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Abstract

Various processes including O3, powder activated carbon (PAC) adsorption, O3=HCO�3 , O3/H2O2 and O3/PAC were used in order to remove
dye and chemical oxygen demand (COD) from synthetic wastewater containing Bomaplex Red CR-L dye in a semi-batch reactor. These pro-
cesses rapidly removed the dye and COD from dye solution. The dye removal efficiency was over 99% for a reaction period of 30 min for all the
processes. It was observed that PAC adsorption and O3/PAC processes were considerably more effective than ozonation process for the removal
of COD from dye solution. The COD removal efficiency of O3/PAC was higher than PAC adsorption process. O3/PAC process was considerably
effective to remove COD from dye solutions despite using less amount of PAC (approximately four times less than one used for PAC adsorption)
for the same amount of COD removal with a higher efficiency. O3=HCO�3 process positively affected the COD removal efficiency, whereas
O3/H2O2 process negatively affected the COD removal efficiency as compared to the ozonation process alone. In addition, the yield and mechanisms
of dye removal were also explained on the basis of the results of Fourier transform infrared spectroscopy (FTIR). It was concluded that the
O3/PAC process is a highly efficient process to remove dye and COD from synthetic textile wastewaters as compared to the other processes.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the main problems in the treatment of textile dyeing
wastewaters is the removal of color [1]. In the late 195Os, the
trickling filter and activated sludge processes were started to
be used for the removal of the color in textile wastewater
[2]. However, the color of wastewater from new products of
nowadays is much more difficult to remove by physical tech-
niques such as adsorption and chemical coagulation, espe-
cially for highly soluble dyes. Apart from the physical
methods of decolorization, chemical oxidation using oxidants
such as ozone, chlorine or hypochlorite, hydrogen peroxide
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and potassium permanganate can be used to degrade the dye
substances; then the breakdown products can be removed by
conventional biological treatment processes [2].

The use of ozone in textile effluent treatment appears to be
a very attractive alternative with considerable application
potential. Ozone is a powerful oxidizing agent (Eo¼ 2.08 V),
when compared with other well-known oxidizing agents
such as H2O2 (Eo¼ 1.78 V), and can react with several classes
of compounds through direct or indirect reactions. Ozone is
capable of causing the degradation of dyes. Chromophore
groups, generally organic compounds with conjugated double
bonds can be broken by ozone (directly or indirectly) into
smaller forms, decreasing the color of the effluent [3e6].

Chemical oxygen demand (COD) and biological oxygen
demand (BOD) of aqueous dyes decrease after ozonation

mailto:eoguz@atauni.edu.tr
http://www.elsevier.com/locate/dyepig


330 E. Oguz, B. Keskinler / Dyes and Pigments 74 (2007) 329e334
[7]. It was reported that COD decreased only in the case of
pure dye solution, but for a real industrial wastewater, both
COD and total organic carbon (TOC) content remained
unchanged [8]. Ozone is also very effective for removing color
caused by water-soluble dyes, particularly fiber acid and reac-
tive dyes [1,9].

However, ozonation alone was proven to be rather ineffi-
cient for the reduction in COD or TOC, usually not exceeding
50% and 40%, respectively, independent from the initial dye
concentration [10].

The aim of this study is to research the synergic effect of O3

on conventional PAC adsorption for removing dye from waste-
water. In this work, the removal of Bomaplex Red CR-L dye
and COD from wastewater was studied using various pro-
cesses such as O3, PAC adsorption, O3=HCO�3 , O3/H2O2 and
O3/PAC. The results of these processes were compared in
order to determine the highest efficiency.

2. Materials and methods

2.1. Preparation of Bomaplex Red CR-L dye solutions

Bomaplex Red CR-L dye (1000 mg) was dissolved in 1 l of
distilled water and used as stock solution which had a pH
value of 9.3. The concentration of Bomaplex Red CR-L dye
in the stock solution was measured, and this solution was
used for further experimental solution preparation.

2.2. Preparation of H2O2 and HCO�3 solutions

The solutions of 7, 14 and 21 mM hydrogen peroxide and
6.5, 13 and 26 mM HCO�3 were prepared from hydrogen per-
oxide (50% solution, 1.2 g/ml) and NaHCO3 (Merck),
respectively.

2.3. Analytical methods

The measurement of COD was based on the ‘‘closed reflux,
colorimetric method’’ described in section 508 B.4. of
Ref. [11]. The digestion solution was first prepared by adding
10.216 g of K2Cr2O7 (Merck), which was previously dried for
2 h at 103 �C, 167 ml of concentrated H2SO4 (Merck) and
33.3 g of HgSO4 (Merck) into 500 ml of distilled water. The
mixture was then left to cool to room temperature before dilut-
ing to 1000 ml. Samples (1 ml) were put in tubes and 0.6 ml of
digestion solution was added. Then 1.4 ml of sulphuric acid
reagent was carefully poured into each tube so that an acid
layer was formed under the sample/digestion solution layer.
The tubes were inverted three times to mix properly. The mix-
tures were placed in an oven preheated to 150 �C for 2 h. After
cooling the samples were analysed using a UV spectrophotom-
eter (UV Spectrophotometer, Shimadzu 160A) at a wavelength
of 600 nm. Potassium hydrogen phthalate (KHP) (Merck) was
used to prepare standard solutions in the range 20e900 mg/l.
KHP has a theoretical COD of 1.176 mg O2/mg.

It was defined that the Bomaplex Red CR-L dye gave
a peak at 505 nm as it can be seen from Fig. 1. Dye removal
capacity was determined by the absorbance measurements at
this maximum visible absorbance wavelength of 505 nm.

A commercial activated carbon from Merck was used as the
adsorbent throughout this study. The surface area of the PAC
particles was measured by BET method at 77 K using a Quan-
tachrome QS-17 model apparatus [12]. The surface area of the
PAC particles was defined as 465 m2/g.

Fourier transform infrared (FTIR) spectra were recorded
with a PerkineElmer 1720 spectrometer (16 scans; resolution,
2 cm�1) over KBr pellet. Pullulan sample (2 mg) was first
manually well blended with 100 mg of KBr powder. This mix-
ture was then desiccated overnight at 50 �C under reduced
pressure prior to FTIR measurement. The objective of FTIR
analysis in this study is the observation whether dye interme-
diates adsorbed on the PAC modify the peaks of functional
groups on the PAC.

2.4. Adsorption studies

The adsorption studies were carried out at Bomaplex Red
CR-L concentration of 1000 mg/l. A given amount of powder
activated carbon was placed in 250-ml volumetric flasks and
mixed with 250 ml of stock solution. The experiments were
carried out at 18 �C and at a pH of 9.3. Concentrated HCl
and NaOH solutions were used to adjust pH. The mixture
was filtered before each measurement.

2.5. Ozonation studies

The experimental set-up shown in Fig. 2 includes an air
dryer, compressor, ozone generator and semi-batch reactor
having 1 l of volume. The air dryer consisted of a column
that was filled with a high adsorptive anhydrous CaCl2. Ozone
was generated using an ozonizer Model OG-24. The ozonee
oxygen mixture was then fed into the contact place through
a porous plate gas sparger placed into the semi-batch reactor’s
base.

Fig. 1. The spectrum curve of the Bomaplex Red CR-L dye at 505 nm.
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Fig. 2. Diagram of ozonation system.
The ozonation reactor consisted of a glass column of 7-cm
diameter, 40-cm height with a water-cooling jacket keeping
the reactor at constant temperature. A dye solution of
250 ml was used for each batch ozonation. A magnetic stirrer
was used together with the gas diffuser for sufficient circula-
tion of the dye solution. The Bomaplex Red CR-L dye used
in this study was supplied from a textile mill in Turkey (dye
textile industry company project, GaziAntep). The chemical
structure of the water-soluble dye is given in Fig. 3.

Ozone was generated from air, and was supplied into the
system through an Opal OG-24 model ozonizer at the rates
of 5, 10 and 15 l/min. Ozonation was performed in a cylindri-
cal semi-batch glass reactor (volume: 1 l). The Bomaplex Red
CR-L dye was ozonated for 30 min in the semi-batch reactor.
The ozoneeair mixture percentage (0.7, 1.1 and 1.4 O3%) was
continuously sparged through a diffuser.

3. Results

The effect of adsorbate concentration in the range of 500e
1000 mg/l on the removal of Bomaplex Red CR-L dye from
aqueous solutions is shown in Fig. 4. The equilibrium concen-
tration of the dye increased with increasing adsorbate
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Fig. 3. The general chemical structure of the Bomaplex Red CR-L group of

dyes.
concentration since the surface area per unit adsorbent
decreases. The dye removal efficiency after an adsorption pro-
cess of 30-min is approximately 99% at the initial dye
concentration of 1000 mg/l.

Fig. 5 shows the change in the initial dye and COD concen-
trations (from 400 to 1000 mg/l, from 285 to 695 mg/l O2)
with time during ozonation. The rate of the dye removal is
high at the beginning and then decreases with time. The effi-
ciency of dye removal after 30-min ozonation scarcely
increases with increasing initial dye concentration in the
wastewater. The dye removal efficiency at the end of the
30-min ozonation is above 99%. The COD removal efficiency
is approximately 54% and does not change with increasing ini-
tial COD concentration. Fig. 5 shows that ozone cleaved the
conjugated double bonds of dye chromophores, leading to
dye and COD removal.

Fig. 6 shows the change in the dye and COD removal effi-
ciencies during ozonation by O3/PAC process. PAC and O3 in
the O3/PAC processes were used as synchronize. The rate of
dye removal is high at the beginning and then decreases
with increasing contact time. For an ozonation of 30 min,
the dye removal efficiency was over 99%. As it is seen in
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Fig. 4. Effect of adsorbate concentration on the removal of dye and COD by

PAC process (CD: concentration of dye, RCOD (%): removal of COD efficiency,

PAC dose: 16 g/l, agitation rate: 5 rps, T: 18 �C, pH: 9.3).
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Fig. 6, PAC dosage used in the O3/PAC process was found to
be lower than the one used in the PAC adsorption process. The
ratio of PAC amount used in the O3/PAC process to PAC
adsorption process was approximately 0.375. After a reaction
time of 30 min by O3/PAC process, the maximum efficiencies
of dye and COD removal were above 99 and 84%, respec-
tively. Following the ozonation of solution, it was thought
that dye molecules were degraded into smaller and more polar
structures. O3/PAC process was found to be an effective pro-
cess to remove dye and COD removal as compared to ozona-
tion alone, O3/H2O2 and O3=HCO�3 processes.

Fig. 7 shows FTIR spectra of ozonated powder activated
carbon with different functional groups. The functional groups
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Fig. 5. Effect of contaminant concentration on the removal of dye and COD by

ozonation process (CD: concentration of dye, RCOD (%): removal of COD

efficiency, pH: 9.3, T: 18 �C, ozoneeair flow rate: 5 l/min, ozone generation

percentage: 1.4 O3 (%)).
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Fig. 6. Effect of contaminant concentration on the removal of dye and COD by

O3/PAC process (CD: concentration of dye, RCOD (%): removal of COD effi-

ciency, Co: 1000 mg/l, pH: 9.3, T: 18 �C, ozoneeair flow rate: 5 l/min, ozone

generation percentage: 1.4 O3 (%)).
on the PAC contain specific values of absorbance at different
wavenumbers. Bomaplex Red CR-L dye intermediates
adsorbed on the ozonated PAC after O3/PAC process consider-
ably shifted FTIR spectra of ozonated PAC from 500 to 4000
wavenumbers, as it is seen from Fig. 8. It shows that the dye
intermediates adsorbed on the ozonated PAC modified the
peaks of functional groups on the ozonated PAC.

According to the FTIR spectra, there is an electrostatic (co-
lumbic) attraction between the degradative dye intermediates
and PAC particles. As it is seen in Fig. 8, the interaction be-
tween intermediates and PAC particles fairly increased with
the formation of the more polar structures during ozonation.

Fig. 9 shows the change in the dye and COD removal effi-
ciencies by O3=HCO�3 process during ozonation. As it can be
seen from Fig. 9, at the end of 30 min, O3=HCO�3 process
removed a little more COD than that of ozonation process alone.
HCO�3 ions in the O3=HCO�3 process were used to scavenge
OH

�
radicals that occurred during ozonation. It is likely that

bicarbonate is the principal consumer of the hydroxyl radicals,
particularly when relatively high concentrations of bicarbonate
are present in water. The scavenging effect of bicarbonate also
lies in the fact that it reacts with hydroxyl radicals, to generate
bicarbonate radicals (HCO��3 ). These act as a very selective
additional oxidation species and which have a much lower
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Fig. 7. FTIR spectra of ozonated powder activated carbon (Bomaplex Red

CR-L concentration: 0 mg/l, PAC dosage 1 g/250 ml, ozone flow rate 15 l/min,

reaction time: 30 min and T: 18 �C).
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Fig. 8. FTIR spectra of ozonated PAC containing adsorbed dye intermediates

(Bomaplex Red CR-L concentration: 1000 mg/l, PAC dosage 1 g/250 ml,

ozone flow rate 15 l/min, reaction time and T: 18 �C).
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reaction rate constant than hydroxyl radicals for the oxidation
of organic micropollutants [13]. It was reported that bicarbon-
ate ions scavenge hydroxyl radicals to produce intermediates
not releasing a radical-type chain carrier, thereby quenching
the radical-type chain reaction [13].

However, under neutral pH conditions, the inorganic carbon
exists mainly in the form of bicarbonate, which is present in
surface and ground waters at concentrations typically in the
range of 50e200 mg/l. Higher concentrations may be encoun-
tered in high alkalinity waters. Bicarbonate ions take part in
reactions with hydroxyl radicals in competition with refractory
organic pollutants which has a relatively lower rate constant.
For example, for bicarbonate ion the rate constant is
8.5� 106 M�1 s�1 [14].
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Fig. 10 shows the effect of contaminant concentration on
the removal of dye and COD by O3/H2O2 process. Since the
oxidation potential of hydroxyl radicals is much higher than
that of the ozone molecule, direct oxidation is slower than rad-
ical oxidation. The increase in OH

�
radicals in the solution

showed a positive enhancement in the Bomaplex Red CR-L
dye removal as examined in Fig. 10. But, H2O2 used in the
O3/H2O2 process negatively affected the removal of COD
from synthetic wastewater. It was thought that OH

�
radicals

in the O3/H2O2 process transformed dye molecules into
much more intermediates, these intermediates caused to
increase COD values.

The stability of hydrogen peroxide solutions depends on
many factors, including concentration, temperature, pH, con-
centration of stabilizer, and the presence of contaminants
such as chromium, copper, iron, zinc, and has a maximum at
pH 2.5e4.5 [15].

The experimental COD values of the samples having differ-
ent concentrations of hydrogen peroxide have been quoted
from the study of Refs. [6] and [16] (Fig. 11). As it can be
seen in Fig. 11, which shows the comparison between the
experimental values and those of Refs. [6] and [16], the results
are very different from one another.

Kuo showed that the increase in the COD value with
increasing dosage of hydrogen peroxide is caused by the re-
maining hydrogen peroxide influents. Kuester and Mize have
studied the interference of hydrogen peroxide on the COD
test. They proposed Eq. (1) for calculating the COD value.
The correlation coefficient (R) is used to represent the degree
of fit with R2¼ 1 corresponding to a perfect fit [17] in the
regression analysis.

CODH2O2
ðmg=lÞ ¼ 0:4706½H2O2� � 4:06� 10�5½H2O2�2 ð1Þ

A theoretical COD value of 1000 mg/l hydrogen peroxide ac-
cording to the reaction given in Eq. (1) is 470.6 mg/l [17].

Fig. 11. Plot of the CODH2O2
value vs the concentration of hydrogen peroxide

in water solution: (B) experimental; (D) data of Ref. [16]; (,) data of

Ref. [6].
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Thus the ratio of the COD value to the concentration of hydro-
gen peroxide is 0.4706. The H2O2 concentrations used in this
study were defined as 7, 14 and 21 mM, respectively. In this
study, to define values of COD arising from H2O2 was used
Eq. (1), and the values of interference were subtracted from total
COD values. In this way, the real COD values were modified.

4. Conclusion

In this study, the dye and COD removal from synthetic tex-
tile wastewaters in a semi-batch reactor were conducted by
using processes such as O3, PAC adsorption, O3=HCO�3 ,
O3/H2O2 and O3/PAC, and compared with ozonation process
alone. Ozonation was a much more effective process to remove
dye from textile wastewater, but not sufficient to remove COD
when used alone. The much more effective processes to
remove dye and COD were PAC adsorption and O3/PAC.
However, O3/PAC process was found to be more adequate
than ozonation alone with respect to the used PAC dosage.
The ratio of PAC used between the O3/PAC process and
PAC adsorption process was obtained as 0.375. PAC used in
the O3/PAC process displayed both characteristic of adsorbent
and catalyst. At result of a reaction time of 30 min, the effi-
ciencies of dye and COD removal from Bomaplex Red
CR-L synthetic textile wastewater by O3/PAC process were
over 99 and 84%, respectively. As a consequence of this study,
it was concluded that O3/PAC process, which has a synergic
effect, was a much more effective method to remove dye
and COD from textile wastewaters.
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