[Short title + Author Name - P&H title] 17 (2024) 105545

Contents lists available at ScienceDirect

agssndllodl
King Saud University

Arabian Journal of Chemistry

journal homepage: www.ksu.edu.sa

Check for

Antimicrobial attributes and enhanced catalytic potential of PVA stabilized &
Ag-NiO, nanocomposite for wastewater treatment

Aimon Saleem *, Amber Igbal”, Umer Younas ™ *, Adnan Ashraf?, Samiah H. Al-Mijalli ™",
Faisal Ali™", Muhammad Pervaiz“, Zohaib Saeed °, Arif Nazir °, Munawar Igbal

& Department of Chemistry, The University of Lahore, Lahore, Pakistan

b Department of Biology, College of Sciences, Princess Nourah bint Abdulrahman University, P.O. Box 84428, Riyadh 11671, Saudi Arabia
¢ Department of Chemistry, Government College University Lahore, Lahore, Pakistan

4 Department of Chemistry, Division of Science and Technology, University of Education Lahore, Lahore, Pakistan

ARTICLE INFO ABSTRACT

Keywords:

Dye degradation
Antimicrobial activity
Silver-nickel
Nanocomposite

PH studies

Dyes are well known major pollutants in wastewater discharged by various textile industries which are toxic to
human beings and aquatic life. It is necessary to remove these colorants from water with low-cost yet effective
method by which these pollutants can be removed from the water bodies. Current study has been designed to
develop cost-effective material for the removal of dyes in wastewater along with the application of composite to
inhibit the growth of Gram negative (GN) and Gram positive (GP) bacterium. Nanocomposite (Ag-NiO,@PVA) of
silver and nickel was synthesized by the chemical reduction method and polyvinyl alcohol (PVA) was used as a
stabilizing medium. Nanocomposite (NC) was characterized employing different techniques including XRD, SEM,
and FTIR which not only confirmed its synthesis but also provided their structure and morphology. The hex-
agonal close packed nanocomposite was tested for the catalytic degradation of different azo and anthraquinone
dyes including methylene blue (MB), methyl orange (MO) and eosin yellow (EY). The degradation of MO, MB
and EY was recorded in 20, 16 and 20 min with percentage removal 89.26, 95.88 and 96.56 % respectively.
Antibacterial potential of the nanocomposite was assessed against different GN and GP bacterial strains namely
Bacillus subtilis, Staphylococcus aureus and Escherichia coli and the as-synthesized Ag-NiO,@PVA exhibited strong
zone of inhibition against all types of bacterial strains mentioned herein. Nanocomposite was recovered and
analyzed after dye degradation as well as the antibacterial studies have confirmed stability and recyclability of
the nanocomposite. Results of the current study strongly recommend the composite for wastewater treatment
applications i.e., removal of different dyes and pathogens. Silver and nickel based nanocomposite can be syn-
thesized and modified followed by the stabilization with PVA for different applications in material sciences.

1. Introduction

The most current and broiling topic of research around the globe is
the treatment of water as contamination is increasing quite drastically
due to urbanization and industrialization (Benkhaya et al., 2020).
Owing to many anthropogenic activities, it has now become quite
difficult to get pure water for domestic and for drinking purposes
(Moustakas, 2021). The major water pollutants reported in contami-
nated water are nitro-arenes (Tokiwa et al., 1986, Singh et al., 2022),
heavy metal ions (Li et al., 2019), pesticides and noxious dyes (Muenze
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et al., 2017). Organic dyes such as azo (AZ) and anthraquinone (AQ)
dyes stand out as the key component of the wastewater due to their vast
industrial applications (Shindy, 2017, Vacchi et al., 2017). These dyes
are consumed in paper (as printing inks), pharmaceuticals (Chung,
2016), paints, lacquer, varnish and wood industries (Nitu et al., 2022).
AZ and AQ are also being used for dying natural and synthetic textile
fibers, leather and plastics (Bide, 2014). These dyes are versatile and
largest class of colorants that account for more than 50 percent of the
dyestuff produced globally (Puvaneswari et al., 2006). As pollutants,
these compounds are most stable and toxic; for this reason, most of the

E-mail addresses: umer0608analyst@gmail.com (U. Younas), Shalmejale@pnu.edu.sa (S.H. Al-Mijalli), faisal.ali@chem.uol.edu.pk (F. Ali), dr.mpbhatti@gcu.edu.

pk (M. Pervaiz).

https://doi.org/10.1016/j.arabjc.2023.105545
Received 27 September 2023; Accepted 7 December 2023
Available online 9 December 2023

1878-5352/© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:umer0608analyst@gmail.com
mailto:Shalmejale@pnu.edu.sa
mailto:faisal.ali@chem.uol.edu.pk
mailto:dr.mpbhatti@gcu.edu.pk
mailto:dr.mpbhatti@gcu.edu.pk
www.sciencedirect.com/science/journal/18785352
https://www.ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2023.105545
https://doi.org/10.1016/j.arabjc.2023.105545
https://doi.org/10.1016/j.arabjc.2023.105545
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.105545&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Saleem et al.

Table 1

Conditions for the catalytic degradation of dyes.

Sr. Dyes  Concentration of Concentration of Concentration of

No. dye used in mM Reducing agent catalyst used mg/
used in mM mL

1 MB 1.6 mL of 0.02 mM 0.5 mL of 2 mM 0.05 mg/mL

2 MO 1.6mLof0.01mM 0.5 mLof 1 mM 0.05 mg/mL

3 EY 1.6 mL of 0.04 mM 0.5 mL of 4.6 mM 0.05 mg/mL

countries have banned their use due to their detrimental effects on the
human as well as the aquatic life (Ahlstrom et al., 2005). In developing
countries, dyes belonging to the aforementioned class are still in use.
Almost 10% of the total amount of dyes used in dyeing procedure, be-
comes the part of wastewater (Manzoor and Sharma, 2020). The World
Health Organization (WHO) has projected the contribution of AQ and
AZ in the water pollution to be around 17 — 20% as compare to all the
other pollutants emerging from different industries (Sarkar et al., 2017).
Due to their detrimental effects, it is necessary to investigate and design,
cost-effective and facile methods to eliminate dyestuff from wastewater.
Efforts have been made and researchers have reported different mate-
rials such as polymers, microgels (Shahid et al., 2020), monometallic
nanoparticles (MNPs)/ bimetallic nanoparticles (BMNPs) (Shultz et al.,
2019), metal-organic-frameworks (Liu et al., 2020) and metal nano-
particles loaded in hydrogels (Arif et al., 2021) for the removal of dyes
from aqueous streams. Despite many conventional methodologies
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including forward and reverse osmosis, adsorption, multi-effect and
membrane distillation; photocatalysis have been extensively developed
for the treatment of wastewater. Researchers are still struggling to
develop novel, sustainable and cost-effective procedures for the treat-
ment of dye carrying wastewater (Noureen et al., 2021).

The MNPs/BMNPs have gained attention due to their recyclability
and high catalytic efficacy (Mallampati and Valiyaveettil, 2014) but
their instability have been an issue which can be controlled by the usage
of polymers, surfactants (Song et al., 2021), microgels and dendrimers
(Shahid et al., 2022). In comparison to pure MNPs, BMNPs, nano-
composites (NCs) exhibit extraordinary optical, catalytic and electronic
properties because of their improved phase coupling. There are many
methods including co-precipitation (Bakar et al., 2009), sol-gel (Lamayi
et al., 2020), micro-emulsion (Heshmatpour et al., 2012), wet-chemical
(Ould-Ely et al., 2005), solvothermal (Bondesgaard et al., 2019) and
hydrothermal (Shen et al., 2017) that have been reportedly used for the
synthesis of BMNPs and heterogeneous/mixed NCs (Ullah et al., 2023).
The chemical reduction method is preferred because of its mild reaction
conditions, lower energy consumption, simple separation procedures,
reproducibility and high yield (Liu et al., 2010).

In recent studies, p-type semiconducting materials specially transi-
tion metals oxides (NiO2, FeO, Cu0) are being used for the catalytic
degradation of different organic dyes (Bishnoi et al., 2018, Mrunal et al.,
2019, Bhat et al., 2020). Transition metals, specially Nickel (Ni) based
nanomaterials are considered to be the most effective for the
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Fig. 1. (a-b) SEM images, (c) particle size distribution, (d) elemental analysis of the synthesized nanocomposite.
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Fig. 2. (a) UV/Vis spectra, (b) FTIR spectra, (c) XRD analysis (d) Energy band gap of Ag-NiO,@PVA NC.

degradation of dyes due to higher stability as well as antiferromagnetic
and electrical properties (Sachi et al., 2021). Nickel peroxide nano-
particles (NiO, NPs) show a high opto-electric ability with a band gap of
3.6-4.0 eV (Khairnar and Shrivastava, 2019) and these NPs are exten-
sively used in solar cells, gas/humidity sensing devices (Mokoena et al.,
2019, Gupta et al., 2021), catalysis (Din et al., 2018) and electro-
chemical water splitting (He et al., 2021). Likewise, silver nanoparticles
(Ag NPs) are now preferred as catalyst for dye degradation reactions due
to its attractive morphology, larger surface to volume ratio and smaller
size (Tang and Zheng, 2018). It is a well-established fact that the noble
metals are the most suitable candidates for the degradation of dyes but
there are two major problems associated to these materials: limitation of
the catalyst, cost effectiveness and its recovery/ reusability. Therefore,
fabrication of BMNPs and composites have surpassed the usage of
traditional noble metal NPs (Wojtaszek et al., 2023). This results in
improved catalytic activities that may be attributed to the prevailing
synergistic-effect elevated by the development of interface-junction in
the hetero-structures especially nanocomposites (Humayun et al.,
2021).

In order to achieve promising results, nanomaterials have been
modified and polymeric nanocomposites have gained attention due to
improved properties which depends on the size distribution, geometry
and surface chemistry (Kanchana and Vijayalakshmi, 2020). Although,
the properties of NCs depends mainly on the nature of NPs and their
ability to bridge physically and chemically with the matrix (polymer)
(Yu et al., 2018). Amongst many other natural and synthetic polymers,
poly vinyl alcohol (PVA) has excellent charge-storage capability (Wang

et al., 2021), greater dielectric strength and electric properties that are
dopant dependent (Rashad, 2020). Suitable inorganic NPs can be
incorporated to selected polymer to fabricate a material with desired
properties and stability (Bouzidi et al., 2020).

In current study, a cost-effective and facile chemical reduction
method has been employed for the synthesis of novel nanocomposite
(Ag-NiO,@PVA). Synthesis of Ag and Ni based bimetallic nanoparticles
followed by stabilizing with PVA has been successfully achieved. To the
best of our knowledge, PVA stabilized Ag-NiO, nanocomposite has never
been synthesized by the aforementioned method and this combination
has never been investigated for antimicrobial studies against different
bacterial strains and evaluating the degradation of different dyes. Sta-
bility and reusability of the composite has also been checked and
reported.

2. Experimental
2.1. Chemicals & reagents

Chemicals such as nickel sulfate hexahydrate (NiSO4-6H20) (purity
> 99.9%), Silver nitrate (AgNO3) (purity > 99.9%), Sodium hydroxide
(NaOH) (purity > 99.5%), MB, EY, Sodium borohydride (NaBHj,), So-
dium dodecyl Sulfate (SDS) (purity > 99.0 %), MO and Polyvinyl alcohol
(PVA) with a density of 1.08 g/cm3 and the molecular weight of 89,000
—98000 + 99% hydrolyzed were used as purchased from Sigma Aldrich,
USA. Potassium persulfate (K2S20g), and potassium hydroxide (KOH)
were purchased from Strem Chemicals, USA and were used as received.
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Fig. 3. (a, d, g) degradation of dyes, (b, e, f) % removal of dyes, (c, f, i) kinetic of degradation.

Deionized (DI) water was used throughout the experimental work.

2.2. Synthesis of the Ag-NiO2@PVA nanocomposite

Nickel peroxide NPs (0.1 M) were synthesized following an already
reported chemical reduction method (Shoair et al., 2023). Equi-molar
NiSO4-6H20 and KS;0g were taken in deionized water along with
0.1 g of PVA (50 mL DI) and stirring was done for 1 h at room tem-
perature. The color of the solution turned black confirming the forma-
tion of NiOy NPs; then resultant mixture was filtered and washed thrice
with deionized water in order to remove the unreacted salts and dried
the sample for 3 h at 60 °C (Shoair et al., 2023).

Similarly, 0.1 g PVA was dissolved in 50 mL DI and was heated with
continuous stirring for about 10 min at 60 °C in order to get a homo-
geneous solution. Then, silver nitrate solution (1 mL of 0.2 M) was added
to the PVA solution followed by the addition of 0.2 mL of NaOH (0.3 M).
The color of the solution immediately turned yellow right after the
addition of base (NaOH); indicating the formation of Ag NPs (Sagitha
et al., 2016).

For the synthesis of polymeric stabilized nanocomposite an already
reported method (Khalil et al., 2021) was adopted with few modifica-
tions, 20 mL of DI was taken in a round bottom flask along with that
0.05 g SDS (surfactant) and 0.085 g of PVA were added in the same flask
respectively. The mixture was kept on a magnetic hot plate for 1.5 h at
80 °C with continuous stirring. The reaction mixture was then taken off
from the hot plate till the temperature drops down to 40 °C. At this point,
5 mL of as-prepared Ag NPs and 10 mL of NiOy NPs solutions were added
with continuous stirring. After 5 min, 5 mL (0.05 M) NaBH4 (reducing
agent) was added drop wise to the reaction mixture until the color of the
solution changes to pale yellow (Piella et al., 2017, Wojtaszek et al.,
2023). This change in color was the visual confirmation of the NC
synthesis.

2.3. Characterization of Ag-NiO2@PVA nanocomposite

Synthesis of Ag-NiO,@PVA NC was confirmed instantly after
obtaining the liquid sample of the NC for UV/Vis analysis (CECIL, Model
Aquarius CE 7400, CECIL, Cambridge, U.K.). Remaining NC mixture was
centrifuged for 30 min at 11,000 and FTIR analysis of the solid sample
was done using FTIR, Model Alpha (II), Bruker, U.K. respectively. The
morphological and elemental analysis was investigated using Field
emission-scanning electron microscopy (FE-SEM, Model NOVA FE- SEM
450) coupled with energy-dispersive X-ray analysis (EDAX). Crystalline
examination was performed by the XRD analysis (Bruker, Coventry, U.
K).

2.4. Catalytic degradation potential of Ag-NiO2@PVA nanocomposite

The degradation potential of the synthesized NC (Ag-NiO,@PVA)
was investigated against three different dyes (MO, MB, EY). The opti-
mized condition (Table 1) recorded for the degradation of MB was; 1.6
mL of 0.02 mM MB dye, NaBH4 (0.5 mL of 2 mM) and 0.05 mg/mL NC
were taken into the reaction cuvette for the monitoring of dyestuff
degradation. Correspondingly, 1.6 mL of 0.01 mM MO, 0.5 mL of 1 mM
NaBH4 and 0.05 mg/mL NC were the optimum condition used for the
degradation of MO dyestuff. Similarly, the optimal ratios of EY dye were
having molarity of 0.04 mM EY, 4.6 mM NaBH,4 and 0.05 mg/mL of NC
(Piella et al., 2017, Ali et al., 2023). Absorption spectra of the resultant
mixtures were recorded after regular time intervals by UV/Vis spectro-
photometer. Percentage degradation was calculated by the formulae %
degradation = (C; — Cy)/C; x 100; where C;j is the initial concentration of
the solutions of dye’s taken and C; is the specific time concentration (Baz
et al., 2023). As the pH of the medium plays an important role in the
catalytic removal of different dyes (Lai et al., 2019). These catalytic
experiments were also performed at room temperature and maintaining
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Fig. 4. Impact of pH on (a) MB degradation, (b) % removal (c) MO degradation, (d) % removal (e) EY degradation, (f) % removal.

different pH conditions basic (0.1 M NaOH) and acidic (0.1 M HCl) (Ali
et al., 2023). Reusability of the NC was evaluated by carrying out four
cycles of MB dye degradation reaction. Percentage degradation was
calculated followed by FTIR analysis of recovered NC after completion
each cycle of MB degradation reaction.

2.5. Antimicrobial studies of Ag-NiO2@PVA

The as-synthesized NC was tested against Gram positive (Staphylo-
coccus aureus NCTC 7447) and Gram negative (Bacillus subtillis NCIB
3610) and Escherichia coli NTC10416) bacterial strains to evaluate
antimicrobial potential using disc diffusion method (DDM) (Ali et al.,
2022). The mixture containing nutrient broth and agar-agar media were
autoclaved for 20 min at 121 °C. Then, 30 mL sterilized medium was
poured down into petri-dishes using laminar flow cabinet. The strains
carrying disc were transferred to petri dish and upon solidification, 30
uL of the sample was wedged onto the discs using micropipette. The petri
dish was imperiled to incubation at 37 °C for 24 h. The zone of inhibition
(ZOI) was calculated in mm. Penicillin was taken as a positive control
while DMSO as a negative one, respectively for the antibacterial activity.

3. Results and discussion
3.1. Surface morphology and elemental analysis

The elemental analysis and morphology of the synthesized NC has
been investigated using Field Emission Scanning Electron Microscope
(FESEM) and EDAX. The images of Ag-NiO;@PVA NC are shown in
Fig. 1(a, b). The elemental composition of Ag-NiO,@PVA was experi-
ential by EDAX analysis as presented in Fig. 1d that also measures
elemental distribution in order to find out any possible interfacial
interaction. The average particle size calculated from SEM images is
15.53 nm and the particles are distributed in between the ranges 0-30
nm and the particle size distribution has been presented in Fig. 1c. SEM
images have shown homogeneous pattern throughout with the
spherical-nanospheres of Ag-NiO, stabilized by PVA and SDS; same
nature of particles has been reported in previous studies (Sagitha et al.,
2016, Karunamoorthy and Velluchamy, 2018).

3.2. UV/Vis analysis of Ag-NiO2@PVA composite

Fabrication of Ag-NPs, NiO2-NPs, and Ag-NiO;@PVA NC was
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Fig. 5. (a-b) UV/Vis Spectra of controlled reaction of MO, (c-d) MB, and (e-f) EY in the absence of Ag-NiO,@PVA.

confirmed by the UV/Visible analysis and the spectrum recorded is
shown in Fig. 2(a). Results indicated Apyax of Ag at 452 nm which bear a
resemblance to the previously reported work (Ali et al., 2023) and that
of NiO5 at 300 nm are analogous to the ones already reported (Shoair
et al., 2023). The immense shift in Ap .y is due to the interference of Ag’s
Aspr- The broad nature of the band at some regions could be due to the
presence of polymer in the solution as the clear broader peaks have been
observed for the NC which explains the nature of both the metals and
polymer’s interaction as explained by (Arif, 2023) in his work. The en-
ergy band gap (EB) was found using Tauc plot (Fig. 2d). The results
revealed that AgNPs@PVA exhibit EB at 2.31 eV, NiONPs@PVA have
shown EB at 2.85 eV, whereas Ag-NiO2@PVA NC has shown exceptional
EB value at 1.47 eV. This lowering in EB may be due to the presence of
the amalgamation of Ag and NiO with PVA.

3.3. FTIR analysis of Ag-NiO2@PVA

FTIR spectroscopic analysis of the fabricated nanocomposite and
PVA has been presented in Fig. 2b. Peaks in the ranges between 500 and
550 ¢cm ! in Fig. 2b (b) can be allotted to NiO stretching which are
closely resembled to already reported peaks (Kooti and Jorfi, 2009, Teoh
and Li, 2012). The feeble absorption band at 710 cm ™! is a distinctive
(0-0) per-oxo stretching vibrational peak (Li and Kawi, 1998) and the

peaks at 1001 and 1092 cm ™! indicated the presence of S=0 functional
group in the surfactant (SDS). Dip appearing at 1366 cm ' shows the
existence of asymmetric stretching of SO3. Similarly, peak at 1216 cm ™!
can be designated to the C-O stretching (Safajou et al., 2017) and a peak
at 3357 cm ! described the alcoholic group in the polymeric matrix and
is designated to O-H stretching (Kayal and Ramanujan, 2010). It was
noticed that two weak bands at 2913 cm ™! and 1714 cm ™! respectively
may be attributed to the O-H bending and H-O-H stretching vibrational
modes (Ichiyanagi et al., 2003). These peaks probably aroused due to the
hydration in the sample disk while preparing the sample in open air
(Shoair et al., 2023). These results were comparable to the ones reported
previously in the literature. FTIR spectrum of the NC was compared with
pure PVA presented as Fig. 2b (a); the intensity of the band (3360 to
3357 em 1) involving H-bonding in PVA was reduced after the conju-
gation with nanoparticles. The blue shift of the band at 2913 cm™! for
CH; asymmetric stretching, validates the formation of H-bonds between
NC and PVA chains. Disappearance of a dip at 1670 em™? along with the
reduction in the band’s intensity from 1740 to 1714 cm™! and from 852
to 830 cm ™! indicate the formation of chemical interactions amongst the
NC and PVA (Mahmoud, 2015).
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Fig. 6. Possible mechanism of catalytic degradation of dyes by Ag-NiO,@PVA.

Table 2
Comparison between previously reported studies and present work.
Sr. No Nano-catalyst Dye Reducing agent % degradation Reaction time Ref.
1 Ag-NiO2@PVA MO NaBH4 89.26 20 min Present work
MB 95.88 16 min
EY 96.56 20 min
2 Ag-Ni NPs MO Photocatalysis 91 80 min (Shaheen et al., 2020)
3 TiO,-NiO-Ag MB Photocatalysis 93.8 90 min (Sabzehparvar et al., 2021)
4 Ternary NiO/Ag/TiO, MB Photocatalysis 93.15 60 min (Mohammed et al., 2023)
5 Ag/NiO RhB NaBH4 99.2 5 min (Bhatia and Nath, 2022)
Congo-R 95 6 min
MO 97.5 10 min
MB 98.3 10 min
6 Ag@NiO composite 4-nitrophenol NaBH4 920 65 min (Sun et al., 2022)
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Fig. 7. (a) MB degradation potential of NC over the course of 4 cycles, (b) FTIR spectra for NC recovered during 4 cycles.

3.4. XRD analysis of Ag-NiO,@PVA

The results of XRD analysis Ag NPs, NiO NPs, and Ag-NiO;@PVA NC
are shown in Fig. 2(c). The peaks at (110), (021),(101), (006), (009),
(116) and (202) are in agreement with hexagonal close packing phase
and the composite belongs to the JCPDS card No. 82-0007. The pattern

showed no additional peak which confirms the formation of single-phase
of NiO; (Baz et al., 2023). Average crystallite size of Ag-NiO;@PVA was
9.0145 nm. The peaks at 29.14°, 35.58°, 36.60°, 44.34°, 63.22° and
77.81° have been used to evaluate the crystallite size (D). The crystallite
size (D) is calculated by the formulae: D = 0.9 A/ p cos 6 where wave-
length is A, p is FWHM in radian and 0 is the Braggs angle.
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Table 3

Antibacterial activity potential of nanocomposite.
Material/ Bacillus Escherichia coli ~ Staphylococcus
Control subtilis (+) ) aureus (+)
AgNPs@PVA 7.5 mm 12 mm 10.75 mm
NiO,@PVA 6.15 mm 10 mm 9.75 mm
Ag-NiO,@PVA 9 mm 17.5 mm 15.25 mm
Penicillin (+) 3.25 mm 8.5 mm 4 mm

control

DMSO (-) control No activity 3 mm 1.85 mm

3.5. Dye degradation studies using Ag-NiO2@PVA

Results of characterization confirmed the fabrication of nano-
composite via chemical reduction method and the NC was then tested
for the catalytic removal of dyes (MB, MO and EY).

3.5.1. Removal of MO, MB, and EY dyes

Removal of the dyes was attained by achieving their degradation
using NaBHy as reducing agent and synthesized NC as catalyst. An ab-
sorption peak is observed at Apax (464 nm) for MO indicating — N=N-—
group in the visible region the spectrum. Fig. 3a represents the degra-
dation of the MO dye with a decrease in the peak till it becomes anal-
ogous to the abscissa for colorless solution in 20 min with the maximum
percentage degradation up to 89.26% (Fig. 3b), which corresponds to
the breakdown of the two aromatic rings of the AZ group present in MO.
As a result of degradation, two products such as N,N-dimethylbenzen-
amine and sulfanilic acid were formed which gets converted into water
and CO, (Xie et al., 2016).

MB has two different forms, one is an oxidized form having solution
of deep blue color and second is leucomethylene blue (LuMB) form
having colorless appearance (Asmare et al., 2022). Optimum conditions
were used for the catalytic degradation of MB and Fig. 3d having
representative peak for MB at 665 nm disappeared which indicated its
degradation up to 95.88% in 16 min (Fig. 3e). It can be concluded that
the catalytic degradation has led to the formation of LuMB which is the
non-toxic form of the dye MB (Leonard et al., 2011). The degradation of
MB with such high percentages and in shorter time interval compre-
hends the efficiency of Ag-NiO;@PVA NC.

Ag-NiO,@PVA

Bacillus subtilis (+)

NiO,@PVA

Escherichi

NiO,@PVA

Arabian Journal of Chemistry 17 (2024) 105545

EY is hydrophilic, anionic dye, which shows green-yellow fluores-
cence. It is also a heterocyclic dye which contains bromine atoms
(Anitha, 2016). It is a tetrabromofluorescein dye which has been used to
test the catalytic potential of the synthesized NC. It is obtainable as a
disodium salt (ES3) of orange color and it can be reduced to get ESHy
form which is pale yellow in color and non-toxic (Moser and Graetzel,
1984, Vignesh et al., 2014). In the current study, the catalytic degra-
dation of EY was recorded in the presence of the NC and reducing agent.
It can be seen in Fig. 3g that the deep orange color having peak at Apax =
510 nm faded gradually and become colorless in 20 min showing the
efficiency of the catalyst. The removal percentage of EY dye turned out
to be 96.56 % (Fig. 3h) due to the effectiveness of the Ag-NiO,@PVA NC
(Dsouza et al., 2021).

The model catalytic reactions for all the selected dyes were carried
out in our studies and it turned out to be pseudo 1st order kinetics (Fig. 3
c, f, i) followed Langmuir-Hinshelwood mechanism (LHM). In the cur-
rent study, Ag-NiO,@PVA have been greater activity against dyestuff as
the composite has grander surface area in comparison to the MNPs
(Naseem et al., 2022). The rate of reaction can be calculated from the
slope of the graph using the mathematical formula of the kinetic model:
In (A/Ao ) = -kopsx t; where, A, show absorbance at zero ‘t” and A, ap-
pears to be absorbance at any ‘t’. Observed rate constant (kqps) was
obtained from gradient of the plot of In (A¢/A,) versus time by means of

the equation which is equal to 0.1 min1.

3.5.2. Impact of pH on dye degradation

Degradation of the colorants was performed while keeping different
pH environments, ranging from 4.2 to 12.3 for MB (Fig. 4 a, b) and 3.4 -
12.5 for MO (Fig. 4 ¢, d). The catalytic degradation of acidic (MO) and
basic (MB) dyes were investigated to optimize the pH to assess the best
catalytic performance of the NC in the presence of NaBHj4. It can be seen
that the MB dye degraded more rapidly in basic conditions as compared
to acidic environment. The possible reason of suppression of catalytic
degradation in acidic environment for basic dye is the interaction of H*
ions with electron of BH; which causes degradation (Yaseen and Scholz,
2019). So, the degradation was possible more efficiently in the basic
environment, as 95.88% removal was observed at 8.3 pH and after that
there is a decline in the % removal of MB due to the repulsion between
OH™ ions and electrons.

a coli (-)

e

AgNPs@PVA

Fig. 8. Comparative antimicrobial activity of synthesized nanocomposite.



A. Saleem et al.

On the other hand, acidic dye was degraded in the presence of NC
and NaBHy in acidic conditions by attaining negative charge (electron)
from BHj; more effectively due to its attraction with H' ions (acidic
conditions). The maximum catalytic performance of NC for the degra-
dation of acidic dye (89.26%) was recorded at 3.4 pH (Fig. 4 e, f).
Similarly, the same impact of pH has been observed for the catalytic
degradation of EY dye in acidic medium due to its anionic character. The
% removal for the EY dye degradation was 96.56% at 2.1 pH, which was
decreased to 21.99% in highly basic medium due to decrease in elec-
trostatic interaction between COOH™ group of EY dye and catalyst sur-
face (Mishra et al., 2020, Mohapatra and Ghosh, 2023).

3.5.3. Degradation controlled reactions

A comprehensive study has been conceded to ensure catalytic ac-
tivity of Ag-NiO>@PVA for the removal of selected dyes. For this pur-
pose, the dye degradation reaction was also performed at optimum
conditions in the absence of the Ag-NiO;@PVA. Fig. 5 (a-f) shows no
significant degradation of dyes indicating that only reducing agent
cannot instigate the degradation reaction even after 1 h. After adding
NC, degradation was observed as it decreases the activation energy of
the system vis-a-vis the rate of reaction also increases. Degradation of
the selected dyes right after aiding the reaction mixture with the as-
synthesized composite as catalysis befalls on the outward of the MNPs
which results in the increase in surface area which surely will improve
the effectiveness of the catalyst used (Hussain et al., 2021).

The reduction reactions of MB, MO and EY dyes by NaBHj4 in the
presence of the NC followed electron transfer process and the possible
electron transfer mechanism is demonstrated in Fig. 6. The reducing
agent (NaBH4) release an electron to the surface of the NC (Ag-
NiO2@PVA) and AZ/AQ dye molecules will be absorbed on the surface
of the catalyst. As the NC has the large surface area therefore it acts as a
substrate for transfer of electrons (Rajamanikandan et al., 2017). Herein,
PVA can act as stabilizing as well as reducing agent, thus preventing
particle growth and prevent disturbance in morphology of NC. PVA
contains appropriate functional group that can proficiently immobilize
NPs and their precursors by van der Waals, electrostatic, dispersive
forces or hydrogen/covalent bonds (Sagitha et al., 2016). In many
studies, researchers have reported degradation of dyes and organic
pollutants by PVA stabilized metal nanoparticles. Comparison of dye
degradation potential of nanocomposite with the previous counterpart
has been summarized in Table 2.

3.5.4. Stability and reusability

In case of nanocomposite materials, recovery and reusability of the
catalyst from the reaction mixture can be the key factor for large scale
production and utilization. For the purpose, Ag-NiO,@PVA catalyst was
reused up to four consecutive cycles after recovery from MB’s model
reaction mixture. The graph (Fig. 7a) shows extraordinary results for the
reusability of the catalyst Ag-NiO,@PVA and figure demonstrates the
percentage activity in terms of MB dye degradation using NC recovered
after four consecutive cycles. It endorses that catalyst was not involved
as a reactant to reduce MB. Fig. 7b is the FTIR spectra of recycled Ag-
NiO2@PVA catalyst, recorded for NC recovered after each cycle. The
results of FTIR illustrates minor changes may appear on the surface of
nanocomposite and no significant decrease in its efficiency was
observed. The results confirmed recycling/ reusability and stability of
Ag-NiO2@PVA even after its multiple use for the degradation of selected
dye. The results of the current study are well in correlation with the
results of previous study (Hussain et al., 2023).

3.5.5. Antibacterial studies

As-synthesis Ag NPs, NiO, NP and Ag-NiO,@PVA has displayed great
efficiency against different bacterial strains (BS) namely Bacillus subtilis,
Staphylococcus aureus as well as Escherichia coli (Table 3 and Fig. 8) and
NC exhibited inhibition against all BS. The zone of inhibition of the NC
against S. aureus is 15.25 mm compared with 7.5 mm of AgNPs and 6.5
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mm of NiOy NP; lesser zone of inhibition for Ag NPs and NiO NPs were
already reported (Ashishie et al., 2018, Kalita et al., 2021). The
increased inhibition recorded for NC zone could be due to the synergistic
effect of both the metals and PVA against the bacterial strains. As Ag-
NiO2@PVA possesses higher surface area to volume ratio therefore it
results in the death of the bacterium. It can be interpreted that Ag-
NiO,@PVA exhibited antimicrobial potential on both the GP and GN
bacteria which means that it not affected by the nature of the bacterial
wall (Urnukhsaikhan et al., 2021). Consequently, the nanocomposite
has the potential to be used as antimicrobial agent in different medicines
or coatings (Singh et al., 2022).

4. Conclusions

Urbanization and industrialization have instigated several environ-
mental problems, especially insufficiency of clean water. Researchers
are making enormous efforts for providing hygienic and clean water,
besides the management of wastewater. Current research is an effort to
gaze for a social and economic addressable cure to eliminate the toxic AZ
and AQ dyes which are a major splinter of environmental contamination
and to search for materials which can inhibit bacterial growth. We have
successfully fabricated PVA-stabilized Ag-NiO, NC which are easy to
synthesize via low-cost chemical reduction process. Characterization of
NC employing state of the art techniques (XRD, FE-SEM and EDAX)
confirmed the crystalline nature (hexagonal structure) with an average
crystallite size of 9.0145 nm and the particle size of 15.53 nm. Synthe-
sized nanocomposite came up with excellent degradation potential
against AZ and AQ organic dyes namely MB, MO and EY. In addition the
impact of pH has been studied to achieve maximum degradation effi-
ciency of the nanocomposite. The stability and reusability of the NC has
also being studied for four consecutive cycles. Lastly, the synthesized
nanocomposites were subjected to antibacterial activity and NC
exhibited quite promising results against different bacterial strains.
Keeping in view the results of current study, authors would strongly
recommend the synthesis of polymer stabilized metal nanocomposite for
their possible use as environmental savior. Nanocomposite reported in
current study can also be tested for the removal of other organic/inor-
ganic and biological pollutants. In addition, these NC can be used at
industrial scale after designing suitable filters for the treatment of
wastewater prior discharging to the environment.
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