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a b s t r a c t

In this research two types of electrochemical reactors for the treatment of simulated wastewaters con-
taining Direct blue 71 azo dye (DB71) were used: (1) Laboratory scale undivided electrolysis cell system
(450 mL volume) with one 2 cm × 2 cm platinum plate as the anode placed in the middle of the cell and
two 2 cm × 8 cm steel plates (SS-304) as cathodes placed in the sides of the cell 2 cm from the central
anode. (2) Pilot scale reactor (9 L volume), equipped with two 3 cm × 23 cm stainless steel plates as anode
and cathode, with distance of 3 cm apart. The influence of supporting electrolyte, applied voltage and
pH were studied. The UV–vis spectra of samples during the electrochemical oxidation showed the rapid
irect blue 71
ecolorization
inetics

decolorization of the dye solution. During the process, the COD and current were measured in order to
evaluate the degree of mineralization, energy consumption, current and anode efficiencies. The opti-
mum supporting electrolyte and applied voltage were NaCl (5 g L−1) and 15 V. Using the lab scale reactor
resulted in complete decolorization and mineralization of the dye solutions after ca. 90 and 120 min,
respectively. Similar results were obtained using the pilot plant reactor under the same conditions. The
good fit of the data to pseudo-first-order kinetics for COD removal at all applied voltages (except 20 V)

invol
was taken as proof of the

. Introduction

Azo dyes are among the major pollutants of wastewaters
rom textile industries; in many areas, these industries discharge
astewaters having strong color, variable pH and temperature, high
OD and low biodegradability and therefore are difficult to treat
atisfactorily [1]. The dyes are particularly important in wastewater
reatment, and are stable under all usual environmental conditions
exposure to sunlight, water, soap, soil, etc.) and become more dif-
cult to treat. Due to the stability of organic dyes, removal of color

s therefore a challenge to both the textile industry and wastewa-
er treatment facilities [2]. Dye containing wastewaters are usually
reated by conventional methods such as biological oxidation [3],
dsorption [4], or coagulation by aluminum or iron salts [5]. Because
f the large variation in the composition of wastewaters from tex-
ile industries, most of these traditional methods are inadequate
6]. In recent years, there has been an increasing interest in the

se of photocatalytic, electrochemical and combined methods for
he treatment of wastewaters [7–10]. An important advantage of
lectrochemical oxidation is the potential to completely oxidize
rganic pollutants to CO2 and H2O and hence avoid the problem

∗ Corresponding author. Tel.: +98 811 8272072; fax: +98 811 8256711.
E-mail address: Parssa@basu.ac.ir (J.B. Parsa).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.134
vement of indirect oxidation pathways in the process.
© 2009 Elsevier B.V. All rights reserved.

of contaminants being transferred from one phase to another. Also,
the advantage of operation at room temperature and atmospheric
pressure offered by electrochemical oxidation prevents volatiliza-
tion and discharge of remaining wastes to the environment, as well
as complete control of the reaction. In the work reported in this
paper the electrochemical treatment of a simulated wastewater
containing a stable azo dye, Direct blue 71 (DB71), was investigated.
Experiments to determine the optimum treatment conditions were
carried out in a laboratory scale undivided cell reactor and, in order
to evaluate the scaling up potential of the electrochemical process,
a pilot plant scale reactor.

2. Experimental

2.1. Reagents

All reagents were used as received without further purifica-
tion. The azo dye DB71, C40H23N7Na4O13S4 (C.I no.: 34140, CAS
no.: 4399-55-7, MW = 1029.9) was provided by Alvan Sabet com-
pany (Iran) with a purity of >99%. Fig. 1 shows the structure of

this dye. Sulfuric acid and sodium hydroxide were used to adjust
the pH of solution and sodium, potassium and calcium chlorides
and sodium sulphate were used as supporting electrolytes these
chemicals were purchased from Merck with purities of more than
99.5%.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Parssa@basu.ac.ir
dx.doi.org/10.1016/j.jhazmat.2009.02.134
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Fig. 1. Chemical structure of Direct blue 71.
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Table 1
The operative conditions of experiments.

Parameter Value

DB71 initial concentration (mg L−1) 100
Electrolyte amount (g L−1) 5, 10, 20
Applied voltage (V) 5, 7.5, 10, 15, 20
ig. 2. The schematic view of the undivided lab electrolysis cell system: (1) supply
ource; (2) platinum anode; (3) steel cathode; (4) magnet; (5) electrolysis cell; (6)
agnetic stirrer.

.2. The reactors

Two types of electrochemical reactor were used. (1) Labo-
atory scale undivided electrolysis cell system (450 mL volume)
ith one 2 cm × 2 cm platinum plate as the anode placed in the
iddle of the cell and two 2 cm × 8 cm steel plates (SS-304) as

athodes placed in the sides of the cell 2 cm from the central

node. (2) Pilot scale reactor (9 L volume), equipped with two
cm × 23 cm dimension stainless steel plates as anode and cathode,
cm apart. Schematic representation of the reactors are presented

n Figs. 2 and 3.

Fig. 3. The schematic view of Pilot scale reactor: P = direct current pump;
pH 4, 7, 9
Temperature (◦C) 25 (pilot), ambient (lab scale)
Time (min) Up to 120

2.3. Procedure

In order to perform the experiments using the laboratory
undivided electrolysis cell, the appropriate solutions, containing
100 mg L−1 of dye (about 10−4 M) and a known amount of support-
ing electrolyte, e.g. NaCl, KCl or Na2SO4, were prepared. The pH
was adjusted to the desired value by means of a pH meter (JEN-
WAY, UK-3010) using dilute H2SO4 or NaOH. The solution was then
transferred to the reactor and after adjusting the temperature, the
electrolysis process was initiated. During each experiment, mix-
ing of the reactor contents was maintained to keep the solution
homogenous and at a uniform temperature. In the pilot reactor the
temperature was controlled between 20–25 ◦C by circulating cool-
ing water, whilst the lab scale reactor experiments were carried
out at ambient temperature. Samples were taken at regular time
intervals. The operational conditions of the experiments are given
in Table 1.
The concentration of the dye in each sample was analyzed with
a UV–vis spectrophotometer (PerkinElmer, 55 OSE), measuring the
absorbance at �max = 584 nm and using the appropriate calibra-
tion curve. It is noteworthy that the maximum wavelength and the

pHIR = pH meter; TICR = temperature indicator controller recorder.
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This absorption increase may not be related to intermediate for-
mation, because the absorption of OCl− is also within this region,
and hence may also have a role in this increase in absorbance. To
investigate this, an aqueous solution of 5 g L−1 NaCl was electrol-
J.B. Parsa et al. / Journal of Haza

olar absorption coefficient of DB71 do not depend to any great
xtent on the pH of solution within the range of 4–10 [7]. Using
his method, the degradation efficiency or conversion (X%) of DB71
an be obtained at any time, with respect to its initial concentra-
ion. This parameter is commonly used in degradation studies. As
ecolorization can be correlated with the modification of the dye’s
hemical structure but not with the reduction of organic carbon,
hemical oxygen demand (COD) measurements were also carried
ut to investigate the mineralization of the substrate using the open
eflux method, according to standard procedures [11].

The energy consumption (EC) was calculated during the process
ccording to [12]

C =
[

V I �t

�COD

]
(1)

EC is thus the energy consumption in kWh per kg COD reduced
n the process (kWh/kg CODr); V is the cell potential in V, I is the
urrent density in A, �t is the electrolysis time in hours and �COD
s the amount of COD reduction during the time <DELTA> t, in kg.

The anode efficiency (AE) which is essentially the mass of
educed COD per unit of current passed through unit of surface
rea of anode per unit of electrolysis time (kg CODr/A m2 h), was
lso obtained from Eq. (2) [12].

E =
[

�COD
I S �t

]
10−6 (2)

The apparent Faradic or current efficiency (CE) of COD removal
an be calculated from [8]:

E =
{

[(CODt) − (CODt+�t)]
8I�t

}
Fv (3)

This parameter presents the percentage of total current con-
umed for eliminating COD in the samples, (CODt) and (CODt+�t)
re the chemical oxygen demand at times t and t + �t (mg O2L−1)
espectively, I is the current (A), F is Faraday’s constant (26.8 Ah),
nd v is the volume of the treated wastewater (L), the numerical
onstant (8) taken into account the equivalent weight of O2 due to
he cathodic reactions [13]:

2 + 2H2O + 4e− → 4OH− (4)

2 + 4H+ + 4e− → 2H2O (5)

. Results and discussion

.1. The role of supporting electrolyte

Different salts were examined as supporting electrolytes
Na2SO4, CaCl2, KCl, and NaCl) and the best one was chosen for use
n the electrochemical process. At a constant potential of 5 V, dif-
erent amounts of the salts were added to the electrolysis medium
nd the efficiency of dye removal was determined over 120 min.
sing CaCl2 at a concentration of 5 g L−1 resulted in considerable
oagulation of the dye molecules. This prevented electrolysis and
esulted in the failing of the electrodes and hence the salt was not
nvestigated further.

There were no changes in UV–vis spectra of the dye solution dur-
ng electrolysis in the presence of Na2SO4 as supporting electrolyte
nd this result was as the same as that observed when electrolysis
f the dye solution was carried out in absence of electrolyte. Hence
t appears that direct oxidation of the dye on the surface of anode

s not important during electrolysis at 5 V. This finding is in agree-

ent with other researchers’ results [14] and hence this salt was
ot investigated further.

Fig. 4 shows the results obtained using NaCl and KCl as sup-
orting electrolytes. It was observed that both electrolytes had
Fig. 4. Effect of supporting electrolytes on degradation of DB71 at different
times. Black and white symbols present NaCl and KCl effect, respectively;
[DB71]0 = 100 mg L−1, applied voltage = 5 V, initial pH 6.68. (Black symbols are for
KCl and White symbols are for NaCl.)

considerable effect on the efficiency of dye degradation. Fig. 5 indi-
cates that NaCl was the most effective supporting electrolyte, at an
optimum concentration of 5 g L−1. By using this amount of NaCl,
the dye removal per unit of consumed energy is higher than others.
Also from the figure, it can be seen that there is a decrease in the
amount of dye removal per unit of consumed energy by increasing
the dye removal efficiency. It is due to this fact that with proceed-
ing in the time of electrolysis, degradation of the dye molecules
will lead to decolorization and also formation of several intermedi-
ates; consequent mineralization of these intermediates can also be
occurred; therefore calculated EC is not only due to the decoloriza-
tion process. The rest of experiments were carried out using 5 g L−1

of NaCl.
Fig. 6 shows UV–vis spectra of the dye degradation collected

during a 60 min electrolysis. In the visible region (�max = 584 nm)
there is a rapid decrease in absorption due to azo bond cleavage
in the dye molecules, the most active site for oxidation [15]. This
shows that the electrochemical process is able to decolorize the
dye solution in a short time. On commencing the process, absorp-
tion in the UV region increases up to 45 min and then decreases.
Fig. 5. Camparison chart for NaCl and KCl based on percentage of dye
removal per unit of energy consumption verses of percentage of dye removal;
[DB71]0 = 100 mg L−1, applied voltage = 5 V, initial pH 6.68.
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Fig. 8. Effect of applied voltage on amount of COD removal in different times;
[DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, initial pH 6.68.

current efficiency (CE)
ig. 6. UV–vis spectra changes of DB71 in aqueous media at different times;
DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 5 V, initial pH 6.68.

sed at 5 V in the absence of dye, and the spectra so obtained are
resented in Fig. 7. The results strongly suggest that the increase

n UV absorption in Fig. 6 is due to the formation of OCl−. In order
o investigate the effect of electrolysis more closely, Chemical oxy-
en demand measurements were carried out, and the results are
resented below.

.2. Investigation the effect of applied voltage

.2.1. The effect of voltage on COD removal
COD removal efficiencies were significantly affected by the cell

oltage. The steady increase in %COD removal with cell voltage is
n contact to other workers [8] who reported that the mineraliza-
ion showed a maximum at 20 V. The results are presented in Fig. 8.
t any time during electrolysis increasing the applied voltage was
ccompanied by an increase in the percentage of COD removal, pre-
umably due to the increased generation of OCl− species. After
20 min, the difference between the rate of conversions (%COD
emoval) for applied voltage of 15 and 20 V is just about 7%, which
an not be an acceptable benefit for choosing 20 V potential as the
est one since we are restricted in enhancing of potential by energy
onsumption consideration.

Fig. 9 shows that at any time during electrolysis, the pH increases
bove the starting value of 6.7. However at fixed cell voltage, this
ncrease is last to same extend as the electrolysis proceeds due to

onsumption of hypochlorite anion in the degradation process.

The maximum variation in the pH is between the 0 to 5 V and in
his range the lowest COD removal from the solution was observed.
herefore it may be concluded that, up to 5 V the accumulation of

Fig. 7. UV–vis spectra of OCl− in aqueous media.
Fig. 9. Effect of applied voltage on pH of solution in different times;
[DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, initial pH 6.68.

OCl− in the electrolyte causes the increase in pH after which the
concentration of OCl− reaches to a certain level at which point the
oxidation process is initiated.

3.2.2. Determination of the optimum cell voltage based on
Current efficiencies based on Eq. (3) were calculated and
the results are presented in Fig. 10. The highest CE was
observed at 15 V. Increasing the cell voltage from 15 to 20 V
did not show a significant effect on COD removal (only 7%),

Fig. 10. Effect of applied voltage on current efficiency in electrochemical process at
different times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, initial pH 6.68.



J.B. Parsa et al. / Journal of Hazardous Materials 168 (2009) 997–1003 1001

F
a

h
m

3

c
t
i
(
d

3

3

r
e
t
c
d

C

H

p
t
a

w

F
[

ig. 11. Effect of applied voltage on energy consumption in electrochemical process
t different times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, initial pH 6.68.

ence this was the cell voltage employed in subsequent experi-
ent.

.2.3. The effect of voltage on energy consumption (EC)
The energy consumption as a function of applied voltage was cal-

ulated and the results are shown in Fig. 11; it is clear from the figure
hat EC increases with voltage, but that these is a marked increase
n EC between 15 and 20 V that is not reflected in COD removal
see Fig. 8), suggesting increased undesirable water electrolysis and
emonstrating the importance of the choice of operating voltage.

.3. Investigation the effect of pH

.3.1. The effect of pH on COD removal
pH is another parameter that plays an important role in indi-

ect electrochemical processes because it influences the form of the
lectrogenerated active chlorine and its oxidation potential [16];
hus, depending on the pH, the electrogenerated molecular chlorine
an disproportionate to form hypochloric acid, see Eq. (6), which is
eprotonate to hypochlorite ions, see Eq. (7).

l2 + H2O → HOCl + H+Cl− (6)

OCl → H+ + OCl− (7)

For this study, pH of 4, 7 and 9 were selected. After adjusting the

H, electrolysis was commenced and the pH was kept constant at
he desired value through the addition of 1 M H2SO4. The results
re presented in Fig. 12.

The figure shows that the rate of COD removal increases slightly
ith increasing pH, due to the minimizing of the loss of active chlo-

ig. 12. Effect of pH on COD removal from DB71 solution during electrolysis times;
DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 15 V.
Fig. 13. Effect of pH on current efficiency in electrochemical process at different
times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 15 V.

rine via gaseous chlorine leaving the cell or the formation of chlorate
[17]. On the other hand, with increasing pH the oxidation potential
of water decreases; leading to increased, undesirable water oxida-
tion at the anode. The efficiencies observed at pH 7 and 9 are very
similar and therefore identifying the optimum pH requires both CE
and EC to be considered.

3.3.2. Determination of the optimum pH based on CE and EC
From Figs. 13 and 14, it is clear that the CE and EC at pH 7 are

maximum and minimum, respectively. Therefore pH 7 can be taken
as the optimum pH. Lowest CE and highest EC at pH 9 can be due to
the more favorable water oxidation condition. In the acidic solution
low COD removal has been caused to low CE. At any pH the CE
has been decreased by process progressing during the time and
EC increased as well, which shows the enhancing in difficulty for
oxidation of residual intermediates in the medium.

3.4. Kinetic investigations

In electrochemical oxidation, the rate of COD removal rate will
be proportional to the pollutant and also chlorine/hypochlorite
concentrations. Since pollutant removal taken place via indirect
oxidation (when chloride is used as supporting electrolyte) the
effect of chlorine/hypochlorite and therefore the kinetics of COD
removal may be represented as [18]:

−d
[COD]

dt
= k[COD][Cl2] (8)
During electrolysis, chlorine/hypochlorite is produced by anodic
oxidation of chloride, and it would be converted to chloride as
the pollutant have been oxidized. Then the chloride would be
anodically oxidized to form chlorine/hypochlorite, which oxidizes

Fig. 14. Effect of pH on energy consumption in electrochemical process at different
times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 15 V.
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Fig. 15. Kinetic analysis for pseudo-first-order COD removal using different applied
potential; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, initial pH 6.68.

Table 2
Amounts of degradation rate constant of DB71 in different applied voltages in labo-
ratory scale reactor.

Voltage (V) 5 7.5 10 15 20

kobs (min−1) 0.0009 0.0039 0.0082 0.0179 0.0259
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ig. 16. Kinetic analysis for pseudo-first-order COD removal using different pH;
DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 15 V.

he pollutant again. Accordingly, the concentration of chlo-
ine/hypochlorite can be assumed to be constant and [Cl2] and k
n Eq. (8) may be merged into a pseudo-first-order kinetic constant
kobs), see Eq. (9). By plotting ln [COD0]/[CODt] vs. time, kobs can be
btained.
d
[COD]

dt
= kobs[COD] (9)

The effect of applied potential and pH on the rate constant were
nvestigated. The results are shown in Fig. 15 and Table 2, Fig. 16
nd Table 3.

able 3
mounts of degradation rate constant of DB71 in different pH in laboratory scale
eactor.

H 4 7 9

obs (min−1) 0.0143 0.0215 0.0187
Fig. 17. Effect of pH on COD removal from DB71 solution using pilot scale reactor
at different electrolysis times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied volt-
age = 15 V, initial pH 6.68 and T = 25 ◦C.

The results in the Table 2 show that voltage has an enhancing
effect on rate constant because of the increase in concentration of
active oxidant species such as Cl2/OCl− in solution.

Also it can be found that increasing the cell voltage from 15
to 20 V does not change the rate constant significantly mean-
while; the linearity trend of the plot has been weakened. This
infers that under applied voltage of 20 V, the direct oxidation
process can also have its appropriate role in electrochemical oxi-
dation process simultaneously with indirect oxidation pathway.
It therefore leads to weakness of validity for pseudo-first-order
model. Fig. 16 and Table 3 show the effect of pH on the rate con-
stant of dye mineralization. The kinetics of mineralization at all
pH follow the first pseudo model and the highest rate constant
was observed at pH 7, confirming the optimum pH as discussed
above.

3.5. Pilot plant reactor

In order to investigate the applied aspect of process, a pilot plant
scale reactor, described in Section 2.2 was utilized. For economic
reason, two cheap and available stainless steel (304) electrodes
were used in the reactor as anode and cathode.

Dye solutions with initial concentrations of 100 mg L−1 in 9 L
were prepared and transferred in to the reactor. COD removal was
followed under the optimum conditions (5 g L−1 NaCl and cell volt-
age of 15 V) and at three pH 4, 7 and 9. The results showed that
electrochemical oxidation, and also electro coagulation of the pol-
lutant, took place in the pilot scale reactor. The coagulation leads
to more efficient COD removal from solution, however it is in con-
flict with the aim of mineralizing pollutants and the prevention of
sludge.

3.5.1. The effect of pH on COD removal
Fig. 17 shows that the highest COD removal (91%) was observed

at pH 9, while COD removal at pH 4 was only about 65%. This
may be due to the stability of Fe(OH)3 coagulants in alkaline
media which remove pollutants by adsorption. On the other hand,
the OCl− anions produced by the electrochemical oxidation pro-
cess are more stable at pH 9, hence the higher COD removal
efficiency.

By considering of 94% COD removal with lab cell reactor at
operating pH condition of 7, it will be revealed that for achiev-
ing the same COD removal, operating pH should be increased and

some coagulation must be appropriate. But for any sludge avoiding
pH of media should be adjusted at acidic level and for achieving
higher efficiency the time of electrolysis should be longer than
120 min.
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Fig. 18. Effect of pH on energy consumption in electrochemical process using pilot
scale reactor at different electrolysis times; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1,
applied voltage = 15 V, initial pH 6.68 and T = 25 ◦C.
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ig. 19. Kinetic analysis for pseudo-first-order COD removal at different pH in
ilot scale reactor; [DB71]0 = 100 mg L−1, [NaCl] = 5 g L−1, applied voltage = 15 V and
= 25 ◦C.

.5.2. The effect of pH on energy consumption (EC) and current
fficiency (CE)

As it is obvious from the Fig. 18 the minimum energy consump-
ion per unit of COD removal occurs at pH 9. The reason for this is the
ombination of electrochemical oxidation and electro coagulation
n alkaline solution.

Fig. 19 shows the results of the kinetic investigations of electro-
hemical oxidation at pH of 4, 7 and 9. As it was shown in Section
.4, the rate follow pseudo-first-order kinetics and the magnitude
f the rate constants confirm the optimum pH for the process as pH
.

Fig. 19 shows that, in the first 30 min of electrolysis, the COD
epletion is a pseudo-first-order reaction and also shows that a
seudo-first order reaction might describe the behavior of the sys-

em over the 30–120 min period. However, in this case the values
f rate constant (k) were about (4–7) fold lower compared with the
rst 30 min of the electrolysis (Table 4). This was probably due to the

act that during oxidation there is a formation of intermediates that

able 4
mounts of degradation rate constant of DB71 in different pH in pilot scale reactor.

H k0–30 (min−1) k30–120 (min−1)

0.0197 0.0051
0.0329 0.0057
0.0571 0.0078

[

[

[

[

[
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are more difficult to remove. A similar behavior was observed by
other researchers [19,20]. Thus it appears that there are differences
in the mechanisms of electrolysis in the two reactors.

4. Conclusion

The present investigation illustrates the following results: (i)
The most suitable conditions for degradation and mineralization
of DB71 are: supporting electrolyte; NaCl with concentration of
5 g L−1; neutral pH; and applied voltage of 15 V. (ii) Up to 15 V,
indirect oxidation via hypochlorite is primary process. Hence the
kinetics of COD removal shows a fit to a pseudo-first-order model.
(iii) At 20 V, the direct oxidation of pollutants at the surface of the
anode becomes important. (iv) The observed difference in the kinet-
ics of COD removal in the two types of reactor may be due to some
differences in intermediates produced during the electrochemical
process. (v) For decolorization, at cell voltage of 5 V is adequate,
but has negligible effect on mineralization. (vi) By using the lab
scale reactor under optimum conditions complete mineralization
obtained after about 120 min. (vii) The electrochemical oxidation
process is promising with respect to the treatment of wastewaters
containing azo dyes.
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