Downloaded via 193.147.222.243 on November 17, 2023 at 08:39:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A \

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Enhanced Industrial Dye Degradation and Antibacterial Activity
Supported by the Molecular Docking Study of Yttrium and Carbon
Sphere-Doped Lanthanum Oxide Nanostructures

Atiya Ayub, Muhammad Ikram,* Ali Haider,* Iram Shahzadi, Anwar Ul-Hamid,* Anum Shahzadji,
Mohammed M. Algaradah, Ahmed M. Fouda, Walid Nabgan,* and Muhammad Imran

Cite This: ACS Omega 2023, 8, 37564-37572 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

Yttrium/Carbon sphere-doped Lanthanum oxide

ABSTRACT: As the population grows, the scientific community remains focused
on researching new materials, methods, and devices to ensure the availability of
safe drinking water. The main aim of this research was to decrease the
recombination rate of the charge carriers of La,O; and enhance the catalytic and
antimicrobial activity by employing Y/Cs- doped La,O; respectively. In the
current study, different concentrations of yttrium (Y) and a fixed amount of carbon
spheres (Cs) doped into lanthanum oxide (La,0;) nanostructures (NSs) were
synthesized by the coprecipitation technique. Cs are used as a cocatalyst as they
have a high surface area and small size attributed to increased active sites and
decreased recombination rate. Moreover, Y was further incorporated as it activates
the generation of reactive oxygen species in the inhibition zone, enhancing the
antibacterial activity and reducing the emission intensity. Advanced techniques
were utilized to determine the structural properties, optical emission and
absorption, elemental composition, and d-spacing of the synthesized samples. The reported ternary catalyst works efficiently,
improving the catalytic activity and bactericidal potential. Moreover, in silico molecular docking studies, Cs-doped La,O; and Y/Cs-
doped La,O; nanostructures toward DNA gyrase Escherichia coli showed good efficacy for antibacterial activity.

synthesis and applications

Degradation %

1. INTRODUCTION Metal oxides (MOs) have the potential to remove
pollutamts,15 such as ZnO, TiO,, La,0;, and CeO,, and have
been considered catalysts for their optical behavior, dye
degradation, and antibacterial activities.'”'°~"° Among rare
earth metals, La,O; has received great attention for being
potentially beneficial’® with an energy band gap range of 4.3—
5.8 eV."**! La,0, carries a xenon-like electronic structure; it is

Water is vital for humans, aquatic life, and industrial
consumption. Increased industrial water usage is giving rise
to significant issues, i.e., water shortage, pollution, and
uncertain industrial wastes (dyes, heavy metals, wastewater,
etc.).1 Some industries, such as paper, textiles, leather, cotton,

and rubber, directly discharge toxic dyes into water bodies.” ) ) i i i
Rhodamine blue (RhB) and methylene blue (MB) are widely only a trivalent cation without 4f electrons, including other rare

used cationic dyes (basic dyes).3 MB, a blue-colored dye, has earth metals.”> The inorga'nic compounds containing lantha-
an aromatic molecular structure. A contaminated dye with an num are more cos;effegn.re than 9ther rare ea‘rth .metals
aromatic structure such as MB will introduce toxicity to marine .(Gd203’ Y2.O3’ etc.). ) La™ is categorized as a Lewis acid, anzil
life and be incorporated in humans by the food chain. When its nontoxic and biodegradable nature has been noted.

MB is recklessly used, it generates problems such as sweating, Lar?thfmum—based comp c?unds have‘been used to bre.:ak down
vomiting, mental disorders, and hard ’breathing.‘"5 Wastewater tOXl.C lons .from water' W12t4h adsorption methods attributed to
purification through conventional methods is not a single-step the¥r P a.rtlcule.lr affinity. However,' La293 has not be:en
process. Recently, some advanced oxidation degradation entlrely'1nV?st1gated2;1nder the UV—vis region and has a high
processes (AOPs),6 catalysis, ion exchange, electrolysis, carbon recombination rate.” Hollow carbon spheres (Cs) are good

filtering, and nanofiltration have been introduced. Herein,
catalysis was adopted for degradation due to energy efliciency, Received: August 12, 2023
low cost, and a biodegradable method.””'" Mastitis is a Accepted: September 13, 2023
common worldwide disease in the dairy sector,'’ resulting Published: September 27, 2023
from pathogens like Escherichia coli."*" Such bacteria are

responsible for signs of mammary gland irritation in milk and

need to be avoided through bacterial growth inhibition."*

© 2023 The Authors. Published b
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Figure 1. Schematic illustration of the synthesis of Y/Cs-La,O; NSs and carbon spheres

cocatalysts among related elements having large pore volumes
and high surface areas.”® Cs have potential applications,
possessing the best chemical stability and good conductivity.
Carbonaceous materials have wide applications in distillation,
adsorbent, catalyst support, and catalysts.””** Furthermore, to
increase the dye degradation efficiency, bactericidal potential,
and optical properties of Cs-La,O;, yttrium (Y) is used as a
dopant; it affects the optical (absorption and emission)
properties of Y-doped materials.”” Y has a hexagonal crystal
structure, which enhances the optical properties of the host
material. To stabilize the material, Y was doped into MOs in a
substitutional way.”’ The higher amount of Y was limited to 2
and 4 wt % in this study from the literature review,
experimental findings, and to achieve the best optimal catalytic
and antibacterial results. This choice also considered practical
feasibility as a factor.”’ Moreover, none of the reports are
published on the catalytic activity (CA) of La,O;-doped
materials in dark conditions. Herein, 2 and 4 wt %
concentrations of Y, doped into a fixed amount of Cs-La,0;
were synthesized by a coprecipitation technique to examine the
MB dye degradation and bactericidal behavior against E. coli.

2. EXPERIMENTAL PART

2.1. Materials. Lanthanum nitrate hexahydrate {[La-
(NO,;);:6H,0], 99.9%)}, NaOH, 99.9%, yttrium nitrate
hexahydrate [Y(NO;);:6H,0], and glucose (C4H;,04) were
procured from Sigma-Aldrich Germany.

2.2. Synthesis of Carbon Spheres. To synthesize the
carbon spheres, hydrothermal carbonization of glucose was
employed. 18.016 g of glucose was poured into 100 mL of
distilled water at room temperature under constant stirring
until the solution became transparent. The solution was placed
into a 50 mL Teflon-lined autoclave and kept at 180 °C for 12
h in an oven. The obtained precipitates were centrifuged, dried
overnight, and ground to get a fine powder, as mentioned in
Figure 1.

2.3. Synthesis of Y/Cs-Doped La,0;. 0.5 M La(NO,);
6H,0 was utilized as a precursor for La,O; and dissolved in
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distilled water under constant stirring at 80 °C for 30 min by a
coprecipitation approach. The 1 M solution of NaOH
(precipitating agent) was added drop by drop in solution to
maintain the pH ~ 12. The obtained precipitates were
centrifuged (7000 rpm for 7 min) several times to extract
impurities. The sediments were heated overnight at 100 °C
and crushed to obtain a fine powder. For doping, various
concentrations of yttrium (2 and 4 wt %) were incorporated
along with a fixed amount of carbon spheres (3 wt %) into
La,O; following the same route as in Figure 1.

2.4, Catalytic Activity. The catalytic activity (CA) of Y/
Cs-La,0; was measured using NaBH, (reducing agent) to
degrade the MB dye. Initially, a 400 uL NaBH, solution was
mixed with a 3 mL MB solution, and the absorption spectra
were measured after regular intervals. Consequently, 400 L of
the pristine and Y/Cs-La,O; catalyst was incorporated in the
above solution under stirring, a redox reaction occurred, and
the dye started to degrade. UV—vis spectroscopy was utilized
to examine dye degradation efficiency, and A, for MB was
acquired at 665 nm. The degradation potency was measured
by employing the % degradation formula mentioned as

0

% degradation =

herein, C, shows the initial dye value, and C, indicates the
time-dependent concentration.

2.5. Isolation and Identification of MDR E. coli.
2.5.1. Isolation of E. coli. 2.5.1.1. Sample Collection. Milk
samples from dairy cows marketed in different markets, farms,
and veterinary hospitals in Punjab, Pakistan, were collected by
direct milking in sterile glassware. Raw milk was carried to the
laboratory instantly at 4 °C. In MacConkey agar, coliforms
were identified in fresh milk. All plates were inoculated for 48 h
at 37 °C.

2.5.1.2. Identification and Characterization of Bacterial
Isolates. In accordance with Bergey’s manual of determinative
bacteriology, the initial identification of E. coli was based on

https://doi.org/10.1021/acsomega.3c05938
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Figure 2. (a) XRD pattern of pristine and doped La,05 and (b,c) SAED patterns of La,0; and Y/Cs-La,0;, respectively
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Figure 3. (a) Absorption spectra, (b) photoluminescence spectra, (c) FTIR spectra of pure and doped Y/Cs-La,O;, and (¢’) zoomed-in FTIR

spectra of synthesized samples.

colonial morphology using the Gram stain and several
biochemical tests.*”

2.5.1.3. Antibiotic Susceptibility. Bauer et al.’’ used the
disk diffusion method to determine the antibiotic susceptibility
test on Mueller Hinton agar (MHA). The test was performed
to measure E. coli antibiotic resistance against the following
antibiotics: gentamicin (Gm) 10 pg (aminoglycosides),
ciprofloxacin (Cip) S ug (quinolones), azithromycin (Azm)
1S pug (macrolides) amoxycillin (A) 30 pug (penicillins), and
ceftriaxone (Cro) 30 ug (cephalosporins).”* Purified cultures
of E. coli were grown, and the (0.5) MacFarland turbidity was
adjusted. Furthermore, it was disseminated on MHA (Oxoid
Limited, Basingstoke, UK), and antibiotic disks were kept at a
distance to restrict inhibition zones from overlapping. For 24 h,
plates were inoculated at 37 °C. Results were explained by
corresponding to clinical and laboratory standard institutes.”

37566

A bacterium resistant to at least three antibiotics was declared
as multiple-drug-resistant (MDR).*

2.5.1.4. Antimicrobial Activity. The agar well diffusion
method was applied to evaluate the potential of Y/Cs-La,0;
on ten isolates of MDR E. coli obtained from mastitic milk.
Petri dishes with MDR E. coli (0.5 McFarland standards) at 1.5
X 10° CFU/mL were swabbed onto MacConkey agar. 6 mm
diameter wells were created utilizing a sterile cork borer.
Different concentrations of Y/Cs-La,O; were applied as 0.5
and 1.0 mg/50 uL. Ciprofloxacin (0.005 mg/50 uL) was used
as a positive control and distilled water (DIW) as a negative
control (50 uL).”’

2.5.1.5. Statistical Analysis. The antibacterial efficacy was
determined based on the inhibition zone (mm) size. The
inhibition zone diameters were statistically evaluated using

https://doi.org/10.1021/acsomega.3c05938
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Figure 4. TEM images of (a) La,05, (b) Cs-La,05, (c) 2% Y/Cs-La,05, and (d) 4% Y/Cs-La,0,
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Figure 5. Catalytic dye degradation (%) of Y/Cs-La,0O5 in (a) neutral, (b) acidic, and (c) basic media

one-way statistical analysis of variance (ANOVA) utilizing
SPSS 20.*

2.6. Catalysis Mechanism. The essential factors in the
catalysis mechanism are the addition of a reducing agent and
the catalyst into the MB dye. In CA, the redox reaction occurs
as NaBH, gives an e~ to the MB dye and acts as a reducing
agent, while MB receives an e~ acting as an oxidizing agent.

After absorbing e~ from the diminishing agent, the synthetic
dye starts to break down. The oxidation process is time-
consuming and slow in the presence of NaBH,. To overcome
this issue, the Y/Cs-La,O; nanocatalyst assimilates into the
oxidation—reduction reaction, where electrons can move from
the donor (BH,™) to the acceptor (MB), and as a result, MB is
reduced into LMB (colorless). Nanocatalyst’s addition

https://doi.org/10.1021/acsomega.3c05938
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increases dye degradation efficiency by enhancing adsorption
in dye molecules and BH, ™ ions. In CA, the quantity of catalyst
utilized in the reaction plays a crucial role since the level of dye
degradation is directly proportional to the amount of catalyst
employed.

2.7. Molecular Docking Studies. Reports of effective
bactericidal properties for various nanoparticles and nano-
composite systems are getting prominent. Despite the fact that
the biological potential of nanoparticles is well-documented,
the precise mechanism underlying their biological activities
remains to be investigated. The use of computational methods,
particularly molecular docking research, has enabled scientists
worldwide to conduct in-depth analyses of various interactions
and mechanisms. Considering the excellent antibacterial
activity of the nanocomposites synthesized here, we conducted
molecular docking studies for a particular enzyme as a
potential tar§et for inhibition. The DNA gyrase E. coli enzyme
was chosen,” and its 3D-structural coordinates were obtained
from the protein data repository having accession codes 6kzz,"’
respectively. Predictions of molecular interactions were made
using SYBYL-X 2.0.*" Protein structures were prepared by
adding polar H atoms and gating charges, removing water
molecules and native ligands, and minimizing energy. Using
PyMOL software, interaction patterns of anchored complexes
were analyzed and graphical representations were created.

3. RESULTS AND DISCUSSION

Pristine La,O; and Y/Cs-La,O; have been prepared by a
coprecipitation approach, as demonstrated in Figure 1.

Table 1. Measurement of the Inhibition Zone (mm) of
Pristine and Y/Cs-La,0;

samples inhibition zone (mm)  inhibition zone (mm)

0.5 mg/S0 uL 1.0 mg/50 uL
La,0; 1.90 2.80
Cs-La, 05 2.45 3.15
2% Y/Cs-La,0, 2.85 3.55
4% Y/Cs-La,O4 3.18 4.05
ciprofloxacin 4.95 4.95
deionized water (DIW) 0 0

The phase composition, crystallinity, and lattice structure of
pure and doped La,O; were determined via XRD analysis in
the 260 range at 20 (25—70°). The peaks appeared at 20 as
27.79° (002), 39.35° (012), 44.85° (110), 48.71° (111), and
55.29° (112), corresponding to a hexagonal La,O; structure
(JCPDF nos. 01-073-2141 and 00-040-1279). Upon doping of
Cs into the control sample enhanced the peak broadening,
suggesting the presence of amorphous carbon and low
graphitization degree Cs.*” However, an increased intensity
was observed upon Y doping, ascribed to rearrangement and
redistribution of the atom’s surface and alteration to their
surface bonding.”> SAED analysis was used to indicate whether
the prepared samples were polycrystalline or single-crystalline.
The prepared samples showed bright circular rings, which
identified the polycrystalline behavior of pristine and doped
La,0; as demonstrated in Figure 2b,c. The different planes of
synthesized samples (002), (012), and (111) are well matched
with XRD measurements.

Electronic spectroscopy was used to investigate the optical
characteristics, such as the absorption peaks of pure and doped
La,0;. The absorption spectra were observed in the range of

250—450 nm for prepared nanomaterials. Pristine and Y/Cs-
La,0; showed maximum absorption peak at around 270—300
nm.” The enhancement of absorption wavelength upon
increasing the concentration of Y is attributed to the creation
of more energy bands of the pristine material. An increase in
wavelength upon the incorporation of a dopant is the reason
for poor crystallinity and reduced orientation or alignment of
the resulting material.** La,O; showed a maximum absorption
peak at 275 nm with electronic transition z7—z*."> Various
factors affect the absorption peak, such as band gap energy
(Ep) shift, which can be caused by crystal size and charge
carrier concentrations.

Photoluminescence spectra (PL) were utilized to determine
the recombination rate and charge transfer efficiency to
understand the quantum confinement phenomenon. PL
spectroscopy of La,O; and Y/Cs-La,O; was obtained with
the excitation wavelength 288 nm.* The addition of Y/Cs
dopants enhanced the photoresponse capability, generating
many active sites inside the La,0;. This demonstrated that the
recombination rate slightly declined, which improved the CA
by releasing reactive surface interiors caused by adding Y**.*'

FTIR (Fourier transform infrared spectroscopy) spectra
were employed to elucidate the chemical composition and
functional group of Y/Cs-La,O; with the range 4000—600
cm™' wavenumber. Moreover, pure La,O; transmittance
spectra revealed the sharp peak at 663 ascribed to La—O
stretching and bending vibrations.”” The 1323 cm™' band
ascribed the presence of secondary and tertiary amide
functional groups.*® The transmittance band around 3020
cm™! manifested in the O—H stretched vibrations. Minor
shifting was observed toward lower wavenumber upon Cs and
Y doping as shown in Figure 3¢/, showed a significant
interaction among La,O; and functional group of dopants as
well as attributed to the existence of C—OH group in Cs."’

The EDS mapping measured the atomic arrangement of the
prepared NSs. The observed elements were identified as Au,
Cu, Ce, C, Na, La, N, Y, and O, Figure Sla. To clarify the
elemental contribution of energy-dispersive X-ray (EDX)
spectrometry was used to examine the NSs that were prepared
(Figure S1b—e). The La and O peaks confirmed the La,O,
preparation from a La (NO;);:6H,0 precursor. The presence
of C and Y in the mapping is attributed to the doping of Cs
and Y, respectively. Furthermore, Na, Cu, Au, and Ce peaks
were attributed to NaOH solution for pH adjustment, copper
grid, coating substance to cover nonconductive samples, and
human error, respectively.

The surface topography and morphology of the synthesized
samples were determined using TEM analysis. Figure 4a
revealed the nanorods-like morphology of pristine La,O; along
with a few spherical-shaped nanoparticles. Upon doping of Cs,
reduction in the size of nanorods and agglomeration of
undissolved NPs was noticed in Figure 4b, which manifested
by Cs has an inherent tendency to agglomerate owing to the
presence of cohesive van der Waals forces.*® The carbon atoms
are doped with the host material interstitially as when they
exceed a certain value, the carbon atoms tend toward
agglomeration which lead to a loss of their stabilization
functions.”” The incorporation of Y showed agglomeration of
NSs, and agglomeration increased with increasing concen-
tration of Y due to the presence of enormous content of
oxygen and Y as illustrated in Figure 4c,d, respectively.50
Furthermore, the size of La,O; nanorods was measured by
Image] software, which provides estimated values of 37.48—
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Figure 6. (a) DNA gyrase-docked complex of Cs-La,05, (b) Y/Cs-La,03, and (c) ciprofloxacin and (d) binding interaction pattern of Cs-La,O;
and Y/Cs-La,O; and ciprofloxacin inside the active pocket of DNA gyrase E. coli.

Table 2. Comparison of the Present Work with the Literature

catalysts synthesis route degradation performance (%) dyes activity ref
Ce0,/La,04 hydrothermal 54.3 RhB photocatalysis 59
La,05-Fe;0,-Zn0 + H,0, coprecipitation 46.57 MV photocatalysis 60
La,0,/GO ultrasonication 56 MB photocatalysis 61
La,03/CuO ultrasonication 67 MB photocatalysis 61
Y/Cs-La, 0O, coprecipitation method 76.66 MB catalysis present work

69.11 nm and 41.23-97.63 nm in width and length,
respectively. Furthermore, HR-TEM was used to determine
the interlayer spacing of synthesized Y/Cs-La,0;. The d-
spacing values were calculated as 0.15, 0.18, 0.23, and 0.32 nm
using Gatan software, correlated with XRD as illustrated in
Figure S2.

The CA of the control and Y/Cs-La,O; against MB
degradation in NaBH, was determined by using a UV—vis
spectrophotometer. The pH of solutions has a vital influence
on the dye removal rate. The H" ions play an essential role in
the CA. The CA of the synthesized material is affected by
morphology, structure, crystal size, and surface area as more
area provides more active sites. The pure and doped La,O;
showed degradation efficiency of 68—76% in acidic (pH-2)
medium, 59—76% in basic medium (pH-10), and 57.22—
71.90% in neutral (pH-7) medium, respectively (Figure S).
The dye degradation efficiency increased with the addition of
dopant Cs as Cs have a small size, high surface area, and
increased active sites enhanced CA.*® Cs exhibits reduced
catalytic activity in an acidic medium, when compared to
La,Oj; catalysts, primarily attributed to their lower performance
in the oxygen reduction reaction.”’ The addition of Y resulted
in the increment of dye degrading potency and correspond-
ingly reduced recombination rate.”' In the basic medium, dye
degradation efficiency increased because in a basic (pH-10)

medium, formation of hydroxide radicals (OH) is favored, as
compared to pH-7 and pH-2.>

NaOH (0.5 M) is added to the MB solution to maintain a
pH of 10 in the basic medium. The dye degradation level
increases with the addition of the dopant material. The
prepared material behaves as electron mediators in catalysis,
reducing MB with the existence of sodium borohydride,
permitting electrons to go from BH,  ions toward MB,
resulting in dye degradation. The hydrogen ion (H")
generation causes the catalyst surface to be more positively
charged and directly related to CA in an acidic solution. MB
(cationic) dye and catalyst surfaces often discourage the
positively charged adsorption of dissolved families, which
lowers the amount of dye that could be absorbed.”® The
maximum efficiency was observed with 4% Y dopant in all
media.

3.1. Antibacterial Activity. The agar diffusion method
was utilized to determine the antibacterial activity of pure and
doped La,O; NSs against E. coli. The inhibition zone areas
recorded against E. coli were 1.90—3.15 mm at lower
concentrations and 2.80—4.05 mm at higher concentrations.
From the result, it is clear that antimicrobial activity was
enhanced with Y/Cs-La,Oj as it increased the reactive oxygen
species (ROS). The MOs and metal-based composites caused
significant damage to the cell membrane of the bacterial cell
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wall. Through different mechanisms, such as van der Waals
forces, hydrophobic interactions, and electrostatic attraction,
the prepared NSs can harm the bacterial cell wall, DNA, and
ROS species. The small-sized NSs (Cs) generate significant
ROS, which promote the disintegration of cytoplasmic
substances and kill bacteria with the implantation of the
dangerous microbe membrane.”* Y-doped NSs improved the
biocompatibility and antibacterial properties as Y has
significant potential to improve the regeneration, repair, and
integration of the soft tissues.>> Absorbed Y/ Cs-La,0; would
result in impressive cooperation with the structure of the cell
wall and interrupt the permeability of the respiratory system of
bacteria, ultimately causing their death.”® The inhibition areas
were compared with positive control ciprofloxacin (4.95 mm)
and negative control deionized water (0 mm), as in Table 1.

Numerous processes, such as electrostatic contact or
interactions with OH™ and H,O on the surface, which both
lead to ROS generation, are responsible for the antibacterial
activity of nanomaterials."> The inhibition zones are directly
proportional to the amount of dopant in nanomaterials as %
efficacy increased for La,O; upon doping from 38.35 to 63.70
mm. The size and shape of nanomaterials impact bactericidal
activity,57 small material sizes generate more ROS, which kill
bacteria by membrane distortion and cause cytoplasmic
components to eject, as mentioned in Figure S4.

3.2. Molecular Docking Studies. Nanostructures may
interact with bacterial cells, altering membrane permeability
and harming vital metabolic processes.””® In the present
study, molecular docking analyses of synthesized nanostruc-
tures were conducted to deeply analyze the interactions
responsible for their bactericidal activity and investigate their
potential function as inhibitors of the selected enzyme target
DNA gyrase E. coli. Both Cs-La,O; and Y/Cs-La,0,
nanoparticles exhibited a moderate binding propensity within
the active pocket (Figure 6d), with scores of 2.65 and 3.45,
respectively (Figure 6a,b), and displayed H-bond interactions
with Arg136, Glu50, and Asn46. These docked complexes were
compared to the known ciprofloxacin-DNA gyrase E. coli
complex (binding score of 4.34) (Figure 6c).

These nanostructures are potential DNA gyrase E. coli
inhibitors as per molecular docking predictions that opened up
new possibilities as novel antibiotics. The comparison table of
the present study with literature is mentioned in Table 2.

4. CONCLUSIONS

In this research, we successfully prepared La,O; doped with
different Y concentrations (2 and 4 wt %) and a fixed amount
of Cs (3 wt %) through the coprecipitation method to test
bactericidal and catalytic activities. XRD spectra revealed the
hexagonal structure of La,0;. An increase in the absorption
spectra was examined upon doping through UV—vis spectros-
copy. The formation of La,O; NSs was affirmed by TEM
analysis. The FTIR peaks at 576 and 663 cm™" confirmed the
existence of La,O; through La—O bending and stretching
vibrations, respectively. The 4% Y/Cs-doped La,O; showed
the highest 76.66% efficacy against MB in a basic medium.
This work indicates that Y/Cs-La,O; exhibits good bactericidal
potential to remove pathogens from wastewater and is
economically effective for MB degradation through CA. The
generated NSs were anticipated to inhibit DNA gyrase E. coli
based on in silico investigations. This research may provide
new paths for more efficient CA in dark conditions and

antimicrobial behavior by rare earth metal-based ternary
heterojunction.
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