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Abstract Dye wastewaters contain significant amounts of

toxic organic species and intense color. Electrochemical

oxidation has a proven potential to degrade these bio-re-

sistant pollutants. This paper presents the results of indirect

electrochemical oxidation of Reactive Black 5 (RB 5)

recalcitrant dye wastewater using NaCl, KBr and Na2SO4

as supporting electrolytes. The studies were performed in

an undivided batch reactor using indigenously prepared Ti/

CoOx–RuO2–SnO2–Sb2O5 electrode classified as dimen-

sionally stable anode (DSA). Characterization of the cat-

alytic coating was performed using scanning electron

microscopy (SEM), X-ray diffraction (XRD) and energy-

dispersive X-ray (EDAX) analysis. Similar operating con-

ditions like electrolyte concentration, pH, current density

and electrolysis time were used for all studies. The progress

of dye degradation was monitored by estimating reduction

in chemical oxygen demand (COD), total organic carbon

(TOC) and color. Other performance indicators like aver-

age current efficiency (ACE) and energy consumption (EC)

were also analyzed. The rate of COD removal followed

pseudo-first-order kinetics. The present investigation

exhibited highest treatment effectiveness in the presence of

chloride compared to bromide and sulfate as degradation

was dependent on the generation of highly electroactive

oxidative species.
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Introduction

Textile dyeing processes typically generate effluents con-

taining high concentrations of recalcitrant organic com-

pounds and inorganic salts. These effluents are

characterized by intense color, high COD and TOC with

wide pH variation and present a potential source of non-

aesthetic pollution, eutrophication, reduced gas solubility

and diminished transparency to natural light, thereby

hampering the natural process of photosynthesis [1–3].

Reactive azo dyes are of special interest due to their

extensive use in dyeing processes. The fact that these dyes

undergo a hydrolysis reaction with the fiber to a limited

extent leads to the generation of highly concentrated toxic

effluent exhibiting carcinogenic and mutagenic properties

due to the presence of azo (–N=N–) species [4–8].

Conventional biological treatment is found to be unsuit-

able to treat dyehouse effluent due to its resistance to

biodegradation [1]. In recent years, the electrochemical

processes are gaining greater attention among diverse

advanced oxidation processes due to their versatility, ease of

operation, energy efficiency, and cost-effectiveness. In

electrochemical oxidation, electron serves as the main

reagent for redox reactions, called ‘‘clean reagent’’ without

generating any secondary pollutant in the form of sludge

[1, 3, 5, 9–11]. The efficacy and pollutant degradation

pathway of electrochemical oxidation is strongly governed

by the choice of electrode or anode material, current density

and supporting electrolyte [12]. DSA� class of electrodes

have gained popularity for wastewater treatment applica-

tions due to their high surface area, performance, stability in

terms of excellent mechanical and chemical resistance even

at high current density, cost and lifetime even in strongly acid

media [7, 13, 14]. Dimensionally stable anodes (DSAs)

represent a special class of active electrodes formed by
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mixing various metal oxides especially, containing RuO2 or

IrO2, and depositing this mixture over pretreated inert sub-

strate like Ti, SS, C and Si. Such mixing of metal oxides

along with Sb–Sn doping results in formation of new

stable compounds with high surface area, thereby signifi-

cantly enhancing the catalytic activity as well as stability and

service life of the anode. It has been reported that recalcitrant

organic pollutants including dyes can be efficiently degraded

by direct or indirect (mediated) electrochemical oxidation at

these anodes. These anodes favor low chlorine evolution

overpotential which is beneficial in generating electroactive

chlorine oxidant species at the anode surface in effluents

containing chlorides [15].

Sodium sulfate (Na2SO4), sodium chloride (NaCl),

potassium chloride (KCl), sodium perchlorate (NaClO4),

sodium nitrate (NaNO3) and sodium carbonate (Na2CO3)

are commonly used supporting electrolytes [4, 13, 16, 17].

Addition of these supporting electrolytes to the reaction

mixture enhances the solution conductivity, helps to reduce

the resistance of system and also contributes to lower the

energy cost of the process [1]. The use of different chlo-

ride-, sulfate-, bromide-, nitrate- and carbonate-based

electrolytes has been reported for electrochemical degra-

dation of various compounds like resorcinol [13], catechol

[18], herbicide [9], dye and dyehouse effluents

[4, 5, 8, 11, 16]. The generation of oxidative species from

the supporting electrolyte can also contribute to pollutant

degradation [12]. An electrochemical process typically

involves anodic oxidation reaction and cathodic reduction

reaction. Such redox reactions can lead to partial degra-

dation or complete mineralization of organic pollutants

[16]. Two mechanisms are proposed for electrochemical

degradation of organic matter: (1) direct anodic oxidation

where the pollutants are first adsorbed at the anode surface

and destroyed by the anodic electron transfer reaction and

(2) indirect oxidation in the liquid bulk which is mediated

by the in situ electrogenerated active oxidants.

In the present work, an attempt was made to investigate

the effect of supporting electrolytes like NaCl, KBr and

Na2SO4 on electrooxidation performance of synthetic RB 5

dye wastewater using indigenously fabricated and charac-

terized Ti/CoOx–RuO2–SnO2–Sb2O5 electrode as DSA.

Under similar electrolysis parameters, COD and TOC decay

and color reduction was monitored for each electrolyte tes-

ted. Average current efficiency, energy consumption and

kinetics based on COD removal rate were also examined.

Materials

In the present work, a textile reactive azo dye Reactive

Black 5 (RB 5, kmax = 597) was chosen as model pollutant.

It was procured from a local source and used as received.

As shown in Fig. 1, it is one of the most commonly used

recalcitrant dyestuffs in cotton dyeing contributing to

concentrated dyeing effluents due to its high molecular

weight and structural complexity [3, 6, 19]. It has been

reported that the use of metals such as Ti/Pt, pure Pt, Ir, Pd,

Ni, Co and Ag in indirect electrooxidation with active

chlorine can yield rapid decomposition and color reduction

in highly concentrated dye wastewaters [7]. In this study, a

synthetic solution containing 1000 ppm RB 5 was prepared

in tap water with an initial COD of 1280 mg/L. The

working electrode Ti/CoOx–RuO2–SnO2–Sb2O5 as func-

tional DSA was indigenously prepared in laboratory by

thermal decomposition method [3, 5, 9] using a precursor

mixed metal salt solution. This solution consisted of

RuCl3�xH2O (99.9%, Aldrich), SbCl3 (98.5%, CDH),

SnCl4�5H2O (98% Aldrich) and CoCl2�6H2O (98%

Aldrich) in iso-propanol (99.8% CDH, AR grade) and

hydrochloric acid (37%, CDH). A metal molar ratio of

Ru(15)/Co(15)/Sb(10)/Sn(60) was used. The precursor

solution was then applied for about 10–12 coats on a pre-

treated Ti substrate (75 mm 9 50 mm 9 3 mm) using

brush method to attain a mixed metal oxide catalytic

loading of about 2–3 mg/cm2 over the substrate. The

sequential steps involved in electrode fabrication by ther-

mal decomposition method using brush technique are

illustrated in Fig. 2. The effective wetted surface area of

the working electrode was * 65 cm2. Sulfuric acid was

used for pH adjustment. NaCl, KBr and Na2SO4 were used

as supporting electrolytes for electrolysis.

Reactor Configuration and Operation
Methodology

As shown in Fig. 3, an undivided cell with 1 L working

reaction volume was used to conduct batch experiments at

room temperature. The anode (Ti/CoOx–RuO2–SnO2–

Sb2O5) and cathode (stainless steel plate grade 304) each of

dimension 75 mm 9 50 mm 9 3 mm were placed parallel

Fig. 1 C.I. Reactive Black 5
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to each other with an interelectrode gap of 8 mm. These

electrodes were dipped in 1000 ppm RB 5 solution. NaCl,

KBr and Na2SO4 were used individually as supporting

electrolytes in the reaction mixture with similar electrolysis

parameters like electrolyte concentration of 0.07 M, pH 3,

current density of 50 mA/cm2 and electrolysis duration of

2 h. The solution was constantly stirred at* 210 rpm with

a magnetic stirrer in order to maintain uniform concen-

tration of the reaction mixture. A DC power supply (Aplab

India, LD-3205) with current–voltage monitor was used as

a source of electric power for experimentation.

For each supporting electrolyte tested, treated effluent

samples with a sample volume of 15 mL each were drawn

every 10 min up to 60 min followed by sampling at 90 min

and 120 min to assess reduction in pollution load in terms

of COD, TOC and color intensity. pH change was also

observed for each run during electrolysis. COD was

determined using standard dichromate closed reflux

method (APHA standard 5220 C and D) using COD reactor

supplied by Hach DRB200, USA. TOC was determined

using TOC analyzer model (TOC-VCSH, Shimadzu,

Japan).

Results and Discussion

Electrode Characterizations

SEM–EDAX Analysis

Scanning electron microscopy (SEM) characterization is

used for high resolution imaging of surface microstructure

of desired specimens using a focussed electron beam.

Energy-dispersive X-ray spectroscopy (EDAX) in combi-

nation with SEM is used to provide identification of ele-

ments and information on their quantitative composition

over selected imaged area of the specimen. During EDAX

analysis, interactions occur between the specimen surface

and the electromagnetic radiation in terms of X-rays

emitted from the surface, which help in assessing the type

and concentration of atoms of specific elements present. In

case of electrode thin films, such information can be related

to the effective surface area of the electrode and avail-

ability of catalytic active sites.

The oxide film surface morphology and composition of

as-prepared Ti/CoOx–RuO2–SnO2–Sb2O5 electrode was

observed by using scanning electron microscopy (SEM,

LEO 440 i). Figure 4 shows SEM micrograph of the

electrode. The film showed a homogeneous morphology

with a ‘‘cracked-clay’’ structure, which is typical of oxide

films prepared by thermal decomposition method. This

Fig. 2 Stepwise electrode fabrication by thermal decomposition method using brush technique

Fig. 3 Experimental setup for electrooxidation
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type of structure offers high surface area to the electrode

leading to more active sites and hence high catalytic

activity [20, 21]. The elemental composition of as-prepared

Ti/CoOx–RuO2–SnO2–Sb2O5 electrode was analyzed using

EDAX coupled with SEM (EDAX, SEM–EDAX LEO 440

i) as shown in Table 1. As seen from the table, the

experimental composition of Sn is less compared to the

nominal one because in thermal decomposition process,

SnCl4 volatilizes rapidly which leads to Sn loss of about

40–80% [22]. Figure 5 shows EDAX spectrum of a

selected imaged area of the electrode clearly indicating the

presence of characteristic elemental peaks of Co, Ru, Sn

and Sb.

XRD Analysis

X-Ray diffraction (XRD) is an important nondestructive

technique for identifying phases of specimen and primarily

works at atomic or molecular scale. The interference of

monochromatic X-ray beam diffracted at specific angles

from individual set of lattice planes in a specimen gener-

ates X-ray diffraction peaks, whose intensities are deter-

mined from the atomic distribution within the lattice. These

X-ray diffraction patterns are matched with the standard

Joint Committee on Powder Diffraction Standards (JCPDS)

information to identify specific phases of the specimen.

In the present work, XRD was used to identify the

phases of the mixed oxide film deposited over the anode.

The crystal structure of as-prepared Ti/CoOx–RuO2–SnO2–

Sb2O5 electrode was investigated by X-ray diffractometer

(XRD, Bruker D8 Advance) with Cu Ka radiation

(k = 1.5405 Å) recorded with a step of 0.05� for 2h
between 10 and 90�. Figure 6 shows XRD pattern of

electrode. The characteristic peaks in XRD pattern were

confirmed by the standard diffraction peaks. The peaks

located at 2h = 19.02�, 31.5�, 45.58�, 51.48� and 58.88�
corresponded to cubic Co3O4 (JCPDS, No. 74-1656) [23].

The peaks located at 2h = 28.01�, 35.05�, 39.55�, 54.16�,
66.02�, 70.39� and 77.02� corresponded to rutile RuO2

(JCPDS, No. 40-1290) [21]. The peaks located at

2h = 39.55�, 51.48�, 62.25� and 68.24� corresponded to

Sb2O5 (JCPDS, No. 33-0110) [24]. The peaks located at

2h = 26.61�, 33.89�, 61.86� and 66.02� corresponded to

rutile SnO2 (JCPDS, No. 41-1445) [21]. Thus, constituent

metal peaks were clearly visible in EDAX spectrum

whereas constituent metal oxide phases were detected with

XRD analysis.

Supporting Electrolytes and Electrochemical Oxidation

Mechanisms

In direct anodic oxidation, adsorption of pollutants occurs

at the anode surface followed by their degradation by

anodic electron transfer reaction. In indirect oxidation,

Table 1 Quantitative analysis of metal concentration in Ti/CoOx–

RuO2–SnO2–Sb2O5 by EDAX

Metal Co Ru Sn Sb

Nominal composition (wt%) 15 15 60 10

Experimental composition (wt%) 27.05 26.15 17.22 29.58

Fig. 4 SEM micrograph of Ti/CoOx–RuO2–SnO2–Sb2O5 electrode

Fig. 5 EDAX spectrum of Ti/

CoOx–RuO2–SnO2–Sb2O5

electrode
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strong oxidants are electrochemically produced in situ

which destroy the pollutants in the bulk solution. In the

present case, when using mixed metal oxide anode (DSA)

in indirect electrochemical oxidation of RB 5 dye in the

presence of NaCl, KBr and Na2SO4 as supporting elec-

trolytes, a major portion of oxidation is mediated by

electrogenerated active chloro, bromo and sulfate species

along with a possibility of direct oxidation at the anode

surface. The proposed treatment mechanism for RB 5

degradation at Ti/CoOx–RuO2–SnO2–Sb2O5 anode in the

presence of each of these oxidant species is as follows

[25, 26].

Direct Oxidation at the Anode Surface

The first step is of water dissociation resulting in the

generation of hydroxyl (�OH) radicals during electrolysis.

These �OH radicals are chemisorbed at the mixed metal

oxide anode represented by MOx, and this strong interac-

tion leads to the formation of a superoxide (MOx ? 1) as per

rxn (1). The chemically adsorbed oxygen in MOx ? 1/MOx

redox couple acts as an active site for selective oxidation of

the dye (rxn (2)). The oxygen evolution reaction (OER) is a

side reaction (rxn (3)) which competes with the dye oxi-

dation reaction (rxn (2)).

Anode: MOx �OHð Þ ! MOxþ1 þ Hþ þ e� ð1Þ
Anode: MOxþ1 þ dye Rð Þ ! MOx þ oxidized dye ðROÞ

ð2Þ
Anode : MOxþ1 ! MOx þ 1=2O2 ð3Þ

Indirect Oxidation by Chlorine Species

As per rxn (4), the oxidation of chloride (Cl-) anion on the

anode releases chlorine (Cl2(aq)). As Cl2(aq) diffuses away

from the anode, it is immediately hydrolyzed forming

HClO and Cl- as shown by disproportionation rxn (5), with

the HClO being in acid–base equilibrium with hypochlorite

anionic species indicated by rxn (6) with pKa = 7.55 [15].

Under acidic conditions, free chlorine is the dominant

oxidizing agent, while under alkaline conditions

hypochlorite, chloride ions and hydroxyl radicals are

dominant species [4]. Further, dye is oxidized in the bulk

medium via rxn (7) by active chlorine generated as per rxn

(4) under acidic condition.

2Cl� ! Cl2 aqð Þ þ 2e� ð4Þ

Cl2 aqð Þ þ H2O ! HClOþ Cl� þ Hþ ð5Þ

HClO $ Hþ þ ClO� ð6Þ
Bulk : Dye(RÞ þ Cl2 aqð Þ ! oxidized dye ðROÞ þ 2Cl�

ð7Þ

Indirect Oxidation by Bromine Species

Similarly, in case of KBr electrolyte, Br2 formed at the

anode undergoes reaction in the bulk solution to form

HOBr or BrO-. The production of active bromine species

and their role in dye electrooxidation are represented by

rxns (8)–(11).

2Br� ! Br2 aqð Þ þ 2e� ð8Þ

Br2 aqð Þ þ H2O ! HOBrþ Br� þ Hþ ð9Þ

HOBr $ Hþ þ BrO� ð10Þ
Bulk : Dye(RÞ þ Br2 aqð Þ ! oxidized dye ðRO)þ 2Br�

ð11Þ

Indirect Oxidation/Reduction by Sulfate Species

Sulfate-based electrolytes are generally classified as inert

and thus do not produce any reactive species during elec-

trolysis. They may produce persulfate (S2O8
-2) under spe-

cial conditions at inert electrodes like boron-doped

diamond (BDD) [18]. The presence of Na2SO4 and other

Fig. 6 XRD pattern of Ti/CoOx–RuO2–SnO2–Sb2O5 electrode indicating Co3O4 (h), RuO2 (s), Sb2O5 (4), SnO2 (*)
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sulfate-containing electrolytes leads to the formation of

SO2 in acidic media which serves as a moderate reductant

[4, 27]. Rxns (12)–(14) represent reactions related to dye

reduction by SO2 in acidic media at mixed metal oxide

electrode (active anode). Rxns (15) and (16) show the dye

oxidation reactions occurring at inert anodes (BDD) in

presence of sulfate-based electrolytes.

SO2 þ H2O $ H2SO3 $ 2Hþ þ SO�
3 ð12Þ

SO�
3 þ O½ � ! SO2�

4 ð13Þ

SO2�
4 þ dye(RÞ ! reduced dye ð14Þ

2SO2�
4 ! S2O

2�
8 þ 2e� ð15Þ

S2O
2�
8 þ dye(R) ! oxidized dye ðRO) ð16Þ

Reaction at the Cathode

Rxn (17) represents the reaction taking place at the cathode

to generate H2 gas and OH-.

Cathode : 2H2O aqð Þ þ 2e� ! H2 gð Þ þ 2OH�
aqð Þ ð17Þ

Effect of Supporting Electrolyte on COD and TOC Decay

The degradation process of the dye wastewater is moni-

tored from the abatement of its COD and TOC. The per-

centages of COD and TOC decays are estimated from

Eqs. (18) and (19), respectively [14].

COD decay ð%Þ ¼ DCOD
COD0

� 100 ð18Þ

TOC decay ð%Þ ¼ DTOC
TOC0

� 100 ð19Þ

where DCOD and DTOC are the corresponding removals in

COD and TOC in mg/L at electrolysis time t; COD0 and

TOC0 are their initial values before treatment. Figures 7

and 8 show the percentage COD and TOC decay, respec-

tively, as a function of time for individual electrolytes used.

It is clear that COD removals were 40.2, 31.2 and 13.0%

and TOC removals were 26.5, 22.5 and 7.7%, respectively,

with NaCl, KBr and Na2SO4 electrolytes at the end of 2-h

electrolysis.

In acidic conditions, Cl2 and HClO are the main

oxidative species when NaCl is used [13, 28]. Similar is the

case with KBr, while the use of Na2SO4 generates rela-

tively inert species SO2 [18]. The standard potentials of

Cl2/Cl
-, Br2/Br

- and SO4
2-/SO2 are ? 1.36 V, ? 1.08 V

and ? 0.17 V, respectively, and that of ClO- and BrO- are

? 0.89 V and ? 0.74 V, respectively, which makes chlo-

rine a powerful oxidizing agent over bromine and sulfate

due to its strong attraction for electrons [13, 29]. Thus the

‘‘active chlorine’’ species imparts high oxidation rate in

terms of COD abatement and mineralization rate in terms

of TOC abatement of dye effluent compared to active

bromine and inert sulfate species in acidic medium under

indirect electrochemical oxidation mechanism.

Effect of Supporting Electrolyte on Color Removal

Color intensity was measured at a maximum absorbance

wavelength (kmax) = 597 for RB 5 using UV/Vis spec-

trophotometer model (1800, Shimadzu, Japan). Color

removal was calculated by using the following Eq. (20)

[14].

Color removal %ð Þ ¼ ABS0 � ABSt

ABS0
� 100 ð20Þ

where ABS0 and ABSt are absorbances before and after

electrolysis time t, respectively, at the maximum visible

wavelength (kmax) of wastewater. Figure 9 shows the per-

centage of color removal with respect to time for investi-

gated electrolytes. Figure 10 shows UV–Vis spectra of

untreated and electrochemically treated dye effluent for all

electrolytes. From Fig. 8, it is seen that the color removal

0

10

20

30

40

50

0 20 40 60 80 100 120 140

C
O

D
 r

em
ov

al
 (%

)

Time (min)

Fig. 7 Removal of COD with electrolysis time in 0.07 M NaCl (d),

0.07 M KBr (h) and 0.07 M Na2SO4 (m)
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Fig. 8 Removal of TOC with electrolysis time in 0.07 M NaCl (d),

0.07 M KBr (h) and 0.07 M Na2SO4 (m)
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was 97, 95 and 39%, respectively, with NaCl, KBr and

Na2SO4 at the end of 2-h electrolysis. Maximum decol-

orization was achieved within almost 40 min in the pres-

ence of NaCl and KBr while that for Na2SO4 was found to

be least as acidic conditions favored decolorization in NaCl

and KBr electrolytes [3].

It is observed that color reduction is due to the cleavage of

chromophore groups or azo bond in the dye molecule which

further results in decolored intermediates in the bulk solution

[3, 10]. This leads to decolorization within a short time

period than their respective COD decays as oxidation of

aromatic rings takes relatively longer times. Also, COD

removals were observed to be less compared to decoloriza-

tion extents due to the formation of low molecular weight

aliphatic compounds which resist attack by electroactive

oxidant species [10]. The spectra in Fig. 10 indicate that

almost complete disappearance of the signature peak of RB 5

dye at kmax = 597 was observed for NaCl and KBr which

meant a complete effluent decolorization.

Supporting Electrolyte and pH Variation

It has been reported that acidic pH favors faster oxidation

of organics when mediated by electrogenerated active

species [16]. Particularly, active chlorine species present

higher oxidation ability and thus impart higher COD con-

version for both real and synthetic effluents at acidic pH

[4, 17]. Thus, an initial pH 3 was taken for all experiments

in the present work. Figure 11 shows pH change with

respect to time for investigated electrolytes.

It is clear that within almost 40 min, the initial acidic pH

changed to near neutral which then remained constant. This

may be due to the reaction between OH- and CO2

(degradation product), thereby generating bicarbonate

buffer during electrooxidation of organics [4, 18]. In case

of Na2SO4, pH change was not prominent which may be

due to low TOC conversion resulting in very low CO2

formation. Thus, the use of NaCl and KBr electrolytes

eliminates the need of neutralizing the treated effluent for

further reuse or discharge.

Supporting Electrolyte and Average Current Efficiency

(ACE)

Current efficiency, also known as electrical yield, is

referred to as the ratio of electrical charge actually used to

oxidize the organic matter to the total consumed electrical

charge. At a given electrolysis time t, the average current

efficiency (ACE) [10] can be determined as per Eq. (21)
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Fig. 9 Removal of color with electrolysis time in 0.07 M NaCl (d),

0.07 M KBr (h) and 0.07 M Na2SO4 (m)

Fig. 10 UV–Vis spectra of

untreated and treated dye

effluent during electrochemical

oxidation: a untreated effluent,

b treated with 0.07 M NaCl

after 2-h electrolysis, c treated

with 0.07 M KBr after 2-h

electrolysis and d treated with

0.07 M Na2SO4 after 2-h

electrolysis
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ACE ð%Þ ¼ COD0 � CODtð Þ F Vs

8It
� 100 ð21Þ

where COD0 and CODt are the COD values (mg/L) at

initial time and at given electrolysis time t, respectively,

F is the Faraday constant (96,487 C/mol), Vs is the solution

volume (L), I is the applied current (A), 8 is the oxygen

equivalent mass (g/eq) and t is the treatment time (h).

Figure 12 highlights the ACE determined for different

electrolytes tested. As expected, the ACE dropped in

sequence: NaCl (53.9%)[KBr (41.8%)[Na2SO4

(17.3%) at the end of 2-h electrolysis. Based on this, it can

be said that the degradation mechanism in the presence of

NaCl was controlled by charge transfer. This also means

that the electrode surface becomes highly polarized and

produces a greater concentration of ‘‘active chlorine’’

which finally results in a greater degradation of the dye and

intermediates [3]. Lower ACE values as in case of Na2SO4

also imply larger fraction of applied current used for par-

allel undesired oxygen evolution side reaction (OER)

which serves as a limiting step in organics oxidation [5].

Supporting Electrolyte and Energy Consumption (EC)

Energy consumption (kWh/kg COD and kWh/kg TOC)

[10, 11] helps to assess commercial feasibility of electro-

chemical treatment. It is calculated by Eqs. (22) and (23)

EC kWh/kg CODð Þ ¼ EcellIt

3:6 COD0 � CODtð ÞVs

ð22Þ

EC kWh/kg TOCð Þ ¼ EcellIt

3:6 TOC0 � TOCtð ÞVs

ð23Þ

where COD0 and CODt are the COD values (mg/L) at

initial time and at given electrolysis time t, respectively,

TOC0 and TOCt are the TOC values (mg/L) at initial time

and at given electrolysis time t, respectively, Ecell is the

average voltage applied (V), t is the treatment time (h) and

Vs is the solution volume (L). Figure 13 shows EC esti-

mated based on COD and TOC mass for different elec-

trolytes tested. It is seen that EC based on COD were 11.1,

14.3 and 34.5 kWh/kg COD and EC based on TOC were

85.7, 101.9 and 302.9 kWh/kg TOC with NaCl, KBr and

Na2SO4 electrolytes, respectively, at the end of 2-h elec-

trolysis. This showed least energy consumption resulting in

low process cost in case of NaCl and hence NaCl is clearly

preferred to be used over KBr and Na2SO4.

Kinetics of COD and Dye Removal

In indirect oxidation process, the COD removal rate is

proportional to the concentration of pollutant and to the

electrogenerated active oxidant species. These oxidant

species oxidize the pollutant and get reduced. This process

gets repeated in a catalytic manner which allows the oxi-

dant species concentration to remain constant and thus

results in a psuedo-first-order kinetic equation given by

Eq. (24) [13, 18].

�d COD½ �
dt

¼ k COD½ � ð24Þ

The log plot of the COD concentration curve given by

Eq. (25) represents the plot of the rate expression whose

slope gives the value of rate constant k (time-1)

log
COD½ �
COD½ �0

¼ �k t ð25Þ

0
1
2
3
4
5
6
7
8
9

0 20 40 60 80 100 120 140

pH

Time (min)

Fig. 11 pH change with electrolysis time in 0.07 M NaCl (d),

0.07 M KBr (h) and 0.07 M Na2SO4 (m)

Fig. 12 ACE (%) in different electrolytes Fig. 13 Energy consumption in different electrolytes
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Figure 14 shows the plot of dimensionless COD against

electrolysis time for all the three electrolytes. From

Fig. 14, the kinetic constant (k) values evaluated using

Eq. (25) were found to be 0.0046, 0.0033 and

0.0013 min-1 for NaCl, KBr and Na2SO4, respectively,

which implied fastest pollutant degradation rate with

respect to NaCl owing to highest oxidation power of

active chlorine species. Figure 15 shows the normalized

dye concentration (C/Co) plot against electrolysis time for

all the three electrolytes where Co is initial dye

concentration and C is dye concentration at

corresponding electrolysis time. From Fig. 15, it is

evident that dye concentration diminishes rapidly to

almost complete dye elimination in case of NaCl and

KBr at the end of electrolysis while for Na2SO4, there is a

slow decrease in dye concentration with relatively lesser

extent of dye elimination.

Fate of Electrolytes After Electrochemical Oxidation

The reduction in concentration of individual electrolyte

during electrolysis was investigated using an indirect

method of measuring reaction mixture conductivity using

digital conductivity meter (EQ-664A, Equip-Tronics) at

reaction times of t = 0 min, 60 min and 120 min and

correlating it with the electrolyte concentration. Figure 16

shows the normalized electrolyte concentration (Cs/Cso)

plot against time. From this plot, the decrease in conduc-

tivity and hence concentration for NaCl and KBr is more

pronounced compared to Na2SO4 indicating the discharge

of chlorine (Cl2) and bromine (Br2) at the anode [30]. At

the end of 2-h electrolysis, concentrations were found to

drop from 0.07 M to 0.0589 M for NaCl, 0.07 M to

0.0593 M for KBr and 0.07 M to 0.0620 M for Na2SO4.

Degradation Products

Liquid chromatography–mass spectrometry (LC–MS) is an

analytical method integrated with chromatographic sepa-

ration to detect mass spectrum of complex liquid-phase

mixtures with high sensitivity and specificity under posi-

tive and negative operational modes using electrospray

ionization (ESI). During LC–MS analysis, sample liquid

mixture is pumped through a metal capillary at * 5 kV to

form a fine mist or spray of charged droplets at the capil-

lary tip. These ionized or charged analyte molecules of the

liquid mixture are then transferred to the mass spectrometer

where the ions and fragment ions produced are analyzed

based on their mass-to-charge ratio (m/z) by the use of ion

source and subsequent ion optics. Consequently, mass

spectrum (ES?/ES-) is generated by plotting ion signal

versus m/z ratio which is further used to ascertain the mass

of specific molecules and fragments with elucidation of

their chemical structures.

In the present study, LC–MS technique was employed to

analyze the mass fragments of RB 5 dye effluent before and

after 60 min electrolysis in presence of NaCl electrolyte.

Figure 17a shows the ES- mass spectrum of the dye

solution before electrolysis, and Fig. 17b shows the ES-

mass spectrum of the degraded dye. Tables 2 and 3 show

the identified characteristic m/z peaks of molecular and

product ions of RB 5 dye effluent before and after elec-

trolysis which have been confirmed with the literature

(C 95% match) [31–33]. As evident from Fig. 17b,

majority of earlier peaks of spectrum in Fig. 17a have

disappeared due to decomposition of dye solution into low

molecular weight compounds. After extended RB 5 elec-

trolysis in chloride medium, formation and proposed

structures of different chlorinated and highly polar organic

and inorganic products are reported with further need for

undertaking toxicity studies. Nuclear magnetic resonance

(NMR)-based techniques are required to identify all pos-

sible degradation products including structural isomers

with increased precision [33].

NaCl
y = -0.0046x
R² = 0.9648
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y = -0.0033x
R² = 0.9641

Na2SO4
y = -0.0013x
R² = 0.9687
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Conclusions

The indirect electrochemical degradation of simulated

wastewater containing high concentration of RB 5 has been

investigated in NaCl, KBr and Na2SO4 as supporting

electrolytes under similar operating conditions using Ti/

CoOx–RuO2–SnO2–Sb2O5 electrode. The results of this

study revealed the following:

1. The highest electrocatalytic performance was achieved

in terms of reduction in COD, TOC and color intensity

under acidic pH in the presence of NaCl compared to

KBr and Na2SO4 since chloride acts as a high

oxidation power electrogenerated active species com-

pared to bromide and sulfate.

2. Performance in NaCl electrolyte offered highest aver-

age current efficiency, almost three times more than
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Fig. 16 Plot of Cs/Cso versus

electrolysis time for NaCl (d),

KBr (h) and Na2SO4 (m)

Fig. 17 a (ES-) Mass spectrum of RB 5 dye effluent before electrolysis. b (ES-) Mass spectrum of RB 5 dye effluent after 60-min electrolysis
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Na2SO4 and least energy consumption compared to

KBr and Na2SO4 owing to charge transfer controlled

degradation mechanism and suppression of limiting

side OER.

3. There is no need to add electrolyte separately as

chloride is normally present in high concentration in

dye effluents which also reduces the cost factor.

4. With NaCl and KBr, pH changed from acidic to

neutral/alkaline at the end of electrolysis which

eliminates the need of neutralizing the treated effluent

further. In case of Na2SO4, pH remained almost

constant due to low TOC decay resulting in very low

CO2 generation.

5. COD removal rate followed pseudo-first-order kinetics

with the fastest degradation occurring in NaCl as

evident from the rate constant k.

6. In presence of chloride medium, dye solution was

degraded into low molecular weight fragments as

observed from the LC–MS study conducted for RB 5

effluent before and after electrolysis.

Above results make NaCl a preferred electrolyte over

KBr and Na2SO4 under given conditions for electrocat-

alytic degradation of highly concentrated effluents from

dyes industries in general and for RB 5 in particular.
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