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Abstract This work investigates the degradation mechanism of Acid Red 17 dye (AR-17)
using HPLC-MS/MS as well as it studies the feasibility of applying ozone and ultraviolet to
detoxify the wastewater containing AR-17 dye. Different parameters such as pH, initial dye
concentration and treatment time were evaluated to obtain the optimal degradation conditions.
The initial dye concentration and solution pH were the parameters which affected the color
removal and the maximum decolorization was obtained at pH 11. A 100% color removal took
place after 25 min of O5/UV treatment (for 100 ppm dye concentration). Kinetic analyses of
AR-17 dye removal followed the pseudo-first-order kinetics. When ultraviolet (UV) was
applied with ozone simultaneously, the first-order rate constant (k4xjo3y) increased and the
time of dye decolorization shortened to 5.5 min for 500 ppm dye concentration. GC-MS and
HPLC-MS/MS studies of pre-treated dye solution which were performed during and at the end
of the pre-treatment time, showed complete degradation of the AR-17 dye. The obtained
results also demonstrated that the UV-ozone treatment process decreased the zooplankton
toxicity of the treated AR-17 dye wastewater.

Keywords Acidred 17 dye- UV-ozone- HPLC-MS/MS - Colorremoval - Zooplankton toxicity -
Degradation

1 Introduction

Textile effluents contain extreme amounts of organic fertilizer and inorganic stuff. Wastewater

from dye rinsing operations and spent dye baths in the textile industry have unfixed dyes that
can be extremely colored and can have detrimental effects on aquatic systems. The latest
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environmental concerns and guidelines had put stress on textile firms to decrease pollutants
and reuse chemicals and water (Mark and Hammer 2011; Reife and Freeman 1996).

The textile industry in Egypt is composed of 31 large public companies. These are divided into
100% spinning, 70% weaving, 40% knitting and 30% finished goods. There are over 3000
private sector manufactures who are members of the Egyptian Textile Manufacturers Federation
(ETMF). There are also many small factories and workshops which are not ETMF members,
along with informal workers who are not included in any group (EPAP 2003). In general, an
extreme amount of the used dyes can be present in manufacturing effluents. The majority of dyes
are chemically stable, poisonous and non-biodegradable which make most of the dyes harmful to
the ecosystem (Moussavi and Mahmoudi 2009). So, there is a critical need for cost-effective
approaches for the elimination of such risky organic pollutants from the industrial wastewaters
before discharge (El-Sikaily et al. 2006; Abdelwahab et al. 2006; El Nemr et al. 2008; El Nemr
et al. 2009; Khaled et al. 2009; Hassaan et al. 2017a, b; El Nemr et al. 2014).

Azo dyes are commonly employed as reactive dyes (Basiri Parsa et al. 2009). It is assessed
that 10 to 15% of the dye mass disappears through the dyeing procedures (Chen et al. 2010). Due
to their sluggish degradation rate and high noxiousness, those dyes are categorized as ecolog-
ically harmful substances. The conventional approaches for wastewater treatment, for instance,
reverse osmosis, bio-treatment, carbon adsorption and ozone oxidation treatments, experience
several limits (Kusic et al. 2006; El-Sikaily et al. 2006; Abdelwahab et al. 2006; El Nemr et al.
2008; EI Nemr et al. 2009; Khaled et al. 2009; Hassaan et al. 2017b; El Nemr et al. 2014). It has
been shown that neither these biological treatments nor the normal chemical methods can result
in acceptable amounts of decolorization and chemical oxygen demand (COD) reduction (Chen
et al. 2010; El Nemr 2012; Hassaan and El Nemr 2017). The advanced oxidation processes
(AOPs) are assumed to be encouraging techniques which treat harmful and noxious organic
contaminants in liquid solutions. The production of hydroxyl radicals during AOPs are consid-
ered very reactive and are appropriate to oxidize most of the organic compounds existing in
wastewater (Kusic et al. 2006). The photoelectrocatalytic degradation of azo dye Acid Red 17
(AR-17) with ammonium persulphate has been reported (Thabet and El-Zomrawy 2016).
Ultrasonic enhanced performance of montmorillonite-dodecyltrimethylammonium bromidein
decolorization of AR-17 solution through adsorption and sonocatalytic degradation processes
has also been reported (Acisli et al. 2016).

Ozonation is one class of advanced oxidation processes (AOPs) which are applied for
successful degradation of organic fertilizer chemical compound from effluent. Moreover, it is
accepted as an environmentally friendly technique for the elimination of various pollutants such
as herbicides, dyes, pesticides and even bio-resistant chemical groups which may persist in some
biological treatment methods. O; has a reduction potential (E°) of 2.07 V (Eq. (1) and O3 is
considered as a massive oxidizer of both inorganic and organic compounds (Pillai et al. 2009):

O3 + 2H" 4 2e—0, + H,0 E’ =2.07 (1)

A molecule, which has particular functional groups, for instance C=C bonds and aromatic
rings, has the ability to be attacked by ozone and hence create a carbonyl compound (Kurniawan
et al. 2006). Ozone also oxidizes the chemicals in two diverse ways, namely indirect and direct
(Kishimoto et al. 2005). Moreover, by-products are also formed, and in such circumstances a post-
treatment, using activated carbon or biological treatment methods, may be required to remove
them (Kishimoto et al. 2005). To obtain better efficiency, some adjustments such as using UV
radiation and/or hydrogen peroxide, have also been examined (Javier et al. 2003; Alsheyab and
Munaz 2006). The following Egs. (2) to (5) have been proposed for UV enhanced ozonation
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treatment (Prat et al. 1990; Shu 2006; Kazemi et al. 2004; Song et al. 2008a, b). The presence of
different oxidants in the solution can initiate a synergistic effect which will improve dye
degradation in the wastewater.

03 + UV—0, + O (2)
0 + H,0—2 OH (3)
0 + H,0—-H,0, (4)

H,0; + hv—2 OH (5)

Regarding Eqgs. (2) to (5), when UV was applied to the ozone scheme, the rate of Oj
decomposition into hydroxyl radicals raised (Kusic et al. 2006). It has been reported that the
major disadvantage of using ozone as oxidizer for dyes is the probability to form toxic by-products
(Zhang et al. 2004). Therefore, this makes mandatory the testing of toxicity of the chemical
compounds which have been created by the ozonation to determine if the treated effluents are a
threat to the aquatic environment at the point of discharge or are innocuous to be reused.

Dye degradation intermediates may be more noxious than the parent dye compounds. Thus,
it is highly important to categorize the final degradation compounds produced after the dye
degradation process. Liquid chromatography separation techniques coupling with triple quad
mass spectrometry (LC-MS/MS) is a good technique established for separation and detection
of dyes and their degradation products (Hisaindee et al. 2013). The aim of this study is to
investigate the AR-17 dye degradation mechanism using LC-MS/MS technique as well as to
study the efficiency of application of O; and UV/O; processes for the degradation of the AR-
17 dye. The effect of dye concentration, initial pH, kinetic and thermodynamic studies, and
toxicity of the treated wastewater when discharged in sea water were also studied. This is the
first study which investigates the feasibility of applying ozone (O;) and O; combined with
ultraviolet (UV) to decolorize and detoxify the wastewater containing Acid Red 17 dye. In
addition, this work is the first that studies the degradation mechanism of AR-17 dye in the
presence of O3 and UV.

2 Materials and Methods

Acid Red 17 was received from ISMA dye company Kafer Eldawar, Egypt (~ 75% of dye
content) and was used without further purification. AR-17 chemical structure is shown in
Fig. 1. A stock solution of 1000 mg/L of AR-17 was prepared using double distilled water.
Other used working aqueous solutions (100, 200, 300, 400 and 500 mg/L) of AR-17 were
obtained from the stock solution by dilution to the prerequisite concentration. During the
course of this work, dye concentrations in aqueous solution were determined by comparison
with known concentration in the visible range of the spectrum. A UV-VIS spectrophotometer
(Model No. 45600-02, Cole Parmer Instrument Co., USA) was employed for absorbance
measurements. All the experiments were repeated three times for accuracy and only the mean
values are reported. The maximum wavelength A, for AR-17 was determined at 518 nm.
Color removal rate of AR-17 was calculated following Eq. (6):

Ao—A,
0

Color removal rate % = x 100 (6)

@ Springer



98 El Nemr A. et al.

Fig. 1 Chemical structure of AR-
17 (Molecular Formula:
Cy0H12N;Na,05S,) (Molecular
Weight: 502.43). Soluble in water
giving red color, slightly soluble in
ethanol, insoluble in other organic
solvents. Apga =518 nm;

C.L16180 NG

N303S SOgNa

where A, and A, are the initial and the measured absorbances of the samples at different time
intervals.

Ozonation took place in a 500 mL glass reactor and all links between the ozonator and the
treatment vessels were made of Teflon tubes. AR-17 dye solution (200 mL) of desired concen-
tration (100, 200, 300, 400 and 500 mg/L) was used for each running time. The ozone generator
Model N1668A, power 18 W, AC 220 V/50 HZ was used to produce ozone with a flow of
500 mg of Oz/h. The ozone which left the glass reactor passed through a glass bottle filled with
2% KI solution. A similar treatment vessel was used for the AOPs (O5/UV) in Horizontal
Laminar Flow Cabinet (Bw-LFH1300) with 254 nm UV mercury lamp of 30 W power.

The COD concentration was measured before and after the end of the treatment of AR-17 at
concentration 500 mg/L (APHA 2005). The treated AR-17 dye was centrifuged at 10,000 rpm
at 20 °C for 10 min. The supernatant was extracted for COD analysis. The same procedures
were followed for the untreated samples to gain the initial reading. Furthermore, the superna-
tant was refluxed with K,Cr,0,, Ag,SO,4, HgSO,4 and concentrated H,SO4 which was titrated
with Ferrous Ammonium Sulfate (FAS) using Ferroin indicator (APHA 2005). COD removal
was calculated according to Eq. (7):

Initial COD—Final COD

COD removal % = Tnitial COD x 100 (7)

The influence of the pH was considered by correcting the reaction mixture to different
initial pH (3 to 11) values with 1 M H,SO,4 or 1 M NaOH before starting ozonation or UV
enhanced O processes. The pH measurements were carried out using a JENCO Electronics,
LTD pH meter (Model: 6173, Serial No: JC 05345).

GC-Ms analysis was performed using Agilent 7890A GC instrument system linked to
single quad 5975C MSD. Extraction of the treated dye solution was performed using benzene
as the extractor solvent in the middle and end of the treatment process (USEPA 1996). The
extracted solvent was concentrated to 1.0 mL and 1 pL was injected into the GC-MS. An
Agilent 7890A GC instrument equipped with a HP5 MS column (30 m x0.25 mm I'd,,
0.25 um film thickness) was used (USEPA 1996). The injector temperature was 290 °C
(splitless) with an initial oven temperature of 90 °C to final oven temperature of 300 °C with a
program rate of 8 °C min~"' and stayed 25 min at 300 °C. The carrier gas was He with a column
flow of 1.5 mL min '. The compounds that resulted from the degradation of AR-17 were
identified using NIST library connected to the GC-MS.
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LC-MS/MS Agilent Technologies 1260 infinity connected with Agilent Technologies
6420A Triple Quad Mass detector and Eclipse Plus C18 column (4.6 x 100 mm, 3.5 pm)
was used for degradation mechanism study. Acetonitrile - water with 1% formic acid 50:50
(vol/vol) - was used as mobile phase solvent. The flow rate was 0.5 mL min', and 5 uL of
sample solution was injected. The mass spectrometer was equipped with an electrospray
ionization (ESI) source and operated at negative polarity. The ESI conditions were as follows:
capillary voltage, 4.0 kV; the nebulizer pressure, 35 psi; drying gas flow, 10 L min™';
temperature, 325 °C. The mass range was from 90 to 700 m/z.

2.1 Toxicity Assay

The influence of the degradation products of the AR-17 dye on the zooplankton was studied.
Rotifer toxicity experiments were made on both the untreated and the 25 min UV enhanced
ozonated treated AR-17 dye solutions. The toxicity bioassay was done using rotifer Bruchionus
plicatilis and followed standard methods (Standard Methods for the Examination of Water and
Wastewater 1985; EPA 1985). Test animals were obtained by hatching cysts, thus eliminating
the need for stock cultures. Because the animals which were hatched from the cysts were of
similar age, genotype and physiological condition, the test variability was greatly reduced. The
controlled hatching of cysts was achieved by transferring to lower salinity, warmer temperature
and light. Hatching began and proceeded rapidly after 23 h at 25 °C and 15%o salinity. By the
28th h, about 90% of the cysts were hatched (Snell and Persooneb 1989). 40 mL of AR-17 dye
with concentration (500 mg/L) were completed by 200 mL seawater. Each mL of sea water
contained 20 neonates of rotifer Bruchionus plicatilis for treated and untreated samples. The
control wells contained the same volume of normal seawater. The number of live and dead
neonates in every well was calculated by an inverted trinocular microscope (Nikon Eclipse
TS100F) at different time intervals of 0, 15, 30, 45 and 60 min.

3 Results and Discussion
3.1 Effect of pH Value

Wang et al. (2008) mentioned that ozone can mainly decompose to hydroxyl radicals
(OH) under alkaline conditions, which react with the target contaminant. Figure 2a
illustrates the color removal of AR-17 dye under different pH values and interval times.
The color removal started fast in alkaline condition but after 40 min of ozonation both
acidic and alkaline conditions gave almost similar results. Figure 2a shows that the color
of the AR-17 dye reflects how it had been reduced from the initial concentration of
100 ppm to less than 30 ppm after the first 5 min at pH 11 after ozone had been provided
at 500 mg/h. The highest decolorization rate for AR-17 dye occurred under high alkaline
condition (pH 11). This can be attributed to more hydroxyl radical forming at pH 11
(Wang et al. 2008), which is more effective than Oj in the degradation of AR-17.
Figure 2b shows the change in the initial pH of AR-17 dye concentration of 500 ppm
from 11 to 9.25 resulting in complete color removal. The change in the solution pH from
11 to 9.25 may be attributed to the formation of some organic acid or carbonic acid as a
result of dye degradation. In acidic pH, ozone controlled the oxidation process whereas
in alkaline pH the hydroxyl radical indicated a more considerable influence (Chu and Ma
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Fig. 2 a Color removal of the AR-17 against contact time at different pH (3, 5, 7, 9 and 11) values (200 mL of

100 mg/L dye concentration and 500 mg/h Os); b pH monitoring during ozonation and advanced oxidation
processes (O3 =500 mg/h, treated volume =200 mL, initial solution pH 11 and 500 mg/L dye concentration)

2000). As a result of the influence that extra massive reactions of O3 with OH™ had on
the elevated pH, the stable state concentration of O; in water decreased while more
hydroxyl radicals (OH) were generated at an elevated pH (Chu and Ma 2000). The
above mentioned relationships influence the color removal in the liquid phase in the
following two ways: (1) O; molecule controls the process of oxidation at a lower pH
state; and (2) hydroxyl radical COH) controls the oxidation process at a higher pH state.
It is also worth mentioning that the pH of the solution decreases at the early stage of the
experiment, dropping from the initial solution (pH 11 at =0 min) to about 9.25 after 1 h
of ozonation. Later, the reduction of pH continued slowly until a steady-state was
reached. Even though the pH value was falling, it remained still in the alkaline state.

It has been reported that hydroxyl radicals (OH) have a higher oxidizing potential and are
also less selective than molecular ozone O3 when it comes to attacking the chromophore of
dye. This led to a decrease in the rate of decolorization while the rate of mineralization
increased at high pH values (Oguz et al. 2006; Beltran 2004; Swaminathan et al. 2005). Thus,
the structure of the dye and its solution pH play an important role in the ozonation process and
can affect the rate of decolorization by oxidation of hydroxyl radical or ozone, as in the
instance of AR-17 where the maximum color removal happened at pH 11. Outcomes from this
work revealed that suitable pH regulations might be mandatory after the main oxidation
mechanisms were verified.
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3.2 Effect of the Initial Dye Concentration

From a practical point of examination, it is important to investigate how the concentration of
initial dye influences color removal. Thus, the influence of AR-17 initial concentrations (100—
500 mg/L) on color reduction was examined. The effect of AR-17 initial concentration on
decolorization efficiency is shown in Fig. 3. The decolorization of AR-17 by UV enhanced
ozonation was more efficient than that mentioned by Peternel et al. (2006). The color reduction
efficiency using ozonation only for the concentration values of 100, 200, 300, 400 and
500 mg/L in the first 25 min were 97, 91, 87, 78 and 81%, respectively (Fig. 3a). Although
the removal efficiency for 500 ppm initial concentration was higher at the first 25 min than that
of the 400 ppm concentration, it still took about 30 min more to reach the same removal
percentage for 400 ppm (99.85%). By increasing the dye concentration in AOPs, numerous
intermediates arose after the parent dye degradation which can interfere with the oxidation
process. Such suppression would be more noticeable in the presence of high amount of the
degradation intermediate products which had occurred by increasing the dye concentration
(Song et al. 2008a, b). Therefore, the time for complete decolorization should be longer for
higher initial dye concentrations. Figure 3a shows that the color reduction efficiency for
concentration values of 100, 200, 300, 400 and 500 mg/L in the first 25 min were 100, 96,
94, 88 and 86%, respectively, for UV-assisted Oz. The color removal efficiency processes were

03
100 1 - - u
X 80 A
®
>
g 60 A
E —4— 100 mg/L
5 40 A —e— 200 mg/L
° --+--300 mg/L
© 20 - —e— 400 mg/L
—=— 500 mg/L
0
0 50 100 150 200 250
Time (min)
b 03+ UV
100 - o —a—s 0
80 1 iy
®*
T ¢4 —+— 100 mg/L
g ——200 mg/L
) --¢--300 mg/L
T 40 - —e—400 mg/L
% —=— 500 mg/L
O 54
0 T T T ]
0 50 100 150 200

Time (min)

Fig. 3 a Effect of ozone on different AR-17 concentrations (100, 200, 300, 400 and 500 mg/L) versus time
(03 =500 mg/h, treated volume =200 mL, initial solution pH 11); b Effect of UV-assisted ozone on different
AR-17 concentrations (100, 200, 300, 400 and 500 mg/L) versus time. Ozonation (O3 =500 mg/h, treated
volume =200 mL, initial solution pH 11)
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reduced as the initial dye concentration increased due to the stability of the ozone dose. It is
seen from Figs. 3a, b that when the dye concentration increased, the color removal percentage
was lowered which led to slower complete decolorization. This may be due to the practical
conditions of having the ratio of dye molecules to ozone molecules in the solution decreasing
while the dye concentration increased (Hassaan et al. 2017b). As mentioned by Sevimli and
Kinaci (2002), an increase in the initial dye concentration would cause more ozone to be
destroyed.

3.3 Promotion Effects of UV on AR-17 Dye Degradation

Figure 3 shows that, in the case of UV/O; processes rather than O3 alone, the time needed for
the complete color removal of AR-17 dye decreased by 15, 45, 45, 80 and 60 min for the
respective dye concentration values of 100, 200, 300, 400 and 500 mg/L. This reveals a better
performance of dye degradation by UV/O; process in comparison to that of the ozone alone.
UV enhanced O;, when compared to the ozone alone, through the production of more
hydroxyl radicals, was found to increase the efficiency of color removal. The ozone is
available at acidic pH as molecular O;, while at basic pH, the ozone decomposes to secondary
oxidants such as hydroxyl radical which is considered to be the most important one produced
(Yasar et al. 2007). The results obtained in this research work for O and UV/O3 were much
better than those obtained by photoelectrochemical degradation of AR-17 reported by Thabet
and El-Zomrawy (2016), i.e., maximum removal for AR-17 of 60% at pH 2. Also, the AOP
results presented in this research work were much better than those reported by Acisli et al.
(2016) for ultrasound (US) assisted decolorization of AR-17 dye, where the maximum removal
was 70% in 30 min time for 100 mg/L concentration of AR-17 dye.

3.4 COD Analysis

COD analysis is used to indirectly measure the amount of organic compounds in the
wastewater. After 2 h and 50 min of AOPs and complete color removal, more than 72% of
the initial COD concentration was eliminated for 500 mg/L AR-17 initial concentration (Eq.
8). Similarly to Zhao et al. (2004), the ozonation of dyes commonly produces little organic
molecular fragments (e.g., ketones, epoxides, aldehydes, etc.) which may be the reason of the
remaining COD measured. This remaining COD due to the newly produced compounds can
be decreased by biological treatment methods (Lin and Lin 1993).

COD; —COD; o

COD | rate % =
removal rate % COD,

100 (8)

3.5 Kinetics of Acid Red 17 Dye

The kinetic study of AR-17 dye removal process was studied to evaluate the treatment method.
The direct reaction of ozone with the dye is supposed to follow pseudo-first-order kinetics in
case of the presence of an excess amount of ozone. During this work, the ozonation kinetics of
AR-17 was estimated by drawing Ln(C,/Cy) readings against the time of reaction using Eq. (9):

C
Ln <C_(t)> = ~kayo3)1 t )
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where C; is the concentration of AR-17 dye with reaction time ¢ during the ozonation; Cy is
the initial concentration of AR-17 dye; and k4037 is the kinetic constant. Figure 4a, b
illustrates the plot between Ln(C/Cy) versus time (min) of the removal of AR-17 dye
concentration using ozonation and UV-assisted ozonation. It was noticed that the first-
order rate constant (kqxjo3)1) decreased when the initial AR-17 concentration increased in
both the ozonation process and AOPs (Fig. 4). The first-order performance was also seen
through other ozonation and UV-assisted O; process studies of azo-dyes (Wu and Wang
2001; Kusvuran et al. 2011; Zhang et al. 2006). A series of kgqxjo371 shown in Table 1 (from
0.304 to 0.048 min ') remained higher than those (from 0.130 to 0.035 min ') attained in
the ozonation processes.

According to the dynamics theory, #,,, represents the time of AR-17 decolorized to its half
of initial concentration. For the first-order reaction, the readings of ¢, » could be calculated as in
following Eq. (10):

Ln2

dx|03]1

tipp = i x 60 (s) (10)
Comparing AOPs and ozonation process alone, ¢;,, was shortened to 5.5 min at the initial
concentration of 500 mg/L and the whole reaction time was decreased by 28% (Table 1). As

previously mentioned, the presence or absence of UV radiation hardly affects the decoloriza-
tion rate (Shu and Chang 2005).

Time (min)
0 25 50 75 100 125 150 175 200 225 250

-3.0

-5.0

-7.0 A

© 100 mg/L
90 A ®200 mg/L
300 mg/L
110 4 X400 mg/L
. *500 mg/L

Ln(C/Cy)

-13.0

-15.0 -

Time (min)
b 0 50 100 150 200
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¢ N 0300 mg/L
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o) - 5500 mg/L
-7.0 1 J
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9.0 S u
-11.0 A

-13.0 A

-15.0 -

Fig. 4 a The ozonation kinetics of AR-17 (O3 =500 mg/h, treated volume =200 mL, solution pH 11); b
Kinetics of the AR-17 of UV-assisted ozonation (O3 =500 mg/h, treated volume =200 mL, solution pH 11)
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Table 1 kqyosy. T2 and initial concentration of AR-17 in AOPs comparison to ozonation alone processes
(pH 11, UV lamp 254 nm, power =30 W, O3 =500 mg/h)

Initial AR-17 (mg/L) First order kgyjo3)1 (min"") Uv+0y Ty, (s) First order kaxosn (min") 05 T1/2 (s)

100 0.304 137 0.130 318
200 0.107 389 0.070 621
300 0.085 488 0.051 817
400 0.058 716 0.037 1112
500 0.048 874 0.035 1202

3.6 Identification of the Intermediate by-Products of AR-17 during the AOP

It is desirable that the ozonation-decomposed final products be safe, but the intermediate and
end products after ozonation of dyes could have poisonous influences (Vanhulle et al. 2008;
Selguk et al. 2006; Shang et al. 2002). Therefore, ecotoxicological assessment and/or identi-
fication of such organic intermediate and final products have to be studied to prevent problems
which may provide information on further successive biological treatment. As reported
(Kralicek 1995; Pielesz et al. 2002; Alvares et al. 2001), a lot of earlier data indicated that
the intermediate and end products of ozonation relied on the chemical structure of the dye’s
parent compounds in addition to the ozonation circumstances.

Figure Sa, b show the GC chromatograms of ozonated textile wastewater (pH 9.25) after 25
and 55 min. Figure 5a, b explain that the AOPs considerably lowered the substances of the
organic textile wastewater extracts. A primary analysis of the AOPs synthetic wastewater
samples displayed a peak at a retention time of 6.016 min. It was recognized using NIST

KCounts
x101

1.754

1.5

1.25 i

14 1

|

022 LJMI th,J;, JL«AMV

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34  minutes

KCounts
x102

14
0.8+
0.6
0.44

0.2+
0- N R T P e e e Y

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 minutes
Retention time (min)

Fig. 5 GC chromatograms of the UV-assisted ozonation for synthetic wastewater (pH 9.25); a after 25 min; and
b after 55 min
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library as being 2-ethyl-1-hexanol. Other peaks were at retention times of 6.137 min (1-
methyl-4-(1-methylethenyl)-cyclohexene) and 10.705 min (1,4-naphthalenedione). The peak
at retention time 11.745 min is for compound named 1a,7a—dihydro-naphth[2,3-b]oxirene-2,7-
dione, as well as the peak at retention time 12.421 min is for diethylphthalate compound and
peak at retention time 15.782 min is for hexadecanoic methyl ester compound (Fig. 5a).

Ozone, Ozone-UV and/or the free radicals break the double bonds (-N=N- and -C=C-) in
the dye molecule and discoloration is achieved through the electrophilic cleavage of dye
chromophoric groups (Khadhraoui et al. 2009). Certain aromatic compounds may react more
slowly with ozone during the ozonation process and may need longer treatment times to be
degraded (Somensi et al. 2010). During this work, we extended the time of ozonation for
another 30 min and we noticed that it was very useful in the degradation of some intermediate
compounds. We could only see the absorption peaks of dibutylphthalate (retention time
16.348 min) and diisooctyl-phthalate (retention time 22.556 min) (Fig. 5b). We noticed that
most of the fragmentation of AR-17 dye degradation (phenol or other aromatic amines) almost
disappeared and the concentration of the alkenes and phethlate compounds which had
appeared were very low at ng/L. It was also well-defined that ozonation notably reduced the
contents of the organic synthetic wastewater extracts.

3.7 LC-MS/MS Mechanistic Study

The HPLC-MS/MS analysis of water solution of AR-17 dye showed the presence of one
peak at retention time of 2.540 with m/z 456.90 (M — H) and 478.9 (MNa — H) , which is
attributed to the presence of free acid and mono sodium salt of AR-17 dye (Fig. 6). The
AR-17 dye decolorization process was analyzed by HPLC-MS/MS at interval times of 15,
30, 45, 60, 120, 160, and 230 min (Fig. 7). The analysis suggested a sequenced oxidation
mechanism, in which the O; and or hydroxyl radical preferentially attacked the chromo-
phore centers of the dye molecules (-N=N-) cleaving them into the lateral substituted
naphthalene ring. Azo groups were proposed to be attacked at two positions, namely the
C—N single bond between the azo group, and the naphthalene ring, generating N, gas. The
species produced by the cleavage of the azo bond of the dye molecule were the primary
reaction intermediates. The compounds were further degraded to give some of the lower-
molecular-weight products via a series of reactions. The ring opening of aromatic inter-
mediates led to the formation of organic acids. In this case, smaller aromatic intermediates
(e.g., phthalic acid, carboxylic acid derivatives and aliphatic acids as reported in GC-MS
analysis). After 15 min of treatment, the peaks of AR-17 dye disappeared and three new
peaks appeared: a small peak at retention time 1.554 min with m/z 315.8 and a large peak
at retention time 2.020 min with m/z 228.9, and a third peak which appeared at retention
time 2.253 min with m/z 232.0 and 228.80. With the increase of the time of treatment
many peaks appeared with different m/z values, as presented in Fig. 8, and at the end of the
treatment most of the peaks disappeared which reflected the complete mineralization of the
treated AR-17 dye. The monitoring of the AR-17 dye after 230 min of treatment showed
complete disappearance of the above fragments and no aromatic amine or phenol were
detected. The appearance of new minor peaks and disappearance of the major peak in the
decolorized dye product elution profile support the biodegradation of AR-17 dye (Fig. 7).

Using this approach, we were able to identify the molecular mass of ten different interme-
diates produced during AR-17 dye degradation using AOP. The structures of these interme-
diates were confirmed with product ions study of LC-MS/MS fragmentation. Figure 8 shows a
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Fig. 6 HPLC-MS/MS of AR-17 dye

representative intermediate product of the AR-17 dye degradation. It is also interesting to note
that the resulting intermediates produced during AR-17 degradation are aromatic compounds,
however, they are quickly degraded to smaller and less-compounds which may eventually be
mineralized to CO,, H,SO, and ammonium ions.

3.8 Toxicity Test

3.8.1 Bioassay on Rotifer B. plicatilis

The toxicity rates were evaluated by examining the mortality numbers of rotifer
B. plicatilis (Ogunjobi et al. 2012; Furlan et al. 2010). The mortality rates in ozone
and UV treated 100 mg/L of AR-17 dye were close to 0, 0, 0, 2 and 5% after 0, 15, 30,

45 and 60 min, respectively (Fig. 9). While the raw dye of alike concentrations exhibited
0, 0, 5, 10 and 20%, respectively. It is also worth mentioning the treated and untreated
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Fig. 9 The toxicity of untreated and AOP-treated solutions at several contact times (Dye =100 mg/L, O; =
500 mg/h, operated volume =200 mL, AOPs time =25 min)

samples were left for 24 h and the mortality percent still remained the same at levels 20
and 5% for untreated and treated samples, respectively. Figure 9 shows that there were
not any mortality rates for the control samples at the first hour.

The mortality levels of untreated dye solution were higher than those of the treated dye
effluent. Therefore, the treated dye effluents were less harmful to the aquatic organisms and
could be released to the marine ecosystem with more safety. The mortality test obviously
revealed that the AOPs had a positive outcome on zooplankton toxicity of the AR-17 untreated
solution.

3.9 Application of Ozone and UV-Assisted Ozone on Seawater
The seawater sample was taken in the front of Kayet Bey Castle at Alexandria, Egypt (31°12'

49.3”N, 29°53'03.2"E). Physical and chemical parameters were measured and are presented in
Table 2.

Table 2 Physical and chemical

parameters of seawater sample Temperature 27.5°C

pH 7.75
EC 60.9 mS/cm
TSM 0.0152
DO 1.14 mg/L
Salinity 38.7
Nutrients

PO4*~ 0.096 pg/L

NO*” 2.1 pg/l
Heavy metals (ppm)

Cd 0.10

Zn 0.91

Cu 131

Fe 2.56

Pb 3.67

Mn 0.85

Ni 1.72
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Stock solution of 1000 mg/L of AR-17 were prepared using seawater and other working
aqueous solutions (100, 200, 300, 400 and 500 mg/L) of AR-17 were obtained from the fresh
prepared stock solution by dilution in seawater to the required concentration. The experiment
was run under the same conditions stated in Table 2 to simulate the discharge of industrial dye
wastewaters in coastal areas.

3.9.1 Effect of Initial Dye Concentration

The effect of initial AR-17 (with different concentrations of 100 to 500 mg/L) on color
removal from seawater was examined. The effect of AR-17 initial concentration on decolor-
ization efficiency is shown in Figure 10a, b, which show the color removal efficiency of AR-
17 in several initial concentration values. The color removal efficiencies for O3 only and for
initial concentration values of 100, 200, 300, 400 and 500 mg/L in the first 25 min were 99.6,
92, 84, 87.5 and 88%, respectively (Fig. 10a), which indicates similar action as in freshwater.
Figure 10b shows the color removal efficiencies for UV-assisted O treatment for initial
concentration values of 100, 200, 300, 400 and 500 mg/L, which in the first 25 min were
100, 83.8, 82.5, 76.5 and 65.7%, respectively. Also, it is worth mentioning, as shown in
Fig. 10a, b that by increasing the dye concentration in the same concentration levels used
above, the decolorization rate decreased and the complete removal of color was attained only
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g 60 | ——200 mg/L
£ 50 «+-4+ 300 mg/L
@
f 40 4 —o—400 mg/L
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Fig. 10 a Effect of ozone on different AR-17 concentrations (100, 200, 300, 400 and 500 mg/L) versus time.
(053 =500 mg/h, treated volume = 200 mL, initial solution pH 7.75); b Effect UV-assisted ozone on different AR-
17 concentrations (100, 200, 300, 400 and 500 mg/L) versus time. Ozonation (O3 = 500 mg/h, treated volume =
200 mL, initial solution pH 7.75)
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slower. Figure 10a, b clearly show that the ozone was more effective than the UV-assisted O3,
especially at higher concentrations (200, 300, 400 and 500 mg/L) and after the first 25 min,
which was the time needed for decolorization of 100 mg/L concentration using O3 and UV-
assisted O3. This result can be explained bearing in mind the scavenging effect of C1 ion on
hydroxyl radicals (OH), as Cl ion can consume OH and Oj; via serial groups of chemical
reaction (Muthukumar and Selvakumar 2005). Sodium chloride and sulfate disrupt the
degradation process because of producing a soluble solid in the solution that interferes with
ozone—dye reaction (Tehrani et al. 2008). In addition, the negative effect of sodium chloride on
decolorization of AR-17 dye in ozonation process is notable in the reduction of ozone
decomposition and in the scavenging of hydroxyl radicals by chloride ions (Moussavi et al.
2009). Carbonate and bicarbonate salts are also radical scavengers (Basiri Parsa et al. 2009).
Another important reason is the pH (7.75) of the seawater which is not high enough to
stimulate the decomposition of O3 or to produce radical. OH in comparison to the pH (11),
which was used in the treatment of the freshwater and made the UV-assisted Oz process more
efficient than O3 alone (Mallevialle 1982; Muthukumar and Selvakumar 2005).

As mentioned above, in freshwater treatment, the appropriate pH control might be required
after the major oxidation mechanisms are determined. The treatment in seawater is running under
slightly alkaline pH which is not high enough to produce hydroxyl radicals using O; or UV-
assisted Os. The presence of salt in the treated solution affected the time required to complete color
removal, as the higher the salt content (38.7 ppt) the longer the required time (Muthukumar and
Selvakumar 2005). This could be an alternative reaction pathway that depends on UV-assisted O;
reaction that results in extra resistant intermediate products to further oxidation.

It is worth mentioning that it is hard to compare the results of the required time for treatment
experiments of color removal in freshwater and in seawater. The absorbances of AR-17 in
freshwater and seawater for 100 mg/L concentration were 2.13 and 0.240, respectively. This
big difference may be due to the precipitation of the dyes after their preparation in seawater.
For this, fresh dye solution of seawater was always prepared. But even with this big difference
between the two initial absorbancies, we can notice that the decolorization time for AR-17
behaved in the same way as for UV-assisted Oz in both fresh and seawater after the first
25 min. This was due to the high salt content and the long time required for complete
decolorization; these results are in agreement with Khadhraoui et al. (2009).

4 Conclusions

The efficiency of using ozone and the combination of ozone and UV to decolorize and decon-
taminate an aqueous solution of AR-17 was examined. Regarding the results obtained, Os
treatment demonstrated to be very sufficient in the ultimate removal of color with partial reduction
of COD. The enhanced kyyj03y indicated that AOP technique was able to shorten 77, and reduce
the required time for decolorization and detoxification of the dye effluents. The AR-17 dye
oxidation process followed the pseudo-first-order kinetics. Color removal efficiency was higher
in the case of UV and O; combination when compared to ozone alone (Wang et al. 2008). HPLC-
MS/MS and GC-MS analyses were used to identify AOP treatment process by-products as well as
to evaluate the degradation of the dye solution. The degradation mechanism was studied using
HPLC-MS/MS analysis during and after the treatment was completed. The toxicity test results also
demonstrated that the AOP reduced the zooplankton toxicity of the treated dye wastewater.
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