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Treatment of Acid Blue 113 Dye Solution Using
Iron Electrocoagulation

The electrocoagulation (EC) treatment of Acid Blue 113 (AB 113) was performed on the

basis of chemical oxygen demand (COD) removal efficiency using an iron anode. The

process variables, including current density (1–5 A/dm2), pH (5.5–7.5), and supporting

electrolyte concentration (1–3 g/L) were investigated. Under the optimum operating

conditions, more than 91% COD removal efficiency was found. The optimum conditions

were obtained with 3 A/dm2 of current density, pH 6.5, and 2 g/L of supporting

electrolyte concentration. COD removal rates obtained during the EC process can be

described using a pseudo-kinetic model. The experimental kinetic data fit well with

pseudo first-order kinetic model, with no significant change on the rate constant after

3 A/dm2 of current density. The absorption spectra and Fourier transform infra red

analysis were also performed to characterize the mechanism and nature of dye

cleavage.
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1 Introduction

The impact of pollution due to textile industry effluents has

increased to significant extent. The dyes having an aromatic moi-

eties linked together by azo (—N——N—) chromophore are the most

important chemical class of synthetic dyes, representing about 60–

80% of the organic dyes referenced in the color index (CI). These dyes

have a variety of applications in the textile, paper, cosmetic, drug,

and food industries [1]. The textile effluents, usually highly colored,

could result in aesthetic problems when discharged as such into the

environment. Conventional treatment of thesewastewaters includes

various combinations of biologic, chemical, and physicalmethods [2,

3]. These methods are becoming inadequate and insufficient due to

large variability in the effluent composition.

One of the promising methods for treating wastewater streams is

by electrochemical treatments. These processes (electrooxidation

and electrocoagulation, EC) have been successfully employed for

the removal of pollutants in various industrial wastewaters. The

mechanism in the EC process includes coagulation, adsorption,

precipitation, and flotation. Aluminum or iron electrodes are used

in the process to produce their respective hydroxide flocks by oxi-

dation reactions at anodes followed by hydrolysis. This EC technique

is a very simple and efficient method for treating waste waters.

In recent years, EC has been applied successfully to treat water

containing dyes, foodstuff wastes [4], oil wastes [4–6], suspended

particles [7], organic matter from landfill leachates [7], chemical

and mechanical polishing waste [8], synthetic detergent effluents

[9], andminewastes [10]. EC treatments for the textile dye-containing

solutions or wastewater samples has been conducted on a laboratory

scale; which showed good removal of chemical oxygen demand

(COD), color, turbidity, and dissolved solids at various operating

conditions [11–13]. This process is found to be very efficient in color

removal with low-energy consumption.

In this study, Acid Blue 113 (AB 113, diazo) dye was taken, which is

widely used in wool dyeing to obtain deep shade of navy blue color.

These dyes have a high affinity for the fiber substrates and better

fastness of color could be achieved. When effluents containing these

dyes are released into the environment, it can cause long-term

adverse effects on aquatic organisms. The objective of the study is

to evaluate the treatment of CI AB 113 synthetic dye solution by EC

process using an iron anode. In addition, the effects of pH, electro-

lyte concentration, and operational variables such as current density

and treatment time are calculated based on the color and COD

removal efficiency. The absorption spectra and Fourier transform

infra red (FTIR) analysis are also carried out to evaluate the nature of

bond cleavage.

1.1 Mechanism of Electrocoagulation

It is known fact that EC is a complex and interdependent process.

The sacrificial anode produces coagulating agent to dose the dye

solution while electrolytic gases are generated at the cathode [14].

The process of EC involves three successive steps:

1. Formation of coagulants by electrolytic oxidation of the ‘‘sacrifi-

cial electrode,’’

2. Destabilization of the contaminants, particulate suspension, and

breaking of emulsions and,

3. Aggregation of the destabilized phases to form flocs.
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In the present case EC has been performed using an iron electrode;

the mechanism can be explained as follows [15]. Iron upon oxidation

in an electrolytic system produces iron hydroxide, Fe(OH)n, where,

n ¼ 2 or 3. Themechanism involved in the production of Fe(OH)
2
and

Fe(OH)3 are as follows:

Anode (Fe):

FeS ! Fe2þðaqÞ þ 2 e� (1)

Cathode (Steel):

2H2Oð1Þ þ 2 e� ! H2ðgÞ þ 2OH�
ðaqÞ (2)

The formation of insoluble Fe(OH)2 with the release of OH� ions at

the cathode can be given by:

Fe2þ þ 2OH�
ðaqÞ ! FeðOHÞ2ðSÞ (3)

These insoluble Fe(OH)2 precipitates at pH > 5.5 and remains in

equilibrium with Fe2þ up to pH 9.5 or with monomeric species such

as Fe(OH)þ, Fe(OH)2, and Fe(OH)3 at higher pH values [16]. The overall

reactions (1)–(3) can be given by:

Feþ 2H2O ! FeðOHÞ2ðSÞ þ H2ðgÞ (4)

In the presence of O2, dissolved Fe2þ is oxidized to insoluble

Fe(OH)3 as:

4 Fe2þ þ 10H2Oþ O2ðgÞ ! 4 FeðOHÞðSÞ þ 8Hþ (5)

At the cathode (Steel), the protons can be directly reduced to H2

gas:

8Hþ þ 8 e� ! 4H2ðgÞ (6)

The corresponding overall reaction obtained by combining reac-

tions (1), (5), and (6) is:

4 Feþ 10H2Oþ O2ðgÞ ! 4 FeðOHÞ3ðsÞ þ 4H2ðgÞ (7)

The Fe(OH)3 coagulates from pH > 1.0, i.e., it is present in much

stronger acidic media than Fe(OH)2. Then, this precipitate can be in

equilibrium with soluble monomeric species like Fe3þ, Fe(OH)2þ,

Fe(OH)2
þ, Fe(OH)3, and Fe(OH)4

� as a function of the pH range, which

transform finally into Fe(OH)3 [17].

Once the insoluble flocs of Fe(OH)3(s) are formed, it remains in the

aqueous stream as a gelatinous suspension, which can remove the

dissolved dyes by complexation or by electrostatic attraction, fol-

lowed by coagulation. In the surface complexation mode, the pollu-

tant (dye) acts as a ligand to chemically bind hydrous iron:

Dye� HðaqÞ þ ðOHÞOFeðSÞ ! Dye� OFeðSÞ þ H2OðlÞ (8)

The prehydrolysis of Fe3þ cations also leads to the formation of

reactive clusters for water treatment [15]. The processes involved in

an EC treatment: (i) the metal ions produced at the anode (Fe) and H2

evolve at the cathode (steel) due to electrode reactions; (ii) formation

of coagulants in the wastewater and in turn these coagulants

involved in removal of dyes by sedimentation or by electro flotation

with evolved H2; and (iii) other electrochemical reactions involving

reduction of organic impurities and metal ions at the cathode and

coagulation of colloidal particles [18–21].

During the dye removal process, chlorine/hypochlorite (ClO�)

formed by anodic oxidation of chloride occurs, which destroy pol-

lutants adsorbed on the anode surface [22]. A series of reactions

involved in chlorine oxidation are shown in Eqs. (9)–(12). The direct

oxidation of chloride ion at the anode to yield soluble chlorine:

2 Cl� ! Cl2ðaqÞ þ 2 e� (9)

If the local concentration of dissolved chlorine exceeds its solu-

bility, then supersaturation drives the formation of bubbles of

chlorine gas. As electrogenerated chlorine diffuses away from the

anode and rapidly hydrolyzed to hypochlorous acid and chloride ion:

Cl2ðaqÞ þ H2O , HClOþ Hþ þ Cl� (10)

In the bulk solution this acid is in equilibrium with ClO� ion as

follows:

HClO , Hþ þ ClO� (11)

The predominant species is Cl2(aq) until pH near 3.0, HClO in the pH

range 3–8 and ClO� for pH > 8.0. The concentration of electrogen-

erated ClO� can be limited by its anodic oxidation to chlorite ion. It

is also possible the loss of ClO� by reduction to chloride ion at the

cathode:

OCl� þ H2Oþ 2 e� ! Cl� þ 2OH� (12)

Hypochlorite generated in Eq. (11) is a strong oxidant that can

oxidize aqueous organic compounds. Chiang et al. [23] found that

anode material, current density, and chloride concentration had

similar effects on chloride/ClO� production efficiency.

The kinetics of the overall EC process in COD removal is described

by a pseudo-kinetics model in which the rate constant depends on

the applied current density. This model provides preliminary data

for evaluating the reaction rate constants [24]. The kinetic rate

equation representing the COD removal rate from the aqueous

solution is described by the following first-order reaction kinetics:

ln
½COD�t
½COD�i

� �
¼ �k1t (13)

where, [COD]i is the initial COD value (mg/L), [COD]t is the COD value

at any time, t (mg/L). The slope of the plot of ln ([COD]t/[COD]i) versus

time gives the value of the rate constant k1 (1/min).

2 Materials and Methods

2.1 Reagent

Acid blue 113 is a secondary diazo dye having themolecular formula

(C32H21N5Na2O6S2) and molecular weight of 681.65. AB 113 pur-

chased from Aldrich, is a water soluble azo dye yielding a blue

colloidal solution and its solubility is better in organic solvents such
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as ethanol. All other reagents used in the experiment are of analyti-

cal grade. The structure of the dye is shown in Fig. 1.

2.2 Electrocoagulation Unit

The EC unit, given in Fig. 2 consists of a glass beaker of 250 mL

capacity with a provision for fitting the electrodes. The electrodes

used in the process are iron (grade MS 104) and stainless steel (grade

SS 304) as anode and cathode, respectively, with a dimension of

4 cm � 4 cm. The spacing between the two electrodes is 2.5 cm. In

each and every run, 200 mL of synthetic dye solution was treated

containing an initial COD of 540 mg/L. The samples were collected at

fixed time intervals and it was allowed to settle down for 20 min in

the beaker before any analysis, as the degraded compounds settle

down at this time noted. After the experiment, the power was

switched off and the electrodes were disconnected. The experiments

were carried out by connecting the electrodes to a DC regulated

power supply (0–20 V, 0–5 A).

2.3 Experimental Procedure

The EC of AB 113 was investigated for different current densities

(1–5 A/dm2), pH (5.5–7.5), and electrolyte concentration (1–3 g/L). The

samples were collected for every 10 min time interval and the

absorbance was determined. The pH of the solutions was adjusted

by adding 0.1 N sodium hydroxide (NaOH) or 0.1 N sulfuric acid

(H2SO4) solutions. The pH of the aqueous sample was measured by

means of a pH meter (1002). The dye concentration was determined

using a UV–VIS spectrophotometer (Shimadzu, UV1020PC) at

580 nm. A standard solution of the AB 113 was scanned to determine

the wavelength, lmax, corresponding to maximum absorbance. The

wavelength corresponding to maximum absorbance for AB 113 was

found to be 580 nm. The concentration of AB 113 in the aqueous

solution was estimated from the peak area of the absorption spec-

trum (200–800 nm) around lmax, and by comparing the results to

those of the known standard solutions.

The color removal efficiency was calculated by:

Color removal efficiency ð%Þ ¼ ðCi � CtÞ
Ci

� 100 (14)

where, Ci is the initial concentration of the dye in solution (mg/L), Ct
is the concentration of the dye at any time in solution (mg/L).

The COD removal efficiency was calculated by:

COD removal efficiency ð%Þ ¼ ð½COD�i � ½COD�tÞ
½COD�i

� 100 (15)

where, [COD]i is the initial COD value (mg/L), [COD]t is the COD value

at any time, t (mg/L). The COD tests were performed, according to

Standard Methods [25].

2.4 Absorption Spectra and FTIR Studies

The absorption spectra of the samples were recorded by scanning

from 200 to 800 nm to check for the formation of intermediates and

decolorization of the dye. The UV–VIS spectrum of AB 113 is observed

and its change during EC was recorded using UV–VIS spectropho-

tometer. The characteristic peak of the pure dye was observed at

580 nm as already stated in the procedure. The pure dye compound

and electro co-precipitated sludge generated during ECwas analyzed

using FTIR spectrometer. A 10–15 mg of sample was dispersed in

200 mg of spectroscopic grade KBr to record the spectra.

3 Results and Discussion

The effect of parameters such as current density, pH, and supporting

electrolyte concentration on rate of COD removal was calculated.

The rate of COD reduction has been plotted as COD/CODi versus

electrolysis time.

3.1 Effect of Current Density on the Efficiency of

COD Removal

In electrochemical processes, the applied current density is an

important factor that strongly influences the performance of EC

[26]. The current density not only determines the coagulant dosage

rate, but also the bubble production rate and size. Thus, this

parameter should have a significant impact on pollutant removal

efficiencies. A large current means a small EC unit. However, when

Figure 1. Schematic representation of the chemical structure of Acid Blue
113 dye.

Figure 2. Experimental setup used for the electrocoagulation study.
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too large amount of current is used, there is a high chance of wasting

electrical energy in heating up water. To investigate the effect of

current density on the AB 113 degradation rate, a serious of exper-

iments were carried out with current density being varied from 1 to

5 A/dm2, with initial concentration of 50 mg/L. The current density

controls the generation rate of iron ions in the anode, the growth of

Fe(OH)3 flocs and the rate and size of H2 bubbles evolved at the

cathode [27].

The rate of degradation is high at the beginning of the process and

decreases gradually at the end of the process. Figure 3 shows the rate of

COD removal increases with increase in current density from 1 to

5 A/dm2 may be explained that the rate of generation of ClO� ion

(Eq. (11)) increased with current density and thus increases the pollu-

tant degradation, and after 3 A/dm2 there is no significant COD

removal. This can be ascribed to the fact that at high current, the

amount of iron oxidized increased, resulting in a greater amount of

precipitate for the removal of pollutants. In addition, the bubble

density increases with increasing current density resulting in more

efficient and faster removal. Moreover, the bubble size decreases with

increasing current density, which is beneficial to the separation proc-

ess and lowest current should be selected to obtain the best removal

rate. Kashefialasl et al. [28] observed the dye Acid Yellow 36 degrades

with 85 % color removal with current density of 12.8 j mA�1 cm�2 in

6 min.

3.2 Effect of pH on the Efficiency of COD Removal

The influence of electrolyte pH on dye degradation has been verified

with experiments conducted under acid, alkaline, and neutral con-

ditions. The current density was maintained at 3 A/dm2. The rate of

degradation is higher in the acidic pH, may be due to OH� ion

stability and there is no significant degradation after attaining

a pH of 6.5 represented in Fig. 4. This is because, at pH of 6.5 a

majority of iron complexes (coagulants) are formed and it can be

taken as the optimum pH for carrying out the EC process. The dye

taken for the experiment is good with acidic pH, though there is no

greater difference in COD removal after attaining the acidic pH.

The iron anode generates a majority of Fe(OH)3 flocs (Eq. (7)), to

remove rapidly the dye molecules by complexation or electrostatic

attraction, followed by coagulation. In contrast, at pH< 3 soluble Fe is

the dominant species and Fe(OH)3 flocs are quite poorly produced,

whereas at pH > 9.0 a part of Fe(OH)3 is solubilized as Fe(OH)4
� and

lower amount of dye can only be separated [16]. It is alreadymentioned

in the EC mechanism, at pH of 6.5 very slow oxidation of Fe2þ takes

place results in Fe(OH)3 flocs as a significant end product for dye

adsorption. Similar conditions were observed with dye Acid Yellow

23 degraded at pH 6 with 98% color removal [29] and Acid Red 14

degraded at pH 6–9 with greater than 93% color removal [30]. Thus, pH

of 6.5 is taken to be an optimum condition for further experiments.

3.3 Effect of Supporting Electrolyte Concentration

on the Efficiency of COD Removal

The influence of electrolyte (NaCl) concentration on the dye degra-

dation has been carried out at with three different concentrations of

electrolyte (1–3 g/L) by having a pH of 6.5 and current density of

3 A/dm2 obtained from pervious optimization experiments. The rate

of dye degradation increases with increase in electrolyte concen-

tration. The ClO� ions that are formed (Eq. (11)) can oxidize the

organic compounds in the solution under operating pH condition; it

acts as a strong oxidizing agent. The formation of these chloride or

ClO� ions will depend on the electrolyte concentration and applied

current density. Higher Cl� content promotes faster destruction of

dyes because of the formation of greater concentration of active

chlorine species from reactions (9)–(11). The degradation rate are

higher in acidic medium with Cl2(aq) and HClO as active species than

in alkaline solutions where the less potent ClO� acts as oxidant [16].

At lower chloride concentration, the dye degradation is less,

compared to higher chloride concentration probably because there

are not enough ions to conduct the current and very less formation

of HClO for the oxidation of dye solution. The concentration of NaCl

above 2 g/L has no significant influence on the rate of degradation

depicted in Fig. 5. Thus it may be concluded that the increasing

electric resistance of the solution affects negatively the efficiency of

the process.

Based on the above obtained optimum conditions, a comparison is

made between percentage of COD removal and percentage of color

removal, as shown in Fig. 6, it can be seen that the rate of COD

removal is lower than the rate of color removal, indicating that the

azo bond cleavage is the first step of the process followed by the

aromatic ring cleavage, which was found to be more than 95% color

removal efficiency and 91% COD removal efficiency.

Figure 3.Effect of current density on COD removal. Conditions: initial COD
540 mg/L, supporting electrolyte concentration 2 g/L, and pH 6.5.

Figure 4. Effect of pH on COD removal. Conditions: current density
3 A/dm2, initial COD 540 mg/L, and supporting electrolyte concentration
2 g/L.
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3.4 COD Removal Kinetics of Iron

Electrocoagulation

It can be seen from the Fig. 3 that the COD removal efficiency

increases with an increase in the applied current density. This

can be explained that at high current densities, the extent of anodic

dissolution of iron increases, resulting in a greater amount of pre-

cipitate for the removal of pollutants. In addition, the rate of bubble

generation also increases with increasing current density, which

enhances the COD removal efficiency. With this note, the kinetics

of iron EC can be proposed from Eq. (13), where slope of the plot of

ln (CODt/CODi) versus time gives the value of the rate constant

k (1/min). Figure 7 shows the first-order reaction plot. The first-order

kineticmodel fits well with the observed data of the EC process. With

other operating parameters kept constant, increasing applied cur-

rent density from 1 to 3 A/dm2 significantly enhanced the rate

constant of COD removal. After 3 A/dm2, there is no significant effect

on the rate constant of COD removal shown in Fig. 8. The advantage

of the present EC process takes very less time for greater COD

removal, which can be noted.

3.5 Absorption Spectra Analysis

Themechanism of dye cleavage can be explored from the absorption

spectra (UV–VIS spectra) of the dye solutions collected at 0 min (a)

and 60 min (b) of the EC process, as shown in Fig. 9. It was observed

that before treatment the dyewas characterized by onemain band in

the visible region with a peak at 550 nm, and another band in the

ultraviolet region with a peak at 290 nm and many uncharacterized

peaks were found between 200 and 280 nm. The bands in the visible

region from 450 nm to around 580 nm could be assigned to the n–p�

transition of —N——N— group and bands in the ultraviolet region

around 290–300 nm could be attributed to the p–p� transition

related to the aromatic ring attached to the —N——N— group in the

dye molecule.

It is apparent that the intensity of band at 550 nm was found to

diminish rapidly with an increase in the time of EC process may be

due to the electrophilic cleavage of azo bonds attached to the

constituent benzene rings of the dye, while in the UV region the

absorption gets increased, indicates the degraded intermediates

were generated during the process. The disappearance of the bands

in the visible region directly indicates the effective destruction of the

chromophore. From the absorption spectra, it could be concluded

that the dye molecule undergoes rapid cleavage to break the azo

bonds in the presence of iron anode and this leads to a number of

intermediates, which can be further studied by FTIR analysis.

3.6 FTIR Analysis

To understand the nature of adsorption of the dye and its degra-

dation products, the various stages of degradation that occurs

Figure 5. Effect of supporting electrolyte concentration on COD removal
conditions: current density 3 A/dm2, initial COD 540 mg/L, and pH 6.5.

Figure 6. Comparison between percentage of COD and color removal.

Figure 7. First-order reaction kinetics plot of iron electrocoagulation.

Figure 8. Effect of rate constant with increase in current density.
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during an EC process were analyzed by FTIR spectroscopic technique

shown in Fig. 10. The FTIR spectrumof AB 113 (Fig. 10a) shows a broad

and intense band at 3445 (1/cm). This could be attributed to stretch-

ing vibrations of OH groups. The sharp bands at 1596 (1/cm) and 1106

(1/cm) could be due to —N——N— and C—N stretching vibrations. The

strong bands at 1384, 1348, 1305, 1032, 760, and 684 (1/cm) may be

due to S—O stretching vibrations. The bands at 800 and 1305 (1/cm)

could be assigned to C—O stretching vibrations. The bands at 1032,

800, 1106 (1/cm) corresponds to aromatic ring C—C stretching

vibrations while the bands at 1596 and 1384, 1348 (1/cm) could be

ascribed to C—H bending vibrations.

A strong and a broad band at 3400 (1/cm) and a low intensity peak

at 1627 (1/cm) may be due to iron oxy-hydroxide (Fig. 10b) that

attribute to stretching vibration of —OH and H—O—H bendingmodes

of free water. The band at 1627 (1/cm) can be specifically ascribed to

water adsorbed within the colloids of iron oxy-hydroxide. The weak

transitions at 890 and 770 (1/cm) are probably due to Fe—O

vibrations. The band at moderate intensity around 1023 (1/cm)

and a low intensity band at 665 (1/cm) indicate the presence of a-

FeOOH and Fe2O3, respectively. Thus the FTIR data suggests the

formation of different iron oxides during EC.

The FTIR spectrum at the end of the whole experiment is shown in

Fig. 10c). The weak broadband up to 2369 (1/cm) confirms azo bond

cleavage of the dye. It is interesting to note that the bands assigned

to surface hydroxyls in the region of 3450–3650 (1/cm) are absent.

The result shows that the degradation products is less toxic than that

of the dye used and also conclude that the cleavage of azo linkage is

adsorbed on iron oxy-hydroxide sludge formed during the EC pro-

cess, which indicates the reduction in toxicity of the dye after

degradation.

4 Conclusions

The present study demonstrated the removal of AB 113 dye solution

by iron EC. It has been observed that the percentage of COD removal

was significantly influenced by pH, current density, and supporting

electrolyte concentration. Under optimum conditions, color

removal (> 95%) and COD removal (> 91%) was found to be higher

for the solution containing AB 113 dye. The experimental data fits

well with first-order kinetics, showed no significant change in the

rate constant after attaining the optimum current density (3 A/dm2).

The treatment of dye was also studied by absorption spectra showing

no dye peak at the end of the process. FTIR analysis confirms the

cleavage of azo bond present in the dye and the degraded products

obtained after treatment was less toxic than the untreated dye

solution. The results showed that iron EC was found to be a suitable

method for maximum dye removal and in the treatment of the dye

solution.

The authors have declared no conflict of interest.
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