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Abstract: Advanced oxidation processes (AOPs) have emerged as a promising approach for the
removal of organic dyes from effluents. Different AOPs were employed for the degradation of
Reactive Yellow 160A (RY-160A) dye, i.e., SnO,/UV/H;0; and TiO,/UV/H;0;. In the case of
UV treatment, maximum degradation of 28% was observed, while UV/H,0O; furnished 77.78%
degradation, and UV/H;0,/TiO; degraded the RY-160A dye up to 90.40% (RY-160A 30 mg/L,
0.8 mL of HyO,). The dye degradation was 82.66% in the case of UV/H0O,/5nO, at pH 3. FTIR and
LC-MS analyses were performed in order to monitor the degradation by-products. The cytotoxicity
and mutagenicity of RY-160A dye were evaluated by hemolytic and Ames (TA98 and TA100 strains)
assays. It was observed that the RY-160A dye solution was toxic before treatment, and toxicity was
reduced significantly after treatment. Results indicated that UV/H,0,/TiO, is more efficient at
degrading RY-160A versus other AOPs, which have potential application for the remediation of dyes
in textile effluents.

Keywords: Reactive Yellow 160A; photodegradation; TiO, and SnO,; cytotoxicity; mutagenicity

1. Introduction

Dyes are one of the major sources of water pollution, which are widely employed in
the textile, paper, rubber, and plastics industries, causing serious environmental issues [1-4].
Acid dyes, reactive dyes, and dispersion dyes are the most prevalent types of dyes, which
are water soluble and discharged in the environment at an elevated level. In textiles, cotton
is dyed with reactive dyes, while nylon, acrylic dyes, and silk are dyed with acid dyes.
The disperse dyes are employed for polyester fibers since they are partially soluble in
water [5]. Dyes are toxic and hazardous substances for living organisms. As a result, the
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treatment of hazardous and wastewater contaminants has become a major environmental
contamination issue. Because of their carcinogenicity and mutagenicity, organic dyes cause
mutations in the genetic materials of living organisms [6,7]. Due to their easy dyeing
process and better stability, reactive dyes are frequently employed in the textile industry.
The removal of dyes from effluents before disposal has been a critical issue in wastewater
treatment and a significant environmental issue. Various conventional processes have been
employed to remove dyes from the effluents [8]. Among wastewater treatment approaches,
the advanced oxidation process approach is one of the highly efficient techniques for the
said purpose [9]. In the advanced oxidation process (AOP), very strong reactive species are
produced, i.e., hydroxyl radicals, which degrade the dyes by oxidative process and convert
them into harmless end products [10].

Among AOPs, photocatalytics are highly efficient in degrading organic pollutants in
aqueous mediums and this process can further be enhanced with the help of oxidants. Dye
degradation has been accomplished using a variety of catalysts. Titanium dioxide has been
reported to be one of the most promising photocatalysts, which has higher chemical stabil-
ity. Similarly, SnO, has been also used as a photocatalyst for the degradation of organic
pollutants. The degradation of disperse violet 63 dye was investigated using UV /H,O,,
UV/H0,/5n0,, and Fenton reagent as a function of hydrogen peroxide concentration,
oxidant concentration, and UV irradiation time. The maximum decolorization of disperse
violet 63 with UV /H,0,, UV /H,0,/Sn0O,, and Fe/H,0, was 81, 92.7, and 96.4 (%), re-
spectively [11]. Similarly, TiO,/SnO, nanocomposite, employed as a photocatalyst for
the degradation of methylene blue and TiO, /SnO, nanocomposites, showed promising
efficiency for dye removal as well for the treatment of textile wastewater [12]. In addition,
alizarin red S, amaranth, congo red, and rhodamine B were treated with TiO, and SnO5,
and dye removal was highly effective for both catalysts. The dye degradation followed
a first-order reaction [13]. The disperse V-26 degradation has also been studied under
UV: UV/H;0,, UV/H;0,/TiO;, and UV /H,0,/Zn0O AOPs as a function of initial pH,
the concentration of HyO, and the dye concentration. Under optimum conditions, there
is degradation of 93% of disperse V-26 dye [14]. Hence, the photocatalytic-based AOPs
showed higher efficiency for the degradation of dyes [15]. Reactive Yellow 160A is an
anionic azo dye that is commonly used in various industries such as textile, paper, leather,
etc., and also as a petroleum product additive. Unfortunately, it is classified as a signif-
icant pollutant because it is converted into possibly carcinogenic products in anaerobic
conditions [16].

Based on the aforementioned facts, Reactive Yellow 160A dye degradation was studied
under UV, UV/H,0,, UV/H;0,/TiO;, and UV/H;0,/SnO, AOPs systems. The condi-
tions, i.e., pH, dye concentration, catalysts amount, and H,O, amount were also optimized
for maximum degradation of dye. The toxicity was evaluated by employing the hemolytic
and Ames tests.

2. Materials and Methods
2.1. Reagents and Chemical

The RY-160A was kindly supplied by the Director, Haris Dyes and Chemical, Faisal-
abad, Pakistan. Hydrogen peroxide (35% w/w), HCl, NaOH and TiO,, and SnO, were
obtained from Merck. Hydrochloric acid and sodium hydroxide (0.1 M) were used to adjust
the pH of the RY-160A solution. The structure of RY-160A is shown in Figure 1, and its
properties are mentioned in Table 1.
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Figure 1. Chemical structure of Reactive Yellow 160A.

Table 1. Reactive Yellow 160A specifications.

Parameters Reactive Yellow 160A
Molecular formula Cy5H,CINayNgO1,S3
Mol. weight (g/mol) 818.13
Color Index name Yellow 160
A-max (nm) 432
Chemical class Azo

2.2. RY-160A Dye Treatment

The RY-160A solutions of different concentrations (30-120 mg/L) were subjected to
UV treatment using lamps that emitted UV light with a wavelength of 254 nm. The samples
were placed under UV radiation for variable time intervals (30-120 min) under continuous
stirring. In case of hydrogen peroxide, different concentrations (0.4 mL, 0.6 mL, 0.8 mL,
and 1.2 mL) were used. For photocatalytic treatment, UV /H;0O, /photocatalyst (TiO, or
SnO,) variable doses (250-550 mg /L) were used. pH effect was studied in the 3-9 range.
These samples of Reactive Yellow 160A were stirred magnetically for 30 min in the dark
and, then, subjected to treatment. After treatment, samples were filtered by Millipore filter
paper (0.45 pm). Then, a concentration of RY-160A was monitored by spectrophotometer
(UH5300-HITACHI) at 432 nm (Figure 2), and decolorization efficiency was calculated
using the relation shown in Equation (1) [16].

Decolorization efficiency (%) = Ag — A/Aj x 100 @D

where Aj and A are the absorbance values of RY-160A before and after treatment.
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Figure 2. UV-Vis absorption spectrum of Reactive Yellow 160A (10 mg/L).

2.3. RY-160A Dye Analysis

FTIR analysis of RY-160A was conducted before and after treatment to determine
the functional groups (U-2001, Schimadzu, Kyoto, Japan). The spectrum was obtained at
4.0 cm~! resolution having 1 min acquisition period in the 650-4000 cm ! range [17].
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The LC-MS analysis was performed to monitor the RY-160A degradation by-products
at NIBGE, Faisalabad. Electrospray ionization source on a Linear Ion Trap Mass Spectrome-
ter was employed. The RY-160A treated sample was extracted with methanol and subjected
to analysis. At the flow rate of 10 pLmin~! samples were injected. Voltage and temperature
of the capillary were 4.2 kV and 280 °C, respectively. The LC-MS was conducted in positive
mode using a data full scan MS m/z 100-600 in enhanced scan mode to achieve improved
resolution [18].

2.4. Toxicity Analysis

Microbes, such as Plasmodium falciparum, trigger "hemolysis’, which is considered to be
an infectious disease [19]. The cytotoxicity was evaluated for both untreated and degraded
samples of RY-160A by hemolytic assay on human RBCs. To prevent coagulation, 3 mL of
freshly collected blood was placed in heparinized tubes, carefully blended, and emptied into
a disinfected 15 mL tube, which was centrifuged for 5 min. The supernatant was drained,
and the RBCs were washed three times with a sterile PBS (5 mL) and kept at 4 °C. The RBCs
were purified and placed in cold PBS (20 mL). A hemacytometer was used to count the
erythrocytes. For each experiment, RBC count was kept constant at 7.068 x 108 cells per mL.
In 2 mL Eppendorf tubes, 60 mg/L dye solution was added, followed by addition of 180 uL
of diluted suspension. At 37 °C, the samples were incubated for 35 min. Tubes were placed
on ice for 5 min before being centrifuged for at least 5 min at 1310x g. The supernatant
(100 pL) was withdrawn after centrifugation and diluted with cooled PBS (900 uL) and
then kept on ice. Afterward, each of the Eppendorf (200 uL) mixture was transferred to
96 well plates. A positive control of the 0.1 percent Triton X-100 and a negative control of
PBS were used for comparison of hemolysis induced by dye sample [20].

The Ames test was employed to analyze the mutagenicity of RY-160A. The TA98
and TA100 strains, which are believed to be very responsive to frame-shift and base-
substitution mutagens, were used to evaluate the mutagenicity of RY-160A before and after
treatment [21]. A positive test indicates that substances are carcinogenic. This test is a
simple and efficient tool to estimate whether a substance is carcinogenic [22].

3. Results and Discussion
3.1. Effect of UV Irradiation Time on Degradation

Different concentrations of RY-160A were placed in a UV reactor and exposed to UV
radiation at variable time intervals, namely, 30-120 min (Figure 3). The pH of the sample
was three. It was observed that the dye degradation was increased as the exposure time was
increased, which is attributed to the increased dye degradation rate with irradiation time.
After 30 min of UV irradiation, 7.5% degradation was observed for 30 mg/L of RY-160A
solution, which increased to 28% after 120 min of irradiation. Hence, by increasing UV
exposure time, the dye degradation efficiency of UV alone was increased.
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Figure 3. UV irradiation time on % degradation efficiency of Reactive Yellow 160A.
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3.2. Effect of HyO, on Degradation

The addition of HyO; is important to improve the efficiency of AOPs. Different
concentrations of HyO, (0.4-1.2 mL) were added to dye solutions and irradiated with UV
light. It was observed that UV /H;O, enhanced the photodegradation process manyfold
versus UV treatment alone. The RY-160A degradation was enhanced by increasing H,O, up
to a certain limit and, then, declined (Figure 4). At a concentration of 0.4 mL, degradation
was 40.8% and when H,O, concentration was increased to 0.6 mL, the degradation was
62.13%, which was 77.78% at 0.8 mL of H,O,, which is an optimum concentration because
beyond this concentration the degradation rate was declined. This is attributed to the
scavenging effect of hydrogen peroxide [23], at higher hydrogen peroxide concentration,
the *OH radical and HyO; reacts to produce HO,® radical; hence, the low generation of the
*OH radical, the RY-160A degradation was declined. The *OH radical scavenging process
is shown below [24].

H,O, + OH®* — HO,* + H,0

HOQ. + OH*® — H,O+ O

100
90
80
70
60
50
40
30
20
10

Dye degradation (%0)

0.4 0.6 0.8 1.2

H:02 concentration (mL)

Figure 4. Effect of HyO, concentration on RY-160A degradation (pH = 3, RY-160A = 30 mg/L,
irradiation time = 120 min).

3.3. Effect of Photocatalysts Dose

The TiO; and SnO, concentration (250-550 mg/L) effect was also checked on dye
degradation at the optimum level of other process variables, and a 90.40% degradation
was achieved for a 450 mg/L catalyst dose, which was decreased to 89.99% when the TiO;
concentration was 550 mg/L (Figure 5). The increase in degradation efficacy was due to
the enhancement of hydroxyl radical generation due to higher TiO, catalytic activity. In
addition, this enhancement in dye degradation with catalyst dose was due to the availability
of active sites since more photons are absorbed, which enhances the photodegradation
of RY-160A dye due to the generation of hydroxyl radicals [25]. Beyond the optimum
condition, the RY-160A degradation was decreased, which is due to catalyst aggregate
formation in the solution. Hence, it causes a hindrance for light to reach the surface activity.
The suspension turbidity caused scattering to occur, and the hydroxyl radicals were not
generated effectively. Hence, an optimum amount of catalyst is necessary to ensure the
proper photons absorptions that are necessary for the degradation process of dyes. This
optimum amount is different for different catalysts based on the nature and concentration
used [26]. In the case of SnO,, the maximum degradation of 82.66% was achieved for
450 mg/L, which was reduced to 79.87% when the catalyst dose increased to 550 mg/L
(Figure 5).
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Figure 5. Effect of catalysts (TiO,, SnO,) dose on the degradation of dye Reactive Yellow 160A
(RY-160A =30 mg/L, HyO, = 0.8 mL).

3.4. Effect of Initial RY-160A Concentration

The effect the of RY-160A concentration on degradation efficiency was checked at
30-120 mg/L. At 30 mg/L, the RY-160A degradation was 88.90%, which was reduced
to 82.7% as the dye concentration was increased to 60 mg/L (Figure 6). In the case of
the 90 and 120 (mg/L) dye concentrations, up to 76.6% and 74.87% degradation was
observed using TiO; 450 mg/L, pH 3, and HyO; 0.8 mL in 120 min UV irradiation time.
The dye degradation was higher at low dye concentrations. As the concentration of dye
was increased, the degradation efficiency was reduced, which is due to the adsorption of
dye molecules on the catalyst surface that affects the degradation process. Moreover, there
is competition between dye molecules and hydroxyl radicals at higher dye concentrations,
and due to the low concentration of hydroxyl radicals, the RY-160A degradation process
declined [27].

100 -
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Figure 6. Effect of initial concentration of the degradation of Reactive Yellow 160A (TiO; = 450 mg/L,
pH =3, HyO, = 0.8 mL, irradiation time = 120 min).

3.5. Effect of Medium pH

The dyestuff discharge from different industries has a variable pH, which needs to
be optimized for an effective degradation process. The pH effect on the degradation of
RY-1620A was studied in the 3-9 pH range (Figure 7). At pH 3, the degradation of Ry-160A
dye was 87.8%; by increasing the pH, the dye degradation was also affected; and at pH
5,7,and 9, the dye degradation was absorbed to be 84, 78.9, and 75.5%, respectively. The
degradation was higher at low pH values, which is attributed to the fact that hydroxyl
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radicals are produced effectively in this pH range and at basic pH; the hydroperoxyl
radicals that are formed have low oxidation potential; hence, the dye degradation was
reduced. The catalyst surface also carries a negative charge in a basic environment, which
causes repulsion to anionic species and hydroxyl radicals. Hence, the degradation rate for
anionic dye was higher in acidic medium and low basic medium [28].

100
90 -
80 - .\\—.
70 4
60 -
50 -
40 -
30
20 -
10

Dye degradation (%)

pH

Figure 7. Effect of pH on the degradation of Reactive Yellow 160A (TiO, = 450 mg/L,
RY-160A =30 mg/L, HyO, = 0.8 mL, irradiation time = 120 min).

3.6. By-Products Distribution

The RY-160A dye solution was subjected to FTIR analysis before and after treat-
ment to identify different functional groups (Figure 8A). FTIR analysis of untreated RY-
160A exhibited a broad peak at 3421.78 of OH-stretching and NH-stretching overlap, a
peak at 1595.37 cm ! showing N=N vibrations along with C=C in the aromatic ring, and
1395.90 cm ™! indicating C=N vibrations; the band at 1088.46 cm~! shows C-S stretch and
1136.86 cm ! shows SO, vibration. The band observed at 997.70 cm ! shows alkene out of
the plane, and a peak at 797.77 cm L indicating a C-Cl bond. Treated samples revealed
variations in peaks due to the diminishing of functional groups. After treatment, the dis-
tinctive bands of RY-160A disappeared indicating the destruction of the structure of the dye
(Figure 8B). The bands present in untreated dye samples vanished after treatment, which
demonstrates that the dye molecules have been degraded due to photocatalytic treatment.
The absence of a peak at 3421.78 cm ™! revealed the OH group disappearance and lack of
signals between 3650 and 3580 cm ™! for phenolic compounds, suggesting that no phenolic
compounds were present at the end of the catalytic treatment. In addition, peaks at 3420
and 3380 cm~! disappeared, which is an indication of the -NH functional group disappear-
ance. In treated dye, an azo bond signal (1510-1646.3 cm~!) and a peak also appeared at
1240 cm ™!, showing that the aromatic structure is destroyed and dye was degraded through
aromatic amines as byproducts, which were then converted to the simplest compounds on
further oxidation. LC-MS analysis was also performed in order to identify the degradation
by-products. A chromatogram of a treated sample of RY-160A is given in Figure 9. The
peaks having m/z of 120.01, 179.90, and 210.08 are the peaks that have been present in the
intermediate by-products of RY-160A dye degradation. These intermediates undergo to
further oxidation and, finally, are converted into inorganic compounds.
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Figure 8. (A) FTIR spectrum of Reactive yellow 160A before UV treatment and (B) FTIR spectrum of

Reactive yellow 160A after treatment (TiO, = 450 mg/L, pH = 3, RY-160 = 30 mg/L, irradiation time
=120 min).
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Figure 9. LC-MS analysis of treated sample of Reactive Yellow 160A. UV Irradiation. Time = 120 min,
[TiO,] = 450 mg/L pH = 3, [RY-160] = 30 mg/L.

3.7. Proposed Degradation Pathway of Reactive Yellow 160A

LC-MS/MS analysis was performed to identify the intermediate products generated
during the process and possible degradation mechanisms are proposed (Figure 9). It
was believed that hydroxyl radicals degrade the dye by an oxidative process. For the
breakdown of the RY-160A, three possible approaches have been postulated that include
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radical desulfonation, radical diazotization, and radical denitration. It had been stated that
azo bonds are easily attacked by hydroxyl radicals due to the presence of -bond. At first,
the C-N bonds that are present in the triazine ring and the azo bond were broken. This
process was due to the attack of hydroxyl radicals that act as initiators for the degradation
process. As a result, the benzene sulfonates and other two intermediates are formed. In the
second step, aromatic rings have different substituents cleaved and several intermediates
are formed. In addition to this, several ions such as ammonium ions, sulfate ions, sodium
ions, and chloride ions are also generated. These intermediates are finally mineralized to
water and carbon dioxide. The proposed mechanism is shown in Figure 10, and probable
by-products formed are depicted in Table 2.

HNoCc_  CHs N_\(Cl
ol | N=N AN Y
i N=(.
1O on 0SS NH
NaO;SOH,CH,C0,S
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Figure 10. Proposed general mechanism for degradation of Reactive Yellow 160A.

3.8. Effect of Treatment on Toxicity

The hemolytic test is a promising test for cytotoxic effect evaluation. The erythro-
cyte membrane mechanical stability illustrates how cytotoxicity is affected by different
agents [29]. The hemolytic analysis of untreated RY-160A (30 mg/L, 0.8 mL H,O,, 450 mg/L
TiO,) revealed the cytotoxic nature, where before the treatment, up to 13% RBCs lysis was
observed, which reduced to 7.3% after treatment (Figure 11). Similarly, the RY-160A so-
lution revealed mutagenicity of 70.4% (TA98) and 74.5% (TA100) before treatment. The
treated dye sample (30 mg/L, 0.8 mL HO,, 450mg/L TiO,) showed a less mutagenic effect,
which was reduced to 80.8% (TA98) and 81.4% (TA100) after treatment (Figure 12). The
results clearly demonstrate that the photocatalytic treatment reduced the mutagenicity
of RY-160A dye significantly after treatment. Currently, a variety of dyes are used in the
textile industry and a huge quantity of dyes are discharged into water bodies, which are
toxic to the living organisms [30-36]. To avoid the negative impact of dyes, there is a need
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to treat the wastewater before being discharged into the watersheds and photocatalytic

treatment is one of the most promising approaches in this regard versus other conventional
techniques [37-42].

Table 2. Degradation intermediates of Reactive Yellow 160A identified by LC-MS.

Sr. No Structures mlz Value Molecular Weight Remarks

H,NOC
1. :Z}N N 210.08 210.19 Detected
2. @ 179.99 180.16 Detected

NaO;S
HOOC ~ H
3. ,C:C 116.01 116.06 Not Detected
H  COOH
H,N
4. @ 93.06 93.13 Not Detected
O O
5. HOMOH 120.01 120.06 Detected
OH
COOH
6. Loon 90.00 90.03 Not Detected

Cytotoxicity (%)

After treatment
Samples

Figure 11. Cytotoxicity analysis of Reactive Yellow 160A before and after treatment (TiOp =450 mg/L,
RY-160A = 30 mg/L, HO; = 0.8 mL, irradiation time = 120 min).

80

70

V7] TA9B

60 - N TA%8

= o
=1 =
1 I

w
=
I

Mutagenicity (%)

20

Untreated Treated
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Figure 12. Mutagenicity analysis of Reactive Yellow 160A before and after treatment (TiO, =
450 mg/L, RY-160A = 30 mg/L, H,O, = 0.8 mL, irradiation time = 120 min).
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4. Conclusions

Advanced oxidation processes (AOPs) such as UV alone, UV/H;0;, and UV/H,0,/
photocatalysts (TiO;, SnO;) were employed for the degradation of RY-160A dye as a func-
tion of different process variables. In the case of UV treatment, only 28% degradation was
observed and for UV/H0O,, up to 77.78% degradation was achieved. The UV /H,0,/TiO,
furnished 90.40% degradation and UV /H;0O,/SnO, showed 82.66% degradation of RY-
160A dye at optimum conditions of process variables. The FTIR and LCMS analysis revealed
that the RY-160A dye was degraded to low molecular weight intermediates. Hemolytic
tests revealed that RY-160A dye was toxic and that after treatment, its cytotoxicity and
mutagenicity were reduced significantly. The results indicated that UV /HyO,/TiO; has
the potential for the remediation of dyes in effluents.
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