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A B S T R A C T

Electrochemical oxidation (EO) processes have been gaining a growing popularity in wastewater
treatment. Their engineered applications inspire the search for conductive, stable, inexpensive, and
sustainable electrode materials. Magnéli-phase titanium oxides have unique crystal and electron
structure, which result in good electrical conductivity approaching that of metal and excellent corrosion
resistance close to that of ceramics. We fabricated a monolithic porous Magnéli-phase Ti4O7 electrode for
EO of refractory industrial dyeing and finishing wastewater (DFWW). The results demonstrated that the
electrochemically active area of porous Ti4O7 electrode was 2–3 orders of magnitude higher than the
apparent surface area of bulk electrode. The Ti4O7 electrode achieved efficient and stable abatement of
recalcitrant organic pollutants on site without any extra addition of chemicals. The soluble chemical
oxygen demand (COD) and dissolved organic carbon (DOC) were removed by 66.5% and 46.7%,
respectively, at current density of 8 mA cm�2 after 2 h reaction. The bioavailability of treated wastewater
was improved substantially, indicated by one order of magnitude increase in BOD5/COD. The Ti4O7

electrode had good long-term stability, with its maximum COD removal declined only slightly (<8%) at
current density of 20 mA cm�2 during a 50-cycle operation. The organic pollutants appear most likely to
be oxidized by electrochemically generated active species like physisorbed �OH radical and aqueous ClO�

species under mass transfer control condition. The current study provides important insights for
achieving efficient and sustainable electrochemical wastewater treatment using the novel porous Ti4O7

electrode material.
ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, tremendous potential offered by electrochemistry has
been realized in a broad range of applications for water and
wastewater treatment. Electrochemical oxidation (EO) that
accomplishes organic degradation by direct or indirect oxidation
has become competitive for water and wastewater treatment by its
virtue of high efficiency, simplicity, sustainability, and ease of
manipulation. [1] However, there remain several aspects of EO that
need further investigation if the engineered applications are to be
better implemented and developed. Over a long period, there
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exists a dilemma for electrode material, among the electrical
conductivity, electrochemical activity, chemical stability, econom-
ic reliability and environmental availability. For example, the
electrodes based on doped-SnO2 and PbO2 are widely adopted, but
highly toxic antimony is often required as agent for doping SnO2

[2]. Likewise, PbO2 has been also used with very limited success
due to the leaching of toxic lead into solution at anodic polarization
condition [3,4]. Although boron-doping diamond (BDD) has been
regarded as the most promising candidate [5–8], the large surface
area is necessary to match the capability of scale-up wastewater
treatment, which adds the capital cost substantially. As such, these
inconsistencies have been creating an incentive to explore an
“ideal” electrode material for scale-up EO process.

Titanium dioxide (TiO2) is a well-known semi-conductor which
has been widely used in photocatalytic reactions. Interestingly, the
electronic properties of TiO2 can be drastically transformed by
establishing oxygen deficiencies within the crystalline lattice,
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giving rise to what is called Magnéli-phase titanium oxides with a
generic formula of TixO2x-1 (4 � x � 10) [9]. Magnéli-phase
titanium oxides have a crystal structure of oxygen deficiency for
every xth layer, resulting in the shear planes where 2D chains of
octahedra become face sharing to accommodate the deficiency in
oxygen. This unique structure leads to a combination of
outstanding electrical conductivity approaching to that of metals
and great corrosion resistance close to that of ceramic materials
[10]. For example, Ti4O7 (x = 4, under trade name Ebonex1,
Atraverda Ltd, U.K.) exhibits a great conductivity of �1000 S cm�1,
which is even higher than that of graphitic carbon (�727 S cm�1)
[11]. Additionally, Ti4O7 can also offer higher oxygen evolution
potential (+2.6 V vs standard hydrogen electrode, SHE) than BDD.
These properties make Ti4O7 suitable for many electrochemical
applications, such as cathodic protection [12], bipolar battery [13],
water spiltting [14], as well as water treatment [15–17].

Most of lab-scale EO experiments used synthetic pollutant and
added high-concentration salt as background electrolyte to
increase ionic conductivity, giving a concentration much higher
than those existed in realistic wastewater. From an engineered
point of view, however, this is far from a real scenario where the
nature and concentration of pollutants and salts are determined by
the industrial processes they are produced. The dyeing and
finishing wastewater (DFWW) is commonly characterized to have
an extremely complex composition, some of which persisting in
the environment may cause severe physiological toxicity once they
end up in the food chain (web) and human body. Generally, the
total chemical oxygen demand (COD) can be decreased by nearly
70–80% following physicochemical primary treatments (e.g.
coagulation, flocculation, and sedimentation) and secondary
biological process [18]. Nonetheless, owing to the existence of
biorefractory organic matters, the residual COD remains high in the
effluent, making it not always meet the legal discharge limit [19].
Thus, the tertiary treatment is imperative before the wastewater
can be discharged into receiving water bodies. It is noticed that the
DFWW contains high-concentration chloride and high ionic
conductivity, which makes it inherently suitable to electrochemi-
cal system. In the EO process, the porous structure of electrode is
preferred because it can provide larger surface area and active
sites. Besides, the protons produced from water oxidation can
maintain a much lower local pH in the porous apertures than in
bulk solution, which is favorable for the formation of active
chlorine [20–23], an effective oxidant for organic decomposition.

Herein, we make an attempt to fabricate monolithic porous
Magnéli-phase Ti4O7 as anode for EO of industrial DFWW.
Following characterization of morphology, crystal, and surface
area, the electrochemical properties of Ti4O7 were investigated,
including the porosity and electrochemically active area, electro-
chemistry impedance spectroscopy, Tafel behavior and accelerated
lifetime tests. Thereafter, the EO performances of monolithic Ti4O7

was examined and assessed for removing organic pollutants in
DFWW. Last, possible mechanisms of electrochemical process of
Ti4O7 were analyzed and discussed.

2. Materials and methods

All the chemicals used were of analytical reagents grade. Unless
stated otherwise, all the experiments were done at room
temperature (25 �C) and 1.0 atm pressure.

2.1. Fabrication of Monolithic Porous Ti4O7 Electrode

The monolithic porous Ti4O7, produced from high-temperature
reduction of TiO2 by H2 was supplied by Ti-Dynamics Co. Ltd.
(China). In brief, rutile TiO2 powders were mixed by water and
isopropanol (1:1, v/v) to decrease the capillary force of powder,
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 (4 cm � 4 cm � 1 cm). 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.

2.2. Characterization

The morphology of the Ti4O7 electrode was observed by using
field-emission scanning electron microscopy (SEM, Helios Nano-
lab600i, FEI, U.S.). The powder X-ray diffraction (XRD) analysis was
conducted on an X-ray diffractometer (Bruke D8 Adv., Germany)
and using Cu Ka radiation (l = 0.15406 nm) at a power of 40
KeV � 30 mA. The BET surface areas were calculated based on the
adsorption and desorption branches measured by using accelerat-
ed surface area and Porosometry system (ASAP 2020, Global Spec.
Inc., U.S.).

The electrochemical measurements of Ti4O7 electrode were
tested by making a comparison with widely used graphite plate
(4 cm � 4 cm � 1 cm) upon PARSTAT electrochemical workstation
(CHI 750D, Chenhua Co. Ltd., China). The experiments were
conducted in Na2SO4 electrolyte (0.5 mol L�1) with monolithic
Ti4O7 as working electrode (WE), Pt sheet as counter electrode (CE,
1.0 cm2) and Ag/AgCl (+0.197 V vs standard hydrogen electrode,
SHE) as reference electrode (RE), respectively. Unless stated
otherwise, all the potentials were reported with reference to Ag/
AgCl electrode. For the electrochemistry impedance spectroscopy
(EIS) analysis, a sine wave with frequency ranging from 105 to
10�2Hz on the top of bias potentials was applied. The accelerated
life tests were performed by recording potential versus time at
constant current density of 103mA cm�2 in 3 mol L�1H2SO4 at
30 �C, according to the procedures described previously [24].

2.3. Dyeing and Finishing Wastewater

The dyeing and finishing wastewater (DFWW) was collected
from the effluent of the sedimentation tank of Linjiang Wastewater
Treatment Plant (WWTP) in Xiaoshan District, Hangzhou City. The
WWTP was designed with a capacity of approximately
300,000 m3d�1 and treating process of bio-sorption, anaerobic
hydrolysis, aerobic oxidation, and secondary sedimentation. The
treated effluent contained soluble chemical oxygen demand (COD)
of 183 mg L�1, dissolved organic carbon (DOC) of 108 mg L�1, and
chloride ions of 1042 mg L�1 (conductivity of 6640 mS cm�1). The
low BOD5/COD (0.029) indicated biorefractory nature of the
organic pollutants. Table S1 summarized the quality of DFWW
in detail.

2.4. Experimental Setup and Procedures

EO of DFWW was carried out under batch mode in a glass
beaker at stirring condition (800 rpm). The anode, i.e. monolithic
Ti4O7, was partially immersed into 100 mL wastewater, giving 20-
cm2 geometric area in contact with wastewater. The stainless steel
plate was employed as cathode (20 cm2). The electrode spacing
was kept 10 cm. The alligator clips were used for ohmic connection
of electrode and external circuit. The EO experiments were
conducted at galvanostatic condition by stepwise change of
current from 40 mA (2 mA cm�2) to 600 mA (30 mA cm�2) using
a DC-regulated power supply (0–30 V and 0–3 A; TeKPower, China).
The wastewater samples were collected periodically at predeter-
mined time intervals (0.5 h, 1.0 h, 2.0 h, and 3.0 h) for COD, DOC,
and pH measurements. The experiments for detecting electro-
generated active species (i. e. �OH radicals and active chlorines) by
Ti4O7 were performed based on the electrolysis of NaCl solution
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(1000 mg L�1, pH 8.3) at current density of 2 mA cm�2 and
20 mA cm�2, respectively.

2.5. Analyses and Calculations

The wastewater samples were first filtered through a 0.2-mm
acetate fibrous membrane to remove particulate impurities, and
then soluble chemical oxygen demand (COD) and five-day
biochemical oxygen demand (BOD5) were determined by using
standard methods [25]. The dissolved organic carbon (DOC) was
analyzed by using total organic carbon (TOC) analyzer (Shimadzu,
VSCN8, Japan). The pH was measured by using a pH meter (type
pHs-3c, Leici, China). The molecules of different organic pollutants
were analyzed qualitatively by using high-performance liquid
chromatography with electrospray ionization mass spectrometry
(HPLC-ESI/MS, Agilent 6460, U.S.) on the basis of their mass/charge
ratio (m/z). The free and total chlorine was determined using N,N-
diethyl-p-phenylendiamine methods based on colorimeter (type
DR/890, Hach, U.S.). The �OH radicals were detected with 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) serving as spin-trapping
agent using electron paramagnetic resonance (EPR, Bruker,
Germany).

The current efficiency (CE), instantaneous current efficiency
(ICE) and energy consumption (W) were calculated according to

CEð%Þ ¼ DsCODbFV
MO2It

ð1Þ
Fig. 1. (A) XRD profiles, (B) optical image and (C) SEM observ
ICEð%Þ ¼ sCOD tð Þ � sCOD t þ Dtð Þ½ �bFV
MO2IDt

ð2Þ

W ðkWh m�3Þ ¼ DEIt
V

ð3Þ

where DCOD (mg L�1) is the COD removed within reaction time of t
(s), COD(t) and COD(t + Dt) the COD at time t and t + Dt, b (4) the
number of electron transfer, F (96485C mol�1) the Faraday
constant, V (m3) the volume of wastewater, MO2 (32 g mol�1) the
relative molecular mass of oxygen, I (A) the applied current, and DE
(V) the corresponding average voltage.

3. Results and discussion

3.1. Electrode Characterization

The XRD profiles (Fig. 1A) were indexed to the characteristic
peaks of Ti4O7 according to reference spectrum (JCPDS No. 500787)
and prior literatures, [26] revealing the evolution from TiO2 to
Ti4O7 originating from the rearrangement of lattice derived from
oxygen release during thermal reduction by H2. [27] Residual rutile
TiO2 was also present, as revealed by the characteristic peaks of
2u 	 27.5� (JCPDS No. 761940). Fig. 1B and C provide the apparent
and micro surface morphology of monolithic porous Ti4O7,
ation of as-prepared monolithic porous Ti4O7 electrode.
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showing that the electrode was made of uniformly-sized particles
of approximately 1.0-2.0 mm. Following high-temperature sinter-
ing process, the agglomerates of solid particles and particle-
particle bonding result in the formation of porous structure inside
the cavity in the presence of porosity-producing agent. The
electrode surface area of approximately 0.19 m2g�1 (Fig. S1) and
macro porous structure will be expected beneficial for facilitating
interfacial mass transfer during electrochemical reaction.

3.2. Electrochemical Properties

The resistance of monolithic Ti4O7 was measured to be 2.1 V
(0.37 V cm�1), which was an indicative of high electrical conduc-
tivity (Fig. 1B). Thereafter, to investigate the dependence of
electrochemically active area on porosity of Ti4O7 electrode, the
cyclic voltammograms (CV) measurement was performed at
potential between oxygen and hydrogen evolution (i.e. �0.4–
1.0 V vs Ag/AgCl) and sweep rate of 1–30 mV s�1. As shown in Fig. 2,
the Ti4O7 exhibited obvious capacitive behavior, and the capacitive
current increased linearly with the increase in sweep rate.
Accordingly, the slope of current-sweep rate line (inserted) gave
the differential capacitance of the electrode/solution interface
according to

CInterface ¼
jðmA cm�2Þ

dE=dtðmV s�1Þ
¼ 3 � 10�2F cm�2 ð4Þ

If the double-layer capacitance of the metal oxide surface is
assumed to be C0 = 6 � 10�5 F cm�2 [28], the roughness factor (t)
can be estimated as

t ¼ CInterface

C0
¼ 3 � 10�2F cm�2

6 � 10�5F cm�2 ¼ 500 ð5Þ

That is, the electrochemically active area (i.e. the roughness
factor t) of porous Ti4O7 electrode is 2–3 orders of magnitude
higher than the apparent surface area of bulk electrode, revealing
the important role of porous structure of electrode in providing
larger electrochemically active area. This result is consistent with
greater surface area measured by Porosometry analysis.

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

electrolyte (Fig. 3A and Fig. S2). For Ti4O7, there was a negligible
response of current when the potential was below 2.0 V. Further
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solution at sweep rate ranging from 1 mV s�1 to 30 mV s�1. The inserted figure
shows the dependence of peak current on sweep rate.
increasing potential resulted in an apparent enhancement of
current, indicating the potential for water oxidation should be
within the range of 2.0–2.5 V. This result was comparable with that
of oxygen evolution potential as high as 2.5 V reported by Smith
et al. [29] The same analysis gave a much lower water oxidation
potential (1.2–1.5 V) for graphite plate electrode.

As shown from the Nyquist plot in Fig. 3B, the ohmic resistance
of Ti4O7 was as low as that of the graphitic plate (3.8 V). Notably,
the charge transfer resistance of Ti4O7 (20 V) was two orders of
magnitude smaller than that for graphitic plate (1150 V),
suggesting a much higher activity of Ti4O7. This observation is
also supported by Tafel plots (Fig. 3C), illustrating that the
exchange current density for Ti4O7 (j0 = 3.95 �10�3mA cm�2) was
two orders of magnitude higher than that for graphitic plate
(j0 = 2.16 � 10�5mA cm�2). In addition, the porous apertures have
larger surface area than bulk electrode, and much lower pH as
result of water oxidation can be maintained within the micro-
porous structure than bulk electrolyte. [20] The pH gradient at
solid/liquid interface greatly enhances mass transfer during
electrochemical reactions.

Apart from activity, the electrode stability is also of particular
importance in the EO process. The stability and lifetime of Ti4O7

were assessed using electrochemical accelerated life-span tests by
recording potential with respect to time under extreme and harsh
conditions (3.0 mol L�1H2SO4 and current density of 103mA cm�2,
30 �C). As shown in Fig. 3D, starting from the initial value of 3.5 V,
the potential tended to ascend gradually (0–350 h), and then
reached the critical point of 5.0 V followed by a steep elevation
within the ongoing several hours. The deactivation of Ti4O7 can be
attributed to collapse of its crystalline structure at long-time and
extremely high current density. [29] In comparison, the graphite
plate had a much shorter serving time of 80 h due to rapid
electrochemical corrosion of carbon.

Based on the methods described by Hine et al. [24] the working
life time (tW) of electrode at a defined current density could be
approximately estimated according to

tW
t0

¼ j0
jW

� �n

ð6Þ

where t0 is the serving time at tested current density of
j0 = 103mA cm�2, jW (mA cm�2) the working current density
commonly adopted in electrochemical oxidation and n the
dimensionless number in the range of 1.4–2.0. Assuming a working
current density jW of 20 mA cm�2 and an n value of 1.7, an average
lifetime of approximately 30 years is expected for Ti4O7, in contrast
to 7 years for graphite plate. The Ti4O7 electrode outcompetes
graphite electrode, and has a service lifetime on the same order of
magnitude to Ti/Pt/IrOx, [30] Ti/IrOx and Ti/IrOx-Sb2O5-SnO2

[31,32]. The longevity and pronounced stability would be highly
desired for wastewater treatment.

3.3. Electrocatalytic Oxidation of Industrial DFWW

Considering local discharge standard of 80 mgCOD L�1 regulat-
ed by Environment Protection Agency of China (GB 4287-2012), we
evaluated the performances of monolithic Ti4O7 anode for EO
removal of organic pollutants in industrial DFWW without any
addition of chemical agents. Visual inspection shows that the dark-
yellow wastewater changed rapidly to a clear and transparent
solution (Fig. S3), demonstrating the effectiveness of Ti4O7 for
treating DFWW. As illustrated in Fig. 4A and B, the greater removal
of organic pollutants was achieved at longer reaction time and
higher current density. With increased current density in the range
of 2–30 mA cm�2, the final COD and DOC in the treated effluent was
decreased from 113.5 mg L�1 (39.4%) to 55.7 mg L�1 (70.2%), and
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from 105.3 mg L�1 (8.5%) to 52.3 mg L�1 (54.5%), respectively. This
is due to more charge entailed passing the electrode for producing
active species (e.g. �OH and active chlorine). [33] Meanwhile, the
energy consumption was also increased, particularly for the
current density in excess of 20 mA cm�2 (Fig. 4C). It was noticed
that further increasing current density to 20–30 mA cm�2 and
electrolysis time did not contribute significant improvement of
COD removal. Instead, it caused sharp CE decline and far more
energy consumption, which is attributed to the emergence of mass
transport limitation and parasite reactions such as oxygen
evolution reaction at higher current density. Based on the
compromise between organic removal and energy consumption,
the COD removal was optimized at current density of 8 mA cm�2

and reaction time of 2 h, which corresponded to overall removal
efficiency of 68.8% (58.5 mg L�1 in the effluent), current efficiency
(CE) of 12.8% (Fig. 4D), and energy consumption of 32 kWh m�3.
This combination of current density and treatment time appears to
be much lower than that commonly practiced for electrolysis,
implying significant energy savings as well as minimized genera-
tion of EO byproducts such as ClO2

�, ClO3
�, ClO4

�, organic halogen
(AOX), and trihalomethanes (THMs) [34,35].

The EO treatment increased the BOD5/COD ratio by one order of
magnitude (from initial 0.029 to 0.28) along with organic removal,
suggesting a considerable improvement of the bioavailability of
the treated effluent (Fig. S4). As revealed in HPLC-ESI/MS analysis,
the electrochemical oxidation led to the decrease and even
disappearance of most characteristic 
m/z peaks within a broad
range of spectra, particularly for those with intensity of 10–40 and
m/z of 160–340 (Fig. 5 and Table S2). The decomposition of these
organic molecules is likely responsible for the improved bioavail-
ability of EO-treated effluent.

The long-term stability of Ti4O7 for abatement of COD was
investigated under current density of 4 mA cm�2 and 20 mA cm�2.
During a 50-cycle operation, the maximum COD removal declined
by only 5.3% for 4 mA cm�2 and 7.7% for 20 mA cm�2, respectively
(Fig. 4E). These results clearly suggested a high corrosion
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resistance and good stability of Ti4O7 under anodic conditions,
and the stable COD removal also accords well with the results from
the accelerated life-span tests (Fig. 3D). The performance
degradation under higher current density may be associated with
the deactivation of outside surface of Ti4O7 thin film, leading to the
formation of more oxidative titanium oxides [29].

3.4. Electrocatalytic Mechanisms

The electrochemical abatement of organic compounds can be
related to direct oxidation and/or �OH-induced indirect oxidation
on Ti4O7 electrode. [15,16] However, it seems far more complicated
for the case of industrial wastewater, because the presence of high-
concentration chloride ions inevitably overlaps the discharge of
water and chloride at current density accompanying the anode
potential available for both oxygen and chlorine evolution.

To minimize the side impact of impurities in industrial
wastewater, NaCl solution (100 mg L�1) was electrolyzed at current
density of 2 mA cm�2 and 20 mA cm�2, in order to qualitatively
examine the formation of �OH on Ti4O7. The application of low
current density allows for maximizing the extent to which water is
oxidized by depressing subsidiary reactions induced by chlorides.
Fig. 6A shows the typical response of DMPO-�OH adduct with
quartet lines accounting for peak strength of 1:2:2:1 and hyperfine
coupling constant of aN = 1.49 mT and aH= 1.49 mT (g-factor of
2.0055). The detectable DMPO-�OH was in good consistence with
the observation of electrogenerated �OH on BDD. [36,37] It is
further in line with Chen [38] who reported the EPR profiles of
DMPO-�OH produced by Ti4O7 ceramics, and Zaky and Chaplin [15]
who provided an indirect verification for the existence of �OH
generated on Ti4O7 using p-benzoquinone as �OH probe. Taken
together, the �OH-triggered organic decomposition on Ti4O7 can be
described below:

H2O þ Ti4O7 ! ½OH�ads � Ti4O7 þ Hþ þ e� ð7Þ
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½OH�ads � Ti4O7 þ R ! Ti4O7 þ CO2 þ H2O
þ Inorganic products ð8Þ

½OH�ads þ ½OH�ads ! ½H2O2�ads Ð ½H2O2�aq ! H2O þ O2 ð9Þ

Bejan et al. [39] reported the ability of Ti4O7 to produce �OH in a
manner being similar as that of BDD. According to these authors,
the Ti4O7 bounds �OH is more loosely and less abundantly in
physisorbed state, and is more reactive than BDD. Because of such
nature, the dimerization of �OH is more likely to proceed with the
formation of H2O2 (Eq. (9)), which constitutes one possible
explanation to the reason why a relatively low current efficiency
is attained here for Ti4O7.

The total chlorine was found to increase more considerably at
high current density than that at low current density (Fig. 6B).
Meanwhile, the characteristic peaks for DMPO-�OH adduct faded
in EPR spectra as a consequence of suppression by Cl� oxidation
when mass transfer predominates at high current density. It gives
rise to a possible alternative mechanism that the �OH reacts with
Cl� to from physisorbed �ClOH� and consecutive HClO [40–44]. As
can be seen in Fig. 6C, with the increase in chloride concentration,
the polarization curves were shifted to more positive region; while
increasing chloride concentration to 0.2 mol L�1 resulted in the
reversal of the curves, indicating the importance of Cl2/H2O system
as a potentiostatic buffer [45,46].

For the slightly alkaline DFWW (pH 8.38), the generated active
chlorine in the form of ClO� (pKa of 7.44) may be responsible for
abatement of organic compounds (R) in aqueous solution: [47]

2Cl�þ Ti4O7 ! 2e� þ Cl2½ �ads � Ti4O7 Ð Cl2½ �aqþ Ti4O7 ð10Þ
Cl2 þ H2O Ð Cl� þ Hþ þ HClO Ð ClO� þ Hþ ð11Þ

Cl� þ ½OH�ads � Ti4O7 ! ½ClOH��ads � Ti4O7
Ð ½HClO�ads þ Ti4O7 þ e� ð12Þ

HClO þ 2Hþ þ Rð2e�Þ ! CO2þ H2O þ Cl�

þ inorganic productsðE0
¼ þ1:72 VÞ ð13Þ

ClO� þ 2H2O þ Rð2e�Þ ! CO2þ 2OH�þ Cl�

þ inorganic productsðE0
¼ þ0:89 VÞ ð14Þ

This analysis was consistent with the observation of temporal
increase in pH value during each cycle of anodic oxidation,
especially at higher current density (Fig. S5). The reaction (14)
represents a very significant pathway of indirect electro-oxidation
for chloride-containing wastewater as extensively studied in
previous works [48,49]. Besides, the possibility of physisorbed
HClO shown in Eq. (12) may not be excluded, though the
electrolyte is alkaline. This can be understood from the micro-
scale porous structure of Ti4O7. The water oxidation at the anode
results in acidification of electrolyte being adjacent to electrode
surface (Eq. (7)). The Ti4O7 electrode can preserve much lower pH
inside the porous structure than in bulk solution, thereby a
substantial pH gradient is created between anode surface and bulk
solution, thus favoring enhanced chloride oxidation [20–23].
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Combing the above analysis and experimental results, the Ti4O7

should proceed with electrochemical oxidation of organic pollu-
tants in industrial DFWW by active species of physisorbed �OH and
HClO, and aqueous ClO� under mass transfer control condition. ICE
was decreased greatly with the increased current density (Fig. S6),
due to heat dissipation and coulombic loss toward undesired side
reactions. These reactions may include, but not limited to,
dimerization of �OH, consecutive oxidation of ClO2

�, ClO3
�, ClO4

�,
organic halogen (AOX), and trihalomethanes (THMs), as well as
cathodic reduction of oxidative species by electrons and produced
H2 [50]. In addition to decrease in treating efficiency, the concern
should be also stressed on the behaviors of these toxic chlorinated
byproducts in the treated effluent, which will be an important
issue to be further addressed in the future studies.

3.5. Applications and Implications

The feasibility of monolithic porous Ti4O7 for tertiary treatment
of DFWW is demonstrated in this study. The Ti4O7 can achieve
efficient decomposition of organic substances upon energy
consumption of 32 kWh m�3, accounting for overall removing
efficiency of 66.5% of COD and 46.7% of DOC at current density of
8 mA cm�2 and reaction time of 2 h. The quality of treated stream
meets the discharge standard issued by EPA of China. The
bioavailability of wastewater was improved greatly, represented
by increase in BOD5/COD ratio from initial 0.029 to 0.28. This
means also implies that the treated effluent can be recirculated
back to bio-process to further enhance the organic removal
efficiency.

Table 1 gives a comparison of real industrial dyeing wastewater
treatment by EO. Graphite, Ti/Pt, Ti/metal-doping oxides, dimen-
sionally stable anode (DSA) and BDD could remove organic
pollutants with efficiency in the range of 25-99% depending on
initial COD or TOC, but these results were obtained mostly either
by actively adding chemicals to adjust solution properties (e.g. pH
and conductivity) or by applying high current density (28–
100 mA cm�2) with great energy consumption. In comparison,
Ti4O7 demonstrated more superior performances at a much lower
current density of 8 mA cm�2 without extra addition of chemicals.
In the light of above results, Ti4O7 may become a promising
candidate electrode material, whose unique properties make it
Table 1
Comparison of EO performances of treating real industrial dyeing wastewater.

Electrode Experimental conditions j 

Initial COD
(mg L�1)

Electrolyte

Graphite rod COD = 20840 pH 1.3 28
Graphite COD = 347 0.5 mol L�1 NaCl, pH = 5.5 11
Ti/Pt COD = 608 pH = 7.0 12
Ti/Pt COD = 1250 1% NaCl N
Ti/Ru0.3Ti0.7O2 TOC = 225 5.85 g L�1 NaCl, Na2SO4, pH = 6.9 16
Ti/Ru0.1Sn0.9O2 TOC = 225 0.1 mol L�1 NaCl, pH = 6.9 40
Ti/Ru0.2Sn0.8O2

Ti/Ru0.3Sn0.7O2

Ti/Ir0.3Ti0.7O2

Ti/Ru0.3Ti0.7O2

Ti-Pt/b-PbO2 COD = 550 0.1 mol L�1 Na2SO4, pH = 7.0 75
DSA 

DSA COD = 5957 16.7% NaCl, pH = 7.3 99
Ti/RuOxTiOx COD = 5400 pH = 8.0 40
BDD COD = 470 0.25 mol L�1 HClO4, pH = 1.0 8 

BDD COD = 650 5.0 g Na2SO4, pH = 10.0 60
Nb/BDD COD = 300 0.1 mol L�1 Na2SO4, pH = 7.1 5 

Monolithic porous Ti4O7 COD = 187.2
DOC = 108.5

No adjustment 8 

a The electrolysis was carried out under potential control rather than current contro
b Data not reported.
more cost effective than BDD, and more environmentally friendly
than PbO2- and SnO2-based electrodes. First, as a non-active
electrode material, Ti4O7 has good conductivity and excellent
stability approaching that of ceramic. The oxygen evolution
potential as high as 2.5 V allows for water oxidation to produce
�OH radicals before oxygen evolution. This property would be
highly desirable to promote efficiency and selectivity of organic
oxidation, which is virtually desired for wastewater treatment.
Second, a major attraction of Ti4O7 is that it can be produced from
TiO2, a commodity chemical that are readily available and
environmentally friendly across the world. This would render
the electrode preparation and operation process more economi-
cally reliable and more sustainable. Third, the monolithic electrode
is preferred for practical applications, because it eliminates the
requirement for binding particulate catalyst onto conductive
substrate during electrode fabrication. Thus, improvement of
electrode stability is expected owing to minimal concern of
particle agglomeration and detachment during long-term opera-
tion. As Heyfield marked, “It is fair to assert that in its combination
of properties, monolithic Ti4O7 has no challengers” [9].

Notwithstanding this, there remains a long distance from what
can be expected of Ti4O7 as an “ideal” electrode material for EO
process, and several problems will continue to be further
addressed. The future works may be more focused on several
aspects, e.g. developing reliable methods for large-scale prepara-
tion of pure phase Ti4O7, designing suitable microporous structure
for enhancing interfacial reaction, inhibiting side reactions to
minimize chlorinated byproducts, constructing optimum Ti4O7-
oriented configuration of electrochemical reactors. Additionally, it
will be also of great interest to develop theoretical approaches like
density functional theory to elucidate interaction between Ti4O7

and �OH radicals.

4. Conclusions

In this study, a monolithic porous Magnéli-phase Ti4O7

electrode was fabricated for electrochemical oxidation of refracto-
ry industrial DFWW. The Ti4O7 electrode achieved efficient and
stable abatement of recalcitrant organic pollutants without any
extra addition of chemicals. The soluble chemical oxygen demand
(COD) and dissolved organic carbon (DOC) were removed by 66.5%
(mA cm�2) Time (h) Removal (%) Energy consumption Refs.

 3.5 68 N. A. b [51]
1.11 2 91.07 190 kWh kg COD�1 [52]

 V a 1.25 45 1800 kWh kg COD�1 [53]
. A. 1/6 90 N. A. [54]
0 2 57.8 822 kWh kg TOC�1 [55]

 2 25.3 327 kWh kg TOC�1 [56]
26.8 287 kWh kg TOC�1

23.9 325 kWh kg TOC�1

25.1 352 kWh kg TOC�1

44.4 159 kWh kg TOC�1

 3 90 50 kWh m�3 [57]
55 31 kWh m�3

.7 0.3 52.8 N. A. [58]
 5 95 24.95 kWh kg COD�1 [59]

3 60 115 kWh kg COD�1 [60]
 15 99 300 kWh m�3 [61]

5 93 30 kWh m�3 [62]
2 68.8 (COD)

54.5 (DOC)
32 kWh m�3 this work

l.
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and 46.7%, respectively, at current density of 8 mA cm�2 after 2 h
reaction. The bioavailability of treated wastewater was improved
substantially, indicated by one order of magnitude increase in
BOD5/COD. The Ti4O7 electrode had good long-term stability, with
its maximum COD removal declined only slightly (<8%) at current
density of 20 mA cm�2 during a 50-cycle operation. This study
provides important insights for achieving efficient and sustainable
electrochemical wastewater treatment using the novel porous
Ti4O7 electrode material.
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