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ABSTRACT: A magnetic nanocomposite of tungsten and
vanadium was employed as a catalyst for the mitigation of water
contaminants, including a carcinogenic dye (Congo red, CR), a -
widely used pesticide (glyphosate), and the bacterial strain 02 €
Escherichia coli. Additionally, it was subjected to several character-
ization techniques. X-ray diffraction spectroscopy examination > CB .02'

lidated the synthesized nanoparticles’ crystalline nature, and ~—
L2 Y P Iy g E—
scanning electron microscopy and energy-dispersive X-ray analysis
were employed to examine the morphology and elemental
composition of the catalyst. The use of thermogravimetric analysis
enabled the elaboration of the thermal behavior of tungsten
sulfide—vanadium decorated with Fe,O; nanoparticles. The
experiments were conducted under visible light conditions. The
highest levels of photodegradation of 96.24 + 2.5% for CR and 98 + 1.8% for glyphosate were observed following a 180 min
exposure to visible light at pH values of 6 and 8, respectively. The quantum yields for CR and Gly were calculated to be 9.2 X 10~
and 4.9 x 107* molecules photon™!, respectively. The findings from the scavenger analysis suggest the involvement of hydroxyl
radicals in the degradation mechanism. The study evaluated the inhibition of E. coli growth when exposed to a concentration of 0.1
g/10 mL of the photocatalyst, utilizing a 1 mL sample of the bacterial strain. The successful elimination of CR and glyphosate from
water-based solutions, along with the subsequent antibacterial experiments, has substantiated the efficacy of the photocatalyst in the
field of environmental remediation.
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1. INTRODUCTION decomposition of the anionic diazo Congo red (CR) presents
significant challenges due to its intricate aromatic structures

In the current period of limited water resources, the ] ) )
and the presence of physiochemical, thermoelectric, and

unregulated release of contaminants by diverse industrial

sectors, coupled with the discharge of inadequately treated or electromagnetic stability.'* Because of its toxic properties,
untreated effluents into aquatic ecosystems, poses a significant this substance has the potential to act as a carcinogen and a
threat."”> A notable proportion of these contaminants exhibit mutagen for both humans and aquatic organisms. Adsorption
toxicity and resistance to degradation, leading to their has remained an appealing technique for the dye’s removal, yet
tendency to accumulate in biological systems. Contaminants it has faced prominent challenges.'' ~"* For example, firstly, the
infiltrate the human system via the food chain, persisting and regeneration of the adsorbent requires some organic solvent;
potentially resulting in the development of malignant tumors, second, the desorbed dye needs further treatment to reduce its
given that numerous contaminants possess carcinogenic carcinogenic effects. The photocatalytic degradation is thus

properties.” Water sources are often contaminated with a
variety of organic and inorganic dyes, which are introduced as
effluents.” Dyes serve as pigments employed in various sectors
such as textiles, paint, photography, etc.’” The adverse effects
observed in water systems can be mostly linked to the structure
and origin of dyes, notwithstanding their significant utility.**
During the dyeing process, there is a possibility of an
inadequate fixation of colors onto the substrate. As a
consequence of this, the dyes are released into the environ-
ment, resulting in significant environmental ramifications.” The

being opted as one of the prime techniques in combating the
pollution caused by CR. Zinc oxide, the zinc oxide/copper
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composite, cobalt molybdate, etc. have been used previously to
degrade the dye presenting a degradation between 94 and
96%.'*"> Various microorganisms found in water can lead to
numerous outbreaks such as diarrhea and gastrointestinal
illnesses.

Another category of organic substances that elicit
detrimental impacts on aquatic organisms is pesticides, which
are utilized to mitigate the damage caused by pests, insects,
and undesirable vegetation to agricultural products.'®'’
Glyphosate (Gly) is a herbicide belonging to the organo-
phosphate group.'® It is a white crystalline solid and is
recognized as the most extensively utilized pesticide globally
for weed control, particularly targeting broad-leaf weeds.””
Given the constraints associated with current approaches, it is
imperative to develop proactive methodologies that can yield
optimal outcomes in the degradation of persistent effluents
into environmentally benign byproducts, such as water and
carbon dioxide.

Owing to the challenges faced by conventional techniques,
nanotechnology can help mitigate water problems. There is
enormous scope for nanoparticles to be used in the treatment
of wastewater.”’ The morphology, functional features, and
antibacterial aspects, in addition to their particle size,
contribute to the implementation of metal oxide nanoparticles.
Recently, nanotechnology, due to its unique characteristics and
features, has gained great attention for environmental
remediation and sustainable energy production.”"””” The
photocatalysis technique is employed as an efficient method
for the mineralization of deleterious organic compounds, the
degradation of hazardous inorganic materials, the disinfection
of microbial agents, and the inactivation of bacteria.”?

Environmental remediation is achieved by photocatalysis,
which involves the degradation of toxic pollutants into
nonhazardous materials. For the promotion of photocatalysis
and the transformation of solar energy, the surface of the metal
oxide should be directly exposed to light so that photo-
electrons and holes are generated and hold the whole reaction
efficiently. Photocatalysis provides renewable energy resources
and environmental remediation without causing any threats to
the ecosystem as most of the degradation products are
nonhazardous.>* For example, in the case of glyphosate
degradation, an oyster shell loaded with the cerium codoped
nitrogen and titanium oxide photocatalyst was designed by
Zhang et al. to mitigate its concentration, and they succeeded
in achieving a percentage degradation of approximately 80%.”
Due to their distinctive nature, transition metals are also widely
used to control bacterial growth and environmental
remediation. The size of a pore cell is greater than that of
metal jons, so ions cannot cross the cell membrane but change
the path with a lower inhibition rate using nanoparticles. The
death of pathogenic bacteria can be caused by metal or metal
oxide nanoparticles that penetrate the cell membrane.

To the best of the researcher’s knowledge, the literature
review revealed that there has not been any research on the
synthesis of a tungsten—vanadium-based magnetic photo-
catalyst and its applications in the degradation of pollutants.
WS, is viewed as a viable contender for the abatement of
polluted water due to its decreased band gap and superior
charge separation.”’ Tungsten disulfide is an intriguing
stratified semiconductor intended as a material for absorption
in photocatalysis because of its resilience and minimal toxic
effects. S—W—S slabs are piled to create the stratified material
known as tungsten disulfide.”” Although the stacked S—W—S

slabs have minimal intermolecular van der Waals interactions
connecting them, the slabs’ hexagonally organized sulfur and
tungsten atoms have a very strong bonding between
them.”*™* Through its superior conduction qualities and
synergistic impact, vanadium can significantly increase photo-
catalytic activity by introducing it to the surface of tungsten
sulfide. Fe,O; has drawn interest in the domains of
nanotechnology due to its special properties such as super-
paramagnetic nature, substantial saturation fields, and addi-
tional anisotropic contributions, which result from the effect of
a small and huge surface area.’’ By reducing the aggregation of
the heterostructure, the addition of nontoxic, inexpensive, and
easily recoverable Fe,O; can improve the photocatalytic
activity.”> Therefore, the current study involves the copreci-
pitation approach to prepare tungsten sulfide—vanadium
decorated with Fe,O; nanoparticles (WV-MNPs) for the
robust abatement of common water pollutants. The WV-
MNPs were used for the antimicrobial activity of the
Escherichia coli bacterial strain and to find out the inevitable
photodegradation of CR as well as glyphosate. In terms of
performance, the newly designed photocatalyst outperformed
various previously reported catalysts applied for the degrada-
tion of targeted pollutants.””*>**

2. EXPERIMENTAL SECTION

2.1. Reagents. The chemicals used were all of analytical
and biotechnology grade, and they were purchased from
Sigma-Aldrich (Germany), including tungsten sulfide (WS,,
99.99%), ammonium metavanadate (99.9%), ferrous sulfate
(FeSO,-7H,0, 99.0%), ferric acetate (99%), hydrochloric acid
(HCI, 99.90%), sodium hydroxide (NaOH, 97%), and ethanol
(C,H;OH, 99%). The following ingredients were purchased
from Merck: nutrient broth (Lab-Lemco powder, yeast extract
+ peptone + NaCl, 98%), sodium chloride (NaCl, 99.99%),
benzylpenicillin (C,;4,H;3N,0,S, 100%), amoxicillin
(C16H1oN;3;04S, 100%), iodine crystals (I, 99.80%), and
potassium iodate (KIO;, 98. Deionized (DI) water was used
during the whole research project and was filtered using the
Milli-Q Plus method (Millipore, Bedford, MA, USA).

2.2. Synthesis of the WV-MNPs Photocatalyst. For the
synthesis of the photocatalyst, 0.1 g of tungsten sulfide was
suspended in DI water (50 mL) through ultrasonication. In the
next step, solutions of 0.1 M ferrous sulfate, 0.1 M ferric
acetate, and 0.1 M ammonium metavanadate were prepared.
The three solutions were mixed and stirred at 70 °C for 5 min
and introduced into the tungsten sulfide suspension. The
sonication was continued, and the pH was adjusted to around
11-12 by adding 1 M NH,OH dropwise. The resultant
product was centrifuged and washed with HCI followed by DI
water until the pH turned neutral. Then, the resultant product
was thereafter placed in a crucible and subjected to heating
within a furnace at 550 °C for 2.5 h. The obtained product was
our required tungsten—vanadium magnetic photocatalyst
(WV-MNPs).

2.3. Characterization Techniques. A Nova nano SEM-
450 coupled with an energy-dispersive X-ray spectroscopy
(EDX) device was used to record the scanning electron
microscopy (SEM) images and EDX patterns of WV-MNPs.
An XRD-Shamidzu-6100 was used to record the X-ray
diffraction (XRD) pattern of WV-MNPs using Cu Ka
radiation (4 = 1.5405 A) for S—90°. The surface area occupied
by solid objects was calculated via the iodine value using
various standards, especially iodine crystals and sodium
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Figure 1. (a) XRD pattern of WV-MNPs, (b) SEM image of WV-MNPs, and (c) TGA graph of WV-MNPs representing the degradation behavior.

thiosulfate. The bonding nature was confirmed by a Raman
Renishaw-6150 using a laser beam of 633 nm. The thermal
nature of the WV-MNPs was investigated by a Netzsch STA-
449 F1 at 1000 °C. Electron spin resonance (ESR) for trapping
experiments was investigated by an EPR-Bruker-ES80, using
dimethyl pyrroline oxide (DMPO) for hydroxyl and super-
oxide quenching, while a TEMPO adduct (tetramethylpiper-
idin-1-yl, oxyl) was used for hole trapping.

2.4. Photodegradation of Dyes and Pesticides. The
photocatalytic performance of WV-MNPs for effluent removal
was investigated in a closed black wooden box containing a
visible bulb (Philip SO0 W) as a visible light source. This
closed photoreactor was used to inhibit any scattering of light
by the reflection of incident light in order to optimize the
quantity of photons emitted by the photocatalyst for the
degradation of dyes and pesticides. For the photocatalytic
study, first, the stock solution of each pollutant was prepared.
After the mixture was stirred in the dark for 20 min, a 100 mL
solution was obtained from the stock solution. The initial
absorbance before irradiation with light was measured and
denoted as A;. Then, a 500 W Phillips light source was
activated to verify the photocatalytic degradation of the CR
and glyphosate (Gly) solutions in the presence of the
photocatalyst with constant stirring. The distance was 7 cm
between the liquid level and the light source, and 76.5 cm* was
the total brightly lit portion of the photoreactor. Then, after
every 20 min of stirring, 5 mL of the solution was centrifuged,
and the absorbance was noted at different time intervals. The
absorbances of CR and Gly were observed at 498 and 260 nm,
respectively (A,), by using a UV—vis spectrophotometer, and
the percentage photodegradation was determined by the given
formula

% photodegradation=A, — A,/A,X100 (1)

Four parameters, such as the WV-MNPs dosage, pH, CR/
Gly dosage, and contact time, were evaluated to find the
optimum conditions for CR/Gly degradation.”® The point zero
charge (PZC) of WV-MNPs was calculated by adding 0.1 g of
the photocatalyst into DI water to form a 1 L solution. 1 M
NH,OH and 1 M HNOj were used to adjust the pH from 2 to
12. After shaking the pH solutions overnight, a change in pH
was observed, and the PZC was calculated.

2.5. Antibacterial Activity. An E. coli strain, classified as
Gram-negative, was cultured within a biosafety cabinet
(specifically, an RBSCA Class-II Type A2 model manufactured

by Robus Technologies). This was accomplished by streaking
the strain from a well-preserved glycerol stock culture onto an
LB—Agar plate. The plates were incubated at 28 °C in a
tabletop incubator for 12 h. A single colony was selected from
the plate in order to inoculate 5.0 mL of LB broth medium
within a culture tube. The sample was thereafter placed in a
shaking incubator (Wis-20, Witeg, Germany) and incubated at
28 °C for 2 h. Four flasks were then taken and labeled as Al,
B1, C1, and D1. Al was considered as the negative control and
contained only 1.0 mL of bacterial suspension in 10 mL of
doubly distilled water. In flask B, the suspension material was
prepared by mixing 1.0 mL of a recently cultured E. coli strain
with 0.1 g of NaCl and 0.01 g of the photocatalyst in 10 mL of
sterile double distilled water.*® The flasks C1 and D1
contained 50 g of amoxicillin and 50 g of ampicillin along
with the bacterial suspension as positive controls.

2.6. Real Sample Analysis. In order to determine the
efficiency of the catalyst to degrade the pollutants in real
samples, a canal water sample was collected from the vicinity
and filtered with Whatman filter paper (grade 1) followed by
filtration through a 0.4S pm syringe filter (Whatman Spartan).
10 mL of the filtered sample was taken separately in each flask
and spiked with 10 mL of 10 mg L™ CR and Gly standard
solutions. The optimum quantity of the catalyst dose was
added to each, the pH was adjusted, and the sample was
irradiated under visible light (500 W bulb) for 180 min.
Percentage photodegradation was then calculated using eq 1
described in Section 2.4.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction Studies. The crystallinity and
particle size of WV-MNPs were analyzed by XRD. The XRD
pattern of the photocatalyst is presented in Figure la.
Uniformly phased hematite Fe,O; showed characteristics
peaks at 33, 42, 50, 55, and 62° with respective planes at
(111), (200), (112), (222), and (212), fully matching the
JCDP card number 892810. The polycrystalline nature of WS2
showed peaks at 14, 34, 58, and 68° corresponding to planes at
(001), (112), (222), and (101), respectively, well matched
with the JCDP file number 080237. The crystalline nature of
vanadium showed peaks at 15 and 24° with hkl values (001)
and (200), respectively, matched with the JDCP file number
311483. The Scherer equation determined that the average
crystal size of WV-MNPs was 39 nm.

https://doi.org/10.1021/acsomega.3c06580
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3.2. Surface Area and Morphological Analysis. The
WV magnetic nanocomposites presented a high surface area,
determined by the iodine value method followed by stand-
ardization of iodine (I,) and sodium thiosulfate, which was 140
m?/ g.36 With the help of eq 2, the surface area of the WV-
MNPs was calculated.

Surface area = 253.8[volume of iodine(X; — X;)] (2)

Here, 253.8 €V is the surface area of 1 M iodine and X; and X;
are the concentrations of iodine before and after adsorption,
respectively.

The morphology of prepared WV-MNPs obtained by SEM
is shown in Figure 1b. The study of the image presents the
appearance of the photocatalyst as cylindrical rod-like
structures. In order to confirm the incorporation of required
elements into WV-MNPs, an EDX analysis was performed. All
the constituent elements were observed in the EDX spectrum
of the synthesized composite. In the spectrum, the atomic
ratios of W, V, Fe, S, C, and O were 44.8, 7.7, 16.3, 11.0, 8.1,
and 12.07%, respectively.

3.3. Thermogravimetric Analysis. The thermal behavior
of WV-MNPs was investigated using a uniform heating rate of
1S °C min™' to carry out the thermogravimetric analysis
(TGA). Thermal analysis confirmed three zones of weight loss
for WV-MNPs (Figure 1c). The 2% weight loss up to 300 °C
may be attributed to the evaporation of any water residues
present in the network structure. Around a 1.5% weight loss up
to 600 °C may be assigned to the elimination of any oxide or
sulfide residues in the WV-MNPs structure. After 600 °C, a
weight loss of 2% may be due to slight damage to the network
structure. Only a 5.5% weight loss after 1000 °C confirmed the
higher thermal stability of WV-MNPDPs.

3.4. Optimization of Operational Parameters. The
photocatalytic downgrading of CR and Gly was investigated to
determine the catalytic activity of the WV-MNPs. The
degradation profile was studied for four parameters:
optimization of the catalyst dose, pH, contact time, and
concentration of pollutants.

3.4.1. Photocatalyst Dose. To check the effectiveness of the
photocatalyst, a S mg L™ CR concentration was added to
different amounts of WV-MNPs (20—160 mg), and absorption
was investigated for 240 min. Results indicated that the
maximum CR removal of 94% and glyphosate removal
(96.5%) were achieved for 120 mg and 100 mg of WV-
MNPs, respectively, after that, it became constant (Figure
Sla). With increasing amounts of WV-MNPs, active sites
increased, yielding enhanced photocatalytic removal of CR and
glyphosate. After achieving equilibrium, photodegradation
became constant, possibly due to the maximum effluent
molecules” attachment to the active sites of WV-MNPs.*”

3.4.2. pH Effect. The photocatalytic degradation of 10 mg
L™' CR and Gly solutions with 120 and 100 mg of WV-MNPs
was investigated within the range of pH 2—12 in 180 min using
1 M HCl and 1 M NaOH. The graph in Figure Slc shows that
the maximum CR degradation of 96.24% was achieved at pH 6,
while 98% Gly degradation was achieved at pH 8. A decrease
in the photodegradation percentage of CR and Gly in both
acidic and basic conditions can be related to the surface charge
of WV-MNPs. The PZC of WV-MNPs found by the pH drift
method was 7.4 (Figure S1b). CR shows maximum
protonation (positive nature) at pH 5.5 as its pK, is in the
range of 4.5—5.5. Below the PZC, the surface of WV-MNPs is
predominantly positively charged, so with increasing acidity,

protonated effluent molecules and the positively charged
surface of WV-MNPs will show a decrease in degradation due
to the same charge repulsion. When pH is increased from the
PZC, the surface of WV-MNPs is negative, and effluent
molecules are also present in the deprotonated form (negative
nature). So, again, the same charge repulsion decreases
degradation efficiency.*®

3.4.3. Effect of Irradiation Time. For the optimization of
time, a 10 mg pollutant solution with 120 and 100 mg doses of
the composite for CR and Gly, respectively, was investigated
for 4 h. The degradation results for CR and glyphosate at
various time intervals by WV-MNPs are presented in Figure
S1d. Results confirmed that maximum CR degradation
(96.24%) and glyphosate degradation (98%) were achieved
in 3 h and then became constant. Results predicted that swift
degradation occurred initially as more than half of the
pollutants degraded in just 1 h. This fast photodegradation
may be due to the speedy production of reactive species and
the presence of a maximum number of pollutant molecules in
the degradation process. The movement of free electrons in
WV-MNPs to higher energy levels results in hole creation at
lower energy levels, causing the production of reactive species
for CR and Gly degradation. After an optimum time,
photodegradation became constant, which may possibly be
due to the fact that almost all the pollutant molecules were
converted to degradation products.”

3.4.4. Effect of CR Concentration. Varying concentrations
of CR (10 to 60 mg L™') were prepared to optimize the
suitable amount of CR and Gly degraded by the optimum
amount of WV-MNPs in 180 min. A graph (Figure Sle) shows
optimum CR and Gly degradation values at 10 mg L™!, which
were 9624 and 98% respectively; after that, degradation
started to decrease. Degradation efficiency was maximum at
lower concentrations as all the molecules of CR and Gly were
adsorbed on the active sites of WV-MNPs, indicating
maximum interaction between the pollutant and WV-MNPs.
As a fixed amount of WV-MNPs was used, after the optimized
value, incoming pollutant molecules could not find the
required number of active sites on the catalyst surface,
resulting in a lowering of the degradation efliciency. This
decrease in photocatalytic activity with increasing pollutant
concentration can also be validated by Lambert’s law as
decreased path lengths of generated photons are observed with
increasing dye concentration,*’

3.4.5. Intensity of Visible Light. The irradiation of WV-
MNPs with an illumination source is necessary to enable the
production of reactive species such as holes, super oxides, and
hydroxyl radicals. The intensity of the visible light source was
changed from 100 to 500 W, and the photodegradation of CR
and Gly was examined. According to the findings, both CR and
Gly degraded more effectively as light intensity increased
(Figure S1f). The more rapid generation of reactive species
and a slower recombination mechanism with a higher light
intensity may be responsible for the increase in degradation
with increasing intensity.

3.4.6. Degradation of CR and Gly in a Real Water Sample.
The photodegradation of CR and Gly in real water samples is
crucial for practical execution. The results showed that
compared to DI water (96.24% for CR and 98% for Gly in
DI water), CR and Gly showed a noticeable drop in
degradation efficiency (84.7% for CR and 86.5% for Gly) in
canal water (Figure Slg). This modest decline might have
been possible due to the presence of contaminants and
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biological contents that make the matrix nature complex as
compared to DI water.

3.5. Photocatalytic Degradation of CR and Glyph-
osate at Optimum Conditions. At optimized conditions,
CR degradation spectra were recorded for 180 min by using 10
mg L' pollutant solution and 100 mg of WV-MNPs at pH 6,
while Gly degradation was investigated for 120 mg of catalysts
and 10 mg L™ Gly solution at pH 8 for 180 min. The
characteristic absorbance peaks of CR (498 nm) and Gly
(260) decreased constantly with time, becoming almost flat
after 180 min, confirming the degradation of CR and Gly.
Absorbance results confirmed the maximum degradation of
both the pollutants (Figure 2a,b) as no prominent peak of any
pollutant was observed at a time scale of 180 min.
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Figure 2. UV—vis absorption spectra of (a) CR and (b) glyphosate.

3.6. Kinetics Study. The Langmuir—Hinshelwood model
was applied to investigate the kinetics of the photocatalytic
degradation of CR and glyphosate by WV-MNPs. The
adsorption of CR and glyphosate on the surface of WV-
MNPs was used to predict the rate-determining step for
heterogeneous photocatalysis.“’42 Pseudo-first-, first-, and
second-order kinetics were investigated using S1—S3 equations
given in the Supporting Information file.

Comparison of the regression constant values predicted the
best fitting of pseudo-first-order kinetics for CR and glyphosate
degradation by WV-MNPs. (Figure 3a—c) Pseudo-first-order
kinetics confirmed the fact that only the amount of CR and
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Figure 3. Linear fit and kinetics analysis for (a) pseudo-first-, (b)
first-, and (c) second-order reactions.

glyphosate took part in predicting the rate of reaction as the
amount of the photocatalyst was completely regenerated after
the degradation process.

3.7. Possible Degradation Mechanism and Scavenger
Analysis. On irradiation with photons, if a semiconducting
material absorbs more energy than its band gap, excitation will
produce holes (h*) and electrons (e”).*> Shifting e~ to the
conduction band (CB) will result in the creation of an h*
vacancy in the valence band.** A decreased recombination rate
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of h* and e” is responsible for the increased generation of
reactive species for the photocatalytic abatement of effluents.
The influence of individual reactive species on the photo-
catalytic performance of WV-MNPs was evaluated by their role
in quenching the degradation efficiency of CR and Gly. Three
common reactive species, hydroxyl radicals (*OH), h*, and
superoxide radicals (*O,”), were quenched by isopropyl
alcohol (IPA), Na,-EDTA, and benzoquinone (BQ), respec-
tively. 2 mg of the scavenging agent, 10 mg of the pollutant,
and 100 mg of the synthesized WV-MNPs were added to DI
water to form a 1 L solution by maintaining the pH at 6, and
photocatalytic performance was evaluated for 180 min, while
120 mg of the catalyst and pH 8 were used for glyphosate
removal. Maximum quenching was noted for hydroxyl radicals
as reactive species were trapped by IPA, and degradation
efficiency dropped from 96 to 39% for CR, while glyphosate
degradation decreased from 98 to 44%. Considerable
quenching was observed for holes and superoxide radicals as
degradation efficiency was considerably decreased for CR and
glyphosate (Figure 4). The weaker quenching effect of holes

1.0

0.4 Gly, eOH quenching

0.2 CR, h* quenching

Gly, ¢O," quenching

CR, ¢O, quenching

0.0{ Gly, No scavenger

CR.Noscavenger

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 4. Role of scavengers in the photodegradation process.

and superoxide radicals than that of hydroxyl radicals may be
due to their conversion into hydroxyl radicals.

WV — MNPs+hv — hy* + ecy” 3)
WV — MNPs e~ + O, = °0,” (4)
2H* + *0,” - 2°0OH (s)
WV — MNPs hy; " + H,0 > H" + *OH (6)
CR

e + °OH — degradation product, i.e. , minerals, miner
y

al oxides, CO,, H,O, etc (7)

3.8. ESR Spectroscopic Analysis. To verify the outcomes
of the scavenger test, the impact of different reactive species on
the photodegradation of CR was further examined by ESR
analysis. ESR analysis for CR absorption was used to examine
the involvement of the most prevalent reactive species,
including holes, hydroxyl radicals, and superoxide radicals, in
the photodegradation process.”” No signals were recorded in
the absence of light because reactive species are active only
when exposed to visible light. The hydroxyl radical adducts for

ESR investigation displayed maximum intensity during visible
light irradiation (Figure 5). This increased intensity suggested
a greater *OH generation and improved *OH stability, which
resulted in the maximum photodegradation of CR.
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z
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3
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o PO A e ]
1 1 1 1 DMPO °O,"in light
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T T T
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magnetic field ( G)

Figure S. ESR spectra for various reactive species for CR and
glyphosate degradation.

3.9. Fragmentation Process and Degradation Path.
The incorporation of the electrospray ionization mass
spectrometry (ESI-MS_ investigation to forecast potential
fragmentation processes for CR and Gly helped further clarify
the degradation path. ESI-MS spectra of CR and Gly were
obtained before and during the degradation process. Prior to
degradation, Gly showed a peak at about 169, while CR
indicated peaks at 650, 571, and 492 (Figure S2ab). CR
displayed significant peaks at 633, 550, 469, 387, 308, and 220
nm during the degradation process (after 100 min), whereas
Gly displayed notable peaks at 129, 115, 89, and 75 nm during
degradation. The probable fragmentation path elaborating the
m/z peaks of the spectra is shown in Figure S2c,d.
Additionally, the existence of smaller peaks during degradation
shows the fast conversion of unstable intermediates to
degradation products.

3.10. Sustainability of WV-MNPs. Higher endurance of
developed materials with improved catalytic performance is
essential for practical application of nanoparticles for ecological
restoration. For six cycles, the reusability of WV-MNPs for CR
and Gly degradation was assessed. After each cycle, nano-
particles were centrifuged, rinsed with HCI and DI water,
dried, and reused. Results showed that after six cycles of
photodegradation, CR degradation marginally decreased from
96.24 to 88%, whereas glyphosate degradation slightly dropped
from 98 to 90% (Figure S3a). The XRD spectrum of WV-
MNPs after six cycles of CR and Gly degradation revealed the
persistence of all the distinctive peaks of the material,
indicating the structure’s sustainability (Figure S3b). Fur-
thermore, no additional XRD peaks were noticed after
degradation, proving that the pollutant molecules were not
chemically linked to the WV-MNPs and could be easily
revitalized. The small decrease in degradation after six cycles of
CR and Gly degradation may be related to surface roughness
and blocking of some active sites.

3.11. Antimicrobial Activity of WV-MNPs. Among the
four flasks, the one labeled as Al presented the maximum
bacterial growth (negative control). This culture’s absorbance
was the highest of all samples at 600 nm at 0.365, which caused
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Table 1. Comparison of the Current Study (WV-MNPs) with the Previously Reported Literature

catalyst

light dose CR conc. time

photocatalyst pollutant source  mg L' mg L™ min
Fe,0,@Ce0,—Zr0, CR 300 4000 500 105
a-Fe,0, CR 80 50 40 90
furnace slag Fe,0; CR 40 400 6 100
green a-Fe,0; CR 647 S0 S0 240
V,04 CR 300 150 100 180
chitosan—V—Ti CR 300 2000 1000 S0
TiO,—WO;, CR 250 500 20 120
W doped TiO, CR 650 15 30 60
WS,—WSe, CR 300 1000 30 60
WV-MNPs CR 500 100 10 180
C,N,—ZnWO, Gly 150 30 15 180
W doped ZnO Gly 8 150 20 180
BiVO, Gly 125 500 10 180
WV-MNPs Gly 500 120 10 180

number of number of
CR % photons moles quantum yield
removal produced destructed (molecules photon™") refs
95 7.8 x 10%* 6.8 X 1072 52 %1073 46
90 6.7 x 10%* 52 % 1072 46 x 1073 47
99 6 x 10% 8.5x 1073 8.5x 1073 48
87 2.3 % 10% 62 % 1073 1.6 x 107* 49
99 8.1 x 10* 1.4 x 1072 1.1 x 1073 50
99 2.7 x 10%* 1.4 x 107 3.1x 1072 51
95 4.5 x 10%* 2.7 X 1073 3.6 x 107* 44
90 5.8 x 10%* 39 x 1073 4.1 x 107* 52
92 2.7 x 10%* 1.3 x 1072 2.9 x 1073 53
96 7.4 x 10%* 9.7 X 1072 92 x 1073 current
study
99 7.4 x 10%* 4.1 x 1072 59 x 107* 54
74 2.3 x 10%* 3.9 x 1072 6.5 x 1073 33
55 1.1 x 10* 34 %1072 2.1 x107* 34
98 9.6 X 10% 5.8 X 1072 49 x 107* current
study

the color to change to milky. S0 g of amoxicillin and 50 g of
ampicillin, used as positive controls, respectively, resulted in
minimal bacterial growth measurements of 0.190 and 0.280. In
flasks C1 and DI, it was shown that these antibiotics
significantly inhibited bacterial growth (Figure S4). The use
of WV-MNPs in the treatment showed their capacity to greatly
reduce bacterial growth. This bacterial culture’s absorbance,
which was tested at 0.295 in flask B1, was lower than that of
the negative control, which was recorded at 0.365 in flask Al.
It was evident that the flask containing the WV-MNPs was
more effective than the negative control at reducing the rate of
bacterial growth. Figure S3 shows the relative activity order in
accordance with the following absorbance observations

Cl > D1 > Bl > Al

The inclusion or coating of WV-MNPs on the targeted
substrate and the destruction of the biofilm (i.e., E. coli strains)
are the causes of the decrease in colonized bacteria with the
use of metal nanoparticles. The several components of a
general bacteria (E. coli) (cell wall, cytoplasm, etc.) are the
targets of the antimicrobial process mediated by nanoparticle
interactions. The metal toxicity of NPs expectedly damages the
cell wall and electron transport chain. This causes the
formation of ROS (reactive oxygen species), which further
disturb the proton absorption mechanism as well as interact
with the RNA. All these processes mark the inhibition of
protein synthesis and nucleic acid replication, resulting in cell
death. The population of bacteria thus decreases as a result.*’

3.12. Comparative Analysis. Nanomaterials of various
metals have been reported for CR and Gly degradation.
According to the literature survey, vanadium- and tungsten-
based materials have been very rarely reported for photo-
catalytic degradation of CR and Gly. In the current study, WV-
MNPs were prepared for CR and glyphosate degradation and
showed promising results for photocatalytic activity with the
production of a higher number of photons and an increased
quantum yield. A comparison between the current study and
previously reported iron oxide-, tungsten-, and vanadium-based
nanoparticles has been presented in Table 1.

48972

4. CONCLUSIONS

The interpretation enables us to observe the effective synthesis
of WV magnetic nanoparticles for environmental remediation.
The WV-MNPs were characterized by an iodine value for the
surface that was 152.28 m?*/ g and EDX showed that the
concentrations of tungsten, vanadium, and iron were 44.81,
7.7, and 16.31%, respectively. SEM images showed spherical
sheets, an amorphous distribution, and agglomeration on them.
The XRD pattern further confirmed the efficient synthesis of
functionalized nanoparticles. The research reveals that waste-
water, polluted with carcinogenic dyes, pesticides, and
microbes, can be purified by WV magnetic nanoparticles.
Four different parameters were performed for the degradation
of CR and glyphosate, along with maximum results, such as the
optimized parameters that confirmed 96.24 and 98%
degradation of CR and glyphosate, respectively, in 180 min.
The inhibition of bacteria was observed against Gram-negative
bacillus E. coli by using antibiotics (benzylpenicillin and
amoxicillin) and WV-MNPs, and the best result was shown by
amoxicillin, then benzylpenicillin, and then the WV magnetite
nanocomposite.
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