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ABSTRACT

The degradation and mineralization of azo dyes, Acid Red 88 (AR88), were studied by several
oxidant methods, including UV, H,O,, O;, UV/O;, UV/H,0,, O3/H,0,, and UV/0O3/H,0,,
and the production yields of the hydroxyl radicals (¢ OH) in each oxidation process were also
determined. The results showed it could not produce a perceptible of ®OH using single UV,
H,0,, or O; method; however, the combined ones involving Os, i.e. O3/H,0,, UV/O3 UV/
O3/H,0,, all showed high generation of *OH, which resulted in good degradation perfor-
mance of AR88. Among the seven oxidation methods, UV/O;/H,0, was proved to be the
best for generation of *OH with an average generation rate up to 1.13 mg L™ min™" in 30 min
and also the most effective system for degradation and mineralization of AR88 with a total
organic carbon (TOC) removal efficiency of 88% in 30 min after reaction. It was found that the
pH value decreased as the increase of TOC and AR88 removal efficiencies during the mineral-
ization process. The degradation intermediates including benzene, naphthalene, naphthalene
sulfonic acid, and phthalic acid were detected using gas chromatography—mass spectrometry.
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1. Introduction

As the largest class of dyes used in textile, leather,
and paper industries [1], azo dyes are very stable with
good resistance to sunlight and aerobic degradation.
When Acid Red 88 (ARS88) solution is incorporated
into the body, they can be cleaved into aromatic
amines which are toxic, carcinogenic, and mutagenic
[2,3]. Tt is estimated that approximately 2% of the total
synthetic dyes produced worldwide are lost directly
during the dyeing process, and 10% are subsequently
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discharged in the textile effluents during the colora-
tion process [4]. Therefore, the elimination of hazard-
ous dyes from textile wastewater effluents is vital for
human beings [5]. But the wastewater discharged from
textile industry is hard to be degraded by conven-
tional methods due to its high toxicity, complicated
compounds, and biological hazard. Other methods
like biodegradation and chemical precipitation have
been used for the removal of certain dyes. However,
biodegradation process is always accompanied by the
formation of carcinogenic and toxic by-products [6],
while chemical precipitation method generates prob-
lems in sludge handling and disposal [7]. In order to
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overcome these limitations, it is necessary to adopt
reactive systems, which are much more effective than
the conventional ones.

In recent years, the systems of O3, H,O,, UV, and
combinations of various processes, which can generate
numerous hydroxyl radicals within a short time, have
been widely used in the degradation and complete
mineralization of azo dyes because of its exceptional
properties such as low cost, simple process, efficient
oxidation, nontoxicity, and no dangerous by-products.
Hydroxyl radical is an extraordinarily reactive species
which can attack most parts of the organic molecules
at a rapid rate [8]. Many researchers have used AOPs
for photocatalysis, sonolysis, Fenton and modified
Fenton reactions, ozonation, and UV/H,0O, for the
degradation of azo dyes [9-13]. Matilainen and
Sillanpaa [14] provided a thorough review of published
oxidation and AOPs studies that have been conducted
on both industrial and synthetic wastewaters.
However, these studies were primarily focused on
evaluating the post-process determination of residuals
or the effects of various parameters on removal
performance [15].

In this study, the yields of *OH generated in the
UV, HyO,, O3 and combinations of various systems
were determined to compare their oxidation capacities
directly and the degradation efficiencies of AR88 by
various oxidation systems were also compared in par-
allel. In addition, gas chromatography—-mass spectrom-
eter (GC-MS) was used to detect the intermediate
products of AR88 degradation.

2. Materials and methods
2.1. Materials

Dimethyl sulfoxide (DMSO, reagent pure grade), 2,
4-initrobenzene hydrazine (DNPH, reagent pure grade),
formaldehyde (37-38 wt.%), and hydrogen peroxide (30
wt.%) were obtained from Sigma-Aldrich. Phosphoric
acid (85%) and sodium dihydrogen phosphate were
analytical grade reagents purchased from Fisher Scien-
tific. AR88 (CypH;13N204SNa) was obtained from Sinop-
harm (dye content 99%), which absorbs in the visible
region (Amax = 506 nm; &506 = 1.55 X 10*M ' em™). It is
an azo dye bearing two sulfonic groups as presented in
Fig. 1. The desired concentration of AR88 was prepared
from the stock solution using Milli-Q water. All chemi-
cals were used without further purification.

2.2. Experimental setup

The experimental reaction system includes an
ozone generator, UV lamp, quartz sleeve, contactor
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Fig. 1. Structure of Acid Red 88.

(reactor), and off-gas collection system, as shown in
Fig. 2. The ozone generator was obtained from Viresco
Singapore Pincte Ltd, and it can produce ozone at a
rate of 190+83 mgh™'. A low pressure 15 w UV
lamp (Qidong Fluorescent Lamp Factory, China) with
253.7 nm wavelength was utilized as the radiation
source. The UV lamp was preheated for 5min before
each use. The light intensity of the UV lamp was
77,200 + 600 mw/m? which was determined at a dis-
tance of 1cm using a VECTOR H410 radiometer
(Scientech Boulder Co. USA, Model No, AC5000). The
UV lamp was held in a quartz tube (O.D. 4 cm). The
quartz tube was placed at the center of the reactor to
provide UV radiation for the reaction mixture. The
reactor was made of glass with a volume of about 1 L
(6 cm diameter x 35 cm  height). A quartz diffuser
placed at the bottom of the reactor produced a myriad
of tiny air bubbles in order to increase the gas-liquid
contact area and improve the mass transfer efficiency.
The ozone generated from the ozone generator was
sent into the base of the reactor through silicone tub-
ing. Water samples were taken from the middle part
of the reactor. A potassium iodide solution (2%) was
used to collect the residual ozone from the off-gas
from the reactor. Silicone tubing was used for all
connections between the ozone generator and the
reaction vessel.

Fig. 2. Schematic diagram of reactor system: (1) air inlet;
(2) ozonizer; (3) inlet of ozone; (4) drain line; (5) sampling
point; (6) UV lamp; (7) ozone killer; (8) quartz tube; (9)
reactor chamber; (10) porous plate.
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For the degradation of ARS8, aqueous solutions
containing AR88 with a concentration of 25 mgL™"
were prepared with Milli-Q water. About 250 mL of
the ARS88 solution was placed in the reactor vessel to
be treated by ¢OH radicals generated from various
AQOPs systems. For all experiments involving H,O,,
20 mgL™" of hydrogen peroxide solution was added.
The initial total organic carbon (TOC) and pH of the
ARS8 solution were 12.20 + 0.27 mg L' and 6.2 +0.2,
respectively. Samples were drawn from the reactor
vessel at regular intervals for analysis. All the experi-
ments were performed at room temperature (about
25°0).

2.3. Analytical methods

The dimethyl sulfoxide trapping method developed
by Chao et al. [16] was used to determine the yield of
hydroxyl radicals generated in AOPs, including UV,
HzOz, O3, UV/O3, UV/HQOz, Og/HzOZ, and UV/O3/
H,0,. The method employed the reaction between
hydroxyl radicals and DMSO to generate quantitatively
formaldehyde, which then reacted with DNPH to form
the corresponding hydrazone (HCHO-DNPH) to be
analyzed by High Performance Liquid Chromatogra-
phy (HPLC, WATERS 2695). About 5 mL of samples
were taken from the bottom of the reactor at specified
time intervals, and 1mL of 05mol L7! H3PO,4-
NaH,PO, buffer solution (pH 4.0) and 0.3 mL of
6 mmol L™' DNPH solution were mixed with formalde-
hyde. The mixture was maintained at room temperature
for 30 min and then analyzed by HPLC. Water—acetoni-
trile-carboxylic acid (acetonitrile:water:50 mM formic
acid = 40:50:10) was used as the mobile phase in the
HPLC analysis and the flow rate was set at 1.0 mL/min.
The detection wavelength was 254 nm.

In this study, the degradation efficiency of each
treatment process was evaluated by determining the
concentration of AR88 using a spectrophotometer
(UV-vis  Spectrophotometer  Jasco  V-550) at
Amax = 506 nm, and the mineralization of AR88 was
evaluated by TOC analysis using a Shimadzu TOC-
Veph analyzer after the samples filtered through a
0.45 ym PTFE filter. GC-MS (QP2010Plus Shimdzu)
was used for analyzing the intermediate degradation
products. An ARS8 solution of 25 mgL™" was treated
by the UV/H,0,/0; system, and then a 20 mL of
sample was extracted using 10 mL of CH,Cl, (Chro-
matogram Pure Grade). 1uL of sample was injected
into a GC-MS system equipped with a HP-IMS capil-
lary column (30 m x 0.32 m x 0.25 pm). A mass spec-
trometry detector with an electron ionization source
(70 eV) was used and its ion source temperature was
200°C. The carrier gas flow rate of helium was set at
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1.0 mL/min with an injection temperature of 100°C
and splitless mode was chosen during the treatment.
The GC column was operated in temperature pro-
gramed mode and the temperature was initially at
40°C for 2 min, and increased at 10°C min ' to 120°C
(held for 5 min), then rise at 5°C min~! to 220°C (held
for 2 min), and finally reached at 20°C min~' to 280°C
(held for 10 min). Analysis was undertaken with refer-
ence to the NIST 05 mass spectral library database.

3. Results and discussion
3.1. The generation of hydroxyl radicals by AOPs systems

The generation of *OH in different systems were
shown in Fig. 3. As ozone was constantly bubbled into
the reactor of a continuous UV radiation, a nearly lin-
ear increase in ®*OH concentrations was observed at
the time. Similar phenomena were also observed in
other studies [16,17]. The seven oxidation processes
were ranked in terms of ¢*OH formation rate as fol-
lows: H,O, = UV <0O;<03/H,0,<UV/0O3<UV/
H,0, < UV/05/H0,.

For the three single systems, *OH was not gener-
ated in the single UV or H,O, system, while only a
small amount of *OH was generated in the O system
with a generation rate of 0.17 mg L™ min~". The Os is
unstable and easy to decompose in aqueous solutions.
It has been generally agreed that *OH is formed by
the catalytic reaction between ozone and hydroxide
ions, thus the ozone decomposition rate increased as
solution pH value increases [18]. The decomposition
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Fig. 3. Generation of hydroxyl radicals by different sys-
tems. DMSO: 0.5 mol/L, Oz: 3.17 mg/min, HO,: 20 mg/L,
the generation of hydroxyl radicals by UV/H,O,, UV/O;,
and UV/0O3/H,0, were carried out under a 15 W ultravio-
let lamp.
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of ozone in aqueous solutions can be described as
follows:

205 + H,0%2 «OH + 20, + ¢HO, a)

A DMSO solution with a neutral, or slightly acidic pH
was used to trap ®OH in this experiment, so the
decomposition rate of O3 in the aqueous solution was
low, explaining why ¢OH radicals had a low produc-
tion in the single O3 system.

Although H,O, was partly dissociated in the solu-
tion, it could be broken down into HO, instead of
*OH radicals as follows:

H,O, + H,O — HOZ_ + H30+ @)

The UV irradiation (253.7 nm) corresponds to the pho-
ton energy of 4.88 eV which is less than the bond dis-
sociation energy of O=0O double bond in a solution
(5.12 eV) and H-OH single bond of a water molecule
(5.21 eV) [19]. Therefore, the UV radiation at 253.7 nm
does not have sufficient energy to break the oxygen
molecules or water molecules into *OH without the
addition of an oxidant or catalyst. Only under UV
radiation, with wavelengths less than 243 nm, the
water molecules can be dissociated into hydrogen
atoms and hydroxyl radicals,

HzO—I—I’lViSZi:?nm

oOH + eH 3
The UV irradiation can induce the homolytic cleavage
of hydrogen peroxide to generate hydroxyl radicals
[20]. The UV/H,0, system showed a generation rate
of *OH at 0.46 mgL ™' min~" in 30 min, which was
greater than the one in UV/ Fe?" /H,0, system evalu-
ated in other study [16]. In aqueous solutions, H,O, is
a scavenger of *OH which always lowers its yield in
high H,O, concentrations since H,O, itself is attacked
by *OH with a constant rate of (2.7 = 0.3) x 10’ M 's™"
[21],

2(H202 + OOH) — H,O + eHO, 4)
2 e HO;, — H,0, + O, 5)

The combined systems involving O, ie. O3;/H,0O,,
UV/0;, UV/0O3/H,0,, all showed a higher generation
of *OH than that of single O; system. The average
generation rates of *OH in 30 min were 0.27 and
0.83 mgL ™' min~' in O3/H,0, and UV/Oj; systems,
respectively. It was reported that the addition of H,O,
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to the aqueous Oj solution [22] or irradiation with UV
light wavelength of 254 nm [23] would result in higher
rates of *OH production. The extinction coefficient of
O; at 254 nm was 3,600 M ! ecm ™!, much higher than
that of HyO, [23], thus the UV/O; system had a
higher generation rate of *OH than that of O3;/H,0,
system. In addition, UV/O5;/H,0, is showed to be the
best system for the generation of *OH, in which the
average generation rate in 30 min could be up to
1.13mgL "' min~". Other researchers evaluated the
generation rate of *OH in heterogeneous photocata-
lytic process with Deguassa P25 TiO, catalysts [24]
and the generation rate was determined to be
0.023 mmol L ' min™' @.e. 0.39 mg L 'min™"), much
lower than that of UV/O3/H,0;, system. This phe-
nomenon was mainly resulted from the synergistic
reaction between the O;/H,0, and H,O,/UV systems.

3.2. Degradation and mineralization of AR88 by AOPs

The AOP systems have been utilized for the treat-
ment of AR88 by generating various reactive species
such as radicals (¢H, ¢O, ¢HO,) and molecular spe-
cies (H,O,, O3z). The changes in concentrations of
AR88 and TOC after each treatment process were
determined to obtain degradation efficiencies and min-
eralization of AR88, as shown in Figs. 4 and 5. Gener-
ally speaking, the efficiency of AR88 degradation and
TOC removal agreed with the generation rate of *OH
in each treatment process. However, the TOC removal
efficiencies of AR88 were lower than the degradation
efficiencies of AR88 by these treatments because of the
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Fig. 4. The degradation efficiency of AR88 by the Seven
oxidation processes (initial AR88 concentration: 25 mg/L;
reaction volume: 250 mL; initial pH 6.2; H,O, concentra-
tion: 20 mg/L).
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Fig. 5. Mineralization of AR88 by Seven oxidation pro-
cesses (initial AR88 concentration: 25 mg/L; reaction vol-
ume: 250 mL; initial pH 6.2; HO, concentration: 20 mg/L).

partial oxidation of ARS88 into other intermediate
by-products. Previous studies reported that O; and
*OH could attack the unsaturated double bond N=N,
which was responsible for the characteristic color of
the dye, via electrophilic substitution [17], while the
cleavage of N=N bonds might not necessarily affect
the carbon structure, and hence left the TOC concen-
tration unaffected.

Single UV or H,O, treatment had little impact on
the degradation of AR88 and almost no impact on
TOC removal. Other studies also observed a negligible
impact upon natural organic matter (NOM) reduction
by UV or H;O, system alone [25]. When H,O, was
combined with UV, the rate of AR88 reduction
increased significantly while no apparent increase was
observed in the removal of TOC in the experiment. It
was also shown that there was a significant removal
of NOM without TOC reduction by H,O,/UV system
with a UV at 254 nm at the dose of 1,500 m]J cm™ 2 and
H,0, concentrations at up to 20 mgL™" [26]. Although
the UV/H,O, system had high ¢OH production
(Fig. 3), the removal efficiencies of AR88 and TOC
were lower after 5 min of treatment. This was due to
the small molar extinction coefficient of H,0,,
186 M 'cm ' at 254 nm, and only a relative small
fraction of incident light was therefore exploited [23].
When the treatment time was prolonged to 30 min,
under strong oxidizing conditions (long irradiation
time), the removal efficiencies of AR88 and TOC
increased from 50 to 93% and 8 to 10%, respectively.

As shown in Fig. 4, O; alone and its combined pro-
cesses, including UV/O; O3/H,O, and UV/Os3/
H,0,, all exhibited good performance in AR88 degra-
dation after 5min and 30 min of treatments. The

6397

higher reduction of UV506 achieved can be explained
by the AR88 reaction with Os. It was reported that O;
directly attacked the unsaturated double bond N=N
via electrophilic substitution as the first step [27]. In
all Os-involving experiments, the samples were treated
with high doses of O3 and, as a result, nitrogen-to-
nitrogen double bonds (-N=N-) of the azo dye were
oxidized and UV506 was reduced. Since the ozone
concentration evaluated in this study was much
higher than that of *OH, it was expected that O3 was
the main degradation pathway for AR88. Compared
with the O3 system alone, the increased AR88 oxida-
tion in the O3 combined systems was resulted from
the more *OH formation.

Fig. 5 showed that the TOC concentrations
decreased from 12.20 mgL™" to 10.94 and 10.71 mgL™"
by the O; and O3;/H,0, systems after 5 min of treat-
ment, respectively. The TOC removal efficiencies were
lower than ARS8 degradation efficiencies, indicating
an accumulation of intermediates which were resistant
to further degradation by O;. In comparison, *OH
radicals could effectively reduce the TOC concentra-
tion when the treatment duration was prolonged
properly. The higher oxidation potential of *OH radi-
cals than O; and its non-selective oxidant property
made it more effective in attacking the intermediates
from the AR88 degradation. Therefore, as shown in
Fig. 5, the combined systems involving O; were
observed to have a significant increase in TOC
removal efficiency when the test durations were pro-
longed to 30 min. The UV/O3; and UV/0O5;/H,0; sys-
tems achieved a reduction of more than 83% of the
initial TOC after 30 min of treatment, which might be
due to a larger yield of *OH per oxidant. The produc-
tion yields of *OH in each oxidation process were
measured during this study, and the results showed
that UV/O3;/H,0, was proved to be the best system
for the generation of *OH (Fig. 3). Previous studies
also confirmed that the combined system had a higher
generation of ®*OH compared with other advanced
oxidation processes [28].

3.3. The variation of pH value in the reaction

The relation between the pH variety and the TOC
removal efficiencies was plotted in Fig. 6. It was found
that the higher the TOC removal efficiency, the lower
the final pH value, which indicated that more short-
chain organic acids among the intermediate products
were generated. Therefore, the change of pH value in
the reaction process might be used as an indication of
the mineralization progress [29]. To better illustrate
the point, the variety of AR88, TOC, and pH along
with treatment time in the UV/H,0,/0; system was
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Fig. 6. The relation between the pH variety and the TOC
removal (initial AR88 concentration: 25 mg/L; reaction vol-
ume: 250 mL; test duration: 5 min; initial pH 6.2; H,O,
concentration: 20 mg/L).

plotted in Fig. 7. The results showed that the pH of
the AR88 solution decreased rapidly from 6.2 to 3.28
after 5 min and then decreased gradually towards the
end of the treatment. The reason is that when the
clean air was used as the feeding gas of the ozone
generator, strong acids were formed as a consequence
of oxidation of nitrogen in air. Besides, Tang et al. [30]
also observed that large numbers of NO, formed from
the gas-phase dielectric barrier discharge process
because N in air were dissolved in the aqueous phase
and subsequently converted to NO; and H”, resulting
in a solution pH decrease when air was used as the
feeding gas. Meanwhile, the reduction of AR88 and
TOC increased at a rapid rate at the beginning of
operation and slow rate afterward. After 30 min, the

100 F W 7
/1
/ -6
;\g 80
& Ls
c —A— Removal Efficiency of TOC
o 60 —o— Removal Efficiency of ARS8
2 A —m— pH of Oxidized AR88 Solution 4 T
] B [}
T 40 [u
o -3
E L}
o) \'\.
1 T
20f/ A —a
—— L2
—
0 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

Fig. 7. Variety of AR88, TOC, and pH along with treat-
ment time in the UV/H,0,/0; system (initial AR88 con-
centration: 25 mg/L; reaction volume: 250 mL; initial pH
6.2; H,O, concentration: 20 mg/L).
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varieties of pH gradually became a balanced state and
the mineralization of AR88 almost completed. There-
fore, the pH value could be used as an indication of
the mineralization progress in the following studies.

3.4. The determination of intermediates

GC-MS analysis was used to identify the possible
intermediate products (proposed by using m/z values
of the mass spectra) in the degradation process of Acid
Red 88 dye. The results showed that the molecular ion
peak of AR88 (m/z 400.4) was observed at m/z 376.8,
corresponding to the loss of one Na from its structure.
In addition, another two prominent peaks at m/z val-
ues of 254.9 and 96.8 were observed in the original
solution. The peaks at m/z 254.9 and 376.8 particularly
diminished as the oxidation time increased. New peaks
at m/z values of 61.9, 90.9, 98.8, 107.8, and 146.8
appeared after 1 and 2 min of oxidation, compared
with the original sample. After 5 min of treatment, the
peaks at m/z values greater than 150 almost disap-
peared, while the peak at m/z 61.9 showed a marked
increase as the major product. The strong and non-spe-
cific ®*OH can react with N=N as well as the C-N
bonds and destroy the carbon structure with concomi-
tant formation of intermediates which subsequently
undergo further reaction with the formation of lighter
molecular weight compounds. The emerging peak at
m/z 61.9 suggested the formation of ring opening
compounds. In addition, the formation of intermedi-
ates such as benzene, naphthalene, naphthalene sul-
fonic acid, and phthalic acid were confirmed during
the degradation and mineralization of ARSS.

4. Conclusions

In this work, a series of experiments were per-
formed to study the formation rates of ¢OH radicals
by several oxidation processes, including UV, H,O,,
03, UV/Hzoz, UV/O3, H202/03, and UV/H202/03
and the degradation and mineralization efficiencies of
azo dyes AR88 by various processes were also stud-
ied. Furthermore, the pH value of the ARS88 solution
after the oxidation were determined. In addition, the
degradation intermediates were detected by using
GC-MS. The conclusions can be drawn as follows:

(1) Single UV, HyO,, or O3 could not generate
*OH effectively, while the combined UV/O3/
H,0, was proved to be the best system for
the generation of *OH among the seven oxi-
dation methods, and the average generation
rate of *OH could be up to 1.13 mgL™" min™’
in 30 min.
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(2) The efficiencies of AR88 degradation and TOC
removal closely agreed with the generation
rates of *OH in each treatment process. The
UV and/or H,O, process showed lower effi-
ciencies of AR88 degradation and mineraliza-
tion within a short time. However, O3 alone
showed high AR88 degradation efficiency but
lower TOC removal compared with the com-
bined systems. The UV/O3/H,0, and UV/O;
systems were effective in the degradation and
mineralization of AR88, and their TOC removal
efficiencies were above 83% after 30 min.

(3) The higher the TOC removal rate, the lower the
final pH value. The variety of pH value in the
reaction process can be used as an indication of
the mineralization progress.

(4) The degradation intermediates, including ben-
zene, naphthalene, naphthalene sulfonic acid,
and phthalic acid, were detected by GC-MS.
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