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The opaque methylene blue (MB) dye wastewater hard to be degraded directly by photocatalytic (PC)
oxidation was successfully decomposed by a new two-step process, in which electrocatalytic (EC) pre-
oxidation was followed with photoelectric synergistic catalytic (PEC) oxidation. The SnO;/TiO, NTs
electrode was used as the anode, which simultaneously has superior EC and PC performance. In the pre-
oxidation step, the opaque dye wastewater is decolorized by EC oxidation, and the wastewater becomes
a light transmission system, which provides the necessary condition for PC oxidation. However, the
individual EC oxidation will be of low current efficiency and high energy consumption for the decreasing
of the pollutants concentration in wastewater. Thus, in second stage, the PC process was introduced, and
the synergistic catalytic oxidation leads to high PEC oxidation efficiency, so that the complete mineral-
ization of the MB dye wastewater was realized. The whole process is highly efficient and energy-saving,
which opens a new avenue to degrade the high-chroma or opaque dye wastewater.

Methylene blue

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

With the development of printing and dyeing industry, dyes had
become one of the most serious pollutants in the water environment
[1-3]. The dye wastewater is difficult to be decolorized and bio-
degraded for its high-chroma and strong absorption property [4—6].
Moreover, it is well known that some dye wastewater and its prod-
ucts such as aromatic amines are highly carcinogenic [7,8]. So dye
wastewater has become a major problem in the environmental
pollution control field [9—12]. The traditional treatment methods
(such as adsorption, cohesion, filtration, ion exchange, etc.) have been
proven to be insufficient to purify dye wastewater with complete
mineralization, and it is limited by its complicated post-treatment
procedures. Among the new oxidation methods, photocatalysis and
electrocatalysis have appeared as emerging destructive technologies
owning to their total mineralization of many organic pollutants
[13—15]. So the photocatalytic (PC) and electrocatalytic (EC) oxidation
has been attracted more concern in the dye wastewater treatment
[16—18].

Previous studies showed that electron transfer between dyes
and nanosized semiconductor particles occurs under visible and UV
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irradiation, and the dyes can be degraded to smaller molecules and
ultimately mineralized completely to water, carbon dioxide and
other inorganic ions. Among heterogeneous photocatalyst TiO; is
widely applied to purify the dye wastewater [19—22]. PC degra-
dation of dyes has been realized by TiO; thin films or suspensions.
Among all forms of TiO, the TiO, NTs array with a highly ordered
arrangement is effective on dye wastewater owning to its high
specific surface area, adsorption capacity and more active sites
[23—26]. However, all the PC oxidation works on the premise that
the aqueous solution should be transparent or have certain light
transmittance, so the PC degradation is only suitable for the dye
wastewater with low concentration and certain light transmission.
And individual PC oxidation often fails to treat the dye wastewater
with high concentration and deep color.

EC oxidation is also an efficient pollution control technology
[27—31]. At a certain potential, the pollutant on the electrode surface
can be oxidized. However, the reaction probability will decrease with
the descent of the initial pollutant concentration due to the evolu-
tion of oxygen and hydrogen as side reaction. So the current effi-
ciency decreases rapidly and the energy consumption increases.
Therefore, EC oxidation is very suitable for the pretreatment of the
high chroma wastewater, which will supply necessary condition for
the PC oxidation.

According to the above analysis, we propose a sectional
degradation of high-chroma dye wastewater. Individual EC
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oxidation can be firstly applied to destruct the chromophore of
the pollutant and decrease the colority, and the transmittance of
the dye wastewater will be increased by the EC pre-oxidation.
However, EC oxidation will be at low current efficiency and
need high electrochemical energy consumption with the
decrease of pollutants concentration. Then, the role of the pho-
tocatalyst will bring into play. Nevertheless, the individual PC or
EC is not efficient enough. So the photoelectric synergistic cata-
lytic oxidation can be adopted to achieve high efficient catalytic
oxidation at the second stage. It is expected that this two-section
treatment might be efficient and energy-saving. An intensive
research on the feasibility, efficiency, energy consumption of this
process is carried out. As we known, the material and the
properties of the anode are crucial to the efficient degradation of
the high-chroma dye wastewater. And the anode must own both
high EC and PC oxidation ability. In fact, the Sb-doped SnO5/TiO,
NT anode prepared in our previous research happens to meet this
requirement and might act as a qualified material [32]. It inherits
good PC oxidation properties of TiO, NTs, and the photo-
conversion efficiency is 26.1%, which is much higher than 8.2% of
the TiO, NTs. It also owns excellent EC oxidation property of the
Sb-doped SnO,/Ti. Moreover, it presents high efficiency on the
degradation of refractory aromatic acid [32].

The novelty of this research is the sectional degradation of
opaque methylene blue (MB) dye wastewater. Such a sectional
treatment commendably realizes the efficient degradation of
opaque dye wastewater. The reason of the efficiency and energy-
saving is discussed from the reaction kinetics and the energy
consumption.

In this study, high chroma MB solution (100 mg L) is selected
as the target pollutant. The molecular structure of MB contains
a benzene ring, accompanied with N and S hetero-atom. It also is
a refractory organic matter and can cause serious harm to the
environment [33—35]. The application of the new two-step process
to degrade MB dye wastewater will provide a new method for the
degradation of deep colored or opaque dyes wastewater.

2. Experimental section
2.1. Materials

Titanium sheets (thickness 1 mm, purity 99.8%) was purchased
from Jucheng Titanium Sheets Corporation in Baoji, China. MB,
anhydrous sodium sulfate, stannous chloride, antimony trichloride
and polyethylene glycol 400 were of analytical grade (Sinopharm
Chemical Reagent Co. Ltd). All the solutions were prepared using
deionized water.

The TiO, NTs were first prepared by the electrochemical anodic
oxidation with the pretreated titanium sheets as anode. Then, the
vacuum treated TiO, NTs were immersed into tin-antimony sol-gel
and annealed to obtain the Sb-doped Sn0;/TiO2 NTs (Sn03/TiO;
NTs) anode [32].

2.2. Photoelectric degradation experiment and analysis

Photoelectric degradation experiment was carried out in
a single circular electrochemical reaction cell, externally connected
to circulating water to keep the reaction at a constant temperature
of 25°C. Sn0,/TiO, NTs works as the anode, and titanium as
cathode (Schematic diag. 1). The electrode area is 4.5 cm? with the
gap of 1.0cm, and the current density is 30 mAcm 2. 100 mg
L~ MB solution containing 0.1 M Na,SOy is used as the simulated
wastewater, and the solution volume is 100 mL. 300 W UV lamp
(center wavelength 365 nm, light intensity 3 mW cm~2) is the light
source.
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Schematic diag. 1. Schematic diagram of EC, PC and PEC experimental setup.

UV—vis spectrophotometer (Agilent 8453, Agilent Corporation,
USA) was used to determine the absorbance (A) and transmittance
(T) of the solution before and after reaction, measuring the absor-
bance of the MB solution at the maximum absorption wavelength
(A=664 nm). The decoloration ratio is calculated as follows [36]:

Decoloration ratio = (Apefore — Aafter) / Apefore X 100% (1)

where Apefore and Aafter is the absorbance of the solution before and
after reaction.

The concentration of MB were measured by HPLC (Agilent HP
1100, Agilent Corporation, USA) with Ultimat TMAQ-C18
(4.6 x 100 mm, 5um) at 25°C and selected UV detector at
A=292 nm. 60:40 (v/v) methanol/phosphate buffer (pH=2.3)
was employed as the mobile phase at the flow rate of
1.0 mL min~. 20 pL aliquots were injected into the HPLC sampler.
The sample was filtered through a microporous filter
(13 mm x 0.20 mm) before each analysis.

Total organic carbon (TOC) was measured on a Shimadzu TOC-
Vcpn analyzer. The mineralization reaction of MB is as follows:

2C4gH1gCIN3S, + 80H,0—32C0, + Cl, + 4504217 + 3N,
+196H" + 188e~ )

Mineralization current efficiency (MCE) at a given time t for the
treated MB solution is estimated as follows [37]:

A(TOC)eXp o
W x 100% (3)

theor

MCE =

where A(TOC)exp is the experimental value for TOC removal at time
t, and A(TOC)theor is the theoretically value of TOC removal, calcu-
lated by

I><t 3
_mxncxMxlo
theor — 1%

A(TOC) mg L~! (4)

where I is the current intensity (A), t is electrolysis time (s), F is
Faraday constant, F=96,485 Cmol~, n. is the electron transfer
number in equation (1), n¢ is the carbon number of the organic
compound, M is carbon atomic weight, 12 gmol~!, and V is the
volume of the sample solution (L). For MB, n. and n. are 188 and 16,
respectively.

The energy consumption in the single EC and PEC processes is
calculated as follows [38]:

Ult

E=-_ —
Vlog(Co/Cr)

(5)
where U is the voltage (V), I is the current intensity (A), t is the
degradation time (s), V is the volume of the sample solution (L), Co
and C; are the concentrations of MB at time 0 and t (mgL™").
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The energy consumption in the single PC process is calculated as
follows:

E =Pt (6)

where P is the power of the UV light source, and t is the degradation
time (s).

For the two-step process, the energy consumption equals to the
sum of the energy in each step.

3. Results and discussion

3.1. The suitable reaction condition for the PEC oxidation: EC
pre-oxidation

The SnO,/TiO; NTs anode used in the experiment is an electrode
owns both high EC and PC oxidation efficiency. It inherits the good
PC oxidation properties of TiO, NTs, the photoconversion efficiency
is 26.1%, much higher than 8.2% of the TiO2 NTs [32]. It also inherits
the excellent EC oxidation properties of the Sb-doped SnO»/Ti, and
the oxygen evolution potential is as high as 1.8 V versus saturated
calomel electrode (SCE). Therefore, it is suitable for the photo-
electrocatalytic (PEC) degradation of organic contaminants.

The light transmittance rate of the initial 100 mgL~! MB was
almost zero. Fig. 1A shows the light transmittance ratio of the MB
solution changing with time. It can be seen that the light trans-
mittance rate of the solution increased from zero to 2.8% after 9 h
with the single PC oxidation treatment. The decoloration rate of the
solution is determined by the absorbance at characteristic
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Fig.1. A: The transmittance ratio of the MB solution changes with time in PC (a), EC (b)
and PC-PEC (c) processes. B: Decoloration rate of the MB solution vs. time in PC (a), EC
(b) and PC-PEC (c) processes.

absorption band of MB (A = 664 nm). The decoloration ratio is only
13% after 9 h PC oxidation (Fig. 1B), so the individual PC oxidation
exhibited poor decoloration effect. Fig. 2a depicts the UV—visible
absorption spectra during the degradation of MB in the PC process.
It also shows that MB is hard to be degraded by individual PC
oxidation. And TOC decreases slowly in the whole PC oxidation
process, which is still at a high value of 471 mgL~' with TOC
removal of 12.0% after 6 h (Fig. 3a). Many studies of the MB PC
degradation is based on the MB concentration is very low. In
Ammar Houas and Tai Cheng An’s study, the research concentration
is 0.072 and 1 mmol L' [34,39]. In this study, 100 mg L~ converted
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Fig. 2. The UV—visible absorption spectra of MB solution in PC (a), EC (b) and PC-PEC
(c) processes.
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Fig. 3. a): The TOC variation of MB with time in PC, EC and PC-PEC processes. b): The
MCE variation with time in EC and PC-PEC processes.

to molar concentration is 28 mmolL~L. So high-chroma MB could
not be degraded effectively by individual PC oxidation, because
light could not penetrate the dye solution for the deep color, and
the PC reaction probability is further decreased for the strong
adsorption of MB on the electrode surface, this leads to that the PC
oxidation does not have function on the opaque MB solution.

As respect to EC oxidation, no special requirements for the light
transmittance of the solution, and good results can be obtained for
the degradation of the dye wastewater. Thus, EC oxidation is suit-
able for the pretreatment of the opaque MB solution to improve its
light transmittance. It shows that the light transmittance ratio
increases rapidly to 20.9% at 1.5 h (Fig. 1A, curve b) and the decol-
oration ratio is up to 67.1% at 1.5 h (Fig. 1B, curve b), indicating that
EC oxidation can efficiently decrease the colority and increase the
transmittance ratio of the MB solution.

Fig. 2b presents the UV—visible spectra of MB solution change
with the time in the EC process. The maximal absorption band
occurred at 247, 292, 612 and 664 nm (Fig. 2). The bands at 247 and
292 nm are from the benzene ring conjugated system, and the
bands at 612 and 664 nm are from the MB chromophore ring
structure (phenothiazine or thionine). The latter bands gradually
decrease with time, indicating that the MB solution is decolorized.
It can be explained from two aspects: One is that demethylation
and deamination oxidative degradation take place during the EC
oxidation of MB, it is consistent with the wide bands between 612
and 664 nm (Fig. 2). As weak electron-donor substituent, methyl
groups can be easily attacked by electrophilic species in the
demethylation process [35]. The color of MB solution will become
less intense (hypsochromic effect) when all or part of the aux-
ochromic groups (methyl or methylamine) are degraded. The other

reason is the cleavage of bonds between the C—S*=C functional
chromophore group in MB which causes the definitive dissociation
of the two benzene rings, and further leads to the hypsochromic
effect [34]. It indicates that EC oxidation provides appropriate
condition for the subsequent PC oxidation because the colority of
MB solution is decreased.

Moreover, the organic carbon in the solution is degraded in the EC
process. At 1.5 h, the TOC reduced 31.8% (Fig. 3a). It could be corre-
spond to the aromatic ring opening with the transient formation of
carboxylic acids followed by the evolution of CO». It can be seen that
the TOC in the solution first decreases obviously (Fig. 3a, part AC) and
then decreases slowly (Fig. 3a, part CD). This can be well explained by
the MCE, the MCE is high at the beginning of the reaction (in the first
1.5 h), which are more than 90%. But the MCE rapidly decreases later
(Fig.3b), which is only 50% at 6 h leading to the poor treatment effect,
and the energy consumption correspondingly increases with TOC
removal (Fig. 4). The colority of MB solution is reduced in a short time
and the light transmittance of solution is increased with EC oxidation,
which indicated that EC is more suitable for the pretreatment and
provide appropriate conditions for subsequent PC process. However,
the current efficiency is low and energy consumption is high in the
latter stage, so the EC oxidation is not suitable for the pollutant with
low concentration.

3.2. High efficient and energy saving of the two-step process

Since the current efficiency in the EC process decreases
rapidly and its energy consumption increases with the decreasing
of MB concentration, PC is introduced at 1.5 h to form a photo-
electrocatalytic (PEC) oxidation for the system in order to
maintain high degradation efficiency.

Firstly, the degradation kinetics of MB in the two-step process
was studied. It found that the logarithm of MB concentration (InC)
has a good linear relationship with the reaction time (t). It indicates
that the MB decay fits to a pseudo first-order reaction in EC, PC and
PEC processes, and the apparent rate constant ks is 0.56, 0.04 and
1.86 h~! (Fig. 5b), respectively. In the two-step process, MB is
completely degraded at 4 h, which is divided into two stages. The
first 1.5 h is the EC process with ks of 0.56 h~1. When UV light is
introduced at 1.5 h to initiate PC oxidation reaction, due to the
excellent PC and EC performance of the electrode, MB is rapidly
degraded in the PEC process, so that the rate constant increases to
1.56 h™! (Fig. 5b), which is 2.8 times higher than that in the single
EC process. This proves that the degradation of MB is faster and
more efficient in the two-step process.
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Fig. 4. The energy consumption variation with TOC removal in PC, EC and PC-PEC
processes.
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Fig. 5. a): The concentration variation of MB with time in PC, EC and PC-PEC processes.
b): The apparent rate constant variation with time in PC, EC and PC-PEC processes.

The peaks of MB at 612 and 664 nm decreased greatly from 1.5
to 6 h (Fig. 2c). This indicates that the bonds of the C—S™=C
functional chromophore group is destructed to a further extent
than the EC process (Fig. 2b), and the peaks at 247 and 292 nm
decreased greatly, indicating that the benzene ring is also further
destructed (Fig. 2c), which can be markedly reflected by the TOC
removal and the calculated MCE. It can be seen that MCE is less than
85.9% after 1.5 h (Fig. 3b) in the EC process, and it decreases to 50.4%
at 6 h (Fig. 3b), this is ascribed to the decreasing of pollutants
concentration and the increasing of the side reactions on the
electrode. So the MCE decreases greatly in this process. In order to
maintain higher efficiency, the PC oxidation is introduced at 1.5 h
(Fig. 3a, point C) and the PEC oxidation continues (Fig. 3a, CE
section). It can be seen that MCE changes from 94.0% at 1.5 h to
74.4% at 6.0 h in the PEC process, while it changed from 94.0% to
50.4% in the EC process, respectively. So the oxidation efficiency is
improved greatly in the PEC process than that in the single EC
process. It can be further proved by the TOC removal. Fig. 3a shows
that TOC of the MB solution decreases greatly from 1.5 to 6 h in CE
section (PEC process), and it is 2.7 mgL~! at 6 h, which is much
lower than the EC process (17.8 mgL~!) (Fig. 3a). Thus the PEC
oxidation can keep good degradation results for low pollutant
concentrations in the second stage.

The treatment results of PEC process are much better than the
EC process. On the one hand, MB and its intermediates are adsorbed
on the anode which leads to the decrease of the UV absorption. On
the other hand, the adsorption of them on the electrode can result
in the fouling of the EC sites. The two aspects result in the drop of
oxidation efficiency. Oppositely, the intermediates on this anode

are removed by EC process, which can enhance the absorption of
UV and accelerate the PC process. Similarly, the photo-generated
holes and the radicals such as -OH produced in the PC process
are helpful to remove the intermediates, thus alleviates the fouling
of the electrode. The enhancement of the EC process is also realized.
So the synergistic interaction of PC and EC in the PEC process
achieved good treatment efficiency for MB than the individual EC
process. The results are in accordance with the earlier study [32].

At the same time, energy consumption was compared among
the PC, EC and EC-PEC processes (Fig. 4). It can be seen that the
individual PC process costs more energy with very low TOC
removal (Fig. 4, inset map). In the EC process, it costs 103.7 k] at the
TOC removal of 66.8%, and in the EC-PEC process it costs 93.1 k] at
the TOC removal of 92.2%. Therefore, the two-step process
proposed is a highly efficient and energy-saving degradation
technology for high-chroma and opaque MB solution.

4. Conclusion

A two-step process for the degradation of the high-chroma and
opaque MB dye wastewater was proposed in this paper, and complete
mineralization of MB was successfully achieved on the SnO,/TiO, NTs
anode, which possessed superior EC and PC performance. In the pre-
oxidation process, the opaque dye wastewater was decolorized with
EC oxidation, and became a light transmission system, which
provided the necessary condition for PC oxidation. To solve the
problem of the EC oxidation with low current efficiency and high
energy consumption for the decreasing of the concentration in
wastewater, the PC oxidation was introduced. The synergistic cata-
lytic oxidation leaded to high PEC oxidation efficiency, so that it
achieved the complete mineralization of dye wastewater. In the two-
step process it costs 93.1 k] at the TOC removal of 92.2%, it costs less
energy, but it achieves better treatment effect, so the whole process
was proved to be efficient and energy-saving, which opens a new
avenue to degrade the high-chroma and opaque dye wastewater.
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