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Abstract 

Marine resources play a crucial role in supporting the blue economy and 

addressing global challenges to achieve some of the UN’s Sustainable 

Development Goals (SDGs). However, the marine ecosystem is adversely 

affected by plastic pollution, biofouling, and corrosion; thus, there is an urgent 

need for sustainable solutions. Chitosan, derived from chitin, the second most 

abundant biopolymer on Earth after cellulose, offers promising potential due 

to its unique biodegradable, water-soluble, antimicrobial, and film-forming 

properties. This thesis summarizes the sustainable extraction of chitosan, 

chemical modification of chitosan derivatives, and the application of chitosan 

coatings for antimicrobial, UV-filtering, corrosion prevention, and marine 

antifouling. 

    In the first part of the thesis, extraction of chitosan from food waste was 

carried out using green solvents as a sustainable solution for circular economy. 

Further, the antimicrobial activity of chitosan was enhanced by developing 

nanocomposites with core-shell ZnO@SnOx particles, which demonstrated a 

significant potential in food packaging application. To achieve even greater 

antimicrobial efficacy and UV-blocking capabilities, chitosan was chemically 

grafted with benzophenone-3 (BP-3), a plant extract known for its UV filtering 

properties. The antimicrobial activity of the obtained chitosan-BP-3 coatings 

was evaluated against both Gram-negative and Gram-positive bacteria, and 

the hydroxyl group on benzophenone-3 is found playing a crucial role in the 

antimicrobial effectiveness. Continuous irradiation tests showed that the 

coating possesses long-term UV-blocking effect. 

    Biofouling is a process about the settlement of micro- and macro-organisms 

on any substance immersed in water, leading to significant economic losses 

due to increased drag, material degradation, and maintenance costs in marine 

and industrial applications. To address this challenge, polyethylene glycol 

(PEG)-grafted chitosan coatings with varied chain length of PEG were 

synthesized, aiming to reduce microbial and diatom adhesion. This was 

achieved by modulating the brush effect and hydrophilicity of the surface 

coatings. Moreover, ZnO-Ag nanoparticles embedded in the coating has shown 

playing a bactericidal role under light or in the dark. 

    On the other hand, it is urgent to find alternatives to the prevalent but 

environmentally unfriendly epoxy resin in anticorrosive coatings and prevent 
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the embedded anti-corrosion agents from discharging into water. 

Multifunctional chitosan coatings have emerged as a promising solution for 

marine corrosion prevention and antifouling applications. For the first time, 

corrosion inhibitor, 2-mercaptobenzotriazole (MBT), was chemically linked to 

chitosan. In addition, new anti-corrosion mechanism was proposed based on 

the chitosan-MBT coatings. The corrosion resistance of the chitosan-MBT 

coating was improved by 40 times compared with the chitosan and MBT 

mixture coating. This bifunctional chitosan-MBT coating had also exhibited 

superior antifouling effect against settlement of mussels for 48 h. 

    The work presented in this thesis highlights the versatility and potential of 

chitosan as an emerging biomaterial for sustainable development in the fields 

of antimicrobial, food packaging, marine antifouling, and corrosion prevention. 

 

Key words: chitosan, photocatalyst, antimicrobial, antifouling, corrosion 

resistant, UV-filtering, microplastics pollution, food waste 

 

*The graph was created using online word cloud tool 

(https://www.wordle.net/), based on the text content of the thesis. 
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Sammanfattning 

Marina resurser spelar en avgörande roll för att stödja den blå ekonomin och 

bidra till att uppnå flera av FN:s globala mål för hållbar utveckling (SDG). 

Samtidigt hotas marina ekosystemet av plastföroreningar, biofouling och 

korrosion. Detta skapar ett akut behov av hållbara lösningar. Kitosan, som 

utvinns från kitin – den näst vanligaste biopolymeren på jorden efter cellulosa 

– har stor potential. Detta beror på dess unika egenskaper, såsom biologisk 

nedbrytbarhet, vattenlöslighet, antimikrobiell aktivitet och förmåga att bilda 

skyddande filmer. Denna avhandling undersöker hållbar utvinning av kitosan, 

dess kemiska modifiering och dess tillämpningar inom antimikrobiella 

beläggningar, UV-filter, korrosionsskydd och marina antifouling-

applikationer. 

    I avhandlingens första del utvanns kitosan från matavfall med hjälp av gröna 

lösningsmedel som en hållbar strategi för en cirkulär ekonomi. Vidare 

förbättrades kitosans antimikrobiella aktivitet genom att utveckla 

nanokompositer med kärn-skalsstruktur av ZnO@SnOx-partiklar, som visade 

betydande potential inom livsmedelsförpackningar. För att ytterligare 

förbättra den antimikrobiella effektiviteten och UV-blockerande egenskaper 

modifierades kitosan kemiskt med bensofenon-3 (BP-3), ett växtextrakt känt 

för sina UV-filteregenskaper. Den antimikrobiella aktiviteten hos de 

framställda kitosan-BP-3-beläggningarna testades mot både gramnegativa och 

grampositiva bakterier. Resultatet visade att hydroxylgruppen på bensofenon-

3 spelade en avgörande roll för beläggningarnas antimikrobiella effekten. 

Kontinuerliga bestrålningstester visade dessutom att beläggningen bibehöll 

långvariga UV-blockerande egenskaper. 

    Biofouling är en process där mikro- och makroorganismer fäster sig  på 

material nedsänkta i vatten. Detta orsakar betydande ekonomiska förluster på 

grund av ökad friktion, materialnedbrytning och höga underhållskostnader 

inom marina och industriella tillämpningar. För att hantera detta problem 

syntetiserades kitosanbaserade beläggningar med polyetylenglykol (PEG) av 

varierande kedjelängd. Syftet var att minska vidhäftning av mikroorganismer 

och kiselalger. Detta uppnåddes genom att modulera borsteffekten och 

hydrofiliciteten hos ytan. Dessutom visade sig ZnO-Ag-nanopartiklar, 

inbäddade i beläggningen, ha bakteriedödande egenskaper både i ljus och 

mörker. 
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    Det är samtidigt brådskande att hitta alternativ till de utbredda men 

miljöovänliga epoxihartser som används i korrosionsskyddande beläggningar. 

Det är också viktigt att förhindra att de inbäddade korrosionsskyddsmedlen 

släpps ut i vattnet. Multifunktionella kitosanbeläggningar har framträtt som 

en lovande lösning för att förebygga marin korrosion och biofouling. För första 

gången har korrosionsinhibitorn 2-merkaptobenzotriazol (MBT) kemiskt 

bundits till kitosan. En ny mekanism för korrosionsskydd föreslogs också 

baserad på kitosan-MBT-beläggningar. Jämfört med en blandning av kitosan 

och MBT visade sig kitosan-MBT-beläggningen 40 gånger bättre 

korrosionsresistens. Denna tvåfunktionella kitosan-MBT-beläggning 

uppvisade dessutom överlägsna antifouling-egenskaper genom att förhindra 

musslors vidhäftning under 48 timmar. 

    Arbetet som presenteras i denna avhandling belyser mångsidigheten och 

potentialen hos kitosan som ett framväxande biomaterial. Dess tillämpningar 

omfattar områden som antimikrobiella tillämpningar, 

livsmedelsförpackningar, marin antifouling och korrosionsskydd. 
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Chapter 1 

Introduction 

Chitosan is a biopolymer derived from chitin, a natural resource contained in 

the shells of crustaceans such as shrimp and crab, or in cell wall of fungi.1, 2  In 

1859, French chemist Charles Rouget first reported a process of extracting 

chitosan from chitin by deacetylation reaction.3 Later, the unique properties 

and wide application of chitosan have gradually been recognized and valued by 

a vast amount of research around chitosan. Chitosan is biodegradable, 

biocompatible and non-toxic, and is of great significance in environmental 

protection and sustainability. The use of chitosan can reduce the dependence 

on petroleum-based plastics and help reduce environmental pollution and 

carbon emissions. The renewability and biodegradability of its source make it 

a model green material and has a positive impact on promoting sustainable 

development. 

At present, the world is facing severe food shortages and increased 

environmental pressures. According to data from the Food and Agriculture 

Organization (FAO) of the United Nations, in 2022, about 735 million people 

in the world are suffering from hunger, mainly concentrated in sub-Saharan 

Africa, South Asia and some Central American countries.4 Uneven food 

distribution, regional conflicts, climate change and poverty are the main 

causes of hunger. At the same time, the global plastic pollution is of increasing 

concern. About 11 million tons of plastic waste enter the ocean every year, 

destroying the marine ecosystem and threatening hundreds of species.5 Plastic 

not only affects marine life, but also enter the human body through the food 

chain, posing long-lasting harmful effect to health. The continued 
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accumulation of plastic waste has put tremendous pressure on the 

environment of land and water bodies. It is estimated that by 2050, the total 

amount of plastic in the ocean may exceed that of fish if corrective actions are 

not taken immediately.6 

 

Figure 1.1. Four specific problems in practical life. 

    In view of the global challenges, this thesis summarizes the research work 

about chitosan coatings dealing with real-life problems in four aspects: food 

rotting, marine biofouling, metal corrosion, and plastic ageing (Figure 1.1). 

When confronted with such challenges, the development of sustainable 

technologies addressing one or multitude of these problems become critical. 

Biopolymers are considered to be ideal alternatives to traditional synthetic 

materials due to their renewable nature, biodegradability and environmental 

friendliness.7, 8 Bar-On et al. summarized the overall biomass composition of 

the biosphere, establishing a census of about 550 Gt C biomass distributed 

across all kingdoms of life,9 where the plants (approx. 450 Gt C) are mainly on 

land and animals (approx. 2 Gt C) in the ocean. The global marine biomass 

pyramid has more consumers than producers, with arthropods making up a 

significant proportion. Vassilev et al. gave an extended overview of the 

chemical composition of biomass and discussed their value in energy storage.10 

The results showed that the chemical composition of biomass, varies 

considerably due to the variations in moisture, ash yield and different genetic 

types of inorganic substances in biomass. Elements in biomass are generally 
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listed in decreasing order of abundance as carbon (C), oxygen (O), hydrogen 

(H), nitrogen (N), calcium (Ca), potassium (K), silicon (Si), magnesium (Mg), 

aluminum (Al), sulfur (S), iron (Fe), phosphorus (P), chlorine (Cl), sodium 

(Na), manganese (Mn), and titanium (Ti). The chemical differences between 

designated natural and anthropogenic biomass groups and subgroups have 

been identified to be large and are related to different biomass sources and 

origins, i.e. from plant and animal products or from a mixture of plant, animal, 

and manufactured materials. 

1.1. Chitosan in sustainable applications 

In the production process, the chitin in plants or animal sources is converted 

into chitosan through deacetylation reaction. Chitosan does not produce any 

harmful substances during use, and thus does not pollute the environment.11, 

12 In addition, chitosan has a wide range of applications, from agriculture to 

medicine, from food to environmental protection, and the application of 

chitosan greatly reduces the dependence on non-renewable resources of 

synthetic plastics obtained from petroleum sources. With the advancement of 

technology and the stringent regulations for environmental protection, the 

application prospects of chitosan are becoming even more broader, and it has 

become an important source for sustainable development.13-15 

    Chitosan is abundant in the exoskeletons of crustaceans such as shrimp, 

crabs, and other marine organisms. The production of chitosan involves 

deacetylation of chitin, a process in which acetyl groups are removed, resulting 

in a polymer that is water soluble and functional in various applications. 

Biochemically, chitosan is characterized by its unique amino and hydroxyl 

groups, that lead to properties such as biocompatibility, biodegradability, 

antimicrobial activity, and the ability to form films and gels.16 Chitosan has 

found diverse applications, such as antimicrobial and antifouling agent in 

marine coatings, bioactive material in wound healing and drug delivery, and 

providing food-safe coatings in packaging.17-19 Its versatile functionality, 

combined with its sustainable source and production method, positions 

chitosan as a promising material for environmentally friendly innovations. 

As mentioned above, chitosan is obtained from chitin through partial 

deacetylation reaction, and the basic structural unit of chitosan molecules is β-

(1→4) linked D-glucosamine and N-acetyl-D-glucosamine, with chemical 

formula C6H11NO4.10 The chemical structure of chitosan determines its unique 

physical and chemical properties (Figure 1.2). By controlling the degree of 
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deacetylation, the solubility and functional properties of chitosan can be tuned. 

Since the structure of chitosan contains multiple reactive sites (amino and 

hydroxyl groups), different functional groups can be introduced through 

chemical modification, thereby giving chitosan multiple functions. For 

example, chitosan is applied to chelate different metal ions to form stable 

complexes, so it has important applications in wastewater treatment and heavy 

metal removal.20 Chitosan can also form gels through cross-linking reactions 

and is used in controlled drug release and tissue engineering.15, 21 The free 

amino groups in its molecule make chitosan easy to undergo chemical 

modifications, such as graft copolymerization, carboxymethylation or sulfation 

(Figure 1.2).22-24 These modifications can significantly adjust their solubility, 

mechanical properties, thermal stability, and biological activity, providing 

customized functional solutions for tackling practical problems. 

 

Figure 1.2. Structure of chitosan and possible chemical modification through 

reactions with different functional groups in chitosan molecules.16 Reproduced 

from reference 16. Copyright Frontiers Company. 

The dominant food packaging materials nowadays in the market are plastics, 

such as polyethylene (PE), polypropylene (PP), and polyethylene terephthalate 

(PET), or in the form of composite materials with plastic laminate. Plastics 

have a long half-life over a few hundred years and once discarded, pose a high 

risk of environmental contamination. EU plastic legislation sets strict recycling 

rules and requests incorporation of recycled plastic composition.25 Therefore, 

recyclable bioplastics are promoted for circular economy. Chitosan, as natural 

biopolymer with antibacterial and film-forming properties, is also under 
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development to extend the shelf life of food by reducing food spoilage and 

extending food freshness.26  

In marine and industrial settings, biofouling and corrosion are the major 

trigger of structural damage, where microorganisms and corrosive elements 

adhere to or degrade surfaces, increasing maintenance needs and material 

waste. Many resin materials are used in industrial coatings to achieve 

antifouling and anticorrosion effects, such as epoxy, polyvinylidene fluoride 

(PVDF), etc. These materials have a wide variety of functions and excellent 

effects, but the issue of post-use treatment and recycling is rarely discussed.27, 

28 To address these challenges, sustainable alternatives such as chitosan-based 

coating have emerged, offering biodegradable, biofouling-resistant, and anti-

corrosive properties. Chitosan coatings can be used as biofilm control agents 

to prevent the efficiency reduction and equipment damage caused by bacterial 

growth in river/marine environment.  

Beyond food packaging and marine antifouling and anticorrosion, chitosan 

coatings provide an eco-friendly solution with functional durability in various 

industrial sectors, water treatment, cosmetics, and even pharmaceutical 

applications,29-31 to reduces the environmental impact and enhance the 

efficacy. 

1.2. Objectives 

The objective of this doctoral thesis is to develop functional chitosan coatings 

with desired antimicrobial, antifouling, and anticorrosive properties to 

address the challenges of sustainable development in conserving and 

sustainably using the marine resources. It also aims to utilize bio-based and 

naturally biodegradable chitosan materials as alternatives to conventional 

packages to extend the shelf life of food due to the antibacterial properties of 

the chitosan coating, which is of great significance, particularly in regions with 

food shortages or difficulties in food storage. 

Specific aims of the thesis: 

1) To design a new route of chitosan extraction with low environmental impact 

by utilizing green and sustainable solvents; 

2) To integrate chitosan and photocatalyst for enhanced antimicrobial 

properties of the coating; 

3) To develop chitosan-based antifouling coatings challenging the golden PEG 

brush theory, as well as understanding the mechanism behind; 
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4) To develop a UV-filtering coating based on chitosan as a new working 

mechanism for food preservation; 

5) To modulate surface roughness of chitosan-based coatings for antifouling 

applications; 

6) To design a bifunctional anticorrosive and antifouling coating without 

losing the embedded MBT corrosion inhibitor, suitable for application in 

marine environment. 

1.3. Mechanisms and strategies 

In this thesis, chitosan coatings are designed and synthesized to address four 

typical challenges in real life: rotting, fouling, corrosion, and ageing. The 

desired functions of chitosan coatings include anti-microbial, anti-fouling, 

corrosion resistant, and UV-blocking. 

1.3.1. Antibacterial 

The antibacterial properties of chitosan mainly arise from its basic chemical 

structure, especially the cationic amino groups in its molecules. Amino groups 

can interact with the bacterial cell wall, inhibiting bacterial growth or causing 

bacterial death.32 Typically, there are three mechanisms: 1) positively charged 

amine groups interact with negatively charged phospholipids, 2) denaturing 

DNA, and 3) chelating metals ions which are vital for cells to exchange 

nutrition and signaling for specific functions.32, 33 Therefore, chitosan and its 

derivatives have shown extremely high application value in the medical and 

food safety fields, especially in the design of antibacterial packaging materials, 

wound dressings and disinfectants.34, 35 For example, Lu et al. combined 

macromolecular cross-linked chitosan and other polymers to synthesize a 

double-layer hydrogel dressing, in which the interfacial reaction tightly 

connected the two layers.36 Tests showed that the dressing exhibited excellent 

antibacterial effect and cell compatibility, and could significantly accelerate 

skin tissue regeneration and wound closure. 

    Through chemical modification or physical compositing, the antibacterial 

activity of chitosan can be significantly improved. For example, coupling with 

ZnO nanoparticles shows the intrinsic performance of chitosan, and the 

generated reactive oxygen species can enhance antibacterial properties.37 This 

dual antibacterial mechanism makes the modified chitosan coatings 

particularly effective. 

1.3.2. Anti-fouling 
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Fouling refers to the biological communities of microorganisms and large 

organisms (usually attached) that form and develop on the solid surfaces in the 

ocean and freshwater with lapse of time.38 Generally, the growing process of 

marine biofouling can be divided into four stages, where the foulants are from 

tiny to large (Figure 1.3). Within seconds or minutes, a conditioning film 

composed of proteins and polysaccharides will form. In the next stage, taking 

minutes to hours, a bacterial biofilm develops. Over the following days, 

diatoms and larvae begin to accumulate. Finally, if left uncleaned for months 

or even years, macroalgae and invertebrates will start to grow. 

 

Figure 1.3. Schematic representation of the developing process of 

marine biofouling. 

    To interfere with the fouling due to microorganisms, three common anti-

fouling strategies have been proposed and adopted to reduce biofouling 

(Figures 1.4a to 1.4c):   

1. Fouling-resistance: This strategy involves modifying the substrate's surface 

properties, particularly hydrophobicity, to resist the initial attachment of 

foulants.39 By tuning the surface to be either highly hydrophobic or hydrophilic, 

adhesion of microorganisms and biofilm formation can be moderated. Such 

surfaces make the conditioning films difficult to form, thereby impeding the 

subsequent stages of fouling. 

2. Fouling-degradation: Here, the surface is functionalized with 

materials/chemicals that actively degrade foulants upon contact. This 

approach often involves the incorporation of nanoparticles or reactive agents 

that break down or disrupt fouling organisms.40 For example, embedding 

photocatalytic nanoparticles like silver and silver compounds can initiate 

reactions that degrade organic matter and prevent biofilm maturation. This 

strategy targets foulants at multiple stages, degrading them before larger 

organisms can accumulate. 
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3. Fouling-release: This method aims to create surfaces that facilitate the 

release of fouling organisms back into the environment after initial 

attachment.41 Hydrophilic, low-surface-energy coatings are often used, as they 

make it difficult for organisms to maintain a strong bond with the surface. In 

this way, organisms are easily dislodged, either through water flow or mild 

physical cleaning, preventing long-term accumulation and reducing 

maintenance requirements. 

    The above three mechanisms were considered and corresponding strategies 

were implemented while designing chitosan-based antifouling coatings in this 

thesis. Additionally, a combined approach of the release and degradation 

mechanisms is proposed to explore the potential effectiveness of this hybrid 

strategy for the prevention of biofouling (Figure 1.4d). This combined 

approach leverages the strengths of each mechanism, promoting both the 

release of adhered organisms and the active degradation of foulants, with the 

potential to extend the durability and efficacy of antifouling surfaces. 

 

Figure 1.4. Mechanisms for the prevention of biofouling of surfaces. 

(a) Fouling-resistant surface, (b) fouling-degradation, (c) fouling-release, and 

(d) the new proposed mode with simultaneous fouling release and degradation. 

    The effect of surface roughness on anti-fouling properties is based on 

changing the colonization environment of attached organisms (such as 

bacteria, algae, shellfish, etc.), thereby inhibiting their attachment and 

growth.42 In addition, the microstructure of surface roughness can also 

influence the flow characteristics of water. Small disturbances in the water flow 

near the surface can reduce the time that organisms get to attach to the surface, 

thereby reducing the probability of fouling. 
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1.3.3. Corrosion resistance 

Corrosion is defined as irreversible interfacial reactions of a material with its 

immediate environment that is responsible for trillions of dollars lost every 

year (Figure 1.5a).43 In practice, the accumulation of ions and organisms 

generated by biofouling may also trigger bio-corrosion, thereby shortening the 

service life of materials. Generally, the working mechanism of anti-corrosion 

coatings can be divided into three categories.44 The first one is isolation 

protection, in which the coating forms an isolation barrier to prevent ions or 

other corrosive substances from contacting the metal, thereby slowing down 

the corrosion. The second one is cathodic protection, where more reactive 

metals (such as Zn and Mg which has a greater negative electrochemical 

potential) are added into the coating, forming a protective cathode on the 

metal surface, turning the protected metal into an anode to reduce 

electrochemical corrosion. In the last strategy, organic corrosion agents, e.g. 

MBT are added to the coating, which can be released slowly, protecting the 

metal from corrosion for a long time. The inhibitors adsorb on the surface 

which inhibits the diffusion of metal ions and protect the substrate from 

deteriorating. The organic corrosion agents contain nitrogen, oxygen, sulfur 

and phosphorus with lone electron pairs and π-electrons that interact with 

metal, favoring the adsorption process. 
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Figure 1.5. Mechanism of corrosion protection including prevention 

chemical. (a) Corrosion process, (b) Barrier protection for corrosion inhibition. 

(c) Protection from the adsorbed corrosion inhibitor. 

    The role of chitosan coating in metal protection is mainly reflected in its 

ability to effectively isolate the contact between the metal surface and corrosive 

media, such as water, oxygen and other corrosive chemicals (Figure 1.5b).45 

This isolation effect is based on the good film-forming properties and chemical 

stability of chitosan, as it can form a continuous and uniform protective film. 

By introducing specific functional groups or chemicals, the corrosion 

resistance of chitosan coatings can be significantly improved. Additionally, 

additive corrosion inhibitors in chitosan matrix can inhibit the electrochemical 

reaction on the metal surface at the molecular level, thereby effectively 

preventing the occurrence of corrosion (Figure 1.5c).  

1.3.4. UV-blocking 

It has been reported that the antimicrobial, mechanical or oxygen barrier 

properties of chitosan films can be enhanced by copolymerization or by 

forming nanocomposites. However, there are few reports about biopolymer 

films addressing the adverse impact of UV radiation on deteriorating food 

freshness, especially for perishable fruits and vegetables. The UV blocking 

ability of coatings is mainly achieved by absorbing and scattering UV radiation, 

which is highly dependent on the embedded/grafted UV absorbers and 

stabilizers. For example, the grafting of organic UV absorbing compounds can 

significantly reduce UV light exposure to chitosan chains, thus protecting the 

coating from degradation.46 Another strategy is to embed inorganic 

nanomaterials such as titanium dioxide (TiO2) or zinc oxide (ZnO) in the 

coating scattering of light. 

1.3.5. Chitosan extraction from food waste by green solvents 

Extracting chitin and transformation to chitosan from natural sources involves 

specific chemical processes, wherein the role of solvents is critical, especially 

when considering the need for greener and more sustainable methods. Among 

these, deep eutectic solvents (DESs) emerge as eco-friendly alternatives for the 

extraction and processing of these biopolymers. 



Introduction 

 

11 

 

 

Figure 1.6. Hierarchical structure of the exoskeleton material.47 Copyright 

2024, Cell Press. 

    The hierarchical structure of crustacean exoskeleton is shown in Figure 1.6. 

The primary steps for converting the natural material into chitosan include: 

 

a) Demineralization: This process aims to remove calcium carbonate and 

other minerals from the raw material. Strong acids, such as 

hydrochloric acid, are used to dissolve these minerals and obtain 

purified chitin. 

b) Deproteinization: This step involves the removal of proteins associated 

with chitin. Typically, a strong alkali, such as sodium hydroxide, is used 

to dissolve proteins and other nitrogen-containing compounds from the 

raw material. 

c) Deacetylation: In the final step, chitin is treated with a strong alkali 

(again, NaOH) to partially or fully remove acetyl groups from its 

structure. The result is chitosan, a polymer with a significantly higher 

degree of free amino groups, imparting it with enhanced solubility and 

unique bioactivity compared to chitin. 

DESs are a class of solvents composed of two or more components that, 

when combined, form a eutectic mixture with a melting point significantly 

lower than that of each individual component.48, 49 DESs are generally 

composed of a hydrogen bond donor (HBD) and a hydrogen bond acceptor 

(HBA), which interact through hydrogen bonding to create a stable liquid 
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phase.50 What makes DESs attractive for green chemistry is their low toxicity, 

biodegradability, and simple preparation. The traditional strong acids and 

bases can be replaced by DESs for the deproteinization and demineralization 

steps. For example, choline chloride-based DESs have been shown to 

effectively dissolve proteins and mineral components from crustacean shells 

without the need for harsh acids or alkalis resulting in fewer by-products and 

a more environmentally friendly process.51 Furthermore, DESs are generally 

regarded as non-volatile, reducing the risk of air pollution compared to 

traditional organic solvents. Their high biodegradability and low toxicity make 

them safer for both workers and the environment. DESs also have the potential 

to be recycled and reused, minimizing waste and further enhancing the 

sustainability of the extraction process. While DESs present a promising 

alternative to traditional solvents, challenges remain. The cost and availability 

of some DES components may limit their large-scale application. Additionally, 

while many DESs are non-toxic, the long-term environmental impact of 

certain formulations still requires further study. 

Outline of the thesis 

Chapter 1 provides a background knowledge of chitosan and brings forwards 

the potential of chitosan materials in solving plastic pollution and hunger. 

Additionally, it introduces the mechanism of antimicrobial, antifouling, 

corrosion resistance and UV-blocking properties. Furthermore, grounded 

strategies are presented to achieve related applications. 

Chapter 2 includes the detailed information about chemicals, materials and 

instrumentation used in this thesis. The preparation processes, 

characterization and evaluation methods can be referred to this part as well. 

Chapter 3 reports the major findings of each research work included in this 

Thesis, ranging from green method of extraction and purification of chitosan, 

chitosan-nanocomposite for antibacterial activity, side chain effects in 

antifouling, surface roughness of coating in modulating biofouling, 

bifunctional antifouling and anticorrosion, and UV-filtering coating for food 

preservation. These individual works are, indeed, the implementation of 

strategies based on the mechanisms proposed in Section 1.3. Thereafter, the 

results are discussed and performances are evaluated. 

Chapter 4 concludes the thesis. 

Chapter 5 provides perspective on chitosan derivatives for sustainability and 

circular economy. 
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Chapter 2 

Experimental sections 

2.1. Chemicals and materials 

Chitosan (molecular weight 100,000300,000 Da), glacial acetic acid, 

absolute ethanol (≥ 99.5%), microscope glass slides (75 mm Χ 25 mm) and 

plastic slides (polystyrene) were purchased from VWR (Radnor, PA, USA). 

Zinc acetate dihydrate [Zn(OAc)2∙2H2O; 98%], sodium hydroxide (NaOH, 

97%), potassium hydroxide (KOH; 99.0%), tin(II) chloride dihydrate 

(SnCl2∙2H2O; 98%) and 3-aminopropyltriethoxysilane (APTES; 97%) were 

purchased from Sigma-Aldrich (Saint Louis, Missouri, USA). Benzophenone 

(99%) and benzophenone-3 [(2-Hydroxy-4-methoxyphenyl)-

phenylmethanone, 99.0 %] were obtained from TCI (Chuo-ku, Tokyo, Japan). 

Thionyl chloride (SOCl2, ≥ 99%), D2O (99.9%), 2-mercaptobenzothiazole 

(MBT, 97%), chloroform (CHCl3, 99%), PEG 200 (MW 200 Da, denoted as 

PEG200), PEG4000, PEG100k, silver nitrate (AgNO3, 99.8%) and sodium 

borohydride (NaBH4, ≥ 99%) were purchased from Merck (Darmstadt, 

Germany). The 3-(triethoxysilyl)propyl succinic anhydride (60%-70%) was 

acquired from Abcr GmbH (Karlsruhe, Germany). Formaldehyde solution (36 % 

in aqueous solution) was obtained from Honeywell Fluka (Charlotte, NC, USA). 

PE plastic foil was purchased from Toppits (Melitta Group of Minden, 

Germany). Copper (Cu-DHP / CW024A) and stainless-steel (EN 1.4301 or SS 

2333) plates were bought from Slöjd-Detaljer (Skara, Sweden). In 

antimicrobial activity tests, Mueller Hinton Agar (MHA) and nutrient broth 

media were brought from HiMedia (Mumbai, India). 

2.2. Preparation and synthesis  
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2.2.1. Extraction of chitosan from exoskeleton of crustaceans 

The shell of blue crabs (Callinectes sapidus) was collected from food waste 

(Figure 2.1). Pretreatment included washing, drying and grinding. Acidic deep 

eutectic solvent was composed of 28 g choline chloride and 24 g acetic acid (1:2, 

in molar ratio). To reduce the viscosity, 50 mL deionized water was added to 

the above system. Then, 20 g shell sample (in powder form) was added into the 

aqueous solvent, magnetic stirring at 60 ˚C for 12 h. After that, the mixture 

was filtered to collect the solid part and washed with 300 mL deionized water. 

Alkaline deep eutectic solvent is composed of choline hydroxide and methanol 

(22.5 g and 27.5 g), with deionized water (33.4 mL) as the solvent. The 

admixture was magnetically stirred at 60 ˚C for 12 h, following which, the 

mixture was filtered and washed using 300 mL of deionized water. Next, the 

obtained solid material was transferred to a 100 mL autoclave and digested 

with 40 mL of 45% NaOH (a. q.) solution. The autoclave was heated at 240 ˚C 

for 12 h. Hereafter, the product was washed with 300 mL deionized water and 

subsequently dried at room temperature. 

 

Figure 2.1. Schematic overview of chitosan extraction process in the 

laboratory. 
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2.2.2. Preparation of ZnO and ZnO@SnOx and the chitosan- 

ZnO@SnOx coating 

First, 1.1 g of Zn(OAc)2∙2H2O was dispersed in 40 mL of ethanol, and 

approximately 1.5 mL of water was added dropwise until the solution turned 

clear. Subsequently, 1.75 M KOH (4 mL, in ethanol) was added to the mixture 

while stirring. White precipitates formed immediately upon the addition of the 

base. The mixture was then stirred at room temperature for 4 hours. Afterward, 

the resulting ZnO precipitate was washed three times with ethanol and dried 

in an atmospheric oven at 60 °C for 24 hours. Following this, 0.1 g of the ZnO 

precipitate was redispersed in 4 mL of ethanol and combined with an ethanolic 

solution of SnCl2∙2H2O (1.1 g in 40 mL). This mixture was then transferred to 

a Teflon-lined autoclave reactor and heated in an atmospheric oven at 160 °C 

for 18 minutes. Following this, the reaction mixture was cooled down to room 

temperature and 0.8 mL of APTES was added to stabilize the ZnO@SnOx 

dispersion. The final product was washed three times with ethanol and dried 

at 70 °C for 24 hours. The prepared ZnO and ZnO@SnOx nanoparticles were 

subsequently added into a 1 wt% chitosan solution at concentrations of 2.5 wt% 

or 5 wt% with regard to chitosan, resulting in CS-ZnO or CS-ZnO@SnOx 

dispersions, respectively. These dispersions were sprayed onto the surface of 

polyethylene films and air-dried to form the coatings. The coatings were 

evaluated for their antimicrobial activity. Additionally, coatings of CS and CS-

ZnO@SnOx were also prepared on glass substrates to characterize their 

physico-chemical properties. 

2.2.3. Preparation of ZnO/Ag nanocomposite and the chitosan 

coating thereof 

First, 1 g of Zn(OAc)2∙2H2O and 40 mL of ethanol were mixed by magnetic 

stirring. Then, 4 mL of ethanolic KOH (1.75 M) was added to the solution and 

stirred at 50 °C for 4 hours. Subsequently, the precipitate was washed with 

ethanol. The resulting ZnO nanoparticles (0.5 g) were then dispersed in 50 mL 

of an aqueous AgNO3 solution (1 mM) and stirred for half an hour, followed by 

centrifugation for 10 minutes. The dispersion and centrifugation processes 

were repeated twice to increase the loading of silver ions on the surface of the 

ZnO nanoparticles. Finally, 50 mL of 1 M NaBH4 was added to reduce the Ag+ 

attached to the ZnO into elemental silver. The resulting ZnO/Ag nanoparticles 

were collected by centrifugation and washed three times with deionized water. 

The chitosan coating with embedded ZnO/Ag nanoparticles was prepared 

similarly as the CS-ZnO@SnOx coatings. 
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2.2.4. Synthesis of CS-BP-3 

Firstly, 0.01 mole of BP-3 was heated to 100 °C, well above its melting point of 

62.5 °C, to ensure it was completely liquefied. Then, 1.6 g of chitosan powder 

was gradually added to the liquefied BP-3 and stirred continuously for 1 hour 

while maintaining the temperature at 100 °C. After this, 50 mL of acetic acid 

was introduced into the reaction mixture and stirred continuously for an 

additional 2 hours. The resulting product was washed with an excess amount 

of ethanol to remove any unreacted BP-3 and the solvent, acetic acid, through 

filtration and centrifugation. Finally, the obtained brownish-yellow powder, 

was dried in an atmospheric oven at 60 °C for 12 hours. 

The effects of reaction temperature and time in synthesizing CS-BP-3 were also 

invested on the surface property of coatings prepared from different CS-BP-3. 

For instance, different temperatures (100, 120, 150, 170, and 190 ˚C) were 

applied in heating the mixture of chitosan and BP-3 for 1 hour. While refluxing 

in acetic acid, 2 h and 12 h were applied after chitosan and BP-3 mixture was 

heated at different temperatures. 

2.2.5. Synthesis of CS-MBT 

To chemically graft MBT onto chitosan, i.e., CS-MBT, formaldehyde was used 

as a linker.52 Initially, 3 g of chitosan was added to 20 mL of ethanol for 

swelling activation. Subsequently, 2.6 g of MBT and 1.5 mL of formaldehyde 

(36%) were introduced into the mixture with continuous stirring. Then, 4.0 g 

of KOH was added, and the system was heated to 90 ˚C with reflux. After 6 

hours, the crude product was washed with ethanol to remove any unreacted 

formaldehyde, KOH or MBT. Finally, the resultant brownish powder was dried 

in an atmospheric oven at 70 ˚C. 

2.2.6. Synthesis of Chitosan-PEG copolymers 

To synthesize CS-PEG copolymers, various PEG molecules were first 

chemically modified by reacting their hydroxyl (–OH) groups with thionyl 

chloride (SOCl2) to produce chloro (Cl–) end-capped PEG.53 Subsequently, the 

Cl-terminated PEG was conjugated to chitosan through its hydroxyl group at 

the C6 position. Typically, 6 g of SOCl2 was added to 10 g of either PEG200 or 

PEG4000 and stirred at 60 °C for 2 hours. Afterward, 1 g of chitosan powder 

was introduced into the reaction mixture and allowed to react for an additional 

4 hours. In the case of PEG100k, due to its high molecular weight, it remains 

in a glassy state upon heating. Therefore, 10 g of PEG100k powder was initially 

dissolved in 20 mL of chloroform (CHCl3) to form a clear solution at room 
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temperature, followed by the addition of 6 g of SOCl2 and stirring at 60 °C for 

2 hours. Finally, chitosan powder was added to the mixture to react. The 

resulting crude product was filtered and thoroughly washed with an adequate 

amount of CHCl3 to remove any unreacted precursors. The resultant CS-

PEG200 and CS-PEG4000 were dried at room temperature, while CS-

PEG100k was dried in an oven at 70 °C for 12 hours. 

2.2.7. Preparation of chitosan and chitosan derive coatings 

Microscope glass slides used as substrates were prepared by anchoring them 

with linker molecules, which was achieved by immersing the slides in a 

solution of 3-(triethoxysilyl)propyl succinic anhydride (0.1% in ethanol) at 

80 °C for 2 hours. After this treatment, the glass slides were placed on a hot 

plate during drop casting. Normally, 1 wt% solution of different modified CS 

was chosen. The samples on the glass slides were then dried at 80 °C for 12 

hours. 

2.3. Characterizations of chitosan-based polymer and 

nanocomposite 

UV-Vis absorption spectra of the samples were obtained using Lambda 750 

UV/VIS spectrometer (Perkin Elmer, Waltham, MA, USA). FT-IR spectra were 

acquired using Nicolet iS10 spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA, U.S.) with attenuated total reflectance (ATR) accessory and 

ZnSe crystal, at a resolution of 1 cm−1. Thermogravimetric analysis (TGA) was 

carried out with TGA Q500 (TA Instruments Inc., New Castle, DE, USA) in 

nitrogen or synthetic-air atmosphere from ambient temperature to 700 °C, at 

a heating rate of 10 °C/min. Differential scanning calorimetry (DSC) 

measurements were performed in a DSC Q2000 (TA Instruments Inc., New 

Castle, DE, USA), which was calibrated with indium and zinc standards. The 

sample size was about 5 mg, sealed in aluminum hermetic pan and lid, and the 

temperature increased at 10 °C/min to reach the target temperature. Water 

contact angle was measured using contact angle goniometer (Ossila Ltd., 

Sheffield, UK). The concentration of Zn and Ag was determined by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES, iCAP 6000 series, 

Thermo Fisher Scientific Inc., Waltham, MA, U.S.).  1H-NMR spectra were 

obtained in a Bruker NMR spectrometer (400 MHz, headquarter of BRUKER) 

at room temperature. Surface zeta potential of coated substrates was measured 

using Beckman Coulter DelsaNano particle analyzer (Brea, CA, U.S.) equipped 

with flat surface cell, as well as the particle size by dynamic light scattering 
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(DLS) in the same instrument. Powder X-ray diffraction (XRD) data was 

collected by a diffractometer (XRD, X′Pert Pro, PANalytical B.V., Netherlands) 

with a 2θ range from 10° to 80°. The morphology of coatings and particles was 

characterized by using scanning electronic microscopy (SEM, Ultra 55, Zeiss, 

Oberkochen, Germany) and the elemental mapping was done in the same 

instrument equipped with Oxford Instruments INCA Energy Dispersive 

Spectroscopy (EDX). The morphology and crystal structure of nanoparticles 

were examined by transmission electronic microscopy (TEM, JEM-2100F, 

JEOL Ltd., Akishima, Tokyo, Japan) and selected area electron diffraction 

(SAED), respectively. Surface roughness of coatings was determined by KLA-

Tencor P-7 surface profilometer (CN Technical Services Ltd., Wisbech, UK). 

The surface morphologies of the coatings were measured using a Dimension 

3100 (Bruker) Atomic Force Microscopy (AFM) and the root-mean-square 

(RMS) roughness was obtained. High powered UV lamp (UVP Blak-Ray™ B-

100A, 2 Amps@220 Volts, 50 Hz; Analytik Jena AG, Jena, Germany) was used 

as light source of UV irradiation. 

The chitosan extracted from Callinectes sapidus was dissolved in D2O and 

acetic acid (1 wt% to D2O) with a concentration of about 20 mg/mL. 1H-NMR 

spectra of chitosan were obtained on a Bruker NMR spectrometer (400 MHz) 

at room temperature. 

Band gap of ZnO and ZnO@SnOx nanoparticles was determined by Tauc 

relationship:54 

(𝛼ℎ𝜐)1/𝑟 = 𝛽(ℎ𝑣 − 𝐸𝑔)                                                    (1) 

where 𝛼 is the absorption coefficient of the material, ℎ is Plank’s constant, 𝜐 is 

frequency, 𝛽 is an energy independent constant, and 𝐸𝑔 is the band gap. For 

materials with direct band gap, 𝑟  is equal to 1/2 denoting direct electronic 

transition; for materials with indirect band gap, 𝑟  is equal to 2. Therefore, 

equation (1) can be written as: 

(𝛼ℎ𝜐)2 = 𝛽(ℎ𝑣 − 𝐸𝑔)                                                     (2) 

2.4. Evaluation of the performance of multi-functional 

chitosan coatings 

2.4.1. Determination of the antimicrobial activity of CS-ZnO@SnOx 

coatings 

The antimicrobial activity of chitosan, core-shell ZnO@SnOx nanoparticles, 

and chitosan-nanocomposite coated PE films was assessed against Gram-

negative bacteria, namely Escherichia coli (E. coli) and Alcaligenes faecalis (A. 
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faecalis), as well as Gram-positive bacteria, namely Staphylococcus aureus (S. 

aureus) and Bacillus subtilis (B. subtilis). For chitosan and ZnO@SnOx 

nanoparticles, the standard agar well diffusion method was employed. Initially, 

chitosan and ZnO@SnOx were dissolved in a 1% acetic acid solution at a 

concentration of 1% w/v, respectively. The solutions were ultrasonicated for 20 

minutes using a bath sonicator (Antech, GT Sonic, China). Four bacterial 

strains were cultured overnight in nutrient broth media at 37 °C and then 

adjusted to 0.5 McFarland standards in a sterilized 0.85% NaCl solution. Next, 

250 μL of each prepared bacterial suspension was evenly spread onto solidified 

Mueller-Hinton Agar (MHA) plates (d=90 mm) using a sterilized glass 

spreader. Wells of 7.4 mm diameter were then created in the MHA media, into 

which 100 μL of each sample solution was added. One percent acetic acid 

solution was placed in one well on each plate as a control for each test pathogen. 

The plates were incubated at 37 °C for 24 hours. To assess the photocatalytic 

activity of the core-shell ZnO@SnOx nanoparticles, a 60 W bulb (visible light 

source) was positioned 10 cm above the plates during incubation at 37 °C. After 

24 and 48 hours, the zones of inhibition were measured to determine the 

antimicrobial efficacy of the samples. 

2.4.2. Antimicrobial activity of CS-BP-3 coatings 

The antimicrobial activities of chitosan, CS-BP, and CS-BP-3 were evaluated 

against both Gram-negative bacteria (Escherichia coli, Alcaligenes faecalis, 

Enterobacter aerogenes) and Gram-positive bacteria (Staphylococcus aureus, 

Bacillus subtilis). The antimicrobial activities of both the powder form and 

respective coatings of these materials on PE kitchen film were assessed. 

Initially, all powder samples were dissolved separately in a 1% acetic acid 

solution at a concentration of 0.1% w/v, using a Spinix-Vortex Shaker (Tarson, 

India) and then sonicated in a bath (Antech, GT Sonic, China) for 20 minutes 

at room temperature. All target bacterial strains were cultured overnight at 

37 °C in nutrient agar media. 

2.4.3. Anti-bacterial and anti-fouling test of CS-MBT coatings 

The antibacterial test was conducted using methods previously reported in the 

literature.55 Specifically, each sample from the control and coated groups was 

placed in a Petri dish containing a marine bacterial suspension of 

Pseudoalteromonas marina at a concentration of 108 cfu/mL and incubated at 

18 °C for 48 h. Subsequently, the coated samples were rinsed three times with 

autoclaved and filtered seawater. The samples were then fixed with 5% 

formalin and stained with acridine orange. Following staining, the bacteria 
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adhering to the coatings were counted using a fluorescence microscope. The 

mean bacterial density on each coated sample was determined by counting ten 

random areas. Six replications of each coated sample (measuring 3.8 cm by 2.5 

cm) were tested for antibacterial activity. Bare glass slides (blank) and chitosan 

coatings served as control groups for the comparison of biofouling. The coated 

samples were also evaluated for their anti-macrofouling effects using methods 

from the previous research.56 The test mussels, M. coruscus plantigrades, were 

sourced from the Institute of Marine Science and Technology in Zhejiang 

province, China. Prior to the anti-macrofouling test, the M. coruscus 

plantigrades were fed daily with Isochrysis galbana at a concentration of 10−20 

Χ 104 cells/mL for more than 7 days at 18 °C. After a fix period (12, 24, and 48 

h), the number of M. coruscus plantigrades that had attached to the coating 

samples via byssal threads was counted. 

2.4.3.1. Mesocosm study experimental design and environmental factors 

The antifouling activities of CS-PEG coatings and CS-PEG+ZnO/Ag coatings 

on glass slides were evaluated through an outdoor mesocosm experiment 

conducted at Sultan Qaboos University (23.5896° N, 58.1735° E) in April 2023. 

The setup included three replicated units. A total of seven groups of samples 

were tested, comprising a clean glass substrate as a control, and variants of CS-

PEG200/4000/100k, along with CS-PEG200/4000/100k-ZnO/Ag coatings. 

These samples were horizontally positioned at a depth of 10 cm below the 

water surface in each replicated unit. The duration of the experiment was set 

for 7 days. Throughout the experiment, physical parameters such as light 

intensity, and surface and water temperatures were continuously monitored 

using Hobo loggers (Onset Hobo, MX2202, USA). The peak mean light 

intensity was observed at local noon (12:00). The highest recorded mean 

surface temperature was 47.3 °C around 12:30, and the peak mean water 

temperature reached 39.5 °C between 15:00 and 15:30 local time. 

2.4.3.2. Sample collection 

After the experiment concluded on the seventh day, samples were collected for 

analysis. For each sampling group, three replicated glass slides were used for 

bacterial abundance estimation. Another three slides were employed for 

diatom abundance estimation, and an additional three slides were used for 

biofilm formation analysis. 

2.4.3.3. Methods of bacterial, diatom, and biofilm analysis 
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Prior to the bacteria counting exercise, the slides were fixed with a 3% 

formaldehyde solution in sterile sea water. All samples were then stained in 

dark conditions with the DNA-binding dye 4,6-diamidino-2-phenylindole 

(DAPI, Merck, Darmstadt, Germany) for 15 minutes. Subsequently, the 

number of bacteria was counted using an epifluorescence microscope at a 

magnification of 1000Χ (Imager M2, Zeiss, Germany) across 15 randomly 

selected fields of view. For diatom analysis, slides were similarly fixed using 3% 

formaldehyde, and the number of diatoms was counted using a microscope 

(Zeiss, Germany) at a magnification of 400Χ across 10 randomly selected fields 

of view. The major genera of diatoms observed were also recorded. Biofilm 

formation was assessed following the method described by Al Fori and co-

workers.57 The slides were rinsed with sterile seawater, stained with a crystal 

violet solution, washed again, and the dye was then dissolved with ethanol. The 

absorbance of the dissolved dye was measured using a plate reader (Multiscan 

FC microplate reader, Thermo Scientific Inc., Waltham, Massachusetts, U.S.) 

at 570 nm. 

2.4.3.4. Statistical analysis 

The total abundance of diatoms and bacteria was expressed as the average 

number of cells per mm2. The differences in the densities of bacteria, diatoms, 

and biofilm formation on different nanocomposite coatings were compared 

using analysis of variance (ANOVA) followed by the Tukey’s honest significant 

difference (HSD) test. Prior to ANOVA, the normality of the data was verified 

by the Shapiro–Wilk test. 

2.4.4. Electrochemical impedance spectroscopy (EIS) 

measurement 

The anticorrosion performance of CS-based coatings was assessed using the 

EIS technique by a Gamry Interface 1010 E electrochemical workstation 

(Warminster, Pennsylvania, USA) in a three-electrode configuration. Copper 

substrates with different coatings served as the working electrodes, with a 

platinum wire as the counter electrode. The reference electrode used was a 

mercury-mercury(II) oxide (Hg/HgO) electrode, and the electrolyte was a 1 

mol/L KOH solution. A simulated seawater solution (3.5 wt% NaCl in 

deionized water) was prepared to serve as the electrolytic solution for 

evaluating the anticorrosion performance of the different coatings. Impedance 

data were collected from 100 kHz to 0.01 Hz, with an alternating voltage signal 

of a 10 mV peak amplitude. During the experiments, each sample, with an 

exposed area of approximately 1 cm2, was immersed in 50 mL of 3.5 wt% NaCl 
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solution. All measurements were conducted at room temperature. The Tafel 

plots were obtained by scanning from −0.15 to 0.15 V at a scan rate of 0.167 

mV/s. The open circuit potential was determined after stabilizing the system 

below a drift of 0.1 mV/s. 

2.4.5. Density functional theory (DFT) calculation 

To investigate the interaction between physically associated CS-BP-3 and MBT, 

the chemical structure of CS-BP-3 was optimized, and the interaction energy 

was determined using Density Functional Theory calculations. The M06-2X 

function was selected for its effectiveness in modeling noncovalent 

interactions and was combined with the def2-TZVP basis set to fully optimize 

the structures.58 These structures were verified as true minima through 

frequency calculations. The interaction energies (Eint) of the complexes A···B 

were calculated using the formula Eint = E(AB)−E(A)−E(B). All DFT 

calculations were carried out using the Gaussian 09 software package, revision 

C01.59 Electron Spin Resonance (ESP) maps of CS-BP-3 and MBT were 

generated on isosurfaces with an electron density of 0.062 atomic units (a.u.) 

using GaussView.60 

2.4.6. Long-term stability of CS-BP-3 coating/film under UV 

irradiation 

A photostability test was conducted in a closed cardboard box, where the UV 

lamp was first stabilized to ensure uniform output light intensity prior to the 

commence of all the experiments (Figure 2.2). CS-BP-3 freestanding films 

were cut into six identical rectangles and placed at a distance of 12 cm from the 

lamp within the cardboard box. The samples were removed at designated time 

intervals (0.5, 1, 2, 4, 8, 16 h) and immediately characterized by UV-vis and 

FT-IR spectroscopy, followed by TGA measurement. 

 

Figure 2.2. Setup of long-term UV stability testing. 
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Chapter 3 

Results and discussion 

3.1. Extraction of chitosan from food waste using acid-

alkaline deep eutectic solvents  

    The use of acidic and alkaline DESs to replace HCl and NaOH to improve the 

sustainability of the chitosan extraction process was developed in this section. 

The 1H-NMR spectra of DES extracted chitosan and commercial chitosan are 

shown in Figure 3.1a. Chitosan extraction in all the cases were successful and 

comparable to the commercial chitosan and what is reported in the literature. 

Peak at 2.06 ppm represent three methyl protons of N-acetyl glucosamine 

(GlcNAc) and 3.02 ppm proton of glucosamine (GlcN) residues, respectively 

(Figure 3.1b). Non-anomeric protons connected to the skeleton ring of a 

glycosyl residue have similar electron densities, so they collectively appear 

between 3.5-4 ppm. Small peaks at 4.6 and 4.8 ppm belong to the proton of 

GlcNAc and GlcN residues, respectively. Broad peaks at 4.7 and between 1.88-

1.95 ppm belong to D2O and AcOH, respectively. Small peaks beside AcOH 

peak at 1.8 ppm are attributed to secondary amine group in acetylated region. 

The FT-IR spectrum shows that the predominance of the characteristic peak 

near 3300 cm−1 corresponding to the N–H bond in chitosan (Figure 3.1c). The 

two characteristic peaks at 2920 and 2880 cm−1 corresponding to the 

stretching vibration of methylene C–H are also visible, indicating that the 

chitosan extracted with DES has a high purity. The two strong peaks between 

1520-1400 cm−1 are also the main characteristic peaks of chitosan, consistent 

with the literature reports. The TGA curves of most chitosan samples extracted 
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with DES are similar to those of commercial chitosan. The weight loss at 700 °C 

of the commercial chitosan and DES chitosan samples are similar, both around 

40% (Figure 3.1d). Observing the DTG (derivative thermogravimetric) curves, 

both commercial chitosan and DES chitosan show a single obvious peak 

around 300 °C and a small peak below 100 °C attributed to the loss of absorbed 

moisture. The maximum thermal degradation with significant mass loss 

occurring near 300 °C is primarily due to the depolymerization and 

decomposition of the polysaccharide chains by breaking of glycosidic bonds.61 

More details can be found in Publication part of this thesis. 

 

Figure 3.1. (a) 1H-NMR spectra of DES extracted chitosan. (b) Comparison 

of DES extracted chitosan and commercial chitosan (from Sigma-Aldrich, 

molecular weight 100,000300,000 Da). (c) TGA curves of DES extracted 

chitosan and commercial chitosan. (d) IR spectra of DES extracted chitosan. 
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3.2. Sustainable coating based on chitosan and 

ZnO@SnOx nanoparticles for antimicrobial applications 

As mentioned previously, reactive oxygen species (ROS) have broad 

antibacterial activities and can inhibit biofilm formation.62 Photocatalysts, 

materials that generate ROS when excited by light, have emerged as potential 

green solutions in antimicrobial applications. Photocatalysts are wide bandgap 

semiconductors that generate charge carriers (i.e., electrons and holes) upon 

excitation with light. These charge carriers through redox reactions generate 

ROS, where the holes (h+) oxidize water molecules or hydroxyl ions (OH-) to 

form hydroxyl radicals (•OH), while exited electrons can reduce molecular 

oxygen (O2), leading to the formation of superoxide radical (•O2-), thereby 

inducing antibacterial activity. Since photocatalysts in principle do not 

undergo mass loss during the generation of redox couples, it represents a 

sustainable route for antimicrobial applications. Zinc oxide nanoparticles are 

a typical semiconductor photocatalyst with the advantages of low toxicity, high 

biocompatibility, and strong photosensitivity, and are approved by the U.S. 

Food and Drug Administration (FDA) in accordance with Volume 21 of the 

Code of Federal Regulations No. 182.8991 Materials that are generally 

recognized as safe.63 Combining a chitosan matrix with a zinc oxide 

photocatalyst, the composite showed improved antibacterial effects under 

visible light excitation.37 However, during the processing of nanocomposites, 

the chemical instability of zinc oxide results in partial dissolution of zinc. 

    Figure 3.2a shows the UV-visible absorption spectra of zinc oxide and tin 

oxide-coated zinc oxide dispersions. The absorption band of zinc oxide 

nanoparticles lies between 340 and 374 nm, which is due to band-to-band 

transitions.64 After being coated with tin oxide, the light absorption edge of 

zinc oxide blue shifts from approximately 350 nanometers to 280 nanometers. 

A blue shift in the optical absorption indicates an increase in the energy gap. 

The Tauc plots of ZnO and ZnO@SnOx can be obtained by equation 2, which 

yields a band gap 3.35 eV and 3.43 eV, representatively.54 

    In this case, r is equal to 1/2 (since ZnO is a direct band gap semiconductor 

and as the SnOx coating on ZnO nanoparticle is amorphous in nature, it can be 

considered a direct band gap semiconductor as well).65 It is known that zinc 

oxide and amorphous tin oxide are both n-type and wide band gap (Eg) 

semiconductors, with band gaps of 3.3 eV and 3.6 eV respectively. Through the 

coating of tin oxide, a zinc oxide/tin oxide heterojunction is formed, and 

electrons will be transferred from the semiconductor (zinc oxide) with a more 
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negative conduction band to the semiconductor (tin oxide) with a less negative 

conduction band, i.e. electron acceptor). Due to the flow of electrons, a new 

equilibrium Fermi level (Ef) forms, as zinc oxide's Ef aligns to a lower level and 

tin oxide's Ef aligns to a higher level. In the zinc oxide/tin oxide heterojunction, 

the transport of electrons and holes also causes band bending, and the new 

band gap is expected to be between the two band gap values of zinc oxide and 

tin oxide. In the scheme shown in Figure 3.2b, a type II hetero-structure is 

proposed. After the photo-induced excitons are generated, electrons move 

from the conduction band of zinc oxide to the conduction band of tin oxide, 

while holes move from the valence band of tin oxide to the valence band of zinc 

oxide. Therefore, the transport efficiency of electrons and holes and their 

spatial separation are improved, which will show better photocatalytic 

efficiency than ZnO or SnOx nanoparticles individually. As shown in Figure 

3.2c, the fluorescence spectra of ZnO and ZnO@SnOx were collected with an 

excitation wavelength of 325 nm. The spectrum shows that zinc oxide has 

obvious emission peaks at 425, 448, 460 and 487 nm, similar to previous 

reports in the literature.66, 67 The green and green-orange emissions observed 

from n-type ZnO indicate that the defect state is located within the band gap 

and results from the recombination of the defect's singly charged state with 

photogenerated holes.68 In particular, the emission at 425 nm can be 

attributed to zinc interstitial defects (Zni), while the emissions at 448, 460 and 

487 nm originate from oxygen vacancy defects.69 The very weak emission at 

530 nm may arise from anti-site zinc defects. After cladding with tin oxide, all 

defect-induced emission bands of zinc oxide-tin oxide remain the same as in 

ZnO. 
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Figure 3.2. Optical properties of ZnO and ZnO@SnOx photocatalysts. (a) UV-

Vis absorption spectra of synthesized ZnO and ZnO@SnOx, (b) schematic 

graph of energy band structure and photo generated charge-transfer process. 

(c) fluorescence spectra and (d) volume-weighted particle size distribution of 

synthesized ZnO and ZnO@SnOx. TEM images of (e) ZnO nanoparticles, inset 

is a high-resolution TEM image and selected area electron diffraction; (f) 

ZnO@SnOx nanoparticles, inset is a high-resolution image showing the ZnO 
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lattice and the amorphous SnOx outer coating separated by an indicative white 

line.70 Reproduced with permission from ref. 70. Copyright 2024 Elsevier. 

    The sizes of ZnO and ZnO@SnOx nanoparticles in aqueous dispersions were 

measured by DLS (Figure 3.2d). The average hydrodynamic diameter of ZnO 

obtained from the volume-weighted size distribution was 68.2 nm with a 

standard deviation (σ) of 27.5 nm, indicating the homogeneity of the ZnO 

nanoparticles. After SnOx surface modification of ZnO nanoparticles, the size 

distribution of ZnO@SnOx nanoparticles ranged from 170 to 370 nm with an 

average and σ value of 240.6 ± 46.4 nm. Considering that the SnOx coating 

thickness was only 1–5 nm according to TEM results, the greatly increased 

hydrodynamic size of ZnO@SnOx compared to ZnO nanoparticles indicated 

that the particles aggregated to some extent. The bare ZnO nanoparticles were 

well dispersed due to the residual acetic acid ligands during the synthesis, 

while the SnOx coating reduced the surface electrostatic charges thus 

promoting agglomeration of the nanoparticles. Meanwhile, the post-addition 

of APTES did not improve the dispersibility much. Therefore, the 

hydrodynamic size of ZnO@SnOx is much larger than that of ZnO. 

    The morphology and crystal structure of ZnO and ZnO@SnOx nanoparticles 

were characterized by transmission electron microscopy. The particle size of 

ZnO nanoparticles (shown in Figure 3.2e) is about 28.9 ± 6.0 nm (n = 200). 

The high-resolution image in the inset of Figure 3.2e shows that the lattice 

spacing of ZnO nanoparticles is 2.81 Å and 2.61 Å, corresponding to the (100) 

and (002) crystal planes, respectively. In Figure 3.2f, a thin SnOx coating on 

the ZnO nanoparticles can be observed, with a thickness of about 1-5 nm. The 

high-resolution image (inset of Figure 3.2f) clearly shows the amorphous 

nature of the SnOx coating, where the boundary between the crystalline ZnO 

core and the amorphous SnOx coating is marked by a white line. The EDX 

spectra and elemental mapping of ZnO@SnOx nanoparticles, showing the 

composition and distribution of Zn, O, and Sn elements can be searched in the 

Publication part of this thesis. 

    As expected, when the petri dish was continuously irradiated with white light 

at 37°C for 24 hours, for ZnO@SnOx bimetallic nanoparticles, the inhibitory 

area was compared with the control group against Escherichia coli (E. coli) and 

Enterococcus faecalis respectively. (A. faecalis), Staphylococcus aureus (S. 

aureus) and B. subtilis (B. subtilis) increased by 25%, 14%, 5% and 0.7% (see 

Figure 3.3). When the light was continued for another 24 hours, the inhibitory 

area further increased. The overall increase at 48 hours was 55.3% against E. 
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coli, 49.8% against E. faecalis, 49.8% against S. aureus, and 36.15% against B. 

subtilis, demonstrating the photocatalytic activity of ZnO@SnOx bimetallic 

nanoparticles. For the 1% w/v chitosan sample, as expected, no further 

increase in the inhibitory area after illumination was found. 

 

Figure 3.3. Antibacterial activity of ZnO@SnOx during 48 h of incubation 

under normal conditions and 60 W light irradiation. Reproduced with 

permission from ref. 70. Copyright 2024 Elsevier. 

The antibacterial activity of PE film-coated chitosan, CS-ZnO and CS-

ZnO@SnOx samples was tested. No inhibitory areas were observed for all film 

samples by the disk diffusion method. It is worth mentioning that most of the 

film's antimicrobial activity occurs within the film attachment region. Due to 

the limited diffusion of the active substances contained in the coating in the 

surrounding area, the film only exerts its effect locally, so no inhibition zone is 

observed surrounding the disk. The antimicrobial activity was also found in 

chitosan films, where microbial inhibition occurred only within the area of the 

coated surface. Similar observation has been reported by Hafsa et al. for 

chitosan-based films with added essential oils.71 According to the authors, in 

the agar diffusion method, chitosan does not diffuse through the adjacent agar 

medium, so only microorganisms in direct contact with the active sites of 

chitosan are inhibited. In addition, antibacterial testing of CS and ZnO@SnOx 

bimetallic nanoparticles by agar pore diffusion method also confirmed that the 

prepared film samples showed antibacterial activity against the tested bacteria 

and could be used as food packaging materials to protect food from microbial 

spoilage. 
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3.3. Modified chitosan for anti-microbial and UV-

blocking coatings 

To endow chitosan UV protection properties and utilize biosourced materials 

for food preservation, chitosan was modified with BP-3 via a one-step 

condensation polymerization reaction between chitosan and BP-3.72 As 

mentioned previously, chitosan-based materials can be modified by grafting 

amino and/or hydroxyl groups onto chitosan, or by small molecules or 

nanoparticles complexing/forming complexes with chitosan.73, 74 On the other 

hand, due to the structural diversity and a variety functional groups contained 

in BP compounds, the chemical modification pathways of BP compounds are 

versatile.75 In most of the reported cases, BP analogues were mainly chemically 

modified through multi-step reactions, resulting in increased costs and 

reduced UV shielding efficiency. Additionally, the preparation process often 

produces more pollutants, which is clearly environmentally unsustainable. In 

contrast, the main advantage of the condensation reaction between chitosan 

and BP-3 is utilizing the high reactivity of primary amines to reduce the 

likelihood of side reactions. Moreover, side reactions can be minimized by 

controlling the molar ratio between amino groups and carbonyl groups, i.e., 

the mass ratio of chitosan to BP-3. The resulting product was washed, dried, 

and redispersed to prepare a CS-BP-3 dispersion. It is worth mentioning that 

the prepared CS-BP-3 coating can be applied to different substrates, making it 

a versatile candidate for various applications. 

    The chemical structure and thermal properties of the newly prepared CS-

BP-3 composite were studied to verify the successful preparation of the 

copolymer material. The UV protection properties of the synthesized CS-BP-3 

composite were studied using UV-visible spectroscopy. The film-forming 

properties of CS-BP-3, implicated in future food packaging applications, were 

demonstrated by coating the synthesized copolymer on different surfaces such 

as glass, plastic, and metal. The morphology and surface properties of the 

coatings were also characterized by scanning electron microscopy, water 

contact angle, water absorption ratio, and root mean square surface roughness. 

In addition, the structural evolution, thermal stability, and photostability of 

the CS-BP-3 coating under prolonged UV light irradiation were also evaluated. 

Finally, the antibacterial effect of CS-BP-3 coating against Gram-positive and 

Gram-negative bacteria was examined to explore its potential in food 

packaging applications. 
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Figure 3.4. Physicochemical properties of prepared CS-BP-3. (a) UV-vis 

absorption spectra of BP-3 solution (1 wt% in ethanol), CS solution (1 wt% in 1 

wt% acetic acid), and CS-BP-3 aqueous suspension (1wt % in 1 wt% acetic acid); 

(b) FT-IR spectra, (c) TGA and (d) DSC curves of BP-3, CS, and CS-BP-3 

samples.72 Reproduced with permission from ref. 72. Copyright 2023 Elsevier. 

    UV-vis spectroscopy is an effective means to characterize light-absorbing 

functional groups, especially for aromatic molecules like BP-3. As shown in 

Figure 3.4a, pure chitosan solution (1 wt% in acetic acid solution) has a broad 

absorption band between 250 and 450 nm. In contrast, after grafting with BP-

3, 1% CS-BP-3 showed a significant absorption band centered at 280 nm, and 

the absorbance was ten times higher than that of chitosan. This is also much 

higher than the absorbance of aqueous suspensions of BP-3, which are nearly 

insoluble in water or acetic acid and therefore show very low UV absorption 

between 250 and 350 nm. The enhanced absorption peaks of CS-BP-3 solution 

at 280 nm and 348 nm are attributed to the grafted BP-3, which is also strong 

evidence of successful grafting of BP-3, thereby increasing its water solubility. 
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Figure 3.4b lists the FTIR spectra of CS, BP-3 and CS-BP-3. Compared to the 

unmodified chitosan, CS-BP-3 show a new characteristic peak at 1739 cm−1. 

The position of this characteristic peak is consistent with the stretching 

vibration of C═N bond, which is the characteristic peak of enamine, consistent 

with the proposed reaction mechanism. More detailed FT-IR analysis can be 

found in Paper I. 

    Figure 3.4c shows the TGA curves of BP-3, chitosan and CS-BP-3. Samples 

tend to decompose when heated to specific temperatures in a nitrogen 

atmosphere, and the composition can be inferred by analyzing the mass loss at 

different temperatures during the heating process. The blue curve in Figure 

3.4c represents the decomposition process of pure BP-3. Decomposition (with 

volatilization) occurs post melting, consistent with the mass loss of small 

molecules which are volatile. CS-BP-3 showed higher thermal stability than 

chitosan between 100 °C and 325 °C. At 220 °C, the CS-BP-3 sample loses only 

8.0% of its mass compared to unmodified chitosan losing 32.8% of its mass. 

The enhanced thermal stability of CS-BP-3 may be due to the strong π-π 

interaction between the benzophenone backbone of CS-BP-3. This binding 

force is so strong that it protects surface functional groups delaying thermal 

decomposition. 

    Monitoring changes in heat flow during the heating process is the main 

principle of DSC, which is often used in conjunction with TGA to characterize 

the physical and chemical properties of samples. Figure 3.4d shows the DSC 

curves of chitosan, BP-3 and CS-BP-3 during the heating process. In the DSC 

curve of BP-3 (blue), the sharp peak at 64.1 °C indicates melting of the pure 

compound. Similarly, chitosan and CS-BP-3 each showed a sharp endothermic 

peak below 250 °C; where the melting point of chitosan was approximately 

186.8 °C, while that of CS-BP-3 was 217.3 °C. This phenomenon indicates that 

the polymer chains in CS-BP-3 require higher temperatures to unfold. The 

strong interaction originates from the benzene ring system in BP-3, and it is 

believed that π-π stacking contributes to the increase in melting point. 

    The water contact angle of droplets on the glass substrate and the CS and 

CS-BP-3 coated substrates are shown in Figures 3.5a to 3.5c. The water contact 

angle of chitosan is approximately 70°, while the contact angle of CS-BP-3 

coating was ~57°, indicating that although the modified chitosan is 

amphiphilic, the prepared film is more hydrophilic. The smaller WCA of CS-

BP-3 coatings indicates the higher surface energy, which may be related to its 

stronger interchain interactions, as noted during the discussions about the 
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DSC results. However, from a structural perspective, BP-3 is hydrophobic, and 

chitosan modified by BP-3 should be more hydrophobic than chitosan itself. 

Also the CS-BP-3 coating is rough with a distinct morphology compared to the 

continuous smooth surface of chitosan coating. Therefore, surface roughness 

may lead to the observed decrease in contact angle of the CS-BP-3 coating. As 

shown in Figures 3.5d and 3.5e, the root mean square surface roughness of the 

chitosan coating is ~8.75 nm, while the surface of the CS-BP-3 coating shows 

a higher roughness of ~646.0 nm. Reflecting from the results of the water 

contact angle, it can be speculated that water drop fills the grooves on the 

surface of CS-BP-3 due to capillary effects, following the Wenzel's model. In 

Wenzel theory, the effect of roughness depends on whether the water droplets 

wet surface grooves or leave air bubbles between the water droplets and the 

surface (Figures 3.5f and 3.5g). Therefore, more hydrophobic materials will 

exhibit smaller contact angles due to higher surface roughness. To evaluate the 

swelling degree of CS-BP-3, water uptake rate of the CS-BP-3 free-standing 

film was studied over a period from 0.5 to 12 hours. The results showed that 

CS-BP-3 not only swells more than pure CS but also absorbs water faster 

(Figure 3.5h). The possible reason is again correlated to the higher surface 

roughness of the CS-BP-3 coating than CS coating, allowing faster water 

uptake through the micro-channels and surface voids enhancing the water 

storage capacity. 
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Figure 3.5. Surface properties of CS and CS-BP-3 coatings. The WCA of glass 

substrate (a), CS (b), and CS-BP-3 (c). Root Mean Square surface roughness 

of CS (d) and CS-BP-3 (e). Schematic representation of Wenzel mode (f) and 

smooth (g) condition for water contact angle. (h) Swelling degree of CS-BP-3 

and CS at room temperature.  

    In order to investigate the long-term stability of the prepared CS-BP-3 

coating in future food packaging applications, the samples were irradiated with 

UV light for 0.5, 1, 2, 4, 8, and 16 h, respectively. Then, the chemical structure 

evolution and UV filtering ability were evaluated by FTIR spectroscopy and 

UV-visible spectroscopy, respectively. The results of FTIR showed that the 
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characteristic peaks of the film mainly decreased in intensity rather than 

moved in position with the extension of UV irradiation time (Figure 3.6a). 

However, the C–H stretching vibration peaks at 2922 cm−1 and 2856 cm−1 not 

only decreased in absorption, but also changed in shape. Upon long-term UV 

irradiation, the stretching vibration intensity of the methylene at 2922 cm−1 

decreased significantly, even lower than that at 2856 cm−1 (Figure 3.6b). It is 

worth mentioning that the bending vibration of C–H bond peak at 1429 cm−1 

was shifted to 1417 cm−1 after 8 h of UV irradiation. This indicates that the 

carbon-hydrogen bonds in the coating decreased after UV irradiation, and the 

chemical environment around the carbon atoms changed significantly. 

Although there have been reports on photo-induced crosslinking studies 

related to BP, there are few studies on the mechanism of Schiff base 

crosslinking. Therefore, an aging mechanism based on benzophenone analogs 

was proposed (which can be found in Paper II). Since BP-3 absorbs UV light, 

it can generate carbonyl radicals under UV irradiation to initiate 

polymerization. In the CS-BP-3 system, the generated radicals further attack 

the surrounding carbon atoms, resulting in the reduction of the number of 

methylene groups, which explains the decrease in the peak intensity at 2922 

cm−1. Another indication of changes was observed in the reduction of the 

absorption peak intensity at 258 nm in the UV spectrum (Figure 3.6c). Figure 

3.6d shows the change in absorbance at 300 nm with time. It was found that 

the UV absorption ability of the CS-BP-3 sample gradually decreased after a 

period of UV irradiation and stabilized after a period of time. Similar 

phenomena were also observed in the infrared spectra. 
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Figure 3.6. (a) Dynamic FT-IR spectra of free standing CS-BP-3 film sample 

before and after UV irradiation. (b) Changes in the characteristic peaks of C–

H bonds from 0 to 16 h UV irradiation. (c) Changes in the UV-vis spectra of 

CS-BP-3 coating after UV irradiation. (d) UV absorbance value of 300 nm from 

0 to 16 h irradiation. 

    Polymers CS, CS-BP and CS-BP-3 coated on kitchen PE films were tested for 

antimicrobial activity against various bacteria.76, 77 The films coated with CS, 

CS-BP, and CS-BP-3 upon direct contact with the microbial culture medium 

show clear areas where bacterial growth was affected, but perhaps not as 

obvious as in the powder samples. Depending on the type of bacteria, CS-BP 

and CS-BP-3 coatings showed larger affected areas against Gram-positive 

bacteria S. aureus and B. subtilis, whereas against Gram-negative it showed a 

lower inhibition in the growth of the microorganisms. The inhibition of the 

growth of E. aerogenes, S. aureus and B. subtilis increases compared to CS by 

22.3 %, 44.2 %, and 58.2 %, respectively. However, the inhibitory area coated 

on the PE film is less obvious compared to its powder form, which yields a 

inhibition zone of 22.5 ± 0.7 mm for E. coli, 23.8 ±1.7 mm for A. faecalis, and 

26.1 ± 0.1 mm for S. aureus.  
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3.4. Antifouling chitosan coating by tailoring the 

PEGylated side chains and coupled with ZnO/Ag 

nanoparticles 

Biofilms play an important role in the colonization of large fouling organisms 

by inducing or reducing their colonization.78, 79 In industrial areas such as 

docks, water treatment facilities and power plants, biofouling can slow vessels, 

reduce the buoyancy of floating devices, clog membranes and pipes, and 

accelerate corrosion, resulting in huge economic losses. Current antifouling 

methods primarily involve the use of highly toxic biocides that, while capable 

of killing fouling organisms, are still harmful to the environment. Therefore, it 

is particularly significant to develop non-toxic or low-toxic antifouling 

solutions. 

    It has been shown in Section 3.2 that chitosan and chitosan-ZnO composite 

coatings are highly effective against marine biofouling in laboratories, mid-

scale ecosystems, and field experiments.70 However, the main problems in the 

application of chitosan coatings are low stability in seawater, poor adhesion 

and mechanical properties. Polyethylene glycol (PEG) is a well-known 

antifouling polymer that is resistant to nonspecific adsorption of proteins and 

cells. By modifying chitosan with PEG, the above problems can be reduced by 

improving the chemical stability, surface hydrophobicity and wear resistance 

of the coating. 

    The conjugated copolymers CS-PEG200, CS-PEG4k and CS-PEG100k were 

designed and synthesized (Figure 3.7a). As is shown in Figure 3.7b, the changes 

in characteristic peaks of chitosan before and after conjugation and the 

differences after conjugation of PEG of different molecular weights were 

examined through infrared spectroscopy analysis. Similar to previous reports, 

the infrared spectrum of chitosan has the characteristic absorption bands of –

NH2 group at 1651 cm−1 and 1598 cm−1 (amide I and amide II respectively), and 

C═O at 1660 cm−1, C–O–C at 1154 cm−1, and an additional band at 3430 cm−1, 

attributed to the stretching vibration of the hydroxyl group through hydrogen 

bonding.80, 81 The N–H and O–H stretching vibration peaks above 3000 cm−1 

are not strong in all polymers, which may be due to the effect of the hydrogen 

bonding network in the solid state. 
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Figure 3.7. (a) Schematic illustration of conjugated CS-PEG200, CS-PEG4k, 

and CS-PEG100k copolymers. (b) FT-IR spectra and (c) DSC curves of 

different samples.82 Reproduced with permission from ref. 82. Copyright 2024 

Elsevier. 

    The melting point of a polymer, normally, represents the physical transition 

from the crystalline to the free-flowing state. FT-IR results indicate that the 

grafting of PEG as a side chain of chitosan affects the intermolecular and 

intramolecular bonds within and between chitosan chains, so a change in 

melting point is also expected. Therefore, different PEG-modified CS were 

thermally characterized using DSC to understand the crystallinity of the 

polymer. As shown in Figure 3.7c, the melting point of pristine CS is 186.2 °C. 

After modification with short-chain PEG (molecular weight 200 and 4k), the 

melting points were reduced to 157 °C and 152 °C respectively. However, CS 

modified with PEG100k not only has two higher melting point peaks of 

194.9 °C and 228.9 °C, but also has an exothermic peak of 221.6 °C between 

them. This indicates that CS-PEG100k recrystallized after the first melting, 

and then the recrystallized CS-PEG100k melted again at a higher temperature. 

This may be because PEG100k, which has a molecular weight similar chitosan, 

affects the melting of the overall CS-PEG100k, so the crystal structure is 
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reorganized prior to complete melting. It is also worth noting that the melting 

of CS-PEG4k covers a wide temperature range from about 100 °C to 190 °C, 

significantly different from CS-PEG200 or CS-PEG100k. Although CS-PEG4k 

has a lower heat flow when melted, its heat of fusion is larger than bare CS and 

CS-PEG200, which means it requires higher energy to melt.83 

    To enhance the antibacterial activity of CS coatings by generating ROS, zinc 

oxide (ZnO/Ag) decorated with silver nanoparticles was added to CS-PEG 

copolymer to prepare different coatings. The UV-visible absorption spectrum 

in Figure 3.8a shows that the light absorption capacity of ZnO/Ag is 2.2 times 

that of bare ZnO, which is beneficial to the photocatalytic and antibacterial 

effects, as reported in the literatures.84-86 The molar mass ratio of Ag to Zn is 

very low (1:197) as determined by ICP, but the enhancement of light absorption 

by ZnO/Ag is significant due to plasmonic effects. In Figure 3.8b, the 

morphology of ZnO/Ag is shown together with the superimposed EDX map 

confirms a uniform distribution of Zn and O elements, accompanied by a small 

amount of Ag. Crystallographic studies of ZnO and ZnO/Ag were performed by 

TEM (Figures 3.8c and 3.8d), where the particles of ZnO ranges from 20 

nanometers to 50 nanometers. The lattice spacing of ZnO nanoparticles was 

measured to be 2.64 Å and 2.85 Å, respectively (inset of Figure 3.8c), 

corresponding to the (100) and (002) crystal planes of ZnO.87 The TEM image 

of ZnO/Ag shows the presence of Ag nanoparticles that can scatter electrons 

more easily than the ZnO nanoparticles (Figure 3.8d). The size of Ag 

nanoparticles is ~5 nm, and the lattice spacing of Ag nanoparticles as shown 

in the inset of Figure 3.8d is measured to be 2.36 Å, corresponding to the (111) 

crystal plane of silver.88 
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Figure 3.8. (a) UV-Vis absorbance spectra and (b) SEM image and EDX 

mapping of ZnO/Ag, (c) and (d) are TEM images of ZnO and ZnO/Ag 

nanoparticles, respectively. The insets are high-resolution images of nano-

sized ZnO and quantum-sized Ag (in red dotted circle) on ZnO, where the 

lattice spacing of respective particles is marked. 

    The antifouling properties of CS-PEG200, CS-PEG4k and CS-PEG100k as 

well as the corresponding coatings embedded with ZnO/Ag nanoparticles were 

evaluated by testing their effectiveness in inhibiting bacterial and diatom 

attachment and biofilm formation (Figure 3.9). Overall, the CS-PEG4k-

ZnO/Ag coating showed the best antifouling performance in this study as it 

posseses multiple functionalities to prevent biological contamination. First, 

with visible light irradiation, the coating absorbs light in the semiconductor 

nanoparticles generating ROS that can damage the microbial cell walls, 

thereby inhibiting their growth.89, 90 Secondly, the silver nanoparticles in the 

coating interact with microbial cells directly through its dissolution, causing 
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damage to their cell walls, proteins, DNA, and lipids, ultimately leading to 

cytoplasmic leakage and cell death. Moreover, the addition of chitosan showed 

broad-spectrum antibacterial activities wherein the formation and 

germination of fungal spores and interaction with microbial membranes are 

inhibited. This comprehensive approach ensures effective prevention of 

biofouling and biofilm formation by bacteria and diatoms, keeping surfaces 

clean and functional for longer periods. 

 

Figure 3.9. The density of (a) bacteria, (b) diatom, and (c) biofilm formation 

on different surfaces. The data represent the mean values ± standard deviation 

(n=3). Different letters above the bars indicate significant differences (ANOVA, 

Tukey P<0.05). Reproduced with permission from ref. 82. Copyright 2024 

Elsevier. 
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3.5. Modulating surface roughness of modified chitosan 

coatings for potential marine antifouling applications 

As mentioned in Chapter 1, the anti-adhesion process involves the formation 

of a biofilm composed of bacteria and fungi within a few hours, followed by the 

accumulation of diatoms and larvae. Most of the research focuses on 

founctionalizing chitosan by grafting a variety of groups, and few studies have 

controlled the surface roughness through simple modification to achieve the 

antifouling properties of coating products. The strategy is to creating 

microscale features on the coating that have comparable scales as the 

microorganisms to inhibit the micro- and macrofouling.91 

    Figure 3.10 shows the surface characterization of unmodified chitosan 

coated samples 150-2 and 150-12. As is shown in Figures 3.10a and 3.10b, the 

surface of CS is very smooth (roughness is even less than 10 nm), close to the 

roughness of a smooth glass substrate, indicating that CS has very good film-

forming capacity. Compared to the CS coated substrates, the surface of the 

modified products has protrusions of different sizes. As shown in Figure 3.10, 

the yellow area represents small islands with a height of more than 100 nm. 

However, the image of the 150-12 sample shows that the surface protrusions 

can reach 1500 nm (Figure 3.10f). This indicates that the surface roughness of 

the coatings prepared by the CS-BP-3 sample is varied under different reaction 

conditions, demonstrating the possibility to adjust the surface roughness of the 

coating materials by designing and changing the preparation.92, 93 It is worth 

mentioning that most samples also have secondary protrusions on the micron-

sized protrusions, and their size is related to the surface roughness. Long-term 

experiments on the coating samples showed that CS-BP-3 had neither obvious 

deformation nor shedding after being immersed in an oil-water mixture for 6 

months. 
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Figure 3.10. (a) and (b) AFM mapping and 2D latitude mapping of CS 

coating. (c) and (d) AFM mapping and 2D latitude mapping of sample CS-BP-

3 150-2 (synthesized at 150 ˚C for 2 h). (e) and (f) AFM mapping and 2D 

latitude mapping of sample CS-BP-3 150-12 (synthesized at 150 ˚C for 12 h). 

WCA of all the samples were measured. Compared to CS, although the polymer 

CS-BP-3 has been grafted with aromatic functional groups, it still exhibits 

amphiphilicity. The amphiphilicity arises from moderate surface energy, 

which is influenced by the inherent polar functional groups of the material. 

Infrared spectroscopy of all CS-BP-3 samples show changes compared to CS, 
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but the basic characteristic peaks remain unchanged. The WCA of most of the 

coatings fall within the range of 50° to 57°, with several samples showing 

values close to that of CS, which is 55°. Notably, the 100-2 sample exhibits a 

lower contact angle of 47°, while samples 150-12 and 190-12 have higher values 

at 64°. These variations are consistent with the observations of powder 

dispersibility, where the 100-2 sample forms a more stable suspension, while 

samples 150-12 and 190-12 demonstrate poorer dispersibility. Additionally, it 

was interesting to note that the WCA corresponded to surface roughness. As 

shown in Figure 3.11, the roughness of samples series 2 is significantly lower 

than that of series 12. For the same reaction time, roughness tends to increase 

with rising reaction temperature. Samples 150-12 and 190-12 exhibit 

noticeably higher roughness and contact angles compared to the others. 

 

Figure 3.11. (a) to (d) The water contact angle of sample 150-2, 150-12, 170-

12 and 190-12. (e) The average surface roughness value of different samples. 
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3.6. Bifunctional chitosan-mercaptobenzothiazole (MBT) 

coatings for anticorrosion and antifouling applications 

Corrosion is defined as an irreversible interfacial reaction between a material 

and the environment, resulting in trillions of dollars in losses every year.94, 95 

Especially in marine environments, sedimentation corrosion caused by 

biological pollution makes the anti-corrosion protection of metals increasingly 

important, in which the development of anti-corrosion and anti-fouling 

coatings plays a key role.  

    In section 3.6, the use of the anti-corrosion agent MBT is extended, where it 

was combined with chitosan both physically and chemically for better 

performance. Figure 3.12 illustrates the concept of this section, wherein three 

strategies were designed to demonstrate the advantages of preservatives 

physically or chemically linked to the chitosan matrix to maximize the anti-

corrosion activity of chitosan-based composite coatings. Specifically, the 

physical combination of chitosan and MBT is achieved in two ways, namely 

encapsulation through simple mixing (schematically shown in Figure 3.12a) 

and π-π stacking interaction (Figure 3.12b). This is achieved through the 

chemical linkage between formaldehyde cross-linked chitosan and MBT 

(Figure 3.12c). 
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Figure 3.12. Schematic illustration of three different chitosan-MBT 

composites prepared for coatings. (a) Chitosan with physically entrapped MBT 

molecules (denoted as CS-MBT); (b) CS-BP-3 with MBT molecules physically 

associated via π-π stacking interactions (CS-BP-3+MBT); (c) Chitosan 

chemically linked with MBT via a newly formed covalent bond (CS-MBT). 

    The interaction between BP-3 modified chitosan and entrapped MBT 

molecules is driven by van der Waals forces. To study this interaction, a 

molecular-scale computational chemistry model was constructed and the 

interaction energy was derived via DFT. Result shows the optimized structure 

of the interaction, where the MBT molecule is parallel to the benzene moiety 

in CS-BP-3. The proposed π-π stacking interaction is marked by the dashed 

line between the two planar structures, and the calculated stabilization energy 

(-71.67 kJ/mol) indicating that this interaction is very strong. 

    Beyond interactions at the molecular level, the effects of entrapped versus 

physically associated MBT in chitosan are also evident in the morphology and 

integrity of CS+MBT and CS-BP-3+MBT coatings. SEM micrographs of the 

top-view morphology of these two coatings, prepared by adding the same 

amount of MBT to 1 wt% CS and CS-BP-3 solutions, respectively. It is apparent 

that aggregated MBT forms crystals and separates from the CS+MBT coating. 

These large crystals might lead to holes on the surface of coatings, impairing 

their anticorrosion performance. Consequently, the non-associated MBT turns 

to release from the chitosan matrix, resulting in a loss of coating functionality. 

In contrast, CS-BP-3 interacts strongly with MBT, which maintains the surface 

morphology of the composite coating, showcasing the advantage of physical 

association. Unlike the CS coating, the rougher CS-BP-3 coating is beneficial 

for accommodating the associated MBT. 

    To confirm the chemical linkage of MBT to chitosan, FT-IR spectra were 

obtained, where the group peaks of MBT in the range of 2800 to 3100 cm−1 

could be found, corresponding to the C−H and S−H groups. The peak at 

approximately 1596 cm−1 is attributed to the stretching vibration of the C═N 

bond in the thiazole ring. Although the normal characteristic peak of carbon-

nitrogen double bonds is usually around 1660 cm−1, this red shift is thought to 

be due to charge delocalization in the heterocyclic system. Some new 

characteristic peaks either appeared or shifted, showing that the synthesis of 

CS-MBT is successful. 
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Figure 3.13. (a) Anticorrosion mechanism of MBT, where N and S are bonded 

with copper surfaces.96 (b) Proposed anticorrosion mechanism of CS-MBT. 

    Generally, corrosion inhibitors, such as azole-hydrazone derivatives are 

immersed on organic coatings to passivate metal surfaces via chemisorption 

and augment the corrosion resistance.97 However, the progress of improving 

the anticorrosion activity by innovative methods is relatively slow in this field 

and the uncontrolled releasing of corrosion inhibitors from the coatings is not 

favorable for long-term anticorrosion capabilities. To address these issues, a 

chemically modification strategy was proposed to covalently immobilize 

corrosion inhibitor with chitosan. As illustrated in Figure 3.13a, the 

anticorrosion function is achieved when MBT is bonded to the surface of the 

metal (such as copper) in conventional mode.96 Similar mechanisms have been 

reported for other MBT analogues in anticorrosion applications.98 In this part, 

a chitosan derivative, CS-MBT, was designed with functions as both a 

corrosion inhibitor (microscopic barrier) and a barrier coating. The interaction 

between the CS-MBT polymer and metal occurs through the nitrogen and 

sulfur sites in the polymer chains (Figure 3.13b), shown as the mechanism of 

MBT molecule. 

    In the previous discussion of physical and chemical interactions, the physical 

combination, that is, CS-BP-3 shows superior MBT loading capability than CS. 

This superiority is not only reflected at the molecular level, but also at the 

micromorphological level; that is, the strong π-π interaction and uniformity of 
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the CS-BP-3+MBT coating are beneficial to corrosion inhibition. The second 

concept is that the chemical bonding of CS to MBT may also play a role in the 

corrosion inhibition effect of MBT, which has been rarely reported in the 

literature. In order to verify the advantages of physical bonding and chemical 

bonding compared to the mixture of chitosan and MBT, electrochemical tests 

were performed on the three types of coatings prepared by simple mixing, 

physical association and covalently bonded. 

    Based on previous reports in the literature, equivalent circuits simulating the 

corrosion of bare copper substrate and coated samples were constructed 

(Figures 3.14a to 3.14c).99 In the first case, the corrosion of bare copper 

substrate can be simulated with a Randles circuit consisting of solution 

resistance (Rs), contact resistance (Rct) and electric double layer capacitance 

(CPEdl). When the substrates were coated by CS and CS+MBT, the resistance 

(Rc) and the capacitance of the coating (CPEC) are considered in the equivalent 

circuit. While in the cases of CS-BP-3+MBT and CS-MBT, an inductor was 

included. Generally, increasing the resistance of the coating can effectively 

reduce the corrosion current, thereby slowing down the occurrence of 

corrosion. In Nyquist plots, the diameter of the semi-circle represents the 

resistance, including contact resistance and charge transfer resistance, which 

are used to evaluate anti-corrosion performances. As shown in Figure 3.14d, 

chemically bonded CS-MBT has the highest Rc value. This shows that its anti-

corrosion effect is the best among the three coatings in this study and verifies 

the mechanism proposed in Figure 3.13b. It was also found that when mixed 

with the same amount of MBT (0.25 mg), the resistance of the CS-BP-3+MBT 

coating was more than twice that of CS+MBT. This indicated that the physical 

combination is beneficial to loading MBT in the coating, resulting in higher 

corrosion resistance. 

    The Tafel plot defines the kinetics of electrochemical reactions and 

quantifies the relationship between electrode over-potential and reaction rate. 

To obtain the polarization curves, a scanning speed of 1 mV/s was used, and 

the results are shown in Figure 3.14e. The open circuit voltage and corrosion 

current of CS-BP-3+MBT and CS-MBT are lower than CS+MBT, indicating 

that the CS-MBT coating has stronger corrosion inhibition effect. The 

corrosion current of CS-MBT is approximately 1/40 of that of CS+MBT. In 

Figures 3.4f to 3.14h, the surface has changed from bright to dark. However, 

in Figures 3.14i and 3.14j, there is no apparent corrosion product, indicating 

excellent protection by the CS-BP-3+MBT and CS-MBT coatings. 
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Figure 3.14. EIS and Tafel testing of the samples. Equivalent circuits for (a) 

uncoated copper substrate, (b) with CS and CS+MBT coatings and (c) with CS-

BP-3+MBT and CS-MBT coatings. (d) Nyquist plots of bare copper and copper 

substrates coated with CS, CS+MBT, CS-BP-3+MBT, and CS-MBT. (e) Tafel 

plots of CS+MBT, CS-BP-3+MBT, and CS-MBT coatings on copper substrates. 

Digital photographs of (f) copper substrates, and coated with (g) CS, (h) 

CS+MBT (i) CS-BP-3+MBT and (j) CS-MBT after EIS testing. 

Considering that anticorrosive coatings are commonly used in water 

environments, antibacterial and antifouling activities of these coatings were 

proposed. Despite the use of benzothiazole in antibacterial studies, chemically 

bonded CS-MBT coatings did not show significant advantages in antibacterial 

performance (compared to glass and CS). This may be due to the different 

bacterial groups used in this experiment, or it may be due to the loss of thiol 
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groups in the modified MBT, which weakens its inhibitory effect on certain 

bacterial groups.100 In experiments on the antifouling effect, interesting 

phenomena were observed with the CS-MBT coating. Most surfaces (including 

controls) showed significant increases in mussel colonization over time. This 

is consistent with the growth process of biofouling microorganisms. However, 

the settlement of mussel on CS-MBT coating is the least and the amount of 

fouling hardly increase from 12 hours to 48 hours. This may indicate that the 

CS-MBT coating has a significant inhibitory effect on the adhesion of larger 

organisms.
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Chapter 4 

Conclusions 

This thesis investigates the green extraction of chitosan from food waste, 

synthesis of chitosan derivatives and nanocomposites, and the chitosan 

functional coatings for sustainable development in antibacterial, antifouling, 

anticorrosion and UV blocking applications. 

    Chitosan was extracted from blue crab exoskeletons successfully using bio-

based acids and bases as substitutes for traditional inorganic acids and bases. 

LCA studies prove the economic feasibility of this method. 

    In the antibacterial field, chitosan has received widespread attention due to 

its inherent antibacterial properties. The results in this thesis indicate that by 

compounding chitosan with nanoparticles such as zinc oxide and silver, its 

antibacterial effect can be significantly improved, attributed to the generation 

of reactive oxygen species under light irradiation.  

In antifouling studies, by introducing anti-adhesion materials such as 

polyethylene glycol, chitosan has shown enhanced antifouling properties 

which are affected by the side chain of conjugated PEG. By adjusting the 

roughness, chitosan coatings can effectively reduce the adhesion of marine 

organisms, such as algae and mussels, thereby mitigating biofouling problems 

on ships and marine facilities. These findings provide an important theoretical 

and practical basis for the development of new marine antifouling materials. 

    For corrosion prevention, innovative methods of physical association and 

chemical bonding of corrosion inhibitor MBT with chitosan are developed. The 
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developed CS-MBT coating can not only increase corrosion resistance but also 

have effective antifouling activities in preventing the macrofouling of mussel.  

Regarding UV filtering properties potentially for food preservation 

application, this study chemically combined chitosan with UV absorbers such 

as BP-3, which significantly improved its UV blocking ability. This chitosan-

based composite not only provides effective UV shielding but also remains 

biodegradable, making it an ideal material for making environmentally 

friendly sunscreen products. 

    To conclude, this thesis not only deeply explores the application potential of 

chitosan and its derivatives in environmental protection, biomedicine and 

sustainable development, but also provides future research and development 

of chitosan-based materials through material innovation and application 

expansion. These research results herald the broad application prospects of 

chitosan-based composite materials in environmental protection and 

industrial applications worldwide. Especially today, in the pursuit of 

environmental sustainability, the development of such green materials is more 

important than ever. Through these comprehensive studies, we not only 

deepened our understanding of the chemistry and functions of chitosan, but 

also laid a solid foundation for its future application development. 
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Chapter 5 

Outlooks 

Although chitosan-based materials have broad prospects as functional 

coatings, there are still some underdeveloped aspects and urgent problems to 

be solved in practical applications: 

1. Duration and stability: The swelling of chitosan materials in water limits 

their application in high humidity or water environments. How to enhance 

their moisture resistance and long-term stability is a technical problem that 

needs to be overcome. 

2. Regulation and safety assessment: Although chitosan is naturally 

derived, different sources, purity and preparation methods may lead to 

differences in its safety, especially in food contact and biomedical applications, 

and a standardized evaluation system needs to be further established. 

3. Large-scale production and the cost: The extraction and purification 

process of chitosan is complicated, especially for the preparation of high-

quality chitosan raw materials, the current production cost is high. In addition, 

the processing technology required for industrial application is not yet mature, 

which limits large-scale commercial application. 

In response to these problems, future research directions may focus on the 

design optimization of material structure, functional enhancement, composite 

material development, and breakthroughs in efficient and low-cost 

preparation technology, so as to promote the comprehensive application of 

chitosan coating materials. Further research about DESs and their interactions 

with biopolymers like chitin and chitosan could lead to more efficient and 
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sustainable extraction processes. This will help achieve the goals of green 

chemistry, emphasizing the reduction of hazardous chemicals, energy 

consumption, and waste generation. 
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