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“You dig deeper and it gets more and more complicated, and you get confused, 

and it's tricky and it's hard, but... It is beautiful.”  

― Brian Cox 

 
  



Abstract 

Due to climate change and plastic pollution, there is an increasing demand for 

bio-based materials with similar properties to those of common plastics yet 

biodegradable. In this respect, cellulose is a strong candidate that is already being 

refined on a large industrial scale, but the properties differ significantly from 

those of common plastics in terms of shapeability and water-resilience.  

This thesis investigates how supramolecular interactions can be used to tailor 

the properties of cellulose-based materials by modifying cellulose surfaces or 

control the assembly of cellulose nanofibrils (CNFs). Most of the work is a 

fundamental study on interactions in aqueous environments, but some material 

concepts are presented and potential applications are discussed. 

The first part deals with the modification of cellulose by the spontaneous 

adsorption of xyloglucan or polyelectrolytes. The results indicate that xyloglucan 

adsorbs to cellulose due to the increased entropy of water released from the 

surfaces, which is similar to the increased entropy of released counter-ions that 

drives polyelectrolyte adsorption. The polyelectrolyte adsorption depends on the 

charge of the cellulose up to a limit after which the charge density affects only the 

first adsorbed layer in a multilayer formation. 

Latex nanoparticles with polyelectrolyte coronas can be adsorbed onto 

cellulose in order to prepare hydrophobic cellulose surfaces with strong and 

ductile wet adhesion, provided the glass transition of the core is below the 

ambient temperature. 

The second part of the thesis seeks to explain the interactions between 

different types of cellulose nanofibrils in the presence of different ions, using a 

model consisting of ion-ion correlation and specific ion effects, which can be 

employed to rationally design water-resilient and transparent nanocellulose films. 

The addition of small amounts of alginate also creates interpenetrating double 

networks, and these networks lead to a synergy which improves both the stiffness 

and the ductility of the films in water.  

A network model has been developed to understand these materials, with the 

aim to explain the properties of fibril networks, based on parameters such as the 

aspect ratio of the fibrils, the solidity of the network, and the ion-induced 

interactions that increase the friction between fibrils. With the help of this 

network model and the model for ion-induced interactions, we have created films 

with wet-strengths surpassing those of common plastics, or a ductility suitable for 

hygroplastic forming into water-resilient and biodegradable packages. Due to 

their transparency, water content, and the biocompatibility of cellulose, these 

materials are also suitable for biomaterial or bioelectronics applications.  



Sammanfattning 

På grund av klimatförändringar och ständigt ökande plastföroreningar finns det 

en växande efterfrågan på biobaserade material med egenskaper som liknar dem 

hos vanliga plaster och som samtidigt är biologiskt nedbrytbara. I detta avseende 

är cellulosa är en stark kandidat som redan framställs i stor industriell skala, men 

egenskaperna skiljer sig markant från plasternas med avseende på formbarhet 

och vattentålighet.  

Denna avhandling undersöker hur supramolekylära interaktioner kan 

användas för att skräddarsy egenskaperna hos cellulosa-baserade material genom 

att modifiera cellulosaytor eller styra hur cellulosa nanofibriller (CNFs) sätts 

samman. Huvuddelen av arbetet berör grundläggande studier kring interaktioner 

i vatten, men några materialkoncept och potentiella tillämpningar diskuteras. 

Den första delen avhandlar hur spontan adsorption av xyloglukan eller 

polyelektrolyter kan användas för att modifiera cellulosa. Resultaten indikerar att 

xyloglukan adsorberar till cellulosa på grund av den ökade entropin hos vatten 

som frigörs från ytorna, vilket liknar den ökade entropin hos frigjorda motjoner 

som driver polyelektrolytadsorption. Adsorptionen av polyeletrolyter beror på 

cellulosans laddning upp till en viss gräns, varefter laddningstätheten endast 

påverkar adsorptionen i första lagret i en multilager formering. 

Adsorption av latexnanopartiklar med en korona av polyeletrolyter, ger 

hydrofoba cellulosaytor med stark och töjbar, våt vidhäftning, om kärnans 

glasövergång sker vid lägre temperatur än omgivningens.  

Syftet med den andra delen av avhandlingen är att förklara interaktioner 

mellan olika typer av cellulosa nanofibriller i närvaro av olika joner. Detta görs 

med en modell bestående av jon-jonkorrelation och specifika joneffekter, som kan 

användas för rationell design av vattentåliga och transparenta filmer av 

nanocellulosa. Tillsatsen av små mängder alginat skapar också interpenetrerande 

dubbla nätverk, och dessa nätverk leder till en synergi som förbättrar både 

styvheten och töjbarheten hos filmerna i vatten. 

En nätverksmodell utvecklades för att förstå dessa material. Modellen klarar av 

att förklara hur egenskaperna hos fibrillnätverk beror av parametrar som 

fibrillernas geometri, nätverkets soliditet och friktionen som induceras av 

specifika joner. Med hjälp av nätverksmodellen och modellen för joninducerade 

interaktioner kan vi skapa filmer med våtstyrka som överträffar den hos många 

plaster, eller med en töjbarhet som är lämplig för hygroplastisk formpressning till 

vattentåliga och biologiskt nedbrytbara förpackningar. Filmernas transparens och 

vatteninnehåll, samt biokompatibiliteten hos cellulosa, gör dem lämpliga som 

biomaterial eller för bioelektronikapplikationer.  
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1. Introduction 

1.1. Context 

Climate change and concerns regarding the impact of plastic pollution have 

increased the demand for renewable and biodegradable materials. In 2018, the 

European parliament voted to ban single-use plastics, and large corporations have 

already started to phase them out.1, 2, 3 The accumulation of microplastics in the 

environment is another concern, and these plastic particles are now found in our 

food chains and consequently also in the digestive systems of humans.4, 5, 6 

Regardless of the long-term impact of plastics in the environment, which is 

currently unknown, it would solve many potential issues to develop bio-based 

alternatives that degrade within a few years in nature instead of after hundreds or 

thousands of years like many plastics.  

Cellulose is an excellent candidate of a renewable and biodegradable raw-

material that is already refined from wood by pulping processes on a large 

industrial scale. However, in order to compete, renewable materials made from, 

for example, cellulose must have a performance similar to that of the plastics they 

replace. There are several intriguing properties of plastics that have made them so 

useful, especially since these properties are rarely found in nature. Figure 1 lists 

three of the most intriguing properties of common plastics and compares them to 

the general properties of biopolymeric materials. Note that plastic is a trivial 

terminology that includes materials with a variety of properties and uses.  

Common plastics are typically stretchable and ductile, which makes them 

robust. They are thermoplastic and melt and they can thus be formed into almost 

any desirable shape. Most importantly, they are water-resistant and therefore 

stable and reliable when exposed to environments or products containing water, 

the downside being a limited biodegradability. 

Biopolymeric materials on the other hand are typically stiff and brittle in a dry 

state due to strong supramolecular interactions. Oxygen and nitrogen in the 

polymers react at elevated temperatures and biopolymeric materials therefore 

degrade before they soften or melt. They are designed for biological aqueous 

environments which makes them susceptible to water and they are therefore 

unstable and unreliable when exposed to environments or product containing 
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water. A great scientific challenge is therefore to make biopolymeric materials 

stretchable when dry, shapeable, and water-resilient, while retaining their 

biodegradability.  

 

Figure 1 Comparison of the general properties of plastics and biopolymeric materials. 

1.2. Purpose of the study 

The purpose of this study was to investigate how to design cellulose-based 

materials in order to make them stretchable and ductile in the dry state, and 

strong and shapeable in the wet state. There are basically two potential ways to 

achieve this, besides modifying cellulose until it is not cellulose anymore:  

1. To control how cellulose-rich fibres or fibrils interact by tailoring their 

surfaces. 

2. To assemble cellulose-rich components into materials with controlled 

nano-scale to macro-scale structures. 

Understanding the structure-property relationships of cellulose-based materials is 

of great scientific importance and probably crucial in order to create renewable 

alternatives to plastics.  

To achieve this, we used supramolecular assemblies rather than covalent 

modification, with the simple motivation that it is potentially cheaper and easier 

on a large scale, and that the assemblies are dynamic and can change properties 

between different states, which is an advantage during the processing of 

materials. Supramolecular assemblies are used by nature to combine components 

into hierarchical structures with desirable properties,7 and it make sense to adapt 

a bio-inspired approach in order to tailor the properties of bio-based materials. 
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1.3. A brief introduction to the thesis 

Paper I: Xyloglucan is adsorbed onto cellulose and can be used to modify 

cellulose surfaces or act as a link between cellulose and other components. We 

studied the interaction between xyloglucan and cellulose at different 

temperatures to describe the driving force behind the attraction. The influence of 

crystallinity and morphology of the cellulose model surfaces on the adsorption 

behaviour and conformation of adsorbed xyloglucan was also studied.  

 

Paper II: Polyelectrolytes can be adsorbed in multilayers onto charged surfaces, 

such as oxidized cellulose, in order to change their properties. We prepared and 

characterized differently charged cellulose model surfaces to study how their 

charge density and morphology influence the multilayer formation. 

 

Paper III: Polyelectrolytes were used in the corona of tailor-made latex particles 

prepared by polymerization-induced self-assembly. The aim was to use them as a 

tool to tailor cellulose surfaces. We investigated how the glass transition 

temperature of the core of the particles affected their adsorption to silica and 

cellulose, and measured the resulting wet adhesion between modified surfaces.  

 

Paper IV: Alginate is an algal polysaccharide that forms a network in water 

which is used by algae as the load-bearing structure. We studied how alginate can 

be used to lock cellulose nanofibril networks and create water-resilient structures 

with high ductility which are useful for hygroplastic forming. We determined the 

properties of these double network films with a focus on packaging applications.    

 

Paper V: Multivalent ions induce interactions between charged cellulose 

nanofibrils, and these can be used to assemble water-resilient materials. We 

studied the swelling of cellulose nanofibril films in the presence of different 

counter-ions and related the degree of swelling to the properties of the ions. We 

used these data to explain these assemblies, using ion-ion correlation and specific 

ion effects.   

 

Paper VI: We studied the wet mechanical properties of cellulose nanofibril films 

with different types of counter-ions. A network model was developed in order to 

understand and quantify the relationship between the properties of the fibrils, the 

specific ion, the swelling, and the mechanical properties of the wet films. 
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2.  Background 

2.1. Wood and its components 

Wood consists of the cell walls of tracheid cells, commonly known as fibres. The 

constituents of wood depend on the species of the tree, and are of the order of 40-

50 % cellulose (semi-crystalline linear polysaccharide), 25-35 % hemicellulose 

(unordered branched polysaccharides), 25-35 % lignin (aromatic structures), and 

small amounts of other components such as proteins and extractives. In a cross 

section of wood, it is easy to identify an annual ring. In turn, this annual ring can 

be subdivided into four main structures: the middle lamella between fibres, which 

is the lignin-rich glue that holds fibres together, the primary, secondary and 

tertiary cell walls of the fibres which are load-bearing structures, and the lumen in 

which water is transported. The primary, secondary and tertiary cell wall of the 

fibres consist of aggregated cellulose fibrils which are held together by a 

hemicellulose- and lignin-rich matrix. During chemical pulping, the fibres are 

liberated from wood by removal of most of the lignin and parts of the 

hemicelluloses.8, 9  

2.1.1. Cellulose 

Cellulose is a polysaccharide of 𝛽-1,4 linked D-glucose units which assemble into 

semi-crystalline fibrils (nanofibrils) that are organised into fibril aggregates 

(microfibrils) in the fibre wall. The crystal structure of native cellulose is referred 

to as cellulose I, in which the cellulose chains are parallel (run in the same 

direction), but upon dissolution and regeneration, cellulose II is formed in which 

the chains are anti-parallel.9 Regeneration from certain solvents results in 

unordered (amorphous) cellulose.10  

Crystalline cellulose is very stiff with an estimated elastic modulus of 138 and 

88 GPa for cellulose I and II respectively.11 This can be put into context 

considering that the elastic modulus of Kevlar 149, which is one of the stiffest 

synthetic polymeric materials, is 160 GPa,12 or that the modulus of steel with a 5 

times higher density than that of cellulose is 200 GPa.   
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2.1.2. Xyloglucan 

Xyloglucan (XG) is found in the primary cell wall of higher plants and in seeds as 

energy storage. XG has a linear cellulose backbone decorated with D-xylose at the 

C6 position, which in turn is linked to galactose, fucose, or arabinose groups.13, 14 

XG is adsorbed onto cellulose and it is suggested that fibrils are coated by XG 

to avoid excessive aggregation during cell-wall synthesis.15 This is supposedly 

important for the fibril orientation and for the formation of the load-bearing 

network of the primary cell-wall.16 The driving-force behind the association of XG 

and cellulose is widely debated, just as is the reason for the crystallization of 

cellulose, which is probably governed by a similar mechanism.   

2.1.3. Nanocellulose 

Cellulose nanoparticles (nanocellulose) have received substantial attention in the 

last decade.17 Nanocelluloses from wood can be divided into two types: cellulose 

nanocrystals (CNCs), which are prepared by the acid hydrolysis of wood-based 

fibres or cotton, and cellulose nanofibrils (CNFs), which are fibrils or fibril 

aggregates liberated from the fibre wall by high shear in combination with some 

type of chemical modification. These nanoparticles vary in size depending on the 

preparation procedure and source of cellulose, but typical dimensions are a 

diameter  of 2-20 nm and lengths of <0.5 µm for CNCs, and 0.5-2 µm for CNFs 

(square cross-section).17 CNFs are commonly liberated after a pre-treatment to 

introduce charged groups, such as carboxylic acids, phosphate esters, or 

quaternary amines, on the surface of the fibrils.18, 19, 20, 21 The pre-treatment 

significantly reduces the energy required for the liberation of the fibrils and most 

often provides colloidal stability to the final dispersion.22 
 

2.2. Alginate 

Alginate is a block copolymer polysaccharide consisting of L-guluronic acid (G) 

and D-mannuronic acid (M) arranged in three types of blocks: GG, GM, and MM. 

The GG block is 𝛼-1,4 linked and has a two-fold helical conformation with cavities 

that can coordinate ions into metal-ligand complexes. The most accepted meso-

structure is called the egg-box model, which leads to strong gel networks in water 

which provide rigidity for brown algae. Alginate can be dissolved and extracted as 

a sodium salt.23, 24, 25 
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2.3. Supramolecular interactions 

Supramolecular interactions are any noncovalent interaction between atoms, 

molecules or particles. They are reversible and are therefore a tool to design 

materials by changing between different states during the preparation process. 

Since macromolecules most frequently have a high molecular mass, the 

association can be perceived as a non-equilibrium state since the time to 

equilibrium is usually long. However, all segment interactions are equilibrium 

interactions and therefore the supramolecular interactions are also equilibrium 

interactions. Supramolecular interactions have either entropic or enthalpic origin. 

2.3.1. Interactions of entropic origin 

Double layer repulsion 

Charged surfaces in aqueous media have a counter-ion cloud in which the ion 

concentration (𝑐 ) decays exponentially with increasing distance from the surface 

(Figure 2a). The charged surface and the layers of ions outside the surface are 

referred to as the double layer. When two charged surfaces are brought together 

(Figure 2b), their counter-ion clouds start to overlap and this results in an 

elevated salt concentration in the midplane between the surfaces (mp), that leads 

to an increased osmotic pressure in the midplane which pushes the surfaces apart. 

The ideal osmotic pressure (𝛱 ) is calculated according to:26 

 𝛱 𝑘𝑇 𝑐 𝑚𝑝 𝑐 𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (1) 

where 𝑘 is the Boltzmann constant, 𝑇  is the temperature, and 𝑖 an index for the 

type of ion. 
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Figure 2 Schematic representation of double layer repulsion of two surfaces that are 

brought together from a) to b), where h is the distance between the surfaces, 
mp is the midplane, and Cs is the salt concentration. 

Increased entropy by releasing confined ions or water 

Counter-ions outside a charged surface are confined in the counter-ion cloud, but 

they can be released to increase the entropy of the system by exchange with a 

macro-ion such as a polyelectrolyte.27, 28 The macro-ion has few degrees of 

freedom in solution and the loss of entropy by confinement at the surface is 

therefore small in comparison with the entropy gained by the released counter-

ions. The background salt concentration of the solution affects the magnitude of 

the entropy gain, and the balance can thus be described by: 

 ∆𝑆 𝑆 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑆 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  

 𝑆 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑆 𝑠𝑜𝑙𝑣𝑒𝑛𝑡  

(2) 

where ∆𝑆 is the entropy change and typically ∆𝑆 ≫ ∆𝑆 . If the entropy 

of an ion in the solvent is higher than that of a confined ion at the surface, the 

exchange between counter-ions and macro-ions is favourable in terms of entropy 

(∆𝑆 0 .  

The same argument can be used for water molecules that are confined at a 

surface in water. These water molecules can be released to increase the entropy of 

the system if the result is either a surface where the water is less confined or a 

decrease in the surface area exposed to water. This effect is a component in what 

is commonly referred to as “hydrophobic effects”.26 One example of this effect is 
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the association of cellulose in water, which is traditionally described by hydrogen-

bonding, whereas recent studies suggest that the amphiphilic nature of cellulose is 

probably more important.29, 30 By using the entropy arguments, it is possible to 

calculate or experimentally determine the free energy gain upon adsorption, 

instead of using poorly defined terminologies such as “hydrophobic interactions”.  

2.3.2. Enthalpic interactions 

Enthalpic interactions are interactions in which the energy of the system is 

reduced by the formation of bonds between molecules. The interaction energy (𝑉) 

can be described by five contributions according to:26 

 𝑉 𝑉  𝑉  

 𝑉  𝑉 𝑉   

(3) 

where the overlap repulsion is when atoms come close enough so that their 

electron clouds overlap, which is sometimes called core-core repulsion.  

 

Ionic interactions (monopoles) 

Ionic interactions are multipole-multipole interactions between opposite 

permanent charges of the first order (monopole). The interaction energy is given 

by the coulomb equation:26 

 𝑉
𝑞 𝑞

4𝜋𝜀 𝜀 ℎ
𝑧 𝑧 𝑒

4𝜋𝜀 𝜀 ℎ
 (4) 

where 𝑞 is the charge which is a multiple of the elementary charge (𝑧𝑒 , 𝜀  is the 

vacuum permittivity, 𝜀  is the relative permittivity which describes the dielectric 

properties of the medium, and ℎ is the distance between the charges. 

The relative permittivity of water under ambient conditions is approximately 

80 and ionic interactions are therefore screened in water. Moreover, charged 

groups always have counter-ions, and counter-ion clouds screen electrical fields in 

accordance with the Debye length (𝜅 ). Ionic interactions are therefore limited in 

aqueous solutions but can play a role at short range in, for example, metal-ligand 

complexes31, 32 or in counter-ion condensation33.  

 

Dipoles 

The second order multipoles are dipoles. Dipoles lead to dipole-ion and dipole-

dipole interactions.26 One example of an ion-dipole interactions is  the hydration 

of ions by a shell of water molecules. For dipoles, the charge (𝑞 𝑧𝑒  in Equation 
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4 is replaced by the dipole moment (𝑚 𝑞ℎ  where 𝑞 is the displaced charge and 

ℎ is the distance of displacement. Dipole interactions are also dependent on the 

angle of the dipole relative the multipole with which it interacts. This interaction 

can occur for any order of multipole.  

 

Hydrogen bonds 

Hydrogen bonds are short-range directional bonds that are intermediate between 

dipole-dipole and ionic interactions.26 Many interesting properties of water derive 

from hydrogen-bonding and are therefore important for biological systems. Water 

is always a competitor for hydrogen-bonds between molecules in aqueous systems 

and other mechanisms are therefore probably more important for assemblies in 

water, such as cellulose association.29, 30  

 

Induced multipoles 

Permanent multipoles induce multipoles in polarizable molecules to form ion-

induced or multipole-induced multipole interactions. The moment of an induced 

multipole (𝑚 ) depends on the polarizability of the molecule according to:26 

 𝑚 𝛼𝐸 (5) 

where 𝛼 is the polarizability and is a measure of how easy it is to displace the 

electrons of the molecule when it is exposed to an electrical field (𝐸). The 

polarizability of a molecule is affected by the dielectric properties of the medium 

(𝜀 ) which leads to an effective (or excess) polarizability (𝛼∗).34 

  

Dispersion interactions 

The electron distribution of molecules fluctuates over time. These quantum-

fluctuations result in instantaneous multipoles that rapidly appear and disappear. 

The electrical field generated by this polarity affects the electron distribution of 

nearby molecules and the movement of electrons starts to correlate between 

molecules (electron-electron correlation) and this induces an attractive 

interaction. Another way of describing this is spontaneous fluctuation-induced 

fluctuations. The magnitude of the correlated movement of electrons and hence 

the magnitude of the interaction is determined by the effective polarizability of 

the molecule (𝛼∗), which in turn also affects the optical properties of the molecule. 

These interactions are therefore referred to as dispersion or London dispersion, 

which is probably adapted from optical dispersion. Another term used is induced 

multipole-induced multipole interactions.26, 34 
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Van der Waals forces 

Van der Waals forces are a combination of ion-induced dipole, dipole-induced 

dipole, and dispersion interactions. Together, these interactions are the main 

reason for cohesion in condensed states.26 

 

Charge transfer (dative covalent) 

Dative covalent bonds are formed when a donor ligand with a free electron pair 

donates an electron pair to form a covalent-like bond with an acceptor molecule.35 

These bonds form strong yet reversible complexes between, for example, metal 

ions and ligands, and are known as metal-ligand complexes or coordination 

complexes.31, 36 

2.3.3. The DLVO theory 

The DLVO theory was developed during the 1940s in order to describe the 

macroscopic behaviour of charged colloids in aqueous media. The theory posits 

attractive interactions from van der Waals forces and repulsive interactions from 

the double layer interactions.37 Van der Waals forces are strong at short range 

whereas the double layer repulsion is long-ranged, and the range depends on the 

salt concentration in the surrounding solution (Equation 1), which is described by 

the Debye length (𝜅 ). 

 The van der Waals interactions are calculated using the Hamaker or Lifschitz 

theories and a Hamaker constant (𝐴) is used to describe the strength of the 

interaction. In the Lifschitz theory, the dielectric permittivity (𝜀 ) is used to 

describe objects and intermediate media instead of using pairwise interactions 

between atoms.26 The force between a spherical particle and a flat surface can be 

analytically approximated as:38 

 
𝐹

𝐴𝑅
6ℎ

𝜅𝑅𝑍𝑒𝑥𝑝 𝜅ℎ  
(6) 

where 𝑅 is the radius of the particle, ℎ is the separation distance, 𝜅 is the 

reciprocal Debye length, and 𝑍 is an interaction parameter: 

 
𝑍 64𝜋𝜀 𝜀

𝑘𝑇
𝑒

𝑡𝑎𝑛ℎ
𝑒𝜓
4𝑘𝑇

 
(7) 

where 𝜓  is the surface potential, which depends on the charge density of the 

surface and the environment outside the surface.  
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The DLVO theory is a mean-field theory which uses the average macroscopic 

properties instead of pairwise interactions between atoms. For example, the ion 

concentration in a plane outside a flat charge surface (Figure 2) is assumed to be 

the same in all directions of the plane. In reality, the ions are discrete and not 

uniformly distributed and this induces attraction due to ion-ion correlation. 

2.3.4. Ion-ion correlation 

Ion-ion correlation is in principle similar to a dispersion interaction (electron-

electron correlation). The difference is the correlated movement of ions in 

counter-ion clouds, instead of electrons in molecules. Thermal energy (𝑘𝑇) or a 

surrounding electrical field induces an instantaneous uneven distribution of ions 

in the counter-ion cloud which results in electrical fields outside the midplane 

(𝑚𝑝) (Figure 3). These electrical fields induce movement of ions in the counter-

ion cloud of other molecules, and the movement of counter-ions of adjacent 

molecules starts to correlate which leads to attraction. The magnitude of the 

attraction is determined by the polarizability of the counter-ion cloud, which in 

turn depends on the charge density of the molecule and the valency of the 

counter-ions.39, 40, 41  

 

Figure 3 Illustration of the origin of ion-ion correlation. Fluctuations in the counter-ion 
cloud generate instantaneous multipoles which result in electrical fields 
(indicated by the arrows) across the midplane (mp). Adapted from Evans and 
Wennerström.26 

2.3.5. Specific ion effects 

The DLVO theory is inadequate not only due to the mean-field approximations 

and ion-ion correlation, but also to the assumption of ideality (Equation 1). 

Specific ion effect theories were therefore developed, and are still under 

development, to explain deviations between experiments and the DLVO theory. 

These effects are frequently described by a Hofmeister series, which is named 
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after Franz Hofmeister who in the 1880s investigated how different salts influence 

protein precipitation.42 

The basic principle is that ions interact with the solvent, molecules, colloids, or 

other ions due to their specific properties, and this influences the double layer 

repulsion in the DLVO theory. The theories involve many mechanisms,43, 44, 45 but 

in this thesis, these effects are described by the three most prominent 

contributions: dispersion interactions, metal-ligand complexes, and ion-induced 

local acidic environments. The hydration of ions and surfaces is also important,46 

but since the hydration is strongly correlated with the polarizability of the ion it is 

difficult to separate dispersion interactions and hydration effects.   

  

Dispersion interactions of ions 

Ions are more or less polarizable depending on their charge density (𝑞/𝑉). A high 

charge density means that the electrons are confined by the attraction of the 

nucleus, while a low charge density means that the electrons are free to move, and 

this increases the polarizability of the ion. Ninham and co-workers have used the 

effective polarizability of ions to explain deviations from the DLVO theory.34, 43, 44 

Ions with high polarizability interact with molecules, particles, or other ions with 

dispersion interactions. This causes a deviation from an ideal osmotic pressure 

and suppresses the surface charge density so that the double layer repulsion is 

reduced. 

 

Metal-ligand complexes 

Metal-ligand complexes (charge transfer) form between electron-accepting ions 

and electron-donating ligands. The interaction has an electrostatic and a covalent 

contribution.31, 32 Transition metal ions form strong complexes by filling the 

energy levels of the d-orbital to reach the electron configuration of the closest 

noble gas, and this is achieved by forming hybrid orbitals with ligands. Ions can in 

this way interact with ligands on a surface which suppresses the surface charge 

(intra-complexes) or forms crosslinks between molecules or surfaces (inter-

complexes).36   

The stability of a metal-ligand complex is expressed in terms of the stability 

constant, which is the logarithm of the first association constant (log 𝑘 .47 This 

definition is also used to describe the association of acids and bases and is 

referred to as the 𝑝𝐾 -value.     
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Local environments 

Ions perturb water molecules around them through electrostatic interactions or 

metal-ligand complexes which shift the acid/base balance in water, and thus shift 

the pH. One example is the complexation between transition metal ions and 

hydroxide ions in water which can easily be observed through the acidity of 

solutions containing metal salts. Metal ions with high stability constants that are 

confined inside a water-swollen material therefore induce a local acidic 

environment even though the surrounding water is neutral or alkaline.48  
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3. Experimental 

3.1. Materials 

The following sections briefly describe the most relevant materials used. Details 

are found in the appended papers.  

3.1.1. Dissolving pulp and oxidized pulps 

A dissolving grade sulphite pulp from Domsjö Fabriker AB (Aditya Birla) was 

used to prepare model cellulose surfaces (Papers I-II) and CNFs (Papers III-VI). 

The pulp had a hemicellulose content of 4-5 % and a residual lignin content of 0-1 

%, based on the dry weight.20 

The pulp was oxidized by carboxymethylation,20 TEMPO-mediated 

oxidation,18, 49 or phosphorylation19 to reach charge densities between 0.35 and 

1.3 mmol/g. TEMPO-oxidation at pH 10 leads to residual aldehydes that were 

removed by a post-reduction with sodium borohydride. Details are given in 

Papers II and IV-VI.  

3.1.2. Nanocelluloses 

 CNCs were kindly provided by Professor Derek Gray from McGill 

University, Montreal, Canada. They were derived from the hydrolysis of 

cotton with sulphuric acid and had a sulphur content of 0.6% which is 

consistent with a charge density of 0.2 mmol/g.50, 51 Details are given in 

Paper I. 

 

 Carboxymethylated CNFs (CM-CNFs) were provided by Innventia AB 

(now RISE Bioeconomy) in the form of a 2 wt% gel. The gel had been 

prepared according to established procedures from the dissolving pulp.20 

The charge density was 0.6 mmol/g. Details are given in Papers III-VI. 

 

 TEMPO-oxidized CNFs (TO-CNFs) were prepared by oxidation of the 

dissolving pulp using the protocols developed by Saito et al. under either 

neutral49 or alkaline18 conditions. The charge densities were between 0.6 

and 1.2 mmol/g. Details are given in Papers V-VI. 
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 Phosphorylated CNFs (P-CNFs) were prepared from the dissolving pulp 

using the procedure developed by Ghanadpour et al.19 The charge density 

was 1.3 mmol/g. Note that phosphate esters are divalent. Details are given 

in Paper VI. 

 

CNFs were liberated from fibres in 1-2 wt% suspension using high-pressure 

homogenisation (Microfluidizer M-110EH, Microfluidics Corp., USA) by one pass 

through two larger chambers in series (400 and 200 µm) followed by four passes 

through two smaller chambers in series (200 and 100 µm). The typical thickness 

distribution of CM-CNFs and an AFM image of the fibrils are shown in Figure 4a 

and in 4b the properties of the different CNFs. All the CNFs had an average 

diameter of the order of 3 nm.  

 

Figure 4 a) thickness distribution of CM-CNFs and the AFM image of the fibrils (inset). 
b) illustrations of different types of CNFs (not to scale) and their properties. 

3.1.3. Silica surfaces 

Silicon wafers (boron-doped, p-type, 610-640 µm thickness) were purchased from 

MEMC Electronic Materials SpA, Novara, Italy (double-side polished), or Addison 

Engineering Inc. San Jose, CA, US (single-side polished). The wafers were cleaned 

in ethanol and water, dried, and oxidized at 1000 °C to produce an oxide layer 

(silica). The oxide layer was activated to introduce negative charges by 30 s 

immersion in 10 wt% NaOH. The wafers were further cleaned in oxygen plasma 

(PCD 002, Harrick Scientific Corp., Ossining, NY, US) for two minutes. Details in 

are given Papers I-III.  
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QCM-D sensor crystals with a silica coating (QSX303) were purchased from 

Biolin Scoentific, Västra Frölunda, Sweden. The crystals were cleaned in ethanol 

and water followed by oxygen plasma for two minutes. Details are given in Papers 

I-IV.  

3.1.4. Xyloglucan 

Xyloglucan from tamarind seed was purchased from Innovassynth Technologies 

Ltd., India. The xyloglucan was enzymatically hydrolysed into fractions of high 

molecular weight (XGHMW, Mw = 2060 kDa and Mn = 449 kDa) and low molecular 

weight (XGLMW, a Mw = 93 kDa and a Mn = 55 kDa).52 Details are given in Paper I. 

3.1.5. Alginate 

High viscosity sodium alginate was purchased from Alfa Aesar, Karlsruhe, 

Germany. The alginate was dissolved in Milli-Q water and filtered through a 5 µm 

syringe filter to remove aggregates. The relative molecular weight was a Mw of 

1209 kDa and a Mn of 645 kDa, the G content was 41 %, and the GG-block content 

was 27 %.53 Details are given in Paper IV. 

3.1.6. Polyelectrolytes 

Poly(diallyldimethylammonium chloride) (PDADMAC) and poly(styrene 

sulfonate) (PSS) with molecular weights of 400-500 and 70 kDa respectively were 

purchased from Sigma Aldrich. Solutions with concentrations of 25 mg/L or 0.1 

g/L were prepared with background NaCl concentrations of 0, 10, and 500 mM at 

pH 7.54  Details are given in Paper II.  

3.1.7. Tailor-made latex particles 

Tailor-made latex particles with a corona of poly(N-[3-(dimethylamino)propyl] 

methacrylamide) (PDMAPMA) and cores of poly(methyl methacrylate) (PMMA) 

and poly(butyl acrylate) (PBA) or a copolymer thereof P(BA-co-MMA), were 

synthesised using reversible addition-fragmentation chain transfer (RAFT) 

combined with polymerisation-induced self-assembly (PISA) (Figure 5).55 

Details are given in Paper III regarding the synthesis and characterization.  
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Figure 5 Schematic description of the combination of RAFT and PISA to synthesize 
latex nanoparticles. 

3.1.8. Montmorillonite clay 

Montmorillonite nanoparticles (MMT) are 2:1 phyllosilicate sheets of aluminium 

silicate with an exfoliated thickness of 1 nm and a diameter <1 µm. The negative 

charge of MMT is caused by isomorphic substitution of Al in the octahedral layer 

of the crystal structure.56 The particles were purchased from BYK Instruments in 

Germany with the product name Cloisite Na+. 

3.2. High-resolution characterization techniques 

The following section describes the high-resolution characterization techniques 

used to measure interactions and nanostructures in this work.  

3.2.1. Atomic force microscopy (AFM) 

AFM (MultiMode 8, Bruker, Santa Barbara, CA, USA) is a technique used to 

image surfaces or measure the force between a probe and a surface. The technique 

uses a piezoelectric crystal to control the movement of a surface in relation to a 

cantilever with a sharp tip (imaging) or a probe such as a micro-particle (force 

measurements/colloidal probe). Contact with a surface or the influence of a force 

makes the cantilever bend, and this bending is registered by a laser that is 

reflected on the top of the cantilever and into a detector. Details are given in 

Papers I-III.  

  

Imaging 

The bending of the cantilever is used to control a feedback loop to the 

piezoelectric crystal.  This feedback loop moves the surface up and down in order 

to keep a constant bending, and this movement is turned into a topographical 

image. AFM imaging was used to measure surface roughness (Papers I-II) or 

nanoparticle dimensions (Papers III-IV)  
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Force measurements 

The bending of the cantilever when approaching and separating from a surface is 

turned into a force using the spring constant of the cantilever. The PicoForce 

extension provides the sensitivity to measure very small forces. Force 

measurements with the colloidal probe technique were used to measure the 

double layer repulsion (Paper II) or the wet adhesion between modified surfaces 

(Paper III).   

3.2.2. Quartz crystal microbalance with dissipation monitoring 
(QCM-D) 

QCM-D (E4, Q-sense AB, Västra Frölunda, Sweden) is a sensitive gravimetric 

method based on the shift of the resonance frequency of a quartz crystal when its 

apparent mass changes, i.e. the resonance frequency decreases when the mass 

increases. The technique can therefore be used to measure the adsorption of 

molecules onto the surfaces of the crystal or onto any model surface that covers 

the crystal.  

The Sauerbrey relationship is the basic model used to convert the frequency 

shift (∆𝑓) into an adsorbed amount (𝛤):57 

 𝛤 𝐶
∆𝑓
𝑛

 (8) 

where n is the overtone number and C is the sensitivity constant of the crystal, 

which is 177 𝑚𝑔/𝑚  𝐻𝑧 in the case of silica-coated crystals. The assumption of 

this simple model is that the adsorbed film is rigid and has a low water content. 

Studies have however shown that the Sauerbrey relationship is comparable to 

viscoelastic models even in the case of a substantial water content.58, 59  

The energy dissipation of the crystal is measured by the decay in the amplitude 

of the oscillation when the driving voltage is turned off. A rigid film leads to a slow 

decay (low dissipation) while a more swollen film results in a fast decay due to 

friction and inertia (high dissipation). The dissipation constant (𝐷) can be derived 

from the decay time (𝜏), and is calculated according to:60  

 𝐷
1

𝜋𝑓𝜏
 (9) 

QCM-D was used to measure the adsorption of polymers or particles onto 

cellulose surfaces or silica (Papers I-IV). 
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3.2.3. Stagnation point adsorption reflectometry (SPAR) 

SPAR (Colloidal Science, Wageningen University, The Netherlands) is an optical 

technique where the change in refractive index at an interface due to the 

adsorption of molecules is measured. The sample is injected perpendicular to the 

sensor surface so that a cone of stationary liquid (stagnation point) leads to 

diffusions limited mass transport towards the surface. A polarized laser beam 

with an angle of incidence of 70° is reflected in the stagnation point on the 

surface, and the reflected light is separated into parallel (𝑅 ) and perpendicular 

(𝑅 ) components which are detected by photodiodes. The signal (𝑆) is the ratio of 

the components according to:61 

 𝑆 𝑓
𝑅
𝑅

 (10) 

where f is a constant of the hardware. 

The amount adsorbed (𝛤) is calculated according to: 

 𝛤 𝐴
∆𝑆
𝑆

 (11) 

where ∆𝑆 is the change in the signal due to adsorption, 𝑆  is the baseline signal, 

and 𝐴  is the sensitivity factor which is determined by a layered optical model 

using the “Prof. Huygens” software (Dullware, the Netherland). The sensitivity 

depends on the optical properties of previous layers and the refractive index 

increment (𝑑𝑛/𝑑𝑐) of the adsorbing molecule. SPAR was used to measure the 

adsorption of polymers onto cellulose or silica surfaces (Papers I-II). 

3.2.4. Surface plasmon resonance (SPR) 

SPR is an extremely sensitive optical technique used to measure adsorption at 

interfaces. The technique uses the total internal reflection of a laser beam at a 

glass-liquid interface. A thin metal film, typically gold, is placed at this interface 

and the energy in the evanescent field of the reflected light is adsorbed to excite 

plasmons along the surface of the gold film. A plasmon is a non-radiative 

electromagnetic wave (oscillation of electrons) and its formation with this setup is 

sensitive to the combination of refractive index at the metal-liquid interface and 

the angle of incidence of the laser beam. This means that the change of refractive 

index at the interface due to adsorption of molecules is associated with a change 

in the angle at which a plasmons is excited.62 

The intensity of the reflected light is measured for different angles of incidence 

and is reduced at the angle where energy is absorbed to excite plasmons. This 
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information is used to calculate the refractive index change at the interface during 

adsorption using an optical model. The adsorbed amount (𝛤) is subsequently 

determined using the 𝑑𝑛/𝑑𝑐 of the adsorbing molecule. SPR was used to measure 

the adsorption of XG onto cellulose at different temperatures (Paper I). 

3.2.5. Other techniques 

Fourier-transformed infrared spectroscopy (FTIR) was used investigate the 

molecular configuration of modified cellulose samples or cellulose samples with 

different counter-ions. Nuclear magnetic resonance spectroscopy (NMR) was 

used to study the structures of molecules and polymers. Dynamic light scattering 

(DLS) was used to measure the hydrodynamic dimensions of polymers and 

particles in aqueous dispersion. Size exclusion chromatography (SEC) or gel 

permeation chromatography (GPC) was used to estimate the molecular weight of 

polymers. Scanning electron microscopy (SEM) was used to image latex particles. 

Differential scanning calorimetry (DSC) was used to determine the Tg of the core 

of latex particles.  

3.3. Methods 

This section briefly describes the most frequently used methods. Details are found 

in the appended papers.  

3.3.1. Cellulose model surfaces 

Cellulose model surfaces were used to investigate the interaction between 

xyloglucan and cellulose (Paper I) or between cationic and anionic 

polyelectrolytes or latex particles and cellulose (Papers II-IV).  

 

 Crystalline cellulose model surfaces (cellulose I) were prepared by spin-

coating cellulose nanocrystal dispersions (1 wt%) onto polyvinylamine 

(PVAm)-treated silica wafers or QCM-D crystals (0.1 g/L, pH 7.5, 15 

min).63 Details are given in Paper I. 

 

 Semi-crystalline cellulose model surfaces (cellulose II) were prepared by 

spin-coating a 0.5 wt% solution of cellulose dissolved in a mixture of N-

methylmorpholine-N-oxide (NMMO) and dimethylsulfoxide (DMSO) at 

125 °C, onto PVAm-treated silica wafers or QCM-D crystals.64, 65 The 

cellulose was precipitated by immersion in Milli-Q water. Details are 

given in Papers I-II. 
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 Unordered (amorphous) cellulose model surfaces were prepared by spin-

coating a 0.5 wt% solution of cellulose dissolved in lithium chloride/N,N-

dimethylacetamide (DMAc) onto PVAm-treated silica wafers or QCM-D 

crystals.66, 67 The cellulose was precipitated by immersion in Milli-Q 

water. Details are given in Paper I.  

 

 Cellulose nanofibril model surfaces were prepared by in-situ adsorption of 

a bilayer of polyethylenimine (PEI) and the fibrils (QCM-D). Details are 

given in Papers III-IV.  

 

3.3.2. Adsorption studies 

Adsorption studies with QCM-D, SPAR, and SPR were performed to investigate 

the interaction between xyloglucan and cellulose (Paper I) and between cationic 

and anionic polyelectrolytes or latex particles and cellulose or silica (Papers II-

IV). Typical concentrations and flow rates were: 0.1 g/L and 0.15 mL/min for 

QCM-D, 25 mg/L and 1 mL/min for SPAR, and 50 mg/mL and 0.1 mL/min for 

SPR.  

3.3.3. Cellulose nanofibril films 

Cellulose nanofibril films were prepared by vacuum filtration of 0.1-0.2 wt% 

dispersions (400 mg solid material) using a microfiltration assembly and 

Durapore hydrophilic PVDF membranes with a diameter of 8 cm and a pore size 

of 0.65 or 0.1 µm. The filter cakes were dried in a Rapid-Köthen sheet dryer 

(Paper Testing Instruments, Austria) at 93 °C and a reduced pressure of 95 kPa 

for 20 min. The films were treated with different ions and the equilibrium 

swelling or the wet tensile properties were measured. The process is illustrated in 

Figure 6.68 Details are given in Paper IV-VI. 
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Figure 6 Illustration showing the method used to prepare CNF and composite films.68  

3.3.4. Degree of swelling 

The degree of swelling of model surfaces or cellulose nanofibril films was 

determined as the ratio of the thickness change after swelling to the dry thickness. 

The degree of swelling was used to describe the morphology of cellulose model 

surfaces (Papers I-II) or to describe interactions in cellulose nanofibril films 

(Papers IV-VI). Details are given in Papers IV and V 

3.3.5. Mechanical properties 

An Instron 5944 instrument was used to measure the mechanical properties of 

films prepared from cellulose nanofibrils (nanopapers), in the wet or dry states, 

i.e. 50 % relative humidity. Specimen sizes of 2.5-3 mm by 50 mm, a gauge length 

of 20 mm, and a strain rate of 2 mm/min were used for all measurements. Details 

are given in Paper IV.  
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4. Results and discussion 

4.1. Modifying cellulose surfaces 

Cellulose surfaces have traditionally been modified to increase the strength of 

cellulose-based products,69, 70 but they can also be modified to add functionality to 

cellulose materials to make them antibacterial71 or useful as energy storage 

devices72. It is therefore crucial to develop a broad toolbox for cellulose 

modification in order for cellulose-based materials to compete with common 

plastics or be adapted to a digital and renewable society. Detailed studies on 

interactions between cellulose and other components, using high-resolution 

characterization techniques, require well-defined cellulose model surfaces.  

4.1.1. Cellulose model surfaces 

Cellulose model surfaces were prepared and characterized in order to investigate 

interactions between cellulose and other components using the high-resolution 

characterization techniques QCM-D, SPAR and SPR. 

Figure 7 shows AFM images of cellulose model surfaces prepared on PVAm 

treated silica surfaces using CNC (crystalline), regeneration from NMMO (semi-

crystalline), and regeneration from DMAc/LiCl (amorphous). Table 1 shows that 

these films have a thickness of tens of nanometres, that they are smooth, that the 

crystallinity differs significantly, and that they have different specific surface 

areas, here represented by their uptake of water. NMMO-regenerated surfaces 

were also prepared on gold-coated SPR sensors using a slightly different approach 

which resulted in rougher surfaces (10 nm).52  
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Figure 7 AFM tapping mode images of smooth cellulose model surfaces.52 Height (top) 
and phase (bottom). 

Table 1 Properties of the cellulose model surfaces.52 

Cellulose type Dry thicknessa 
(nm) 

Roughnessa  
RMS [1 µm2] (nm) 

Crystallinityb 
(%) 

water
c 

(mg/m2) 

CNC 20 ± 3 2.3 85.1 19 

NMMO-regenerated 15 ± 4 4.4 60.0 13 

Amorphous 40 ± 5 6.6 14.8 62 
a Determined by AFM and scratch-height analysis. b From Aulin et al.65 c Determined by QCM-D. 

NMMO-regenerated surfaces with different charge densities were prepared 

from pulp oxidized to different degrees by TEMPO-mediated oxidation18, 49 or 

carboxymethylation20. Since highly oxidized pulps were sensitive to dissolution in 

NMMO at 125 °C, which resulted in a browning of the solutions, roto-evaporation  

at 90 °C was instead used to dissolve the cellulose.54  

The model surfaces had a thickness of 17-24 nm in the dry state and 43-55 nm 

in 10 mM NaCl solutions. The dry roughness was 3.5-5.4, the wet roughness was 

7-12 nm, and the highly charged surfaces were smoother.   

Force measurements using AFM with the colloidal probe technique were used 

to characterize these surfaces in terms of surface potential and wet-mechanical 

properties. Force curves were measured at different salt concentrations and the 

data were fitted with the DLVO theory to estimate the surface potential in 

accordance with Equations 6-7. Figure 8a shows that the surface potential of the 

model surface was proportional to the charge density of the oxidized pulp, except 

in the case of the 1200 µmol/g pulp. These measurements are in accordance with 

theoretical estimates for nanocellulose.73 
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Figure 8b shows similar trends in the wet DMT modulus and the deformation 

upon contact with the tip of the cantilever in AFM. The charge of the cellulose 

probably limits the re-crystallization during regeneration and leads to a softer 

film in water due to the osmotic-pressure-induced swelling.  

The reason for the exception of the 1200 film is probably that highly charged 

and low DP cellulose segments are dissolved in water during the regeneration 

instead of being confined inside the film. It has been shown that a high degree of 

oxidation reduces the DP of cellulose, and this would facilitate dissolution.49, 74, 75 

Free cellulose chains have, for example, been observed in nanofibril dispersions.76 

The oxidation is uneven and located at the surface of the fibrils and the most  

highly charged fraction probably reaches the solubility threshold of 2500-5000 

µmol/g which depends on the DP of the oxidized cellulose.77 Using the AFM data, 

it was estimated that the charge density of the surfaces prepared from the 1200 

µmol/g pulp was 600 µmol/g.  

 

Figure 8 AFM force measurement data showing a) surface potential of cellulose model 
surfaces prepared from pulps with different charge densities, and b) the relative 
modulus based on the DMT (after Derjaguin, Muller and Toporov) contact 
mechanics model, and the deformation of the surfaces in 10 mM NaCl 
solutions.54 Both asymmetric and symmetric models were used in a), the 
symmetric being the most accurate. Note that the scale of the left-hand 
ordinate in b) is logarithmic. The error bars are 95% confidence intervals. 

4.1.2. Adsorption of xyloglucan onto cellulose surfaces of different 
morphologies 

Xyloglucan (XG) can be adsorbed onto a cellulose surface to improve the 

properties of fibre-based products or to add functionality by acting as a link 

between cellulose and functional molecules.70, 78 The general belief has been that 

the interaction between XG and cellulose is driven by hydrogen bonding and van 

der Waals forces,16, 79 but recent calorimetric titrations and simulations indicate 
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that the interaction is endothermic and that van der Waals forces play a 

predominant role.80, 81, 82 This and the competition with water makes hydrogen 

bonding questionable as the driving force. We therefore investigated the 

interaction between XG and cellulose using well-defined cellulose model surfaces 

and high-resolution characterization techniques, to clarify whether the adsorption 

is driven by a change in enthalpy or by a change in entropy. With this approach 

we were also able to study the influence of the morphology of the cellulose 

substrate on the adsorption of XG. 

NMMO-regenerated cellulose model surfaces in combination with SPR were 

used to investigate the adsorption of XG at different temperatures, and the 

adsorbed amount increased with increasing temperature between 24 and 40 °C. 

Figure 9 shows a van’t Hoff-type plot which relates the equilibrium constant (K) 

to the reciprocal of the absolute temperature according to: 

 𝑙𝑛𝐾 𝐻 𝑅𝑇⁄ 𝑆 𝑅⁄  (12) 

where 𝐻 and 𝑆 are the enthalpy and entropy changes. The negative slope 

indicates a positive enthalpy change and thus an endothermic interaction, in 

which hydrogen bonding is an improbable driving force. A positive y-intercept is 

consistent with an increase in entropy of the system, which means that the 

reduction in entropy when XG is adsorbed must be compensated for by another 

part of the system. The most probable explanation is, as mentioned in the 

background, that confined water molecules are released to increase the entropy of 

the system when the total surface area of cellulose and XG is reduced. This 

mechanism is similar to the adsorption mechanism of polyelectrolytes onto 

charged surfaces, which is driven by the entropy of released counter-ions.27, 28 The 

similarities between XG and cellulose suggest that this mechanism is also the 

driving force for cellulose association in water.29, 30  
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Figure 9 Van’t Hoff-type plot of the natural logarithm of the film thickness of the 
adsorbed XGHMW as a function of the reciprocal of the temperature during the 
adsorption.52 A negative slope indicates an endothermic interaction (∆𝐻 0) 
and a positive y-intercept indicates an increase in entropy of the system (∆𝑆
0). 

The influence of the morphology of the cellulose substrate on the adsorption was 

investigated using QCM-D and SPAR. Figure 10 shows the adsorption of high 

molecular weight xyloglucan (XGHMW) onto cellulose model surfaces. QCM-D 

measures the adsorbed XG and associated water, whereas SPAR measures only 

the adsorbed XG, which is the reason why the adsorption in SPAR appears to be 

lower onto all surfaces. The relative adsorption also differs between the methods, 

and this leads to the suggestion that XG films contain more water when they are 

adsorbed onto CNC and NMMO-regenerated surfaces. 

 

Figure 10 Adsorption of XGHMW onto cellulose model surfaces measured by a) QCM-D 
and b) SPAR.52 

Figure 11a shows the relationship between the thickness of the cellulose films 

and the amount of adsorbed XG, which suggests that XG penetrates to some 
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degree into the cellulose films. The adsorption was therefore normalized with 

respect to the thickness of the cellulose films.   

Figure 11b shows that there is a strong relationship between the normalized 

adsorption and the swelling of the cellulose films, which further emphasises the 

importance of water. A greater swelling is consistent with a larger specific surface 

area that interacts with water and in a second step with XG, in order to exchange 

the confined water with something thermodynamically more favourable. It is 

plausible that the apparently lower adsorption onto amorphous model surfaces in 

QCM-D than in SPAR is associated with a significantly higher release of water 

from the swollen cellulose film upon XG adsorption.  

 

 

Figure 11 a) relationship between the adsorbed amount of XG determined by SPAR and 
the thickness of the cellulose model surface. b) relationship between the 
normalized adsorption of XG and the swelling of the cellulose model surface.52 

In order to better understand the data in Figure 10 and Figure 11, the 

effective hydrodynamic thickness of the adsorbed XG layer (𝑑 ) was used to 

evaluate the structure of XG in the adsorbed state. The specific thickness can be 

calculated using the amounts adsorbed ( QCM and SPAR) and the assumed density 

of XG (1500 kg/m3) according to:83 

 𝑑  QCM/𝜌  QCM ρXG⁄ .SPAR QCM⁄ ρwater. 1-SPAR QCM⁄  (13) 

where 𝜌  is the effective density of the adsorbed XG layer. The specific volume 

of adsorbed XG is calculated by normalizing the effective thickness with respect to 

the amount adsorbed in the SPAR data.  

The dissipation changes in QCM-D provide information about the viscoelastic 

properties of the adsorbed layers, and a representation similar to the specific 

volume is therefore the change in dissipation for each mg of adsorbed XG. 
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Figure 12 shows the specific volume of the adsorbed XG and the normalized 

dissipation for the different combinations, including data for a low molecular 

weight xyloglucan (XGLMW) adsorbed onto CNC and NMMO-regenerated surfaces. 

Two combinations differ from the others: (1) XGHMW on NMMO-regenerated and 

(2) XGHMW on amorphous cellulose model surfaces. The combination of 

crystalline and amorphous regions probably makes the NMMO-regenerated 

surface denser than the others, which is suggested by the comparatively low 

swelling. As a consequence, XG is adsorbed predominantly on top of the NMMO-

regenerated surface with only a slight penetration, and XG chains extend into the 

solution with a high specific volume and high viscoelasticity. XGLMW can however 

penetrate to a greater extent resulting in a lower specific volume.  

The high specific surface area and the high degree of swelling of amorphous 

surfaces probably lead to penetration, so that XG is adsorbed in a three-

dimensional and compact configuration inside the film with contacts to cellulose 

in multiple directions. This would explain the apparently lower adsorption in 

QCM-D than in SPAR, since XG replace water and makes the cellulose surface 

denser.   

 

Figure 12 Properties of XG adsorbed onto different surfaces showing (red/patterned) the 
specific volume of XG and (blue) the dissipation change in QCM-D normalized 
with respect to the SPAR data.52 (1) and (2) are the deviating combinations. 

4.1.3. Formation of polyelectrolyte multilayers on differently 
charged cellulose surfaces 

Polyelectrolyte multilayers (PEMs) are another common method of modifying 

anionic cellulose surfaces. PEMs have been used to create strong fibre-based 

products or to add functionality such as energy storage capacity.69, 72 There is 

plenty of accumulated knowledge on how the charge density of the polyelectrolyte 
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and the background salt concentration influences the multilayer build-up,84 but 

little is known about how the charge density of the substrate influences the PEM 

assembly. This is probably due to the difficulty of preparing well-defined surfaces 

with different charge densities. Oxidized cellulose and NMMO-regenerated model 

surfaces make it possible to investigate this, and we therefore studied how the 

charge density of the cellulose surface and the background salt concentration 

could be used to tune the assemblies. 

Figure 13 shows QCM-D data for the assembly of multilayers of PDADMAC 

and PSS onto a cellulose surface with a charge density of 350 µmol/g. The 

apparent mass decreases during the adsorption of PDADMAC, which indicates 

that the release of counter-ions from the cellulose film results in a deswelling of 

the surface. Since QCM-D measures changes in mass including water, limited 

information can be acquired from QCM-D data for charged surfaces that can 

deswell. This behaviour is similar to that proposed for the adsorption of XG onto 

amorphous cellulose.   

 

Figure 13 QCM-D data showing the normalized frequency of the third overtone (solid line) 
and the dissipation change (dotted line) of six bilayers of PDADMAC (grey 
areas) and PSS (white areas) onto a NMMO-regenerated cellulose surface 
with a charge density of 350 µmol/g. The polyelectrolyte concentration was 0.1 
g/L and the background concentration of NaCl was 10 mM. Sequence:10 min 
adsorption 5 min rinse.54 

SPAR measurements are therefore highly valuable for these films. Figure 14a-

c show the SPAR raw-data for different background salt concentrations, and 

Figure 14d-f show the adsorbed amounts calculated by optical models in the 

“Prof. Huygens” software. The adsorption in the first layer of PDADMAC was 

proportional to the charge density of the cellulose film with a low background salt 

concentration (0-10 mM). The only difference was that 10 mM salt reduced the 

time to reach saturation, probably due to the increased flexibility of the 
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polyelectrolyte chain and the reduced repulsion in the formed layer. The first 

PDADMAC layer was able to compensate for all the charges in the cellulose films, 

and the charge compensation for the surface prepared from a 1200 µmol/g pulp is 

consistent with the estimated charge density of 600 µmol/g.54  

A background salt concentration of 10 mM NaCl leads to an increased 

adsorption in layers 2-4, except for the 20 µmol/g surface. The probable 

explanation is that the 10 mM salt results in a PDADMAC 1 layer with more loops 

and tails extending into the solvent so that there is more overcompensation. The 

PSS 1 layer then adsorbs onto a three-dimensional matrix instead of onto a 

compact two-dimensional surface, which results in less internal repulsion in the 

bilayer.  

There is an apparent threshold, somewhere between cellulose charge densities 

of 20 and 350 µmol/g, where the surface charge is more or less irrelevant for the 

multilayer formation in 10 mM NaCl, except for the adsorption in the first layer. 

However, the similarities in the relative amounts adsorbed in the PDADMAC 1 

and PDADMAC 2 layers, suggests that the surface influences at least the first two 

bilayers,  which is in accordance with previous suggestions.84, 85 

A background salt concentration of 500 mM NaCl reduces the entropic driving 

force and the Debye length. Charged groups inside the films are therefore 

inaccessible to the adsorbing PDADMAC. The low but significant adsorption at 

500 mM NaCl, regardless of the surface charge, suggests that there is a small 

‘nonelectrostatic’ contribution to the interaction, maybe related to the entropy of 

water as in the case of XG. 

The deswelling of the 350 µmol/g surface during the adsorption of the first 

layer of PDADMAC was calculated using a combination of QCM-D (Figure 13) 

and SPAR data (Figure 14). The mass loss in QCM-D was estimated to be 3.8 

mg/m2 by the Sauerbrey relationship.57 This amount is the difference between 

released water and the adsorbed PDADMAC, so that the total released water is 3.8 

+ 2.2 = 6 mg/m2.  This is roughly 20 % of the water content in the cellulose film, 

and this means that highly charged cellulose films collapse during the adsorption 

of cationic polyelectrolytes. Similar results have been observed by others.85, 86, 87, 

88  
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Figure 14 SPAR data showing a)-c) the raw data and d)-f) the adsorbed amount 
calculated using an optical model and “Prof. Huygens” software.54 

4.1.4. Adsorption of tailor-made latexes onto cellulose surfaces 

XG has been used in the corona of PMMA latex particles prepared by RAFT-

mediated surfactant-free emulsion polymerization.89 This is a biomimetic 

approach to supply water-insoluble polymers to cellulose surfaces in water-based 

systems, with the aim for example to change the mechanical properties of fibre 

joints. A similar approach has been applied with a cationic polyelectrolyte corona 

of poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA).90 

We continued this work using a cationic corona of PDMAPMA and cores of 

PBA, PMMA, or co-polymerization P(BA-co-MMA) in order to tune the glass 

transition temperature (Tg) of the core. The hypothesis was that latexes with 

different Tg in the core could be used to tailor the adhesion between cellulose 
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surfaces covered by the particles. Specific details regarding the synthesis of these 

particles are outside the scope of this thesis and are found in Paper III.55  

Table 2 shows that particles with a core of PMMA, P(BA-co-MMA), or PBA 

had a diameter of 70-200 nm with low dispersity and were stabilized by a corona 

with a significant positive charge. More importantly, the Tg was 120, 3 and -40 °C, 

which was one of the main goals with these particles. The discrepancy between 

the molecular weight of the core from theoretical calculations and that from SEC 

measurements is probably due to the difficulty in finding a good solvent for the 

combination of a hydrophilic block (PDMAPMA) and a hydrophobic block 

(PMMA/PBA). The block copolymers also behave significantly differently in SEC 

than the PMMA reference, which leads to an overestimation of the molecular 

weight. 

Table 2 Properties of the tailor-made latex particles.55 

 
Mn

 a 
(kDa) 

Mn
 b 

(kDa) 
Đ 

 
PdI c 

 
DH

 c 
(nm) 

DTEM d 
(nm) 

Tg e 
(°C) 

Charge f 
(µmol/g) 

PMMA 39 260 1.5 0.01 215 180 ± 10 120 54 

P(BA-co-MMA) 37 217 1.6 0.01 124 130 ± 15 3 140 

PBA 42 240 1.5 0.03 76 70 ± 20 -40 130 

a Estimation of molar mass from experimental determined conversions (86 %, 73 % and 79 % for PMMA, 

P(BA-co-MMA) and PBA, respectively) and added macroRAFT agent. b Molar mass from DMF-SEC 

using PMMA standards. c Polydispersity index (PdI) and hydrodynamic diameter (DH) (Z-average) from 

DLS measurements in 10 mM KCl prior to work-up. d Average diameter of 10 particles in cryo-TEM. e Tg 

from DSC. f Charge density measurement in Milli-Q water using polyelectrolyte titration. 

During our first attempts to adsorb these particles to silica surfaces, we noticed 

that the surface coverage was much less than the expected 50 to 60%.91 We 

realized that this was due to that the conversion of the RAFT agent (PDMAPMA) 

into particle-forming block copolymers was below 100%, and that the final 

particle dispersions therefore contained free RAFT agent. The small RAFT agent 

molecules diffuse faster than the particles and saturate the surface before the 

large nanoparticles arrive. Even at a hypothetical conversion of 99 %, the number-

concentration ratio between particle and RAFT agent can be of the order of 1:1, 

since each particle consists of many RAFT agents. A clean-up protocol involving 

three washing cycles using centrifugation and re-dispersion solved the problem. 

Figure 15 shows the adsorption of the different particles onto charged 

cellulose model surfaces prepared by in-situ adsorption of PEI and CM-CNFs. The 

adsorption of the larger PMMA particles was slower but resulted in a greater 

adsorbed mass, which is in accordance with theoretical predictions.91 Adsorption 
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of the PMMA particles also resulted in a significantly greater change in 

dissipation, which is probably related to their size and rigidity. These features lead 

to a high inertia and a low contact area per volume, and the kinetic energy of 

these particles dissipates the oscillatory energy of the quartz crystal.     

 

Figure 15 QCM-D data showing a) the frequency shift and b) the dissipation change 
during the adsorption of I) PMMATg 120, II) P(BA-co-MMA)Tg 3, and III) PBATg -40 
onto cellulose model surfaces prepared by in-situ adsorption of a bilayer of PEI 
and CM-CNF.55 

Figure 16 presents SEM images of the particles adsorbed onto filter papers, 

showing that PMMA particles retain their spherical shape whereas the other 

particles coalesce into smooth films that covers the fibres. A Tg below ambient 

temperature makes the core soft and particles collapse on the surface and merge 

into a more uniform film, which is also an explanation of to the different 

dissipation changes in QCM-D. 

The insets in Figure 16 show that the P(BA-co-MMA) and PBA particles form 

hydrophobic films that lead to filter papers with contact angles with water of 

above 90°, whereas PMMA particles had to be heated to 160 °C in order to 

coalesce into a hydrophobic film.55 

The arrow in Figure 16c emphasizes polymer strings that span a gap of 

several microns between two fibres. This suggests that these particles lead to 

adhesive contacts that are stretchable and ductile, and we therefore investigated 

the adhesion between surfaces modified by the particles.  
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Figure 16 SEM images showing a) PMMATg 120, b) P(BA-co-MMA)Tg 3, and PBATg -40 
adsorbed onto Munktell filter papers grade 3.55 The insets show drops of water 
on of the modified filter papers. The arrow in c) points at stringing of polymer 
films between the surfaces.    

4.1.5. Wet adhesion between silica surfaces modified by tailor-
made latexes 

Adhesion is difficult to measure in moist air due to the formation of a capillary 

neck between the probe and the surface. AFM force measurements using the 

colloidal probe technique were therefore made in water, where the contact 

between the polyelectrolyte corona and cellulose is dynamic and reversible, 

whereas the link is a salt in the dry state. As a consequence, the wet adhesion is 

not directly translatable to dry adhesion, even though the core should behave in a 

similar manner in both states. 

Figure 17 shows AFM force curves and images of the latex-treated silica 

surfaces. Interestingly, P(BA-co-MMA) did not coalesce on a silica surface as it 

did on a filter papers (Figure 17e), which suggests that the surface chemistry or 

the roughness of the fibres allowed these particles to form a more continuous 

film. PBA particles formed rather smooth films on silica but with remaining small 

spherical objects (Figure 17f) that are perhaps inverted micellar structures 

formed to minimize the surface energy when the core is exposed to air.  

Figure 17a-c show force curves between silica surfaces treated with the 

different particles. The rigidity and loose attachment of PMMA particles to silica 

lead to an uneven repulsion on approach, i.e. where particles are shuffled around 

on the surfaces, and weak adhesion on separation. P(BA-co-MMA) particles led to 

repulsion from a continuous compression of the particles on approach, probably 

into a film, which resulted in strong and long-range wet adhesion. A similar 

behaviour was observed in the case of PBA particles, but with a slightly lower pull-

off force and instead with contact maintained at larger separation. A contact at a  

separation of up to 2 µm is consistent with stringing, which was also visually 
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observable and indicated by the arrow in Figure 16c. Stringing is a typical 

behaviour of elastic polymers between rigid surfaces. The three-dimensional bulk 

stress is released by the formation of cavities in the polymer film, which turn into 

strings at larger separations.92  

The long-range jump into contact on approach (150 nm) in the case of PBA 

particles shows that there is a strong drive to form contact in water. It has been 

suggested that this long-range attraction between hydrophobic surfaces in water 

is due to a variety of mechanisms.93 However, the mechanism that has received 

most attention is related to the nucleation of nanobubbles at the surface. At a 

critical separation, typically above 100 nm, these nanobubbles can coalesce, 

leading to an attractive capillary force. These force curves typically have a 

stepwise attraction when nanobubbles of different sizes gradually merge,93 and 

this we have observed in the approach curve in the case of PBA particles (inset 

Figure 17c). The capillary force probably also affects the adhesion. 

 

Figure 17 AFM force measurement between a silica surface and a silica particle (10 µm) 
covered by latex particles by adsorption in 10 mM NaCl, and AFM images of 
the coated silica surfaces used for the measument. a) and d) PMMATg 120, b) 
and e) P(BA-co-MMA)Tg 3, and c) and f) PBATg -40.i) are approach curves, ii) are 
separation curves without delay, and iii) separation curves with 120s surface 
delay, where multiple curves show variations in the appearance of the force 
curves. The inset in c) is the approach curve in detail.55  

Figure 18 shows the resulting pull-off force (peak value) and work of adhesion 

(area between the force curve and the baseline) using a soft and a stiff cantilever. 

The pull-off force and work of adhesion increased after 120 second in contact 



Results and discussion | 39 
 

which suggests that the polymer chains require time to inter-diffuse in order to 

maximize the adhesion. This seem to be most important in the case of P(BA-co-

MMA) particles where chain mobility allows inter-diffusion to occur with time 

and pressure, but the relaxation is slow enough to be a strong adhesive at fast 

separation.94 The adhesion between PBA-treated surfaces was less influenced by 

the stiffness of  the cantilever, which indicates that the relaxation is fast and that 

the adhesion is not pressure sensitive as in the case of P(BA-co-MMA).  

The pull-off force approaches that of layer-by-layer assemblies of tri-block 

copolymers with similar chemistry that reached 180 mN/m without surface 

delay.95 The work of adhesion is however significantly higher than that of the tri-

block copolymers and even surpasses the ductility of PEMs of hyaluronic acid and 

poly(allylamine hydrochloride) that had a value of 0.03 pJ.96 To put this into 

perspective, the work of adhesion between collagen fibres in the bone matrix is 

around 0.005 pJ.97  All these measurement were made in the wet state.    

 

Figure 18 AFM force measurement data showing a) the force and b) the work required to 
separate the surfaces.55 The error bars are 95% confidence intervals (n = 40-
50 for no surface delay and n = 7-13 for 120s surface delay). Stiff cantilever: k 
= 9.5-11.7 N/m and soft cantilever: k = 1.2-1.33 N/m.  

4.2. Water-resilient and hygroplastic cellulose nanofibril 
films 

4.2.1. The challenge of modifying nano-scale surfaces 

The ratio of the surface area to the bulk volume is drastically increased with nano-

sized building blocks. It is therefore intuitive that surface modification on a nano-

scale has a greater impact on the properties of materials made from nano-sized 

objects. XG and PEMs can with ease be used to modify macroscopic cellulose 

surfaces, fibres, or aerogels, but for nanocellulose there are several challenges.  
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Figure 19 shows the mixture of carboxymethylated CNFs (CM-CNFs) with 

PDADMAC, which is opaque due to the aggregation of fibrils, or with alginate, 

which is just as transparent and colloidally stable as the reference. This 

demonstrates that the most challenging aspect of the modification of 

nanoparticles is to maintain the colloidal stability of the dispersion. The bridging 

action of polymers frequently leads to aggregation or flocculation and there are 

few successful attempts to mix polyelectrolytes and nanoparticles of opposite 

charge have been reported in the literature. Aggregation or flocculation would 

lead to poor quality of the material.  

We tried several techniques to build PEMs on the surface of individual CNFs to 

be assembled into stretchable or water-resilient materials, but most of our careful 

attempts resulted in aggregation or flocculation, as in the case of PDADMAC in 

Figure 19. We therefore concluded that we had to look for another approach. 

The CNFs and the polymer/polyelectrolyte should preferably be non-interacting 

when the material is assembled by for example having the same charge, as in the 

case of alginate in Figure 19. A post-treatment, such as calcium ions for alginate, 

can then be used to induce interactions to change the properties of the already 

formed material. 

 

Figure 19  Visual appearance of 0.2 wt% dispersions: neat CM-CNF, CM-CNF with 10% 
alginate, and CM-CNF with 10% PDADMAC.68 Percentage of solids content. 

4.2.2. Double networks of cellulose nanofibrils and alginate 

Figure 20 shows the equilibrium swelling of CM-CNF films with or without the 

addition of alginate and post-treatment of the dry film in solutions of CaCl2. The 

swelling (relative to the dry thickness of 50-60 µm) was used as a quick screening 

to evaluate the water-resilience of the composite films. The equilibrium swelling 

of polyelectrolyte gels can be described by three contributing pressures according 

to Flory:98  
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 𝛱  𝛱 𝛱 0 (14) 

where 𝛱  is the pressure related to the thermodynamics of mixing the 

constituents of the gel with water, 𝛱  is the pressure from the network of the gel, 

and 𝛱  is the osmotic pressure generated by charged groups inside the gel.  

CM-CNF films swelled vertical to the plane up to 50 times their dry thickness, 

and this shows the strong interaction between cellulose and water (𝛱 ) as well 

as the swelling from the 0.6 mmol/g carboxylate groups with sodium counter-ions 

inside the film (𝛱 . The high charge density of alginate (ca. 5 mmol/g) 

increased the osmotic swelling even further.   

Alginate has the ability to form a strong polymer network in water when 

exposed to multivalent ions, and multivalent ions can therefore be used as a post-

treatment to change the properties in water of materials containing alginate. 

Treatment with Ca2+ drastically reduced the swelling down to 2.5 times in the 

presence of 10% alginate, and down to 4 times in the case of neat CNF films, 

which shows that Ca2+ also induces an interaction between CNFs.99, 100 Alginate 

films swelled only 1.3 times, which demonstrates the strength of alginate 

networks in water.  

 

Figure 20 Swelling of films with different combinations of CM-CNFs and alginate.68 The 
insets are pictures of the swollen films where the plane of the film is roughly 1 
cm by 1 cm. The film with 30% alginate is lying down while the others are held 
vertically by tweezers. 
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Films with a swelling less than roughly 7 times the dry thickness were strong 

enough for tensile testing under wet conditions. Figure 21a shows that wet Ca2+-

treated CNF films containing alginate were stronger in tension and more ductile 

than the Ca2+-treated neat CNF and neat alginate films. This synergetic effect, 

especially in the case of 10% alginate, is similar to that observed in polymeric 

double network hydrogels.101, 102 Double network hydrogels comprise a tight and 

brittle sacrificial network that dissipates energy (in our case the alginate), and a 

loose and long-range network that can transfer stress evenly in the network (in 

our case CNFs). This combination makes double network hydrogels exceptionally 

strong and ductile. 

A hot-pressed CNF film was used as a reference covalently crosslinked 

network. In this process, the film turned slightly yellow which is suggested to be 

due to esterification mediated by carboxylic acids to form covalent crosslinks.103 

The wet properties in Figure 21a show that this treatment (CNF Hot-pressed) 

prevented plastic deformation and gave a stiffer and stronger but less ductile 

material.  

Figure 21b shows that the dry mechanical properties were also improved by 

the addition of small amounts of alginate in combination with Ca2+ treatment. 

This composite had a tensile strength greater than 300 MPa, even though Ca2+ 

treated alginate is brittle in the dry state. The synergy in this material is 

intriguing, since it simultaneously improves the strength and ductility in both the 

wet and the dry states. 

 

Figure 21 Tensile properties of CNF:alginate films with or without calcium counter-ions in 
a) the wet and b) the dry state under 50 % relative humidity.68 Hot-pressing 
was carried out at 150 ℃ for 1 hour at a pressure of 20 kN. 
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To further investigate the synergy of the double networks, the tensile test in the 

wet state was performed between crossed polarizers, where it was possible to 

follow how the network deformed and oriented in the strain direction by the 

change in birefringence. The polarizers were placed at 0° and 90° relative to the 

strain direction so that the maximum birefringence is at an orientation of 45° in 

the film. With this setup, the measurement is more sensitive to low degrees of 

orientation. 

Figure 22a shows that the Ca2+ treated CNF film changed birefringent colour 

quite homogeneously, with first and second order yellow colour at strains of 1.5 

and 3 mm, and ending with differently coloured regions which represent a third 

or fourth order in the Michel-Lévy birefringence chart.104 Figure 22b shows that 

the Ca2+-treated CNF film with 10% alginate exhibits a more heterogeneous 

colour change, which is spread in separate regions. The onset of the first order 

yellow colour is at a strain of 3.5 mm. Since the colour change is related to the 

orientation in the film, it appears that alginate prevents CNFs from orienting. It is 

plausible that the alginate network has to be broken before the orientation can 

occur, which dissipates energy and leads to a ductile material according to the 

double network theory. Figure 22c shows an illustration of the suggested CNF 

and alginate double network, with the egg-box structure of alginate that has to be 

unzipped for CNFs to align in the strain direction and separate during failure.  

The film with 10% alginate was used to demonstrate how the ductility is 

suitable for hygroplastic forming. Figure 22d shows a picture of a Ca2+-treated 

film that had been pressed in the wet state to adopt a hemispherical shape, and 

was then left to dry without constraint under ambient conditions. This 

demonstrates that CNF and alginate double network films can be used to prepare 

water-resilient containers from 100% biodegradable components.   
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Figure 22 Birefringence at different strains of a) a calcium-treated CNF film and b) a 
calcium-treated CNF:alginate 90:10 film. c) Illustration of the double network of 
CNF (rods), alginate (strings), and Ca2+ (spheres). d) a calcium-treated 
CNF:alginate 90:10 film pressed in the wet state to form a hemispherical shape 
and then dried under ambient conditions.68  

4.2.3. Ion-induced assemblies of cellulose nanofibrils 

Alginate is by nature designed to interact with multivalent ions to form a wet-

stable network, but CNFs is not. Nevertheless Figure 21 shows that the Ca2+-

treated neat CNF films were surprisingly strong in water. It is improbable that the 

oxidation by chance led to a CNF surface structure that interacted as strongly with 

calcium ions as do alginate. Wet strength in the presence of calcium ions has also 

been shown for TO-CNFs, which indicates that the interaction is not specific to 

the exact structure of the charged group.99, 100 The inevitable hypothesis is thus 

that there are other mechanisms that govern the interaction between CNFs in the 

presence of multivalent ions, and it is important to identify these mechanisms in 

order to understand and optimize these materials. We therefore treated CNF films 

with different counter-ions to investigate whether the swelling in the presence of 

these ions could provide further insight to the interaction between the fibrils in 

the wet state.  

Table 3 presents the swelling data for TO-CNF and montmorillonite clay 

(MMT) films with different counter-ions. MMT films were chosen as a reference 

because these nanoparticles lack ligands on their surface and do not form metal-

ligand complexes as do alginate. MMT could therefore be used as a reference to 

investigate the importance of metal-ligand complexes for CNF assemblies.  
  



Results and discussion | 45 
 

Table 3 Swelling (µm/µm) ± 95% confidence interval (n=3) of films prepared from TO-
CNFs of medium charge (0.64 mmol/g) and high charge (1.2 mmol/g) in the 
presence of different counter-ions. The values for MMT clay are the average of 
two measurements. 

 Li+ Na+ K+ Cs+ Ba2+ Ca2+ 

Medium charge 14.1 ± 1.5 13.6 ± 0.4 11.4 ± 1.0 9.3 ± 0.4 3.3 ± 0.6 3.5 ± 0.8 

High charge 68 ± 8 55 ± 7 52 ± 5 43 ± 4 3.6 ± 0.1 4.0 ± 0.1 

MMT - Dissolves - - 1.7 2.4 
 Mg2+ Mn2+ Zn2+ Cu2+ Al3+ Fe3+ 

Medium charge 4.1 ± 0.3 3.6 ± 0.2 3.3 ± 0.2 2.7 ± 0.6 2.3 ± 0.2 2.0 ± 0.2 

High charge 4.7 ± 0.1 4.1 ± 0.2 3.7 ± 0.0 3.1 ± 0.3 2.5 ± 0.1 2.1 ± 0.0 

MMT 2.8 3.0 2.6 2.7 1.1 1.0 

 

These films can be considered to be high-density polyelectrolyte gels and their 

swelling can presumably be explained by Equation 14. The influence of specific 

counter-ions on the swelling can thus be regarded as an increase in the network 

pressure (𝛱 ) that prevents swelling. The network pressure is proportional to 

the reciprocal of the swelling according to: 

 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 ∝ 𝛱  

𝛱  𝛱  𝛱  𝛱    

(15) 

where the network pressure has contributions from the physical particle network, 

ion-ion correlation, and specific ion effects. As described in the background, ion-

ion correlation and specific ion effect theories have been developed to explain 

interactions between colloids in situations where the DLVO theory clearly fails, 

such as in the case of multivalent ions, and these theories should be able to 

explain the interaction between CNFs in the presence of calcium and other 

multivalent ions.   

The relationship between the swelling of CNF and of MMT films and the 

parameters that determine the magnitude of the ion-ion correlation and specific 

ion effects, i. e. the valency of the counter-ion, the effective polarizability of the 

ion, and the association constant of complexes, make it possible to isolate the 

most important mechanisms for the assemblies. The mechanisms are illustrated 

in Figure 23 and the determining parameters are stated below each illustration. 
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Figure 23 Illustrations showing the mechanisms behind the attraction between charged 
nanoparticles, such as CNF and MMT, in the presence of different counter-
ions.48 

Figure 24 shows the relationship between the swelling of TO-CNF or MMT 

films and the stability constant (log k1) of the ions and acetate complexes. The 

stability constant is the logarithm of the first association constant between a 

ligand and an ion, and acetate was used to represent the carboxylate ligands on 

the surface of the CNFs. In the case of TO-CNFs, Figure 24a shows a clear 

relationship in the presence of transition metals and Al3+, but in the presence of 

Ca2+ and Ba2+, the relationship is opposite to the expected. Metal ligand 

complexes can neutralize the surface charge or form interfibril crosslinks,105 

which would add wet strength to the CNF assembly.  

In the case of MMT, Figure 24b shows that there is no relationship in the 

presence of transition metals, presumably because there are no ligands on the 

surface of MMT with which the ions can coordinate. Instead there are two discrete 

levels for divalent transition metal ions and trivalent ions, probably due to the 

influence of the valency of the counter-ion. A higher valency leads to a less 

crowded and more polarizable counter-ion cloud, which is favourable for the 

development of the correlation. The restricted swelling of clay in the presence of 

Ca2+ has been shown to be mainly a result of ion-ion correlation.106  

   



Results and discussion | 47 
 

 

Figure 24 Relationship between the swelling of a) TO-CNFs and b) MMT films and the 
stability constant (log k1) for metal-acetate used to represent the carboxylate 
ligands on the surface of TO-CNFs.48 

The trend in the case of Ca2+ and Ba2+ was similar for both CNF and MMT 

films, which suggests that the properties of these ions induce another type of 

interaction. The properties that separate these ions from the others are their large 

size due to a higher number of electron-filled orbitals, which makes them more 

polarizable because the electrons are less confined by the attraction to the nucleus 

than for example in the case of transition metals. As described in the background, 

polarizable atoms and molecules lead to dispersion interactions, more commonly 

referred to as van der Waals forces. Furthermore, large ions, as a consequence of 

the electron configuration, are stable and less prone to form complexes, which is 

indicated by their low affinity for acetate.31 

Figure 25a-c shows the relationship between the swelling of TO-CNF and 

MMT films and the effective polarizability of different ions in water, calculated 

according to Ninham,34 and specific details regarding the calculations can be 

found in the supporting information of Paper V.48 A greater polarizability leads to 

lower swelling, even for monovalent ions (Figure 25a) which should behave in 

the same way according to the DLVO theory. Polarizable ions interact with each 

other or with the surface of the nanoparticles and this reduces the double layer 

repulsion or suppresses the surface charge. The deviations in the case of 

transition metals with low polarizability is explained by metal-ligand complexes 

and ion-ion correlation according to Figure 24. In the case of MMT films, the 

swelling with divalent transition metals was 2.8-3 due to the lack of meta-ligand 

complexes, and the swelling with trivalent counter-ions was about 1, presumably 

due to the increased ion-ion correlation. 
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Combining the information from Figure 24 and Figure 25a-c, it is possible 

to complete a comparison between CNF and MMT. In Figure 25d, this is 

achieved by superimposing the swelling in the presence of Mg2+, Ca2+, and Ba2+, 

which should be general for all nanoparticles, and plotting it in relation to the 

stability constant. The coloured areas represent the, earlier summarized, 

mechanisms that affect the swelling of the films. For example, Ba2+ induces 

divalent ion-ion correlation and dispersion interactions, whereas Al3+ induces 

trivalent ion-ion correlation and metal ligand complexes in the case of particles 

with ligands, such as TO-CNFs.  

 

Figure 25 Relationship between the swelling of TO-CNF films with a) monovalent and b) 
multivalent ions, and c) MMT films with multivalent ions, and the effective 
polarizability. The solid lines for Cu2+ was used because no reliable 
polarizability was found in the literature. d) Relationship between the 
superimposed swelling of TO-CNF and MMT films, with respect to Mg2+, Ca2+, 
and Ba2+, and the stability constant of metal-acetate. The coloured areas are a 
suggested property map which shows the mechanism for each type of counter-
ion.48   
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Transition metals interact not only with ligands on the nanoparticle surface but 

also with water. Ions that form strong complexes behave as acids due to their 

complexation with OH- in water, i.e. the stability constant of H+ and OH- is 14 and 

that of Fe3+ and OH- is close to 12.31 Figure 26a shows the colour of FeCl3 

solutions at different pH. Fe3+ solutions change colour due to the electron 

configuration of these complexes, which is explained by the ligand field theory,36 

and iron ions are therefore pH indicators.  

Figure 26b-c shows that the colour of a high-solids-content TO-CNFs film is 

yellow in the presence of Fe3+, whereas a low-solids-content gel is orange. This 

colour difference suggests that the pH is ca. 2 inside the TO-CNF film and closer 

to 3 inside the gel. Ions that form strong complexes induce local acidic 

environments and the pH depends on the effective concentration of the ion, and 

hence the solids content and charge density of the nanoparticle to which the ions 

are counter-ions. Local acidic environments lead to the association of weakly 

acidic ligands on the nanoparticle, such as carboxylates for CNFs. This influences 

all the other mechanisms in Figure 24, who are dependent on the charge density 

of the CNFs, and the impact is therefore difficult to determine.  

 

Figure 26 images showing the colours of a) a 1 wt% FeCl3 solution set to different pH 
levels, b) a high solids content TO-CNF film, and c) a low solids content TO-
CNF gel.48  

 

In order to clarify the ion-induced attraction further, we created the 

comprehensive semi-quantitative models shown in Figure 27, where the 

reciprocal of the swelling is used as a measure of the attraction between 

nanoparticles according to equation 15. The model is based on the assumption 

that Li+ and Mg2+ induce ion-ion correlation only due to their low polarizability 

and the low probability of them forming complexes, and it follows that all 

monovalent and divalent ions induce the same level of ion-ion correlation as these 

ions. The contributions of the other mechanisms are derived from the swelling 

data, except in the case of Cu2+, Al3+, and Fe3+ where linear relationships were 

used to estimate the different contributions. MMT films have no underlying 
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particle network, since they dissolved in the presence of monovalent counter-ions 

(Table 3).  

This is to our knowledge the first attempt to develop a complete model to 

explain ion-induced nanoparticle assemblies, and it can be used to predict 

properties and guide future investigations in order better to understand the 

assemblies.  

 

Figure 27 A semi-quantitative model of how the different mechanisms, induced by the 
different types of counter-ions, contribute to the interaction between fibrils in 
assemblies of a) TO-CNFs and b) MMT.48 The model is based on the 
assumption that Mg2+ and Li+ induce only ion-ion correlation. The contributions 
of the other mechanisms are based on the trends in the swelling data or are 
assumed to correlate linearly with the complex stability or the induced pH.    

4.2.4. Influence of nanofibril type and network properties on the 
ion-induced assemblies 

The previous section was focused on describing how multivalent ions greatly 

reduce the swelling of CNF films and improve their wet mechanical properties 
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(Figure 21), presumably because they induce strong interactions between TO-

CNFs in water. We determined the mechanical properties of the wet ion-treated 

films, in order to relate the ion-induced interactions and the resulting swelling to 

the network properties and the water resilience. The influences of different types 

of ligands and of the charge density of the CNFs were also investigated. 

Figure 28 shows strain-stress curves of wet TO-CNF films with medium (0.6 

mmol/g) and high charge density (1.2 mmol/g) in the presence of different 

counter-ions. In the previous section, it was shown that the wet strength is 

proportional to the swelling of the films and the results also clearly show that 

divalent and trivalent ions led to a different deformation behaviour of the wet 

films. A medium charge density led to softer and more ductile films than a high 

charge density TO-CNF, which should be explained by the properties of the fibrils.  

We determined the aspect ratio to be 400-480 for medium charge TO-CNFs 

and it has previously been determined to be 200-250 for high charge TO-CNFs.107 

TEMPO-mediated oxidation is a harsh procedure and increase in oxidation or 

charge density is associated with a greater hydrolysis of cellulose and hence to the 

formation of shorter fibrils.108, 109 The packing or degree of entanglement of the 

network, as a consequence of the different lengths of the CNFs, could explain the 

data in Figure 28.  

 

Figure 28 Representative stress-strain curves of wet films of (a) medium and (b) high 
charge density TO-CNFs treated with the different multivalent counter-ions: 
Mg2+, Mn2+ Ca2+, Zn2+, Ba2+, Cu2+, Al3+, and Fe3+. The included modulus values 
(E) are averages of the evaluation of 4-5 samples. 

We proceeded to investigate how the CNF type, i.e. TEMPO-oxidation (TO-

CNF), carboxymethylated (CM-CNFs), or phosphorylated (P-CNFs), affected the 

wet mechanical properties of the ion-induced CNF assemblies. Figure 29 shows 
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that both P-CNFs and CM-CNFs behave differently from TO-CNFs; P-CNF films 

were weak with divalent counter-ions, but as strong as the high charge TO-CNF 

film with trivalent counter-ions, whereas CM-CNF films were slightly softer but 

significantly more ductile and therefore required a greater work to fracture. 

The measured aspect ratios were 390-450 for P-CNFs and 590-690 for CM-

CNFs, and this is consistent with the hypothesis that longer fibrils assemble into 

ductile networks whereas shorter fibrils probably pack more tightly into stiffer 

networks. We postulate that the soft and more brittle behaviour of P-CNF films 

with divalent counter-ions is due to the reduced probability of forming interfibril 

complexes when both ligands and counter-ions are divalent.  

 

Figure 29 Representative stress-strain curves of wet films of (a) P-CNFs and TO-CNFs 
and (b) CM-CNFs and TO-CNFs treated with the different multivalent counter-
ions: Ca2+, Cu2+, and Fe3+. The insets show the chemical structure of the 
charged groups/ligands. 

We have developed a network model to explain the properties in Figure 28-

29, in which the wet modulus (𝐸 ) is proportional to the solidity of the film (𝜙), 

i.e. the volume fraction of cellulose nanofibrils, according to (Paper VI):  

 𝐸  ~ 𝐸 𝜙  (16) 

where 𝐸  is the Young’s modulus of cellulose and the exponent 𝑛 reflects the mode 

of deformation. For a dry paper with a rather high solidity, this relationship is 

linear (𝑛 1). However, for low solidity networks, the load is not shared by all 

filaments, and in such networks, low aspect ratio fibrils deform mainly in 

stretching (𝑛 2 , whereas high aspect ratio filaments deform mainly in bending 

(𝑛 4). Details of the model are found in Paper VI. 
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Figure 30a shows that the relationship between the wet modulus and the 

solidity of the TO-CNF films has a slope of 4 in a log-log plot, which means that 

𝑛 4 and thus that the network deform mainly in bending of fibrils. Using the 

micromechanics of filament bending, the modulus can be expressed as: 

 𝐸 𝑘𝐸 𝜙  (17) 

where k is a dimensionless factor with a value of the order of unity that may vary 

due to the properties of the fibril interactions and the network topology, including 

geometrical effects such as orientation in the plane of the film and entanglement. 

𝑘𝐸  was calculated to be 88 and 123 GPa for medium- and high-charge TO-CNFs, 

respectively. This is of the same magnitude as the estimated Young’s modulus of 

cellulose I crystals of 138 GPa,11 which can be used to calculate the coefficients, 

𝑘 0.65 and 𝑘 0.9, that are an order of magnitude estimate of how efficiently 

the stiffness of the fibrils is exploited in the development of network stiffness at a 

given solidity 

There was no correlation between 𝑘𝐸  and the counter-ion, which indicates 

that the wet modulus depends only indirectly on the counter-ion via the 

equilibrium swelling of the film. Instead, the separation of fibrils during plastic 

deformation is a better representation of the actual interaction between fibrils. 

The friction force, assuming ideal ductile failure, is given by: 

 
𝐹 ~

𝑤 𝑊
𝑙𝜙 𝜀

 
(18) 

where 𝑤 and 𝑙 are the average width and length respectively of the fibrils, 𝑊  is the 

work-to-rupture (area under the curve with elastic energy subtracted), and 𝜀  is 

the strain at break.  

Figure 30b shows the relationship between the calculated friction force and 

the type of ion. In the case of medium-charge TO-CNFs and CM-CNFs, there is 

only a slight relationship between the type of ion and the induced friction force. In 

the case of high-charge TO-CNFs and P-CNFs, ions that prevent swelling to a 

greater extent also induce a higher friction force. There was thus a correlation 

between friction force and solidity at high charge density, and this makes it 

difficult to separate network effects from fibril-fibril interactions. However, this 

correlation makes sense, since the influence of ion-ion correlation and metal-

ligand complexes increases with increasing charge density of the nanoparticle. 

These mechanisms are also short in range and are therefore favoured at a higher 

solidity.39, 40 
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Figure 30 a) relationship between wet modulus and solidity of TO-CNF films. b) the 
friction force between fibrils in the films in the presence of different types of 
counter-ions. 

With the same logic as that used for the swelling, we have developed a semi-

quantitative model (Figure 31) to explain how the wet moduli of CNF films are 

influenced by the choice of counter-ion. In this model, dispersion interaction and 

metal-ligand complex have a higher influence on the wet modulus, even though 

ion-ion correlation was suggested to be the main attraction between fibrils in the 

swelling model. The reason is the highly non-linear relationship between solidity 

and the wet modulus in Equation 17, and ions that act with multiple mechanisms, 

will therefore have a significantly greater impact on the wet modulus, in fact to 

the power of four. In this respect, it is more reasonable to compare the swelling 

model to the friction force in Figure 30b, since the friction force is a better 

representation of the actual interaction between fibrils than the wet modulus. 

However, the solidity is used to estimate the friction force (Equation 18), and 

measurements of the actual friction forces are required to enable further 

conclusions to be reached. 
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Figure 31 A Semi-quantitative model of how the different mechanisms, induced by the 
different types of counter-ions, contribute to the wet modulus of high charge 
density TO-CNF films. The logic used to develop the model is the same as that 
used to generate the data in Figure 27.    

4.2.5. Wet nanocellulose films can compete with common dry 
plastics 

Double networks of CNFs and alginate combined with an understanding of how 

different types of ions influence the wet strength of CNF films can be used to tune 

their wet mechanical properties. Figure 32a shows that alginate improves the 

wet strength of films treated with divalent and trivalent ions. The synergy of the 

networks leads to both stiffer and more ductile films in the presence of divalent 

ions, but it significantly increases the stiffness in the case of trivalent ions. 

Figure 32b shows that the strength of the assembly is increased after an 

additional drying and reswelling sequence, in which the network is further 
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compacted allowing the ion-induced interactions to develop even more. The 

strongest film in Figure 32b has a wet elastic modulus of 1.3 GPa and a wet 

strength of 40 MPa at a 20% strain at break. A fair comparison for this material is 

high density polyethylene which is used for bottles and pipes and typically has a 

Young’s modulus of 1.1 GPa and a yield stress of 26 MPa at 10% elongation.110 The 

conclusion is that multivalent ion-treated CNF films may compete with plastics in 

terms of wet mechanical properties.  

The strongest CNF films, with Fe3+ counter-ions, contain 50 wt% water, which 

makes the mechanical properties of these nanoparticle networks even more 

impressive. In combination with a hygroplastic forming method, materials with 

intriguing shapes and water-resilience can be prepared from 100% bio-based 

resources to be used in, for example, packaging applications. 

Another interesting ‘feature’ of these films is that cellulose is biocompatible,111, 

112 and they can therefore be used as biomaterials. The ability to tune mechanical 

properties is important in order to match the properties of different tissues or to 

guide cell proliferation.92 The transparency and the strength of the films also 

makes them suitable as substrates for bioelectronics in general or specifically for 

optical biosensors.113  

 

Figure 32 Representative stress-strain curves of wet films CM-CNF, with or without 10% 
alginate, a) treated with different counter ions and b) after another rapid Köthen 
drying and reswelling for 24 hours subsequent to the ion-exchange. 
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5. Summary and conclusions 
Supramolecular interactions between cellulose and other components have been 

studied in detail and used in the design of cellulose-based materials that are 

stretchable and ductile in the dry state and shapeable and strong in the wet state. 

Xyloglucan adsorbs onto cellulose in an endothermic process with an increase 

in entropy of the system. The adsorbed amount and the conformation of the 

xyloglucan depend on the available surface area and on the morphology of the 

cellulose. The driving force is probably the increase in entropy accompanying the 

release of confined water from cellulose and xyloglucan.  

This driving force is similar to the increase in entropy of released counter-ions 

that drives the formation of polyelectrolyte multilayers. The layer build-up is 

greatly influenced by the background concentration of salt and by the charge 

density of the cellulose surface in the range of 0-350 µmol/g. 

Both xyloglucan and polyelectrolyte multilayers can be used to modify cellulose 

surfaces in order to change the properties of cellulose-based materials. One way 

to do this is to use them in the corona of tailor-made latex particles with tuneable 

Tg of the core. The adsorption of these particles leads to a hydrophobic surface 

with strong and ductile wet adhesion when the Tg is below room temperature. 

Another way to improve the water-resilience of cellulose-based materials is to 

use a double network approach with calcium alginate to lock cellulose nanofibril 

networks. The ductility of these films in water can be used for hygroplastic 

forming in, for example, packaging applications. 

Even without alginate, the water-resilience of cellulose nanofibril films is 

improved by the presence of multivalent counter-ions. This can be explained by 

ion-ion correlation and specific ion effects. The properties of these films can be 

explained by a network model where the wet modulus is related to the solidity of 

the network to the power of four, which means that fibril bending is the main 

elastic deformation of the network. The friction force between fibrils during 

plastic deformation depends on their charge density and on the choice of counter-

ion. Short fibrils lead to stiff and long fibrils to ductile assemblies.  

The strongest film with alginate and Fe3+ had a wet strength greater than that 

of common plastics and is promising for hygroplastic water-resilient and 100% 

bio-based packages. 
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6. Outlook 
Cellulose-based materials probably have a bright future. The development of new 

bio-based materials is crucial in order to tackle climate change and to make the 

transition to a circular economy based on renewable resources. Furthermore, 

nanocellulose has sparked a renewed interest in cellulose in both traditional and 

more advanced and futuristic applications. The main question is whether cellulose 

nanofibrils can be produced on a large scale at a reasonable prize, and whether we 

can find the first killer application to motivate this development. 

Supramolecular assemblies will have a key role in the development of new 

materials from cellulose and other bio-based components, due to the exciting 

approach to let materials assemble spontaneously or by stimuli. As mentioned in 

the introduction, nature uses supramolecular assemblies to create hierarchical 

structures and we should be inspired by this and build on this knowledge.  

In the perspective of this thesis, future work should be aimed at understanding 

how interactions in water are converted to dry state properties. In many cases, we 

have observed a lack of conversion between strong and ductile wet adhesion and 

dry strength and ductility. For example, the highly ductile adhesion induced by 

low Tg polymers results in weaker and more brittle papers in the dry state. In the 

case of ion-induced assemblies, the ions have no significant influence on dry 

properties. Ion-ion correlation and specific ion effects are apparently activated by 

the presence of water, which is when they are most needed. 

Due to the synergetic effect between alginate and CNF networks, it is also 

interesting to investigate how different types of alginate affect the assemblies. For 

example, alginate with a larger number of GG units and with a higher molecular 

weight, which can be extracted with recently reported methods.114  

It is of equal scientific interest to investigate how to modify cellulose surfaces 

so that they can interact more strongly with multivalent ions. The ion-induced 

CNF assemblies should, due to their transparency and the biocompatibility of 

cellulose, be suitable as biomaterial or substrates for bioelectronic applications. 





References | 61 

7. References 
 

1. BBC. Single-use plastics ban approved by European Parliament. 2018. 
2. IKEA launches new People & Planet Positive strategy. Ikea.com, 2018. 
3. Starbucks to Eliminate Plastic Straws Globally by 2020. Starbucks Newsroom, 2018. 
4. Andrady, A. L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 

1596-1605. 
5. Li, J.; Green, C.; Reynolds, A.; Shi, H.; Rotchell, J. M. Microplastics in mussels 

sampled from coastal waters and supermarkets in the United Kingdom. Environ. 
Pollut. 2018, 241, 35-44. 

6. Harvey, F.; Watts, J. Microplastics found in human stools for the first time. The 
Guardian, 22 October, 2018. 

7. Wegst, U. G. K.; Bai, H.; Saiz, E.; Tomsia, A. P.; Ritchie, R. O. Bioinspired structural 
materials. Nature Materials 2014, 14, 23. 

8. Plomion, C.; Leprovost, G.; Stokes, A. Wood Formation in Trees. Plant Physiol. 2001, 
127, 1513-1523. 

9. Bristow, J. A.; Kolseth, P. Paper structure and properties; M. Dekker, 1986. 
10. Karlsson, R.-M. P.; Larsson, P. T.; Yu, S.; Pendergraph, S. A.; Pettersson, T.; Hellwig, 

J.; Wågberg, L. Carbohydrate gel beads as model probes for quantifying non-ionic and 
ionic contributions behind the swelling of delignified plant fibers. J. Colloid Interface 
Sci. 2018, 519, 119-129. 

11. Nishino, T.; Takano, K.; Nakamae, K. Elastic modulus of the crystalline regions of 
cellulose polymorphs. J. Polym. Sci., Part B: Polym. Phys. 1995, 33, 1647-1651. 

12. Young, R. J.; Lu, D.; Day, R. J.; Knoff, W. F.; Davis, H. A. Relationship between 
structure and mechanical properties for aramid fibres. Journal of Materials Science 
1992, 27, 5431-5440. 

13. Hayashi, T. Xyloglucans in the Primary Cell Wall. Annu. Rev. Plant Physiol. Plant 
Mol. Biol. 1989, 40, 139-168. 

14. Chanliaud, E.; De Silva, J.; Strongitharm, B.; Jeronimidis, G.; Gidley, M. J. 
Mechanical effects of plant cell wall enzymes on cellulose/xyloglucan composites. The 
Plant Journal 2004, 38, 27-37. 

15. Vincken, J. P.; de Keizer, A.; Beldman, G.; Voragen, A. Fractionation of Xyloglucan 
Fragments and Their Interaction with Cellulose. Plant Physiol. 1995, 108, 1579-1585. 

16. Zhou, Q.; Rutland, M.; Teeri, T.; Brumer, H. Xyloglucan in cellulose modification. 
Cellulose 2007, 14, 625-641. 

17. Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose 
nanomaterials review: structure, properties and nanocomposites. Chem. Soc. Rev. 
2011, 40, 3941-3994. 

18. Saito, T.; Kimura, S.; Nishiyama, Y.; Isogai, A. Cellulose Nanofibers Prepared by 
TEMPO-Mediated Oxidation of Native Cellulose. Biomacromolecules 2007, 8, 2485-
2491. 

19. Ghanadpour, M.; Carosio, F.; Larsson, P. T.; Wågberg, L. Phosphorylated Cellulose 
Nanofibrils: A Renewable Nanomaterial for the Preparation of Intrinsically Flame-
Retardant Materials. Biomacromolecules 2015, 16, 3399-3410. 

20. Wågberg, L.; Decher, G.; Norgren, M.; Lindström, T.; Ankerfors, M.; Axnäs, K. The 
Build-Up of Polyelectrolyte Multilayers of Microfibrillated Cellulose and Cationic 
Polyelectrolytes. Langmuir 2008, 24, 784-795. 



62 | References  

21. Pei, A.; Butchosa, N.; Berglund, L. A.; Zhou, Q. Surface quaternized cellulose 
nanofibrils with high water absorbency and adsorption capacity for anionic dyes. Soft 
Matter 2013, 9, 2047-2055. 

22. Siró, I.; Plackett, D. Microfibrillated cellulose and new nanocomposite materials: a 
review. Cellulose 2010, 17, 459-494. 

23. Steginsky, C. A.; Beale, J. M.; Floss, H. G.; Mayer, R. M. Structural determination of 
alginic acid and the effects of calcium binding as determined by high-field n.m.r. 
Carbohydr. Res. 1992, 225, 11-26. 

24. Haug, A.; Larsen, B.; Smidsrød, O. A Study of the Constitution of Alginic Acid by 
Partial Acid Hydrolysis. Acta Chem. Scand. 1966, 20, 183-190. 

25. Grant, G. T.; Morris, E. R.; Rees, D. A.; Smith, P. J. C.; Thom, D. Biological 
interactions between polysaccharides and divalent cations: The egg-box model. FEBS 
Lett. 1973, 32, 195-198. 

26. Evans, D. F.; Wennerström, H. The Colloidal Domain: Where Physics, Chemistry, 
Biology, and Technology Meet; 2nd ed.; Wiley-Vch, 1999. 

27. Michaels, A. S. Polyelectrolyte complexes. Ind. Eng. Chem. 1965, 57, 32-40. 
28. Fu, J.; Schlenoff, J. B. Driving forces for oppositely charged polyion association in 

aqueous solutions: enthalpic, entropic, but not electrostatic. J. Am. Chem. Soc. 2016, 
138, 980-990. 

29. Medronho, B.; Romano, A.; Miguel, M. G.; Stigsson, L.; Lindman, B. Rationalizing 
cellulose (in) solubility: reviewing basic physicochemical aspects and role of 
hydrophobic interactions. Cellulose 2012, 19, 581-587. 

30. Medronho, B.; Lindman, B. Brief overview on cellulose dissolution/regeneration 
interactions and mechanisms. Adv. Colloid Interface Sci. 2015, 222, 502-508. 

31. Hancock, R. D.; Marsicano, F. Parametric Correlation of Formation Constants in 
Aqueous Solution. 2. Ligands with Large Donor Atoms. Inorg. Chem. 1980, 19, 2709-
2714. 

32. Hancock, R. D.; Marsicano, F. Parametric correlation of formation constants in 
aqueous solution. 1. Ligands with small donor atoms. Inorg. Chem. 1978, 17, 560-
564. 

33. Manning, G. S. Limiting Laws and Counterion Condensation in Polyelectrolyte 
Solutions I. Colligative Properties. The Journal of Chemical Physics 1969, 51, 924-
933. 

34. Ninham, B. W.; Nostro, P. L. Molecular Forces and Self Assembly: In Colloid, Nano 
Sciences and Biology; Cambridge University Press, 2010. 

35. McNaught, A. D.; McNaught, A. D. Compendium of chemical terminology; Blackwell 
Science Oxford1997; Vol. 1669. 

36. House, J. E. Chapter 17 - Ligand Fields and Molecular Orbitals. In Inorganic 
Chemistry (Second Edition); Academic Press, 2013, pp 591-616. 

37. Verwey, E. J. W.; Overbeek, J. T. G.; Overbeek, J. T. G. Theory of the Stability of 
Lyophobic Colloids; Dover Publications, 1999. 

38. Israelachvili, J. N. Intermolecular and surface forces; Academic press2011. 
39. Jönsson, B.; Wennerström, H. ION–ION CORRELATIONS IN LIQUID 

DISPERSIONS. The Journal of Adhesion 2004, 80, 339-364. 
40. Guldbrand, L.; Jönsson, B.; Wennerström, H.; Linse, P. Electrical double layer forces. 

A Monte Carlo study. The Journal of Chemical Physics 1984, 80, 2221-2228. 
41. Kjellander, R.; Marcělja, S. Correlation and image charge effects in electric double 

layers. Chem. Phys. Lett. 1984, 112, 49-53. 
42. Hofmeister, F. Zur Lehre von der Wirkung der Salze. Archiv für experimentelle 

Pathologie und Pharmakologie 1888, 25, 1-30. 
43. Boström, M.; Williams, D. R. M.; Ninham, B. W. Specific Ion Effects: Why DLVO 

Theory Fails for Biology and Colloid Systems. Phys. Rev. Lett. 2001, 87, 168103. 
44. Parsons, D. F.; Bostrom, M.; Nostro, P. L.; Ninham, B. W. Hofmeister effects: 

interplay of hydration, nonelectrostatic potentials, and ion size. PCCP 2011, 13, 
12352-12367. 



References | 63 
 

45. Kunz, W. Specific ion effects in colloidal and biological systems. Current Opinion in 
Colloid & Interface Science 2010, 15, 34-39. 

46. Sivan, U. The inevitable accumulation of large ions and neutral molecules near 
hydrophobic surfaces and small ions near hydrophilic ones. Current Opinion in 
Colloid & Interface Science 2016, 22, 1-7. 

47. House, J. E. Chapter 19 - Composition and Stability of Complexes. In Inorganic 
Chemistry (Second Edition); Academic Press, 2013, pp 643-664. 

48. Benselfelt, T.; Nordenström, M.; Hamedi, M. M.; Wågberg, L. Ion-induced assemblies 
of highly anisotropic nanoparticles are governed by ion–ion correlation and specific 
ion effects. Nanoscale 2019, 11, 3514-3520. 

49. Saito, T.; Hirota, M.; Tamura, N.; Kimura, S.; Fukuzumi, H.; Heux, L.; Isogai, A. 
Individualization of Nano-Sized Plant Cellulose Fibrils by Direct Surface 
Carboxylation Using TEMPO Catalyst under Neutral Conditions. Biomacromolecules 
2009, 10, 1992-1996. 

50. Dong, X. M.; Revol, J.-f.; Gray, D. g. Effect of microcrystallite preparation conditions 
on the formation of colloid crystals of cellulose. Cellulose 1998, 5, 19-32. 

51. Edgar, C.; Gray, D. Smooth model cellulose I surfaces from nanocrystal suspensions. 
Cellulose 2003, 10, 299-306. 

52. Benselfelt, T.; Cranston, E. D.; Ondaral, S.; Johansson, E.; Brumer, H.; Rutland, M. 
W.; Wågberg, L. Adsorption of Xyloglucan onto Cellulose Surfaces of Different 
Morphologies: An Entropy-Driven Process. Biomacromolecules 2016, 17, 2801-2811. 

53. Benselfelt, T.; Engstrom, J.; Wagberg, L. Supramolecular Double Networks of 
Cellulose Nanofibrils and Algae Polysaccharides with Excellent Wet Mechanical 
Properties. Green Chem. 2018. 

54. Benselfelt, T.; Pettersson, T.; Wågberg, L. Influence of Surface Charge Density and 
Morphology on the Formation of Polyelectrolyte Multilayers on Smooth Charged 
Cellulose Surfaces. Langmuir 2017, 33, 968-979. 

55. Engström, J.; Benselfelt, T.; Wågberg, L.; D'Agosto, F.; Lansalot, M.; Carlmark, A.; 
Malmström, E. Tailoring adhesion of anionic surfaces using cationic PISA-latexes – 
towards tough nanocellulose materials in the wet state. Nanoscale 2019, 11, 4287-
4302. 

56. Uddin, F. Clays, Nanoclays, and Montmorillonite Minerals. Metallurgical and 
Materials Transactions A 2008, 39, 2804-2814. 

57. Sauerbrey, G. Verwendung von Schwingquarzen zur Wägung dünner Schichten und 
zur Mikrowägung. Z. Phys. 1959, 155, 206-222. 

58. Krivosheeva, O.; Sababi, M.; Dedinaite, A.; Claesson, P. M. Nanostructured Composite 
Layers of Mussel Adhesive Protein and Ceria Nanoparticles. Langmuir 2013, 29, 
9551-9561. 

59. Karabulut, E.; Pettersson, T.; Ankerfors, M.; Wågberg, L. Adhesive Layer-by-Layer 
Films of Carboxymethylated Cellulose Nanofibril–Dopamine Covalent Bioconjugates 
Inspired by Marine Mussel Threads. ACS Nano 2012, 6, 4731-4739. 

60. Rodahl, M.; Höök, F.; Krozer, A.; Brzezinski, P.; Kasemo, B. Quartz crystal 
microbalance setup for frequency and Q‐factor measurements in gaseous and liquid 
environments. Rev. Sci. Instrum. 1995, 66, 3924-3930. 

61. Dijt, J. C.; Stuart, M. A. C.; Fleer, G. J. Reflectometry as a tool for adsorption studies. 
Adv. Colloid Interface Sci. 1994, 50, 79-101. 

62. Homola, J.; Yee, S. S.; Gauglitz, G. Surface plasmon resonance sensors: review. 
Sensors Actuators B: Chem. 1999, 54, 3-15. 

63. Eriksson, M.; Notley, S. M.; Wågberg, L. Cellulose Thin Films:  Degree of Cellulose 
Ordering and Its Influence on Adhesion. Biomacromolecules 2007, 8, 912-919. 

64. Gunnars, S.; Wågberg, L.; Cohen Stuart, M. A. Model films of cellulose: I. Method 
development and initial results. Cellulose 2002, 9, 239-249. 

65. Aulin, C.; Ahola, S.; Josefsson, P.; Nishino, T.; Hirose, Y.; Österberg, M.; Wågberg, L. 
Nanoscale Cellulose Films with Different Crystallinities and Mesostructures—Their 
Surface Properties and Interaction with Water. Langmuir 2009, 25, 7675-7685. 



64 | References  

66. Berthold, F.; Gustafsson, K.; Berggren, R.; Sjöholm, E.; Lindström, M. Dissolution of 
softwood kraft pulps by direct derivatization in lithium chloride/N,N-
dimethylacetamide. J. Appl. Polym. Sci. 2004, 94, 424-431. 

67. Eriksson, J.; Malmsten, M.; Tiberg, F.; Callisen, T. H.; Damhus, T.; Johansen, K. S. 
Enzymatic degradation of model cellulose films. J. Colloid Interface Sci. 2005, 284, 
99-106. 

68. Benselfelt, T.; Engström, J.; Wågberg, L. Supramolecular double networks of cellulose 
nanofibrils and algal polysaccharides with excellent wet mechanical properties. Green 
Chem. 2018, 20, 2558-2570. 

69. Marais, A.; Utsel, S.; Gustafsson, E.; Wågberg, L. Towards a super-strainable paper 
using the Layer-by-Layer technique. Carbohydr. Polym. 2014, 100, 218-224. 

70. Christiernin, M.; Henriksson, G.; Lindström, M.; Brumer, H.; Teeri, T. T.; Lindström, 
T.; Laine, J. The effects of xyloglucan on the properties of paper made from bleached 
kraft pulp. Nordic Pulp and Paper Research Journal 2003, 18, 182-187. 

71. Illergård, J.; Wågberg, L.; Ek, M. Contact-active antibacterial multilayers on fibres: a 
step towards understanding the antibacterial mechanism by increasing the fibre 
charge. Cellulose 2015, 22, 2023-2034. 

72. Nystrom, G.; Marais, A.; Karabulut, E.; Wagberg, L.; Cui, Y.; Hamedi, M. M. Self-
assembled three-dimensional and compressible interdigitated thin-film 
supercapacitors and batteries. Nat Commun 2015, 6. 

73. Fall, A. B.; Lindström, S. B.; Sundman, O.; Ödberg, L.; Wågberg, L. Colloidal Stability 
of Aqueous Nanofibrillated Cellulose Dispersions. Langmuir 2011, 27, 11332-11338. 

74. Shibata, I.; Isogai, A. Depolymerization of cellouronic acid during TEMPO-mediated 
oxidation. Cellulose 2003, 10, 151-158. 

75. Saito, T.; Isogai, A. TEMPO-Mediated Oxidation of Native Cellulose. The Effect of 
Oxidation Conditions on Chemical and Crystal Structures of the Water-Insoluble 
Fractions. Biomacromolecules 2004, 5, 1983-1989. 

76. Usov, I.; Nyström, G.; Adamcik, J.; Handschin, S.; Schütz, C.; Fall, A.; Bergström, L.; 
Mezzenga, R. Understanding nanocellulose chirality and structure–properties 
relationship at the single fibril level. Nature Communications 2015, 6, 7564. 

77. Krässig, H. A. Cellulose : structure, accessibility, and reactivity; Gordon and Breach 
Science: Yverdon, Switzerland, 1993. 

78. Zhou, Q.; Rutland, M. W.; Teeri, T. T.; Brumer, H. Xyloglucan in cellulose 
modification. Cellulose 2007, 14, 625-641. 

79. Hanus, J.; Mazeau, K. The xyloglucan–cellulose assembly at the atomic scale. 
Biopolymers 2006, 82, 59-73. 

80. Lopez, M.; Bizot, H.; Chambat, G.; Marais, M.-F.; Zykwinska, A.; Ralet, M.-C.; 
Driguez, H.; Buléon, A. Enthalpic Studies of Xyloglucan−Cellulose Interactions. 
Biomacromolecules 2010, 11, 1417-1428. 

81. Zhang, Q.; Brumer, H.; Ågren, H.; Tu, Y. The adsorption of xyloglucan on cellulose: 
effects of explicit water and side chain variation. Carbohydr. Res. 2011, 346, 2595-
2602. 

82. Zhao, Z.; Crespi, V.; Kubicki, J.; Cosgrove, D.; Zhong, L. Molecular dynamics 
simulation study of xyloglucan adsorption on cellulose surfaces: effects of surface 
hydrophobicity and side-chain variation. Cellulose 2014, 21, 1025-1039. 

83. Höök, F.; Kasemo, B.; Nylander, T.; Fant, C.; Sott, K.; Elwing, H. Variations in 
Coupled Water, Viscoelastic Properties, and Film Thickness of a Mefp-1 Protein Film 
during Adsorption and Cross-Linking:  A Quartz Crystal Microbalance with 
Dissipation Monitoring, Ellipsometry, and Surface Plasmon Resonance Study. Anal. 
Chem. 2001, 73, 5796-5804. 

84. Decher, G.; Schlenoff, J. B. Multilayer Thin Films : Sequential Assembly of 
Nanocomposite Materials (2nd Edition); John Wiley & Sons: Somerset, NJ, USA, 
2012. 



References | 65 
 

85. Wang, Z.; Hauser, P. J.; Laine, J.; Rojas, O. J. Multilayers of Low Charge Density 
Polyelectrolytes on Thin Films of Carboxymethylated and Cationic Cellulose. J. Adhes. 
Sci. Technol. 2011, 25, 643-660. 

86. Notley, S. M. Effect of introduced charge in cellulose gels on surface interactions and 
the adsorption of highly charged cationic polyelectrolytes. PCCP 2008, 10, 1819-1825. 

87. Enarsson, L.-E.; Wågberg, L. Polyelectrolyte Adsorption on Thin Cellulose Films 
Studied with Reflectometry and Quartz Crystal Microgravimetry with Dissipation. 
Biomacromolecules 2009, 10, 134-141. 

88. Vuoriluoto, M.; Orelma, H.; Johansson, L.-S.; Zhu, B.; Poutanen, M.; Walther, A.; 
Laine, J.; Rojas, O. J. Effect of Molecular Architecture of PDMAEMA–POEGMA 
Random and Block Copolymers on Their Adsorption on Regenerated and Anionic 
Nanocelluloses and Evidence of Interfacial Water Expulsion. The Journal of Physical 
Chemistry B 2015, 119, 15275-15286. 

89. Hatton, F. L.; Ruda, M.; Lansalot, M.; D’Agosto, F.; Malmström, E.; Carlmark, A. 
Xyloglucan-Functional Latex Particles via RAFT-Mediated Emulsion Polymerization 
for the Biomimetic Modification of Cellulose. Biomacromolecules 2016, 17, 1414-
1424. 

90. Carlsson, L.; Fall, A.; Chaduc, I.; Wågberg, L.; Charleux, B.; Malmström, E.; D'Agosto, 
F.; Lansalot, M.; Carlmark, A. Modification of cellulose model surfaces by cationic 
polymer latexes prepared by RAFT-mediated surfactant-free emulsion 
polymerization. Polymer Chemistry 2014, 5, 6076-6086. 

91. Adamczyk, Z.; Warszyński, P. Role of electrostatic interactions in particle adsorption. 
Adv. Colloid Interface Sci. 1996, 63, 41-149. 

92. Kendall, K.; Kendall, M.; Rehfeldt, F. Adhesion of cells, viruses and nanoparticles; 
Springer Science & Business Media2010. 

93. Meyer, E. E.; Rosenberg, K. J.; Israelachvili, J. Recent progress in understanding 
hydrophobic interactions. Proceedings of the National Academy of Sciences 2006, 
103, 15739-15746. 

94. Luengo, G.; Pan, J.; Heuberger, M.; Israelachvili, J. N. Temperature and Time Effects 
on the “Adhesion Dynamics” of Poly(butyl methacrylate) (PBMA) Surfaces. Langmuir 
1998, 14, 3873-3881. 

95. Träger, A.; Pendergraph, S. A.; Pettersson, T.; Halthur, T.; Nylander, T.; Carlmark, A.; 
Wågberg, L. Strong and tuneable wet adhesion with rationally designed layer-by-layer 
assembled triblock copolymer films. Nanoscale 2016, 8, 18204-18211. 

96. Pettersson, T.; Pendergraph, S. A.; Utsel, S.; Marais, A.; Gustafsson, E.; Wågberg, L. 
Robust and Tailored Wet Adhesion in Biopolymer Thin Films. Biomacromolecules 
2014, 15, 4420-4428. 

97. Fantner, G. E.; Hassenkam, T.; Kindt, J. H.; Weaver, J. C.; Birkedal, H.; Pechenik, L.; 
Cutroni, J. A.; Cidade, G. A. G.; Stucky, G. D.; Morse, D. E.; Hansma, P. K. Sacrificial 
bonds and hidden length dissipate energy as mineralized fibrils separate during bone 
fracture. Nature Materials 2005, 4, 612. 

98. Flory, P. J. Principles of Polymer Chemistry; Cornell University Press1953. 
99. Dong, H.; Snyder, J. F.; Williams, K. S.; Andzelm, J. W. Cation-Induced Hydrogels of 

Cellulose Nanofibrils with Tunable Moduli. Biomacromolecules 2013, 14, 3338-3345. 
100. Shimizu, M.; Saito, T.; Isogai, A. Water-resistant and high oxygen-barrier 

nanocellulose films with interfibrillar cross-linkages formed through multivalent 
metal ions. J. Membr. Sci. 2016, 500, 1-7. 

101. Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-Network Hydrogels with 
Extremely High Mechanical Strength. Adv. Mater. 2003, 15, 1155-1158. 

102. Gong, J. P. Why are double network hydrogels so tough? Soft Matter 2010, 6, 2583-
2590. 

103. Pantze, A.; Karlsson, O.; Westermark, U. Esterification of carboxylic acids on 
cellulosic material: Solid state reactions. Holzforschung 2008, 62, 136-141. 

104. Sørensen, B. E. A revised Michel-Lévy interference colour chart based on first-
principles calculations. Eur. J. Mineral. 2013, 25, 5-10. 



66 | References  

105. Williams, K. S.; Andzelm, J. W.; Dong, H.; Snyder, J. F. DFT study of metal cation-
induced hydrogelation of cellulose nanofibrils. Cellulose 2014, 21, 1091-1101. 

106. Kjellander, R.; Marcelja, S.; Pashley, R. M.; Quirk, J. P. Double-layer ion correlation 
forces restrict calcium-clay swelling. The Journal of Physical Chemistry 1988, 92, 
6489-6492. 

107. Nordenström, M.; Fall, A.; Nyström, G.; Wågberg, L. Formation of Colloidal 
Nanocellulose Glasses and Gels. Langmuir 2017, 33, 9772-9780. 

108. Shinoda, R.; Saito, T.; Okita, Y.; Isogai, A. Relationship between Length and Degree of 
Polymerization of TEMPO-Oxidized Cellulose Nanofibrils. Biomacromolecules 2012, 
13, 842-849. 

109. Geng, L.; Mittal, N.; Zhan, C.; Ansari, F.; Sharma, P. R.; Peng, X.; Hsiao, B. S.; 
Söderberg, L. D. Understanding the Mechanistic Behavior of Highly Charged Cellulose 
Nanofibers in Aqueous Systems. Macromolecules 2018, 51, 1498-1506. 

110. Sakakibara, K.; Moriki, Y.; Yano, H.; Tsujii, Y. Strategy for the Improvement of the 
Mechanical Properties of Cellulose Nanofiber-Reinforced High-Density Polyethylene 
Nanocomposites Using Diblock Copolymer Dispersants. ACS Applied Materials & 
Interfaces 2017, 9, 44079-44087. 

111. Jorfi, M.; Foster, E. J. Recent advances in nanocellulose for biomedical applications. 
J. Appl. Polym. Sci. 2015, 132. 

112. Miyamoto, T.; Takahashi, S. i.; Ito, H.; Inagaki, H.; Noishiki, Y. Tissue 
biocompatibility of cellulose and its derivatives. J. Biomed. Mater. Res. 1989, 23, 
125-133. 

113. Golmohammadi, H.; Morales-Narváez, E.; Naghdi, T.; Merkoçi, A. Nanocellulose in 
Sensing and Biosensing. Chem. Mater. 2017, 29, 5426-5446. 

114. Sterner, M.; Edlund, U. High-Performance Filaments from Fractionated Alginate by 
Polyvalent Cross-Linking: A Theoretical and Practical Approach. Biomacromolecules 
2018, 19, 3311-3330. 

 


