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Bionanocomposites containing SnO, with improved chemical resistance
and hydrophobic behaviours for applications in food packaging industry
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Abstract: The influence of poly(asparagine-co-phenylalanine) (P(Asn-co-Phe)/SnO;) on the protection performance of
epoxy coating was investigated. The electrochemical impedance spectroscopy (EIS) analysis indicates the better
protection against coating degradation of epoxy (EP)—P(Asn-co-Phe)/SnO, nanocomposite on tinplate compared to that
of pure epoxy coatings. The coating resistance (Rcoar) of the EP—P(Asn-co-Phe)/SnO, nanocomposite is found to be
3854.70 kQ-cm?. The Reoa of EP—P(Asn-co-Phe)/SnO, nanocomposite coating is found to be over 38 times greater than
that of the EP coating. Scanning electrochemical microscopy (SECM) analysis shows less current distribution for the
EP—P(Asn-co-Phe)/SnO,. The analyses of degradation products by XRD and SEM/EDX confirm the influence of
functionalized SnO, particles on the protecting ability of epoxy coating. The hydrophobic nature of the EP—P(Asn-
co-Phe)/SnO, nanocomposite coating (6=133°) is confirmed by water contact angle measurement. The resultant
nanocomposite coatings display enhanced mechanical properties. The results show that the EP—P(Asn-co-Phe)/SnO,
nanocomposite in wells increased the antibacterial activity as compared with pure EP. Therefore, it is concluded that the
newly synthesized EP—P(Asn-co-Phe)/SnO; nanocomposite provides an outstanding barrier and mechanical properties
due to the addition of P(Asn-co-Phe)/SnO, nanoparticles to the epoxy matrix, which obstructs the degradation of
materials and assists in prolonging the life of the coated steel.
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with tin on both sides. Tinplate is less expensive

1 Introduction and heavier than aluminium, but it is also recyclable
and simple to decorate. It possesses a magnetic

The food packaging protects food from the characteristic that aids in separation and is water
environmental contamination and other influences and gas resistant. It can also withstand high
such as odours, shocks, dust, temperature, physical temperatures during product processing, making it
damage, light, microorganisms, and humidity, and it appropriate for long-term storage of sterile products
is essential for ensuring food quality and safety, as like beverages [4]. When exposed to hostile foods,
well as extending shelf-life and reducing food tinplate possesses microstructural discontinuities
losses and waste [1]. Tinplate is the most common such as surface porosity and defects, which are
coated steel used in food packaging [2] for food ideal corrosion sites [5]. It does, however, require
preservation and long-term safe food storage [3]. surface coatings because it may react with food, and
Tinplate is steel (base steel) that has been coated accessing the product from its containers usually
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necessitates the use of an opener [6]. Because of
its outstanding mechanical properties, excellent
chemical resistance, thermal stability, and adhesive
nature, thermoset resins are widely employed as
coatings to protect metal substrates from corrosion,
as well as primers for precoated steel sheets used in
a variety of applications [7]. Because of their high
degree of crosslinking, epoxy resins have been
widely employed in coatings for food industry [8].
It is brittle, which means that epoxy composites
have low impact strength and epoxy-based
adhesives have low shear strength [9]. Because of
its outstanding processability, strong adhesion,
high mechanical strength, good thermal properties,
excellent chemical resistance, good design
flexibility, and ease of application, epoxy resin
materials have been used as a matrix of anti-
corrosive coatings of polymeric nanocomposites.
Epoxy coatings are used as tin can linings in the
food sector to avoid direct contact between food
and metal surfaces, which chemical
reactions [10].

It was found that combining two distinct
polymers improves the physico-chemical and
barrier properties for food applications. Researchers
are very interested in bio-based and biodegradable
polymers because they are environmentally benign
and renewable. Due to their great transparency,
chemical resistance, and gas barrier qualities,
copolymers have been used in food packaging in
several studies. The mechanical and antibacterial
capabilities of pure chitosan film are insufficient for
food packaging. Chitosan is combined with gelatin
to improve its mechanical, thermal and barrier
properties and utilised in food packaging. The
fundamental disadvantage of ethylene vinyl alcohol
copolymer is its moisture content sensitivity, which
causes thermal, barrier, and mechanical properties
to be reduced [11-13]. The poly(asparagine-co-
phenylalanine) copolymer is used for this
investigation due to the following two factors:
(1) The biobased copolymer poly(asparagine-co-
phenylalanine) P(Asn-co-Phe) exhibits
beneficial properties like aqueous solubility,
chiral recognition, high biocompatibility, stimuli
responsiveness, and antifouling properties; (2)
Due to their unique amino-acid sequence and
composition, these bio-inspired materials also
possess unique properties such as the possibility to
self-assemble via non-covalent interactions.

causes

several

The addition of nanoparticles improved the
thermomechanical performance of biopolymers, the
wettability of the polymer surface, the property of
hydrophobicity, the mechanical properties, the
barrier properties, and the antimicrobial activity.
Montmorillonite (MMT), zinc oxide (ZnO-NPs)
covered silicate, kaolinite, silver NPs (Ag-NPs),
and titanium dioxide (TiO,—NPs) are the most
common nanomaterials used in food packaging, as
well as aluminium oxide and metalloid-based
silicon dioxide [14—16]. Due to its wide surface
area, tin oxide (SnO,) has obtained essential
features such as biocompatibility, chemical
resistance, antioxidant, antibacterial [17], stability
towards reducing gases [18], low cost, and good
repeatability. The mechanical, barrier, and thermal
degradation  characteristics of  poly(butylene
adipate-co-terephthalate)/SnO> (PBAT/SnO,) were
all good [19]. Because of the interaction of Sn*'
with the amide and imide groups of polyanilines
(PANI), PANI/chitosan/SnO, has a higher thermal
stability [20]. Because of the presence of SnO»
nanoparticles in the composite coatings, the epoxy
(EP)/PANI/SnO; exhibits high corrosion resistance
of A-36 steel due to the formation of a better
oxygen permeability barrier, improved mechanical
properties, improved adhesion, elastic modulus,
tensile  strength, and smart anti-corrosion
formulations in protecting A-36 steel against harsh
environments [21]. Metal oxide nanocomposites
coated with PANI/epoxy/SnO, metal oxide nano-
composites give substantial corrosion resistance [22].
In seawater, surface modified NiO—epoxy nano-
composite showed good anticorrosive activity on
mild steel [23]. Lysine (LY)-GO/EP had superior
barrier qualities as well as better anti-corrosion
properties [24]. For food packaging applications,
poly (3-hydroxybutyrate-co-3-hydroxyvalerate)/ZnO
showed better barrier performance, as well as good
mechanical and thermal properties [25,26].

The goal of this project is to develop
nanocomposites containing poly(asparagine-co-
phenyl alanine) (P(Asn-co-Phe)) modified SnO,
and epoxy resin for use in packaging films, and to
determine the effect of epoxy resins and SnO;
concentrations on the barrier, mechanical, and
thermal properties of epoxidized films containing
P(Asn-co-Phe) modified SnO, nanoparticles in the
context of their potential use in food packaging.
Thermal, mechanical, morphological, and chemical
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resistance tests are used to investigate the effect of
4 wt.% SnO> on resin curing behaviour.

2 Experimental

2.1 Materials

The substrate is made of tinplate. Sigma—
Aldrich provided the diglycidyl ether of bisphenol
A (DGEBA) epoxy resin and the amine-containing
hardener (Epikure F205). P(Asn-co-Phe) was used
as a chemical modifier reagent. Ethanol and acetyl
acetone (AcAc) were also used for the synthesis of
nanocomposites. Merck Chemicals provided 98.0%
acetone, which was utilised as received.

2.2 Preparation of nanocomposites

The sol-gel process was used to make the
SnO, nanoparticles. 8 g hydrated tin chloride
(SnCl,-2H,0) was dissolved in pure ethanol in a
usual process (C:HsOH). In a closed three-necked
flask, the solution was agitated for 30 min using a
magnetic stirrer. For the hydrolysis of SnO;, around
5 mL of acetyl acetone (AcAc) was added drop by
drop. The solution was refluxed at 800 °C for 5 h
after 30 min to generate the SnO, sol solution.
P(Asn-co-Phe) was used as a chemical modifier
reagent, and 1 mL was added to the SnO; solution
and aged at 300 °C for 72 h. The sol was dried
at 1000 °C for 30 min before being calcined at
450 and 600 °C for 1h to generate SnO; nano-
particles [27]. To obtain a stable system, the
functionalized P(Asn-co-Phe)/SnO, nanoparticles
were mixed separately with epoxy resin and
aliphatic amine hardener (3:1) in a magnetic stirrer
(3000 r/min) for 1h. By adding various mass
fractions of functionalized SnO, nanoparticles
(1-5 wt.%) to the pure epoxy (EP) coating, several
formulations of nanocomposite coatings were
created. Tin plate was coated with EP, EP—SnO,,
EP—P(Asn-co-Phe), and EP—P(Asn-co-Phe)/SnOs,.
The epoxy resin utilised in this study is classified as
a fast-drying type epoxy in the industry. The liquid
epoxy resin was made up of a combination of
multifunctional low molecular mass diluents and
bisphenol A’s diglycidyl ether, while the curing
agent was made up of aliphatic amines. The epoxy
resin was used in a 3:1 mass ratio with the curing
agent. The EP—based nanocomposite was coated on
the tinplate specimen using spin coater. A coating
without nanoparticles was also prepared for

comparison. The coated specimen was kept at 50 °C
for 5d and stored in desiccators for at least three
weeks before the analysis. The thickness of the
coatings was found to be (40£2) pm as measured by
Minitest 600 Erichen digital meter. The corrosion
resistance and mechanical properties of the epoxy
nanocomposites were tested. Uncoated and coated
specimens were submerged in 0.1 mol/L HCI for 1,
24, 120, and 240 h, respectively [28].

2.3 Characterisation of modified SnO:

The thermal properties of SnO, and
P(Asn-co-Phe)/SnO, were evaluated by TGA
(Model NETZSCH STA 449 F3 JUPITER). The
crystalline size of the nanoparticles was determined
using X-ray diffraction studies (XRD, PW—1840,
Philips, Cu K, 40 kV, 30 mA). SEM/EDX procedure
from ZIESS Germany was used to evaluate the
product’s surface shape and content. The FTIR
spectroscopy was used to confirm SnO, and
P(Asn-co-Phe)/SnO, composite produced. The
AFM observation was carried out three times on
separate samples using a 20 Im scanner in tapping
mode to guarantee the authenticity of the findings.
For the pure SnO; nanoparticles and functionalized
P(Asn-co-Phe)/SnO; nanoparticles, TEM examination
was performed (JEOL: JEM 2100) at voltage of
200 kV.

2.4 Electrochemical studies

Electrochemical tests employing three
electrode systems immersed in 0.1 mol/L HCI] were
used to analyse the corrosion behaviour of pure
epoxy resin, EP—SnO,, EP—P(Asn-co-Phe), and
EP-P(Asn-co-Phe)/SnO; coated tinplate. 0.1 mol/L
HCl was utilised as the electrolyte. The coated
specimens serve as the working electrode, the
reference electrode is silver/silver chloride
(Ag/AgCl), and the counter electrode is platinum.
Electrochemical impedance spectroscopy (EIS) was
used to examine the electrochemical properties of
these coated specimens utilising Autolab PGSTAT
30, Echo Chemie, B.V., and Netherlands. EIS
investigations used a frequency range from 100 kHz
to 10 mHz.

Pure epoxy resin, EP—SnO,, EP—-P(Asn-
co-Phe), and EP-P(Asn-co-Phe)/SnO, coated
tinplates were subjected to scanning electrochemical
microscopy (SECM) measurements (CHI 920D
SECM) in 0.1 mol/L HCI for various exposure time
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(1, 24, 120, and 240 h). The ultramicroelectrode
(UME) tip was used for this approach. UME
monitored the redox activity of the solid/liquid
interface. The UME in this experiment was a
platinum microelectrode with a diameter of 20 um.
The reference, counter, and working electrodes
were Ag/AgCl, Pt strip, and coated surface,
respectively. The scratched coated surface was used
for SECM mapping. The potential of £0.250 V was
used from the @cor to carry out the polarization
studies with the scan rate of 10 mV/min. To confirm
that the results were repeatable, all electrochemical
measurements were carried out in triplicate.

2.5 Morphological investigations

SEM/EDX analysis was used to examine the
surface morphological structures and elemental
composition of EP, EP—SnO,, EP—P(Asn-co-Phe),
and EP—P(Asn-co-Phe)/SnO, coated tinplate after
240 h of immersion in 0.1 mol/L HCl (Model
JSM—-7610F). After 240h of immersion in
0.1 mol/L HCI, XRD tests were carried out on the
EP, EP—Sn0O,, EP—P(Asn-co-Phe), and EP—P(Asn-
co-Phe)/SnO, coated tinplate (Siemens DS5000
X-ray diffractometer).

2.6 Mechanical properties

The bonding strength of EP, EP—SnO,,
EP—P(Asn-co-Phe), and EP—P(Asn-co-Phe)/SnO,
coated tinplate was examined before and after
immersion in 0.1 mol/L HCl using the pull-off
adhesion test as per ASTM D4541 standard utilising
the testing equipment (Instron). To obtain reliable
results, the trials were repeated three times. The
microhardness was investigated using the HM113
Vickers hardness tester. To obtain reliable results,
five measurements were made for EP, EP—SnO,,
EP—P(Asn-co-Phe), and EP—P(Asn-co-Phe)/SnO,
coated tinplate. Before and after immersion in
0.1 mol/L HCI, the tensile strength of EP, EP—SnO,,
EP—P(Asn-co-Phe), and EP—P(Asn-co-Phe)/SnO,
coated tinplate was tested using the universal
testing equipment.

2.7 Permeability of O; and H,O

The pervaporation test was used to investigate
the water permeability of EP, EP—SnO,,
EP—P(Asn-co-Phe), and EP—P(Asn-co-Phe)/SnO,
nanocomposite coated tinplates before and after
exposure to 0.1 mol/L. HCl for various time.

According to ASTM D4491, water permeability
was determined by measuring the mass of water
passing through the film throughout the exposure
time, which ranged from 1 to 240 h. In addition, the
oxygen permeability of the coated tinplate was
tested according to ASTM D3985.

2.8 Antimicrobial activity assay

Using the agar well diffusion method, the
antibacterial activity of EP—P(Asn-co-Phe)/SnO;
nanocomposite against bacteria pathogens was
examined. Agar is a nutrient that is used to cultivate
bacteria. The germs were acquired from King
Institute of Preventive Medicine and Research,
Guindy, Chennai, Tamil Nadu, India. During this
study, two GNB (E. coli and P. aeruginosa) and one
GPB (S. aureus) microorganisms were employed.
The overnight bacterial culture was dissolved in
freshly prepared agar medium, which was then put
into sterilised petri dishes and allowed to solidify.
This procedure was carried out in a laminar flow at
room temperature, and wells with a diameter of
5mm were created in each plate using a sterile
micropipette tip, with a sterilised needle used to
remove the agar plug. Each stock suspension of
EP—P(Asn-co-Phe)/SnO; nanocomposite was made
and placed into each well and incubated at 37 °C
overnight. The activity of EP—P(Asn-co-Phe)/SnO,
nanocomposite was determined after 24 h by
measuring the inhibitory zone around each well.

3 Results and discussion

3.1 Investigation of modified SnO;
3.1.1 TGA/DSC

In order to understand the thermal behaviour
and interaction between the polymer and SnO,
nanoparticles of the prepared P(Asn-co-Phe)/SnO,
composite, the TGA analysis was carried out and
the results are displayed in Fig. 1. From the TGA
analysis, the thermal degradation of SnO;
nanoparticles occurred with the mass loss of
15% and 60% with initial degradation at 100 °C
and final decomposition at 210 °C. The initial
degradation is because of the evolution of water
and low molecular mass oligomers. In the case of
P(Asn-co-Phe)/SnO,, films show an increased
thermal stability compared to the pure SnO; nano-
particles. The P(Asn-co-Phe)/SnO, nanocomposite
shows the initial degradation temperature at 270 °C
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Fig.1 TGA (a) and DSC (b) curves for pure SnO,
nanoparticles and P(Asn-co-Phe)/SnO, nanoparticles

with 10% mass loss and final degradation
temperature is around 370 °C with 50% mass loss,
and this is reasonably higher compared to the pure
SnO, nanoparticles, due to high thermal properties
of SnO; in the polymer matrixes. DSC results are
shown in Fig.1 for SnO; nanoparticles and
P(Asn-co-Phe)/SnO, nanocomposite samples. An
endothermic peak for SnO, nanoparticles is
observed at 200°C and exothermic peak at
42 °C. For P(Asn-co-Phe)/SnO, nanocomposites,
endothermic peak is observed at 380 °C and
exothermic peak at 480 °C. The endothermic peak
refers to the evaporation of water in the sample. The
exothermic peak is related to the decomposition of
the products.
3.1.2 XRD

The XRD patterns of SnO, and P(Asn-co-Phe)
are presented in Fig. S1 of Supplementary Material.
It is seen that the nanocrystalline peaks are
observed at (26) 25.72°, 35.30°, 37.94°, 52.70°,
57.66°, 61.44°, 66.66°, and 77.0° for pure SnO,

nanoparticles, which are related, respectively, by
their indices (110), (101), (200), (211), (220), (310),
(301) and (321) corresponding to typical tetragonal
type of SnO, (JCPDS data card 71-0652) [29].
The XRD pattern of P(Asn-co-Phe)/SnO, nano-
composite shows slight shift from their respective
standard positions due to P(Asn-co-Phe) matrix.
However, the intensities of the peaks are reduced to
some extent. This indicates the presence of SnO;
and suggests that there is a kind of interaction
between P(Asn-co-Phe) and SnO, nanoparticles
which lead to the non-destruction of SnO;
nanoparticles [30].
3.1.3 FTIR

The FTIR spectra of SnO, nanoparticles are
shown in Fig. 2, with a broad band ranging from
3481 to 3280 cm™! and a smaller peak at 1638 cm™!
ascribed to the O—H moiety’s stretch and bend
vibrational mode. The Sn—O vibration in lattice
structures causes the peak in the region of
1587-921 cm™!. Because of the homogeneity of
two peaks at 685 and 537 cm™! that are assigned
to vibrational mode of Sn—O—Sn and Sn—O,
respectively, the wide range bands at 770-423 cm™!

(©)

(b)

(a)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig.2 FTIR spectra of pure SnO, nanoparticles (a),
P(Asn-co-Phe) (b) and P(Asn-co-Phe)/SnO; (c)
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exist. The N—H bending vibration (amide II) band
at 1543 cm™! and the C=0 stretching vibration
(amide I) band with a maximum at 1657-1649 cm™
and a shoulder at 1719 cm™! identifies the helical
secondary conformation of polypeptide chain. The
appearance of a prominent shoulder of amide I
at 1617 cm™' demonstrates the presence of sheet
structures. The resulting product, P(Asn-co-Phe)/
SnO,, has peaks at 1728, 1475, and 1209 cm™
when SnO, nanoparticles are functionalized with
P(Asn-co-Phe). The broad peak at 763—426 cm™!
can also be seen in the wide range bands. The
functionalization of SnO, by P(Asn-co-Phe) is
confirmed by these peaks.
3.1.4 AFM

Figure 3 shows the typical AFM images for
pure SnO, nanoparticles and P(Asn-co-Phe)/SnO,

60 nm

Fig. 4 SEM/EDX results of pure SnO, nanoparticles (a, b), and P(Asn-co-Phe)/SnO> nanoparticles (c, d)

2141

nanoparticles. The AFM image of SnO; nano-
particles shows smooth topographic features,
whereas the image of P(Asn-co-Phe)/SnO, nano-
particles shows rough surface morphology. For pure
SnO; nanoparticles, the size is found to be 60 nm,
whereas for P(Asn-co-Phe)/SnO, nanoparticles, the
size is observed to be 80 nm. The increase in the
size and the surface area of P(Asn-co-Phe)/SnO,
nanoparticles shows the functionalization of SnO,
with P(Asn-co-Phe).
3.1.5 SEM/EDX

The SEM images of SnO, nanoparticles and
P(Asn-co-Phe)/SnO, nanoparticles are depicted in
Figs. 4(a, c). Figure 4(a) shows the agglomerated
spherical structure of SnO, nanoparticles of
60 nm. Figure 4(c) shows the well-dispersed SnO,
nanoparticles in the polymer matrix. The elements

80 nm

Sn ®)

2 3 4 5 6 7 8 9 10
Energy/keV

(d)

Sn

2 3 4 5 6 7 8 9 10
Energy/keV
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present in the SnO, nanoparticles and P(Asn-co-
Phe)/SnO, nanoparticles are shown in Figs. 4(b, d),
respectively. It is confirmed from the EDX analysis,
that the SnO, nanoparticles consist of stannum
and oxygen only, whereas P(Asn-co-Phe)/SnO, nano-
particles consist of C, N, Sn and O. Therefore, it is
confirmed that the SnO, nanoparticles are modified
by P(Asn-co-Phe) [31].
3.1.6 TEM

TEM has been utilized to further investigate
the morphologies and crystalline structure of the
P(Asn-co-Phe)/SnO, nanoparticles. Figures 5(a, b)
show the TEM images of pure SnO, nanoparticles
and P(Asn-co-Phe)/SnO, nanoparticles. The image
in Fig. 5(a) shows that the particles are in nano
meter range and are agglomerated. The image
clearly shows the crystalline nature of the pure
SnO, nanoparticles. It is observed from Fig. 5(b)
that the SnO; nanoparticle is uniformly dispersed in
polymer matrix. The distribution pattern between
SnO, nanoparticles and the polymer shows
that the SnO, nanoparticles are encapsulated by
P(Asn-co-Phe), which confirms the uniform
distribution of nanoparticles into the polymer
matrix [32].

Fig. 5 TEM images of pure SnO, nanoparticles (a) and
P(Asn-co-Phe)/SnO; nanoparticles (b)

3.2 Electrochemical investigation
3.2.1 Electrochemical impedance spectroscopy

Figure S2 in Supplementary Material displays
the Nyquist plots for tinplate, pure epoxy and
different mass fractions of P(Asn-co-Phe)/SnO;
nanoparticles in the epoxy coating on tinplate
immersed in 0.1 mol/L HCL. The coating resistance
increases sharply by the addition of 4 wt.% SnO;
nanoparticles to the epoxy. Introduction of SnO»
nanoparticles beyond 4 wt.% to epoxy coating
decreases the coating resistance. From this, it is
observed that, the optimal content of SnO;
nanoparticles is found to be 4 wt.%. Beyond 4 wt.%,
there is a decrease in the coating resistance. This
may be due to the improper and nonuniform
dispersion of SnO» nanoparticles at higher content.
Figures 6(a—d) depict the Nyquist plots of EP,
EP-SnO,, EP—P(Asn-co-Phe) and EP—P(Asn-co-
Phe)/SnO, nanocomposite coating on tinplate
immersed in 0.1 mol/L HCI for 1, 24, 120 and
240 h, respectively. It is observed that impedance
decreases with increase in exposure time. The
highest impedance is observed for EP—P(Asn-co-
Phe)/SnO; nanocomposite coatings. The improved
impedance in EP—P(Asn-co-Phe)/SnO, composite
may be due to the reduced passageways of
0.1 mol/L HCI solution into the coating/tinplate
interface in the presence of P(Asn-co-Phe)/SnO;
nanoparticles. From this observation, it is suggested
that the EP—P(Asn-co-Phe)/SnO, nanocomposite
film displays superior barrier properties against
corrosion. Figure S3 in Supplementary Material
shows the equivalent electrical circuit diagrams for
EP, EP—SnO,, EP—P(Asn-co-Phe) and EP—P(Asn-
co-Phe)/SnO, nanocomposite coating on tinplate
immersed in 0.1 mol/L HCI for 1, 24, 120 and
240 h. The components of the coated tinplate are
solution resistance (R;), charge transfer resistance
(R), coating resistance (Rcoat), constant phase
element as the double layer capacitance (CPEq) and
constant phase element of coating (CPEcoa).

Table 1 displays electrochemical parameters
obtained after fitting the Nyquist plots. The R
values of the epoxy, EP—SnO,, EP—P(Asn-co-Phe)
and  EP-P(Asn-co-Phe)/SnO,  nanocomposite
coatings are found to be 109.99, 1364.70, 1675.17,
and 3985.12 kQ-cm?, respectively, compared to
bare tinplate (35.12 kQ-cm?) for 1 h immersion in
0.1 mol/L HCI solution. However, the R value of
EP—P(Asn-co-Phe)/SnO; nanocomposite gets very
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Fig. 6 Nyquist plots of pure epoxy resin (EP) (a), EP—SnO> (b), EP—P(Asn-co-Phe) (c) and EP—P(Asn-co-Phe)/SnO> (d)
nanocomposite coating on tinplate immersed in 0.1 mol/L HCI for 1, 24, 120 and 240 h

Table 1 Fitted results of EIS using equivalent circuit

Sample Time/h o Reou CP,EC/ _ Re Red CPF al _ ndl
(Q-cm?) (kQ-cm?)  (uF-s™!-em™) (kQ-cm?)  (uF-s™'-cm??)

1 105 - - - 35.12 387.45 0.63
Bare 24 90 - - - 21.45 678.50 0.60
tinplate 120 71 - - - 11.65 998.90 0.57
240 60 - - - 0.12 1205.35 0.54
1 119 101.41 52.15 0.70 109.97 310.41 0.74
Epoxy (EP) 24 107 82.78 91.23 0.68 93.12 546.70 0.72
coating 120 98 55..39 111.38 0.66 62.76 712.34 0.70
240 87 01.03 143.25 0.64 02.80 904.25 0.68
1 129 1211.44 60.24 0.74 1364.70 276.78 0.80
EP-SnO» 24 121 1074.98 111.67 0.72 1178.65 556.40 0.78
coating 120 114 878.45 131.23 0.70 908.43 678.90 0.76
240 109 686.30 155.70 0.68 701.90 798.15 0.74
1 141 1368.90 70.95 0.78 1475.17 256.12 0.84
EP-P(Asn-co-Phe) 24 135 1145.75 85.71 0.76 1258.56 417.40 0.82
coating 120 128 941.24 100.78 0.74 1076.43 608.75 0.80
240 119 723.17 120.09 0.72 898.35 751.17 0.78
1 178 3854.70 88.66 0.84 3985.12 218.19 0.88
EP-P(Asn-co-Phe)/ 24 161 3779.19 120.97 0.83 3875.70 325.56 0.87
SnO; coating 120 143 3659.25 148.80 0.82 3797.45 476.97 086

240 131 3565.75 254.17 0.81 3699.42 512.45 0.85
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slowly decreased to 3699.42 kQ-cm? compared to
the EP-SnO; (701.90 kQ-cm?), and EP-P(Asn—
co—Phe) (898.35kQ-cm?) coating for 240h
immersion in 0.1 mol/LL HCl. This is because of
the hard dense layer of P(Asn-co-Phe)/SnO,
nanoparticles formed at the polymer interface
matrix, which helps to enhance the better corrosion
protection performance of the composite coating on
tinplate [33].

The coating resistance values of tinplate
coated with EP, EP—SnO,, EP—P(Asn-co-Phe)
and EP—-P(Asn-co-Phe)/SnO, nanocomposite are
101.41, 1211.44, 1568.90 and 3854.70 kQ-cm?,
respectively, for 1 h immersion in 0.1 mol/L HCI.
However, very slow decrease in the coating
resistance is observed for tinplate coated with EP—
P(Asn-co-Phe)/ SnO, (3565.75 kQ-cm?) compared
to EP-SnO, (386.30 kQ-cm?), and EP—P(Asn-
co-Phe) (723.17 kQ-cm?) for 240 h immersion in
0.1 mol/L HCI solution. Pure epoxy displays much
lower coating resistance compared to EP—P(Asn-
co-Phe)/SnO, nanocomposite coatings on tinplate.
Higher coating resistance of EP—P(Asn-co-Phe)/
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SnO; indicates the superior anti-corrosion ability of
the coatings. The improved values of coating and
charge transfer resistances are shown by EP-
P(Asn-co-Phe)/SnO,, which results from good
dispersion of P(Asn-co-Phe)/SnO; nanoparticles in
polymer matrix which prevents the degradation of
the coating against corrosive ions.
3.2.2 Potentiodynamic polarization studies

Figure 7 demonstrates the polarization curves
of EP, EP—SnO,, EP—P(Asn-co-Phe) and EP-
P(Asn-co-Phe)/SnO, nanocomposite coating on
tinplate immersed in 0.1 mol/L HCI for 1, 24, 120
and 240 h, respectively. The resultant plots are
extrapolated and the data are displayed in Table 2.
The analysis of the data shows that the steel
specimen coated with EP—P(Asn-co-Phe)/SnO»
nanocomposite exhibits reduced current density
(Jeorr) due to corrosion and least corrosion rate (CR).
However, enhanced values of J.on and CR are
obtained for the plain PU coated specimen. This
confirms the improved barrier properties of the
EP—P(Asn-co-Phe)/SnO, coated specimen due
to the effective reaction between highly reactive
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Fig. 7 Potentiodynamic polarization curves of pure epoxy resin (EP) (a), EP—SnO> (b), EP—P(Asn-co-Phe) (c) and
EP—P(Asn-co-Phe)/SnO, (d) nanocomposite coating on tinplate immersed in 0.1 mol/L HCI for 1, 24, 120 and 240 h
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Table 2 Results of potentiodynamic polarization measurements

Sample Time/h Peor/mV Jeor/(WA-cm™2)  Rp/(kQ-cm?) CR/(mm-a™")
1 =597 61.25 35.56 0.9998
Bare 24 =721 78.06 21.21 1.9942
tinplate 120 —846 96.14 11.65 3.1054
240 —970 117.55 0.13 5.4897
1 —402 18.02 211.80 0.2264
Epoxy (EP) coating 24 —446 22.88 176.15 0.2485
120 =501 31.00 118.53 0.2673
240 -567 46.87 3.92 0.2819
1 -306 8.25 2576.27 0.1645
EP-SnO, 24 =350 15.34 225375 0.1809
coating 120 —403 22.34 1786.99 0.2022
240 —446 29.15 1388.31 0.2212
1 -197 3.28 2844.21 0.1452
EP—P(Asn-co-Phe) coating 24 =245 5.45 2404.45 0.1645
120 =300 7.92 2017.80 0.1812
240 —346 9.12 1621.52 0.2018
1 —-103 1.05 7840.53 0.0070
EP—P(Asn-co-Phe)/SnO, 24 —-116 1.28 7655.63 0.0084
coating 120 —135 1.42 7456.81 0.0102
240 —-157 1.65 7264.78 0.0126

nanoparticles (P(Asn-co-Phe)/Sn0O,) and epoxy slightly changed (R,: 7264.78 kQ-cm? and CR:

matrix. The values of Je.on for bare steel, EP,
EP—Sn0O,, EP-P(Asn-co-Phe) and EP—-P(Asn-
co-Phe)/SnO, coated specimens are found to be
61.25, 18.02, 8.25, 328 and 1.05puA/cm?
respectively, when these specimens are in contact
with the electrolyte for 1 h. However, these values
of Jeor for bare steel, EP, EP—SnO,, EP—P(Asn-
co-Phe) and EP-P(Asn-co-Phe)/SnO, coated
specimens are increased to 117.55, 46.87, 29.15,
9.12 and 1.65 pA/cm?, respectively, when these
specimens are in contact with the chloride media
for longer time (240 h). Moreover, higher R, and
lower corrosion rate (CR) values are obtained for
bare steel (Rpy: 35.56 kQ-cm?and CR: 0.9998 mm/a),
EP (R,: 211.80 kQ-cm?and CR: 0.2264 mm/a), EP—
SnO, (Ry: 2576.27 kQ-cm? and CR: 0.1809 mm/a),
EP—P(Asn-co-Phe) (R,: 2844.21 kQ-cm? and CR:
0.1452 mm/a), and EP—P(Asn-co-Phe)/SnO, (R;:
7840.53 kQ-cm? and CR: 0.0074 mm/a) coated
specimens at 1h. The values of CR and R, for
EP—P(Asn-co-Phe)/SnO, coated specimen are

0.0126 mm/a) even when they are in contact with
the electrolyte for the longer period (240 h).

These results show that the addition of
P(Asn-co-Phe)/SnO, nanoparticles to the epoxy
matrix improves drastically when it is compared
with other investigated coatings such as EP,
EP-SnO,, and EP—P(Asn-co-Phe). The reactive
P(Asn-co-Phe)/SnO; nanoparticles help to form a
uniform and compact coating due to the cross-
linking structures which impede the movement of
ions towards metal—coating interface. However,
drastic degradation of pure epoxy coated specimen
is noticed even during the short period of exposure
to the electrolytes. On the other hand, EP—
P(Asn-co-Phe)/SnO, coated specimen shows least
degradation behavior even after prolonged contact
with the electrolytes, thus improving the life span of
the coated specimen.

3.2.3 SECM studies

Figure 8 shows SECM measurements of EP,

EP—SnO,, EP—P(Asn-co-Phe) and EP—P(Asn-co-
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Phe)/SnO, nanocomposite coating on tinplate for 1
and 240 h at +0.60 V in 0.1 mol/L HCI [34]. The
highest current at the defects is due to the oxidation
of ferrous ions. The epoxy coated tinplate shows
5.7nA for 1h whereas the current for 240 h is
14.9 nA. This increase in current on exposure with
time is due to the oxidation of Fe?" to Fe*" ions.
The resulting currents at the scratched EP—SnO,,
EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO;
coated tinplate for 1 h immersion in 0.1 mol/L HCl
solution are 3.8, 2.0 and 1.5nA, respectively.
However, the currents at the scratched EP—SnO,,
EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO;

coated tinplate for 240 h immersion in 0.1 mol/L
HCI solution are 9.0, 5.1 and 2.8 nA, respectively. It
is observed that EP—P(Asn-co-Phe)/SnO, coated
tinplate shows less current distribution at the
scratched coated surface due to less dissolution of
Fe*" ions.

Figure 9 depicts the SECM measurements of
neat EP, EP-SnO,, EP—P(Asn-co-Phe) and EP—
P(Asn-co-Phe)/SnO, nanocomposite coating on
tinplate for 1 h and 240 h at +0.17 V in 0.1 mol/L
HCI solution. The highest current at the defects is
due to the formation of stannous ions. The epoxy
coated tinplate shows 14.8 nA for 1 h whereas the
current for 240 h is 24.9 nA. The rate of increased
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Fig. 9 SECM results of pure EP (a, b), EP—SnO: (c, d),
EP-P(Asn-co-Phe) (e, f) and EP—P(Asn-co-Phe)/SnO,
(g, h) nanocomposite coating on tinplate immersed in
0.1 mol/L HCI for 1 and 240h at tip potential of
+0.17V vs Ag/AgClI/KCl reference electrode for
detection of stannous ions
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dissolution of tinplate with increase in the contact
time with the electrolyte is due to the oxidation of
Sn** ions to Sn*' ions. The resultant currents
detected at the defects of EP—SnO,, EP—P(Asn-
co-Phe) and EP-P(Asn-co-Phe)/SnO, coated
tinplate for 1h immersion in 0.1 mol/L HCI
solution are 5.9, 3.8 and 1.8 nA, respectively.
However, the currents detected at the defects of
EP-SnO,, EP-P(Asn-co-Phe) and EP—P(Asn-co-
Phe)/SnO; coated tinplate for 240 h immersion in
0.1 mol/L HCI solution are 12.1, 8.5 and 3.5 nA,
respectively. It is observed that the EP—P(Asn-co-
Phe)/SnO, coated tinplate shows less current
distribution of 1.8 and 3.5 nA, respectively. In both
cases, for the coated samples at tip potential of
+0.60 and +0.17 V, the current increases with
increasing the immersion time. Moreover, a lower
tip current observed at the scratch of EP—SnO,,
EP—-P(Asn-co-Phe) and EP—-P(Asn-co-Phe)/SnO»
coated tinplate results in the development of passive
layer [35]. The passive layer formation prevents the
dissolution of tinplate. Hence, the incorporation of
P(Asn-co-Phe)/SnO; nanoparticles in epoxy matrix
enhances the tinplate resistance against corrosion.
Hence, the SECM studies show that the inclusion
of P(Asn-co-Phe)/SnO, in the epoxy coating on
tinplate enhances the protection of tinplate due to
the presence of N and adsorption of amino acids on
the active corrosion sites of the metal sites [36].

The peak currents (/peak) at +0.60 and +0.17 V
(vs Ag/AgCl/saturated KCl) are calculated for the
detection of ferrous and stannous ions from Figs. 8
and 9 according to the line scan analysis, as
shown in Fig. S4(a, b) in Supplementary Material,
respectively. From Fig. S4(a), Ik due to the
detection of ferrous ions is higher for EP coated
specimen (14.9 nA/cm?) than that of EP—P(Asn-
co-Phe)/SnO; coated tinplate (2.8 nA) after 240 h.
There is a sharp increase in /e for the pure epoxy
coated specimen with test time due to the increase
in the dissolution of Fe. On the other hand, there is
slow increase in Ipax for EP—P(Asn-co-Phe)/SnO;
coated tinplate with test time due to the formation
of corrosion products at the scratch which decrease
the further dissolution of Fe. However, from
Fig. S4(b), Ilpeak due to the detection of stannous
ions is found to be much higher for EP coated
specimen (24.9 nA) than that of EP—P(Asn-co-
Phe)/SnO; coated tinplate (3.5 nA) after 240 h.
There is a sharp increase in Iy for the pure epoxy

coated specimen with test time due to the increase
in the dissolution of stannum. On the other hand,
there is slow increase in Ipak for EP—P(Asn-co-
Phe)/SnO; coated tinplate with test time due to the
formation of corrosion products at the scratch
which decrease the further dissolution of Sn. From
this analysis, it is concluded that the rate of
corrosion of the EP coating is much higher than that
of the EP—P(Asn-co-Phe)/SnO; coated tinplate due
to increased dissolution of Fe and Sn at prolonged
exposure to the electrolyte.

3.3 Water contact angle measurements

Water contact angle measurements were
carried out in order to get information about the
investigated coatings whether they are hydrophilic
or hydrophobic. Hydrophobic property confirms the
barrier abilities of the coatings. Figure 10 presents
water contact angle measurements on pure EP,
EP—-Sn0O,, EP—P(Asn-co-Phe) and EP—P(Asn-co-
Phe)/SnO; coating surfaces. The contact angles on
pure EP, EP-SnO,, EP-P(Asn-co-Phe) and
EP—P(Asn-co-Phe)/SnO; are found to be 75°, 95°,
102°, and 133°, respectively. The surface is said to
be hydrophilic if the angle value is less than 90°,
and if the value is greater than 90°, it is said to be
hydrophobic [37,38]. The EP—SnO,, EP—P(Asn-co-
Phe) and EP—P(Asn-co-Phe)/SnO, coated surfaces
are found to be hydrophobic. However, the
EP—P(Asn-co-Phe)/SnO, coated surface shows
superior hydrophobic property, which demonstrates
superior barrier properties among the investigated
sample coatings. These results compliment other
results of the investigated coatings.
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Fig. 10 Water contact angle on pure epoxy resin (EP),
EP—Sn0O,, EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/
SnO; nanocomposite coated tinplate surfaces
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3.4 Surface morphological studies
3.4.1 SEM/EDX

Figure 11 depicts the SEM/EDX analyses
of the cross-sectional area of EP, EP—SnO,,
EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO;
nanocomposite coated tinplate after 240h of
immersion in 0.1 mol/L HCI. In the EP coating, the
cracks/defects are highly visible. However, no
significant cracks/pores are found for EP—SnO.,
EP—P(Asn-co-Phe) and EP-P(Asn-co-Phe)/SnO,
nanocomposite coated tinplate. The P(Asn-co-Phe)/

Joseph Raj XAVIER, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2136—-2154

SnO, nanoparticles in the epoxy matrix help to
block the aggressive ions reaching the bare part of
the specimen. This suggests that the examined
coated tinplate has improved corrosion resistance.
The degradation products contain C, N, O, Sn, and
increasing quantity of Fe, as evidenced by the EDX.
EP—P(Asn-co-Phe)/SnO, nanocomposite coated
tinplate has anticorrosion capabilities due to the
production of complex oxides and chlorides of C,
Sn, and Fe at scratch. As a result of the creation of
stable adherent oxide layers at the coating/ tinplate
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Fig. 11 SEM/EDX results of pure EP (a, b), EP-SnO: (c, d), EP—P(Asn-co-Phe) (e, f) and EP—P(Asn-co-Phe)/
SnO; (g, h) nanocomposite coated tinplate after 240 h of immersion in 0.1 mol/L HCI
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tinplate interface, the corrosion resistance of the
investigated nanocomposite coated tinplate is
improved. The presence of nitrogen in the
P(Asn-co-Phe) helps to increase the adhesive
strength and enhances the protective performance of
EP—P(Asn-co-Phe)/SnO, nanocomposite.
3.4.2 XRD analysis of investigated coatings

Figure 12 shows the XRD patterns observed
for the pure EP, EP—SnO,, EP—P(Asn-co-Phe) and
EP—P(Asn-co-Phe)/SnO, nanocomposite coated
tinplate after 240 h of immersion in 0.1 mol/L HCI.
The formation of degradation products after 240 h
immersion of EP, EP—SnO,, EP—P(Asn-co-Phe) and
EP—P(Asn-co-Phe)/SnO;, is clearly seen by the
XRD investigation. From the analysis it is revealed
that the corrosion products contain mainly SnO,,
Fes04 and y-FeOOH. In EP—P(Asn-co-Phe)/SnO;
after 240 h immersion, small peak formation of
SnO, and Fe;04and enhanced peak of y-FeOOH is
observed. The creation of a tiny peak of Fe3;Os
along with EP—P(Asn-co-Phe)/SnO; nanocomposite
coatings over tinplate reveals that corrosion
happens in a regulated manner. The tinplate coated
with epoxy shows enhanced peak formation of
y-FeOOH. The intensity of the peak is higher for EP
resin compared to that of EP—SnO,, EP—P(Asn-

co-Phe) and EP—P(Asn-co-Phe)/SnO, nanocomposites.

The intensity of the peak is found to be reduced in
EP—P(Asn-co-Phe)/SnO; due to the adsorption of
SnO; nanoparticles. This research demonstrates that
P(Asn-co-Phe) can be functionalized using SnO,
nanoparticles.
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. L] L]
. n ol
e —y-FeOOH

s —Fe;0, EP-P(Asn-co-Phe)

W JL...A | EP-snO,

Epoxy resin (EP)

Ly L | e

20 30 40 50 60 70
201(°)

Fig. 12 XRD patterns for pure epoxy resin (EP), EP—
SnO,, EP-P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO,
nanocomposite coated tinplate after 240 h of immersion
in 0.1 mol/L HCl

3.5 Mechanical properties of coated tinplate

The adhesion strength, hardness, and tensile
strength of pure EP, EP—SnO,, EP—P(Asn-co-Phe),
and EP—P(Asn-co-Phe)/SnO, nanocomposite coated
tinplate were measured before and after varied
periods of immersion in 0.1 mol/L HCIL. As a
control, pure epoxy resin was employed in this
experiment. The adhesion strength of pure EP,
EP—-Sn0O,, EP-P(Asn-co-Phe) and EP—P(Asn-co-
Phe)/Sn0O, before immersion is found to be 5.1, 7.2,
8.1 and 9.0 MPa, respectively, as shown in Fig. 13(a).
After 240 h of immersion in 0.1 mol/L HCI, the
adhesion strength of EP—SnO,, EP—P(Asn-co-Phe),
and EP-P(Asn-co-Phe)/SnO, nanocomposite is
found to be 3.0, 4.0, and 7.0 MPa, respectively, in
comparison to the pure epoxy coating adhesion
strength of 1.0 MPa. Higher surface roughness and
flexibility in the composite film are attributed to the
doping of SnO; nanoparticles and epoxy resin into
the polymer matrix, which improves the adhesion.
The improved adhesion property of EP—P(Asn-
co-Phe)/SnO, nanocomposite plays a crucial role
in preventing coated tinplate from corrosion.
Figure 13(b) shows the hardness values of pure EP,
EP—Sn0O,, EP-P(Asn-co-Phe) and EP—P(Asn-
co-Phe)/SnO, nanocomposite coated tinplate before
and after immersion in 0.1 mol/L. HCl. The
hardness values before immersion for EP, EP—SnO,,
EP-P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO,
are found to be 270, 400, 500 and 650 MPa,
respectively. However, the hardness values of
EP—Sn0O,, EP—P(Asn-co-Phe) and EP—P(Asn-co-
Phe)/Sn0O, nanocomposite are found to be 201, 299
and 550 MPa, respectively, after immersion for
240 h in 0.1 mol/L HCI acid medium. The hardness
value of EP—P(Asn-co-Phe)/SnO, nanocomposite is
found to be higher even after 240 h of immersion in
acidic medium in comparison with EP coating
(80 MPa). Tensile strength values of pure EP,
EP-SnO,, EP—P(Asn-co-Phe), and EP—P(Asn-co-
Phe)/SnO, nanocomposite coated tinplate before
and after immersion in 0.1 mol/LL HCI are shown in
Fig. 13(c). Before immersion, the tensile strengths
of EP, EP—SnO,, EP—-P(Asn-co-Phe), and EP-
P(Asn-co-Phe)/SnO, are 50, 70, 90, and 110 MPa,
respectively. After 240 h of immersion in 0.1 mol/L
HCI, the tensile strength of pure epoxy samples
drops to 20 MPa, while EP—P(Asn-co-Phe)/SnO,
nanocomposite reaches 90 MPa. Van der Waals
forces increases due to the increase in the number
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Fig. 13 Results of adhesion strength (a), hardness (b),
and tensile strength (c) of pure epoxy resin (EP), EP—
SnO,, EP-P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO,
nanocomposite coated tinplate before and after different
time of immersion in 0.1 mol/L HCI (Average values of
the samples (error bars = standard deviation), calculated
on 10 different samples; *p-value<0.05)

of electrons present and size of the molecule.
Larger molecules have a larger “surface area” of its
electron cloud, this also becoming subject to
stronger Van der Walls forces. The findings show

that functionalizing SnO; with P(Asn-co-Phe) and
incorporating it (P(Asn-co-Phe)/Sn0O,) into epoxy-
based coatings is a potential way to build multi-
functional coatings with corrosion resistance and
adhesion strength. The existence of organic—
inorganic functional groups in the sol—gel network
is responsible for these results. Strong covalent
bonds can promote adhesion and provide a barrier
effect that protects the substrate from corrosion.
The inclusion of SnO. nanoparticles into the
polymer matrix enhances the flexibility and surface
roughness by weakening the Vander der Waals
force. As a result, the tinplate is protected from
degradation by its improved adhesion strength,
hardness, and tensile strength.

3.6 Oxygen and water permeability test for

coated tinplate

Figure S5(a) in Supplementary Material shows
the permeability of oxygen for EP, EP—SnO.,
EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO,
nanocomposite coated tinplate before and after
different time of immersion in 0.1 mol/LL HCI. After
1 h of immersion, the permeation of oxygen for
neat epoxy is initially less; it is achieved to be
2.5x1072mL-mm/(1.01x10° m?-d-Pa)). The oxygen
permeation can increase with increase of immersion
time (5.0x102mL-mm/(1.01x10° m?-d-Pa) after
240 h owing to the development of large micro-
pores in the coating surface. The incorporation of
P(Asn-co-Phe)/SnO: to the epoxy polymer disrupts
crystallinity and holds hydroxyl groups that could
normally be associated in hydrogen bonding with
oxygen and lowers the oxygen permeation. The
P(Asn-co-Phe)/SnO, composites can enhance the
oxygen barrier property of the film by developing a
tortuous path. The results are found to be 2.25x1072,
1.75%1072 and 0.5%1072 mL-mm/(1.01x 10° m?-d-Pa)
for EP-SnO,, EP-P(Asn-co-Phe) and EP-
P(Asn-co-Phe)/SnO,, respectively, after 240 h of
immersion. The EP—P(Asn-co-Phe)/SnO, nano-
composite shows decreased oxygen permeability in
comparison to pure EP and EP—P(Asn-co-Phe)
coatings. The crystalline nature and excellent
dispersion of SnO, nanoparticles in the polymer
matrix contribute to the reduced gas permeability.
The gas permeability barrier studies indicate
that the EP—P(Asn-co-Phe)/SnO, nanocomposite
coating is more susceptible and excellent gas barrier
material to prevent from corrosion.
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Figure S5(b) in Supplementary Material shows
the permeability of water for pure EP, EP—SnO,,
EP—P(Asn-co-Phe) and EP—P(Asn-co-Phe)/SnO,
nanocomposite coated tinplate before and after
different time of immersion in 0.1 mol/L HCI. The
water permeability of neat epoxy (12.2% water
content) is higher than that of EP—SnO, (8.1% water
content), EP—P(Asn-co-Phe) (5.2% water content)
and EP—P(Asn-co-Phe)/SnO, (0.9% water content)
nanocomposites after 240h of exposure to the
electrolyte. It is observed that the incorporation
of P(Asn-co-Phe)/SnO, to epoxy resin shows
decreased water absorption in the coatings. This
decrease in values is most likely due to improved
miscibility and dispersion, which leads to an
increase in tortuosity in the matrix, which can limit
the humidity or water vapour movement.

3.7 Antimicrobial activity

The agar well diffusion method was used to
determine the antibacterial properties of EP—P(Asn-
co-Phe)/SnO; nanocomposite against GNB (E. coli,
P aeruginosa), and GPB (S. aureus). Figure 14
displays the zones of inhibition showing the
antibacterial activity of EP and EP—P(Asn-co-Phe)/
SnO; nanocomposite. Table S1 in Supplementary
Material shows a definite zone of inhibition
emerging around the wells as a result of activity.
The results show that the EP—P(Asn-co-Phe)/SnO,
nanocomposite in wells increases the antibacterial
activity as compared with pure EP. Although the
specific mechanism of EP—P(Asn-co-Phe)/SnO,
nanocomposite’s antibacterial action is unknown, it
is thought that the release of Sn cations in aqueous
solution has the ability to limit the growth of
bacterial species. Rather than GPB, the EP-
P(Asn-co-Phe)/SnO; nanocomposite demonstrates
stronger action against GNB. This is due to
differences in the chemical structure of both types
of bacteria’s cell walls. The strong peptidoglycan
layer present in the cell wall of GPB provides
higher strength and resistance to EP—P(Asn-
co-Phe)/SnO, nanocomposite invasion. The cell
wall of GNB, on the other hand, is made up of a
soft layer of peptidoglycan that allows penetrating
agents to enter more easily. The increased activity
of EP—P(Asn-co-Phe)/SnO; nanocomposite against
GNB could also be attributed to the strong negative
surface caused by the presence of phospholipid and
lipopolysaccharide, which give a binding site for Sn

cation to adhere to bacteria’s surface and rip the
outer membrane. Due to the presence of teichoic
acid, the partly negative surface of GPB acts as a
poor binding site for metal cations, resulting in
minimal growth inhibition. Sn cation, super oxide
radical anions, and hydroxyl radicals are formed in
an aqueous suspension of EP—P(Asn-co-Phe)/SnO;
nanocomposite. The EP—P(Asn-co-Phe)/SnO; nano-
composite releases Sn ions, which bind with the
thiol group of a crucial bacterial
inactivating and killing microorganisms. When light
strikes the EP—P(Asn-co-Phe)/SnO, nanocomposite
surface, electrons are excited, which produces
oxygen ions in interaction with absorbed oxygen,
resulting in the creation of H,O, when combined
with H,O molecules. As a result of entering into the
bacterial cell, H,O» disrupts cytoplasmic activities
and proves lethal to the germs.

enzyme,
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Fig. 14 Zones of inhibition showing antibacterial activity
of EP and EP—P(Asn-co-Phe)/SnO, nanocomposite

4 Conclusions

(1) The SnO;, nanoparticle was functionalized
with  poly(asparagine-co-phenyl alanine) and
incorporated to epoxy resin coated tinplate. From
the EIS and SECM studies, it is revealed that the
EP—-P(Asn-co-Phe)/SnO, shows better corrosion
protection performance than the pure epoxy resin.

(2) The creation of a dense layer over the
substrate is caused by the good dispersion of
SnO, nanoparticles in the polymer matrix. SnO; in
particular shields the tinplate from corrosion,
preventing oxide formation and thus maintaining
the coating integrity. The coating resistance is
increased by adding up to 4% P(Asn-co-Phe)/SnO,
nanocomposite to the epoxy coating.



2152

(3) SEM scans of SnO; reveal spherical-
shaped particles, while XRD examination confirms
the sample to be crystalline with a tetragonal form.

(4) With longer immersion time in 0.1 mol/L
HCI, mechanical characteristics of coated tinplate
are deteriorated. Furthermore, the EP—P(Asn-co-
Phe)/SnO; nanocomposites outperform the pure
epoxy coated substrate in terms of adhesion, tensile
strength, and hardness.

(5) The antibacterial activity of EP—P(Asn-
co-Phe)/SnO, nanocomposite against GNB is found
to be higher than that of GPB, which is attributed to
differences in cell wall composition and surface
negative charge.

(6) The EP—P(Asn-co-Phe)/SnO; films can be
used as the potential food packaging materials in
the food industry.

Supplementary Material

Supplementary Material in this paper can
be found at: http:/tnmsc.csu.edu.cn/download/
15-p2136-2022-0238-Supplementary Material.pdf.
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B OE: BT RORABIZ - 3R ER)(P(Asn-co-Phe)/SnO2) S PR M A (EP) % E B I MEBE IS M. Fa kBT
W MR, SAER IR ZMLEL, D8R T EP-P(Asn-co-Phe)/SnO2 K &4 EHAZ B A BT B 1E
fi. EP-P(Asn-co-Phe)/SnO2 4K A BHEZ I HLFH (Reoa) /9 3854.70 kQ-cm?,  LUINVEM NEERZERIK 38 £, i
2 B T W], EP-P(Asn-co-Phe)/SnOx [ IR /- AT EE /. I XRD A1l SEM/EDX X BEME 11t AT 2047, iE
2T ThREAL SnO2 BRI FR U g iR 2 B 47 fE /1 520 . EP—P(Asn-co-Phe)/SnOa 44K 5 &A1 RHE Z /K B2 il £ R
133°, IESE T HBKME. B4, S48 IEEEMLE, EP-P(Asn-co-Phe)/SnO: Gk B E & E A EE KN
SRR FIPIR G 25, HTEREM AR F I T P(Asn-co-Phe)/SnO2 4K ik, EP-P(Asn-co-Phe)/SnO2
PKEEFREE T HE B =R R, ARG T AR BEE, A B T8 KR Z M 7 i
KR DOk HEME: SnOx: APKMEIEGIRE: HLEY, REErt:
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