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Abstract Electrochemical oxidation of an azo dye

(Reactive Red 120) was studied in acidic media (1 M

HClO4) using DSA type (Ti/IrO2–RuO2) and boron doped

diamond (BDD) anodes. Ti/IrO2–RuO2 exhibited low

oxidation power with high selectivity to organic interme-

diates and low TOC removal (10% at 25 �C and 40% at

80 �C). On the other hand BDD was found to be suitable

for total mineralization of the organic loading to CO2. In

both cases, the decoloration of the solution was almost

100% achieved very quickly with BDD (2 Ah L-1) but

only after long treatment with Ti/IrO2–RuO2 (25 Ah L-1).

The instantaneous current efficiency (ICE) was up to 0.13

in the case of Ti/IrO2–RuO2 and up to 0.45 in the case of

BDD.

Keywords Azo dye � DSA � BDD �
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1 Introduction

The development and expansion of various industries

(textile, leather, paper production, food technology, agri-

cultural, photoelectrochemical cells, hair coloring etc.) that

use synthetic organic dyes is remarkable during the last

decades. The quantities of wastewaters produced from

these activities are continuously increasing. Regardless of

the dye concentration, these wastewaters are often highly

colored and turbid. In addition, many dyes and their

breakdown products are toxic and/or mutagenic to life. Due

to their highly polluting nature, the treatment of such

wastewaters has been in the center of attention for several

years.

In general, dyes are classified according to their chem-

ical structure and application [1]. Specific groups (called

chromophores) are responsible for the color of the dye,

while electron withdrawing or donating substituents (called

auxochromes) increase the coloring effect of the chro-

mophores [2]. Important chromophores include the azo

(–N=N–), carbonyl (–C=O), methane (–CH=), nitro (–NO2)

and quinoid groups. Typical auxochromes include amine

(–NH2), carboxyl (–COOH), sulfonate (–SO3H) and

hydroxyl (-OH) groups. Approximately, one million tones

of dyes are produced every year all around the world. The

majority (about 70% by weight) is azo dyes while anthra-

quinone dyes constitute the second most important class of

textile dyes [3, 4].

Although biological degradation methods are one of the

most economic processes for wastewater treatment, they are

often ineffective to degrade molecules of refractive nature,

like those present in textile industry wastewaters. Also, the

survival of anaerobic biomass in the presence of high con-

centration of azo dyes is a difficult task. Therefore, for the

treatment of this type of wastewaters other alternative

methods have been proposed in the literature. The majority

of them concerns advanced oxidation processes [5–25], like

electrooxidation, Fenton, photocatalysis or even combina-

tion of techniques (electro-fenton, photo-electrocatalysis).

In addition, technologies based on biological (aerobic and

anaerobic decomposition), physico-chemical (coagulation,
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filtration, adsorption, ion exchange) and chemical methods

(ozonation, with hydrogen peroxide, permanganate) have

also been applied.

Several types of anodes for the electrochemical oxida-

tion of dyes have been recently reviewed by Martı́nez-

Huitle and Brillas [26]. Typical examples of widely used

anodes include Fe [27], steel [28, 29], Al [30], Dimen-

sionally Stable Anodes (DSA) composed of mixtures of Ti,

Ir, Ru, Sn, Pb and/or Sb oxides [31–33], Pt [29, 34] or Ti-

supported Pt [35], granular activated carbon [14], activated

carbon fiber (ACF) [15], glassy carbon [16], graphite [17],

polypyrrole [18], perovskite-like BaPb0.9Sb0.1O3 [19] and

BDD deposited mainly on Si [20], Ti [21] or Nb [7] sub-

strates. These electrodes could be used either for direct

(occurring at the surface of the anode) or for indirect oxi-

dation processes such as the homogeneous reaction of

organic pollutants with strong oxidants (like active chlorine

[36], or hydroxyl radicals via Fenton’s reaction [37]).

According to a modern approach in electrochemical

mineralization of organic pollutants [38] different anode

materials can be classified according to their oxidation

power in acidic media. In general, during the electrolytic

process the reaction of organics with electrogenerated

hydroxyl radicals competes with the side reaction of the

anodic discharge of these radicals to oxygen. Kapałka

et al. [38] proposed that the weaker the interaction

between the hydroxyl radicals and the electrode surface,

the lower the electrochemical activity toward oxygen

evolution (high overvoltage anodes) and the higher the

chemical reactivity toward organics oxidation. According

to this, IrO2 and RuO2 are considered as anodes with low

oxidation power while BDD as an anode with high oxi-

dation power. In general, electrolysis on anodes with low

oxidation power results in partial oxidation products and

therefore these electrodes are suitable for organic electro-

synthesis. In this study, a combination of two typical

anodes of low oxidation power (IrO2 and RuO2) has been

used to explore the behavior of Ti/IrO2–RuO2 for the

electrochemical oxidation of an azo dye (Reactive Red

120, RR120).

BDD is a relatively new electrode material which has

attracted great attention due to its inert surface with weak

adsorption properties, its remarkable corrosion stability

even in acidic media and its high oxygen evolution over-

potential [39–41]. The majority of the studies [20, 21, 39–

41] have shown that BDD provides total mineralization of

the organic loading with high current efficiencies.

Reactive Red 120 is widely used in color industry while

there are only few reports [22–25] on its abatement with

advanced oxidation processes and specifically with direct

electrochemical oxidation. Zhang et al. [22] reported pos-

sible decomposition pathways and reaction intermediates

formation of purified, hydrolyzed Reactive Red 120, during

ozonation. RR120 was decomposed under direct nucleo-

philic attack by ozone, resulting in oxidation and cleavage

of the azo group and the aromatic ring, while the triazine

group still remained in solution even after prolonged oxi-

dation time (120 min) due to its resistance to ozonation.

The effects of RR120 additives on the ozonation process

and oxidation by-products have been studied [23] and the

results showed that the dye additives/impurities in com-

mercial dyes affect the microbial activity as well as the

biodegradability. The photodegradation (UV/H2O2) of non-

hydrolyzed Reactive Red 120 in aqueous solutions was

studied by Neamtu et al. [24]. Their results showed that

99.6% decoloration was achieved with a dose of

24.5 mmol L-1 H2O2 at a 60 min irradiation (UV) time

(for initial concentration of the dye of 100 mg L-1).

Kusvuran et al. [25] tested RR120 degradation using sev-

eral advanced oxidation processes such as UV/TiO2,

electro-Fenton (EF), wet-air oxidation (WAO) and UV/

electro-Fenton (UV/EF). The most efficient method for de-

coloration and mineralization of RR120 was found to be the

WAO process. A novel approach on the RR120 wastewater

treatment was proposed by Yakup Arica and Bayramoğlu

[42]. During their study, successful biosorption of RR120

dye from aqueous solution by native and modified fungus

biomass preparations of Lentinus sajor-caju was reported.

The present study investigates the direct electrooxida-

tion of RR120 in an appropriate supporting electrolyte

(1 M HClO4) without further addition of salts or other

additives in the azo dye solution using two different types

of anodes, Ti/IrO2–RuO2 and Si/BDD.

2 Experimental and analytical

2.1 Materials

2.1.1 DSA and BDD preparation

The Ti/IrO2–RuO2 electrode was prepared by thermal

decomposition of 50 mM H2IrCl6 (Acros Organics, 40%)

and 50 mM RuCl3 (Fluka 84050, 41%) metal precursors

dissolved in isopropanol (Fluka, 99.5%), on a titanium

support. The RuCl3 precursor, before the dilution in iso-

propanol, was stirred and heated at 80 �C for 24 h in a 10%

HCl solution. Procedures for the titanium substrate pre-

treatment and anode deposition are described in previous

works [43, 44]. The final IrO2–RuO2 loading was

0.5 mg cm-2 while the geometrical surface area was

12.5 cm2.

BDD was prepared by Adamant-Technologies (Swit-

zerland) using the hot filament vapor deposition technique

(HF CVD) on single crystal p-type Si wafers. The thickness

of the coating was 2 lm, the boron doping was 500 ppm
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and the geometrical surface area of the working electrode

was 14 cm2.

2.1.2 Dye solution preparation

Reactive Red 120 (C44H24Cl2N14Na6O20S6, shown in

Fig. 1) was dissolved in ultra pure water at initial con-

centrations between 50 and 200 mg L-1. Solutions of 1 M

HClO4 were used as supporting electrolyte. Utilization of

HClO4 diminishes the generation of extra oxidizing species

capable to react with the organic components. In fact, such

species could be easily formed if other electrolytes, like

NaCl (generation of Cl2), H2SO4 (generation of S2O8
2-),

FeSO4 (generation of FeO4
2-) etc., were used.

2.2 Bulk electrolysis

Electrochemical experiments were conducted in a single-

compartment, batch type, laboratory scale electrolytic cell

described elsewhere [43, 44]. The volume of the dye

solution used in each experiment was 120 mL. All exper-

iments were performed in acidic conditions either at 25 or

at 80 �C. The anode was either Ti/IrO2–RuO2 or BDD

while two Zr plates were used as cathode. During each

electrolytic run, samples of 2 mL were taken from the

reactor at certain time intervals and analyzed in terms of

COD, TOC and color. A glass tube condenser attached to

the reactor was used to prevent evaporation at high tem-

peratures [43, 44].

2.3 Analytical measurements

Chemical oxygen demand (COD) was determined by the

dichromate method. The appropriate amount of sample was

introduced into a commercially available digestion solution

containing potassium dichromate, sulfuric acid and mer-

curic sulfate (Hach Europe, Belgium) and the mixture was

then incubated for 120 min at 150 �C in a COD reactor

(Model 45600-Hach Company, USA). COD concentration

was measured colorimetrically using a DR/2010 spectro-

photometer (Hach Company, USA). Total organic carbon

(TOC) was measured by a Shimadzu 5050A TOC analyzer.

Changes in sample absorbance were monitored on a Hach-

Lange D5000 UV-vis spectrophotometer to assess the

extent of decoloration during treatment. A calibration

curve served to correlate the absorbance at 535 nm to

RR120 concentration.

Instantaneous current efficiency, ICE, of the anodic

oxidation was calculated from changes in COD, as follows:

ICE ¼
CODð Þt� CODð ÞtþDt

� �

8IDt
FV ð1Þ

where (COD)t and (COD)t?Dt are the chemical oxygen

demand (g O2 m-3) at time t and t?Dt (s) respectively, I is

the applied current (A), F is the Faraday constant

(C mol-1), V is the volume of the electrolyte (m3).

3 Results and discussion

3.1 Ti/IrO2–RuO2 anode

Figure 2 shows the effect of the applied current on COD

removal at 25 �C as a function of time or applied charge.

Higher current densities result in faster COD removal

(Fig. 2a) reaching 43% after 5 h at 50 mA cm-2, while the

respective value was 32% at 15 mA cm-2. As shown in

Fig. 2b, COD removal increases with applied charge but it

does not depend on the current density, i.e. applying a fixed

charge to achieve a certain COD removal, one may operate

either at low currents for long treatment times or vice-

versa. Similar behavior was observed at higher tempera-

ture, 80 �C (Fig. 3). In this case COD removal reached up

to 60% after 26 Ah L-1 of charge passed (Fig. 3b). In both

temperatures (Figs. 2 and 3) the organic loading decreased

within the first 5 h, while further treatment had only a

small effect on COD removal.

In order to explore the extent of the oxidation, TOC

measurements were performed (Fig. 3). The selective

oxidation to organic intermediates appeared to be the main

oxidation mechanism especially at 25 �C (Fig. 3a) where

the selectivity for partial oxidation products was up to 90%

(the maximum TOC removal was only 10%). It is inter-

esting to note that, this value (TOC/TOCo = 0.9) was

achieved in the first few minutes of treatment (2 Ah L-1)

and remained constant even after 37 Ah L-1 of charge

passed. Similar behavior was also observed at higher

temperature (80 �C). Although the TOC removal increased

Fig. 1 The structure of

Reactive Red 120 (Sigma, CAS

61951-82-4)
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up to 32% (at 37 Ah L-1) the partial transformation of

RR120 to other organic intermediates was still dominant

over the total oxidation to carbon dioxide and water

(Fig. 3b).

The presence of transformation by-products was also

confirmed by inspection of the UV–visible spectra obtained

during electrolysis. Typical spectra for RR120 oxidation

(CODo = 90 mg L-1) at 8 mA cm-2 are shown in Fig. 4.

The visible band at 535 nm was due to the ring conjugated

p system of aromatic rings connected by the azo groups

(Fig. 1) [22], while the absorption bands at 265 and

330 nm are attributed to changes in centres with aromatic

character. The absorption band at 430 nm (which was not

present in the initial spectrum) may be an indication of

formation of new organic products. Even after 7 h of

treatment, and despite the fact that absorption at 535 nm

disappeared, the absorbance at 265 and 330 nm was very

high (out of the measurable range) which indicates the

existence of aromatic rings. At the same time the absorp-

tion at 430 nm was still remarkable indicating the forma-

tion of stable reaction intermediates and consequently the

preferential behavior of the anode to partial oxidation.

Similar spectra have been obtained during all experiments

with Ti/IrO2–RuO2 as anode.

Overall, Ti/IrO2–RuO2 behaved like a typical anode

with low oxidation power according to the approach pro-

posed by the group of Comninellis [38].
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3.2 BDD anode

Figure 5 shows the effect of current density on the elec-

trochemical oxidation of RR120 at 220 mg L-1 CODo as a

function of the applied charge at 25 �C. The results showed

that COD was almost removed (98%) and this was inde-

pendent of the conditions studied. Also, there was a

remarkable decrease of TOC down to 23% at 8 mA cm-2

and down to 90% at 30 mA cm-2 (Fig. 6). The curves

shown in Fig. 5 are related to the predicted COD changes

according to the model developed by Comninellis et al.

[45, 46]. This model is capable to predict the temporal

evolution of COD and ICE during the electrochemical

oxidation of organic pollutants on BDD thin film elec-

trodes. According to this model, if the applied current

density (iappl) is greater than the limiting current density

(ilim), the electrolysis is mass-transport controlled and

secondary reactions (such as oxygen evolution) are

involved. In this case, ICE decreases with time while the

COD removal, due to mass-transport limitation, follows an

exponential trend.

The initial limiting current density (ilim,o, A m-2) is

related to the initial COD according to the following

equation:

ilim;o ¼ 4FkmCODo ð2Þ

where 4 is the number of exchanged electrons, F is Faraday’s

constant (96,487 C mol-1), km is the mass-transport coeffi-

cient in the electrochemical reactor (1.72 9 10-5 m s-1)

[47] and CODo is the initial chemical oxygen demand

(mol m-3).

In the case where CODo = 220 mg L-1, application of

Eq. 2 yields an initial limiting density of 4.6 mA cm-2

(Fig. 5). This means that in all cases the applied current

densities (8–50 mA cm-2) were above ilim,o. According to

the model [45, 46] for iappl � ilim, COD should change as

follows:

COD(t) ¼ CODoexp �Akm

VR
t

� �
ð3Þ

where A is the electrode area (14 9 10-4 m2) and VR is

the reactor volume (0.12 9 10-3 m3).

Based on the results shown in Fig. 5, there is a good

agreement between experimental and predicted COD and

this is more pronounced at lower current densities.

Figure 7 shows changes in the UV–visible spectra

obtained during the electrolysis of RR120 at 96 mg L-1

CODo and 30 mA cm-2. It can been seen that color
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removal (measured from changes of absorbance at 535 nm)

was faster than the decrease in absorbance at 330 nm and

COD, indicating that RR120 oxidation began with breaking

the nitro groups (decoloration of the solution) and contin-

ued with the cleavage of the aromatic ring (removal of

absorbance at 330 and 265 nm) to form aliphatic inter-

mediates, which were finally mineralized to carbon diox-

ide. Similar behavior has recently been reported for the

direct electrochemical oxidation of Acid Yellow 1 [48] and

methyl red [33] on BDD.

3.3 Comparison of Ti/IrO2–RuO2 and BDD anodes

Based on the results of this study, Ti/IrO2–RuO2 and BDD

showed totally different behavior during the direct anodic

electrochemical oxidation of RR120. The rate of the

decoloration was much higher in the case of BDD while

Ti/IrO2–RuO2, acting as a typical anode with low oxidation

power, resulted in partial oxidation products and organic

intermediates. Specifically, the formation of new organic

compounds was characteristic for Ti/IrO2–RuO2 indicated

by the significant absorption band at 430 nm. The cleavage

of the aromatic rings was more difficult with Ti/IrO2–RuO2

contrary to the case of BDD where the formation of ali-

phatic intermediates and their mineralization to carbon

dioxide was very fast (Figs. 6, 7).

Another important difference of the two electrodes

could be noticed in terms of ICE. The values of ICE

obtained with Ti/IrO2–RuO2 were always below 13%

(Fig. 8a), while under similar experimental conditions, ICE

values up to 45% were observed with BDD (Fig. 8b) at low

current density (8 mA cm-2). In both cases, an increase in

the current density resulted in a decrease of ICE due to the

side reaction of oxygen evolution.

4 Conclusions

Two different types of electrodes have been studied for

the direct electrochemical oxidation of Reactive Red 120.

Ti/IrO2–RuO2 anode has low oxidation power with high

selectivity for organic intermediates and poor TOC

removal (10% at 25 �C and 40% at 80 �C), while BDD

acting as a typical anode with high oxidation power min-

eralizes the organic content to CO2. In both cases, the

decoloration of the solution was almost 100%. This could

be achieved very quickly with BDD (2 Ah L-1) but only

after long treatment at high current densities with Ti/IrO2–

RuO2 (25 Ah L-1). In the case of the DSA anode and

under low current densities, the absorbance in the visible

region remained remarkably high even at the end of the

treatment. The observed ICE values were always below

0.13 in the case of Ti/IrO2–RuO2, while under the same

experimental conditions ICE values up to 0.45 were

observed with BDD and low current density (8 mA cm-2).
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