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Abstract The standard of living has been improved by industrial ‘‘revolution” and the demand of

new production increases due to population explosion. In the race of industrialization humans are

busy discharging harmful gases in atmosphere, dumping unhealthy wastes in soil and discharging of

toxic sewage in natural water resources. The present work reports the synthesis of polymer

nanocomposite of blend encapsulated with NiO nanoparticles (K1-K5). The polymer nanocompos-

ite films (K1-K5) were characterized by FTIR, XRD, TGA and SEM. The electrostatic interaction

between the polymer matrix and encapsulated NiO nanoparticles increases the chemical stability in

this order water > NaOH > HCl solution confirmed by contact angle (55� to 99�). The Congo red

(CR) dye adsorption values increases in polymer nanocomposite films (K1-K5) were analyzed by an

effect by an effect of contact time 45% to 68%, by an effect of CR dye concentration 48% to 70%.

But the CR dye adsorption by S3 composite and nanocomposite films (K1-K5) are inversely pro-

portional to the pH scale 4–10. Among four different bacterial strains Bacillus subtilis 25 mm

and Staphylococcus aureus 25 mm has shown best antibacterial activity. The result confirms

enhancement of antibacterial activity of S3 blend after the doping of NiO nanoparticles. The pre-

sent results may be a roadmap to develop some transparent and flexible polymer nanocomposite

films for water treatment in textile industries and efficient antibacterial activity.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The standard of living has been improved by industrial revolu-
tion and the demand of new production increase due to popula-

tion explosion. Industrialization plays major role in discharging
harmful gases in atmosphere and discharging of toxic sewage in
natural water recourses. Synthetic dyes have been widely used in

textiles, leather, plastic and printing. Congo red (CR) dye
contains aromatic rings in their structure responsible for the
carcinogenesis and bio-accumulation. It is also non-
biodegradable, mutagenic and toxic for humans as well as aqua-

tic systems (Ahmad and Kumar, 2010; Ayad and El-Nasr,
2010). Environmental legislation compels the industries to
degrade or remove harmful dyes before releasing contaminated

industrial water into the natural ecosystem. The decolorization
of the dyes from wastewater is the main focus of consideration.
Removing of a dyes is commonly treated by conventional tech-

niques like coagulation, advanced chemical oxidation, (Zhou
et al., 2018), photocatalysis, nano filtration, sedimentation
(Joo et al., 2009) and adsorption (Vaghela et al., 2005). In recent

years, encapsulation of metal oxide nanoparticles in the poly-
meric matrix and hybrid polymers have gained the attention
of scientists because of their diversified applications (Meftah
et al., 2014). Polyvinyl alcohol (PVA) is a green material due

to its biodegradability, biocompatibility (DeMerlis and
Schoneker, 2003), nontoxicity (Gopishetty et al., 2012) and
illustrates swelling in water. However, some limitations associ-

ated with PVA instability in water is due to plasticizing action of
water (Guzman-Puyol et al., 2015).

Dye adsorption technique is very simple and cheap, and has

been used to extract azo dyes and heavy metals from aqueous
solution by PVA/chitosan composites (Sekhavat Pour and
Ghaemy, 2015). Composite films developed by the blending

of PVA with different biodegradable and non-biodegradable
polymers improve dye adsorption (Likozar et al., 2012). The
stability of PVA in water has been improved by addition of
Melamine formaldehyde (MF). MF resin usually increases sta-

bility and compatibility in PVA, but decreases transparency of
PVA as the MF concentration increases (Yu et al., 2014). The
thermal stability and resistance against hydrolysis enhanced by

addition of MF resin in PVA (Xu et al., 2014; Kandelbauer
et al., 2009).

The cationic azo dyes have been removed by magnetic

nanocomposites based on starch-g-PVA functionalized with
sulfate groups (Pourjavadi et al., 2016). Polymer nanocompos-
ite derived from carboxymethyl tamarind-g-poly (acrylamide)/
SiO2 nanoparticles used as methylene blue dye adsorbent (Pal

et al., 2012). PVA/magnetic kappa-carrageenan nanocompos-
ite hydrogels used as adsorption beads to the removal cationic
dyes (Mahdavinia et al., 2014). Novel Fe3O4/Thiacalix [4]

arene tetrasulfonate self-doped/polyaniline/nanocomposite
used for cationic dye adsorption (Lakouraj et al., 2015).
Sodium alginate/organic polymer nanocomposite has been

used for absorption of methylene blue (Thakur et al., 2016).
Pathogenic bacterial infection is a global problem becoming

a dominant obstacle in scientific research in the present

century. Therefore, there is need for an hour to design and
develop new class of polymer nanocomposites used for the
treatment of dye contaminated water and act against
pathogenic microbes. PVA composite with kappa-

carrageenan to prepare composite used for biomedical and
drug delivery applications (Wu et al., 2016) and PVA/poly
methyl methacrylate composite used for healing chronic
wounds (Hsieh et al., 2017). Enhancement of the antibacterial

activity by PVA was observed after blended with quaternized
cellulose (Hu and Wang, 2016) and with MF (Bhat et al.,
2020). The metal/metal oxide nanoparticles have shown the

biological applications, due to quantum size effects, fast diffu-
sivities, large surface area than the bulk materials (Ichiyanagi
et al., 2003; Karthik et al., 2011; Gandhi et al., 2010). Among

the various metal oxide nanoparticles, NiO nanoparticles are
very important nanomaterials extensity were used as catalyst
and antibacterial agents (Ajoudanian and Nezamzadeh-
Ejhieh, 2015; Helan et al., 2016). Nanocomposite developed

from PVA/chitosan/silver has shown antibacterial activity
against different microbes (Elbarbary and El-Sawy, 2017;
Ayeshamariam et al., 2015). Electron spun based nanocompos-

ite was used for wound dressing applications (Hassiba et al.,
2017). The potential biomedical applications have been shown
by iron-oxide nanoparticle/PVA Ferro gels nanocomposites

(Mendoza Zélis et al., 2013). Silver based nanocomposite has
shown various applications like optical, electronic devices
and antimicrobial agents (Matsuda et al., 2005). ZnO nanopar-

ticles embedded in PVA/chitosan composites are also used in
biomedical applications (Azizi et al., 2014).

Literature search reveals that MF affects the properties of
PVA such as thermal stability, moisture resistance, surface

smoothness, resistance in abrasion, hardness and flame retar-
dant which gained attention of industrialists (Wang, 2015).
Therefore it would be of interest evaluating the effect of NiO

nanoparticles in (PVA-MF) S3 composite (Bhat et al., 2020).
The present work is purposeful to improve water instability
and best of knowledge, to investigate for first time physical

properties, swelling properties, contact angle and antibacterial
activity of PVA-MF/NiO polymer nanocomposite films. The
polymer nanocomposite films were characterized by FT-IR

for the determination of chemical interaction and functional
groups. XRDwas used to determine crystalline and amorphous
nature of materials, contact angle for hydrophobicity and SEM
technique for surface morphology of films. The objective of the

work is (i) determination of swelling studies and biodegrada-
tion of nanocomposite films, (ii) evolution of polymer
nanocomposite as an adsorbent for CR dye adsorption from

water, assessment of experimental conditions such as an effect
of contact time, effect of the pH solution, and an effect of CR
dye concentration. (iii) the investigation of antibacterial activ-

ity against Gram-positive Bacillus subtilis (B. subtilis) 4736
and staphylococcus aureus (S. aureus) 5902, and Gram-
negative Escherichia. coli (E. coli) 25922,Klebsiella pneumoniae
(K. pneumoniae) 700603 bacterial strains.

2. Materials and methods

NiCl2�6H2O and NaHCO3, PVA M.W 85000–1 24,000 (L.R

grade) and formaldehyde (37% w/v, R L) were bought from
Merck India. Melamine (AR grade), double distilled water
and NaOH were purchased from Gujarat Natural Fertilizers

Limited India. CR dye and Mueller-Hinton agar, well plates
and patri plates were purchased from JKM LABTEK labora-
tories, New Delhi India. The Gram-positive bacterial strains

Bacillus subtilis MTCC 736, Staphylococcus aureus MTCC
902 was obtained from CSIR Institute of Microbial
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Technology, Chandigarh, India and Gram-negative Escheri-
chia coli ATCC 25922 and Klebsiella pneumoniae ATCC
700603 from Microbiology Research Laboratory, Jamia Millia

Islamia, New Delhi, India.

2.1. Synthesis of NiO nanoparticles

NiO nanoparticles were synthesized by co-precipitation
method by following procedure (Bhat et al., 2019).

2.2. Synthesis of Melamine-formaldehyde

The Melamine-formaldehyde resin (1:3) ratio was prepared
with some modification in the well-known method (Merline

et al., 2013). The synthesis of MF resin occurs in two stages.
Methylolation is first addition reaction of formaldehyde and
melamine formaldehyde that can be carried out in a basic med-
ium. The condensation reaction is second stage leading to the

development of ether linkage that can occur due to crosslinking
in alkaline condition. The formation ofMF resin was confirmed
by FT-IR.

2.3. Synthesis of PVA-MF composites

The PVA-MF composite was prepared as mentioned in the

reported work (Bhat et al., 2020). To prepare PVA stock solu-
tion 10% PVA was added to double distilled water and the
solution was heated on a magnetic stirrer at 90 �C for 2 h.

The freshly prepared MF resin and prepared 20 mL of PVA
solutions were blended with some modifications in various
ratios (Merline et al., 2013) (MF 13%, 23%, 33% and 43%)
by using a magnetic stirrer. Condensation reaction between

PVA with different MF ratios (PVA-MF composites) at
90 �C was carried out until the white colour appears in the
reaction mixtures as shown in step III. The formation of com-

posite was confirmed by FT-IR. The prepared PVA-MF com-
posite with 77:23 ratio (S3) was selected for the preparation of
polymer nanocomposite.

2.4. Synthesis of polymer nanocomposites

Stock solution of 10% PVA was synthesized by dissolving in
double distilled water and the solution was heated on the mag-

netic stirrer at 90 �C for two hours. The freshly prepared MF
and the prepared 20 mL of PVA solution was reacted with
some modification in various ratios (Bhat et al., 2019). The

S3 composite solution was heated on a magnetic stirrer at
90 �C up to one hour and the white colour appearance con-
firms the synthesis of S3 composite shown in Fig. 1. The syn-

thesized NiO nanoparticles then sonicated in double distilled
water for 30 min. Polymer nanocomposite was synthesized
by ex-situ method (Bhat et al., 2019) by the dispersion of dif-

ferent percent of NiO nanoparticles labeled as K1 (1%), K2
(2%), K3 (3%), K4 (4%) and K5 (5%) in 77:23 S3 composite
respectively shown in Fig. 2.

2.5. Preparation of polymer nanocomposite films

The smooth and air bubble free thin uniform films obtained by
pouring desired amount of polymer nanocomposite (K1-K5)
solutions on rectangular Teflon sheet. The samples were put
uninterrupted till dried at moderate temperature (28–35 �C)
for 12 h after drying the films then the samples were packed

in zip lock bags.
3. Characterizations

The chemical crosslinking and electrostatic interaction among
functional groups of S3 composite and NiO nanoparticles in
polymer nanocomposites were analyzed by various analytical

and instrumental measurements.
Fourier transform infrared (FT-IR) spectra of S3 compos-

ite and polymer nanocomposite films (K1-K5) in the range of

600–3500 cm�1 region were taken on a PerkinElmer 1750
USA. UV visible DRS spectra and absorption studies were
carried out by Shimadzu UV 2550 Japan. UV visible spec-

trophotometer ranges from 200 to 800 nm.
X-ray diffraction (XRD) studies have been carried out

using Rigaku Ultima IV X-ray diffract meter with Ni-filtered
Cu-Ka radiation Japan (k = 1.5416 Ǻ).

Morphology and structural analysis of S3 composite and
polymer nanocomposite films (K1-K5) were analyzed by Scan-
ning electron microscope (SEM model FEI Quanta 200 FIE

250 X Max 80 USA) at SAIF research laboratory All India
Institute of medical science, New Delhi India.

Thermo gravimetric analysis (TGA) of S3 composite and

polymer nanocomposites films (K1-K5) were studied by Met-
ter Toledo AG analytical CH860, Schwerzenbach, Switzer-
land) at NIT Srinagar performed in a range of 250–850 �C
at a heating rate of 10 �C/m under nitrogen gas 20 mL/min.

The contact angle of water on the polymer nanocomposite
films (K1-K5) were determined with a drop system analysis
(KRUSS BmbH Co., Germany) based on the sessile drop

method in a room temperature and 60% relative humidity.
Average contacts of all samples were taken from at least two
different points on the film surface.

3.1. Swelling studies

The swelling and chemical stability of polymer nanocomposite

films (K1-K5) were carried out in three parameters such as
0.1 M solution of HCl, NaOH and double distilled water at
25 �C at different time intervals and the swelling percentage
was calculated by equation (1).

Swelling% ¼ Sw � SD

SD

� 100 ð1Þ

Sw is the weight of a wet sample and SD is the weight of a
dry sample.

3.2. Soil degradation test

Soil degradation test was determined in natural environment.
The weight and size of pure polymer nanocomposite films
are 0.013 g and 1.5 cm � 1.5 cm, buried 30 cm below the soil

in Jamia Millia Islamia. The temperature of soil, pH and mois-
ture of air was measured as 18.2 �C, 7.6 and 52% respectively.
After 30 days all samples were taken out washed properly so

that attached soil was washed away then dried at 40 �C for
4 h. After every weak the weight loss was calculated after the



Fig. 1 Reaction scheme of polymer composite.
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burial. The average weight loss was calculated by the following

equation (2).

Weight loss% ¼ Wi�Wf

Wi
� 100 ð2Þ

Wi is initial weight and Wf is final weight of polymer

nanocomposites.

3.3. Adsorption experiment by using batch method

The adsorptions of CR dye by S3 composite and polymer
nanocomposite films (K1-K5) were determined by batch
adsorption method. A standard solution of 500 mg/L CR

dye was prepared by dissolving CR dye powder in double dis-
tilled water. The CR dye solution was watered to various con-
centrations 50–200 mg/L. Before adsorption S3 composite and
polymer nanocomposite films (K1-K5) were dried in a vacuum

desiccator. CR dye adsorption was carried in a series contain-
ing 10 mL (50 ppm) dye solution having 0.013 g adsorbent
bead of polymer nanocomposite films (K1-K5), the concentra-

tion of CR dye (50, 100, 150 and 200 mg/L), the pH of solution
(4, 6, 8, 9 and 10) and agitation time of solution (10–60 min) at
30 �C. The pH of the solution was adjusted by 0.1 M HCl and

NaOH. In all three parameter solutions were shaken by ther-
mostatic shaker at 250 rpm. The experiment was repeated in
all three parameters for justification of results.

The percent removal of CR dye (mgL�1) by polymer
nanocomposite films (K1-K5) was calculated by using a mass
balance relationship, which determines the quantity of CR

dye adsorbed per unit weight of adsorbent by Eq. (3).

Removal% ¼ Co� Ce

Co
� 100 ð3Þ

where Co and Ce (mg L�1) before and after CR dye
adsorption.

3.4. Antibacterial activity

Antibacterial activity of polymer nanocomposite films was
investigated against Gram-positive and Gram-negative bacte-

rial strains. The antibacterial activity of nanocomposite was
performed according to Kirby-Bauer disc diffusion method
with slight modification (Bauer et al., 1966). Briefly, all the

bacterial strains were separately streak on Luria agar media
(Himedia, India) plates and incubated overnight at 37 �C.
After incubation, pure single colony of each strain was inocu-
lated into 10 mL sterile Luria broth (Himedia, India) and incu-

bated at 37 �C in automated incubator shaker at 120 rpm for
5 h to obtained log phase bacterial culture. Further, the log
phase culture was diluted in same media adjusted absorbance

0.1 at 600 nm to obtained 0.5 McFarland (1–2 � 108 CFU/
ml) as mentioned in Kirby-Bauer disc diffusion method.
Finally, equal volume (50 mL) of bacterial culture spread on

Mueller Hinton Agar (MHA, Himedia, India) plates and
almost equal size of polymer nanocomposite films (K1-K5)
were placed at appropriate distance on each plate. Antibiotic



Fig. 2 Reaction scheme of polymer nanocomposites (PVA-MF/NiO) formation.
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disc containing 10 mg of Cefotaximine (CTX) was used as a
positive control in each plate. All the culture loaded MHA

plates were incubated at 37 �C for overnight. After incubation
the clear ZOI for test composite and cefotaxime (control) in
each plate was measured at mm scale to determine the antibac-

terial efficacy.

4. Results and discussion

Synthesis and characterization of polymer nanocomposite are
discussed below:

4.1. Spectral analysis

4.1.1. FT-IR

FT-IR spectra of polymer nanocomposite films (K1-K5)

showed drift of peaks as well as some additional peaks in com-
parison to S3 composite shown in Fig. 3 (Bhat et al., 2020).
The electrostatic interaction between S3 composite and NiO

nanoparticles in polymer nanocomposite leads to the shifting
broad peaks from S3 composite 3456 cm�1 to 3419–
3380 cm�1 assigned to O-H stretching of (K1- K5) nanocom-
posite films (Guo et al., 2014). The C-H peak of S3 composite
was shifted from 2960 cm�1 to 2939–2958 cm�1 in (K1-K5)

due to electrostatic interaction respectively (Ahad et al.,
2012). The C = N stretching peaks were observed at 1552–
1556 cm�1 in nanocomposites and the C-H bending peak of

CH2 was shifted from S3 composite 1465 cm�1 to 1455–
1456 cm�1 in all nanocomposites correspondingly (Bhargav
et al., 2009). The visible peaks at 1339–1344 cm�1 referred to

C-N stretching (Choma et al., 2012). The shifting of peak from
S3 composite 1064 cm�1 to 1081–1087 cm�1 corresponds to
C-O-C stretching confirms the chemical crosslinking between
PVA and MF and electrostatic interaction within polymer

nanocomposites (K1-K5) reported by Razavi (Yang et al.,
2013). The strong peak shifts from 810 cm�1 to 813 cm�1

attributed to triazine ring of MF resin and the peak appeared

broad and short in all polymer nanocomposites (K1-K5)
(Razavi et al., 2011; Merline et al., 2013). The additional peak
appears in all nanocomposites at 415 cm�1 to 466 cm�1 corre-

sponds to Ni-O stretching vibration in all nanocomposites
(Farzaneh and Haghshenas, 2012). After cross-linking with
OH group of PVA, OH/NH groups of MF and electrostatic
interaction with NiO nanoparticles shifts the peaks to higher

wavenumber in all nanocomposites (K1-K5).



Fig. 3 FT-IR of polymer nanocomposites films of S3 (Bhat et al., 2020) and K1-K5.
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4.2. UV visible DRS spectroscopy

UV–visible spectroscopy is one of the vital techniques to
reveal the energy structures and a chemical shift in the poly-
mer nanocomposite. Fig. 4 shows the UV–visible absorption

spectra shift from S3 composite 239 nm to 324 nm after
encapsulation of NiO nanoparticles in polymer nanocompos-
ite. The strong absorbance peak of NiO nanoparticles in the

UV region was observed at a wavelength of about 284 nm,
320 nm (Rudko et al., 2013). The chemical shift has been
observed by encapsulation of metal/metal oxide nanoparti-

cles in the PVA and glucose (El-Kemary et al., 2013). The
reduction of band gap takes place from S3 composite
(5.05 eV) to (4.36 eV) in nanocomposites in UV region.
The decrease in band gap is associated with the electronic

transition from filled valence band to the empty conduction
band due to doping of NiO/CuO nanoparticles in PVA
based nanocomposites (Udagawa et al., 2016). The small

size of semiconducting nanoparticles in polymer nanocom-
posites approaches the radius of excited-state orbital of con-
duction band to examine the quantum size effect: the red

shirt and blue shift has been observed in Cd/PVA polymer
nanocomposite (Rudko et al., 2013). Dramatically red shift
increase as the concentration of NiO nanoparticles increases
in the S3 composite.

4.3. Morphology

4.3.1. XRD

XRD is used to analyze the phases, amorphous and crystalline
nature of composite and polymer nanocomposite films. The 2h
value at 19.66� is a characteristic peak of amorphous S3 com-
posite film. Fig. 5 shows that the new peaks appeared with 2h
value at 37.77� _ (1 1 1), 43.06_ (2 0 0) and 62.83_ (2 2 0) in the
polymer nanocomposite films (K1-K5) and the peak intensities

increases as the concentration of NiO nanoparticles in the S3
composite polymer matrix. The XRD of spectra shows three
sharp peaks of NiO nanoparticles at 2h 37.77� _ (1 1 1),

43.06_ (2 0 0) and 62.83_ (2 2 0) reported by Elbarbary
(Udagawa et al., 2016) confirms the formation of polymer
nanocomposite (K1-K5). The peak intensity at 19.66� of poly-
mer nanocompostes also increase as the wt. % of NiO

nanoparticles increases. As the peak intensity of polymer
nanocomposite increases the amorphous nature decreases but
enhances the semicrystalline nature of polymer nanocomposite

films (Meftah et al., 2014).

4.4. SEM analysis

The appearance of new peaks in FT-IR and XRD of
nanocomposite is semi crystalline state due to the doping of
NiO nanoparticles in S3 composite confirmed by SEM micro-
graph. This technique is used to determine the morphology of

S3 composite shows the smooth and uniform surface of S3
composite as shown in Fig. 6(a) (Bhat et al., 2020). The surface
morphology and the uniform distribution of NiO nanoparti-

cles in the polymer nanocomposite at (20 and 2 lm) magnifica-
tion and the shape of encapsulated nanoparticles in the
polymer nanocomposite are spherical as shown in Fig. 6(b

and d). The nanoparticles are clearly visible in PVA/Ag
nanocomposites shown in the SEM reported by Kashihara
(Elbarbary and El-Sawy, 2017). To determine the narrow size

and excellent distribution of nanoparticles the SEM images
can be used to draw the histogram with the help of ImageJ
software (Longo et al., 2011). The average size of NiO
nanoparticles is 55 nm and the shape is spherical in polymer



Fig. 4 UV–Vis spectra of pure (a) S3 composite and (b) polymer nanocomposite.

Fig. 5 XRD micrograph of polymer nanocomposites.
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nanocomposites as shown in Fig. 6(d). The NiO nanoparticles

increase the crystallinity in the polymer nanocomposite.

5. Contact angle

The significant changes on the surface morphology of polymer
nanocomposites (K1-K5) observed in the SEM images has
been confirmed by the measurement of contact angles as
shown in Fig. 7 (Kashihara et al., 2018). The improvements

in moisture resistance of polymer nanocomposite (K1-K5)
films were analyzed by contact angle with a water drop
method. Contact angle is the angle between nanocomposite

film-water interactions at interfaces. It was observed that con-
tact angle increases as NiO ratio was increased in S3 composite
as shown in Fig. 7 (K1-K5). The contact angle increases from
(55–91�) was observed on the polymer nanocomposite



Fig. 6 SEM images of S3 composite (a), polymer nanocomposite (b and d) at 20 lm and 2 lm revealing surface morphology of polymer

nanocomposite (c) histogram of polymer nanocomposite (K3).
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(K1-K5) films after addition of 1–5% of NiO nanoparticles in
S3 composite. The contact angle below 90� is hydrophilic

materials and above 90� are hydrophobic materials. Polymer
nanocomposites (K1-K5) with contact angle below 90� shows
good wetting property and the contact angle above 90� shows
poor wetting property. The result reveals that contact angle
increases from 55 to 91� confirms the improvement in moisture
resistance.

5.1. Swelling properties

The swelling behaviour of polymer nanocomposite films (K1-

K5) were determined by placing the uniformed size and pre-
weighted film samples in different conditions like distilled
water, (0.1 M) solution of HCl and NaOH solution. The poly-
mer nanocomposite films were weighted before and after the

immersion in the different solutions at the specific time inter-
vals to observe the swelling and chemical stability of nanoma-
terials. The film samples immersed in the distilled water and

the maximum swelling percent attained by S3 composite films
771% and minimum swelling shown by nanocomposite films
620% which was attained due to maximum osmatic pressure.

The swelling properties of polymer nanocomposite are very
sensitive towards the ionic solutions. The swelling in 0.1 M
HCl solution of S3 composite (44–77%) within 30 min then
the composite film degrades, but the swelling decreases from

(74–66%) in polymer nanocomposites confirm that the chem-
ical stability increases in polymer nanocomposite as compared
to S3. The maximum swelling of composite (469%) and the

reduction of swelling from (451–351%) in polymer nanocom-
posite films (K1-K5) due to lowering of osmatic pressure in
(0.1 M) NaOH basic solution as compared to water. The result
reveals that the swelling properties of S3 composite and poly-

mer nanocomposite films (K1-K5) were affected due the
charge generated in three different parameters such as distilled
water, (0.1 M) solution of HCl and (0.1 M) NaOH solution.

The swelling behavior of S3 composite reduction capability
increases from (K1-K5) due to chemical crosslinking between
PVA and MF resin by consuming hydroxyl groups present

in both reactants (Wei et al., 2015) and the electrostatic inter-
action between NiO nanoparticles (Satheesh Kumar, 2007;
Anisha et al., 2013). The swelling percent decreases as the

wt. % of NiO nanoparticles increases and chemical stability
increase in the polymer nanocomposite. The stability in all
three conditions increases after addition of NiO nanoparticles
in S3 composite as shown in Fig. 8.

5.2. Biodegrability test

The biodegradation of pure S3 composite films occur due to

enzymatic action of microorganisms present in soil (Gerlach
et al., 2005; Ahmad et al., 2017). The degradation rate of S3
composite films were more than polymer nanocomposite films

(K1-K5) after 30 days of soil burial. Fig. 9 shows the weight
loss was low initially but increases with time reported in the
above work. The bacteria responsible for bio-degradation of
S3 composite film (S3) by Rhodococcus opacus, Agrobacterium

tumefaciens and Pseudomonas putida mineralize atrazine ring
to CO2 and NH in the contaminated soil (Mandelbaum
et al., 1995). The polymer nanocomposite samples showed low-

est weight loss due to electrostatic interaction, uniform surface
and hydrogen bonding with NiO nanoparticle within the



Fig. 7 Contact angle of polymer nanocomposite films.

Fig. 8 Swelling ratios in (a) water (b) HCl (c) NaOH as function of time polymer nanocomposite at room temperature.
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cross-linked network increases the compactness of the
nanocomposite films. It was analyzed that after burying the
polymer nanocomposite films (K1-K5) in the soil, the polymer
nanocomposite films became hard. The soil degradation of

sweet potato starch film increases after the addition of mont-
morillonite (MMT) nano clay and thyme essential oil (Issa
et al., 2018). The available pores in the composite film filled

with NiO nanoparticles decreases the probability of degrada-
tion. So the concentration of NiO nanoparticles affects the soil
degradation of S3 composites.

5.3. Thermal analysis

5.3.1. TGA

Thermogravimetric analysis of PVA-MF composite has been

reported by Bhat et al. (Merline et al., 2013)*. The TGA of
polymer nanocomposites (K1-K5) shows three main weight
loss stages (Fig. 10), the first stage starts from 80 to 220 �C
(7–6 wt% loss due to vaporization of water and other moi-
eties), second stage, starts from 220 to 410 �C (67–54 wt% loss
due to side chain decomposition of PVA and ammonia from

MF) and the third stage, starts from 410 to 500 �C (75–
62 wt% due to decomposition of the main chain of PVA and
MF produces volatile compounds like CO2, HCN and CO)

(Pirzada et al., 2012). By comparing the weight loss among
S3 composite and polymer nanocomposite (K1-K5) films
showed that thermal stability increases in polymer nanocom-

posites. The degradation of MF and the formation of volatile
by products such as CO2, HCN, and CO. The thermal stability
of polymer nanocomposite films (K1-K5) increase due to the

electrostatic interaction, network structure of NiO nanoparti-
cles with un-reacted hydroxyl groups and small pores filled
with nanoparticles leads to hydrogen bonding and the molec-
ular chain rigidity.



Fig. 9 Biodegradability of polymer nanocomposite films.
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5.4. Differential scanning calorimetry (DSC)

DSC is a technique used to investigate thermal behavior, glass

transition temperature, crystallization temperature Tc
(exothermic) and melting point Tm (endothermic) of polymer
nanocomposite films. The Tg of S3 composite shifts from
74 �C to 76–87 �C in polymer nanocomposite films (K1-K5)

respectively. DSC results revealed that the encapsulation of
NiO nanoparticles in the S3 composite increases the crosslink-
ing/branching that obstructs the chain mobility, which leads to

increases the Tg value from 74 to 87 �C as shown in Fig. 11.
The significant effect on Tg temperature is due to the encapsu-
lation of NiO nanoparticles increases the chain rigidity, molec-

ular packing and electrostatic interaction of S3 composite
(Akram et al., 2008).

DSC shows only two endothermic peaks at 193 �C and

274 �C which corresponds to the melting of polymers and there
is release of strain and disintegration of C-C linkage at 426 �C
resulting in the decomposition of S3 composite. The drift in the
thermogram takes place from S3 composite film to three

endothermic peaks at 114 �C, 119 �C and 280 �C in polymer
nanocomposite (K1) films. The polymer nanocomposite (K2)
film shows three endothermic peaks at 130 �C, 204 �C,
280 �C and three endothermic peaks at 132 �C, 202 �C and
281 �C shown by (K3) polymer nanocomposite film. In the
nanocomposite (K4) film three endothermic peaks at 130 �C,
206 �C and 285 �C. The polymer nanocomposite (K5) also
shows three endothermic peaks at 130 �C, 206 �C and
286 �C as shown in Fig. 11. The shifting of endothermic and

exothermic peaks by the addition of In2O3 nano crystals in
PVA increases the thermal stability (Singhal et al., 2012).
The first endotherm peaks appeared in the polymer nanocom-

posites (K1-K5) is due to encapsulation of NiO nanoparticles
and melting (Tm) of polymer breaks down the cross-linking
and reduces the internal strain leads to decomposition of poly-

mer nanocomposites (Osuntokun and Ajibade, 2016).

6. Adsorption studies

CR dye is one of the important textile industrial azo dye, easily
soluble in water and has been deserted due to carcinogenic
behaviour (Mall et al., 2005). The toxic CR dye adsorption
by polymer nanocomposite films (K1-K5) were determined

by three parameters such as, an effect of contact time from
15 to 200 min, an effect of the pH solution and an effect of
CR dye concentration with respect to time. This present obser-

vation deals with the S3 composite film and prepared polymer
nanocomposite films (K-K5) as adsorbents for the extraction
of CR dye as shown in Fig. 12. The process of dye adsorption

is related to equilibrium



Fig. 10 TGA of S3 composite and polymer nanocomposite films.

Fig. 11 DSC of (S3) composite and polymer nanocomposites

films.
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6.1. Effect of contact time on CR dye adsorption

The effect of the contact time on dye adsorption of CR dye is
shown in Fig. 13(a).

Initially when the contact time of S3 composite to polymer

nanocomposite film increases, the large surface area of NiO
nanoparticles and unfilled sites are free to bind with the CR
dye, which enhance the dye adsorption. The adsorption of
CR dye by adsorbent beads increases as the time increases

from (28–47%) in 15–100 min, then adsorption attains equilib-
rium in pH 7 at 37 �C (Chatterjee et al., 2007). The adsorption
increases significantly from (47 to 78%) S3 to K5, due to large
surface of NiO nanoparticles in the S3 composite up to certain
limit then the equilibrium was attained. The result of dye

adsorption can be clearly observed from the Fig. 13(a) that
the S3 composite film shows minimum adsorption capacity
as compared to polymer nanocomposite films (K1-K5).

6.2. Effect of pH solution on CR dye adsorption

The pH of aqueous solution plays an important role in CR dye

adsorption potential of polymer nanocomposites adsorbent
beads. The colour of CR dye solution changes into dark blue
colour when pH attuned in high acidic range and becomes

dark blue at high basic range. The adsorption of CR dye by
S3 composite and nanocomposite films (K1-K5) is inversely
proportional to the pH scale of the CR dye solution as shown
in Fig. 13(b). The CR dye adsorption increases from S3 com-

posite to K5 polymer nanocomposites. The adsorption of CR
dye decreases in S3 composite (45–10%) and in the polymer
nanocomposites (K1) 47–10% and (K5) 68–25% as the pH

value increase from (4, 6,7,8,9 and 10) respectively. In the
acidic media, CR dye develops more positive charged ions like
NH4

+ appears as main product followed by NO3
– and SO4

2� and

the polymer nanocomposites carry OH– and NH groups
develop. The a strong electrostatic attraction between posi-
tively NH4

+ of CR dye and negatively OH– and NH functional

groups of polymer nanocomposites in lower pH solution [66*].
The dye adsorption decrease as the pH of the solution
increases because the increase of the pH leads to formation
of alkaline medium that increases the negatively charged ions

and reduce the numbers of positively charged ions. The elec-
trostatic repulsion between the negatively charged CR dye
and large number of negative ions in the basic medium
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decrease the dye adsorption by increasing pH of the solution
(Patel and Vashi, 2012). The protonation of polymer
nanocomposite films decreases as the pH increases from (4,

6, 8, 9, and 10) and the CR dye adsorption decreases with
increases of the pH in solution. The adsorption from S3 to
K5 increases due to electrostatic interaction between the S3

composite and large surface area of nanoparticles

6.3. Effect of CR dose on the adsorption

The CR dye adsorption by S3 composite and polymer
nanocomposite has been observed in 50–200 ppm concentra-
tion with respect time shown in Fig. 13(c). In order to analyze
Fig. 12 Before (a) and after (b) CR dye adsorption of polymer

nanocomposite film.

Fig. 13 (a) An effect of the contact time (b) an effect of pH solution (c

nanocomposites for the % removal of CR dye.
the maximum adsorption of CR dye by S3 composite and
polymer nanocomposite (K1-K5) adsorbent beads. The effect
of initial CR dye concentration was investigated by changing

the initial dye concentration from 50 to 200 ppm at 37 �C with
respect 30 min. The adsorption of dye dramatically increased
as the dye concentration increases due to the presence of large

number of active sites on the adsorbent (Hosseinzadeh and
Khoshnood, 2016). It is clear from Fig. 13(c) that the dye
adsorption of CR dye increases in the polymer nanocomposite

films (K1-K5) after the encapsulation of NiO nanoparticles
compared to S3 composite film. The nano size and the large
surface area of NiO nanoparticles increase the CR dye adsorp-
tion in the polymer nanocomposites.

7. In vitro antibacterial activity

The antibacterial activity of polymer nanocomposite films
(K1-K5) was investigated against Gram-positive bacterial
strains Bacillus subtilis MTCC 736, Staphylococcus aureus
MTCC 902 and Gram-negative Escherichia coli ATCC 25922

and Klebsiella pneumoniae ATCC 700603. The clear Zone of
Inhibition (ZOI) around the polymer nanocomposite film on
culture loaded MHA plates indicated antibacterial efficacy is

shown in Fig. 14. The obtained Zone of Inhibition (ZOI)
against Gram-positive bacteria Bacillus subtilis MTCC 736
(0, 0, 0, 24 and 25 mm), Staphylococcus aureus MTCC 902

(21, 24, 23, 25 and 25 mm) was more as compared to Gram-
negative Escherichia coli ATCC 25922 (21, 0, 0, 22 and
22 mm) and Klebsiella pneumoniae ATCC 700603 (0, 0, 0, 23
and 23 mm) is shown in Table 1. The antibacterial activity

against tested bacterial strains found to increases as the NiO
concentration increases from 1 to 5 wt% in the polymer
nanocomposites. Previous study also reported that enhance-

ment of antibacterial activity of polypyrrole/silver nanocom-
posite by NiO nanoparticles against both Gram-positive and
Gram-negative bacteria (Das et al., 2013; Punitha et al., 2015).

The mechanism and antibacterial efficiency of polymer
nanocomposite films (K1-K5) depend on the different factors
like size of NiO nanoparticles, concentration and distribution

(Raghupathi et al., 2011) along with the type of interaction
with S3 composite. The electrostatic interaction between NiO
nanoparticles and S3 composite prevents the abrupt release
) and effect of CR dye concentration on S3 composite and polymer



Table 1 Showing Zone of Inhibition (mm) for polymer nanocomposite films.

Bacterial strains K1 K2 K3 K4 K5 + Control

E. coli 25922 21 0 0 22 22 25

K. pneumoniae 700603 0 0 0 23 23 19

Bacillus subtilis 4736 0 0 0 24 25 25

Staphylococcus aureus 5902 21 24 23 25 25 26

Fig. 14 Plates showing zone of inhibition (ZOI) around polymer nanocomposite films (K1-K5) against Gram-positive Bacillus subtilis

MTCC 736, Staphylococcus aureus MTCC 902 and Gram-negative Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603.
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of nanoparticles from the matrix, ensures long-lasting antibac-
terial property of polymer nanocomposites films. It is clear

from the results that the bactericidal strains such as B. subtilis
4736 and S. aureus 5902 were most susceptible to polymer
nanocomposites as compared to Gram negative bacteria

E. coli 25922 and K. pneumoniae 70060. The Gram-negative
bacterial strains possess different components in the cell wall.
An outer phospholipidic membrane with largely negative

charged structural lipopolysaccharide unites which restricts
the entry of bioactive negatively charged polymer nanocom-
posites (Harada et al., 2017; Simoncic and Tomsic, 2010).

8. Conclusion

The dual functionality of polymer nanocomposite films (K1-
K5) (dye adsorption and antibacterial) was developed by

encapsulation of NiO nanoparticles in the S3 composite. The
present work introduces an innovative, inexpensive, exten-
sively applicable and eco-friendly method to prepare uniform

smooth, free standing, hydrophobic and biodegradable poly-
mer nanocomposite thin films. FT-IR determined the chemical
bonding, molecular structure and functional groups. XRD

analysis revealed that the crystallinity of S3 composite
increases as the NiO nanoparticles increases. SEM observed
the degree of dispersion of NiO nanoparticles in polymer

nanocomposites and S3 composite surface morphology. The
enhancement of thermal stability was attributed to intermolec-
ular crosslinking and hydrogen bonding with nanoparticles.
DSC thermograms of polymer nanocomposite films shown

one single broad glass transition peak temperature, but the
peak shifts compared to composite. The S3 composite showed
maximum swelling property but least stable as compared to

polymer nanocomposite films and the chemical stability
enhanced from S3 to K5 in all three parameters like water,
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HCl and NaOH solutions. The contact angle of polymer
nanocomposite films K1-K5 (56–90�) increases with the rise
of NiO nanoparticle dose, but the soil degradation decreases

from S3-K5 (32–7%). The percent removal of CR dye adsorp-
tion of CR increased from S3 to K5 due to small size of NiO
nanoparticles encapsulated in the S3 composite. The polymer

nanocomposites showed antibacterial activity against E. coli
25922 25 mm, K. pneumoniae 700603 23 mm, B. subtilis 4736
25 mm and S. aureus 5902 25 mm based on the data presented

in the manuscript. This study not only displays a promising
strategy for fabricating of versatile polymer nanocomposites
but also contributes to the understanding and the design of
polymer nanocomposites with desired properties such as

adsorption of toxic CR dye and antibacterial activity.
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