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bstract

The electrochemical treatment of textile dye wastewater containing Levafix Blue CA, Levafix Red CA and Levafix Yellow CA reactive dyes
as studied on iron electrodes in the presence of NaCl electrolyte in a batch electrochemical reactor. The wastewater was synthetically prepared in

elatively high dye concentrations between 400 mg/L and 2000 mg/L. The electrochemical treatment of textile dye wastewater was optimized using
esponse surface methodology (RSM), where current density and electrolyte concentration were to be minimized while dye removal and turbidity

emoval were maximized at 28 ◦C reaction temperature. Optimized conditions under specified cost driven constraints were obtained for the highest
esirability at 6.7 mA/cm2, 5.9 mA/cm2 and 5.4 mA/cm2 current density and 3.1 g/L, 2.5 g/L and 2.8 g/L NaCl concentration for Levafix Blue CA,
evafix Red CA and Levafix Yellow CA reactive textile dyes, respectively.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Dyeing is the application of color to the textile material
ith some degree of colorfastness, and may take place at any
f several stages in the manufacturing process with contin-
ous and batch processes [1]. Dyeing operations generate a
arge portion of the industry’s total wastewater [2,3]. Three

ajor problems that face cotton dyers are water-use reduc-
ion and elimination of color and salt from dye wastewater
3]. Reactive dyes are most commonly in use today for cotton
yeing having a fixation rate of 60–90% in a typical dyeing
rocess [2], and require large amounts of water for appli-
ation and washoff [3]. The primary source of wastewater
n dyeing operations is spent dye bath and rinsing processes
hich typically contains residual dye, salt and auxiliary chem-

cals [2,3] and generate about 125–150 L wastewater/kg of
roduct [2].
Environmental concerns about fiber reactive dyes focus on
olor and salt. Color is a hard-to-treat textile waste originating
rimarily from dyeing or printing operations is being increas-
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ngly regulated and is widely recognized as a significant problem
3]. Effluent from most textile dyeing operations generally has a
ark reddish-brown color that is aesthetically unpleasing when
ischarged to receiving waters. Salt is used mostly to assist the
xhaustion of ionic dyes and particularly anionic dyes, such as
ber reactive dyes on cotton. Typical cotton batch dyeing oper-
tions use quantities of salt that range from 20% to 80% of
he weight of goods dyed, and the usual salt concentration in
astewater is 2–3 g/L [3], where sodium chloride is used as one
f a common salt [2,3].

The relatively low fixation efficiency of the dyes results in
ffluent color, which is not easily removed in treatment systems.
lthough many methods of color removal exist, none of them
orks in every case [3]. Color can interfere with the transmission
f light in receiving waters; high doses of color can interrupt
hotosynthesis and aquatic life. Color can also interfere with
ltraviolet (UV) disinfection of treated wastewater. Decoloration
f the effluent is difficult because of the low level of aerobic
iodegradation and/or adsorption of the dye color onto activated
ludge during treatment. The conventional treatment systems

re not effective in removing salt in order to meet salt discharge
imits because of large amounts of salt are using to exhaust the
yes. Dyeing contributes essentially all of the salt and color in
ffluent from textiles operations [3].

mailto:korbahti@mersin.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.11.031
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Electrochemical oxidation is becoming an alternative
astewater treatment method and replacing the conventional
rocesses, because many industrial processes produce toxic
astewaters, which are not easily biodegradable and requir-

ng costly physical or physicochemical pretreatments [4]. Many
esearchers had investigated the electrochemical oxidation of
arious types of wastewater containing 1,4-benzoquinone [4],
henol [5–8], aniline [9], olive oil [10,11], vinasse [12],
hlorophenols [13], p-chlorophenol and p-nitrophenol [14], low
evel nuclear waste [15,16], human waste [17] and tannery
astewater [18].
The electrochemical treatment of textile dye wastewater

as also been studied in the literature [19–34]. Although the
lectrochemical methods used for dye degradation have been
uccessful, this study meets the lack of data on the electrochem-
cal degradation of commercial Levafix CA reactive dyes. In the
tudy, Levafix CA reactive dyes were chosen because of increas-
ng regional use due to their high fastness profile and meet most
equirements set by textile manufacturers for fastness to light,
erspiration, chlorine and repeated washing. The use of Lev-
fix CA dyes are extending for most of dyeing processes in
he textile industry and they have a wide range of favorable
yeing properties, including a high fixation yield and washoff
roperties.

In this study, the electrochemical treatment of textile dye
astewater containing Levafix Blue CA, Levafix Red CA and
evafix Yellow CA reactive dyes was investigated, and the effect
f operating parameters of current density, electrolyte concen-
ration, initial dye concentration and electrolysis time on COD
emoval, dye removal and turbidity removal efficiency were ana-
yzed to optimize the electrochemical treatment conditions in
rder to maximize the rates of dye removal and COD removal
as aimed from batch runs using response surface methodology

RSM). The textile dye wastewater was synthetically prepared
or the standardization throughout the study. In the study, no any
oagulant addition or no any further physicochemical processes
mployed in order to enhance the electrochemical treatment
erformance.

. Theoretical approach

.1. Chemistry of the electrochemical process

In the study, the electrochemical treatment of textile dye
astewater was investigated in the presence of NaCl electrolyte
sing iron electrodes. The electrochemical reactions that take
lace during the electrolysis of NaCl solution are rather compli-
ated, only assumptions can be made based on the products that
an be determined as Cl2, ClO2, O3, OH•, O•, H2O2, O2, H2 and
O2 [11,12]. The possible electrochemical reactions are shown

n Eqs. (1)–(11). The discharged chlorine gas on the anode was
n excess amount in the reactor for textile dye wastewater treat-

ent in the presence of NaCl and the irreversible reactions of

ydrolysis and ionization take place. Firstly, reaction (1) occurs
11,12,35–37] and Cl2 gas is discharged on the anode rapidly.
ydrolysis reaction (2) [35,36,38] and ionization reaction (3)

36,38] occur when Cl2 gas is introduced into the water. HOCl is

w
T
c
o
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eplenished in the medium with the electrochemical reaction of
aCl in solution. Hypochlorous acid, HOCl, is a strong oxidant,
hich oxidizes the wastewater while OCl− is also consumed by

eaction (4) [11,12,39]:

Cl− → Cl2 + 2e− (1)

l2 + H2O � HOCl + H+ + Cl− (2)

OCl � H+ + OCl− (3)

OCl−+3H2O→ 3
2 O2 + 6H+ + 4Cl− + 2ClO3

− + 6e− (4)

Moreover, with sufficient power supply, Fe2+ ions added to
he solution by the anodic reaction (5), and some of the organic
olecules and suspended solids removed by Fe(OH)3 sedimen-

ation or H2 flotation [19]:

Fe → 4Fe2+ + 8e− (5)

Fe2+ + 10H2O + O2 → 4Fe(OH)3 + 8H+ (6)

Two major mechanisms of precipitation (pH < 6.5) and
dsorption (pH > 6.5) are considered between dye molecules
nd electrolysis by-products in Eqs. (7)–(10) [28,32], Fe(m)
nd Fe(p) are corresponding to monomeric Fe and polymeric
e, respectively.

Precipitation:

ye + Fe(m) → [dye ⊕ Fe(m)] (7)

ye + Fe(p) → [dye ⊕ Fe(p)] (8)

Adsorption:

ye + Fe(OH)n → [particle] (9)

dye ⊕ Fe(p)] + Fe(OH)n → [particle] (10)

In electrochemical reactions azo linkage also electroreduce,
here Ar and Ar are aryl groups in Eq. (11) [40]:

(11)

.2. Experimental design and optimization

In this study, response surface methodology (RSM) was used
or the experimental design and optimization. RSM, is essen-
ially a particular set of mathematical and statistical methods for
esigning experiments, building models, evaluating the effects
f variables, and searching optimum conditions of variables to
redict targeted responses [41–43]. RSM is an important branch
f experimental design and a critical technology in developing
ew processes, optimizing their performance, and improving
esign and formulation of new products. Its greatest applica-
ions have been in industrial research, particularly in situations

here a large number of variables influencing the system feature.
his feature termed as the response and normally measured on a
ontinuous scale, which represents the most important function
f the systems [41–43].
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Table 1
Experimental design of electrochemical treatment of textile dye wastewater

Independent variable Coded levels

−2 −1 0 +1 +2

Initial dye concentration
(mg/L)

400 800 1200 1600 2000

Current density (mA/cm2) 1.0 3.5 6.0 8.5 11.0
Electrolyte concentration (g/L) 0 1 2 3 4
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in accord with central composite design (CCD). The reactor
was made of Pyrex® glass having a volume of 600 mL with
a heating and cooling coil around. The three pairs of iron elec-
trodes (OD = 12 mm) were used as anode and cathode and placed
lectrolysis time (min) 0 10 20 30 40

eactive dyes: Levafix Blue CA, Levafix Red CA and Levafix Yellow CA.

The researcher is often interested in finding a suitable approx-
mating function for the purpose of predicting and determining
he future response. Response surface procedures are not pri-

arily used for the purpose of allowing the researcher in order
o understand the mechanism of the system or process; rather its
urpose is to determine the optimum operating conditions or to
etermine a region for the factors at a certain operating specifica-
ions are met [41–43]. The most popular class of second-order
esigns called central composite design (CCD) was used for
he RSM in the experimental design. The CCD was first intro-
uced by Box and Wilson in 1951, and is well suited for fitting
quadratic surface, which usually works well for the process

ptimization [41–43]. The CCD is an effective design that is
deal for sequential experimentation and allows a reasonable
mount of information for testing lack of fit while not involving
n unusually large number of design points [41–43].

Therefore, the central composite design with four factors at
ve levels was applied using Design-Expert 6.0 (trial version)
ith the bounds of the factors (independent variables). Each

ndependent variable was coded at five levels between −2 and
2 at the ranges determined by the preliminary experiments
t 28 ◦C reaction temperature, where the independent variables
ere initial dye concentration: 400–2000 mg/L, current density:
.0–11.0 mA/cm2, NaCl electrolyte concentration: 0–4 g/L and
lectrolysis time: 0–40 min as shown in Table 1. In the study,
aximum NaCl concentration was determined as 4 g/L, since in

ypical cotton dyeing operations 2–3 g/L NaCl electrolyte exist
n the textile wastewater as a remaining dye-bath additive [3].

The four-factor designed experiments were augmented with
ix replications at the design center to evaluate the pure error and
ere carried in randomized order as required in many design pro-

edures. Performance of the process was evaluated by analyzing
he response of dye removal and turbidity removal.

In the optimization process, the responses can be simply
elated to chosen factors by linear or quadratic models. A
uadratic model, which also includes the linear model, is given
s:

= β0 +
k∑

j=1

βjxj +
k∑

j=1

βjjx
2
j +

∑

i

k∑

<j=2

βijxixj + ei (12)
here, η is the response, xi and xj are variables, β0 is con-
tant coefficient, βj’s, βjj’s and βij’s are interaction coefficients
f linear, quadratic and the second-order terms, respectively,
nd ei is the error. In the study, dye removal and turbidity

F
i
8
1
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emoval data were processed for Eq. (12) including ANOVA
o obtain the interaction between the process variables and
he response. The quality of the fit of polynomial model was
xpressed by the coefficient of determination R2 and R2

adj, and
tatistical significance was checked by the F-test in the pro-
ram. For optimization, a module in Design-Expert searched
or a combination of factor levels that simultaneously satisfy the
equirements placed on each of the responses and factors. The
esired goals were selected as maximum dye removal and turbid-
ty removal at minimum required current density and electrolyte
oncentration.

. Materials and methods

.1. Chemicals and materials

Levafix Blue CA, Levafix Red CA and Levafix Yellow
A reactive dyes (DyStar) and sodium chloride (Merck) were
btained in extra pure grade and double distilled water was
sed for the preparation of synthetic textile dye wastewater. The
evafix CA reactive dyes are bifunctional and CA (combined
nchor) refers to the use of chlorine-free tri-fluoropyrimidine,
ono-fluorotriazine and new vinyl sulphone anchor groups.
he dyes had COD concentrations of 950 mg/g, 690 mg/g and
40 mg/g, respectively, with pH values between 6 and 8. The
hemical structures of commercial Levafix CA reactive dyes are
ot disclosed.

.2. Experimental set-up and procedure

The synthetic textile dye wastewater was prepared in
elatively high dye concentrations between 400 mg/L and
000 mg/L, whereas dye content of textile wastewater used in
he literature was as 373 mg/L [26], 60 mg/L [27], 20–100 mg/L
28], 10–200 mg/L [29], 50 mg/L [32], 20–360 mg/L [33] and
00 mg/L [34].

The electrochemical reactor shown in Fig. 1 was designed in
ur laboratory and used batch-wise in the experiments designed
ig. 1. Batch reactor system (1: heater; 2: heating/cooling tank; 3: heat-
ng/cooling pump; 4: feed lines; 5: sampling cell; 6: electrodes; 7: thermometer;
: plexiglas reactor cover; 9: heating/cooling coil; 10: electrochemical reactor;
1: driving motor; 12: glass mixer; 13: connections; 14: DC power source).
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Table 2
ANOVA results of the quadratic models of Levafix CA reactive dye removal and turbidity removal

Source Sum of squares Degrees of freedom Mean square F-Value P > F

Dye removala (%)
Model 119652.40 32 3739.14 22.04 <0.0001 (significant)
Residual 9670.00 57 169.65
Lack of fit 9669.96 50 193.40 27970.95 <0.0001 (significant)
Pure error 0.0484 7 0.0069

Turbidity removalb (%)
Model 89591.22 32 2799.73 6.49 <0.0001 (significant)
Residual 24746.06 57 434.14
Lack of fit 24744.58 50 494.89 2327.49 <0.0001 (significant)
Pure error 1.488 7 0.2126
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a R2 = 0.93; R2
adj = 0.88; adequate precision = 16.39.

b R2 = 0.78; R2
adj = 0.66; adequate precision = 9.56.

5 mm apart on a Plexiglas® reactor cover. A glass stirrer with
wo blades 3 cm diameter impeller was driven with a Heidolph-
ZR1 model mixer for homogenization at 750 rpm. The reaction

emperature was monitored with a glass thermometer immersed
nside the reactor. The reaction temperature was controlled with
irculating water recycled from a temperature controlled water
ath (New Brunswick, G-86). The current was applied by a
onstant voltage/current controlled DC power source, NETES
PS-1810D.
The synthetic textile dye wastewater was loaded into the

atch electrochemical reactor and the Plexiglas® reactor cover
as placed tightly. A sample of 5 mL was taken from the reac-

or with an injector to determine the initial chemical oxygen
emand (COD), color and turbidity prior to reaction. The reac-
ion started with the application of specified current density, and
he recycling water for temperature control was pumped through
he reactor coil. At appropriate time intervals, samples of 5 mL
ere taken from the reactor in order to analyze the specimen
uring electrochemical degradation.

.3. Analysis

During the reaction 5 mL samples were taken from the elec-
rochemical reactor at appropriate time intervals and centrifuged
t 5000 rpm for 10 min to have supernatant for analysis and
easurements. The color of the reaction medium was moni-

ored by a Labomed UV–vis double beam UVD-3200 model
pectrophotometer at 610 nm, 526 nm and 416 nm for Levafix
lue CA, Levafix Red CA and Levafix Yellow CA reactive
yes, respectively. The turbidity was measured by a Hach 2100
N IS model turbidimeter at 860 nm. COD analysis performed
ith Palintest PL464 test kits after color and turbidity analy-

is. In the Palintest COD method, the water sample is oxidized
y digesting in a sealed reaction tube with sulphuric acid
nd potassium dichromate in the presence of a silver sulphate
atalyst. The amount of dichromate reduced is proportional
o the chemical oxygen demand (COD). The absorbance of

he COD samples was read at 605 nm at Labomed UV–vis
ouble beam UVD-3200 model spectrophotometer and the
OD values was calculated using a calibration curve prepared
reviously. p
. Results and discussion

In the first phase of the study, the effect of operating variables
f initial dye concentration, current density, electrolyte concen-
ration and electrolysis time on the dye removal was investigated
sing response surface methodology according to central com-
osite design (CCD). In the second phase, the main objective
as to select the current density and NaCl electrolyte concen-

ration in order to achieve optimal COD removal, dye removal
nd turbidity removal.

The batch runs were conducted in CCD designed experiments
o visualize the effects of independent factors on responses and
he results along with the experimental conditions. As a gen-
ral trend, increase in current density and NaCl concentration
esulted in enhanced dye removal and turbidity removal in the
uns.

The experimental results were evaluated and obtained
pproximating functions of dye removal are given in Eqs.
13)–(16), respectively:

Levafix Blue CA = 827.778 − 0.380x1 + 101.212x2

− 189.927x3 − 54.572x4 + 8.305x5 + Θ

(13)

Levafix Red CA = 580.286 − 0.392x1 + 100.236x2

− 203.118x3 − 44.088x4 + 8.061x5 + Θ

(14)

Levafix Yellow CA = 902.234 − 0.367x1 + 95.802x2

− 178.510x3 − 57.069x4 + 8.035x5 + Θ

(15)

= −9.50 × 10−6x2
1 − 0.556x2

2 − 3.900x2
3 + 0.752x2

4

− 0.094x2
5 − 0.006x1x2 + 0.015x1x3 + 0.013x1x4

+ 0.002x1x5 − 1.058x2x3 − 2.658x2x4 − 0.064x2x5
+ 7.543x3x4 − 0.718x3x5 − 0.074x4x5 (16)

In Eqs. (13)–(16), y’s are Levafix CA reactive dye removal
ercents; x1, x2, x3, x4 and x5 are corresponding to independent
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Table 3
Optimization results of electrochemical treatment and the performance of electrochemical treatment of textile dye wastewater at optimum conditions

Reactive dye Optimum current
density (mA/cm2)

Optimum NaCl
concentration (g/L)

COD removal at
optimum (%)

Dye removal at
optimum (%)

Turbidity removal
at optimum (%)

Levafix Blue CA 6.7 3.1 32 100 82
L
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The actual and the predicted dye removal and turbidity
removal plots are shown in Fig. 2. Actual values are the mea-
sured response data for a particular run, and the predicted values
evafix Red CA 5.9 2.5
evafix Yellow CA 5.4 2.8

ariables of initial dye concentration, current density, NaCl elec-
rolyte concentration, reaction temperature and reaction time,
espectively. ANOVA results of these quadratic models pre-
ented in Table 2 indicating that these quadratic models can
e used to navigate the design space. In Table 2, the model F-
alues of 22.04 and 6.49 imply the models are significant for dye
emoval and turbidity removal, respectively. Adequate precision
easures the signal to noise ratio and a ratio greater than 4 is

esirable. Therefore, in the quadratic models of dye removal and
urbidity removal, the ratios of 16.39 and 9.56 indicate adequate
ignals for the models to be used to navigate the design space.
he values of P > F less than 0.0500 indicate model terms are
ignificant, whereas the values greater than 0.1000 are not sig-
ificant. For all models, P > F is less than 0.0001, indicating that
erms are significant in all models. For Eqs. (13)–(16), lack of fit
-values of 9669.96 and 24744.58 implies the significance for
ye removal and turbidity removal, respectively.

The experimental results were optimized using the approxi-
ating functions of dye removal in Eqs. (13)–(16). In this study,
cost driven approach was preferred at 28 ◦C reaction tempera-

ure within 0–40 min of reaction time; current density and NaCl
oncentration were to be minimized so as to save energy and
lectrolyte, whereas dye removal and turbidity removal were
aximized between 400 mg/L and 2000 mg/L textile dye con-

entration.
The objective was to determine the optimal pair current

ensity and electrolyte concentration to achieve both good decol-
ration and organic matter removal expressed as COD. Several
cenarios examined in order to find the optimal conditions and
he optimization results shown in Table 3. In Table 3, optimized
onditions under specified constraints at 28 ◦C reaction temper-
ture were obtained for the highest desirability at 6.7 mA/cm2,
.9 mA/cm2 and 5.4 mA/cm2 current density and 3.1 g/L, 2.5 g/L
nd 2.8 g/L NaCl concentration for Levafix Blue CA, Levafix
ed CA and Levafix Yellow CA reactive textile dyes, respec-

ively. Then specific batch runs were performed in order to test
he optimum conditions and COD removal, dye removal and
urbidity removal obtained at optimized conditions were shown
n Table 3.

Eqs. (13)–(16) have been used to visualize the effects of
xperimental factors on responses under optimized conditions
n response surface graphs of Figs. 3–5. The model adequacy
hecking is an important part of the data analysis procedure,
hich the approximating model would give poor or misleading
esults if it were an inadequate fit. The residual plots should
lways be examined for the approximating model [41–44]. The
uadratic models for dye removal percents well satisfied the
ssumptions of the analysis of variance (ANOVA) according to F
37 100 88
33 100 94

ormal probability, studentized residuals and outlier-t residual
lots, which are not shown here. The residual plots indicated a
ormal distribution, in which case there was no response trans-
ormation need and no apparent problem with normality. In the
tudy, the outlier-t values lied below the interval of ±3.50 indi-
ated that the approximation of the fitted model to the response
urface was fairly good with no any data recording error.
ig. 2. The actual and predicted plot for dye removal and turbidity removal.
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Fig. 3. The effect of current density and dye concentration on dye removal: (a)
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valuated from the model and generated by using the approxi-
ating functions. In Fig. 2, the values of R2 and R2

adj evaluated
s 0.93 and 0.88; 0.78 and 0.66 for dye removal and turbid-
ty removal, respectively. The correlation coefficient found for
ctual and predicted turbidity removal was not high, and this
esult is most likely due to the possible formation of low molec-
lar weight complex side products during the electrochemical
reatment, which was also resulted in fluctuating turbidity values
uring the electrochemical treatment.

The effect of operating parameters of current density, NaCl
oncentration, initial dye concentration and electrolysis time
n Levafix Blue CA, Levafix Red CA and Levafix Yellow
A reactive dye removal are shown in the response surface
raphs in Figs. 3–5. The analysis conditions kept constant
or all reactive dyes at 28 ◦C reaction temperature, 2000 mg/L
nitial dye concentration except the effect of initial dye con-
entration investigated in Fig. 3, and the electrolysis time was
0 min except the effect of electrolysis time investigated in
ig. 5.

Azodyes are synthetic products and show rather low
iodegradability, which traditional biological processes are not
ble to fully decolorize azodyes wastewater [31]. Pollutants can
e destroyed by direct anodic oxidation, indirect oxidation or
athodic reduction processes during electrochemical treatment,
nd all of the processes play an important role in the electro-
hemical treatment of textile dye wastewater.

In the study, the formation of colorless compounds obtained
ith the degradation of azo groups in the dye molecule and

he degree of dye decomposition is much higher in the pres-
nce of chloride ion. The chromophore groups of dyes are easily
estroyed by direct and indirect oxidation, later the subsequent
ntermediates and other organics undergo further anodic oxida-
ion at a much lower rate [22].

The effect of current density and initial dye concentration on
ye removal for Levafix Blue CA, Levafix Red CA and Levafix
ellow CA reactive dyes are shown in Fig. 3a–c, respectively.

n all electrochemical processes, current density is the most
mportant parameter for controlling the reaction rate within the
lectrochemical reactor. In order to investigate the effect of cur-
ent density on the efficiency of dye removal and COD removal,
lectrolysis process was carried out between 1.0 mA/cm2 and
1.0 mA/cm2 current densities. Fernandes et al. [33] studied
he electrochemical oxidation of C.I. Acid Orange 7 between
.25 mA/cm2 and 10 mA/cm2, and Awad and Galwa [29] inves-
igated the electrocatalytic degradation of Acid Blue and Basic
rown dyes between 0 mA/cm2 and 45 mA/cm2 current densi-

ies.
In Fig. 3a and c, the dye removal of Levafix Blue CA and

evafix Yellow CA reactive dyes increased with both increase
n dye concentration and current density. The complete removal
f Levafix Blue CA and Levafix Yellow CA reactive dyes
btained above 7.6 mA/cm2 current density at all dye concen-
rations as shown in Fig. 3a and c at optimum 3.1 g/L and

.8 g/L NaCl, respectively. In Fig. 3b, the removal of Levafix
ed CA reactive dye increased with the increase in current den-

ity and increased with the decrease in dye concentration above
.4 mA/cm2 current density. The complete removal of Levafix

d
i

d

evafix Blue CA (NaCl: 3.1 g/L; T: 28 ◦C; t: 30 min), (b) Levafix Red CA (NaCl:
.5 g/L; T: 28 ◦C; t: 30 min) and (c) Levafix Yellow CA (NaCl: 2.8 g/L; T: 28 ◦C;
: 30 min).

ed CA obtained above 7.3 mA/cm2 current density between
00 mg/L and 1400 mg/L dye at optimum 2.5 g/L NaCl as shown
n Fig. 3b. Daneshvar et al. stated that an increase in the current

ensity up to 6–8 mA/cm2 enhanced the color removal efficiency
n their study [28].

The rapid decoloration indicates that initial dyes are fully
egraded, giving smaller and colorless organic or inorganic
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Fig. 4. The effect of current density and NaCl electrolyte concentration on on
d
L
C

p
i
d
a
s

F
L
(
2

t

ye removal: (a) Levafix Blue CA (dye: 2000 mg/L; T: 28 ◦C; t: 30 min), (b)
evafix Red CA (dye: 2000 mg/L; T: 28 ◦C; t: 30 min) and (c) Levafix Yellow
A (dye: 2000 mg/L; T: 28 ◦C; t: 30 min).

roducts, which can further be treated for complete mineral-

sation. In the study, the complete degradation of the initial
ye obtained with the presence of some organic side products
ccording to COD analysis in Table 3. The decrease of COD
hows that further degradation of the initial colorless products

i
r
d
m

ig. 5. The effect of current density and electrolysis time on on dye removal: (a)
evafix Blue CA (NaCl: 3.1 g/L; dye: 2000 mg/L; T: 28 ◦C), (b) Levafix Red CA

NaCl: 2.5 g/L; dye: 2000 mg/L; T: 28 ◦C) and (c) Levafix Yellow CA (NaCl:
.8 g/L; dye: 2000 mg/L; T: 28 ◦C).

ook place along with the decoloration during the electrochem-

cal treatment. It could be concluded that the rate of COD
emoval is lower than that of color, indicating the azo bond
egradation is the first step of the electrochemical degradation
echanism with the comparison of COD removal and color
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emoval which is also stated in the literature [22,31,33,34]. The
OD values in Table 3 indicates the removal degree for Lev-
fix CA reactive dyes treated using iron electrodes that color
isappearance does not mean complete degradation or complete
emoval of pollutants in wastewater. In terms of COD removal,
ome of literature studies apparently achieved better results than
his work, however, the initial dye concentrations used in this
tudy were relatively high in contrast to those in the literature
26–29,32–34].

The degradation products in the electrochemical oxidation
f azo dyes are typically carbon dioxide, nitrate and sulphate,
ith the possible formation of aromatic esters, phenols, aro-
atic carboxylic acids, cyclic and aliphatic hydrocarbons as

ntermediates [22]. Usually, the oxidation of the azo group
ccurs, followed by the oxidation of the decomposition products
33]. Nitro compounds are very resistant to decomposition by
nodic oxidation [22]. The decomposition of nitro compounds
nvolves cathodic reduction of the nitro group to an amino group,
hich is more readily oxidized by chlorine. Also diazo groups

re reduced to amines by hydrogen generated on cathode. The
ndirect anodic oxidation of organic compounds can lead to
he production of many chloroderivatives, which can be more
armful than the compounds present in the effluents [22].

The effect of current density and electrolyte concentration on
ye removal for Levafix Blue CA, Levafix Red CA and Levafix
ellow CA reactive dyes are shown in Fig. 4a–c, respectively.

n textile dye baths, NaCl is the main salt used for the optimal
xation of the dyes on the textile substrate. Therefore, the real

extile wastewater contains the required quantity of NaCl [3,31]
o carry out the electrochemical treatment without any further
ddition of electrolyte, which would increase the ionic strength.

The conductivity of dye solutions was adjusted using NaCl
n the range of 0–4 g/L in the present study. The addition of
aCl into textile dye wastewater increases conductance and

lectric current of electrochemical process. Increasing solu-
ion conductivity resulted in the reduction of cell voltage that
aused a decrease in electrical energy consumption. Also, solu-
ion resistance and the potential in solution decrease with the
nhancement of electrolyte concentration [27].

In the study, the removal of reactive dyes increased with
he increase in NaCl concentration. The complete Levafix Blue
A reactive dye removal obtained above 1.4 g/L NaCl and
.4 mA/cm2 current density. At 2000 mg/L dye, 80% Lev-
fix Blue CA removal obtained without NaCl addition at
1.0 mA/cm2 current density as shown in Fig. 4a. In Fig. 4b,
igher Levafix Red CA reactive dye removal achieved at lower
aCl concentrations. At the optimum point, 89% Levafix Red
A reactive dye removal obtained at 1 g/L NaCl and 8.9 mA/cm2

urrent density. About 86% Levafix Red CA removal obtained
ithout NaCl addition at 9.6 mA/cm2 current density as shown

n Fig. 4b. In Fig. 4c, the complete Levafix Yellow CA reactive
ye removal obtained above 1.3 g/L NaCl between 1.0 mA/cm2

nd 11.0 mA/cm2 current densities. At 2000 mg/L dye, 60%

evafix Yellow CA removal obtained without NaCl addition
t 5.7 mA/cm2 current density as shown in Fig. 4c. Awad and
alwa obtained the highest electrocatalytic activity in the pres-

nce of 2 g/L NaCl in which the degradation of Acid Blue and

o

o
i

Materials 145 (2007) 277–286

asic Brown dyes occurred by both direct and indirect oxida-
ion. The authors concluded that the electrocatalytic effect with
aOH and H2SO4 was not as good as that in NaCl due to the

bsence of chloride [29].
It is known that almost all azodyes are polysulphonated com-

ounds in order to be water-soluble. These anions together
ith other ionic degradation products cause the increase of

he current, however NaCl enhances the decoloration process
31]. It is well known that the electrolysis of NaCl results in
ery strong oxidants of HOCl/ClO− ensuring indirect oxida-
ion [11,12,35–39]. The whole decoloration proceeds mainly by
irect redox reactions on the electrodes, enhanced by indirect
edox reactions by the produced oxidants or reductants. The bet-
er enhancement could be achieved with the stronger oxidants
nd reductants [31].

The results of the present investigation have shown that the
lectrodegradation of Levafix CA reactive dyes occurred very
fficiently in the presence of NaCl as a conductive electrolyte.
o and Yeh was reported that oxygen evolution was the major

eaction in the absence of chloride, but the oxygen formation in
olution did not produce significant oxidation [36]. It could be
oncluded that the degradation of Levafix CA reactive dyes is
aster when NaCl used as electrolyte in the study.

In most cases, high concentrations of supporting NaCl
lectrolyte is required for satisfactory results leading to high
oncentrations of hypochlorite anions and free chlorine [22,31].
owever, the use of NaCl involves the possibility of the forma-

ion of organochloride compounds, mainly due to the presence
f OCl− as a possible side reaction [22,28,31,33]. In the case of
he formation of undesirable side compounds can only be pre-
ented if the complete mineralisation of the organic compounds
s ensured at high enough times of electrolysis also with the use
f electrocatalytic electrodes.

The effect of current density and electrolysis time on dye
emoval for Levafix Blue CA, Levafix Red CA and Levafix Yel-
ow CA reactive dyes are shown in Fig. 5a–c, respectively. The
lectrolysis time necessary for degradation depends mainly upon
he concentration and stability of the solutes when other fac-
ors as initial dye concentration, current density and electrolyte
oncentration have been optimized.

In the study, the dye removal increased throughout the reac-
ion duration. In Fig. 5a and b, Levafix Blue CA and Levafix
ed CA reactive dye removal increased with the increase in
urrent density, where higher Levafix Yellow CA reactive dye
emoval achieved at lower current densities as shown in Fig. 5c.
n Fig. 5a, the complete Levafix Blue CA reactive dye removal
btained after 26 min reaction time between 3.2 mA/cm2 and
1.0 mA/cm2 current density at optimum 3.1 g/L NaCl. In
ig. 5b, maximum Levafix Red CA reactive dye removal of
4% obtained at 7.2 mA/cm2 current density after 36 min reac-
ion time with optimum 2.5 g/L NaCl. The complete Levafix
ellow CA reactive dye removal obtained between 1.0 mA/cm2

nd 10.7 mA/cm2 current density after 17 min reaction time with

ptimum 2.8 g/L NaCl as shown in Fig. 5c.

Raising current density causes a corresponding increase in the
xidized iron production from electrodes, which is also stated
n the literature [28,32]. In fact, when current density increases,
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here is an increase in the amount of iron dissolved in the liq-
id phase and an increase in the production of Fe(OH)3 [32]. It
ould be concluded that the increase in current density greatly
nhances the degradation effect at low potential differences. At
igh voltages most of current is consumed by oxygen evolu-
ion and side reactions [27]. Electrolyte decomposition and gas
valuation secondary reactions can also take place during the
ineralisation of organic compounds, resulting in a loss of cur-

ent efficiency and leading to a decreasing of the removal yield
33]. The results showed that an increase in the current density
ncreased the color removal efficiency, which is also stated in
he literature [28,29,31,33].

. Conclusion

The electrochemical degradation of Levafix Blue CA, Levafix
ed CA and Levafix Yellow CA reactive dyes was investi-
ated in textile dye wastewater using iron electrodes. The effect
f operating parameters on COD removal, dye removal and
urbidity removal was optimized using response surface method-
logy (RSM), and the approximating functions of dye removal
ere obtained with satisfactory degrees of fit. Under specified

ost driven constraints determined for highest desirability, com-
lete dye removal obtained within COD removal and turbidity
emoval of 32% and 82%, 37% and 88%, 33% and 94% for
evafix Blue CA, Levafix Red CA and Levafix Yellow CA reac-

ive dyes, respectively. During the electrochemical treatment,
apid decoloration achieved throughout the study indicating that
he reactive dyes were completely degraded into smaller and
olorless organic and inorganic molecules without any coagu-
ant addition or any further physicochemical processes in order
o enhance the electrochemical treatment performance. Since
n typical cotton dyeing operations 2–3 g/L NaCl electrolyte
xist in the textile wastewater as a remaining dye-bath additive,
uch investigated electrochemical treatment process could be
mployed to the real textile dye wastewater. In this study, a pilot
lant electrochemical process was proposed achieving almost
omplete decoloration and satisfactory COD reduction requir-
ng no further addition of supporting electrolyte. The results of
his study indicate that this electrochemical reactor could be a
easible and an effective alternative system for the electrochemi-
al treatment of textile dye wastewater and it could also be used at
n oxidation pretreatment stage. Although high electrolyte con-
entration, high current density and low initial dye concentration
s improving treatment effect, some more research is required
n this subject in order to mineralize organic pollutants and side
roducts completely.
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