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Abstract

Discharge of textile wastewater into water-bodies causes serious environmental and health problems. Wastewater color remains due to
the non-biodegradable nature of the dyes. However, treatment with ozone can lead to the destruction of the dye molecule, decolorizing thus
the textile effluent. In this paper, treatment with ozone in a bubble column reactor resulted in rapid destruction of azo-reactive dyes, utilized
primarily for dyeing cellulose fibers. Moreover, ozonation kinetics can be described as a mass-transfer-control process. Combining ozonation
with a novel radio-frequency alternating electric field inductance device led to faster destruction of the azo-reactive dyes due to synergetic effects.

Keywords: Azo-reactive dyes; Alternating electric field; Bubble column reactor; Ozonation; Radio-frequency; Textile wastewater

Introduction

Ozone, the triatomic, allotropic form of oxygen is a very
powerful oxidant with many commercial and industrial
applications. Its name is the derivative of the Greek verb “0Z(”,
meaning “I smell bad”, due to its characteristic unpleasant odor.
Ozone is used commonly in potable and non-potable water
treatment, as well as in industrial wastewater management. The
considerable oxidizing power of ozone and its molecular oxygen
by-products make it a first choice for oxidation or disinfection
over the many various chemical alternatives. It is indeed one
of the most active, readily available oxidizing agents that can
be generated on-site. Furthermore, ozone rapidly decomposes
to oxygen leaving no traces, while its reactions do not produce,
in general, toxic substances (e.g., halogenated compounds). It
reacts, directly or indirectly, with complex organic and inorganic
compounds breaking them into simpler and smaller molecules.
The oxidizing action of ozone in aqueous solutions is rather
complex since ozone acts by several mechanisms, including the
presence of other highly strong oxidizing agents, like atomic
oxygen (|0|), perhydroxyl (HO,¢), or hydroxyl (OHe) free radicals.
In practice, both direct and indirect oxidation reactions occur.
However, one kind of reaction usually dominates, depending
on various factors, such as temperature, pH, and chemical
composition of the aqueous solution [1-3].

Direct oxidation of organic compounds takes place via a quite
selective reaction mechanism, during which ozone reacts
quickly with compounds that contain double bonds, activated
aromatic groups or amines. Moreover, the ozone molecule can
act in three different ways; (1) as a 1,3-dipole; undergoing a 1-3
dipolar cyclo-addition with unsaturated organic compounds;
(2) as an electrophilic agent; in molecular solutions that have a
high electronic density (e.g., aromatic compounds), and (3) as
a nucleophilic agent; in reactions with carbon compounds that
contain electron-withdrawing groups (e.g., ~-COOH and -NO,) [4-
71.

On the other hand, indirect reactions in an ozone oxidation
process can be very complex. As a matter of fact, an indirect
reaction takes place according to the following steps: (1)
Initiation; leading to the formation of free radicals (e.g., O,e,
HO,s, OHe), (2) Radical chain-reaction; a chain-reaction develops
which is maintained by the so-called promoters (e.g., primary
and secondary alcohols). The reaction speed of hydroxyl radicals
(OHe) is thousands of times higher than that of ozone. However,
this does not mean that hydroxyl radical oxidation always takes
place more rapidly than ozone oxidation. Hydroxyl radicals are
consumed by radical inhibitors (e.g., HCO,-/C0?, PO,*, humic
acids) in water much faster than ozone, and (3) Termination
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the final reactions take place where harmful substances are
decomposed to less harmful substances, or even completely
mineralized [4-7].

Among ozone’s numerous applications, decoloration of
textile wastewater has gained an increasing interest the recent
years. Discharge of dye-containing effluents into water bodies
causes serious environmental and health problems. The effluents
are toxic and carcinogenic with a complex structure mainly based
on aromatic amines that also generate toxic by-products of their
partial degradation. Wastewater from textile dyeing processes
is very hard to treat by conventional activated sludge systems.
Wastewater color remains due to the non-biodegradable nature
of the dyes. Physico-chemical methods such as, coagulation/
flocculation, clay, perlite and activated carbon adsorption, as
well as reverse osmosis techniques, have been developed in
order to remove the color. However, the latter methods can only
transfer the contaminants (dyes and dye by-products) from one
phase to the other, leaving the problem essentially unsolved [8-
13]. Therefore, attention had to be focused on techniques that
lead to the destruction of the dye molecules.

Advanced Oxidation Processes (AOPs), such as, treatment with
ozone (03), Ultra Violet and Hydrogen Peroxide (UV/H,0, UV/0./
H,0,), can lead to destruction of the dye-molecule chromophore

group, decolorizing thus the textile effluent. More specifically,
the azo double bond (-N=N-) in azo textile dyes breaks initially
leading to the formation of intermediate colorless products (e.g.,
nitrosamines). The latter products can be further degraded to
simpler products till complete mineralization [14-17]. Moreover,
the synergetic effects of ozonation, combined with other
treatment techniques, like Ultra-Sound, UV and H,0, (US/0,, US/
0,/UV, Us/0,/H,0,) have also showed promising results [18-20].
Finally, AOPs like several pulsed power treatment techniques,
which in situ generate highly strong oxidizing agents (e.g., OHs,
He, O, H,0,, 0,, 0,), have been tested on azo-dye effluents with
success the recent years [21-24].

The objective of this paper is, firstly, to demonstrate the
ability of ozonation to fully and effectively decolorize aqueous
solutions of azo-reactive dyes, and secondly, to investigate the
synergetic effect of a Radio-Frequency Alternating Electric Field
(RFAEF) inductance device on the ozonation of the above dyes.
All the experiments were carried out in a Bubble Column Reactor
(BCR). Bubble column reactors are widely used in chemical,
petrochemical, biochemical, and metallurgical industries. The
absence of moving parts, their low operating and maintenance
costs and the excellent mass and heat transfer rates explain the
large number of applications developed with this type of reactor
[25,26].
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A) RY84: Evercion Yellow H-E4R (C.I. Reactive Yellow 84)
Molecular Formula: C_H,.,CI,N, Na O, S, (Molecular Weight: 1628.22)
B) RR120: Evercion Red H-E3B (C.I. Reactive Red 120)
Molecular Formula: C,,H,,CLN,,0, S ,Na, (Molecular Weight: 1469.98)
C) RB198: Evercion Blue H-EGN (C.I. Reactive Blue 198)
Molecular Formula: C,,H, CI,N, Na,O, S, (Molecular Weight: 1304.80)
Figure 1: Molecular and structural formulae of the azo-reactive dyes.
\ J

Three (3) of the most representative and commonly used
azo-reactive dyes, most suitable for dyeing cotton and polyester/
cotton blended fabric, were tested. More specifically, the dyes
used were: C.I. Reactive Yellow 84 (RY84), C.I. Reactive Red 120
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(RR120) and C.I. Reactive Blue 198 (RB198), manufactured by
“Everlight Chemical Industrial Co.” (Taiwan); they are highly
soluble in water and their characteristics and structural formulae
are given in Figure 1 [27].
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The radio-frequency alternating electric field aid of an advanced oscillator. Moreover, the magnetic induction
inductance device was practically zero (~ 1x10'? Gauss) and there was no need
for an earth-electrode. Furthermore, the alternating electric field
was 100% of the sinewave type, producing a minimum number
of harmonic frequencies (Figure 2).

Our novel electronic device operated at 12 V and its output
induced in water a 6,000 V alternating electric field of a
frequency of 600 kHz (medium frequency radio band), with the
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Figure 2: Block diagram and photo of the RFAEF inductance device.
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The bubble column reactor model 3188, 20 Watt, 200 mg 0,/h, China) was utilized as the
e Y ozone source. All the experiments were carried out at ambient

conditions (temperature range: 18-22 °C); pH and temperature

DEVICE pH, T (2€)
---------- were measured by a Hanna, HI 8424 pH-meter. The dye aqueous
' solutions (50 mg/L) were prepared immediately before
experimentation using deionized water. Samples were withdrawn
from the reactor at certain time intervals, filtrated with 0.45 pm-
0 O, cormming pore filters and the dye-content was immediately determined
000 o0 aemwoe - . .
do &C ‘ utilizing a UV/VIS Hitachi U-1100 spectrophotometer. The
o . .
o 000000 wavelength of the maximum absorbance (A _, Figure 1) was
Q
b|°°°0 P used for each dye-sample measurement.
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All experiments were carried out in a semi-batch mode . .\\‘;‘:‘ .
bubble column reactor (Diameter: 5 cm, Volume: 250 mL). 0 10 20 30 10
The RFAEF inductance device was connected with the bubble tima (min}
column reactor by means of a copper ring electrode that was Figure 4: Remaining portion (X) of dye (RY84) in aqueous
attached on the external surface of the reactor; just under the solution vs. time (Series 1: Ozone, Series 2: Ozone/RFAEF,
top of the water level (Figure 3). An “Ozone Purifier” (Guanglei, | Series 3: RFAEF). )
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Figure 5: Remaining portion (X) of dye (RR720) in aqueous
solution vs. time (Series 1: Ozone, Series 2: Ozone/RFAEF,
Series 3: RFAEF) .
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Figure 6: Remaining portion (X) of dye (RB798) in aqueous
solution vs. time (Series 1: Ozone, Series 2: Ozone/RFAEF,
Series 3: RFAEF)
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Three (3) different experiments were performed for each
azo-reactive dye aqueous solution. Firstly, the possible effect
of the RFAEF inductance device alone on decoloration was
investigated. For these experiments, an impeller was introduced
in the bubble column reactor, in order to provide adequate
agitation. Secondly, ozonation of the dye solutions without the
above electronic device was performed. Finally, combination of
ozonation with the RFAEF inductance device and the possible
synergetic effects were investigated. The decoloration results of
all the experiments are presented in Figures 4-6.

Treatment with the RFAEF inductance device alone did not
show any observable reduction in the color of the dye-aqueous
solutions, at least in the first 30 min of the experiment, as
depicted in Figures 4-6. It's been well-established that strong
oxidizing agents (free radicals, ozone) are created in an aqueous
solution under an intense pulsed electromagnetic field [23,24].
However, in our case, the concentration of the above oxidizing
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agents was obviously very low to cause decoloration of the dye-
aqueous solutions.

Contrarily to the above results, ozonation led to rapid
decoloration. As a matter of fact, full destruction of color was
observed in the first 15 min in all experiments, while more
than 70% of color vanished in the first 5 min (Figures 4-6). It
is obvious that, ozone attacked initially the chromophore part
of the azo-reactive dyes (azo double bond), breaking it and
leading to the formation of intermediate colorless products
(e.g., nitrosamines) [4,5]. Moreover, the pH of the dye solutions
dropped slightly, but clearly in all cases; from an initial value of
5-5.5to a final pH of around 4.5-4.8, while temperature remained
essentially constant throughout the experiment. The drop of
pH is attributed to the dye decomposition and the formation of
organic (carboxylic) and inorganic acids; a phenomenon that
has been also described by other researchers during azo-dye
decomposition by differentiated methods [21,24].

From the Kkinetics-modeling viewpoint, ozonation of dye-
aqueous solutions is a gas-liquid reaction; ozone is the gaseous
reactant while the dissolved azo-reactive dye is the reactant in
the liquid (aqueous) phase. Either directly or indirectly, ozone
reacts rapidly with the dye molecules [1,4]. Thus, assuming
spontaneous chemical reaction, ozonation kinetics can be
described as a mass-transfer-control process [28]. Moreover, dye
concentration in water can be safely considered as not high (max
values: 3.07x10° to 3.83x10° M). At steady state conditions, the
rate equation with respect to dye concentration (C,) can take the
following simplified form of a pseudo-first order reaction [28]:

-dC,/dt = kC, (9]
From equation 1, the following equation can be derived:
InX = -kt (2)

where X is the portion of the dye remaining into the aqueous
solution (X ==C,/C, ), C, = dye concentration at time ¢, and C, =
the initial dye concentration.

Based on the experimental data, Figure 7 presents the
graphs of equation (2) for the ozonation of each azo-reactive
dye solution. Indeed, the above assumptions, which led to the
description of a pseudo-first order chemical reaction are verified
accurately, as depicted from all the correlation coefficients (R?)
of Figure 7.

Although ozonation of azo-reactive dyes is indeed a very fast
reaction, the combination of ozone with the RFAEF inductance
device resulted to even faster decoloration. Compared to
ozonation alone, a small but discrete and consistent increase of
~ 5-10% in the destruction of color was observed in the first 5
min, in all cases (Figures 4-6). Moreover, the pH of the aqueous
solutions dropped to around 4-4.2, indicating a higher degree
of dye-molecule decomposition compared to ozonation alone.
At the same time, temperature in the bubble column reactor
increased 5-6 °C in all cases. The latter results are indicative of
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the synergetic effects of the combined process. Similarly to other
hybrid processes (UV/0, US/0,) [17,18], the above synergetic
effects can be attributed to two (2) different causes. The first
cause is the increase in the total mass-transfer coefficient
of ozone through the gas-liquid interface. That is due to the
cavitation effect of the alternating electric field action, which
splits the air/ozone bubbles to myriads of smaller ones. Thus, the
surface area of the gas-liquid interface increases, leading to the

subsequent increase in total mass-transfer coefficient of ozone.
The second cause is the rapid decomposition of ozone, forming
free hydroxyl (OHe) and other radicals due to the alternating
electric field direct or indirect action (thermal decomposition
due to temperature rising). As already stated above, the reaction
speed of hydroxyl radicals with organic matter (azo-reactive
dyes in our case) is thousands of times higher than that of ozone
[17,18].
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Figure 7: Graphs of equation (2) for the ozonation of each azo-reactive dye.
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Future work will focus on scaling up and the use of real textile
wastewater for the experiments. Moreover, the development of
an advanced and more effective RFAEF inductance device is also
part of our main scientific targets.

Conclusion

Ozonation of azo-reactive dyes, used for dyeing cellulose
fibers, in a bubble column reactor, led to rapid and effective
decoloration of the respective aqueous solutions. Destruction
of azo-reactive dyes was accompanied by a decrease in the pH
of the aqueous solutions due to the formation of organic and/
or inorganic acids. Combining ozonation with a radio-frequency
alternating electric field inductance device resulted in even
faster decoloration of the azo-reactive dye aqueous solutions due
to specific synergetic effects.
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