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Abstract

The removal of pollutants from effluents by electrochemical degradation has become an
attractive method in recent years. This paper deals with the removal of reactive textile
dye Cibacron Navy W-B (CNWB) from an aqueous medium by the electrochemical
method using graphite carbon electrodes. Electrochemical behavior of reactive azo dye
CNWB was performed with cyclic voltammetry in sulphuric acid medium using glassy
carbon as working electrode. The potential range selected for the dye was in the range
+700 mV to —450 mV. The voltammetric curve of CNWB shows cathodic peaks at +50
mV, —155 mV and -317 mV and anodic peaks at +382 mV and +547 mV, respectively.
The decolourisation efficiency was assessed through UV-Visible studies. The LC-MS of
the dye were analyzed before and after electrochemical treatment and confirmed that the
azo groups and aromatic rings were destroyed. The effect of pH and nature of
supporting electrolytes on the electrochemical degradation of dye was also studied. The
maximum Chemical Oxygen Demand (COD) removal efficiency was ~100% for the
dye solutions at 5 gL' of NaCl concentration. The results revealed the suitability of the
present process for the effective degradation of dye effluents.

Keywords: carbon electrodes; cyclic voltammetry; reactive azo dye; electrochemical
degradation; LC-MS.

Introduction

Large amounts of various dyes are being used in the textile industries for dyeing
purpose. Among the dyes’ family, more than half are azo compounds. Reactive
azo dyes are generally, water soluble anionic and constitute 20-40% of dyes used
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for dyeing cellulosic fibers, such as cotton and rayon, but are also used for silk,
wool, nylon, and leather [1-2]. Reactive dyes contain one or more reactive groups
capable of forming covalent bonds with hydroxyl or amino group present on
fiber. Dye 1s the most difficult to treat constituent of the textile wastewater. At
the end of the dyeing process, due to its poor exhaustion properties, as much as
30% of initial dye applied, remain unfixed and end up in effluents [3-4]. The
presences of unfixed dyes are perceived as one of the major environmental
problems of textile wastewater and therefore it needs to be removed from the
wastewater before it is discharged to the environment [5]. Since dyes are
carcinogenic and toxic, they imbalance the chemical and biological nature when
they are discharged into the water bodies [6]. Due to the large amounts of
effluents discharged from textile industries, it is under considerable pressure to
minimise the water consumption and to reduce the treatment cost.

Conventionally textile wastewater is being treated through biological, physical
and chemical methods [7]. Biological treatment processes are often ineffective in
removing dyes which are highly structured polymers with low biodegradability
[8]. However, various physico-chemical techniques, such as chemical
coagulation, adsorption on activated carbon, reverse osmosis and ultra filtration,
are also available for the treatment of textile wastewater, but those latter are
limited by the low concentration ranges [9]. Further, the main drawbacks of
chemical coagulation are the addition of other chemicals. In recent years,
ozonation [10] and photooxidation [11-12] have been proposed as alternative
methods, but the high cost of these methods leads to further consideration.

In this context, electrochemical technique is considered to be a powerful means
of pollution control for the treatment of textile wastewater. Indeed,
electrochemical method has been successfully tested [13] and it has certain
significant advantages such as simple equipment, easy operation, lower operating
temperature, etc. [14-16]. The process requires significantly less area and
equipment than the conventional biological treatment processes [17-18]. It is
relatively a new trend in the azo dyes wastewater management with promising
results [8,19].

Several researchers have investigated the feasibility of electrochemical
degradation of dyes with various electrode materials such as titanium-based DSA
electrodes [20], platinum electrode [21], diamond and metal alloy electrodes
[22], boron doped diamond electrodes [23] and electrocoagulation of dye
effluents with aluminum and iron electrodes [24]. In the past, graphite was
frequently used as an anode during electrochemical treatment of dye solution as
it is relatively economical and gives satisfactory results.

The aim of this work was to test the feasibility of electrochemical method for the
degradation of reactive dye Cibacron Navy W-B (CNWB).

Experimental part

Materials
Cibacron Navy W-B (CNWB) (commercial name), a reactive dye (CAS No.
17095-24-8, MW=991.816 gmol™', 70-80% Purity) was obtained from textile

266



P. Kariyajjanavar et al. / Port. Electrochim. Acta 28 (2010) 265-277

industry, Himatsigka Linens, Hassan, Karnataka. All other chemicals used for
experiments are of analytical grade reagent, obtained from s d fine chem-limited,
Mumbai, India. Cylindrical carbon electrodes (chemical composition: graphite
carbon + coke: 85% and ash 15%) were obtained from Power Cell Battery India
Limited. A digital DC power supply (AD 302S: 30V, 2A) was used as an
electrical source. Double distilled water was used to prepare the desired
concentration of dye solutions and of the reagents.

Instrumentation

Cyclic voltammetric studies

The electrochemical measurements were carried out using an Electroanalyser,
model-201(ChemiLink, Mumbai, India) controlled by electrochemical software.
A three electrodes system was used for the cyclic voltammetric experiments. The
working electrode was a highly polished glassy carbon disc, with an effective
surface area of 0.06 cm®. A platinum wire and saturated calomel were used as
counter and reference electrodes, respectively.

Electrochemical degradation studies

Fig. 1 shows the experimental setup for the electrolysis. Graphite carbon
electrodes of 4.5 cm length and 0.8 cm diameter were used as anode and cathode.
The effective electrode area was 11.87 cm”. Different supporting electrolytes
such as NaCl and Na,SO, were added to the electrolytic cell to increase the
conductivity of the solution and to decrease the electrolysis time. The solution
was kept under agitation using a magnetic stirrer.

(3)

° (4) %)

Figure 1. Schematic diagram of the experimental setup (1, DC power supply; 2,
electrode pair; 3, electrolytic cell; 4, magnetic stirrer.

UV-Visible studies

A UV-Vis Spectrophotometer (ELICO, SL-159) was employed to measure the
absorbance at maximum wavelength (A,,x=596) for dye solutions before and
after electrolysis. The decolourisation efficiency was calculated using the
relation:
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%E = L %100 (1)

where, A; is the initial absorbance value and Ay is the final absorbance value with
respect to their A, or A; and A; are initial and final COD values of the dye
solution, respectively.

pH and conductivity measurement

Water analyzer (Systronics, Model-371) was used to measure the pH and
conductivity of the dye solution before and after electrolysis under different
electrolytic condition.

Liquid Chromatography-Mass Spectrometry studies (LC-MS)

Extent of degradation of the dye samples was analyzed by LCMS-2010A,
Shimadzu, Japan. The LC-MS was fitted with column C18. The mobile phase
was methanol: water (90:10). The flow rate was 0.2 mLmin"' and the injection
volume of dye was 5 uL. The dye solutions were injected into LC column before
and after electrolysis. Analyses using ESI (electron spray ionization) interface
were done under the same chromatographic conditions as described for the APCI
(atmospheric pressure chemical ionization) analysis, except the guard column,
which was not used in the ESI analysis.

OS_SNa_—O—CzH‘TSOE—Qv N=N Na+SO3_

Figure 2. Molecular structure and chemical name of the reactive azo dye CNWB.

Results and discussion

The structure of reactive azo dye CNWB is shown in Fig. 2. The dye contains
two sulphonic acid groups, which increase the water solubility of the dye, two
azo groups, one hydroxyl group and one amide group, which are responsible for
the relative stability of azo groups, and two (—SO,—(CH,),—O-) groups, which
provide a strong adherence to the textile substrate [20].

Cyclic voltammetric studies

Cyclic voltammagrams of CNWB (0.05 mM) were recorded in 2.52 mM H,SO,
using glassy carbon as working electrode. The potential range selected was in the
range +700 mV to —450 mV. Three cathodic peaks (I, Il. and III.) in the forward
scan and two anodic peaks (I,, II,) in the reverse scan, indicated quasi-reversible
electrochemical nature of the dye (Fig. 3).
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Figure 3. Cyclic voltammograms of 0.05 mM CNWB dye in 2.52 mM H,SO,4 on GCE;
scan rate: 100 mVs™'; Inset plot: multiple scan.
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Figure 4. Cyclic voltammograms for 0.05 mM CNWB dye in 2.52 mM H,SO, on GCE
with increasing scan rate. Inset plot: linear relationship between the cathodic peak

current (lllg) versus with increasing o'’

The voltammetric curve of CNWB shows cathodic peaks at +50 mV, —155 mV
and-317 mV, and anodic peaks at +382 mV and +547 mV at the scan rate of
100mVs™. The cathodic peak current observed for CNWB is attributed to the
reduction of azo groups to amines in a single step. These data are very important
to assess the feasibility of the electrochemical process for the degradation of azo
dyes. The probable mechanism for the reduction process is as follows:

H H
L
R—N—N-R'— R—N— N-R'—» R—NH, H,;N—R'
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Fig. 4 shows the effect of scan rate on the cyclic voltammogramm of CNWB.
The reduction peak current increased linearly with square root of the scan rate
(01/2). Inset plot of cathodic peak current (III,) (r2= 0.9905) versus (1)1/2),
indicates the diffusion controlled process. The difference between the anodic and
cathodic peak potentials, AE, has been increased with the scan rate.

Electrochemical degradation studies

The electrochemical degradation under optimal electrolyte conditions resulted in
fast and almost complete decolourisation of the dye. After electrochemical
treatment, the percentage of decolouration CNWB was found to be ~100% in 20
min. The degree of decolouration was monitored through UV-Vis absorbance
studies.
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Figure 5. Effect of pH on decolourisation(—o—) and final pH(—e—): electrolysis
time 20 min, dye solution 50 ppm(w/w), NaCl 7 gL"' and room temperature (315 K).

Effect of pH
In order to study the effect of pH on the degradation of CNWB, the solution pH

was varied from 3-11 by the addition of 0.2 N H,SO,4 or NaOH solution. The
reactions were carried out for 20 min at a dye concentration of 50 ppm (w/v) and
NaCl concentration of 7 gL', a current density of 100 Am’ at room temperature
(315 K). After electrolysis the final pH was attained almost constant in acidic
condition and decreased at neutral and basic conditions. The decolouration
efficiency of CNWB was increased in acidic pH and decreased in both neutral
and basic pH (Fig. 5). Therefore, pH 3 was maintained in subsequent
experiments.
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Figure 6. Decolourisation efficiency of dye CNWB in the presence of different
electrolytes with increasing the weight of supporting electrolytes in twenty minutes of
electrolysis.

Effect of supporting electrolytes

Fig. 6 shows the effect of supporting electrolytes (NaCl and Na,SO,) on
decolouration efficiency with twenty minutes of electrolysis time keeping the pH
at 3 and the current density at 100 Am™. It can be seen that in the presence of
NaCl, the decolouration efficiency was increased with a subsequent decrease in
the applied voltage. From this observation it was concluded that the introduction
of CI” containing electrolytes can enhance the degradation efficiency and
shortens the electrolysis time, which may be attributed to the reaction between
the generated chlorine/hypochlorite and the dye molecule. The proposed
mechanism 1is as follows:

Anode reaction: 2CI° — Cl, + 2e” 2)
Cathode reaction: 2H,O + 2¢ — H, + 20H™ 3)
Bulk solution reaction: Cl, + H, O — HOCI + HCl €))
HOCI — H+ + OCI” (5)

Based on these studies, the optimum concentration of NaCl was found to be 5gL".
With increase in the concentration of NaCl (>5 gL™) there was a slight
improvement in the decolouration efficiency (Fig. 6b) with a decrease in the
operating voltage (Fig. 6a).
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Analysis of COD

The standard COD measurement is known to be affected by a number of
inorganic substances which are outlined in standard methods for the examination
of water and wastewater [20]. Of these, chloride may have a significant effect on
the test, due to its reaction with potassium dichromate [21]. The COD was
measured by adopting the open reflux titrimetric method. In the present study it
can be assumed that the removal of CNWB from their aqueous solutions may
proceed by indirect electrochemical oxidation rather than by direct
electrochemical process. The electrolysis was carried out at a current density of
100 Am™. At this current density, Cl, generated in the solution drives the
oxidation process. The Cl, species is a powerful oxidizing agent capable of
oxidizing the dyestuffs. In absence of chloride containing electrolytes, the COD
removal and dye degradation efficiency were very low [22]. The percent removal
of COD increased with increase in NaCl concentration (Fig. 7b). This confirmed
that the electrogenerated chlorine/hypochlorite will play an important role in the
electrocatalytic degradation process of the dyestuffs. The maximum COD
removal efficiency was observed at pH 3 (Fig. 7a).
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Figure 7. Effect of pH (a) and NaCl concentration (b) on removal of COD of CNWB
dye 50 ppm(w/w).

UV-Vis studies

Fig. 8-10 show UV-Vis absorption spectra for CNWB dye solution before and
after electrolysis. The UV-Vis spectrum of the dye solution was scanned and the
Amax Was found to be 596 nm. The decolouration of dye solution was increased
with electrolysis time and complete decolouration was observed in 20 min of
electrolysis at pH 3 (Fig. 8). During electrochemical degradation, the cleavage of
—N=N— bonds and aromatic rings has taken place, which results in the decrease
of the absorbance band of the dye solution. Also the absorption band has been
shifted from visible to UV region, which indicated the degradation of large dye
molecule into smaller fragments [23].
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Figure 8. Absorption spectra for CNWB dye solution before and after electrolysis (20
min) at different pH in NaCl 7 gL'l.
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Figure 9. Absorption spectra for CNWB dye solution before and after electrolysis (20
min) at different concentrations of NaCl keeping pH 3 constant.

The intensity of absorbance at A,,,,=596 nm was decreased with increase in the
concentration of NaCl (Fig. 9). The degradation efficiency was found to be low
in presence of Na,SO, (Fig. 10). The maximum degradation efficiency in
presence of NaCl is attributed to the indirect electro-oxidation of CNWB by the
active chlorine, which was electrogenerated at the anode surface. However, the
active chlorine can lead the partial mineralisation of dyes [24].
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Figure 10. Absorption spectra for CNWB dye solution before and after electrolysis (20
min) at different concentrations of Na,SO,4 keeping pH 3 constant.
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Figure 11. Mass spectrum of 70-80% reactive dye CNWB before electrolysis.

LC-MS studies

The LC-MS analysis of the dye was carried out before and after electrolysis to
investigate the degradation process. Before electrochemical treatment MS
spectrum shows more number of peaks due to the presence of other impurities
(Fig. 11). The LC-MS spectrum of electrolysed dye solution shows the absence
of earlier peaks, indicating that the entire dye has been decomposed to colourless
low molecular weight fragments (Fig. 12).
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Figure 12. Mass spectrum of 70-80% decolourised reactive dye CNWB after
electrolysis.

Electric energy consumption

The major operating cost is associated with electrical energy consumption during
electrochemical degradation process. The electric energy consumption (E),
required to decompose CNWB dye solution of 50 ppm (w/v) concentration at
various current densities, was calculated in terms of kWhm™ using the relation:

E= e yq (6)

S
where V is the applied voltage(V), I is the applied current (A), 7z is the
electrolysis time (h) and Vi is the volume of dye solution (m3). As per the results
the minimum electrical energy consumption was 0.869 kWhm™ at 100 Am™
current density. At higher current densities, the energy consumption was found to
be increased, which may be attributed to the increased hydrogen and oxygen
evolution reaction (Table 1).

Table 1. The electric energy consumed during the degradation of 50 ppm (w/v) CNWB
dye solution (pH 3) at various current densities.

Current (A)  Current density Electrolysis time Energy Consumption
(Am™) (min) (kWhm™)

0.10 100 20 0.869

0.20 200 15 1.738

0.30 300 10 2.265

0.40 400 07 2.535

0.50 500 07 3.578
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Conclusions

In the present work the electrochemical method has been explored for the
degradation of CNWB using graphite carbon electrodes as anode and cathode.
Optimum operational conditions for the effective degradation of CNWB were:
current density 100 Am’*; NaCl concentration of 5 oL and temperature 300.15
K. Cyclic voltammograms indicated the quasi-reversible electrochemical nature
of CNWB. The effect of conducting salt clearly showed that, introduction of CI~
containing electrolytes enhances the degradation efficiency of the dye. UV-Vis
and MS spectral studies confirmed that the proposed electrochemical degradation
process is an effective method for the degradation of CNWB.
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