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In this study, the methyl orange (MO) dye has been degraded after screening several azo dyes due to its

effective results and being toxic and carcinogenic to aquatic life and humans. An environmentally friendly,

economical, and green method for water purification was used in this study using the photooxidative

method. Several organic acids were screened for oxidative applications against various azo dyes but due to

better results, methyl orange was selected for the whole study. Ascorbic acid, also known as vitamin C,

was found to be best for photodegradation due to its high oxidative activity among various organic acids

utilized. A newly developed photoreactor box has been used to conduct the photooxidation process. To

evaluate the degradation efficiency of AsA, photooxidative activity was monitored periodically. When the
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dose of AsA was used at a contact time of 180 minutes, degradation efficiency was 96%. The analysis of

degraded products was performed using HPLC and GC-MS. The nucleophilicity of HOMO-LUMO and
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1 Introduction

In recent decades, the rapid growth in the textile manufacturing
industry has resulted in severe water pollution.' Extensive
discharges of liquids from textile industries containing dyes,
heavy metals, chlorine, and formaldehyde are the major sources
of water pollution.> Water is a great asset used for drinking,
washing, and irrigation purposes. Chemicals like synthetic dyes
are constantly introduced into natural water resources due to
the lack of effective wastewater treatment.®* The textile industry
uses dyes as coloring agents, and dye that is lost in
manufacturing and distribution causes environmental prob-
lems such as serious health issues for humans and aquatic
life.>® Approximately 10% of dyestuffs used in textile dyeing are

“Department of Chemistry, University of Agriculture Faisalabad, Faisalabad-38000,
Pakistan. E-mail: adnan.ighal@uaf.edu.pk

bSynthetic Organometallic and Coordination Chemistry Laboratory, University of
Agriculture Faisalabad, Faisalabad-38000, Pakistan

‘Department of Mathematics and Statistics, University of Agriculture Faisalabad,
Faisalabad-38000, Pakistan

“Pharmacy Department, Faculty of Pharmacy, Tishk International University, 100 m St,
Near Baz Intersection, Erbil, KRG, Iraq

“Biology Education Department, Faculty of Education, Tishk International University,
100 m St, Near Baz Intersection, Erbil, KRG, Iraq
T Electronic  supplementary  information
https://doi.org/10.1039/d4ra01202j

(ESI) available. See DOI:

16138 | RSC Adv, 2024, 14, 16138-16149

MEPs was confirmed using density functional theory. For the optimization of the process, central
composite design (CCD) in Response Surface Methodology (RSM) was utilized.

released into the environment due to inadequate binding to
fibers.” Methyl Orange (MO), Methylene Blue (MB), Methyl
Yellow (MY), Methyl Red (MR), Malachite Green (MG), and
Congo Red (CR) are some familiar azo dyes used in the textile
industry.®

In this study, MO was selected for the degradation process
owing to its environmental toxicity and effective degradation by
Ascorbic Acid (AsA). It is also known as a sodium 4-[(4-
dimethylamino) phenylazo] benzenesulfonate,® it is one of the
highest-consumed materials in the dye industry and is utilized
as a dyeing agent for fabric, textiles, and in the leather
industry.>' It is also used in printing,®> paper-making,"* phar-
maceuticals,"” food-processing,” and research lab industries.™
Due to its toxicity and carcinogenic effects, removal is necessary
for water purity and environmental protection.'* As mentioned
above, for these reasons, this dye was preferred for degradation
in this study. Over the past years, different physical and
chemical methods such as filtration," adsorption,'*™® coagu-
lation,' co-precipitation,*® and electrolysis** have been used for
the degradation of MO present in wastewater. Different metal-
based nanoparticles, such as ZnO, TiO, Fe;0,4, and NiO, were
synthesized, along with their composites like GO/ZnO, MXene/
NiO, and Activated-Carbon (AC)/TiO,, for the degradation of
MO.** Since nanoparticles are expensive to synthesize, these
methods are limited in many ways, including low versatility,
high cost, low efficiency, interference with other wastewater

© 2024 The Author(s). Published by the Royal Society of Chemistry
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components, and secondary harmful emissions that require
further processing, including poisonous fumes and sludge.****
In recent years, there has been a growing interest in advanced
oxidation technologies for obtaining high yields of oxidation
from organic compounds.*® The degradation of dyes in which
use of small organic compounds may be used for degradation in
the presence of light is known as organo-photooxidation.*” It
has attracted the attention of scientists and gained considerable
relevance due to its unique and fascinating qualities. The
development of asymmetric organo-catalysis was honored with
the 2021 Nobel Prize in Chemistry.>®?° As a result of its ability to
remove residual dyes from effluents, this photooxidation
system has become more and more popular among researchers
to tackle issues related to the environment.** Organo-
photooxidation is an effective technique for the development
of sustainable and efficient chemical transformations.*
Organo-photooxidation may minimize the use of hazardous
reagents or solvents and reduce the generation of harmful
byproducts during the degradation process.** Organo-photo
oxidative agents are usually feasible, inexpensive, eco-friendly,
and may show high degradation efficiency.*

Several organic acids were evaluated as photocatalysts,
including oxalic acid (OA), tartaric acid (TA), AsA (CcHgOg) also
known as vitamin C, maleic acid (MA) and citric acid (CIA).
However, AsA demonstrated the most effective degradation
efficiency for the MO dye, making it the preferred choice for the
entire study. It is a weak organic acid that has been used as an
organo-photooxidative agent for the degradation of MO dye. AsA
contains acidic hydroxyl groups®* which act as an electron donor
compound and are highly soluble in water.*® Its chemical
structure is shown in Fig. 1. Apart from these properties, AsA is
non-toxic, feasible, eco-friendly, and cost-effective.*® Although
several catalysts have been used in the past to break down MO,
organo-photooxidation is perhaps the most efficient and eco-
friendly technique. The utilization of organic molecules as
oxidative agents, excluding inorganic elements, has emerged as
a rapidly advancing area of chemical research. Implementing
the organo-photooxidative approach for dye degradation not
only enhances efficiency and sustainability but also diminishes
the environmental impact of synthetic dyes.** This method
holds greater attention compared to other techniques due to its
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cost-effectiveness, utilization of renewable energy, and elimi-
nation of inorganic catalysts. The novelty of this study lies in the
accessibility of acid catalysts, eliminating the need for prepa-
ration and saving time during the degradation process. In
Response Surface Methodology (RSM), Central Composite
Design (RSM-CCD) matrix has been applied to evaluate the
photodegradation of MO using AsA in the presence of light. It
also helps to recognize the most influential parameters and the
effects of interactions between the parameters.*” Various char-
acterization techniques such as HPLC, GC-MS, and FTIR anal-
ysis, have also been performed before and after the degradation
process for the evaluation of final product identification. The
DFT study has been done to determine the Molecular Electro-
static Potential (MEPs) and HOMO-LUMO structures to find
their values and the chemical reactivity evaluation.

2 Materials and methods

MO was obtained from Sigma-Aldrich, and AsA, MA, and CIA
were taken from the Chemical store of the University of Agri-
culture, Faisalabad-Pakistan. It should be noted that all of the
chemicals were of analytical grade and were not further purified
before use. All dye solutions were prepared using double-
distilled water. A photoreactor box was developed for photo-
degradation activity.

2.1 Photoreactor box

A Photoreactor box was established to enhance the photo-
degradation process by utilizing the tungsten bulb light to drive
chemical reactions. This photoreactor box comprises a box with
an inner wall coated with aluminum foil, a 100 W tungsten bulb
was deployed as the light source from the upper side of the box
for equal distribution of light to all test tubes, and a wire that
connects it to a power source. The aluminum foil reflects light
onto the reaction mixture, maximizing the utilization of light
energy and enhancing the efficiency of photoreaction. To main-
tain the increasing temperature aeration and a small hole was
used. This box has dimensions 13 x 12 x 14 inches. This system
also allowed for real-time reaction progress monitoring by using
a mirror. This photoreactor box is cost-effective, eco-friendly, and
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Illustrates the schematic diagram of the solution preparation and organo-photooxidative activity.
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an efficient solution to explore and optimize a wide range of
photo-induced reactions as shown in Fig. S1 (ESI File).}

2.2 Sample preparation

Solutions with various concentrations such as 500, 700, and
900 ppm of MO were prepared using double-distilled water in
measuring flasks. The prepared solutions were stirred at
1000 rpm for 5 minutes to ensure complete dissolution of MO in
distilled water. Then, 10 mL of MO solution for each concen-
tration was measured and placed in a separate test tube.
Photooxidative agent AsA in various doses was weighed on
a balance such as 0.005, 0.010, and 0.015 g, respectively. These
doses of photooxidative agent were added to the respective test
tubes containing the MO solutions. For further analysis,
samples were prepared at higher concentrations to obtain
powdered samples that resulted from dye degradation. For
drying of the sample rotary evaporator was utilized for the
evaporation of solvent to dry the degraded sample. Specifically,
samples for FT-IR and GC-MS analyses were prepared at
a concentration of 5000 ppm, while a concentrated solution
containing 1000 ppm of the MO dye was prepared for HPLC
analysis. Fig. 1 shows the schematic representation of solution
preparation and organo-photooxidative activity.

2.3 Experimental protocol

When all the solutions of MO dye were prepared, treated with
each concentration of AsA in a separate test tube. After the
addition of the AsA, visible light analyses were taken for the
evaluation of photodegradation. Subsequently, the test tubes
were introduced into a photoreactor system where a tungsten
filament bulb of 100 W was used to initiate the photo-
degradation activity. The bulb was turned ON 10 minutes before
the sample was placed in a photoreactor box to ensure steady
light emission. Test tubes were placed five inches below the
bulb. Samples of MO dye were collected at intervals of 60, 120,
and 180 minutes, respectively. The absorbance of MO dye at
each time interval was measured using a UV-visible spec-
trophotometer.This experimental setup was repeated three
times for each concentration to ensure consistency and reli-
ability of the results. The degradation efficiency was determined
by eqn (1).

Ao - At

o

Degradation efficiency = x 100 (1)
A,: initial absorbance of MO, A;: final absorbance of MO.

The optimal conditions for this study were 900 ppm MO
concentration and the dose of photooxidative compound
0.015 g at a contact time of 180 minutes.
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2.4 Statistical methodology

Response surface methodology (RSM) is a statistical and
mathematical technique commonly employed in experimental
design to optimize complex systems. It is particularly useful
when dealing with the response of a system changes with
varying levels of input factors.***° The main objective of RSM is
to develop an empirical model, often in the form of a mathe-
matical equation, which approximates the relationship between
the response variable (also known as the dependent variable)
and the independent variables (factors). The CCD model was
used for appropriate results. By fitting the model to experi-
mental data, RSM allows researchers to analyze and optimize
the system efficiently.*® A total of 108 values were run. Three
levels were defined for dye concentration and catalyst dose,
while four levels were defined for time. These values were
designed by the —1, 0, and +1 codes. Table 1 shows the range of
these factors.

The general form of the quadratic model is shown as follows
in eqn (2).

n n n—1 n
n=>b,+ Z bix; + Z byxi® + Z Z bijxix; (2)
i-1 i-1 =1 i1

where 7 is the predicted response variable, b, is the coefficient
constant, b; is the linear coefficient, b;; is the quadratic coeffi-
cient, by is the interaction coefficient, and x; and x; are the
coded values of the parameters.*!

% () = 47.30 + (4.58)X, + (2.45)X, + (34.15) X5 (—2.90) X, X>
+ (3.26) X, X5 + (0.743) X, X3 + (4.96) X,
+(0.30)X5% + (—10.0)X3> (3)

In eqn (3) % (n) is the percentage degradation response, and Xj,
X,, and X; are the corresponding independent parameters such
as concentration of dye (ppm), dose of photooxidative
compound (g), and reaction time (min) respectively.

It appears that the predicted R> of 0.92 and the adjusted R* of
0.93 are reasonably consistent. In other words, there is less than
0.2 difference between the two. According to. The signal-to-
noise ratio is used to measure precision. It is desirable to
have a ratio greater than 4. You have an adequate signal with
a ratio of 41.36. The design space can be navigated using this
model.

2.5 Computational study

The computational calculation based on density functional
theory (DFT) was conducted with the Gaussian 09 program
package. The B3LYP method with 6-31G (d, p) basis set level was
used for geometry optimization of MO molecular structure. The

Table 1 Shows the experimental ranges and levels of the effective variables

Factor Name Units Minimum Maximum Coded low Coded high
A Concentration of dye ppm 500.00 900.00 —1 +< 500.00 +1 < 900.00
B Dose of photooxidative compound g 0.0050 0.0150 —1 < 0.005 +1 < 0.015
C Time minute 0.0000 180.00 -1 < 0.00 +1 < 180.00
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optimized structures were calculated from log files and the
HOMO-LUMO values from CHK files.*?

3 Results and discussion
3.1 UvV-visible analysis

The MO dye's photooxidation experiments were conducted
within the photooxidative system as previously discussed. For
UV analysis, the solutions were placed in 2 mL cuvettes and
analyzed using a double-beam spectrophotometer model BMS-
1100 against a blank dye solution. The photooxidation activity
was assessed under the UV-visible spectrophotometer at its
lambda max value of 464 nm* shown in Fig. 2. The time was
recorded as soon as the samples were positioned within the
photo redox system. After the addition of AsA into the MO
solution under visible light, photodegradation of MO started
and the photodegradation process was evaluated every 60
minutes. The MO color change and absorption value decrease
as time passes, due to the presence of chromophore resulting
the breakdown of N=N,** indicating the photodegradation
process. After 180 minutes, the peak intensity close to zero

25
E o —— 0 min
Myt Orizge ™ —— 60 min
2.0 —— 120 min
/D —— 180 min
o = — L
2 15
E Amax = 464 nm (MO)
2
<

0.0 T . T

400 500
Wavelength (nm)

600

Fig. 2 Shows the UV-visible spectra of methyl orange degrading w. r.
t. time.
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indicated that MO fully degraded into its fragments. The results
showed 96% MO photodegradation efficiency using AsA as an
organo-photooxidative agent. However in case of Methylene
blue degradation AsA showed 95% efficiency.*

3.2 Statistical analysis

3.2.1 Response surface plots, fitted models and ANOVA.
Table S1 (ESI File)} shows the results obtained from the 108
experimental runs for MO with three repetitions, after 180 min
reaction time (ESIt). Analysis of variance (ANOVA) for MO is
presented in Table 2. The significance of the model terms was
evaluated based on computed F-statistic values and their asso-
ciated p-values. Least-squares cubic regression models were
generated by eliminating non-significant terms (p-value > 0.05).

Fig. 3a shows the effect of the concentration of dye and dose
of the photooxidative compound on dye degradation by AsA at
a contact time of 180 minutes. It was observed that increasing
the concentration of the dose of photooxidative compound
efficiency of dye degradation increased such as when the dye
concentration of dye was 900 ppm and the dose of AsA 0.005 g
resulted in percentage photodegradation noticeable to 92%
which was the highest efficiency by increasing the dose of
photooxidative compound more active sites creation for the
photodegradation of dye.**

Fig. 3b shows the combined effect of dye concentration and
contact time when the dose of AsA was 0.015 the degradation
efficiency was improved when the concentration of dye was
highest and the contact time of 180 min which is the maximum.
But as the dose of AsA was constant efficiency increased from
39% to 83%. But when the AsA dosage exceeds the limit
turbidity of the solution rises which reduces light penetration.*

Fig. 3c shows the effect of the dose of photooxidative
compound and time at a constant concentration of dye. When
the reaction started the photodegradation efficiency was less as
shown in Fig. 3c but after increasing the irradiation time to
180 min better response was achieved in the range of 0.05-0.01 g,
at shorter irradiation time stable intermediates formed that may
resist further degradation but by increasing the dosage of AsA
concerning irradiation time more radicals formed which attack
MO molecules or intermediates that further degrade to smaller
fragments and the efficiency increased from 56 to 96%.*

Table 2 Shows the results of the ANOVA study of the quadratic models for % photodegradation of MO

Source Sum of squares Df Mean square F-value p-value
Model 75 528.90 9 8392.10 164.97 <0.0001 Significant
A-Concentration of dye 1511.68 1 1511.68 29.72 <0.0001
B-Dose of photooxidative compound 434.73 1 434.73 8.55 0.0043
C-Time 70001.58 1 70001.58 1376.09 <0.0001
AB 404.84 1 404.84 7.96 0.0058
AC 425.43 1 425.43 8.36 0.0047
BC 22.09 1 22.09 0.4343 0.5114
A? 592.66 1 592.66 11.65 0.0009
B? 2.20 1 2.20 0.0433 0.8355
c? 2133.69 1 2133.69 41.94 <0.0001
Residual 4985.25 98 50.87

Cor total 80514.15 107

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 16138-16149 | 16141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01202j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 May 2024. Downloaded on 6/19/2026 11:15:58 AM.

[{ec

View Article Online

RSC Advances Paper

Degradation Effeciency (%)

—_
=
~

0.015

Pun

ST H,
22
o8
25225
A2
SSLSLASLS
&
SESZARLALD

SIS IARLZA
Z2Re
A

3

0.013 —

s,
0
4

¢
3

QOO
QO
0.0.0.0

)

S0

50
S8
o0
)

(X
9

0.011

i
{
¢

0.009 —

Degradation Effeciency (%)
Y
(
A

B: Dose of Photooxidative Compound (g)
°

0.007 4
0015 " . 900

T Y T B: Dose of Photooxidative Compound ()07
500 600 700 800 900

0.005

600  A: Concentration of Dye (ppm)

A: Concentration of Dye (ppm)

C: Contact Time 180 Minutes 152 [ 96.06 C: Contact Time 180 Minutes 1.52 [JJl] 9.9

Degradation Effeciency (%)
3

C: Time (minute)
Degradation Effeciency (%)

600 700 800

A: Concentration of Dye (ppm)
B: Photooxidative compound = AsA 152 [l 959  B: Photooxidative compound = AsA 152 [ %606
Degradation Effeciency (%)

(c) 180

g
120 2
= §
%
£ :
] g
=]
60
30
0.007 0.009 0011 0013 0.015
B: Dose of Photooxidative Compound (g)
A: Concentration of Dye 152 [ 9696 A: Concentration of Dye 152 [ 9606

Fig. 3 Response surface (3D) and contour plots (2D) for the percentage photooxidative degradation of MO as a function of (a) A: dye
concentration (ppm) and B: dose of photooxidative compound (g) (at contact time = 180 min). (b) A: dye concentration (900 ppm) and C: time
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reaction time = 180 min).
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Fig. 4 Plot of residuals and normal probability for MO
photodegradation.

An illustration of residuals versus normal probability for MO
photodegradation is shown in Fig. 4. The detailed plot shows
a linear relationship between the obtained data and residuals,
which indicates that the residuals are distributed normally.
This implies that the quadratic model developed for parame-
terizing MO degradation is satisfactory for predicting the
experimental results.

According to Fig. 5, MO photodegrades by organo-
photooxidation as a result of the experimental and projected
values. The present model of dye degradation well fits the

Predicted vs. Actual

Predicted

40 —

Actual

Fig. 5 Plot of experimental and projected values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experimental data, and both experimental and predicted values
were higher than expected. In the investigational range of
variables, the model was able to calculate dye degradation.

3.3 FT-IR analysis

FTIR spectra were taken for the confirmation of functional
groups by thermo scientific FT-IR spectrometer (spectrum 100) in
the range of 4000 to 650 cm ™ '. An attenuated total reflection
(ATR) attachment with a microgermanium (Ge) crystal was used.
Samples were mixed with spectroscopically pure KBr in a ratio of
5:95, pellets were fixed in sample holders, and analyses were
conducted.*® IR spectra of MO were obtained before and after
photodegradation shown in Fig. 6. Spectra observed various
peaks at 3524, 3326, 3255, 2933, 2899, 1653, and 1420 cm
before degradation of MO dye. The spectra having broad peaks at
3524 ecm™ ', 3326 cm ™', and 3255 cm ' between (3600cm -
3200 cm ") region indicates the O-H stretching vibrations due to
hydrogen bonding and water molecules.””** The absorption
peaks at 2933 cm ™' present in both before and after the degra-
dation of MO due to the C-H stretching®* and there is no shift at
2899 cm ™" was assigned to aliphatic C-H stretching vibration in
before and after the degradation of MO.** An absorption peak
observed at 1653 cm™ ' before degradation which is not present
after degradation indicates the amino group (N-H).** An
absorption peak was observed before degradation at 1420 cm ™"
and absent after degradation due to C-C aromatic skeleton
vibrations.** The absorption peak at 1340 cm ™ * was observed
before degradation and after degradation peak was observed at
1321 cm™ ' so the wavenumber decreased indicating that the blue
shift occurred due to a stretching vibrational band of C-N
functionality.” After degradation there were various peaks
observed in degraded samples at 3524, 3311, 3211, 2899, 2368,
1751, 1716, 1654, 1321cm ‘shown in Fig. 6. The absorption
bands after degradation obtained the same in the range of 3200-

Before Degradation MO
— After Degradation MO
S
[
1 e v 1340
g 3255
=
w
£
«
S
=
X 2899 \ 14210 M
3311 354, 1654 1321
T T T T T
4000 3500 3000 2500 2000 1500

Wave Number (cm™)

Fig. 6 Shows the FT-IR spectra of methyl orange dye before and after
photodegradation.
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3600 cm ' as before degradation but there is a little bit of
difference such as intense peaks were observed in degraded
samples as compared to non-degraded sample, and the blue shift
occurred from (3326 cm " to 3311 cm ') and (3255 cm ™" to
3211 cm ). These absorption bands were observed due to
a broad characteristic O-H bonding of hydrogen bonding and
interlinked water molecules.*® A new absorption band appeared
in the region (2300-2400 cm ") may be due to CO, trapped from
air.”** The absorption band at 1751 cm™ " was observed, which is
a more intense, and blue shift that occurred from 1653 to
1751 cm™ ' in degraded sample due to C=0 stretching.* A highly
intense peak observed after degradation at 1654 cm ' was
identified as amide.®*® The absorption peak observed at
1321 cm ™" and the wavenumber shifted from 1340-1321 cm™"
shows a red shift due to the asymmetric and symmetric
stretching vibration of the sulfone groups.**

3.4 HPLC analysis

The HPLC chromatogram of 1000 ppm MO reference dye and
photodegraded MO dye at 100 W of light for 3 h, was observed at
464 nm as shown in Fig. 7. Peak A, shown at 3 minutes, repre-
sents the MO before degradation. After irradiation for 180
minutes, a peak was observed at 244 nm with a retention time of
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2 minutes. The general observation can be made that degra-
dation is a consequence of a transformation of the molecular
structure of the dye chromophore.®> This retention time is
shorter than that of the reference dye solution indicating the
photodegradation of MO into its smaller fragments. These
chromatographic variations support the organo-photooxidative
degradation of MO into aromatic amines such as the 4-(2-(4-
aminophenyl)hydrazineyl)benzenesulfonic acid, the peak
observed at 244 nm in the HPLC chromatogram® as shown in
Fig. 7. The GC-MS analysis conducted to identify the degrada-
tion products of MO revealed several peaks on the gas chro-
matograph resulting below.

3.5 GC-MS analysis

GC-MS is a useful tool for detecting organic volatile molecules
in a mixture.®* To detect photodegradation intermediates and
identify a degradation pathway for MO, GC-Mass analysis was
performed*® using GC-7890A and MS-5977A spectrometry (Agi-
lent, USA) model. Following the photodegradation process, the
GC chromatogram of MO solutions is shown in Fig. 8, which
confirms the degradation of MO molecules to smaller frag-
ments. Different degraded products were determined at the
18.12 min of elution time. A mechanism for the degradation of

o] (@ g (Peak A)
”
1 \ (u) /=\
3004 ()—H—(\:\\ //\«‘—I\'\ /~\ /
i Na" 9 I\—‘/Q /,/}‘— N\
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Fig. 7
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[llustrates the HPLC spectra of (a) MO before and (b) after photodegradation showing by products peaks.
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Fig. 8 Shows the GCMS chromatogram of the degradation of MO molecules to smaller fragments.

MO molecules in the applied conditions was proposed based on
the m/z values of the resulting intermediates as shown in Fig. 9.
In this AsA first oxidized due to atmospheric oxygen as it is good
reducing agent, so it attacked the nucleophilic portion of MO.
Electrons were transferred from AsA to MO. Which lead to the
formation of 4-(2-(4-aminophenyl)hydrazineyl)benzenesulfonic

Photocatalysis

Atmosphericgz\

acid (m/z = 279) a crucial intermediate in MO degradation
activity.®® It was further elucidated by following intermediates
formation such as 4-diazenyl-N, N-dimethylaniline, N,N-dime-
thylaniline with m/z = 149, 122 respectively occurred asym-
metric cleavage due to lower bond energy of -C-N-
(305 kJ mol ") than N=N (418 kJ mol ") and this intermediate

m/z =149

H H
N-N NH, m/z=279

@N(CHJ)Z

m/z =122
0 N
HN, i “CH,0H
~0
N Il
o OCH,H;
m/z =207 m/z =167
w0 o
m/z =94 ©/N:CH2 @ m/z =95
m/z = 104 /wz =78
1 €O+ 0!

Fig. 9 Shows the proposed degradation mechanism of MO based on GCMS analysis.
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Table 3 Shows the literature supported the mass spectral intermediates with m/z
S. No Chemical names Chemical formula Intermediates products mlz
_CH3
1 4-Diazenyl-N,N-dimethylaniline CgH1N; HN:N‘@N\C - 149
HN_ o .
2 4-Diazenylbenzenesulfonate CeH5N,053S™ ‘NQll—O 207
o
H
N_
3 ((2-Methoxyphenyl)amino)methanol-dihydrogen (1/2) CgH;5NO, CH;OH 167
OCH,H;
N=CH,
4 N-phenylmethanimine C,;H,;N ©/ 104
5 N,N-dimethylaniline CgHy N @N(Cﬂs)z 122

was detected.®® The fragmentation pattern of degraded product
with m/z 279 shows at m/z 207 and by loss of phosphate group
further degrade to give m/z 104.°° During the photodegradation
of the dye molecule, the photogenerated holes and hydroxyl
radicals exhibit a preference for attacking the chromophore
center. This leads to cleavage of the amino group, saturation of
hydrogen radicals.®” The C-N bonds between the aromatic ring
are easily broken, implying that during the photodegradation
process, resulted in ring-opening and formation of short linear
aliphatic carboxylic acids, inorganic ions, CO,, and H,0.°° A
summary of the main intermediates is shown in Table 3, based
on the mass spectral m/z values.

.

(b)

Fig. 10 Shows the optimized and atoms labeled structure of (a) MO
dye and (b) AsA.
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3.6 Computational details

The DFT study provides support to the proposed mechanism of
MO degradation. For supporting the GCMS The optimized
geometric structures and atoms labels of MO and AsA are shown
in Fig. 10. The HOMO-LUMO bandgap energy and the MEPs
were calculated using a B3LYP/631 G (d,p) level basis set.*>*®

3.6.1 Insights into frontier molecular orbitals (FMOs).
FMO analyses were used to describe the optical and electronic
properties of MO and AsA along with their reactivity.®® The energy
gap between HOMO and LUMO determines the stability and the
stability of the electronic system, while the energy gap between
HOMO and LUMO determines the relative stability.®® Fig. 11
shows the HOMO-LUMO pattern of MO and AsA. The band gap
energy of stable MO dye is (0.1208) while the AsA is (0.04662 eV).
The possibility of a chemical reaction between dye and acid can
be described by chemical potential value (u). The chemical
potential values of AsA and MO are —0.21485 and —0.127705 eV,
respectively. The low chemical potential and ionization potential
value predicted that MO is an acceptor in the degradation
mechanism while AsA acts as a donor due to the high potential
value obtained. Table 4 shows the HOMO-LUMO band energy
gap and chemical potential value of (a) MO and (b) AsA.

3.6.2 Analysis of the molecular electrostatic potential. An
electrostatic potential analysis is important to distinguish
between nucleophilic and electrophilic centers in studied
molecules. Molecules have a colored band indicating their
donor and acceptor ends.” MEPs structures of studied mole-
cules are shown in Fig. 12. It is also evident from Fig. 12 that the
electron density is predominantly observed on the donor end
and the acceptor end, with the blue color representing the
acceptor end.” So, Fig. 12a indicated that the light blue color
present on the MO molecule predicted its acceptor while in
Fig. 12b, the MEP surface of AsA has the negative electrostatic
potential over oxygen atom indicating its donor nature.
Accordingly, the blue portion of MO is the site for the nucleo-
philic attack while the red portion in AsA is the site for the
electrophilic attack in the degradation mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Shows the HOMO-LUMO pattern of (a) MO and (b) AsA.
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Fig. 12 Shows the MEPs surfaces of (a) MO and (b) AsA.
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Table 4 Shows the HOMO-LUMO band energy gap and chemical
potential value of MO and AsA

Compounds Enomo (€V) Erumo (eV) u(ev)
MO —0.18815 —0.06726 —0.12089
AsA —0.23816 —0.19154 —0.04662

4 Conclusion

This research focused on eliminating the toxic particles present in
water using green photooxidative compounds under visible light.
In this study photooxidation potential of AsA for the photo-
degradation of azo dye (MO) was assessed as having higher
oxidation efficiency than all other organic acids such as OA, CIA,
TA, etc. Additionally, this method is useful for the photo-
degradation of various azo dyes such as methylene blue, reactive
red, reactive blue, and eriochrome black-T for water purification.
However, residual AsA may persist in the water post-degradation,
which is generally deemed safe for consumption and may not
present health risks. It seems that AsA offers a more cost-effective
and eco-friendly alternative compared to nanoparticles, H,0,, and
NaBH,. Additionally, AsA exhibits enhanced photodegradation
capabilities, crucial for addressing chemically stable synthetic
dyes that conventional treatments struggle to degrade without
incurring high costs. As the photooxidative agent concentration
increases, so does energy consumption. Therefore, photooxida-
tion proves to be a more efficient and promising approach
compared to other physical and chemical methods. The response
surface methodology and CCD modeling were used to evaluate
the individual effects of three independent parameters: concen-
tration of the dye, dose of photooxidative compounds, and time
on degradation efficiency. The maximum photodegradation effi-
ciency was 96% under the following optimal conditions: photo-
oxidative compound dosage = 0.015, contact time = 180 min, and
concentration of MO = 900 ppm which is more than from
methylene blue degradation by Majeed et al® The degraded
product obtained from MO was 4-(2-(4-aminophenyl) hydrazineyl)
benzenesulfonic acid confirmed by HPLC and GCMS analysis.
The DFT study was done to support the results of various tech-
niques such as GCMS and HPLC in the degradation mechanism.
The primary objective of this research was not only to degrade the
MO dye but also to demonstrate, through practical wastewater
treatment applications, that a suitable photooxidative system can
effectively eliminate dye contaminants from wastewater.
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