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Influence of iron on degradation of organic dyes in corona
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Abstract

In this work application of AOPs such as Fenton process, aqueous phase high voltage electrical discharge (corona) and their combination
have been studied for colored wastewater treatment. Experiments were conducted on water solutions of four different organic dyes, two azo
dyes C.I. Mordant Yellow 10 (MY10) and C.I. Direct Orange 39 (DO39), and two reactive of azo type C.I. Reactive Red 45 (RR45) and
C.I. Reactive Blue 137 (RB137). The efficiency of studied AOPs has been estimated on the bases of UV–vis spectrophotometric and TOC
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easurements. The rate constants in the kinetic model have been determined. Experimental data have been compared with t
athematical model.
2004 Elsevier B.V. All rights reserved.

eywords:AOPs; Corona; Fenton process; Organic dyes; Wastewater

. Introduction

Organic synthetic dyes have been widely used as col-
rants in different industries such as textile, paper, color
hotography, pharmaceutical, food, cosmetic, etc.[1]. More

han 0.7 million tons of organic synthetic dyes are produced
nnually worldwide. Additionally to that, over 10 000
ifferent dyes and pigments have been applied in those

ndustries. Recent studies indicated that approximately 12%
f produced synthetic dyes per year have been lost during
anufacturing and processing operations[2]. Only from the
oint of view of textile industries, organic synthetic dyes
ave been in constant expansion showing a high pollutant
otential [3]. Wastewaters containing organic synthetic
yes present a very serious environmental problem because
f aesthetic nature and toxicity. Namely, the coloration is
isible even in a low dye concentration. The application
f reactive dyes mostly for dyeing of cotton often causes
olored effluents because of high solubility and hydrolysis of

∗

those types of dyes[4]. Almost 70% of all reactive dyes a
of the azo type[5]. Furthermore, commercial reactive a
dyes are intentionally designed to resist biodegradation[6].
Due to the characteristics of colored wastewaters conta
reactive azo dyes, their treatment is rather difficult, espec
by the conventional wastewater treatment methods bas
adsorption and biodegradation[7,8]. Generally, traditiona
wastewater treatment methods can be broadly classifie
chemical, biological, and physical–mechanical processe[9].
Physical–mechanical processes include adsorption, c
lation/flocculation, sedimentation, filtration and many o
methods. Major disadvantage of those methods is that th
not concern chemical reaction, which could lead to comp
mineralization, but on the contrary they produced secon
waste, which still present serious pollution problem for
environment[10]. Chemical methods, especially advan
oxidation processes (AOPs) seem to be more promising[11].
Advanced oxidation processes are a class of processe
focus on the production of hydroxyl radicals, highly reac
species, which promote oxidation of hazardous organic
pounds. Common AOPs involve Fenton and Fenton “l
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oxidation, photolysis with H2O2 and O3, high voltage elec-
trical discharge (corona-in further text) process, TiO2 photo-
catalysis, radiolysis, wet oxidation, water solutions treatment
by electronic beams or�-beams and various combinations of
these methods[12]. One of the most effective technologies
for the removal of organic pollutants from aqueous solutions
is the treatment by Fenton reagent (H2O2 and Fe2+ mixture).
Chemical mechanism describing hydroxyl radicals formation
[13], is presented with the chemical Eqs.(1) and (2) [14]:

Fe2+ + H2O2 → Fe3+ + OH− + •OH (1)

Fe3+ + H2O2 → Fe2+ + •OOH+ H+ (2)

Fenton reagent has been also applied successfully for
colored wastewater degradation[15–17]. Recently, one
of the possible methods for colored wastewater treatment
without addition of chemicals is application of high volt-
age electrical discharge system reactors (corona reactor).
Pulsed streamer high voltage electrical discharge involves
application of high voltage electrical discharge in water.
Various active species (•OH, •H, •O, HO2

•, O2
−, H2O2,

O3, etc.) are considered to be produced by corona discharge
in water or in an aqueous solution[18]. Among these active
species, major reactive species involved in the degradation
of organic pollutants are hydroxyl radicals and hydrogen
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ples were taken each 10 min (0, 10, 20. . .60). Experiments
were performed without adjusting the initial pH values.

Aqueous phase high voltage electrical discharge reactor
similar like in our previous work[21] was used. The power
supply circuit unit was the same like used by several other au-
thors for degradation of different types of organic compounds
in water solution[19,22–24]. Repetitive (60 Hz), fast rise time
high voltage pulses with microsecond range pulse width were
produced by power supply circuit unit and transported by
corona discharge electrode into reactor. The point electrode
(platinum wire) was placed near the bottom of the reactor. The
earth ground electrode was made from reticulated vitreous
carbon (RVC)[22] and submerged under the solution surface.
Homogeneous mixing of solution was achieved by magnetic
stirring bar. The glass vessel of 1 l was used as a reactor (see
Fig. 1). The applied voltage was 45 kV and duration of each
experiment was 1 h. Experiments were performed with and
without addition of FeSO4·7H2O (Fe2+ salt). In all exper-
iments without Fe2+ addition, conductivity was adjusted at
150�S/cm with 0.1 M KCl solution. Samples were taken ev-
ery 10 min (0, 10, 20. . .60). Experiments with iron addition
were performed with concentration of iron salt of 0.05 mM.
Samples were collected within 60 min. Conductivity of ap-
proximately 150�S/cm was achieved by addition of Fe2+

salt. Initial and final pH and conductivity were measured.
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eroxide. Hydroxyl radicals, aggressive and nonsele
pecies, directly attack organic compounds leading to
xidation of these compounds. Additionally, in the prese
f iron, hydrogen peroxide produces large number
ydroxyl radicals through Fenton reaction[19]. Application
f corona reactors for the degradation of colored wastew
ontaining organic dyes, including reactive and azo
as been reported in the literature[20,21]. Also, it has bee
nown that addition of iron salts in pulsed streamer co
eactor enhance degradation of several organic compo
11,12,22], including also degradation of organic dyes gi
n some of our previous researches[21], which induce
ppearance of classical Fenton process simultaneousl
igh voltage electrical discharge in aqueous media.

This study compares efficiency of Fenton process, pu
treamer corona and corona reactors with addition of
alts on degradation of several model solution based on
ive and azo dyes. Also it includes developing kinetic mo
or those degradation processes. Monitoring of the dye d
ation was based on two criteria. First one was decolo

ion of model solution monitored by UV–vis. Second o
as mineralization of organic dyes solutions supporte
easuring of total organic carbon value (TOC).

. Experimental

In this study experiments with the Fenton reagent w
erformed in a batch reactor with reaction mixture volu
f 1 l. The used Fe2+/H2O2 ratio was 1:5 and concentration

ron was 0.5 mM. Duration of experiments was 1 h and s
Initial dye concentration of 20 mg/l was used in all exp
ments. Decolorization was monitored by the UV–vis sp
rophotometers Perkin-Elmer EZ Lambda 201 and Spec
t maximum wavelengths (λmax,Table 1). Dye mineralization
rade was determinate by TOC analysis performed on
rganic Carbon Analyzer, TOC-VCPN Shimadzu. Initial an
nal pH and conductivity were measured by Cole-Par
odel 1484-10 conductivity meter.
Four different types of organic dyes, two monoazo

wo monochlorotriazine reactive dyes of azo type, were
Table 1). DO39, RR45 and RB137 are commercial dyestu
btained from CIBA-Geigy, Switzerland and Bayer AG, G
any, and purified while MY10 was synthesized in our
ratory following the procedure from the literature[25].

.1. Model formulation

The mathematical model which includes 18 chem
pecies (ions, atoms and molecules) and 54 chemical
ions has been developed using chemical reactions an
onstants from the literature[19,22]. The general mass ba
nce for a well-mixed, constant volume and constant tem
ture batch reactor is given by:

dci

dt
= −ri (3)

hereci is concentration in the bulk solution of specie
nd r i is the bulk phase rate of that species. A total o
imultaneous ordinary differential equations were solve
ngMathematica5.0 (Wolfram Research, Champaigne, I
he total rate constants for the degradation of MY10, DO
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Fig. 1. Experimental setup of corona reactor used.

RR45 and RB137 by hydroxyl radicals were determined by
trial and error method fitting the values for the rate constants
for the degradation of the dyes into the model.

3. Results and discussion

For the decolorization and degradation of MY10,
DO39, RR45 and RB137 by Fenton process, 0.5 mM of
FeSO4·7H2O and 2.5 mM of H2O2 have been used. From the
Fig. 2it can be seen that obtained decolorization extents after
1 h varied from 43 to 93%. The lowest result was achieved
for decolorization of MY10 by Fenton reagent. Namely, as it
was mentioned before MY10 was synthesized and purified by
crystallization in our laboratory and purity of MY10 dyestuff

sample it self has been almost 100%, while other studied dyes
were commercial dyestuffs with less purity. For the DO39 and
RB137 more than 90% color removal was obtained while with
the same conditions 70% of RR45 was decolorized. Miner-
alization extents of the studied dyes expressed as percentage
of TOC removal obtained in the Fenton process have been
shown on theFig. 3. The results have ranged between 29
and 37%. The highest mineralization extent was obtained for
DO39 (37%).

The second applied AOP for the decolorization of MY10,
DO39, RR45 and RB137 solutions was pulsed corona
discharge process. Among the AOPs wastewater treatment
methods, pulsed corona discharge was chosen for the decom-
position of the studied dyes because corona by itself produces
certain amount of OH•, such as in Fenton process. Within the

Table 1
Molecular structures of the studied dyes

Dye Name Structure λmax (nm)

MY10 C.I. Mordant Yellow 10 360

DO39 C.I. Direct Orange 39 420

R

R

R45 C.I. Reactive Red 45

B137 C.I. Reactive Blue 137
520

610
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Fig. 2. Color removal after 1 h treatment with Fenton process (0.5 mM of
FeSO4·7H2O).

Fig. 3. Mineralization extent after 1 h treatment with Fenton process
(0.5 mM of FeSO4·7H2O).

system in corona reactor it is possible to avoid the addition
of any other chemicals, which could load treated wastewater
[19]. Decolorization efficiency for the treatment of MY10,
DO39, RR 45 and RB137 in corona reactor has been shown
on theFigs. 4–6. Obtained color removals in 1 h of corona
treatment are given with absorbance versus time and pre-
sented on theFig. 4. Decreasing of absorbances during the
reaction of corona treatment can be seen, which imply the
chromophore destruction. The same results expressed as
percentage of color removal versus time were presented on

a.

Fig. 5. Color removal increase during the 1 h corona treatment.

the Fig. 5. From these two figures it can be seen that final
obtained decolorization extents were similar for the reactive
dyes, 22.6% for the RR45 and 25.2% for the RB137, while
results for the azo dyes of 25.6% for the DO39 and 17%
have shown higher differences for resulting decolorization
extents. Relatively poor decolorization extent of MY10
could be described at the same manner as in the discussion
of the reason for the low decolorization extent of MY10
with Fenton process (Fig. 2).

Since it has been known that significant quantity of hy-
drogen peroxide was produced during the pulsed corona dis-
charge[22] and in our study it was observed that corona pro-
cess by itself was not shown efficient enough (only 25.6%)
for the color removal, a set of experiments using addition of
FeSO4·7H2O directly to corona reactor has been performed
in order to enhance the production of hydroxyl radicals. The
amount of 0.05 mM of Fe2+ has been added to the corona reac-
tor. Results of the UV–vis spectrophotometric measurements
versus time have been shown onFig. 6. Significant increase
of absorption for the MY10 decolorization can be observed
and could be caused by the formation of the brownish Fe2+-
complex, which induces interference in the UV–vis spec-

F a and
F
Fig. 4. Decreasing of absorbance during 1 h treatment with coron
ig. 6. Absorbance dependence during the 1 h treatment with coron
enton process combination (0.05 mM of FeSO4·7H2O).
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Fig. 7. Color removal increasing during the 1 h treatment with corona and
Fenton process combination (0.05 mM of FeSO4·7H2O).

trophotometric measurement. Also it is known that iron com-
plexes of mordant azo dyes would yield brown to black shades
[26]. This complex absorb at higher wavelengths. As the re-
action was progressing the Fe2+-complex has been destroyed
by the attack of hydroxyl radicals formed in the corona and
Fenton process as well. In the case of other studied dyes just
absorption decrease versus time was observed (Fig. 6). On the
Fig. 7decolorization kinetics for the studied dyes have been
shown. The slowest decolorization rate was observed in the
case of MY10 due to the complex formation. It can be seen
that DO39, RR45 and RB137 were 100% decolorized after
1 h in corona reactor with addition of 0.05 mM Fe2+, while
MY10 was 83% decolorized under the same conditions. On
the Fig. 8 mineralization efficiency for the combination of
corona and Fenton processes have been shown. The range of
mineralization extents from 39% for the MY10 up to almost
100% for the DO39 can be seen. Relatively high percentage
of the TOC removal for the DO39 can be explained with the
relatively simple structure of the DO39 molecule in compar-
ison with the other molecules of reactive dyes. The relatively
low mineralization extent of MY10 could be explained at the
same way as it was mentioned earlier (Fig. 2).

F nton
p

Fig. 9. Comparison of experimental and model data for decolorization ex-
tents for the studied azo dyes in corona reactor.

Fig. 10. Comparison of experimental and model data for decolorization ex-
tents of the studied reactive azo dyes in corona reactor.

The comparison of experimental data and those obtained
with mathematical model was shown in theFigs. 9–12. It can
be seen that the model describes experimental results suc-
cessfully. The results for the rate constants obtained for the

Fig. 11. Comparison of experimental and model data for decolorization ex-
tents of the studied azo dyes during the treatment with corona and Fenton
process combination (0.05 mM of FeSO4·7H2O).
ig. 8. Mineralization extent after 1 h treatment with corona and Fe
rocess combination (0.05 mM of FeSO4·7H2O).
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Fig. 12. Comparison of experimental and model data for decolorization ex-
tents of the studied reactive azo dyes during the treatment with corona and
Fenton process combination (0.05 mM of FeSO4·7H2O).

Table 2
Rate constants of the studied dyes

Dye Rate constant (M−1/min)

MY10 1.3× 108

DO39 8.4× 1010

RR45 1.5× 108

RB137 1.9× 109

degradation of the dyes by corona discharge and Fenton pro-
cesses have been shown in theTable 2. It can be seen that
the highest one is the rate constant for the DO39 degrada-
tion with hydroxyl radicals. From the calculations obtained
usingMathematica5.0 it can be seen that the concentration
of hydroxyl radicals is relatively negligible in comparison
to concentrations of studied dyes, 10−14 versus 10−5. There-
fore, the kinetic of reaction between HO• and a dye molecule
could be considered as “pseudo-first” order[12].

4. Conclusion

For the decolorization and degradation of MY10, DO39,
RR45 and RB137 Fenton and corona discharge processes a
well as their combination were applied. The studied dyes
were decolorized up to 93% depending on the dye molecule
structure while the mineralization extents were up to 37%.
Fenton process was the most successful for the DO39 de-
colorization and degradation, 93 and 37%, respectively. De-
colorization of studied dyes with corona discharge process
was achieved to 26%. The highest color removal (26%) was
obtained for the DO39. Decolorization and degradation of
the studied dyes with the combination of corona discharge
and Fenton processes were up to 100 and 98%, respectively
A r the
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