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Abstract
At present, there is a vital need for river water purification by developing new approaches to eliminate bacterial biofilms, 
textile dyes, and Low-Density Polyethylene (LDPE) plastics that pose severe threats to human and environmental health. 
The current work put forward the construction of an eco-friendly green strategy to synthesize zinc oxide nanoparticles (ZnO 
NPs) using areca nut (Areca catechu) extract and their application to tackle the challenges in water purification. Prepared 
biogenic NPs were characterized by X-ray diffraction analysis (XRD), Fourier Transform Infra-Red (FT-IR), Energy Dif-
fraction Spectroscopy (EDS), Scanning Electronic Microscopy (SEM), Transmission Electron Microscopy (TEM) analysis, 
confirmed the spherical shape in 20 nm and UV–vis spectroscopy. The characteristic absorption band exhibited at 326 nm 
confirmed the formation of ZnO NPs using UV–vis spectroscopy. Among all the tested bacterial pathogens, the E. coli at 
50 µg/mL concentration showed the highest inhibition of biofilm activity, followed by the highest growth curve, cellular 
leakage, and potassium ion efflux. The ZnO NPs observed with photo-degradation of Rhodamine-B (Rh-B), Methylene 
Blue (MB), and Nigrosine dyes under sunlight irradiation at different time intervals. Finally, the photocatalytic activity of 
LDPE-ZnO NPs nanocomposite film showed the highest degradation under solar light irradiation were confirmed through 
photo-induced weight loss, SEM, FTIR, and MALDI-TOF analysis. This study demonstrates ZnO NPs exhibit efficacy against 
biofilm formation, degradation of photocatalytic textile dyes, and low-density LDPE film under solar light irradiation, which 
can be a step forward in water purification.
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1  Introduction

Water is an essential compound, and its availability is nec-
essary for human beings and other living organisms to live. 
On the other side, the earth's water suffers from several 
major environmental and bio-hazards such as pathogenic 
microorganisms, industrial wastes, plastics, and other tox-
ins added into the water during rain, leading to water pol-
lution. Among these, biofilm formation, textile or indus-
trial dyes, and plastics are the major problems. According 
to the available statistics, approximately per year, 10,000 
types of synthetic and hazardous dyes have been used in 
industries worldwide. Usage of hazardous dyes and deriva-
tives of organic pollutants, which are extensively used in 
textile, paper, and leather industries, directly enter into 
mainstream river water which leads to severe toxic, carci-
nogenic and mutagenic characters [1]. Elimination of these 
organic pollutants from river stream has now gained atten-
tion towards researchers. Further, the dyes and organic 
pollutants contain a wide range of chemical structures, 
mainly aromatic compounds. The commonly practiced 
methods adopted for removal of synthetic dyes such as 
coagulation, flocculation, membrane separation, cata-
lytic degradation, chemical reduction, activated charcoal 
adsorption, and biodegradation [2].

Another major issue found in river streams is the for-
mation of biofilms formed by the accommodation of mil-
lions of planktonic microorganisms. Biofilm causes several 
infections in humans, including the eye, ear, gastrointes-
tinal tract, lungs, urogenital, teeth, and other organs [3].

Low-density polyethylene (LDPE) is widely used to man-
ufacture various products such as water bottles, dispensing 
bottles, wash bottles, plastic bags, and equipment's which 
are accumulating at a rate of 25 million tons per year [4]. 
However, disposal of million tons of non-degradable petro-
leum-based plastic waste was manifested into the ocean may 
have posed a severe threat to the marine environment. There 
are various kinds of nanomaterials, which carried the vast 
potential to treat polluted water, which is very effective due 
to their unique properties such as more significant surface 
area, ability to work at a lower concentration, etc. [5]. Metal 
nanoparticles are known to emerge in recent years owing to 
their expansion in biomedical and environmental applica-
tions. Nanosized metal nanoparticles have gained immense 
attention in recent years, owing to their desirable properties 
with diverse applications, such as catalysts, [6], sensors [7] 
and photoelectron devices [8]. Numerous nanosized metal 
nanoparticles such as Fe3O4, TiO2, MgO, CuO, and ZnO 
have been expanded for their potential in photocatalytic 
water remediation and varied biological applications [9, 10].

Among various semiconductor metal NPs, Zinc oxide 
(ZnO) exhibits multifaceted roles with multiple applications 

owing to its eco-friendly nature. ZnO is known to exhibit 
varied effects [11, 12]. Zinc oxide nanoparticles have shown 
several morphological types like nanosheets, nanorods that 
make them excellent material for water treatment, and bac-
tericidal agents [13]. ZnO provides a direct wide bandgap 
and photocatalytic activity to expel toxic chemicals from the 
environment [14]. ZnO nanoparticles also help in deliver-
ing antibiotics to specific sites, especially biofilm-forming 
pathogens [15]. They are utilized to remove toxic agents 
from wastewater as they exhibit a large surface area by vol-
ume ratio compared to bulk materials [16]. Green synthe-
sis routes are eco-friendly and utilize lower toxic methods 
include natural resources like microorganisms, algae, plant 
sources, etc. Plants are known to exhibit superiority over 
other biological sources for the large-scale production of 
metal nanoparticles. Various phytoconstituents like alka-
loids, terpenoids, proteins, flavonoids, and carbohydrates 
present in the plants could aid in the bioreduction and stabi-
lization process in metal nanoparticles [17].

Nanoparticles produced using medicinal plants extracts 
are one of the simplest and easiest approaches. Ganguly 
et al. [18] reported the green synthesis of silver nanopar-
ticles from Bacopa monniera has reduced synthetic dyes 
because of the high content of saponins present in Brahmi 
leaf.

Areca catechu L. is also known as betel nut, which 
belongs to the family Arecaceae. In India, it is commonly 
used as anthelmintic material for chewing and traditional 
herbal medicine to cure gastrointestinal and parasitic dis-
eases [19]. Due to the presence of novel phytochemicals in 
betel nut has been reported as an anticancer, anti-depressant, 
analgesic, anti-oxidant, anti-inflammatory, anti-aging, and 
plasma cholesterol-lowering agent [20]. Therefore, there is 
a need to search for an eco-friendly and nanotechnological 
approach for anti-biofilm and photocatalytic degradation of 
LDPE.

The current work deals with the synthesis of zinc oxide 
nanoparticles using Areca nut water extract. The zinc oxide 
nanoparticles thus produced are characterized and evalu-
ated for their antibiofilm formation activity and capacity 
of photodegradation of dyes. ZnO NPs nanoparticles were 
investigated for their photocatalytic degradation under solar 
light in the presence of air and the absence of light degrada-
tion under solar.

2 � Materials and Methods

2.1 � Areca Nut Boiled Extract Preparation

The fresh areca nut, were collected from Areca catechu plan-
tation in Hassan district, Karnataka, India. Fresh and ripened 
areca nut were stored in polythene bags to the laboratory and 
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kept for further use. Around 20–25 areca nut were taken, 
and outer shells were removed with the help of a scalpel 
and made into small pieces. The cut material was washed 
with running tap water and soaked in a 500 mL Erlenmeyer 
flask containing 250 mL of deionized water. The mixture 
was heated to boil for around 30 min and then cooled at 
room temperature. Finally, it was filtered using Whatman 
number-1 filter paper. The resultant filtrate was stored at 4 
℃ for future studies [21].

2.2 � Synthesis of ZnO NPs

80 mL areca nut extract was added into a 250 mL coni-
cal flask containing 1 mM zinc nitrate {Zn (NO3)2·6H2O} 
(Sigma-Aldrich, India) aqueous solution (20  mL). The 
reaction mixture was kept in a magnetic stirrer for one h 
maintaining an even stirring. Centrifugation of the reaction 
mixture was carried out at 12,000 rpm for 10 min for room 
temperature, and later calcination was carried at 400 ℃ for 
120 min. Finally, a yellow solid product was collected and 
rinsed with distilled water. The synthesized ZnO NPs dried 
and separated from the colloidal solution were maintained 
in air-tight containers and used further [22].

2.3 � Characterization of Biosynthesized ZnO NPs

The Characterization of ZnO NPs for their optical prop-
erties based on UV-spectra measured at a wavelength of 
300–500 nm. The purity and crystal nature of ZnO NPs was 
analysed on an XRD operating at 30 kV, and 40 mA was 
used to check the quality and crystalline nature of ZnO NPs. 
FTIR analysis of ZnO NPs was performed to determine the 
functional groups responsible for bioreduction and stabi-
lization of nanoparticles at a resolution of 4 cm − 1. DLS 
elemental compositions of the photosynthesized ZnO NPs 
were performed using Energy Dispersive X-ray diffraction 
(EDAX). SEM (JSM-5600LV, JEOL) was used to know 
elemental analysis as described previously [23].

2.4 � Antibacterial Activity of Synthesized ZnO NPs

The antibacterial effect of biogenic ZnO NPs was carried 
out using the disc diffusion method against bacterial patho-
gens Pseudomonas aeruginosa, Staphylococcus aureus, 
Escherichia coli, and Bacillus subtilis, at bacterial cultures 
concentrations of 1.5 × 108 CFU/mL. Fresh bacterial over-
night culture of each strain was uniformly swabbed on nutri-
ent agar plates, and 6 mm wells were bored onto the indi-
vidual Petri plate. One well was loaded with 25 µL of ZnO 
NPs solution, streptomycin solution was loaded as standard, 
and distilled water was used as control. Plates were incu-
bated for 24 h at 37 ℃, and all assays were conducted in 

triplicates, and the zone of inhibition formed around each 
well was measured [24].

2.5 � Effect of ZnO NPs on Biofilms Formation, 
Growth Curve, Cellular Leakage, and Potassium 
Ion Efflux of B. subtilis and E. coli

In brief, antibiofilm activity was carried out using 12 well 
plates, where 1 mL of bacterial suspension (1 Χ 105 CFU/
mL) with different concentrations of (10, 25 and 50 μg/
mL) was incubated at 37 ℃ for 24 h. After the incubation 
period, bacterial suspension was removed, and 0.1% w/v 
crystal violet (HiMedia, LLC) was added and incubated for 
30 min followed by removal of excess of crystal violet stain 
in stained cells by washing 2–3 times with distilled water 
followed by incubation with 30% v/v acetic acid for 15 min. 
Later cells retained crystal violet was examined by the extent 
of inhibition of biofilm formation of ZnO NPs. Finally, the 
absorbance was measured at 590 nm using a microtiter plate 
reader (Bio-Rad) [25].

The B. subtilis and E. coli were cultured in Luria–Bertani 
(LB) (HiMedia, LLC) broth to an optical density at 600 nm 
of 0.3 OD. The different concentrations (10, 25, and 50 μg/
mL) of ZnO NPs were prepared and added to 96 well plates 
and incubated at 35 ± 2 °C for 24 h. Culture without ZnO 
NPs was used as control. Further, bacterial cell growth was 
analysed by reading the OD at 600 nm at 30 min time inter-
vals using a microplate reader. Experiments were carried 
out in triplicates for all the samples. The different concentra-
tions (10, 25, and 50 μg/mL) of ZnO NPs on two bacterial 
species (B. subtilis and E. coli) were studied by measuring 
cellular material after incubation as described accordingly 
[26]. The log phase of two bacterial cultures was inoculated 
into 0.1% sterile peptone water added with different concen-
trations (10, 25, and 50 μg/mL) of ZnO NPs separately and 
without sample was considered as control. All the samples 
were incubated at 35 ± 2 °C for 0, 30, 60, 120,150, 180, 210 
and 240 min. The optical density was measured at 260 nm 
in triplicates [27].

B. subtilis and E. coli have grown on LB broth were 
incubated at 37 °C. The culture was diluted to maintain its 
turbidity to 0.5 McFarland Standards (5 × 105 CFU/mL). 
Varying concentrations (10, 25, and 50 μg/mL) of ZnO NPs 
were tried on biofilms production of both the bacteria as 
described earlier [27]. The different concentrations (10, 25, 
and 50 μg/mL) of ZnO NPs were studied on membrane dam-
age of bacterial cells by measuring the potassium efflux [28]. 
Triplicates were maintained, and all the experiments were 
conducted thrice.
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2.6 � Photocatalytic Degradation of Textile Dyes

Photocatalytic activity of ZnO NPs (100 µg) was evalu-
ated for the degradation of Rhodamine-B (Sigma-Aldrich) 
(10 µM), Methylene Blue (Sigma-Aldrich) (10 µM), and 
Nigrosine (Sigma-Aldrich) (10 µM) under direct sunlight 
[29]. The reactions were analysed using UV–Vis spectros-
copy. The reaction mixture was filtered, and maximum 
absorbance obtained (λmax = 660 nm, 543 nm, and 570 nm) 
at varied time span were noted.

2.7 � Photocatalytic Degradation of Low Density 
Polyethylene (LDPE) Films using ZnO NPs

2.7.1 � Preparation of ZnO Nanocomposite Films

ZnO nanocomposite film samples were prepared accordingly 
[30]. Prepare the stock mixture of the polymer by dissolving 
0.5 g of Polyethylene- low density (Sigma-Aldrich) (particle 
size 1000 micron) in 50 mL of cyclohexane anhydrous 99% 
(Sigma-Aldrich) maintained at 70 °C under vigorous mixing 
for 60 min. Later, ZnO NPs were evenly mixed in the above 
50 mL solution to give 500 μL (wt %) ZnO NPs regarding 
the overall mass of LDPE. Later spread this on a glass slide 
(7 cm × 2 cm) followed by drying for 20 min at 70 °C and 
48 h at room temperature to acquire a thin LDPE- ZnO NPs.

2.7.2 � Photocatalytic Performance Test

The photocatalytic degradation of LDPE exposed to solar 
irradiation under ambient conditions was performed using 
ZnO NPs. Later, LDPE alone and LDPE treated with ZnO 
NPs film sample of dimension 2 cm × 4 cm were taken and 
kept in a Petri plate were exposed to solar irradiation under 
ambient conditions to probe the photocatalytic activity on 
every sunny day for a period of 300 h. The degradation effi-
ciency of the ZnO NPs was calculated using the following 
Eq. (1).

where, WLs is the weight loss of solar irradiated nanocom-
posite in the presence of solar light and WLd is the weight 
loss of in the absence of solar light irradiation (dark) after 
exposure period of 300 h according to Olajire et al. [31].

2.8 � In situ Biodegradation Assay

Taking the lead from the enhanced biodegradation part. The 
LDPE film was treated with ZnO NPs under in vitro con-
ditions, and the biodegradation was tested under natural 

(1)Degradation% =
WLs −WLd × 100

WLs

conditions. Topsoil was obtained by digging a barren land, 
and LDPE (solar), LDPE-ZnO NPs (solar), LDPE (dark), 
and LDPE-ZnO NPs (dark) nanocomposite films of dimen-
sions (2 cm × 4 cm) were subjected to sterilization with 70% 
ethanol for 10 min. These were kept below the soil's surface 
in the vertical position at a depth of 1 inch and the same 
distance apart [32]. Proper moisture and aeration conditions 
were maintained regularly for two weeks at intervals. Uni-
noculated soil with LDPE film coupons was taken as the 
negative control. Recovery of degradation and analysis of 
LDPE film samples from the soil was carried at intervals of 
1, 2, and 3 months according to Gupta et al. [33].

2.9 � Tensile Strength Testing

Tensile testing was conducted to determine the strength of 
LDPE films. The tensile strength measurements were tested 
using Universal testing machine. LDPE films with 30 mm 
length and 10 mm width were cut into pieces and run into a 
speed of 1 mm/min for measuring tensile strength calculated 
for its elongation using following formula

Percent elongation is measured by using following 
equation:

Surface sterilized samples were further analysed for 
FT-IR, and SEM, as described earlier [34]. The pure LDPE 
samples and LDPE-ZnO NPs nanocomposite samples were 
characterized for their weight loss, FT-IR, SEM, and Mass 
Spectrometry analysis. The molecular weight of bioreagents 
was analysed using Kompact (SEQ) KRATOS analyti-
cal time of flight mass spectrometry and MALDI (Matrix 
Assisted Laser Desorption/Ionisation) technique [34].

3 � Results and Discussion

3.1 � Synthesis and Characterization of ZnO NPs

ZnO NPs exhibit unique optoelectronic properties, due to 
which they have gained innumerable attention nowadays. 
The preliminary sign of nanoparticles synthesis is its vis-
ual change in the color of the solution formed. The pres-
ence of {Zn (NO3)2·6H2O} and the aqueous extract's phys-
icochemical differences can be determined by a change in 
the color of the solution. Thus, the color change from dark 

(2)Tensile strength =
Load at break

Original width × Original thickness

(3)% Elongation =
Elongation at rupture × 100

Initial gage lenght
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wine to white precipitate followed by calcination at 400 °C 
for 120 min represents the synthesis of ZnO NPs (Fig. 1A). 
After calcining at 400 °C, the areca nut extract consists of 
bioactive molecules, which help in the nucleation process 
known to play a role in reducing Zn ions into ZnO NPs 
[35]. The synthesis was further confirmed with the aid of 
UV–Vis spectros copy analysis. The characteristic absorp-
tion band that appeared at 346 nm confirmed the synthesis 
of ZnO NPs as shown in (Fig. 1B). The present findings 
are in the same trend was observed with previous reports 
of ZnO NPs synthesized from plants [35].

3.2 � Characterization of ZnO NPs

FTIR analysis of synthesized ZnO NPs spectrum 
showed vibration peaks at 1739.98, 1503.22, 1380.65, 
831.29, 707.46, 583.55, and 405.18  cm−1 as shown in 
(Fig. 2A). This exemplifies the Alkynes HC-H, stretch 
C-H (medium)-Alkanes CH2, C = C (medium to weak)-
Alkynes C = C Stretch, C = N (medium)-Amides-NH, 
C-H-Alkynes- C-H bond, C-H-Alkyl halides-C–Br 
stretch, C-H-Alkynes –C-H bend, C-H- Alkynes –C-H 

bend, C = C- Alkynes –C-H bend, C = C- Alkynes –C-H 
bend respectively. The results of FTIR spectra reveal the 
presence of alkyl halides, amine, alkynes, and alcohols. 
Here the presence of protein molecules in the areca nut 
extract may be responsible for the possible reduction of 
metal ions. A similar banding pattern was also reported by 
Natarajan et al. [36]. Overall, results suggest that the flavo-
noids, the protein molecules, and their functional groups 
play a vital role in the bioreduction of zinc salts and the 
capping of ZnO NPs [37]. The zeta potential of the ZnO 
NPs was found to be 7.1 mV and polarity was found to 
be positive, and surface charged nanoparticles and physi-
cal properties were analyzed based on zeta potential. The 
elemental composition of the ZnO NPs using EDX showed 
peaks which were situated between 1.2 and 8.8 keV with 
the presence of elements like C, O, Al and Zn, in the 
ZnO nanostructures were found to be 54.1, 32.3, 0.7, and 
12.9% by atomic mass, respectively as shown in (Fig. 2B). 
Furthermore, one additional peak of Al was also found. 
The presence of C indicates the biomolecules presence in 
extracts as capping agents during the formation of the ZnO 
NPs. The surface morphology and crystalline nature of 
the ZnO NPs were investigated through X-ray diffraction 
studies [38]. The XRD patterns of the ZnO NPs exhibited 

Fig. 1   A Areca nut water extract 
with zinc nitrate, thus, forming 
the colour change from dark 
wine color to white precipitate 
B UV–visible spectra obtained 
for biosynthesized ZnO NPs 
were observed at 346 nm
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2θ values at 31.84°, 34.52°, 36.33°, 47.63°, 56.64°, 62.91°, 
66.54°, and 69.12°, corresponding to (100), (002), (101), 
(102), (110), (103), (200), (112) and (201) planes of hex-
agonal as shown in (Fig. 2C). This also matched well with 
wurtzite structure (JCPDS card no.: 36–1451) compared to 
previously synthesized ZnO NPs [39]. The nanostructure 
of synthesized ZnO NPs was seen in SEM were of almost 

similar sizes as shown in (Fig. 2D). SEM images revealed 
the size of ZnO NPs as nm. Our results indicate spheri-
cal and hexagonal structures of an average size of 5 nm 
in size. Size of the nanoparticles were presented through 
histogram as shown in (Fig. 2E). From TEM analysis, the 
size and morphology were evaluated and demonstrated the 
spherical shape images are represented in 20 nm as shown 

Fig. 2   Characterization of ZnO NPs. A FTIR spectrum of ZnO NPs 
B EDAX spectra of ZnO NPs, C XRD pattern of the synthesized 
ZnO NPs D SEM images showing shape and distribution of ZnO 

NPs (E) Histogram of size of the ZnO NPs showing 5 nm (F). TEM 
images showing the spherical shape of ZnO NPs at 20 nm
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in (Fig. 2F). The results demonstrated the formation of 
smaller sized ultrafine ZnO nanoparticles. Usually, green 
synthesized ZnO NPs containing phytoconstituents and 
products contain spherical, triangular, cubic, or hexagonal 
sizes ranging between 5–30 nm [40].

3.3 � Anti‑Bacterial Activity of ZnO NPs

The ZnO NPs have shown significant antibacterial activ-
ity, with maximum growth inhibition activity was found in 
E.  coli  (2.4  cm) and B.  subtilis  (2.5  cm) followed by S. 
aureus (0.50 cm) and P. aeruginosa (0.4 cm) were compared 
with the standard antibiotic, areca nut water extract alone and 

control as shown in Table 1 and (Fig. 3). The zone of inhibi-
tion of different bacterial pathogens against the biosynthesized 
ZnO NPs is represented as the mean values of triplicates. ZnO 
NPs inhibited maximum growth in B. subtilis and E. coli. Stud-
ies have shown that ZnO NPs inhibit the growth of microbes 
by permeation through the cell membrane [41]. Rao et al. [42] 
reported the Antibacterial activity from silver nanoparticles 
(Ag-NPs) in polyelectrolyte hydrogels reveals the highest inhi-
bition towards gram-positive S. aureus and gram-negative E. 
coli. The AgNPs coated with chitosan layer of the composite 
scaffold were evaluated for the efficacy against gram positive 
and gram negative bacterial strains [43]. Metallic nanoparti-
cles reveal promising approach for the controlling microbial 

Table 1   Antibacterial activity 
of ZnO NPs on different 
bacterial cultures

Repeated each experiment thrice by maintaining three replicates

Bacteria Areca nut extract Control 
(DW)

Antibiotic ZnO NPs (in cm)

Staphylococcus aureus 0.8 ± 0.70 0 1.3 ± 0.45 0.5 ± 0.70
Pseudomonas aeruginosa 0.5 ± 0.45 0 1.5 ± 0.25 0.4 ± 0.45
Bacillus subtilis 2.0 ± 0.25 0 3.5 ± 0.25 2.5 ± 0.25
Escherichia coli 2.3 ± 0.75 0 3.2 ± 0.25 2.4 ± 0.75

Fig. 3   Antibacterial activity of 
ZnO NPs against various clini-
cally important bacterial spe-
cies. S. aureus, Pseudomonas 
aeruginosa, B. subtilis and E. 
coli, representing (1) Areca nut 
extract (2) Control (3) Antibi-
otic (4) ZnO NPs
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pollution in drinking water, therefore biosynthesis of metal 
nanoparticles is of considerable interest in the treatment of 
waste water [44, 45].

3.4 � Effect of ZnO NPs on Biofilm Formation Against 
B. subtilis and E. coli

ZnO NPs were evaluated for the formation of biofilm 
against B. subtilis and E. coli at different time intervals. 
Among them, ZnO NPs treated with E. coli revealed very 
prominent eradication of formation of biofilm activity at 
240 min, whereas B. subtilis showed significantly less eradi-
cation of formation of biofilm at 240 min when compared 
with E. coli as shown in (Fig. 4A). The microbial biofilm 
inhibition potential of ZnO NPs at different concentrations 
(10, 25, and 50 µg/mL) on B. subtilis and E. coli. Among 
the, E. coli at 50 µg/mL concentration showed the high-
est inhibition of biofilm activity when compared with B. 
subtilis at 50 µg/mL as shown in (Fig. 4B). Anti-biofilm 
assay was studied using crystal violet staining technique 
against biofilm-forming bacteria E. coli and B. subtilis. B. 
subtilis showed thick films of bacterial cells at 50 µg/mL 
as shown in (Fig. 4C). Furthermore, E. coli at 50 µg/mL 
showed a thin biofilm of bacterial cells, which was carried 
out at 12 well plates. Moreover, biofilms are the thick film of 

bacterial cells formed over living surfaces due to cell coloni-
zation, causing significant environmental and health issues. 
Biofilms are microorganisms associated with extracellular 
polymer substance which contains polysaccharides, extracel-
lular DNA, proteins, and water [46]. The ZnO NPs signifi-
cantly inhibited the biofilm formation of B. subtilis and E. 
coli in a dose-dependent manner. Hsueh et al. [47], reported 
that surface structures of B. subtilis biofilm became smooth 
under lower concentrations of ZnO NPs, significantly 
reduced biofilm formation activity. A similar observation 
was reported showed antibiofilm activity against Aeromonas 
hydrophila  showed the highest inhibition activity from 
laminarin formulated gold nanoparticles at 100 µg/mL. The 
efficacy of silver nanoparticles against P. aeruginosa with 
the highest reduction rate in biofilm production might be 
because of the extracellular matrix of polymeric substance 
[48–50]. AgNPs played the key role in catalytic reduction 
and bactericidal activity. Moreover, the prepared hydrogel 
has enough robust to withstand cyclic stress, uniaxial stress 
and oscillatory stress which have been extensively justified 
by the physico-mechanical characterizations [51].

Fig. 4   The ZnO NPs showed significant anti-biofilm assay. (A) Rep-
resents the Anti-biofilm assay and showed highest biofilm activity at 
240 min by E. coli. (B) Anti-biofilm activity showing least activity at 

50 μg/mL concentration of E. coli. (C) Showing highest thickening of 
B. subtilis observed at different concentrations. (D) E. coli showing 
less thinning of bacterial formation at different concentrations
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3.5 � Effect of ZnO NPs on Growth Curve, Cellular 
Leakage, and Potassium Ion Efflux of E. coli

Based on the results obtained on the anti-biofilm formation 
growth curve, cellular leakage and potassium ion efflux 
were carried out on E. coli. A gradual decrease in the 
growth curve of E. coli at 240 min time treated with vary-
ing concentrations (10, 25, and 50 µg/mL) of ZnO NPs is 
as shown in (Fig. 5A). Studies by Fattah et al. [52] have 
reported various concentrations (50–150 g/mL) of silver 
nitrates showing strong inhibitions of Klebsiella granulo-
matis, Pseudomonas aeruginosa, and Escherichia coli in 
a paint-AgNP admixture. Based on concentration-depend-
ent, the ZnO NPs showed more release of cellular leak-
age when treated with higher concentration (50 μg/mL) of 
ZnO NPs as shown in (Fig. 5B). The elevated use of cel-
lular material mainly depended on the incubation period 
and dose, which may be in turn because of the effect of 
ZnO NPs [53]. The efflux of potassium ions of E. coli was 

increased due to the toxicity of ZnO NPs at higher concen-
trations (50 µg/mL), as shown in (Fig. 5C). The schematic 
diagram (Fig. 6) explains the overall antibacterial mecha-
nism of was as described by Govindappa et al. [49]. In 
nature, the bacterial cells are very active in metabolically 
and cytoplasmic membranes. The ZnO NPs may damage 
the bacterial cells anatomically, cytoplasmic membrane, 
DNA, and cellular materials by releasing potassium ions. 
The ZnO NPs significantly cause an effect on the release 
of cellular materials and the cytoplasmic membrane of B. 
subtilis [54].

3.6 � Photodegradation Studie

The catalytic effect of green ZnO NPs was analysed by 
the degradation index of Rh-B, MB, and Nigrosin dyes 
under sunlight irradiation. The degradation of the dyes was 
observed by the change in color on the addition of the ZnO 
NPs. The solution of Rh-B showed 95% degradation changes 
from dark pink to pale pink and later turned colorless after 
120 min, as shown in (Fig. 7A). Overall degradation of Rh-B 

Fig. 5   Effect of ZnO NPs on growth curve, cellular leakage and 
potassium ion efflux of E. coli. (A) Growth curve showing E. coli at 
different time intervals. (B) The effect of ZnO NPs treatment against 

E. coli and showed highest cellular leakage at 50  μg/mL. (C) The 
effect of ZnO NPs against E. coli and showed highest potassium 
efflux at 50 μg/mL
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Fig. 6   Overall antibacterial mechanism of ZnO NPs based on the results obtained (Govindappa et al. 2021)

Fig. 7   Photocatalytic studies of ZnO NPs on the degradation of (A) Rhodamine-B dye showing 97% degradation. (B) Highest degradation at 
120 min. (C) Schematic diagram showing the mechanism of degradation
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changes to colorless at 120 min as shown in (Fig. 7B) and 
schematic diagram showed the mechanism of degradation of 
dye as shown in (Fig. 7C). The solution of MB dye changed 
from light blue to colorless after 90 min of incubation and 
showed 95% degradation as shown in (Fig. 8A and B). The 
schematic diagram showed the mechanism of degradation 
of dye as shown in (Fig. 8C).

In contrast, the acid black color of nigrosin showed 96% 
degradation and turned colorless within 90 min in the pres-
ence of ZnO NPs, as shown in (Fig. 9A and B). The sche-
matic diagram showed the mechanism of degradation of 
dye as shown in (Fig. 9C). There was a gradual decrease in 
the peak intensities with respect to the duration of sunlight 
exposure for the dyes at different time intervals, respec-
tively (Fig. 10A). Absorption peak centered at 660, 543 and 
570 nm for all Rh-B, MB, and nigrosin dye in the visible 
region was diminished and eventually disappeared with the 
increasing reaction time. ZnO NPs promote the adsorption 

process when nanoparticles attach to the dye slowly degrade 
the structure of the dye [55]. Synthesized polydopamine 
coated silver nanoparticles dispersed into hydrated silica 
released catalyst against 4-nitophenol reduced congo red 
degradation and potassium hexacyanoferrate (III) [56].

AgNPs coated CeO2 nanotubes supports catalyst to miti-
gate toxic water pollutants in minimum time interval. Fur-
thermore, nanocatalyst degraded 4-nitrophenol and meth-
ylene blue was measured to be 8.75×10−3s−1 and 5.88 × 
10−3s−1 respectively [57]

The degradation maybe because of the large surface area 
and mesoscopic ability exhibited by ZnO NPs. Thus, they 
may utilize in developing photocatalysts for wastewater pol-
lutants removal. ZnO NPs have also been proved to degrade 
several dyes present in wastewater effectively [58]. The 
effect of the degradation process of dyes was illustrated in 
the schematic diagram as shown in (Fig. 10B). First, the dye 
will be adsorbed on the surface of nanoparticles, and then it 
is exposed to sunlight irradiation to excite electrons. Reduc-
tion and oxidation occur during the reaction, and electrons 

Fig. 8   Photocatalytic studies of ZnO NPs on the degradation of (A) Methylene blue dye showing 95% degradation (B) Highest degradation at 
90 min (C) Schematic diagram showing the mechanism of degradation
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may transfer from one site to another. As a result, OH- rad-
icals and the free radicals reduce O2 to superoxide anion 
O2

− radicals and converts these degraded dye molecules into 
simple molecules [59]

3.7 � Photocatalytic Activity of LDPE

The photocatalytic activity was carried out for LDPE and 
LDPE-ZnO NPs in the presence of solar light irradiation 
for its photoinduced weight loss, SEM, FTIR, and MALDI-
TOF analysis. The weight loss of LDPE-ZnO NPs nano-
composite film steadily expanded with rising solar irradia-
tion time to reduce a total 67% weight loss after irradiation 
time from 0 to 300 h. Moreover, photoinduced LDPE film 
under solar irradiation exhibited only 12% of weight loss 
at 300 h irradiation time, but LDPE and LDPE-ZnO NPs 
under dark condition showed only 1 and 2% of weight loss 
was obtained at 300 h of incubation as shown in (Fig. 11A) 

confirming their ability in photocatalytic degradation. LDPE 
films treated with ZnO NPs with solar irradiation showed 
maximum elongation loss and tensile strength decline after 
45 days. LDPE treated with Zno NPs under dark condi-
tions was fragile and tensile testing could not be performed 
on these films. Pure LDPE with solar and dark conditions 
did not show much elongation (Table 2). The percentage 
of nanoparticles that causes agglomeration in polyethylene 
and may cause loss of tensile strength and also alters the 
structure morphologically [60]. Similar results were also 
proved that ZnO NPs induce the degradation of LDPE film 
in solar light irradiation [61]. The photoinduced degrada-
tion of LDPE nanocomposite film from gold nanoparticles 
has been reported, which steadily increased the weight loss 
of 51% in 240 h under solar light irradiation in comparison 
with the photoinduced LDPE showing weight loss of 8.6%. 
Moreover, LDPE film with AuNPs gave a weight loss of only 
4% under dark conditions [32]. Gupta et al. [33] reported 

Fig. 9   Photocatalytic studies of ZnO NPs on the degradation of (A) Nigrosin dye showing 96% degradation (B) Highest degradation at 90 min 
(C) Schematic diagram showing the mechanism of degradation
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the degradation of polyethylene (PE) and polyvinyl chloride 
(PVC) showed 85% and 62% weight loss after 312 h.

3.8 � Scanning Elecetron Microscopy Analysis

The surface structure of radiation-exposed polymer samples 
was analysed using scanning electron microscopy (SEM). 

SEM images revealed that the LDPE-ZnO NPs particles 
showed small cavities with 2–3 mm in size were observed 
in the nanocomposite film as shown in (Fig. 11B). SEM 
images revealed the degradation of LDPE nanocomposite 
film initiated through the ZnO NPs interface and led to the 
evolution of cavities around LDPE-ZnO NPs aggregates. 
The degradation of PE matrix from ZnO nanocomposites 
observed the formation of cavities in SEM images around 
polyethylene matrix [62].

3.9 � FT‑IR Analysis

The functional groups in LDPE and LDPE-ZnO NPs under 
solar light irradiation and dark condition were analysed by 
characteristic FTIR peaks. Figure 12 reveals FT-IR spectra 
of LDPE showing peaks at 3425, 2936, 1633, 1401, and 
1064 cm-1. LDPE-ZnO NPs (500μL) samples after solar 
light irradiated for 300 h with the original samples exhibited 
peaks at 3544, 3558, 1216, and 816 cm − 1 corresponding 
to the hydroxyl group long alkyl chain. The solar irradiated 
LDPE-ZnO NPs samples showed lower characteristic alkyl 
peaks than the original LDPE sample with solar light irra-
diation (light). In contrast, the pure LDPE samples (dark) 
exhibited considerable differences. These results suggest that 

Fig. 10   (A) Degradation of all the three Rhodamine-B, Methylene 
blue and Nigrosin dye at different time intervals. (B) Schematic dia-
gram showing degradation mechanism of ZnO-AgNPs based on the 
results obtained of all the three dyes

Fig. 11   (A) Weight loss of 
LDPE-ZnONPs nanocomposite 
film of total highest weight loss 
after irradiation time from 0 to 
300 h (B) LDPE-ZnONPs parti-
cles showed small cavities with 
2–3 mm in size were observed 
in the nanocomposite film

Table 2   Tensile strength and elongation values for pure LDPE and 
LDPE-ZnONPs films before and after visible irradiation

Repeated each experiment thrice by maintaining three replicates

Sample composition Tensile strength Break elongation 
(%)

Before After Before After

Pure LDPE (solar) 9.5 9.1 3.12 3.06
LDPE-ZnO NPs (Solar) 9.2 5.57 8.12 3.25
Pure LDPE (dark) 9.6 9.3 7.27 7.12
LDPE-ZnO NPs (Dark) 9.5 7.6 7.52 5.38
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the degradation of LDPE-ZnO NPs samples is almost com-
plete and fast compared to the pure LDPE samples. Reports 
suggest that the oxidation products, including COO or CO 
group, indicate carboxylic acids, carboxylates, ketones, and 
aldehydes. It is reported that FT-IR at 2939, 1400, and 719 
form LDPE-TiO2 (1 wt %) samples, when treated with irra-
diation for 100 h, showed the lower intensity of characteris-
tic alkyl peaks [33]. Similar reports were available by little 
change from the COO or C = O group, revealing carboxylic 
acids, carboxylates, ketones, and aldehydes groups [63, 64]. 
Studies have reported degradation of LDPE using gold nano-
particles showed the formation of phenols, alcohols, ketones, 
and some smaller compounds [63].

The MS studies of LDPE-ZnO NPs film revealed the lib-
eration of aldehydes, alkenes, cyano compounds, esters, and 
alkanes with OH, CH2 C–C, and C-O stretching observed 
in the chromatogram, which shows the partial degrada-
tion of LDPE as shown in (Fig. 13). These peaks indi-
cate that LDPE-ZnO NPs have the potential for complete 

photodegradation of LDPE into CO2, with liberations of 
compounds such as methane, ethene, ethane, propane, pro-
penyl ester of carbonic acid, respectively. Similar reports 
were observed by [65].

4 � Conclusion

As there is a growing urge for eco-friendly protocols to syn-
thesize metal nanoparticles for biomedical uses, low-cost, 
eco-friendly, simple methods using plant extract have been 
utilized. In the present study, a simple ZnO NPs synthesis 
using areca nut extract was demonstrated to be an excel-
lent antibacterial agent. Further, it is revealed that green 
synthesized ZnO NPs can efficiently inhibit and disrupt the 
biofilms formed by E. coli. The biosynthesized ZnO NPs 
were found to degrade harmful textile dyes which are present 
in contaminated water through the photocatalytic activity 
because of the contribution of superoxides and hydroxyl 

Fig. 12   (A) The solar irradiated LDPE-ZnONPs samples exhib-
ited higher intensity of characteristic alkyl peaks in comparison to 
the original LDPE sample. (B) LDPE-ZnONPs at dark light exhib-
ited lower intensity of alkyl peaks. (C) The degradation of LDPE-

ZnONPs samples showed highest intensity in the pure LDPE sam-
ples. (D) The degradation of LDPE-ZnONPs showing COO or 
CO group, indicates the presence of carboxylic acids, carboxylates, 
ketones and aldehydes
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radicals that form during photocatalysis. On the other hand, 
plastic pollutants like residual LDPE films will be degraded 
by capping the molecules through the green synthesis of 
ZnO nanoparticles that could be a viable way for degrading 
plastics in water using sunlight. Finally, it concludes that the 
capping of the molecules through the green synthesis of ZnO 
nanoparticles has been greatly documented for antibacterial, 
antibiofilm, removal of dyes and plastics can be implicated 
in the application in the food industry, environmental, hos-
pital, and wastewater treatment.
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