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a b s t r a c t

In this study, the stoichiometry of decolorization of four dyes (Basic Yellow 28, Malachite Green, Reactive
Black 5 and Reactive Red 198) was investigated using ozonation processes. The decolorization of Basic
Yellow 28 (BY28) and Malachite Green (MG) was optimal at an acidic pH value of 3, whereas decolorization
of Reactive Black 5 (RB5) and Reactive Red 198 (RR198) was optimal at a basic pH of 10. Stoichiometric
Ratios (SR) between ozone and dyes were calculated to be 3.5, 7.1, 11 and 16.1 for BY28, MG, RB5 and
eywords:
ecolorization
zonation
toichiometry
yes
inetic

RR198, respectively. The correlation between ozone-double bond (DB) with the best linear fit and the
least relative error (ε (%)) was between aromatic ring number (AR

N) and SR, with regression coefficients
of 0.993 and 4.6, respectively. Also, the relationship between total double bond number (DBNT)–SR had
respective values of 5.1 and 0.983 for the ε (%) and regression coefficient. Additionally, the pseudo-first
order decolorization rate constants, k′, were decreased from aromatic ring number 2 (AR

2) to aromatic
ring number 5 (AR

5).
© 2009 Elsevier B.V. All rights reserved.
ouble bonds

. Introduction

Recently, decolorization of dyes has been studied extensively
ecause of their significant contribution to environmental pollu-
ion [1–4]. In the past year, 29.4 million tons of dye were produced
orldwide [5,6]. Dyes are used in the textile, leather, pharmaceu-

ical, printing, plastic, cosmetics, and food industries [7,8]. Because
ost dyes are toxic and potentially carcinogenic, the large volumes

f wastewater and contaminants generated by factories threaten
uman health [9]. Furthermore, colored wastewater affects the
esthetic merit and water transparency of receiving waterbod-
es [10,11]. Many different types of dyes exist from a variety of
lasses, including azo, anthraquinone, phthalocyanine, direct, reac-
ive, dispersive, acidic, basic, and neutral classes. Even at low
oncentrations, dyes with azo, anthraquinone, and phthalocyanin
s defined chromophoric systems give color to water. Solar irra-

iation can be absorbed by these systems, and solar irradiation

ntensity is vitally important for photosynthetic activity. However,
n deep water, solar irradiation may not reach the bottom or its
ntensity will be very low.

∗ Corresponding author. Tel.: +90 322 551 20 57; fax: +90 322 551 22 55.
E-mail addresses: erdalkusvuran@yahoo.com, ekusvuran@cu.edu.tr
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Conventional wastewater treatment methods, such as biological
processing, coagulation, and flocculation, are successful for color
removal, but they also cause new problems. Excess sludge pro-
duction due to pollution is not degraded and only changes phase
from wastewater to biomass or sludge. In recent years, advanced
oxidation processes (AOPs) have been used as an alternative tech-
nology based on the degradation of organic pollutants, ozonolysis
[12], and Fenton [13], photocatalytic [14,15], and wet-air oxi-
dation [1,2]. Among the AOPs, treatment with ozone processes
has yielded the most favorable results [13]. Most studies have
focused on discolorization, degradation mechanisms, and miner-
alization reactions in dye-ozone reactions [16–18], and few have
reported the relationship between ozone-substrate and the stoi-
chiometry of the degradation reaction during ozonation processes
[19,20].

Ozonolysis, the reaction of ozone with a carbon–carbon dou-
ble bond (C C), is well known. The C C bonds are very attractive
centers for addition reactions by ozone to yield unstable inter-
mediates, known as ozonides. According to the resonance hybrid
structure of ozone, it can behave either as an electrophilic or

nucleophilic reagent in its initial attack [21]. There is a greater
possibility of electrophilic attack than nucleophilic attack in
the ozonolysis of carbon–carbon unsaturated bonds; however,
electrophilic attacks are more common toward carbon–nitrogen
double bonds [22,23]. Despite the mechanism, a stoichiomet-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:erdalkusvuran@yahoo.com
mailto:ekusvuran@cu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.10.021
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ic relationship must exist between ozone and the double
ond.

Textile dyes are composed of C C, C N, and N N double bonds.
enerally, these double bonds are established in aromatic rings
nd create conjugation systems throughout dye molecules, making

hem ideal subjects for stoichiometric studies.

The iodimetric method has been used for the determination
f ozone concentration in solution by many researchers [24,25].
odimetry, with a detection limit of 0.1 mg dm−3, is fairly inexpen-
ive, easily applicable, and has good repeatability (2%). The limit

able 1
hemical structure and characterization of dyes.

Dyes �max (nm)

Basic Yellow 28 438

C.I. Basic Yellow 28
C.I. No. 48054
MW: 433.52 g mol−1

Malachite Green 618

C.I.: Basic Green 4
C.I. No. 42000
MW: 364.91 g mol−1

Reactive Black 5 580

C.I. Reactive Black 5
C.I. No. 20505
MW: 991.82 g mol−1

Reactive Red 198 542

C.I. Reactive Red 198
C.I. No. –
MW: 968.21 g mol−1
s Materials 175 (2010) 410–416 411

of detection can be reduced to 0.01 mg dm−3 by adding moderate
thiosulfate concentrations, as nitrogen oxide and other oxidants of
iodide ion can interfere if present. For discolorization studies, there
is a very low possibility that these oxides are present and that the
mineralization reaction will not be completed [7,26,27].
The first aim of this study was to determine the stoichiometric
ratio between ozone and double bonds for dyes composed of 2, 3,
4, and 5 aromatic rings in water until discolorization by ozonolytic
processes. The second aim was to characterize the kinetics of dis-
colorization.

Chemical formula



4 ardou

2

2

f
p
p
o
C
o
m

2

o
s
t
t
(
m
t
a
1

r
c
1
a
S
5

t
m
d
t
t
d
m
(
t
e
w
(

O

w
m
b
o

s
p
1
1
w
a
d
D
t
[

these pH values were calculated as 11% and 37% for RB5 and RR198,
respectively.

Fig. 1. Ozonolytic degradation of BY28 at various pH values ([BY28]0 =
0.9106 mmol dm−3).
12 E. Kusvuran et al. / Journal of Haz

. Materials and methods

.1. Materials

MG dye (for stoichiometric experiments only) was purchased
rom Riedel-de Haen AG (96%, Germany) and used without further
urification. BY28 (97%), RB5 (100%), and RR198 (98%) were sup-
lied from Dye Star (Table 1). Ozone gas was produced from pure
xygen (99.99%) by an Ozo-1VTT model ozone generator (Ozomax,
anada). The gas flow rate was monitored by a flow meter on the
xygen gas tube. Other chemicals were purchased from Merck (Ger-
any).

.2. Ozonolysis experiments

Necessary pH adjustments were made by titrating 0.1 mol dm−3

rthophosphoric acid with sodium hydroxide, and buffered
olutions of dyes were prepared at different initial concen-
rations (0.3035–1.8211 mmol dm−3) for each dye. 500 cm3 of
he dye solution was placed into a 1000 cm3 reaction tube
Pyrex), and the ozone gas was diffused into the reaction

ixture through a glass sparger at the bottom of the reac-
or. 1 cm3 samples were taken every 2 min for 30 min, with

dye concentration of 0.9106 mmol dm−3 at pH 3, 7 and
0.

Kinetic experiments were carried out at six dye concentrations
anging from 0.3035 to 1.8211 mmol dm−3 in a buffer of pH 3 at a
onstant temperature of 19 ◦C and constant O2 gas inlet velocity.
cm3 samples were taken every 2 min for 30 min for BY28, RB5
nd RR198, and the dye solution absorbance was analyzed using a
himadzuUV-1800 PC scanning spectrophotometer at 438, 580 and
42 nm, respectively.

Ozone traps containing 500 cm3 of potassium iodide solu-
ion (KI) (20 g dm−3) were used, with the outlet of the reaction

ixture tube set to measure the excess ozone concentration pro-
uced. The trap contents were titrated with standardized sodium
hiosulfate (Na2S2O3) (0.0100 mol dm−3), and ozone concentra-
ions were determined by the amount of titrant volume [28]. To
etermine the total ozone concentration diffused in the reaction
ixture at constant O2 gas inlet velocity, 500 cm3 of KI solution

pH 3) was added to the reaction tube. The KI trap and reac-
ion tube were titrated again with Na2S2O3 at the end of the
xperiment. The amount of consumed ozone (in mmol) by dyes
as calculated for each initial dye concentration according to

Eq. (1)):

Consumed
3 = OTotal

3 − OTrap
3 (1)

here OConsumed
3 is the amount of ozone (in mmol) reacted with dye

olecules, OTotal
3 is the total amount of ozone (in mmol) produced

y the ozone generator in an experiment, and OTrap
3 is the excess

zone captured by the KI trap.
To determine the ozone solubility in a buffer at pH 3, ionic

trength of 0.12 mol dm−3, 500 cm3 of the buffer solution was
laced in the reaction tube, and ozone gas was diffused for
0 min. After this time, 200 cm3 of this solution was placed in a
000 cm3 Erlenmeyer flask, and 200 cm3 KI solution (20 g dm−3)
as added. The mixture was shaken vigorously in the dark
nd then titrated with Na2S2O3. The solubility of ozone was
etermined as 6.54 mg dm−3. In addition to, according to the
ebye–Hückel theory, the solubility of ozone was calculated

heoretically as 6.46 mg dm−3 at 0.12 mol dm−3 ionic strength
29].
s Materials 175 (2010) 410–416

3. Results and discussion

3.1. The effect of pH on ozonolytic degradation of BY28, RB5 and
RR198

The experiments were carried out with a 0.9106 mmol dm−3 dye
concentration at pH values of 3, 7 and 10 (Fig. 1). The amount
of decomposed dyes was under the 5% level at pH 3, 3, 10 and
10 for the first 30 min of ozonolysis time for BY28, MG, RB5 and
RR198, respectively. Ozone reacts with organic compounds in two
different ways depending on the pH. One is by direct attack at
acidic pH values and the other is by free radical attack at basic
pH values [17]. The decomposition reaction between molecular
ozone and BY28 was more selective than that of radicals, espe-
cially hydroxyl radicals, while RB5 and RR198 exhibited opposite
selectivity. Decolorization of BY28 was obtained for 98.5% and 82%
of the 0.9106 mmol dm−3 dye concentration at 7 min of ozonation
time for pH 3 and pH 10, respectively. The attack of ozone to BY28
was 15% more effective than that of the hydroxyl radical, although
its oxidation potential (2.8 V) is higher than ozone. As shown in
Figs. 2 and 3, decolorizaton of RB5 and RR198 was higher at basic
pH values; the respective decomposition of these dyes was 100%
and 96%. The differences of the decomposition of dyes between
Fig. 2. Ozonolytic degradation of RB5 at various pH values ([RB5]0 =
0.9106 mmol dm−3).
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ig. 3. Ozonolytic degradation of RR198 at various pH values ([RR198]0 =
.9106 mmol dm−3).

.2. Stoichiometric ratio between ozone and dyes

The stoichiometric ratio of the ozone-dye decolorization reac-
ions was determined for each initial dye concentration and is
eported in Table 2 and Fig. 4. When the ratio of the decolorization
f dyes reached over 95%, the reaction was stopped, and the ozone
onsumption was calculated by titration with 0.010 mol dm−3

a2S2O3. The longest ozone consumption time, 50 min, was car-
ied out by RR198. Eighty-two percent of the 17.50 mmol ozone
roduced by the ozone generator was consumed by RR198. The sec-
nd longest time was for the ozone-RB5 decolorization reaction. In
his reaction, which was 38 min long, ozone consumption was 81%
f the 13.30 mmol of ozone produced. The ozone consumption of

G and BY28 was 6.33 and 3.20 mmol for ozonation times of 16 min

nd 10 min, respectively.
The ozone consumption was proportionally linear to the initial

ye concentrations (Fig. 4). According to Fig. 4, the stoichiometric
atio (nO3 /ndye) was calculated to be approximately 3.5, 7.1, 11.0

able 2
etermination of consumed ozone by dye molecules during ozonolysis experiments at d
nd titrant volume.

Dyes Produced O3

(mmol)
Initial dyes
(mmol)

Volume, cm3

(trap content)

BY28 3.5 0.911 200
0.759 100
0.607 100
0.455 50
0.304 50
0.152 50

MG 7.0 0.911 200
0.759 100
0.607 50
0.455 25
0.304 25
0.152 25

RB5 13.3 0.911 25
0.759 25
0.607 25
0.455 20
0.304 10
0.152 10

RR198 17.5 0.911 25
0.759 25
0.607 20
0.455 10
0.304 10
0.152 10

a The trap contents titrated by 0.010 mol dm−3 Na2S2O3 were normalized to a reaction
Fig. 4. Stoichiometric relationship between ozone and dye concentrations.

and 16.1 for the decolorization reaction with regression coefficients
of 0.994 for BY28, MG, RB5 and RR198, respectively.

The reaction between molecular ozone and carbon–carbon dou-
ble bonds (DB) is well known. The mechanism of ozone addition to
alkenes begins with the formation of unstable compounds called
initial ozonides. The process occurs vigorously and leads to the
spontaneous rearrangement to compounds known as ozonides.
Ozonides are very unstable compounds that are degraded to alde-
hydes or ketones [30]. The DBs of dyes with potential for cleavage
with ozone and their stoichiometric ratios are shown for each dye
in Table 3. The relationships between the stoichiometric ratios for
each dye and the total double bond number (DBNT), total C C dou-

R
ble bond number (DBNC C), AN , and C C + C N double bond number
(except N N double bonds, DBN N N) in the decolorization reac-
tions are shown in Fig. 5. While it was thought that ozone only
reacted with C C double bonds, the regression coefficient (0.801)
between DBNC C and stoichiometric ratios was very low. Similarly,

ifferent initial dye concentrations for each dye, titrated volume of KI trap contents,

Titranta vol. cm3

0.010 mol dm−3 Na2S2O3

Excess O3 in trap
(mmol)

Consumed O3 by
dye (mmol)

60 0.30 3.20
220 1.10 2.40
300 1.50 2.00
402 2.01 1.49
520 2.60 0.90
626 3.13 0.37

134 0.67 6.33
344 1.72 5.28
462 2.31 4.69
806 4.03 2.97
914 4.57 2.43
1190 5.95 1.05

512 2.56 10.74
1132 5.66 7.64
1356 6.78 6.52
1620 8.10 5.20
1952 9.76 3.54
2248 11.24 2.06

632 3.16 14.34
1054 5.27 12.23
1580 7.90 9.60
1992 9.96 7.54
2380 11.90 5.60
2906 14.53 2.97

volume of 500 cm3.
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Table 3
Stoichiometric ratios and characteristic double bond numbers of each dye.

Dyes DBNT (C C,N N,C N) DBN-N N (Except N N) DBNC C (C C) AR
N

nO3/ndye

BY28 8 8 6 2 3.5
MG 10 10 9 3 7.1
RB5 13 11 11 4 11.0
RR198 15 14 11 5 16.1
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Fig. 5. Linear fit of stoichiometric ratios as a function

he relevant value for DBN–N=N included C N double bond number
n DBNC=C, was observed higher than DBNC C 0.981. The respective
egression coefficients were calculated as 0.983 and 0.993 from the
lopes of the plots of stoichiometric ratio versus DBNT and AR

N .
In this study, the average percentage errors between the exper-

mental and predicted values were calculated using Eq. (2).

(%) =
∑N

i |[(SRi)cal − (SRi)exp]/(SRi)exp|
N

× 100 (2)

here ε (%) is the average percentage error, SR is the stoichiometric
atio, nO3 /nDye, with the experimental and calculated values of SR

ndicated by exp and cal, N is the number of measurements.

Table 4 shows the average percentage errors between the
xperimental and calculated data. According to these results, the
ighest value for ε (%) of SR calculated by using the equation

or the stoichiometric ratio derived from the DBNC C function,

able 4
he average percentage errors of derived equations depend on the characteristic double b

Double bonds characteristics Equations

DBNT (C=C,N=N,C=N) SR = 1.72 DBNT-10.38

DBN–N=N (C=C,C=N) SR = 2.14.DBN–N N-13.58

DBNC=C SR = 2.05.DBNC C- 9.50

AR
N

SR = 4.17 AR
N

– 5.17
racteristic double bond numbers and AR
N

for each dye.

SR = 2.05DBNC C − 9.50, was 60.7. The second highest value of ε (%),
14.9, was calculated the same way for SR = 2.14DBN–N N-13.58. For
both DBNT and AR

N , the relevant values were less than 10, with values
of 5.1 and 4.6 for the DBNT and AR

N functions, respectively. Although
double bonds out of aromatic rings (two C N in BY28, one C N in
MG, two N N in RB5, and one N N in RR198) were not included in
AR

N , both the observed regression coefficient and ε (%) were better
values when compared with the others. Therefore, it can be con-
cluded that ozone reacted selectively with AR

N in dye molecules via
molecular addition to double bonds at acidic pH values or by a free
radical mechanism at basic pH values.
3.3. Ozonolytic degradation and kinetics of dyes

The degradation experiments of BY28, RB5 and RR198 were
carried out with initial concentrations of 0.3035, 0.6071, 0.9106,

ond numbers of each dye.

Dyes nO3 /nDye Calculated values �(%)

BY28 3.4 5.1
MG 6.8
RB5 12.0
RR198 15.4

BY28 3.6 14.9
MG 7.9
RB5 14.3
RR198 18.6

BY28 6.9 60.7
MG 11.0
RB5 17.5
RR198 21.2

BY28 3.2 4.6
MG 7.3
RB5 11.5
RR198 15.7
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Fig. 6. Degradation of BY28 in solutions of various initial concentrations by ozona-
tion application (pH 3).

Fig. 7. Degradation of RB5 in solutions of various initial concentrations by ozonation
application (pH 3).
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Table 5
k′ rate constants, half-lives and initial degradation rates of BY28, RB5 and RR198.

Dyes [Dye]0 (mmol dm−3) k′ (s−1) t1/2 (s)

BY28 1.8211 0.0060 114
1.5176 0.0069 102
1.2141 0.0080 90
0.9106 0.0101 66
0.6071 0.0114 60
0.3035 0.0127 54

RB5 1.8211 0.0013 546
1.5176 0.0021 330
1.2141 0.0026 270
0.9106 0.0039 180
0.6071 0.0050 138
0.3035 0.0062 114

RR198 1.8211 0.0007 948
1.5176 0.0011 648
1.2141 0.0013 480

T
behavior, with a value of 0.983 for the regression coefficient. ε (%)
ig. 8. Degradation of RR198 in solutions of various initial concentrations by ozona-
ion application (pH 3).

.2141, 1.5176 and 1.8211 mmol dm−3 dye at pH 3, pH 10 and
H 10 for BY28, RB5 and RR198, respectively. Figs. 6–8 show the
ecolorization of BY28, RB5 and RR198 at different initial dye

oncentrations with varying ozonation times. The more diluted
he initial solution, the faster the degradation occurred. For
nstance, BY28, at an initial concentration of 0.3035 mmol dm−3,

as degraded completely after a reaction time of 4 min while it,
0.9106 0.0016 426
0.6071 0.0018 384
0.3035 0.0023 300

at 1.8211 mmol dm−3 initial concentration, was degraded about to
69% of dye.

The decolorization times of dyes were inversely proportional
with AR

N during the ozonation processes. With an initial concentra-
tion of 1.8211 mmol dm−3 BY28, the degradation, AR

2, was complete
in an ozonation time of 12 min, whereas the degradation of RB5, AR

4
and RR198, AR

5, was 60% and 40.5% complete.
The kinetics of the dyes were analyzed using the kinetic equa-

tion, −d[Dye]/dt = k′[Dye]. Pseudo-first order rate constants for
each compound were calculated from the slope of the plot of
− ln([Dye]/[Dye]0) versus time.

An inverse relationship was revealed between the ini-
tial dye concentration and the pseudo-first order kinetic
rate constants (Table 5). For initial dye concentrations of
1.8211–0.3035.10−3 mol dm−3, the respective first order rate con-
stants were in the range of 0.0060–0.0127 s−1, 0.0013–0.0062 s−1

and 0.0007–0.0023 s−1 for BY28, RB5 and RR198.

4. Conclusion

In this work, the optimum decolorization pH values by ozona-
tion processes were determined for each dye to be acidic (pH 3)
for BY28 and MG and basic (pH 10) for RB5 and RR198 because
of their effective mechanisms of decolorization. At the acidic pH,
ozone can directly react with BY28 and MG as an electrophile,
while at the basic pH, ozone reacts radically with RB5 and RR198.
Whether the ozone addition to the double bond occurs molecu-
larly or radically, the amount of ozone consumed by the double
bond was constant. The plot of SR versus DBs was strongly linear.
The determination of SR between ozone and dye molecules (BY28,
MG, RB5 and RR198) in decolorization experiments was achieved
even 2.1 × 10−4 mmol O3 dm−3 level by using iodimetric method.
SRs between ozone and dyes were calculated to be 3.5, 7.1, 11
and 16.1 for BY28, MG, RB5 and RR198, respectively. The consumed
ozone by double bonds was enhanced by increasing the double
bond number. The AR

N and DBNT of dyes were noted to be linearly
proportional with ozone consumption. The relationship between
ozone–DB was strongest between AR

N and SR, with a regression coef-
ficient of 0.993. Also, the SR–DBN relationship exhibited a similar
of equations obtained were also calculated. The smallest value of ε
(%), 4.6, was observed for ozone AR

N . The pseudo-first order decol-
orization rate constants, k′, decreased from aromatic ring number
2 (AR

2) to aromatic ring number 5 (AR
5).



4 ardou

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

16 E. Kusvuran et al. / Journal of Haz

eferences

[1] E. Kusvuran, O. Gulnaz, S. Irmak, O.M. Atanur, H.I. Yavuz, O. Erbatur, Comparison
of several advanced oxidation processes for the decolorization of Reactive Red
120 azo dye in aqueous solution, J. Hazard. Mater. 109 (2004) 85–93.

[2] E. Kusvuran, S. Irmak, H.I. Yavuz, A. Samil, O. Erbatur, Comparison of the treat-
ment methods efficiency for decolorization and mineralization of Reactive
Black 5 azo dye, J. Hazard. Mater. 119 (2005) 109–116.

[3] B. Gözmen, B. Kayan, M. Gizir, A. Hesenov, Oxidative degradations of reactive
blue 4 dye by different advanced oxidation methods, J. Hazard. Mater. 168
(2009) 129–136.

[4] B. Gözmen, M. Turabik, A. Hesenov, Photocatalytic degradation of Basic Red 46
and Basic Yellow 28 in single and binary mixture by UV/TiO2/periodate system,
J. Hazard. Mater. 164 (2009) 1487–1495.

[5] The overall structure of the dye sector in the world and in Turkey, the sectoral
developments from http://www.bosad.org/Default.aspx?bolum=78.

[6] A.M. Talarposhti, T. Donnelly, G.K. Anderson, Colour removal from a simulated
dye wastewater using a two-phase Anaerobic packed bed reactor, Water Res.
35 (2001) 425–432.

[7] Z. He, L. Lin, S. Song, M. Xia, L. Xu, H. Ying, J. Chen, Mineralization of C.I. Reactive
Blue 19 by ozonation combined with sonolysis:Performance optimization and
degradation mechanism, J. Sep. Purif. Technol. 62 (2008) 376–381.

[8] A. Ozcan, C. Omeroglu, Y. Erdogan, A.S. Ozcan, Modification of bentonite with
a cationic surfactant: An adsorption study of textile dye Reactive Blue 19, J.
Hazard. Mater. 140 (2007) 173–179.

[9] H.Y. Shu, W.P. Hsieh, Treatment of dye manufacturing plant effluent using an
annular UV/H2O2 reactor with multi-UV lamps, Sep. Purif. Technol. 51 (2006)
379–386.

10] J. Wu, H. Doan, S. Upreti, Decolorization of aqueous textile reactive dye by
ozone, Chem. Eng. J. 142 (2008) 156–160.

11] I.M. Banat, P. Nigam, D. Singh, R. Marchant, Microbial decolorization of
textile-dyecontaining effluents: a review, Bioresour. Technol. 58 (1996) 217–
227.

12] A. Gutowska, J. Kauzna-Czaplinska, W.K. Jozwiak, Degradation mechanism of
Reactive Orange 113 dye by H2O2/Fe2+ and ozone in aqueous solution, Dyes

Pigments 74 (2007) 41–46.

13] C.H. Wu, Decolorization of C.I. Reactive Red 2 in O3, Fenton-like and O3/Fenton-
like hybrid systems, Dyes Pigments 76 (2008) 187–194.

14] E. Kusvuran, A. Samil, O.M. Atanur, O. Erbatur, Photocatalytic degradation
kinetics of di- and tri-substituted phenolic compounds in aqueous solution
by TiO2/UV, Appl. Catal. B 58 (2005) 211–216.

[

[

[

s Materials 175 (2010) 410–416

15] S. Irmak, E. Kusvuran, O. Erbatur, Degradation of 4-chloro-2-methylphenol in
aqueous solution by UV irradiation in the presence of titanium dioxide, Appl.
Catal. B 54 (2004) 85–91.

16] W. Zhao, H. Shi, D. Wang, Ozone direct oxidation kinetics of Cationic Red X-GRL
in aqueous solution, Chemosphere 57 (2004) 1189–1199.

17] F. Erol, T.A. Ozbelge, Catalytic ozonation with non-polar bonded alumina phases
for treatment of aqueous dye solutions in a semi-batch reactor, Chem. Eng. J.
139 (2008) 272–283.

18] F. Zhang, A. Yediler, X. Liang, Decomposition pathways and reaction interme-
diate formation of the purified, hydrolyzed azo reactive dye C.I. Reactive Red
120 during ozonation, Chemosphere 67 (2007) 712–717.

19] F.J. Benitez, J. Beltran-Heredia, T. Gonzalez, F. Real, Kinetics of the direct reaction
between ozone and phenolic aldehydes, J. Chem. Tech. Biotechnol. 72 (1998)
235–244.

20] R.Y. Peng, H.J. Fan, Ozonalytic kinetic order of dye decoloration in aqueous
solution, Dyes Pigments 67 (2005) 153–159.

21] A.H. Riebel, R.E. Erickson, C.J. Abshire, P.S. Bailey, Ozonation of carbon-nitrogen
double bonds. I. Nucleophilic attack of ozone, J. Am. Chem. Soc. 82 (1960)
1801–1807.

22] P.S. Bailey, S.B. Mainthia, C.J. Abshire, The initial attack of ozone on unsaturated
systems. ozonolyses of unsymmetrical derivatives of 1,2-dibenzoylethylene, J.
Am. Chem. Soc. 82 (1960) 6136–6142.

23] P.S. Bailey, The reactions of ozone with organic compounds the reactions of
ozone with organic compounds, Chem. Rev. 58 (1958) 925–1010.

24] I.A. Alaton, I. Alaton, Degradation of xenobiotics originating from the textile
preparation, dyeing, and finishing industry using ozonation and advanced oxi-
dation, Ecotoxicol. Environ. Saf. 68 (2007) 98–107.

25] I.A. Alaton, A.E. Caglayan, Toxicity and biodegradability assessment of raw and
ozonated procaine penicillin G formulation effluent, Chemosphere 59 (2005)
31–39.

26] M. Constapel, M. Schellentrager, J.M. Marzinkowski, S. Gaba, Degradation of
reactive dyes in wastewater from the textile industry by ozone: analysis of the
products by accurate masses, Water Res. 43 (2009) 733–743.

27] J. Liu, H. Luo, C.H. Wei, Degradation of anthraquinone dyes by ozone, Trans.
Nonferrous Met. Soc. China 17 (2007) 880–886.
28] IOA Standardisation Committee—Europe, 001/96, 1996. Iodometric Method for
the Determination of Ozone in a Process Gas. International Ozone Association,
Brussels, Revised Standardized Procedure 001/96.

29] J.B. Speer, J. Maisel, Physical Chemistry, fourth ed., McGraw–Hill, Singapore,
1995.

30] T.W.G. Solomons, C.B. Fryhle, Organic Chemistry, ninth ed., Wiley, USA, 2007.

http://www.bosad.org/Default.aspx%3Fbolum=78

	Detection of double bond-ozone stoichiometry by an iodimetric method during ozonation processes
	Introduction
	Materials and methods
	Materials
	Ozonolysis experiments

	Results and discussion
	The effect of pH on ozonolytic degradation of BY28, RB5 and RR198
	Stoichiometric ratio between ozone and dyes
	Ozonolytic degradation and kinetics of dyes

	Conclusion
	References


