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Abstract 

Synthesized in green plants, cellulose is the most abundant natural biopolymer on the planet 
and is thus widely available, cheap and renewable. Furthermore, its hierarchical structure allows 
extraction of nanosized particles in the form of cellulose nanocrystals (CNCs), obtained with 
hydrolysis or cellulose nanofibrils (CNFs), isolated through chemical, biological pretreatment and 
mechanical fibrillation. The latter can also be produced by some bacteria, yielding bacterial 
nanocellulose (BNC). All cellulose nanomaterials exhibit high specific surface and mechanical 
strength, that are highly desirable in numerous applications.  

In the dissertation, firstly, all three types of cellulose nanomaterials were used as primary 
biopolymer for film fabrication or as a reinforcing agent in chitosan and alginate-based 
composite films. To indicate their potential as sustainable packaging material, technical 
specifications of the films were evaluated: tensile strength (TS) and elongation-at-break (ε), 
together with oxygen permeability (OTR), water vapor transmission (WVT) and water contact 
angle (WCA). To enable broader applications, improvement towards the water resistance 
through functionalization of either cellulose nanomaterials prior to their incorporation in natural 
biopolymer matrix or by surface treatment of the already fabricated biopolymer film is needed. 

Literature on hydrophobization of cellulose nanomaterials was thoroughly reviewed to 
determine possible approaches to modifications as well as to identify gaps in knowledge. While 
routes of chemical functionalizations (esterification, silylation, carbamation, etherification and 
click chemistry) are well known and researched, there is a lack of thorough studies on 
mechanisms and kinetics of these reactions, the understanding of which is crucial in transfer to 
industrial scale. Furthermore, the comprehensive review revealed that although the use of 
plasma treatment is fast and effective for hydrophobization of cellulose (nano)materials, only 
very limited available scientific contributions have been presented.  

With this in mind, the films based on CNFs were processed with fluorocarbon plasma, 
resulting in a drastic increase of WCA from initial 46° to 130° in already 30 s of treatment due to 
newly formed C-F3, C-F2, and C-F bonds that were identified with high resolution C 1s XPS, Raman 
and ATR-FTIR spectroscopy. The treatment was extended to chitosan-based films with 
incorporated CNCs, studying stability of properties relevant for packaging applications as well 
(TS, ε, WVT and WCA) over the course of 30 days after hydrophobization. Additionally, no 
leaching of fluorine components into liquid environments was found through LC-MS analysis. 
While the treatment with RF-generated plasma in fluorocarbon was found to be ultrafast and 
providing stable hydrophobic coating, fluorinated compounds might cause a disturbance in 
metabolism at higher concentrations, therefore in this work we aimed to find a substitute gas. 
It was discovered that plasma generated in N2 provides the same result of hydrophobic surface 
while avoiding fluorine-related compounds. 

To fulfil the other objective, contribution to the knowledge on mechanisms and kinetics of 
functionalization reactions, an esterification reaction of cellulose nanomaterials with acetic 
anhydride in the presence of pyridine was revisited. A combined computational and 
experimental study of this reaction was carried out on both CNCs and CNFs, indicated two 
competitive reaction mechanisms and yielded kinetic parameters through microkinetic 
modelling of both materials. To demonstrate the practical use of surface acetylation of cellulose 
nanomaterials, modified CNCs of various degrees of substitution were incorporated into alginate 
and chitosan films that were subjected to various environmental humidity to evaluate its effect 
on TS, ε, moisture content and WVT. Finally, to gain an insight into the end-of-life of such films, 
biodegradation of alginate and chitosan-based with pristine and acetylated CNCs in activated 
sludge was followed through the course of 5 days through respirometry in OxiTop system. 
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Povzetek 

Celuloza, ki jo sintetizirajo zelene rastline, je najbolj razširjen naravni biopolimer na planetu, 
zaradi česar je široko dostopna, poceni in hitro obnovljiva. Poleg tega nam njena hierarhična 
struktura omogoča ekstrakcijo nanodelcev v obliki celuloznih nanokristalov (CNC) preko 
hidrolize ali celuloznih nanofibrilov (CNF), pridobljenih s kemijsko in biološko obdelavo in 
mehansko fibrilacijo. Eno izmed oblik slednje lahko proizvedejo tudi nekatere bakterije, pri 
čemer nastane bakterijska nanoceluloza (BNC). Vsi ti celulozni nanomateriali imajo visoko 
specifično površino in mehansko trdnost, ki sta zelo zaželeni v številnih aplikacijah. 

V disertaciji smo najprej uporabili vse naštete vrste celuloznih nanomaterialov kot primarne 
biopolimeri za izdelavo filmov ali kot ojačevalce v kompozitnih filmih na osnovi hitozana in 
alginata. Da bi pokazali njihov potencial kot trajnostni embalažni material, smo ocenili tehnične 
specifikacije folij - natezno trdnost (TS), raztezek ob pretrganju (ε), prepustnost kisika (OTR), 
prepustnost vodne pare (WVT) in kontaktni kot z vodo (WCA). Za širšo uporabo je potrebno 
izboljšanje odpornosti na vodo, kar je mogoče doseči s funkcionalizacijo celuloznih 
nanomaterialov pred njihovo vključitvijo v naraven biopolimer ali s površinsko obdelavo že 
izdelanega biopolimernega filma. 

Literatura s področja hidrofobizacije celuloznih nanomaterialov je bila temeljito pregledana, 
da bi določili možne pristope k modifikacijam in odkrili vrzeli v znanju. Medtem ko so možnosti 
kemičnih funkcionalizacij (esterifikacija, sililacija, karbamacija, eterifikacija in klik-kemija) dobro 
raziskane, primanjkuje temeljitih študij o mehanizmih in kinetiki teh reakcij, razumevanje katerih 
je ključnega pomena za prenos na industrijsko skalo. Poleg tega je celovit pregled pokazal, da 
čeprav je uporaba plazemske tehnologije hitra in učinkovita za hidrofobizacijo celuloznih 
(nano)materialov, je število objavljenih študij omejeno.  

Z ozirom na to so bili filmi na osnovi CNF obdelani s fluoroogljikovo plazmo, kar je drastično 
povečalo WCA z začetnih 46° na 130° že v prvih 30 s obdelave. Razlog za spremembo leži v 
novonastalih C-F3, C-F2 in C-F vezeh, ki so bile identificirane z visokoločljivostnim C 1s XPS, 
Ramansko spektroskopijo in ATR-FTIR. Takšna obdelava je bila razširjena na filme na osnovi 
hitozana z dodanimi CNC-ji, pri čemer smo preučevali stabilnost lastnosti, ki so pomembne za 
pakirano embalažo (TS, ε, WVT in WCA) v 30 dneh po hidrofobizaciji. Poleg tega z analizo LC-MS 
ni bilo ugotovljeno izpiranje komponent fluora v različne tekočine. Čeprav obdelava 
biopolimernih filmov z RF-generirano plazmo v fluoroogljiku zelo hitra in zagotavlja stabilno 
hidrofobno prevleko, lahko fluorirane spojine povzročijo motnje v presnovi v višjih 
koncentracijah. V nadaljnjem delu smo zato iskali alternativen plin, ki bi nadomestil 
fluoroogljike. Ugotovljeno je bilo, da plazma, ustvarjena v N2, zagotavlja enak rezultat 
hidrofobne površine, pri čemer se izognemo uporabi fluorovih spojin. 

Za izpolnitev drugih ciljev – prispevek k znanju o mehanizmih in kinetiki funkcionalizacijskih 
reakcij – je bila obravnavana reakcija esterifikacije celuloznih nanomaterialov z anhidridom 
ocetne kisline v prisotnosti piridina. Kombinirana računalniška in eksperimentalna študija te 
reakcije, ki je bila izvedena na CNC in CNF, nakazuje na dva konkurenčna reakcijska mehanizma 
in podaja kinetične parametre preko mikrokinetičnega modeliranja obeh materialov. Za prikaz 
praktične uporabe površinske acetilacije celuloznih nanomaterialov so bili CNC modificirani do 
različnih stopenj substitucije in vgrajeni v filme na osnovi alginata in hitozana. Ti so bili nato 
izpostavljeni okoljem različnih vlažnosti, da bi ocenili njihov učinek na TS, ε, vsebnost vlage in 
WVT. Za vpogled v dogajanje ob koncu življenjske dobe filmov so bile izvedene študije 
biorazgradnje alginata in hitozana na osnovi nemodificiranih in acetiliranih CNC v aktivnem 
blatu, kjer smo biorazgradnjo spremljali 5 dni preko respirometrije v sistemu OxiTop. 
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Chapter 1 

1 Introduction 

1.1 In Search of Materials of the Future 

In the last century, plastic materials have found their way into all aspects of our daily life due to 
their toughness, durability and incredible versatility. However, in 2021, 44 % of altogether 390.7 
million tons produced plastic was used for packaging sector, which is the application that also 
exhibits the shortest lifetime as it is in use for only half a year on average and thus generating 
the most plastic waste (Geyer, Jambeck, and Law 2017). In light of raising awareness of plastic 
pollution and its potential health risks caused by microplastics, eco-friendly and non-hazardous 
alternatives are needed and in focus of research. The solution is seen in biodegradable, 
biocompatible and non-toxic biopolymers, originating from renewable biomass. Still, such 
materials should be comparable to conventional packaging or even better in shielding of product 
from environmental conditions by exhibiting suitable mechanical strength, water vapor and 
oxygen barrier, thermal resistance and antimicrobial activity. Furthermore, it is crucial for the 
material to be lightweight and flexible. This chapter introduces chitosan, alginate and cellulose 
nanomaterials, the main biopolymers used in the thesis, in terms of structure, isolation from 
raw biomass and potential applications with a focus on the packaging industry.  

1.1.1 Chitin and Chitosan 

After cellulose, chitin is the second most abundant biopolymer in nature. It is found in shells of 
crustaceans, exoskeletons of insects, skeletons of mollusk or cell walls of some fungi (Ji et al. 
2022). It is a linear polymer consisting of β-(1,4)-N-acetylglucosamine (GlcNAc) units connected 
through glycoside bonds (Song, Shang, and Ratner 2012). The production of chitin from raw 
biomass consists of demineralization, deproteinization and decolorization as depicted in Figure 
1, with the side products of each step having economic value (Vicente et al. 2022). By 
deacetylation D-glucosamine (GlcN) is formed and with degree of deacetylation (molar ratio of 
GlcN compared to all (GlcN and GlcNAc) units in the polymer) reaching at least 50 %, a derivative 
called chitosan is obtained, which is also a threshold for solubility in acidic media (Jiang et al. 
2017). Additionally, chitin is a semi-crystalline biopolymer with crystallinity around 70 %, which 
decreases with deacetylation to about 30 % (Ji et al. 2022). Molecular weight (which also defines 
viscosity) and functional properties of chitosan are predominantly determined by the source of 
chitin, reaction conditions during the isolation process and degree of deacetylation 
(Oladzadabbasabadi et al. 2022).  
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Figure 1: Production of chitosan from biomass with depicted chitin and chitosan structural 
formulas. 

Its non-toxicity, pH sensitivity, biodegradability, antioxidant, antibacterial and chelating 
properties, solubility in green solvents and biocompatibility have brought chitosan to be seen as 
a high potential material in various fields. Chitosan and its derivatives can be fabricated in the 
form of films, hydrogels, sponges, electrospun membranes and asymmetric membranes (Cao et 
al. 2022; Heimbuck et al. 2019; Hosseini et al. 2022; Ji et al. 2022; Zhang et al. 2021) and as such 
used in numerous applications in various fields: in biotechnology for enzyme immobilization 
(Verma et al. 2020), biomedicine (wound dressing, tissue engineering) (Kalantari et al. 2019), 
pharmacy (drug delivery) (Murthy et al. 2020), agriculture to manage plant diseases (Riseh et al. 
2022), food as a gelling, thickening and stabilizing agent (Agulló et al. 2003), cosmetics (skin care, 
hair care and gum and teeth health) (Aranaz et al. 2018) and environment (dye and oil absorbent 
from waste waters) (Oladzadabbasabadi et al. 2022). Commercially, chitosan is already used as 
a wound dressing and food supplement (Biranje et al. 2021; Ji et al. 2022). 

Chitosan presents a promising biopolymer as matrix or only component of packaging 
applications. Various methods were used to prepare chitosan-based films or coatings: direct 
casting or solvent casting, coating, dipping or layer-by-layer assembly. Chitosan packaging 
materials can be obtained through extrusion as well, though in this case, chitosan is added as an 
additive to a non-biobased matrix such as low density polyethylene (LDPE) or polycaprolactone 
(Wang, Qian, and Ding 2018). Natural antimicrobial and antioxidative activity of chitosan-based 
films can be enhanced by the addition of various plan extracts rich in antioxidants such as hop 
(Bajić, Jalšovec, et al. 2019), chestnut (Bajić, Ročnik, et al. 2019), oak (Bajić, Ročnik, et al. 2019), 
turmeric (Kalaycıoğlu et al. 2017), thyme (Talón et al. 2017), etc. Furthermore, such films were 
shown to be biodegradable in terrestrial environment (Oberlintner et al. 2020). Regarding 
barrier properties, chitosan-based films exhibit sufficiently low permeability for oxygen, while 
their high sensitivity to water prevents them to perform well in humid environments (Gällstedt 
and Hedenqvist 2002). 

1.1.2 Alginate 

Alginate, an anionic polymer composing up to 40 % of dry matter of brown marine algae such as 
Ascophyllum nodosum, Laminaria hyperborean, and Macrocytis pyrifera, is built of β-D-
mannuronate (M block) and α-L-guluronate (G block) that are linked by 1-4 glycosidic bonds (Hay 
et al. 2013). In nature, it is found as a gel in the intercellular matrix and contains Na+, Ca2+, Mg2+, 
Sr2+ and Ba2+ ions and is as such not soluble in water. To extract it from biomass ion-exchange is 
carried out first, usually by treatment with mineral acid. The product is then neutralized with 
Na2CO3 or NaOH forming sodium alginate, which is water soluble. Separation processes such as 
sifting, flotation, centrifugation and filtration are applied to separate sodium alginate from algal 
residues. Lastly, to obtain the dry form, Na-alginate is precipitated by alcohol, calcium chloride 
or mineral acid and then finally converted back to sodium form (Draget 2009). The process 
scheme of alginate production is shown in Figure 2.  
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Figure 2: Schematic representation of extraction of alginate from marine biomass. 

One of the most useful properties of alginate is its ability to form gels in the presence of 
bivalent ions (such as Ca2+, Ba2+, Cu2+, Sr2+and Zn2+). The physicochemical properties of alginate, 
viscosity and its gelation behavior (shrinking, swelling, mechanical resistance of gels) are greatly 
influenced by molecular weight of alginate that depends on the biomass source and extraction 
process, typically falling between 32 and 400 kDa (Hu et al. 2021). Additionally, as only G blocks 
are involved in intermolecular crosslinking with divalent ions G/M blocks ratio their sequence 
and length of G blocks influence physical properties of hydrogels as well (Hu et al. 2021; Lee and 
Mooney 2012). On the other hand, in an environment free of crosslinking ions, alginate is soluble 
in water (Pawar and Edgar 2012).  

Due to its gelation properties, alginate is commercially used as a food thickener and 
stabilizing agent as well as binder, gelling agent and wound dressing in pharmaceutical industry 
(Goh, Heng, and Chan 2012). Furthermore, alginate has shown to be useful in bone regeneration 
applications (dental molds, simulator of extracellular matrix proteins, tissue scaffolding) and cell 
culture (Goh et al. 2012; Hu et al. 2021).  

Alginate exhibits high potential for use in food packaging industry as well. So far, the use of 
edible alginate-based films and coatings, possibly with incorporated antibacterial and 
antimicrobial active ingredients (lemongrass, cinnamon and rosemary oil, silver nanoparticles), 
were shown to prolong shelf-life of various foods such as button mushrooms (Jiang 2013), fresh-
cut carrots (Costa et al. 2012), chicken meat (Raeisi et al. 2016) and various fruits (Maftoonazad, 
Ramaswamy, and Marcotte 2008). Yet, its full potential has not been fully exploited 
commercially in the field of packaging as poor water vapor barrier properties and high sensitivity 
to water that causes swelling of the film pose as a limitation (Kontominas 2020).  

1.1.3 Cellulose and Cellulose Nanomaterials 

1.1.3.1 Sources and Structure of Cellulose  

Cellulose is the most abundant biopolymer on the planet and is therefore cheap and easily 
accessible around the world. It is found mostly in cell walls of green plants and is harvested in 
the form of lignocellulosic biomass, which consists of cellulose (35 %–50 %), hemicellulose (20 
%–35 %) and lignin (10 %–25 %) as well as smaller fractions of proteins, oils and ash (Wei et al. 
2017). Cellulose is obtained through pulping process in which lignin is dissolved and removed 
from the biomass (Aravamuthan 2004). Besides plants, some prokaryotes (Achromobacter 
Alcaligenes, Acetobacter, Aerobacter, Agrobacterium, Azotobacter, Escherichia, Klebsiella, 
Pseudomonas, Salmonella, Sarcina), archaea (Thermoplasma, Ferroplasma) and eukaryotes 
(Cyanobacter, Green algae, Rhizobium, Tunicates) produce cellulose as well (Raghavendran, 
Asare, and Roy 2020). It is called bacterial cellulose and is, compared to plant cellulose, purer as 
it contains no lignin and hemicellulose (Heinze 2016; Raghavendran et al. 2020).  

The basic building blocks of cellulose are D-anhydroglucopyranose units (AGUs) alternatively 
rotated for 180° along the chain axis linked through β-1,4 glyosidic bonds. As it is a product of 
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polycondensation reaction, the last units on both sides differentiate as one is a reducing end and 
the other one a non-reducing end. A single chain in native cellulose measures 500–15,000 nm in 
length. There are two secondary in-plane and one primary out-of-plane hydroxyl groups on each 
AGU that play several roles in the structure of cellulose. Firstly, inter- and intra-molecular 
bonding is formed between these hydroxyl groups, forming first cellulose nanofibrils, then 
macrofibrils and finally cellulose fibers as shown in Figure 3 (Heinze 2016; Yuan and Cheng 2015). 
A result of hydrogen bonding is also ordered crystalline arrangements, leading to four different 
crystalline allomorphs: cellulose I, II, III and IV. The basic form found in nature is cellulose I, from 
which then cellulose II can be obtained through alkali treatment or solubilization and 
subsequent recrystallization. Cellulose IIII and IIIII are prepared from cellulose I and cellulose II 
by treatment with liquid ammonia, respectively. Lastly, cellulose IVI and cellulose IVII are formed 
upon heating of cellulose IIII and IIIII, respectively (Zugenmeier 2021). Surface hydroxyl groups 
are also the reason behind inherent hydrophilicity of cellulose and its poor compatibility with 
polar solvents or matrices. However, they are also the most reactive part of cellulose molecule 
which enables surface modifications minimizing hydrophilicity (Heinze 2016). 

  

 

Figure 3: Schematic representation of hierarchical structure of cellulose from plant to molecular 
chains. Reproduced with permission from Pei et al. (2021). 

 

1.1.3.2 Isolation of Cellulose Nanomaterials and Their Properties 

Due to the hierarchical structure of cellulose, it is possible to isolate cellulose nanoparticles in 
two forms: cellulose nanocrystals (CNCs, also known as nanocrystalline cellulose NCC) or 
cellulose nanofibrils (CNFs, also known as nanofibrillated cellulose NFC). The two differentiate 
in shape and crystallinity, as well as isolation method.  

CNCs are generally obtained through acid (usually by use of sulfuric or hydrochloric acid) 
hydrolyzation that penetrates into amorphous parts of cellulose fibers and dissolves them 
leaving highly crystalline rod-like nanoparticles with 3-50 nm in width and from 100 nm to 
several µm in length (International Organization for Standardization 2017; Vanderfleet and 
Cranston 2021). The exact dimensions and crystallinity depend on the cellulose source and 
treatment conditions that affect surface charge as well. CNCs isolated through hydrolyzation 
with sulfuric acid are negatively charged and tend to be more stable in suspensions compared 
to positively charged CNCs obtained with HCl hydrolyzation (Heinze 2016). CNCs exhibit an 
exceptionally high Young’s modulus (143 GPa for a single CNC) and mechanical strength (approx. 
10 GPa) (Shojaeiarani, Bajwa, and Chanda 2021; Šturcová, Davies, and Eichhorn 2005).  

The second type of cellulose nanomaterials, CNFs, are in the form of long fibrilous network 
with diameter of a single fibril between 3 nm and 100 nm and up to 100 µm in length 
(International Organization for Standardization 2017). They are produced by mechanical 
disintegration (homogenization, grinding, refining, extrusion, ultrasonication, cryocrushing, 
steam explosion and ball milling), however to lower the cost of energy-intensive principle 
mechanical treatment, pretreatments such as blending, refining, grinding, enzymatic hydrolysis, 
2,2,6,6-tetramethylpiperidine-N-oxyl)-mediated oxidation, etc. are carried out as well 
(Nechyporchuk, Belgacem, and Bras 2016). It is less crystalline than CNCs as it retains the 
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amorphous, less ordered regions of cellulose, enabling higher mobility. Tensile strength and 
Young’s modulus were reported to be 0.8–10 GPa and 30–250 GPa for a single fiber, respectively 
(Jele, Lekha, and Sithole 2022). 

 

1.1.3.3 Applications of Cellulose Nanomaterials 

High mechanical strength and specific surface, light weight, biocompatibility and 
biodegradability of cellulose nanomaterials enable their use in a broad range of applications, 
such as electronics (as a substitute of plastic or glass for flexible display panels and electronic 
devices or as highly bendable microelectrodes in small electronic devices) (Dufresne 2019; Kim 
et al. 2018), construction (for insulation purposes, concrete) (Aziz, Zubair, and Saleem 2021), 
energy storage (as an alternative to separator in lithium-ion batteries or as supercapacitors) 
(Wang et al. 2017), biomedicine (scaffold for growth of cell cultures, drug delivery, blood vessels, 
soft tissues, cartilage and bone tissue) (Dufresne 2019) and packaging, which are in focus in this 
thesis. 

Cellulose nanomaterials can be applied in the packaging industry as a standalone biopolymer 
(typically CNFs) or incorporated into other (bio)polymer matrices (CNCs or CNFs). Both types of 
cellulose nanomaterials were shown to decrease oxygen permeability when incorporated in 
matrices such as polylactic acid (PLA) and polycaprolactone (Espino-Pérez et al. 2018; Khan et 
al. 2013). Low oxygen permeability is important especially in food packaging applications, as 
oxidation of lipids is a major factor in food spoilage (Saedi et al. 2021). Important role of 
packaging materials is also to protect their contents from damages during distribution, therefore 
the advantage of cellulose nanomaterials lies in their high mechanical strength and stiffness. 
Their addition to high density polyethylene, LDPE, polycaprolactone and polypropylene has 
resulted in an increase of Young’s modulus (Abdelmouleh et al. 2007; Ahmadi, Behzad, and 
Bagheri 2017; Ferreira et al. 2019; Inukai, Kurokawa, and Hotta 2020). Furthermore, in certain 
polymers (PLA and polyvinyl acetate), incorporation of cellulosic fibers decreased water vapor 
permeability, an important parameter in evaluation of product protection from environment 
(Saedi et al. 2021). However, in their natural form, cellulose nanomaterials generally exhibit high 
hydrophilicity and water sensitivity and low compatibility with most of conventional packaging 
matrices, preventing full exploitation of their potentials. To overcome this issue, the surface of 
cellulose nanomaterials before incorporation into the biocomposite or surface of already 
produced biopolymer composite films can be hydrophobically modified.  

 

1.1.3.4 Surface Modifications of Cellulose Nanomaterials or Polysaccharide Composite Films 

Surface is considered to be hydrophobic when water contact angle (WCA), a demonstrative 
measurement of surface hydrophilicity/hydrophobicity, is higher than 90°. The 
hydrophilic/hydrophobic character is governed by two parameters: surface free energy and 
surface topology. The latter is not applicable in modification of CNCs or CNFs as they are already 
nanostructures, but is an important parameter when decreasing hydrophilicity of films. Due to 
the presence of hydroxyl groups (each AGU contains two secondary (C2 and C3) and one primary 
(C6) alcohols) on the surface of cellulose nanomaterials that are the reason behind 
hydrophilicity, most approaches for surface modification target their decrease. These hydroxyl 
groups can be substituted with a more hydrophobic species or grafted with polymer chains 
(Kargarzadeh et al. 2018). It is important to note that not all three of them are equally reactive, 
as the primary alcohol group is more exposed and prone to reactions. Because CNCs tend to 
aggregate and CNFs arrange themselves in entangled fibrilous networks, the exposure of 
hydroxyl groups can be as low as 2 % (Dufresne 2012). Further, while modifying the surface of 
cellulose nanomaterials, it is crucial not to impact their size or crystallinity.  

Generally, there are two different approaches to decreasing surface free energy: covalent 
and non-covalent modification. Taking the covalent modification approach, hydrophobic 
functional groups or polymer chains can be grafted to the surface of cellulose nanomaterials 
through esterification, carbamation, silylation etherification or click chemistry reactions 
(Kargarzadeh et al. 2018). Non-covalent hydrophobization includes adsorption of surfactants, 
oligomers or copolymers that hinder hydroxyl groups and induce hydrophobicity by prevention 
of hydrogen bonds formation (Habibi 2014). Detailed description of hydrophobization 



6  Chapter 1. Introduction 
 

techniques of cellulose nanomaterials with an emphasis on mechanisms and kinetics with an 
intent to identify knowledge gap is one of the objectives of the thesis and can be found in 
Chapter 3.  

Regarding surface hydrophobization of biopolymer-based films, both chemical and 
morphological modifications can be applied. Biopolymer films were hydrophobized by  using 
acid chloride and acid anhydride (Tangpasuthadol, Pongchaisirikul, and Hoven 2003), silane 
(Oyekanmi et al. 2021; Surya et al. 2022), pentafluorobenzoyl chloride (Cunha et al. 2007) and 
dodecyl aldehyde (Zheng et al. 2014). Besides chemical modification, hydrophobicity of surfaces 
of solid materials can be further increased through topology, by increasing surface roughness 
(Kim et al. 2007). Researchers have tried mimicking nature and its hierarchical microstructures 
with which, together with wax, plant leaves exhibit (super)hydrophobic behavior with WCAs 
over 160° (Ensikat et al. 2011). Attempts of such surface manipulation are described mostly on 
conventional polymers. Polystyrene, for example, was modified by the means of 
electrohydrodynamics (Jiang, Zhao, and Zhai 2004), electrospinning (Zhu et al. 2006) or structure 
of polytetrafluoroethylene was manipulated by using filter paper as a template (Hou and Wang 
2009) or by direct molding technique (Lepore and Pugno 2011; Pereira et al. 2014) and 
polydimethylsiloxane with soft lithography process (Foday Jr et al. 2022), as well as C:H:Si:O 
coating with plasma (Kim et al. 2007). However, to the best of my knowledge, controlling 
hydrophobic properties with surface roughness of biopolymers is not documented in the 
literature.  
 

1.2 Motivation, Hypotheses, Thesis Objectives and Novelty 

The main motivation of this thesis is to explore the role of cellulose nanomaterials in 
polysaccharide flexible film materials, their hydrophobic modifications, mechanisms and kinetics 
of such reactions and impact of such treatments on its applicative properties. Development of 
new, sustainable materials should be in line with 12 principles of green chemistry defined by 
Anastas and Warner (Anastas and Warner 1998): 1) prioritizing prevention to cleaning up the 
waste, 2) maximizing incorporation of materials used during the process into the final product 
(atom economy), 3) use of non-toxic and less hazardous chemicals, 4) designing safer products, 
5) reducing use of solvents and use of benign solvents and auxiliaries, 6) maximizing energy 
efficiency, 7) use of renewable feedstocks, 8) reducing derivatives, 9) favorizing catalysts to 
stoichiometric reagents, 10) designing the product to degrade, 11) development of real-time 
analytics and 12) use of substances that minimize accident probability. The thesis follows the 
guidelines where applicable, as further described in Sections from 1.2.1 to 1.2.5.  

With this in mind, five objectives and four hypotheses were defined that are discussed in 
Chapters 2 - 5. For clarity, the outline of the dissertation is schematically presented in Figure 4.  

 

 

Figure 4: Schematic representation of the structure of the doctoral dissertation.  
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1.2.1 Objective 1: Fabrication and Evaluation of Alginate, Chitosan, Cellulose 
Nanomaterials and Their Composite Films 

Film forming ability of chitosan and alginate was taken advantage of to produce alginate, 
chitosan, cellulose nanomaterials and their biocomposite films that exhibit high potential to be 
used as an alternative to conventional single-use packaging materials. The first hypothesis of the 
dissertation is that the use of nanosized cellulose in biocomposites improves mechanical and 
barrier properties and brings biopolymer-based flexible films closer to being comparable with 
conventional packaging. Therefore, the first objective is to evaluate such films in terms of 
morphology, mechanical resistance, water vapor and oxygen barrier capability and their 
interactions with water interactions (water contact angle, water uptake). Based on these results, 
the best compositions of biopolymer-based films will be selected and further studied throughout 
the thesis. Several principles of green chemistry are followed by this research: non-toxic and less 
hazardous renewable feedstocks are used with the goal to produce a safe and degradable final 
product. Furthermore, non-toxic, non-hazardous and benign solvents such as water and 
aqueous solution of lactic acid are used. Finally, such films employ waste biomass from food 
processing facilities (chitosan) or renewable biomass that is not competing with food production 
(alginate and cellulose nanomaterials).  

 
Novelty of this work: The research concerning this objective systematically compares films 

based on chitosan, alginate and cellulose nanomaterials respect to properties relevant for 
packaging applications for the first time and offers the suitable formulations for such 
applications. 

 
The results regarding this objective are discussed in Chapter 2.  
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1.2.2 Objective 2: Comprehensive Review of Hydrophobic Modifications of Cellulose 
Nanomaterials and Identification of Knowledge Gaps 

To overcome the drawbacks such as poor compatibility, hydrophilicity, high water 
permeability and overall water sensitivity in biocomposites, modification of surface hydroxyl 
groups on cellulose nanomaterials is widely researched. The second objective of this thesis is to 
provide a comprehensive review on the topic of cellulose nanomaterials hydrophobic 
modifications with the emphasis on reaction mechanisms and kinetics as the second hypothesis 
is that there is currently a lack of published literature concerning these two specific topics. The 
identified knowledge gaps will serve as a starting point for further research and will be covered 
throughout the dissertation.  

 
Novelty of this work: In this part of thesis, the hydrophobic functionalization reactions are 

comprehensively reviewed, to the best of our knowledge for the first time, with emphasis on 
mechanistic and kinetic point of view. 

 
Objective 2 is addressed in Chapter 3. 

 

1.2.3 Objective 3: Determination of Kinetics and Mechanisms of Cellulose 
Nanomaterials Modification 

Objective 3 is based on the findings of the literature review, demonstrating that the techniques 
to hydrophobization of cellulose nanomaterials are widely researched, however the exact 
mechanisms and kinetics remain unknown. To address this issue, a reaction of cellulose 
nanomaterials with acetic anhydride in the presence of pyridine, which was previously proposed 
in literature, will be examined closely in terms of mechanisms and kinetics. The study will be 
carried out with a joint experimentally-computational approach. Knowledge of exact 
mechanism and kinetic parameters are crucial to push cellulose nanomaterials to an industrial 
scale, taking into the account the approaches of green chemistry. By knowing the exact 
mechanism and kinetics of the reaction, atom economy (maximizing incorporation of all 
reagents and avoidance of side products) can be considered as well as optimization of reaction 
in terms of energy efficiency. 
 

Novelty of this work: In this objective, the mechanism and kinetics of cellulose 
nanomaterials acetylation with acetic anhydride in presence of pyridine are scrutinized. For the 
first time, the mechanisms of this reaction are defined as a competitive mechanism of one-step 
(direct conversion) and two-step (through intermediate) reactions accompanied with 
development of a kinetic model that describes both types of cellulose nanomaterials.  
 

Objective 3 is addressed in Chapter 4, Section 4.1. 
  

1.2.4 Objective 4: Biopolymer-Based Films Reinforced with CNCs, Their Properties 
and Biodegradability in Activated Sludge Medium 

 
The fourth objective is to demonstrate the applicability of acetylated cellulose nanomaterials by 
incorporating acetylated CNCs to various degrees of substitution, using reaction studied in 
Objective 3, into chitosan and alginate matrices to fabricate films suitable for packaging 
applications, concerning the next hypothesis, stating that acetylated cellulose nanocrystals can 
be used as a reinforcement in chitosan-based films. As packaging materials should withstand 
various environmental conditions, the mechanical properties of the fabricated biocomposites 
will be tested after incubation in environments with 33 %, 50 % and 75 % relative humidity (RH). 
Additionally, the effect of acetylation of CNCs on water vapor barrier as well as WCA will be 
studied.  

Although it is intuitive that bio-based polymers are also biodegradable, it is important to 
study end-of-life of fabricated composites. Objective 4 therefore also covers the study of 
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biodegradation of chitosan/CNCs and alginate/CNCs in activated sludge medium. With this 
knowledge, the new materials can be tested and potentially adapted in order to reach 
degradation to benign products that do not persist in the environment as outlined in principles 
of green chemistry.  

 
Novelty of this work: In frame of this objective, CNCs functionalized by previously studied 

method were incorporated into chitosan and alginate matrices in order to form films. Properties 
relevant for packaging materials were then simultaneously compared under various 
environmental conditions, to the best of our knowledge, for the first time. Lastly, biodegradation 
in activated sludge medium was followed and linked to physicochemical parameters of the 
fabricated films. 

 
Objective 4 is addressed in Chapter 4, Sections 4.2 and 4.3.  

1.2.5 Objective 5: Plasma as a Fast and Efficient Tool for Hydrophobization of 
Biopolymer-Based Composites 

 
Following the completion of Objective 2, plasma was identified to have a high potential for fast 
and effective hydrophobization of cellulose nanomaterials surface. Furthermore, plasma 
presents several advantages as it does not require liquid solvents and therefore produces no 
liquid waste, and is a one-step hydrophobization, which is easy to handle and is very effective. 
The last and fourth hypothesis is that the use of plasma for hydrophobization of cellulose 
nanomaterials and their composites are not yet exploited to their full potential. Furthermore, it 
is speculated that besides fluorine plasma, there is a greener carrier gas that could be applied 
for such purposes. With this in mind, the main goal of objective 5 is to study various gases for 
hydrophobic functionalization and chemical changes on the surface of biopolymer-based films. 
Furthermore, safety of such films will be evaluated by the determination of possible leaching of 
toxic species into liquid environment.  
 

Novelty of this work: In the last part of the thesis, plasma is employed for hydrophobization 
of nanostructured cellulose and its composite film. While fluorine plasma has been utilized for 
such purposes before, this works describes faster conversion of CNFs films to nearly 
superhydrophobic compared to existing literature and studies surface functionalization of 
chitosan/CNCs composite film, its properties, aging and potential leaching of fluorine into liquid 
environments. Lastly, nitrogen was used for hydrophobization of cellulose-based substrate for 
the first time.  
 

Objective 5 is addressed in Chapter 5, Sections 5.1, 5.2 and 5.3. 
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Chapter 2 

2 Functional Nanocellulose, Alginate and 
Chitosan Nanocomposites Designed as Active 
Film Packaging Materials 

In this chapter, cellulose nanocrystals, cellulose nanofibrils, bacterial nanocellulose (BNC), 
alginate, chitosan and their composites are investigated regarding properties relevant as 
packaging materials. 25 different films with various combinations and concentrations of CNCs 
were produced and evaluated in terms of mechanical strength. For further analysis, 7 samples 
(alginate, alginate/CNCs composite, chitosan, chitosan/CNCs composite, BNC, BNC with glycerol, 
and CNFs film) exhibiting the highest mechanical strength were selected and their WCA, surface 
free energy, water vapor permeability, moisture uptake and morphology were evaluated. It was 
observed that upon the addition of CNCs into alginate and chitosan matrix decreased water 
vapor transmission by 15 % and 45 %, respectively. Oxygen barrier was shown to be better than 
commercial polymers such as (poly)lactic acid, polyethylene terephthalate, polyvinyl chloride 
and polyethylene. Based on the results it was concluded that biopolymer-based films would be 
suitable for packing foods with short storage time, for example pre-made foods such as 
sandwiches, or refrigerated vegetables such as broccoli, cauliflower, carrots and cucumbers.  

 
The chapter addresses thesis Objective 1. 
 
Regarding my contribution: I prepared various composite films with other co-authors, 

conducted analyses of water contact angle, film density and morphology, helped with the 
analysis of other results and co-wrote the paper.  
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Chapter 3 

3 Hydrophobic Functionalization Reactions of 
Structured Cellulose Nanomaterials: 
Mechanisms, Kinetics and in silico Multi-Scale 
Models 

In this chapter, possible routes to increase surface hydrophobicity of cellulose nanomaterials 
are comprehensively reviewed with an emphasis on mechanisms, kinetics and in silico multi-
scale models. In general, three approaches for hydrophobic modifications are known: physical 
adsorption, conjugations of small molecules and grafting of polymers. The latter is then further 
divided into “grafting to” – coupling of pre-synthesized polymers to cellulose nanomaterials, and 
“grafting from”, where polymerization is induced on the surface of cellulose nanomaterials. 
Non-covalent adsorption of hydrophobic agents, such as quaternary ammonium salts, cationic 
surfactants, cetyltrimethylammonium bromide, zein nanoparticles, etc., to the surface of 
cellulose nanomaterials is usually applied to improve dispersion in hydrophobic solvents rather 
than increase the compatibility with matrices. Esterification is by far the most commonly used 
modification approach. However, it was observed that detailed studies of mechanisms and 
kinetics are lacking in the field. Furthermore, plasma was identified as an underutilized method 
for hydrophobic modification of cellulose nanomaterials. The findings of this chapter pinpointed 
the direction of further studies in the frame of this dissertation.  

 
This chapter addresses Objective 2. 
 
Regarding my contribution: I collected and reviewed the literature on the topic of cellulose 

nanomaterials hydrophobic modification with the emphasis on mechanistic and kinetic studies 
and wrote the initial version of the paper. 
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Chapter 4 

4 Acetylation of Cellulose Nanomaterials 

In this chapter, acetylation of cellulose nanomaterials, as well as the use of acetylated CNCs in 
biopolymer matrices is studied. Esterification reactions were shown to be among the most 
widely researched in terms of agents, solvents and conditions, however, detailed mechanism 
and kinetic studies that are needed to push cellulose nanomaterials to industrial scale are still 
lacking. Furthermore, there is little literature demonstrating the effect of incorporation of 
acetylated materials into other biopolymer matrices and biodegradation of such biocomposite 
films. Cellulose nanomaterials acetylated with acetic anhydride in the presence of pyridine that 
acts as a catalyst have previously been incorporated into (poly)lactic acid and have shown to 
improve its mechanical properties (Jamaluddin et al. 2019; Lin et al. 2011). However, taking into 
consideration that (poly)lactic acid has several drawbacks (interference with food supply chain 
and poor degradability requiring high temperatures), we propose the use of chitosan and 
alginate as biopolymer matrices that are further improved by incorporating pristine or 
acetylated CNCs.  

The chapter is divided into three subsections (4.1 Multiscale Study of Functional Acetylation 
of Cellulose Nanomaterials by Design: ab initio Mechanisms and Chemical Reaction 
Microkinetics, 4.2 Effect of Environment on Acetylated Cellulose Nanocrystal-Reinforced 
Biopolymers Films, 4.3 Biodegradation of Polysaccharide-Based Biocomposites with Acetylated 
Cellulose Nanocrystals, Alginate and Chitosan in Aqueous Environment), each focusing on the 
distinct aspect of acetylation of cellulose nanomaterials with acetic anhydride in the presence 
of pyridine.  

 
The chapter addresses Objectives 3 and 4.  
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4.1 Multiscale Study of Functional Acetylation of Cellulose 
Nanomaterials by Design: ab initio Mechanisms and Chemical 
Reaction Microkinetics 

 
In this section, a joint experimental-computational approach to propose acetylation reaction 
mechanism and develop a microkinetic model through which kinetic parameters were 
developed is presented. CNCs and CNFs were analyzed by the means of SEM, TEM to observe 
morphology and 31P NMR to determine surface-accessible hydroxyl groups prior to 
functionalization with acetic anhydride in pyridine medium under various temperatures and 
reactant ratios. The acetylated materials were analyzed with solid-state NMR and ATR-FTIR to 
confirm successful modification and determine acetyl content, respectively. Additionally, XRD 
analysis was carried out to follow any change in crystallinity. First principles calculations on 
cellotriose as a model, carried out independently of experimental data, offered an insight into 
the mechanism of the studied reaction. It was proposed that the reaction occurs through two 
competitive mechanisms: i) direct conversion to cellulose acetate and ii) through active 
intermediate acetylpyridinium. Based on these findings, a microkinetic model was developed to 
which experimental values were fitted, yielding kinetic parameters. 

 
Regarding my contribution: I carried out the experimental part of the study, developed a 

microkinetic model and co-wrote the manuscript.   
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4.2 Effect of Environment on Acetylated Cellulose Nanocrystal-
Reinforced Biopolymers Films 

This section continues research on acetylation of CNCs with acetic anhydride in pyridine media, 
and examines the use of acetylated CNCs in alginate and chitosan matrices. Incorporation of 
CNCs with various degrees of substitution (determined by ATR-FTIR) was evaluated in terms of 
morphology (through SEM analysis), structure (ATR-FTIR analysis), barrier properties, WCA and 
thermal stability (TGA). Furthermore, as real-world conditions in which such packaging could be 
used include environments with different relative humidity, the mechanical properties were 
evaluated after conditioning of films in a controlled environment (RH 33 %, 53 % and 75 %). The 
results have shown that acetylation of CNC prior to incorporation into chitosan matrix enhances 
compatibility, reduces aggregation, improves barrier and mechanical properties as well as WCA. 
Furthermore, slight increase in thermal stability was detected. Higher degree of substitution was 
shown to have more impact on the measured properties. On the other hand, alginate matrix is 
more compatible with pristine CNCs, seeing a decrease in mechanical strength upon acetylation 
and no change in water barrier properties. Additionally, it was observed that both alginate and 
chitosan-based films perform the best in an environment with lower relative humidity. 

 
Regarding my contribution: I carried out the experimental work, analyses and wrote the 

manuscript.  
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4.3 Biodegradation of Polysaccharide-Based Biocomposites with 
Acetylated Cellulose Nanocrystals, Alginate and Chitosan in Aqueous 
Environment 

The last section of this chapter is dedicated to the analysis of biopolymer-based packaging end-
of-life, which is crucial in designing truly sustainable materials. Chitosan and alginate-based 
composites with (acetylated) CNCs were evaluated in terms of morphology (SEM), structure 
(ATR-FTIR) water content and water solubility, mechanical properties, thermal degradation (TGA 
coupled with FTIR) and crystallinity (XRD) and exposed to activated sludge biodegradation 
medium with known physicochemical parameters, elemental composition and morphology. 
Biodegradation was followed via respirometry with OxiTop system over the course of 120 h. 
Additionally, in situ FTIR was performed to propose a biodegradation mechanism of the films. 
The results showed initial faster degradation of chitosan-based films compared to alginate-
based ones. Furthermore, chitosan-based films with incorporated pristine and modified CNCs 
degraded at faster rate and to higher degradation percentage. Still, pure chitosan films, with 
added pristine CNCs and with incorporated acetylated CNCs degraded to 76 %, 89 % and 92 %, 
respectively, where the degradation rate plateaued until the end of the experiment. On the 
other hand, all alginate-based films degraded completely over a maximum of 112 hours. 
Furthermore, advanced statistical analysis revealed that biodegradation of biocomposite films 
is mostly dependent on biopolymer type, followed by thermal stability and water solubility. 
While this study has several limitations (controlled environment that is not present in real-world 
treatment facilities and analysis of activated sludge medium with in situ FTIR instead of films), 
this study presents a good starting insight into the biodegradation process of biopolymer-based 
films.  
 

Regarding my contribution: I was involved in the conceptualization of the study, film 
preparation and their physicochemical analyses, interpreted in situ FTIR results and co-wrote 
the manuscript.  
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Chapter 5 

5 Hydrophobization with Plasma Processing 

The second limitation in cellulose nanomaterials hydrophobization research defined by the 
literature review (Chapter 3) are scarce reports on the use of plasma. Plasma, considered as the 
fourth state of matter, is generally obtained by excitement of gases by radio frequency (rf), 
microwave, or electrons from a hot filament discharge into energetic state (Chu et al. 2002). It 
has been shown that this technique enables fast processing without liquid waste and providing 
long-lasting effect. For hydrophobization purposes, fluorine or silane-containing gases are used, 
as well as inert gases such as argon along with monomers such as styrene, caprolactone and 
farnesene to induce surface polymerization (Alanis et al. 2019; Samanta et al. 2021).   

However, plasma treatment was used mostly for surface treatment of cellulose fibers on the 
macro-scale, especially in the field of textile engineering, with smaller emphasis on 
nanostructured cellulose. Taking this into consideration, in this chapter, cellulose nanomaterials 
and their composites were treated with rf-generated plasma. The chapter is divided into 3 
sections: 5.1 Hydrophilic to Hydrophobic: Ultrafast Conversion of Cellulose Nanofibrils by Cold 
Plasma Fluorination, 5.2 Permanent Hydrophobic Coating of Chitosan/Cellulose Nanocrystals 
Composite Film by Cold Plasma Processing, and 5.3 Use of Non-Fluorine Containing Plasma.  

 
The chapter addresses Objective 5. 

 
  



128  Chapter 5. Hydrophobization with Plasma 
Processing 

 

5.1 Hydrophilic to Hydrophobic: Ultrafast Conversion of Cellulose 
Nanofibrils by Cold Plasma Fluorination 

In this section, rf-generated cold plasma in fluorine-containing gas (CF4) is studied as a fast 
technique to hydrophobically modify the surface of CNFs films. It was demonstrated that 
conversion from hydrophilic (with WCA of 46°) to hydrophobic surface (WCA higher than 90°) 
can be reached in already 10 s, while maximum WCA (around 130°) was reached after 30 s of 
processing. Morphological analysis, carried out by the means of SEM, indicated increased 
nanoporosity with higher treatment times. More structured morphology might contribute to 
lower wettability by improving the surface tension between the water droplet and the substrate. 
Surface chemistry was inspected with XPS, ATR-FTIR and Raman spectroscopy, indicating the 
formation of C-F, C-F2 and C-F3 species that are responsible for the hydrophobic change. This 
study demonstrates that plasma presents an ultrafast technique to obtain highly hydrophobic 
cellulose-based surfaces. 

 
Regarding my contribution: I fabricated CNFs films, participated in their treatment with 

plasma, measured WCA, carried out ATR-FTIR analysis and co-wrote the manuscript.  
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5.2 Permanent Hydrophobic Coating of Chitosan/Cellulose Nanocrystals 
Composite Film by Cold Plasma Processing  

Based on the findings in the previous section, in this section, the use of plasma for 
hydrophobization is expanded to chitosan/CNCs composite film. First, the screening for the 
optimal treatment time was carried out, suggesting 5 s treatment to be sufficient to reach WCA 
over 120°. Surface structural analyses XPS and ATR-FTIR were employed and fluorine-related 
bonds (CF-CF2, CF2-CF2, C-CF, CF3, O-CF2 ad O-CF3) were identified to be responsible for the 
decrease in surface wettability. However, for packaging applications, stability of films is 
essential. With this in mind, the treated films (along with control) were aged in a controlled 
environment (room temperature, RH 50 %). WCA and elemental analysis that were carried out 
every five days revealed there was no change on the surface of the biocomposite films. Tensile 
strength, elongation-at-break and water vapor transmission were analyzed right after the 
treatment and after ageing over 31 days as well. Lastly, to evaluate possible leaching of fluorine-
related compounds into the liquid environment, the films were incubated in water, aqueous 
solution of acetic acid and aqueous solution of ethanol. The liquids were analyzed with LC-MS, 
whereas no fluorine-related species were detected (either not present or under the limit of 
detection). The results of this study present that plasma treatment is a very fast technique that 
provides a stable hydrophobic coating while not compromising mechanical properties of the 
biocomposite films.  

 
Regarding my contribution: I fabricated the chitosan/CNCs films, treated them with plasma, 

carried out ATR-FTIR and LC-MS analysis, determined the mechanical properties and co-wrote 
the manuscript.  
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5.3 Use of Non-Fluorine Containing Plasma 

 
The last section in Chapter 5 investigates the use of other gases for hydrophobization of cellulose 
nanomaterials by plasma processing. Table 1 provides an insight into plasma modifications of 
cellulose substrates, sorted by carrier gas and with described final result regarding wettability 
and change in WCA after treatment. Air, Ar, O2 and N2 are generally utilized for increasing 
hydrophilicity in cellulose substrates, while fluorine- and silane-containing reactants yield 
hydrophobic surface. Pretreatment with O2 is often carried out to etch the substrate and provide 
higher specific surface for subsequent hydrophobic polymerization (Balu, Breedveld, and Hess 
2008; Leal et al. 2020). Although fluorine/silane-containing plasma or polymerization of 
fluorine/silane-containing monomers on the surface of (nano)cellulose was shown to provide 
ultrafast conversion, stable coating and that fluorine-related compounds do not leach into liquid 
environment, fluorine is toxic to humans in higher concentrations and should best be avoided in 
sustainable applications. Furthermore, it has to be taken into account that CF4 is a potent 
greenhouse gas. To align with green chemistry principles, a search for more sustainable gas 
continues. Literature suggests that processing with plasma produced from H2 results in a 
hydrophobic surface, however such change is visible only after 8 min of continuous treatment, 
which also causes destruction of surface morphology (Carlsson and Stroem 1991). On the other 
hand, Deslandes et al. (1998) and Pertile et al. (2010) suggest that N2 plasma might induce 
hydrophobic behavior on the surface of cellulose substrate, showing an increase of WCA for 15°.   

With this in mind, in this section, nitrogen for hydrophobization of cellulose nanomaterials 
by plasma processing is investigated. Additionally, the effect accumulating treatment, 
pretreatment with oxygen plasma and reversibility to initial hydrophilic state are explored. 

 

Table 1: Up-to-date literature review on plasma processing of cellulose substrates with the goal 
to modify their wettability. ΔWCA represents the highest/lowest value depending on the type 
of functionalization (hydrophobic/hydrophilic). 

Substrate Carrier gas Conditions Result Reference 
Cellulose Air DBD plasma, 500 W Increased 

wettability (ΔWCA 
= -20°) 

(Flynn, 
Byrne, and 
Meenan 
2013) 

Bacterial 
cellulose 

Ar 10 W, 240 s Increased 
wettability (ΔWCA 
= - 43°) 

(Kutová et 
al. 2021) 

CNCs film Ar/CH4 (2 
%) and 
Ar/SiH4 

(0.02 %) 

DBD plasma, 200 sccm 
and 100 sccm, 1–30 min 
and 1–3 min 

Decreased 
wettability (ΔWCA 
= + 50 ° for CH4 and 
+110 ° for SiH4) 

(Matouk et 
al. 2020) 

CNCs powder Ar/CH4 (2 
%) and 
Ar/SiH4 

(0.02 %) 
and 
Ar/SiH4/ 
CH4 (2 %) 

(0.02 %) 

DBD plasma, 7.2 kV Decreased 
wettability 
(Ar/CH4: ΔWCA = + 
50°; 
Ar/SiH4: ΔWCA = + 
120°; 
Ar/SiH4/ CH4: 
ΔWCA = + 110°) 

(Matouk et 
al. 2021) 

CNCs film Ar/NH3 (10 
%) 

DBD plasma, 200 sccm, 1–
60 min 

Increased 
wettability (ΔWCA 
= -45°) 

(Matouk et 
al. 2020) 

Cellulose Ar/C4F8 75 sccm/ 15 sccm, 30 W Decreased 
wettability ** 

(Vaswani, 
Koskinen, 
and Hess 
2005) 
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Bacterial 
cellulose 

CF4 20 W,  
60 s 

Decreased 
wettability (ΔWCA 
= + 92°) 

(Kurniawan, 
Lai, and 
Wang 2012) 

CNFs CF4 30 s, 100 W Decreased 
wettability (ΔWCA 
= + 85°) 

This thesis, 
Section 5.1 

Regenerated 
cellulose 

CF4 40 W, 60 s, 10 sccm Decreased 
wettability (ΔWCA 
= + 90°) 

(Kawano, 
Wang, and 
Andou 
2022) 

Cellulose H2 100 W, 10 sccm, 8 min  Decreased 
wettability ** 

(Carlsson 
and Stroem 
1991) 

Bacterial 
cellulose 

N2 20 W,  
60 s 

Increased 
wettability (ΔWCA 
= -12°) 

(Kurniawan 
et al. 2012) 

Bacterial 
cellulose 

N2 30 min, 85 W, 10 sccm Slightly decreased 
wettability (ΔWCA 
= -+15°) *  

(Pertile et 
al. 2010) 

Cellulose N2 2–60 s, 20 sccm, 33 W, 27 
Pa  

Slightly decreased 
wettability (WCA 
was not measured) 
* 

(Deslandes 
et al. 1998) 

Regenerated 
cellulose 

N2 10 W, 240 s, 10 sccm Increased 
wettability (ΔWCA 
= - 30°) 

(Kawano et 
al. 2022) 

TEMPO-CNFs N2 (with 
deposition 
of  
hexamethyl
disiloxane) 

150 slm, 400 W Decreased 
wettability (ΔWCA 
= + 80°) 

(Khakalo et 
al. 2020) 

TEMPO-CNFs N2 (with 
deposition 
of (3-
aminoprop
yl)triethoxy
silane) 

150 slm, 400 W Decreased 
wettability (ΔWCA 
= + 45°) 

(Khakalo et 
al. 2020) 

Cellulose NH3/N2 DBD plasma, 1000 W Increased 
wettability (ΔWCA 
= -15°) 

(Flynn et al. 
2013) 

Bacterial 
cellulose 

O2 20 W,  
60 s 

Increased 
wettability (ΔWCA 
= -18°) 

(Kurniawan 
et al. 2012) 

Cellulose O2 5 W/20 W, 20 sccm/5 
sccm, 60–960 s 

Increased 
wettability ** 

(Carlsson 
and Stroem 
1991) 

Regenerated 
cellulose 

O2 40 W, 120 s, 10 sccm Increased 
wettability (ΔWCA 
= - 29°) 

(Kawano et 
al. 2022) 

Cellulose O2 (with 
subsequent 
deposition 
of C2HF5)   

6 sccm, 150 W, 30 min Decreased 
wettability (ΔWCA 
= + 84°) 

(Balu et al. 
2008) 

Bacterial 
cellulose 

O2 (with 
subsequent 
deposition 
of CH3Cl3Si) 

100 W, 100 Pa, 15 min Decreased 
wettability (ΔWCA 
= + 108°) 

(Leal et al. 
2020) 
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Cellulose Ar/ C2HF5 75 sccm/20 sccm, 30 W Decreased 
wettability (ΔWCA 
= + 82°) 

(Vaswani et 
al. 2005) 

CNFs SF6 150 W, 15 min, 0.1–0.3 
Torr 

Decreased 
wettability (ΔWCA 
= + 96°) 

(Silva et al. 
2016) 

* The decrease in wettability was accounted to vacuuming. 
** The initial value was not measured or WCA analysis was not carried out. 
 

5.3.1 Materials and methods 

5.3.1.1 Materials 

 
Valida S CNFs were obtained from Sappi (Maastricht, Netherlands). Glycerol was bought from 
Pharmachem (Ljubljana, Slovenia). Ultrapure water (18 MΩ cm) was used throughout the 
experiments. For the determination of free surface energy and oleophobicity, diiodomethane 
and n-hexadecane were purchased from Sigma Aldrich (Darmstadt, Germany), while formamide 
was obtained from Thermo Scientific (Waltham, MA, USA). 

5.3.1.2 Fabrication of CNFs Films 

CNFs films were fabricated according to the protocol described in Section 5.1. Briefly, to 
decrease the viscosity of the 3 wt% suspension of CNFs and enable casting, it was diluted with 
ultrapure water to reach 1.152 wt%. Glycerol was added in the amount to reach 30 wt% based 
on CNFs solid weight. Finally, 32 g of suspension was casted to a 12x12 cm petri dish, reaching 
the final solid weight of CNFs 0.367 g per petri dish. The films were dried in an oven (Kambič, 
Slovenija) at 40 °C with 30 % ventilation for 48 hours and stored at room temperature before 
treatment.   

 

5.3.1.3 Surface Treatment of the Fabricated Films 

The films were cut to pieces with a size of approximately 2x2.5 cm and placed onto a microscope 
glass slide and fixated on the sides with pieces of cracked glass that were attached with carbon 
tape. The glass covered a minimal surface area of the sample. The experiments were carried out 
in a borosilicate glass tube with a diameter of 4 cm and with 80 cm in length, using radio 
frequency generator operating at 13.56 MHz RF power. The samples were treated under 
different conditions with parameters that were varying being power, time, flow and position 
inside the tube. The flushing was carried out using argon. The tested parameters are indicated 
in Table 2.  

Table 2: Tested gases and parameters for hydrophobization of CNFs films. 

Gas Power (W) Treatment 
time (s) 

Distance (cm 
from the 
center of 
coil) 

Flow (sccm) 

Nitrogen 100 5 10 100 
Nitrogen 100 10 10 100 
Nitrogen 100 15 10 100 
Nitrogen 100 20 10 100 
Nitrogen 100 30 10 100 
Nitrogen 100 40 10 100 
Nitrogen 100 50 10 100 
Nitrogen 100 60 10 100 
Nitrogen 100 120 10 100 
Nitrogen 50 20 10 100 
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Nitrogen 100 20 10 100 
Nitrogen 200 20 10 100 
Nitrogen 300 20 10 100 
Nitrogen 400 20 10 100 
Nitrogen 500 20 10 100 
Nitrogen 100 20 10 50 
Nitrogen 100 20 10 100 
Nitrogen 100 20 10 150 
Nitrogen 100 20 10 200 
Nitrogen 100 20 10 300 
Nitrogen 100 20 10 400 
Nitrogen 100 20 10 500 
Nitrogen 100 20 - 20* 100 
Nitrogen 100 20 - 10* 100 
Nitrogen 100 20 0 100 
Nitrogen 100 20 10 100 
Nitrogen 100 20 20 100 
Nitrogen 100 20 30 100 
Nitrogen 100 20** 10 100 
Nitrogen 100 40** 10 100 
Nitrogen 100 60** 10 100 
Nitrogen 100 80** 10 100 
Nitrogen 100 100** 10 100 
Nitrogen 100 120** 10 100 
Nitrogen + 
Oxygen 

100 (N2), 500 
(O2) 

20 (both) 10 (both) 150 (both) 

Oxygen + 
Nitrogen 

100 (N2), 500 
(O2) 

20 (both) 10 (both) 150 (both) 

Oxygen 100 20 10 100 
Oxygen 200 20 10 100 
Oxygen 300 20 10 100 
Oxygen 400 20 10 100 
Oxygen 500 20 10 100 
Oxygen 600 20 10 100 

* Negative value indicates position before coil.  
** Treatments were carried out in a pulsating regime with 20 s of treatment and 20 s 

cooldown. The total accumulated treatment time is reported.  

5.3.1.4 Measurement of Water Contact Angle, Lipophobicity and Determination of Surface Free 
Energy 

All analyses were carried out on Tensiometer Theta T200 (Biolin Scientific, Germany), in the 
frame of 6 h after the treatment. The samples were placed on a microscope glass substrate and 
contact angle between films surface and the liquid was evaluated 5 s after the release of drop 
onto the surface by sessile drop analysis. On the selected samples, n-Hexadecane was used to 
determine lipophilicity of the surface, while diiodomethane and formamide were used for the 
calculation of free surface energy following Good and van Oss theory (Good and van Oss 1992). 
All samples were measured at least three times. 
 

5.3.1.5 ATR-FTIR Analysis 

Structural analysis of the treated films was carried out using ATR-FTIR Spectrum Two (Perkin 
Elmer, USA), scanning between wavelengths 4000 cm-1 and 400 cm-1, with step 4 cm-1 and 
accumulation of 16 scans. All samples were measured in parallels, where the mean value is 
reported. All spectra were normalized and had the baseline subtracted.  
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5.3.2 Results and Discussion 

Although literature suggests that nitrogen plasma only offers hydrophilic surface modifications 
of cellulose substrates and their nanosized counterparts or that it does not affect surface 
wettability at all (Kurniawan et al. 2012; Mortazavi, Ghoranneviss, and Sari 2011; Pertile et al. 
2010; Vesel et al. 2008), we discovered that it can be used for hydrophobization of CNFs film 
surface. To determine the optimal treatment time, power, position of the sample inside the tube 
and flow, the parameters were scanned over a wide operating range. The main indicator of 
hydrophilicity/hydrophobicity of the sample surface is WCA, while the insight into structure is 
offered by ATR-FTIR.  

Firstly, various treatment times from 5 s to 120 s were tested. The results are presented in 
Figure 5. It was observed that hydrophobic surface is reached in already 5 s of treating the 
surface of CNFs with nitrogen plasma, and it further increases up to 20 s, where WCA reaches 
134°. Continuing with treatment, the WCA decreases (to minimum of 110° after continuous 
treatment for 120 s) but does not fall under the hydrophobic threshold (Figure 5a). However, at 
such conditions the surface of CNFs film becomes damaged showing in SEM micrographs in the 
form of smooth patches that are not present in the control sample (Figure 9).  

ATR-FTIR spectrum of control sample (blue line in Figure 5b, as well as in Figure 6b, Figure 
7b and Figure 8b), presents a characteristic spectrum of cellulose, featuring a broad peak 
between 3622 cm-1 and 3020 cm-1 corresponding to stretching of free (3337 cm-1) and 
intermolecularly bonded (3282 cm-1) hydroxyl groups, a weak broad peak centered at 2900 cm-

1 correlated to C-H stretching vibrations and intermolecularly bonded hydroxyl groups, peaks 
located at 1657 cm-1 (O-H bending of adsorbed water), 1429 cm-1 (C-H2 symmetric bending in 
crystalline region), 1361 cm-1 (tertiary C-H bending), 1315 cm-1 (symmetric CH2 wagging), 1105 
cm-1 (in-plane ring stretching), 1162 cm-1 (C-O-C asymmetric stretching vibration at β-glucosidic 
linkage) and two characteristic peaks for cellulose associated with C-O stretching at C3 and C-O 
asymmetric stretching deformation at C6 centered at 1055 cm-1 and 1030 cm-1, respectively. 
Furthermore, in the fingerprint region, weak peaks located at 664 cm-1, 558 cm-1 and 435 cm-1 
that are related to C-O-H out-of-plane bending, C-H vibrational modes that are characteristic for 
cellulose I and C-O bonds vibrations, respectively (Cichosz, Masek, and Dems-Rudnicka 2022; 
Gulmine et al. 2002; Guo et al. 2018; Soliman, Díaz Baca, and Fatehi 2023). 

Upon treatment with nitrogen-containing plasma, the majority of previously existing peaks 
became more pronounced. The broad peak between 3622 cm-1 and 3020 cm-1 narrowed and 
sharpened into one peak centered at 3304 cm-1 with a shoulder at 3197 cm-1, which is the result 
of surface modification and decrease of surface hydroxyl groups in all nitrogen plasma-treated 
samples (Figures 4-7b). The peaks centered at 1603 cm-1 and 1581 cm-1 associated with N-H 
bending vibrations of primary amines become better defined with treatment time. A new peak 
centered at 1513 cm-1 associated with N-O stretching develops already in 10 s of the treatment 
and increases in intensity with longer treatment time. As this peak is visible in all morphologically 
unchanged samples, we believe it is one of the responsible for the initial change in surface 
wettability. However, after 15 s of treatment, with further increase of the WCA, another peak, 
corresponding to C-N stretching (centered at 1219 cm-1), is formed. Also associated with C-N 
stretching vibrations, two peaks are formed between 1279 cm-1 and 1236 cm-1 and are 
overlapping with a peak assigned to C-O stretching (1262 cm-1), that is present in the control 
sample. With longer treatment time, deformation and decrease of characteristic cellulose peaks 
at 1056 cm-1 and 1021 cm-1, which is also slightly shifted, was observed, pointing to deeper 
structural changes in the cellulose chain.  
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Figure 5: a) WCA of CNFs films after various treatment times, and b) the corresponding ATR-FTIR 
spectra of the selected samples. 

 
WCA analysis of the samples treated with various operational powers revealed that 

hydrophobic effect can be reached at lower power (50W, 100W and 200 W), as shown in Figure 
6a, while further increase of power yields in hydrophilic surface. It is worth noting that the 
samples treated at higher powers (300 W and 500 W) were visibly changed – previously whitish 
surface became yellow-brown, indicating surface destruction that was visible in SEM 
micrographs as well (Figure 9). ATR-FTIR analysis confirmed the trends observed in the analysis 
of the effect of treatment time – increased intensity and better resolution of majority of the 
peaks, formation of N-O stretching-related peak at 1512 cm-1, and formation of C-N-related 
peaks at 1278 cm-1 and 1210 cm-1. The main difference in prolonging the treatment and 
increasing power is observed at 1427 cm-1, 1225 cm-1 and in the region between 1075 cm-1 and 
951 cm-1 corresponding to vibrations of the cellulose ring. As opposed to time, increasing of 
power does not greatly modify C-O-C and C-O bonds in cellulose backbone, indicating that 
substitution on the ring does not occur to the same extent. 
 

 

Figure 6: a) WCA of CNFs films after various treatment powers, and b) the corresponding ATR-
FTIR spectra of the selected samples. 

Hydrophobic behavior of the surface was reached regardless of the sample position inside 
the glass tube, however the placement 10 cm from the center of the coil in the afterglow was 
shown to be optimal, reaching WCA of 134°. Position before the glow resulted in damage of the 
surface that was visible with SEM (Figure 9). ATR-FTIR analysis further confirmed the formation 
of N-O- and C-N-related bonds, however deformation of the characteristic cellulose peak 
indicated disruption in C-O bonding pointing to substitution of O-H groups at C3 and C2 with 
nitrogen-related species. Additionally, it can be assumed that higher WCA is achieved when 
nitrogen is not attached directly to the cellulose chain.  
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Figure 7: a) WCA of CNFs films after treatment at various positions inside the glass tube, and b) 
the corresponding ATR-FTIR spectra of the selected samples. 

Lastly, treatment under various nitrogen flows was screened. Hydrophobic behavior of 
surface was obtained under flows in the range from 50 sccm to 400 sccm, with the highest WCA 
achieved at 100 sccm (Figure 8a), while the treatment under 500 sccm resulted in conversion 
back to hydrophilicity. ATR-FTIR spectra displays the same features as the analysis of the 
previous samples. To observe the switch between hydrophobic and hydrophilic surface, spectra 
of samples treated under 400 sccm and under 500 sccm are presented (Figure 8b). The main 
difference observed is the decrease of the cellulose characteristic peak at 1052 cm-1 and 1022 
cm-1, while other features remain the same. Higher ratio of C-N- or N-O-related peaks and peak 
associated with C-O-C stretching vibrations indicates higher degree of substitution. SEM 
inspection of the samples did not reveal any visible damage to the surface by increase of 
nitrogen flow (Figure 9).  
 

 

Figure 8: a) WCA of CNFs films after treatment under various nitrogen flows, and b) the 
corresponding ATR-FTIR spectra of the selected samples. 

By screening various conditions (time, power, position of the sample in the glass tube and 
flow), optimal conditions for achieving the highest WCA were determined to be: 20 s, 100 W, 10 
cm in the afterglow and 100 sccm achieving WCA of 134°. Inspection of such a sample under 
SEM did not indicate any surface damage (Figure 9), therefore it can be reasoned that the 
surface modification is purely chemical and hydrophobicity is the result of lowering of surface 
free energy. To confirm this, the surface free energy of the sample treated under optimal 
conditions was calculated through van Oss model (Good and van Oss 1992). Initial SFE of CNFs 
film is 37 mJ m-2 and decreases to 20 mJ m-2 upon plasma treatment. To gain an insight of surface 
interaction with liquids exhibiting low surface tension, contact angle with n-hexadecane was 
measured While the oleophilic effect was decreased – contact angle with n-hexadecane 
increased from initial 10 ± 2.7° to 31 ± 3.0°, the surface is not classified as oleophobic.  
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Figure 9: SEM micrographs of control sample, sample treated under optimal conditions (20 s, 
100 W, 10 cm in the afterglow and 100 sccm) and selected samples that exhibit surface damage 
and decrease in WCA (120 s, 10 cm in the beforeglow (-10 cm), 500 sccm and 300 W).  
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Figure 10: WCA in pulsating treatment regime. 

Recovery of initially high wettability was investigated as well. Literature suggests that oxygen 
plasma enhances hydrophilic behavior of cellulosic materials (Kurniawan et al. 2012). To explore 
switching between hydrophilic/hydrophobic/hydrophilic surface, CNFs films were treated with 
plasma generated in oxygen at different powers. While treatments with power in the range from 
100 W to 400 W did not alter surface wettability, power of 500 W treatment resulted in 
additional lowering of WCA (Figure 11a). As any higher power caused destruction of the sample 
visible with a naked eye, the power of 500 W was chosen for further experiments. The samples 
were first treated with nitrogen and then consequently with oxygen according to conditions 
specified in Table 2. While processing with nitrogen plasma increases WCA and decreases 
wettability of the sample, subsequent treatment with oxygen plasma decreases WCA to its initial 
value (Figure 11). These results demonstrate that by applying plasma generated in different 
gases, surface wettability can be tailored.  

 

Figure 11: a) WCA of CNFs films after being treated with oxygen plasma at different powers, and 
b) hydrophilic-hydrophobic-hydrophilic switch by use of nitrogen and oxygen plasma.   
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Chapter 6 

6 Conclusions and Outlook 

Cellulose nanomaterials, found in two forms, CNCs and CNFs, exhibit high mechanical strength, 
biocompatibility and biodegradability that advances them to be an indispensable material of the 
future. Furthermore, originating from the most plentiful source on the planet, they are easily 
accessible, cheap and highly renewable. Yet, their hydrophilic character and this high interaction 
with water limits their potential in wider utilization. To address this, in the thesis, cellulose 
nanomaterials are explored as standalone biopolymer film or as a filler in bio-based composites 
films intended for flexible packaging, with emphasis on their hydrophobization reactions, 
mechanisms, kinetics and application as flexible films for e.g. packaging.  

Firstly, various formulations of chitosan, alginate and cellulose nanomaterials as standalone 
films or as biocomposites were fabricated and evaluated from mechanical, barrier (water vapor 
and oxygen) and morphological point of view. It was shown that the most prospective 
combinations for packaging purposes are chitosan, alginate, chitosan with 3 wt. % of CNCs, 
alginate with 5 wt. % of CNCs, bacterial nanocellulose, and CNFs films, which would be suitable 
for packing of various ready-to-eat foods with short storage time. Alginate-based films exhibited 
the highest oxygen barrier, chitosan-based films with incorporated CNCs posed as the best 
barrier for water vapors and nanocellulose-based films exhibited the highest tensile strength. 
The latter were also the most sensitive to water, due to their hydrophilic nature. To minimize 
this drawback, various surface modifications can be carried out.  

In the second objective, comprehensive review of literature published in the field of 
hydrophobic modifications indicated that the esterification, carbamation, silylation, polymers 
grafting (grafting to and grafting from approaches) and adsorption are commonly applied and 
relatively well researched, yet there is a lack of studies regarding kinetics and mechanisms of 
such reactions. Additionally, it was demonstrated that although plasma is a fast and efficient 
tool to hydrophobization, there is a lack of studies dealing with hydrophobization of nano-
structured cellulose with plasma treatment.  

Based on these findings, in the third objective, the dissertation explores mechanisms and 
kinetics of acetylation reaction through a joint computational-experimental study of acetylation 
of both CNCs and CNFs. Firstly, the cellulose nanomaterials were characterized in terms of 
morphology with SEM and TEM, crystallinity (XRD analysis) and accessibility of surface hydroxyl 
groups through 31P NMR. After the reaction that was carried out with acetic anhydride in the 
presence of pyridine at various temperatures and reactants ratios to study the kinetics, the 
samples were characterized with ATR-FTIR, from which acetyl content was determined. 
Additionally, the successful modification and possible change in crystallinity was confirmed with 
solid-state NMR, while for the latter, XRD analysis was carried out as well. First principles 
revealed the mechanism of reaction, which occurs through two competitive steps: direct 
conversion to final product or through an active intermediate acetopyridinium. The proposed 
mechanism and calculated activation energies were used as a basis in the development of 
microkinetic model describing acetylation reaction of CNCs and CNFs that yielded true kinetic 
parameters, which is crucial information in the transfer to a larger scale.  

Acetylated CNCs were then used as a reinforcing filler in biopolymer composites. Acetylated 
to various degrees, they were incorporated into chitosan and alginate matrix and studied with 
regards to structure (with ATR-FTIR), morphology, water contact angle, water vapor 
transmission rate and thermal stability. Furthermore, mechanical properties, namely tensile 



160  Chapter 6. Conclusions and Outlook 
 

strength and elongation at break, were studied in respect to environmental humidity. The 
results of the study indicate that acetylation of CNCs prior to incorporation to chitosan matrix 
improves their compatibility resulting in improved properties relevant for packaging 
applications: smooth surface, increase in mechanical properties, better thermal stability and 
lower water vapor permeability. On the other hand, for alginate-based biocomposites, 
acetylation pretreatment is not needed as pristine CNCs already provide homogeneous 
dispersion in alginate matrix. Regarding environmental humidity, it was observed that the 
mechanical strength of such materials is the highest upon the samples being dry, and while 
higher environmental humidity causes its decline, elongation at break increases.  

To ensure that materials, which are newly introduced to broader commercial use, are in-line 
with green chemistry and circular economy principles, it is of uttermost importance to study 
their end-of-life. Although they originate from nature and are biodegradable in their natural 
ecosystem, it might not be the case with biocomposites and in other environments, such as 
communal wastewater treatment plants. With this in mind, biodegradability of chitosan and 
alginate-based films with or without incorporated pristine or acetylated CNCs was studied in 
activated sludge medium through respirometric test method. It was observed that chitosan-
based films showed higher initial rate of degradation, however they did not fully degrade over 
the period of 120 hours. On the contrary, alginate-based films degraded over 107 hours (for neat 
alginate film) and 112 hours (alginate films with incorporated CNCs). In combination with in situ 
FTIR analysis, an insight into biodegradation mechanisms was gained. In films with alginate 
matrix, the first step of degradation was shown to be water loss and dissolution, while in 
chitosan-based films, the first step is deacetylation. These findings can help establish a better 
correlation between microbial consortia and physio-chemical parameters during the 
biodegradation process of such biocomposites, suitable alternatives to conventional plastic 
packaging. Yet, additional studies are necessary to fully comprehend this correlation, as the 
study carried out in the frame of this doctoral thesis still has limitations related to the controlled 
laboratory environment that may not accurately reflect the complexities of real-world 
wastewater treatment plants. 

The second research direction was to explore plasma as a fast and efficient tool for surface 
hydrophobization of biopolymer films. By direct CF4 plasma treatment, initially highly hydrophilic 
CNFs were converted to hydrophobic as fast as in 10 s, while optimal water-repellent properties 
were reached in 30 s with WCA 130 ± 5°. SEM analysis revealed notable nanoporosity upon 
processing, leading to improved surface tension between the substrate and water droplet. XPS 
analysis indicated gradual increase of fluorine content that is bound to the surface through C-F, 
C-F2 and C-F3 bonds. Occurrence of these species was further confirmed with spectroscopic 
techniques (ATR-FTIR and Raman), which have also shown the presence of surface-related F-H3 

band that increases with treatment time and deeper molecular changes affecting C-C, C-F2 and 
cellulose ring that are detectable after 30 s of treatment. This research demonstrated that 
plasma processing provides ultrafast and highly-controllable surface hydrophobization of CNFs 
films.   

To further expand and prove applicability of plasma processing for hydrophobization of 
biopolymer surface, chitosan/CNCs biocomposite films were fabricated and processed in CF4 

plasma. Such biocomposites exhibit relatively high WCA (85°), however their water barrier 
capacity is not sufficient. An improvement in water-related properties was achieved, making the 
material more suitable for packaging applications. After a short treatment of only 5 seconds, the 
water contact angle (WCA) increased by 28°. XPS analysis revealed newly formed fluorine-
related bonds, while FTIR-ATR detected a decrease in C–H and C–O stretching and C–H bending. 
The surface of the material surface was not damaged by the treatment as confirmed with SEM. 
Plasma processing decreased the moisture content (MC) in the films, which influenced tensile 
strength and water vapor transmission. However, the modified sample still performed better 
than the reference sample in terms of packaging. The stability of the hydrophobic coating was 
demonstrated over 40 days, and there was no evidence of the presence of fluorinated 
compounds after immersion in three different liquid environments (water, 5% acetic acid, 10% 
ethanol) as analyzed by LC-MS. Although the TS and WVT decreased in both the treated and 
reference samples over time, the processed material still had an advantage to the non-
processed one. 

Finally, to avoid the use of fluorine (greenhouse gas), other gases were tested for 
hydrophobization of surface of CNFs films. Treatment with plasma generated in nitrogen was 
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shown to be efficient and is superior to fluorine- and silane-containing plasmas as well as other 
chemical modifications of the surface, as it is an inert gas and such treatment does not produce 
any liquid chemical discarge. Optimal treatment conditions were determined by systematic 
study of various treatment times, powers, nitrogen flows and position of the sample inside the 
chamber and were shown to be 20 s, 100 W, 100 sccm and 10 cm from the center of the coil, 
respectively, yielding WCA as high as 134°. Through ATR-FTIR analysis, structural changes 
following the increase in hydrophobicity were followed, indicating C-N bonds are responsible for 
this change. At harsher conditions (longer treatment time, higher power, higher flow, placement 
inside the coil), when the WCA decreased or the surface even switched back to hydrophilic, 
change in the cellulose backbone was visible, indicating modifications directly on the ring. As 
surface roughness also impacts WCA, the samples were inspected with SEM. In the micrographs, 
no change in surface morphology was visible on the sample treated at optimal conditions, while 
some damages were noted at samples treated for a longer time (120 s), at higher power (300 W 
and 500 W), higher flow (500 sccm) and placement before coil (10 cm in the beforeglow). 
Attempts were made to further increase the hydrophobicity by a pulsating regime of 20 s 
treatments with 20 s intermittent cooling, however the WCA dropped already after the first 
cycle. Finally, in combination with oxygen plasma, return of the surface to initial hydrophobicity 
was obtained, demonstrating that plasma processing enables switching from hydrophilic to 
hydrophobic and back to hydrophilic behavior.  

In frame of EU Green Deal, more specifically the Chemicals Strategy for Sustainability, 
phasing out harmful substances and finding sustainable alternatives is crucial. However, while 
developing these alternatives, a safe and sustainable by design approach should be applied: 
substances that might be (eco)toxic and persistent in the environment should be avoided, the 
impact on the environmental footprint (climate change, resource use, ecosystems and 
biodiversity) of the final product from cradle-to-grave or cradle-to-cradle should be assessed 
prior to introduction to the wider market (Caldeira et al. 2022). With this in mind, to ensure safe 
and sustainable production and use of cellulose nanomaterials and their composites as a safe 
and sustainable by design packaging, the above-mentioned methodologies should be 
considered in further research expanding the work of this thesis. Detailed studies of kinetics and 
mechanisms of hydrophobic reactions carried out in aqueous medium, eliminating harmful 
solvents and their liquid waste, as well as reducing the cost of the process should be a starting 
point to consider when introducing new biomaterials. Many of these plastic-free material 
innovations shown in this doctoral thesis have been exemplified as a systems change driven 
towards wholesale shift to materials that are considerably less toxic than conventional plastic. 
Furthermore, biodegradability in real-world wastewater treatment plants, compost, marine 
environment and terrestrial environment as well as life cycle assessment of such materials, their 
composites and final products as well as hydrophobization processes should always be studied 
prior to commercial use in order to eliminate their potential negative effect on ecosystems.  
Many of these hydrophobized plastic-free biomaterials knowledge gaps explained and 
innovations presented will hopefully pave the way to reach the market applications and are 
successfully winning market share away from their petrochemical counterparts. 
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