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ABSTRACT: The oxidative degradation of the azo dye Reactive Red 120 by ozonation was investigated. The
decolourization was carried out by bubbling ozone at the bottom of a bubble column reactor containing the dye
solution. The colour, chemical oxygen demand, and total organic carbon removal were evaluated, and the contaminants
were characterized based on the changes in UV-Vis and FT-IR spectra. It was observed that changes of UV-Vis spectra
represent the disappearance of both azo and aromatic groups, which causes the colour removal. FT-IR analysis indicated
that ozonation shifts the functional groups in the azo dye which results in decolourization, a decrease in aromaticity,
and an increase in acidity. The results indicate that the chromophore is destroyed and partially mineralized to small
fragments during ozonation. The alkaline pH was favourable to decomposition by ozonation, initiated by the formation
of the hydroxyl radicals. The oxidation followed first-order kinetics and the completed decolourization confirmed the
capability of ozonation to cleave the azo bond from the dye.
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INTRODUCTION

Synthetic dyes have increasingly been used in the
textile and other dyeing industries as they are easy
and cheap to synthesize, generate greater colour
variety than natural dyes, and are highly stable (i.e.,
resistant to light, temperature, and detergent) 13,
There are almost 700 000 t of approximately 10 000
types of dyes and pigments produced annually
worldwide, of which about 20% was assumed to be
discharged from textile industries*. The azo dyes
like Reactive Red 120 represents the largest and
most important class, that accounted for over 50%
of all commercial dyes™®. Zollinger” described the
success of azo dyes is due to the simple synthesis
procedure, great structural diversity, high molar
extinction coefficient, and medium-to-high fastness
properties to both light and wetness.

The release of these compounds into the en-
vironment is however undesirable because many
azo dyes and their by-products are toxic and mu-
tagenic®®. Even though the concentration of dyes
in wastewaters is low, it often receives attention
due to strong colour visible even at very low dye
concentrations. Residual colours are difficult to
remove completely by physical, chemical, or biolog-
ical treatment processes. Moreover, the wastewater

containing residual colour and compounds that are
not easily biodegradable may cause environmental
concerns and aesthetically displease!?. Without
sufficient treatment, dyes are stable and persist in
the environment for an extended period.

The treatment of dye-containing wastewater
poses considerable problems to the wastewater
treatment industry. Treatments using physical,
chemical, and biological procedures or its combi-
nations are well established methods for colour
removal *!. Conventional physical or chemical treat-
ment methods such as coagulation, flocculation, fil-
tration, adsorption, ion exchange or ultra-filtration,
although efficient, often produce sludge or solid
waste which requires further disposal*?7'°. Biolog-
ical treatment systems are often inefficient due to
low biodegradability of dyes '3.

The chemical oxidation treatments involves the
use of oxidants such as ozone, hydrogen peroxide,
permanganate, chlorine, and oxygen, to change the
chemical composition of a compound or a group
of compounds such as dyes'®. Among these oxi-
dants, ozone is the most widely used as it is highly
reactive and it can remove colour efficiently!’. In
a process called selective oxidation, ozonation can
effectively decolourize the wastewater by break-
ing the conjugated azo bonds associated with the
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dye'>!8. In principle, ozonation should be able

to oxidize inorganic substances to their highest
stable oxidation states and organic compounds to
CO, and water'*'?. Ozonation cleaves the con-
jugated bonds of azo dye chromophores, groups
which are responsible for the colour of the dye,
leading to colour removal and enhancing biodegrad-
ability2%2%, The ozonation has excellent potential
for dye-containing wastewater removal as it does
not generate sludge or solid wastes, decolourization
occurs simultaneous with degradation reducing op-
erational costs'>2%2%, Ozonation is effective in re-
ducing the colour of the dye-containing wastewater,
but not so effective in reducing the chemical oxygen
demand (COD) and total organic carbon (TOC)2°.

Despite the excellent potential of ozonation,
most studies have focused on the decolourization
rather than COD and TOC reduction. Thus the aim
of this study was to show that ozonation is effective
in reducing COD and TOC as well as decolourization
of azo dye (Reactive Red 120).

MATERIALS AND METHODS
Solutions

Reactive Red 120 (C44H30C12N1402086, Fig. 1) was
of analytical grade obtained from Sigma-Aldrich,
and used without further purification. A 10 g/l
stock solution was used to prepare a 0.5 g/l dye
concentrations by dilution. The pH of aqueous
solutions was adjusted using either 0.1 N NaOH
or 0.1 N HCI to raise or to lower the pH upon
decolourization and degradation. All solutions were
prepared using distilled water.

Methods

The schematic diagram of the bench-scale reactor
system shown in Fig. 2 consists of an oxygen cylin-
der, ozone generator, glass reactor, and KI reactor.
Ozone was generated from an A2ZZ-3G ozone gen-
erator utilizing 99.5% oxygen gas introduced at a
rate of 3 1/min. Ozone applications were carried
out in a cylindrical glass reactor (450 mm x 85 mm
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Fig. 1 General chemical structure of reactive Red 120.
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Fig. 2 Schematic diagram of the bench-scale reactor
system.

ID) of the 2000 m working volume. The dye solu-
tion with the concentration of 0.5 g/1 was injected
through a diffuser at a flow rate of 10.2 mg/min, fol-
lowed by 5 min aeration to remove residual ozone.
All connections from the ozone generator to the
reactor were made through Teflon tubing. Samples
were taken from the reactor every 5 min during
ozonation, and the total time for each experiment
was 40 min. The excess ozone, leaving the reactor
was decomposed through a glass reactor filled with
2000 m of 2% KI solution. The experiments were
conducted at room temperature, and samples were
withdrawn at definite time intervals for determina-
tion of colour, COD, TOC, UV-Vis, and FT-IR spectra
analysis.

Analytical methods

The ozone flow rate in feed gas was determined
by the Kl-starch titration method?®. The decolour-
ization and degradation were determined by mea-
surements of absorbance at wavelengths ranging
from 200-800 nm by a Hitachi UV-Vis U-2810 spec-
trophotometer. The maximum visible region (A,
535 nm) was employed as a base to follow the Reac-
tive Red 120 decolourization, using a 10 mm quartz
cell. The pH was measured by Hanna Instruments
HI223 pH meter. COD was determined in accor-
dance with the closed reflux, calorimetric method?”.
The TOC was analysed using commercially available
test kits (HACH Direct method, 10173) in a 15—
150 mg/1 concentration range?®. The evolution in
functional groups of the dye samples was analysed
using PerkinElmer Spectrum 400 FT-IR spectropho-
tometer over the range of 4000-400 cm™*. However,
the dye samples were evaporated at 65 °C, to remove
water completely from the samples prior to FT-
IR analysis. The characteristics of dye-containing
wastewater are shown in Table 1.
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Table 1 Characteristics of dye-containing wastewater.

Initial dye concentration 500 mg/1
pH 5.6
kmax 535 nm
COD 264.0 mg/1
TOC 98.0 mg/1
100 —{3—Colour
——COD
80 { —0—TOC
% 60
g
& 40
20
0
0 5 10 15 20 25 30 35 40 45

Contact Time (min)

Fig. 3 Removal of colour, COD and TOC during ozonation
at different contact times.

RESULTS AND DISCUSSION

Effects of ozonation on colour, COD, and TOC
removal

Fig. 3 shows the colour, COD, and TOC removal
percentages of Reactive Red 120 at an initial dye
concentration of 0.5 g/1 during ozonation. The pH
of the dye-laden synthetic wastewater was adjusted
to pH 7 prior to ozonation using a 0.1 N NaOH
solution. The ozonation was evaluated at 5, 10, 15,
20, 25, 30, 35, and 40 min. For a given time, an
increase in contact time has resulted in an increase
in colour, COD, and TOC removal. During the
first 5 min, there were no significant changes in
colour, COD, or TOC removal, but after 40 min they
reached nearly 100%, 60%, and 37%, respectively.
The colour removal occurred faster than COD and
TOC removal, indicating that the chromophore may
have been destroyed during ozonation and partially
mineralized to small fragments. Complete decolour-
ization confirmed the capability of ozone to cleave
the azo bond from the Reactive Red 120. However,
limited COD and TOC removal could be explained
by incomplete oxidation of organic materials and
production of small organic molecular fragment
along with the destruction of the dye-containing
wastewater not being completely oxidized ?°.

The COD removal was more efficient than TOC
removal throughout the ozonation experiments.
These results may suggest that small organic molec-
ular fragments resulting from the destruction of the
dyes are not completely oxidized to CO, and wa-
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Fig. 4 Changes of UV-Vis spectra during ozonation at
different contact times.

ter 2. The drop in TOC values may suggest that CO,
molecules are formed simultaneously with other
volatile organic compounds such as formaldehyde
and acetaldehyde during the ozonation®’. Ozona-
tion of Bomaplex Red CR-L dye of an initial concen-
tration of 1 g/1 approximately results in a 54% COD
removal®®, while ozonation of dyes generally leads
to small organic molecular fragments, such as acetic
acids, aldehydes, and ketones that result in a resid-
ual COD3!. COD resulting from these small newly
formed molecules can therefore be further degraded
by biological treatment. During the removal of the
reactive dye Procion Red MX-5B, COD removal was
better than TOC under identical operating condi-
tions of 0.25 g/I and 30 min ozonation'?, similar
results were also reported during 120 min ozonation
of Reactive Orange 13 dye?3.

UV-Vis spectra analysis

The changes of UV-Vis spectra during ozonation at
different contact times are shown in Fig. 4. The
reduction in absorbance in the visible region indi-
cated the decolourization through cleavage of the
chromophore, which in azo dyes is characterized
by the N=N bond. The chromophore containing
the azo bond has absorption in the visible region,
while benzene and naphthalene rings in the UV
region. Moreover, the naphthalene ring absorption
wavelength is higher than that of benzene rings>2.
The spectrum of the initial solution presents the
characteristics of the azo bond which causes the
colour at 535 nm and the benzene and naphtha-
lene rings bonded to the azo bond at 220 and
322 nm, respectively. The intensity of absorption
of the azo bond declined rapidly as the ozonation
time proceeded. The subsequent ozonation causes
continuous decrease of UV band intensities and
rapid disappearance of the visible band without the
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Fig. 5 Changes of FT-IR spectra during ozonation at
different contact times.

appearance of new absorption bands in the UV-Vis
region. The dramatic changes of UV-Vis spectra
represent disappearance of both azo and aromatic
groups, resulting in the decolourization and sug-
gesting the sensitivity of the oxidized dye molecule
towards ozonation.

FT-IR spectra analysis

Fig. 5 shows the FT-IR spectra of Reactive Red 120
during ozonation time of 0, 20, and 40 min. The ma-
jority of the absorption peaks present prior to ozona-
tion either shifted or disappeared. The peak inten-
sities characteristic of the azo bond (at 1500 cm™')
and the benzene ring (at 1600-1400 cm™) de-
creased with time. These results indicated that it
may be oxidized with the disappearance of both
the parental dyes and their primary aromatic break-
down products. The peaks located at 1180 cm™*
may be due to a sulphonate group, which almost dis-
appeared after ozonation. This indicates the miner-
alization of the sulphonate group during ozonation.
The new absorption peak at 1700-1600 cm™' ap-
pearing after 40 min ozonation is the characteristic
of C=C that may be formed from alkenes, while the
peak observed after ozonation in 3300-2500 cm™*
may be attributed to carboxylic acids®3. The inten-
sities of these absorption peaks increased with time,
indicating that some carboxylic acids were formed
during the degradation. The above observations
indicate that the sulphonic acid groups of the dye
may be substituted by hydroxyl groups followed by
oxidation and cleavage of the naphthalene ring with
the formation of low molecular weight carboxylic
acids'2. Based on the peaks obtained, azo groups
are detected in the initial sample, and disappeared
after ozonation. The result indicated that ozonation
shifted the functional groups in azo dye which result
on decolourization and decrease in aromaticity of
Reactive Red 120.
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Fig. 6 Effect of pH on decolourization and COD removal

at different pH.

Effects of pH

Ozonation was performed for 20 min at different pH
of 3,5, 7,9, 11 and the data is presented in Fig. 6.
Increase in colour and COD removal were observed
as the pH was increased from acidic to alkaline
range indicating that the alkaline pH is favourable
for decomposition by ozonation which is initiated by
the formation of the hydroxyl radicals at higher pH
values2%21:3% At pH 11, colour and COD removal
observed were 100% and 58%, respectively. The
ozonation pathways are either due to direct oxida-
tion by molecular ozone, or indirect oxidation by
hydroxyl radicals with oxidants in acidic solution is
molecular ozone, while in neutral and basic solution
it is the hydroxyl radicals®. Hence direct oxidation
is slower than indirect oxidation since the oxidation
potential of hydroxyl radicals is higher than that of
the ozone molecule.

Decolourization kinetics

The kinetics of the ozonation plays an important role
in assessing the efficiency and feasibility of treating
dye-containing wastewater. When the amount of
ozone is in excess or when the ozone concentration
is assumed to reach a stationary stage at the inter-
face, the oxidation rate follows pseudo-first-order
kinetics with respect to the concentration of the
organic substances3!. The decolourization kinetics
was evaluated by plotting In(C,/C,) values versus
reaction time following a first-order kinetics:

Ct = CO eXp(_kdt)’

where C,, C, are, respectively, the dye concentra-
tion after an ozonation time t and the dye initial
concentration; while k4 stands for the first-order
reaction rate constant. The kinetics experiment was
conducted with the initial concentration fixed at
100 mg/1 and an initial pH of 7. Fig. 7 shows that
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Fig. 7 Decolourization kinetics of ozonation at different
contact times.

the curve was well fitted to first-order kinetics, and
the square of the relative correlation coefficient, R?
of experimental results was higher than 0.96. The
slope of the linear curve represents the first-order
rate constant and was about 0.113/min. Similar
results were also reported that the slope of the linear
curve represents the first-order rate constant and
was about 1.09/min3!. The same first-order types
of behaviour were also reported elsewhere >3,

CONCLUSIONS

In the present study, the performance of ozonation
for colour, COD and TOC removal of azo dye Re-
active Red 120 dye were evaluated and found to
be an efficient technique for wastewater treatment.
The colour removal efficiency of over 98% was
obtained at contact time of 30 min, thus empha-
sizes that ozonation is a very efficient process for
colour removal. Moreover, the limited COD and
TOC removal obtained emphasize that COD removal
was more efficient than TOC removal throughout
the ozonation. The dramatic changes of UV-Vis
spectra represent the disappearance of both azo and
aromatic groups, resulting in the decolourization
of the dye sample and suggesting the sensitivity
of the oxidized dye molecule towards ozonation.
While the FT-IR analysis indicated that ozonation
shifted functional groups in azo dye which results
in decolourization and decrease in aromaticity. The
increase of pH from acidic to alkaline range would
increase the colour and COD removal. Those results
indicated that chromophore was destroyed during
ozonation and partially mineralized to small frag-
ments. Complete decolourization confirms the ca-
pability of ozonation to cleave the azo bond from the
Reactive Red 120. Hence the application of ozona-
tion as pre-treatment for biological treatment may
further mineralized the dye-containing wastewater.
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