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ABSTRACT

In the present study, an electrochemical technique was used for degradation of methylene
blue (MB) from aqueous solutions on a laboratory scale using a homemade plexiglass cell.
Electrodes comprising a stainless steel net coated with single-walled carbon nanotubes
(SWCNTs@SSN) were used as both the anode and the cathode. The effects of various
parameters, including the supporting electrolyte type, solution pH, electrochemical time,
applied voltage, electrolyte concentration, and initial MB concentration, on the MB decolor-
ization efficiencies were investigated. The percentage of chemical oxygen demand (COD)
removal was also investigated. The supporting electrolyte type, applied voltage, and electro-
lyte concentration have obvious effects on the degradation of MB, and the solution pH and
initial MB concentration have minor effects on the degradation. As the initial MB concentra-
tion was varied from 100 to 400 mgL™", the percentages of COD removal of all the investi-
gated solutions were higher than 86.0%, and the general current efficiency (GCE) increased
from 1.79 to 6.38%. The electrical energy consumption (E.) increased with increasing
applied voltage. The results of the study prove that the method is a potential technique for
the treatment of azo dye wastewater.

Keywords: Electrochemical; Methylene blue; Electrode; Stainless steel net; Single-walled car-
bon nanotubes (SWCNTs); Dyestuff wastewater

1. Introduction

Dye wastewater is one source of environmental
pollution. The discharge of this wastewater can cause
esthetic problems, and it also damages the quality of
the receiving body of water. In addition, since some
dyes are considered carcinogens or mutagens [1], the
dye wastewater must be treated before it is dis-
charged.

*Corresponding author.

Many methods have been used to treat dye waste-
water, including biological treatment [2], adsorption
[3,4], coagulation [5], advanced oxidation process [6-8],
chemical oxidation [9,10], etc. However, conventional
biological treatments are usually ineffective for dye
degradation because of the presence of aromatic rings,
and high biochemical stability. The method of adsorp-
tion requires regular regeneration of adsorbents, and
chemical oxidation and advanced oxidation processes
have high costs and present some operational problems.
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Hence, it is necessary to find a new method that is not
only highly efficient but also cost-efficient.

In recent years, electrochemical oxidation has
attracted more attention owing to its wide application,
simple equipment, easy operation, high efficiency, and
environmental compatibility [11,12]. It is a relatively
new trend in dye wastewater treatment and various
electrode materials have been tested, such as boron-
doped diamond (BDD) [13-15], PbO, [16,17], SnO,
[16,18,19], Pt [20], and mixed metal oxide (RuO,) [21].
However, these electrodes are only used on a labora-
tory scale for research on the degradation mechanism.
In addition, SnO, and PbO, have the common draw-
backs of short service life and the release of toxic ions
because they can react with hydroxyl radicals (HO")
generated when a voltage is applied. So far, there
have not been reports of studies on field-scale use of
these electrodes. Because these electrodes are either
expensive or their production processes are compli-
cated, they are not suitable for use on the field level.

Azo dyes are the largest group of dyes, and they
are widely used in the textile industry [22]. In our pre-
vious work [23,24], a stainless steel net coated with
single-walled carbon nanotubes (SWCNTs@SSN) was
used to remove hexavalent chromium and lead ions,
and it showed excellent chemical stability and conduc-
tivity. In this present work, SWCNTs@SSN was used
as both anode and cathode, and methylene blue (MB)
was chosen as the representative dye to investigate
the feasibility of using SWCNTs@SSN as electrodes to
degrade azo dye from an aqueous solution. The key
parameters of the degradation process, such as the
electrolyte type, initial solution pH, electrolyte concen-
tration, applied voltage, and initial MB concentration,
were investigated.

2. Materials and methods
2.1. Materials and reagents

Analytical grade Na,SO,;, NaCl, H,SO,, NaOH,
and methylene blue (C;6H;5CIN3S-3H,O) were used
(Sinopharm Chemical Reagent Co., Shanghai, China).
Ultrapure water (18.2MQcm) was obtained from a
water purification system (Unique-R30, Research Sci-
entific Instruments Co., China). SWCNTs were pur-
chased from the Institute of Solid State Physics of the
Chinese Academy of Sciences (Hefei, China). The SSN
(AISI304), which had 40 meshes and a wire diameter
of 0.2mm, was obtained commercially. A stock MB
solution (2000 mgL™") was prepared by dissolving MB
in ultrapure water. Working MB-containing solutions
of desired concentrations were obtained by diluting
the stock solution with ultrapure water.
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2.2. The electrolysis cell and preparation of the
SWCNTs@SSN electrodes

The experiments were carried out on a laboratory
scale in a homemade plexiglass cell. The dimensions
of the electrolysis cell were 9.0 x 6.0 x5.0cm. An illus-
tration of the experimental setup is shown in Fig. 1.
The applied voltage was supplied by an electrochemi-
cal analytical instrument (CHI630B, Shanghai Chenhua
Instrument Co., China). A saturated calomel electrode
(SCE) was selected as the reference electrode, and two
SWCNTs@SSN electrodes were used as the cathode
and the anode. A magnetic stirrer (JBZ-14, Shanghai
Kang-Yi Instruments Co., China) with a rotational
speed of 300 rpm was used to maintain the electrolytic
homogeneity of the solutions.

The preparation of SWCNTs@SSN is described in
our previous work [23]. To reiterate, the SSN was cut
into 7.5x5.0cm pieces, and the pieces were rinsed
with a sulfuric acid solution (1:10, v/v) and ultrapure
water to remove the dirt on the surface. The pieces
were then dried at 40°C to obtain clean SSN. One
gram of the SWCNTs, which had a pore size of 1-2
nm, length of 5-30 pm, and specific surface area of
more than 380 m? gfl, was refluxed in a mixed solu-
tion of nitric and sulfuric acids (1:3, v/v) at 130°C for
45min. The pH of the mixture was then changed to
neutral by washing with ultrapure water. The mixture
was centrifuged and the SWCNTs were dried in a
constant-temperature  drying oven (DHG-9146A,
Shanghai Jing-hong Instrument Co., China). Next, the
treated SWCNTs were ultrasonically dispersed in 200
mL of N,N-dimethylformamide, resulting in a
suspended solution of the SWCNTs. Two clean pieces
of the SSN were immersed in parallel into this
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Fig. 1. Illustration of the experimental set up.
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suspension. A direct current (dc) voltage of 40V was
applied between the two pieces of SSN. A deposit of
SWCNTs appeared on the SSN used as the anode. The
SSN anode was then removed from the suspension
and dried at 120°C to evaporate the solvent. Thus, a
SWCNTs@SSN electrode was obtained.

2.3. Electrochemical treatment

The pH of the MB solution, determined with a pH
meter (UB-7, Denver Instrument, USA), was adjusted
using diluted NaOH and H,SO, solutions. The effects
of the experimental parameters, including the support-
ing electrolyte type, solution pH, electrochemical time,
applied voltage, electrolyte concentration, and initial
MB concentration on the decolorization efficiency,
were studied. The volume of the solution used was
240 mL, the distance between the anode and cathode
was 3cm, and the MB concentration was 300 mg L.
Samples of the MB solution were collected at desig-
nated intervals for analysis of the MB concentration
and chemical oxygen demand (COD) removal.

2.4. Analytical methods

A UV-vis spectrophotometer (TU1810, Beijing
Puxi, China) was used to monitor the MB concentra-
tion at 662nm. The COD measurements via the
dichromate titration technique (COD,,) were obtained
using the standard method [25]. The decolorization
efficiency () was calculated by the change in absor-
bance using Eq. (1):

Ag— A
n="2""1100% 1)
A

where Ay and A; are the absorbance value of MB ini-
tially and at a given time t, respectively. The specific
energy consumption (E., in kWhm™) was calculated
using Eq. (2):

ul;

.= 1073 2
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where U is the average cell voltage (V), I is the current
(A), t is the treatment time (s), and V is the volume of
the treated wastewater (m>). The general current effi-
ciency (GCE) for the anodic oxidation of MB was cal-
culated from the values of COD using Eq. (3) [21,26]:

(CODy — CODy)

ST FV x 100% 3

GCE (%) =
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where COD, and COD; are the COD initially and at
time ¢ (in g O,L™"), respectively, I is the current (A), F
is the Faraday constant (96,487 C mol ™), V is the vol-
ume of the electrolyte (L), and 8 is the oxygen equiva-
lent mass (g eq ).

3. Results and discussion
3.1. Effect of experimental parameters
3.1.1. Effect of electrode assembly used

The comparison of SSN and SWCNTs@SSN on the
degradation MB was carried out under the experimen-
tal conditions, solution pH 7.0, applied voltage 2.0V,
current density 33mAcm 2, NaCl concentration
1.0gL™", and MB concentration 100mgL™". After 60
min treatment, the MB decolorization efficiencies were
93.3 and 95.7% with the SSN and SWCNTs@SSN as
both cathode and anode, respectively. The MB decol-
orization efficiencies had no obvious difference
between them. However, when the SSN and
SWCNTs@SSN were used more than three times, obvi-
ous oxidation phenomenon was found on the SSN
surface, and no obvious change was found on
SWCNTs@SSN. The results indicated that the
SWCNTs@SSN was a stable electrode compared with
the SSN.

3.1.2. Effect of different supporting electrolytes

In order to investigate the effect of different sup-
porting electrolytes on MB degradation, NaCl and
NaySO, were added to the MB solution, separately, as
the supporting electrolyte. The results are shown in
Fig. 2. Higher MB decolorization efficiency and shorter
electrolysis time were obtained when NaCl was used
as the electrolyte, possibly because the active chloride
could be generated via direct oxidation of the chloride
ion and water at the electrode surface, as follows:

Cathode reaction: 2H,O — 20H" + 2H*' + 2e~ 4)

Anode reaction: 2C1~ — Cl, + 2e~ 5)

Bulk solution reaction: Cl, + 2H,O —>_HOCL ©)
— H* +0Cl

Bulk solution reaction: HOCL — H* + OCI~ (7)

Thus, the presence of NaCl in the solution would lead
to the production of additional oxidants such as Cl,,
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Fig. 2. Effect of different supporting electrolytes on the

decolorization of MB. Experimental conditions: solution

pH 7.0; applied voltage 2.0 V; current density 3.3 mA cm %

NaCl Cloncentration 2.0gL71; and NaySO,; concentration
20gL.

HOCI, and OCI. These active chlorides favor
oxidation cleavage of the azo bond, which is the most
active site in the dye molecule [27].

The decolorization of MB in the presence of
NaySO; is attributed to the generation of peroxodisul-
fates (reaction in Eq. (8)) that can oxidize organic dyes:

280; — S,05 +2e” ®)

These peroxodisulfates are powerful oxidants and they
can act as a mediator for the oxidation of organic com-
pounds. The oxidation rate of organic compounds is
significantly affected by temperature, and the oxida-
tion rate increases with the increase in temperature
[28]. In this work, since the experiment was carried
out at ambient temperature, the decolorization effi-
ciency of MB was low.

3.1.3. Effect of solution pH and electrolysis time

Solution pH is an important factor for dye waste-
water treatment. There have been many reports on the
effect of solution pH in anodic oxidation, but the
results are diverse and even contradictory owing to
the different organic structures and electrode materials
used [26,29-31]. In our study, the effect of solution pH
on the decolorization of MB was carried out using
NaCl with a concentration of 1.0gL™" as the support-
ing electrolyte, an applied voltage of 2.0V, a current
density of 3.3mA cm 2, and a solution pH that varied
from 3.0 to 10.0. The results in Fig. 3 indicate that the
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Fig. 3. Effect of solution pH and electrolysis time on the
decolorization of MB. Experimental conditions: applied
voltage 2.0V; current density 3.3 mA cm™?; NaCl concen-
tration 1.0 gLfl ; and initial MB concentration 300 mg L

decolorization rate of MB increased with increasing
solution pH. For example, the decolorization of MB
increased from 50.9 to 91.3% when the solution pH
was increased from 3.0 to 10.0 after 30 min of electrol-
ysis. However, all MB solutions at various solution
pH levels studied had higher decolorization efficiency
after 60 min of electrolysis. The pH of the MB solution
prepared by dissolving MB in ultrapure water was
about 7.0, which was a suitable value for MB decolor-
ization according to the results of Fig. 3. Thus, the pre-
pared MB solution was used directly with no further
adjustments in the following study.

The effect of electrolysis time on the decolorization
efficiency of MB was analyzed over a period of 0-120
min, with the same operating conditions for the analy-
sis of the effect of solution pH. We observed in Fig. 3
that MB decolorization showed a sharp increase dur-
ing the first 30 min at the investigated pH levels, and
most decolorization of MB reached equilibrium in less
than 60 min. Thus, an electrolysis time of 60 min was
adopted in the following study.

3.14. Effect of applied voltage

Fig. 4 shows the progress in MB decolorization
with time at five different applied voltages of 1.0, 1.5,
2.0, 3.0, and 4.0V, with an SCE as the reference elec-
trode and corresponding current densities of 1.27,
2.75, 3.30, 3.32, and 3.35 mA cm 2. The MB decoloriza-
tion efficiency increased from 7.3 to 93.8% as the
applied voltage was increased from 1.0 to 4.0V after
30min of electrolysis treatment. As expected, the
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Fig. 4. Effect of applied voltage on the decolorization of
MB. Experimental conditions: solution pH 7.0; NaCl con-
centration 1.0 gLfl; electrolysis time 60 min; and initial MB
concentration 300 mg L.

larger the applied cell voltage, the higher the MB
decolorization efficiency. Moreover, almost all the
decolorization efficiencies were higher than 92.6%
after 60 min at all applied voltages except 1.0 V. Tak-
ing both decolorization efficiency and energy con-
sumption into account, we determined that 2.0V was
the optimized applied voltage.

3.1.5. Effect of supporting electrolyte concentration

The effect of supporting electrolyte concentration
on the decolorization of MB was investigated for
various MB concentrations between 0.5 and 5.0gL™".
The results (Fig. 5) showed that the efficiency of MB
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Fig. 5. Effect of supporting electrolyte concentration on the
decolorization of MB. Experimental conditions: applied
voltage 2.0 V; solution pH 7.0; electrolysis time 60 min; and
initial MB concentration 300 mg L™".
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decolorization increased from 37.3 to 95.2% when the
concentration of NaCl was increased from 0.5 to 2.0¢g
L™" after 40 min of electrolysis. However, there was no
additional effect of NaCl when its concentration was
increased beyond 2.0gL™'. In other words, the
optimal supporting concentration was 2.0gL™".

3.1.6. The effect of the initial MB concentration

In view of the fact that the wastewater discharged
from different industries has different concentrations
of MB, it is very important, from a practical point of
view, to investigate the effect of the initial concentra-
tion on the degradation efficiency of MB during the
electrochemical process. Fig. 6 shows that effect as the
MB concentration was varied from 100 to 400 mgL™".
High MB degradation rates were obtained for all four
MB concentrations studied. The initial MB concentra-
tion had no obvious effect on MB degradation. For
example, when the initial MB concentrations were 100
and 400mgL™", the surplus MB concentrations were
6.0 and 15.9mgL~", respectively, after 60 min of elec-
trochemical treatment; the corresponding decoloriza-
tion efficiencies were 93.9 and 96.0%, respectively.

Fig. 7 shows the trend of COD concentration and
removal efficiency during the electrolytic process
under various experimental conditions. The results
show that the COD removal efficiency decreased
slightly with increasing initial MB concentration. For
example, a COD removal efficiency of 86.7% was
obtained when the MB concentration was 100 mg L
and a COD removal efficiency of 84.1% was obtained
when the MB concentration was 400 mgL™" after 60
min of electrolysis. Although the COD degradation
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Fig. 6. Effect of initial MB concentration on the decoloriza-
tion of MB. Experimental conditions: solution pH 7.0;
applied voltage 2.0V; current density 3.3 mA cm ~; NaCl
concentration 1.0 gL™"; and electrolysis time 60 min.
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Fig. 7. COD removal in the MB solution. Experimental
conditions: solution pH 7.0; applied voltage 2.0 V; current
density 3.3mAcm % NaCl concentration 2.0gL™"; and
electrolysis time 60 min.

efficiency decreased slightly for a higher initial MB
concentration the absolute COD removal amount was
increased, which resulted in the enhancement of GCE
at the higher initial concentration. For example, when
the initial MB concentration was increased from 100 to
400 mg L7}, the value of GCE increased from 1.79 to
6.38, indicating that a higher initial dye concentration
led to higher mineralization efficiency. A possible
explanation could be that a higher MB concentration
in the bulk solution resulted in not only the higher
reaction rate of indirect oxidation, but it also avoided
problems of mass transport for direct anodic oxidation
on the SWCNTs@SSN surface [26].

From the above, higher MB decolorization was
obtained using the SWCNTs@SSN as electrode, and
no blue color increased phenomenon was found in
treated MB solution after 2d, the similar results were
also obtained by Panizza et al. [21] and Ghauch et al.
[6]. Panizza et al. compared the full UV spectra of
water solution of MB from beginning to the end of
electrochemical treatment; some colorless intermedi-
ates were found during the process of electrochemical
treatment MB, and the intermediates can disappeared
after about 15 min of the electrolysis. According to the
study of Panizza et al. and Ghauch et al., the process
of MB degradation was that the MB was oxidized
firstly to colorless intermediates and then to carbon
dioxide.

3.2. Electrical energy consumption

The major operating cost of wastewater treatment
is associated with electrical energy consumption dur-
ing the electrochemical degradation process. The value
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Fig. 8. Evolution of the electrical energy consumption
against the decolorization efficiency during the electrochem-
ical process at different applied voltages. Experimental con-
ditions: solution pH 7.0; NaCl concentration 1.0g Lt
electrolysis time 60 min; and MB concentration 300 mg L.

of E. was calculated according to Eq. (2) at various
applied voltages. The other operating conditions were:
an MB concentration of 300 mg L™", supporting electro-
lyte NaCl concentration of 1gL ™", and applied voltage
of 2.0V. The results shown in Fig. 8 indicate that
when all the studied MB solutions reached 95% of the
decolorization, the value of E. increased with increas-
ing applied voltage. For example, the minimum E.
was 0.34 kWhm™ at an applied voltage of 1.0V, but it
increased to 1.88 kWhm™ at an applied voltage of 4.0
V because more side reactions, such as hydrogen and
oxygen evolution, competed with pollutant minerali-
zation. This scenario has already been suggested by
many authors.

4. Conclusions

In the present work, the electrochemical degrada-
tion of MB was carried out using SWCNTs@SSN as
the anode and cathode. The optimal conditions were
2.0V for the applied voltage, 2.0gL™" for the electro-
lyte’s NaCl concentration, and 60 min for the electroly-
sis time. Under these experimental conditions, the
decolorization of MB increased with increasing
applied voltage and NaCl concentration, the solution
pH had a slight influence on the decolorization of MB,
while the initial MB concentration had no obvious
effect on the decolorization and COD removal. The
electrical energy consumption increased with increas-
ing applied voltage. These results suggest that the pro-
posed electrochemical oxidation process is a
promising approach for the degradation of MB.
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