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Investigation of the Electrocoagulation Treatment of
Cotton Blue Dye Solution using Aluminium
Electrodes

This study was performed to investigate the variables that influence the removal effi-
ciency of an acid dye, i. e., cotton blue (CB) (chemical name: aniline blue WS) dye,
from aqueous solution by an electrocoagulation (EC) technique. Batch EC studies
were performed using aluminum electrodes to evaluate the influences of various
experimental parameters, i. e., initial pH (pH0): 3–11, electrolysis time (t): 0–30 min,
initial concentration (C0): 100–1000 mg/L, electrode gap (g): 0.5–1.3 cm, number of
electrodes (N): 4–10, and applied voltage (Vap): 7–11 V, on the removal of CB dye. The
optimum values of pH0, Vap and t for CB removal were found to be 6.0, 11 V and 15
min, respectively. The removal efficiency increased with decreasing values of C0 and g.
For a CB solution having C0 = 100 mg/L, 97% removal efficiency was obtained at the
optimized conditions. It was found that the EC sludge can be dried and thermally
degraded. The bottom ash obtained after its combustion can be blended with cemen-
titious mixtures. This approach for EC sludge disposal ensures energy recovery along
with safe disposal of the EC sludge.
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1 Introduction

Textile industries generate considerable amounts of wastewater
that contain strong colors, suspended organic and inorganic par-
ticles as well as having high pH and high chemical oxygen demand
(COD). It is estimated that 1 to 15% of the dye is lost during dyeing
and finishing processes due to the low dye fixation levels on the tex-
tile fibres [1, 2]. The disposal of colored wastewater is a cause of
major environmental concern since colored effluent is undesirable
not only from an aesthetic point of view, but it is also highly toxic.
As a result, a significant amount of these dyes can exist in effluents
from dyeing processes. Most synthetic dyes are toxic to human and
aquatic life [3]. Adsorption, photo-degradation, biodegradation,
membrane separation, chemical coagulation and electrocoagula-
tion (EC) are the major techniques used for the removal of dyes from
wastewater [4]. Adsorption with activated carbon is time-consuming
and costly [5 – 7]. Photo-oxidation by ultraviolet (UV) rays in the pres-
ence of hydrogen peroxide (H2O2) or titanium dioxide (TiO2) requires
the use of additional chemicals. Although the biodegradation proc-
ess is cheaper than other methods, it is less effective because of the
inhibiting effect of toxic dyes on the bacterial development [8].

EC is an emerging water treatment technology that has been
applied successfully to treat various wastewaters. It has been

applied for treatment of potable water [9, 10], urban wastewater
[11], heavy metal laden wastewater [12, 13], colored water [14], and
pulp and paper mill wastewater [15, 16]. The advantages of EC over
conventional technologies include high removal efficiency, com-
pact treatment facility, and the possibility of complete automation.
EC provides a simple, reliable and cost-effective method for the
treatment of dye laden wastewater without the need for additional
chemicals, and therefore, it avoids secondary pollution. The
amount of sludge to be disposed in EC is lower compared to other
dye removal processes [17].

The objective of the present study is to investigate the removal of
cotton blue (CB) dye from aqueous solution via EC using aluminum
as an electrode material. The effects of several parameters on the CB
removal efficiency were investigated, i. e., initial pH (pH0), inter-elec-
trode distance (g), number of electrodes (N), applied voltage (Vap), ini-
tial dye concentration (C0), and electrolysis time (t).

2 Materials and Methods

2.1 Materials

Laboratory grade CB dye was obtained from Chemport India Private
Limited. The characteristics of the dye are summarized in Tab. 1,
and its molecular structure is shown in Fig. 1. Distilled water was
used to prepare the desired concentration of CB solution. 1 g of dye
was accurately weighed and was dissolved in 1 L distilled water to
make a stock solution of 1 g/L. This stock solution was further
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diluted with distilled water to prepare dye solutions having concen-
trations in the range of 100 to 1000 mg/L.

2.2 Experimental Setup

The lab-scale batch experimental setup used for the EC studies is
shown in Fig. 2. Experiments were carried out in a 1.5 L (10.8
cm610.8 cm613 cm) rectangular reactor made of perspex glass.
Aluminum plates of 1 mm thickness were used as the electrodes.
The electrode dimensions were 8 cm68 cm61 mm. The distance
between two electrodes was varied in the range of 0.5 to 1.3 cm. The
total effective surface area of each electrode was 64 cm2, and a gap
of 5 cm was maintained between the bottom of the electrodes and
the bottom of the cell to facilitate easy stirring. Magnetic stirrers
were used to agitate the solution. The electrodes were connected to
a digital DC power supply (0 – 20 V, 0 – 5 A).

2.3 Experimental Procedure

The experiments were performed on dye solutions of known C0 and
pH0. The pH the solutions was adjusted by adding 0.1 N sodium
hydroxide (NaOH) or 0.1 N sulfuric acid (H2SO4) solutions. At the
beginning of a run, 1.5 L of a solution of the desired concentration
of the dye was fed into the reactor, and the power supply was
switched on at t = 0. Vap was kept constant through the experiment.
Samples were withdrawn at predetermined times (5 – 15 min), fil-
tered and analyzed for the residual dye concentration.

A UV-VIS spectrophotometer (HACH, DR/5000) was employed to
measure the CB dye concentration in the aqueous solution. A stand-
ard solution of the CB was scanned to determine the wavelength,
kmax, corresponding to maximum absorbance. The wavelength cor-
responding to maximum absorbance for CB was found to be 600
nm. The concentration of CB in the aqueous solution was estimated
from the peak area of the absorption spectrum (300 – 900 nm)
around kmax, and by comparing the results to those of the known
standard solutions. The percentage removal of CB was calculated
using the following relationship, Eq. (1):

Percentage removal (% R) = 100 (C0 – Ce)/C0 (1)

where C0 is the initial dye concentration (mg/L), and Ce is the equili-
brium dye concentration (mg/L).

2.4 Electrode and Sludge Analysis

Electrodes were removed from the EC reactor after a predetermined
electrolysis time to determine the anode consumption. The aqueous
solution was vigorously stirred, and the samples were analyzed for
total aluminum using inductively coupled plasma mass spectrome-
try (ICP-MS, model ELAN-DRC-e). The forward power (radio fre-
quency power) and extraction voltage (radio frequency voltage) of
the ICP-MS were 1100 W and 200 V, respectively. The pressure of the
argon gas used was 4 to 5 kg/cm2 with a plasma gas flow rate of 15 L/
min. The nebulizer gas flow and auxiliary gas flow rates were 0.93
and 1.2 L/min, respectively. The aluminum detection limit of ICP-MS
was 5 N 10 – 9 g/L (parts per trillion). The accuracy-reproducibility of
the ICP-MS was 98 l 1%.

Scanning electron micrograph (SEM) analysis of the aluminum
electrodes was carried out before and after the EC treatment of CB
solution using a LEO 435 VP scanning electron microscope. Ther-
mogravimetric analysis (TGA) of the residues was carried out by
using a Perkin Elemer (Pyris Diamond) thermogravimetric analyser.
TGA scans were recorded from 25 to 10008C using a scan rate of
108C/min separately in both air and nitrogen atmospheres.
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Figure 1. Molecular structure of cotton blue dye.

Figure 2. Schematic diagram of the experimental setup used for the elec-
trocoagulation study.

Table 1. Characteristics of cotton blue dye.

Characteristics Value

Chemical Name Aniline Blue WS
Colour Index 42755
Chemical Formula C32H25N3Na2O9S3

Molecular Weight 737.74
Class Triarylmethane
Solubility aqueous Soluble
Hazardous Decomposition Products Burning may produce carbon oxides (CO, CO2), nitrogen oxides (NOx), sulfur oxides.
pH (100 mg/L water) 5.95
kmax 600 nm
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3 Results and Discussion

3.1 Effect of the Initial pH, (pH0)

Various reactions take place in the EC reactor with aluminum as an
electrode material. At the anode, metal ion generation takes place
by the following reaction, Eq. (2):

Al (s) fi Al3+(aq) + 3e – (2)

In addition, oxygen evolution can compete with aluminum disso-
lution at the anode via the following reaction, see Eq. (3):

2H2O (l) fi O2 (g) + 4H+ (aq) + 4e – (3)

At the cathode, hydrogen evolution takes place via the reaction
given in Eq. (4). It helps in the floatation of the flocculated particles
out of the water.

3H2O (l) + 3e – fi 3/2H2 (g) + 3OH – (aq) (4)

At high pH values, the OH – generated at the cathode during
hydrogen evolution may attack the cathode by the following reac-
tion, see Eq. (5) [18]

2 Al + 6H2O (l) + 2OH – fi Al(OH)4
– + 3H2 (g) (5)

Al3+ and OH – ions generated via electrode reactions (2) and (4)
react to form various monomeric species, e. g., Al(OH)2+, Al(OH)2

+,
Al2(OH)2

4+ and Al(OH)4
– , and polymeric species, e.g., Al6(OH)15

3+,
Al7(OH)17

4+, Al8(OH)20
4+, Al13O4(OH)24

7+, and Al13(OH)34
5+ [19]. The concen-

tration of the hydrolyzed aluminum species depends on the alumi-
num concentration, and the solution pH. The speciation of Al3+ ions
in deionized water is presented in Fig. 3. The percentage of Al3+

hydrolytic products was calculated from the following stability con-
stants, see Eqs. (6 – 9) [20]:

Al 3+ + H2O fi Al (OH)2+ + H+ pK1 = 4.95 (6)

Al (OH)2+ + H2O fi Al(OH)2
+ + H+ pK2 = 5.6 (7)

Al(OH)2
+ + H2O fi Al(OH)3 + H+ pK3 = 6.7 (8)

Al(OH)3 + H2O fi Al(OH)4
– + H+ pK4 = 5.6 (9)

The hydrolysis constants for aluminum are ,squeezed’ into an
interval of less than 2 units. Therefore, apart from a narrow pH
region of ca. 5 – 6, the dominant soluble species are Al3+ and Al(OH)4

–

at low and high pH values, respectively [21].
Canizares et al. [22, 23] carried out experiments to measure the

chemical dissolution rate of aluminum electrodes at various pH. It
was observed that the dissolution rate of aluminum was low at
acidic pH followed by minima close to neutral pH. The dissolution
rate was several orders of magnitude higher at alkaline pH (pH A 11)
as compared to that at acidic or neutral pH. It was accompanied by
formation of hydrogen bubbles from the sheet surface. This chemi-
cal dissolution of aluminum occurs via oxidation of the aluminum
electrode with simultaneous reduction of water to form hydrogen.
Chemical dissolution of the electrodes can be represented by follow-
ing reaction, see Eq. (10) [18]:

2Al + 6H2O (l) fi Al3+(aq) + 3H2 (g) + 6OH – (aq) (10)

There is a pH profile between the anode and the cathode in each
electrochemical cell [22, 24]. On the anode, the water oxidation
process, Eq. (3), generates a high concentration of protons, resulting
in a lower pH, whereas, water reduction at the cathode, Eq. (4),
results in the formation of hydroxyl ions and, hence, a higher pH.
Therefore, the formation of coagulant on the surface of the cathode
by chemical dissolution is of vital importance in EC reactors having
aluminum electrodes. Hence, for aluminum-based EC reactors,
super-faradic efficiencies are observed at pH = 11.1 [22].

In the present study, an attempt is made to investigate the influ-
ence of pH0 on the EC process. The pH0 value of the CB solution was
varied in the range from 3.0 to 11.0. pH0 F 11 was avoided since it
was preferred to investigate the effect of pH0 without super-faradic
efficiencies. The original pH of the dye solution at C0 = 100 mg/L in
distilled water was 5.95. The results (figure not shown here) revealed
that the removal at the original pH0 was ca. 85.4%, and the CB
removal efficiency was maximum and constant for 5.95 a pH0 a

11.0.
The pH was found to increase during the EC process, and stabi-

lized at ca. 8.8 over the study range. This equilibrium pH represents
a dynamic balance between the complex chemical reactions involv-
ing a H+ or OH – donor and acceptor during EC. The outcome of the
stable alkaline pH can be attributed to the cathodic water reduc-
tion, Eq. (4), being predominant over the anodic water oxidation,
Eq. (3) and aluminium hydroxylation reactions, see Eqs. (6 – 9) [25].

For pH0 a 5.95, the protons in the solution are reduced to H2, and
thus, the proportion of hydroxide ion produced is less. Conse-
quently, there is a lower CB removal efficiency [26]. Precipitation
and adsorption are the two major interaction mechanisms consid-
ered during the EC process. Each of the mechanisms is applicable at
different pH ranges. At low pH values, metal species, e. g., Al3+, gener-
ated at the anode bind to the anionic site of the dye molecules, thus
neutralizing their charge and reducing their solubility. This process
of removal is termed precipitation. The adsorption mechanism

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com

Figure 3. Speciation diagram of the Al3+ ion.



866 R. Ahlawat et al. Clean 2008, 36 (10 –11), 863 –869

operates at higher pH ranges (pH A 6) and involves adsorption of
organic substances on amorphous metal hydroxide precipitates [20,
27 – 29]. In the present case, for pH a 6, the primary mechanism is
charge neutralization by monomeric cationic aluminum species,
while for higher pH values, sweep coagulation with amorphous alu-
minum hydroxide explains the results [23].

3.2 Effect of Inter-Electrode Distance, (g)

Experiments were conducted by varying the value of the inter-elec-
trode distance, g, and keeping all other parameters constant. It was
found that when the value of g was increased from 0.5 to 1.3 cm, the
CB removal efficiency decreased from 93.1 to 83.2%. For constant
voltage supply, the electric current decreases with increasing values
of g. This decreases the rate of release of Al3+ ions leading to a lower
interaction between dye molecules and the aluminum hydroxides
produced during the EC, and thus, decreasing the CB removal effi-
ciency at higher values of g.

3.3 Effect of Electrode Number, (N)

The CB removal efficiency was found to increase with an increasing
values of the electrode number, N. As the value of N was increased
from 4 to 10, the CB removal efficiency increased from 91.6 to
97.1%. Electrodes were in parallel connection, and therefore, higher
values of N result in the formation of more EC cells within the reac-
tor, leading to a higher release of Al3+ ions, and hence, greater CB
removal efficiency. In addition, the distribution of the coagulation
agent density is more effective at higher values of N, and this
increases the removal efficiency [30]. However, the efficiency
increase slowed down at higher values of N due to lack of circulation
of Al3+ ions between the electrodes. For N = 6, the CB removal effi-
ciency was found to be 95.8%.

3.4 Effect of Electrolysis Time, (t)

The dye removal efficiency depends directly on the concentration of
ions produced by the electrodes, which in turn depends upon the
electrolysis time, t. When the value of t increases, an increase occurs
in the concentration of aluminum ions and their hydroxide flocs.
Consequently, an increase in t increases the CB removal efficiency.
An increase in t from 3 to 15 min was found to increase the removal
efficiency from 69.5 to 97.1%. Further increases in t up to 30 min
marginally increased the CB removal efficiency to 97.7%. It should
be noted that the removal efficiency is also dependant on the con-
centration of the dye molecules requiring removal. For a solution
having C0 = 100 mg/L, the optimum value of t was found to be 15
min.

3.5 Effect of Applied Voltage, (Vap)

The effect of applied voltage, Vap, on the removal efficiency of the CB
dye was also studied (figure not shown here). The maximum
removal efficiency was 97% for a Vap value of 11 V for 15 min of treat-
ment. The removal efficiency remained was almost constant for Vap

A 11 V. As the value of Vap increases, the efficiency of ion production
on the anode also increases, and therefore, there is an increase in
floc production in the solution, which results in an improvement in
the CB removal efficiency.

3.6 Effect of the Initial Dye Concentration, (C0)

Experiments were conducted by varying the C0 from 100 to 1000
mg/L in order to study the effect of C0 on CB removal efficiency.
Experiments performed at lower C0 showed higher initial removal
efficiency compared to the experiments with higher C0. The CB
removal efficiency decreased from 97% to 89% with an increase in
concentration of the CB dye from 100 to 1000 mg/L. The effect of C0

on the anode consumption was also studied. The anode consump-
tion was found to increase from 0.092 to 0.144 g with an increase in
C0 from 100 to 1000 mg/L for 30 min of treatment. Thus, the anode
consumption was not affected much by changes in C0. Even when C0

was increased 10-fold, the anode consumption only increased by
one and half times the original value. Therefore, at higher C0, the
amount of hydroxide produced was not enough to remove all the
dye molecules causing a decrease in the dye removal efficiency. In
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Figure 4. Scanning electron micrograph of aluminum electrode before
and after electrocoagulation at 100x magnification. (a) Unused electrode,
and (b) used electrode.
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addition, at higher C0, Al(OH)3 that forms near the surface, fouls the
electrodes and intermediate products form in the solution, which
block the electrode active sites. Both of these factors decrease the CB
removal efficiency. With an increase in C0, the resistance increases,
and this leads to higher power consumption. It is quite clear that
under the present experimental conditions, lower dye concentra-
tions result in better dye removal efficiency [31].

3.7 SEM Analysis of the Electrodes

SEM images of aluminum electrodes, before and after, EC of CB dye
solutions were obtained to compare the surface texture. Figure 4a)
shows the original aluminum plate surface prior to its use in EC
experiments. The surface of the electrode is uniform except for a
few dents on the surface. Figure 4b) shows the SEM of the same elec-
trode after several cycles of use in EC experiments. The electrode
surface is now found to be rough, with a number of dents of ca. 10

to 100 lm in width and depth. These dents are formed around the
nucleus of the active sites where the electrode dissolution results in
the production of aluminum hydroxides. The formation of a large
number of dents may be attributed to the anode material consump-
tion at active sites due to the generation of oxygen at its surface. Fig-
ure 5 shows a magnified view of one such dent on the electrode sur-
face, before and after, EC experiments. It can be seen that the dents
in the electrode entrap degradation by-products such as micro-flocs
and sludge particles. Thus, the active surface in the dent is blocked
for further participation in the removal of dye [16].

3.8 Disposal and TGA Analysis of the Residues
Collected Following the EC Experiments

The sludge generated during the EC process poses disposal and man-
agement problems. The recent environmental trends emphasize
their utilization for some beneficial purpose and rendering them
innocuous and benign to the environment. EC sludge can be dried
and thermally degraded. The bottom ash obtained after its combus-
tion can be blended with cementitious mixtures. Setting and leach-
ing tests on the cementitious mixtures have shown that the bottom
ash can be incorporated into the cementitious matrices to a great
extent (75 wt% of total solid) without the risks of an unacceptable
delay of cement setting and an excessive heavy metals leachability
from the solidified products [32].

The principal experimental variables that affect the thermal deg-
radation characteristics of solid residues in air and nitrogen flow
are the pressure, the gas (purge gas) flow rate, the heating rate, the
weight of sample and the sample size fraction. In the present study,
the operating pressure was kept slightly positive, the purge gas (air
or nitrogen) flow rate was maintained at 200 mL/min and the heat-
ing rate was maintained at 108C/min.

The thermogravimetric analysis (TGA), differential thermal analy-
sis (DTA) and differential thermal gravimetery (DTG) curves of the
EC sludge in oxidizing and inert atmospheres at a heating rate of
108C/min are shown in Figs. 6 and 7. The TGA traces for the residues
in an oxidizing atmosphere, see Fig. 6, show the loss of moisture
and the evolution of some light weight molecules including water
(10% weight loss) from 25 to 1008C. Higher temperature drying
(from 100 – 4008C) occurs due to loss of the surface bound water.
The rate of weight loss was found to increase between ~ 400 to
l5708C (l40% weight loss). This weight loss is generally associated
with the evolution of CO2 and CO. In the last temperature range
between l600 – 10008C, residues oxidize and lose their weight grad-
ually; and there is l4% weight loss. The first derivative loss curve
shows a strong exothermic peak centered between 400 to 6008C.
This peak is due to the combustion of carbon species present in the
sample. Thermal degradation characteristics in the flowing nitro-
gen atmosphere show moisture removal of ca. 10% up to 1008C fol-
lowed by removal of light volatiles up to 10008C. The residue left
after heating in a nitrogen atmosphere up to 10008C is ca. 48% of
the original sample weight, and contains a greater proportion of
fixed carbons along with a small amount of aluminum.

4 Conclusions

In the present study, electrocoagulation (EC) has been evaluated as a
tool for cotton blue (CB) dye removal from aqueous solutions in a
batch EC reactor with aluminum electrodes. The CB dye removal
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Figure 5. Scanning electron micrograph of aluminum electrode before
and after electrocoagulation at 5000x magnification. (a) Unused elec-
trode, and (b) used electrode.
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was found to be affected by the initial pH (pH0) of the solution, elec-
trolysis time (t), initial concentration (C0), inter-electrode distance
(g), number of electrodes (N), and applied voltage (Vap). The pH0 was
found to have a significant effect on removal efficiency and a maxi-
mum removal of 85.4% was observed at the optimum value of pH0 =
6. For pH0 a 6, the primary mechanism was charge neutralization by
monomeric cationic aluminum species, while for higher values of

pH0, sweep coagulation with amorphous aluminum hydroxide
explained the results. The CB removal efficiency increased with
decreasing values of g, and with increasing values of N. The opti-
mum values of pH0, t, g, N, and Vap for CB removal were found to be
6.0, 15 min, 0.5 cm, 6, 11 V, and 15 min, respectively. For CB dye sol-
ution having an initial dye concentration of 100 mg/L, 97% dye
removal was attained at the optimum conditions of treatment. It
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Figure 6. Thermal degradation analysis of EC sludge under flowing air.

Figure 7. Thermal degradation analysis of EC sludge under flowing nitro-
gen.
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was also found in the present study that the EC sludge can be dried
and thermally degraded. The bottom ash obtained after its combus-
tion can be blended with cementitious mixtures. This approach for
EC sludge disposal ensures energy recovery along with safe disposal
of the EC sludge.
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