J. Electrochem. Sci. Eng. 2 (2012) 171-183; doi: 10.5599/jese.2012.0022

JESE

Open Access : : ISSN 1847-9286
https://pub.iapchem.org/ojs/index.php/JESE

Original scientific paper

Electrochemical degradation of Reactive Brilliant Red K-2BP on
Ti/RuTilrSnMn oxide anode in a batch cell

LUO JIANCHENG*, YANG JIE*, LI WEISHAN*****% HUANG QIMING*"***** and XU
HONGKANG****

*School of Chemistry and Environment, South China Normal University, Guangzhou 510006, China

**Key Laboratory of Electrochemical Technology on Energy Storage and Power Generation of Guangdong
Higher Education Institutes, South China Normal University, Guangzhou 510006, China

***Engineering Research Center of Materials and Technology for Electrochemical Energy Storage
(MOE), South China Normal University, Guangzhou 510006, China

****Dongguan Hongjie Environmental Technologies Ltd, Dongguan 523039, China
*Corresponding Author: E-mail: liwsh@scnu.edu.cn; Tel.: +86-020-39310256; Fax: +86-020-39310256

Received: July 06, 2012; Published: November 10, 2012

Abstract

Electrochemical degradation of Reactive Brilliant Red K-2BP on Ti/RuTilrSnMn oxide
anode in chloride containing solution was investigated by voltammetry and electrolysis
in a batch cell. It is found that the degradation mechanism of K-2BP on Ti/RuTilrSnMn
oxide anode involves an indirect electrocatalytic oxidation, in which K-2BP is oxidized by
the electrochemically generated active chlorine. This degradation reaction follows
pseudo-first order reaction kinetics. Ti/RuTilrSnMn oxide exhibits excellent electrocata-
lytic activity toward the generation of active chlorine from chloride. Hence, K-2BP can be
electrochemically degraded effectively in chloride containing solution. The decolorization
efficiency was found to increase with the decrease in pH and with the increase in current
density, NaCl concentration, temperature, and flow rate of the solution.
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Introduction

Dye effluent in textile industry is an environmental concern due to its huge quantity, dark color,
low biodegradability, and potential toxicity to aquatic life. Various treatment methods have been
proposed and/or tested to effectively degrade the effluent, including biological treatment [1-7],
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photocatalysis [8-10], ozonation [11,12], wet oxidation [13,14], Fenton reaction [15,16], electro-
chemical coagulation [17-19], and electrochemical oxidation [20-31].

Compared with other methods for the treatment of the textile effluent, electrochemical tech-
nologies are easy to operate, highly efficient and environmentally friendly. Electrooxidation has
been widely used to treat various industrial wastewaters, including the wastewaters containing
dye, urea, phenol, molasses, microcystins, tannery, olive oil, pesticide, etc. [20,26-32].

There are two mechanisms for the electrooxidation treatment of wastewater, direct and
indirect oxidation. In the direct oxidation mechanism, pollutants are oxidized directly on the anode
surface. In that case, there is no any other substance involved, except the electrons in the
electrooxidation of pollutants. However, pollutants and their degraded products are usually
adsorbed on the anode, leading to the low degradation efficiency and the complicated treatment
technology for the anode cleaning. In the indirect mechanism, pollutants are oxidized in a bulk
solution by a medium, such as active chlorine and hydroxyl radicals electrogenerated in-situ on the
anode surface, and thus the adsorption of pollutants and their degradation products can be
avoided. The medium is utilized immediately after its electrogeneration. Therefore, indirect
electrooxidation can lead to a high efficiency of degradation.

Dimensionally stable anode (DSA) was originally designed for chlor-alkali industry [33]. DSA has
long lifetime and it is much cheaper than noble metal anodes such as platinum. It has been widely
used in a wastewater treatment research and development. Ruthenium- and iridium- oxides are
the main composition of DSAs. They exhibit good electrocatalytic activity for active chlorine
generation and oxygen evolution. Based on these two oxides, many composite oxides have been
developed for DSA use. For example, ruthenium-based oxides, especially Ti/Tip7Rug30,, have been
reported to treat the refractory effluent [26,28,30,31].

Reactive Brilliant Red K-2BP (K-2BP) is an azo-dye which is extensively used in the textile
industry. Its molecule structure is shown in Fig. 1. K-2BP is resistant to either biological or photo-
degradation. The solution containing K-2BP is brilliant red and can be distinguished even in trace

concentration by naked eye.
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Figure 1. Molecule structure of Reactive Brilliant Red K-2BP

In this work, a coating on titanium substrate of composite oxides based mainly on Ru and Ir,
Ti/RuTilrSnMn oxide, was used as an anode to degrade K-2BP by the indirect electrooxidation with
electrochemically generated active chlorine as the medium. The parameter effects of electrolytic
conditions on the degradation efficiency were investigated and the degradation mechanism was
discussed.

Experimental

Reagents and solutions

Deionized water was used for the preparation of all solutions. Sodium hydroxide and sulfuric
acid were used to adjust pH of the solution. Sodium chloride was used for the generation of active
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chlorine. Sodium sulfate and sodium nitrate were also used as electrolytes for comparison. All the
reagents were analytical reagents and purchased from Sinopharm Chemical Reagent Co., Ltd,
China. The commercially used textile azo dye, mainly containing Reactive Brilliant Red K-2BP, was
purchased from the local market. All the chemicals were used as received without further
purification.

Electrolysis cell

The experiments were carried out in an un-divided filter-press cell (Fig. 2) with constant current
at fixed temperature of 30 °C except otherwise stated. The dye-containing solution was supplied
from the feed tank (250 mL) to the electrolysis cell by a peristaltic pump. The treated water can be
recycled back to the solution tank if necessary. Constant current was provided by a D. C. power
supply (363, EG&G). A magnetic stirrer was used to keep the solution mixed and a thermostatic
water bath was employed to control the temperature. The solution volume was 200 mL with 100
mg/L K-2BP. The anode (Ti/RuTilrSnMn oxide) was supplied by Guangzhou Etsing Plating Research
Institute, which was prepared by coating the composites (the compounds containing Ru, Ti, Ir, Sn,
and Mn) on Ti plate and treated under high temperature. The cathode was made from stainless
steel (SUS304). Both electrodes, anode and cathode were of the same size of geometric area
having 21 cm?®exposed to the solution. The gap between the two electrodes was 10 mm. Before
each set of experiments, the anode was immersed in absolute alcohol for 5 min and then rinsed
with deionized water. The cathode was polished with sandpaper (2000), then immersed in 1.0 M
HCl solution for 5 min, and finally rinsed with deionized water.

N~ I -] ooo
1 A V . . ON OFF
o 6

1. D. C. supply
2. magnetic stirrer

3. peristaltic pump

4. un-divided filter-press cell
5. feed tank

51.sampling

52. inlet
2 3 53. Outlet

Figure 2. Schematic diagram of experimental setup for the degradation of K-2BP

Analytical procedure

At desired time interval, the dye solution was sampled and filtered through a 0.45 pm millipore
membrane. Several drops of saturated sodium sulfite solution were added into the sample to
prevent further oxidation of the dyestuffs and their intermediates by residual chlorine. The
samples were analyzed immediately after their collection using a Shimadzu UV-1700 double-beam
spectrophotometer.
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The concentration of K-2BP in the samples was determined from the UV-Vis absorbance
recorded at 520 nm (max) and the degradation efficiency (A / %) was calculated according to [28]:

(Ao - At)

0

Al%= 100

where Ag and A are the absorbance of the solution before and after electrolysis, respectively.

Voltammetric measurements

In order to understand the degradation mechanism of K-2BP on Ti/RuTilrSnMn oxide anode,
linear and cyclic voltammograms were obtained by using a three-electrode cell (Solartron 1470E,
Solartron Co., Ltd.). A Pt plate was used as the counter electrode, a saturated Hg/Hg,Cl, electrode
(SCE) was used as the reference electrode, and Ti/RuTilrSnMn oxide disk with a diameter of 1 cm
was used as the working electrode. The potentials reported are with respect to the SCE. All the
electrochemical measurements were carried out at room temperature. Linear voltammetry was
performed in 0.5 M H,S04 solutions with and without 1.0 M NaCl from 0.5 V to 1.35 V at a can rate
of 1 mV s™. Cyclic voltammetry was performed in 0.5 M H,SO4 + 1.0 M NaCl solutions with and
without 200 mg L' K-2BP between 0.5 V and 1.15 V at 1 mV s™. The cyclic voltammograms
reported in this paper are the results of the 5t cycle. Before the experiments, the working
electrode was immersed in absolute alcohol for 5 min, rinsed by deionized water and kept in the
experimental solutions for 30 min.

Results and Discussion

Effect of salts

In order to enhance the diffusion and adsorption of dyestuffs onto the textile, abundant
inorganic salts, such as NaCl, Na,SO; and NaNOs, are added into the dyestuff slurries. This
technology results in the real textile effluent containing various electrolytes. On the other hand,
the existence of salts improves the conductivity of the effluent and reduces the electric energy
needed for the electrochemical treatment of the effluent. Therefore, in this paper the effect of
various salts on degradation efficiency of K-2BP on Ti/RulrSnMnTi anode was investigated.

As shown in Fig. 3, the decolorization efficiency of K-2BP in both Na,SO4 and NaNOs; solutions
increases slowly and linearly with treatment time. The decolorization efficiency of K-2BP is only
50.9 % after one hour electrolysis in both Na,SO4 and NaNOs solutions. However, the decolori-
zation efficiency of K-2BP in NaCl solution increases drastically in the first 20 min, then increases
slowly in the later stage and reaches almost 100 % after 40 min. This indicates that NaCl favors the
degradation of K-2BP. The mechanism can be explained as follows.

In the NaCl-free solution, water is decomposed on the surface of metal oxide anode, producing
hydroxyl radicals, and the dye is degraded into CO, by hydroxyl radicals subsequently (Egs. 1 and 2):

H,0—e —»-OH + H" (1)
‘OH +dye—e - H,0 + H" + CO, * (2)

The reaction of water decomposition on anode to form hydroxyl radicals is usually
accompanied by the oxygen evolution reaction (Eq. 3), which reduces formation efficiency of the
hydroxyl radicals and thus leads to the low degradation efficiency of K-2BP in both Na,SO, and
NaNOs; solutions.

2H,0 —4e > 4H" + O, 1 (3)
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Figure 3. Effect of supporting electrolyte (SE) on the decolorization efficiency of K-2BP.
(i=30mAcm? cse=4.0g L™, flux =50 mL min™, initial pH = 7.0)

The composite of Ru, Ir, Sn, Mn, and Ti oxides exhibits high activity for the oxidation of chloride
ions to form active chlorine. In the NaCl-containing solution, chloride ions are oxidized on this kind
of composite oxide anode, forming active chlorine [22,27,29] (Eq. 4).

2CI'—2e > Clyt

(4)

The active chlorine, electrogenerated in-situ on an anode surface, transforms into a strong
oxidant, such as HCIO, which oxidizes dyes into small molecules or even carbon dioxide (Eq. 5).
Therefore, higher degradation efficiency of the dye on the anode in the NaCl-containing solution
can be expected than that in NaCl-free solution.

HCIO + dye (and its oxidation intermediates) - H,O + CI" + CO, 1

(5)

Fig. 4 presents the linear voltammograms of Ti/RulrSnMnTi oxide electrode in 0.5 M H,SO,
solution with and without NaCl.
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Figure 4. Linear voltammograms of Ti/RulrSnMnTi oxide electrode in the solutions

with and without NaCl
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In the NaCl-free solution, the decomposition potential of water is 1.231 V. However, when
chloride ions are added, the decomposition potential shifts negatively to 1.142 V and the current
increases significantly. This indicates that chloride ions can be oxidized more easily on
Ti/RulrSnMnTi oxide electrode than the water decomposition, thus the Ti/RulrSnMnTi oxide shows
a good electrocatalytic activity toward the oxidation of chloride ions.

Fig. 5 presents the voltammograms of Ti/RulrSnMnTi oxide electrode in 0.5 M H,SO4 + 1.0 M
NaCl solutions with and without 200 mg/L K-2BP. For the electrode in the solution without K-2BP,
the current increases sharply at the potential higher than 1.1 V during the forward scanning. Based
on the observation of Fig. 4, it follows that the oxidation current is corresponding to the formation
of active chlorine from oxidation of chloride ions. Active chlorine can be detected during the
backward scanning, as shown by the current peak at about 1.09 V. For the electrode in the
solution with K-2BP, the current for the oxidation of chloride ions is similar to that in the solution
without K-2BP, but the peak current for the reduction of active chlorine is reduced. This suggests
that K-2BP is not oxidized directly on the Ti/RulrSnMnTi anode, but indirectly by active chlorine.
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Figure 5. Cyclic voltammograms of Ti/RulrSnMnTi oxide electrode in
0.5 M H,SO, + 1.0 M NaCl solutions with and without 200 mg L? K-2BP

Effect of current density

Charge transfer step is a critical process in electrocatalysis, where the current density at the
anode surface determines the rate of the electrode reaction. The effect of current density on the
decolorization efficiency was investigated. Fig. 6 presents the obtained results. It can be seen from
Fig. 6 that in the first 15 min, when the applied current density rises from 5 to 20 mA cm?, the
decolorization efficiency increases drastically from 50 to 85 %. There is an optimal decolorization
efficiency at 20 mA cm™. A further increase of current density makes no obvious improvement in
the decolorization efficiency. This phenomenon can be explained as follows. When the applied
current density is low, the production rate of active chlorine is less than its consumption rate for
the oxidation of K-2BP, resulting in the low decolorization efficiency. When the applied current
density is high, the production rate of active chlorine increases and the decolorization efficiency is
improved. As the applied current density increases further, the concentration of chloride ions on
anode surface is deficient and active chlorine is no more available for oxidizing the K-2BP.
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Figure 6. Effect of current density on the decolorization efficiency of K-2BP (CNaCl=4.0g/L,
flux=50mL/min, initial pH=7.0)

Effect of NaCl concentration

Fig. 7 presents the effect of NaCl concentration on the decolorization of K-2BP. It can be seen
from Fig. 7 that in the broad range of NaCl concentration, from 0.5 to 5.0 g L'}, K-2BP can be
removed completely, even at low NaCl concentration. For instance, when the dose of NaCl is
0.5 g L™, the decolorization efficiency reaches 90 % in the first 25 min, and in the later 15 min the
decolorization efficiency reaches 100 %. By increasing the dose of NaCl from 0.5 to 2.0 g L™ the
decolorization rate is improved. However, a further increase of the NaCl dose does not improve
the decolorization rate any further.
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Figure 7. Effect of NaCl concentration on the decolorization efficiency of K-2BP(j=30 mA/cm?,
flux=50 mL/min, initial pH=7.0)

The electrooxidaton process of K-2BP on Ti/RulrSnMnTi anode is determined not only by the
charge transfer step, but also by the mass transfer step. At low NaCl concentration, the production
rate of active chlorine is less than its consumption rate with K-2BP, leading to low decolorization
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rate. The increase of NaCl dose can reduce the effect of the mass transfer process and increases
the formation rate of active chlorine. When the dose of NaCl is 2.0 g L' the formation rate of
active chlorine matches the reaction rate between active chlorine and K-2BP. Further increasing of
the dose of NaCl does not increase the decolorization rate, because the formation of active
chlorine is controlled by the charge transfer step.

Effect of initial pH

Fig. 8 presents the effect of the initial pH of the solution on the decolorization efficiency. As
shown in Fig. 8, the initial pH of the solution affects the decolorization efficiency of K-2BP signifi-
cantly. In the pH range between 1.0 and 11.0, the decolorization efficiency of K-2BP increases with
the decrease of the initial pH of the solution.

100 W
N 80 -
]
B
= 60
X
b
=
=3
g 40+ —m— pH1.0
a —e— pH3.0
pH5.0
20 /] —v— pHT7.0
pH9.0
—» pHI1.0
0 - I T T T T T T T T T T T T
0 10 20 30 40 50 60

Time, min.

Figure 8. Effect of initial pH on the decolorization efficiency of K-2BP(j=30 mA/cm’,
Cnaci=4.0 g/L, flux=50 mL/min)

In aqueous solution, the active chlorine in-situ electrogenerated is in the form of hypochlorous
acid and hypochlorite ion, which reach an equilibrium (Eq. 6):

HCIO 2 ClO + H* (6)

According to the Le Chatelier’s principle, the increase of the hydrogen ion concentration shifts
the equilibrium to the left in favor of forming hypochlorous acid. The standard formation potential
of hypochlorous acid and hypochlorite ion is 1.49 V and 0.81 V, respectively, and the potential is a
function of hydrogen ion concentration in solution (Egs. 7 and 8):

@(HClo/Cl) = p°(HClO/Cl) + RT/2F In([H*][HCIO]/[CI) (7)

@(ClO7/Cl) = °(ClO7/CI") + RT/2F In([CIO’)/[OHT?[CI) (8)

Therefore, oxidative ability of hypochlorous acid is much stronger than of hypochlorite ion, and
the smaller the value of pH is, the stronger is the oxidative ability of hypochlorous acid [30,34-37].
Effect of flow rate

The effect of solution flow rate on decolorization efficiency of K-2BP was considered in the
range from 10 to 70 ml min’. Fig. 9 presents the obtained results. It can be seen from Fig. 9 that
decolorization efficiency increases as the flow rate increases from 10 to 50 ml min™. Further incre-
ase in the flow rate does not affect the decolorization efficiency significantly. Apparently, the

178 (=) X



L. Jiancheng et al. J. Electrochem. Sci. Eng. 2(4) (2012) 171-183

formation process of active chlorine is also controlled by the diffusion of chloride ions. The
diffusion layer thickness is proportional to the flow rate, i.e. the faster flow rate favors the
diffusion of chloride ions to the electrode surface. However, at high flow rate, turbulent flow
appears and the effect of flow rate cannot be observed.
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Figure 9. Effect of flow rate on the decolorization efficiency of K-2BP
(i=30mA cm”, cyaci= 4.0 g L™, initial pH = 7.0 )

Effect of temperature

Fig. 10 presents the effect of temperature on the decolorization efficiency of K-2BP. As shown
in Fig. 10 the increasing temperature leads to the enhancement of the decolorization efficiency.
The time of complete decolorization is 35 min at 303 K, while it reduces to 20 min at 343 K. The
enhancement of decolorization efficiency of K-2BP can be ascribed to the improvement of the
charge transfer rate and the reaction rate of the active chlorine with K-2BP in the solution.
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Figure 10. Effect of temperature on the decolorization efficiency of K-2BP
(j= 30 mA cm™, coci= 4.0 g L, flux = 50 mL min™, pH = 7.0)
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Reaction kinetics

The variation of K-2BP concentration (absorbance) with time at different temperatures was
modeled by the zero order, the first order and the second order reaction. The obtained results are
shown in Table 1. It can be seen from Table 1 that the correlation coefficient (R2) of the first order
kinetics model is about 0.999, far higher than those of zero and second order models. This
indicates that the decolorization process of K-2BP follows the pseudo-first-order kinetics.
Therefore, the decolorization rate equation can be expressed by (Eqg. 9):

obst (9)

where t is the reaction time (min), ¢ and c; are the concentrations (mg L) of K-2BP at the initial
and at t, Ag and A, are the absorbance of K-2BP at the initial and at t, and Koy is the pseudo-first-
order kinetic constant (min™).

Table 1. Results of fitting of the kinetics equation for zero-order, first-order and second-order of
Reactive Brilliant Red K-2BP at various temperatures

zero order second order first order
Temperature, K > 3 3 5
R R R Kobs/min
303 0.84361 0.91002 0.99933 0.15119
313 0.79883 0.87378 0.99946 0.16941
323 0.76557 0.79324 0.99987 0.19533
333 0.71530 0.71310 0.99903 0.23650
343 0.67154 0.71861 0.99574 0.28096

Fig. 11 shows the linear relationship between the decolorization time t and In (Ai/Ao). Fig. 12
presents the relationship between rate constant K,ps and temperature. It can be seen that the rate
constant increases with temperature.
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Figure 11. First-order kinetic fitting results of decolorization rate of K-2BP at various
temperatures
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Figure 12. Relationship between rate constant K,,; and temperature

UV-visible spectroscopy

In K-2BP there are aromatic rings, naphthalene rings, triazine rings and -N=N- groups. -N=N- is
the chromophore group and the bridge between the aromatic ring and naphthalene to form a big
bond conjugate system. Fig. 13 presents the variation of K-2BP UV-visible spectrum with time. K-
2BP is characterized by three absorbance peaks of 235 nm, 285 nm and 370 nm in ultraviolet
region and only one peak of 520 nm in visible region. The absorbance in the visible region should
be ascribed to the chromophore group of -N=N-, and the absorbance in ultraviolet region should
be ascribed to the aromatic ring, triazine ring and naphthalene ring, respectively [38-40]. It can be
seen from Fig. 13 that the intensity of all the absorbance peaks decreases rapidly with time and
these peaks disappear completely in 30 min. This indicates that in the NaCl-containing solution,
Ti/RulrSnMnTi anode can remove the color of K-2BP completely, and the triazine ring, aromatic
ring and naphthalene ring can be cleaved into aliphatic acid with low molecular weight or even

completely mineralized.

Absorbance, a. u.

T T T T T T T T T T 1
200 300 400 500 600 700 800
Wavelength, nm

Figure 13. UV-Vis spectrum variation of K-2BP during electrolysis in NaCl solution
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Conclusions

Ti/RulrSnMnTi oxide anode can be used to degrade Reactive Brilliant Red K-2BP effectively in
the solution containing chloride ions. The degradation mechanism of K-2BP is an indirect
electrocatalytic oxidation, in which K-2BP is oxidized by the electrogenerated active chlorine. This
degradation reaction follows pseudo-fist-order-reaction kinetics and can be improved by
increasing current density and NaCl concentration, enhancing the temperature and flow rate, and
lowering the pH of the solution.
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