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Abstract

This study aimed to synthesize Poly (vinyl alcohol) - iron nanoparticles (PVA-Fe NPs) via two different methods, the green
electrochemical technique in presence of (PVA) which rapid and eco-friendly and by adding different ratios of (Fe-NPs) to
PVA, then exposed to different time of UV-irradiation. Characterization of the resulting PVA-Fe NPs was performed using
many spectroscopic and analytical techniques such as, UV/Vis spectra, IR Spectroscopy (FT-IR), and X-ray diffraction (XRD).
Production of the Fe NPs was verified by appearance of absorbance peaks at about 457 — 462 nm in UV spectra which attributed
to surface plasmon resonance. The band gap energy values show decrease with increasing Fe NPs. FTIR spectra confirm the
interaction between PVA polymer and Fe- nanoparticle. All the developed PVA-Fe NPs displayed antibacterial efficiency
against both Staphylococcus aureus and Escherichia coli bacteria. Moreover, the antibacterial efficiency enhanced by increasing
Fe content and UV irradiation time.
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utilizing various tools involve (a) a reduction of
metal with the assist of (NaBH,), ascorbate and

Introduction citrate acts as a reducing agent [2, 6, 21] (b) the
The science of nanotechnology is a branch of ir-radiation of the solution contain metal ions for
science that focuses on the manipulation of atoms ultraviolet and visible light [22], or against
and molecules in the nanometer size range ultrasound irradiation and microwave [23-28] (c)
(mostly, 100 nm or less) [1-8]. Nanoparticles bio-organisms and bio-molecules, such as,
(NPs) become a remarkable in the research field polysaccharides, bacteria and proteins have been
of textiles and fibers [9], forensic science [10], also used successively for the synthesis of the
electronics [11], space [12], agriculture [13, 14], grand metal nanoparticles mainly Ag and gold
and mainly in medical applications, because they nanoparticles [29-33].

involve the capability to deliver a vast range of Fe is the fourth most abundant element in the
drugs to altering the body areas for fixed interval earth’s crust, and is very important in the
of time. The size ranges for NPs from 1 nm to biosphere. Waste effluents from steel tempering,
1000 nm. coal coking, mining industries and so on, contain
Nanoparticles are solid colloidal particles large quantities of Fe, and excessive Fe ions in
construct of natural, synthetic, or semi-synthetic water will pollute the environment [34]. Iron is
polymers [15]. Recently, the studies opened important for most living organisms due to it is
under green chemistry for the search of goodly required for many metabolic processes including
methods for the perfection NPs, searching oxygen transport, drug metabolism, DNA
antioxidant,  antibacterial, and anti-cancer synthesis, ATP production, steroid synthesis and
activity of natural molecules [16-20]. Generally, electron transport [35]. An electrochemical
the superior metal- nanoparticles were produced mechanism was used for the first time for the
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synthesis of nanoparticles by Helbig and Reetz
[36]. In the equipping, the sheet of metal was
liquefied and then the obtained metal -ions were
decreased in the cathode, producing metallic
particles stabled via tetra alkyl ammonium salts.
The major properties of the electrochemical
mechanism involve the large rarity of the resulting
nanoparticles (NPs) and the resistance of size
particle rule by setting the current density even
required to vacuum equipment. Since then, this
approach has been adopted for the fabrication of
plethora of metal NPs. D. Gopi et al. [37],
synthesized uniform iron nanoparticles with very
fine size (ranged from 21 to 9 nm) utilizing
electrochemical approach. This has been achieved
via electro-oxidation of iron in the presence of
ferrous perlocate as an aqueous medium.
Alghazade et.al. [38], prepared ultra-fine Fe-NPs
for supercapacitors application. Fe-NPs prepared
by employing simple electro-synthesis approach
with the aid of PVVA as an assisted electrolyte. The
resultant NPs have small average size about
15nm. The obtained results declared that PVA
acts as coating for the prepared NPs and hence
prevent them from aggregation or agglomeration.

Poly (vinyl alcohol) PVA, is a semi crystalline
polymer [39], and is a widely used synthetic
polymer. The benefit of its use lies in its
properties: non-toxicity, water-solubility, bio-
compatibility, bio-degradability and excellent
mechanical properties, and have many interesting
physical properties, which arise from the
presence of OH groups and the hydrogen bond
formation [40-45]. The orderly linear structure of
Poly (vinyl alcohol) for a vast number of side
(OH) groups on the main chain proposes superior
reactivity and hydrophilicity. In addition, its low
price and wide availability makes PVA a polymer
of choice in a large number of applications. PVA
is a potential material having high dielectric
strength and good charge storage capacity and
dopant-dependent  electrical and  optical
properties. It has carbon chain backbone with
hydroxyl groups (OH) attached to methane
carbons. These OH groups can be a source of
hydrogen bonding and hence assist the formation
of polymer composite [46].

Due to the above reasons the main goal of the this
work was devoted to the fabrication and
characterization of a soluble PVA-Fe NPs by two
different methods, the first one is green synthesis
of PVA-Fe by electrochemical method and the
second method by adding Fe NPs to PVA
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polymer, also to study the influence of UV-
irradiation reduction to Poly (vinyl alcohol) -iron
nanoparticle. Additionally, evaluate the activity of
antibacterial of PVA-Fe nanoparticles before and
next subjected to the reduction of UV. The
prepared nanoparticles were described by UV
analysis, FT-IR and X-ray diffraction pattern. The
band gap was also calculated from UV
spectroscopy.

Materials and methods

Materials

PVA (My=72,000) is purchased from Merck,
(Germany) and iron plate of purity 99.99%, were
purchased from Sigma—Aldrich (St. Louis, USA).
The iron plate was well polished before use with the
assist of a very fine emery paper, cleaned by
ethanol, acetone (90%) and de-ionized water and
used as anode. Platinum sheet acquired from Sigma,
was well scoured before used as cathode. Iron
Powder (Fe, 99.9 %, 800 nm), Stock#: US1034M,
CAS#:7439-89-6, Net weight: 500 g (USA).
Deionized water was used for all sample
preparation.

Methods

PVA is prepared by dissolving in deionized water
and continuously stirred using a hot plate with
magnetic stirrer to embed homogeneous mixture.
The PVA/Fe complexes were constructed from the
electrochemical method and then exposure to UV-
irradiation for different times. This process was
achieved utilizing a potentiostatic method at 2 V.
The cell included of Fe plate working as anode and
Pt plates as cathode. These 2 electrodes were
submersed perpendicular in the electrolytic
solution. The electrical contact was made
connected to a convenient changed resistor,
Picometer (Keithly 485), voltmeter (Keithly175)
and potential power supply (ECOS). The solution
was equipped by dissolving 1wt% of PVA into de-
ionized water with the aid of stirrer to complete
dissolving and to eliminate any burst. This process
was achieved for various periods (8, 24, and 60) h.
Finally, centrifuge the solution at 4000 rpm till 600
sec, then infiltered to eliminate all traces in the
solution. Next, the resulting PVA/Fe solution
exposed to UV-irradiation by UV- lamp with A max
=254 nm at about 25 °C (1&2& 3) h. The solution
is then casted in petri dish and dried in an oven at
T =50 ° C for one week.

Doped PVA samples with different ratio of Fe NPs
are prepared by dissolving them in de-ionized
water at T = 333 K for 24 h. The solution is
continuously stirred using magnetic stirrer to
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ensure homogeneous mixture. The solution is then
casted in petri dish and dried in an oven at T=333
K for 24 h.

Instrumental analyses

The UV-Visible spectra of the PVA-Fe samples were
obtained in the range of 200-800 nm using ATI
Unicom UV-Vis spectrophotometer with UV-Vis
vision software V 3.20. The analysis was performed
at room temperature using quartz cuvettes (1 cm
optical path. Mattson 5000 FTIR spectrometer was
recorded at 25 °C from 4004000 cm™' at (8 cm™) of
resolution. The drop of lightened PVA-Fe solvent
was diffused in the planar freshly NaCl disks. The
solution was entirely forced further T= 323°K. Next,
the disks were set in the holder of the sample of the
spectrometer. X-ray diffraction pattern of all samples
is record using Rigaku Ultima IV diffractometer with
Cu—Ka radiation (A= 1.5418 A°) at 40 kV. Also, the
degree of crystallinity of the improved samples was
determined by using the Material Studio Vision
software with version 7.

Antibacterial efficiency

The efficiency of antibacterial of the pure PVA and
PVA- Fe NPs with various iron ratio before and after
of exposure to UV irradiation with different time
intervals (1, 2 and 3) h was evaluated versus
"Staphylococcus aureus (S.aureus) and Escherichia
coli (E. coli)" with agar well- diffusion procedure.
One ml of bacterial cell suspension (10 CFU/ml) was
inoculated on Muller — Hinton Agar medium. Four
wells were made with sterilized 5 mm cork borer, the
different ratios were poured into the wells. The plates
were remained at room temperature for 2 h to allow
the test sample diffusion, then incubated face
upwards at 37 °© C for 24 h. All experiments were
occurred in duplicate and mean values were
presented. The antibacterial efficiency was
investigated by measuring the diameter of the clear
zone around every well [47].
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Results and discussion

UV/visible spectroscopy

The UV-Vis spectra of, are shown in Fig.1. It is clear
that PVA-Fe complexes has UV-Vis spectra various
to that of pure PVA. PVA spectra shows absorbance
band at 275 nm. This peak is red shifted to 357 nm,
and the absorbance intensity increase with increasing
electrolytic time (8, 24, 60) h. Further increase in
electrolytic time (8, 24 and 60) h leads to the
appearance of new absorption bands around (457 —
462) nm that associated with Fe which indicates to the
plasmon-resonance of Fe nanoparticles and indicated
to the formation of nanoparticles [48]. Additionally,
this peak is accountable for the convert color from
yellow to brownish for the prepared NPs, where the
color of the samples was varied from transparent to
pinkish red. Additionally, it is found increase in peak
intensity and a slight shift in peak position can be
noted with increasing the complexation time. This
perception characterized the complexation of Fe/NPs
via functional group of PVA.

Fig.2 showed the effect of UV- irradiation time on
PVA-Fe NPs. It is found that, increasing the
irradiation time for 60 h leads to significant excess in
the peak and show a slight increase in the peak
intensity from (453-493) nm as compared to 8 h.
Further increasing in UV irradiation time at 60h-for
3h results in significant decrease in intensity of first
peak and vanishing of the second one due to scission
and fragmentation in the polymer chain [47].
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Fig.1. UV-Vis spectra of pure PVA and PVA-Fe NPs with
different electrolytic time.
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Fig.2. UV- spectra of the PVA-Fe NPs obtaining by
electrochemical method for different times (8, 24 and 60) h
then exposed to UV-irradiation for various intervals (1, 2and
3)h.

Fig.3. displays the UV-Vis spectra of PVA and
PVA-Fe NPs samples with different ratio of Fe
NPs (0.01, 0.05 and 0.1). These samples show
strong absorbance band at 426 shifted to 460 nm
and the absorbance peak gradually increases with
increasing Fe NPs content. These peaks assigned
to the surface plasmon resonance which confirm
the existence of Fe NPs within PVA polymer. This
red shift implies the increase of Fe NPs size. There
is no peak appeared at higher ratio (0.1) due to
scission and fragmentation in the polymer chain.

Fig.4 showed the effect of UV- irradiation time on
PVA-Fe NPs. It is found that, increasing the
irradiation time leads to significant enhance in the
peak and show a slight increase in the peak
intensity.
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Fig.3. UV-Vis spectra of the PVA-Fe NPs with different
ratio of Fe NPs.
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Fig.4. UV- spectra of the PVA-Fe NPs for different ratios
(0.05 and 0.1) Fe NPs followed by exposing to UV-
irradiation for various periods (1& 3 and 24) h.
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Fig.5.

Calculation of the Energy band gap E,

Also, the surface plasmon resonance verify the
change in optical-energy E, of the PVA-Fe NPs
samples. The E4rates of PVA-Fe NPs is deduced
by Tauc’s relation and supplied by Davis and Mott
[49]:
ahu = (ahu— Eg)®
where (hu) is the photon energy, h is plank’s
constant, u is the frequency, A is a constant, n is
equal 1/2 for direct band gap and the absorption
coefficient (o) obtained by the relation [50]:
a =4nK/A

where k is the absorption index or absorbance and
A the wavelength. Plotting the relationship
between (ahuw)? versus the photon energy (hu)
show straight portion, band gap can be calculated
by extrapolating this straight portion [(ahu) = 0]
as shown in Fig.(5 & 6) and Table (1&S1 (see

Electronic Supplementary Material Table S1)).
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(hv) of PVA and (PVA-Fe NPs) with different electrolytic

time.
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Fig.6. The relation between (ohv)? versus photon energy (hv)
of the PVA-Fe NPs with different ratio of Fe NPs.

(ohv)? on photon energy axis, as manifested in
Fig.(5&6), and listed in Table (1& S1 (see
Electronic Supplementary Material Table S1)).
The estimated values of allowed direct band gap
energy PVA-Fe samples before and after exposure
to UV- irradiation show a remarkable decrease in
band gap in different concentrations as compared
to pure PVA indicating an improving the structure
of pure PVA. It is clear that, with increasing UV-
irradiation time, a slightly change in the energy gap
is decreased. Therefore, the conductivity will

enhance, resulting in a decreasing in optical energy

gap.

Table 1. The values of direct band gap energy of pure PVA and PVA-Fe NPs with different electrolytic time before and after irradiation.

Direct energy gap, (V)

Sample Before UV-irradiation After 1 h irradiation After 2 hirradiation After 3 h irradiation
Pure PVA 4.954 -

8h 3.543 3.429 3.387 3.370
24h 343 3.364 3.373 3.375

60 h 3.341 3.3492 3.376 3.420

3.2. FTIR investigation

Due to its capability to detect the existence of
molecular interactions and structural alterations, FTIR
spectroscopy has been used to investigate the PVA-Fe
NPs complexes and nanocomposites. Fig.7 depicts the
FTIR spectra of PVA-Fe NPs with different
electrochemical time comparing with the neat of PVA.
The spectra of PVA is characterized by various
absorption bands at certain wavenumbers, such as, the
absorption band at 848 cm* which is corresponds to
CH rocking vibration [51]. The bands at 914 cm™and
1095 cm? can be correlated to the CO Symmetric
Stretching [52] and to C-O stretching motion of acetyl
groups exist on the PVA backbone [53], while the
bands at about 1334 cm™ and 1432 cm is attributed to
CH> out of plane bending and OH and C-H bending-
vibration. The band at 1565 cm™ corresponds to
NHCO and vibrational band at 1655 cm™ which
assigned to C=C stretching of PVA [54]. Also, the IR
peak at 1721 cm is assigned to stretching (C=0) and
(C-O) from acetate group keeping from pure PVA, a
peak at 2932 indicates to the CH, asymmetric
stretching and bands in the range from 3237 to 3400
cm™ are assigned to (OH) intermolecular hydrogen
bonded [55].
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The FTIR analysis of the PVA-Fe complexes,
produced at various oxidation times, display many
changes from that of PVA. For example, the bands in
the range from 3237 to 3400 cm™* which assigned to
(OH) intermolecular hydrogen bonded of PVA with
Fe-NPs [56]. The other bands of PVA nearly kept their
location in the conforming PVA-Fe complexes, but
with a variation in their intensity. A similar behavior
was also noted in the case of PVA-Fe samples
obtained. The FT-IR spectra of the PVA-Fe
complexes are located completely changed in
comparison to that of the PVA, where some
vibrational bands are changed.

The absorbance of the functional bands in the
wavenumber range 1565 cm™' and 1721 cm™!
increases gradually with the increase of electrolytic
time. The distinctive bands of PVA is remarkably
shifted to new wavenumbers or even completely
vanished which represents a clear evidence of
chemical interactions bonding between PVA and Fe
NPs. The characteristic band of PVA at 1095 cm™!
indicated to C-O stretching motion is reduced and split
and appear new band at 1130 for 24 and 60 h. Thus,
these considerable alterations in the absorbance of all
bands refer to exist the production of nanoparticle-
polymer interactions. This performs to a reduction in
the degree of crystallinity of the nanoparticle samples
and also, the formation of complexes. FTIR analysis
of the PVA-Fe films exposed to UV- irradiation shown
in Fig. S1 (see Electronic Supplementary Material Fig)
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demonstrated slightly considerable variation from the
corresponding spectra before-UV- irradiation, where
some vibrational bands are changed and it further
verify the complete complexation between PVA
groups with Fe. The absorbance of the functional
bands in the wavenumber range 1710 cm™! for 24 h
disappeared and band at 841 cm! increases gradually
with exposed time.

Fig.(8&9) illustrate the spectra of PVA and PVA-Fe
NPs with different ratio of Fe NPs and the spectra of
PVA and PVA-Fe NPs for different ratios (0.05 and
0.1) Fe NPs followed by exposing to the reduction for
various intervals (1& 3 and 24) h. The FT-IR spectra
of the samples (0.05 and 0.1 wt.% Fe NPs) are found
varied in comparison to that of the pure PVA such as
the band at 3330 is shifted and increases gradually.
Thus, these consider-able alterations in the absorbance
of all bands refer to exist the production of
nanoparticle-polymer interactions, such hydrogen
bonding through the groups [(OH) / (COO-)] of PVA
and Fe NPs [52].
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Fig.9. The spectra of PVA and PVA-Fe NPs for different ratios (0.05
and 0.1) Fe NPs followed by exposing to UV- reduction for various
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X-ray diffraction test

The crystallographic patterns of pure PVA and
PVA/Fe complexes resulting at various electrolysis
time (8, 24 and 60) h illustrated in the Fig.10. As seen
of the Figure, the semi-crystalline PVA polymer is
characterized by two sharp reflection bands at 26° =
10.8° and 19.7° respectively, the result indicating that,
main peak at 26=19.7° is refer to the crystalline
structure of PVA that refers to orthorhombic PVA
(101) reflection plane [52]. While, the XRD pattern of
PVA/Fe complexes, no peaks of Fe nanoparticles were
appeared in XRD test of the complexes, which
indicated the complete dissolution of Fe nanoparticles
in the polymer matrices. The XRD studies confirmed
the fact that there exists a specific complex between
PVA and Fe nanoparticles [57].

The mechanism of ionic transport in polymer
electrolytes is still not completely understood, but
there is a significant motion of polymer chains existing
in the amorphous domain or phase while non-
conducting in the crystalline phase. The XRD analysis
of PVA solid polymer electrolyte film appears a broad
peak which is correlated with the amorphous domain
of PVA polymer matrix. The PVA matrix combined
with Fe has a larger domain of amorphous phase, so
the ionic conductivity of polymer electrolyte can be
significantly enhanced [58].

To obtain the information on the crystal structure, X-
ray diffraction patterns of pure PVA and PVA/Fe
complexes resulting at various electrolysis time (8, 24
and 60) h and then subjected to the reduction for (1 and
3) h were displayed in Fig.11. In the diffractograms of
the PVA/Fe samples, it observed that, the peak
intensity at 20=19.7° is decreases by increasing the
electrolysis time and slightly shifted.
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The XRD - analysis have been entire for the PVA films
and the synthesized Fe nanoparticles at different ratio
(0.01, 0.05 and 0.1), displayed in Fig.12, to screened
the variation within the structure of the PVA Fe/NPs
samples. It is noticed that, the peak intensity was
reduced by the cooperation of nanoparticles within the
matrix of PVA. Furthermore, no exist diffraction
peaks assigned to NPs phases, which refers to the
solution of nanoparticles in the matrix [59, 60]. The
perceptions describe that, the interactions of NPs-
polymer weak the crystallites of PVA and reduces the
crystalline phases of the NPs samples. Also, the
crystalline phases of PVA were disturbed into the
samples due to the interaction of Fe NPs with the PVA
chain. The reduction of (Xc%) is significant to the
development of the conductivity [52].

Degree of crystallinity (Xc%) for the PVA-Fe NPs at
various times of complexations and with different ratio
of Fe NPs are shown in Fig.13 (a&b) and Table
(S3&S4 (see Electronic Supplementary Material
Tables S3&S4)). The (Xc%) reduce with increasing
the Fe NPs ratio in the matrix of PVA.
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Antibacterial efficiency of PVA-Fe NPs

The antibacterial activity of PVA-Fe nanoparticles and
its virgin component have been assigned via Gram-
positive (S.aureus) and Gram-negative (E. coli)
bacteria, as illustrative examples showed in Fig.14. The
acquired data illustrated that every samples exhibit
antibacterial activity via both (Staphylococcus aureus)
and (Escherichia coli) with different inhibition zone as
depicted in the (Table S5 (see Electronic
Supplementary  Material Table S5)). PVA-Fe
nanoparticles shows higher antibacterial activity
compared to PVA not appeared. It is worth noting that
PVA-Fe NPs exhibited enhanced antibacterial activity
with increasing Fe ratio. This effect could be ascribed
to the high surface area and the size of the developed
nanoparticles, which facilitates their interactions with
important components of bacterial cell such as protein
and DNA which in turn results in bacterial cell death.
Moreover, the production of reactive oxygen species by
Fe-NPs could be regarded as proposed mechanism for
their antibacterial activity [61].

The inhibition zones of PVA-Fe NPs with a different
weight ratio of Fe nanoparticles display increasing with
increasing Fe weight ratio revealing an enhancement in
antibacterial activity. UV irradiation displays an effect
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on antibacterial activity as shown in Table 6. It can be
noted from inhibition zone values, increasing of
exposure time of UV irradiation lead to enhancement in
antibacterial activity of nanoparticles in all weight ratio
and against both (Staphylococcus aureus) and
(Escherichia coli). But it is worth to mention that, in
general, nanoparticles irradiated for (3 h) shows the
highest inhibition zone that may be due to the
assumption that degradation occurs in polymer
backbone which in turn release more ion into the media
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Fig.14: The inhibition zones produced before and after UV-irradiation
from PVA and the PVA-Fe NPs improved at various times (1 &3) h.

Conclusions

The iron nanoparticles composed of PVA Fe NPs
matrix has been prepared by two methods, the first
method the green synthesis of iron nanoparticles by
using the electrochemical method and the second
method with different concentration of Fe NPs as
nanofiller to PVA matrix by casting technique. The
characterizations were achieved to assign the
functional groups, crystalline structure and surface
plasmon resonance of the improved PVA-Fe NPs. The
spectra of UV described the production of Fe NPs with
the PVA samples from the existence of Surface
plasmon resonance of Fe NPs around 420 nm. There
is no peak appeared at higher ratio (0.1) due to scission
and fragmentation in the polymer chain. Additionally,
the UV spectra appeared the reduction of Eg4 rates
obtained from the plot of (ahv)? against photon energy
(hv) with increasing the Fe content. FT-IR analysis
manifested the interaction and the complexation
between PVA polymer and Fe NPs occurred. X-ray
results, indicated to the PVA sample is semi-
crystalline, also the (Xc %) was decreased by the
combination of Fe NPs. Moreover, polymer matrix
such PVA is also known for its biocompatible nature
and favorable for biomedical applications. Hence, this
method can be quite applicable as a wound healing
material, in sensing or other biomedical uses. Studies
with S. aureus and E. coli revealed higher influence of
Fe NPs with UV-irradiation. The enhanced PVA-Fe
NPS also demonstrated a higher antibacterial activity
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against  Gram-positive  Staphylococcus  aureus
(S.aureus) and Gram-negative Escherichia coli (E.
coli) bacteria by comparing with that of the control
(PVA) and the efficiency of antibacterial enhanced
upon enhancing concentration. These results offer
that, prepared NPs used in many applications.
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