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Photocatalytic degradation of methyl blue dye with
H,O, sensingf
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A condensation polymer (urea-formaldehyde resin) passivated ZnO nanoparticles were used as an efficient
photocatalyst for methyl blue degradation in the presence of H,O, involving a Fenton-like reaction. The
formation of OH" radicals were attributed to the pivotal factor for the degradation process. The method
was easy and recyclable. The dose of photocatalyst, initial dye concentration, pH variation, variations of
the composition of the photocatalyst, and the effect of scavengers were gauged. The degraded product
was highly fluorescent and fluorometric detection of H,O, was achieved along with a colorimetric
recognition pathway. No other dye could be degraded under similar experimental conditions, implying
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1 Introduction

Paper, plastics, leather, pharmaceuticals, food, cosmetics,
dyestuffs, and textile dye effluents have always been a severe
environmental hazard.® Several hues are poisonous and may
have a direct impact on aquatic ecosystems.”> Dyes are organic
molecules with a complex aromatic molecular structure that
may give other materials a vibrant and vivid color. However,
dyes' complex aromatic molecular structures render them
extremely persistent, making biodegradation more difficult.
Methyl blue (MB) is a popular dye, that is used as a coloring
agent and disinfectant in dyestuffs, rubbers, pharmaceuticals,
insecticides, and varnish.?

Zinc oxide (ZnO) nanoparticles are inexpensive and easily
manufactured on a big scale. ZnO is a heterogeneous n-type
semiconductor with a large direct band gap of around 3.37 eV
and an exciton binding energy of ~60 meV.* ZnO absorbs
ultraviolet light (UV) at room temperature and responds poorly
to visible light in the electromagnetic spectrum. This limits the
intrinsic semiconductor’s ability to function actively as a pho-
tocatalyst in the presence of a visible light source.?

Due to its potent oxidizing qualities, hydrogen peroxide
(H,0,) has extensive applications in a range of chemical
industries, food processing, environmental detection, and
clinical treatment. H,O, is also necessary for biological systems
since it is a significant reactive oxygen species. For instance,
human atherosclerosis, myocardial infection, and Alzheimer's
disease have all been connected to unbalanced [H,O,].
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the novel utility of methyl blue for environmental remediation.

According to a study, when [H,0,] levels are above 75 ppm, it is
immediately harmful to human health.® In general, sensing
H,0, is critical in biological and chemical applications because
it can serve as a versatile marker or messenger in inter-
connected chemical events. To identify H,O,, a range of tech-
niques (such as spectrophotometry, chemiluminescence,”
chromatography,® and colorimetric analysis) have been pub-
lished. They are relatively complex, expensive, time-consuming,
and prone to interference.” As a result, developing accurate,
sensitive, easy, and quick detection of H,0O, is critical.
Researchers have developed alternative techniques to satisfy
comparable demands.

For the dye removal, two techniques were used. Adsorption is
the purest and most friendly physical approach for the elimi-
nation of colors from contaminated aquatic bodies to save the
lives of aquatic species and make the environment clean for
human beings. A wide range of nanoparticles have been inves-
tigated for dye adsorption because of their high surface-to-
volume ratio, which boosts adsorption capacity and efficiency,
and the simplicity of altering surface functionality.'**

Nanosized metal oxides, including MnO,, Fe,0;, and ZnO,
are hypothesized to have the ability to adsorb dyes from
aqueous solutions. With a large theoretical specific surface
area, the actual application of ZnO in water cleaning, including
decontamination and reuse, has received a lot of attention in
recent years. ZnO has superior adsorption performance due to
the presence of extra functional groups. Altintig et al.™* utilized
activated carbon loaded with zinc oxide nanoparticles as an eco-
friendly adsorbent to remove malachite green from water effi-
ciently. Zhang et al.™” investigated the mechanism and adsorp-
tion of methyl blue on zinc oxide nanoparticles.

Adsorption is an effective method for removing colors,
however, it cannot eliminate organic contaminants from
contaminated aquatic systems. Because the effectiveness of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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developed adsorption systems is insufficient, the photocatalytic
degradation pathway is used to break down water-soluble
organic dyes, making the environment safe for aquatic life
and humans. This is comparatively a long and time-consuming
process, but it is also very ecologically friendly and cost-
effective. The extent of the nature of adsorption can be esti-
mated using various adsorption isotherms (Langmuir,
Freundlich, Elovich).****

One of the most popular advanced remediation techniques
is photocatalytic degradation, which leaves a persistent trace
when attempting to break the cycle by removing water from
wastewater, breaking down human waste using light, or elimi-
nating airborne pollutants. A redox mechanism known as
photocatalytic degradation produces e~ and h' on the surfaces
of nanoparticles. To promote photocatalysis, it is essential to
select materials that can absorb light at all wavelengths. Water
reacts with generated h* and e~ ions to produce radicals (-0,
and -OH"). The literature suggests that collecting impurities or
states and generating crystal facets through microscopic surface
design are essential for the greatest possible photocatalytic
activity.

Venkatesan et al."® showed that ZnO nanoparticles were
produced by utilizing leaf extract from Solanum trilobatum. The
catalytic activity of produced ZnO NPs against the degradation
of methylene blue dye was assessed together with optical,
structural, and morphological features. The materials carbon
dots (CDs), ZnO-N nanoparticles, and CD/ZnO-N nano-
composites were used as photocatalysts in the photo-
degradation of [methylene blue] (10 ppm) using a UV-B lamp
75 W for 60 minutes at ambient temperature. The effect of pH
on methylene blue decolorization, as well as a cyclic test to
determine the stability and reusable nature of the CD/ZnO-N
photocatalyst.*®

Metal oxide nanoparticles are widely valued because of their
non-toxicity, chemical and physical stability, and biological
properties, among other factors. ZnO, an II-VI semiconductor
compound, is unique among metal oxide nanomaterials due to
its peculiar properties and numerous applications. ZnO has
a high exciton binding energy (60 meV), excellent optical gain at
ambient temperature, and a high saturation velocity, among
other properties. The optical properties of ZnO semiconductor
materials are impacted by both internal and external causes. As
electrons move between the conduction and valence bands,
intrinsic effects arise. Extrinsic variables, such as dopant type
and concentration, produce discrete electronic states that
influence optical absorption."”

Polymer capping of nanoparticles offers several advantages
in various applications, primarily due to the unique properties
of polymers and their ability to tailor the surface chemistry and
functionality of nanoparticles. Polymers contributed improved
stability, controlled dispersion, surface functionalization,
biocompatibility, tunable properties, multifunctionality, scal-
ability, and cost-effectiveness to nanoparticles.*®

There are reports available for polymer-capped nano-
particles. Guo et al' used polyvinylpyrrolidone (PVP) as
a capping polymer to stabilize ZnO nanoparticles. PVP surface
treatment resulted in extremely monodisperse ZnO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles (3.760.3 nm) with increased UV luminescence
and decreased visible luminescence. Tachikawa et al.>* showed
the optical properties of PVP-passivated ZnO nanoparticles.
Sarkar et al.”* reviewed the green polymeric nanomaterials for
the degradation of dyes. Wang et al.*> and Muzammal et al.*
reviewed the polymer nanocomposite for photocatalytic degra-
dation of azo dye.

Polymer is extensively used in modern research for the
synthesis and protection of metal nanoparticles. We utilized CP,
a condensation co-polymer of formaldehyde and urea® Fig. SI,
ESIT for the synthesis of ZnO nanoparticles for the first time.
Here, CP-capped ZnO nanoparticles were employed to eliminate
toxic dye MB and sense H,O, for environmental remediation. As
ZnO is a well-known photocatalyst, we gauged its activity for the
photocatalysis of MB dye. Moreover, we depicted the H,O,
sensing protocol as a corollary of photocatalysis. In the future,
we would like to venture into other probable applications.

2 Experimental section
2.1 Materials and instruments

Without further purification, all the chemicals employed in the
studies were of analytical grade. Triple-distilled water was used
throughout the process. All glassware was cleaned with freshly
prepared aqua regia, followed by soapy water and copious
amounts of distilled water. Before use, the glassware was care-
fully dried. All metal salts, including zinc sulphate, urea, and
formaldehyde, were obtained from Sigma Aldrich. Fisher
Scientific and Qualigens supplied the NaOH, respectively.
Fisher Scientific offered buffer tablets to calibrate the pH meter.

The Shimadzu UV-2600 digital spectrophotometer was used
to collect all UV/Vis absorption spectra. The fluorescence was
analyzed at room temperature using a Horiba FluoroMax-4
spectrometer. The JEOL Make JSM-7610FPlus FESEM, a high
resolution (1 kv 1.0 nm, 15 kV 0.8 nm) scanning electron
microscope with a wide range of probes, was used to investigate
particle morphology. Samples were vacuum-dried for 24 hours
before the FESEM experiment. Elemental analysis was per-
formed using a JSM-7610F chamber equipped with an energy-
dispersive X-ray spectrometer. For microscopic investigation,
the water suspension was dried on carbon tape. pH solutions
were produced using a Systronics Digital pH Meter 335. Liquid
chromatography-mass spectra (LCMS) were recorded using
a Xevo G2-S Q Tof mass spectrometer.

2.1.1 Synthesis of ZnO@CP. Urea (4 g) and zinc sulphate
(0.161 g) were added in 10 mL of formaldehyde solution with
shaking. Allowing the mixture to stand while stirring and add 2-
3 drops of conc. HCl resulted in a white precipitate. After adding
20 mL of NaOH solution to it, the mixture was allowed to dry
under sunlight. After drying, a white solid was obtained. The
solid was crushed to make a white powder of ZnO@CP.

3 Results and discussion
3.1 Choice of MB

We disclosed MB dye for the sensing of H,O, fluorometrically
and colorimetrically. This paper also demonstrated the
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Fig. 1 Structure of methylene blue and methyl blue (MB) dyes.

degradation of toxic MB dye via a fast cost-effective, recyclable,
energetically favorable, and biocompatible pathway. Simulta-
neous detection and remediation of toxic materials are reported
for the first time, the main essence of the paper. There are few
reports available on the nanoparticle-based degradation of
MB.*"** Polymer-capped nanoparticles for MB elimination are
not available in the literature.

Though there are reports available for methylene blue
degradation,®* there is no report in the literature for MB
degradation in the presence of H,0,. Moreover, the origin of
fluorescent species after the treatment of H,0O, and photo-
catalyst with dye for sensing applications is completely novel, as
reported in this manuscript.

Since methylene blue is one of the most often used industrial
dyes, it is frequently utilized in literature to evaluate the effec-
tiveness of recently developed adsorbent materials. By employ-
ing hydrogels' swelling, adsorption, and water-holding
capacities, methylene blue can be successfully removed from
wastewater.* [Fig. 1(a)].

Commonly used dye MB (Csz;H,,N3Na,0,S;) is poisonous
and nonbiodegradable. When released into the environment, it
severely damages aquatic ecosystems by raising the chemical
and biological oxygen demand of water bodies, decreasing light
penetration, and interfering with photosynthesis.>® [Fig. 1(b)].
Table 1 summarizes the removal of MB in the presence of
nanoparticles with physico-chemical conditions.

View Article Online
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The degradation of MB has only a few reports. No report is
available for MB dye degradation employing H,O,. The present
work is associated with a report of degradation, along with
fluorometric and colorimetric sensing applications. We inves-
tigated with other dyes (methylene blue, methyl red, and methyl
orange) employing a similar protocol (ZnO@CP/H,0,/sunlight).
Fig. S2, ESIf denoted that removal of these dyes was not
possible under similar experimental conditions. Thus, MB was
very selective in our experimental conditions.

Many other toxic dyes (Congo red, methyl orange) are
released from the industries,**® Pesticides,> fungicides,>® novel
dyes®® and discharged pharma ingredients,*” are also toxic and
a threat to the environment. We will study the degradation of
such toxic pollutants also in the future.

3.2 Photodegradation of MB with ZnO@CP in the presence
of H,0,

Zinc oxide-impregnated CP (ZnO@CP) was added in blue-
colored MB (MBZnO®@CP) solution under sunlight for 30 min.
No significant change was observed in the solution. However,
the introduction of H,0, to Zn-impregnated CP and 30 min
sunlight treatment made the solution colorless (ZnO@CPH).
We also varied other metal ions (Ag*, Pb*>", Na*, K*, Cd**, Co*",
Cr**, Ni**, Ba®**, Mg*", Ca®") in lieu of Zn>" and repeated the
synthetic procedure of metal impregnated CP. Interestingly, no
metal ion could make the MB solution colorless, unlike Zn**
under similar experimental conditions. Decolorization by
ZnO@CPH was not affected by pH change. Such observation
concluded that ZnO@CPH under sunlight exposure caused
photochemical degradation of MB and it was an irreversible
process. Fig. 2, depicted 4,/A. (A, = absorbance in the presence
of different metal-impregnated CP + MB + H,0,; A. = MB +
H,0,). We exposed MB with ZnO@CPH at different time
domains on a certain day. We found that between 11.30 am to
12.30 pm, the flux density was highest and photodegradation
was faster (Fig. 3). We varied the exposure time and found that
30 min exposure could break MB (10> M) quantitively at that

Table 1 Nanoparticles-based removal of MB dyes with various physico-chemical aspects

Removal technique

Rate constant Condition of

removal

Apparatus to monitor

Nanoparticles Size/morphology adsorption/degradation (min")
Zinc oxide (Guo 25 £5nm Adsorption
et al)®

Iron oxide*® 12 nm/spherical Adsorption
Fe;0,/Si0, (Ali et al.)”” 25+ 5nm Adsorption
MgFe,0, (Liu et al.)*® 50 nm/polycrystalline Adsorption
Fe;0, (Fana et al.)* 100 nm/spherical Adsorption
MnFe,0, (Zhang 86-94 nm Adsorption
et al.)*®

Mn, 5C0, 5Fe, 04 25 nm/crystalline Adsorption
(Liu et al.)*

Fe (NO3)3-9H,0 — Adsorption
(Azama et al.)*

Co30, (Dhiman et 47 nm/spherical Degradation
al)®

ZnFe,0, (Li et al.)** 18 nm/polycrystalline Adsorption
ZnO (present study) ~800 nm/spherical Degradation

14608 | RSC Adv, 2024, 14, 14606-14615

0.023 Solar
— Room temperature UV-Vis spectrometer
1x 107" Sunlight UV-Vis spectrometer/fluorometric

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

Room temperature

Room temperature
Room temperature
Room temperature
30 °C
298 K

Room temperature

Room temperature

UV-Vis spectrometer

UV-Vis spectrometer
UV-Vis spectrometer
UV-Vis spectrometer
UV-Vis spectrometer
UV-Vis spectrometer

UV-Vis spectrometer

UV-Vis spectrometer


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01354a

View Article Online

Paper RSC Advances
124 (b) L
1.0 4 i ‘I‘ L
g 3 081 I
.g 8 < 06 L
s o
B = " 044 -
: z
§_ < 0.2 3
g 0.0 e —-—
o
. O T r T T i N Ae————————————
s E 300 400 500 600 700 Ba''cr’'Na Mg ca¥ o’ P Al AT Ntz K
(<° g Wavelength (nm)
—
= O
a 5 Fig. 2 (a) UV-Vis spectra and digital image and (b) bar diagram of absorbance variation of different metals impregnated CP with MB dye (under
° = 30 min sunlight exposure).
S S
ISR
® 3
5
C 2
<
% g ® 330pm-430pm (a) .ch(ose (b)
g 5 1004 o 1130am-1230pm ® Ascorbic acid
o E ] @ 1030am-11.30am 2 ® Urea
€ 5 % 9:30am-10.302m :Fe%
O H,0,
% ° 80 - ® Cu*
o> ] oK
g § ’; ® Na
KO 60 g
o o 3
£y 2 21
Q5 40 £
S 5 3
c =)
S -§ 7 <
E o 201
50 .
[} 0
5 g 0 T T T T T T T T T
S & 0 10 20 30 40 50 60 500 600 700
e g Time (min) Wavelength (nm)
% =
g 14004 © @ 1o
<
08+
g 1200 %
© I o
- 1000 - '
= s .
[ [} * 044
<800 *
N 024
600 .
U ool . ‘ .
400 i . 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
M Concentration of H,0, (M)
200 §‘ """ —-{—----._.._I
0
T T T T T T +I T T T T T T
2 ] 3 9 &N & M o) 0.000  0.002 0.004  0.006  0.008  0.010
| ~ 5 g = 3 =
23 £ Concentration of H,O, (M)

Fig. 3

(a) Influence of sunlight exposure on MB removal with ZnO@CP at various time domains of a certain day; (b) UV-Vis spectra and digital

image and (c) bar diagram of ZnO@CP with H,O, & other competing molecules; (d) change of absorbance with [H,O,] and LOD of H,O,

detection.

time domain. Thus, flux was directly proportional to the rate of

degradation.

3.3 Colorimetric sensing of H,0,

To understand the role of H,0, we introduced fructose, ascorbic
acid, urea, K*, Fe*", Cu®", and Na* (competing molecules®® of

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

H,0,) to ZnO@CP instead of H,0,. Such competitive reagents

could not decolor MB, justifying the selectivity of the H,O,
sensor. As depicted in Fig. 3 A,/A. (A, = absorbance of
MBZnO®@CP in the presence of analytes at 597 nm; A. =
absorbance of MBZnO@CP in the absence of analytes at 597

RSC Adv,, 2024, 14, 146

nm) was much lower for H,O, (0.0008) than fructose (0.69),
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ascorbic acid (0.86), urea (0.71), K* (0.42), Fe**(0.48), Cu**(0.39),
Na' (1.07). Naked eyes could detect H,0O, contamination in
water up to 5 x 107> M by tallying with blue coloration.
However, a linear detection range was observed from 0.005 M to
10> M with a limit of detection (LOD) 10> M.

3.4 Kinetics of MB photodegradation

Degradation (D%) (eqn (1)) at time ¢ with various doses of
ZnO@CP in the presence of H,0, (10~> M) are shown following
the following equation (under the Sun). C, and C, are the MB
concentrations at time 0 and ¢ respectively.

G -G

D% =
%o G

x 100 6))]

Co

t

Table 2 indicates that increased [ZnO@CP] up to 1.5 g dm 3
enhanced the MB removal efficiency [Fig. 4]. Exceeding 1.5 g
dm™ resulted in an unfavorable effect of photodegradation
owing to the aggregation of ZnO@CP, which made the surface

Table 2 D% and rate constant of MB photodegradation with variable
ZnO@CP doses and H,O,

Doses (gdm™) 0 0.5 1 1.5 2
D% 0 65 75 99 85
k (min™") — 3x107% 4x10% 1x10' 7x107°
2
120 le 0% @

. m 65%

S 1007 @ 75%

g‘ 1 4 9%

g g 85%

= ]
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Fig. 4
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inaccessible for photon absorption. Furthermore, the turbidity
of the solution reduced UV light penetration, lowering photo-
degradation efficiency. The photocatalytic process was found to
be pseudo-first order. The slope of the fitting line corresponds
to the value of the rate constant k (min~") (eqn (2)).

ZnO@CP was synthesized at various molar ratio of CP and
ZnO for the degradation study (Table 3). The highest degrada-
tion efficiency was observed at [Urea] : [formaldehyde]:[ZnO] =
[66]:[133]:[1].

We varied the initial concentrations (0.05 M, 107> M, 5 x
10> M,10*M, 5 x 10~ * M, 10~ * M) of MB dye in Fig. S3, ESL}
With the decrease of the dye concentration, D% was increased.
Such an inverse relation was attributed to the rise of internal
optical density, making the solution impermeable to sunlight.*>
On the other hand, the degradation was effective in neutral and
alkaline pH. Highest D% was observed at pH 12. Probably at
acidic pH OH’" radicals were quenched, causing a decrease in
D%.

3.5 Significance of sunlight exposure

Sunlight exposure (30 min) was vital for the synthesis of ZnO@CP
to degrade MB with H,0,. 200 W bulb exposure (from 9 cm
above), dark and heat (100 °C) during the synthesis of ZnO@CP
caused D% 0.8%, 97%, and 98% respectively (Scheme 1).

3.6 Characterization of ZnO@CP

Thermogravimetric analysis (TGA) (Fig. S4, ESIt) was used to
investigate the thermal profile of ZnO@CP at a 10 °C min ™"

(b)

0.5 g/dm?
44 @ 1gdm?
] -5 gdn?
* 2 g/dm’
34 *

L, C/C

5 10 15 20 25 30 35

Irradiation Time (min)

(a) Influence of the amount of ZnO@CP and (b) linear simulation kinetics curves for photocatalytic degradation of MB under the sun.

Table 3 Rate constant of MB photodegradation with 1.5 g dm™ ZnO@CP (various [urea] : [formaldehyde] : [ZnO]) and H,O,

Precursor of polymer (CP)

Moles of zinc

Amount of ZnO@CP

Moles of urea Moles of formaldehyde acetate applied [Urea] : [formaldehyde] : [ZnO] k (min™")

0.066 0.133 0.001 1.5gdm™ 66:133:1 1.0 x 107!
0.066 0.133 0.05 1.5g dm™ 1.32:2.66:1 4.1 x 1072
0.066 0.133 0.0005 1.5¢g dm™ 132:266:1 2.3 x 1072
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> Dejeadis
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Scheme 1 Synthesis of ZnO@CP and mechanism of degradation for MB with H,O, sensing.

heating rate in the air within the 800 °C temperature range.
Initially, a weight loss of 12.9% and 20.42% for CP and ZnO@CP
respectively was observed in the thermogram attributed to the
desorption of physiosorbed water. Moreover, a steep weight
loss, as well as cramped weight loss of 63.8% and 23.3%, was
due to the thermal degradation of covalently bonded organic
scaffolds of CP. On the contrary, the high residual weight
(13.55%) was attributed to the production of thermostable ZnO
in ZnO®@CP, and no crap was obtained, demonstrating the
nanoparticle’s stability.®* Such type of polymerization was
associated with different polymer molecules (with different
degrees of polymerization).®* Polymers with a low degree of
polymerization decomposed in the temperature range of 200 °C
to 500 °C, associated with 87.1% weight loss. On the other hand,
polymer passivated ZnO (ZnO@CP) had a comparatively higher
degree of polymerization. Thus, 66.03% weight loss happened
in between temperatures 200 °C to 370 °C. After that, no further
weight loss was observed. The residual mass was due to ZnO
and long-chain polymers.

Powder XRD analyses confirmed the formation of ZnO in
ZnO®@CP. According to the XRD analysis, the XRD peak of the
CP was very intense and broad (24 10°-35°), as denoted by the
black trace (Fig. S5, ESIf). So, the peak of ZnO was not shown
clearly. One new peak with a 26 value of 31.75° represented the
(100) plane for ZnO in ZnO®@CP (blue trace). It is noteworthy

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

that the intense peak intensity of the polymer implied the
increased crystallite nature and decreased amorphous nature.®
No other peak of ZnO was observable in XRD spectra due to the
efficient coating of polymer over ZnO (Fig. 5).

The formation of ZnO in ZnO@CP was further confirmed
with XPS analysis. The peak with a binding energy of 1021.8 eV
corresponded to Zn 2ps/,, when Zn was in the form of ZnO.*
However, the other XPS peak of Zn 2p,/, at 1043.8 €V was 2 eV
towards higher binding energy indicating strong capping of CP
on ZnO. From the FESEM images, it was evident that ZnO@CP
showed porous micro-flowers (~800 nm) with sharp-tipped
nano petals (~10 nm). The elemental analysis of the corre-
sponding to the FESEM image confirmed the presence of Zn at
the surface (Fig. S6, ESIt). Low-resolution images indicated that
micro-flowers were spherical and a bit aggregated. The spher-
ical shape of ZnO particles with CP capping (with a sort of
aggregation) was also confirmed by TEM images, where each
particle was of ~800 nm diameter. The crystalline nature was
also confirmed via the arranged pattern of bright dots from the
SAED (Selected area electron diffraction) image (Fig. 5).

3.7 Recyclability of ZnO@CP

After treating 1.5 ¢ dm > of ZnO@CP in 50 mL 10~> M MB with
10~> M H,0, under 30 min sunlight exposure D% was calcu-
lated for the first cycle (by monitoring the difference in

RSC Adv, 2024, 14, 14606-14615 | 14611
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absorbance with and without catalyst). The ZnO@CP was
filtered out, washed with water, dried, and added in 50 mL
107> M MB with 10~> M H,0, under 30 min sunlight exposure
to calculate the D% for the second cycle. Similarly, D% was
calculated for 3rd, 4th, and 5th cycles. For the first cycle, second
cycle, third cycle, fourth cycle, and fifth cycle, the % of removal
was 99%, 94%, 85%, 79%, and 72% respectively. The decrease
in removal efficiency with the increased number of cycles might
be due to an irreversible change in surface morphology (Fig. S7,
ESIT).

3.8 Mechanism of dye removal

For the first time, we reported MB degradation with polymer-
capped ZnO and H,0,. It is noteworthy that ZnO@CP could
adsorb MB efficiently in a monolayer fashion. Attempting to fit
in Langmuir, Elovich, and Frudnlich isotherms we found that
the adsorption of MB was Langmuir type (maximum uptake
capacity Q, = 100.4 mg dm™?) (Fig. S8, ESI{). However, the
introduction of H,0, switched the process to photodegradation.
Excitation of the e~ from the valence band (VB) to the conduc-
tion band (CB) happened during UV light irradiation, resulting
in the formation of the e~ and h" in the CB &VB, respectively.
The e, transferred in the CB combined with H,O, molecules to
generate oxidative species OH' radicals, while photoinduced
holes left in the VB accept electrons from the hydroxyl group,

14612 | RSC Adv, 2024, 14, 14606-14615

100nm MUJ-JEOL 2/1/2023
WD 10.2mm 11:18:30

View Article Online

Paper

1400

(b)

1300 4

— 1021.1eV
2p3/

1200 A

1100 A

1043.8 v —>
2pip

Intensity (a.u.)

1000 A

1030 1040 1050
Binding energy (eV)

|

T
1020

(a) XRD, (b) XPS, (c) FESEM (high resolution, low resolution, and (d) TEM & SAED of ZnO@CP.

generating highly oxidative OH" radicals that were responsible
for the degradation of MB dye molecules (Scheme 1). Addition
of radical scavenger ascorbic acid, EDTA ([Scavenger]/[H,0,] =
1, molar ratio) substantially decreased D%, implying the
significance of OH" radicals for degradation. The degradation
efficiency was 59% suppressed when EDTA was employed and
62% suppressed when ascorbic acid and 41% suppressed when
IPA was added at the same volume and concentration. EDTA
and ascorbic acid as serve as a h* scavenger, while IPA is used as
an OH' scavenger.®® Thus, h" and '‘OH are necessary for
photocatalysis, with "OH having a bigger impact than h"
[Fig. S9, ESIt].

The OH" radical formation in the presence of ZnO and H,0,
was supported by various literature and mass spectra analysis
(Fig. S10, ESIY). Ali et al.*” demonstrated the photodegradation
of methylene blue dye using UV/H,0,. Naikwade et al®®
demonstrated the photocatalytic degradation of methyl orange
using a magnetically retrievable supported ionic liquid phase
photocatalyst using H,0O,.

The treatment of ZnO@CPH with MB under the light of
30 min followed by filtration resulted in a colorless solution
with strong fluorescence measured by a fluorimeter. We varied
the excitation wavelength from 260 nm to 420 nm and found
that maximum fluorescence intensity was observed at an exci-
tation wavelength of 360 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and (d) LOD of H,O, detection.

We obtained a very small fragment of 99.00 (SO,+ H,O+ OH")
(from LCMS), which was the main (dominant) fragment, justi-
fying the process of degradation. Moreover, Fig. S10, ESIf
indicated the cleavage of the C-N bond with the formation of X
and Y (the structures of fragments were depicted in Fig. S10,
ESIt). X and/or Y might be decent fluorophores to generate high
emissions of MB dye after ZnO@CP/H,0,/sunlight treatment.
Further research is warranted in the future to understand the
nature of the in situ-generated fluorophore at various physico-
chemical conditions.

3.9 Fluorometric sensing of H,0,

Though we were able to sense H,0, selectively calorimetrically,
the LOD was 10> M only. To further increase the LOD we
employed fluorescence spectroscopy. After the treatment of
ZnO@CPH with MB under the light of 30 min, a colorless
solution was obtained with highly emissive behaviour (Aem
437 nm and A, 360 nm). In other words, the degraded products
of MB were fluorescent. Such behavior prompted us to design
a fluorometric H,O, sensor. With the increase of [H,0,], the
fluorescence was increased due to the formation of increased
OH’ radicals, capable of degrading MB. Thus, an increase in
H,0, concentrations caused the increase in the concentration

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

of degraded MB with the gradual enhancement of fluorescence.
So increased [H,0,] associated with increasing fluorescence was
helpful for H,0, sensing (Fig. 6).

Though the fluorescence was decreased monotonously up to
the concentration of 5 x 10~® M, a linear detection range was
observed between 10 > M to 5 x 10~ M with a limit of detection
5 x 107% M and linear regression (R*) 0.985. No competing
material (K*, Na*, ascorbic acid, urea, fructose, Cu**, Fe**) could
exhibit such evolution of fluorescence, unlike H,0,, as they
could not degrade MB, unlike H,0,. We also studied the effect
of interfering materials in the colorless degraded solution of
MB during the sensing of H,0,. No other coexisted interfering
agent could alter the originated fluorescence of degraded MB
except Fe’" (Fig. 6 and S11, ESI{).

4 Conclusions

This work showed that toxic dye MB could be photodegraded
effectively in the presence of sunlight by employing H,0,. The
rate of degradation decreased significantly in the presence of
OH" the radical scavenger. These OH" radicals proceeded
through an oxidation process that produces intermediates,
OH’, CO,, SO, and H,O at the end. However, after the

RSC Adv, 2024, 14, 14606-14615 | 14613
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photodegradation a strong fluorophore was generated, accel-
erating the sensitive and selective sensing platform. Future
research is warranted to investigate the origin of fluorescence
after MB degradation. The proposed tactic can be used for the
remediation of other toxic materials like pesticides, fungicides,
waste pharma materials, novel dyes, etc. We believe that the
present paper may be highly helpful for young researchers
venturing into the field of circular economy.
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