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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 (g),
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-F;, C-F,, 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, €, 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 N, 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 vyielded 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, g, 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 razSirjen naravni biopolimer na planetu,
zaradi Cesar je Siroko dostopna, poceni in hitro obnovljiva. Poleg tega nam njena hierarhi¢na
struktura omogoca ekstrakcijo nanodelcev v obliki celuloznih nanokristalov (CNC) preko
hidrolize ali celuloznih nanofibrilov (CNF), pridobljenih s kemijsko in biolosko obdelavo in
mehansko fibrilacijo. Eno izmed oblik slednje lahko proizvedejo tudi nekatere bakterije, pri
cemer nastane bakterijska nanoceluloza (BNC). Vsi ti celulozni nanomateriali imajo visoko
specifi¢no povrsino in mehansko trdnost, ki sta zelo zazeleni v Stevilnih aplikacijah.

V disertaciji smo najprej uporabili vse nastete vrste celuloznih nanomaterialov kot primarne
biopolimeri za izdelavo filmov ali kot ojacevalce v kompozitnih filmih na osnovi hitozana in
alginata. Da bi pokazali njihov potencial kot trajnostni embalazni material, smo ocenili tehni¢ne
specifikacije folij - natezno trdnost (TS), raztezek ob pretrganju (&), prepustnost kisika (OTR),
prepustnost vodne pare (WVT) in kontaktni kot z vodo (WCA). Za SirSo uporabo je potrebno
izboljSanje odpornosti na vodo, kar je mogocCe doseli s funkcionalizacijo celuloznih
nanomaterialov pred njihovo vkljucitvijo v naraven biopolimer ali s povrsinsko obdelavo Ze
izdelanega biopolimernega filma.

Literatura s podrocja hidrofobizacije celuloznih nanomaterialov je bila temeljito pregledana,
da bi dolocili moZne pristope k modifikacijam in odkrili vrzeli v znanju. Medtem ko so mozZnosti
kemicnih funkcionalizacij (esterifikacija, sililacija, karbamacija, eterifikacija in klik-kemija) dobro
raziskane, primanjkuje temeljitih Studij o mehanizmih in kinetiki teh reakcij, razumevanje katerih
je kljuénega pomena za prenos na industrijsko skalo. Poleg tega je celovit pregled pokazal, da
Ceprav je uporaba plazemske tehnologije hitra in ucinkovita za hidrofobizacijo celuloznih
(nano)materialov, je Stevilo objavljenih studij omejeno.

Z ozirom na to so bili filmi na osnovi CNF obdelani s fluoroogljikovo plazmo, kar je drasti¢no
povecalo WCA z zacetnih 46° na 130° Ze v prvih 30 s obdelave. Razlog za spremembo lezi v
novonastalih C-F3, C-F, in C-F vezeh, ki so bile identificirane z visokolodljivostnim C 1s XPS,
Ramansko spektroskopijo in ATR-FTIR. TakSna obdelava je bila razSirjena na filme na osnovi
hitozana z dodanimi CNC+ji, pri cemer smo preucevali stabilnost lastnosti, ki so pomembne za
pakirano embalazo (TS, €, WVT in WCA) v 30 dneh po hidrofobizaciji. Poleg tega z analizo LC-MS
ni bilo ugotovljeno izpiranje komponent fluora v razliéne tekotine. Ceprav obdelava
biopolimernih filmov z RF-generirano plazmo v fluoroogljiku zelo hitra in zagotavlja stabilno
hidrofobno prevleko, lahko fluorirane spojine povzrocijo motnje v presnovi v visjih
koncentracijah. V nadaljnjem delu smo zato iskali alternativen plin, ki bi nadomestil
fluoroogljike. Ugotovljeno je bilo, da plazma, ustvarjena v N, zagotavlja enak rezultat
hidrofobne povrsine, pri ¢emer 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 ra¢unalniska in eksperimentalna Studija te
reakcije, ki je bila izvedena na CNC in CNF, nakazuje na dva konkurencna reakcijska mehanizma
in podaja kineticne parametre preko mikrokineticnega modeliranja obeh materialov. Za prikaz
prakticne uporabe povrsinske acetilacije celuloznih nanomaterialov so bili CNC modificirani do
razlicnih stopenj substitucije in vgrajeni v filme na osnovi alginata in hitozana. Ti so bili nato
izpostavljeni okoljem razli¢nih vlaznosti, da bi ocenili njihov uc¢inek na TS, €, vsebnost vlage in
WVT. Za vpogled v dogajanje ob koncu Zivljenjske dobe filmov so bile izvedene studije
biorazgradnje alginata in hitozana na osnovi nemodificiranih in acetiliranih CNC v aktivhem
blatu, kjer smo biorazgradnjo spremljali 5 dni preko respirometrije v sistemu OxiTop.
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Chapter 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 $-(1,4)-N-acetylglucosamine (GIcNAc) 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 GIcNAc) 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 (Agullé 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
(Baji¢, Jalsovec, et al. 2019), chestnut (Baji¢, Rocnik, et al. 2019), oak (Baji¢, Rocnik, et al. 2019),
turmeric (Kalaycioglu et al. 2017), thyme (Taldn 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 (Gallstedt
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 B-D-
mannuronate (M block) and a-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*, Ca%*, Mg%,
Sr?* and Ba®* 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
Na,COs 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 Ca?*, Ba?*, Cu®*, Sr**and Zn?*). 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

1.13.1 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 B-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, 11, 11l and IV. The basic form found in nature is cellulose I, from
which then cellulose Il can be obtained through alkali treatment or solubilization and
subsequent recrystallization. Cellulose Ill; and lll; are prepared from cellulose | and cellulose I
by treatment with liquid ammonia, respectively. Lastly, cellulose 1V, and cellulose IV, are formed
upon heating of cellulose lll; and Ill;, 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).

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

1.13.2 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 um 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 HCI 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; Sturcovd, 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 pm 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



1.1. In Search of Materials of the Future 5

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).

1133 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.

1134 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
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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.

Chemical functionalization of cellulose nanomaterials
(Chapter 4)

Investigation of kinetics and
mechanisms of CNCs and CNFs
acetylation (Section 4.1)

Use of alternative, non-fluorine
containing plasma for
hydrophobization of CNFs films

Biopolymer-based
(Section 5.3) 1opaly

films as flexible
packaging (Chapter 2)

1

|

1

1

|

: Characterization and
| biodegradation of biopolymer-
| based films with acetylated
I CNCs (Sections 4.2 & 4.3)

|
L

1

Fluorine-containing plasma for
hydrophobization of biopolymer-
based films (Sections 5.1 & 5.2)

Plasma as a fast and efficient tool for
hydrophobization (Chapter 5)

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
liguid 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

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: | 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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Abstract: The aim of the study was to characterize and compare films made of cellulose nanocrystals
(CNC), nano-fibrils (CNF), and bacterial nanocellulose (BNC) in combination with chitosan and
alginate in terms of applicability for potential food packaging applications. In total, 25 different
formulations were made and evaluated, and seven biopolymer films with the best mechanical
performance (tensile strength, strain)—alginate, alginate with 5% CNC, chitosan, chitosan with 3%
CNC, BNC with and without glycerol, and CNF with glycerol—were selected and investigated
regarding morphology (SEM), density, contact angle, surface energy, water absorption, and oxygen
and water barrier properties. Studies revealed that polysaccharide-based films with added CNC are
the most suitable for packaging purposes, and better dispersing of nanocellulose in chitosan than in
alginate was observed. Results showed an increase in hydrophobicity (increase of contact angle and
reduced moisture absorption) of chitosan and alginate films with the addition of CNC, and chitosan
with 3% CNC had the highest contact angle, 108 = 2, and 15% lower moisture absorption compared
to pure chitosan. Overall, the ability of nanocellulose additives to preserve the structure and function
of chitosan and alginate materials in a humid environment was convincingly demonstrated. Barrier
properties were improved by combining the biopolymers, and water vapor transmission rate (WVTR)
was reduced by 15-45% and oxygen permeability (OTR) up to 45% by adding nanocellulose compared
to single biopolymer formulations. It was concluded that with a good oxygen barrier, a water barrier
that is comparable to PLA, and good mechanical properties, biopolymer films would be a good
alternative to conventional plastic packaging used for ready-to-eat foods with short storage time.

Keywords: carbohydrate; polysaccharide; nanocellulose; alginate; chitosan; film packaging material;
functional active design; biomass-derived biomaterial nanocomposites; oxygen/air/water barrier
properties; bio-based biopolymer composites for food

1. Introduction

According to estimates by the United Nations Joint Group of Experts on the Scientific
Aspects of Marine Pollution (GESAMP), between 70 and 95% of waste will join millions of
tons already present in seas, lakes, air, rivers, groundwater, crop fields, landfills, and cities.
Most of this waste is coming from the traditional commercial food packaging materials with
a petroleum-based origin such as polyethylene (PE), polypropylene (PP), and polystyrene
(PS). Researchers have estimated that 31.9 million tonnes of mismanaged plastic waste
enter the environment every year, with 4.8-12.7 million tonnes going into the oceans and
significant quantities contaminating terrestrial ecosystems [1,2]. Still, it is expected that the
demand for plastics will continue to grow in the future to enable resource-efficient products
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needed by society. One of the establishing trends is in designing mindful products from
sources including recycled chemicals and renewable raw materials, and using processes
powered by renewable energy in striving to establish an efficient circular economy [3]. To
be in line with the UN sustainable development goals and sustainable plastic strategy, the
global plastics industry’s shift from a manufacturing system based predominantly on fossil
fuels to sustainable and affordable alternatives is being envisioned [4,5].

Packaging materials are an essential part of product processing, therefore the number
of investigations on the development and use of new alternatives has increased in recent
times. That the transition towards non-virgin petrochemical and bio-based raw materials
as alternative feedstocks should include recycled chemicals from plastics waste, sustainable
biomass, industrial wastes such as CO,, and modified biopolymers such as cellulose or
starch, is suggested mainly due to the interest in minimizing the environmental impact
caused using synthetic packaging materials. One of the most desired features expected
in packaging is the capability of decomposing into carbon dioxide, methane, water, in-
organic compounds, or biomass, the dominant mechanism of decomposition being the
enzymatic action of microorganisms and that the resulting products can be obtained and
measured in a period of a certain time [6]. The materials used to make biodegradable pack-
aging can be biopolymers of natural origin (alginate, starch, gelatine, collagen, proteins,
chitosan, (nano)cellulose, pectin) or of synthetic origins, such as polylactic acid, polycapro-
lactone, and polyvinyl alcohol [7,8]. Especially the materials of natural origin have recently
(re)gained popularity, due to their special properties, which in many industries can become
an alternative for fossil fuel-based plastic. However, high production costs, low perfor-
mance, and not less important, ethical implications, still hinder the market penetration of
plastics-free alternatives so far. One of the currently underutilized sources of feedstock for
bio-based polymers can be found in the side streams of both agricultural and forest feed-
stock, which are a good source [9]. Cellulose, which exists in the lignocellulosic biomass,
is the most abundant polysaccharide present in nature. It is encapsulated by lignin and
hemicellulose and produces a linear polysaccharide with nanometre diameter by repeating
the connection of 3-d-glucose [10]. Cellulose nanofibrils (CNFs) or cellulose nanocrystals
(CNCs) can be isolated from wood and other plant sources by partial disruption of their
natural structures, which is usually achieved using chemical and/or mechanical treatments.
Besides plants, some bacteria naturally produce cellulose microfibrils, which are referred to
as bacterial nanocelluloses (BNCs) [11]. These three types of nanocelluloses (CNCs, CNFs,
and BNCs) have different morphologies (sizes and shapes) depending on their biological
origin and the processes used to isolate them [12,13]. Unlike the rigidity of the CNC, the
CNF is flexible. This is mainly because the structure of CNF is an individual or aggregated
soft and long chain, which is formed by alternately connecting crystalline regions and
amorphous regions to each other [9-11].

The second most abundant natural biopolymer is chitin, the crucial structural biopoly-
mer of crustaceans’ exoskeletons, whereby its content varies not only between different
sources but also between different species [9]. These types of polysaccharides have pre-
viously mostly been utilized and studied for biomedical applications [14]. However, in
the search for new carbon-neutral renewable resources using the biorefinery approaches,
turning cast-off shells into nitrogen-rich chemicals would benefit economies and the en-
vironment [15]. Other largely exploited sources for biopolymers are macroalgae, which
are the rich source of indigestible polysaccharides that are commonly produced by and
refined from various brown seaweed and can be developed into active food packaging
materials [16,17]. In the recent review from Zhang et. al., the effect of the incorporation of
CNC on the film’s characteristics, including thickness, optical properties, barrier properties,
water sensitivity, mechanical properties, antioxidant properties, and antimicrobial proper-
ties have been presented [18]. The main advantage of using cellulose nanoparticles as a
reinforcing part in the film is most addressed by the “tortuous theory”, where the cellulose
nanoparticles, due to their size, form a denser microstructure, which mostly leads to an
increase in the mechanical strength of the composite (bio)material. Moreover, cellulose
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nanoparticles act as a physical barrier structure in the composite film materials leading to
reducing the movement of gas molecules through the film. The films with a higher degree
of nanocellulose fibrillation absorbed more water, and had the higher contact angles for
glycerol and lower contact angles for water [19]. Recently, many studies have shown that
the incorporation of cellulose nanomaterials as an additive could improve the performance
of the food packaging films [20-22]. Further advances in nanocellulose research in biopoly-
mers film are quite promising for active packaging applications, including the controlled
release packaging and responsive packaging [22-25].

This study aimed to evaluate and compare the effect of the CNC, CNE, and BNC
cellulose nanomaterial, where the first two were obtained from lignocellulosic biomass and
the last one from bacterial origin. Altogether, 25 combinations of biopolymer films using
chitosan, alginate, or nanocelluloses as a single component or in different combinations
were prepared. Based on the determined mechanical properties in the first part of the study,
the best film in terms of mechanical properties and physical appearance were selected
and further characterized for density, contact angle, surface energy, water absorption, and
morphological examination with SEM, oxygen, and water barrier properties. Finally, some
suggestions and challenges of potential new sustainable packaging that need a further
improvement/focus to commercially exploit this (nano) material renewable bioresource
for packaging application.

2. Materials and Methods
2.1. Materials

High molecular weight (Mw = 310,000-375,000 Da) chitosan (<75% deacetylated),
sodium alginate and 85 wt% lactic acid were purchased from Sigma Aldrich (Steinheim,
Germany) and glycerol was purchased from Pharmacem Susnik (Ljubljana, Slovenia).
Nanocellulose materials were produced as presented in the sections below.

2.1.1. CNF Production

For CNF production, bleached hardwood Kraft pulp (kindly provided by Metsa
Fibre, Ainekoski, Finland) was oxidized at 70 °C for 4 h in APS (ammonium persulfate)
solution (APS: fibers amount ratio 5:1) with continuous stirring. Oxidation was stopped
by cooling the mixture to 15 °C, treated fibres were washed until neutral and kept at 4 °C.
Oxidized cellulose fibres were then suspended in water (1.5% w/w), sonicated (ultrasonic
homogenizer SONIC-650W, MRC Ltd., Holon, Israel) for 15 min (90% power, 9 s on, 1 s off),
and then processed in microfluidizer (LM20, Microfluidics, Quadro Engineering, Waterloo,
ON, Canada); the first 3 times through 200 pm ceramic chamber H30Z, then through
100 um diamond chamber H10Z at 300-600-900-1500 bar, three passes at each pressure,
followed by 6 passes at 2000 bar. Sample was cooled in an ice bath during the treatment.
Semi-transparent viscous 1.5% w/w solution was obtained and kept at 4 °C until used. The
yield of CNF reached ~80% from the initial amount of pulp.

2.1.2. BNC Production

The raw material for BNC production was a cellulose-rich bio-film formed after acetic
fermentation of apple juice [26] and was obtained from a local vinegar producer. Bio-film
was thermo-mechanically treated as described in the article by Lavri¢, Medveséek, and
Skocaj [27]. Treatment separated the individual nanofibrils, resulting in the formation
of a homogeneous semi-transparent 0.5% w/w BNC gel. The yield of BNC from the
initial solution (mother of vinegar) was ~87%. The rest were removed impurities (mainly
brownish-colored particles of the apple pulp that had served as the raw material for the
vinegar production).

2.1.3. CNC Production

CNC was prepared in accordance with the procedure described by Kunaver, AnZlovar,
and Zagar in 2016 [28]. The liquefaction reaction, using glycols and mild acid catalysis
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(methane sulphonic acid), was applied to eucalyptus wood. The process contains four
steps: the milling, glycolysis reaction, centrifugation, and final rinsing with an organic
solvent. The yield of CNC was 63 =+ 8.5% and the final product was a stable, highly
concentrated CNC suspension in water, which was diluted to 1.5% w/w before being used
in film-forming solutions.

2.2. Films Preparation

Films were prepared with different polymer matrices: chitosan, alginate, and nanocel-
lulose. Protocol commonly used in similar studies, e.g., [29], for dissolution, blending,
and casting of alginate, chitosan, and nanocellulose was used. Chitosan and alginate
film-forming solutions were prepared at concentrations 1.5% w/w by dissolving chitosan in
1 wt% aqueous solution of lactic acid and glycerol, and by dissolving sodium alginate in
ultrapure water. Dissolution was realized for approximately 24 h under constant stirring
with a magnetic stirrer (Ika, Staufen, Germany). The mixtures were then vacuum filtered
through 4 layers of medical gauze to eliminate impurities. For chitosan and alginate films
with nanocellulose additives, CNC, CNF, or BNC in amounts of 3 or 5 w/w% with respect
to main biopolymer were added to prepared chitosan and alginate solutions and then
homogenized with UltraTurrax (Ika, Staufen, Germany). To eliminate the air bubbles in the
film, the mixtures were left overnight. For nanocellulose films, corresponding solutions
BNC 0.5% w/w, CNF 1.5% w/w (or diluted to 0.5-1.0% w/w if viscosity was too high) and
CNC 1.5% w/w were used. Glycerol was used as a plasticizer in some types of films and
was added in the amount of 30 wt% with respect to the main biopolymer. The casting
volumes of FFS were chosen in a range of 50-100 mL depending on dry mass of polymers
in different solutions used and respecting the requisite final film casting weight, which was
47 + 7 g m~2. All films were casted into 12 x 12 cm? polyurethane petri dishes and dried
under constant airflow in a laminar flow hood (Microbium d.o.0, Ljubljana, Slovenia) at
room temperature and RH 40% for 48 h. In the case of nanocellulose films, a silicon pad
was placed on the bottom of Petri dishes to prevent sticking.

2.3. Tensile Properties

Tensile properties of films were determined in accordance with ASTM D 882, using
the tensile testing machine Zwick Roell Z010 equipped with 20 N measuring cell (Class 0.5,
ISO 7500-1) and the testing software testXpert (Version I1 V3.2, Zwick GmbH & Co. KG,
Ulm, Germany). Samples with a width of 15 mm were tested at 10 mm/min testing speed.
The clamping length was set to 70 mm. Testing took place at 23 °C and 50% RH. Samples
were exposed to these conditions 48 h before testing.

2.4. Water Contact Angle

Film was cut into pieces of approximately 2 x 3 cm? in size and placed onto the micro-
scope glass. Contact angles were measured with water, employing the sessile drop method
with Tensiometer Theta T200 (Biolin Scientific, Darmstadt, Germany). The measurements
were done in triplicates.

2.5. Film Density

Films were cut into pieces of 3 x 3 cm? in size. The thickness was measured with ABS
Digital Thickness Gauge (Mitutoyo, Japan) on three different parts of the film and then
weighed on an analytical scale. The density was calculated through the Equation (1):

Density = % (g-cm 3) 1

where m is the mass of the tested sample, d is the thickness of the film in cm, and S is the
area of the sample. All measurements were done in triplicates.
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2.6. Scanning Electron Microscope (SEM)

Film surfaces, as well as pure nanocellulose, were investigated under vacuum condi-
tions by SEM SUPRA 35VP (Carl Zeiss, Jena, Germany). A small amount (approx. 50 mg) of
CNC, BNC, and CNF were solvent exchanged to acetone through successive centrifugation
steps and then placed onto a piece of microscope glass over a heating plate. This ensures
quick evaporation of the solvent and prevents aggregation of nanocellulose. Before analy-
sis, the samples were coated with 10 nm of gold. The size of nanocellulose particles was
measured using Image] software (Version 1.52, LOCI, University of Wisconsin, Madison,
WI, USA) on at least 10 different points. Films were placed on graphite tape before analysis.
The magnification of all samples was 10,000 x.

2.7. Water Vapour Transmission Rate (WVTR) and Water Vapor Permeability
(WVP) Determination
Water vapor transmission rate was determined according to the principles of the
ISO 2528:2018 standard at 23 °C and 50% RH. Since the hot wax could damage the films
during the sample preparation (according to standard procedure), special vessels with a
double-sided seal and a system of screws were used to perform the measurements.
WVTR = 20 ( -em~'-da 1) @
At \8 y
where A is tested area in cm?, t time after 24 h of testing, and Am the mass difference of
tested sample.
Based on WVTR, WVP values were calculated. Calculations were done according to
ASTM E96, described by Equation (3):
WVTR 1 11
WVP = —————~ 8- . P 3
S(R1—R2)(g i B ) ©)
where WVTR is calculated through Equation (2), S is the saturation vapour pressure at test
temperature (21.068 mmHg at 23 °C), R; is the relative humidity in the environment (50%),
and R is the relative humidity in the test tube (0%).

2.8. Oxygen Permeability (OTR)

Oxygen permeability of samples was determined in accordance with ISO-2:2003 at
23 °C and 50% RH using Labthink Perme OX2/230 device (Labthink, Boston, MA, USA).

2.9. Moisture Absorption

Moisture absorption was measured modifying the method proposed by Soni et al. [30].
Films were cut in pieces with dimensions 1 x 3 cm and conditioned at 0% RH (relative
humidity) for 24 h. Film samples were then weighted and placed at 85% RH for 24 h. The
relative humidity was created with a saturated solution of potassium chloride at room
temperature. The samples were weighed, and the moisture absorption was calculated
using the Equation (4):

Wss — Wy «
0

Moisture absorption (%) = 100 4)

where Wygs is the weight of the sample after 24 h at 85% RH and W) is the initial weight
of the sample after conditioning at 0% RH. Four replicate measurements were taken for
each film.

2.10. Statistical Analysis

Statistical analysis was done using the one-way ANOVA with the confidence level of
95% (p < 0.05) in conjunction with Tukey’s honestly significant difference post-hoc test. All
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experiments were done in a minimum of five parallels and the results were expressed as
the mean =+ standard deviation.

3. Results and Discussion
3.1. Tensile Properties

Altogether, 25 combinations of biopolymer films using chitosan, alginate, or nanocel-
lulose (NC) as a single component or in different combinations were prepared; however,
selection of samples for further investigation was made, based on preliminary evaluation,
which was based on the appearance of dry films—integrity, surface properties, visual ap-
pearance of film homogeneity, presence of cracks, performance during film handling—the
possibility of peeling of the casting dish, and appropriateness for testing (Table S1). Since
tensile properties are one of the basic criteria for packaging materials, selection was based
also on the results of measured tensile strength (TS) and strain at break (E) of all films,
when it was technically possible to perform measurements. Different film compositions
showed significantly different results (all the results are given as Supplementary Files), for
instance, alginate-based films showed TS from 11.7 £ 0.7 to 42.6 =+ 3.6 MPa and chitosan
films showed TS from 14.0 4= 2.2 to 30.9 £ 2.2 MPa depending on the amount and type of
NC added to the main biopolymer. In the case of chitosan, the addition of any NC type
additive improved the mechanical strength of the film; however, in the case of alginate
films, the impact depended on the type and amount of NC and was negative in most cases
when CNF or BNC was added. As a result of preliminary evaluation, seven films were
selected for further investigation: alginate, alginate +5% CNC, chitosan, chitosan +3%
CNC, BNC with and without glycerol, and CNF with glycerol. Their properties are Table 1
and Figure 1.

-7

Tensile Strength (MPa)

v I

0 5 10 15 20 25 30 35 40 45 50 55

Strain (%)

Figure 1. Tensile strength with the respective strain for nanocellulose, alginate, and chitosan nanocom-
posites. The composition of the films 1-7 are described in Table 1.
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Table 1. Selected polysaccharide films are based on the specified properties and include the most promising candidate from

each biopolymer. These films are also subjected to a full characterization of morphological and barrier properties (values are

given as mean + SD).

Sample Name Film Composition Thickness Tensile Strength Strain at Break Water Contact
(um) (MPa) (%) Angle (%)
Film 1 Alginate 55+3 40+ 10 22+6 392,
Film 2 Alginate + 5% CNC 50 +2 43+ 4 28+ 4 58 +3
Film 3 Chitosan 1233 14+2 5144 753
Film 4 Chitosan + 3% CNC 7041 31+2 55+ 6 108 4 2
Film 5 BNC 66.4 £+ 0.8 60 £+ 11 42+1 46 +3
Film 6 BNC + 30% glycerol 56 + 2 53+5 10+ 04 65 +4
Film 7 CNF + 30% glycerol 31+3 47 +3 24406 23+1

As it was said above, tensile properties are one of the basic criteria for packaging
materials. Namely, the mechanical behaviour of packaging films is a very important
property of the film to maintain its authenticity and to withstand the environmental impact
during the packaging application. The TS and E at break were determined for all film
samples. The TS determines the maximum load that can be sustained per cross-sectional
area of the film. Strain at break shows the extension of the film, e.g., the flexibility that
can be stretched before the breaking point. These characteristics support the correlation
of the mechanical properties of films with their compositions and chemical structures.
Samples with chitosan and alginate, with the addition of CNC, showed an increase in both
TS and E. The average tensile strength of pure CNC films is about 63 MPa, as reported
in the literature [31,32]. As expected, the mechanical properties were influenced by the
addition of CNC. Films based on alginate exhibited TS of 40 MPa, which increased by 12%
upon the addition of 5% CNC. According to the measurement results, the alginate films
of all samples showed the best TS/E ratio. Huq et al. [33] reported that the high TS of the
alginate-based bio nanocomposite films is due to a good interfacial interaction between
the nanofillers and the alginate-based matrix due to similar polysaccharide structures of
cellulose and alginate, which was also confirmed on our samples [33]. The largest increase
was found in chitosan film, where the addition of CNC improved strength by 120%. The
same increase in E was found in both samples (alginate for 30% and chitosan for 6%). It
is known from the literature that CNC has a large length/diameter ratio and very good
tensile properties. Our analysis confirmed that there are interactions between CNC and
chitosan molecules, such as electrostatic association and hydrogen bonding, which create an
interactive network and improve overall tensile properties [34]. Cellulose based films have
low flexibility, plasticizers should be added to improve this mechanical property and to
facilitate the handling of these biopolymers’ films. The most used plasticizer is glycerol due
to its stability and compatibility with hydrophilic biopolymer chains [35]. The results have
shown that bacterial nanocellulose films (BNC) have the highest TS (60.1 MPa) but a lower
E (4.2%). The addition of glycerol changed the properties of the film made of BNC. Namely,
the plasticization of BNC with glycerol, which reduced the strength of the hydrogen bonds
between adjacent cellulose chains, changed the TS of the film. The TS decreased by 11.6%.
At the same time the addition of glycerol increased the E values by about 145% (from 4.2
to 10.3%). According to the results obtained, it is predicted that the moisture absorbed
into the matrix of the film had a plasticizing effect. As a result, the TS decreased and E
increased by weakening the intermolecular forces, thus increasing the space between the
polymers and reducing the crystallinity [36,37]. Overall, by improving the strain of rather
rigid films, the glycerol improved their suitability for packaging materials.

CNEF were produced from hardwood Kraft pulp by a mechanical process with previous
chemical oxidation with APS, as described previously. The results showed that the fibrils
were shorter and thinner compared to CNF produced by the TEMPO process [37], which
is caused by the fibre cleaving effect of persulfate. Similar reinforcement properties for
APS and TEMPO oxidized CNF have been proven [36]. However, in our research, CNF
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apparently appears less cross-linked, resulting in a smaller surface area and pore volume.
With the glycerol, the tensile properties decreased. As explained in many studies, the
addition of plasticizer in biopolymers reduces crystallinity, which leads to a significant
decrease in film strength and modulus [38—40]. In our case, the addition of glycerol
also reduced the flexibility of the films, which is in contrast to previous investigations.
The combination of decreasing tensile strength and strain at break is surprising, and the
explanation could be the reduced density. The addition of glycerol lowered the density of
the film (1.29 g-cm™3). In the CNF films described in the literature, the film density was
about 1.52 g'cm’3 [37].

3.2. Water Contact Angle

The information about interactions between films and water is very important for
packaging. Hydrophobic or hydrophilic character is frequently determined by surface free
energy and surface morphology. The contact angle of the surface with water is important
to characterize a material as such and can give an impression of absorption and adhesion
as well. A lower contact angle with water is an indicator that films are hydrophilic and
hygroscopic. The most wettable surfaces have low values (<20°) and the hydrophobic
surfaces have high values of contact angle (>90°) [38]. In Table 1 and Figure 1, contact
angles of polysaccharide films with water are recorded. Comparing films consisting of
only one biopolymer, chitosan exhibited the highest contact angle (75°) and CNF with
the addition of 30% glycerol the lowest (23°) (Figure 2). Alginate and nanocellulose films
can be considered as hydrophilic. When combining chitosan and alginate with CNC, the
contact angle with water increased by 44% and 49%, respectively. This trend was also
confirmed by Mao et al. [34], where the hydrophobicity of chitosan/CNC film increased
compared to only chitosan film. Although cellulose consists of 3-D-glucopyranose units
with three hydroxyl groups, which are responsible for the hydrophilic character of cellulose,
electrostatic association and hydrogen bonding bids the CNC and chitosan molecules
closely together, which improves the hydrophobicity [34,39-41]. The higher contact angle
can also be a result of changed morphology, which interrupts water spreading. CNF + 30%
glycerol films are the most hydrophilic. This behaviour is an indication of the high affinity
of glycerol for water. Glycerol in cellulose films tends to migrate to the surface, as also
confirmed by Spoljaric et al. [42]. However, this was not the case for BNC films, where
the addition of glycerol led to an increase (by 141%) in the contact angle. It is possible
that glycerol filled the pores between the fibres, reducing porosity, and thus decreased the
surface free energy. In packaging, more hydrophobic materials are generally desired as
they offer a wider range of applications [40].

Alg + 5% - cH CH + 3% CNC
CNC

- - N 6
BNC + ',l , CNF +
30% GLYC 30% GLYC U

Figure 2. Visualization of the water contact angle for the selected films are shown in Table 1 (ALG—alginate; Alg + 5%
CNC—alginate + 5% CNC; CH—chitosan; CH + 3% CNC—chitosan + 3% CNC; BNC—BNC; BNC + 30% GLYC—BNC +
30% glycerol; CNF + 30% GLYC—CNEF + 30% glycerol).
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3.3. Barrier Properties of the Films

The gas phase permeation through a non-porous material occurs by adsorption at the
front interface, diffusion through the material, and desorption at the rear interface, and is
often measured with transfer rate, permeance, and permeability. The transmission rate is
the volume or weight of a permeating agent (e.g., oxygen or moisture) passing through a
film per unit surface area and time in equilibrium with the test conditions.

The addition of CNC to alginate and chitosan reduced WVTR by 15% and 45%,
respectively. OTR decreased by 45% for alginate and CNC and by 38% for chitosan and
CNC, compared to pure film. It is obvious that the nanostructure of nanocomposites
created a tortuous path for oxygen, which was also demonstrated by Enescu et al. [43].

As shown in the tensile properties of BNC with added glycerol, the water absorbed
into the matrix of the films had a plasticizing effect, reducing tensile strength and increasing
strain at break. In this area, adsorbed water molecules promoted the reorganization of the
polymer chains, which was reflected in the change in water permeability in this area. The
water barrier properties decreased enormously by 198%. The same trend was observed for
oxygen permeability, which decreased for 77%.

For CNF film with added glycerol, it was impossible to measure the WVTR because
the sample was too fragile and, therefore, this test was not performed. On the other hand,
the OTR results of the sample showed that the oxygen permeability increased enormously,
compared to pure CNF from the previous research [44]. This could be the reason for the
microcracks that were present on the sample because the fibrils were very short, the film
was fragile, and the oxygen could easily pass through.

In Figure 3, the results of WVTR and OTR of the films fabricated in this study as well as
for other commercially polymer blends for comparison are presented. Pure polysaccharide
films had higher WVTR compared to most commercial packaging films, except TOCN
(TEMPO-oxidized cellulose nanofibers). When CNC was combined with alginate and
chitosan, the OTR results showed higher OTR compared to cellophane but still lower OTR
compared to bio-based polylactic acid films. Pure BNC and BNC with added glycerol
showed similar oxygen and water vapor permeability to PLA and TOCN.
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Figure 3. WVTR and Oxygen transmission rate (OTR) of some synthetic polymers compared to our
nanocomposites packaging films. Adapted from [45] (Black circles—Petroleum-based Polymers,
Black diamonds—commercial Biopolymers, red diamond—biopolymer nanocomposites tested in this
study) (HDPE—high-density polyethylene; LDPE—low-density polyethylene; PP—polypropylene;
PVC—polyvinyl chloride; PET—polyethylene terephthalate; PLA—polylactic acid; TOCN—TEMPO-
oxidized cellulose nanofibers).

The addition of CNC reduced the WVP value of alginate films from 9.36 g/(m-s-Pa)
to 7.32 g/(m-s-Pa) (Table 2). An even greater decrease in this value was observed with
3% CNC addition into the films made of chitosan. In this case, the value dropped from
10.1 g/(m-s-Pa) to 1.39 g/(m-s-Pa). The addition of glycerol drastically increased the WVP
value of BNC films (from 3.62 g/(m-s-Pa) to 9.17 g/(m-s-Pa).

Table 2. Density, moisture absorption, water vapor transmission rate (WVTR), properties of films (values are presented as
mean =+ SD). Water vapor permeability results (WVP) are presented as a calculated mean value.

Sample Name

Film 1
Film 2
Film 3
Film 4
Film 5
Film 6
Film 7

Film Composition Film Density Moisture WVTR wWvpP
(g-em—3) Absorption (%) (grem~1-day—1) (g/(m-s-Pa))

Alginate 1.87 £0.2 574+1.6 239 £8 9.36

Alginate + 5% CNC 1.34 £ 0.16 51.2+19 203 £5 %23,

Chitosan 2.00 £+ 0.35 492 +15 1156 +£9 10.07

Chitosan + 3% CNC 1.05 £ 0.10 365+ 1.8 63 2 1.39

BNC 0.74 + 0.05 9.7+ 08 77+ 4 3.62

BNC + 30% glycerol 0.79 £ 0.10 213+1.0 230 £ 11 9.17
CNF + 30% glycerol 1.29 +£0.20 204 £0.6 Not applicable Not applicable

3.4. Visualization and Morphology of the Films

CNF films appeared as fully transparent materials with a glossy surface, CNC films
were slightly whitish and pale semi-transparent material, while BNC films were slightly
brownish semi-transparent material (Figure 4a). CNC additive in amounts of 3-5% w/w did
not change the transparency or colour of chitosan or alginate films. CNC and CNF have
been known for their application in optically transparent films [46]; however, CNC can be
less transparent and haze depending on the size of crystals and thickness of film [47]. The
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brownish colour of BNC films can be explained by the influence of fermentation medium,
which was apple juice and culturing bacteria used for obtaining the initial material, since
the growing conditions have a significant effect on the properties of bacterial cellulose [48].

Figure 4. (a) Visualisation of BNC, CNF, and CNC films. SEM micrographs of (b) BNC, (¢) CNF film
with 30 wt% glycerol, (d) CNC film with 30 wt% glycerol, (e) chitosan film with 30 wt% glycerol,
(g) alginate + 5% CNC, (f) chitosan + 3% CNC, and (h) alginate film with 30 wt% glycerol.

Inspection of the films with SEM revealed that BNC and CNF were in the shape of a
long, fibrillary network (Figure 4b,c) with an average diameter of fibril of 69 £ 24.3 nm and
26 + 6.5 nm, respectively. On the other hand, CNC were rod-like shaped particles with
an average width of 83 & 18.8 nm and length of 777 & 112 nm (Figure 4d). Chitosan and
alginate films have a smooth surface before being mixed with nanocellulose (Figure 4e,g,
respectively). In alginate-CNC composite, clusters of CNCs are visible, indicating that
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although both alginate and CNCs are hydrophilic, CNC tends to agglomerate when mixed
into alginate matrix (Figure 4g), while in chitosan film, the CNCs are more homogeneously
dispersed (Figure 4f).

3.5. Film Density and Moisture Adsorption

Alginate and chitosan films have the highest density, and it decreases with the addition
of nanocellulose, which corresponds to observations on the films’ morphology (Figure 4d,e).
The mixing of CNC into the alginate or chitosan matrix creates porosity, which is responsible
for the lower density. Wang et al. [44] described that CNC has a “rice-like” structure, which
causes the changes in the microstructure of the films and consequently in the density.

Similarly, BNC and CNF have lower density compared to films with chitosan and
alginate matrix but can be slightly increased with the addition of glycerol (Table 2).

As it was said earlier in section about contact angle measurements, interactions be-
tween films and water are significant for packaging and hydrophobicity or hydrophilicity
properties of films can determine their application areas. Moisture absorption from air
medium was tested and all biopolymer films, regardless of composition, demonstrated
hygroscopic behaviour at high (85%) relative humidity, therefore showing their ability to
absorb water vapour from ambient air. Such a high RH number was chosen in order to
investigate the variation of absorption between films of different compositions. Although
CNC film was not selected for detailed investigation because of cracks and breakage, the
moisture absorption was measured and the comparison of nanocellulose films demon-
strated moisture absorption of 13.3 & 0.2% in the case of CNC and slightly higher in the
cases of CNF (20.4 + 0.6%) and BNC (21.3 £ 1.0%). Fibrillated forms of nanocellulose tend
to absorb more water due to the fibrillar structure and bigger proportion of amorphous
regions, where it is easier for water molecule to get into and to bond with hydroxyl groups
of cellulose. After 24h in high humidity, nanocellulose films became more flexible on
touch, especially BNC one; however, they retain their shape and part of their stiffness.
Cellulosic fibres, being hydrophilic in nature, absorb moisture from their environment until
equilibrium is reached [49]. Adding plasticizer to BNC increased moisture absorption by
120%, improving the highly hygroscopic behaviour of glycerol.

Chitosan and alginate films absorb more moisture than pure nanocellulose films. Tt
is 49.2 £ 1.5% in the case of pure chitosan and 57.4 & 1.6% in the case of pure alginate. Tt
is worth noting that moisture changes the structure of chitosan and alginate films—they
become sticky, loose, lose their shape and stiffness, and stick to the surfaces. However, the
addition of 3-5% CNC decreased the moisture absorption of films. Moisture absorption
values decreased to different extents depending on the amount of nanofillers. The addition
of 3% CNC decreased the moisture absorption of chitosan films by 15.1%, however, in the
case of alginate, the addition of 5% nanocellulose decreased the moisture absorption by
10.8%. Therefore, it can be concluded that nanocellulose additives help to preserve the
structure of chitosan and alginate films in a humid environment and should be considered.
Ability of NC to prevent the absorption of moisture of NC-reinforced chitosan films were
investigated elsewhere [30].

4. Conclusions

In this research, 25 different formulations of 5 sustainable biopolymers were used to
produce and characterize thin and flexible films with potential use for packaging purposes.
Results of mechanical testing showed that the addition of 3-5% CNC, CNE, and BNC
improved the tensile strength of chitosan films, however, for alginate films, the impact of
NC depended on the type and amount of additive and was positive only when CNC was
added. From the cellulose-based films, BNC had the highest tensile strength, 60 &= 11 MPa
and 53 + 5 MPa without and with glycerol accordingly, CNF (with glycerol) followed with
a result of 47 & 3 MPa. CNC films appeared as slightly whitish and pale semi-transparent
material, while BNC films were slightly brownish semi-transparent material, and other
formulations were fully transparent. Seven formulations—alginate, alginate +5% CNC,
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chitosan, chitosan +3% CNC, BNC with and without glycerol, and CNF with glycerol—
were selected as the most appropriate for packaging purposes based on visual/ physical
appearance and mechanical properties of films, and characterized in terms of morphological
examination with SEM, density, contact angle, surface energy, water absorption, and oxygen
and water barrier properties. SEM examination of cellulose-based films revealed typical
morphology of crystalline and fibrillar forms of NC. Investigation of mixed formulations
revealed more homogenous dispersing of CNC in chitosan than in alginate. Alginate
and chitosan films had the highest density, which decreased with the addition of CNC
because of greater porosity. Water contact angle differed among selected samples, the
lowest was detected for CNF with glycerol (23 = 1) and the highest for chitosan with 3%
CNC (108 =+ 2), the other films having results in the range from 39° to 75° and showing the
increase of hydrophobicity of chitosan and alginate with the addition of CNC. This fact was
approved also by moisture absorption results, which showed reduced moisture absorption
for chitosan and alginate films after the addition of CNC for 15.1% and 8.8%, accordingly.
Overall, chitosan and alginate films absorb more moisture than pure nanocellulose films,
however, the addition of CNC can help to preserve the structure and function of chitosan
and alginate packaging materials in humid environments. Therefore, materials with higher
hydrophobicity would be more appropriate as they offer a wider range of applications.
Results of barrier properties showed that the addition of CNC improved the WVTR of
alginate by 15% and of chitosan films by 45%, while OTR decreased by 45% for alginate
with CNC and by 38% for chitosan with CNC, compared to one component films. The
addition of glycerol to BNC films decreased WVTR almost twice and OTR for 77%.

Based on the findings of this study, it was concluded that polysaccharide-based films
with added CNC are the most suitable for packaging purposes. With good oxygen barrier,
water barrier that is comparable to PLA, and good mechanical properties, we propose
that such films would be a good alternative to conventional plastic packaging used for
ready-to-eat foods with short storage time, such as sandwiches and solid, refrigerated
vegetables (for instance cucumbers, cauliflower, broccoli).
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Chapter 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: | 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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ARTICLEINFO ABSTRACT
Keywords:

Hydrophobic functionalization of cellulose
nanomaterials

Mechanisms and kinetics insights

Cellulose nanocrystals and cellulose nanofibrils
Applications of hydrophobic cellulose
nanomaterials

In-silico modeling

Nanoscale-interfaced cellulose nanomaterials are extracted from polysaccharides, which are widely available in
nature, biocompatible and biodegradable. Moreover, the latter have a potential to be recycled, upcycled, and
formulate therefore a great theoretical predisposition to be used in a number of applications. Nanocrystals, nano-
fibrils and nanofibers possess reactive functional groups that enable hydrophobic surface modifications. Ana-
lysed literature data, concerning mechanisms, pathways and kinetics, was screened, compared and assessed with
regard to the demand of a catalyst, different measurement conditions and added molecule reactions. There is
presently only a scarce technique description for carbonO—H bond functionalization, considering the elementary

chemical steps, sequences and intermediates of these (non)catalytic transformations. The overview of the pre-
vailing basic research together with in silico modelling approach methodology gives us a deeper physical un-
derstanding of processes. Finally, to further highlight the applicability of such raw materials, the review of the
development in several multidisciplinary fields was presented.

1. Introduction

Cellulose is photosynthesized by green plants from carbon dioxide
and water. Considering that forests cover 30 % of total Earth’s land area
(FAO, 2020), this makes cellulose the most abundant natural polymer on
the planet and so it is naturally renewable, biodegradable, as well as
cheap. Through disintegration of its hierarchical structure with acid
hydrolysis, TEMPO-mediated oxidation or even mechanical treatment, it
is possible to extract nanoparticles, which were shown to be a great
reinforcement for various polymer-based nanocomposites for the first
time already in the mid-1990s by Favier et al. (1995). Since then, cel-
lulose nanomaterials and its applications have been extensively
researched.

Surface of cellulose nanomaterials consists of hydroxyl groups (or
—O0S03— groups, if processed with sulphuric acid), which give it a hy-
drophilic character and it is well dispersible only in aqueous solutions
and organic solvents with high dielectric constant such as dimethyl
sulfoxide (DMSO), dimethylformamide (DMF) and ethylene glycol.
Mixing cellulose nanomaterials into other non-aqueous organic solvents
or nonpolar polymer matrices results in unstable dispersion due to
abundance of hydroxyl groups on the surface and hydrogen bonds

between them. Moreover, hydrogen bonds that form between crystals
induce aggregation (Lin et al., 2015). To expand applicability of cellu-
lose nanomaterials, its surface has to be modified. Hydrophobicity can
be reached either by lowering the surface energy or by roughening
surface morphology so it hinders water spreading (Arslan et al., 2016;
Cunha & Gandini, 2010; Yu, Zhang et al., 2019).

Various approaches to functionalization of cellulose nanomaterials
have been extensively researched with goal to make cellulose nano-
materials more widely applicable. Reactions of functionalization of
cellulose nanomaterials have to be aggressive enough to react with hy-
droxyl groups on the surface, but mild enough not to solubilize the top
layer of cellulose nanomaterial or to react with underlying cellulose
chains (Huang et al., 2014). In general, three approaches to modification
are known: physical adsorption, small molecules conjugations (esteri-
fication, isocyanation and silylation), "grafting to" (or onto) and "graft-
ing from". Non-covalent adsorption of molecules such as surfactants
onto the cellulose nanomaterial’s surface lacks the covalent bonding,
and so this type of modification is more suitable for just improving
cellulose dispersibility in organic solvents than with the goal to use
cellulose nanomaterials in a polymer matrix (Kontturi et al., 2017; Lin
etal., 2015). In the "grafting to" approach, pre-synthetized polymers are

* Corresponding author at: Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19, 1000, Ljubljana, Slovenia.
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attached to the surface of cellulose nanomaterial, while in "grafting
from" approach, cellulose nanomaterial is mixed with monomer mole-
cules and initiator, which induce polymerization on its surface (Lin
et al., 2015). "Graft to" reactions generally follow mechanisms of small
molecule conjugation, however there is often a decrease in efficiency
due to steric hindrance of larger polymer chains compared to small
molecules (Espino-Pérez et al., 2016). There are previous literature re-
views that cover various approaches to modification of cellulose nano-
materials (Abushammala & Mao, 2019; Cunha & Gandini, 2010; Eyley &
Thielemans, 2014; Gericke et al., 2013), however to best of our
knowledge there has been no focus yet on making an overview on cel-
lulose nanomaterials hydrophobization mechanisms, kinetics and in-si-
lico models including both cellulose nanocrystals and cellulose
nanofibrils.

The aim of this review is to describe mechanisms and kinetics of
hydrophobic cellulose nanoparticle modifications by collecting avail-
able data about used catalysts, conditions and added functional groups
in such reactions. Although there are several possibilities of congre-
gating modifications, here they are clustered according to the type of
bond that is formed as this review is focusing on the chemistry with
explanation of mechanism between surface of cellulose nanomaterial
and compound in question. Moreover, the possible advantages for spe-
cial applications emphasizing the hydrophobic cellulose nanomaterials
are being presented.

2. Chemical structure of cellulose and its modification

To understand the mechanisms and kinetics of cellulose functional-
ization, it is important to describe structure of cellulose in-depth. Cel-
lulose, unrelated to its source, consists of repeating f-p-
anhydroglucopyranose units (AGUs), alternately turned for 180° around
the axes and covalently linked by f-(1—4)-ether bonds, called glycosidic
bonds (Fig. 1). The basic unit is a heterocycle that consists of five car-
bons, including anomeric carbon (labeled C-1) and an oxide. Inversions
of basic units prevent cellulose from coiling and keep it in keep long,
straight chain. Cellulose is a polymer formed by poly-condensation, so
the two ends of the chain are chemically different. At one end, there is an
unsubstituted hemiacetal group that may also adopt a form of open-
chain aldehyde and acts as a reducing agent ie. "reducing end", while
the other end the "non-reducing end". Each anhydroglucose unit (AGU)
has three hydroxyl groups: one primary at C-6 and two secondary units
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at C-2 and C-3. All AGUs adopt chair conformation.

Hydroxyl groups, attached directly to AGU, are placed in equatorial
(ring) plane and hydrogen atoms are placed in axial plane. Position of
C—6 attached hydroxyl group is determined by the placement of
C—6—0—6 bond with respect to C—5—0—5 and C—4—C—5 bonds
(French, 2017). The three possible conformations are labelled
gauche-gauche, gauche-trans and trans-gauche, conditioned by torsion
angle 7 (y = C—4—C—5—C—6—0—6) being 60°, 180° and 300°,
respectively (Horii et al., 1983). In order to form a more stable molecule,
cellulose chains tie through intra and intermolecular hydrogen and van
der Waals bonds, which results in formation of cellulosic fibers. Various
three-dimensional structures of cellulose chains form, which causes
co-occurrence of crystalline and amorphous regions. Bonds within one
chain of cellulose occur through the hydrogen of C-3 hydroxyl group in
one anhydrous glucose unit and ether —O —in another AGU and be-
tween oxygen in hydroxyl group at C-6 and hydrogen at C-3. To form
intermolecular bonding, hydrogen bonds between C-3 oxygen and C-6
hydrogen take place (Fig. 1) (Kamide et al., 1985; Rowland & Howley,
1988). Inspection of intra and intermolecular bonding can be done by
13¢ NMR and IR and therefore obtain the idea of cellulose structure
(Newman & Davidson, 2004).

Cellulose polymer, due to hydrogen and f-glycosidic bonds, exhibits
higher rigidity, stiffness, viscosity and tendency to crystallize or form
fibrillary structures, compared to other polysaccharides, that are linked
through a-glycosidic bonds (Heinze, 2015). Seven different polymorphs
of cellulose are known: cellulose Iy and Iy, IT, I1I, Iy, IVy and IVy (Young
& Rowell, 1986). Cellulose I is the native form and is further divided into
two forms I, and I, which differentiate in layer packing along c-plane. I
form is obtained from higher plants. Cellulose II is formed from cellulose
1 by alkali treatment, mercerization or recrystallization from solution.
The third polymorph, cellulose III;, originates from cellulose I as well. It
is formed by the treatment of cellulose I in supercritical ammonia or
various amines. Cellulose IV cannot be obtained directly from cellulose
1, but rather from cellulose II or III (Habibi & Lucia, 2012; Matthews
et al., 2012).

Hydrogen bonds influence multiple properties, such as unequal
reactivity of hydroxyl groups, high crystallinity and limited solubility in
solvents. The latter proves to be an obstacle when incorporating cellu-
lose nanoparticles in the matrices that have low polarity, which is why
hydrophobic modification of cellulose nanoparticles is important. The
improvement of dispersibility after modification is often demonstrated

Fig. 1. Molecular model of two cellulose chains and their intra and intermolecular hydrogen bonds.
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with use of common solvents with low dielectric constant such as ethyl
acetate (¢ = 6.0), chloroform (¢ = 4.8), toluene (¢ = 2.4), styrene (¢ =
2.4), mineral oil (¢ = 2.1), cyclohexane (¢ = 2.0) and hexane (1.9).
Different modifications result in different dispersibility. For example,
acetylated cellulose nanocrystals (CNCs) cannot be dispersed in toluene
or cyclohexane, but form a stable dispersion in both ethyl acetate and
water, whereas higher acetyl content results in better dispersion (Sebe
etal., 2013). On the other hand, alkenylated CNCs are well dispersible in
chloroform, toluene, styrene and mineral oil (Miao & Hamad, 2016).
Comparison of dispersibility of modified CNCs and pristine CNCs in a
common used polymer matrix PLA was demonstrated by Spinella et al.
(2016), where unmodified CNCs aggregated when incorporated into
PLA. Morphology of grafted CNC/PLA nanocomposite appeared more
homogeneous compared to pristine CNCs. It was further confirmed,
through dynamic rheology, that grafting positively affects the dispersion
in PLA matrix. In conclusion, hydrophobic modifications positively in-
fluence dispersibility in solvents and matrices in which cellulose nano-
materials are naturally not dispersible. Therefore its potential range can
extend the current use of nanocellulose as fillers, in a composites
manufacture, as coating or even in packaging achieving very interesting
and promising properties, which are further amplified in Section 6.

3. The two types of cellulose nanomaterials: CNCs and CNFs

Cellulose nanoparticle is a form of cellulose, where at least one
dimension is on nanoscale. It is an attractive material because of its wide
availability, low price, renewability, biodegradability and overall sus-
tainability. It can be present in three different forms: cellulose nano-
crystals (CNC), cellulose nanofibrils (CNF) and bacterial cellulose (BC).
However, it was proposed by USDA Forest Service, the Technical As-
sociation of the Pulp and Paper Industry and interested entities in
Canada, to categorize cellulosic nanomaterials into only two groups:
CNCs and CNFs as bacterial cellulose is in form of fibrils (Postek et al.,
2013).

Production and characterization of CNCs and CNFs is well reviewed
elsewhere (Habibi et al., 2010; Kumar et al., 2021; Mondal, 2016; Moon
et al., 2011). However, for the better comprehension, the main infor-
mation about cellulose nanomaterials will be described here as well. The
main differences between the two types of cellulose nanomaterials,
CNCs and CNFs, are in the amount of amorphous regions and their di-
mensions (Sacui et al., 2014) as visible in Fig. 2. CNFs, are long, flexible
networks of fibrils with a diameter approximately 10-20 nm. They are
obtained by fibrillation in which a cellulose fibril is separated from
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others. More than one procedure in known to obtain CNFs: high pressure
homogenization (Li, Wang et al., 2020, TEMPO-mediated oxidation
(Michel et al., 2020), enzymatic hydrolysis (Bian et al., 2019), me-
chanical fibrillation/grinding (Lee & Mani, 2017) possibly followed by
high intensity ultrasonification (Tsalagkas et al., 2020), steam explosion
(Tanpichai et al., 2019), and cryocrushing (Alemdar & Sain, 2008). The
length of fibers is strongly dependent on the degree of fibrillation and
pretreatment type (Gopakumar et al., 2016). CNCs are generally pro-
duced by strong acid hydrolysis (Gopakumar et al., 2016). Kunaver et al.
(2015), patented the process of CNCs extraction in organic solvent with
presence of small (2 wt% to 5 wt%) of acid catalyst. The most commonly
used acids are HCl and H2SO4. Use of phosphoric and hydrobromic acid
was reported as well (Camarero Espinosa et al., 2013; Sadeghifar et al.,
2011). Strong acid destroys amorphous regions and yields a highly
crystalline particles with needle or rod-like shape — CNCs (also known as
cellulose nanowhiskers or nanocrystalline cellulose). They are 5100
nm wide and several nanometers in long (Kargarzadeh et al., 2012;
Kunaver et al., 2015).

Properties of cellulose nanomaterials are highly dependent on source
and type of pretreatment. For instance, CNCs derived from wood and
cotton are shorter than the ones obtained from tunicate and bacterial
cellulose, as the latter possess higher degree of crystallinity. A higher
degree of crystallinity also makes cellulose more resistant to hydrolysis,
although higher concentrations and volumes of acid are required (Deepa
et al., 2015; Sacui et al., 2014). CNFs, on the other hand, contain a lot
more of amorphous regions and are overall less crystalline.

Furthermore, the type of pretreatment also effect the surface chem-
istry. Generally three functional groups can appear on surface of cellu-
lose nanoparticles: —OH as a result of mechanical treatment, enzymatic
hydrolysis or hydrolysis with HCl, OSO3— " as result of pretreatment
with HyS04 or COO— as a result of TEMPO-mediated oxidation (Sacui
et al., 2014).

4. Mechanisms and kinetics of hydrophobic functionalization of
cellulose nanomaterial

High density of hydroxyl groups on the surface of cellulose nano-
material leads to its inherent hydrophilicity. To improve its dispersion
within nonpolar matrices, surface modifications seem to be the most
promising solution. Reaction types, which were proven suitable for
chemical modification of cellulose nanoparticles, are esterification,
carbamation, etherification, silylation, cold argon plasma, oxygen
plasma coupled with subsequent introduction of monomers and

N 1/

Crystalline regions

=t F

\

Amorphous regions

Fig. 2. SEM micrograph of CNC (left) (Kunaver et al., 2016) (reproduced by permission of Elsevier) and CNF (right) with belonging schematic representation of

crystalline and amorphous structure.
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fluorocarbon plasma treatment. Reactions primarily occur on the hy-
droxyl group at C-6 (see Fig. 1), which was reported to be ten times more
reactive than other hydroxyl groups, followed by a hydroxyl group at C-
2 is twice as reactive as hydroxyl group at C-3 (Rowland & Howley,
1988; Verlhac et al., 1990). Reactions that occur on the surface of cel-
lulose nanofiber or nanocrystal are undergoing quite similar elemental
steps as in the case with the single polymer forming building block. The
main difference between molecule and (nano)cellulose is in effective-
ness of modification and kinetics, which are strongly dependent on the
form and state of cellulose nanoparticles, such as fibrillation, crystal-
linity, aggregation, pre-treatment, swelling, etc. Effectiveness of modi-
fication is measured by degree of substitution, with highest possible
value of 3, which happens in case all hydroxyl groups on AGUs react.
When considering only surface modifications, degree of surface substi-
tution applies. In this case in cannot be higher than 1.5, because there
are only three hydroxyl groups available on every two AGUs. However,
due to low reactivity of C—30—H, reaching full substitution is
extremely unlikely (Eyley & Thielemans, 2014; Lin et al., 2015). Simi-
larly, the reaction conditions, such as higher reactant concentration and
prolonged reaction times can affect the structure of cellulose nano-
material. Higher reactant concentrations and prolonged reaction times
can disrupt the cellulose structure. As reaction proceeds from the surface
into the bulk of cellulose nanoparticle and cause loss of crystallinity or
size and consequently influence on the material physical properties
(Ifuku et al., 2007; Lin et al., 2011). In the next subsections descriptions
of reaction mechanisms to the formation of hydrophobic cellulose
nanomaterial shown in Fig. 3 will be introduced and presented, together
with the kinetic data if available.

4.1. Esterification

Commonly reported method for hydrophobic functionalization of
cellulose nanoparticles is esterification. In Table 1 the literature over-
view of the CNC and CNF functionalization approach, agent, medium,
conditions and catalyst employed is collected.

Most esterification techniques that are used on cellulose can be
applied to cellulose nanoparticles as well, but the main challenge is to
modify only surface hydroxyl groups while keeping the bulk intact in
order to preserve crystallinity (Habibi et al., 2010). Generally, this de-
pends on reaction conditions, which should be aggressive enough to
initiate the reaction, but at the same time do not destroy the cellulose
structure. Grafting of carbonyl moieties is most often confirmed with
FTIR where the carbonyl peak at 1750 cm™}, and adsorption band at
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1240 cm ! appear, elemental analysis and 1°C CP-MAS NMR spectros-
copy (Brand et al., 2017). The possible effect of functionalization on
crystallinity of cellulose nanoparticles is inspected with XRD, while
possible morphological changes are observed with SEM and/or TEM.
Hydrophobic character of cellulose nanomaterial is confirmed either by
dispersing it in various organic solvents or by measuring contact angle
with water.

Based on the type of reagents, esterification reactions can be cate-
gorized into five groups: esterification with acid anhydrides, acid ha-
lides, acid-catalyzed carboxylic acids, transesterification esters, and in-
situ activated carboxylic acids (Peng et al., 2016).

Esterification of cellulose nanoparticles with acid anhydrides and
acyl chlorides can be carried out in solvent systems such as LiCl/N,N-
dimethylacetamide (DMAc) or tetraalkylammonium fluoride hydrate/
DMSO and is catalysed by tertiary amines such as imidazole, pyridine or
4-dimethylaminopyridine (DMAP) (Guo et al., 2012; Nawaz et al.,
2013). However, as these solvent systems can be quite expensive,
esterification reaction are often done in anhydrous pyridine and/or
excessive acetic anhydride. Acetylation with alkenyl succinic anhydride
yielded highly hydrophobic CNCs, which was confirmed through their
dispersion in medium and low polarity solvents (Yuan et al., 2006). Lin
et al. (2011) studied acetylation of CNCs with acetic anhydride, with
anhydrous pyridine as a catalyst. The mechanism of pyridine-catalyzed
reaction between alcohol and anhydride (Clayden et al., 2012) is shown
in Fig. 4A. Although the mechanism of CNCs functionalization with
acetic anhydride is not completely known, observation of only minimal
morphological changes of CNCs indicate that the functionalization
happens exclusively on surface (Guo et al., 2012; Lin et al., 2011).
Rod-like shape of CNCs was preserved after the acetylation, but they
decreased in size. The outline of acetylated CNCs was blurry as seen on
TEM. The authors propose this could be due to partial solubilization
during the reaction. However, minimal change in crystallinity was
confirmed through XRD, which points at preservation of original crys-
talline structure and functionalization of only surface hydroxyl groups.
Improved dispersion in six common solvents, a decrease in surface po-
larity and higher decomposition temperature of PLA with incorporated
acetylated CNCs were observed. Besides pyridine, citric acid was re-
ported to be a suitable catalyst for this type of reaction as well (Avila
Ramirez et al., 2017). Alkynylated anhydride, with pyridine as a cata-
lyst, was applied to prepare modified CNCs with decreased polar
component and slightly increased nonpolar component of surface en-
ergy as calculated through Owens—- Wendt approach as well as better
dispersity in THF (Chen et al., 2015). Regarding kinetics, acylation of
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Fig. 3. Hydrophobic modifications of CNCs and CNFs that will be discussed within this review.
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Table 1
Possible functionalization approaches with belonging conditions, medium and catalyst‘.

Form of Functionalization Agent Medium Conditions Catalyst Reference

cellulose approach

nanomaterial

CNC esterification acid anhydrides pyridine 80°C, 300 min  pyridine (Peng et al.,

2016)

CNC esterification acid chlorides DMF RT-50°C, 300 TEA (Peng et al.,
min 2016)

CNC esterification carboxylic acids DMSO/water 80°C,24h/20  CDI/HCI (Peng et al.,

h 2016)
CNC esterification acetic anhydride pyridine 80 °C, 5h pyridine (Lin et al., 2011)
CNC esterification alkyenyl succinic anhydride LiCl/DMAc 50°C,12h 1-methylimidazole (Yuan et al.,
2006)
CNC esterification alkynylated anhydride pyridine 80°C,5h DMAP (Chen et al.,
2015)
CNC esterification acetic anhydride acetic anhydride 120°C,3h citric acid (Avila Ramirez
etal., 2017)
MCC esterification long-chain acyl chlorides DMACc/LiCl 60°C,3h pyridine (Guo et al., 2012)
CNC esterification carboxylic acid carboxylic acid 130°C, 20 h residual sulfate (Espino-Pérez
groups at the et al., 2014)
surface of CNC
CNC esterification acetic acid acetic anhydride 25°C,1h sulphuric acid (Yokota et al.,
2020)

CNC esterification 11-mercaptoundecanoic acid acetic anhydride / acidic catalyst (Parambath
Kanoth et al.,
2015)

CNC esterification fatty acids, biodiesel, plant oils aqueous lactic acid 190 °C, 100 zinc acetate (Yoo &
mmHg, 30 min  dehydrate/ DBTL Youngblood,

2016)

CNC esterification vinyl esters DME/DMSO 80°C-100°C, K;CO3 (Brand et al.,
15-240 min, 2017)
microwave
radiation

CNC esterification pyridine-4-carbonyl chloride DMF 80°C,24h triethylamine (Li et al., 2015)

CNC esterification by ROP  ¢-caprolactone g-caprolactone RT, 5 min, Sn(Oct), (Lin et al., 2009)
microwave
radiation

CNC esterification by ROP  g-caprolactone g-caprolactone 95 °C, 24 h Sn(Oct). (Goffin et al.,

2011)

CNC esterification by ROP g-caprolactone e-caprolactone Ar, 120 “C, 24 / (Labet &

h Thielemans,
2011)
CNC esterification by ROP  e-caprolactone e-caprolactone Ar, 120 °C, 24 citric acid (Labet &
h Thielemans,
2012)
CNC esterification by 2-bromoisobutyryl bromide/styrene DMF Ar, 100 °C, CuBr/PMDTA (Morandi et al.,
ATRP 16-24h 2009)
CNC esterification by SET- CDI and methyl acrylate DMSO 25°C, 20 500 Cu(0) (Wang et al.,
LRP min 2015)

CNC esterification organic acid water 105 °C, 4-120 acidic catalyst (Braun &
min Dorgan, 2009)

CNC esterification by ROP L-lactide anhydrous toluene 90 °C, 68 h Sn(Oct), (Braun et al.,

2012)
CNC esterification molten oxalic acid oxalic acid 115 °C, 15-75 / (Lu et al., 2019)
min,
microwave and
ultrasound
CNF esterification formic acid formic acid 70-100 °C, 24 acidic catalyst (Lv et al.,, 2019)
h
CNC esterification acetic anhydride (TBAA)/DMAc 65°Cm 1.5h v (Miao et al.,
2016)

CNF esterification alkyl ketene dimer toluene 70-125°C,6 h s (Yuan & Wen,
2018)

CNF esterification varoius anhydrides anhydride 60°C,3h / (Sehaqui et al.,
2014)

CNC esterification pentafluorobenzoyl chloride anhydrous toluene 80°C,2h pyridine (Salam et al.,
2015)

CNC carbamation polycaprolactone toluene RT 7 (Habibi &
Dufresne, 2008)

CNC carbamation low molecular weight PCL diol anhydrous toluene Ar, 75 °C, / (Zoppe et al.,
2009)

CNC carbamation by polystyrene THF 100 “C Cu(I)Br/PMDTA (Morandi &

ATRP Thielemans,

2012)

CNC carbamation by methyl methacrylate and butylacrylate DMF, THF, PMDTA DMF, THF Cu(0) (Yu et al., 2016)

ATRP

(continued on next page)
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Table 1 (continued)

Form of Functionalization Agent Medium Conditions Catalyst Reference
cellulose approach
nanomaterial

CNC carbamation castor oil toluene Na, 75°C, 7 TEA (Shang et al.,
days 2013)
CNC/CNF carbamation n-octadecyl isocyanate toluene 1 110°C, 30 4 (Siqueira et al.,
min 2009a, 2009b)
CNC carbamation 1,6-hexamethylene diisocyanate DMF N,, 80°C,24h / (Rueda et al.,
2011)

CNC carbamation 3-isocyanatopropyl triethoxysilane DMF Ny, RT, 8.5h DBTDL (de Oliveira
Taipina et al.,
2013)

CNC carbamation 3-isocyanotepropyl triethoxysilane THF 62-63°C,72h  TEA (Anzlovar et al.,
2020)

CNC carbamation isophorone diisocyanate DMSO Ny, 60 °C, DBTDL (Girouard et al.,
overnight 2016)

CNC silylation 3-aminopopyltriethoxysilane water pH = 4, RT, i (Khanjanzadeh
120 min et al., 2018)

MCC silylation 3-glycidoxypropyltrimethoxysilane water 70°C, 24 h / (Pujiasih et al.,

2018)

CNF silylation methylmetrimethoxysilane water pH = 0.4/4, / (Deng et al.,
RT, 120 min 2015)

CNF silylation (tridecafluoro-1,1,2,2-tetrahydrooctyl) / chemical o (Mertaniemi

trichlorosilane vapour et al., 2012)
deposition, 90
°C,8h
CNF silylation (tridecafluoro-1,1,2,2-tetrahydrooctyl) toluene RT,3h / (Mertaniemi
trichlorosilane et al., 2012)
CNF silylation methyltrimethoxysilane / 120°C,3h / (Dilamian &
Noroozi, 2021)
CNC silyation 3-methacryloxypropyltrimethoxysilane ethanol 70°C, 24 h i (Yu, Yang et al.,
2019)

CF plasma fluorocarbon plasma / RT, atm £ (Samanta et al.,
pressure 2012)

CF plasma He/1,3-butadiene plasma / RT, atm 4 (Samanta et al.,
pressure 2012)

CF plasma oxygen plasma and Trisilanolisobutyl- / RT, 25 Pa then / (Yao et al., 2021)

polyhedral oligomeric silsesquioxane 90°C,1h

CNC plasma styrene, caprolactone, farnesene 7 strong / (Alanis et al.,
electrical field 2019)

CNC click chemistry polycarpolactone diol DMF ice-water bath DMAP (Zhou et al.,
-30°C,48h 2018)

CNC click chemistry 3- mercaptopropyltrimethoxysilane water/ CHCl, 25°C,4h/RT, acetophenone (Huang et al.,
UV light 2014)

CNF click chemistry carbic anhydride and thiol-ene water RT, pH / (Fein et al,,
9.5-10.5 and 2020a, 2020b)
37°C,3h

CNC adsorption cetyltrimethylammonium bromide cetyltrimethylammonium pH -~ 6.9, 49 / (Qing et al.,

bromide °C, 30 min 2016)

CNC adsorption quaternary ammonium salts NaOH aq solution pH = 10, 60 / (Salajkova et al.,
“C-RT,3h + 2012)
overnight

CNF adsorption cationic surfactants aqueous solutions of RT, 15 min o (Xhanari et al.,

cationic surfactants 2011)
CNF adsorption cetyltrimethylammonium bromide aqueous solutions of 50 “C / (Syverud et al.,
cationic surfactants 2011)
CNF adsorption galactoglucomannans water RT,3.5h /: (Lozhechnikova
et al., 2014)
CNF adsorption alkyl ketene dimer CHCl3, water, surfactant RT 74 (Missoum et al.,
2014)
CNF adsorption amino propyl trimethoxy silane water RT,2h / (Reverdy et al.,
2018)

CNF adsorption functionalized zein nanoparticles EtOH/water with sodium RT, 30 min / (Li et al., 2020)

caseinate

CNC BlocBuilder with styrene DMSO NaOH, RT/90 / (Roeder et al.,

nitroxide-mediated “C/90 115 2016)
polymerization “C, 90 min

CNC nucleophilic various triaziniyls dichloromethane NaOH, RT, 24 K,CO3 (Fatona et al.,

substitution h 2018)
CNF aerogel chemical vapor hexadecyltrimethoxylan / 155°C,1h / (Rafieian et al.,
deposition 2018)

CNC SI-ATRP styrene triethylamine, DMF N, 100 °C, 12 Cu(I)Br (Yin et al., 2016)
h

CNC ozone-initiated free polystyrene sodium acetate buffer ozone/77 °C, £ (Espino-Pérez

radical 36h et al., 2016)
polymerization

CNC N-alkylation alkylamines water, NaBH;CN as 45 °C, 3 h then VA (Nigmatullin

reducing agent RT,21 h et al., 2020)
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L Cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), cellulose fibers (CF) microcrystalline cellulose (MCC), triethylamine (TEA), 4-dimethylaminopyridine
(DMAP), dibutyltin dilaurate (DBTL), pentamethyldiethylenetriamine (PMDTA), tert-butyl acetoacetate (TBAA).
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Fig. 4. Mechanism of A) pyridine-catalyzed esterification of cellulose nanoparticles with acetic anhydride, B) esterification of cellulose nanoparticles with carboxylic

acid, and C) functionalization of cellulose nanoparticles via ROP of ¢-caprolactone.

cellulose with acetic anhydride, catalyzed with HySO4 follows first-order
kinetics up to certain reaction time, which is conditioned with the
concentration of catalyst (15 h for 0.4 vol % of HSO4 or 50 h with 0.1
vol %). Extending reaction time can cause surface damage and structural
modifications (Frisoni et al., 2001), however to our knowledge there are
no systematic studies investigating such effects on cellulose nano-
materials. Kinetics of without catalyst and with imidazole-catalyzed
esterification of cellulose with various anhydrides in LiCl/DMAc have
been studied (Nawaz et al, 2012; Nawaz et al., 2013). Cyclo-
hexylmethanol and trans-1,2-cyclohexanediol were used as model
compounds for the hydroxyl groups of the anhydroglucose unit. It was
found out, for the model compounds, that in uncatalyzed reaction
Keprim-ony/K(sec-on) > 1. The reaction rate decreased with the increasing
number of carbons in anhydrides from ethanoic to butanoic anhydride.

However, it increased for pentanoic and hexanoic anhydride because of
subtle changes in enthalpy and entropy and compensations thereof
(Nawaz et al, 2012). A similar result was obtained for
imidazole-catalyzed reaction: Kj prim.on/Kssecon > 1 (Nawaz et al,
2013).

Espino-Pérez et al. (2014) carried out hydrophobization of CNCs
through esterification with two carboxylic acids: phenylacetic acid and
hydrocinnamic acid. The reaction was carried out at the temperature
above the carboxylic acid melting point; therefore, the carboxylic acid
was acting as reaction media as well as a reactant (Fig. 4B) (Espino-Pérez
etal., 2014). Change in width of CNCs was observed- possibly because of
peeling-effect that is observed during acetylation and silylation or
because of natural degradation of cellulose acidic conditions in re-
actions. Decrease in crystallinity of CNCs was observed, which could be



3.1. Hydrophobic Functionalization Reactions of Structured Cellulose Nanomaterials: Mechanisms,

Kinetics and in silico Multi-scale Models

A. Ubertintner et at.

attributed to acidic conditions that cause break of crystalline contacts
and substitute them with amorphous contacts (loelovich, 2012). Modi-
fied CNCs were well dispersable in chloroform and, compared to pristine
CNCs, did not aggregate. Water contact angle measurement pointed to
increased hydrophobicity as well.

Esterification of CNFs are significantly less described than CNCs.
However, Kumagai & Endo (2020) researched functionalization of
nanofibrils with butane-1,2,3,4-tetracarboxylic acid (BTCA) with aim to
achieve immobilization of tannic acid. Higher protein absorbency in
esterified CNFs was demonstrated which points to potential application
as immobilization carrier. No significant change in morphology was
detected. Moreover, when compared to CNFs with adsorbed tannic acid,
the modified ones were smaller, with diameter is similar to TEMPO
prepared CNF, compared to the adsorbed. It was concluded, that with
esterification via BTCA not only the immobilization of tannic acid can be
achieved, but also the nanofibrillation of cellulose materials (Kumagai &
Endo, 2020).

Yoo and Youngblood (2016) aimed at reducing harmful reagents and
solvents for hydrophobization of CNCs and therefore focused on modi-
fication in aqueous conditions. Reactions were carried out through two
different reaction routes, using lactic acid as a solvent. Moreover, the
byproduct polylactic acid (PLA) oligomers was then grafted onto the
surface of CNCs. Higher hydrophobicity was then reached by grafting
various side groups originating from fatty acids onto the surface of
CNCGs. In the first route, esterification was done in two steps: drafting of
PLA oligomers to CNCs with zinc dehydrate catalyst and subsequent
esterification with fatty acids, biodiesel or plant oil in the presence of
dibutyl tin dilaurate (DBTDL) catalyst, while the second route was
“one-pot”’, where fatty-acid was introduced directly into the PLA-CNCs
reaction mixture. It was concluded, that this is a greener approach that
can be used to graft free long-chain fatty acids (route 1) and triglycerides
or fatty acid esters (route 2) and increase the CNCs dispersibility in
common solvents. More recently, Le Gars et al. (2020) studied esterifi-
cation of CNCs using fatty acids, but focused on the first part of reaction -
role of solvent exchange and dispersion of CNCs. The optimal solvent
exchange seems to be through ethanol to acetone, where particles
remain in range 300 nm. Good dispersion is the basic for grafting: no
peak for carbonyl bond was detected in badly dispersed CNCs. Higher
values of DS obtained for stearic acid suggest better efficiency of the
grafting using a longer fatty chain. Possible due to the difference in
viscosity between lauric and stearic acids in the molten state or due to
slight difference in acidity. Yokota et al. (2020) prepared amphiphilic
CNFs via aqueous counter collision and acetylation with acetic anhy-
dride in aqueous dispersion.

Peng et al. (2016) compared 4 different hydrophobization routes of
CNCs via surface esterification. In order to comprehend the role of
esterification type and tune hydrophobicity, chains with different hy-
drocarbon length (acetyl, hexanoyl, dodecanoyl, oleoyl and meth-
acryloyl) were grafted using acid anhydride, acid chloride, acid
catalyzed carboxylic acid, and 1,1-carbonyldiimidazole (CDI) activated
carboxylic acid. Through FT-IR spectra, it was observed, that grafting
anhydride, in presence of pyridine, is more efficient for low molecular
moieties with shorter aliphatic chains, such as acetyl. Pyridine has a
double role in this reaction: on one hand, it acts as a catalyst and on the
other as a solvent that causes reduction in hydrogen bonding between
CNCs, which could promote the reaction. However this approach was
not as efficient for grafting longer chains (dodecanoyl), where grafting
with CDI reached higher degree of substitution due to higher availability
of grafting moieties in carboxylic acid form. Willberg-Keyrilainen &
Ropponen (2019) showed that for grafting long chain carboxylic acids
such as dodecanoicoc or octadecanoic, acyl chloride is the most efficient
method. It was demonstrated, that both anhydride and CDI are suitable
for grafting unsaturated moieties such as methacryloyl and oleyl.
Grafting acid chloride or carboxylic acids was shown to be less efficient
than previously mentioned approaches, however Trinh and Mekonnen
(2018) achieved higher degrees of substitution (0.2 compared to
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previously reported 0.07) without disturbing the crystalline structure.
Crystallinity of CNCs slightly changed but there was no clear trend that
would correlate degree of substitution with crystallinity change. Hy-
drophobicity, tested by dispersing modified CNCs in water, ethanol,
acetone, THF and toluene, highly depends on degree of substitution as
well as on length of the grafted aliphatic chain — with longer chain the
dispersibility is better even at low degree of substitution (Peng et al.,
2016).

Another approach to hydrophobization of CNCs and CNFs is with
transesterification. Brand et al. (2017) studied kinetics of trans-
esterification reactions with vinyl acetate that were carried out under
microwave for activation and with K2COs3 acting as a catalyst. It was
observed that DMSO is a more suitable solvent than DMF and that
chemical reactivity is greatly impacted by the degree of CNCs dispersion
in the solvent. A higher concentration of reagent increases rate of re-
action, however after initially fast reaction, a slower conversion rate
follows although there are still unreacted hydroxyl groups on the sur-
face. This phenomenon was explained with two possibilities: either the
reaction rate starts to be controlled by diffusion of reactant and catalyst
through aggregates of CNCs or the reaction rate slows down due to
different reactivity of hydroxyl groups on the surface. Despite high
reactivity of the reagent, a significant amount of surface hydroxyl
groups was left unreacted even after 4 h of reaction, which was assigned
to the low reactivity of C—30—H (Brand et al., 2017).

In “grafting from™ approach, a commonly used reaction is trans-
esterification of e-caprolactone via ring-opening polymerization (ROP)
(Goffin et al., 2011; Habibi et al., 2008; Labet & Thielemans, 2011,
2012; Lin et al., 2009). This reaction is frequently carried out using
metal-based catalysts, especially tin(II) octoate [Sn(Oct),] (Goffin et al.,
2011; Habibi et al., 2008; Lin et al., 2009). Tin-based catalyst, in com-
bination with alcohol (-OH), initiates the reactions shown in Fig. 4C.
(Kowalski et al., 1998; Labet & Thielemans, 2009, 2011). High tem-
peratures, that are needed for the reaction catalyzed by tin (II) octoate,
can lead to intra and intermolecular transesterification, which causes an
unwanted formation of a network (Penczek & Duda, 1996).

The drawback is that metal catalysts often stay incorporated into the
polymer and additional separation is needed for some applications. With
this in mind, Labet and Thielemans (2012), studied utilization of citric
acid as a catalyst in ROP of e-caprolactone. In the initiation step, acid
activates the monomer, which is then attacked by a nucleophile (—OH).
Propagation follows similarly, with the alcohol at the end of the chain
acting as a nucleophile (Labet & Thielemans, 2011). Generally, no
change on the surface of nanocrystals or in crystallinity was observed.
The surface was confirmed to be hydrophobic, through water contact
angle measurement and utilization of modified CNCs by incorporating
them into high molecular weight PCL matrix (Goffin et al., 2011; Habibi
et al., 2008).

In “’grafting from’’ approach, cellulose nanomaterial is first grafted
with macro initiator that usually contains bromide (Morandi et al.,
2009; Wang et al., 2015). For example, Morandi et al. (2009) carried out
grafting of polystyrene (PS) chains through surface-initiated transfer
radical polymerization (SI-ATRP), where 2-bromoisobutyryl bromide
was first esterified onto CNCs surface with TEA acting as a catalyst and
prepared initiating sites for ATRP by a CuBr/PMDETA (N,N,N',N’,
N'"-pentamethyldiethylenetriamine)-catalyzed of styrene. After the first
step, the substitution of surface hydroxyl groups was varying from 21 %
to 70 % as confirmed with elemental analysis. Higher temperature,
reactant concentration and longer reaction time led to higher grafting
efficiency. For identical reaction time and temperature, a linear
dependence between reactant concentration and grafting efficiency was
observed and so the density of grafted initiating sites can be easily
controlled. Moreover, length of grafted polymer chains can be controlled
by concentration of monomer and sacrificial initiator in the second step.
Water contact angle increased significantly after the modifications while
morphology and crystallinity of nanocrystals did not change (Morandi
etal., 2009). Wang et al. (2015) first grafted CNCs with bromoisobutyric
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acid in presence 1,1'-carbonyldiimidazole which then induced Cu
(0)-catalyzed living radical polymerization of poly(methyl acrylate).
The kinetics of the second step in functionalization were shown to be
fast, grafting six times the mass of poly(methyl acrylate) with respect to
CNCs in 30 min of reaction.

To avoid multiple reaction steps and decrease time and cost needed
for functionalization, several research groups explored the possibility to
perform hydrolysis of cellulose and then functionalization of nano-
crystals in one step. Braun and Dorgan (2009) performed single step
hydrolysis and esterification of cellulose, called Fischer esterification,
resulting in hydrophobicity of CNCs, demonstrated by dispersing them
in toluene and ethyl acetate. Two different acids have two different roles
in this reaction. HCl is responsible for hydrolysis and acts as a catalyst
for the esterification reaction between cellulose and carboxylic acid that
is grafted to surface. With simultaneous hydrolysis and esterification,
degree of substitution as determined through FT—IR is lower than re-
ported by Trinh & Mekonnen (2018). The same research group upgraded
this reaction by introducing lactide after Fischer esterification (Braun
et al., 2012). Polymerization reactions were carried out both in solution
and in bulk. However, polymerization of lactide was carried out in a
separate step, with additional solvent. Similarly, Miao et al. (2016)
hydrolyzed and subsequent esterified CNCs in tetrabutylammonium
acetate with dimethylacetamide.

More recently, Lv et al. (2019) obtained CNCs an CNFs by performing
formic acid hydrolysis, whereas hydrolysis mechanisms and kinetics
were studied as well. Results showed that conditions with formic acid
concentration 84-92 wt%, reaction temperature of 80-100 °C and hy-
drolysis time of 4-14 h were suitable to achieve the highest yields of
hydrophobic CNCs and CNFs. Ionic liquids were shown to dissolve cel-
lulose when co-solvent such as DMAc is applied.

To conclude this subchapter, functionalization of cellulose nano-
materials through esterification offers a wide variety of reactions.
However, there is no universal rule as to which is the best esterification
approach and has to be selected according to a desired result, but also to
eliminate use of solvents because of the health and environmental risk,
high price, and disposal and make it as sustainable as possible. For
example, acetylation is a widely researched reaction, but is sensitive to
water so it requires freeze drying of the cellulose nanomaterial or use of
solvent through additional solvent exchange steps. One pot reactions in
aqueous solution are good alternative, and should be preferred because
of elimination of the solvent, as well as additional step of solvent ex-
change or drying, but are limited to grafting of lactide or several car-
boxylic acids that are well miscible with water and have high boiling
point. Similarly, esterification with carboxylic acids can possibly cause a
peel-off effect and affect crystallinity of cellulose nanoparticle. It was
shown that generally, with grafting of shorter chains, higher degree of
substitution can be reached and grafting through anhydrides is the
optimal option for this approach. However, as anhydrides can be quite
expensive, CDI seems to be a good alternative that can also deal with
terminal double and triple bonds, but is less efficient with shorter chains.
Grafting through acid chloride is less efficient than the previous ones.
Moreover, higher concentrations of acid chloride and pyridine can
disturb crystalline structure. Degree of substitution strongly depend on
the state of starting material and the solvent. Freeze-drying, for example
can disturb the structure of cellulose nanomaterial, cause agglomeration
and restrict it from re-dispersion. Yet, it is easier to carry out a water-
sensitive reaction with freeze-dried CNCs. Solvent exchange to acetone
through ethanol keeps particles sufficiently small, but requires extra
steps and chemicals. As noticed, the approaches to hydrophobic modi-
fications are well researched, but the descriptions of kinetics of this
reactions are rare and should be in the focus in the future, as this data is
needed for optimization of the reactions with regards to greener
production.

Models
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4.2. Carbamation

Term carbamation generally represent of two types of reactions, both
involving isocyanates: grafting of functional polymers onto the surface
using isocyanates as linkers or use of nonpolar isocyanates modify cel-
lulose surface. Grafting of polymers proceeds in three steps. Firstly, a
reaction between polymer and isocyanate with one isocyanate func-
tionality, such as phenylisocyanate is carried out to protect one end of
polymer. The second step attaches isocyanate with two isocyanate
functionalities such as toluene 2,4-diisocyanate (TDI) to the other end of
the polymer and in the last step, the unreacted isocyanate group is
reacted with hydroxyl groups on the surface of cellulose nanomaterial
(Habibi & Dufresne, 2008; Paquet et al., 2010). Tertiary amines,
commonly triethylamine (TEA), were shown to be suitable catalysts.
Simplified reaction mechanism between isocyanate and cellulose cata-
lyzed by tertiary amine (Eyley & Thielemans, 2014) is shown in Fig. 5.
However, these same catalysts could catalyze undesirable
self-polymerization of isocyanates as well (Guo et al., 2015).

One of the first studies focusing on application of isocyanate as an
assisting in grafting of polycaprolactone on surface of polysaccharides
(starch and cellulose) was published by Habibi and Dufresne (2008).
Two different molecular weights (10.000 g mol™! and 42.500 g mol™")
of polycaprolactone were grafted to the CNCs according to the three
steps described above and shown in Fig. 6. It was confirmed that with
lower molecular weight of polymer, higher degree of substitution was
reached. Water contact angle increased in both cases, with 10.000 g
mol ™" being slightly higher. Crystallinity of CNCs did not change,
however additional diffraction peak that corresponds to crystalline
structure of PCL was observed. Similarly was TDI as a linker used to graft
a natural vegetable oil (castor oil) on CNCs surface in the presence of
TEA acting as a catalyst (Shang et al., 2013). Two out of three hydroxyl
groups on castor oil were terminated with phenyl isocyanate before
functionalization in order to leave only one hydroxyl group available to
modify CNC surface. With this step, inter- and intramolecular bonding
was prevented (Shang et al., 2013).

An even further step forward was the synthesis of CNCs modified
with photocleavable polymers that could expand the use of cellulose
nanoparticles to smart delivery vehicles and smart materials (Morandi &
Thielemans, 2012). Firstly, a photosensitive o-nitrobenzyl ester deriva-
tive that holds one initiation site for surface initiated atomic transfer
radical polymerization (SI-ATRP) and one hydroxyl functionality was
grafted onto the surface of CNCs through TDI. SI-ATRP initiating sites on
modified CNCs were now readily available to initiate the graft poly-
merization of polystyrene (PS) onto the surface of CNCs. When
compared to direct esterification, a lower degree of substitution was
reached in the first step of reaction. 17 % of primary hydroxyl groups
were substituted, significantly less than compared with direct esterifi-
cation where all primary and one secondary hydroxyl group of all sur-
face glucose units were modified. It has to be taken in account that
photocleavable linker is bulkier than initiator, which decreases the de-
gree of substitution. Regarding the polymerization step, the molecular
weight of degrafted PS chains was similar to PS homopolymer molecular
weight, demonstrating that with a sacrificial initiator it is possible to
efficiently control the length of the grafted chains (Morandi & Thiele-
mans, 2012).

In order to be able to carry out the above mentioned carbamation
functionalization, the two isocyanate groups on the linker (for example
TDI) should have different reactivity. Methyl group causes a steric
hindrance onto ortho isocyanates, which makes them 5-10 times less
reactive as the para ones (Belgacem et al., 1993). However, ortho iso-
cyanate group is not entirely unreactive in the first step, which can cause
lower grafting efficiency. In regard to this, Abushammala (2019) studied
para/ortho reactivity of isocyanate groups of TDI with respect to tem-
perature, TDI/CNCs molar ratio, and volumes of catalyst and solvent. It
was observed that the optimal conditions to obtain maximum p-NCO
selectivity were shown to be 35 °C and molar ratio of 3, whereas higher
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Fig. 5. Simplified reaction mechanism between isocyanate and cellulose, catalyzed by tertiary amine.
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Fig. 6. Schematic presentation of three steps in carbamation of cellulose nanoparticles.

temperature s and molar ratios cause substitution of not only surface
hydroxyl groups but of amorphous as well (Abushammala, 2019).

The second approach involving isocyanates is grafting nonpolar
isocyanates i.e. n-octadecyl isonyanate (Espino-Pérez et al., 2013; Guo
et al., 2017; Siqueira et al., 2009a, 2009b) directly onto surface of cel-
lulose nanomaterial. The advantage of this process is that it excludes
toxic reagents or catalyst. However, a change in crystallinity was
observed pointing to possible peel-off effect and damage of nanocrystals
at higher temperatures and longer reaction times. At the same time,
smaller increase in water contact was observed in these samples, con-
firming the peeling off (Siqueira et al., 2009b). De Oliveira Taipina et al.
(2013) and more recently Anzlovar et al. (2020) as well, reduced hy-
drophilicity ~of CNCs by reacting them  with iso-
cyanatepropyltriethoxysilane and exploiting silane hydrophobic
character. Girouard et al. (2016) carried out modification of CNCs with
isophane diisocyanate, which has unequal reactivity on isocyanate
groups to create CNCs surface with both isocyanate and urethane
functionality. The selectivity of catalyst DBTL for secondary isocyanate
group was proven by '°C NMR.

With carbamation, lower degree of substitution can be reached
compared to direct esterification, however for direct esterification,
generally a high excess of the reactant needed. By using di-isocyanate as
a linker and providing sacrificial initiator a controlled polymerization
can be achieved (Morandi & Thielemans, 2012). Considering
mono-isocyanates, a relatively high grafting of available hydroxyl
groups was reached. Even so, it is worth noting that n-octadecyl isocy-
anate as well as the solvents used in reaction represent a health hazard.
In our opinion, in order to make this type of modification more sus-
tainable and easier to implement at industrial level, optimization of
reaction parameters through a kinetic studies, which are currently
lacking, should be performed. Furthermore elimination or recycle of the
used solvents should be examined.

4.3. Silylation

Silylation, also called silane grafting, is a form of etherification and

was shown to be a successful way to functionalize cellulose nano-
material to enhance adhesion between polymeric matrices and cellulose
nanoparticles (Brochier Salon et al., 2005; Eyley & Thielemans, 2014;
Khanjanzadeh et al., 2018). Various functional trialkoxysilanes, which

possess two types of reactive groups e.g. Y
-methacryloxypropyltrimethoxysilane (MPS) (Brochier Salon et al.,
2005; Yu, Yang et al, 2019; Zhang et al, 2015), vy

—aminopropyltriethoxysilane (APS) (Brochier Salon et al., 2005; Khan-

janzadeh et al., 2018), y-diethylenetriaminopropyltrimethoxysilane

(TAS) (Brochier Salon et al., 2005), 3-glycidoxypropyltrimethoxysilane
(Pujiasih et al., 2018) and methyltrimethoxysilane (Dilamian & Nor-
oozi, 2021; Kim et al., 2019). The most commonly used APS, due to its
low cost and simple structure (Khanjanzadeh et al., 2018). The latter
will be presented here as a model compound for the mechanism of re-
action as well. The reactions of silylation have to be carried out in water
or water/alcohol mixture under slightly acidic pH (the slowest rate is at
neutral pH) (Osterholtz & Pohl, 1992). Silylation occurs in three steps,
as indicated in Fig. 7: i) in the presence of water, hydrolysis of alkoxy
groups on silane takes place, resulting in formation of silanol, ii) through
hydrogen bonding of —OH on silanol and O—H groups on the cellulose
nanomaterial, silanol is adsorbed onto OH rich the surface of cellulose
nanoparticles, iii) chemical condensation, occurs after thermal activa-
tion, causes grafting of silanol on the surface of cellulose nanoparticles
through Si—OC— bond (Brochier Salon et al., 2005; Khanjanzadeh
et al., 2018). In the last step, siloxane bridges Si—O—Si form as a result
of self-condensation and contributes to the construction of polysiloxane
network on the surface of cellulose nanoparticles (Brochier Salon et al.,
2005; Khanjanzadeh et al., 2018).

It is also possible for the cellulose —O—Si—O— linkage to undergo
reverse hydrolysis, which would strip silane off the the cellulose nano-
particle’s surface. With this in mind, it is important to make sure that
silane is linked to more sites on the surface and that adsorbed silanols are
close enough to each other to undergo self-condensation (Brochier Salon
et al., 2005).

All three steps of silylation were studied in terms of kinetics of
adsorption on cellulose fibers (Brochier Salon et al., 2005). Hydrolysis of
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Fig. 7. Reactions cellulose silylation with APS and its self-condensation.

three different alkoxysilane agents was carried out in an ethanol/water
(80/20) solution. Inspection by 'H, 13cand 2°Si NMR spectroscopy
showed that rate increased in order MPS > APS > TAS. Followed by a
study of adsorption isotherms, it was discovered that adsorption
increased with an increasing initial concentration of alkoxysilane until
reaching a plateau at 0.24 x 1072,0.91 and 0.6 mmol of adsorbed silane
per g of cellulose for pre-hydrolyzed MPS, APS and TAS respectively.
With further increase of initial concentration, adsorption increased
again, which could be an indicator that adsorption continued through
monolayer formation (Brochier Salon et al., 2005, 2007). Khanjanzadeh
et al. (2018) confirmed that this mechanism is accurate for CNCs func-
tionalization as well. Minimal change in crystallinity (1 %) was
observed. Mertaniemi et al. (2012) described another two approaches of
silylation: chemical vapour deposition and secondly, dispersion in tri-
chlorosilane containing a fluorinated alkyl chain, to produce super-
hydrophobic CNFs microparticles with low contact angle hysteresis.
Structure of layers of CNF microparticles e.g. density and uniformity of
layers, micron-scale roughness has a great impact on hydrophobicity as
well (Mertaniemi et al., 2012).

Silylation is more sustainable that some carbamation and esterifi-
cation methods since it eliminates use of solvents, however reagents
containing silane can be expensive and silane stays incorporated in
cellulose nanomaterial after modification, which could be of concern for
some applications.

4.4. Plasma treatment

In the last two decades, an interest in functionalization of cellulosic
fibers with plasma has raised. In this chapter, the overview is broadened,
including cellulosic materials as well. Relatively little research has been
done on cellulose nanomaterial specifically, but we believe it is a
promising way for hydrophobic functionalization. Plasma treatment is
greener in terms of the elimination of strong acids or discarded solvents.
For hydrophobization of cellulose nanomaterial, several different tech-
niques were used: low pressure plasma, atmospheric pressure and sub-
merged liquid plasma (Alanis et al., 2019; Castelvetro et al., 2006; [hara
& Iriyama, 2011; Samanta et al.,, 2012, 2016). One of the first
plasma-induced modifications of cellulose was done with continuous
cold argon plasma, which activated cellulose fibers towards surface
initiated graft polymerization of glycidyl methacrylate, 2-hydroxyethyl
methacrylate and 1,1,2,2-tetrahydroperfluorodecyl methacrylate (Cas-
telvetro et al., 2006). The result of Ar plasma is limited to physical
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etching, which causes the higher surface density of free radicals acti-
vated for grafting. One (impregnation with a monomer before plasma
treatment) or two-step (exposure to monomer after plasma treatment)
grafting was applied, depending on the monomer. lhara and Iriyama
(2011) prepared liquid marbles by the processing of cellulosic powders
with different diameters by Oz plasma, following with adsorption of
tetramethylcyclotetrasiloxane in order to make them hydrophobic.

Samanta et al. (2012) hydrophobized cellulose fibers using He/1,
3-butadiene plasma at atmospheric conditions. The same research
group modified cellulose using fluorocarbon plasma under atmospheric
pressure (Samanta et al., 2016) and He/TFE plasma (Samanta et al.,
2021). Alanis et al. (2019) described strategy to functionalize CNCs by
delivering monomer gas (styrene, caprolactone or farnesene) in reaction
chamber to which strong electrical field was applied. Ionized and
excited molecules and radicals than attack CNCs surface and induce
growth of polymer chain via plasma deposition. More recently, Yao et al.
(2021) prepared a super-hydrophobic cellulose material via two-step
modification: firstly, the surface of cellulose was etched with oxygen
plasma on which trisilanolisobutyl-polyhedral oligomeric silsesquiox-
ane was then deposited.

Plasma seems to be a fast and sustainable alternative that eliminates
solvents and strong acids. However, commonly used for hydro-
phobization is fluorocarbon gases (CF4) gas that is one of the most
persistent greenhouse gasses and should be avoided to be releases to the
atmosphere. This type of the cellulose nanomaterial hydrophobization is
explored as much as other approaches. Furthermore the exact mecha-
nisms and kinetics of the reactions that happen on the surface of cellu-
lose nanomaterials are yet to be researched. Despite this, in our opinion,
plasma has a potential for sustainable functionalization of cellulose
nanomaterials.

4.5. Adsorption

Adsorption is a simple and fast modification that generally, in
advantage to some other techniques, does not require organic solvents.
Adsorption can be divided into two categories: adsorption of poly-
electrolytes, which bind mostly through electrostatic interactions and
adsorption of other components as defined by Hatton Malmstrom, &
Carlmark (2015), who review in details the adsorption of tailor made
copolymers on cellulosic surfaces. The second group binds through Van
der Waals interactions and hydrogen bonds and is primarily researched
for hydrophobization of cellulose nanomaterials. The disadvantage of
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adsorption is the weakness of bonds, which can cause loss or migration
of adsorbate. In contrast to other techniques, adsorption is better
researched on CNFs compared to CNCs, which is probably due to
different final application as CNFs modified through adsorption are
often used as a coating or films, and much less used in other polymer
matrices as reinforcement. Furthermore, there are numerous studies on
adsorption kinetics available.

Syverud et al. (2011), and Salajkova et al. (2012), Xhanari et al.
(2011) describe the adsorption of cationic surfactants onto the surface of
CNFs. Xhanari et al. (2011) compared surfactants with different chain
lengths and different solubility in water in regards to adsorption iso-
therms. It was revealed that adsorption is significantly better when CNFs
are first TEMPO-oxidized, which increases the anionic charge on the
surface of CNFs. The study of adsorption isotherm revealed three
mechanisms of adsorption: at low surfactant concentration, the driving
force of adsorption are the electrostatic interactions between negatively
charged carboxyl groups on the surface of TEMPO-oxidized CNFs and
positively charged cationic surfactant. Then, admicelles are formed and
adsorption abruptly rises. Further increasing of surfactant concentration
results formation of a double layer, where hydrophilic headgroups face
CNFs surface and outer environment. This causes the increase in hy-
drophilicity. In conclusion, to reduce water-wettability, adsorption at
lower concentrations of surfactant is suitable (Xhanari et al., 2011). The
same group studied adsorption of cetyltrimethylammonium bromide
(CTMAB) on film made of CNFs, in contrast to adsorption on CNFs,
where it was further found that higher concentration of CTMAB reduces
the decrease of tensile strength upon adsorption (Syverud et al., 2011).
Qing et al. (2016) studied the adsorption of CTMAB on CNCs and its
kinetics. The results showed that adsorption followed
pseudo-second-order kinetics. Adsorption isotherm can be described
with the Freundlich equation, demonstrating multi-layer adsorption of
CTMAB on CNCs surface (Qing et al., 2016). Inspired by silica-modified
CNCs, a modification via adsorption using quaternary ammonium salts
was carried out on TEMPO-oxidized CNFs.

Reverdy et al. (2018) compared hydrophobic properties of CNFs
coating with adsorbed amino propyl trimethoxy silane (AMPS) or with
adsorbed alkyl ketene dimer (AKD). Coating with adsorbed AKD gave a
slightly higher water contact angle than CNFs with adsorbed AMPS.
However, the procedure of AKD adsorption on CNFs involves chloroform
(Missoum et al., 2014), which is undesirable in terms of sustainability.

4.6. Click chemistry

Click chemistry, as defined by Sharpless and his colleagues (Kolb
et al., 2001), represents a series of rapid reactions, characterized by the
mild reaction conditions, high yields, high efficiency and harmless
by-products. Moreover, such modification can be carried out in water,
which eliminates organic solvents (Tingaut et al., 2011) Recently, click
chemistry has become of interest for hydrophobization of cellulose
nanomaterials as it enables attachment of alkyl and azide groups (Chen
et al., 2015; Fein et al., 2020a, 2020b; Huang et al., 2014; Zhou et al.,
2018). Huang et al. (2014) prepared hydrophobic CNCs by combining
alkoxysilane chemistry and photochemical thiol-ene click reaction with
the assistance of UV-light. Alkyne-azide Huisgen cycloaddition has been
used to functionalize cellulose as well, but the complete mechanism is
yet unknown (Danese et al., 2019). For example, Zhou et al. (2018)
grafted PCL onto CNCs with the three-step procedure, including
click-reaction. Firstly, CNC—N3 and PCL diolCC——=H were synthesized,
followed by a copper-catalyzed cycloaddition click reaction between
them. A similar principle that led to the highly alkynl-functionalization
of CNCs reinforced nanocomposites was implemented by Chen et al.
(2015). Recently, Fein et al. (2020a) modified CNFs with various thiols
in a two-step reaction: firstly, the norbornene groups were attached to
the surface through a reaction of CNFs with cis-5-norbornene-endo-2,
3-dicarboxylic ~ anhydride (carbic anhydride), followed by
thiol-norbornene reaction. Modification affected the viscosity and
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drainage rate when forming a film. Attachment of non-polar groups
reduces flocculation and viscosity. On the contrary, modification with
polar groups increases the flocculation and viscosity as well as drainage
rate. Furthermore, the same group investigated water-based compati-
bilization between carbic-modified CNFs and natural rubber (NR)
through thiol-ene reaction (Fein et al., 2020b). CNF-NR hybrid particles
that drained faster and provided homogeneous distribution of NR all
through the coating were formed. However, the hydrophobicity was
dependant only on the concentration of NR, regardless of modification
(Fein et al., 2020b).

Currently, there are no kinetic data available for modification thor-
ough click-reactions, but the kinetics of each step should be evaluated in
the future in order to optimize the process.

4.7. Other strategies to hydrophobization of cellulose nanomaterials

Along with atom transfer radical polymerization, mentioned in
Sections 4.1 and 4.2, nitroxide-mediated polymerization was shown to
be a prospective method for functionalizing cellulose nanoparticles
(Roeder et al., 2016).

In nucleophilic substitution, hydroxyl group is substituted. Various
triazinyl derivatives, consisting of nonpolar aliphatic chains, aromatic
rings and alkyne functionalities, had been grafted onto CNCs. This re-
action can be used to obtain either standalone product or a building
block for further reactions (Fatona et al., 2018).

Nigmatullin et al. (2020) modified CNCs with alkylamines of
different alkyl chain lengths in aqueous suspension and studied the
gelation of such materials. It was revealed that hydrophobization of
CNCs leads to more robust gels because hydrophobic effects induce
sol-gel transformation at lower concentrations.

CNCs were surface-modified using immobilized lipase to form lau-
rate ester groups. Reaction was carried out in tert-butanol followed by
addition of dodecanoic acid. The modified CNCs were then integrated
into PLA matrix and showed decreased hydrophilicity and enhanced
mechanical properties (Yin et al., 2020).

5. In-silico approaches to surface modifications of cellulose
nanomaterials

Theoretical chemistry approaches such as density functional theory
(DFT) and molecular dynamics (MD) can be used to determine the
arrangement of cellulose chains inside CNC or CNF. Information about
conformation of cellulose chains can help in explaining the kinetics of
functionalization reactions. Currently, DFT has been applied to provide
information about hydroxide bonds strengths (Watts et al., 2014),
mechanism of reaction between TDI and cellulose (Cao et al., 2016), and
adsorption of various metals and dyes onto functionalized cellulose
nanomaterials (Kim et al., 2016; Zhu et al., 2020). MD simulations
showed that o dihedral angle (O—5—C—5—C—6—0—%6), which cor-
responds to a hydroxyl-methyl group, Kulasinski et al. (2014) studied
crystalline, amorphous and paracrystalline states of cellulose by MD. It
was demonstrated that amorphous regions hold a lower amount of the
total number of hydrogen bonds per unit of glucose. Moreover, the
biggest difference between crystalline and amorphous cellulose is in the
intermolecular bonding system, which creates larger spaces between
chains in amorphous cellulose and the result is a porous structure of
amorphous cellulose (Kulasinski et al., 2014). Because CNFs consist of
both crystalline and amorphous regions, this has to be taken into ac-
count when designing modification reactions. More recently, MD sim-
ulations were used to study the effects of topochemical surface
modifications, using acetylation of cellulose nanomaterial in aqueous
environment as a model system, on specific particle-particle interactions
and on interactions between nanoparticle and liquid medium. It was
revealed that the work of adhesion between cellulose nanomaterial with
modified C-6 position is decreased and is therefore induces hydro-
phobization of cellulose nanomaterial. Moreover, it was found that the
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net effect of modification is the reduction of cellulose nanomaterial’s
tendency to aggregate in water through the disruption of near crystalline
structure between two aggregated cellulose nanoparticles, which de-
creases hydrogen and van der Waal's bonding (P. Chen et al., 2020).
Sdenz Ezquerro et al. (2019) developed models of cellulose fibril surface
using steered MD to observe forces between cellulose fibril surfaces and
the effect of adsorption of polyelectrolyte. Similarly, Ren et al. (2020)
studied the interfacial structure and adhesion between crystalline cel-
lulose planes and PLA through MD simulations.

Although the in-silico approaches are helpful in determination of
thermodynamic properties, structural parameters, bond strengths or
kinetic parameters, they are not yet widely described in the literature.
However, their potential to be exploited as an important tool in the
cellulose nanomaterials research is big. The future approaches involving
green chemistry principles can be evaluated on the molecular level
bridging the gaps in the experimental observation and modelling the
(micro)kinetics.

6. Applications and future prospects of hydrophobic
functionalized cellulose nanomaterials

Hydrophobic cellulose nanoparticles were found to have a great
potential in multiple fields due to its non-toxicity, biocompatibility,
biodegradability, good mechanical properties, high surface area and
versatile surface chemistry (Fig. 8). However, there are some limitations
that prevent the commercial use of these materials. While CNFs can be
extracted at room temperature and neutral conditions, CNCs require low
pH and high temperatures. Moreover, many of the discussed modifica-
tions require organic solvents and expensive reactants, which further

Biomedical sensing and imaging

Polymer reinforcement

Wastewater treatment
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limits the practical use of cellulose nanomaterials. Nevertheless, high
value applications of cellulose nanomaterials, preferably modified
through a sustainable method, should be the focus.

Most frequently, it is used as reinforcement in nonpolar matrices in
polymer composites. For instance, carbamated CNCs were incorporated
in thermoplastic polyurethane (Girouard et al., 2016) with intent to
produce flame retardant composite foam (Kim et al., 2019), poly
(ethylene-cobutylene) (Biyani et al., 2013), silylated CNCs into poly-
dimethylsiloxane (Zhang et al., 2014), esterified into poly(lactic acid)
(Shojaeiarani et al., 2018), modified via SI-ATRP to poly(methyl meth-
acrylate) (Yin et al., 2016), and so on. Better dispersion and therefore
better adhesion between grafted CNCs and PLA matrix increases thermal
stability of the nanocomposite (Spinella et al., 2015). Compared to
incorporation of unmodified cellulose nanomaterial, the storage
modulus at temperature below and above PLAs glass transition tem-
perature increased when incorporating modified CNCs, compared to
PLA and unmodified/PLA nanocomposite. It is worth noting, that the
greatest improvement of properties was observed when incorporating
lactate grafted CNCs into PLA (Spinella et al., 2015). With use of
modified CNCs, smart polymers can be formed. For instance, CNCs
modified via thiol-ene reaction, were blended with poly(ethylene gly-
col)—poly(e-caprolactone)-based polyurethane (PECU) and
pH-responsive shape-memory nanocomposite was obtained (Li et al.,
2015). For instance, pH-responsive CNCs was assembled by grafting
pyridine moieties. Pyridine-4-carbonyl chloride was synthesized from
isonicotinic acid and SOCly. When adding a base to a water solution of
CNC-CgH4NO,, H™ is neutralized with OH™ and nitrogen is deproto-
nated. This causes change to hydrophobicity and precipitation from
water solution (Li et al., 2015). CNCs modified via nitroxide-mediated

u

Food packaging

Surgical scaffolds

Fig. 8. Applications of hydrophobic cellullose nanomaterials: biomedical sensing and imaging (Li et al. 2014) (Published by The Royal Society of Chemistry); in
surgical scaffolds (Markstedt et al. 2015) (reproduced by permission of American Chemical Society), food packaging (Le et al. 2016) (reproduced by permission of
Elsavier), polymer reinforcement (Girouard et al., 2016) (reproduced by permission of American Chemical Society,) and wastewater treatment (Zhang et al. 2014))

(reproduced by permission of American Chemical Society).
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polymerization were shown to be a universal nanofiller, as they can be
either hydrophilic or hydrophobic and are regulated with CO, (Farnia
et al., 2019; Glasing et al., 2017).

Although many studies cover polymer reinforcement with cellulose
nanomaterials, there are very few that would systematically research the
effect of modification on reinforcement or economical and ecological
justification for the modifying cellulose nanomaterials in order to mix
them into polymer matrix.

Cellulose nanomaterials are prospective in biomedical applications
as well. pH-responsive CNCs obtained through adsorption of surfactant
have the potential to be used as carriers for controlled drug release (Qing
et al., 2016). Cellulose nanomaterial has become interesting for the
construction of biocompatible and biodegradable scaffolds, with the
final application as surgical implants (Guo et al., 2012; Markstedt et al.,
2015; Zoppe et al., 2009). Poly(e-caprolactone) nanofibers reinforced
with CNCs carbamated with poly(e-caprolactone) diol were shown to
have good mechanical properties and satisfying morphological homo-
geneity for such application (Zoppe et al., 2009). Fluorescently esterified
cellulose nanoparticles show potential in bio-imaging and labelling in
biomedicine (Li et al., 2014; Sirbu et al., 2016).

High surface area, versatile surface chemistry chemical inertness
make membranes and filters based on cellulose nanomaterials great
water pollutants adsorbents (Voisin et al., 2017; Wang, 2019; Wang
et al., 2014). Several researchers proposed use of hydrophobic CNF
aerogel as oil absorbents and furthermore showed that the aerogels are
highly absorbent as well as reusable (Chin et al., 2014; Dilamian &
Noroozi, 2021; Jiang & Hsieh, 2017; Korhonen et al., 2011; Rafieian
et al., 2018; Zhang et al., 2014).

As cellulose nanoparticles can improve water and oxygen barrier, it
has a potential application in food packaging. They can be added as a
reinforcement to a polymer or used as an independent matrix. A sus-
tainably prepared bacterial CNFs-zein nanocomposite was shown to be
hydrophobic and antibacterial (Li, Gao et al., 2020). Spinella et al.
(2016) showed that modified CNCs provided lower gas permeability
compared to unmodified CNCs. Acetylated CNCs were incorporated into
polycaprolactone together with acetylated hemicellulose in active food
packaging films (Mugwagwa & Chimphango, 2020). On the other hand,
hydrophobic and oleophobic CNCs were obtained by introducing fluo-
rine moieties to the surface and could be used in the packaging of foods
such as bakery items, pet foods and fast foods (Salam et al., 2015).
CNFs-silica films were shown to be durable and flexible and, therefore,
suitable for food packaging, however, they were extremely oleophilic
(Le et al., 2016). Similarly, poly (3-hydroxybutyrate) modified bacterial
nanocellulose, additionally treated with plasma to introduce antibac-
terial ZnO coating, was shown to be suitable as an alternative to con-
ventional food packaging (Panaitescu et al., 2018). For readers seeking
for more information, an extensive review covering cellulose nano-
materials in food packaging was published recently by Ahankari, Sub-
hedar, Bhadauria, & Dufresne (2021).

7. Conclusions

The review describes hydrophobic modifications of cellulose nano-
materials, where esterification, carbamation, silylation, plasma,
adsorption and click chemistry have been presented. Future research on
modifications of cellulose nanomaterials should take into account
greener principles, such as recycling or complete elimination of solvents
and acids and avoidance of harmful side products to enable broader
usage and acceptance of hydrophobic cellulose nanomaterials. Consid-
ering this, modifications that are carried out in aqueous solutions are
much more desirable. Moreover, it was shown that plasma treatment
and adsorption have a great potential for modifications of cellulose
nanomaterials because they are relatively simple and more sustainable
compared to some other methods, as there is no need of solvents.
However, this type of modification is not yet well described in the
literature and often not mentioned in literature reviews. Through the
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literature review, it was also observed that CNFs are considerably less
researched in terms of functionalizations and applications compared to
CNCs, in our opinion this is possibly due to their higher sensitivity to
harsher conditions and difficulty in reaching homogeneous dispersion.
However, modified CNFs have a great potential as a low cost material in
applications such as coatings, food packaging and water/oil separation.
The current overview of the hydrophobic CNFs and CNCs functionali-
zation further shows scarce kinetic studies, where the reason for this
could be that majority of studies are focusing on the new chemical op-
tions rather than the reaction optimizations. The stronger emphasis on
determination of kinetic parameters, which are important in optimiza-
tion of processes towards greener production, should be included more
in the future experiments. In conclusion, a stronger emphasis on a
deeper understanding of the presented chemical approaches toward
obtaining hydrophobic cellulose nanomaterials is needed and in-silico
and (micro)kinetics studies should be an added value in future process
engineering studies. The latter is needed to further push the utilization
of these highly useful and abundant materials towards the more sus-
tainable industrial-based applications. Considering final applications of
modified cellulose nanomaterials, it was found that such materials have
a high practicality, but there is a limited number of studies considering
contribution of the modification to the final product.
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Chapter 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 3!P 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: | carried out the experimental part of the study, developed a
microkinetic model and co-wrote the manuscript.
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ABSTRACT: Cellulose nanomaterials, namely cellulose nano-
crystals (CNCs) and cellulose nanofibrils (CNFs), present a class
of multipurpose, renewable, biodegradable, and nontoxic materials,
paving the way into the future of biobased materials. The
abundance of hydroxyl groups on the surface allows modification
of the materials properties according to application; however, to
fully exploit their potential, better compatibility on the molecular
level with the hydrophobic matrixes has to be explored beyond lab
scale. One of the main missing pieces in functionalization of
nanomaterials is a lack of studies focusing on mechanisms and
kinetics, which are prerequisite for further optimization of
conditions leading to optimal process in terms of both sustainable
processing and optimal performance. In this study, the “by design”
based approach to tailor biomaterial properties has been simulated
multiscale-wise, thus providing a greatly needed input for commercialization. The microkinetic parameters of the elementary
reaction steps for acetylation of two distinct types of cellulose nanomaterials were determined and refined by regression analysis. Ab
initio part utilizes the density functional theory (DFT) for cellotriose as a model, which suggested that products were obtained
through a mechanism consisting of active intermediate formation/subsequent competing one- or two-step (through binding/
decomposition of complex) reactions. Quantum chemical simulations were used to pinpoint the most probable sequence through
calculated activation barriers that served as a foundation for the development of a thorough regression analysis on experimental data
sets. The yield of reaction, through formed acetyl groups was determined through Fourier transform infrared spectroscopy, leading
to acquisition of critical elementary characteristics.
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Bl INTRODUCTION

Produced by plants through the process of photosynthesis,
cellulose takes the place as the most abundant polymer in
nature, and is as such readily available worldwide to be used in

around their axis for 180° and linked by f-glycosidic bonds
which are, along with hydrogen bonds, the reason behind
cellulose’s rigidity, stiffness, high mechanical strength, and
crystalline character.” There are two proposed models defining

various applications. Besides economic feasibility, its further
advantages are biodegradability, nontoxicity, biocompatibility,
and the possibility to extract particles of nanoscale.” Cellulose
nanocrystals (CNCs) are, as defined by The American Paper &
Pulp Association (TAPPI WI 3021), nanoparticles with pure
crystalline structure measuring up to 3—10 nm in width and
with an aspect ratio larger than 5, however usually less than
50.° 2,2,6,6-Tetramethylpiperidine-1-oxyl radical(TEMPO)-
mediated oxidation of cellulose biomass coupled with
mechanical treatment yields cellulose nanofibrils (CNFs),
which are in the form of long fibrilous networks with a
diameter of individual fibril up to 100 nm and length up to a
few micrometers.” The backbone of cellulose nanomaterials
consists of anhydroglucose units (AGUs) alternately rotated

© 2022 The Authors. Published by
American Chemical Society
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the distribution of ordered (crystalline) and disordered
(amorphous) regions in cellulose: (a) it can be described as
an alternation of the crystalline and amorphous domains along
the biopolymer fiber, where the amorphous domains are placed
between the crystalline regions as a result of internal strain
causing the fiber to tilt and twist,” or (b) such defects are not
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fully amorphous; however, at the twists and sharp bends of the
fiber, its core remains crystalline and the disordered regions are
present only on the surface.”’

Along with other nanofibers, cellulose nanomaterials are
heavily investigated as a filler for polymers or biopolymers,
especially by researchers in the wood and paper industry as
well as groups dealing with biomaterials.” Potential applica-
tions of cellulose/polymer nanocomposite are rising due to its
truly sustainable character and abundance, and it has achieved
a status of a “new” class of materials for use in various fields
including thermosets used for packaging, automobile,
electronics, textile, construction, medical devices, and many
more. In terms of processing cellulose nanocomposites, almost
half of the published research reports the use of solvent casting
method, which is not easily industrially scalable.” In a
conventional industrial setting, fibers and thermoplastics are
melt mixed to generate compounds, followed by profile
extrusion, compression molding, or injection molding
processes to yield composite products at high production
rates. There are several processing challenges and sustainability
issues involved in applying cellulose nanomaterials into
conventional and biobased thermoplastic processing systems."
The latter is related to the greener chemistry of cellulose
functionalization and diminishing the environmental footprint
of the chemicals but also to improving the economic
feasibility."" To overcome the dispersion of cellulose nanoma-
terials in thermoplastic (bio)polymers solution, both a
nanocellulose treatment chemically or physical surface treat-
ments have been demonstrated as an efficient option, thus
potentially boosting the industrial applications.> Hydroxyl
groups on the surface allow a vast range of surface
modifications'® that can overcome the weakness posed by
hydrogen bonding causing limited compatibility with polymer
matrices,* but it has to be taken into account that among the
three hydroxyl groups on the surface of a monomeric unit, not
all of them are equally reactive and susceptible to
functionalization. The hydroxyl group on the C6 position
(using conventional numbering with C1 being the anomeric
carbon) is much more reactive than C2- or C3-bound hydroxyl
groups. Additionally, modification of only the C6-bound group
does not interfere with the mechanical strength of cellulose
fibers, leading to recent efforts of regioselective acetylation.''°
An overview of hydrophobization methods on cellulose
nanomaterials shows esterification is the favored way of
minimizing the hydrophilic effect,"""” with acetylation being
one of the most widely used cellulose modifications that has
also been commercially utilized in a number of applications
and can be translated to the nanoscale, as well. Commercial
cellulose acetylation is carried out with sulfuric acid as a
catalyst, but the process is environmentally problematic and
presents a health hazard, prompting research in better
substitutes. Alternatively, acetylation of CNCs using acetic
anhydride in various media, such as citric acid and pyridine,
has been described by several authors.'”'® Acetylation of
cellulose nanomaterials was shown to improve dispersibility in
common solvents as well as polymer matrices. In practical
applications, the result of modification was an increase in
mechanical strength of PLA-based polymers with integrated
acetylated cellulose nanomaterials, due to better compatibility
as a result of surface hydrophobicity.'®*? Furthermore,
acetylated CNCs were demonstrated to improve the toughness
of a vitrimer upon their incorporation.”” Due to their fibrilous
structure, acetylated CNFs were successfully (as opposed to

pristine CNFs) utilized as Pickering emulsion stabilizers.”'
Despite their huge potential, cellulose nanomaterials are not
utilized on the industrial scale yet, due to several limitations
that are well described by Wang et al.'? The industrialization of
these materials depends on solving problems regarding both
processing techniques and surface modification.

While a number of studies inspected possible routes to
esterification of cellulose nanomaterials and their practical
applications, only a limited number of them focused on the
reaction mechanisms and kinetics.”> Several authors have
investigated the kinetic of wood acetylation with acetic
anhydride, assuming either a one-step (direct acetylation of
hydroxyl groups) or a two-step mechanism (including
dissolution of sulfated chains), with reaction kinetics following
a pseudo-first-order expression.””>® To be able to evaluate the
economic feasibility and sustainability of acetylated nanoma-
terials and promote their wider use in commercial applications,
this precise knowledge is needed as demonstrated by
Kanematsu et al.”’

With this in mind, the present study revisits the investigation
of pyridine-mediated acetylation with acetic anhydride
mechanisms and kinetics on two types of cellulose nanoma-
terials (CNCs and CNFs). A revised mechanism of cellulose
nanomaterials acetylation consisting of several routes is
hypothesized. Ab initio calculations should provide an insight
into the atomistic mechanism through the determination of
activation barriers. The subsequent microkinetic modeling,
supported by experiments under various conditions (temper-
atures in the range from 60 to 90 °C and varying reactant
ratios), can confirm the preliminary hypothesis. Additionally,
in the frame of experimental investigation, the chemical and
morphological characterization of the cellulose derivatives was
carried out using ATR-FTIR, phosphorus-31 NMR, solid-state
NMR, XRD, and SEM. The final hypothesis aims to confirm
that the developed microkinetic model can describe the
acetylation reaction for CNCs as well as CNFs.

B EXPERIMENTAL SECTION

Materials. CNFs (Valida S, 3% wt. suspension) was supplied by
Sappi (Maastricht, Netherlands), and CNCs were purchased from
Navitas (Stari trg pri Lozu, Slovenia). For acetylation of cellulose
nanomaterials, the following chemicals were used: toluene (Honey-
well), pyridine (Merck), acetic anhydride and acetone (Sigma-
Aldrich). For NMR analyses, deuterated chloroform, chromium(TIT)
acetylacetonate (relaxation agent), and 2-chloro-4,4,5,5- tetramethyl-
1,2,3-dioxophospholane (TMDP) were all purchased from Sigma-
Aldrich, while the internal standard N-hydroxy-S-norbornene-2,3-
dicarboxylic acid imide (NHND, > 99%) was purchased from Tokyo
Chemical Industry.

Methods. Characterization Pristine and Modified Cellulose
Nanomaterials. To ascertain the morphology, approximately 100 mg
of cellulose nanomaterial dispersion in water (approximately 3 wt %)
was diluted in § mL of acetone. A few drops of cellulose
nanomaterial—acetone solution were added onto the surface of a
heated sample holder, which was previously smoothed with sand
paper, to quickly evaporate the solvent. The sample was then
inspected as is with scanning electron microscope SUPRA 35VP (Carl
Zeiss, Jena, Germany) at near-vacuum conditions. For TEM analysis,
10 mg of cellulose nanomaterial was dispersed in 20 mL of acetone
and analyzed using JEOL ARM 200F electron microscope (JEOL,
Akishima, Japan). The size of the nanoparticles was determined from
the TEM micrograph from at least 25 points with Image] software,
and the average is reported.

The amount of accessible hydroxyl groups on the surface of pristine
nanocellulose was assessed by measuring 31p with Bruker Avance Neo
600 MHz NMR spectrometer (Bruker, Germany). TMDP was

https://doi.org/10.1021/acssuschemeng.2c04686
ACS Sustainable Chem. Eng. 2022, 10, 15480~15489
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reacted with freeze-dried and vacuumed CNCs and CNFs for 30 min
in the presence of the internal standard (NHND), following the
protocol proposed by Brand et al.”® The amount of accessible groups
was calculated from the peak integrals of the unreacted TMDP,
internal standard NHND, and water. The amount of surface hydroxyl
groups was also calculated theoretically through the crystallite size.
e cross-polarization/magic-angle spinning ('3C CP/MAS) solid
state NMR spectra were recorded on Bruker Avance Neo 400 MHz
NMR spectrometer (Bruker, Germany) equipped with a 4 mm HX
MAS probe. The analysis was done at a spinning rate of 15 kHz.
To evaluate the crystallinity, the freeze-dried samples of CNCs
were analyzed directly, while CNFs had to be flattened by pressure
once dry as described by Peng et al.* to be suitable for analysis.
Before the analysis they were fixed on modeling clay. The XRD
spectra were recorded with the PANanalytical X'Pert PRO (Malvern
Panalytical, UK) high-resolution diffractometer using Cu Ka radiation
(1.5406 A) in a 20 range from S° to 59° (100 s per step 0.034°). The
crystallinity index Crl was calculated by the Segal method:*

B =
Crl = 20__am 09
Ly (1)

where Iy is the maximum intensity of the diffraction from the
crystalline (200) plane at 26 = 22.8° and I, is the minimum intensity
of the amorphous region measured at 26 = 18°. Crystallite size (Cu)
was calculated based on the obtained XRD spectra following eq 2.

KA

Cm—
f} cos 20 (2)
where K is 1 (the Scherrer constant for needle-like crystallites) and 4
is the used wavelength (0.15406 nm). f is the width of half-maximum
of the diffraction peak angle of the (002) crystal plane. f is expressed
in radians, while 26 is in degrees.‘)'1 The amount of surface chains (R)
proportional to total amount of chains was calculated using lattice
plane d-spacings of the cellulose I monoclinic unit cell.*®

The freeze-dried samples were measured with FT-IR Spectrum
Two (PerkinElmer, Waltham, USA) instrument in a range of
wavelengths of 4000—400 cm™ with 64 scans with increments
(resolution) of 4 cm™. The spectra were adjusted to the same
baseline and normalized to the C—O peak at 1056 cm™ that is a
characteristic peak for a cellulose backbone and is not altered by the
reaction. The acetyl content is calculated through the I_ and Io_o
ratio as stated in the literature.”> The accuracy of the method was
assessed through titration (Supporting Information).

Acetylation of Cellulose Nanomaterials. CNCs and CNFs were
acetylated according to a modified protocol by Lin et al.'"® The
detailed description of the procedure can be found in the Supporting
Information. The reaction conditions are summarized in Table 1, with
additionally tested parameters in Table S1.

Quantum Chemical Simulations. DFT calculations served to
study the reaction mechanism. Electronic structures were calculated
with NWChem 6.8 Within the linear combination of atomic
orbitals method, we used a hybrid functional (M06-2X)** with
Pople’s basis set 6-31+G(d) for optimization and TS search™ " and
6-311++G(d,p) for single-point energy calculations, which is known
to reproduce the main group thermochemistry sufficiently well.*”
Solvation was modeled implicitly with the solvation model based on
density (SMD)* with the default values for pyridine (dielectric
constant: 12.978). Benchmark calculations were also done using
toluene (dielectric constant: 2.4) to evaluate the effect of adding
toluene, which was necessary for CNFs.

Structural optimization was performed until the forces dropped
below 1.5 X 107° hartree/bohr. The structures were characterized
with vibrational analysis to differentiate between stable and saddle
points. The transition states were identified using the climbing image
nudged elastic band method*' and confirmed by IRC.

Modeling. The Quantum Model. Cellulose is a prohibitively large
system to be described by contemporary quantum chemistry methods.
Ponnuchamy et al.** have already shown that cellobiose can be used
as a model compound for studying wood modification with acetic

15482

Table 1. Tested Experimental Conditions

Experiment No. e AGU:Pyridine:Acetic Anhydride (mol)
CNC
1.1 60 1:10:8.56
1% 60 1:30:8.56
1.3 60 1:50:8.56
1.4 70 1:10:8.56
1.5 70 1:30:8.56
1.6 70 1:50:8.56
B 80 1:20:8.56
1.8 80 1:30:8.56
1.9 80 1:40:8.56
1.10 80 1:50:8.56
111 90 1:8.6:8.6
112 90 1:10:8.56
1.13 90 1:30:6.00
1.14 90 1:30:8.56
1.15 90 1:40:8.56
1.16 90 1:50:8.56
CNF
21 60 1:10:8.56
22 60 1:30:8.56
23 70 1:30:8.56
2.4 70 1:40:8.56
2.5 80 1:10:8.56
2.6 80 1:30:4.82
2.9 80 1:30:8.56
2.8 80 1:40:8.56
29 80 1:50:8.56
2.10 90 1:10:8.56
211 90 1:30:8.56
212 90 1:40:8.56

anhydride. Due to the computational power available, we use
cellotriose (an oligomer of three D-glucose units) in the most stable
tg configuration®’ as a model, as shown in Figure S1. This structure is
large enough to allow for the cooperation of neighboring monomeric
units (see the mechanism below) and reproduces the steric hindrance
brought about by a chain of monomeric units, yet small enough to be
computationally tractable. Acetic anhydride was modeled as the
acetylating agent.

With large molecules, several local minima exist. To find the
lowest-lying initial structure, several different relative positions were
tested. Upon structural relaxation, each geometry was slightly
perturbed and subjected to first-principles molecular dynamics to
locate any adjacent lower minima. Moreover, after any transition state
was located, a full IRC descent to the reactants was performed and
further optimized. Herein, we present only global minima for the
reactants, intermediates, and products.

The Microkinetic Model. The DFT-obtained reaction parameters
for the reaction mechanism were cast in the microkinetic model,
which assumed the following:

e negligible side reactions
e homogeneously stirred reaction mixture
o a fraction of equally reactive surface hydroxyl groups available
for reaction (determined experimentally)
e batch mode operation of the ideal reactor
® no mass transfer limitations
A system of differential equations (dc/dt) describing the
concentration profiles of each reaction step was solved as described
in the Supporting Information, using the DFT-obtained parameters
for the Arrhenius-like kinetics.

https://doi.org/10.1021/acssuschemeng.2c04686
ACS Sustainable Chem. Eng. 2022, 10, 15480—15489
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Figure 2. FT-IR spectra of unmodified and modified CNCs, with marked regions (I-VII) where change upon acetylation is observed. The peak at
1744 cm™" is characteristic for acetyl bond and is proportional to acetyl content.

B RESULTS AND DISCUSSION rod-shaped particles that tend to aggregate, as visible in Figure
Characterization Cellulose Nanomaterials. The mor- 1a, with an average length of 294 + 84 nm and width 11 nm
phological differences between the two tested materials were +5 nm (Figure 1b), which is in agreement with the literature.”'

visible under SEM and TEM. The CNCs are in the form of On the other hand, CNFs are shaped as a long, fibrilous

15483 https://doi.org/10.1021/acssuschemeng.2c04686
ACS Sustainable Chem. Eng. 2022, 10, 15480~15489
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network with an average diameter of a single fibril being 17 nm
+ 6 nm and length of more than 100 um (Figure lc,d).
Additional TEM images with lower magnification can be found
in the Supporting Information (Figure S2).

On the surface of cellulose nanomaterials, not all hydroxyl
groups are accessible for reaction because of different
nucleophilicity of the surface hydroxyl groups and aggregation
of cellulose nanomaterials. For acetylation, the hydroxyl group
on Cy is the most reactive, followed by C, and C;*** (in our
model, we study C4 with cooperating adjacent C,). The
amount of accessible hydroxyl groups was determined
indirectly by integrating the signals obtained by *'P NMR
for unreacted TMDP, internal standard NHND and water
(Figure S3). The results point to higher availability of hydroxyl
groups in CNCs (3.05 + 0.075 mmolgy gone,) than CNFs
(27 + 022 mmoloy gonr), revealing that 16.4% of all
hydroxyl groups in CNCs and 14.7% in CNFs are reactive and
hence potentially available for modification, which is in
agreement with the literature.”® It has to be taken into account
that the limitation of this method regarding CNFs applies as
the material was freeze-dried before analysis, which could
impact the hydrogen bonding and hydroxyl groups accessi-
bility. The theoretically calculated hydroxyl groups on the
surface of CNCs (calculated 17.8% of all hydroxyl groups) was
in agreement with experimentally obtained values, while it was
higher for CNFs (the obtained value was 28.2% of all OH
groups). For the experimentally obtained value to match the
theoretically calculated one, the crystallite size would have to
be 8 nm. However, as previously described by Brand et al,*
the difference could be attributed to the agglomeration and
entanglement of the fibrils, also visible in Figure 1, causing not
all surface hydroxyl groups to be available for the reaction. The
difference in availability of surface hydroxyl groups between
the two materials can be reasoned according to differences in
the morphology as CNFs are more entangled.*®

To evaluate the structural changes upon functionalization,
the treated samples were inspected with FTIR-ATR. All FTIR
spectra contain the characteristic peak for cellulose, located at
1056 cm™', which remains unchanged throughout the
modification. The absence of the peak positioned between
1810 and 1785 cm™' corresponding to C=0 stretching in
acetic anhydride®”** points to successful elimination of
reactant residues. Since there are no major differences between
the materials, in Figure 2 only the time evolution of CNCs
spectra is shown (see Figure S4 for ATR-FTIR spectra of
CNFs).

Functionalization affects seven regions, marked with I-VIL
In region I, a decline in the intensity of a broad peak between
3500 and 3150 cm™, corresponding to stretching of O—H
bonds in alcohols, is observed, which indicates a substitution of
hydroxyl groups. Similarly, acetylation decreases the peak
around 2900 cm™" (region II), which corresponds to a C—H
alkane stretching, which was previously noted in the
literature.” Regions III and VI are associated with the
carbonyl C=0 stretching and C—O stretching of the acetyl
group, respectively, all implying an increase in the acetyl
content. Furthermore, in region IV, the nonmodified sample
exhibits two peaks related to H-C—H and O—C—H in-plane
bending (at 1430 cm™)*” and C—H bending in the methylene
group (1465 cm™), while in the modified sampled a new
adjacent peak, corresponding to C—H bending in methylene
group arises in-between (at 1450 cm™'). C—H bending
vibrations of the newly formed methyl group are also

responsible for changes in spectra in region V.*’ Lastly, the
peak between 940 and 860 cm™ (region VII) belong to the
alkane C—H bending.

A CP-MAS C NMR analysis of pristine and functionalized
CNCs (Figure 3a) and CNFs (Figure 3b) was carried out and
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Figure 3. Representative CP MAS solid-state '°C NMR spectra of (a)
unmodified and acetylated CNCs (experiment 1.14); (b) unmodified
and acetylated CNFs (experiment 2.7).

further confirmed successful grafting. All of the obtained
spectra are characteristic for cellulose materials with well-
defined peaks, corresponding to C1, C4, and C6 located at
105.7, 89.19, and 65.3 ppm for CNCs and 107.0, 91.5, and
67.6 ppm for CNFs, respectively, and overlapping signals for
C2, C3, and CS5 between 80—70 ppm. For CNFs, the C4
crystalline peak exhibits a lower intensity than for CNCs,
pointing to lower crystallinity of CNFs, which is consistent
with intrinsic properties of the materials. After the acetylation,
new peaks centered at 175 and 23 ppm develop, corresponding
to the C=0 and CH; bonds, respectively, of the acetyl group.
The peaks for C1 in CNCs additionally form a shoulder. No
broadening of the peak for the C4 crystalline plane shows that
the crystallinity does not change during the reaction.

The crystallinity of the samples was further inspected with
XRD, revealing an initial 80% crystallinity in CNCs and a
maximum loss of 4%, and a 77% crystallinity in CNFs with a
maximum loss of 11% (Table S3 and Figures S5 & S6).
Although it is reported in the literature that formation of
allomorphs is possible,’" the peak at 11.5° pointing to their
existence is not present in this study.

Mechanism from First-Principles. Acetylation is gen-
erally described as a nucleophilic attack of the hydroxylic
oxygen atom on the carbonylic carbon. A Lewis base, which
can be pyridine, acetic anion or even water, abstracts the
hydroxylic proton. The ensuing negatively charged intermedi-
ate loses an acetylic group, yielding the acetylated product.
Since it is experimentally well-known that the C6 site is the
most reactive for the nucleophilic attack,*** we limit our
theoretical investigations to the mechanism of 60H
acetylation. Electronic properties calculations (Fukui func-
tions) showed that 20H and 30H are indeed less active (see
Supporting Information).

This simplistic depiction is useful in predicting the reactivity
of organic compounds but must be refined using quantum
methods. First, we deal with the uncatalyzed reaction since no
catalyst is present in our experimental setup.

During acetylation, a new C—O bond between the alcohol
and acetyl forms, and a C—O bond in the acetic anhydride
disintegrates. In a one-step mechanism, the rearrangements
happen in a concerted fashion, while in the two-step

15484 https:/doi.org/10.1021/acssuschemeng.2c04686
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mechanism a new bond form first and then the formed
intermediate quickly decomposes. Both cases are accompanied
by proton migration to any of the three oxygen atoms in the
anhydride (see Figure 6).

We must also consider the involvement of the (sterically)
adjacent hydroxyl groups. When the hydroxylic proton
migrates, it can attach to the anhydride molecule directly or
it can migrate to the neighboring hydroxylic group, whose
proton moves to the anhydride. The latter transition state is
lower in energy because the six- or eight-ring transition state is
more stable than a four-ring transition state (cf. benzene and
cyclobutadiene).”® The 2-OH group from the adjacent
monomeric unit is closest to the 6-OH group of the active
monomeric unit (see Supporting Information). Since the
energy difference between the gg, tg, and gt conformers is less
than 1 keal mol™%,* tg can transform to gg, which is sterically
more accessible for the reaction with bulky nucleophiles.

Using pyridine to facilitate acetylation with acetic anhydride
is analogous to the Steglich esteriﬁcatio_n,54 where 4-
(dimethylamino)pyridine®> or imidazole’® is used for
acetylation of alcohols. We show the postulated mechanism
in Figure 6. First (step 0), the acetylpyridinium (AcPy) ion as
an active intermediate is formed in a reaction between the
acetic anhydride (AAn) and pyridine (Py).”® We calculate the
activation barrier for this reaction at 34 k] mol™" acetate (AA)
forming in the process.

The active intermediate (AcPy) then reacts with an
accessible cellulose hydroxyl group. If its proton is transferred
to the pyridinium nitrogen, the acetylation proceeds in one
step (step 1) and yields acetylcellulose (AC) and a pyridinium
ion (PyH). The proton is not directly transferred to the
nitrogen atom, which would entail a barrier of >100 kJ mol™"
(not shown). Instead, the hydroxyl group from the adjacent
monomeric unit chaperons the reaction, as depicted in Figure
4 in an exothermic reaction (AE = —78 kJ mol™") with an
activation barrier of 56 kJ mol™".
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-50
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Figure 4. (top) Potential energy surface for acetylpyridinium-
mediated acetylation of cellulose, and (bottom) intermediate and
transition states with energies and Gibbs free energies (in
parentheses) written. Note that the values are relative to C + AcPy.

This is expected since a direct proton transfer would occur
in a four-member ring transition state, which is sterically
strained. When an adjacent OH group participates, the
transition state assumes a single-member ring structure,
which is energetically more favorable. A similar effect was
observed by Lawal et al.>”

Alternatively, the hydroxylic proton atom can first bind to
the carbonylic oxygen atom of the acetylpyridinium. This
reaction step has a lower barrier (31 kJ mol™"), producing an
intermediate (IntPy) (step 2), which decomposes into
acetylcellulose (AC) and a pyridinium ion (PyH) (step 3)
after overcoming a barrier of 88 kJ mol™". Both proton
transfers are mediated by a hydroxyl group from the adjacent
monomeric unit (Figure 4).

Since Py and PyH quickly interconvert with acetic acid
AAH/AA in a acid—base proton exchange, they are not
differentiated in the model.

The activation barrier of the first step in the two-step
mechanism is lower than that of the one-step mechanism,
which is not true for the second step. Hence, both mechanisms
must be accounted for in a microkinetic model. The calculated
thermodynamic and kinetic parameters are summarized in
Table 2 and used in the microkinetic model.

Table 2. Kinetic Parameters of the Elementary Reaction
Steps as Labeled in Figure 6 as Determined by DFT and
Refined by Regression Analysis of the Microkinetic Model

DFT Regression analysis
Reaction step AE(kJmol™) E,(kJmol™) E,(kJ mol™") Al
0 +32 34 335 1.56 x 107
1 —-78 56 50.4 1.55 x 10
2 -28 31 34.1 6.06 x 10™
3 —-50 88 792 628 x 10%

The reported values are from simulations using pyridine as
the solvent in the SMD model. Additionally, the most probable
reaction pathway was modeled using toluene as the solvent to
ascertain if there is a noticeable difference in a pyridine/
toluene mixture, which was used for CNFs. The toluene-
calculated values were negligibly different (<5%), which is
expected because both solvents are rather apolar. This
difference is smaller than the subsequent refinement of the
DFT values in the regression analysis of the kinetic model and
can thus be ignored.

Kinetics and Modeling. The acetyl content in the
cellulose nanomaterials, from the ATR-FTIR spectra, was
evaluated for varying reaction time and temperature, and
reactants ratio. To eliminate the effect of transport on the
acetylation, three mixing rates and different durations of CNCs
pretreatment were tested. The obtained results are presented
and discussed in Figures S7—S9.

CNCs generally allowed for a higher degree of acetylation
under the same conditions compared to CNFs, as seen in
Figure 5, which is consistent with a higher availability of
hydroxyl groups for the reaction on the surface; however,
dilution due to the presence of a solvent (toluene) in CNFs
acetylation has to be taken into account. The grafting efficiency
increases with the reaction temperature in CNCs modification,
and the highest acetyl content was obtained at 90 °C (94% of
the hydroxyl groups accessible for reaction, experiment 1.12).
To the contrary, 70 °C was shown to be optimal for the
acetylation of CNFs, reaching 72% of accessible hydroxyl

15485 https://doi.org/10.1021/acssuschemeng.2c04686
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Figure 5. Proportion of acetylated groups relative to accessible
hydroxyl groups on the surface, as determined in this study. The
experiment numbers refer to Table 1. For clarity, bars are color-
coded: red (60 °C), blue (70 °C), green (80 °C), violet (90 °C).

groups (experiment 2.3), while the acetyl content began to
decrease with higher temperature (2.5—2.12), which could be
attributed to the temperature approaching the boiling point of
the solvent toluene (110.6 °C). As the role of toluene is to
prevent aggregation of fibers, its shift to gaseous phase might
cause lower availability of hydroxyl groups on the surface.
Further testing of different reactant ratios (between concen-
trations of acetic anhydride and pyridine relative to cellulose
nanomaterial) revealed the negative influence of higher
pyridine concentration for the acetylation of CNCs, due to
the dilution of the reaction media and consequent shift of the
dependency of the reaction rate onto the reactant transfer to
the surface of cellulose nanomaterials (experiments 1.5, 1.6,

1.8, 1.9, 1.14, 1.15, 1.16). On the other hand, an increase in the
relative concentration of acetic anhydride improves esterifica-
tion (1.13, 1.14, 2.6, 2.7).

Using microkinetic modeling with DFT input, reaction
kinetic constants and activation energies for the individual
functionalization steps on the cellulose nanomaterials surface
were obtained. The microkinetic model was constructed as a
system of differential equations (see Supporting Information),
describing the reactions from the mechanism, shown in Figure
6.

The reaction rate is the highest in the first 60 min and then
plateaus, regardless of the cellulose nanomaterial or the
conditions used (Figure 7). An increase in the amount of
pyridine added to the reaction mixture adversely affects the
initial reaction rate for CNCs surface modification, indicating
that the kinetics is controlled by the acetic anhydride
concentration. However, this effect is not as noticeable during
CNFs functionalization. At longer reaction times, a slight
decrease in the acetyl content in CNFs was observed in
experiments with AGU:pyridine ratio 1:30 (experiments 2.1,
2.6, and 2.11), indicating that the overall reaction might be
reversible in the presence of the solvent, which has been
proposed by Chunilall et al.*’

‘While DFT-derived data were used as an initial guess for the
microkinetic model, the inherent approximations in the model
mean that they should be further refined for a problem at hand.
Using regression analysis, as described in a previous section, we
obtained the optimized values which are listed in Table 2.
Additionally, the temperature-independent pre-exponential
factors (A;) were back-calculated from the determined
(temperature-dependent) reaction rates and (temperature-
independent) activation barriers. The values for a single-step
reaction reported in the literature are slightly lower (41.6 and
39 kJmol™"); however, the acetylation was carried out on
wood blocks.”***
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Figure 6. Mechanism of pyridine-mediated acetylation with acetic anhydride with labeled relevant reaction steps (0—3) and fast interconversion of

PyH and Py that is not differentiated in the model.
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Figure 7. Experimental and model values of (a) CNCs acetylation and (b) CNFs acetylation. The plots are color-coded by temperature: red (60
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B CONCLUSIONS

In this work, the hypothesis of a revised mechanism for
acetylation of two cellulose nanomaterials (CNCs and CNFs)
with acetic anhydride in the presence of pyridine was
confirmed. Computation suggested that the reactions proceeds
via two competitive mechanisms. The active species
(acetylpyridinium ion) must first form, which then reacts
with accessible cellulose hydroxyl groups. The calculated
kinetic parameters (activation barriers) served as a skeleton for
the developed microkinetic model, which described the
experimental results and, through regression analysis, honed
in on the true kinetic parameters.
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1 Additional experimental information
1.1 Additionally tested parameters

Table S1: Additionally tested parameters, varying mixing rate, pretreatment duration (CNCs only) and absence of
pyridine.

Material Experiment No. AGU:Pyridine: Comments
Acetic anhydride

CNC 3.1 1.00:0.00:17.12 | 350 rpm, T =90 °C

CNC 3.2 1.00:40.00: 8.56 | 350 rpm, 3 min
pretreatment

CNC 3.3 1.00 : 40.00: 8.56 | 550 rpm, 3 min
pretreatment

CNC 3.4 1.00 :40.00: 8.56 | 550 rpm, 5 min
pretreatment

CNF 35 1.00:0.00:17.12 | 350 rpm, T =80 °C

CNF 3.6 1.00: 40.00 : 8.56 350 rpm

CNF 3.7 1.00: 40.00 : 8.56 500 rpm

1.2 Acetylation of cellulose nanomaterials

For CNCs acetylation 0.5 g of freeze dried CNCs were crushed in a mortar for 3 min to
homogeneous powder, transferred into a round-bottom reactor equipped with a magnetic stirrer
and water-cooled reflux. After adding an appropriate amount of pyridine and performing
sonication for 15 minutes, the mixture was heated to the desired temperature under a nitrogen
flow while stirred at 350 rpm. Some adjustments regarding mixing (500 rpm and 550 rpm for CNCs
and CNFs, respectively) and CNC particle size (5 min crushing in a mortar) size were performed to
observe the impact of these parameters on the reaction kinetics).

To acetylate CNFs, the appropriate amount of 3 wt % water dispersed CNFs to reach the final
amount of biopolymer mass of 0.5 g was solvent exchanged to acetone in three successive
centrifugation cycles (10 min, 4500 rpm) and then finally to toluene through last centrifugation
cycle (10 min, 4500 rpm). The CNFs were transferred to the reactor with 5 mL of toluene. The
required volume of pyridine was added and the mixture was heated to the desired temperature
under nitrogen flow while stirred at 300 rpm. The acetic anhydride was added drop-wise when
functionalizing all materials. After the reaction, the samples were washed in three consequent
washing steps with water and finally with a water/acetone solution. The samples were then
freeze-dried and kept at 4 °C for further analyses. All experiments were carried out in parallels.

1.3 Determination of acetyl content through titration method

The accuracy of the method was confirmed by determination of acetyl content through a standard
saponification method . Briefly, approximately 0.1 g of the sample was analytically weighted into
an Erlenmeyer flask, 4 mL of 75 wt % ethanol was added and stirred on a magnetic stirrer in an oil
bath at 60 °C. After 30 min, 4 mL of 0.5 M NaOH was added and further stirred at 60 °C for 15 min.
The flasks were left on the counter to rest for 72 hours and then titrated with 9.5 M HCI after
addition of phenolphthalein indicator. Another 0.1 mL of HCI (0.5 M) was added and the flasks were
again left on the counter to rest for another 24 hours. Lastly, they were titrated with NaOH (0.5 M).
Acetyl content was evaluated through Equation S1:

4305 )
% Acetyl = [(Buct = Viact) X Nuct + (Wnaon — Bnaon) * Nyaon] x —— Equation S1
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Bhcl and Bnaon present volume of the titrated HCl and NaOH in blank sample in mL, Vig and Viaon
present volume of the titrated HCl and NaOH in the tested sample in mL, while Ny and Naon
stand for molarity of the HCl and NaOH solution, respectively. m denotes mass of the weighted
sample in grams.

1.4 Determination of surface free energy

To evaluate the surface free energy, samples from three different experiments (1.1, 1.10, 1.15)
with various DS (0, 0.29, 0.35 and 0.40, respectively) were pressed into the tablets with force of
100 kN. Contact angles with water, diiodomethane and formamide were measured with
Tensiometer Theta T200 (Biolin Scientific, Germany), the size of a droplet was 2 pL. Surface free
energy was calculated according to the van Oss model 2.

1.5 The quantum model

Figure S1: The top and side view of cellotriose used in quantum calculations as a model of cellulose. The cooperating
hydroxyl! group (C2-OH) from the adjacent monomeric unit is delineated in blue.

1.6 Reactivity of OH groups in the cellotriose model

It is experimentally known that C6 is most reactive®*. To make sure that the model reproduces
this fact, considering that the reaction mechanism is complex and several elementary steps can
produce the same product (C2-, C3-, and C6-acetylated cellotriose), Fukui functions and Mulliken
atomic charges were used as proxies for the reactivity of different sites (02, 03, 06).

Table S2: Reactivity of different OH groups in cellotriose, as determined by Mulliken charge and Fukui functions for
electrophilic and nucleophilic attack (calculated on the hydroxyl oxygen atom).

Acetylation site Mulliken charge f+ f-

Cc2 -0.63 -0.0029 0.0004
G3 -0.63 -0.0101 0.0014
ce6 -0.65 -0.0168 0.0024
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2 Supplementary results

2.1 Morphology of the cellulose nanomaterials

Figure S2: TEM images of CNCs (left) and CNFs (right).

2.2 Experimental determination of surface hydroxyl groups availability

unreacted TMDP

internal standard NHND

water
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Figure S3: Representative spectra of TMDP-reacted CNFs that served as a basis for calculation of surface hydroxyl

groups’ availability

2.2 Fourier Transformation Infrared Spectroscopy of cellulose nanofibrils
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Figure 54: Representative spectra of acetylation time-evolution of CNFs.

Accuracy of ATR-FTIR method was confirmed to be suitable through titration method. The
obtained value was in accordance to the acetyl content obtained through FT-IR calculations with
discrepancy of 0.78 %.
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2.3 X-Ray Powder Diffraction
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Figure S5: XRD spectra of pristine and modified CNCs for all performed experiments.
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Figure S6: XRD spectra of pristine and modified CNFs for all performed experiments. The background (modelling clay)
spectrum is also presented, however it does not interfere with CNFs peaks.

Table $3: Calculated crystallinity indices of pristine and acetylated cellulose nanomaterials.

Experiment No. Crystallinity (%)
Pristine CNCs 89
1.1 83
1.2 80
1.3 84
1.4 86
1.5 80
1.6 83
1.7 82
1.8 79
1.9 77
1.10 79
1.11 86
1.12 82
1.13 84
1.14 79
1.15 78
1.16 79
Pristine CNFs 7
2:1 75
2.2 73
2.3 74
24 72
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2.5 69
2.6 75
2.7 12
2.8 72
29 74
2.10 74
2:11 74
2:12 77
3.3 76
3.4 79

2.4 Free surface energy of acetylated cellulose nanomaterials

Introduction of acetyl groups to the surface of cellulose nanomaterials decreases hydrophilicity and
thus increases contact angle with water by lowering the surface free energy of the material (Table
S3).

Table S4: Surface free energy for selected samples with various degrees of acetylation, calculated through van Oss model.

Experiment Contact angle | Contact angle with | Contact angle with | Surface free energy
No. with water (°) formamide (°) diiodomethane () (ml/m?)

Pristine 275 28+3 38+1 87

1.1 59+1 52+3 40+3 61

1.10 60+3 50+4 36+2 60

1.15 64+3 48+ 4 40+ 4 53

2.5 Kinetics of cellulose nanomaterials acetylation — absence of pyridine, effect of mixing
and pretreatment duration

Acetylation can be carried out in the absence of pyridine, as well. In this case, the active species is
acetic anhydride, which reacts more slowly than acetylpyridinium. Moreover, since pyridine also
acts as a solvent, the required volume of acetic anhydride is higher to ensure homogeneous mixing
(17.12 molaa molagu. For this reason and lower efficiency of the reaction (60 = 0.2 % and 55 +
13.1 % for CNCs and CNFs, respectively), we further studied only pyridine-mediated acetylation
(Si Figure 6).

To determine the effect of mixing rate and ensure that mass transfer poses no limitations, the mixing
speed was increased from 350 rpm to 500 rpm in CNFs and to 550 rpm in CNCs. In CNF there is no
notable difference in DS with respect to time (SI Figure 7). In CNCs minor variance between
samples was detected. However, taking in account that the difference was in range of standard
deviance, it can be assumed that mixing rate above 350 rpm and pretreatment duration longer than
3 min do not further affect reaction rate. With a longer pretreatment of CNCs (5 min of particles
crushing), the initial reaction rate did not change (SI Figure 8). Nevertheless, the final acetyl content
reached 18 % relative to all hydroxyl groups, which is higher than the determined amount of
available hydroxyl groups, indicating a disturbance in the original structure. The suspected loss of
crystallinity was then confirmed with XRD analysis (SI Table 2).
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Figure S7: Increase of DS (degree of substitution) with respect to time in lack of pyridine presence.
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Figure S8: The effect of mixing rate (350 rpm and 500 rpm) on DS (degree of substitution) in CNFs with respect to time.
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Figure $9: The effect of mixing rate (350 rpm and 550 rpm) and pretreatment duration (3 min and 5 min) on DS (degree
of substitution) in CNCs with respect to time.

2.5 Kinetics of cellulose nanomaterials acetylation — Degree of substitution

Table S5: Acetyl content and DS in modified cellulose nanomaterials

Experiment Acwt % DS

1.1 7.2+1.1 0.29+0.042
1.2 9.1+04 0.38 £+ 0.015
1.3 8.8+3.2 0.36 £0.127
14 9.0+0.2 0.37 £ 0.008
15 9.1+1.5 0.38 £ 0.002
1.6 7.0£0.2 0.28 +0.006
1.7 82+1.7 0.36 +0.066
1.8 8.8+0.9 0.36 +£0.035
1.9 6.4+ 0.5 0.26 £0.175
1.10 8.5+2.4 0.35+0.094
1.11 75+1.1 0.31+0.042
1.12 109+0.5 0.46 £ 0.019
1.13 9.0+£0.8 0.37£0.032
1.14 10.5+0.2 0.44 + 0.008
1.15 9.7+0.3 0.40+0.011
1.16 9.17+1.8 0.38 £ 0.068
2.1 3.9+0.60 0.15+0.023
2.2 5.6+0.81 0.22 +0.307
2.3 7.8+0.71 0.32+0.027
2.4 4.7 £0.62 0.18 £0.023
2.5 7.3+0.41 0.30+0.015
2.6 6.2+1.58 0.25 +0.060
2.7 6.4+0.43 0.26 £ 0.016
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2.8 5.7+£0.10 0.23 £ 0.004
2.9 7.0+0.4 0.28 +0.015
2.10 6.2+0.1 0.25+0.003
2.11 6.4+0.9 0.26 +0.036
2.12 53+0.8 0.21+£0.030

2.6 The kinetic model

A system of differential equations was solved using the ODEINT solver from 0 to 300 min. The
reaction rate was described as r; = k;[A][B] where [A] and [B] represent concentrations of the
components, presuming the Arrhenius kinetics (k;(T) = A exp(—E,/RT)).

Regression of the parameters to the experimental data was carried out using the Nelder-Mead
method. First, the experimental points collected at T = 80 °C were fitted to the model values,
yielding initial rate constants, k.. These were used as the initial approximation in the subsequent
global fitting at all temperatures, providing the activation energy parameters, E,,;, according to:

The lower bound for the rate constant was set to zero. Initial approximations for E,; were obtained
from the DFT calculations and were constrained to 90 % and 110 % of these values during the
fitting of the microkinetic model. Ultimately, all experimental points were used in a global of the
model to the experimental data, yielding final k; and Eq,.

The following differential equations constitute the model:

L2 = —ko[Pyl[AAn] + ky[C][AcPy] + ks[IntPy] Equation 52
d[f:i/tan] = —ko[Py][AAn] Equation S3
L2 = ko[Py][AAN] — ks [CI[ACPY] — k5 [C][AcPy] Equation 54
T = —ki[CllAcPy] + k,[C][AcPY] Equation S5
% = ky[Py][AAn] Equation S6
% = ky[C][AcPy] + ks[IntPy] Equation S7
L = kp[Cl[AcPy] — ks[IntPy] g s2
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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: | carried out the experimental work, analyses and wrote the
manuscript.
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Abstract: Cellulose nanocrystals (CNCs) were acetylated to the various parametrised degrees of sub-
stitution (DS), determined through attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) and incorporated into alginate (ALG) and chitosan (CH) film-forming solutions. An
investigation of morphology with scanning electron microscopy (SEM) revealed increased chemical
compatibility with the CH matrix after acetylation, producing a smooth surface layer, while ALG
mixed better with pristine CNCs. The ATR-FTIR analysis of films demonstrated inter-diffusional
structural changes upon the integration of pristine/modified CNCs. Films were evaluated in terms
of water contact angle (WCA), which decreased upon CNC addition in either of the biocomposite
types. The HyO barrier assessed through applicative vapour transmission (WVT) rate increased
with the CNC esterification in CH, but was not influenced in ALG. To evaluate the relationship
between environmental humidity and mechanical properties, conditioning was applied for 48 h
under controlled relative humidity (33%, 54% and 75%) prior to the evaluation of the mechanical
properties and moisture content. It was observed that tensile strength was highest upon specimens
being dry (25 + 3 MPa for ALG, reinforced with neat CNCs, or 16 4+ 2 MPa in the CH with CNCs,
reacting to the highest DS), lowering with dewing, and the elongation at break exhibited the opposite.
It is worth noting that the modification of CNCs improved the best base benchmark stress—strain
performance. Lastly, (thermal) stability was assessed by means of the thermogravimetric analysis
(TGA) technique, suggesting a slight improvement.

Keywords: functionalisation; acetylation; reinforcing cellulose nanocrystal; bionanocomposites;
biopolymer-based composite films; bio-based flexible packaging

1. Introduction

In light of recent efforts to find a suitable alternative that would be indispensable in
the fight against plastic pollution, marine biomass has become an attractive raw-material
source of biopolymers [1]. Considering that the packaging sector uses a noteworthy amount
of all produced plastics (44% in the EU market in 2021 [2]), along with the fact that these
materials also have the shortest lifetime, as it is limited to the lifetime of its contents (e.g.,
fresh produce), bio-based and biodegradable packaging materials are urgently needed
to ensure a cleaner future. One of the solutions is offered by chitosan, a derivate of
chitin—the second most abundant polymer on the planet. Chitin is found in the shells of
crustaceans, a waste product of the food-processing industry, the use of which is in line
with circular-economy guidelines. The disadvantage of marine waste biomass as a raw
material is tropomyosin, a known allergen found in the muscles of crustaceans, leading
to the popularization of fungal biomass as a source of chitin [3]. Chitosan is obtained
from chitin using (partial) deacetylation, and therefore consists of f-D-1,4-glucosamine
and N-acetyl-D-glucosamine units linked by glycosidic bonds. Chitosan is, contrary to
chitin, soluble in acidic aqueous media and exhibits antimicrobial activity. These properties
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are beneficial for a wide range of already commercial applications such as drug delivery,
wound dressings, and skin-tissue engineering, as a coagulant, flocculant or adsorbent in
wastewater treatment, and as a food additive and dietary fibre [4-6]. Its ability to form films
and its biocompatibility and biodegradability promotes the use of chitosan as a single-use
packaging material [1,7], which is the focus of this study.

Also perceived to be suitable for such applications is alginate, which consists of linear
co-polymers of (1-4)-linked B-D mannuronic acid and a-L-guluronic acid [8]. It can be
isolated from brown algae such as Laminaria digitata, Laminaria japonica, Laminaria hyperborea,
Macrocystis pyrifera and Ascophyllum nodosum. Alginate is used commercially in the food
and pharmaceutical industry as a thickening, gel-forming and stabilization agent; however,
its versatility has not yet been fully exploited. Recent studies suggest the use of alginate
in biomedical applications (drug delivery, wound dressing, tissue regeneration), the food
industry (encapsulation, functional food) and as film packaging [9,10].

Cellulose nanocrystals (CNCs), commonly extracted by acidic hydrolysis of cellulose,
have been applied as a reinforcement agent to biopolymer-based films to improve mechan-
ical and barrier properties, bringing such materials closer to achieving protection and user
experience comparable to commercial plastic foils and wrappings [11-13]. The advantage
of CNCs lies in the worldwide availability of the raw material, economical accessibility,
high mechanical strength, high specific surface, biocompatibility, and biodegradability.
Several studies have reported the increase of tensile strength upon the addition of CNCs
into the chitosan matrix [14-16]; however, the uniform dispersion of CNCs in the matrix
is crucial for the production of a large matrix/nanofiller interfacial area that is responsible
for changing molecular mobility and consequently improving mechanical properties [17].
Although CNCs have shown good compatibility with alginate-based films [18,19], signifi-
cantly improving mechanical strength, their numerous hydroxyl groups on the surface are
the reason for their hydrophilic character that induces lower compatibility with non-polar
or positively charged polymer matrices, such as chitosan. The authors in Dong et al. [14]
and Rubentheren et al. [20] observed the improvement of mechanical strength in chitosan-
based films upon CNC integration that increased gradually with the concentration of
incorporated CNCs; however, the water barrier of such films was not evaluated in
these studies. The homogeneous dispersion of CNCs in the chitosan matrix can be
inflicted mechanically by homogenization [21] and microfluidization [22] or by the sur-
face modification of CNCs. The latter is frequently implemented in polymer chemistry,
e.g., the authors in Grunert and Winter [23] functionalised the surface of CNCs through
silylation and incorporated them into cellulose acetate butyrate matrix; the authors in
Lin et al. [24] acetylated CNCs, which improves their compatibility with poly(lactic) acid;
and the authors in Vasconcelos et al. [25] applied carboxymethylation, which improved
the solubility of CNCs in polar media. However, the use of modified CNCs is not as
widespread in biopolymer applications. Regarding chitosan-based films, the incorpora-
tion of CNCs was ensured either mechanically or by surface modification such as function-
alisation with methyl adipolychloride [26] and treatment with O, /laccase/ TEMPO [13],
which were shown to be successful.

The main advantage of such biocomposites is their renewable origin, non-toxicity,
and biodegradability. However, currently, the commercial use of alginate, chitosan and
CNC biocomposites is not yet viable due to a lack of technology for cost-effective industrial
production as well as insufficient knowledge of their behaviour in real-life applications such
as in environments with high or low humidity [27,28]. To push such biocomposites closer
to commercial use as biodegradable packaging, understanding the impact of environmental
conditions (such as environmental humidity) on the performance of the film is essential, as
it affects moisture content and thus mechanical properties. The structure of chitosan that is
abundant in hydroxyl and amino functional groups, as well as glycosidic linkages, giving
chitosan-based films a high affinity to water [29,30]. The presence of moisture in the film
induces a plasticizing effect by interrupting hydrogen bonding between the oxygen in the
remaining acetyl group and hydrogen in the hydroxyl group in chitosan chains, causing
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an alteration in mechanical properties [31,32]. Although da Silva et al. [33] investigated
the relationship between drying technique, moisture content and mechanical properties in
alginate-based films and Giz et al. [34] observed that the extent of stress relaxation increases
with the increase of humidity, so far, there has been no systematic study of the mechanical,
barrier and thermal properties of both chitosan- and alginate-based films reinforced with
pristine and acetylated CNCs. Furthermore, to the best of our knowledge, there has been
no research depicting the relationship between environment humidity and the mechanical
properties of such biocomposites.

With this in mind, chitosan- and alginate-based films with incorporated pristine and
modified CNCs were investigated in terms of their suitability as single-use biodegradable
packaging by evaluation of WVT rate, WCA, TGA, mechanical properties, ATR-FTIR
and morphology. As acetylation is the most commonly used modification that is already
carried out on an industrial scale for cellulose materials, this type of functionalisation was
chosen for CNCs that were acetylated to three different degrees of substitution (determined
by ATR-FTIR analysis) and then incorporated into chitosan and alginate film-forming
solutions. The morphology of the fabricated films was observed with SEM, the chemical
structure was inspected with ATR-FTIR, and the performance of the films for packaging
purposes was assessed through the evaluation of moisture content (MC), tensile strength
(TS) and elongation at break (¢) in dependency to environmental relative humidity (RH), as
well as water contact angle (WCA), thermal stability and the ability to reduce water vapour
transmission rate (WVT) as demonstrated in Figure 1.

Alginate/CNCs or

Acetylation of CNCs | e6ze dried CNCs Stiltosen o vty chitosan/CNCs Conditioning in controlled environment
with various DSs film-forming solution compostte fims

-
[ eem— |

\_ = Mechanical properties

Moisture content

=

-
| S

v

WVT rate
WCA
ATR-FTIR
SEM
TGA

Figure 1. Schematic representation of the study.

2. Materials and Methods
2.1. Materials

Chitosan (high molecular weight, >85% deacetylated), lactic acid (85% aqueous so-
lution) and sodium alginate were purchased from Sigma-Aldrich (Darmstadt, Germany).
Glycerol, used as plasticizer, and cellulose nanocrystals (in 3 wt.% suspension) were bought
from Pharmachem d.o.o (Ljubljana, Slovenia) and Navitas (Stari trg pri Lozu, Slovenia), re-
spectively. CaCl, (99.0-103.0%) and NaCl (>99.5%, analytical grade), used in water-barrier
studies and conditioning of the films, were acquired from Merck (Darmstadt, Germany),
while MgNO3 x 6HyO (>98.0%) was purchased from Honeywell (Charlotte, NC, USA).
For the acetylation of CNCs, pyridine (Merck, Darmstadt, Germany), acetic anhydride
(Sigma-Aldrich, Darmstadt, Germany) and acetone (Honeywell, Charlotte, North Car-
olina, USA) were used. Deionized water was used throughout the experiments unless
stated otherwise.

2.2. Methods
2.3. Cellulose Nanocrystal Acetylation

A total of 1 g of lyophilized and crushed CNC powder was weighed into a round-
bottom reactor. After the addition of 5 mL of pyridine, the mixture was sonicated for 15 min
and heated to 90 °C. As the temperature stabilized, the reaction was started by the drop-
wise addition of 5 mL of acetic anhydride. CNCs were subjected to the reaction for 60 min,
180 min and 300 min, and then washed in three consecutive cycles with water and with
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50% acetone in water solution to remove any unreacted acetic anhydride. CNCs were then
low-pressure freeze-dried prior to analysis and incorporation into the chitosan-based films.

2.4. Fabrication of Biopolymer/Acetylated CNCs Biocomposite Films

The films were fabricated according to the protocol described by Lavri¢ et al. [15].
Briefly, chitosan in the amount of 1.5 wt.% was dissolved in 1 v/v% lactic acid (prepared
from ultrapure water, 18.2 MQ) cm) and stirred overnight on a magnetic stirrer (300 rpm)
at room temperature together with 30% glycerol (based on biopolymer mass) to form a
film-forming solution (FFS). The solution was vacuum-filtered through medical gauze to
remove impurities. For chitosan/cellulose biocomposites, pristine CNCs and CNCs with
different acetyl content were added in an amount to reach 3 wt.% with respect to chitosan.
The mixture was homogenized at 6000 rpm for 3 min with an UltraTurrax homogenizer
(IKA, Straufen, Germany). FFES was left on the laboratory counter overnight covered with
para-film to eliminate air bubbles in the form of foam on the surface, which was collected
with a spatula. A total of 50 g of FFS was carefully poured into a 12 x 12 cm petri dish.
For alginate-based films, sodium alginate in an amount to reach 1.5 wt.% and glycerol
(380 wt.% with respect to biomass) were dissolved in ultrapure water (18.2 M(2 cm) on the
magnetic stirrer. Both pristine and modified CNCs were added in an amount to reach
5 wt.% based on the mass of alginate, as previously described in Lavri¢ et al. [15] and
Hug et al. [35]. Again, 50 g of FFS was poured into a 12 x 12 cm petri dish. All samples
were dried in the ventilated oven (Kambic, Slovenija) at 40 °C for 48 h and conditioned
for 48 h in an airtight glass box at room temperature with RH controlled by CaCl; (for RH
33%), saturated solution of MgNOj3 x 6H,0O (for RH 53%) and a saturated solution of NaCl
(for RH 75%).

2.5. Physico-Chemical Properties

To determine the acetyl content in CNCs, ATR-FTIR analysis using Spectrum Two 135
(Perkin Elmer, Rodgau, Germany) was carried out in a wavenumber range from 400 cm ™! to
4000 cm ! with a step of 4 cm ! (accumulation of 32 scans for each step). The spectra
were adjusted to the same baseline and normalized. The acetylation degree was calculated
according to a ratio of Ic—o /Ic_p. The intensity Ic_o was correlated with the stretching of
the acetyl group at 1740 cm ™!, normalized to Ic_o at 1060 cm ! which is unaffected by the
reaction [36].

To observe pristine and modified CNCs under SEM, lyophilized CNCs powders were
dispersed in water (approximately 0.05 wt.%) and sonicated for 10 min. A drop of the
dispersion was placed on an aluminium holder that was previously polished with abrasive
paper to smooth the surface and was left to dry. The samples were sputtered with a 2 nm
layer of gold and inspected with a SUPRA 35V scanning electron microscope (Carl Zeiss,
Jena, Germany) under near-vacuum conditions and with an accelerating voltage of 1 kV.
For insight into the morphology of the fabricated films, they were cut to approximately
1 x 1 cm pieces, placed onto carbon tape and inspected under the same conditions as CNCs.
Images were captured under magnification 10,000 x and 20,000 x.

The structure of the films was evaluated through ATR-FTIR with Spectrum Two 135
(Perkin Elmer, Germany) with wavenumber ranging from 400 to 4000 cm ™! with a step of
4 cm~! (32 scans for each step).

Moisture content was determined using a Moisture Analyzer HE53 (Mettler Toledo,
Columbus, OH, USA). Approx. 5 g of the sample was heated to 105 °C until constant mass.
The difference between the initial and the final mass was accounted for by the moisture of
the sample.

Film thickness was measured using an ABS Digital Thickness Gauge (Mitutoyo, Au-
rora, IL, USA).

For the determination of mechanical properties, samples were cut into pieces of length
6 cm and width 2 em. Tensile strength (TS) and elongation at break € were determined
with an XLW Auto Tensile Tester (Labthink® Instruments, Jinan, China) equipped with
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a 100 N loading cell. The gauge length segment was set to 4 cm and crosshead speed to
25 mm min~!. TS represents the ratio between maximal load and average initial cross-
sectional area in the sample gauge segment, while ¢ is calculated by dividing the increase
in length after the break-point with the initial gauge length.

For the evaluation of WVT, a film was fixed over a 15 mL glass flask filled with CaCl,
(previously activated at 105 °C for 2 h) with diameter 5 cm, with a top that had a carved
circular area of 2.1 cm. These flasks were then subjected to the environment with 70% RH
provided by saturated NaCl. For five consecutive days, the flask containing CaCl, was
weighed and WVT,expressed in g m? 24 h~! was calculated by Equation (1).

Am
WVT = = (1)
where Am stands for an increase in mass (g), S represents the area of the film exposed to
water vapour (1.84 x 107*m?) and ¢ is time in hours.

The evaluation of hydrophilicity /hydrophobicity was carried out through static WCA
analysis, employing sessile drop measurement with a Tensiometer Theta T200 (Biolin
Scientific, Darmstadt, Germany). The samples were cut into smaller pieces (approx.
2 x 3 em™!) and fixed on a microscope slide. Ultrapure water (18.2 MQ) with drop
volume of 4 uL. was used. The measurements were repeated at least five times per sample.

2.6. Thermal Stability

Thermogravimetric analysis was carried out in EGA 4000 (Perkin Elmer, Germany).
Approximately 15 mg of the sample was subjected to thermal degradation under nitrogen
atmosphere (flow rate was 30 mL min~1) in temperatures ranging from 50 °C to 700 °C
with a rate of 10 °C min~!. The measurements were performed in duplicate.

2.7. Statistical Analysis

All results are reported as the mean value. A two-way analysis of variance (ANOVA)
followed by Tukey’s test was applied using Origin 2018 (version b9.5.0.193) software to
the data relating to mechanical properties to evaluate the impact of CNC acetylation and
environmental humidity.

3. Results and Discussion
3.1. Acetylated Cellulose Nanomaterials

The ATR-FTIR analysis (Figure 2) of non-modified CNCs (labelled as C0) exhibits
a characteristic peak for cellulose at 1070 cm™! that is related to C-O stretching in the
glucopyranose ring. The successful esterification of samples C1, C2 and C3 (denoting
different reaction times and DS as presented in Table 1) was proven through the appearance
of peaks centred at 1750 cm~!, 1370 cm~! and 1250 cm ™! that are associated with C=0
stretching, C-H bending and C-O stretching, respectively. The intensity of all of the newly
formed peaks increases with reaction time. The FTIR spectra served as a basis for the
calculation of DS indicated in Table 1. Pristine CNCs and samples modified to the highest
DS were analysed under SEM (the lower part of Figure 2). In both samples, the particles
are approximately 100 nm long and 14 nm wide; however, pristine CNCs tend to connect
on their edges, forming a spider’s-web-like shape, which is not as pronounced in C3. This
could be a consequence of surface modification that affects interparticle interactions.
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Table 1. Labelling of the CNC samples according to reaction time and their corresponding calcu-

lated DS.

Sample Reaction Time [min] DS
Co 0 0
C1 60 0.299
2 180 0.334
3 300 0.399

= C-0 stretching in
glucopyranose
rin

c-0 stretching
2] Cc=0 stref?hfhg C-H bend\igg ‘i

| ]

Normalized absorbance

0 —MI\IA/// T - T T
3500 3000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR-ATR spectra of acetylated CNCs with CO denoting the pristine material, C1, C2 and
C3 representing samples with reaction time 1 h, 3 h and 5 h, respectively (upper part) and SEM
micrographs of pristine (C0) and modified (C3) CNCs (lower part).

3.2. Morphology of the Fabricated Polysaccharide-Based Films

The fabricated films were first inspected under SEM to obtain an insight into the
morphology (Figures 3 and S1). For clarity, the following labels apply for the films
throughout the manuscript: CH, CH+C0, CH+C1, CH+C2 and CH+C3 for chitosan film;
chitosan film with incorporated pristine CNCs; chitosan film with incorporated C1, C2
and C3, respectively; and ALG, ALG+C0, ALG+C1, ALG+C2 and ALG+C3 alginate-based
films; the film consisting only of alginate was labelled ALG; alginate film with pristine
CNCs was labelled ALG+CO; and films with incorporated C1, C2 and C3 were labelled
ALG+C1, ALG+C2 and ALG+C3, respectively. The addition of CNCs into initially smooth
CH film resulted in aggregates with an average length of 700 £ 200 nm and width of
80 = 30 nm. It has to be noted that the size of an individual CNC is up to 6 nm in width
and no more than 20 nm in length [37]. After incorporation of C3, no aggregates were
visible on the surface of the film, pointing to the homogeneous incorporation of acetylated
CNCs into the chitosan matrix. On the other hand, the surface of ALG appears rougher
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and more granulated, which does not change upon the addition of C0. However, the surface
of ALG+C3 increases even further in roughness, indicating that the modified CNCs do not
mix as well into the alginate matrix as pristine CNCs.

Figure 3. SEM micrographs of chitosan-based film (CH), chitosan films with pristine CNCs (CH+C0),
chitosan films with acetylated CNCs (CH+C3) in the upper part and alginate-based film (ALG),
alginate films with pristine CNCs (ALG+C0), alginate films with acetylated CNCs (ALG+C3).

3.3. FTIR-ATR Analysis of the Fabricated Polysaccharide-Based Films

Chitosan is a linear co-polymer consisting of D-glucosamine and N-acetyl-D-glucosa-
mine, which is mirrored in its FTIR spectrum (the blue line in Figure 4) and exhibits a
broad peak between 3500 cm ™' and 3000 cm ™" corresponding to N-H and O-H stretching
and the peak between 3000 cm~" and 2800 cm~! associated with C-H bond stretch-
ing. The peaks appearing between 1750 cm ™! and 1500 cm ™! are correlated with -C=0-
stretching (amide I, 1723 cm 1), -NH- bending (amide II, 1570 cm~')) and -CN- stretching
vibrations (amide 1T, 1377 cm~") [32,38]. Upon the addition of CNCs (pristine as well as
modified), only relatively minor changes in the spectra are observed. A peak located
at 1068 cm ~!, corresponding to -C-O-C- stretching, increased due to -C-O-C- bridge
vibrations of the glucopyranose ring. For better visibility, the regions between 1590 cm™!
and 1550 cm ™! in which slight changes occurred are magnified in Figure 4. The peak at
1580 cm ™!, related to N-H bending in amines is slightly more pronounced in CH+C0 and
CH+C1, and it decreases again with higher DS. Similarly, the peak centred at 1550 cm ~!
correlated with -N-O- stretching is increased in samples CH+C0, CH+C1 and starts to
decrease again with CH+C2 and CH+C3. These observations could point to repulsive
intra-molecular interactions between chitosan and CNCs that decrease with higher DS.
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Figure 4. FTIR-ATR analysis of chitosan-based films with and without integrated CNCs of various DS.

Alginate, also a linear co-polymer, is made of f-D-mannuronate and &-L-guluronate,
which are linked by -1,4 and a-1,4 glycosidic bonds. In Figure 5a, full spectra of the samples
are presented, and Figure 5b—f exhibit the fragments of the spectra where changes upon
integration of pristine and modified CNCs occur. The blue line denotes the characteristic
spectrum of ALG. A broad peak between 3700 cm ™' and 2980 cm™', correlated to -O-H
stretching, decreases in intensity, first slightly upon the incorporation of C0, and then
further with the acetylation of CNCs. The peaks located between 2980 cm ™! and 2880 cm ™!
are related to the asymmetric and symmetric stretching modes of -CHj- [39], and the wear
peak centred at 2938 cm ™! is related to -CH- stretching (Figure 5b). Although the shape of
the peak remained the same when incorporating pristine CNCs, the original bonds were
disturbed by acetylated CNCs, whereas the peaks for -CH,- stretching shifted to lower
wavenumbers, which points to a weakening of the bond [39], and the peak correlated with
-CH- stretching disappeared. In the region between 1770 cm~! and 1710 cm !, Figure 5c,
a peak corresponding to -C=0- stretching vibrations in acetylated CNCs emerges in samples
ALG+C1, ALG+C2 and ALG+C3. Its intensity, however, is inversely proportional to the
DS of CNCs. This could be attributed to the better integration of CNCs with lower DS in
the alginate matrix, while a higher degree of acetylation leads to the aggregation of CNCs.
Indicating the presence of cellulose, the peaks at 1335 cm ! (related to -OH- bending)
and 1160 ! (related to -C-O- stretching) can be observed in Figure 5d,e in samples with
incorporated CNCs but not in ALG. Lastly, the peaks centred at 1123 cm ™! and 1086 cm ™!
(Figure 5f) ascribed to -C-C- and -C-O- stretching vibrations, respectively, became less
pronounced upon the reinforcement of alginate-based films with CNCs.
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Figure 5. (a) FTIR-ATR analysis of alginate-based films with and without integrated CNCs of
various DS, with subfigures (b—f) exhibiting regions where change upon addition of pristine or
modified CNCs is observed.

3.4. Physiochemical Properties of the Fabricated Polysaccharide-Based Films

Water-related properties, such as WCA and WVT rate, are important properties in
packaging materials for the protection of the product from external impact. In chitosan-based
films, the addition of non-modified CNCs already caused an increase in WCA from the initial
57° to 64° (Figure 6a), which agrees with the literature [15]. This could be attributed to the
change in morphology and formation of aggregates on the surface. Furthermore, acetylation
decreases the surface free energy and thus hydrophilicity through the introduction of acetyl
groups to the surface of CNCs, the WCA in samples CH+C1, CH+C2, and CH+C3 further
increases (up to 81°). WVT rate decreases slightly upon the inclusion of pristine CNCs
(from an initial 33 gm2h ' +4gm2h 1 t030gm2h ! £ 1gm2h1). Sample
CH+C3 exhibits a notable improvement in water vapour barrier—the WVT rate decreased
as much as 77% from the initial value that was observed with the functionalisation of CNCs
(Figure 6b).
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The mechanical properties of biocomposite films are strongly dependent on environ-
mental moisture, as they influence the MC. To simulate various environments, the films
were conditioned in three different relative humidities (RH 33%, 50%, 75%). Regardless
of the humidity, the samples with the modified CNCs exhibited the highest mechanical
resistance compared to CH and CH+CNCs, which increased with DS (Figure 6¢)—the
highest TS was observed in sample CH+C3. The addition of pristine CNCs to the chitosan
matrix resulted in a slight decrease of TS in comparison to CH films, which was attributed
to the fact that pristine CNCs did not mix as homogeneously into the chitosan matrix
as modified CNCS, and formed aggregates, as seen in Figure 3. At RH 54%, it slightly
increased, but remained in the range of standard deviation. It was observed that the films
exhibit higher TS in drier environments (RH 33%) and therefore lower MC in the film. How-
ever, the MC in the films seems to be independent of dopant as, in all samples conditioned
at the same RH, the values are in the range of standard deviation (around 2.5% in RH 33%,
3.0% in RH 50% and 3.6% in RH 75%). Contrary to TS, elongation at break (¢) is not as
closely related to the DS of modified CNCs and is higher in more humid environments.
This is reasoned by the fact that moisture in the film (which increases along with RH) acts
as a plasticizer and induces the stretchiness of the film by promoting the movement of
biopolymer chains [32].
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Figure 6. (a) Water contact angle (WCA), (b) water vapour transmission (WVT) and (¢) mechanical
properties with respect to environmental RH of chitosan-based films, where different letters denote
samples with significantly different mean value (p < 0.05).

Both alginate-based films and CNCs are very hydrophilic in nature. The initial alginate
film (ALG) exhibits WCA of 35 4 0.4 °, and the addition of pristine and modified CNCs into
the matrix slightly decreases hydrophilicity (up to 60 £ 3.6 © in sample ALG+C3). Only mi-
nor differences in WCA are observed between samples ALG+C0, ALG+C1, ALG+C2 and
ALG+C3, indicating that the change in water repellency is due to morphology rather than a
change in free surface energy. The incorporation of CNCs into the alginate matrix does not
alter the barrier properties. WVT through alginate-based films was measured to be about
40 gm~2h~! (from 39 gm~2 h™! to 42 g m~2 h~! with the difference in range of standard
deviation) as shown in Figure 7b.

Contrary to chitosan-based films, mixing pristine CNCs into the alginate matrix
slightly improves the TS of films, while it is significantly decreased by the incorporation of
surface acetylated nanoparticles. This could be attributed to the fact that modified CNCs do
not mix homogeneously into the alginate FFS and therefore form aggregates and cause the
uneven surface of the film (seen in Figure 3). The trend of decreasing mechanical strength
was observed in all three tested RHs. Again, the TS of the films is greatly influenced by
environmental humidity and drops with an increase in RH. The films perform best in
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drier environments as the maximum TS was measured with sample ALG+C0, reaching
25 + 3 MP in RH 33%. It was observed that MC remains rather stable in ALG+C1, ALG+C2
and ALG+C3, which could be explained by the formation of aggregates that induce pores
in the film that hold the moisture in the film. The largest fluctuation in samples containing
modified CNCs is 1% (in sample ALG+C1), while the MC in ALG samples is highly affected
by environmental humidity and ranges from 1.6 & 0.1% to 5.8 £ 0.6%. The trend is reversed
in the environment with the highest humidity, where the samples doped with pristine or
modified CNCs exhibit lower MC. This phenomenon could be attributed to the hydrophilic
nature of alginate, binding water from the environment. e shows less distinct trends among
neat and reinforced alginate films. In RH 33% and RH 50%, sample ALG+C1 exhibits the
highest elongation (36 & 6% and 40 =+ 5%, respectively), while in humid environments (RH
75%), the highest € is observed in film doped with C1 (34 & 3%).

a) b) 40| pod 5 2
80| - N AR \§ ; \
< 0] ‘ “E v 301 KON N \
S 4| — ';/" / 22 S O )
S 40 - i 2 N N
R / 8 O\ O
/,/ / 2
204 [/ % J] 210
o |
ol . olB
ALG | ALGICO  ALGWC1 | ALGWC2 | ALGIC3 ALG*GNC-0 ALGFGNC-1 ALG+CNC-2 ALGHCNG3

w
IS
©

N
MC (%)
TS (MPa)
O]
Lo = A
o
o
o
- N
MC (
TS (MPa)
ON B O ®
(<}
-
w =]
MC (%)

ALG  ALGH+CO ALG+C1 ALG+C2 ALG+C3 ALG  ALG+CO ALG+C1 ALG+C2 ALG+C3
6
1 8z - . AR 2 i T
L : i |°Z g ¢ Al Tz T s
w20 R J s : o
| d d 2§ w 15 22 Y20 =
10 |NEN | — ‘ 5
e ALG  ALG+CO ALG+C1 ALG+C2 ALG+C3 1 0 ALG  ALG+CO ALG+C1 ALG+C2 ALG+C3 g ALG  ALG+CD ALGHC1 ALG#C2 ALG+C3
RH=33% RH =50 % RH=75%

Figure 7. (a) Water contact angle (WCA), (b) water vapour transmission (WVT) and (c) mechanical
properties with respect to environmental RH of alginate-based films, where different letters denote
samples with significantly different mean value (p < 0.05).

3.5. Thermal Stability

The thermal stability of biocomposite films was determined through the observation
of the change in sample weight. The degradation of CNCs (both pristine and modified)
occurs in a single stage that begins at 260 °C, as shown in Figure 8a,c and results in a
loss of 80% of the initial mass. Chitosan-based films show degradation in three stages
(Figure 8b,c), with the first one featuring a loss of free bound water, occurring between
60 °C and 140 °C. The second stage of degradation starts at around 140 °C and represents
a loss of bound water in the films as well as degradation of shorter chains [40]. Here,
a slight shift in the CH+C3 curve is observed, as it reaches maximum degradation 10 °C
later than CH and CH+CQO, pointing to the fact that the water is well bound into the matrix
and a higher temperature is needed for it to evaporate. The last stage takes place after
250 °C and is related to the decomposition of chitosan polymer chains, with the residues
accounting for 23% of initial mass in CH+C0 and CH+C3 and 21% in CH. The degradation
of alginate-based films occurs in two stages. As with chitosan-based films, the loss of mass
up to 120 °C accounts for the loss of free water (Figure 8c,f). The second stage starts at
160 ° C and is responsible for the loss of bound water, as well as the decomposition of
polymer chains. In samples ALG+CO0 and ALG+C3, degradation to the final 28% of initial
mass is slightly delayed compared to ALG, indicating the better thermal stability of films
doped with CNCs.
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Figure 8. Thermal stability of (a) pristine and modified CNCs, (b) chitosan-based films (samples CH,
CH+C0, CH+C3), and (c) alginate-based films (samples ALG, ALG+C0, ALG+C3) and derivates of
their weight loss (d—f), respectively.

4. Conclusions

Pristine and acetylated CNCs with various DSs (0.299, 0.334 and 0.399) were incor-
porated into chitosan and alginate matrices to fabricate biocomposite films. Properties
relevant to single-use packaging applications, such as WVT rate, wettability, thermal
stability, moisture content and mechanical properties, were thoroughly investigated. Fur-
thermore, the effect of environmental humidity on the latter was evaluated to obtain insight
into the applicability of such materials in the real world. SEM investigation indicated that
the incorporation of pristine CNCs induced the formation of aggregates in chitosan-based
films due to their hydrophilic nature, while their acetylated counterparts mixed homo-
geneously into the film. On the other hand, in alginate-based films, the modification of
CNCs produced a more structured surface that was not observed upon the incorporation
of pristine CNCs. ATR-FTIR analysis of fabricated biocomposites revealed a slight change
in the peak corresponding to -C-O-C- vibrations in chitosan-based films, while spectra
of alginate-based films were altered in five different regions. In chitosan-based films, the
modification of CNCs prior to their integration positively influenced WCA, WVT rate and
mechanical properties, which was especially noticeable in environments with high humid-
ity (RH 75%). On the contrary, in the alginate matrix, the best performance was observed
in films with incorporated pristine CNCs, as they mix homogeneously into the matrix
without the need for modification. Overall, films exhibited the highest mechanical strength
in dryer environments, whereas elongation was higher in more humid environments,
which is in line with the published literature [41,42]. The results of this study show that a
higher degree of acetylation of CNCs (DS = 0.399) prior to incorporation into the chitosan
matrix improves properties relevant for packaging applications, and this pretreatment is
not needed in alginate-based biocomposites. Such materials could be suitable for packing
dry products.

Supplementary Materials: The following supporting information can be downloaded at: www.
mdpi.com/10.3390/polym15071663/s1, Figure S1. SEM micrographs of alginate films with pristine
CNCs (ALG+C0), alginate films with acetylated CNCs (ALG+C3), chitosan films with pristine CNCs
(CH+CO), chitosan films with acetylated CNCs (CH+C3) in the upper part.
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CNCsz (ALG+C3), chitosan films with pristine CNCs (CH+C0), chitosan films with acetylated CNCz (CH+C3) in
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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: | 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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Abstract

Biocomposite films from renewable sources are seen to be viable candidates as sustainable, zero-
waste packaging materials. In this study, biocomposites films using chitosan and alginate as matrices,
and pristine or acetylated cellulose nanocrystals (CNCs) as reinforcement agents, were fabricated,
thoroughly characterized in terms of structure (with ATR-FTIR and XRD), morphology (SEM),
thermal stability (TGA coupled with FTIR), water content and solubility and mechanical properties
and subjected to controlled biological degradation in aqueous environment with added activated
sludge. Biodegradation activity was followed through respirometry by measurement of change in

partial O2 pressure using OxiTop® system. While the initial rate of biodegradation is higher in

*Corresponding author.
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chitosan-based films with incorporated CNCs (both pristine and modified) compared to any other
tested biocomposites, it was observed that chitosan-based films are not completely degradable in
activated sludge medium, whereas alginate-based films reached complete biodegradation in 107 h to
112 h. Additional study of the aqueous medium with in situ FTIR during biodegradation offered an
insight into biodegradation mechanisms. Use of advanced statistical methods indicated that selection
of material (ALG vs CH) has the highest influence on biodegradability, followed by solubility of the

material and its thermal stability.

Keywords: polysaccharide-based films, cellulose nanocrystals acetylation, activated sludge

characterization, biodegradation activity, biochemical oxygen demand, OxiTop®;

1. Introduction

Plastic based on fossil fuels is one of the most abundant materials due to its good mechanical
properties, versatility and low price [1]. The global production of plastics is > 380 million tons per year
and is further increasing annually by 4 %. Since 1950, a total of 6.3 billion tons of plastic waste has
been produced [2]. Approximately 50 % of plastics is used to make disposable, single use packaging
materials with one of the main pollutants being polyethylene (PE) based food wrappings that persist in
the environment long after their use [3,4]. Due to chemical inertness, stable carbon-hydrogen bond,
very large complex polymeric structure and hydrophobicity, microorganisms do not possess an
adequately efficient mechanism for its rapid digestion causing physical and chemical contamination of
soils and oceans around the world [5][6], highlighting the urgency for action on reducing plastic

pollution.

Given the enormous amount of plastic waste around the world, efforts have spurred to create
innovative strategies for managing plastic waste [7], educate on proper disposal, expose the challenges

on waste management [8] and to develop new class of biodegradable materials [9]. Such bio-based
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alternatives have been developed mostly over the last decade, with the main goal of enabling a safe
return of carbon back to terrestrial and aquatic ecosystems, where decomposed products would act as

source of food for microorganisms, and thus aligning with concept of zero-waste circular economy [6].

Polysaccharides from various renewable sources, such as cellulose (in native as well as
nanostructured form), starch, chitosan, agar, alginate, etc. have been used to eco-design packaging
materials [10—13]. The increasing interest in nanosized materials is due to the fact that by reducing the
size of cellulose fibers, a more consistent material with high mechanical strength, despite being
lightweight, can be obtained [14]. Regardless of the positive impact that wider use of biopolymers
based materials would have on the environment, their applicability is currently limited due to their
weaker mechanical properties compared to petrol-based polymers, especially brittleness of material,
strong hydrophilic behavior and therefore poor solubility for some polysaccharides (for example
amylopectin), which causes agglomeration, thermal instability etc. [15,16]. It remains a challenge to
create a material that exhibits sufficient mechanical strength, while still being biodegradable as it
requires a unique balance between biodegradability and durability [1]. It is also of paramount
importance to learn and explore the biotic and abiotic factors that facilitate their decomposition. Even
though biopolymer-based materials are still in their developing phase they are highly useful in various
applications such as food packaging, composting bags, technical applications, construction,
engineering, cosmetics, catering, agriculture and horticulture, pharmaceutical and medical industry

[17,18].

The drawbacks of using natural biopolymers can be improved by making biocomposites where
nanosized materials based on cellulose are incorporated into a biopolymer matrix. For clarity,
throughout this paper ‘biomaterials’ is a general term that is used for all biopolymers and biopolymer-
based films (chitosan, alginate, CNCs as well as chitosan and alginate with incorporated CNCs), while
‘biocomposites’ contain at least two of the biomaterials (e.g. chitosan with incorporated CNCs).
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Incorporation of these materials shows an increment in the mechanical and barrier properties [19].
Nanocellulose is used as a reinforcing filler to alter the viscosity and enhance mechanical properties,
while also enabling the acceleration of the biodegradation rate [20,21]. However, cellulose and its
nanoscaled counterparts exhibit low compatibility with numerous polymer matrices due to their
inherent hydrophilicity. As a solution, surface modifications are carried out, with one of the most
commonly used reactions being esterification [22]. Acetylation of CNCs was previously already
carried out to enhance mechanical strength in polymer matrices such as polylactic acid and poly(e-
caprolactone) [23-25]. For that reason, CNCs and their modified forms are actively used in the
preparation of polymer films, composites, hydrogels, and various other prospectuses [26]. While
several studies are conducted to indicate the biodegradability of the cellulose nanomaterials, chitosan

and alginate films [12,27], it is important to study biodegradability of biocomposites as well [19].

With this is mind, the aim of this study is to fabricate biocomposite films based on alginate, chitosan
and (modified) CNCs, characterize them in terms of structure, morphology, mechanical properties,
thermal stability, crystallinity and water-related properties (moisture content and water solubility) and
finally to evaluate their biodegradation in activated sludge, that was analyzed beforehand in terms of
its physicochemical properties. Biological degradation in controlled environment using OxiTop®
system following standard BOD involved six different combinations of biodegradable biomaterials or
the biocomposites with cellulose nanomaterials, furthermore determining biodegradation mechanism
on chemical level using in situ FTIR. Use of advanced statistical analysis shed a light onto dependence
of biodegradation process on physicochemical parameters of the films and therefore allowed the final

comparison between the various biocomposites.

2. Materials and methods

2.1. Materials
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Chitosan (high molecular weight, 310000-375000 Da, >85 % deacetylated), sodium alginate and
lactic acid (85 wt % aqueous solution) were purchased from Sigma-Aldrich (Darmstadt, Germany).
Glycerol and cellulose nanocrystals (CNCs, 3 wt % suspension in water) were obtained from
Pharmachem (Ljubljana, Slovenia) and Navitas (Stari trg pri Lozu, Slovenia), respectively. For
chemical modification pyridine (Merck, Darmstadt, Germany), acetic anhydride (Sigma Aldrich,
Darmstadt, Germany) and acetone (Sigma Aldrich, Darmstadt, Germany) were used. All other reagents

used in this work were purchased from Sigma Aldrich (Darmstadt, Germany).

2.2. Preparation of polysaccharide biocomposites and their characterization
2.2.1. Fabrication of polysaccharide films

CNCs surface modification was carried out on Radleys Carousel 6 Plus Reaction Station™ under
reflux and constant nitrogen flow. 1 g of previously freeze-dried CNCs was grinded in mortar to
uniform powder and dispersed in 10 mL of pyridine. Upon reaching the reaction temperature (90 °C),
5 mL of acetic anhydride was added dropwise. After 300 min, the modified CNCs were washed with
water four times and finally with mixture of acetone and water. The samples were again freeze dried
under vacuum and stored in refrigerator at 4 °C until further use.

For chitosan and alginate-based films 1.5 wt % of biopolymer was dissolved on a magnetic stirrer
at 300 rpm in 1 v/v % lactic acid (chitosan) or water (alginate) and 30 wt % glycerol with respect to
the biopolymer. Lactic acid is often utilized in the development of chitosan films for packaging
purposes because of its ability to act as a plasticizer. This results in a reduction of stiffness and an
increase in the percentage of elongation in the films [28]. To remove the impurities, the chitosan
solution was vacuum filtered over four layers of medical gauze. For films reinforced with nanosized
cellulose, CNCs in either form (pristine or acetylated) were added in amount to reach 3 wt % based on
the mass of chitosan or 5 wt % based on the mass of alginate, as previously described in literature as

the optimal concentration [11,27], and homogenized by circular stirring for 1 to 2 min using
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UltraTurrax homogenizer (Ika, Straufen, Germany). The solutions were left on the counter overnight
to eliminate the bubbles and then casted onto the petri dishes (12x12 c¢m) with the final amount of
biopolymer being 52 g m™. The films were dried in a ventilated dehydrator (Hendi, Germany) at 40 °C
for 24 h. Before further analysis, they were conditioned at relative humidity 50 % for 48 h.

For clarity, alginate-based films without CNCs, with incorporated pristine CNCs and with
incorporated modified CNCs were labeled throughout the manuscript as ALG, ALG+CNCs and
ALG+modCNCs, respectively. Similar applies to chitosan-based films without added CNCs (CH),

with pristine CNCs (CH+CNCs) and with incorporated modified CNCs (CH+modCNCs).

2.2.2. Physicochemical analysis of the fabricated films

The structure of the produced films was analyzed with ATR-FTIR Omega 2 (Perkin Elmer, USA)
with wavenumber in the range of 500 cm™ to 4000 cm™, with a resolution of 4 cm™! and accumulation
of 16 scans. The measurements were carried out in parallel and the mean value is reported.

Tensile strength (o) and elongation at beak (¢) were measured with XLW Auto Tensile Rester
(Labthink® Instruments, Jinan, China) that is equipped with 100 N loading cell. The samples were cut
to pieces sized 10 x 2 cm and fixed between the gauge segment (8 cm in length) and the cross-head
speed during the analysis was 25 mm min™!. For each biocomposite three samples were measured, with
the average being reported. Thickness, used for calculation of g, was evaluated with digital micrometer
ABS Digital Thickness Gauge (Mitutoyo, Aurora, USA), where each sample was measured on 6 points.

To evaluate the moisture content (MC), the film samples were cut to pieces with approximate weight
of 30 mg and dried at 105 °C for at least 12 h to ensure constant mass. The loss in weight was accounted
to MC, which was expressed as percentage of initial sample mass. To determine solubility of
biocomposites in water (#S), the samples were dried to eliminate water, cut to pieces of approximate

20 mg, and were immersed in 50 mL of water. After 24 h, the solution was filtered using previously
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dried and weighted Whatman no. 1 filter papers, dried at 105 °C for 12 hours and weighted. The loss
of mass was accounted to WS.

For SEM analysis of morphology, the samples were placed onto the carbon tape, sputtered with 2
nm of gold and inspected with SEM Supra 35V (Carl Zeiss, Jena, Germany) under near-vacuum
conditions and accelerating voltage 1 kV.

Thermal stability was assessed through thermogravimetric analysis (TGA) with EGA 4000 (Perkin
Elmer, USA), equipped with FTIR Spectrum 3 (Perkin Elmer, USA). Thermal degradation was carried
out in nitrogen (50 ml min™') from 40 °C to 700 °C with a step of 10 °C min™. The FTIR spectra of
exhaust in the cell were continuously acquired between 4000 cm™ and 500 cm™ with accumulation of
4 scans.

XRD spectra were recorded with high resolution X-ray diffractometer PANalytical X'Pert PRO
(Malvern Panalytical, United Kingdom) between recorded between 5 and 50 ° using Cu K-alpha

radiation source.

2.3. Determination of physicochemical parameters of activated sludge

2.3.1. Activated sludge for biodegradation

Activated sludge was collected from aerated pool of wastewater treatment facility in Ljubljana,
Slovenia that treats mainly municipal wastewater. The sludge was preconditioned to reduce
endogenous respiration rate by storing at 4 °C for 5-7 days, in which time physicochemical parameters
of the sludge were determined as described in Supplementary material (Determination of

physicochemical parameters of activated sludge).

2.3.2. Determination of total COD, soluble COD, total nitrogen and soluble nitrogen
The total COD analyses were achieved with a COD cell test (14555, Merck, Germany) designed for

water samples under the working conditions of the specified procedure [29]. This method determines
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the oxygen equivalent of materials by oxidizing them in the presence of sulfuric acid and a known
excess of potassium dichromate. Samples of polysaccharide films and fresh activated sludge were dried
and homogenized prior testing and were later on mixed with water and added inside of the tilted
reaction cell onto the reagent. The contents of the cell were vigorously mixed. The reaction took place
at 148 °C in the preheated reactor for 120 min. Absorbance was measured at 605 nm using Synergy™
2 Multi-Detection Microplate Reader (BioTek, Winooski, USA). Results were expressed as g/L. COD
(=g/L Oy).

For all other analyses only activated sludge was used. To get the soluble fraction of wastewater
sludge, the samples were centrifuged at 15000 rpm for 20 minutes, after which supernatant represented
the soluble fraction. Soluble COD was measured using LCK 114 cuvette tests, nitrogen (soluble) and
total nitrogen were measured using LCK 338 cuvette test (Hach, USA). Organic carbon (soluble) was
measured using LCK 386 cuvette test (Hach, USA). When necessary, samples were appropriately

diluted with deionized water (Milipore) as described before [30].

2.3.3. SEM micrographs of activated sludge

The activated sludge samples were prepared for SEM by centrifugation of the liquid suspension
from the aerated pool. The pellet was resuspended in 5 % glutaraldehyde prepared in 0.1 M phosphate
buffer and has been further processed as described before [31]. To observe the morphological
properties of the activated sludge the dried cells were mounted on to a SEM sample stub with a double-
sided carbon tape. Surface morphology was observed by scanning electron microscope SUPRA 35VP

(Carl Zeiss, Jena, Germany) under near-vacuum conditions.
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2.4. Biodegradation studies

The biodegradation of alginate- and chitosan-based biocomposites was monitored using the
OxiTop® Control system (WTW) which measures automatic respirometric pressure in closed bottles
at a constant temperature. The test is based on measuring biochemical oxygen demand (BOD) as
microorganisms break down organic matter, consuming oxygen and producing carbon dioxide that is
absorbed by sodium hydroxide (NaOH) pellets, thus not affecting the measured pressure. Pressure
decrease is solely due to oxygen consumption in the bottle. The instrument calculates the BOD in mg/L

according to the Eq. (1):

BOD (%): I\l/il’:_"cl')nzl)* [Vl%_l\]l-’- %] ¥ Ap (02) (1)

where M (O2) is molecular weight of oxygen, R is the gas constant (8.314 kPa mol™' K"), Ty, is the
temperature of measurement, To is 273.15 K, Vit is the volume of the bottle, V| is the volume of the
solution, a is the Bunsen absorption coefficient (0.03103) and Ap (O>) is the change in partial oxygen

pressure [32,33].

The biodegradability measurements were carried out in an aqueous medium and according to the
protocol of the international standard ISO 9408 [34]. The medium in which biocomposite films were
degraded contained deionized water and nutrients as followed — 1 % solution A (8.5 g/ KH2POu;
21.75 g/L K>2HPOa4; 33.4 g/l Na;HPO4-2H>O and 0.5 g/L NH4Cl), 0.1 % solution B (22.5 g/L
MgS04:7H20), solution C (27.5 g/L CaClz) and solution D (0.25 g/L FeCls-6H20). The nitrification
inhibitor n-allylthiourea (c=10 mg/L) as well as activated sludge (concentration of dissolved organic
carbon was 80 mg/L) as the source of microorganisms were added to the nutrient medium. The latter
was divided into OxiTop® bottles of 365 mL each and films of biocomposites were added in different
weights, according to their COD (final amount being 274 mg/L). As seen in Fig. 1, negative control

contained no biocomposite films and for positive control 125 mg/L sodium acetate was added, which
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is easily degradable substrate that allowed us to evaluate the activity of the used activated sludge and
present microorganisms. The measurements were carried in closed bottles under constant temperature
(23 £ 1 °C) for 5 days. After the incubation period, the degrading capability of the activated sludge

was analyzed and interpreted using various parameters as mentioned below in the section 3.3.

The aquatic biodegradation percentage was calculated based on measured oxygen consumption

during testing according to Eq. (2):

Biodegradability (%) = (mDS_Cz%)*Z *100 @)

where BODs is the biochemical oxygen consumption of the sample, BODg is the biochemical oxygen
consumption of the negative control (blank) and COD of the sample The oxygen consumption values
of the sample and negative control had to be multiplied by appropriate factors based on the medium
volume used (e.g., 365 mL, multiplied by a factor of 2) [34]. The schematic representation of

experimental setup for biodegradation studies can be found in SI Fig 1.

2.4.1. In situ Fourier-transform infrared spectroscopy

Activated sludge medium was followed with in situ Fourier-transform infrared spectroscopy (in
situ FTIR) throughout the biodegradation process. The spectra were recorded for maximum of 88 h
with analyzing changes every 5 minutes to determine the newly present species in medium as a result
of biopolymers degradation. The analysis was performed at a room temperature (23 £ 1 °C) at a
wavelength of 4000 cm™ to 650 cm™ with a resolution of 1 em™ with a ReactIR 45P in situ process
FTIR (Mettler Toledo, Ohio, USA). Biodegradability evaluation was conducted in an aqueous medium
(Section 2.4) with 10 times more substrate added based on the COD of biocomposite films (2.74 g/L).
The probe was initially placed in the medium until the baseline stabilized (approximately 2 hours),

followed by addition of the biocomposite films and sealing the bottle with parafilm.
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2.4.2. Multivariate statistical analysis

The data derived from measurements within OxiTop®, in situ FTIR, ATR-FTIR, XRD, TGA,
mechanical characteristics (o, ¢, thickness, moisture content, solubility) were organized into matrices.
For the datasets represented by thousands of datapoints (e.g. in situ FTIR, ATR-FTIR, XRD)
dimensionality was reduced utilizing NonMetric Multidimensional Scaling (nmMDS) using Euclidean,
Hotelling and Ochiai distance with 500 random starts with real and randomized data and Principal
Cooordinate analysis (PCoA) to balance the contribution of information by each of the techniques and
to reduce the inflation of information by the differences in the number of internal datapoints (e.g. FTIR,
XRD and mechanical properties contained > 3500, > 200 and 4 datapoints per sample). The Monte-
Carlo (MC) technique was used to assess the significance of correlations, stress decomposition (MC
Scree plot) and the number of dimension axes to retain. The resulting coordinates derived of complex
multivariate were included as explanatory variables describing the contributions of each technique to
scatter in biodegradation data (described by OxiTop®) in multivariate redundancy analyses. A linear-
constrained ordination, redundancy analysis (RDA) with forward selection was used to create a model
of parameters explaining the variability in biological variables. The MC permutation test (500
permutations), with chemical and mechanical characteristics used as predictors, was applied to
compute the significance of hypothetical relations using multivariate data analysis software Canoco

for Windows V4.5, as described before [35-37].

3.  Results and discussion
3.1. Analysis of activated sludge
The results of physicochemical characterization of activated sludge are presented in Table S1 and

Table S2.
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Direct investigation using SEM revealed that the activated sludge obtained from the wastewater
treatment plant exhibited a complex environment with a diverse microbial consortium. The
microorganisms appeared to connect with each other predominantly through numerous thread-like
shapes, as shown in Fig. 1 b. Additionally, the activated sludge had a flocculent appearance, as seen in
Fig. 1 a, with colonies of bacteria cells surrounded by mucous (Fig. 1 ¢). Furthermore, apart from rod-
shaped bacteria, some spirillum-shaped bacteria were also observed (Fig. 1 d). These SEM images

provided some insights into the morphology and composition of the activated sludge, highlighting the

complexity of the microbial community present in the wastewater treatment plant.

Fig. 1. SEM micrographs of the wastewater activated sludge. (a) Flocculent appearance of activated

sludge (arrow 1, magnification 10000x); (b) microbe associations interconnected with threads (arrow

12
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2, magnification 20000x); (c) spirillum-shaped bacteria (arrow 3) and colony of bacteria cells
surrounded by mucous (arrow 4, magnification 10000x); (d) spirillum-shaped bacteria attached by

mucous threads to a fragment (arrow 5, magnification 40980x).

3.2 Physicochemical and structural properties of the fabricated alginate-based films

As demonstrated in Fig. 2 a, the fabricated alginate-based films appeared uniform, transparent,
colorless and shiny. Upon addition of CNCs and modified CNCs they gained cloudy milky-like
appearance. Detailed inspection of the samples with SEM revealed that upon addition of both pristine
and modified CNCs, the roughness of previously smooth and even surface is slightly increased.
However, even at higher magnifications, there are no CNCs visible, indicating homogeneous
incorporation into the matrix. Structural changes related to incorporation of CNCs were investigated
through ATR-FTIR analysis. Spectrum of the films consisting of alginate biopolymer only (blue line
in Fig. 2 b) exhibits characteristic peaks for alginate: a broad peak between 3500 cm™ and 3000 cm’™
corresponding to O-H stretching vibrations, peaks between 3000 cm™ and 2810 cm™ correlated to
symmetric C-H; and asymmetric C-H> stretching vibrations [35], -COO- asymmetric and symmetric
stretching related peaks centered at 1598 cm™ and 1411 cm™!, respectively, with the latter overlapping
with O-H bonding modes, and a sharp peak at 1024 cm™' corresponding to C-O-C stretching vibrations
in alginate backbone [36,37]. With incorporation of modified CNCs a new peak centered at 1744 cm’
!, related to C=0 stretching in acetylated CNCs. The shape of XRD spectra (Fig. 2 ¢) indicated that
alginate-based films exhibit a mostly amorphous structure. In ALG the crystalline peak centered at
20.8 ° is broad, while in samples ALG+CNCs and ALG+modCNCs the peak is narrowed, shifted to
22.6 ° and of higher intensity, indicating increase of crystallinity due to incorporation of crystalline
CNCs, the XRD spectra of which are presented alongside for comparison. There are no additional

CNCs peaks that would suggest phase separation.

13



4.3, Biodegradation of Polysaccharide-Based Biocomposites with Acetylated Cellulose Nanocrystals,
Alginate and Chitosan in Aqueous Environment 101

a)

MAG.

0X

SAMPLE ALG ALG+CNCs ALG+modCNCs
————
50 pm
x - -
o
o
S
-
SAMPLE G ALG+CNCs ALG+modCNCs

50,000 X

——ALG——ALG+CNCs——— ALG+modCNCs—— CNCs—— modCNCs

2.0
5,7 A i
18 1720 1740 1760 5
Q Wavenumber (cm™") S
8 >
1o g
e Ly g
Eos ! =
S 1
z
0-0°3560 3000 1500 1000 500 10 20 30 40 50

Wavenumber (cm™) 20 (%)

Fig. 2. (a) Photographs and SEM micrographs films as seen with naked eye and at two different
magnifications (1000x and 50000x); (b) ATR-FTIR spectra of alginate-based films; (¢) XRD analysis

of alginate-based films alongside with pristine and modified CNCs.

To have a better insight into biological degradation, thermal stability of the fabricated biocomposites

up to 700 °C was studied accompanied with FTIR analysis of the exhaust (Fig. 3). In Fig. 3 a, all spectra
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collected during the degradation are presented, indicating occurrence of water (O-H stretching related
peak at 3736 cm™'), carbohydrate species (peaks at 2937 cm™, 1166 cm™, 1061 cm™ that are correlated
to C-H stretching, C-O stretching in tertiary alcohol and C-O stretching in primary alcohol,
respectively), COz (peak centered at 2360 cm™') and carboxylic acid (C=0 stretching related peak at
1751 cm™). TGA demonstrated that degradation of alginate-based samples occurs in three temperature
ranges: i) 50 — 140 °C, where the weight loss is accounted to loss of water, ii) 140 — 315 °C with
maximum rate at 206 °C, and iii) 380 — 515 °C (Fig. 3 b). Following the individual peaks from FTIR
analysis through full temperature range enables understanding of degradation stages. Profiles of
previously detected species, presented in Fig. 3 c, confirm presence of water in first stage of
degradation. In the second stage, breakage of glycosidic bonds, dehydration and decarboxylation
processes occur, resulting in detection of CO», carboxylic acid (most likely acetic acid), C-H and C-O
stretching vibrations [27,41]. Additionally, at this stage (up to 250 °C) decomposition of glycerol
occurs as well [42]. The third stage of degradation is associated with the release of CH4 [43].

As such biocomposites are designed for packaging applications, mechanical and water-related
properties are important for their functioning (Table 1). It was observed that addition of pristine CNCs
into alginate film forming solution slightly decreased o of the film (25 + 3.0 MPa) compared to ALG
(29 + 0.5 MPa), while acetylation had a positive impact onto ¢ (36 + 4.4 MPa for ALG+modCNCs). ¢
improved slightly as well. Addition of pristine or modified CNCs did not greatly affect MC of the films

or their WS.
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Fig. 3. Thermogravimetrical analysis of chitosan-based films coupled with FTIR. (a) FTIR spectra of

exhaust in the cell while heating ALG, ALG+CNCs and ALG+modCNCs from 40 °C to 700 °C; (b)

weight loss of the samples (left axis) and its first derivative (right axis); (c) temperature profiles of

compounds found in exhaust during the thermal degradation.

Table 1: Analyzed physicochemical parameters of polysaccharide-based films: tensile strength (o),

elongation at break (g), moisture content (MC), water solubility (W) and swelling rate (SWR).

Sample ¢ (MPa) € (%) MC (%) WS (%)
ALG 29+ 0.5 2+04 22+ 1.0 69+ 6.3
ALG+CNCs 25+3.0 3+0.6 19+ 1.7 67+8

ALG+modCNCs 36+4.4 4+0.5 23+4.5 68+7.4
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CH 12+3.6 51+3.1 23+1.6 14+£3.5
CH+CNCs 12+ 1.5 24+£4.4 22+£22 18+7.2
CH+modCNCs 17+0.7 43+7.0 26+ 14 34 £2.1

3.3. Physicochemical and structural properties of the fabricated chitosan-based films

Chitosan-based films were sticky, slightly yellow and also transparent. No change detected with a
naked eye occurred upon addition of CNCs and modified CNCs. However, CH+CNCs exhibit change
in surface smoothness, as observed in SEM micrographs, due to aggregates of uneven shape with length
approximately of 3 pm (Fig. 4 a). The potential reason behind the formation of such structures is
incompatibility of pristine CNCs with chitosan matrix and formation of CNCs aggregates. ATR-FTIR
spectrum of CH (blue line in Fig. 4 b) is characteristic for chitosan-based films and is in agreement
with literature [38]. A broad peak between 3700 cm-1 and 3024 cm-1 corresponds to both O-H and N-
H stretching, followed by a series of smaller peaks between 3020 cm-1 and 2840 cm-1 that are
correlated to C-H stretching. Peaks at 1639 ¢cm-1, 1570 cm-1 and 1371 cm-1 are characteristic for
chitosan and are associated with C-O stretching (amide I), N-H bending (amide IT) and C-N stretching
vibrations (amide III), respectively [39]. A peak centered at 1729 cm-1 might be correlated to C=0O
stretching in lactic acid in which chitosan was dissolved to obtain FFS. The addition of CNCs into the
chitosan matrix does not alter the shape of the spectra greatly. A small change is observed in peak at
1074 cm-1 that becomes more pronounced with integration of pristine CNCs and even further with
incorporation of acetylated CNCs (orange and violet lines Fig. 4 b). XRD spectra of chitosan- based
films (CH, CH+CNCs and CH+modCNC:s) all exhibit the same peaks at 20 =20.4 © and 26 = 7.6 ° that
are characteristic for chitosan (Fig. 4 ¢) [46]. Similar to alginate-based films, no additional cellulose-

related peak was observed that would indicate phase separation.
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Fig. 4. (a) Photographs and SEM micrographs of chitosan-based films as seen with naked eye and at
two different magnifications (0x, 1000x and 50000x); (b) ATR-FTIR spectra of chitosan-based films;

(c) XRD analysis of chitosan-based films alongside with pristine and modified CNCs.
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Again, TGA of chitosan-based films coupled with FTIR was carried out. Similar to alginate, the
detected species were water (O-H stretching related peak at 3588 cm™'), carbohydrates (peaks at 2944
em™', 1785 cm™, 1110 cm’! that are correlated to C-H stretching, C=0 stretching in carboxylic acid and
C-0, respectively) and CO, (peak centered at 2361 cm™') (Fig. 5 a). However, the thermal
decomposition of chitosan-based films takes place in four stages (Fig. 5 b): 1) up to 110 °C where the
loss of mass can be accounted to the loss of water, ii) 180 — 240 °C, iii) 240 — 390 °C and iv) 400 -515
°C. Profiles of individual compounds through entire temperature range (Fig. 5 c) confirm loss of
moisture in the first stage. According to literature, chitosan remains stable up to 250 °C, therefore the
second stage of degradation is accounted to decomposition of glycerol to CO, CO2, CH4 and C2H4
[47], followed by decomposition of chitosan to H,O, CO, CO; and acetic acid (stage iii) and CHy (stage

iv) [43,48].
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Fig. 5. Thermogravimetrical analysis of chitosan-based films. (a) FTIR spectra of exhaust in the cell
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(left axis) and its first derivative (right axis); (c) temperature profiles of compounds found in exhaust

during the thermal degradation.

Regarding properties relevant for packaging applications (Table 1), incorporation of modified CNCs
slightly increased o (from initial 12 = 3.6 MPa to 17 + 0.7 MPa), while addition of pristine CNCs did
not have impact on mechanical strength of the biocomposite. On the other hand, € was decreased in
both instances: for 53 % in case of CH+CNCs and for 16 % in CH+modCNCs with respect to CH.
Again, presence of CNCs in either form did not alter MC of the films, however WS did increase in

CH+modCNCs from 14 + 3.5 % to 34 + 2 %.

3.4.  Biodegradability studies of the fabricated polysaccharide-based films

The BOD OxiTop® system measures the amount of oxygen consumed during the degradation of
organic matter by measuring changes in pressure. Biodegradability of biopolymer-based films was
evaluated first through OxiTop® measurements that were later on accompanied with in situ FTIR, to
obtain an insight into degradation mechanisms. During the experiment the pH value ranged between
6.9 and 7.5 and thus remained in optimal range between pH 6.5 and 8.0 [40]. To determine the degree
of biodegradation at the end of the test, the amount of oxygen consumed by microorganisms in the test

media (corrected for uptake by negative control, run in parallel) is expressed as a percentage.

The degradation kinetics of alginate-based and chitosan-based films showed some notable
differences. As shown in the Fig. 6 a, the biocomposites film with alginate fully degraded (100 %) in
the tested time period. Introduction of CNCs (either pristine or modified) did not greatly influence
biodegradability of alginate-based films. The biodegradation rate of all alginate-based samples
increased in a linear regime over the first 80 hours, after which the rate slowed down with complete
degradation with no degradation plateau was achieved in 107 hours for ALG, and 112 hours for

ALG+CNCs and ALG+modCNCs, as shown in Fig. 6 a. On the other hand, despite the faster initial
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degradation rate of chitosan-based films, they are not fully degradable in activated sludge medium.
The degradation rate of chitosan-based films plateaus, indicating that degradation rate does not
continue to increase significantly beyond a certain point - 76 % for CH, 89 % for CH+CNCs and 92 %
for CH+modCNC:s (Fig. 6 b). The possible reason behind the difference in degradation kinetics could
lie in higher WS of alginate compared to chitosan. Additionally, the presence of cellulose nanocrystals
(CNCs), either pristine or modified, did not significantly influence the biodegradation of alginate-based
films, while it appeared to enhance the degradation rate of chitosan-based films, possibly due to the

swelling of chitosan in aqueous media and increased surface availability for microbial attack.
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Fig. 6. Biodegradation progression of (a) alginate-based films and (b) chitosan-based films in activated

sludge medium. Subfigures (c) and (d) present in situ FTIR spectra of activated sludge medium during

degradation of alginate- and chitosan-based films, respectively.

To obtain a deeper insight into biodegradation mechanisms, in situ FTIR analysis of biodegradation

process was carried out over the course of maximum 88 h. It should be noted, that the change in spectra

of activated sludge medium was followed, with changes attributed to degradation of biopolymer-based

films. Initially, at time 0, two peaks are defined in alginate-based samples (Fig. 6 ¢), which correspond
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to N-H stretching vibrations (centered at 3356 ¢cm™) and C=0 stretching associated with proteins
present in activated sludge [41], N-H bending and N-H: scissoring of primary amines located between
1830 cm™ and 1510 cm'. During the process of degradation of all three alginate-based samples, the
peak featuring N-H stretching vibrations is shifted to lower wavenumber (3275 cm™), while also
becoming more pronounced in spectra of activated sludge with ALG+CNC, possibly pointing to
presence of C-H species as well. A sharp peak centered at 3640 cm™! newly appears is correlated to O-
H stretching, possibly as a consequence of water loss in the film, indicating that water loss is
responsible for the first part of alginate degradation or as a result of alginate solubility in aqueous
media [42]. Additionally, a peak at 1640 cm™ increases in intensity, pointing to higher abundancy of

N-H and C=0 species that could be related to growth of biomass in activated sludge medium.

Initial spectrum of activated sludge in which degradation of CH and CH+modCNCs samples
proceeded, features a broad peak between 3750 cm™! and 3350 cm™! that is correlated to O-H as well as
N-H stretching vibrations, while such peak was not detected in activated sludge prior to degradation of
CH+CNCs (Fig. 6 d). By introduction of the sample into the activated sludge, the peak shifts to higher
wavenumbers (between 3770 cm™ and 3530 cm™) and a new broad peak emerges between 3450 cm!
and 2950 cm™ in all inspected samples. It could be attributed to N-H stretching vibrations in
glucosamine and N-acetyl glucosamine that are the products of chitosan degradation, further pointing
to the reasoning that faster degradation of CNCs is responsible for faster overall degradation, while the
degradation mechanisms of CH, CH+CNCs and CH+modCNCs do not greatly differ [43]. Although
in situ FTIR analysis of activated sludge medium offers an initial insight into the degradation
mechanisms, it should be taken into an account, that certain limitations are present in the method, as

only the composite itself is not recorded.

Use of advanced statistical analysis shed a light onto dependence of biodegradation process on
physicochemical parameters of the films and therefore allowed the final comparison between the
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various biocomposites. Multivariate analyses show that the large cumulative percentage variance in
biodegradability-chemistry relation was effectively captured in the first two axes (73.9 % and 24 %).
Conditional effects of environmental variables selected by forward selection in RDA as determined by
Monte Carlo permutations under the full multivariate model showed that the selection of material (ALG
vs CH), solubility of the material next to TGA (chemical characteristics) contributed 73 %, 18 % and
8 %, respectively, to the biodegradability-chemistry relationship (F=10.89; F=5.89; F=10.43). For
other variables included in analyses collinearity was detected when fitting variable to the model and
were hence omitted from the analyses. The approaches described here are fully within the scope of
multivariate statistical analysis in chemometrics [53] as the type of data available does not confound
to the parametric assumptions utilized in univariate statistical analysis: distributional assumptions are
not fulfilled; the number of variables is often much higher than the number of objects; the variables are
highly correlated, the data matrices are sparse (contain many zeroes), etc, as described recently [54,55]
and an evaluation of such data provides significant additional insight that is urgently needed in the field

of biomaterials.

4. Conclusions

Solutions regarding plastic waste treatment must be considered with regards to the whole supply
and production chain, since the demand for it will continue to rise. Many different polysaccharides
from various natural sources can be envisioned as a sustainable alternative to conventional packaging
materials, following the ‘zero-waste’ and circular economy principles. Since these materials are
renewable, locally available, easily accessible, non-antigenic, non-carcinogenic and immunogenic,
they are considered as alternatives going beyond (bio)plastics. In this context, chitosan and alginate-
based films reinforced with pristine and modified CNCs were characterized (XRD, SEM, TGA with

FTIR, ATR-FTIR, mechanical properties, moisture content and water solubility) and studied in terms
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of biodegradability in activated sludge medium. It was observed that modification of CNCs prior to
incorporation into film of either matrix improves mechanical properties. With the OxiTop® method it
was assessed that the initial rate of degradation was higher in chitosan-based films, although they did
not fully degrade over the course of 120 h. On the other hand, alginate-based films were degraded in
107 h (neat alginate film) and 112 h (alginate films with incorporated CNCs). In situ FTIR analysis
provided insight into biodegradation mechanisms, indicating water loss and solubility of alginate films
and deacetylation as the first step in the degradation of chitosan films. Also, the adoption of
multivariate approaches enabled us to connect and explore the complexities of biological and chemical
datasets obtained in these experiments, indicating the prevalent dependence of biodegradability to
biopolymer matrix (chitosan or alginate), followed by water solubility and thermal stability.

Such results can be employed to make a better correlation between microbial consortia and physio-
chemical parameters during biodegradation process of biomaterials, which can be used as plastic
alternatives. Additional studies are necessary to fully comprehend the correlation, as the current study
exhibits limitations related to the controlled laboratory environment that may not accurately reflect the

complexities of real-world wastewater treatment plants.
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1. Physicochemical parameters of activated sludge
1.1.  Determination of moisture content, total solids and volatile solids in activated sludge

Before the degradation the appropriate loading of the OxiTop® reactors was determined by
measuring total solids, volatile solids, volatile suspended solids and total suspended solids for
activated sludge samples, which were determined according to Standard Methods [1]. At first

the samples of activated sludge were dried at 105 °C for approximately 24 h or at constant
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weight. Moisture content was calculated according to Eq. (1) and expressed as the percentage

of water content in the activated sludge:

Moisture content (%) = ) % 100 % (1)

m)

where m; is the mass of the wet activated sludge sample and m» is the mass of the dried

activated sludge.

TS and VS content were determined using annealing furnace at 550 °C overnight (to a
constant mass) as described previously in official methods of analysis [1]. After annealing, the
samples were transferred to a desiccator, cooled and weighed again on the analytical scale to
get the final weight of dried residue. The percentage of total solids and volatile solids were

calculated according to Eq. (2) and Eq. (3).

(A-B) * 100 %

% total solids = =T

@

(A -D) *100 %

% volatile solids = =

€)

where A is the final weight of dried residue with dish included (in mg), B is weight of a dish
(in mg), C is weight of the wet sample with dish included (in mg) and D is the final weight of

residue with dish after annealing (in mg).

1.2.  Determination of pH, redox potential and electrical conductivity of activated sludge

Redox potential and electrical conductivity of wastewater activated sludge were measured
using portable multimeter HQ40D (Hach, USA). The pH-values of all OxiTop® reactors were
measured at the beginning (to) and the end (ts) of the experiment using a pH meter (Metrohm,

Switzerland), previously calibrated between pH = 6 and pH = 8.
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Table S1: Physicochemical parameters of activated sludge. COD (chemical oxygen demand),

TOC (total organic carbon), TN (total nitrogen), TP (total phosphorus), TS (total solids), VS

(volatile solids), TSS (total suspended solids), VSS (volatile suspended solids).

Parameters Value
pH 6.9+0.1
Moisture content (%) 882+1.4
Electrical conductivity (mS/cm) 3.4+0.01
Redox potential (mv) 1364+ 1.3
CODxotal (g/L) 64.5+0.5
CODxsoluble (g/L) 6.9 £ 0.02
TOCsombic (g/L) 3.5=0.01
NH"4, sotubte (g/L) 0.3+ 0.006
TN (g/L) 24+0.2
TNsoluble (g/L) 0.05 £ 0.0003
TP (mg/L) 4.0+0.01
PO4-P (mg/L) 3.9+£0.01
TS (g/L) 423+1.1
VS (g/L) 30.0+0.8
TSS (g/L) 450+ 1.7
VSS (g/L) 33.8+1.0
Table S2: Elemental analysis of activated sludge.
Elemental analysis Content (wt %)
C 34.0 £ 0.03
H 5.5+0.05
N 6.5+0.02
S 0.7+0.01
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2. Schematic representation of the experimental set-up for biodegradation

Medium with
activated sludge

ALG A:G CH C+H
+ +
e CNCs Miad CH CNCs sy
CNCs CNCs
Alginate foils Chitosan
Alginate foils with modified foils with
. CNCs CNCs
Sodium acetate
Alginate foils Chitosan foils
Chitosan foils with modified

with CNCs CNCs

SI Fig. 1. Experimental set-up for biodegradation assay. NC — negative control (medium with

activated sludge), PC — positive control respectively standard.

3. Supplementary analyses of CNCs

Freeze dried CNCs were analyzed by the means of ATR-FTIR (Omega 2, Perkin Elmer,
USA) between wavenumbers 4000 cm™ and 400 cm™ with resolution of 4 cm™ and
accumulation of 16 scans. Successful modification of CNCs was confirmed with ATR-FTIR
analysis that revealed two newly formed peaks at 1748 cm™ and 1236 cm! that are correlated
to C=0 and C-O stretching. Additionally, the intensity of C-H stretching peak has increased
due to C-H stretching vibrations in acetyl groups. Lastly, the decrease in O-H stretching related
peak indicates substitution of surface OH groups with acetyl groups upon modification.

Crystallinity index (Crl) of pristine CNCs and modified CNCs was calculated from XRD

spectra through Eq. 4 proposed by Segal et al. [2]:
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crl = favstTlam 4 100 9 4)

200

I200 indicates maximum intensity at 20 = 22.8 ° for CNCs and 26 = 20.4 ° for chitosan-based
composites (the diffraction of crystalline plane), while I.m stands for minimum intensity at

26=18.0 ° and 20=11.2 ° (diffraction of amorphous region).

Pristine CNCs Modified CNCs

/L
1.0 4 7/
0.8 - C-O
@ stretching
S O-H stretching
g 06 C-H
? stretching
Q
2 ]
€ 04 0O
3 stretching
™
0.2 H
0.0 T y T ////' T ! T I T
3500 3000 1500 1000 500

Wavenumber (cm™)
SI Fig. 2. ATR-FTIR spectra of pristine and modified CNCs.
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Chapter 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.
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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-F, and C-F; 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: | fabricated CNFs films, participated in their treatment with
plasma, measured WCA, carried out ATR-FTIR analysis and co-wrote the manuscript.



5.1. Hydrophilic to Hydrophobic: Ultrafast Conversion of Cellulose Nanofibrils by Cold Plasma
Fluorination 129

Applied Surface Science 581 (2022) 152276

Contents lists available at ScienceDirect

Applied
Sl?rpfucc Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article M)
Hydrophilic to hydrophobic: Ultrafast conversion of cellulose nanofibrils by | &&&

cold plasma fluorination

Ana Oberlintner *°, Vasyl Shvalya ¢, Aswathy Vasudevan ", Damjan Vengust ¢, BlaZ Likozar ¢,
Uros Cvelbar ¢, Uro§ Novak "

a Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19, SI-1000 Ljubljana, Slovenia
b Jogef Stefan International Postgraduate School, Jamova cesta 39, SI-1000 Ljubljana, Slovenia
¢ Department of Gaseous FElectronics, JoZef Stefan Institute, Jamova cesta 39, SI-1000, Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Keywords:
Cellulose nanofibrils

The cellulose-based products are gaining increased interest, especially as a top-choice material for replacing
plastics in packaging-related fields. Nevertheless, the high inherent wettability often hinders its advancement
b:nlmsl o in becoming an efficient substitute in packaging industry. To bridge this challenge,the fluorocarbon plasma
bunclmnall:talmn processing was implemented for improvement of cellulose surface hydrophobicity. This was done on the
Hydrophobic W N . . o . :

example of nanofibrils films exposed to CF, plasma, in order to achieve hydrophilic to hydrophobic conversion
Fluorocarbon plasma . B . ¥

in less than 10s. The saturation of water contact angle (approximately 130 + 5°) was obtained after only 30s
of plasma processing. The surface fluorination was the result of the presence of newly formed C-F;, C-F, and
C-F bonds confirmed by high-resolution C 1s XPS spectra. A prolonged continuous plasma functionalization
resulted in structural vibrational alterations associated mostly with intense IR and Raman active stretching C-F,
mode. Simultaneously, ATR-FTIR revealed a formation of the surface-linked IR active H-F functional group.
Our findings successfully demonstrate that the CF, plasma processing can be an effective way for ultrafast
cellulose conversion from hydrophilic to hydrophobic surface.

1. Introduction an ability to form films with tensile strength up to 214 MPa, elongation-
at-break up to 10.1% and Young’s modulus up to 17.5GPa [7-9]. It
allows them to be considered as a suitable material for packaging ap-
plications. However, being exposed to highly humid environment, the
mechanical strength of CNFs drops over 90% of its initial property [10].
This natural hydrophilic character of cellulose and its nano-allotropes,
attributed to the weakening of the hydrogen related bonds [5], prevents
their broad exploitation in transportation and food-industry related
packaging. For cellulose to be further employed for this specific use, the

Among a variety of manufacture facilities the packaging industry re-
mains one of the largest sectors responsible for plastic
production/consumption and its piling in terrestrial and aquatic ecosys-
tems [1]. Made of non-renewable resources, the packaging polymers
being fragmented under environmental processes represent a serious
threat to human health and surrounding biota [2]. Regarding the
rising global ecological challenge created by plastics contamination, the
alternative biopolymers such as cellulose, chitosan, alginate, starch are

considered a promising substitution material to tackle the problem [3].
Within the listed compounds, cellulose is the most abundant, cheapest,
is easily modified and its sources are not food-competing [4]. Origi-
nating from renewable lignocellulosic biomass, cellulose is a polymer
consisting of f-1,4 linked D-glucopyranose units, each unit rotated for
180° around its axis [4]. Structured hierarchically, it enables extrac-
tion of smaller-scale materials, with improved intrinsic properties,
namely rod-like nanocrystals sized from 30-500 nm in length and
nanofibrils (CNFs) having diameter of the individual unit approxi-
mately 10-20 nm [5,6]. CNFs are known to be of better choice, com-
pared to cellulose fibers, as they possess higher specific surface area and

* Corresponding author.
E-mail address: uros.novak@ki.si (U. Novak).

https://doi.org/10.1016/j.apsusc.2021.152276

desired surface hydrophobicity, characterized by water contact angle
exceeding 90°, can be achieved by two main principles: (i) decrease of
the surface energy through wet or dry chemical modification or/and
(ii) increase of surface roughness [11].

So far, the researchers have attempted to improve cellulose’s water
resistance behavior and its capability to protect the product from
the surrounding humidity by means of esterification reactions [10],
etherification [12], chemical vapor deposition [13], carbamation [14]
and adsorption approaches [15]. The proposed strategies, however,
require time consuming multi-step process, use of expensive chemicals
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and harmful organic solvents, or provided modifications are not stable
upon the time [16]. On the other hand, plasma presents a tool for
rapid and solvent-less controlled modification of the organic surfaces
without loss of material, requiring no further separation steps and
eliminating liquid discard. For industrial interest, the area of the treated
material can easily be expanded by the scale-up of the low pressure
plasma system. Furthermore, the same assembly enables use of various
carrier gasses incorporating atoms such as fluorine, nitrogen, sulfur,
or oxygen, tailoring the surface properties according to wide range of
applications [17,18].

Recently, it was found that plasma hydrophobization enabling their
faster processing without producing any chemical waste and ensuring
long-lasting stability of modifications [19,20]. As was demonstrated,
fluorine containing plasma induces hydrophobic features of the poly-
mer composite surface. The observed findings were associated with the
formation of new C-F, C-F, and C-F; bonds that were responsible for
hydrophobic behavior [21]. Regarding the cellulose, plasma treatment
was mainly applied to increase hydrophobicity of fibers at micro scale
in the field of textile engineering. For instance, highly durable water
resistant cellulose textiles were obtained upon helium/fluorocarbon
and helium/1,3-butadiene direct plasma exposure [22-24]. Two-step
process involving an activation of surface reactive species by oxygen
plasma followed by a polymerization of monomer was also found to
be helpful to improve water repulsing features of cellulose-based ma-
terials [25]. Other gases such as caprolactone, styrene, farnesene [26],
oleic acid [27] and non-polymerizing argon gas accompanied or not
with fluorocarbon [28-30] were successfully implemented as well.

However, to best of our knowledge, there is a lack of published
studies concerning treatment of CNFs with fluorocarbon plasma and
detailed inspection of the structural changes that are induced by modi-
fication. However, a little work was reported on nanosized cellulose so
far [26].

To fill this gap, in the present report cellulose nanofibrils (CNFs)
were studied focusing on the relevant improvement of their hydropho-
bic properties under fluorocarbon plasma processing. Prepared in the
form of films, they were subjected to non-destructive CF, plasma expo-
sure to convert their hydrophilic surface behavior to hydrophobic one.
Starting with initial value of the water contact angle below 45°, the
hydrophobic transformation occurred as fast as within 10 s, reaching
its maximum value of about 130° right after half-minute. Followed by
FTIR, XPS and Raman analysis, the nearly instant sample fluorination
resulted in evident appearance of surface and structurally related FH;,
CF, CF, and CF; bondings, where contribution of fluorocarbon ones
to the water repellent ultrafast conversion is more significant and
increases with treatment time. Altogether, the findings suggest the use
of fluor-containing plasma is highly efficient single-step facile approach
for cellulose nanofibrils film hydrophobization improvement, required
for their advance utilization in packaging related applications.

2. Materials and methods
2.1. Materials and film preparation

CNFs (3wt%) were supplied by Sappi Valida (Maastricht, Nether-
lands). Previous studies have shown the necessity of plasticizer addi-
tion, in this study glycerol bought from Pharmachem Susnik (Ljubljana,
Slovenia) was used, to gain flexibility of the film that can be further
used for hydrophobization [31].

1.15wt% water dispersion of CNFs with glycerol in amount of
30wt% with respect to CNFs was homogenized for 5min at
10000 min~! with UltraTurrax homogenizer (Ika, Staufen, Germany).
The solution was cast into 12 x 12 c¢m petri dishes with silicon bottom.
The final amount of CNFs was 25.6 gm~'. The films were dried in the
ventilation oven (Kambi¢, Slovenia) at 35 °C and 30% ventilation for
48h. The films were covered and stored at room temperature and in
the dark until the plasma treatment.

Chapter 5. Hydrophobization with Plasma
Processing
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2.2. Surface treatment

The CNFs films treatment was conducted in plasma operating at
radio-frequency (RF) (13.56 MHz). The plasma system consisted of
55 cm long glass tube with a diameter of 3.8 ¢cm and a wall thickness
of approximately 3 mm. The RF generator was inductively coupled
by a nine-turn water-cooled copper coil. The samples were cut into
rectangular pieces that were approximately 3 ¢cm long and 2 cm wide,
placed on glass substrate and inserted inside the glass tube, 10 cm from
the center of the copper coil. CF, gas was used for the plasma discharge
with flow rate of 80 scem. Plasma power was set at constant power of
80 W. The samples were treated for 5, 10, 20, 30, 45 and 60s.

Optical emission spectroscopy (OES) was employed to gain insight
into the plasma composition. OES spectra were collected at 5s, 15s,
25s, 355, 455 and 555 in wavelengths range from 200 to 800 nm. The
spectral lines were identified using the NIST Atomic Spectra Database.
For the analysis a broad-range spectrometer, model LR1 (ASEQ Instru-
ments, Vancouver, Canada) was used.

2.2.1. Surface analyses

Contact angle analysis was carried out with Tensiometer Theta T200
(Biolin Scientific, Germany) in an hour after the plasma treatment.
The samples were placed on the glass substrate. Distilled H,O with the
volume of the drop 4 pL was used. The water contact angle (WCA) was
assessed with the sessile drop method 5 s after the drop was released
onto the surface. The measurements were done in at least triplicates.
To investigate the stability of the modification, the water contact angle
on the sample treated for 60 s was determined 72h after the treatment
as well. In the meantime, it was kept in a plastic container at the room
temperature and in the dark place.

Scanning electron micrographs were recorded with SEM Supra35V
(Carl Zeiss, Jena, Germany). Film samples were placed onto the
graphite tape before the analysis to ensure better conductivity. The
homogeneity of the hydrophobic coating was studied using energy
dispersive X-ray spectroscopy (EDS) with X-Max probe (Oxford In-
struments, Abingdon, UK) equipped on JSM-7600F SEM (Jeol, Tokyo,
Japan) under accelerating voltage of 5.0kV and acquisition time 294 s.

Surface elemental composition and chemical bonding study was car-
ried out on the selected samples immediately after the plasma modifi-
cation with XPS PHI-TFA spectrometer (Physical Electronics Inc., Chan-
hassen, MN, USA) using an Al-monochromatic X-ray source operating
at energy of 1486.6eV.

FTIR-ATR analysis was performed after one hour the treatment at
room temperature with Spectrum Two (PerkinElmer, USA) probing the
range of wavelengths from 3800cm™ to 400cm™! with resolution of
4cm™1, accumulating 32 scans. The measurement was performed in
duplicates and the average is reported.

Inelastic photon scattering study was conducted out by means of
confocal Raman spectrometer (NTEGRA) collecting a signal in back-
scattered geometry. A monochromatic 633 nm laser excitation was
focused on the sample surface by applying x60 magnifying objective
lens. Spectra of cellulose-based samples were acquired upon 10s of
exposure with and 5-times accumulation. In total 3 spectra from each
sample were averaged, base-line subtracted, smoothed and normalized
to form a final experimental curve.

3. Results and discussion

The produced CNFs films were white in color, opaque and had
smooth surface. They did not stick on the silicon surface, that lead
to the efficient detachment of the film. Initially, the film revealed
hydrophilic behavior with WCA of 46°, which is already higher than
WCA of CNF nanopaper described in literature [10]. The difference
could be attributed to the addition of plasticizer (glycerol) that acts
as a viscous matrix filler, enabling better mobility of the fibrils and de-
creasing porosity. This effect was previously observed in the films based
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Fig. 2. (a) OES spectra of the plasma with the identified excited species and (b) time-evolution of the normalized intensity of H beta, F, O and N selected bands.

on cellulose nanofibers of bacterial origin [31]. To increase the water
resistance and create a hydrophobic film surface, they were subjected
to fluorination in a CF, plasma system visualized in Fig. 1. After the
plasma treatment, there was no change in color or structure visible with
the naked eye, regardless of the treatment duration. OES was applied to
on-line analyze the excited species in plasma. The spectra presented in
Fig. 2a are characterized by second positive molecular band of nitrogen
in the wavelength range of 310-390 nm, hydrogen’s Balmer series
(alpha, beta and gamma lines) at 656.5 nm, 483.6 nm and 434.3 nm,
respectively. Atomic fluorine was detected in the range of 680—715 nm
and oxygen at 777 nm (Fig. 2a). The detected asymmetric continuum
hump located between 300 and 400 nm are typically related to the
presence CF-CF, species [32]. Analyzing Fig. 2b, it could be stated,
that the intensity of the spectral lines steeply decreases in the first 25s
of the treatment and then stabilizes at 45s.

After the processing, the WCA was evaluated to get an impression
of the water resistance conversion. The results displayed in Fig. 3a,
demonstrate an abrupt raise of the WCA (initially 46°) in the beginning
of the treatment, followed by a stabilization of the curve at around
130° after 30s. The observed AWCA (WCA,,. ;cq - WCA,,i1i01) Was as
high as 85°. In literature, previous reports regarding cellulose materials’
water repelling improvement demonstrate the increase of WCA ranging
from 60° to 150°, however none of them were able to reach the
hydrophobic conversion within 10 s and AWCA of 85° in 30s (Fig. 3b).
Within Table 1, the most relevant studies were collected and the AWCA
after the plasma modification is presented. It is worth to mention, that
CNFs films already initially possess higher WCA (46°) compared to

micro-scale cellulose fibers (as little as 0° for [22-24]), which makes it
more challenging to reach comparable AWCA.

While the goal to convert hydrophilic CNFs surface to hydrophobic
(WCA > 90°) was achieved already after 10s of plasma exposure
(Fig. 3), the WCA further increased steeply up to 30s and then settled
at about 130°. The stability of the newly obtained water repellent
properties was confirmed, as the sample treated for 60s exhibited WCA
of 129 +7° after being aged at room temperature for 72h.

In order to gain insight into the origin of WCA saturation, FTIR
analysis was carried out. The treated samples exhibited alterations in
VI regions compared to the untreated one (Fig. 4a). A newly formed
peak that corresponds to FH; functional group raised between wave-
lengths of 3600 and 3750cm™' (Fig. 4b). The absorbance increases
with the treatment time, indicating that this type of change affects
the surface and is more prominent with shorter treatment times. The
absorbance bands fallen within the range of wavelengths 2900 ¢cm™! -
3000 cm™" correspond to CH; and CH, asymmetric stretching, while
modes in wavelengths 2800 cm™~! -2890¢m™! correspond to CH; and
CH, symmetrical stretching (Fig. 4c) [34,35]. After WCA saturation,
a slight spectral shift to the longer vibrancies was observed. With a
prolonged processing time, the asymmetric stretching starts to be more
prominent. It is worth mentioning that the typical H-O-H banding
vibration at 1600 cm™! (Fig. 4d), that is typically associated to surface
absorbed moisture, decreases with the treatment time and completely
disappears after 60s treatment. This behavior could be related to the
newly obtained hydrophobic character of the treated CNFs film. The
band centered at 1260 cm™! (Fig. 4e), corresponding to a newly created
C-F bonding [36,37] increases with time after continuous treatment.
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Fig. 3. (a) Time-evolution of water contact angle of CNFs films upon plasma exposure and (b) graphical presentation of AWCA reported in the literature so far.

Table 1
Comparison of the conducted research on hydrophobization by plasma in the means of WCA increase and processing time.
Material Method Increase Treatment Reference
in WCA time
Cellulose triacetate CF, plasma 60° 60 s [28]
electrospun mats
Cellulose acetate membranes Ar/CH,F, plasma 72° 60 s [29]
Cellulose fiber He/1,3-butadiene plasma 143 720 s [22]
Cotton fabric Microwave plasma with 150° 120 s [27]
hydrophobic agent
Cellulose fiber CF, plasma 142° 720 s [23]
Cellulose fiber CF, plasma 85° 600 s [301
Bagasse fiber Hydrophobic coating followed 150° 360 s [33]
by plasma etching
Cellulose fiber CF, plasma 136° 240 s [24]
CNFs CF, plasma 85° 30s This study
36_—1—I-r—r—|—-1-llﬂ—//¢|——lll—ﬁ—IV,—V—Vl 10
61a |
3.2
2.8
8 60s
€24+
Z it
‘é ol | -//\~ gl " WA FH, band stretching
% . | 3800 3750 3700 3650 3600
: Wavelength (cm™
g 164 gth (cm”)
z

CH, and CH, stretching

1800 1600 1400
Wavelength (cm™)

3800 3600 3400 3200 3000 2800

T
1200

00 3000 2900 2800 2700

Wavelength (cm™)

1000 800

1.
g08 9 Vil osf V1 gos
£ e g
g 06 .§ 06 %oe
§ 04 E G 04 §o4
E 0.2 E 02 %0.2
z \ z =
0.0 5| 0.0 0.0
CF, stretching C-C and C-O vibrations| C-F stretching H-O-H bending
840 820 800 780 760 740 1080 1040 1000 960 1300 1275 1250 1225 1200 1720 1680 1640 1600 1560

Wavelength (cm™") Wavelength (cm™)

Wavelength (cm™) Wavelength (cm™')

Fig. 4. FTIR spectra of the non-treated and treated samples, with detailed six regions where change was observed.

Furthermore, slight increase of the peak at 1055cm™! (Fig. 4f) corre-
sponding to C-C and C-O stretch at C-6 in cellulose [38]. The shoulder
placed in the range of 1000-980 cm™! that is linked to H-C-H bending
decreases with treatment time [39,40]. The vibrational mode located at

815cm™! assigned to C-C asymmetrical stretching is sharing the place
with the newly formed band attributed to CF, stretching motion placed

at 801 cm™! (Fig. 4g) [36]. The peak intensity rises significantly with
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EDS mapping

Homogeneous dispersion of F in the sample

Fig. 5. The increasing porosity of the films after the treatment evident in SEM micrographs.

the treatment time, which suggests that prolonged exposure to plasma
induces deeper structural modifications of CNFs film.

Since we are interested mostly in the surface changes after fluorine
saturation, films treated for 30, 45 and 60 s were inspected in detail
with SEM. The micrographs showed fibrilous structure in all samples.
The surface of the untreated film was compared to the surface of films
treated for 30s, 45s and 60s (Fig. 5 upper part). It was observed, that
treatment time longer than 45 s leads to etching of the surface and
tearing of fibrils, resulting in higher porosity. The increase in surface
roughness attributes to higher hydrophobicity. The homogeneity of the
CFE, plasma-produced hydrophobic coating was confirmed qualitatively
through EDS mapping, as seen in the lower part of Fig. 5.

According to FTIR results essentially no change takes place in the
first 20s of the treatment, so only the samples processed for longer
than 30 s, where the transition point occurs, were examined into more
details. To explain the surface composition modifications after plasma
processing, the XPS analysis was carried out. The survey spectrum
of the untreated CNFs films includes the O KLL signal, O 1s and
C 1s peaks with no detected impurities. Initially, carbon to oxygen
atomic ratio was 60:40, which is in accordance with the stoichiomet-
ric ratio of glucose [41]. Upon modification, additional F KLL signal
occurs indicating successful fluorination of the film surface. During
the treatment the fluorine concentration increases with time, while the
amount of oxygen and carbon gradually decrease (Fig. 6a and Fig. 6b).
The saturation of the surface with fluorine is achieved after 30s of
treatment, reaching the maximum value of 41 at%. Furthermore, the
deconvolution of C 1s peaks was performed to get insight into C-F
related binding contributions.

First, in the non-treated sample, the presence of O-C-O (287.5eV),
C-0 (286.1 eV), and both C-C and C-H (284.6 eV) bonds were detected

confirming the composition of the cellulose (Fig. 6¢). In accordance
with the fittings, under the plasma, the oxygen associated carbon peaks
0-C-0, C-O are affected to a much lesser extent compared to the
C-C/C-H bonds, the fitted area of which decreased approximately
by factor two after fluorine saturation. Furthermore, all the treated
samples are featured by the newly created peaks centered at 289.3 eV,
291 eV and 292.5eV, that are attributed to C-F, C-F, and C-F; chem-
ical bondings, respectively, that have been observed previously by
fluorination of commercial epoxy-based SU-8 polymer [42]. The fitted
area of the latter increases with processing time and equals 0.30 +0.21,
0.36£0.28 and 0.55+0.16 for 30, 45 and 60s, respectively. A typi-
cal non-splitted symmetrical cellulose backbone C-O related peak for
oxygen 1s was found at 532.6 eV. After treatment, the intensity of the
core level of oxygen declines with evident shouldering peak arising at
534.8eV.

To gain a deeper insight into the vibrational changes, Raman
spectroscopy was carried out. A typical vibrational cellulose spectra
with four distinct regions presented in Fig. 7a. The peaks enclosed
in the yellow-colored region stand for skeletal deformations and rings
breathing modes, where the highest peak centered at 380cm™! (out
of plane breathing of the glucopyranose ring) is typically related to
the crystalline-like behavior of the CNFs [40]. The fingerprint region
corresponding to the green-colored region is composed of multiple
wagging, rocking, twisting molecular vibrations of C-C, C-O, C-O-
H and C-H,, with a dominant peak (1095cm~") standing for C-O-C
symmetric stretching movement [40,43]. The purple-colored area is
characterized by various C-H modes, where the peak corresponding
to C-H stretching (2900 cm™!) one is the most prominent. A series
of lower intensity peaks in orange-colored region correspond to O-H
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stretching vibrations. After treatment all samples revealed similarities
in the spectrum, with no visible differences in C-H and O-H regions.

However, some changes were observed within fingerprint interval and

skeletal deformations/rings breathing vibrations. Bearing in mind that
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the changes are minor, for clarity, we compared the non-treated sample
to sample treated for 60s. In the ring breathing/deformation spectral
range a new peak located at 490cm™! is observed (Fig. 7b), with
its intensity being higher after continuous treatment. The appearance
of this peak could be attributed to the structural fluorination of the
cellulose, which affects C-C and C-O units within the glucopyranose
ring [39]. It should be noted, that the crystallinity defining mode
at 380cm~! is not affected by plasma treatment, pointing to the
preservation of cellulose crystallinity. Further, in accordance to FTIR
results, in the fingerprint interval, a new peak related to C-F, stretching
modes was detected at 850 cm~'. All other spectral features remained
unchanged.

4. Conclusions

In the conducted research, hydrophobic CNFs films were success-
fully obtained by direct CF, plasma treatment, producing no lig-
uid chemical waste. The desired ultrafast hydrophilic to hydrophobic
nanofibrils conversion was confirmed by abrupt water contact angle
(WCA) raise, over-preforming the required threshold of 90° already
after 10s of processing. Subsequent increase of WCA reached a plateau
at about 130 + 5° after 30s, signaling that the surface gained its optimal
water repellent properties. Morphologically, the treated samples were
featured by prominent nanoporosity which affected the surface tension
improvement between the water droplet and the substrate. Surface
composition, analyzed by XPS confirmed gradual increment of the
fluorine content reflected by the occurrence of C-F, C-F, and C-
F; components within the deconvoluted high-resolution C 1s spectra.
The detailed inspection by FTIR-ATR and Raman techniques demon-
strated the presence of surface related F-H; band, which increases with
time. Importantly, the processing time exceeding 30s induced deeper
molecular changes affecting significantly C-C, C-F, spectral range and
structural rings breathing/deformation vibrations, however revealing
virtually no influence on WCA improvement.

The elaborated plasma processing provides a facile,
highly-controllable modification of cellulose-based nanomaterial, meet-
ing a satisfactory level of surface water resistance required to be
profitably applied to the packaging industry. Further effort should be
made to examine the effect of formed C-F bonds, which are stronger
than C-C bond, on the material behavior during usage and at end-of-
life (biodegradability). To ensure that the final product as well as the
process contribute to the greener future, thorough evaluation of such
cellulose packaging’s impact on the environment is needed, as well as
establishing the recycling process in line with the trends of circular
economy.
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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-CF,, CF,-CF,, C-CF, CFs;, O-CF; ad O-CF;) 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: | 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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A highly effective ultrafast chemical modification of chitosan/cellulose nanocrystals composite film surface is
presented in the present research. Added value properties were achieved by the use of a few seconds’ treatment
with RF-generated low-temperature fluorocarbon plasma. Drastic increase of the water-repelling character of
the completely natural-based biocomposite foil were observed, with contact angle reaching up to 121°. Surface
fluorination occurred through formation of irreversible fluorine-related bonds (CF-CF., CF,-CF, and C-CF, CF,
and O-CF,, O-CF,) detected by the means of X-ray photoelectron spectroscopy. Surface structural changes were
further confirmed with ATR-FTIR. With packaging application in mind, the films were subjected to analysis
of mechanical and water-related properties, showing an improvement upon fluorination. Further the stability
of the modification was followed by measurements of water contact angle and atomic composition, as well
as mechanical properties, water content and water vapor transmission after at least 31 days of storage in
controlled environment. Lastly, no leaching of fluorinated components into liquid environments was detected
by the means of HILIC LC-MS analyses in ESI(+) and ESI(-) modes. The presented method rapidly enhances
the hydrophobic character of chitosan/nanocellulose biocomposite films without receding mechanical strength
and provides a long-lasting surface coating.

1. Introduction

An alarming amount of plastic packaging is produced and discarded
every year. Worldwide manufacture of plastic reached 368 million
tonnes in 2019, with packaging sector taking up 39.6% of overall
demand [1]. Plastic intended for packaging also has the shortest life
cycle with average of only one year and includes non-recyclable plastics
such as LDPE and PS [1,2]. Additionally, the conventional plastic is
based on non-renewable resources, which emphasizes the need for an
alternative even further.

Chitosan, obtained by deacetylation of chitin, that is found in food-
processing industry waste, is one of the promising sustainable materials
of the future [3]. Owing to its film-forming ability, focus on chitosan-
based films as a potential packaging material is emerging. Besides being
non-toxic, bio-compatible and biodegradable, these films exhibit not
only sufficient mechanical strength and elasticity, but also antioxidant
and antimicrobial properties [3-5]. Furthermore, the desired charac-
teristics can be tuned by incorporation of various additives, namely
plant extracts [6-8], essential oils [9-11] into chitosan matrix and
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was proven to extend the shelf life of various fresh foods [12,13].
Mechanical properties can be improved by incorporation of cellulose
nanocrystals, rod-like shaped nanoparticles isolated from cellulose, the
most abundant polymer on earth [14].

Yet, one of the crucial roles of packaging is to protect its content
from environmental factors, hence water resistance and low water
vapor transmission are desired. Chitosan film exhibits poor moisture
barrier, which limits its wider use [15]. For reference, LDPE, PVC
and PLA transmit 1.5 ¢ m™2, 3 ¢ m™2 and 40 g m~2 of water vapor
daily, respectively, while chitosan water vapor transmission rate is
as much as 150 g m~2 day~! [16]. To tackle this drawback, two
approaches of film modification have been researched: i- introducing
hydrophobic components such as fatty acids into a film-forming so-
lution [17-19], or ii- chemically modify polysaccharide [17], while
modification of the bio-polymer itself before obtaining a film-forming
solution was generally shown not to be suitable, as these derivates often
do not exhibit film-forming properties [17]. The first described path
to hydrophobization of chitosan leads to composite materials derived
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from emulsion which can negatively influence other properties, or to
multilayer materials [17,18]. For chemical modification of chitosan
surface, various polymer grafting paths were proposed. Up to date
literature describes grafting of N-acetyl cysteine to chitosan (resulted
in hydrated films with improved tensile properties) [20], alkyl chains
to chitosan with intention to improve water resistance for bonding
applications [21] and grafting of poly(2-hydroxyethyl methacrylate)
chains on chitosan followed by esterification with a fluorinated com-
pound, which is responsible for hydrophobicity [15]. In the latter,
the rise in contact angle was 16° and was stable through 10 min of
wetting. The drawback of such modification is that the process involves
several steps, can be quite time-consuming and produce liquid chemical
waste. On the contrary, plasma processing is a single-step modification,
eliminating subsequent separation techniques and producing no liquid
discard. RF-generated plasma is a multifunctional tool for etching of the
surface or plasma-enhanced chemical vapor deposition, with thermal
energy of the electrons being few eV, bringing the atoms to excited state
and inducing chemical reaction. Still, the temperature of the electron
gas remains low (near room-temperature), allowing modifications of
sensitive surfaces, such as biopolymers [22,23]. The closed reactor
system offers the possibility of gas capturing and recycling, preventing
harmful gas exhaust into the environment [24,25]. Furthermore, the
possibility of scale-up and utilization of the same assembly system for
tailoring the materials surface properties with various dopants (nitro-
gen, oxygen, sulfur, or fluorine) highlights the industrial applicability
of the technique [26-28].

Despite simplicity, effectiveness and rapidity of plasma treatment,
only limited amount of studies concerning chitosan surface functional-
ization are taking this approach. Several researchers treated chitosan
with argon plasma yielding a more hydrophilic surface required in
adhesives and coatings, but is not desired for packaging [19,29-31].
Slight increase in hydrophobicity, water contact angle rose from initial
13° to 23°, was achieved with alkane vapor plasma technique [32]. On
the example of cellulose textiles and films, it has already been demon-
strated that plasma using fluorinated compounds as a carrier gas suc-
cessfully modifies surface and enhances its hydrophobic character [28,
33-36].

Chow et al. [37] reported general non-cytotoxicity of fluorinated
chitin derivates, leading to increased interest in use of these materials
as wound dressing agents or topical medication, taking in advan-
tage their antibacterial activity [38,39]. Furthermore, as demonstrated
on example of fluorine-modified cellulose [40], fluorinated biopoly-
mers can be enzymatically degraded by dehalogenases in several mi-
croorganisms, that are present in soil and aqueous environment [41,
42].

With respect to these facts, the present study focuses on utilization
of RF-generated plasma in fluorocarbon (CF,) for improvement of
water-related properties of chitosan-based films reinforced with cellu-
lose nanocrystals (CNCs) as a fast, efficient, non-destructive and stable
modification process, to best of our knowledge, for the first time. The
samples were treated for 5 s, which was the optimal treatment time
as determined according to water contact angle measurement, and
subjected to surface analyses with XPS, FTIR-ATR and SEM. Further,
physicochemical properties relevant for packaging application were
considered (mechanical properties, moisture content and water vapor
transmission. To prove stability of modification, which can be deemed
as uncertain, the water contact angle was followed through a period
of 40 days, while other properties were re-evaluated after 31 days of
storage in controlled environment. Finally, the hydrophobized films
stability and possible migration of fluorinated species into liquid en-
vironments was examined, to validate applicability of plasma-treated
chitosan-based films as packaging.
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2. Experimental section
2.1. Materials

High molecular weight chitosan (85% deacetylated), lactic acid
(85% aqueous solution) and ammonium formate (for LC-MS) were
bought from Sigma-Aldrich (Steinheim, Germany). Cellulose nanocrys-
tals were supplied by Navitas (Stari trg pri LoZu, Slovenia). Glycerol
was acquired from Pharmachem Su$nik (Ljubljana, Slovenia), while
ethanol (absolute), acetic acid (glacial 100% and 100%, for LC-MS)
and ammonia solution (32%) were purchased from Merck (Darmstadt,
Germany). Acetonitrile for LC-MS was obtained from Honeywell (North
Carolina, USA) and ultrapure water (18 MQ™! ¢m) was supplied by a
Milli-Q water purification system (Millipore, Bedford, MA, USA).

2.2. Fabrication of chitosan-based films with incorporated CNCs

Chitosan-based films were prepared according to a previously de-
scribed protocol [14]. Detailed description can be found in Appendix
A

2.3. Hydrophobization of films by fluorocarbon (CF,) plasma treatment

Chitosan-based films with incorporated CNCs were cut out in dif-
ferent sizes, according to the further analysis. One sample at the time
was placed on the microscopic glass and fixed with carbon tape. The
sample was then introduced into the 80 cm long discharge tube made
of borosilicate glass with diameter 4 cm. The tube was pumped with
a two-stage rotary pump of a nominal pumping speed of 80 m* h-1.
The base pressure was 1 Pa. Plasma was sustained by a coil with six
turns which was connected to the RF generator via a matching network.
The generator operated at the standard frequency of 13.56 MHz. The
output power was set to 150 W, which was found to be the optimal
among preliminary tested 150 W, 200 W and 400 W (data not shown).
At these conditions, diffusing plasma expanded far away from the coil.
The sample was positioned 7 cm away from the coil. The treatment was
carried out with CF, gas at 50 Pa for 0.55,1 s, 35,55, 10, 20 s and
30s.

2.4. Films surface analyses

Water contact angle (WCA), analyzed with Drop Shape Analyser
DSA-100 (Kriiss GmbH, Hamburg, Germany), was measured at two
points in this study: immediately after the treatment on all of the
samples and through period of 40 days on the selected sample (treated
for 5 s). A static contact angle was determined using a sessile drop
method. MilliQ water with the volume of the drop of 1 pL was used
for the measurements. The first set of measurements was applied to
select the optimal treatment time and the second to follow the effect of
aging onto the newly reached hydrophobic character of the surface.

The surface chemical composition of the samples was analyzed by
means of X-ray Photoelectron Spectroscopy (XPS) using instrument TFA
XPS (Physical Electronics, Munich, Germany). Monochromatic Al Ke; »
radiation at 1486.6 eV over an area of 400 pm? was used as a source
for excitement. Hemispherical analyzer positioned at an angle of 45°
with respect to the sample surface was applied for the detection of
photoelectrons. The survey spectra were measured at a pass energy
of 187 eV with an energy step of 0.4 eV. High-resolution XPS spectra
of carbon Cls were measured at a pass energy of 29.35 eV with an
energy step of 0.125 eV. For surface charge neutralization an additional
electron source was used. The C-C component in Cls was set to the
binding energy of 284.8 eV. Analysis of the obtained spectra was
carried out using MultiPak v8.1c software (Physical Electronics, Mu-
nich, Germany). The Cls spectra were fitted with the Gauss-Lorentzian
function, where the width and positions of the peaks were fixed during
the fitting procedure.
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Fig. 1. (a) WCA of the samples with respect to treatment time, (b) atomic composition at various treatment times and atomic composition of the sample treated for 5 s after 35

days (marked in red) and (c) stability of WCA over a period of 40 days.

FTIR spectra of the untreated samples, treated samples right after
the treatment and after 31 days were recorded with ATR-FTIR Spectrum
Two (Perkin Elmer, Germany) from 4000 em™! to 400 em™! with
4 cm™! step, accumulation of 64 scans. All measurements were done in
parallels. Treated and untreated samples were coated with 10 nm layer
of gold and were subjected to SEM analysis with Supra 35VP electron
microscope (Carl Zeiss, Jena, Germany).

2.5. Film physico-chemical properties

Film thickness and mechanical properties of the film samples were
determined according to Baji¢ et al. (2020), with slight modification in
the latter (size of the samples was 6 x 2 cm and gauge length segment
was 4 cm). For a detailed description of the analysis the reader is
referred to Appendix A. Protocol described by [5] was followed for
assessment of water vapor transmission (WVT). Brief description can
also be found in Appendix A. During the aging process the samples were
stored at 50% RH and room temperature.

2.6. Film stability in liquid environments

To observe stability of fluorinated compounds in liquid environ-
ments, processed sample was cut into smaller pieces with mass ap-
proximately 10 mg and submerged into liquid media (water, 5% acetic
acid,,, 10% ethanol,,) of appropriate volume so the final concen-
tration was 2 mg;, mL~!. The samples were collected after 144 h
(this time was selected to achieve the longest possible submersion
time while avoiding disintegration of the sample, visible after 168 h),
dried under nitrogen flow and the solid residues were redissolved in
70% acetonitrile and analyzed with LC-ESI-MS system in positive and
negative ionization mode. UHPLC-MS system (Accela 1250, coupled
to an LTQ Velos MS, Thermo Fisher Scientific, Waltham, MA, USA)
was used to analyze liquid media upon contact with reference and CF,
treated films). HILIC LC-MS analyses in ESI(+) and ESI(-) mode were

carried out on Phenomenex Luna NH, (100 ;X, 100 x 2.0 mm i.d., 3 pm)
column using 0.05% ammonia in water solution (mobile phase A) and
acetonitrile (mobile phase B) with gradient elution from 10% to 40% A
in 10 min at a flow rate of 300 L. min~!. Re-equilibration of the column
with initial conditions was applied from 11th to 20th min before each
next injection. Column oven and autosampler temperature were set at
25 °C and 5 °C, respectively. Injection volume was 2 pL. Alternative
HILIC and RP methods are described in Appendix A. MS parameters
were optimized using glucosamine standard (25 pg/mL) and were as
follows: heater temperature 300 °C, sheath gas 41 a.u., auxiliary gas
35 a.u., sweep gas to 0 a.u., spray current 5 pA, capillary temperature
200 °C and S-Lens RF Level 49%. The MS spectra were acquired in the
m/z range of 50-2000. The collected chromatograms and spectra were
evaluated using the Xcalibur software (version 2.1.0, Thermo Fisher
Scientific).

3. Results and discussion
3.1. Film surface analyses

The produced chitosan/cellulose nanocrystals films subjected to CF,
plasma for various time duration (0.5s,1s,2s,5s, 10 s, 20 s and 30
s). Water contact angle (WCA), that was evaluated immediately after
the treatment, increased abruptly from 94 + 4° to 121 + 2° in the first
two seconds and then stabilized between 122° and 125° with further
processing as shown in Fig. 1a. WCA reached with treatment is higher
than water repelling of bio-polymer films (75° for chitosan-only, 58° for
alginate reinforced with CNGCs, 23° for cellulose nanofibrils films and
around 52° for starch film) [14,43], as well as conventional polymers
(PE 102°, PS 91°, PVC 87° and PET 81°) [44]. To reveal the cause
of this occurrence, the samples were inspected with XPS that showed
the saturation of the surface with fluorine in the first two seconds of
processing, which correlates to the increase of WCA and its stabilization
(Fig. 1b). The initial C:O:N ratio (69:27:4), was notably altered upon
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Fig. 2. SEM images of reference and treated sample at three different magnifications.

fluorination. The composition at saturation with fluorine, that is after
two seconds of processing, was 41% carbon, 48% fluorine, 10% oxygen
and 1% nitrogen. It was also observed that the ratios slightly change,
namely higher carbon, oxygen and nitrogen content and lower fluorine
percentage, when plasma is operating longer, which could be attributed
to the etching of the surface. Based on these observations, 5 s was
chosen as an optimal treatment time and was used for further analyses.

The treated films remained semi-transparent, slightly brown in color
and slightly sticky, indicating that plasma treatment had no effect
detected with a naked eye. However, plasma treatment can cause
etching on the surface of the film, surface morphology was closely
inspected with SEM before and after processing. The micrographs
shown in Fig. 2 are taken at magnifications 1k, 10k and 20k from left
to right. At the smallest magnification, the reference and the treated
surface seem smooth with no visible roughness or porosity. Further
magnification, however, reveals the structure of rod-like shaped CNCs
in the film. The particles seem to be evenly distributed in the chitosan
matrix. The surface retained the same morphological properties after
the modification.

Alternative to conventional polymers used for packaging applica-
tions is required to exhibit stable composition and water repelling
character over longer period of time. Observations based on the follow-
ing of WCA over the period of 40 days showed that it remained constant
at around 120°. Additionally, the composition was shown to remain
the same after 35 days of aging with C:F:O:N ratio 39:47:13:1. Hereby,
the interest in the surface chemistry throughout the plasma treatment
arose, so high-resolution XPS carbon spectra of samples processed for
various times were recorded (Fig. 3a). To gain a deeper insight into
C-F related binding contributions the deconvolution of the C 1s peaks
was performed for the reference sample and sample treated for 5 s.
In the untreated sample, the C-C (284.8 eV), C-O (286.5 eV), O-C-O
(288.0 eV) and O-G=0 (289.0 eV) bonds were detected. The intensity of
the peak corresponding to initially prevalent C-C bond decreases with
plasma processing, while at the same time, peaks related to various
C-F bindings start to increase. With longer treatment times the peaks
at higher binding energies, that correspond to carbon atoms binding
to more than one fluorine, become more prominent. It can be observed
that the intensity of the peak at 293.5 eV, corresponding to CF; bond, is
increasing in the first five seconds of the treatment but this trend takes
a turn and the peak starts to decrease with further processing. On the
other hand, at the same time, the peak featuring the C-C bond starts
to increase after initial decrease in the first 10 s of the treatment that,
again, could be due to the etching of the already treated surface and is
in alignment with the previously described alteration of atomic ratios.
Further, the high-resolution C 1s XPS spectrum of sample treated for 5

s was inspected into detail (Fig. 3c). The shape of the treated sample’s
spectrum differentiates greatly compared to the reference because of
the formation of various fluorine groups. Decrease in the intensity
of the initially present peaks corresponding to C-C, C-O and O-G=O
bonding was detected, with the latter completely disappearing upon
treatment, while the peak positioned at 288.0 eV met a slight increase.
However, this same peak can be associated with CF-CF binding as well
which is most possibly responsible for the inflation. The treated sample
is featured by the newly developed peaks attributed to CF-CF, (289.5
eV), CF,—CF, and CF-CF, (291.5 eV), CF; (293.4 eV) and O-CF,, O-CF;
(295.0 eV).

To further understand possible structural changes upon fluorination,
the sample treated for 5 s were additionally analyzed by means of
FTIR-ATR and compared to the reference spectrum. Both spectra exhib-
ited characteristic peaks for chitosan namely: the broad peak between
3500 cm~! and 3030 cm~! (corresponds to O-H and N-H bands in chi-
tosan), the two weak bands located between 2820 cm~! and 3015 cm™!
(attributed to C-H stretching in alkane groups), peaks appearing be-
tween 1490 ecm™ and 1750 cm™! (assigned to G=O stretching —
carbonyl and amide I, and N-H bending — amide II, respectively) [45,
46]. The shapes of the treated and non-treated spectra differentiate in
the four different regions marked I-IV in Fig. 4. The peaks in region
positioned between 2830 cm~! and 3000 cm~!, that are attributed
to alkane C-H stretching, the absorbance decreases upon plasma pro-
cessing pointing to lower abundance of these groups. Similar trend
is visible in regions II and III, both corresponding to C-O stretching,
where the peak positioned at 1287 cm~! disappears and the peaks
between 1130 cm™! and 1060 cm™! straighten after fluorine treatment.
Similarly, examining region IV, corresponding to C-H bending, it can
be observed that the intensity decreases.

3.2. Physico-chemical properties

For packaging important properties, namely tensile strength (TS),
elongation at break (¢) and water vapor transmission (WVT) were
measured immediately after the treatment as well as after 31 days of
aging in the controlled environment. As seen in Fig. 5, TS and e did not
decline with hydrophobization, which was of concern with this treat-
ment. On the contrary, TS improved by 68% (from initial 1.38 + 0.37
MPa to 2.32 + 0.51 MPa after the treatment). Similarly, the ¢ increased
from the original 63 + 13% to 78 + 10%. It is worth noting, that both
of the measured mechanical properties are strongly influenced by the
thickness of the film and moisture content (MC). While the thickness
of the films (0.10 + 0.01 mm) did not deviate upon modification, MC
decreased in the fluorinated samples from initial 11.6 + 0.4% to 9.2 +
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ams of water

0.3%. The water is bound in the sample through hydrogen bonding sites
in chitosan (Baji¢ et al. 2020), so the lower amount of moisture after
treatment might be attributed to saturation of hydrogen binding sites of
chitosan and CNCs with fluorine. As moisture has a plasticizing effect
on the film, TS and MC are in inverse correlation [47], which explains

in which reference (black) and sample treated for 5 s (red) were submerged for 144 h (a) with marked peaks

the increase in TS of the treated sample well. However, generally,
elongation rate has positive correlation to MC, which is not the case
in the fluorinated samples. The newly formed bonds between fluorine
and chitosan-CNCs might contribute to higher stiffness of the material.
The mechanical properties of biopolymer films strongly relate to free
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and bound water [7]. Leceta et al. suggest that the water bound inside
the crosslinked composite matrix tends to form hydrogen bonds with
more polar functional groups, which are in this case the newly added
fluorine-related groups on the surface. With this, the internal film
structure is damaged, resulting in loss of strength, stiffness and lower
stretching [48]. Furthermore, high resolution spectrum of the aged
sample was thoroughly inspected (Fig. A2), suggesting that the bonds,
disrupted during the aging process, are in the backbone of the polymer
chains, which could negatively affect the mechanical properties shown
in Fig. 5. Aging of the films leads to loss of the advantage in mechanical
properties gained by treatment. MC in the reference sample remains
constant, whereas in the fluorinated one the moisture content increased
to 13 + 1.0% and consequently a drop in TS was seen. Based on
assumption that the moisture content was lower in the treated film
because of formation of hydrogen bonds between chitosan-CNCs and
fluorine, the increase over time could be attributed to substitution of
these binding with water-chitosan again. Both reference and processed
films age into a stiffer material with ¢ 59 + 14% and 56 + 13%,
respectively. Important role of packaging is to shelter the contents from
loss of moisture or to prevent the moisture from the environment to
breach into the inside and effect the contents. Upon treatment, water
vapor transmission (WVT) lowered (from initial 51.3 + 0.4 g cm™2
day~! to 36.5 + 3.0 g cm~2 day~!) as shown in Fig. 5, which could
be attributed to increase in hydrophobic character. Comparing to other
available materials, the processed sample is better at preventing water
transmission than PVA, nanocellulose-based films, cellophane and PCL
and comparable to PS, Nylon 6 and PLA [16]. With aging, WVT slightly
decreases in both samples, with treated sample still performing better
than the reference.

3.3. Film stability in liquid environments

To further demonstrate suitability of the plasma treated material
in packaging industry, which was suggested by the measured physico-
chemical properties and long-term stable hydrophobicity, the interac-
tion of the films with liquid environments was evaluated. The main con-
cern related to material’ s adequacy as packaging is potential leaching
of fluorinated compounds into the environment, which was explored
with an untargeted analysis of film leachates in water, 5% acetic acid,,,
10% ethanol,, in both HILIC and RP modes using ESI(+)-MS and ESI(-)-
MS. Two HILIC methods and an RP method were used to analyze the
samples. LC-MS chromatograms of treated samples were compared with
those of reference (blank) samples to reveal the potential leaching
of fluorinated compounds. Both HILIC methods showed comparable
results. In RP method, all peaks eluted in dead time (as expected
for polar compounds such as glucosamine and N-acetyl glucosamine,
potentially present in the simulants as monomer units of chitosan). The
experiments showed no difference between the reference and treated
sample, except for the water samples (LC-ESI(+)-MS chromatograms
and MS spectra shown in Fig. 6; supplementary LC-MS chromatograms
of the leachates are presented in Fig. A2. In the reference sample,
the peak at tg 6.8 min (marked with I) corresponds to the signal
at m/z 586, which matches a formula of a trimer consisting of one
glucosamine (GlcN) unit and two N-acetyl-D-glucosamine (GlcNAc)
units. LC-MS analysis of treated water sample showed three split peaks,
for which the MS analysis revealed that both parts correspond to the
same m/z, so the splitting could be attributed to the existence of
isomerism or aminosugar anomerism. The peaks with 7,s between 4.2—
5.0 min (peaks IIl and IV) correlate to m/z 180, which is attributed
to protonated GleN. The following two peaks with 1zs between 5.6—
6.0 min (peaks V and VI) and between 6.6-7.2 min (peaks VII and II)
correspond to m/z at 341 (protonated GleN/GleN dimer) and m/z at
544 (protonated GleN/GleN/GleNAc trimer), respectively [49]. Addi-
tionally, the peak with 75 6.8 min in the treated sample (peak II) that
coincide with the 7, of peak I in the control sample showed additional
mass peak of lower intensity (m/z at 586), which was attributed to
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GlcN/GleNAc/GleNAc [49]. There were no detected peaks pointing to
traces of fluorinated compounds in both HILIC and RP using either
positive or negative ionization mode, however some limitations apply
to this approach. The MS parameters were tuned using glucosamine as a
standard due to the non-commercially available fluorinated standards.
Moreover, taking into consideration that only surface was modified, it
can be assumed that the concentration of potential fluorinated com-
pounds leached into the liquid media is rather low, and may be under
the limit of detection (LOD) of our methods, however LODs cannot be
calculated due to the absence of standards.

4. Conclusions

Hydrophobization of bioplastic bio-composite formed from chitosan
with incorporated cellulose nanocrystals have been achieved using
ultrafast and efficient RF-generated plasma treatment. The main effect
of the hydrophobization was to improve water-related properties and
raise the material's suitability for packaging applications. After only 5
s of treatment, the increase of WCA by 28° was achieved. The insight
into the surface chemistry behind these changes was provided, with
XPS revealing newly formed fluorine-related bonds, while a decrease
in C-H and C-O stretching and C-H bending was detected with FTIR-
ATR. It is worth noting, that the surface was not damaged by the
treatment. Plasma processing decreased MC in the fabricated films,
which influenced TS, ¢ and WVT. However, for the role of packaging,
the modified sample performed better than the reference one. Stability
of the hydrophobic coating, an important aspect for this application,
was demonstrated by following WCA over 40 days as well as determin-
ing comparable atomic composition with XPS after 35 days of aging.
On the other hand, TS, ¢ and WVT all decreased in both, treated and
reference sample with time, causing the processed material to lose its
superiority. Lastly, to investigate the material's interaction with liquid
environments and potential leaching of fluorinated compounds, the
films were immersed in three different liquid environments (water,
5% acetic acid, 10% ethanol) and analyzed by means of LC-MS. No
evidence pointing to presence of fluorinated compounds were found.
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Methods
1- Fabrication of Chitosan-Based Films with Incorporated CNCs

Briefly, 1.5 wt % of chitosan powder was dissolved in 1 v/v % aqueous solution of lactic acid.
Glycerol in amount of 30 wt % with respect to chitosan was used as a plasticizer. The mixture was
filtered through four layers of medical gauze. CNCs were added in the form of suspension in water
in amount of 3 wt % according to the weight of chitosan and homogenized with UltraTurrax (lka,
Straufen, Germany) for three minutes at 600 rpm. 50 g of the film-forming solution was poured
into Petri dishes in size of 12 x 12 cm and dried in the ventilation oven (Kambié, Slovenia) at
ventilation rate 30 % and 30 °C for 48 h.

2- Film Physico-Chemical Properties

Film thickness was measured at eight different points on the film and the average was reported.
ABS Digital Thickness Gauge (Mitutoyo, Aurora, USA) was used.

Film samples of rectangular shape, 6 cm long and 2 cm wide, were analyzed with XLW Auto Tensile
Rester (Labthink® Instruments, Jinan, China) equipped with a 100 N load cell. The gauge length
segment was 4 cm and the cross-head speed 25 mm min™. Tensile strength (TS) was calculated by
division of the maximal load with the average cross-sectional area in the gauge segment (4 cm) of
the sample. Elongation at break (€) was expressed as a ratio between the increase in the length of
the sample and original cross-sectional area in the sample gauge length segment.

For determination of WVT, CaCl, was first activated in the oven at 105 °C for two hours and then
filled into glass flask (diameter 5 cm, height 10 cm, volume 150 mL). Samples were cut into 3 x 3
cm rectangular pieces and tightened over the flask. A circular area with diameter 2.1 cm was
carved out from the top of the flask which was used to cover the flask over the film. These flasks
were then put into a 150 mL bottle with 50 mL of saturated NaCl solution. Approximately 5 g of
NaCl was additionally added into the NaCl solution, to ensure saturation at all times. The flasks
with sample and CaCl, were weighted daily over the period of 8 days. Water vapor transmission
was then calculated according to Equation 1:

WVT=k/S Eq. Al

where k represents the slope of the time (h)/A mass (g) plot, and S represents the area of the film
through which the water can migrate in m? (1.84 x 10* m?). WVT is expressed in g m? 24 h'%,

3- Leaching of film substances into liquid environments

An alternative, HILIC LC-MS analyses in ESI(+) and ESI(-) mode were also performed. The mobile
phase was composed of 10 mM ammonium formate with pH 3 (mobile phase A) and acetonitrile:
ammonium formate buffer with ratio 90 % : 10 % (mobile phase B). A gradient elution from 0 % to
30 % A in 10 min was employed to elute the compounds in the samples and the mobile phase
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remained at 30 % A for further 10 min (cleaning step) before returning to initial conditions (in 1
min). The re-equilibration step was 15 min long. The mobile phase flow rate was 300 pL min™.
Column oven and autosampler temperature were set at 25 °C and 5 °C, respectively. Injection
volume was 2 pL. The MS parameters were as described in the main text. The samples were dried
under nitrogen flow and redissolved in 70 % acetonitrile before injection into the LC-MS.

Further, RP LC-MS analyses in ESI(+) and ESI(-) mode were also performed using the above
equipment. The separation occurred on ThermoScientific Hypersil Gold (150 x 2.1 mm i.d., 3 um).
The mobile phase was composed of 0.1% acetic acid(q) (mobile phase A) and acetonitrile (mobile
phase B). Isocratic method was used for compounds elution (A : B =90 % : 10 %) with mobile phase
flow rate at 300 puL min. The MS parameters were as described in the main text and the samples
were injected into the LC-MS without additional sample preparation steps.

Supplementary results
1- High resolution spectra of CF, plasma treated and aged sample

The high resolution XPS spectra of treated and aged (40 days) sample revealed, that compared to
samples immediately after the CF4 plasma treatment, the intensity of the peaks located at 284.7 eV
(corresponding to C-C bond) and at 286.7 eV (C-O and C-F bonds) has increased slightly, while the
peaks correlating to O-C-O/CF-CF, CF-CF, and CF,-CF,/CF,-CF decreased. On the other hand, the
intensity correlated to CFs; peak was retained.
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Fig. A1: Deconvolution of high resolution C 1s XPS spectrum of the plasma treated and aged sample.
2- Leaching of film substances into liquid food simulants

Alternative HILIC analysis by comparing LC-MS chromatograms of the tested liquids, revealed mass
peaks at m/z 167 in all three leachates. This m/z suggests the presence of protonated diglycerol
molecule [2M = H,0 + H]*. The m/z at 297 detected in peak IV may correspond to [4M — 4H,0 +
H]*, originating from glycerol molecule as well. This is in line with the composition of the prepared
biofilm. In water, additional compounds at m/z 180, 341 and 544 are found, corresponding to
GlcN, GlcN/GIcN dimer and GlcN/GIcN/GlcNAc trimer, respectively (Fig. A2). In RP analysis, all
compounds eluted in dead time.
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Fig. A2: HILIC LC-ESI(+)-MS chromatograms of leachates prepared using different liquid environments (5 % acetic acidaq)
- top, 10 % ethanoli.q) - middle, water — bottom), separated on Phenomenex Luna NH; column (using the alternative
HILIC method), in which fluorinated sample was immersed for 144 h and their corresponding MS spectra.
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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, O, and N; are generally utilized for increasing
hydrophilicity in cellulose substrates, while fluorine- and silane-containing reactants yield
hydrophobic surface. Pretreatment with O; 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 CF,; 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 H, 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 N, 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. AWCA 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 (Flynn,
wettability (AWCA | Byrne, and
=-20°) Meenan
2013)
Bacterial Ar 10W, 240s Increased (Kutova et
cellulose wettability (AWCA | al. 2021)
=-43°)
CNCs film Ar/CHs (2 | DBD plasma, 200 sccm | Decreased (Matouk et
%) and | and 100 sccm, 1-30 min | wettability (AWCA | al. 2020)
Ar/SiHa and 1-3 min =+ 50 ° for CHsand
(0.02 %) +110 ° for SiH,)
CNCs powder | Ar/CH, (2 | DBD plasma, 7.2 kV Decreased (Matouk et
%) and wettability al. 2021)
Ar/SiHa (Ar/CHa: AWCA = +
(0.02 %) 50°;
and Ar/SiHs: AWCA = +
Ar/SiHs/ 120°;
CH4 (2 %) Ar/SiH4/ CH4Z
(0.02 %) AWCA =+ 110°)
CNCs film Ar/NH; (10 | DBD plasma, 200 sccm, 1- | Increased (Matouk et
%) 60 min wettability (AWCA | al. 2020)
= -45°)
Cellulose Ar/C4Fs 75 sccm/ 15 scem, 30 W Decreased (Vaswani,
wettability ** Koskinen,
and Hess
2005)
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Bacterial CF4 20W, Decreased (Kurniawan,
cellulose 60 s wettability (AWCA | Lai, and
=+92°) Wang 2012)

CNFs CF4 30s,100 W Decreased This thesis,
wettability (AWCA | Section 5.1
=+ 85°)

Regenerated | CF, 40 W, 60 s, 10 sccm Decreased (Kawano,

cellulose wettability (AWCA | Wang, and
=+90°) Andou

2022)

Cellulose H, 100 W, 10 sccm, 8 min Decreased (Carlsson

wettability ** and Stroem
1991)

Bacterial N, 20W, Increased (Kurniawan

cellulose 60 s wettability (AWCA | et al. 2012)
=-12°)

Bacterial N, 30 min, 85 W, 10 sccm Slightly decreased | (Pertile et

cellulose wettability (AWCA | al. 2010)
=-+15°) *

Cellulose N> 2-60 s, 20 sccm, 33 W, 27 | Slightly decreased | (Deslandes

Pa wettability (WCA | et al. 1998)
was not measured)
*

Regenerated | N3 10 W, 240 s, 10 sccm Increased (Kawano et

cellulose wettability (AWCA | al. 2022)
=-30°)

TEMPO-CNFs | N; (with | 150 sim, 400 W Decreased (Khakalo et

deposition wettability (AWCA | al. 2020)
of =+ 80°)

hexamethyl

disiloxane)

TEMPO-CNFs | N3 (with | 150 sim, 400 W Decreased (Khakalo et
deposition wettability (AWCA | al. 2020)
of (3- = +45°)
aminoprop
yl)triethoxy
silane)

Cellulose NHz/N, DBD plasma, 1000 W Increased (Flynn et al.
wettability (AWCA | 2013)
=-15°)

Bacterial 0, 20W, Increased (Kurniawan

cellulose 60 s wettability (AWCA | et al. 2012)
=-18°)

Cellulose 0, 5 W/20 W, 20 sccm/5 | Increased (Carlsson

sccm, 60-960 s wettability ** and Stroem
1991)

Regenerated | O, 40 W, 120 s, 10 sccm Increased (Kawano et

cellulose wettability (AWCA | al. 2022)
=-29°)

Cellulose 0, (with | 6 sccm, 150 W, 30 min Decreased (Balu et al.
subsequent wettability (AWCA | 2008)
deposition =+ 84°)
of CzHFs)

Bacterial 0, (with | 100 W, 100 Pa, 15 min Decreased (Leal et al.

cellulose subsequent wettability (AWCA | 2020)
deposition =+108°)

of CH3C|3Si)




152 Chapter 5. Hydrophobization with Plasma

Processing
Cellulose Ar/ CHFs 75 scem/20 scem, 30 W Decreased (Vaswani et
wettability (AWCA | al. 2005)
=+ 82°)
CNFs SFs 150 W, 15 min, 0.1-0.3 | Decreased (Silva et al.
Torr wettability (AWCA | 2016)
=+96°)

* 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

53.11 Materials

Valida S CNFs were obtained from Sappi (Maastricht, Netherlands). Glycerol was bought from
Pharmachem (Ljubljana, Slovenia). Ultrapure water (18 MQ 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 (Kambic,
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 Distance (cm | Flow (sccm)
time (s) from the

center of

coil)
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 + | 100 (N,), 500 | 20 (both) 10 (both) 150 (both)
Oxygen (02)

Oxygen + | 100 (N3), 500 | 20 (both) 10 (both) 150 (both)
Nitrogen (02)

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.

53.14 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.

53.15 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™ and 400 cm?, with step 4 cm™ 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™® and 3020 cm™® corresponding to stretching of free (3337 cm™®) and
intermolecularly bonded (3282 cm™) hydroxyl groups, a weak broad peak centered at 2900 cm”
! correlated to C-H stretching vibrations and intermolecularly bonded hydroxyl groups, peaks
located at 1657 cm™ (O-H bending of adsorbed water), 1429 cm™ (C-H, symmetric bending in
crystalline region), 1361 cm™ (tertiary C-H bending), 1315 cm™ (symmetric CH, wagging), 1105
cm™ (in-plane ring stretching), 1162 cm™ (C-O-C asymmetric stretching vibration at B-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™ and 1030 cm, respectively.
Furthermore, in the fingerprint region, weak peaks located at 664 cm™, 558 cm™ and 435 cm™
that are related to C-O-H out-of-plane bending, C-H vibrational modes that are characteristic for
cellulose | and C-O bonds vibrations, respectively (Cichosz, Masek, and Dems-Rudnicka 2022;
Gulmine et al. 2002; Guo et al. 2018; Soliman, Diaz 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™ and 3020 cm™ narrowed and
sharpened into one peak centered at 3304 cm™ with a shoulder at 3197 cm™, 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™ and 1581 cm™ associated with N-H
bending vibrations of primary amines become better defined with treatment time. A new peak
centered at 1513 cm™ 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™?), is formed. Also associated with C-N
stretching vibrations, two peaks are formed between 1279 ¢cm™ and 1236 cm™ and are
overlapping with a peak assigned to C-O stretching (1262 cm), that is present in the control
sample. With longer treatment time, deformation and decrease of characteristic cellulose peaks
at 1056 cm™ and 1021 cm™, 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 vyields 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™, and formation of C-N-related
peaks at 1278 cm™ and 1210 cm™. The main difference in prolonging the treatment and
increasing power is observed at 1427 cm™, 1225 cm™ and in the region between 1075 cm™ and
951 cm 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.
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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™ and 1022

cm, 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).
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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 m2 and decreases to 20 mJ m2 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.
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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

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 3P 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
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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 CF, 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-F, 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-Hs;
band that increases with treatment time and deeper molecular changes affecting C-C, C-F; 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 CF,
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-0 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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