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ABSTRACT

In this paper, electrocoagulation (EC) has been used for the removal of color from solution
containing a disperse dye (Disperse blue 56) and a basic dye (Basic Yellow 28) in the same
solution. Iron electrodes were arranged in a monopolar fashion. In the EC of the dye mix-
ture, the effects of the supporting electrolyte, initial pH, electrolysis time, and current density
were examined. The results indicated that the majority of the aforementioned dyes in the
synthetic wastewater were effectively removed when iron electrodes were used as a sacrifi-
cial anode. The amount of dye removed was found by the application of the first derivative
spectrophotometric method to the synthetic dye mixtures. In the presence of both dye mole-
cules, the optimum pH was found to be 7, optimum NaCl concentration was 3,000mgL�1,
and optimum current density was 10.89mAcm�2. The experimental data were fit to a variety
of isotherm models to determine the characteristics of the EC process. The results indicated
that the model provided the best fit for the removal of dye mixture.

Keywords: Disperse blue 56; Basic yellow 28; Electrocoagulation; Derivative spectropho-
tometry

1. Introduction

The textile industry consumes considerable
amount of water during dyeing and finishing opera-
tions. A typical textile effluent contains various
types of dye molecules and might have fluctuating
properties due to varying dyeing activities [1]. A
dye-containing effluent is toxic to the environment
since dyes are stable compounds, have low biode-
gradability, and can be carcinogenic. It is estimated
that 1–15% of the dye is lost during dyeing and fin-
ishing processes and is released into wastewaters.
The textile industry utilizes about 10,000 dyes and
pigments [2]. Dye bath effluents impart color to

receiving streams and affect their esthetic value. The
color blocks the penetration of sunlight into waters,
retards photosynthesis, inhibits the growth of aqua-
tic biota, and interferes with gas solubility in water
bodies. Furthermore, dye effluents contain chemicals,
that are toxic, carcinogenic, mutagenic, or teratogenic
to various microbiological, fish species [3]. There are
many processes to remove dyes from colored efflu-
ents such as adsorption [4–8], precipitation [9],
chemical–biological degradation [10], photodegrada-
tion [11,12], biodegradation [13,14], chemical coagu-
lation [15,16], Fenton oxidation [17], combined
coagulation/flocculation and adsorption [18], and
combination of coagulation–flocculation and nanofil-
tration [19]. EC as an electrochemical method was
developed to overcome the drawbacks of*Corresponding author.
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conventional decolorization technologies. EC tech-
niques are more effective than the others in decolor-
izing textile effluents. The EC process provides a
simple, reliable and cost-effective method for the
treatment of wastewater without the need for any
additional chemicals, and thus avoiding secondary
pollution. This process also reduces the amount of
sludge, that needs to be disposed [20–24]. The main
advantages of EC over other conventional tech-
niques, such as chemical coagulation and adsorption,
are the in situ delivery of reactive agents, no genera-
tion of secondary pollution, and compact equipment
[23]. Many studies on the decolorization of textile
dyes by the EC process focus on one dye class, e.g.
Reactive Black 5 [20], Reactive Red 141 [25], Acid
Red 14 [26,27], Reactive Red 124 [21], Acid Orange
II [28], Bomaplex Red CR-L [29], Orange II [3,30],
Levafix Orange E3 GA [31], Basic Red 46 [2], Green
dye 50 [32], Direct [33], Acid Blue 9 [34], Direct Red
23 [35], Reactive Blue 140 and Disperse red 1 [23],
Suncion Blue P-3R, Suncion Yellow H-E4RN, Sun-
cron Blue RD-400, and Suncron Yellow 3GE-200
[36], Reactive Red (RR; with a confidential color
index (CI) number), Reactive Yellow145, Reactive
Blue 221 [37], Terasil yellow 4G, Red terasil 343,
Blue terasil 3R02, Red S3B 195, Yellow SPD, and
Blue Ridge Fiber Solutions [38].

UV–vis spectrometers are used to calculate the
concentrations of dyes, which are based on the mea-
surement at a wavelength corresponding to maximum
absorbance of the dye. When more than one dye was

analyzed in a mixture, their spectra will most proba-
bly overlap in a certain wavelength region. Chemo-
metric and graphical calibration techniques in spectral
analysis can be used to solve this problem without
any separation procedure before the determination
step [39]. In this study, due to the spectral overlap,
graphical solution was applied to determine the
remaining amount of dye in the solution. The method
utilized to calculate the amount of dye in the solution
is a derivative spectrophotometric method. In this
study, a first-order derivative method was developed
and validated for the determination of the remaining
dyes in solution. The method is based on the compu-
tation of calibration equations for both dyes and their
application to samples.

The objective of the present study was to investi-
gate the simultaneous removal of Disperse blue 56
(DB56) and Basic yellow 28 (BY28) from aqueous solu-
tion via EC using iron as an electrode material. The
effects of several parameters including initial pH, cur-
rent density, initial dye concentration, and electrolysis
time were investigated to measure the dyes’ removal
efficiency of EC process.

2. Materials and methods

2.1. Materials

The dyes used in the experiments were DB56 and
BY28. The structures of dyes are shown in Table 1.
DB56 and BY28 were obtained from Aldrich Chemical

Table 1
Studied textile dyes and name abbreviations used in this study

Code Structural formulae kmax (nm) Commercial textile name

BY28
400 Sandocryl Gold Yellow

DB56

559 Disperse blue 56
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Company. In order to measure the dye concentrations,
the solutions were analyzed by UV–vis spectrometer
(Shimadzu UV–vis 160) measuring the full absorption
spectrum of mixtures in the range of 200–800 nm
(Fig. 1). Data treatments, regressions, and statistical
analysis were performed by using the EXCEL soft-
ware. The calibration procedure was carried out by
using 14 calibration standards prepared using differ-
ent concentrations of each dye. DB56 and BY28 con-
centrations were varied between 100 and 400mg/L.

2.2. Design and method

The EC unit consists of an electrochemical reactor,
a D.C. power supply, and iron electrodes. The iron
cathode and iron anode consist of pieces of iron sheet
separated by a space of 2.2 cm and dipped in waste-
water. The electrodes were placed in 700mL aqueous
dye solutions in a 1,000mL plexiglass electrolytic reac-
tor. There were two electrodes connected in the elec-
trochemical reactor, each one with dimensions of
9� 5� 0.2 cm. The submerged surface area of the elec-
trode plates was 91 cm2. The batch experimental setup
is schematically shown in Fig. 2.

During the EC process proper mixing of the syn-
thetic solution was provided by a stirrer. The stirrer
was used in an electrochemical cell to maintain an
unchanged composition and to avoid the association
of the flocs in the solution. The electrodes were
sanded and washed with dilute HCl before each
experiment. The experiments were conducted at a

temperature of around 25˚C. The dye solution was
prepared by dissolving the dyes in distilled water.
The conductivity of the solution was increased and
adjusted to different values by the addition of NaCl.
The pH of the solution was adjusted to a desirable
value by adding HCl and NaOH solutions. At the
beginning of a run the desired concentration of the
dye in aqueous solution was fed into the reactor. The
iron electrodes were placed into the reactor. The reac-
tion was timed, starting when the D.C. power supply
was switched on. Iron salts produce electrode passiv-
ation which causes a 50% increase in treatment time
and power requirements. One of the greatest opera-
tional issues with EC is the electrode passivation. The
samples were periodically taken from the reactor. The
particulates of colloidal ferric oxyhydroxides gave a
yellow-brown color into the solution after EC. The
sedimentation was filtered with normal filter paper.

In order to calculate the dye concentrations, the
maximum adsorption (kmax) wavelength of dyes was
determined by measuring their absorbance spectra
(Fig. 1, Table 1). The calculation of the color removal
efficiency after the EC treatment was performed using
the following formula:

CR ð%Þ ¼ C0 � C

C0

�100 ð1Þ

where C0 and C are the concentrations of the dye
before and after EC in mgL�1, respectively.

Fig. 1. Absorption spectra of DB56 and BY28 in different concentrations.
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3. Results and discussion

The first derivative of the spectra was calculated
by Dk= 5nm intervals and the resulting spectra are
shown in Fig. 3. After derivation of the absorption
spectra of compounds, zero crossing points were
determined to establish two different calibration
equations. For each compound, a graph was plotted
by using concentration vs. absorption values. The
amounts of DB56 and BY28 in the binary mixture
were found to be proportional to the signals and
statistical parameters of their calibration equations
are summarized in Table 2. The validity of the cali-
brating method was tested by preparing various bin-
ary mixtures containing 0–100mg/L DB56 and BY28
in water. The mean recoveries and the relative stan-
dard deviations (RSDs) were calculated and their
results are given in Table 3. The RSD was used to
express the precision of experiments. The following
equation was used to calculate the RSD values of
results.

RSD ¼ SD

�x
100 ð2Þ

3.1. Effect of initial pH on the efficiency of color removal

It has been established that the influent pH is an
important parameter influencing the performance of
the EC process. The kinetics of Fe2+ conversion to Fe3+

are strongly affected by the pH; the surface charge of
the coagulating particle also varies with the pH [20].
The variation in the efficiency of color removal of the
dyes was studied in the pH range of 2–10, and the
results are shown in Fig. 4. The maximum removals
of DB56 and BY28 were 94.7% at pH 2–4 and 99.9% at
pH 6–10, respectively. The total removal rate of the
dyes was 91% at pH 6–10

If iron electrodes are used, the generated FeðaqÞ2þ
ions will immediately undergo further spontaneous
reactions to produce corresponding hydroxides and/
or polyhydroxides. The Fe(II) ions are the common
ions that are generated during the dissolution of iron.
In contrast, OH� ions are produced at the cathode. By
mixing the solution, hydroxide species are produced
which cause the removal of matrices (dyes and cat-
ions) by adsorption and coprecipitation. In the oxy-
genated water and at lower pH, Fe2+ is easily
converted to Fe3+. The Fe(OH)n(s) formed remains in

Fig. 2. Schematic representation of the EC process.
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the aqueous stream as a gelatinous suspension, which
can remove the waste matter from wastewater either
by complexation or by electrostatic attraction followed
by coagulation. Ferric ions electrogenerated may form
monomeric ions, ferric hydroxo complexes with
hydroxide ions and polymeric species, namely
FeðH2OÞ3þ6 , FeðH2OÞ5OH2þ, FeðH2OÞ4ðOHÞþ2 , Fe2-
ðH2OÞ8ðOHÞ4þ2 , Fe2ðH2OÞ6ðOHÞ2þ4 , and Fe(OH)4�

depending on the pH range [20].
Disperse dyes are often of anthraquinone and sul-

fide structures. The disperse dyes are negatively
charged in solution. DB56 is an anionic dye [40]. Basic
yellow 28, when ionized in aqueous solution, carries a
positive charge and is named as a cationic dye [41].

The variation of dye uptake with pH can be
explained by considering the difference in the struc-

ture of dyes and the electrokinetic behavior of ferric
hydroxide. The f-potentials of ferric hydroxide as a
function of pH are shown in Fig. 5. It was found that
the isoelectric point (IEP) occurred at pH 8 [42].
Increasing pH of the solution causes zeta potential to
become increasingly negative up to pH 12. Appar-
ently, the higher the solution pH value, the more the
negative charges on the ferric hydroxide surface, the
more attractive to cations but not attractive to
anions.

At lower pH, a significantly higher electrostatic
attraction exists between the positively charged
adsorption sites on ferric hydroxide and the nega-
tively charged dyes, thereby causing the increase in
anionic DB56 adsorption but the decrease in cationic
BY28.

Fig. 3. First derivative spectra of DB56 and BY28.

Table 2
Statistical results of calibration graphs obtained by first derivative method

Method Regression equation r SE(m) SE(n) S(r)

Derivative DB56 559 A= 0.3079CDB56 + 0.0,027 0.9,991 0.0,045 0.0,026 0.0,028

AV 90 400 A= 19.058CBY28 + 0.0,642 0.9,937 0.0,297 0.0,116 0.0,124
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As the pH of the system increases, ferric hydroxide
appears negatively charged, which does not favor the
adsorption of anionic dye molecules due to the elec-
trostatic repulsion between the negatively charged
surface and the dye anions. Thus, at higher pH, the
uptake of positively charged BY28 would be high, but
the uptake of negatively charged DB56 would be low
(Fig. 4). At the same time, the presence of excess OH�
ions in alkaline pH will compete with DB56 anions for
the adsorption sites.

Mechanism of electrochemical process in aqueous
systems is quite complex. However, the color removal
process may involve the dye molecule being adsorbed
by both electrostatic attraction and physical entrap-
ment. The insoluble metal hydroxides of iron can
remove the dye molecules by surface complexation or
by electrostatic attraction. In surface complexation, it
is assumed that the dye molecule can act as a ligand
to bind a hydrous iron moiety with precipitation and
adsorption mechanisms [20]:
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Fig. 4. Effect of initial pH on the removal efficiency of
dyes (t= 10min; C0 = 100mgL�1; i= 10.89mAcm�2;
T= 293.15K; NaCl = 3 gL�1; d= 2.2 cm; and agitation
speed= 120 rpm).

Table 3
Recoveries of DB56 and BY28 in various mixtures by first derivative method

Method Derivative

Added
559nm 400 nm

No.

DB56 BY28 DB56 BY28

1 6 6 97.2 98.3

2 5 5 98.0 99.6

3 4 4 97.4 97.1

4 5 5 99.2 101.9

5 6 5 98.6 99.6

6 4 3 97.9 98.8

7 5 3 97.5 99.4

8 3 6 99.8 99.3

9 6 3 102.3 97.3

10 5 4 97.8 102.3

11 3 4 101.3 98.3

12 3 5 100.9 99.4

Mean: 99.0 99.3

SD 1.72 1.51

RSD 1.73 1.52

Fig. 5. Zeta potential of ferric hydroxide as a function of
pH using 0.01M NaNO3 as the supporting electrolyte [42].

220 İ. Ayhan Şengil and A. Özdemir / Desalination and Water Treatment 46 (2012) 215–226



3.2. Effect of the conductivity

In general, NaCl is used to obtain conductivity in
an EC process. Solution conductivity affects current
efficiency, cell voltage, and consumption of electrical
energy in electrolytic cells. Increasing water conduc-
tivity using NaCl also has other advantages: e.g. chlo-
ride anions could significantly reduce the adverse
effects of other anions on coagulation, such as sulfate
or bicarbonate anions.

The effect of conductivity on dye removal was
investigated by the addition of NaCl in different
amounts. The effect of NaCl concentration on the
removal efficiency and the energy consumption is
shown in Fig. 6 for the mixture of dyes. The conduc-
tivity of the solution and the current density increase
when concentration of the salt in solution increases.

The higher ionic strength will generally cause an
increase in current density at the same cell voltage or,
equivalently, the cell voltage decreases with increasing
wastewater conductivity at constant current density.
Consequently, the necessary voltage to attain a certain
current density will be diminished and the consumed
electrical energy will decrease [43]. Although electro-
lyte concentration helps to increase the conductivity,
the results show that color removal efficiency of EC
did not change considerably for both dyes in water.
According to the results, high color removal percent-
age with low cell voltages and low energy consump-
tion can be obtained in dye solutions with NaCl of
around 3 gL�1. The removal percentages at pH 7 are
86.5% for DB56 and 99.9% for BY28 in the solutions
with NaCl of 3 gL�1.

Fig. 6. Effect of conductivity on the energy consumption and the removal efficiency of DB56 and BY28 (i= 10.89mAcm�2;
pH=7; t= 10min; C0,DB56 = 100mgL–1; C0,BY28 = 100mgL–1; T= 298K; d= 2.2 cm; and agitation speed= 120 rpm).
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3.3. Effect of current density and electrolysis time

It is well known that the amount of current den-
sity determines the coagulant production rate, and
adjusts the rate and size of bubble production, and
hence affects the growth of flocs [43]. The effect of
current density on the efficiency of color removal
was investigated by carrying out the experiments at
different current densities. Electrical energy consump-
tion and current efficiency are very important eco-
nomical parameters in the EC process. Electrical
energy consumption was calculated using equation
[2]:

E ¼ U�I�tEC ð3Þ

where E is the electrical energy in Wh, U is the cell
voltage in volt (V), I is the current in ampere (A), and
tEC is the time of EC process per hour. Figs. 7 and 8
show the effect of current density, electrolysis time,
and energy consumption for the simultaneous
removal of both dyes in water. In the case of shorter
time period and higher current densities, the total
removal efficiency did not show too much difference.
As shown from Figs. 6 and 7, the optimum energy
consumption was observed at 10.89mAcm–2 current
density for 10min of electrolysis time. As shown from
Fig. 7, the minimum energy consumption was
7.58 kWh(kgdye mixture)�1 at 10.89mAcm�2 current
density for 10min of electrolysis time.

Fig. 7. Effect of electrolysis time and current density on the total removal efficiency of dye mixtures (pH=7; t= 10min;
C0,DB56 = 100mgL–1; C0,BY28 = 100mgL–1; T= 298K; d= 2.2 cm; and agitation speed= 120 rpm).
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The current efficiency (u) of EC process was calcu-
lated by Eq. (3). This calculation was based on the
comparison of experimental weight loss of iron elec-
trodes (Dmexp) during the EC process with a theoreti-
cal amount of iron dissolution (Dmtheo) according to
Faraday’s law [34]:

u ¼ �mexp=�mtheo ð4Þ

The specific electrical energy consumption (SEEC)
was calculated as a function of iron electrodes’ weight
consumption during EC in kWh(kgFe)�1 using Eq. (4)
[2]:

SEEC ¼ ðnFUÞ=ð3:6�103 M uÞ ð5Þ

where M is the molar mass of the iron, (gmol�1), n is
the number of electron moles, and F is the Faraday
constant (F= 96487Cmol�1). These calculations were
carried out after optimizing the operational parame-
ters in the EC process. The calculated values are
shown in Table 4.

The total iron dissolution found from experimenta-
tions is about 15% lower than that predicted from Far-
aday’s law.

A simple model can be used to demonstrate the
relationship between dye concentration removed and
residual dye concentration [21]. We have found previ-
ously that there is a linear relationship between the
dye concentration removed per mass of dissolved iron
during electrolysis and the residual dye concentration:

�R=mFe ¼ kþ l Cres ð6Þ

where DR is the dye concentration (mgL�1) removed
from wastewater , mFe is the mass of dissolved iron
during the electrolysis (g/L), Cres is the residual mass
concentration of the dyes(mgL�1), the coefficient k
denotes the dye removal capacity (mg dye per g iron),
and l is another coefficient (L/g iron). mFe was calcu-
lated from Faraday’s law.

mFe ¼ 56�I�tEC
2:96; 500

ð7Þ

The values of k and l were calculated from the
slope and intercept of the linear plot, DR/mFe vs. Cres,
and are represented in Table 5.

A relationship between Eqs. (6) and (7) can be
derived as:

mFe ¼ �R

l�Cres þ k
¼ 56 � I � tEC

2:96; 500
ð8Þ

The residual mass concentration of the dye
(mgL�1) may be given by

Cres ¼ C0 ��R ð9Þ
where C0 is the initial mass concentration of the dyes
(mgL�1), I is the electric current (Ampere), and tEC is
time (s).

If Eq. (9) is substituted into Eq. (8):

�R ¼ ½lðC0 ��RÞ þ k��I � tECð2:9 � 10�4Þ ð10Þ

Then,

�Rð1þ l � I � tEC � 2:90 � 10�4Þ
¼ l � C0 � I � tEC � 2:90 � 10�4 þ k � I � tEC � 2:90

� 10�4 ð11Þ

Taking into account Eq. (4)

A ¼ I � tEC � u � 2:90 � 10�4 ð12Þ

Table 4
Characteristics parameters calculated for the EC process in optimized conditionsa

Dye E, kWh (kg dye mixture)�1 u SEEC, kWh (kgFe)�1

(DB56+BY28)b 7.58 0.85 10.02c

aNaCl: 3 g L�1; pH=7; electrolysis time: 10min; current density: 10.89mAcm�2; C0,DB56 = 100mgL–1; C0,BY28 = 100mgL–1; T=298K;

d=2.2 cm; and agitation speed= 120 rpm.
bDB56= 100mgL�1, and BY28= 100mgL�1.
cU=8.9V.

Table 5
k and l constants for DB56 and BY28

k l R2

DB56 �631.12 58.628 0.99

BY28 312 2.742 0.98
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The dye concentration (mgL�1) removed from the
wastewater is then estimated to be

�R ¼ Aðkþ l � C0Þ
1þ l � A ð13Þ

where C0 is the initial mass concentration of the dyes
(mgL�1), I is the electric current (Ampere), and tEC is
time (s).

The predicted DR values for various t values were
calculated using Eq. (6). Fig. 7 shows a comparison
between the predicted values and the experimental
data. As can be seen in Fig. 7, the calculated values
were found to generate a satisfactory fit to the experi-
mental data.

3.4. Effect of the initial concentration

A series of batch experiments with initial dye con-
centrations at constant current density were per-
formed to derive the influence of initial concentrations
on dye removal. Fig. 9 shows the effect of initial dye
concentrations on removal efficiencies of both dyes.
As it is expected, at low concentration ranges, the
removal efficiency was higher than the high initial
dye concentrations. The removal percentages were
86.2–78.3% for DB56, 99.9–89.8% for BY28, and 93–
83.9% for total removal in the concentration range of
100 to 400 ppm in 10min. The required amounts of
coagulant produced electrochemically for the dye
removal are increased with the increase of dyestuff
concentration. Our experiments were all performed
under the same operating conditions, the release rate
of the hydroxyl radicals being almost constant. There-
fore, under the present experimental conditions, the
lower initial dyestuff concentration yields a better

color removal efficiency. An increase in the dyestuff
concentration caused a decrease in the removal rate.

4. Conclusions

EC has been evaluated as a tool for DB56 and
BY28 dyes from aqueous solutions in an EC reactor
with iron electrodes. The effect of various operational
parameters on color removal efficiency was investi-
gated and optimized. The simultaneous removal of
both dyes was found to be affected by the initial pH
of the solution, electrolysis time, initial dye concentra-
tion, current density, and electrolyte concentration.
The color removal efficiencies for DB56 and BY28
were 86.2 and 99.9%, respectively, under the condi-
tions of initial pH of 7, initial concentration
100mgL�1, current density 10.89mAcm�2, concentra-
tion of salt 3,000mgL�1, and distance between the
electrodes 2.2 cm. It was found that the proper elec-
trolysis time for the removal of color from this dye
solution was 10min. The color removal efficiency by
EC decreased when the initial dye concentration was
more than 200mg. At above optimal conditions, the
power requirement and SEEC were 7.58 kWh
(kgdye)�1 mixture and 4.37 kWh(kg Fe)�1, respec-
tively. The apparent current efficiency for the dye
mixture was about 85%. The dye removal efficiencies
for the various electrolysis times from an equation
developed were calculated. The results showed that
this model was found to be in good agreement with
the experimental results. The process of bringing
down the dye concentrations levels of waste below
the acceptable values before discharging into surface
water sources is studied in detail in the present work
and this method can be used for the removal of dye
mixtures from the wastewaters.

Symbols

C0 –– concentrations of dye before, mg L�1

C –– concentrations of dye after electrocoagulation,
mg L�1

CR
(%)

–– color removal efficiency

RSD –– relative standard deviation

SD –– standard deviation

�x –– the average result

E –– electrical energy, Wh

EC –– electrocoagulation

DC –– direct current

U –– cell voltage in volt

I –– current in ampere

tEC –– time of EC process, h

/ –– current efficiency
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Fig. 9. Effect of initial concentration on the removal
efficiency of DB56 and BY28 (pH=7; i= 10.89mAcm�2;
t=10min; T=298K; d= 2.2 cm; and agitation speed=
120 rpm).
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