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INTRODUCTION

The advent of plastics in the early 20th century has brought about significant
transformations in numerous industries owing to their multifaceted
characteristics and economic viability. The widespread presence of these
plastic entities across various industries, ranging from packaging to
healthcare, highlights their significance in present-day societies (Andrady &

Neal, 2009). Despite its potential benefits, the widespread adoption of
plastics recycling is hindered by several hurdles, including technological
barriers and market factors. Identifying and resolving these difficulties offers
opportunities to improve the sustainability of plastic use and mitigate its
negative environmental impacts (Hopewell et al., 2009). The manufacturing
process of plastics requires a substantial amount of energy, resulting in a
notable contribution to overall carbon emissions worldwide. This further
amplifies concerns regarding climate change (Cabernard et al., 2022; Geyer et
al., 2017). Chitosan is a biopolymer that is generally obtained from the shells
of crustaceans, such as shrimp and crabs, and occasionally from certain fungi.
This substance is a deacetylated derivative of chitin, a naturally occurring
polysaccharide, second only to cellulose. Biodegradable materials have
attracted attention owing to their wide range of applications in various
industries, particularly biomedicine and food packaging (Rinaudo, 2006).

The discovery and characterization of graphene is a remarkable
achievement in the field of nanomaterials (Novoselov et al., 2004). Graphene
consists of a single layer of carbon atoms arranged in a two-dimensional lattice
structure. Graphene oxide (GO) has oxygen-containing functional groups in
its oxidized state, which facilitates its dispersion in a range of solvents and
increases its potential for subsequent functionalization. Due to its inherent
atomic structure, graphene possesses outstanding mechanical properties that
distinguish it from other currently known materials (Y. Zhu et al., 2010). It
exhibits incredible strength and flexibility at the same time. Furthermore, the
chemical adaptability of graphene, i.e., graphene oxide, offers numerous
opportunities to incorporate additional molecules (Dreyer et al., 2009), thus
expanding its range of applications and tailoring its properties to specific
applications. The adaptability underlines the promise of graphene oxide not
only as a stand-alone material, but also as a fundamental component for
composite materials that exhibit improved properties.



Food packaging: Films made of chitosan (CS) are naturally
biodegradable. This property is a response to concerns about the persistence
of synthetic plastic packaging materials in the environment (S. Kumar et al.,
2020). A notable property of GO that is relevant to the food industry is its
exceptional ability to act as a barrier against gasses. This property is of great
importance as it can effectively prevent the penetration of oxygen into food
packaging, thus prolonging the period during which the food is fit for
consumption (X. Huang et al., 2012). GO and CS are combined to produce
GO-CS composites. These GO-CS composites are used in food packaging
solutions where they shield moisture and gasses. This makes them ideal for
food packaging where oxygen ingress and exposure to moisture can affect
shelf life (Cabrini et al., 2023; Han Lyn et al., 2019).

Metallic nanoparticles (MNPs) have gained attention in the field of
nanotechnology and have attracted the interest of researchers and companies
due to their unique properties at the nanoscale (Ganachari et al., 2019). When
incorporated into biopolymers such as chitosan, MNPs can significantly
improve the properties of the material and can be used in food packaging and
coating technologies (Adeyemi & Fawole, 2023). The physicochemical
properties of these structures are primarily based on the presence of highly
unrestricted surface electrons. As a result, they exhibit special properties,
including high surface energy, efficient plasmon excitation and a wide range
of intriguing optical properties (Dobrucka & Ankiel, 2019; Kolwas &
Derkachova, 2020). In particular, the use of MNPs has enabled the
improvement of various properties of food packaging, including mechanical
properties, water vapour permeability and antibacterial efficacy (Cano-
Sarmiento et al., 2015; dos Santos et al., 2020). This has made it possible to
preserve product freshness, extend shelf life and develop safer and more
environmentally friendly food packaging solutions. Gold (Au), silver (Ag),
titanium dioxide (TiO2), zinc oxide (ZnO), copper (Cu), copper oxide (CuO)
has been investigated for potential applications in food packaging
(Devlieghere et al., 2004; Fernandez et al., 2010; R. Hosseini et al., 2017,
Mohan et al., 2019; Oun & Rhim, 2017; Pissuwan et al., 2020; Zimoch-
Korzycka & Jarmoluk, 2015). The inclusion of metal nanoparticles as fillers
in the GO-CS nanocomposite matrix can thus improve antimicrobial
properties, water resistance, tensile strength and thermal stability (Applerot et
al., 2009; Dhillon et al., 2014; Kanted et al., 2023; Terzioglu et al., 2020).
Copper nanoparticles are known for their antimicrobial activity, thermal
conductivity, barrier reinforcement and improved mechanical properties
(Grass et al., 2011).
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Metallic nanoparticles or ions from packaging can migrate into food
or food simulants, which can affect food quality and health. Due to their high
surface-to-volume ratio, metal nanoparticles in chitosan can release ions to
food simulants (Yang et al., 2019). Understanding migration rates and
guantities is critical for compliance with regulatory restrictions for food safety
(Bott et al., 2014). Factors influencing migration include the stability of the
metal-chitosan bond, the type of food simulant, temperature, pH, and contact
time. Studies have shown varying migration rates for different nanoparticles
in chitosan films, with factors like pH and contact time influencing the release
of nanosilver particles from antimicrobial containers (Bumbudsanpharoke et
al., 2019; Echegoyen & Nerin, 2013).

While there is already work on the importance of GO-CS food
packaging using silver and zinc oxide as fillers, the potential of using copper
(1) oxide/copper nanoparticle or biphasic copper nanoparticles as fillers in the
GO-CS matrix has been less explored. The aim of this work is to provide
information on the synthesis and characterization of copper (1) oxide/copper
nanoparticles and their potential applications as fillers in the food packaging
industry, considering factors such as biodegradability and migration of metal
ions into food.

Adsorbents: In the current phase of nuclear energy expansion and also
in the foreseeable future, uranium is and will remain an important primary
resource for the generation of reliable electricity with a minimal carbon
footprint, especially for base load electricity demand (Kurniawan et al., 2022).
The hazardous properties of uranium, including its radioactivity, toxicity to
living organisms and long half-life, pose a significant threat to the
environment when contaminated wastewater is directly discharged. The long-
term environmental impacts of human activities associated with uranium
mining and processing, as well as routine discharges from nuclear power
plants and accidental releases of contaminated water (such as the events in
Pennsylvania in 1979, Chernobyl in 1986 and Fukushima Daiichi in 2011),
pose a significant threat to both human populations and organisms (Hirose,
2016; Lv et al., 2021). Over the past decade, extensive studies have been
conducted on remediation using a wide range of techniques, including ion
exchange, filtration, solvent extraction, reductive precipitation, and adsorption
(Foster et al., 2020; Mahmoud et al., 2017; Tang et al., 2020; G. Wu et al.,
2020; Xie et al., 2019).
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Maghemite is classified as a variant of iron oxide nanoparticles that
exhibits inherent magnetic properties. The magnetic properties of maghemite
are very advantageous as they facilitate the separation of the adsorbent from
the aqueous medium after the adsorption process. After adsorption, the
radionuclides can be conveniently separated using an external magnetic field,
streamlining the purification process. Moreover, the considerable surface area
of the material provides ample space for the adsorption of radionuclides
(Afkhami & Norooz-Asl, 2009; Etale et al., 2016). The oxygen-containing
functional groups on GO enabled it to bind successfully with various metal
ions and radionuclides. The substantial surface area and considerable
adsorption capacity of this material make it a compelling option for the
removal of radionuclides. In addition, graphene oxide (GO) can form stable
dispersions in water, facilitating its interaction with aqueous pollutants (Z.-W.
Huang et al., 2019a; Y. Sun et al., 2012).

Chitosan can form chelates with metal ions and radionuclides due to
the presence of amino groups. Chitosan exhibits favourable properties in terms
of its biocompatibility and biodegradability, making it a promising adsorbent
with environmentally beneficial characteristics. The material exhibits
enhanced cationic properties in acidic environments, resulting in an increased
capacity to adsorb species with negative charges (S. Liu et al., 2021; Lujaniené
et al., 2024). In combination, these composites can improve the adsorption
capacities of radionuclides (Pujol Pozo et al., 2022).

Machine learning is currently used extensively in adsorption studies.
It enables the prediction of adsorption capacity or adsorbent efficiency as a
function of various parameters (pH, contact time, initial concentration, etc.),
which in turn is important for experimental design, time saving and reagent
use (Amiri et al., 2013; Onu et al., 2021a). Prevailing modelling techniques
include the response surface approach, artificial neural network, neural
general regression network, and adaptive neuro-fuzzy inference system.
Among these, ANFIS has shown superior predictive capabilities (Dolatabadi
et al., 2018). Adaptive Neuro-Fuzzy Inference System (ANFIS) is a hybrid
computational model that combines artificial neural network techniques with
fuzzy logic methods. The Adaptive Neuro-Fuzzy Inference System (ANFIS)
is an effective method for modelling and analysing complicated systems that
exhibit nonlinear behaviour, such as the interaction between adsorbents and
adsorbates. ANFIS works as a multi-level network that sets up a collection of
fuzzy if-then rules and generates given input-output pairings.
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However, no work was found on the application of ANFIS for MGH,
GO-MGH, GO-MGH-CS I, GO-MGH-CS II, and GO-MGH-CS Il to the
adsorption of europium, indicating a potential knowledge gap and a promising
area for future investigation.

THE MAIN AIM AND TASK

The aim of this study was to provide a conceptual framework for the
development of environmentally friendly composites and thin films with
adjustable biodegradability that could serve to protect water systems and are
capable of reducing the environmental burden of toxic waste by replacing
plastics with non-toxic natural materials. Contaminants can be extracted and
used in closed production processes.

In order to achieve the objectives of the study, the following tasks were
formulated:

1. The synthesis of nanoparticles, composites and films and their
characterization.

2. Investigation of the mechanism of adsorption of Eu on GO-MGH-
CS composites in batch experiments and comparison of the adsorption of Eu
with Am and Pu in natural waters.

3. Application of the ANFIS model to predict the adsorption capacity
of GO-MGH-CS composites for Eu*s.

4. Investigation of the antibacterial effect of GO-CS-Pt/copper/copper
oxide composite films intended for use in food packaging on Escherichia coli.

5. Investigation of the properties of GO-CS-Pt/copper/copper oxide
composite films in terms of UV radiation blocking, hydrophilicity, degree of
swelling and solubility.

6. Investigation of the biodegradation of GO-CS-Pt copper/copper
oxide composite films in soil and the migration rate of copper by double
contact techniques in food simulants.

NOVELTY

As far as is currently known, thin GO-CS-Pt-Cu,O/Cu composite
films were synthesized for the first time and used in antimicrobial studies
against E. coli. In addition, the biodegradability of GO-CS-Pt-copper oxide
/copper in soil and the migration rate of copper by the double contact method
in food simulants after 10 days were investigated for the first time.
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To the best of our knowledge, MGH, GO-MGH, GO-MGH-CS I, GO-
MGH-CS Il, GO-MGH-CS |1l were not used for the adsorption of europium
as well as for the removal of Eu(lll), Pu(1V) and Am(Il) from natural waters.
In addition, the ANFIS model was applied for the first time to the MGH-
Eu(lll), GO-MGH-Eu(lll), GO-MGH-CS | -Eu(lll), GO-MGH-CS II -Eu(lll)
and GO-MGH-CS 11 -Eu(ll1) systems.

DEFENSE STATEMENTS

1. GO-CS-Pt-Cu,O/Cu nanocomposites incorporated into the chitosan
matrix (membrane) showed enhanced antibacterial activity against
E. coli.; while maintaining a lower migration rate of copper ions in
simulated food environments.

2. The mechanical properties and biodegradability of the GO-CS-Pt-
Cu,0O/Cu nanocomposite membranes are tunable depending on the
concentration of Cu,O/Cu nanoparticles making them suitable for various
packaging applications.

3. The GO-MGH-CS composite films showed excellent capacity for Eu(lll)
adsorption in batch studies. The removal efficiency of Eu(lll) from water
samples of different origins ranged from 74 % to 100 %.

4. The ANFIS model shows robust performance and generalization ability,
which enables accurate prediction of the capacity of the GO-MGH-CS
composite films for the adsorption of Eu.

CONTRIBUTION OF THE AUTHOR

The author of the work synthesized composites, planned and conducted
experiments. Participated in the analysis and interpretation of the results,
designed graphical illustrations, wrote manuscripts, and presented the results
at scientific conferences.
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1. LITERATURE REVIEW
1.1. Food Packaging

1.1.1. Polymers in food packaging

Petroleum-derived plastics, also known as synthetic polymers, are widely used
in the food industry for packaging purposes, making them a very popular
material in this sector. These polymers include polyethylene (PE),
polypropylene (PP), low-density polyethylene (LDPE), polyvinyl chloride
(PVC), high-density polyethylene (HDPE) and polystyrene (PS) polyethene
terephthalate (PET) (Muncke, 2016). Consumer awareness of environmental
issues has driven a significant shift towards sustainable practices(Camilleri et
al., 2023; Young et al., 2010). Due to its large production volume, short shelf
life, non-biodegradable nature and poor handling, plastic has raised concerns
around the world. Multi-layered polymers also make recycling difficult
(Matthews et al., 2021). Plastic containers are differently permeable to small
molecules such as gasses, water vapour, organic vapours and other low
molecular weight substances such as flavours and additives in food compared
to materials such as glass or metal used for packaging. The transfer of these
substances from the external environment to the food is influenced by the
barrier properties of the material (Siddiqui et al., 2023; Taylor &
Sapozhnikova, 2022).

The choice of different polymers for food packaging depends on the
specific properties of the food. In addition, the properties of the packaging
material, such as its barrier properties, can be strongly influenced by the
production, use and packaging techniques. These processes are related to the
internal structure of the polymer, which includes aspects such as the degree of
crystallinity, the ratio of crystalline to amorphous phases, the polymer
composition, thermal and mechanical processing before and after contact with
food, the presence of polar or non-polar chemical groups in the polymer, the
degree of cross-linking and the glass transition temperature (Mrki¢ et al.,
2006). In the food industry, the choice of packaging material is important to
withstand human handling and protect the integrity of the food. In addition, it
should provide effective barrier properties against gasses used in modified
atmosphere packaging (MAP) processes, such as oxygen (Oa), nitrogen (N2)
and carbon dioxide (CO,) (Galotto et al., 2008). These advantages include
their ability to degrade naturally, their environmentally friendly properties,
their non-toxicity and their ability to work well with biological systems. The
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natural biopolymers possess intrinsic properties that help in creating strong
cohesive structures and forming thin protective layers (Luckachan & Pillai,
2011). Food packaging materials derived from biopolymers include
polysaccharides, proteins, and aliphatic polyesters. These materials are used
to preserve the quality of food and extend its shelf life. In addition,
biopolymers have antimicrobial properties that protect food from external
contamination. These materials are also effective in preventing the
degradation of beneficial compounds such as flavor and texture (Chaudhary
etal., 2020; Hou et al., 2019).

The biopolymer chitosan and its derivatives belong to a group of
biodegradable polysaccharides with numerous beneficial properties for food
packaging. Chitosan is safe and well tolerated and shows antibacterial and
antifungal properties as well as the ability to bind metals (Aider, 2010; Bakshi
et al., 2020). Chitosan, a natural polymer obtained by deacetylation of chitin,
is being considered for potential use in food packaging due to its ability to
decompose, its antimicrobial effect and its ability to form films. Chitosan-
based films have been identified as a potential alternative to conventional food
packaging, improving both food quality and shelf life (No et al., 2007;
H. Wang et al., 2018). The antimicrobial capabilities of chitosan are beneficial
in biodegradable polymers for antimicrobial food packaging and contribute to
food preservation and safety (Gumienna & GOrna, 2021). In addition, the
ability of chitosan to produce cross-linked films improves its suitability for
food packaging that provides antimicrobial protection against various
microorganisms (Tripathi et al., 2009). For example, chitosan films cross-
linked with hydroxycinnamic acids have been shown to be effective in
preserving meat products (Yong et al., 2021). The addition of chitosan to
cellulose nanocrystals also improved their antimicrobial, thermal, mechanical
and barrier properties, making them suitable for food packaging (Diaz-Cruz
etal., 2022).

In addition, chitosan has gained much attention for potential
applications in the culinary, medicinal and chemical fields due to its
exceptional film-forming ability (Siripatrawan & Harte, 2010). Studies
have shown that the incorporation of additional active components into
chitosan films has intriguing results in terms of their mechanical, barrier and
functional properties, also, the inherent composition of the packaged food
(such as pH value, fat content and flavourings) can influence the sorption
properties of the packaging materials (Grande-Tovar et al., 2018; Hafsa et al.,
2016; Z. Li et al., 2019; Pastor et al., 2013; Perdones et al., 2014; Sanchez-
Gonzalez et al., 2010).
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The antimicrobial properties make chitosan a suitable choice for the
development of active packaging systems that can extend the shelf life of food
(Aider, 2010; Musella et al., 2021). Cross-linking chitosan films with
carvacrol and pomegranate peel extract can also improve food safety and
guality (Yuan et al., 2015). Similarly, the addition of essential oils to chitosan
films can enhance antimicrobial properties and improve barrier properties
without altering microbial inhibition (Imawan et al., 2022; L. Wang et al.,
2011). Although chitosan films have significant potential as a food packaging
alternative to conventional petroleum-based packaging, there are still some
limitations. Chitosan films exhibit reduced mechanical properties due to
disruptions in the formation of a structured crystalline layout within the
chitosan scaffold, resulting in impaired intermolecular bonding and flexible
segments in the films (L. Sun et al., 2017). In addition, chitosan films have a
reputation for being very sensitive to moisture and having poor mechanical
properties, which limits their use in various industries, especially in food
packaging (Abdullah et al., 2023). Limitations that hinder the use of chitosan
films in food packaging include a persistent acetic acid taste, inferior
mechanical properties, and insufficient water vapour barrier(J. Xu et al.,
2022). In addition, the fragility of chitosan films is highlighted as an obstacle
limiting their use in packaging (Shen et al., 2021). The fact that chitosan is
insoluble at neutral pH is also cited as an obstacle to its use (Ozdemir &
Gokmen, 2019). In addition, chitosan films are known for their high moisture
absorption and comparatively low mechanical strength compared to
conventional plastics, which limits their use in packaging (Khouri et al.,
2019). To overcome these limitations, current research is focusing on the
development of chitosan-based nanocomposites for food packaging. By
incorporating nanofillers and nanoparticles into chitosan films, researchers
aim to overcome the limitations associated with mechanical and barrier
properties, thereby potentially contributing to the bioplastics segment. For
example, chitosan films reinforced with GO showed improved tensile strength
and barrier properties (Pal et al., 2021). The addition of graphene oxide and
zinc oxide to the chitosan matrix also led to an improvement in the mechanical
properties and thermal stability of biocomposite films produced with chitosan
(Terzioglu et al., 2020).

1.1.2. Chitosan-graphene oxide hanocomposites in food packaging

Graphene has extraordinary optical, mechanical, electrical and thermal
properties that make it a distinctive and unique material. Recently, interest in
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graphene-based nanostructures has increased significantly (Priyadarshi &
Rhim, 2020). Graphene can be described as a two-dimensional bilayer
consisting of carbon particles arranged in a honeycomb lattice (Lingamdinne
etal., 2019). The material graphene is biocompatible and exhibits minimal or
no cytotoxicity. In addition, its oxidized state has unique attributes and
exhibits antibacterial properties in solution and when applied to various
surfaces. The antibacterial efficacy of graphene-family composites can be
attributed to numerous inherent properties resulting from their geometric and
electrical structures. The predominant mechanism believed to be responsible
for the antibacterial effect of graphene is oxidative stress (Gurunathan et al.,
2012). This phenomenon is characterized by the transport of electrons from
graphene to the microbial thin films, disrupting protein activities and lipids
through the formation of reactive oxygen species (ROS). In addition, it is
possible to enhance the antimicrobial properties of the graphene family
through the covalent bonding of molecules and the deposition of metal ions
on its surface. The graphene-based nanocomposites have the potential to
contain various nanoparticles such as metal ions/oxides/sulphides (e.g.,
manganese disulfide, cadmium sulphide), titanium dioxide, zinc oxide, copper
oxide, polymers, and antibiotics among other constituents (A. A. P. Khan et
al., 2017). The use of nanotechnology in conjunction with the graphene family
and its composites is a promising approach to combat microbial agents in
various contexts. Graphene oxide (GO) and reduced graphene oxide (rGO) are
other graphene structures that are currently being investigated for their diverse
applications in various fields, including sensors, energy storage, water
purification, optoelectronics, and related disciplines (Y. Zhu et al., 2010).
Therefore, it is important to understand the difference between graphene oxide
and reduced graphene oxide.

The carbon to oxygen ratio of GO often shows values below 3:1 and
close to 2:1. In the last decade, numerous research works have been conducted
to investigate the environmental applications of GO-metal hybrids. The
synthesis route plays an important role in determining the surface chemistry,
lateral size and crystalline structure of the hybrids. Similarly, the synthesis
methods can affect both the distribution of pore sizes and the interlayer
spacing (Ionita et al., 2017; A. A. P. Khan et al., 2017; Lim et al., 2018). In
addition, the combination of graphene oxide/reduced graphene oxide
(GO/rGO) with nanostructures composed of metals or metal oxides showed
synergistic properties (Bijesh et al., 2022). The current use of graphene
derivatives, especially graphene-based nanomaterials, in the context of
biopolymer-based composites for food packaging applications (Rossa et al.,
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2022). The incorporation of graphene derivatives represents a valuable
improvement of bio-based formulations and leads to remarkable advances in
various aspects such as physicochemical, mechanical, barrier and functional
properties. These improvements include desirable properties such as
antioxidant activity and electrical conductivity (Barra etal., 2019). In addition,
the evaluation of the toxicity and biocompatibility of graphene oxide is of
great importance when considering its potential use in food packaging
(Dinescu et al., 2014). The potential impact of graphene oxide on human
health and the environment needs to be fully investigated, notwithstanding its
promising applications in food packaging (Alves et al., 2022; Rossa et al.,
2022; Yilmaz Dogan et al., 2022). Another form of graphene, carbon
nanoparticles, have also demonstrated their effectiveness in removing
micropollutants and harmful microorganisms from wastewater in a number of
technological processes (Aftab et al., 2022; Nupearachchi et al., 2017). The
incorporation of graphene oxide into chitosan films has been investigated to
improve the performance of chitosan composite films for food packaging
applications. For example, GO dispersed in chitosan film matrices showed
improved mechanical properties (X. Yang et al., 2010). Although chitosan
alone exhibited antimicrobial effects, chitosan-GO films also showed
enhanced antimicrobial properties (X. Wang et al., 2010). The incorporation
of GO into chitosan films also improves their mechanical and microbial
inhibition properties (Jia et al., 2022).

Although the mechanical properties of chitosan are improved when
graphene oxide is added as a filler, the low mechanical strength and loss of
structural integrity of chitosan films remain a problem that limits their
applications. And the uniform dispersion of graphene materials in the polymer
matrix is an important challenge before the realization of high-performance
graphene-based nanocomposites. This is another problem that may arise in the
large-scale production of CS-GO nanocomposite films (X. Yang et al., 2010).
In addition to the problems associated with commercial production, it is also
important to consider potential environmental issues associated with the
disposal of CS-GO nanocomposite films. Concerns regarding the potential
release of nanoparticles into the environment and the environmental impact of
the use of nanomaterials in food packaging are raised by this practice.
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1.1.3. Copper and platinum nanoparticles in Food Packaging

Copper nanoparticles (NPs) are widely used as catalysts, optical components,
antibacterial and antifungal agents, and conductive agents due to their special
physicochemical and biological properties (Anyaogu et al., 2008; Keihan et
al., 2017; Nasrollahzadeh et al., 2019; Sinha et al., 2022). The efficacy of
copper nanoparticles in combating various foodborne pathogens such as
Escherichia coli, Listeria monocytogenes and Salmonella enterica has been
demonstrated (Osaili et al., 2019; Raffi et al., 2010; Sharma et al., 2017). Cu
nanoparticles have been reported to inhibit bacteria by interacting with amino
and carboxy! groups on the cell walls of Gram-positive bacteria (Ebrahimiasl

& Rajabpour, 2015). Studies have shown that copper nanoparticles (CUNPS)
have the ability to effectively integrate into polymeric matrices and exert their
biotechnological effects. This can be attributed to their remarkable surface-to-
volume ratio, reactivity and suitable release properties. There are several
probable pathways through which copper exhibits bactericidal properties.
Three main factors contribute to the deleterious effects of copper on cells.
First, excessive amounts of copper lead to oxidative stress in cells. Secondly,
the osmotic pressure is altered, causing important nutrients such as
magnesium to escape from the cells. And finally, copper can bind non-
specifically to proteins and impair their standard functionality (Espirito Santo
etal., 2011).

In general, CuO exhibits a wide range of properties and is applicable in
many fields, making it a promising candidate for a variety of disciplines,
including the field of biodegradable food packaging (Kosi¢ek et al., 2022;
Lupan et al., 2016; Mesgari et al., 2022a). The catalytic properties of CuO
have been investigated in connection with selective CO oxidation (Gamarra et
al., 2007). The antibacterial properties of CuO nanoparticles have been
investigated and suggest their potential application in the development of
biodegradable food packaging (Borkow et al., 2010). Oxidation of copper
surfaces can form carrierless monolayers of CuO that are only one atom thick.
These monolayers exhibit different properties and have promising potential
for numerous applications. In particular, the potential toxicity of CuO
nanoparticles has been investigated in terms of their interactions with living
cells and organisms (Brewer, 2010; K. Yin et al., 2016). The integration of
CuO nanoparticles into biopolymer films represents a viable approach for the
development of an active packaging system that effectively prevents the
proliferation of bacteria, viruses and fungi (Khashan et al., 2016). The
incorporation of CuO nanoparticles into packaging films can improve their
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mechanical properties, water resistance and surface hydrophobicity (Roy &
Rhim, 2019). It has also been found that the incorporation of CuO
nanoparticles into films leads to an improvement in their ability to block UV
radiation. This improvement protects packaged food from degradation due to
exposure to light. CuO nanoparticles are promising as biodegradable food
packaging materials as they have better antibacterial properties and higher
performance.

Cuprous oxide (Cu20) is a notable metal oxide semiconductor of the p-
type, possessing a straight bandgap of 2.2 eV. This characteristic renders it a
promising candidate for the conversion of solar energy. The current findings
indicate that Cu,O demonstrates stability as a catalyst for water splitting under
visible light conditions, namely at 600 nm (Hara et al., 1998; lIkeda et al.,
1998). Copper oxide (Cu20) has demonstrated potential in biodegradable food
packaging owing to its antibacterial qualities and ability to improve the shelf
life of packed food goods. The optical, electrical, and catalytic characteristics
of Cu20 have also been previously examined (Yan et al., 2021a). Furthermore,
the utilization of Cu,O nanoparticles has been the subject of investigation with
regard to their potential application in the process of photocatalytic
degradation of organic pollutants, as evidenced (Gaim et al., 2019). Cu.0O
possesses antibacterial capabilities, rendering it a viable contender for the
development of active food packaging solutions aimed at preserving the
quality and safety of food products (L. Zhu et al., 2020). However, additional
research is needed to thoroughly understand the impacts of Cu,O in
biodegradable food packaging and its possible interplay with food and the
surrounding ecosystem.

The structure and chemical nature of the bacterial cell wall influence
the antibacterial activity of copper nanocomposites and determine the
sensitivity or tolerance of bacteria to certain drugs (Madigan et al., 2018).
Gram-negative bacteria pose a greater threat to antimicrobial drugs because
of their barrier properties , due to their strong cell walls. Based on their degree
of oxidation, copper nanoparticles (Cu NPs) exhibit a variety of antibacterial
properties (Hans et al., 2015). Cu NPs have better electron transport and
uptake capacity than copper oxide nanoparticles (CuO NPs), which explains
why they exhibit greater antibacterial activity (Akhavan & Ghaderi, 2010).
Upon direct contact, both Cu NPs and Cu,O NPs show strong bactericidal
abilities (Hans et al., 2013). However, CuO NPs show a greater ability to
induce reactive oxygen species (ROS) production, possibly due to their
involvement in Haber-Weiss and Fenton-type reactions (Padmavathi et al.,
2020).
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Platinum nanoparticles have different properties, including the surface
effect, the volume effect, the quantum size effect, and the macroscopic
guantum tunnel effect. These nanoparticles can be prepared by various
techniques to obtain materials with different physical and chemical properties
(Choi et al., 2017; M.-Q. Wang et al., 2008). Platinum nanoparticles are
widely used in biosensors for the detection of food toxins such as ethanol
salmonella, natamycin and E. coli (Bharathan et al., 2019; Dehghani et al.,
2021; Ozdokur et al., 2016; Yousefi et al., 2018).

The use of polymers in the development of nanocomposites with
antimicrobial properties for food packaging not only serves as a carrier for
nanoparticles, but also has the potential to increase the antibacterial efficacy
of the nanocomposites. This behavior is mainly due to three phenomena:

1. the nanocomposite exhibits improved antibacterial properties compared to
the individual components, which is due to the synergistic interaction between
the polymer and the copper nanoparticles (Bogdanovi¢ et al., 2015).

2. The nanocomposite showed prolonged antibacterial activity due to the
ability of the polymer to release ions over a longer period (Bikiaris &
Triantafyllidis, 2013).

3. The degree of antimicrobial activity is influenced by the increased surface
area resulting from the effective dispersion of Cu nanoparticles within the
polymer matrix. Currently, there is limited research on chitosan-copper
nanocomposites for food packaging and coatings (Nouri etal., 2018a; Saharan
etal., 2015).

The combination of two or more metal and metal oxide nanoparticles has
been found to have higher antimicrobial activity compared to individual metal
nanoparticles such as Zn/Fe oxides against S. aureus and E. coli (Gordon et
al., 2011). Zn/Mg oxides against E. coli and B. subtilis (Vidic et al., 2013)
TiO2/Ag against S. aureus (Zawadzka et al., 2016); Zn-doped CuO against E.
coli and S. aureus (Malka et al., 2013) and Cu-doped TiO, against
Mycobacterium smegmatis and Shewanella oneidensis (B. Wu et al., 2010).
Also, bimetallic nanocomposites have several benefits for food packaging,
one of which is a reduction in the possibility of migration (Biswas et al.,
2019; Tiimob et al., 2017; Vishnuvarthanan & Rajeswari, 2019). High
barrier performance improved mechanical and thermal qualities, and
increased stability and shelf life of food goods are all provided by these
nanocomposites such as (Cu,O-Ag)@TA (Z. Yang et al., 2019), Cu|Cu,0O-
NPs (Jaramillo et al., 2019).
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1.1.4. Migration of nanoparticles to food

The determination of human exposure to nanomaterials is based on the results
of migration tests, while the estimation of acceptable exposure limits is based
on animal studies (Cushen et al., 2012). The European Commission (EC) has
formulated regulations and requirements describing the specific conditions
that require migration testing (EFSA Scientific Committee et al., 2019). The
selection of food simulants recommended for testing the interaction between
the packaging and the type of food includes water, acetic acid (3 % v/v),
ethanol (10 % v/v and 50 % v/v) and vegetable oil.

The investigation of foods has been hindered by a lack of analytical
tools for the advancement of instruments and techniques. Further investigation
will be necessary in this domain. The identification, measurement, and
distribution analysis of nanoparticles hold significant importance,
necessitating the utilization of non-invasive and unrestricted methodologies.
In this methodology, a substrate coated with nanoparticles serves as a
reference material. This substrate is integrated with analytical and imaging
systems that focus on screening techniques such as mass spectroscopy for
determining the composition of the test material (Song et al., 2011), dynamic
light scattering (DLS) for analysing the particle size distribution, positron
emission tomography for radio-tracing purposes, spectroscopy for assessing
NP size, and optical emission spectrometry for trace level elemental analysis
(Bott et al., 2014; Shamhari et al., 2018). These systems are employed to
monitor and collect adequate data. In another approach for assessing the
presence of harmful substances in food, a sensor-based system employing
nanoparticles in solution or nanostructured surfaces is utilized. The
aforementioned characterization system is capable of detecting variations in
the electronic states of the adsorbate (chemical signal enhancement) as well
as alterations in the roughness of the metal (electromagnetic signal
enhancement). The primary mechanism employed in this procedure involves
the chemisorption of the analysis onto the surface of the biosensor's
nanoparticles. Copper oxide nanoparticles have been widely recognized for
their antibacterial properties. Methylcellulose films combined with gelatine-
stabilized CuO NPs were found to demonstrate just 0.12 pg/mg of Cu
migration; this can be further decreased by refrigerating the food products at
0-4 °C. It's interesting to note that the created nanopackaging prevented the
formation of different microbiological pollutants, delaying the deterioration
of tomatoes and strawberries on days four and seven (Gvozdenko et al., 2022).
Also, Cheese was shielded from microbiological pollutants and 4.21 log
CFU/g of coliforms after one month of refrigeration thanks to low-density
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polyethylene (LDPE) coated with nano CuO (Beigmohammadi et al., 2016).
However, it is important to note that the release of copper ions embedded in a
polymer matrix into food can result in leaching, which may accelerate the
degradation of food and potentially introduce toxicity concerns (Cushen et al.,
2012; Hannon et al., 2016; R. Hosseini et al., 2017).

Therefore, Nouri et al., (2018) observed that the incorporation of MMT
in conjunction with exchangeable cations that carry a positive charge, such as
Na+ or Ca?*, has the potential to inhibit the release of copper ions. However,
it is important to note that the extent and speed of this migration process might
differ based on several factors such as the specific packaging material
employed, the nature of the food or beverage being packaged, and the specific
conditions under which the packaging is utilized. The migration of copper
from a food packaging coating composed of silver and copper nanoparticles,
as well as polystyrene-polyethylene oxide block copolymer, beyond the
regulatory limits when exposed to an acidic food simulant. However, the
computed margin of exposure indicated that the usage of this coating would
be considered safe in a hypothetical scenario (Hannon et al., 2016). The
release of copper from copper metal foil and commercial copperware into food
simulants was observed to be influenced by temperature and pH (Koontz et
al., 2020). The study also suggests that there are some measures that may be
implemented to minimize the release of copper from food contact surfaces
into meals and beverages. Canned food products available in the Indian market
were found to have quantities of aluminium, iron, manganese, silicon, and tin
that exceeded the acceptable limits set by the FAO/WHO Codex Alimentarius
Commission (Parkar & Rakesh, 2014).

The primary focus on the migration of nanoparticles into foodstuff is
around the determination of the maximal level of migration. Migration is
defined as the collective movement of particles possessing low molecular
weight. Both overall and migration tests have limitations that vary depending
on the food being tested. These limitations are established by regulatory
bodies such as the European Food Safety Authority (EFSA) and the Food and
Drug Administration (FDA). As per the European Food Safety Authority
(EFSA), a migration test refers to the process of assessing the transfer of
packaging constituents into food or food simulants. Food stimulators include
ethanol at a concentration of 10 % v/v, acetic acid at a concentration of 3 %
v/v, and ethanol at a concentration of 50 % v/v, among others. Despite the
existence of multiple studies on the measurement of migrating silver, clay, and
titanium nanoparticles in food, there is a scarcity of research on copper
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nanoparticles ( Liu et al., 2016). Therefore, further investigations should be
conducted to address this gap.

1.2. Nanocomposite for the removal of radionuclides

1.2.1. Maghemite

The magnetic iron oxide nanoparticle known as maghemite (y-Fe,Os) has
aroused great interest in the scientific community due to its special properties
and potential uses (Baaziz et al., 2014). The compound has been synthesized
using various techniques and its physicochemical properties, stability and
potential use in biological contexts have been extensively studied (Laurent et
al., 2008). The reproducible adjustment of the size and content of maghemite
nanoparticles allows precise control of their properties. The mineral
magnetite, chemically represented as FesOas, is known for its ferromagnetism.
The magnetic behaviour of maghemite nanoparticles is influenced by
oxidation defects, surface spin canting and volume spin canting. Maghemite
(v-Fe203) has been extensively studied for its adsorption properties towards
various substances (Fig. 1). For example, maghemite nanoparticles have
shown fast adsorption kinetics for selenium (IV) due to their high surface-to-
volume ratio. Maghemite is used in various applications, especially in the
adsorption of radionuclides (Afkhami & Norooz-Asl, 2009; Etale et al.,
2016; Petcharoen & Sirivat, 2012; Yadav et al., 2020a). Maghemite has
been shown to be effective in the adsorption of As (V), Cr (VI), Cu (lI) and
Ni (1) (Tuutijarvi et al., 2009). The adsorption of arsenic species such as
arsenite and arsenate on maghemite was studied using extended X-ray
absorption fine structure (XAFS) spectroscopy, which provided insights into
the nature of the adsorption complexes (Morin et al., 2008). Maghemite
nanoparticles were also synthesized and used to enhance the removal of
Sb (1) (W. Zhao et al., 2021).
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Fig. 1. Crystal structure of Maghemite cube (Chokkareddy et al., 2018).

1.2.2. Graphene oxide as an adsorbent

Graphene oxide (GO) is a layered carbon-based material with a
significant oxygen content that has a greater adsorption capacity and higher
dispersion in agueous environments compared to graphene. Despite extensive
studies on the adsorption of radionuclides with graphene oxide-based
sorbents. the exact mechanism of interaction between sorbents and
radionuclides is still unclear (Huang et al., 2019; Mohanty et al., 2022; Y. Sun
etal., 2012). Kuzenkova et al., (2020) provided a comprehensive elucidation
of the adsorption and interaction mechanisms of Am (111)/Eu (111), Cs (1) and
U (V1) on defective graphene oxide. Graphene oxide was synthesized using
different synthetic methods, namely the Hummer, Brodie and Tour methods,
referred to as HGO, BGO and TGO, respectively. Based on the results of the
adsorption experiments, it was shown that the interaction between
Am (II1)/Eu (1) and U (VI) occurs via carboxyl functional groups. In
addition, the application of density functional theory (DFT) calculations
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together with extended X-ray absorption fine structure (EXAFS) and high-
energy resolution fluorescence detection X-ray absorption near-edge structure
(HERFD-XANES) studies provided evidence suggesting that the
radionuclides predominantly occupy free defect sites within the GO layers.
Another study by Boulanger et al., (2020) supports the findings of Kuzenkova
et al., (2020). This study proposes the use of highly defective graphene oxide
(dGO) for the effective sorption of uranium (VI) and americium (I11). The
dGO material exhibited a peak adsorption capacity of Qmax = 2250 mmol/g at
a pH of 5.1. This phenomenon can be attributed to the interaction between
uranyl cations and carboxyl groups located within the defects in the GO
structure. The process of thermal expansion was accompanied by oxidation,
which was favoured by the use of ammonium persulfate and nitric acid. In
contrast to dGO, the U (VI) adsorption capacity of 3D GO was lower
(1950 pmol/g). The described phenomenon was attributed to the collapse of
the pores during the oxidation process, which was then followed by thermal
expansion. Therefore, it might be more appropriate to consider a mild
oxidation of the material that does not affect its porous structure.
Alternatively, treatment of the material prior to thermal expansion might be a
more reasonable approach.

The use of Magnetite GO nanocomposites has been employed in the
aforementioned procedure for the purpose of eliminating detrimental
pollutants, including radionuclides (Lujaniené¢ et al., 2016, 2017; Minitha et
al., 2018). The utilisation of nanocomposites based on graphene oxide has
proven to be highly efficient in the process of adsorbing several heavy metals,
including lead (Pb), cobalt (Co), nickel (Ni), and uranium (U). The utilisation
of nanoscale iron supported on reduced zero-valent graphene oxide has been
employed for the purpose of adsorbing radioactive U (V1) (Wu et al., 2013).
Nanocomposites based on graphene oxide (GO) are often preferred for the
purpose of attaching organic molecules due to their significant surface area
and high reactivity. GO demonstrates substantial - © stacking interactions
with a benzene ring, rendering it a highly suitable contender for eliminating
organic molecules from polluted water sources. Nevertheless, it is worth
noting that ion exchange and chemical reduction processes can have
significant implications in this context. The utilisation of GO has been found
to be beneficial in the extraction of various radioisotopes, including Th (IV),
Pu (IV), Am (I11), Eu (111, U (VI), Sr (1), Tc (VII), and Np (V), from a
simulated nuclear waste solution (Romanchuk et al., 2013).

The adsorption capacity of manganese oxide (MnO,) is considerable,
making it an effective means of removing heavy metal ions and Th (IV) ions
from wastewater. This effectiveness can be attributed to its affordability, large
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surface area, moderate oxidation properties and stability in acidic
environments. Xiu etal. (2019) utilized oxygen functional groups on graphene
oxide nanoribbons (GONRs) as anchoring sites for a composite material
composed of manganese dioxide (MnQO). This composite material, referred to
as MnO,-GONRs, was used to remove Th (IV). At a pH of 3, an upper limit
of adsorption capacity was determined to be 166.11mg. From a
thermodynamic point of view, this particular process shows a spontaneous
endothermic behaviour. A separate study showed that graphene oxide
effectively eliminates the selection of highly hazardous and long-lived
artificial radionuclides from contaminated water, including solutions with
acidic properties and pH values below 2.0 (Kuzenkova et al., 2020). In a recent
study, an investigation was carried out on the sorption behaviour of 1*2*154gy
within a composite material consisting of graphene oxide. The adsorption
capacity exhibited a significant increase of up to 99 % as the pH increased
from 1.5-5.5. The M-GO nanocomposites were synthesized using a
coprecipitation technique to remove Sr (Il) and Cs (1) ions (El-Shazly et al.,
2022).

1.2.3. Chitosan as an adsorbent

According to the findings of Cadogan et al. (2014) there was a significant
increase in the adsorption of europium ions on chitosan when the pH level
increased from 2 to 3. At a pH value of 3, the adsorption process was stable,
with an observed adsorption capacity of approximately 25 mg/g. The observed
correlation between an increase in pH and an increase in adsorption capacity
can be attributed to the augmentation of deprotonated adsorption sites. The
augmentation of the adsorbent mass from 10 to 100 mg resulted in an
enhancement of the adsorption efficiency, with values rising from 7.21 % to
98.1 %. However, this increase in mass led to a reduction in the adsorption
capacity. Within the specified contact time range of 5-120 min, the adsorbent
achieved equilibrium at the 60-minute mark, exhibiting a maximum
adsorption capacity of 24.9 mg/g. The adsorption behaviour of europium on
chitosan can be described by the pseudo-second-order kinetic model. The
adsorption capacity of chitosan had a linear relationship with the initial
concentration of Eu (I1I), as seen by an increase from 23 to 142 mg/g when
the concentration was increased from 10 to 100 mg/L. In addition, it can be
observed that the Langmuir model provides a more accurate fit to the
experimental data compared to the Freundlich and Temkin models. The
maximum adsorption capacity was determined to be 114.9 mg/g through
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calculation. Zhang et al. (2020) showed in a pH effect test that the adsorption
capacity of magnetic cyanoethyl chitosan beads towards cobalt ions slightly
increases in the pH range of 5-8, as the adsorbent becomes more negatively
charged with increasing pH. An increase in adsorption capacity of the
adsorbent also occurs when the initial concentration of cobalt is increased in
the range of 10-600 mg/L, while the adsorbent reaches saturation at 600 mg/L
and the adsorption capacity at this initial concentration is ~17 mg/g. These
data were fitted using the Langmuir, Freundlich, and Temkin models, with the
Langmuir model fitting the data better. The calculated value for the maximum
adsorption capacity was 17.92 mg/g. Kinetic studies showed that equilibrium
on the adsorbent was reached in 120 min, and the pseudo-second-order kinetic
model fit the obtained data well. Thermodynamic studies have shown that the
adsorption process is endothermic and spontaneous. The authors also found
that the adsorption of the adsorbate on the adsorbent occurs by chemisorption,
where the —CN and —NH, groups are responsible for the adsorption of cobalt,
with the —CN groups of the adsorbent occupying a dominant position.
Previously studies showed the adsorption of radionuclides with chitosan like
nanostructured chitosan/molecular sieve-4A (Goyal et al., 2020), chitosan
modified with metal hexacyanoferrates (Zhuang et al., 2022), magnetic
graphene oxide/chitosan (Zhuang & Wang, 2019). Although studies have
been carried out on adsorption of caesium ions, cobalt ions, Pb ions, the
adsorption of Eu (111) with Graphene Oxide-Maghemite-Chitosan for the first
time.

1.2.4. Adaptive neuro-fuzzy inference system

The adaptive fuzzy inference system (ANFIS) has gained significant
popularity and is widely used across several domains for modelling and
prediction activities. Although there is a lack of specialized literature on
utilizing ANFIS for modelling radionuclides, we can rely on the broader
capabilities and applications of ANFIS to explore its possible applicability in
this particular domain. The Adaptive Neuro-Fuzzy Inference System is a
computational model that integrates the learning capabilities of neural
networks with the interpretability of fuzzy logic. architecture of the ANFIS
comprises a collection of fuzzy if-then rules, which are acquired and refined
through the utilization of a hybrid learning algorithm. This combination
enables ANFIS to handle complicated relationships effectively and make
predictions using inputs that are uncertain or imprecise (Jang, 1993). This
approach has been successfully applied in various fields, including climate
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change impact modelling (Nabipour et al., 2020), runoff estimation (Nath et
al., 2019), control systems (Sahoo et al., 2020), and forecasting (Dariane &
Azimi, 2016). In the realm of radionuclide modelling, the utilization of an
ANFIS presents an opportunity to construct predictive models pertaining to
radionuclide behaviour. These models can encompass various aspects,
including the transport and dispersion of radionuclides in the environment. An
ANFIS is capable of effectively addressing the nonlinearity and uncertainty
present in input data, a prevalent characteristic within environmental systems
(Agbaogun et al., 2021).

The training of ANFIS is primarily conducted on approximately 70 %
of the datasets, while the remaining 30 % is allocated for testing purposes. The
outcomes obtained from the testing phase serve as an unbiased evaluation of
the network's ability to generalize. It is important to acknowledge that the data
undergoes random selection before being inputted into the network.
Additionally, in certain instances, the data is normalized within the range of 0
to 1. This normalization process aims to minimize the impact of factors with
higher magnitudes on the ANFIS. The objective is to facilitate error-free
analysis of the system. By employing ANFIS models trained using pertinent
input variables, such as environmental characteristics and radionuclide
attributes, it is possible to forecast the behaviour and destiny of radionuclides
in diverse circumstances (Amiri et al., 2013; Banza & Rutto, 2023).
Moreover, an Adaptive Neuro-Fuzzy Inference System can be effectively
employed for data-driven modelling pertaining to the adsorption or movement
of radionuclides within porous media. By conducting training on ANFIS
models using either experimental or simulated data, it is possible to construct
predictive models capable of estimating the adsorption capacity or migratory
behavior of radionuclides under varying geological or environmental
circumstances. The evaluation of an Adaptive Neuro-Fuzzy Inference System
network's performance involves assessing the agreement between the
experimental data and the predicted data using various statistical measures.
These measures include the correlation coefficient, determination coefficient,
mean squared error, sum of squared errors, average relative error, mean
absolute error, sum of absolute error, absolute average deviation, and root
mean square values (Agbaogun et al., 2021; Souza et al., 2018).
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2. MATERIALS AND METHODS

2.1. Synthesis of materials for food Packaging

2.1.1. Preparation of graphene oxide-chitosan-platinum-copper
oxides/copper composites and thin film

Graphene Oxide: To make GO, a modified Hummers’ method was used to
oxidize expanded graphite. The process involved adding 4.0g of
graphite (<20 um synthetic, Sigma-Aldrich) flakes and 3.0 g of NaNOs;
(Absolute, Merck) to 300 mL of concentrated H.SO4 while stirring vigorously
in an ice-water bath. Then, 2 h later, 18.0 g KMnO, was added to the mixture
slowly throughout 18 h. The suspension was constantly stirred for 48 h. Next,
560 mL of 5.0 wt. % H,SO, was added to the suspension while it was being
mixed hard at 981 °C for approximately 2 h. After the temperature of the
suspension dropped to 60 °C, 24 mL of H,0- (30 wt. %) was added to remove
the extra KMnQO., and the suspension was stirred constantly at room
temperature for 2 h. Finally, the colour of the mixture changed from dark
brown to yellow. After 60 min of centrifugation at 20,000 rpm/min, the solid
phase was broken up with a strong stir and an ultrasonic water bath. The
solution was then cleaned with Milli-Q (Milli-Q Synthesis A10) water until
the pH was close to that of Milli-Q water.

Graphene oxide-chitosan-platinum (GO-CS-Pt): Briefly, 125 mg of
chitosan (average molecular weight: 190-310 kDa, <75 % deacetylation;
Sigma-Aldrich) was mixed with 37.5 mg of KMnQO4, 0.75 mL H2SO, and
incubated for 3 h at a fixed temperature of 37 °C. The resulting mixture was
then incubated for a duration of 3 hours, maintaining a constant temperature
of 37 °C. Following this, a suspension of synthesised graphene oxide (0.5 mL
at a concentration of 30 mg/mL) was thoroughly combined with processed CS
(0.5 mL), resulting in the development of a precipitate known as Graphene
Oxide-Chitosan (GO-CS). Initially, 20 mg of the GO-CS molecule was
dispersed in 40 mL of deionized water through ultrasonication. Subsequently,
the GO-CS colloidal dispersion was subjected to ultrasonic conditions, during
which 50 mL of a sodium hydroxide (NaOH) solution with a concentration of
1molL? and 1.2mL of a H,PtClg solution with a concentration of
38.68 mmol L* (mM) were introduced. The mixture was then mixed for
30 min at ambient temperature. Subsequently, NaBH, solution was introduced
incrementally by magnetic stirring. The reaction was conducted for an
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extended period at ambient temperature, and the anticipated outcomes were
obtained by centrifugation. The samples were subsequently subjected to
drying at 45 °C for 6 h. The outcome of this process was a powdered substance
referred to as the (GO-CS-Pt) nanocomposite.

Copper and copper Il oxide (Cu and CuO) : In a round-bottom flask,
20 g of CuSO4-5H,O was added and dissolved in distilled water under
magnetic stirring for 10 min at 60 °C. The solution was then adjusted to a pH
of approximately 9 by gradually adding sodium hydroxide (0.625 M), causing
the solution to change colour to a dark blue colloidal. Next, a 20-milliliter
solution containing 40 mg of L-ascorbic acid was added dropwise, and the
reaction mixture was allowed to react for 30 min while maintaining constant
stirring at 60 °C. The NPs were then recovered by centrifugation at
15,000 rpm and 25 °C, purified after washing twice with distilled water and
ethanol, and finally dried at 60 °C for 2 h. The NPs was obtained in red and
labelled as Cu. Similarly, CuO nanoparticles were synthesized without L-
ascorbic acid as a reducing agent.

Copper (1) oxide (CuzO): In a round-bottomed flask, 20g of
CuSQ4-5H,0 was added and dissolved in distilled water under magnetic
stirring for 10 min at 60 °C. Subsequently, the pH of the solution was adjusted
to approximately 9 by the gradual addition of sodium hydroxide (0.625 M),
and the solution colour changed to dark blue. Then, ascorbic acid (0.9 g) and
NaOH (0.4 g) were dissolved in 100 ml of deionized water, and the resulting
solution was added to the previous solution. Finally, an aqueous solution
(50 ml) of NaBH4 (0.4 g) was prepared and mixed with the solution under
constant stirring. As a result, an aqueous dark red solution was obtained. The
nanoparticles were recovered by centrifugation at 15,000 rpm and 25 °C,
purified after washing twice with distilled water and ethanol, and finally dried
at 60 °C for 2 h. The resulting dark red nanoparticles were labelled as Cu.0.

Copper (1) oxide/Copper (Cu,O/Cu): A dark blue colloidal solution of
CuSQ4-5H,0 at 0.625 M was added until a pH of 9 was obtained at 60 °C for
10 min., and ascorbic acid (0.9 g) and NaOH (0.4 g) were dissolved in 100 ml
of deionized water. The resulting solution was added to the previous solution
at 90 °C, and the reaction mixture was allowed to react for 10 min while being
constantly stirred at 90 °C. The reaction mixture was placed in an ice bath and
allowed to cool completely. A dark red precipitate was obtained. The
nanoparticles were recovered by centrifugation at 15,000 rpm and 25 °C,
purified after washing twice with distilled water and ethanol, and finally dried
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at 60 °C for 2 h. The resulting nanoparticles were labelled as Cu.O/Cu and
were brownish black in colour.

Preparation of graphene oxide-chitosan-platinum/copper oxide/copper
nanocomposite: GO-CS-Pt based nanocomposites were prepared using a
simple solvent evapouration method. In this process, 5 ml of 1.5 % v/v acetic
acid was mixed with 20 mg of Cu, CuO, CuyO, and Cu,O/Cu NPs
individually.

Preparation of of graphene oxide-chitosan-platinum/copper
oxide/copper _nanocomposite thin films: Drop-casting process was utilized for
the preparation of chitosan films, including GO-CS-Pt/ CopperOxide /Copper/
nanocomposites. In this process, 5 ml of 1.5 % v/v acetic acid was mixed with
20 mg of Cu, CuO, Cu20, and Cu2O/Cu NPs individually, dried and named as
Chitosan-Graphene Oxide-Platinum-Copper (GO-CS-Pt-Cu), Chitosan-
Graphene Oxide-Platinum-Copper(l1)Oxide (GO-CS-Pt-CuO), Graphene
Oxide-Platinum-Copper(l)Oxide  (GO-CS-Pt-Cu,0), Chitosan-Graphene
Oxide-Platinum-Copper(l)Oxide/Copper (GO-CS-Pt- Cu20/Cu)
nanocomposites.

To make a thin film, 20 mg of the copper nanocomposite powder was
mixed with 0.6 mg of chitosan solution in 100 ml of H,O. The mixture was
then placed on a silica glass plate and left to dry overnight. For comparison, a
clean chitosan film was prepared by following the steps above. The
nanocomposite films that were fabricated were GO-CS-Pt-Cu, GO-CS-Pt-
CuO, GO-CS-Pt-Cu,0O, and GO-CS-Pt-Cu,O/Cu, in that order. Before
determining what, the dried films were like, they were pulled off the plate and
dried in a vacuum oven at 35 °C for 48 h.

2.1.2. Characterization

The GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu,0O, and GO-CS-Pt-
Cu20/Cu nanocomposites were characterized by X-ray diffraction analyses
performed using a SmartLab X-ray diffractometer (Rigaku, Japan) and a D8
Advance X-ray diffractometer (Bruker AXS, Germany) equipped with an X-
ray tube with 9- and 2.4-kW rotating Cu anode.

The GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu,0, and GO-CS-Pt-
Cu20/Cu nanocomposite films were characterized). The Fourier transform
infrared (FTIR) spectra were recorded with a Vertex 70v vacuum spectrometer
with a 2 cm spectral resolution using a KBr pellet for sample preparation,
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Ultraviolet  Spectroscopy Photon RT (Essent Optics, Belarus).
All the synthesized with different concentrations of Cu,O/Cu, namely GO-
CS-Pt-Cu,0/Cu(0.5), GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu,0/Cu(1.5), GO-
CS-Pt-Cu,0/Cu(2) nanocomposite films were characterized by Atomic Force
Microscopy (Veeco Inc., Edina, MN, USA), and EDX( 7100 also has a JEOL
129 eV resolution silicon drift detector (SDD) for X-ray energy dispersive
spectroscopy (EDS) microanalysis. Field electric scanning electron
microscopy (FE-SEM) (Jeol JISM7100F). Contact Angle Measurements of the
thin films (Transferpette® S, volume 0.5-10 yuL, Brand GmbH). The
migration of Copper lons from the hybrid composite thin films was studied by
ICP OES (Optima 7000 DV, Perkin Elmer, quantitative analysis).

Statistical analysis of the collected data was performed using Duncan’s
multiple range and ANOVA tests to determine statistically significant results
(P < 0.05) and to present the results as meanzstandard deviation. Statistical
analyses were performed using GraphPad Prism software.

2.1.3. UV visible spectroscopy

The transmittance of GO-CS-Pt-Cu,0/Cu(0.5), GO-CS-Pt-Cu.0/Cu(1), GO-
CS-Pt-Cu,0/Cu(1.5), GO-CS-Pt-Cu,O/Cu(2) films was assessed using a UV-
VIS spectrophotometer Photon RT (Essent Optics, Belarus), and the
absorbance was measured at a wavelength of 600 nm, and the mean was
computed of the five measurements for each sample. The film transparency
was calculated by Eqg. (1):

A 1
Transparency = % )

Where Agoo is the absorbance of the film at 600 nm; T is the thickness of the
film (mm)

2.1.4. Antimicrobial activity of nanocomposites and thin films

This study aimed to examine the antibacterial properties of chitosan and its
derivatives against Escherichia coli (E. coli) using both film contact methods.
The culture of E. coli ATCC 25922, which was incubated for 24 h, was diluted
in a sterile physiological solution and adjusted to a standardized turbidity of
108 colony-forming units per millilitre (CFU/mL) using a spectrophotometer
set at a wavelength of 600 nm. The 100 pl suspension was evenly dispersed
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over Petri plates containing Mueller-Hinton agar. GO-CS-Pt-Cu, GO-CS-Pt-
Cu0O, GO-CS-Pt-Cu20, and GO-CS-Pt-Cu,0/Cu with GO-Cs-Pt composites
were subjected to testing against E.coli. In comparison, GO-CS-Pt-Cu,0O/Cu
showed highest inhibition compared to other composites. Then the
synthesized GO-CS-Pt-Cu,O/Cu composites were synthesized into increasing
weight % concentration of GO-CS-Pt-Cu,0O/Cu(0.5), GO-CS-Pt-Cu,0O/Cu(1),
GO-CS-Pt-Cu,0/Cu(1.5), GO-CS-Pt-Cu20/Cu(2) and GO-Cs-Pt (as control)
films were precisely cut into squares of 10 x 10 mm, equivalent to an area of
100 pg. These cut materials were then carefully positioned on plates colonized
with the desired microorganisms, ensuring direct contact with the agar.
Subsequently, the plates were placed in an incubator at 35°C and left
undisturbed for 24 h. A suspension of composites was prepared using a
phosphate buffer solution with a pH of 7.2 £ 0.1. The agar medium was
prepared and inoculated with E. coli. A sterile metal drill was used to create a
well with a diameter of 8 mm in agar medium. Subsequently, an 80 ul sample
designated for activity testing was introduced into the designated well, and the
resulting clear zone that emerged following a 24-hour incubation period was
noted. The clear zone of inhibition surrounding the film squares and wells was
quantified using a calliper with a precision of 0.02 mm. The acquired data
were assessed, and the standard deviation was computed.

2.1.5. Degree of swelling and moisture content

The composite materials with increasing weight percentage(wt %) of
Cu0/Cu (0.5, 1, 1.5, 2) were prepared and shaped into rectangular specimens
of 2 x 2 cm?. These specimens were then carefully weighed using an analytical
scale to determine their starting weight, denoted as M1. Subsequently, the
specimens underwent a drying process at a temperature of 70 °C within an
oven for a duration of 24 h. Following this, the initial dry mass (M) was
subjected to analysis using gravimetric methods. Subsequently, the samples
were dissolved in a solution of 30 mL of distilled water and allowed to
incubate for 24 hours at a temperature of 25 °C. Subsequently, the specimens
were subjected to a superficial drying process utilizing filter paper, followed
by the determination of their weight (Ms). The leftover film samples
underwent a drying process at a temperature of 70 °C for a duration of 24 h
within an oven. Subsequently, the final mass of the samples after complete
drying was measured and recorded as M4 (10, 20, 30, 40, and 50 days). The
calculation of water absorption in the films was performed by Water Content
(%) Eq. (2), Solubility (%) Eq. (3), Swelling Degree (%) Eq. (4):
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2.1.6. Hydrophilicity of film surface

The surface wettability of the synthesized GO-CS-Pt-Cu,O/Cu(0.5), GO-CS-
Pt-Cu,O/Cu(1), GO-CS-Pt-Cu,0O/Cu(1.5), GO-CS-Pt-Cu,0/Cu(2) and GO-
Cs-Pt (as control) films was assessed using a contact angle meter. A film
sample, measuring 2 x 2 cm?, was affixed to a sample holder. A micro syringe
was used to dispense 2 mL of distilled water onto the film surface. A digital
camera was then used to capture an image of the water drop, and the contact
angle between the film surface and water was calculated using a pre-installed
software. Contact angle was determined by calculating the mean standard
deviation of five replicate measurements of a single sample. The degree of
hydrophilicity of the films was assessed by contact angle measurements using
a drop shape analysis system. Deionized water, with a volume of 2 litres, was
used to determine the contact angles of all films. The data reported in this
study represent the median values, with a sample size of three (n = 5).

2.1.7. Degradation of graphene oxide-chitosan-platinum-copper
oxides/copper thin films

The  GO-CS-Pt-Cu,O/Cu(0.5), GO-CS-Pt-Cu.O/Cu(1l), GO-CS-Pt-
Cu0/Cu(1.5), GO-CS-Pt-Cu,0/Cu(2) and GO-Cs-Pt (as control) films
samples were prepared to the specified dimensions of 8 x8 cm? and subjected
to drying at 50 °C in a vacuum oven for 6 h. The samples were then weighed
to determine their initial dry weights (Wi) before being buried in a bed of fresh
soil. The experiments were conducted under ambient conditions. Intermittent
application of water was observed, whereby it was sprayed over the soil. The
weights of the buried samples were promptly measured at 10, 20, 30, 40, and
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50 days. The calculation of weight loss was performed utilizing the subsequent
Eqg. (5):

_ (Wi-wp)
W.

Biodegradation (%) = x 100% (®)

Where Wi and W; are the initial and final dry weights of the films,
respectively.

2.1.8. Migration of copper from graphene oxide-chitosan-platinum-copper
oxides/copper thin films s

The migration of nano Copper from GO-CS-Pt-Cu,0/Cu(0.5), GO-
CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu,0O/Cu(1.5), GO-CS-Pt-Cu.O/Cu(2) thin
films were studied by full immersion (double contact method), in three food
simulants: Ethanol (EtOH): 100 mL of 10 % (v/v) and Acetic Acid: 100 mL
of 3 % (v/v) at 32 °C for 10 days, was identified by ICP OES. Migration tests
were conducted by European Plastics Regulation (EU) 10/2011. The above
mentioned films were divided into smaller segments of 3 cm x 3 cm. In the
migration experiment, a single piece was chosen randomly, and its weight was
measured before being placed inside a glass vial with a capacity of 50 mL. To
conduct the migration test at 32 °C, a 15 mL solution of acetic acid food
stimulant with a concentration of 3 % (w/w) was added to the vial. The
migration of Cu from the composite film to a 3 % acetic acid, water and 10 %
EtOH was investigated using the methodology outlined by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES).

2.2. Synthesis of magnetic-nano adsorbent

2.2.1. Preparation of Graphene Oxide-Maghemite Nanoparticles and
Graphene Oxide-Maghemite-Chitosan composite

Maghemite (MGH): To prepare maghemite (MGH) NPs, a mixture of
FeCl, and FeCl; with a molar ratio of 1.1:2 was prepared and then treated with
freshly prepared NaOH solution. The resulting black mixture was agitated for
several minutes before dilution with water. To create a slurry, the mixture was
rinsed multiple times with water and acidified to a pH of 2. It was then washed
again before being hydrothermally aged in an ultrasonic bath at 80 °C for
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30 min. Subsequently, the suspension was dialysed against 0.001 mol/L HCI
and refrigerated at 4 °C.

Graphene oxide — chitosan composite: The GO-CS composite was
synthesized by blending graphene oxide and chitosan solutions. Subsequently,
a solution containing 3 g of chitosan was dissolved in 100 mL of 1 % acetic
acid solution. Additionally, a dispersion consisting of 0.5 grammes of
graphene oxide (GO) was prepared by sonication in 100 mL of Milli-Q water
at room temperature. Subsequently, the two solutions were combined and
sonicated for 10 min to obtain a uniform and consistent solution.
Subsequently, the graphene oxide-carbon support (GO-CS) was subjected to
precipitation by means of a 1 M sodium hydroxide (NaOH) solution in
ethanol. Subsequently, the composite material was subjected to multiple
washes with C,HsOH (Absolute, Merck, Rahway, NJ, USA), C.H3N, and
Milli-Q water until a neutral pH was achieved. Prior to conducting adsorption
studies, the graphene oxide-carbon structure (GO-CS) underwent a drying
process at a temperature of 50 °C for a duration of 24 hours.

Graphene oxide — maghemite composite (GO-MGH): GO-MGH
composites were fabricated by employing aqueous solutions containing
MGH-NPs and graphene oxide. The suspensions underwent sonication for
30 s, followed by rapid blending in a 1:1 ratio of graphene oxide (GO) to
multi-layer graphene hydrogel (MGH), resulting in a final MGH
concentration of 5 g/L. The suspension obtained as a result, with a pH range
of 5-6, was stored in a refrigerated environment to facilitate ongoing synthesis.

Graphene oxide — maghemite-chitosan composite(GO-MGH-CS): The
synthesis was conducted using hydrothermally aged MGH-NPs to produce
glutaraldehyde-cross-linked GO-MGH-CS I, with a weight ratio of 2.5:2.5:1
for GO:MGH:CS. Concentrated solutions of FeCl, and FeCls were utilized in
a molar ratio of 1.1:2 for the synthesis of MGH-NPs. Following the addition
of freshly made sodium hydroxide (NaOH) solution, the dark mixture
underwent agitation for several minutes and was subsequently diluted with
water. To prepare a slurry, the combination underwent a series of rinsing steps
using water, followed by acidification to achieve a pH of 2, and then
underwent another round of washing. Following hydrothermal ageing in an
ultrasonic bath at 80 °C for 30 min, the resulting suspension was subjected to
dialysis against a solution of 0.001 mol/L hydrochloric acid (HCI). The
suspension was refrigerated at 4 °C. The preparation of GO-MGH composites
involved the utilisation of aqueous suspensions containing MGH-NPs and
graphene oxide. The suspensions underwent sonication for 30 seconds, after
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which they were promptly combined in a 1:1 ratio with a final concentration
of MGH at 5 grammes per litre. The suspension obtained, with a pH range of
around 5 to 6, was thereafter stored in a refrigerated environment for
subsequent synthesis. The GO-MGH suspension was combined with a
chitosan (CS) solution acquired from (Sigma Aldrich, Taufkirchen,
Germany). The CS solution was prepared by dissolving 50 mg of chitosan in
25 mL of a 2 % (v/v) acetic acid solution. The ratio of GO-MGH to CS used
in the mixture was 2:1. Subsequently, a volume of 2mL of a 2%
glutaraldehyde solution was introduced into the mixture, followed by the
adjustment of the pH to a range of 9 to 10 using a 1 mol/L sodium hydroxide
(NaOH) solution. The resultant mixture was maintained at a temperature of
60 °C for 2 hours while being subjected to mechanical agitation. The
composite material was subjected to magnetic separation, followed by a water
wash to achieve a neutral pH. Subsequently, the material was subjected to
three rounds of mixing with 100 % ethanol. Subsequently, the resultant GO-
MGH-CS | composite was subjected to a drying process at a temperature of
50 °C for 16 hours under a vacuum environment.

The MGH-NPs were synthesized by introducing 25 % NH4OH to a
solution containing FeCl, and FeCls in a molar ratio of 1.5:2. The synthesis
was conducted at 40 °C with continuous stirring. This process was carried out
to produce GO-MGH-CS II, with a weight ratio of GO:MGH: CS of 2.5:2.5:1.
The mixture was maintained within a pH range of 9-10 and subjected to
vigorous agitation at 60 °C for 1 h, after which it was allowed to cool to
ambient temperature. The precipitate was separated using a magnet and then
subjected to numerous rinses with water. The MGH-NPs were dispersed in
water before their gradual addition into an aqueous solution of graphene oxide
(GO) with a concentration of 1 mg/mL. The combination underwent
mechanical agitation at a temperature of 60 °C for 1 h. Subsequently, the GO-
MGH composite was subjected to magnetization and rinsed three times with
water.

To prepare the GO-MGH-CS 1l composite, a chitosan (CS) solution
containing 50 mg of chitosan dissolved in 25 mL of a 2 % (v/v) acetic acid
solution was added to the GO-MGH composite suspension. The pH of the
mixture was modified to a range of 9-10 using a 1 mol/L NaOH solution,
followed by agitation for 2 h at a temperature of 60 °C. The GO-MGH-CS Il
composite was obtained using a magnet, subjected to three rinses with 100 %
ethanol, and subsequently washed with water until it reached pH 7. The
obtained composite was subjected to vacuum drying overnight at a
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temperature of 50 °C. The GO-MGH-CS Il composite material was
synthesized using the same procedure as that for the GO-MGH-CS I
composite, maintaining a weight ratio of 1:1:1 for GO, MGH, and CS.

2.2.2. Characterisation

The composites that were prepared underwent characterization using
various analytical instruments. X-ray diffraction analyses were conducted
using a D8 X-ray diffractometer (Bruker AXS, Bremen, Germany). Fourier-
transform infrared spectrometry was performed using a Vertex 70v vacuum
spectrometer (Bruker Inc., Bremen, Germany) with a spectral resolution of
2 cmt, and a KBr pellet was used for sample preparation. Raman spectra were
recorded using a RAM |1 system (Bruker Inc., Bremen, Germany) in a 180°
backscattering configuration, with a 1064 nm laser. The morphology and
particle size of the produced composites were analyzed using a Tecnai G2 F20
X-TWIN transmission electron microscope (TEM) manufactured by FEI
(Eindhoven, Netherlands). The TEM had a resolution ranging from 0.25 to
0.102 nm. The Mdssbauer spectra were acquired at ambient temperature using
a °Co (Rh) source and a Mdssbauer spectrometer manufactured by
Wissenschaftliche Elektronik GmbH in Starnberg, Germany. The spectra
were examined using the Normos Dist program.

2.2.3. Batch Experiments

With an initial Eu (1) (Note: In adsorption investigations, they are
employed as substitutes for the trivalent actinides) concentration of 0.01-
200 mg/L, an adsorbent dosage of 1 g/L (ratio 1:1000 g/mL), a temperature of
25 °C, and a pH range of 2 to 8, adsorption tests were conducted. Using a
WTW inoLab Multi Level 1 m (Weilheim, Germany) and a WTW pH
electrode SenTix 41 (Weilheim, Germany) calibrated with DIN 19266
standard buffers, initial pH values were determined. **2Eu was used to trace
the EuCls solution. The agitation speed was determined to be 100, 200, and
300 rpm for 5 and 24 h. The measured g. values were within the permitted
margin of error. As a result, 200 rpm was used in all studies. After the required
amount of time, the adsorbent was either magnetized or centrifuged at
20,000 x g for 15 min to separate it. Three sets of adsorption trials were
conducted in a batch manner. Using HPGe detectors (GEM40P4-76,
efficiency 42 %, resolution 1.9 keV/1.33 MeV; and the coaxial well GWL-
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120-15-LB-AWT detector, resolution 2.25 keV/1.33 MeV), the amounts of Eu
activity were determined by gamma spectrometry.

Eqg. (6) and (7) were used to compute the adsorption capacity and
removal efficiency of the GO-MGH, GO-CS, and GO-MGH-CS (I, I, 1)
composites, respectively:

_G -G (6)

_ (GG (7)

where ge (mg/g) is the amount of Eu (I11) adsorbed at equilibrium, Re (%) is
the removal efficiency, Co (mg/L) is the initial concentration of Eu (1), Ce
(mg/L) is the equilibrium concentration of Eu (Ill), V (L) is the working
volume, and m (g) is the weight of the adsorbent.

2.2.4. Determination of the point of zero charge

The pH at the point of zero charge was calculated using the pH drift
method. Test solutions of GO-MGH-CS (I, Il, and 111) composites (0.05-0.1 g)
were equilibrated with 50 mL of 0.01-0.1 mol/L NaNOs under argon flow and
at a temperature of 25.0 + 0.1 °C. Ten and thirty minutes after the titrant was
added, the measured levels were taken. Between readings of 10 and 30
minutes, the observed voltage drifted by less than 2 mV.

2.2.5. Elimination of europium, americium, and plutonium ions from aquatic
environments

The GO-CS, GO-MGH, and GO-MGH-CS (I, I, I1l) composites were
subjected to testing to evaluate their effectiveness in adsorbing Eu from
natural waters. The pH of the water samples used in the testing was maintained
at a consistent level of 7.8, whereas the salinity levels varied within the range
of 0 to 7 psu. The study involved the analysis of water samples collected from
three specific locations: the Baltic Sea (55°44'53"-21°02'05"), the Danes
River (55°42'40"-21°08'10"), and the Klaipeda Strait (55°43'49""—21°04'34").
These samples were subjected to tracing using the radioactive isotope 52Eu.
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The adsorbents were introduced into dialysis tubes containing a cellulose
membrane with a molecular weight cut-off of 14 kDa. These tubes were then
immersed in the water samples and subjected to continuous stirring for seven
days. After seven days, the dialysis tubes were extracted from their respective
containers. Subsequently, the water samples were subjected to gamma
spectrometry to determine the levels of Eu activity.

To evaluate the appropriateness of the synthesized composites for the
purpose of pre-concentrating actinides from seawater, 1-liter samples of
seawater were employed. A combination of Pu (IV) and Am (lll) was
introduced into the water samples, consisting of isotopes #*®Pu, 23%Pu, 24Py,
241py, and 2**Am. Subsequently, the composite materials were introduced into
the mixture, which was subjected to a 1 h mixing process followed by an
overnight incubation period. The composite materials were obtained using a
magnet or centrifugation. Alpha spectrometry was employed to measure the
Am and Pu isotopes subsequent to radiochemical separation, which was
carried out using TEVA and TRU columns manufactured by Eichrom
Industries. Isotopes 2*?Pu and **Am were employed as tracers during the
separation process.

2.2.6. ANFIS development

The ANFIS architecture was implemented in MATLAB R2021,
utilizing the Gaussian membership function (Gausesmf2) in conjunction with
subtractive clustering. A range of influence of 0.5, squash factor of 1.25,
acceptance rate of 0.5, and rejection rate of 0.15 were set as the subtractive
clustering parameters. In our study, 15 datasets were utilized for training
purposes, specifically GO-MGH, GO-CS, GO-MGH-CS I, GO-MGH-CS I,
and GO-MGH-CS IIl. Additionally, six datasets were allocated for testing,
and another six datasets were designated for validation. (Table 1) shows the
parameters used for ANFIS training. In order to mitigate the impact of larger-
scale effects on the ANFIS architecture, the data underwent normalization
Eq. (8) using before being inputted into the network. Subsequently, the
network was trained with zero error tolerance and a total of 100 training cycles
(epochs), each consisting of 100 iterations.
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Fig. 2 .The architecture of the Adaptive Neuro-Fuzzy Inference System used
in this study.

The architecture of the Adaptive Neuro-Fuzzy Inference System has six
levels (Fig. 2 ). The initial layer pertains to the input data, encompassing
variables such as pH, ion concentration, and contact time. The second layer
exhibits fuzzy characteristics. The third layer consists of a product and a
normalized layer, which incorporates four rules for GO-MGH and GO-MGH-
CS (I, 1) and two rules for GO-CS. Additionally, the GO-MGH-CS Il1 layer
has five rules. The components encompassed within this framework span from
the fourth to the sixth layer, namely defuzzification, total output, and output
adsorption capacity. The evaluation of the network’s performance was
conducted by assessing the agreement between the normalized experimental
and predicted data using three metrics: the mean squared error (MSE), the
average relative error (ARE), and the sum of squared errors (SSE). These
metrics were computed using Eq. (9), (10), and (11), respectively.
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Where U,,,,-, represents the normalized value, U,,,4, and U,,;,, denote
the minimum and maximum values, respectively. The variable U represents a
vector consisting of many values. The variable N represents the quantity of
data points obtained through experimentation. The variable “I;” represents the
expected output, while the variable “I;” represents the experimental output.

% (10)

Table 1: Parameters for ANFIS training

GO-MGH
pH Ci(mg/L)  t(min) Q. (mg/g) Exp Qe (mg/g) Pred
2 5 1440 0.016593 0.0166
3 5 1440 0.026514 0.0173
4 5 1440 0.053613 0.0357
5 5 1440 0.059265 0.0589
6 5 1440 0.085271 0.0807
7 5 1440 0.092524 0.0926
8 5 1440 0.081405 0.0814
5 5 10 0.011982 0.0120
5 5 20 0.027691 0.0200
5 5 30 0.040068 0.0281
5 ) 60 0.052184 0.0522
5 5 120 0.053489 0.1003
5 5 240 0.054794 0.1966
5 5 1440 0.059265 0.0589
5 0.01 1440 0.000000 0.0005
5 0.05 1440 0.000769 0.0010
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5 0.1 1440 0.001731 0.0017
5 0.2 1440 0.003307 0.0030
5 0.3 1440 0.005177 0.0044
5 0.5 1440 0.008218 0.0070
5 1 1440 0.013085 0.0134
5 2.5 1440 0.031415 0.0318
5 5 1440 0.059265 0.0589
5 10 1440 0.112896 0.1007
5 50 1440 0.403731 0.4037
5 100 1440 0.673014 0.6730
5 200 1440 1.000000 1.0000
GO-CS
pH Ci(mg/L)  t(min) Qe (mg/g) Exp Qe (mg/g) Pred
2 5 1440 0.020383 0.0197
3 5 1440 0.026138 0.0298
4 5 1440 0.056294 0.0398
5 5 1440 0.066610 0.0499
6 5 1440 0.069315 0.0600
7 5 1440 0.080246 0.0700
8 5 1440 0.080726 0.0801
5 5 10 0.034627 0.0349
5 5 20 0.041083 0.0390
5 5 30 0.051551 0.0432
5 5 60 0.055848 0.0556
5 5 120 0.062557 0.0804
5 5 240 0.065123 0.1300
5 5 1440 0.066610 0.0499
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5 0.01 1440 0.000000 0.0143
5 0.05 1440 0.000741 0.0146
5 0.1 1440 0.001667 0.0149
5 0.2 1440 0.003519 0.0157
5 0.3 1440 0.005091 0.0164
5 0.5 1440 0.008740 0.0178
5 1 1440 0.013873 0.0214
5 25 1440 0.034020 0.0321
5 5 1440 0.066610 0.0499
5 10 1440 0.126354 0.0856
5 50 1440 0.416559 0.3710
5 100 1440 0.703649 0.7277
5 200 1440 1.000000 1.0002
GO-Mg-Cs |
Q. (mg/g)
pH Ci(mg/L)  t(min) Qe (mg/g) Exp Pred
2 5 1440 0.021975 0.0220
3 5 1440 0.029983 -0.0358
4 5 1440 0.104037 0.0631
5 5 1440 0.110142 0.1096
6 5 1440 0.119769 0.0952
7 5 1440 0.171320 0.1713
8 5 1440 0.171152 0.1712
5 5 10 0.051882 0.0519
5 5 20 0.069583 0.0622
5 5 30 0.070748 0.0725
5 5 60 0.103515 0.1035
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5 5 120 0.105761 0.1653
5 5 240 0.107942 0.2890
5 5 1440 0.110142 0.1096
5 0.01 1440 0.000000 0.0003
5 0.05 1440 0.001357 0.0012
5 0.1 1440 0.002713 0.0024
5 0.2 1440 0.005049 0.0047
5 0.3 1440 0.007682 0.0069
5 0.5 1440 0.010553 0.0115
5 1 1440 0.022772 0.0228
5 25 1440 0.056334 0.0562
5 5 1440 0.110142 0.1096
5 10 1440 0.208474 0.2060
5 50 1440 0.479792 0.4793
5 100 1440 0.719888 0.7203
5 200 1440 1.000000 0.9999
GO-Mg-Cs 1l
Qe (mg/g)
pH Ci(mg/L) t(min) Qe (mg/g) Exp Pred
2 5 1440 0.012245 0.0122
3 5 1440 0.019741 0.0221
4 5 1440 0.036533 0.0320
5 5 1440 0.041716 0.0418
6 5 1440 0.042198 0.0482
7 5 1440 0.04418 0.0442
8 5 1440 0.039937 0.0399
5 5 10 0.022962 0.0230
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GO-Mg-Cs I

Qe (mg/g)
pH Ci(mg/L) t(min) Qe (mg/g) Exp Pred
2 5 1440 0.01229 0.0123
3 5 1440 0.022869 0.0514
4 5 1440 0.032075 0.0716
5 5 1440 0.037027 0.0370
6 5 1440 0.037391 0.0300
7 5 1440 0.038618 0.0386
8 5 1440 0.037148 0.0371
5 5 10 0.011118 0.0111
5 5 20 0.024338 0.0149
5 5 30 0.019943 0.0186
5 5 60 0.029928 0.0299
5 5 120 0.033518 0.0524
5 5 240 0.035525 0.0975
5 5 1440 0.037026 0.0370
5 0.5 1440 0 0.0000
5 1 1440 0.004045 0.0039
5 25 1440 0.016915 0.0161
5 5 1440 0.037026 0.0370
5 10 1440 0.072013 0.0720
5 50 1440 0.339967 0.0773
5 100 1440 0.60595 0.6268
5 200 1440 1 1.0000

51



3. RESULTS AND DISCUSSION
3.1. Characterization of composites for food packaging

3.1.1. XRD

The XRD pattern of the GO-CS-Pt composite showed diffraction peaks at

20 = 10.6°, 26.2°, 26.45°, and 40.3°, corresponding to the characteristic peaks
of GO, chitosan, and platinum, respectively (S. M. Hosseini et al., 2022; A.
S. K. Kumar & Jiang, 2016; L. Liu et al., 2012; Rao et al., 2016; Rong

etal., 2007). The diffracted peaks of the (111) and (200) planes at 20 = 36.26°
and 43.26° in the GO-CS-Pt-Cu composite are assigned to the Cu monoclinic
structure (Emiru & Ayele, 2017; Figiela etal., 2018; S. B. Khan et al., 2019).
The diffracted peak (111) at 26 = 42.1° indicates the presence of Pt (Qiu et al.,
2011). The crystallite size of GO in this composite is 3.5 nm, while the
crystallite size of Cuand Pt is 25.1 nmand 3.6 nm, respectively. The diffracted
peaks of the (111), (-111), (202), (111), and (202) planes of the GO-CS-Pt-
CuO composite correspond to CuO at 26 = 35.32°, 38.66°, 48.56°, and The
XRD patterns of the synthesized composites are shown in Fig. 3. The XRD
analysis diffraction patterns of the GO nanostructures revealed is observed by
a characteristic peak at 10.2"indicating the plane (001) at 26 = 10.2". The broad
rise at 26=38 * suggests that the typical layered structure of graphene oxide has
been changed after the addition 0f43.27°, respectively (Abdolsattari et al.,
2022). The average crystallite size of the CuO nanoparticles was 11.9 nm. The
XRD diffractogram of the GO-CS-Pt-Cu0 film shows that the (110), (111),
(200), and (220) peaks at 26 =correspond to Cu,O positioned at 29.38°, 36.48",
42.44°, and 61.44°, respectively, correspond to Cu,O (Figiela et al., 2018;
Kalubowila et al., 2021). The calculated crystal size of Cu,O was 16.9 nm.
The XRD diffraction spectrum of the GO-CS-Pt-Cu,O/Cu composite reveals
that the diffraction peaks of the (110), (111) plane and (111) planes were
assigned to Cu,0 at 20 = 29.36°, 36.54 *and the peak of the (020) plane was
assigned todirect to Cu at 26 =positioned at 50.36°. The peaks around 35.1°,
38.6°, and 49.0° could be attributed to the (111), (111), and (020) planes,
respectively, which are assigned to the phase of copper oxide nanoparticles
(JCPDS File Card No. 05e661)(Kalubowila et al., 2021; A. Khan et al., 2016).
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Fig. 3. XRD pattern of GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu.0,
and GO-CS-Pt-Cu,0/Cu and GO-CS-Pt Composites.

200

3.12FTIR

Blended films of GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu.0,
GO-CS-Pt-Cu,0O/Cu with Chitosan were developed to combine the film-
forming properties of chitosan, superior barrier properties of graphene oxide,
and antibacterial properties of copper. The FTIR spectra of the graphene
oxide-chitosan-platinum (GO-CS-Pt) composites exhibited characteristic
absorption peaks at 3448, and 1051 cm™!, corresponding to —~NH_, and C=0
stretching vibrations of chitosan (X. Yang et al., 2010; P. T. Yin et al., 2015)
, Whereas bands at 1594 cm'represents graphene oxide (Zuo et al., 2013). The
stretching between 3411 and 3248 cm 'shows a homogeneous stretching
between 3411 and 3248 cm™! shows a homogeneous stretching between GO
and CS (S. Kumar & Koh, 2014). Also, the peaks at 1636, 1534, 1383, and
1107 cm'were attributed to were attributed to Amide | band, Amide Il band,
bending vibration of the amino group, and C-O—C stretching of chitosan (Bai
et al., 2016; Sharififard et al., 2013; Yan et al., 2021b). The GO-CS-Pt-Cu
composite displayed additional peaks at 618 cm™, 1328 cm™. 1623 cm™,
1450 cm™, 1072 cm *which were associated with the presence of single-
bonded carbon with halogen stretching vibrations and C=C stretching
vibrations, for asymmetric stretching COO, N-H bending and C-H bond
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stretching respectively (Betancourt-Galindo et al., 2014; Das et al., 2020;
Emadi et al., 2017) .

The GO-CS-Pt-CuO exhibited distinct absorption bands at 506 cm™!,
1041 cm™, and 1118 cm™!, which were assigned to the vibrational bending
mode of Cu-O, C-O stretching, and C-N stretching of the quaternary
ammonium group of graphene oxide, respectively. The GO-CS-Pt-CuO
composite, additionally displayed absorption bands at 1416 cmand
1558 cm™2, which were ascribed to O-H bending and N-O stretching bands,
respectively. Furthermore, bands at 474 cmtand 545 cm*were assigned to
the vibrational bending mode of Cu-O (Jayaramudu et al., 2019; Zhong et al.,
2017). The FTIR spectra of GO-CS-Pt-Cu,O, showed peaks between
1450 cmtand 1300 cm™*due to C-H bending vibrations, 1070 cm due to C-
N streaching vibration, the characteristic peaks of Cu,O at 720 cm™, 618 cm™*
are also observed (Guo et al., 2019). Moreover, additional weak absorption
bands at 3123 cm™, 3268 cm™, 3478 cm™, and 3572 cm™, which could be
attributed to C-H stretching vibrations. Also, in the GO-CS-Pt-Cu,O/Cu
composite, an absorption peak at 1719 cm™'was detected, indicating the C=0
stretching of the COOH group (Santos-Cruz et al., 2017)and peaks at
1656 cm™!, 1452 cm'and 1398 cm'are attributed to C=C stretching, C=C
aromatic ring stretching and C—OH stretching vibrations (Mohamed, 2020). It
is noteworthy that the absorption below 1000 cm™! resulting from interatomic
vibrations is typically exhibited by metal oxides. Additionally, a peak at
1622 cm!was observed consistently across all composite films, reflecting the
characteristic C=C stretching vibration (Sutradhar et al., 2014).
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Fig. 4. FTIR pattern of. GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu0, and
GO-CS-Pt-Cu0/Cu and GO-CS-Pt nanocomposite films.

3.1.3. Ultraviolet shielding efficiency of nanocomposite films

Food packaging materials must retain their transparency if this is a
desirable property to ensure the good appearance of the packaged food, which
may affect consumer acceptance of the product. Ultraviolet (UV) light is one
of the most common oxidation triggers that can lead to oxidation of lipids in
food systems. Therefore, it is important for food manufacturers to develop
methods to improve the barrier properties of food films against UV light. The
optical transmittance (%) of the prepared GO-CS-Pt-Cu, GO-CS-Pt-CuO,
GO-CS-Pt-Cu20, and GO-CS-Pt-Cu,O/Cu films were measured at the
preferred wavelength (200-600 nm) and the results are displayed in Fig. 5.
The light transmittance of all the synthesized films from UVC (200-280) nm
is under 1 %, indicating that the ultraviolet at the wavelength of 200 to 280 nm
can hardly penetrate through all synthesized films. GO-Cs-Pt-Cu,O/Cu
displayed the lowest UV light transmission among the studied nanocomposite
films. The films exhibited a notable decrease in percent transmittance for both
UV and visible lights following the involvement of copper and copper oxide
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nanoparticles on to the thin films. The transmittance (%) of UV and visible
light was measured using a spectrophotometer and given in Table 2. The
presence of Cu nanoparticles led to a significant reduction in UV
transmittance, which dropped to 37.5%, while visible light was still
transmitted. This demonstrates the promising ability of Cu nanoparticles to
provide moderate UV protection. Nevertheless, the presence of CuO
nanoparticles led to a remarkable improvement in visible light transmittance
with a measured transmittance of 64.7 %. This indicates that the nanoparticles
not only absorb UV light but also scatter light. On the other hand, Cu.O
showed effective UV protection with a transmission rate of 47.4 %, with even
higher visible light transmittance.
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Fig. 5. UV-vis transmission spectra of GO-CS-Pt-Cu, GO-CS-Pt-CuO, GO-
CS-Pt-Cu,0, and GO-CS-Pt-Cu,O/Cu.

The GO-CS-Pt-Cu film exhibited an exceptionally low UV transmittance of
32.4%, due to the synergistic interactions between Cu.O and Cu

nanoparticles. This synergy provides high protection against UV-B radiation
while still allowing a considerable amount of visible.
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Table 2. Transmittance Percentage of the GO-CS-Pt-Cu, GO-CS-Pt-CuO,
GO-CS-Pt-Cu,0, and GO-CS-Pt-Cu,0O/Cu.

Thin films Transmission at 380 (%) [Transmission at 660 (%)
GO-Cs-Pt 548+16 61.1+ 1.8
GO-Cs-Pt-Cu 37.5+13 499+17
GO-Cs-Pt-CuO 509+22 64.7+ 2.4
GO-Cs-Pt-Cu,0 47.4+26 61.0 +2.8
GO-Cs-Pt-Cu20/Cu 324+21 45.9 +2.3

3.1.4. Antibacterial Study

Copper-based nanofillers in food packaging suppress the growth of
pathogens, as antimicrobial tests have shown. This is attributed to their strong
and far-reaching antibacterial properties. The use of nanofillers in the
packaging matrix successfully prevented the growth of microorganisms in
both packaged and freshly sliced food samples. The study investigated the
bactericidal properties of chitosan films, copper particles and GO particles on
Gram-negative Escherichia coli bacteria, taking into account their
antibacterial properties. The antimicrobial behaviour of synthesized GO-CS-
Pt(control), Cu, CuO, Cu.0, Cu,O/Cu nanoparticles and GO-CS-Pt-Cu, GO-
CS-Pt-Cu0O, GO-CS-Pt-Cu,0, and GO-CS-Pt-Cu,0O/Cu nanocomposites thin
films against E.coli are reported in the results presented in Fig.6. (A) and
Fig.6.(B). The inhibitory effect of the nanoparticles was evaluated by
measuring the size of the inhibition zone formed after 48 hours at a
temperature of 37 °C. The entire experiment was conducted within the
confines of the incubation chamber. Fig. 6 (A) shows the antimicrobial
activity against E. coli. Bacteria, with inhibition zone (mm) values of 5, 4, 6,
4, and 1 mm for Cu, CuO, Cu;0, Cu,0/Cu, and GO-Cs-Pt nanoparticles,
respectively. Fig.6. (B) shows the antimicrobial activity of nanocomposite
thin films against E. coli. Bacteria with the inhibition zone (mm) values of
1.0 mm for GO-CS-Pt-Cu, 2 mm for GO-CS-Pt-CuO, 9 mm for GO-CS-Pt-
Cu20 and 11.3 mm for GO-CS-Pt-Cu,O/Cu. These results suggest that
nanocomposite films with Cu,O/Cu nanoparticles show efficient antibacterial
activity against E. coli.
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CuO NPs can produce more ROS than Cu.O NPs as they can generate
ROS through Haber-Weiss and Fenton processes, whereas Cu,O NPs can only
generate ROS through Fenton reactions. In terms of the possible mode of
action for CuO, the electron transfer between the negatively charged bacteria
and the copper NPs is one of the effective mechanisms that cause the bacterial
membrane rupturing and exerting antibacterial activity. Whereas the
antibacterial action of GO-CS-Pt-Copper may be ascribed to the liberation of
Cu'* and Cu° ions into the bacterial medium, subsequently engaging with the
bacterial genome and proteins, resulting in the inhibition of reactive oxygen
species release, eventually resulting in bacterial extinction (Gopinath et al.,
2024; Ren et al., 2009; W. Zhang et al., 2023). In contrast, the GO-CS-Pt-
Cu20/Cu thin films with Cu2O/Cu showed higher value of inhibition, while
other hybrid films with different oxidation states of copper also showed
antibacterial activity. Considering this, we synthesized GO-CS-Pt-Cu,O/Cu
nanocomposite-based chitosan thin films, with increasing weight % (W/W)
concentrations of (0.5, 1, 1.5, 2) Cu,O/Cu into chitosan matrix to determine
the most favourable concentration for use in food packaging.
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Fig. 6. Antibacterial activity of investigated composites and films(A) GO-CS-
Pt(control), Cu, CuO, Cu;0, Cu,O/Cu nanoparticles (B) GO-CS-Pt-Cu, GO-
CS-Pt-Cu0O, GO-CS-Pt-Cu,0, and GO-CS-Pt-Cu,0O/Cu nanocomposite films.

3.1.5. Hydrodynamic properties

The water resistance characteristics of GO-CS-Pt-Cu,0/Cu(0.5), GO-
CS-Pt-Cuz0/Cu(1),  GO-CS-Pt-Cu.0/Cu(1.5),  GO-CS-Pt-Cu.0/Cu(2)
Composite-based chitosan thin films are crucial for preserving food.
Therefore, the water solubility (WS) and the ability of the film samples not to
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dissolve were evaluated in the solubility and swelling tests. The water
solubility of the films is directly related to their ability to dissolve naturally
and serves as a measure of their resistance to water.

A @ GOCs-Pt B @ GOCs-Pt
1 GO-CS-Pt-Cu,0/Cu(0.5) # GO-CS-P-Cu,0/Cu(0.5)
A GOLS-Pt-Cu,0/Cu(1) 150- 4 GO-CS-P-Cu,0/Cu(1)
® GO-CS-P1-Cu,0ICuU(1.5) ® GO-CS-PILU,0CU(1.5)
GO-CS-Pt-Cu,0/Cu(2.0) GO-CS-Pt-Cu,0/Cu(2.0)
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Fig. 7.(A) Solubility and (B) Swelling degree of the GO-CS-Pt-Cu,O/Cu(0.5),
GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu,0/Cu(1.5), GO-CS-Pt-Cu.0O/Cu(2).
The values are represented as a mean + standard deviation.

Films with a high-water solubility are not suitable for food packaging,
as they must have both a high-water resistance and a high moisture content.
The water solubility (WS) parameter measures the degree to which a film
sample resists water. An increased or optimal solubility of films can promote
degradation, while a lower solubility is advantageous for storage (Zhengetal.,
2014).

Over a period of 60 days, the GO-CS-Pt thin films showed the highest
solubility, which decreased from 8 % to 6.5 % from day 10. While the
solubility of all other thin films increased after 10 days, the solubility of the
GO-CS-Pt-Cu,O/Cu (1) thin films decreased over time, reaching a lower
solubility of 2.96 %. The GO-CS-Pt-Cu,O/Cu (0.5), GO-CS-Pt-Cu,O/Cu
(1.5) and GO-CS-Pt-Cu,O/Cu (2) thin films showed solubilities of 4.6 %,
5.3 % and 4 %, respectively, after 60 days, as shown in Fig. 7 (A).

The degree of swelling of the food packaging material can affect the
permeability to gasses such as oxygen and carbon dioxide as well as the water
vapour permeability (MVTR). If the packaging material swells significantly,
there is a possibility that its permeability to moisture increases, which can
cause the food in the packaging to spoil or rot (Suppakul et al., 2003).
Research suggests that the incorporation of graphene oxide can reduce the
degree of swelling of chitosan films (Kim et al., 2020). The reduction in the
degree of swelling of the chitosan-based film after crosslinking has also been
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documented (Liang et al., 2019). Shariatinia & Fazli, (2015)found out that
addition of Fe3O4 nanoparticles onto the chitosan-starch matrix films
decreased the swelling of the thin film in acidic media. The swelling
characteristics have a significant impact on the permeability to oxygen, carbon
dioxide and water vapour (MVTR), which are key factors for the packaging
material. Fig. 7(B) shows that the swelling property measured over a period
of 60 days ranged from 79.0 % to 96.3 %. It was observed that the swelling
property decreased with increasing concentration of Cu,O/Cu (Susilowati et
al., 2019). This may be due to copper nanoparticles contributing to the binding
of water molecules. The formation of coordination bonds between the
functional groups of chitosan and GO-CS-Pt-Cu,O/Cu NPs resulted in a
decrease in the swelling ratio capacity of the nanocomposite films.

The evaluation of surface wettability is a critical attribute of composite
films, especially in the context of their use in food packaging. Vasi et al.,
(2022) conducted a study that demonstrated the ability to alter the wettability
of PET thin films through multiple treatment methods. This finding holds
potential implications for the interactions between packaging materials and
food. Measurements of the water contact angle are crucial for assessing the
properties of food packaging materials. They provide information on whether
the surface is hydrophilic or hydrophobic, with hydrophilic surfaces
preventing the condensation of water and thus minimizing the potential for
food contamination.

Fig. 8 shows that the hydrophobicity of the thin films decreases with
increasing concentration of nanoparticles. The GO-CS-Pt thin film exhibited
the highest hydrophobicity (87.3°) compared to the other composites,
indicating that the concentration of Cu,O/Cu increases with increasing film
thickness, resulting in lower hydrophobicity. The hydrophobicity of the GO-
CS-Pt-Cu,0O/Cu(1) thin film was only slightly reduced to 74.85° when higher
concentrations of nanoparticles were present in the chitosan matrix. The
incorporation of graphene oxide increases the degree of crosslinking of the
chitosan films and their interaction with water. The improved surface
roughness of the chitosan matrix can be attributed to the incorporation of the
nanocomposite. Moreover, the addition of AgNPs and activated nanocarbon
increased the hydrophilicity of the chitosan films On the other hand,
Alghuwainem et al. (2022) observed that chitosan films with nanoparticles
can exhibit altered surface roughness and different hydrophilic properties,
which can affect the contact angle of the thin films.
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Fig. 8. Contact angle measurements of the GO-CS-Pt-Cu,0/Cu(0.5),
GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu,0O/Cu(1.5), GO-CS-Pt-Cu,0O/Cu(2)
composites in chitosan thin films .

In addition, the surface energy of nanoparticles influences the contact
angle, whereby nanoparticles with higher surface energy have a greater
affinity for liquids and reduce the contact angle. The introduction of
nanoparticles can alter the surface chemistry of the substrate and influence the
intermolecular interactions between the liquid and solid surfaces, which can
lead to a reduction in the contact angle

3.1.6. Degradability in soil

Polymeric materials change their structure, morphology and properties
considerably due to numerous environmental influences such as
microorganisms, humidity, temperature, pH value of the surrounding medium
(e.g., soil) and other influencing elements. The incorporation of fillers into the
film can control biodegradability and improve durability by promoting the
development of a dense structure and/or exhibiting antibacterial properties.
Biodegradation in the soil can occur by two main mechanisms: either by
photodegradation or by the microbial activity present in the soil. The
subsequent phase comprises enzymatic and other excreted degradation
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processes that lead to weight loss and decomposition of the film sample. The
biodegradability of the tested film was determined by analyzing the changes
in its weight and surface microstructure. In one study, the biodegradation of
chitosan-coated phosphorylated starch films in a soil environment was
investigated. The results showed that chitosan-coated phosphorylated films
exhibited a high degree of degradation, with near destruction occurring within
three months (Merino & A. Alvarez, 2019). The biodegradation of chitosan-
based biopolymer films supplemented with the polyphenol extract of Quercus
was tested in different soil types (Oberlintner et al., 2021). The results showed
that the chitosan films dissolved in all tested soil samples within less than three
days. The hydrophilic property of chitosan-graphene oxide nanocomposites
has the potential to play an important role in soil degradation. The hydrophilic
properties of chitosan-graphene oxide nanocomposites can also improve their
interaction with soil particles, allowing better dispersion and diffusion of the
nanocomposite material within the soil matrix. It was also suggested that
swelling and accelerated film biodegradation could result from water diffusing
into the polymer matrix.
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Fig. 9. The GO-CS-Pt-Cu,0/Cu (0.5), GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-

Cu,0/Cu(1.5), GO-CS-Pt-Cu,0/Cu(2) composites in chitosan thin films for
50 days

The degradation behaviour of chitosan thin films in the soil can be
influenced by the incorporation of metal. Thin metal films, such as those
consisting of copper, are used in numerous applications due to their special
properties. However, the interface between thin metal films and soil can cause
corrosion and decay over a long period of time (H. Zhang et al., 2001). The
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soil was maintained at ambient temperature, a moisture content of 45 % and a
pH of 6. The GO-CS-Pt composite film exhibited the highest biodegradability
of 86.12 %, as shown in Fig. 9., which may be due to the antimicrobial activity
of the soil. Pure chitosan films, on the other hand, are completely degraded,
as previously reported (Oberlintner et al., 2021; Vasile et al., 2018). The
biodegradability of the GO-CS-Pt control composite film was the highest at
86.12 %. This could be attributed to the antibacterial properties of the soil.
The GO-CS-Pt-Cu,O/Cu(1.5) films exhibited the highest degree of
biodegradability. As the concentration of Cu,O/Cu in the composite increased,
the percentage weight loss decreased in the following order: 68.07 %, 59.9 %,
55.55 % and 45.0 % for Cu,O/Cu (0.5), Cu.0O/Cu (1), Cu,O/Cu (1.5) and
Cu20/Cu (2), respectively. This result was in accordance with (llyas et al.,
2018) This phenomenon can be attributed to the enhanced intermolecular
interaction, which is favoured by the increasing concentration of nanofillers.
The present research results indicate that sufficient dispersibility of the
nanofillers in the matrix has the potential to improve the biodegradability of
the material and thus represents a promising element for improved durability
(Cheng & Grest, 2016; Hwang et al., 2012; Tabassum et al., 2023).

3.1.7. Surface characterisation

The energy dispersive X-ray analysis of GO-CS-Pt-Cu,O/Cu(0.5), GO-CS-Pt-
Cu,0/Cu(1), GO-CS-Pt-Cu,0/Cu(1.5), GO-CS-Pt-Cu,0/Cu(2) showed an
optical absorption band peak at approximately 0.8-1.0 keV. The results (Fig.
10. (a-d)) show the typical absorption of metallic Cu,O nanocrystallites. The
percentage mass fraction of Cu in the EDX thin films increases with increasing
Cu20 weight concentration (w/w) in the synthesized thin films. The elemental
mapping study performed on the Cu,O nanoparticles showed a significant
dispersion of metallic Cu,O within the scanning electron microscopy image
of the copper nanoparticles present in the films. All the element mapping
images (Fig. 11.(A-D)) show the presence of copper in the thin films, although
not very bright, indicating that the copper nanoparticles are present inside the
thin films and not on the outer surface.
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Fig. 10. EDX Spectra of films with increasing concentrationlbf Cu;0/Cu, (a)
GO-CS-Pt-Cu,0/Cu(0.5), (b) GO-CS-Pt-Cu,O/Cu(1), (c) GO-CS-Pt-
Cu,0/Cu(1.5),(d) GO-CS-Pt-Cu,0/Cu(2).
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Fig. 11. Elemental Mapping with the presence of Copper in (a) GO-CS-Pt-
Cu20/Cu(0.5), (b) GO-CS-Pt-Cu,0O/Cu(1), (c) GO-CS-Pt-Cu,O/Cu(1.5),(d)
GO-CS-Pt-Cu20/Cu(2) nano-composite thin films.
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3.1.8. AFM and FE-SEM

GO-CS-Pt-Cu.0/Cu(0.5),  GO-CS-Pt-Cu,O/Cu(1l), GO-CS-Pt-
Cu,0/Cu(1.5), GO-CS-Pt-Cu,0/Cu(2) films were subsequently examined by
atomic force microscopy (AFM) in order to determine the dimensions of the
GO-CS-Pt-Cu0/Cu nanoparticles and the morphology of the resulting
nanocomposite thin film. AFM microscopy illustrates the integration of GO-
CS-Pt-Cu,0/Cu into the chitosan layer, which exhibits a spherical
morphology as shown in Fig. 12. (A-D). Furthermore, AFM analysis revealed
that the particles exhibited no signs of agglomeration within the Chitosan
matrix. While the field electron scanning electron microscopy (FE-SEM)
images (Fig. 13. A-D) showed a smooth surface for all increasing
concentrations of GO-CS-Pt-Cu,O/Cu incorporated chitosan films, AFM
showed increasing surface roughness with increasing weight concentration of
Cu,0O/Cu in the chitosan films.

4.8 nm 8.4 nm
-3.9 nm -7.0 nm
10.1 nm 6.0 nm
-8.4 nm » -5.1 nm

Fig. 12. Atomic Force Microscopy of the composites films with increasing
concentration (A) GO-CS-Pt-Cu,0/Cu(0.5), (B) GO-CS-Pt-Cu,0/Cu(1), (C)
GO-CS-Pt-Cu,0/Cu(1.5), (D) GO-CS-Pt-Cu,0/Cu(2).
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Fig. 13. SEM images of (A) GO-CS-Pt-Cu,O/Cu(0.5), (B) GO-CS-Pt-
Cuz0/Cu(1), (C) GO-CS-Pt-Cu,0/Cu(1.5), (D) GO-CS-Pt-Cu,0O/Cu(2) of
nanocomposite thin films.

3.1.9. Migration of copper

Several studies have investigated the migration of copper from chitosan-
copper nanocomposite (Ashrafi et al., 2020; Kalia et al., 2021; Llorens et al.,
2012). In a study conducted by Liu et al. (2016), the objective was to examine
the various parameters that influence the migration of copper in materials used
for food packaging. This study showed that increased temperatures, longer
exposure times and increased copper concentrations together contribute to an
escalation of copper migration. It was found that the migration of copper from
the packaging material into the food is accelerated at elevated temperatures,
where copper concentrations up to 0.54 pg/mL migrated into rice vinegar
from chitosan-copper films at high temperatures. It was also observed that
longer exposure times lead to increased copper migration from the thin films
into food simulants. Although copper nanoparticles in food packaging are
extensively studied to improve mechanical properties, barrier properties,
antimicrobial and antioxidant activities, there is little research on the
migration of copper nanoparticles (CuNPs) from packaging coatings into food
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products (Ahari & Lahijani, 2021; Cushen et al., 2014; F. Liu et al., 2016a;
Mesgari et al., 2022).

,’ Migration of Copper and Platinum lons
from Synthesised film

Food Simulant

Fig. 14. [lllustration of migration of copper and platinum ions from
synthesised hybrid copper films

Different concentrations of GO-CS-Pt-Cu.0/Cu(0.5),
GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu.0/Cu(1.5), GO-CS-Pt-Cu,0O/Cu(2)
nanocomposite films in chitosan were exposed to water, 10 % ethanol and 3 %
acetic acid as food simulants at 32 °C for 10 days. The migration results show
that the migration of copper ions from the film was less than 1 pg/L for all
composite films and below the FDA approved concentration (5 pg/L). The
results (Fig. 15) show that the migration of Cu from the thin films occurred in
the order 3 % acetic acid > 10 % ethanol > water. GO-CS-Pt-Cu,O/Cu(1.5)
showed the highest release of copper in only 3 % acetic acid, as chitosan has
the highest solubility in acetic acid. Migration studies showed that the
diffusion of copper ions from the film in all three food simulants, including
3 % acetic acid, remained below 1 mg kg™' and was lower than FDA’s safety
limit for copper migration into food substances. Nevertheless, only migration
of copper ions was detected, but the nanoparticles remained intact within the
membranes at all concentrations. Therefore, it is likely that the GO-CS-Pt-
Cu,0/Cu composite films are safe for food packaging at normal temperature.
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Fig. 15. The migration amount of copper (mg/kg) from the GO-CS-Pt-
Cu20/Cu(0.5), GO-CS-Pt-Cu,0/Cu(1), GO-CS-Pt-Cu,0/Cu(1.5), GO-CS-Pt-
Cu,0/Cu(2) composite films, after 10 days in exposure to 10 % EtOH, 3 %
Acetic Acid, and Water as food simulants.

Due to the different mechanical properties of the thin films as well as
the differences in copper migration and biodegradability at variable weight
concentrations of Cu,O/Cu, these films are suitable for food packaging with
customizable properties. The integration of antibacterial properties, robust
mechanical strength and customizable surface properties provides a versatile
packaging solution that meets the diverse requirements of the food industry.
Overall, this study provides valuable insights into the use of nanocoppers in
food packaging and its potential impact on food preservation.
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3.2. Characterisation of composites for adsorption studies

3.2.1. XRD

The XRD patterns of GO, GO-MGH, and the composite of GO-MGH-CS
performed in a 260 range of 5-75°. In the XRD pattern of GO and GO-MGH,
the diffraction peak at 10.98° corresponds to the typical (001) crystal plane of
GO, which is also consistent with data published by other researchers(Johra
et al., 2014; X. Zhang et al., 2022). The absence of a characteristic GO peak
in the GO-MGH-CS composite can be explained by the possible overlap of
the maghemite and chitosan peaks (Jiang et al., 2016). The values of 26 =
30.2°, 35.4°, 42.5° 53.7°, 57.5°, and 63.0°, found in GO-MGH and GO-
MGH-CS, correspond to the crystallographic planes (220), (311), (400),
(422), (511), and (440) of maghemite (y-Fe;Os), respectively, which is
consistent with the card (ICDD # 00-039-1346) and the literature data . In
addition, an amorphous peak at 20 = 17.5° was found in the XRD pattern of
the GO-MGH-CS composite, which can be attributed to chitosan.
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Fig. 16. XRD pattern of GO-MGH-CS (a), GO-MGH (b), and GO (c).
3.2.2. Moessbauer Spectroscopy

The Mdesshauer spectroscopy data presented in Table 3 and Fig. 17.
Provide evidence of the presence of Fe3* cations and the absence of Fe?*
cations in the MGH, GO-MGH, and GO-MGH-CS (I, II, 1ll) samples. This
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observation suggests that the samples include a maghemite phase rather than
magnetite.
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Fig. 17. Mossbauer spectra of samples at 296 K: MGH (a), GO-MGH (b), GO-
MGH-CS 1 (c), GO-MGH-CS Il (d), GO-MGH-CS Ill ©, MGH at 80 K (f),
and 11 K (g). The applied hyperfine field distributions are shown in (h).

Although maghemite and magnetite have similar structures and
magnetic characteristics, they exhibit distinct differences in terms of the
existence of iron(l11) cations in maghemite and the combination of iron(ll) and
iron(I11) cations in magnetite (Yadav et al., 2020). The spectra of the MGH,
GO-MGH, and GO-MGH-CS composites exhibit a doublet in the central
region of the spectra (Fig. 17. (a—e)), which can be attributed to the presence
of particles less than 10 nm. Nevertheless, apart from the doublet, around 18-
19 % of the spectra pertain to the broader segment characterized by the
hyperfine distribution P(B). This occurrence can be rationalized by
considering the particle size distribution and the existence of bigger particles
measuring at least 10 nm. At room temperature, it has been observed that the
average hyperfine field of distributions ranging from 25 to 35T is
approximately 30 to 50 % lower compared to the hyperfine field of bulk
maghemite (Bo = 49.1; 50.1 T)(Oh et al., 1998). The decrease in the hyperfine
field can be elucidated by the collective excitations of the magnetic moment
of the minuscule maghemite nanoparticles. It is observed that an additional
rise in the frequency of these excitations caused by smaller particles or
elevated temperature induces superparamagnetic relaxation, which involves
the reversal of the magnetic moment’s orientation. This leads to a further
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reduction in the spectrum’s splitting and the emergence of a doublet at its
centre. At reduced temperatures, there is a decrease in the rate of
superparamagnetic relaxation and excitations. Consequently, the doublet
observed in the spectra undergoes a transformation into magnetically split
spectra, as visually depicted in Fig. 17 ( f,g). The maximum particle size of
about 11 nm, which is linked to the distribution of hyperfine fields at room
temperature, was calculated using Eq. (12), considering the 30 % reduction in
hyperfine field B due to the decrease in particle volume V (Dickson & Berry,
1986).

B =By(1— T (12)

ZKV)

Where k, T, and K are the Boltzmann constant, temperature, and
maghemite magnetic anisotropy. At 80 K, the reduction in temperature T led
to a hyperfine field distribution that included 87 % of the spectral area. The
average hyperfine field within this distribution was found to be 17-19 % lower
than that of bulk maghemite at 77 K (Oh et al., 1998). According to Eq. 12,
the measured particle size was 8.5 nm. However, it should be noted that
smaller particles were present, which contributed to the appearance of a
doublet in the spectrum. The temperature dependence of these spectra is
consistent with previous findings (Mgrup & Tronc, 1994; van Lierop & Ryan,
2001) which suggests that nanoparticles with a diameter of 6 nm exhibit
similar behaviour. The maghemite mass percentage (M) estimation in the
samples presented in Table 1 was conducted based on the ratio derived from
the assumption that the spectrum area is directly proportional to the quantity
of maghemite and the thickness of the sample mass. The samples had varying
mass thicknesses ranging from 20 to 40 mg/cm?, except for GO-MGH-CS I,
which had a 110 mg/cm? thickness. Table (3) shows the parameters of
Madssbauer spectra of Graphene Oxide-Maghemite-Chitosan composite
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Table 3. Parameters of Mdssbauer spectra: T—measurement
temperature, M—mass percentage of maghemite, lq and ls—relative area of
doublet and hyperfine distribution or sextet, respectively, o—isomer shift
relatively to a-Fe, 4(2e)—quadrupole splitting (shift), B—hyperfine field.

Sample T,
K

MGH 296 100

80
11
GO- 296
MGH
GO- 296
MGH-
CSI1
GO- 296
MGH-
Csli
GO- 296
MGH-
CS 1

M,
%

32

15

17

0.6

Doublet
Id, 3,
%  mm/s
81 0.36
+
0.01
13 048
+
0.01
0 -
81 0.36
+
0.01
80 0.36
+
0.01
74 | 0.37
+
0.01
100 0.37
+
0.02

mm/s

0.66

0.01
0.51

0.04

0.72

0.01
0.68

0.01
0.73

0.01
0.68

0.03

72

Hyperfine

Distribution/Sextets
IB,

%

19

87

61

39

19

20

26

9,
mm/s

0.36

*

0.46
+

0.01

0.49
-+

0.01

0.45
+

0.01
0.36

*

0.30
+

0.06
0.37

*

A,
mm/s

O*

-0.14

+0.02

-0.07
+0.02

-0.06
+0.03

O*

O*

Field

B, T

25.4

**

37.2

**

51.0
+0.2

46.8
+0.4

34.6

**

29.9

**

35.2

**



3.2.3. FTIR

The FTIR data describe the functional groups (GO, MGH, and CS)
and their transformations in the GO-MGH, GO-CS, and GO-MGH-CS (I, II,
I11) composites (Fig. 18). The bands at 1226, 1623, and 1056 cm™ in the GO
spectrum are related to C-O-C, aromatic C=C, and epoxy C-O stretching
vibrations, respectively, whereas the bands at 1718 and 1397 cm correspond
to the carboxyl C=0 stretching vibrations (Ullah et al., 2020). MGH Ferreira
et al. (2020) discovered a distinct band of Fe-O stretching vibrations at
585 cm™. Furthermore, as demonstrated by the broad bands in the 580 and
800 cm™ regions (Chandrasekaran et al., 2015), the resulting maghemite had
a well-ordered structure. The GO-MGH spectrum contained bands
corresponding to the functional groups of graphene oxide and maghemite. The
positions and intensities of the bands fluctuate.

The band at 1226 cm™ vanished, and a new band emerged at 1149 cm™
demonstrating the interaction of graphene oxide with maghemite (Ferreira et
al., 2020). Furthermore, in the spectra of GO, MGH, and GO-MGH, the O-H
stretching vibrations corresponded to a broad band at approximately 3000-
3700 cm™. For CS, the band at 892 cm™ corresponds to the CH bending of the
monosaccharide ring. C-O stretching is indicated by the bands at 1023 and
1058 cm. The asymmetric C-O-C stretching and bending vibrations of the
hydroxyl groups in chitosan were responsible for the signals at 1151 and
1261 cm™. The bands at 1320 and 1651 cm™ show the presence of the C-N of
amide 11l and C=0 of amide | of the leftover N-acetyl groups. The band
corresponding to the N-H of amide Il was not observed due to overlap with
other signals. The peaks at 1374 and 1418 cm™ represent the symmetrical
deformation of CHs and bending of CH,, respectively. The band at 1589 cm
corresponds to the N-H bending of the main amine. The bands at 2868 and
2920 cm? confirm the occurrence of asymmetric and symmetric C-H
stretching, respectively. The N-H and O-H stretching vibrations are
represented by the absorption bands at 3292 and 3350 cm™, respectively
(Fernandes Queiroz et al., 2015).
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Fig. 18. The FTIR spectrum of MGH, GO-MGH, GO-MGH-CS |, GO-MGH-
CS 1l, GO-MGH-CS |1l composites.

The absorption bands of graphene oxide and chitosan, as well as the
absorption bands of maghemite, were present in the spectra of the GO-CS and
GO-MGH-CS composites (I, Il, and Ill). The spectra of the composites
displayed variations in intensity and shift of the bands compared to the spectra
of the original materials. The band associated with N-H stretching was absent
in the spectra of the GO-MGH-CS composites. The intensity of the bands
corresponds with the C-H stretching of chitosan and Fe-O maghemite, which
decreased significantly for the GO-MGH-CS |, Il, and 11l composites. This
interaction was attributed to the formation of covalent bonds between the
oxygen-containing functional groups of GO/GO-MGH and CS, as reported in
previous studies (EI Rouby et al., 2018; B. Zhang et al., 2018).
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3.2.4. Raman Spectroscopy

GO
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Fig. 19. The Raman spectrum of GO, GO-CS, GO-MGH-CS, GO-MGH,
and CS.

The results of Raman spectroscopy (Fig. 19) showed the presence of
an NH2 band at 880 cm™ in the chitosan spectra. The stretching vibrations of
the glycosidic bond, the ether bond and the methyl group are responsible for
the bands at 1073 and 1359 cm, respectively (Vo et al., 2020). The spectra
of GO and the composites containing GO showed distinct D and G bands in
the ranges 1295-1347 cm™ and 1596-1609 cm™, respectively. The structural
defects arising from oxygen-containing functional groups in the basal plane
of the disordered carbon are associated with the D band. In contrast, the
stretching vibrations of the carbon atoms during sp? hybridization are
characterized by the G band (Sabzevari et al., 2018). In addition, the high
intensity ratio of the D and G bands (Ip/lg) indicates that the oxygen-
containing groups in GO decrease (LOpez-Diaz et al., 2017). The Ip/l values
for the composites were 0.82 (GO-CS), 1.16 (GO-MGH-CS) and 1.36 (GO-
MGH), suggesting that the oxygenated groups in GO interact with the
functional groups of CS and MGH.
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3.25. TEM

Fig. 20. The TEM images of GO (a), GO-MGH (b), and GO-MGH-CS (c).

TEM images of graphene oxide, GO-MGH and GO-MGH-CS. The
GO-MGH composite (Fig. 20 (b)) exhibited a sheet structure with curved
edges on which mainly individual maghemite particles (with a rare example
of aggregates visible in the image) of 10 nm in size were dispersed. The GO
sheets were aggravated by chitosan as a bridge between the layers in the GO-
MGH-CS composite (Fig. 20 (c)), and the maghemite particles were
aggregated on the GO surface.

3.2.6. Adsorption Studies

3.2.6.1. Effect of the Initial Concentration of Eu(l1l) and the Adsorption
Isotherms

It was found (Fig. 21) that increasing the initial Eu (I1l) concentration
increased the adsorption capacity of the composites, with saturation reaching
200 mg/L for GO-MGH, GO-CS and GO-MGH-CS 1. The adsorption
capacity of GO-MGH-CS 11l showed a remarkable trend with an increase in
relation to concentration, indicating a high number of available active sites.
The adsorption capacity of GO-MGH-CS 1l also showed a positive
relationship with concentration, indicating a large number of active sites. The
maximum adsorption capacity/efficiency for GO-MGH, GO-CS and GO-
MGH-CS I, Il and Il were 52/99, 54/99, 25/99, 103/99 and 102/100
(mg/g)/(%), respectively. It was also found that the percentage of chitosan in
the GO-MGH-CS Il and Il composites had no effect on the adsorption
capacity. The reduced adsorption capacity of GO-MGH-CS | seems to be
related to the glutaraldehyde cross-linking of graphene oxide and chitosan,
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which makes some active sites of GO inaccessible to Eu (I11) (Huang et al.,
2019b).
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Fig. 21. Adsorption capacities (a) and efficiencies (b) of the composites as a
function of initial concentrations

The collected data were subjected to nonlinear isotherm analysis using
both Langmuir's Eq. (13) and Freundlich's Eq. (14). The results of this analysis
are presented in Fig. 21. (a, b) and Table 4. The Langmuir and Freundlich
isotherm models are widely used ( Li et al., 2014; Panda et al., 2017; B. Zhang
et al., 2018) and suggest distinct adsorption scenarios. Langmuir's isotherm
indicates a uniform distribution of active sites on a homogeneous adsorbent
surface with equal adsorbate affinity, leading to monolayer adsorption, after
which the adsorbates no longer interact. Conversely, Freundlich's isotherm
implies multilayer adsorption on a heterogeneous surface with adsorbate
interactions.

_ K qmce (13)
e (1 +Kpce)
e = Kpci/n (14)

Adsorption isotherm models describe substance adsorption onto a solid
surface using Langmuir K. (L/mg) and Freundlich Kg [(mg/g)(L/mg)]
constants. The Freundlich constant measures the adsorption intensity, while
the Langmuir constant measures the maximum quantity of adsorbate that can
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be absorbed by a single surface site. qm (mg/g) is the theoretical maximum
quantity of adsorbate that may be adsorbed by a single site on the surface and
ge; 1/n in the Freundlich intensity parameter represents the adsorption
intensity.
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Fig. 22. The non-linear adsorption isotherms of the Langmuir (a) and
Freundlich (b).

The Langmuir model provided a better explanation of the adsorption of
Eu ions on the composites than the Freundlich model, as demonstrated by the
higher R? values obtained and the close approximation to the equilibrium
adsorption capacity q, for the maximum adsorption capacity values.
Furthermore, the adsorption of Eu (1) on all composites was favourable, as
evidenced by the values of the separation factor (R.) in Eqg. 15, because
adsorption is favorable at 0 < R < 1 and unfavourable at RL > 1.

Table 4. The parameters of the isotherm models

Isotherms Langmuir Freundlich
Parameters RZ QOm KL RL R? Kr 1/n
GO-MSG 0.998 80 0.013 0.278 0.659 2.097 0.642
GO-CS 0995 77 0.016 0.238 0.540 2.681 0.859

GO-MGH-CS1 0982 32 0.017 0.227 0.871 1.000 0.649
GO-MGH-CS Il 0.999 147 0.024 0.172 0.967 4.794 0.695
GO-MGH-CS 11l 1 0.998 160 0.018 0.217 0.920 5.100 0.658
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R L (15)
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The predictions of the Langmuir model state that the adsorption of Eu (1) at
the homogeneous sites of GO-MGH, GO-CS, and GO-MGH-CS (1, II, 111)
followed a monolayer type of adsorption, and there were no interactions in the
adsorbate-adsorbate system following the adsorption process. This may be
because of the large number of active sites that are present in the GO-MGH-
CS Il and 111 composites. In addition, the composite GO-MGH had a greater
gm value than maghemite and graphene oxide when used independently, in
addition to a wide variety of other adsorbents, with the exception for chitosan.
The composite GO-CS was inferior in terms of adsorption qualities to only
chitosan and MnO./graphene oxide, but the composite GO-MGH-CS | was
inferior to almost all adsorbents except for magnetite and magnetic
amidoxime-functionalized MCM-41.

3.2.6.2. Effect of pH

51 ~¥-GO-MGH-CS II a 1001 —¥—GO-MGH-CSII b|
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il ‘// f v | =] ./ 0 e A
= | .
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e | ~m-GO-MGH | g ~®-GO-MGH
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pH pH

Fig. 23. Adsorption capacities (a) and efficiencies (b) of the composites as a
function of initial concentration pH.

The pH owing to change in Eu (lll) speciation is one of the most
important factors affecting adsorption because Eu** dominates at pH 5 and the
hydrolysis species of Eu (OH)* and Eu (OH)* dominate at pH >5. GO-
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MGH-CS composites (I, 11, 111) had high ion adsorption at pH levels larger
than 4 and | at pH levels more than 6. Their adsorption capacity and efficiency
rose with pH (Fig. 23 (a, b)). Europium ions behaved similarly in
Saccharomyces cerevisiae immobilized in glutaraldehyde-cross-linked
chitosan and graphene oxide nanosheets (B et al., 2019). Electrostatic
repulsion between europium ions and the positively charged surface of GO-
MGH-CS composites occurred at pH 7.5, the point of zero charge (pHezc). lon
adsorption in the 2-7.5 range can be explained by complexation. Electrostatic
interactions between europium ions and the composite’s deprotonated
surfaces cause adsorption at pH>7.5 (Huang et al., 2019; Li et al., 2014).
Electrostatic attraction keeps Eu®* adsorption on GO-CS robust at pH 7 and 8,
while complexation mechanisms increase it at pH 2-6. GO-MGH composite
adsorption capacity/efficiency improves considerably at pH >5, possibly due
to electrostatic attraction, as the observed pHpzc values are 3.9-4.2 for GO and
4.5-4.9 for MGH, which are close to published data 4.1-4.5 (Zhao et al., 2011)
and 4.8 (Xu et al., 2016). Hence, a negative surface charge is suggested for
composite GO-MGG at pH >5, supporting adsorption observations.

3.2.7. Kinetic Studies

The kinetics study revealed that the adsorption equilibrium for GO-MGH and
GO-MGH-CS (I, Il) composites was achieved in 30 minutes, while for GO-
CS and GO-MGH-CS 11l composites it took 60 minutes. This is quicker than
other comparable adsorbents, such as graphene oxide decorated with
magnetite, which took 240 minutes and 60 minutes to reach adsorption
equilibrium (Chen et al., 2009; Y. Li et al., 2014). To understand the kinetic
and nature of Eu (IIl) adsorption on the composites, the data was fitted to
pseudo-first-order and pseudo-second-order nonlinear kinetic models.

qe = qe(1 —e~fat) (16)

qr = qikot] (1+ ky)qet (17)

The quantity g: (mg/g) represents the amount of Eu (I11) adsorbed per
unit mass (mg/g) of the composite at time t (min), and the rate constants
K1 (min) and K; [g/(mg-min~1)] describe the kinetics of the pseudo-first-
order and pseudo-second-order reactions, respectively. Fig 24. Fitting the
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pseudo-first-order kinetic model (a) and the pseudo-second-order Kinetic
model (b) to the experimental values.

Table 6. The parameters of the kinetic models for Eu(lll).

Models Pseudo-First Order Pseudo-Second Order
Ki q q K2 q

Parameters | R2 | (min™t| ‘e¢Thee | HeB® | po /(m ¢
™ (mgig) | (mglg oy | (gl

GO-MGH | 0.964 | 0.035 |2.964 |3.091 |0.914 |0.014 |3.254

GO-CS 0.873 | 0.061 |3.404 |3.606 |0.976 |0.026 | 3.644
SSO_IMGH_ 0.904 | 0.050 |2.689 |2.763 |0.931|0.027 |2.872
SS-III\AGH- 0.768 | 0.048 | 4.266 |4.306 |0.824 | 0.018 |4.521
SSO_III\:IGH_ 0.851|0.048 |3.995 |4.249 |0.914 |0.016 |4.320

The empirical data exhibited more substantial alignment with the
pseudo-second-order model, as evidenced by the R? values. The maximum
adsorption capacity also displayed a statistically significant increase,
averaging 1.4 times higher than the equilibrium adsorption capacity (ge). The
adsorption of Eu (Ill) on GO-MGH was described more accurately by a
pseudo-first-order Kinetic model. The results obtained from the pseudo-
second-order model suggest that chemisorption occurred in the Eu (I11)-GO-
CS and Eu (lI1)-GO-MGH-CS (I, Il, I1I) systems. On the other hand, the
pseudo-first-order model indicates that the adsorption in the Eu (1I1)-GO-
MGH system is of physical character (Al-Musawi et al., 2022).
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Similarly, the adsorption of Eu on GO-MGH through physical means,
as well as its chemical adsorption on GO-MGH-CS (I, Il, I11) and GO-CS,
could be elucidated by examining the influence of pH on the adsorption
process. Kinetic investigations were conducted at a pH value of 5, during
which the surface charge of GO-MGH-CS (I, I, 1) and GO-CS was observed
to be positive. Concurrently, the Gibbs free energy change (GO-MGH)
exhibited a negative value, resulting in the prevalence of chemical reactions
in the former scenario and physical transformations in the latter.
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e 1 ~M=GO-MGH | = | —8-GO-MGH
-8-GO-CS -8-GO-CS
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2 3 4 S5 6 1 8 2 3 4 5 &€ 712
pH pH

Fig. 24. Fitting the pseudo-first-order kinetic model (a) and the pseudo-
second-order Kinetic model (b) to the experimental values.

3.2.8 Adsorption Mechanism

The investigation of the influence of pH and kinetics sheds light on the
chemical and physical properties of Eu ion adsorption on composites.
Previous studies have used X-ray photoelectron spectroscopy and FTIR to
examine the interaction between Eu (lIl) and various functional groups
present in graphene oxide, MnOj/graphene oxide, chitosan, amidoxime-
functionalized magnetic chitosan microparticles, and maghemite. These
functional groups included C =O (carbonyl and carboxyl groups), C-O (epoxy
group), O-H, C = C, C-C (alkoxy group), chitosan (NHzand OH), maghemite
(Fe—O/OH), and Fe(l1)-y-Fe;0s.

The investigation also revealed that the adsorption mechanism of these
materials involves complexation and electrostatic attraction, as evidenced by
the influence of pH and ionic strength on adsorption. Experimental and
published data support that Eu adsorbs onto composites through complexation
and electrostatic attraction (Cadogan et al., 2014; Hamza et al., 2018; Ma et
al., 2019; B. Xu et al., 2016).
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Fig. 25. Proposed mechanism of adsorption of Eu (I11) on composites by
complexation (a) and electrostatic attraction (b).
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3.2.9. Removal of Eu (1), Pu (IV), and Am (l11) from Natural Waters

Fig. 26. (a) depicts data on the adsorption of europium by composites
in natural waters of the Danes River, Klaipeda Strait, and Baltic Sea, with
adsorption efficiencies ranging from to 74-100, 90-97, and 85-96 %,
respectively. The experiment was carried out under near-natural settings
(typically, Eu concentrations in freshwater range between 1 mg/L and
1.1 x 10° in seawater) without introducing stable Eu to the water samples
and using dialysis tubes with a seven-day contact. The major species of
Eu (I11) in natural waters at pH 7.8 had the highest effectiveness of all sorbents
examined, Eu®*" and Eu(COs)* (Plancque et al., 2003). Data on the pre-
concentration of Eu (III), Pu(IV), and Am (Il1l) from seawater samples
revealed high efficiency for all composites investigated when the composites
were introduced into seawater samples for 24 h (Fig. 26. (b)). These
preliminary findings imply that the composites could be employed for long-
term exposure and pre-concentration of actinides from ambient samples,
followed by radiochemical examination and quantification using alpha or
mass spectrometry.

IRy ¥ I =]
N EENZ |
4 2 LA |
7 1GO-MGH i |
| leocs |
I GO-MGHCS | i |
i |comaHcsu |l |
| GO-MGH-CS |

HE 77N 738 - S =
Eu(ill) Pu(IV) Am(ill)

Fig. 26. Removal of Eu (Ill) from different types of natural waters (a) and
comparison of adsorption efficiency of the composites for Eu (111), Pu (1V),
and Am (1) in seawater samples (b).
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Fig. 27. Comparison of the experimental data with the data predicted by

ANFIS.

Fig. 27. displays the outcomes of the ANFIS-based analysis, which involves
the comparison of experimental and anticipated data, both in terms of total and
testing. Additionally, the figure also presents the results of the error analysis.

According to Onu et al., (2021) and Souza et al., (2018) the testing data of

these systems demonstrate strong positive correlations and minimal mean
squared error (MSE), the sum of squared errors (SSE), and absolute relative
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error (ARE) values, suggesting that ANFIS exhibits favourable generalisation
capabilities.

The results of the 3D surface modelling (Figs. 28-30) show that Eu (111)
is adsorbed on the composites MGH, GO-MGH, GO-MGH-CS |, GO-MGH-
CS Il and GO-MGH-CS 1lI. The ANFIS prediction results showed close
proximity to the empirical data, while the three-dimensional surface
modelling results revealed the complex and non-linear nature of europium ion
adsorption on the composites. This complex and linear nature of the
composites is based on the investigated parameters such as pH, initial
concentration, contact time and mass of adsorbent.

L

"] 08 L o = o
Time (min)~ “¢o (mglL) ¢ (mgll)” “ " Time (min)

1

Fig. 28. Input-output surfaces of the ANFIS model for the GO-MGH and GO-
CS composites.
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Fig. 29. Input-output surfaces of the ANFIS model for the GO-MGH-CS | and
GO-MGH-CS Il composites.
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GO-MGH-CS III

Time (min)u i C: (mg/L)
Fig. 30. Input-output surfaces of the ANFIS model for the GO-MGH-CS 111
composites.

The Adaptive Neuro-Fuzzy Inference System (ANFIS) enables
researchers to effectively analyze tiny data sets while demonstrating strong
performance and generalization capability. The generated prediction results
are very close to the experimental data. Moreover, the 3D surface modeling
shows that the interaction between the adsorbate and the adsorbents is
characterized by a complex and non-linear behaviour. Furthermore, the
trained ANFIS model can be used to predict the adsorption capacity of
composites for ions, taking into account several factors such as pH, initial
concentration, contact time, adsorbent mass and temperature.
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CONCLUSIONS

The thin films of graphene oxide and chitosan containing nanoparticles of
Cu, Cu0O, Cu20, Cu,0/Cu and Pt were synthesized, characterized and their
antibacterial effect on E. coli and the optical properties of the thin films
were evaluated. The thin film of the GO-CS-Pt-Cu,O/Cu showed a better
antibacterial zone of inhibition (11 mm) and better optical transmittance
(32.4 %) while maintaining film transparency.

Thus, in order to find the optimal concentration of Cu,O/Cu, different
weights of Cu,O/Cu were added to chitosan-graphene oxide thin films. It
was found that the physical properties of the GO-CS-Pt-Cu,O/Cu thin
films change with different weight concentrations of Cu,O/Cu
nanoparticles, making these thin films tunable.

The GO-CS-Pt-Cu20/Cu(2) thin film showed a maximum migration rate
of Cu ions from the thin film was estimated at 0.7 mg/kg (in 3 % acetic
acid after 10 days), which is below the European Commission (EC)
migration limit for copper (5 mg/kg), without traces of platinum ions.
Even with other simulants (i.e., water and 10 % EtOH), the migration of
Cu remained below 0.1 mg/kg.

The Langmuir, pseudo-second order and pseudo-first order models were
found to be better suited to describe the data of Eu (I11) adsorption on GO-
MGH. This suggests that the adsorption of Eu (111) on GO-MGH follows
a monolayer mechanism involving physisorption, while the pseudo-
second-order model indicates the occurrence of chemisorption in the
Eu (111)-GO-CS and Eu (111)-GO-MGH-CS (1, I1, I11) systems.

The GO-MGH-CS composites show equivalent efficiency (85-96 %) in
the removal of Eu (HI1), Pu (1V) and Am (111) from seawater samples. The
removal efficiency of Eu (I11) from water samples of the Dane River, the
Klaipeda Strait and the Baltic Sea ranged from 74 % to 100 %.

The ANFIS prediction results agreed well with the experimental data of
Eu adsorption on GO-MGH-CS composites, and the three-dimensional
surface modelling showed that the adsorption of europium ions on the
composites was complicated and non-linear.
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SANTRAUKA
[VADAS

D¢l savo unikaliy savybiy ir ekonominio naudingumo plastikai i§ esmés
pakeit¢ daugelj pramonés Saky. Plastiko gaminiy paplitimas jvairiose
pramonés Sakose - nuo pakuociy iki sveikatos prieziiiros - rodo jy svarbg
Siuolaikingje visuomenéje (Andrady ir Neal, 2009). Nepaisant galimos
naudos, plastiko perdirbimas susiduria su technologinémis klititimis ir rinkos
veiksniais. Siy klii¢iy identifikavimas ir jy jveikimas suteikia galimybiy
padidinti plastiko naudojimo tvarumg ir sumazinti jo neigiamg poveikj
aplinkai (Hopewell et al., 2009). Plastiko gamybos procesui reikia nemazai
energijos, todél jis reikSmingai prisideda prie bendro pasaulyje iSmetamo
anglies dioksido kiekio padidéjimo ir klimato kaitos (Cabernard et al., 2022;
Geyer et al., 2017). Todél vyksta ne tokiy tar$iy polimery paieska. Chitozanas
yra biopolimeras, kuris gaunamas i$ véziagyviy, (kreveciy ir kraby kiauty) ir
i§ tam tikry gryby rasiy. Si medZiaga yra gaunama deacetilinant natiraliai
gamtoje paplitusj chiting, kuris pagal paplitimg yra antrasis polisacharidas po
celiuliozés. Biologiskai skaidzios medziagos sulauké démesio dél jy plataus
pritaikymo jvairiose pramonés §akose, ypa¢ biomedicinoje ir maisto produkty
pakavime (Rinaudo, 2006).

Grafeno atradimas ir apibiidinimas - reikSmingas pasiekimas
nanomedziagy srityje (Novoselov et al., 2004). Grafenas sudarytas i§ vieno
anglies atomy sluoksnio, iSsidésCiusio dvimatéje gardelés struktiiroje.
Oksiduotame grafeno okside (GO) yra deguonies turin¢iy funkciniy grupiy,
todél jis lengviau disperguojamas jvairiuose tirpikliuose, todél padidéja jo
funkcionalizavimo galimybés. Dél jam budingos atominés strukttiros grafenas
pasizymi iSskirtinémis mechaninémis savybémis, nejtikétinu tvirtumu ir
gebéjimu iSlaikyti lankstuma, taip iSsiskirdamas i$ kity Siuo metu Zinomy
medziagy (Zhu et al., 2010). Be to, grafeno oksido cheminis pritaikomumas
turi daugybe perspektyvy prisijungti (Dreyer et al., 2009) papildomy
molekuliy, taip iSpleciant jo pritaikymo spektra ir pritaikant jo savybes
konkrecioms reikméms. Tai padidina grafeno oksido, kaip savarankiskos
medziagos ir kaip sudétiniy medziagy, pasiZyminéiy patobulintomis
savybémis, pagrindo pritaikomumo perspektyvas.

Maisto produkty pakuotés: Chitozano (CS) plévelés yra biologiskai
skaidzios. Si savybé padeda spresti aplinkosaugos problemas, susijusias su
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sintetiniy plastikiniy pakavimo medziagy iSlikimu aplinkoje (Kumar et al.,
2020). GO savybeé, svarbi maisto pramonei, yra jos iSskirtinis gebéjimas veikti
kaip dujy barjeras. GO gali veiksmingai blokuoti deguonies patekima | maisto
pakuote, taip pailgindamas laika, per kurj maistas iSlicka tinkamas vartoti
(Huang et al., 2012). GO sujungimas su CS j GO-CS kompozitus idealiai tinka
maisto pakuotéms , nes deguonies patekimo ir drégmés valdymas gali
prailginti gaminio galiojimo laika (Cabrini et al., 2023; Han Lyn et al., 2019;
Vilvert et al., 2022).

Metaly nanodalelés (MNP) dél savo unikaliy savybiy sulauké didelio
démesio nanotechnologijy srityje (Ganachari ir et al., 2019). Iterptos i
biopolimerus, pavyzdziui, chitozang, MNP gali gerokai pagerinti medziagos
savybes, kurias galima pritaikyti maisto pakavimo ir saugojimo
technologijose (Adeyemi ir Fawole, 2023). Siy dariniy fizikinés ir cheminés
savybés visy pirma priklauso nuo to, ar yra laisvy pavirsiaus elektrony. Todél
jie pasizymi iSskirtinémis savybémis, jskaitant padidéjusig pavirSiaus
energija, efektyvy plazmony suzadinimg ir jvairias optines savybes (Kolwas
& Derkachova, 2020; Dobrucka & Ankiel, 2019). MNP panaudojimas ypaé
pagerino jvairiy maisto pakuociy savybes, tame tarpe mechanines, vandens
gary pralaidumg ir antibakterinj aktyvuma (Cano-Sarmiento et al., 2015; dos
Santos et al.,, 2020). Tai leido iSsaugoti produkty Sviezumg, pailginti jy
galiojimo laikg ir sukurti saugesnius ir aplinkai draugiSkesnius maisto
pakavimo sprendimus (Kumar etal., 2021). Auksas (Au), sidabras (Ag), titano
dioksidas (TiO,), cinko oksidas (Zn0O), varis (Cu), vario oksidas (CuO) buvo
tiriami dél galimo pritaikymo maisto produkty pakuotése (Mohan et al., 2019;
Paidari & lbrahim, 2021; Pissuwan et al., 2020; Devlieghere et al., 2004;
Fernéndez et al., 2010; Zimoch-Korzycka & Jarmoluk, 2015; Oun & Rhim,
2017). Nustatyta, kad j GO-CS nanokompoziting matricg jterpus metalo
nanodaleles, galima padidinti antimikrobines savybes, atsparumag drégmei ir
tempimui, bei terminj stabilumg (Applerot et al., 2009; Dhillon et al., 2014;
Terzioglu et al ., 2020; Kanted et al., 2023).

Yra darby apie GO-CS maisto pakuoCiy, kuriose kaip uzpildai
naudojami sidabro ir cinko oksidas, taciau vario kaip uzpildo panaudojimo
GO-CS matricoje galimybés istirtos mazai. Grass et al. (2011) teigimu, vario
nanodaleliy, pasizyminciy antimikrobiniu aktyvumu bei Silumos laidumu,
jterpimas ] §ig matrica pagerina pakavimo medziagy drégmés barjerines ir
mechanines savybes. Vienas i§ pristatomo darbo tiksly - pateikti informacija
apie vario, kaip uzpildo naudojimo GO-CS matricoje, $io nanokompozito
sintezg ir charakteristikas bei galimybes jj naudoti maisto pakuotése.

Metaly nanodalelés ar jonai i§ pakuociy gali patekti j maisto produktus
ar maisto modelinius produktus, o tai gali pakenkti maisto kokybei ir
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sveikatai. D¢l didelio pavirSiaus ir tirio santykio metalo nanodalelés
chitozane gali i$skirti jonus j maisto modelinius produktus (Ma ir et al., 2019).
Norint laikytis maisto saugojimg reglamentuojanciy apribojimy, labai svarbu
suprasti jony migracijos greiCius ir kiekius (Bott et al., 2014b). Migracijos
parametrai apima metalo ir chitozano rySio stabiluma, maisto modeliavimo
medZziagos tipa, temperatiira, pH ir kontakto laikg. Nustatyta, kad sidabro
nanodalelés chitozano plévelése mazai migruoja j maisto modelinius tirpalus,
tokius kaip acto riigstis ir etanolis. Echegoyen ir Nerin (2013) naudojant ICP-
MS analizg iStyré nanosidabro daleliy prasiskverbima ir iSsiskyrimg i$
antimikrobiniy maisto talpykly ir jrodeé, kad migracija priklauso nuo pH ir
kontakto laiko. Bumbudsanpharoke et al., (2019) istyré cinko migracija i$
mazo tankio polietileno - cinko nanokompozitinés plévelés ir patvirtino, kad
didZiausia migracija buvo stebima rtig§¢iame maisto simuliatoriuje. Hannon
et al., (2016) nagrinéjo migracijos parametrus esant 60 °C temperatirai 10
dieny 3 % acto rigstyje (HAc), kurioje, naudojant ICP-AES jvertino bendrg
Ag ir Cu migracija j maisto imitatoriy. Tac¢iau nerasta tyrimy apie GO-CS-Pt-
Cu,0/Cu nanokompozito kartu su nanodaleliy chitozano matricoje migracija
] maisto modelinius tirpalus taikyma.

Adsorbentai: Dabartiniame branduolinés energetikos sektoriaus
paZangos etape ir artimiausioje ateityje uranas iSlieka ir toliau bus labai
svarbus pirminis iSteklis patikimai elektros energijai gaminti, paliekant
minimaly anglies dvideginio pédsaka, ypa¢ bazinés apkrovos energijos
poreikiams tenkinti (Kurniawan et al., 2022). Pavojingos urano savybés,
jskaitant jo radioaktyvuma, toksiSkumg gyviems organizmams ir ilga
pus¢jimo trukme, kelia didele grésme aplinkai, jei uzterStos nuotekos j aplinka
iSleidziamos tiesiogiai. Ilgalaikis zmogaus veiklos, susijusios su urano gavyba
ir perdirbimu, poveikis aplinkai, taip pat jprastiniai iSmetimai i§ atominiy
elektriniy ir nety¢inis uZter§to vandens iSleidimas (pavyzdziui, jvykiai
Pensilvanijoje 1979 m., Cernobylyje 1986 m. ir Fukusimoje 2011 m.) kelia
didele grésmg ir Zmonéms, ir organizmams (LV et al., 2021; Hirose, 2016).
Per pastaruosius deSimt mety atlikta daug tyrimy atlieky regeneravimo srityje,
taikant jvairius metodus, tokius kaip: jony mainai, filtravimas, ekstrakcija
tirpikliais, redukcinj nusodinimg ir adsorbcijg (Foster et al., 2020; Mahmoud
etal., 2017; Tang et al., 2020; G. Wu et al., 2020; Xie et al., 2019).

Maghemitas priskiriamas prie gelezies oksido nanodaleliy, kurioms
blidingos magnetinés savybés. Maghemito magnetinés savybés yra labai
naudingos, nes palengvina adsorbento atskyrimg nuo vandeninés terpés po
adsorbcijos proceso. Po adsorbcijos radionuklidus galima patogiai atskirti
naudojant iSorinj magnetinj lauka, taip supaprastinant valymo procediirg. Be
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to, didelis medziagos pavirSiaus plotas ir jvairios aktyvios grupés suteikia
daugybe viety radionuklidams adsorbuoti (Afkhami ir Norooz-Asl, 2009;
Etale ir kt., 2016). Dél GO sudétyje esanciy deguonies turinciy funkciniy
grupiy ji sékmingai jungiasi su jvairiais metaly jonais ir radionuklidais. Dél
didelio Sios medziagos pavirSiaus ploto ir Zymaus adsorbcinio pajégumo ji
tampa patrauklia radionuklidy $alinimo priemone. Be to, grafeno oksidas gali
sudaryti stabilias dispersijas vandenyje, todél lengviau saveikauja su
vandeniniais terSalais (Huang et al., 2019; Y. Sun et al., 2012).

Chitozanas dél amino grupiy buvimo gali sudaryti chelatus su metaly
jonais ir radionuklidais. Chitozanas yra perspektyvus adsorbentas,
pasizymintis aplinkai draugiSkomis savybémis, tokiomis kaip, biologinis
suderinamumas ir skaidumas. Yra nustatyta, kad §i medziaga
pasizymigeresnémis katijoninémis savybémis riigStinéje aplinkoje, todél
padidéja jos gebéjimas adsorbuoti neigiamg krtivj turin¢ias medziagas (S. Liu
ir kt., 2021 ; Lujaniené ir kt., 2024). Citozano ir GO kompozity derinys kartu
gali pagerinti radionuklidy adsorbcijos pajégumus (Pujol Pozo et al., 2022).

Siuo metu adsorbcijos tyrimuose placiai taikomas masininis mokymas.
Jis leidzia prognozuoti adsorbcijos talpa arba adsorbenty efektyvuma kaip
ivairiy parametry (pH, kontakto laiko, pradinés koncentracijos ir kt.) funkcija,
0 tai savo ruoztu yra svarbu planuojant eksperimentus, taupant laikg ir
naudojamus reagentus (Amiri et al.,, 2013; Onu et al.,, 2021a). Tarp
vyraujan¢iy modeliavimo metody yra atsako pavirSiaus metodas, dirbtiniy
neurony tinklas, neuroninis bendrasis regresijos tinklas ir adaptyvioji ,,neuro-
fuzzy* iSvady sistema. IS visy $iy sistemy ANFIS pademonstravo geriausias
prognozavimo savybes (Dolatabadi et al., 2018). Adaptyvioji ,,neuro-fuzzy*
iSvady sistema (ANFIS) - tai hibridinis skaiciavimo modelis, kuriame
dirbtinio neurony tinklo metodai integruoti su ,,fuzzy* logikos metodikomis.
ANFIS yra veiksminga metodika, naudojama sudétingoms sistemoms,
pasizymin¢ioms netiesine elgsena, pavyzdziui, adsorbenty ir adsorbenty
saveikai, modeliuoti ir analizuoti. Ji veikia kaip daugiapakopis tinklas, kuris
konstruoja ,,fuzzy if-then* taisykliy rinkinj ir generuoja i§ anksto nustatytas
jvesties-iSvesties poras. Taciau nerasta darby apie ANFIS taikyma MGH, GO-
MGH, GO-MGH-CS |, GO-MGH-CS IlI, GO-MGH-CS Il europio
adsorbcijai.

TYRIMO TIKSLAS IR UZDAVINIAI

Siuo tyrimu buvo siekiama sukurti konceptualia sistema, skirta kurti aplikai
draugisSkus kompozitus ir membranas su reguliuojamu biologiniu skaidumu,
kurie galéty buti naudojami vandens sistemy apsaugai ir galéty sumazinti
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aplinkos  uzterStuma toksiSkomis atlieckomis, pakeic¢iant plastikg
netoksiskomis natiiraliomis medziagomis. TerSalai gali buti iSgaunami ir
naudojami uzdaro ciklo gamybos procesuose.

Tyrimo tikslams pasiekti buvo suformuluoti $ie uzdaviniai:

1. Nanodaleliy, kompozity ir pléveliy sintezé ir jy apibudinimas.

2. Eu adsorbcijos ant GO-MGH-CS kompozity mechanizmo tyrimas
kompleksiniuose laboratoriniuose eksperimentuose ir Eu adsorbcijos
palyginimas su Am ir Pu adsorbcija gamtiniuose vandenyse.

3. ANFIS modelio taikymas prognozuojant GO-MGH-CS kompozity
pajégumga adsorbuoti Eu*?,

4. GO-CS-Pt/vario oksido/vario kompozitiniy pléveliy, skirty naudoti maisto
produkty pakuotéms, antibakterinio poveikio Escherichia coli (E.coli)
tyrimas.

5. GO-CS-Pt/vario oksido/vario kompozitiniy pléveliy savybiy (UV
spinduliuotés blokavimo, hidrofiliSkumo, brinkimo ir tirpumo lygio) tyrimas.
6. GO-CS-Pt/vario oksido/vario kompoziciniy pléveliy biologinio skaidymosi
dirvozemyje ir vario migracijos grei¢io (dvigubo kontakto metodais maisto
modeliniuose tirpaluose) tyrimas.

TYRIMO NAUJUMAS

Pirma karta buvo susintetintos GO-CS-Pt/vario oksido/vario kompozitinés
plonos plévelés ir nustatytas jy antimikrobinis aktyvumas. Be to, pirma kartg
buvo istirtas GO-CS-Pt/vario oksido/vario kompozity biologinis skaidumas
dirvozemyje ir vario migracijos greitis dvigubo kontakto metodu maisto
modeliniuose tirpaluose po 10 dieny.

Pirmg karta MGH, GO-MGH, GO-MGH-CS I, GO-MGH-CS II, GO-MGH-
CS 11 buvo naudoti Eu(lll) adsorbcijos tyrimuose, bei Eu(lll), Pu(lV) ir Am
(IIT) Salinimui i$ natiiraliy vandeny. Be to, ANFIS modelis pirmg kartg buvo
pritaikytas sistemoms MGH-Eu(lll), GO-MGH-Eu(lll), GO-MGH-CS | -
Eu(ll), GO-MGH-CS 11 -Eu(lll). ) ir GO-MGH-CS I1I -Eu(IlI).

GINAMIEJI TEIGINIAI

1. CuxO/Cu nanodaleliy, grafeno oksido-chitozano-platinos (Pt)
nanokompozito ir chitozano matricos (plonos plévelés) darinys, pasizymi
antibakteriniu aktyvumu prie§ E.coli ir mazesne vario jony migracija i$
GO-CS-Pt-Cu,0/Cu nanokompozito pléveliy.
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2. Sudétiniy pléveliy stabilumas ir biologinis skaidumas, taip pat Cu
migracijos greitis maisto modeliniuose tirpaluose padidéja plévelése su
didesne vario nanodaleliy masés koncentracija.

3. GO-MGH-CS kompozitai, atliekant kompleksinius laboratorinius
tyrimus, parodé puiky pajéguma adsorbuoti Eu(Ill). Eu(III) pasalinimo i§
ivairios kilmés vandens méginiy efektyvumas svyravo nuo 74 % iki 100
%.

4. ANFIS pasizymi geru naSumu ir apibendrinamuoju gebéjimu prognozuoti
GO-MGH-CS kompozity gebg adsorbuoti Eu(III).

4.1. MEDZIAGOS IR METODAI
4.1.1 Maisto pakavimo medziagy sintezé

Vario (Cu) ir vario(Il) oksido (CuO) nanodalelés: Pentahidratas vario sulfatas
(CuS04-5H20) buvo istirpintas distiliuvotame vandenyje, pastoviai maisant,
60 °C temperatiiroje. Tada tirpalo pH buvo pakoreguotas iki mazdaug 9
naudojant natrio hidroksido (NaOH) tirpala, gaunant tamsiai mélyng koloiding
suspensijg. Vario nanodaleléms kaip reduktorius buvo naudota L-askorbo
ragstis, o CuO nanodalelés buvo sintetintos be reduktoriaus. Po reakcijos
nanodalelés buvo i§gautos centrifuguojant, nuplautos vandeniu ir etanoliu bei
i8dziovintos.

Vario(l) oksido (Cu20) nanodalelés: Panasiai kaip Cu ir CuO sintezés
metu, buvo iStirpintas CuSO4-5H,0 ir sureguliuotas pH iki 9. Taciau $iuo
atveju prie$ jdedant natrio borohidrido (NaBH.) kaip kita reduktoriy, buvo
ipilta askorbo rugsties ir NaOH tirpalo. Gautas tamsiai raudonas tirpalas
parod¢ CuO nanodaleliy susidarymg, kurios véliau buvo atskirtos
centrifuguojant, plaunant ir dziovinant.

Vario(l) oksido / vario (Cu.0/Cu) nanodalelés: Cu,O/Cu nanodaleliy
sintezé buvo dviejy etapy procesas. Pirmiausia 60 °C temperatiiroje buvo
paruostas tamsiai melynas koloidinis CuSOg tirpalas (pH 9). Tada temperatiira
buvo pakelta ir jdéta askorbo riigsties ir NaOH misinio. Po reakcijos 90 °C
temperatiiroje tirpalas buvo atSaldytas ir gautos tamsiai raudonos Cu,O/Cu
nanodaleliy nuosédos. Galiausiai nanodalelés buvo  iSgrynintos
centrifuguojant, plaunant ir dziovinant.

Grafeno oksido-chitozano (GO-CS) paruosimas: Chitozanas pirmiausia
buvo sumaiSytas su KMnO4 ir H2SOs, po to 3 valandas inkubuotas 37 °C
temperatiiroje. Véliau susintetinta grafeno oksido suspensija buvo jtraukta |
apdorotg chitozang, kad susidaryty GO-CS nuosédos.
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GO-CS-Pt nanokompozito sintezé: GO-CS buvo disperguotas dejonizuotame
vandenyje naudojant sonikacijg. Po to, t¢siant sonikacija, ] GO-CS dispersija
buvo jleistas NaOH tirpalas ir HoPtCls tirpalas. Po 30 min. maiSymo,
naudojant magneting maisykle, palaipsniui jpilta NaBH, tirpalo. Galutinis
produktas - GO-CS-Pt nanokompozitas - buvo gautas milteliy pavidalo po
centrifugavimo ir dziovinimo 6 valandas 45 °C temperatiiroje.

Grafeno oksido-Chitozano-Platinos-Vario oksido/Vario
nanokompozito plony pléveliy paruoSimas: Chitozano pléveléms, jskaitant
GO-CS-Pt/Vario oksido/Vario/nanokompozitus, buvo paruostas liejimo
metodas. Siame procese 5 ml 1,5 % tiirio acto riigities buvo sumaiyta su
20 mg Cu, CuO, Cu0O ir Cu20/Cu NP atskirai, i§dziovinta ir pavadinta
chitozano-grafeno oksidu-platinos-variu (GO-CS-Pt-Cu), chitozanas-grafeno
oksidas-platinos-vario(ll)oksidas  (GO-CS-Pt-CuQ), grafeno  oksidas-
platinos-vario(l)oksidas (GO-CS-Pt-Cu20), chitozanas-grafenas Oksido-
platinos-vario(l) oksido/vario (GO-CS-Pt- Cu,O/Cu) nanokompozitai.
Norint pagaminti plong plévelg, 20 mg vario nanokompozito milteliy buvo
sumaiSyta su 0,6 mg chitozano tirpalo 100 ml vandens. Tada miSinys dedamas
ant silicio dioksido stiklo plokstelés ir paliekamas dziGti per naktj.
Palyginimui, Svari chitozano plévelé buvo paruosta atliekant auksciau
nurodytus veiksmus. Pagamintos nanokompozitinés plévelés buvo GO-CS-
Pt-Cu, GO-CS-Pt-CuO, GO-CS-Pt-Cu0 ir GO-CS-Pt-Cu,O/Cu tokia tvarka.
Prie§ nustatant, kokios buvo i§dziovintos plévelés, jos buvo nupléstos nuo
plokstelés ir dziovinamos vakuuminéje krosnyje 35°C temperatiroje 48
valandas (31 pav.).
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(A) Preparation of GO-CS-Pt-Cu,0/Cu nano composites thin film

After

B S
Solvent
Casting Drying

L

Chitosan Solution +(GO-CS-Pt-Cu/C)
Nanocomposite

(B) Demonstration of Cu,0/Cu thin film flexibility

P al e

31. pav. GO-CS-Pt-Cu,0O/Cu nano kompozity plonos plévelés paruosimas(A);
GO-CS-Pt- Cu20/Cu plonos plévelés lankstumo demonstravimas (B).

4.1.2. Apibidinimas

Rentgeno spinduliy difrakcija (XRD): Nustatoma medziagy kristaling
struktiira.

Furjé transformacijos infraraudonyjy spinduliy spektroskopija (FTIR):
Analizuojama medziagy cheminé sudétis.

Atomings jégos mikroskopija (AFM) ir energiSkai dispersiné rentgeno
spinduliy spektroskopija (EDS): tiriama plony pléveliy pavirSiaus morfologija

ir elementiné sudétis (konkreciy bandiniy atveju).

Lauko emisijos skenuojanti elektroniné mikroskopija (FE-SEM):
Pateikia didelés skiriamosios gebos medziagy pavirsiy vaizdus.

Kontaktinio kampo matavimai: ISmatuojamas plony pléveliy
hidrofiliSkumas.
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Induktyviai suri$tos plazmos optinés emisijos spektrometrija (ICP-OES):
Kiekybiskai jvertinamas vario jony, migruojanéiy i§ sudétiniy plony pléveliy,
kiekis.

Plévelés storis ir ultravioletiniy spinduliy spektroskopija: Siame
skyriuje aprasoma, kaip, naudojant skaitmeninj mikrometrg ir UV-VIS
spektrofotometra, matuojamas plony pléveliy storis ir skaidrumas.

Antimikrobinis nanokompozity ir plony pléveliy aktyvumas:
Susintetinty medziagy antibakterinés savybés prie§ Escherichia coli jvertintos
taikant tick kontakto su plévele, tick Sulinéliy difuzijos metodus. Augimo
slopinimo zona aplink medziagas rodo jy veiksminguma naikinant bakterijas.

Brinkimo laipsnis ir drégmés kiekis: Kompozitiniy pléveliy vandens
jgeriamumas nustatomas matuojant jy masés pokycius, skirtingai trukmei
panardinus jas j vanden].

Pléveliy pavirSiaus hidrofiliSkumas: Siekiant jvertinti plévelés
hidrofiliSkuma, matuojamas vandens laselio ir plévelés pavirSiaus kontaktinis
kampas.

GO-CS-Pt-Cu0/Cu plony pléveliy irimas: Plony pléveliy svorio
sumazg¢jimas  imituojamomis kompostavimo  salygomis  (uzkasant
dirvozemyje ir purskiant vandeniu) stebimas siekiant jvertinti jy irimo greitj.

Vario migracija i§ GO-CS-Pt-Cu,O/Cu plonyjy pléveliy: Vario jony
iSsiskyrimas i$ plonyjy pléveliy j maisto imitacines medziagas (etanolio ir acto
rugsties tirpalus) matuojamas naudojant ICP-OES, siekiant jvertinti galimas
maisto saugos problemas.

98



4.1.2 Magnetinio nanoadsorbento sintezé¢

4.1.2.1 Grafeno oksido-maghemito nanodaleliy ir grafeno oksido-
maghemito-chitozano kompozito paruoSimas

Maghemito nanodalelés (MGH-NP): Maghemitas gaminamas sumaisius
FeCl, ir FeClz ir veikiamas natrio hidroksidu (NaOH). Sis miginys
iSplaunamas, partigStinamas ir hidrotermiskai brandinamas, kad susidaryty
MGH-NP. Galutinis produktas i§gryninamas ir laikomas Saldytuve.

Grafeno oksido ir maghemito kompozitai (GO-MGH): MGH-NP ir
grafeno oksido (GO) suspensijos sujungiamos veikiamos ultragarso. MiSinys
laikomas tam tikrame pH diapazone, kad biity galima jj naudoti toliau.

Grafeno oksido-maghemito-chitozano kompozitai (GO-MGH-CS-I, 11,
III): Aprasyti du variantai (I ir II), kurie Siek tiek skiriasi: Pirmiausia MGH-
NP sintetinami, kaip aprasyta anksciau. ParuoSiami GO ir chitozano tirpalai.
GO-MGH kompozitas gaunamas sumai$ant MGH-NP ir GO suspensijas. |
GO-MGH kompozita jpilamas chitozano tirpalas, po to - glutaraldehidas
(skersinio rySio medziaga) ir natrio hidroksidas (NaOH) (I variantas). MiSinys
maiSomas, plaunamas ir dZiovinamas vakuume(32 pav.).
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32. pav. Grafeno oksido-maghemito (GO-MGH) paruoSimas (A); Grafeno
oksido-maghemito-chitozano (GO-MGH-CS - I) kompozitai (B).
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4.2.2 Apibudinimas

Kompozitai buvo charakterizuoti naudojant jvairius analitinius instrumentus.
Rentgeno spinduliy difrakcija (XRD) atlikta naudojant ,Bruker D8
difraktometra (Brémenas, Vokietija). Funkcinés grupés identifikuotos
naudojant ,,Fourier-transform™ infraraudonosios spinduliuotés (FTIR)
spektroskopijg su ,,Bruker Vertex 70v* spektrometru (Brémenas, Vokietija) 2
cm? skiriamgja geba. FTIR analizei méginiai paruosti KBr pelety pavidalu.
Kompozity morfologija ir daleliy dydis tirti naudojant ,,Tecnai G2 F20 X-
TWIN“ perSvieCiamos elektroninés mikroskopijos (TEM) prietaisg i§ FEI
(Eindhovenas, Nyderlandai). Sio TEM skiriamoji geba svyruoja nuo 0,25 iki
0,102 nm. Mossbauerio spektroskopija atlikta kambario temperatiiroje
naudojant ,,Wissenschaftliche Elektronik GmbH* (Starnbergas, Vokietija)
spektrometrg su ¥’Co (Rh) Saltiniu. Mossbauerio spektrai buvo analizuojami
,Normos Dist* programa.

Kompleksiniai laboratoriniai Eu (I11) adsorbcijos tyrimai

Kompozity Eu (III) adsorbcijos talpa buvo jvertinta atliekant
kompleksinius laboratorinius eksperimentus. Pradiné Eu (I11) koncentracija
svyravo nuo 0,01 iki 200 mg/L, naudojant 1 g/L adsorbento kiekj (iSlaikant
1:1000 g/mL santykj). Eksperimentai atlikti 25 °C temperatiroje, pH
diapazone nuo 2 iki 8. Pradinis pH matuotas ,,WTW inoLab Multi Level 1 m*
(Weilheimas, Vokietija) pH matuokliu su ,,SenTix 41“ pH elektrodu
(Weilheimas, Vokietija), kalibruotu pagal DIN 19266 standartinius buferinius
tirpalus. Eu (I1l) izotopas 'S?Eu buvo naudojamas kaip Eu (IIT) Zymeklis.
MaiSymo greitis buvo nustatytas 200 aps./min., o sgly¢io laikas nuo 5 iki 1440
minuéiy. Pasibaigus nurodytam saly¢io laikui, adsorbentas atskirtas naudojant
magnetg arba centrifuguojant 20 000 for 15 minuciy. Adsorbuoto Eu (1)
kiekis kiekybiSkai nustatytas y-spektrometrija naudojant HPGe detektorius
(techniniai duomenys pateikti disertacijoje). Lygtys (6) ir (7) buvo
naudojamos kiekvieno kompozito Eu (111) adsorbcijos talpai (Qe) ir $alinimo
efektyvumui (R.) apskai¢iuoti.

Aktinidy koncentravimas i$ jiiros vandens

Buvo tirtas GO-MGH kompozity gebéjimas sorbuoti aktinidus i$ jiros
vandens. Vieno litro jiros vandens méginiai buvo pazenklinti Pu (IV) ir
Am (III) izotopy miSiniu (nurodyta disertacijoje). Kompozitiné medziaga
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buvo jdéta j jlros vandenj, maiSoma 1 valandg ir laikoma per naktj.
Kompozitai buvo iSgauti naudojant magnetg arba centrifugavimg. Po
radiocheminio atskyrimo naudojant TEVA ir TRU kolon¢les (,,Eichrom
Industries”) su specifiniais zZymekliais, alfa spektrometrija buvo matuojami
Am ir Pu izotopai.

ANFIS

Siame tyrime buvo naudotas adaptyvus ,,neuro-fuzzy* isvady logikos
interferencijos sistemos (ANFIS) modelis ,,MATLAB* aplinkoje, siekiant
numatyti jvairiy kompoziciniy medziagy (GO-MGH, GO-CS ir kt.)
adsorbcijos geba Salinant tersalus i§ vandens. Modelio mokymui buvo naudota
15 duomeny rinkiniy, o testavimui ir atestavimui - po 6 atskirus rinkinius.
ANFIS modelis turi $esis sluoksnius: pirmame sluoksnyje pateikiami jvesties
duomenys, tokie kaip pH ir salyCio laikas. Sekanciose sluoksniuose
naudojama ,neuro-fuzzy* iSvady ir taisykliy ,fuzzy if-then” logika
duomenims apdoroti. Galiausiai, modelis pateikia sumodeliuota adsorbcijos
geba. Modelio nasumas buvo jvertintas naudojant tokius parametrus kaip
vidutiné kvadratiné paklaida ir vidutiné santykiné paklaida, siekiant uztikrinti
tiksluma numatant fakting adsorbcijos geba.

4.2. REZULTATAI IR APTARIMAS
4.2.1. Pléveliy maisto produktams saugoti charakterizavimas

Rentgeno spinduliy difrakcija (XRD) patvirtino kompozity susidarymg ir
numatyty elementy buvimg. Pateikiame kiekvieno kompozito apzvalga: GO-
CS-Pt-Cu: Sis kompozitas turi $eSiakampe GO struktiirg kartu su variu (Cu) ir
platina (Pt). GO kristalito dydis yra 3,5 nm, o Cu ir Pt - atitinkamai 25,1 nm
ir 3,6 nm. GO-CS-Pt-CuO: Siame kompozite yra vario oksido (CuO).
Vidutinis CuO nanodaleliy kristalito dydis yra 11,9 nm. GO-CS-Pt-Cu;0:
Siame kompozite yra vario (I) oksido (Cuz0). Apskai¢iuotas CuzO kristalito
dydis yra 16,9 nm. GO-CS-Pt-Cu,0/Cu: Sis kompozitas turi ir Cu,0, ir Cu.

Fourierio transformacijos infraraudonosios spektroskopijos (FTIR) analizé
leido nustatyti kompozity funkcines grupes. Visuose kompozituose buvo
pastebétas pikas ties 1622 cm™, atitinkantis C=C tempimo virpesj.
Papildomai: GO-CS-Pt-CuO: Siame kompozite yra pikai ties 474 ir 545 cm™
bangos ilgiais, priskiriami Cu-O virpesiams. GO-CS-Pt-Cu,O: Siame
kompozite yra papildomy piky ties 1416 cm™ ir 1558 cm™ dél O-H lenkimo ir
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N-O tempimo bei papildomy piky ties 474 ir 545 cm™, priskirty Cu-O virpesiy
lenkimo vibracijoms. GO-CS-Pt-Cu,0 / Cu: Siame kompozite yra pikas ties
1719 cm? dél C=0 tempimo ir pikas ties 1382 cm™, susijes su O-H
deformacijos virpesiais.

Ultravioletinés spinduliuotés ekranavimo efektyvumas Visy kompozity
ultravioletiniy (UV) spinduliy (200-280 nm bangos ilgis) pralaidumas buvo
mazesnis nei 1%, tai rodo puikias UV spinduliuotés blokavimo savybes. Tarp
visy kompozity GO-CS-Pt-Cu,O/Cu pasizyméjo maziausiu UV spinduliuotés
praleidimu. Jterpus vario nanodaleles, taip pat sumazéjo matomos Sviesos
pralaidumas.

Antibakterinis tyrimas ] kompozitus jterptos vario nanodalelés pasizyméjo
puikiu antibakteriniu aktyvumu pries E. coli bakterijas. IS tirty kompozity GO-
CS-Pt-Cu,0/Cu parodé¢ didziausig augimo slopinimo zong (11,3 mm) (6 pav.
(B)). Tai rodo, kad Cu,0O/Cu nanodalelés yra ypa¢ veiksmingos prie$ E. coli.
Antibakterinis mechanizmas greiiausiai susijes su bakterinés membranos
pazeidimu, kurj sukelia elektrony perdavimas tarp neigiamai jkrauty bakterijy
ir vario nanodaleliy (6 pav. (A)).

Hidrodinaminés savybés Vandens atsparumas ir brinkimo laipsnis yra
labai svarbios maisto pakuociy medziagy savybés. Kompozity tirpumas (WS)
didéjo didéjant Cu,O/Cu koncentracijai (7 pav.). Taéiau brinkimo laipsnis
sumazejo, o tai rodo pageréjusj atsparuma drégmés pralaidumui (Susilowati
et al., 2020). Taip gali buti dél vario nanodaleliy ir vandens molekuliy
sgveikos. Kompozity pavirSiaus drékinamumas buvo jvertintas vandens
kontaktinio kampo (WCA) matavimais (8 pav.). Rezultatai parodé, kad
didéjant nanodaleliy koncentracijai, hidrofobiskumas mazéja. Tai rodo, kad
kompozitai tampa hidrofiliSkesni, kai nanodaleliy kiekis didesnis, o tai gali
sumazinti kondensato susidarymo ir maisto uzter§imo rizikg (Vasi et al.,
2022). Sumazéjes WCA gali biiti dél padidéjusio pavirSiaus Siurk§tumo, kurj
sukelia nanodalelés (Lim et al., 2015).

Kompozitiniy pléveliy biodegradacija Biodegraduojamos plévelés yra
aplinkai nekenksmingos, nes suyra nesukeldamos tar$os. Sios medziagos
skyla etapais dél jvairiy veiksniy, tokiy kaip drégmé, temperattira ir aplinkoje
esantys mikroorganizmai. [terptos medziagos gali paveikti plévelés
biodegradacijg. Iterptos medziagos gali pagerinti patvarumg, sudarydamos
tankesng¢ struktiira, arba pasizyméti antibakterinémis savybémis. Biologinis
skaidymas paprastai apima vandens absorbcijg, dél kurios plévelé iSbrinksta,
ir vélesnj mikrobiologinj skaidyma. Svorio netekimas ir pavirsiaus poky¢iai
rodo skaidymosi mastg. Merino ir kt. (2019 m.) atliktame tyrime nustatyta,
kad chitozanu dengtos krakmolo plévelés dirvoZzemyje per 3 ménesius Zymiai
degraduoja. Panasiai Oberlintner ir kt. (2021) jvairiuose dirvozemio
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méginiuose stebéjo greitg chitozano pléveliy su ,,Quercus® polifenoliy
ekstraktu (per 3 dienas) degradacija. Hidrofiliné chitozano-grafeno oksido
nanokompozity savybé gali pagerinti jy biodegradacija dirvoZemyje, nes
pagerina sgveika su dirvozemio dalelémis ir skatina sklaidymasi. Paveiksle 9
parodytas chitozano pléveliy su skirtingomis Cu,O/Cu koncentracijomis
svorio netekimas po 50 dieny laikymo dirvozemyje. GO-CS-Pt plévelé
pasizyméjo didziausiu biodegradacijos lygiu (86,12 %) dél dirvozemyje
esanc¢iy mikroorganizmy. Didéjant Cu,O/Cu kiekiui, biodegradacija maz¢jo
(nuo 68 % iki 45 %). Taip gali bati dél to, kad didesné nanomedziagy
koncentracija sustiprina medziagg ir sumazina sklaidymasi.

Energijos dispersiviné rentgeno spinduliy analizé (EDX) EDX analizé
patvirtino vario buvima plévelése. Vario piko intensyvumas didéjo didéjant
Cu20 kiekiui. Elementinis zemélapis (11 pav.) taip pat atskleidé gera vario
nanodaleliy dispersija plévelése. AFM vaizdai (12 pav.) parodé¢ sferines GO-
CS-Pt-Cu,0O/Cu nanodales, gerai integruotas | chitosano matricg. Daleliy
dydis nerodé aglomeracijos pozZymiy. Nors SEM vaizdai (13 pav.)visose
plévelése parodé lygy pavirSiy, AFM rodé didéjantj pavirSiaus Siurkstuma
didéjant Cu,0 kiekiui.

Vario migracija Vario migracija i§ GO-CS-Pt-Cu,O/Cu pléveliy lemia
temperattira, poveikio laikas ir vario koncentracija. Ankstesniuose tyrimuose
pranesta apie vario jony migracija aukStesnéje temperatiiroje ir ilgesnj
poveikio laika (Liu et al., 2016; Jiang et al., 2019). Siame tyrime buvo matuota
vario jony migracija i§ kompozitiniy pléveliy j vandenj, 10 % etanola ir 3 %
acto rugst] (maisto simuliatorius). Rezultatai (15 pav.) parodé minimalig vario
migracija (maziau nei 1 pg/L) i§ visy pléveliy, gerokai zemesng nei FDA riba
(5 png/L). Didziausia migracija stebéta naudojant 3 % acto riigstj, po to — 10 %
etanolj ir vandenj. Taip gali biiti dél to, kad chitozanas yra labiau tirpus acto
rugsStyje. Apskritai, vario migracija i§ Siy kompozitiniy pléveliy laikoma
saugia, maisto pakavimo taikymams.

4.2.2 Kompozity, skirty adsorbcijos tyrimams, apibidinimas

Rentgeno spinduliy difrakcijos (XRD) analizé (16 pav.) patvirtino maghemito
(y-Fe203) buvimg GO-MGH ir GO-MGH-CS kompozituose. Badingo GO
piko nebuvimas kompozite rodo galimg maghemito ir chitosano piky
sutapima.

Masbauerio spektroskopijos rezultatai (17 pav.) atskleidé Fe** katijony
buvimg ir Fe?* katijony nebuvima, tai patvirtina maghemito, o ne magnetito,
egzistavimg MGH, GO-MGH, and GO-MGH-CS (I, II, IIT) méginiuose.
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Pavaizduoti spektry dubletai rodo mazesniy nei 10 nm daleliy buvimg.
Platesni spektry segmentai taip pat rodo didesniy daleliy (> 10 nm) buvima.
Taciau, be dubleto, 18-19 % spektry priklauso placiajai daliai, aprasSytai
hipersmulkiu P(B) pasiskirstymu, o tai galima paaiSkinti daleliy dydzio
pasiskirstymu ir didesniy >10 nm dydZio daleliy buvimu. Maksimalus daleliy
dydis jvertintas atlickant matavimus kambario temperatiiroje buvo mazdaug
11 nm, ta¢iau matuojant 80 K temperatiiroje nustatytas daleliy dydis yra 8,5
nm. Spektruose esantys dubletai taip pat rodo mazesniy 6 nm daleliy buvima.
Sie rezultatai atitinka ankstesnius tyrimus apie superparamagneting
relaksacija maghemito nanodalelése.

FTIR analizé FTIR spektrai patvirtino funkciniy grupiy budingy GO,
MGH ir CS kompozituose buvimg (18 pav.). GO spektre identifikuotos C-O-
C, aromatinio C=C ir epoksidinio C-O juostos. MGH aptikta buidinga Fe-O
tempimo virpesiy ties 585 cm™ ryski juosta. GO-MGH spektre yra juosty,
atitinkangiy grafeno oksido ir maghemito funkcines grupes. Siy juosty padétis
ir intensyvumas kinta. GO 1226 cm™ juosta kompozituose neaptikta dél
grafeno oksido ir maghemito sgveikos. GO-CS ir GO-MGH-CS (I, I, I1I)
spektruose sujungtos grafeno oksido ir chitozano, 0 GO-MGH-CS kompozity
atveju — maghemito sugerties juostos. Palyginti su originaliy medziagy
spektrais, kompozity spektruose galima stebéti daugybe intensyvumo pokyciy
ir juosty poslinkiy. Juosta ties 1550 cm™, atitinkanti amido 11 N-H, nebuvo
aptikta, nes ji sutampa su kitomis juostomis.

GO-MGH-CS kompozity I, II ir III atveju, C—H chitozano ir Fe-O
maghemito tempimo jungCiy juosty intensyvumas zenkliai sumazgjo.
Remiantis gautais rezultatais ir publikuotais duomenimis, padaryta prielaida,
kad saveika lemia kovalentiniy ry$iy susidarymas tarp GO/GO-MGH ir CS
deguonies turinCiy funkciniy grupiy.

Ramano spektroskopija Ramano spektroskopija patvirtino specifiniy
funkciniy grupiy buvimg chitoxane, GO ir kompozituose. Chitozano spectre
aptikta biidinga NH> juosta ties 880 cm™. GO ir GO turin¢iy kompozity
spektrai rodé D ir G juostas 1295-1347 cm-1 ir 1596-1609 cm-1 diapazone.
D juosta susijusi su struktiiriniais defektais, atsirandanciais dél deguonies
turin¢iy funkciniy grupiy netvarkingos anglies bazinéje plokStumoje, o G
juosta apibiidina anglies atomy tempimo virpesius sp? hibridizacijos metu.
Didelis D ir G juosty intensyvumo santykis (ID/IG) rodo GO deguonies
turin¢iy grupiy sumazéjima, dél deguonies turin¢iy grupiy dalyvavimo
sgveikoje su CS ir MGH funkcinémis grupémis.

TEM analizé TEM vaizdai atskleidé kompozity morfologija (20 pav.).
GO-MGH tur¢jo lakstine strukturg lenktais krastais, kuriy pavirSiuje tolygiai
pasiskirsto pavienés maghemito dalelés, kuriy dydis <10 nm. GO-MGH-CS
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kompozite chitozanas veiké kaip tiltas tarp GO sluoksniy, o maghemito
dalelés yra agreguojamos GO pavirsiuje.

Adsorbcijos tyrimai Didéjant pradinei Eu (IIT) koncentracijai, padidéjo
kompozity adsorbcijos geba, iSskyrus GO-MGH-CS 1. GO-MGH-CS il
pasizyméjo didziausiu adsorbeciniu geb¢jimu dél daugybés aktyviy viety.
Chitozano masés procentas GO-MGH-CS 1II ir III neturéjo jtakos
adsorbciniam pajégumui. Mazesnis GO-MGH-CS 1 adsorbcinis pajégumas
greiciausiai atsiranda dél glutaraldehido poveikio, kuris sumazina prieinamy
aktyviy viety. Adsorbcijos elgsenai analizuoti buvo naudojami Langmuir ir
Freundlich izotermy modeliai. Langmuir modelis rodo monosluoksnio
adsorbcijg ant vienalycio pavirsiaus, o Freundlich - daugiasluoksne¢ adsorbcija
ant nevienalyCio pavirSiaus.

Langmuiro modelis Langmuiro modeliavimo rezultatai rodo, kad
Eu (IIT) budinga monosluoksnio adsorbcija ant visy kompozity. Didesné GO-
MGH Qm verté rodo didesn¢ adsorbcijos talpa, lyginant su atskirais
komponentais (iSskyrus chitozang) ir daugeliu kity adsorbenty.

pH poveikis pH pokiciai veikia adsorbeijg dél Eu(IIl) cheminiy formy
kaitos. Visi kompozitai, iSskyrus GO-MGH-CS [, rodo didesn¢ adsorbcijos
talpg ir efektyvuma esant aukstesnéms pH vertéms. Sis elgesys siejamas su
elektrostatinémis  saveikomis ir kompleksavimu skirtinguose pH
diapazonuose.

pH < 7,5: Elektrostatinis atstimimas tarp teigiamai jkrauty kompozity
ir Eu(I1l) jony riboja adsorbcija.

pH 2-7,5: Tikétina, kad adsorbcijg lemia kompleksy susidarymas.

pH >7,5: Elektrostatiné trauka tarp deprotonuoty kompozitiniy pavirsiy
ir Eu(IlI) jony padidina adsorbcija.

GO-MGH pasizymi zenkliai padidéjusia adsorbcijos geba, esant pH >
5, o tai galimai lemia elektrostatiné trauka dél neigiamai jkrauto pavirSiaus
Siame pH diapazone.

Kinetika Adsorbciné pusiausvyra GO-MGH ir GO-MGH-CS (1, 1I)
pasiekiama per 30 minuc¢iy, o0 GO-CS ir GO-MGH-CS Il - per 60 minuéiy.
Tai greiCiau, palyginti su kitais panaSiais adsorbentais. Adsorbcijos proceso
apraSymui buvo naudoti pseudo-pirmosios ir pseudo-antrosios eilés kinetikos
modeliai. Duomenys geriau atitiko pseudo-antrosios eilés modelj, tai rodo
cheming Eu (IIT) adsorbcijg GO-CS ir GO-MGH-CS kompozituose. Eu (111)
adsorbcija ant GO-MGH vyko pagal pseudo-pirmos eilés modelj, tai rodo
fizing adsorbcija.
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GO-MGC ir GO-MGC-CS (I, 1) adsorbcijos pusiausvyra pasiekiama per 30
minuéiy, 0 GO-CS ir GO-MGC-CS Il — per 60 minuéiy. Jis yra greitesnis nei
kiti panasts adsorbentai. Adsorbcijos procesui apibiidinti buvo naudojami
pseudo-pirmos ir pseudo-antros eilés kinetikos modeliai. Duomenys geriau
atitinka pseudo-antros eilés modelj, nurodant Eu (IIT) chemisorbcija GO-CS
ir GO-MGH-CS kompozituose. Eu (III) adsorbcija j GO-MGH laikési
pseudo-pirmos eilés modelio, rodanéio fizing adsorbcija.

Adsorbcijos mechanizmas Kinetikos ir pH jtakos tyrimo rezultatai rodo
europio jony adsorbcijos cheming ant GO-CS ir GO-MGH-CS arba fizing ant
GO-MGH kompozity prigimtj. Ankstesniuose tyrimuose nustatytos funkcinés
grupés panaSiose medziagose, kurios saveikauja su Eu (I1I). Remiantis
eksperimentiniais ir literatiros duomenimis, nustatyta, kad europis yra
adsorbuojamas ant kompozity dél kompleksavimo ir elektrostatinés traukos.

Radioaktyviyjy elementy Salinimas Kompozitai efektyviai adsorbavo
Eu (III) 1§ jvairiy gamtiniy vandens Saltiniy (Danés upés, Klaipédos sasiaurio,
Baltijos juros). Efektyvumas sieké nuo 74 % iki 100% (26 pav.).
Eksperimentas vyko imituojant gamtines salygas, naudojant realias Eu
koncentracijas ir nejnesant stabilaus Eu j vandens méginius. Nustatyta, kad
kompozitai vienodai efektyviai pasalina Eu (I1), Pu (1V) ir Am (II) i$ jtros
vandens méginiy.

ANFIS modeliavimas Eksperimentiniy ir prognozuojamy duomeny
palyginimo rezultatai parodyti 27 paveiksle. Prognozuojamos ir
eksperimentinés vertés gerai sutampa, o tai rodo didelj prognozés tikslumg.
3D pavirSiaus modeliavimas Trimacio pavirSiaus modeliavimo rezultatai (28-
30 paveikslai) rodo, kad Eu (III) adsorbcijos elgsena ant kompozity yra
sudétinga ir netiesiné, priklausomai nuo Eu pradinés koncentracijos, pH ir
kontakto laiko. Stipri teigiama koreliacija rodo, kad ANFIS modelis gali gana
tiksliai numatyti adsorbcijos geba ar elgsena, todél jo naudojimas gali bti
naudingas planuojant adsorbcijos eksperimentus.
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4.3 ISVADOS

Susintetintos plonos grafeno oksido ir chitozano plévelés, turincios Cu,
CuO, Cuz0, CuO/Cu ir Pt nanodaleliy, apibiidintos ir jvertintas jy
antibakterinis poveikis E. coli bei plony pléveliy optinés savybés. Plona
GO-CS-Pt-Cu,0/Cu plévelé parodé geresnj antibakterinj poveikj (11 mm)
ir optinj pralaiduma (32, 4 %), iSlaikant plévelés skaidruma.

Taigi, siekiant rasti optimalig Cu,O/Cu koncentracija, j chitozano-grafeno
oksido plongsias pléveles buvo dedama skirtingy svoriy Cu.O/Cu.
Nustatyta, kad GO-CS-Pt-Cu.,O/Cu plony pléveliy fizinés savybés
keiciasi esant skirtingoms Cu.O/Cu nanodaleliy maséms, todél $ias plonas
pléveles galima derinti.

GO-CS-Pt-Cu0/Cu(2) plona plévelé parodé, kad didziausias Cu jony
migracijos greitis i§ plonos plévelés buvo 0,7 mg/kg (3 % acto riigstyje po
10 dieny), o tai yra mazesnis. Europos Komisijos (EK) nustatyta vario
migracijos riba (5 mg/kg), be platinos jony pédsaky. Net naudojant kitus
modelinius tirpalus (ty vandenj ir 10 % EtOH), Cu migracija iSliko
mazesné nei 0, 1 mg/kg.

Nustatyta, kad Eu (I1l) adsorbcijos ant GO-MGH duomenims apraSyti
geriau tinka Langmuiro, pseudo-antrosios eilés ir pseudo-pirmosios eilés
modeliai. Tai rodo, kad Eu (lll) adsorbcija ant GO-MGH vyksta pagal
viensluoksnj mechanizma, apimantj fiziosorbcijg, o pseudo-antrosios
eilés modelis rodo, kad Eu(I1II)-GO-CS ir Eu(l11)-GO-MGH-CS (I, I, 111)
sistemose vyksta chemisorbcija.

GO-MGH-CS kompozitai vienodai veiksmingai (85-96 %) Salina
Eu (111), Pu (IV) ir Am (III) i$ juros vandens méginiy. Eu (IIT) pasalinimo
i§ Danés upés, Klaipédos sasiaurio ir Baltijos jiros vandens méginiy
efektyvumas svyravo nuo 74 % iki 100 %.

ANFIS prognozavimo rezultatai gerai sutapo su eksperimentiniais Eu
adsorbcijos ant GO-MGH-CS kompozity duomenimis, o trimatis
pavirSiaus modeliavimas parodé, kad europio jony adsorbcija ant
kompozity buvo sudétinga ir netiesiné.
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