of M. aeruginosa cells (a,c)
cells (3e6 mm) observed for untreated samples, the 120-min elec-
trolysis by MCE anode led to a severe collapse of cell structure,
isolation of intracellular components and dissolution of cytoplasm-
like substances (Fig. 5a and c).

The apoptosis and necrocytosis of M. aeruginosa cell could be
quantitatively determined by using Flow Cytometric (FC) mea-
surements based on Annexin V-propidium iodide (PI) double
staining. Annexin V is a sensitive indicator of cells in early apoptosis
by combining with cell membrane through phosphatidylserine
exposed out of cells after apoptosis [52]. As nucleic acid dye, PI can
make cell nucleus appear red after passing through the cell mem-
brane. Since only the membrane of middle-to-late apoptotic and
necrotic cell is selectively penetrable for PI, the viable cells, viable
apoptotic cell, non-viable apoptotic cell and necrotic cells can be
distinguished by the synergistic effect of Annexin V and PI [53]. As
shown in Fig. 6a, the untreated samples contained 26.1% viable cells
and only 0.3% necrotic cells. That is, both viable and nonviable cells
existed in the control suspensions, as the tested M. aeruginosa cells
could be harvested at initial stationary growing phase where the
growth and decay rate were evenly matched in theory, causing
dying of some cells naturally during cultivation process. Following
90-min electrolysis at current density of 10 mA cm�2, the propor-
tion of apoptotic and necrotic cells were found to increase
considerably, reaching a remarkable level of 87.1% and 12.3%
(Fig. 6b). The alive cyanobacteria can be efficiently destroyed by
electro-oxidation of MCE anode. The 120-min electrolysis resulted
in almost complete damage of the M. aeruginosa cells, indicated by
the detectable viable cells of only 0.097% and nearly no survival cell
(Fig. 6c). The FC results coincided well with the above results given
in Figs. 2 and 3, accompanying the irreversible damage of
M. aeruginosa cells during electrochemical oxidation induced by
�OH radicals and active chlorine produced on MCE.
before and (b,d) after 120-min electrolysis by MCE.



Fig. 6. The flow cytometry measurement of sample after electrolysis of (a) 0 min, (b)
90 min, and (c) 120 min by MCE. The quadrant marked with R1, R2, R3, and R4 rep-
resents the viable cells, viable apoptotic cell, non-viable apoptotic cell, and necrotic
cells, respectively.
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3.6. pH variation and excitation emission matrix identification

The algal solution pHwas observed to increase from initial 8.0 to
9.8 at the end of 120-min electrolysis, and the increased pH value
showed positive dependence on the current density applied
(Fig. 7a). It is known that the anodic water oxidation releases Hþ

while the cathodic water reduction produces the equivalent OH�.
Since the electrolysis was carried out under magnetic mixing
condition, the combination of Hþ and OH� could be promoted by
forced convection mass transfer and thus the pH-splitting can be
minimized in bulk solution. This could be verified from the
inconspicuous pH fluctuation of the reacted electrolyte in the
absence of M. aeruginosa. Since the electrochemically produced
oxidative species (�OH radicals and active chlorine) is sufficiently
powerful to attack and destruct the algal cells, the pH variation
should be associated with the algogenic organic matters released
during electro-oxidation, which were characterized by using 3D
excitation-emission matrix (EEM) fluorescence spectra.

The untreated samples exhibited only one characteristic peak at
excitation/emission wavelengths of 242e310 nm/270e400 nm
(Fig. 7b), representing the protein-like substances contained in
algal cells [54]. By the end of 30-min electrolysis, the protein-
relevant peaks were shifted, and meanwhile two new additional
peaks began to emerge at wavelengths of 240e280 nm and
320e380/410-500 nm, respectively (Fig. 7c). These peaks indicated
the existence of humus-like substances produced from the
breakage of algal cell [55]. As the electrolysis proceeded at the time
of 30e120 min, the intensity and area of regions accounting for
protein and humus-like substances were further decreased and
increased, respectively (Fig. 7cef). This suggests that the macro-
molecular cytoplasm contained in the M. aeruginosa cells can be
oxidized and decomposed to small-molecule matters during elec-
trolysis by MCE. The released cellular contents involve chlorophyll-
a, microcystin, and a variety of proteins, which may be converted to
ammonium through the pathway of de-aminization. At the same
time, the fatty hydrocarbon and sugar-like matters could be
mineralized to CO2 and H2O. The dissolution of ammonium and
carbonates may constitute one most likely reason for pH increase
observed (Fig. 7a). A number of previous studies reported that the
alkaline environment is more beneficial for �OH generation in
traditional electro-oxidation process [56,57], making it more
effective oxidize the algal cells and further the cellular substances.

3.7. Application and implications

The feasibility of MCE anode for electrochemical deactivation of
algae is demonstrated in this study. The MCE anode can achieve
effective and stable removal of chlorophyll-a and thus
M. aeruginosa at current density of 10 mA cm�2 upon the reaction
time of 120 min, and the deactivated algae is shown to completely
lose the ability of survival and proliferation. The results obtained
Fig. 7. (a) pH variation and 3D excitation-emission matrix (EEM) fluorescence spectra
of the sample treated by electrolysis of (b) 0 min, (c) 30 min, (d) 60 min, (e) 90 min and
(f) 120 min. The error bars ± S.D. represent the measurement in triplicate.
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here are superior to previously reported deactivation of
M. aeruginosa by using TieRuO2 electrode [14,15]. The electro-
generated �OH radicals and active chlorine can attack the
M. aeruginosa, leading to the bursting of cell wall and membrane,
and isolation of intracellular components. Since the MCE shows
similar properties with commonly used BDD, it is reasonable to
prospect that MCE electrode possesses the potential ability to
inactivate the Chlorella vulgaris algae and/or other species of
harmful algae according to reported C. volgaris inhibition by BDD
[17]. The MCE represents a promising anode material for removing
algae from water in many practical applications where eutrophi-
cation may be a concern. The MCE electrode has many unique
properties such as good conductivity, excellent stability, and high
oxygen evolution potential. Notably, a major attraction of MCE is
that it can be produced from TiO2, a commodity chemical that is
readily available and environmentally friendly across the world. All
these factors would make the electrode preparation and operation
process more economically reliable and more sustainable for
deactivation of algae. This study provides important insights for the
promising electrode material to be used for efficient and sustain-
able electrochemical deactivation of algae in water treatment.

4. Conclusions

Based on the above results, we demonstrated the MCE for
electrochemical deactivation of M. aeruginosa, the most frequently
detected algae in water environment. The maximum chlorophyll-a
removal efficiency of 89.2% could be obtained at current density of
10 mA cm�2 at 120 min. The re-cultivation experiment illustrated
that the coulombs in excess of 77.4 C could completely deprived the
M. aeruginosa cells of propagation and proliferation. The deactiva-
tion of algae was associated with the oxidative species electro-
chemically produced on MCE. Taken together, as a new electrode
material with outstanding electrical conductivity approaching to
that of metals and great corrosion resistance approaching that of
ceramic materials, MCE will offer a promising anode material for
electrochemical deactivation of algae in potential application of
water purification.
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