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Abstract 
 
Expanding our understanding of how cellulose fibers and fibrils interact 

with water and its effect on their inherent properties is needed to optimize 

their utilization in the making of novel bio-based materials, but also useful 

in more traditional products (pulp, paper, and packaging). 

The overall objective of the work in this thesis was to deepen the 

understanding of drying-induced structural changes and cellulose-water 

interactions using cellulosic model materials. Cellulose nanofibrils (CNFs) 

were employed as they present a distinct advantage with their defined 

geometry and controlled surface chemistry compared to macroscopic 

cellulose fibers.  

The first part considers the fundamental interactions of CNFs in contact 

with water and by water removal, and is devoted to identifying the 

molecular mechanisms behind the process known as hornification. This 

was done by studying the exposure of CNF sheets to different heat 

treatments to establish a connection between their reswelling properties, 

chemical and structural characteristics, and mechanical behavior.  The 

findings indicate that hornification is governed by non-covalent 

interactions and that the diffusion of water back into a hornified CNF 

network is kinetically limited. Furthermore, the influence of fibril aspect 

ratio and chemical functionality on the mechanical properties of wet 

fibrillar networks was studied. Fibrils were prepared from fibers with 

different hemicellulose content. It was found that longer fibrils formed 

stiffer and more ductile materials, owing to a longer-range and more 

uniform distribution of stress transfer. Additionally, high aspect ratio 

fibrils form networks capable of holding larger amounts of water. It was 

also possible to elucidate the influence of aspect ratio on the network 

formation, where long and short fibrils form networks with different 

topologies. These results were integrated into a mechanical network model 

to present an improved elastoplastic description of the network properties.  

The second part of the thesis presents potential applications where 

control of the water uptake in the fibrillar networks is required. Anisotropic 

fibrillar hydrogels were prepared to function as actuators and 

superabsorbents. With the help of the knowledge built in the first part of 

the work, the water uptake in the fibrillar networks could be maximized. 

This resulted in CNF hydrogel actuators far surpassing conventional 

hydrogel used in actuation performance and integration of CNF sheets in 



 

a superabsorbent heterostructure, where the most strongly immobilized 

water can be retained at high pressures.  
 

Keywords: Cellulose nanofibrils, Drying, Swelling, Colloidal interactions, Network structure.   



 

Sammanfattning 
 
Att utvidga vår förståelse för hur cellulosafibrer och fibriller interagerar 

med vatten och dess effekt på deras inneboende egenskaper är nödvändigt 

för att optimera deras användning vid tillverkning av nya biobaserade 

material, men även i traditionella produkter (massa, papper och 

förpackningar). Det övergripande målet med arbetet i denna avhandling 

var att fördjupa förståelsen för strukturella förändringar orsakade av 

torkning och cellulosa-vatten interaktioner med hjälp av cellulosabaserade 

modellmaterial. Cellulosa nanofibriller (CNFs) användes då de har en 

fördel med sin definierade geometri och kontrollerade ytkemi i jämförelse 

med makroskopiska cellulosafibrer.  

Den första delen avhandlar de grundläggande interaktionerna mellan 

CNFs i kontakt med vatten och efter vattenborttagning, och ägnas åt att 

identifiera de molekylära mekanismerna bakom processen som kallas 

hornifiering. Detta gjordes genom att studera CNF-ark som utsatts för 

olika värmebehandlingar för att fastställa en koppling mellan deras 

svällningsegenskaper, kemiska och strukturella egenskaper samt 

mekaniska beteende. Resultaten indikerar att förhorning styrs av icke-

kovalenta interaktioner och att diffusionen av vatten tillbaka in i ett 

förhornat CNF-nätverk är kinetiskt begränsad. Sedan studerades 

inflytandet av fibrillernas längd-bredd förhållande och kemisk 

funktionalitet på de mekaniska egenskaperna hos våta fibrillnätverk. 

Fibriller framställdes från fibrer med olika hemicellulosahalt. Resultaten 

visade att längre fibriller bildade styvare och mer töjbara material, tack 

vare en längre och mer jämn fördelning av belastningsöverföring. 

Dessutom bildar fibriller med högt längd-bredd förhållande nätverk som 

kan hålla större mängder vatten. Det var också möjligt att förklara 

inflytandet av längd-bredd förhållande på nätverksbildningen, där långa 

och korta fibriller bildar nätverk med olika topologier. Dessa resultat 

integrerades i en mekanisk nätverksmodell för att presentera en förbättrad 

elastoplastisk beskrivning av nätverksegenskaperna.  

Den andra delen av avhandlingen presenterar potentiella tillämpningar 

där kontroll av vattenupptaget i fibrillnätverken krävs. Anisotropa 

fibrillära hydrogeler framställdes för att fungera som aktuatorer och 

superabsorbenter. Med hjälp av kunskapen som byggts upp i första delen 

av avhandlingen kunde vattenupptaget i fibrillnätverken maximeras. Detta 

resulterade i CNF hydrogelaktuatorer som långt överträffade 



 

konventionella hydrogeler i aktuatorprestanda, och integration av CNF-

ark i en superabsorbent heterostruktur, där det starkast bundna vattnet 

kan behållas vid höga tryck. 
 

Nyckelord: Cellulosa nanofibriller, Torkning, Svällning, Kolloidala interaktioner, 

Nätverksstrukturer.  
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 Introduction 

1.1. Context 

The cellulose-water relationship is complex. Despite over a century of 

research, the extensively studied interactions between cellulose and water 

possess many unresolved questions, from the level of cellulose biosynthesis 

to the processing of wood and fibers in the paper industry. The hygroscopic 

nature of cellulose is a challenge in making cellulose-rich materials, and 

moisture uptake has detrimental effects on the mechanical properties of 

materials based on cellulose.1-3 The affinity to water and swelling of fibers 

also means that related drying processes require large amounts of energy. 

On the other hand, the swelling of the fibers in water and their subsequent 

flexibilization is a prerequisite for making strong papers from the fibers. 

This means that a fundamental understanding of the fiber-water 

interactions is paramount for the handling of fibers both in processing and 

in both conventional and advanced products. 

 

 A particular challenge in fiber-water interactions is the drastic, and 

more often negative, changes upon drying of cellulose fibers. This results 

in what is known as irreversible structural changes,4 which is most 

noticeable in a permanently lowered water uptake capacity. The 

phenomenon is known as hornification and is rather well-studied in terms 

of the physical changes of cellulose. Amongst the consequences are a 

shrinkage or collapse of the fiber wall, an aggregation of fibrils or fibers, 

increased fiber stiffness, and, in practical applications, for example, a 

weakened strength of paper made from once-dried fibers. In short, the 

fiber quality is significantly affected by their history of uptake and removal 

of water.  

Drying results in a similar reduced ability to hold water at different 

hierarchical levels of cellulose: fibers, fibrils or dissolved and regenerated 

cellulose polymers.5 The similar behavior of cellulose at different length 

scales indicates there may be a generality in what governs the cellulose-

water relationship, which is inherent to the cellulose polymer and is not 

governed by a fibrillar nature/structure.  

The complexity in terms of composition and structure over different 

hierarchical levels makes it difficult to elucidate the nature of drying-

induced changes in cellulose fibers. This makes nanocellulose, with a 
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controlled geometry and defined chemical composition, a great model 

substrate for studying cellulose-cellulose and cellulose-water interactions 

in terms of drying and swelling. However, what becomes crucial is first to 

gain an understanding of how nanofibrillar networks behave and the effect 

of specific fibrillar properties, such as dimensions, chemical functionality, 

and the presence of hemicellulose, on the overall network. This thesis 

explores how a control of fibril properties and parameters related to the 

CNF network formation will impact the water uptake in the cellulose 

network, and also, interestingly, possible applications where this effect can 

be utilized in an advantageous way. 

1.2. Thesis objectives 

The objective of this thesis was to deepen the understanding of 

hornification and cellulose-water interactions and subsequently to apply 

this knowledge. Thus, the focus was to utilize cellulose model materials in 

the form of cellulose nanofibrils (CNFs) to investigate and describe the 

interactions that govern changes in the swelling behavior of the cellulosic 

networks. To do this, a part of the thesis was also devoted to characterizing 

CNF networks and their formation.  

1.3. A brief introduction to the thesis 

The thesis has been divided into two parts. The first part (paper I-II) 

is devoted to the fundamental aspects of cellulose interactions in CNF 

networks in the dry and wet states, focusing on the interactions that 

reduce/minimize water uptake. Thus, the aim was to characterize the 

factors governing the swelling of cellulose model substrates and to 

establish models that describe their network structures, taking into 

consideration different fibril properties and chemical environments. By 

incorporating regenerated cellulose hydrogel beads in the study of drying-

induced changes, the thesis also compares different hierarchical levels of 

the fiber wall structure could be established. 

 

The second part of the thesis (paper III-IV) is focused on the routes 

that maximize the water uptake in fibrillar networks and to control it for 

specific end-use applications. Here, the fibrillar networks were rationally 

designed from the foundation established in the first part of the work. 

Different types of CNF networks were investigated for their use as stimuli-
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responsive actuators and in the making of superabsorbent 

heterostructures. 

 
Paper I: We studied the reswelling of sheets of cellulose nanofibrils 

subjected to heat treatments at different temperatures and for different 

times and related the swelling degree to subsequent chemical and 

structural characterizations of the treated sheets. The data was used to 

explain the interactions governing the hornification of cellulose-rich 

materials and it was suggested that the hornification is a kinetically 

trapped state 

 

Paper II: The elastoplastic properties of nanocellulose materials are 

determined by several factors associated with the nature of the produced 

cellulose nanofibrils. A systematic comparison of the mechanical 

properties of gels and swollen CNF sheets was performed by changing fibril 

properties in a controlled manner, to elucidate the specific contributions 

of different fibril properties. The data was integrated into a beam-bending 

model to describe the fibrillar network mechanics. 

 

Paper III: Hydrogel actuators are three-dimensional stimuli-

responsive networks that can be formed by anisotropic cellulose nanofibril 

sheets. We explored the possibility of using uniaxial fibrillar hydrogels as 

actuators by optimizing the water uptake/swelling in fibrillar networks and 

measuring the resulting force generation of the sheets upon swelling. 

 

Paper IV: Superabsorbents are polymers capable of holding large 

volumes of water under pressure and are, thereby, commonly used in 

absorption products. We prepared a cellulose heterostructure combining 

fiber-based aerogels and CNF hydrogel sheets to rapidly absorb and spread 

liquid and drain and store the liquid under load, respectively. 

 

1.4. Sustainability goals 

Renewable raw materials from wood, a nearly inexhaustible natural 

resource, are increasingly used to create bio-based alternatives to synthetic 

plastics. This is driven by a societal transition from fossil-based resources 

toward environmentally friendly and circular material flows. Moreover, 

this has also led to an interest in utilizing wood to develop novel 
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biomaterials.6 In 2015, the actions needed to promote and secure a 

sustainable future were formulated in the United Nations (UN) sustainable 

development goals. Related to this thesis is specifically Goal 9, “Industry, 

Innovation and Infrastructure“ and Goal 12, “Responsible consumption 

and production”.7 Cellulose, the load-bearing component of wood, has 

appeared as a key source of sustainable materials on an industrial scale and 

is in many ways an excellent substrate for further modification in the 

making of functional materials.  

 

Replacing fossil-based materials with bioderived alternatives is an 

essential aspect of the bioeconomy and a necessary step to address climate 

change. Nevertheless, renewability does not necessarily entail 

sustainability. From a sociological and ecological perspective, the 

utilization of forests goes far beyond realizing its potential for new 

technological advancements and economic growth. It is equally important 

to preserve natural forests and its ability to regenerate.  

 

Therefore, research efforts must be made to streamline existing forest 

industrial processes and their side streams and enhance the recyclability 

of, e.g., wood-derived products. The cellulose-water relationship presents 

a key example of this, as fiber quality is severely affected by its history of 

water uptake and removal. Therefore, this thesis studies CNF model 

structures in dry and wet states to understand the hornification and 

cellulose-water interaction. 
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 Background 

2.1. Wood and its components 

Wood can broadly be described as a hierarchical arrangement of 

structural components, where the ratio and distribution of the main 

constituent’s cellulose, hemicellulose, and lignin vary between different 

wood species. Generally, the most abundant component is the semi-

crystalline polysaccharide cellulose, constituting 40-50%. Together with 

non-ordered low molecular weight polysaccharide hemicelluloses (30-

35%) and aromatically structured lignin (25-35%), they form a composite-

like structure in wood in general and in the native wood fiber specifically. 

In the wood, the fibers are in principle held together by a compound middle 

lamella which manly consists of lignin. The fiber wall is then constructed 

in different distinct layers. The primary wall has a high concentration of 

lignin and smaller fractions of cellulose and hemicellulose. The secondary 

wall is divided into three sublayers, S1, S2, and S3, defined by the fibrillar 

angle of the cellulose fibrils within the sublayer. The fibers are cylindrical 

and  the hollow space in the middle of the fiber is called the lumen.8, 9 The 

hierarchical structure of the wood, from the tree to the cellulose chain is 

illustrated in Figure 1. 

 

 

Figure 1 The hierarchical structure of wood. Image reproduced with permission 

from Andrew Marais.10 
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2.2. Froom wood fiber to nanocellulose 

The basic reinforcing elements of the fiber wall are aggregates of 

cellulose fibrils, which are embedded in a matrix of hemicellulose and 

lignin. The cellulose fibril is constructed from linear polymers made of 

anhydroglucose molecules linked together by β-(1→4)-glycosidic bonds; β 

-(1→4)-D-glucan. In a fibril, the β-(1→4)-D-glucan polymers have the same 

polarity and form a cellulose I crystalline lattice in the fibril interior. 

The cellulose nanofibrils (CNFs) comprises around 20-50 polymer 

chains with a close-to-square crossection (in wood) with fibril dimension 

of approximately 2-5 nm.11, 12 Due to the ordered structure of the CNFs, 

they have  a high stiffness with an elastic modulus of 137 GPa13 as 

determined from X-Ray scattering, which is also close to theoretical 

estimates where values between 124 and 155 GPa were found.14 In wood, 

these fibrils bundle into aggregates known as fibril aggregates. The width 

of a fibril aggregate is roughly 20-50 nm, corresponding to a square cross-

section arrangement of 5-10 fibrils along each side. 

 

The isolation and refining processes applied to wood through different 

pulping methods decrease the lignin and hemicellulose contents to 

different degrees, leading to the production of fibers characterized by 

distinct lignin contents (kappa number) and yields depending on the 

desired properties for its end use. With increasing removal of the lignin 

and hemicellulose contents, the fiber wall becomes more porous, up to a 

point where basically all charges from the hemicellulose have been 

removed, which leads to a more pronounced cellulose association in the 

fiber wall.15 

 

To isolate individual cellulose nanoparticles from the pulp fibers, 

different chemical pretreatments followed by mechanical disintegration 

methods are used, which results in different types of nanocellulose 

materials that fall into two different categories: CNFs or cellulose 

nanocrystals (CNCs). CNCs are produced by an acid hydrolysis of cotton or 

pulp fibers. The properties and the charge of the CNCs depend on which 

acid that is used for the hydrolysis. If for example sulphuric acid is used, 

the CNCs contain sulphate half-ester16 with a charge basically independent 

of pH, whereas the use of oxalic acid leads to cellulose containing carboxyl 

groups.17 CNFs are typically obtained through chemical or enzymatic 
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treatments. The chemical pretreatments of fibers introduce charged 

groups, leading to increased fiber wall swelling, enabling fibril liberation 

during mechanical disintegration. The charges can be obtained by 

oxidation of the hydroxyl groups by 2,2,6,6-tetramethylpiperidine 1-oxyl 

radical-mediated oxidation (TEMPO-oxidation)18 or oxidation using 

monochloroacetic acid,19 respectively introducing carboxyl and 

carboxymethyl groups to the fibril surface. The charged entity may also be 

cationic, such as quaternary amines by using other reagents during fiber 

treatment.20 A sufficient charge density on the fibrils is essential to achieve 

high colloidal stability to the final CNF dispersion.21 

 

Depending on the source of the cellulose raw material and the 

preparation route, the dimensions of the obtained CNCs or CNFs can vary 

heavily. Typically, the width falls in 2-20nm for CNCs, which are <0.5 μm 

in length, while CNFs have a width of 2-5 nm and span from a few hundred 

nanometers to 2-3 µm in length.22, 23 This difference in length distinguishes 

CNCs as short rods and CNFs as longer, offering more flexibility and better 

final material properties due to their higher aspect ratio. Consequently, 

CNFs can form entanglements or exhibit network-like structures at very 

low concentrations. This is naturally an advantage in many end-use 

applications, but can also be a large drawback due to the increased 

viscosities of particles with high aspect ratios. 

 

It can generally be stated that the dimensions of isolated CNFs by 

chemical pre-treatment and mechanical liberation are thinner than the 

suggestions from earlier studies which have presented the fibril with a 36-

chain model from the cellulose biosynthesis from higher plants, 

corresponding to about 3.8 nm diameter.24, 25 More recent works 

employing solid-state NMR and X-ray scattering12, 26-28 propose an 18 or 

24-chain model, estimated to a cross-section of about ≤ 2.5 nm. In isolated 

cellulose, predominantly wood pulp, the widths obtained are often around 

4 nm,29, 30 which does not align with the 18-chain model. Further 

treatments, including chemical modification and mechanical 

disintegration of fibrils, can result in reported widths as thin as <2 nm and 

are suggested to result from surface delamination of fibrils at high degrees 

of modification.31-35 Thus, a distinction is made between the 

supramolecular forms of cellulose, which differs between nanocellulose 
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before isolation, isolated nanocellulose, and chemically modified 

nanocellulose. 

 

2.3. Cellulose – water interactions 

Wood fibers, within their natural environment, consistently exist in 

close proximity to and interact with water in different forms, such as liquid 

water or water vapor. The interaction between cellulose and water is 

complex, with different mechanisms determining the water taken up by 

fibers.   

2.3.1. Water vapor adsorption of cellulose 

Cellulose contains a large number of hydroxyl groups, which are the 

primary water sorption sites, making cellulose hygroscopic. However, it 

must be stated that a specific interaction between  OH-groups and water 

molecules will never be the driving force for the adsorption of water onto 

cellulose.36 Naturally, water molecules interact with other polar groups, 

such as carboxyls, if they are also present.37 Water vapor sorption can also 

occur in different regions of cellulose fibers: the internal or external 

surfaces of the fiber wall or as bulk water between fibers, in the pores of the 

fiber wall, or the lumen. A fiber that sorbs moisture will change its physical 

properties, i.e., it does not behave as an inert matrix during moisture 

sorption. Overall, the water adsorption on a cellulosic material is an 

enthalpy-driven process, meaning there is a release of energy resulting 

from the deposition of the initial layers of water molecules.38 This 

associated enthalpic gain also means that it is practically impossible to 

completely remove water from a cellulosic material. Hollenbeck et al.38 

determined the water sorption to microcrystalline cellulose at different 

humidity levels to obtain adsorption isotherms, which showed that the 

adsorption process is enthalpy-driven over the entire adsorption range. It 

was also established that the adsorption of water molecules to cellulose 

resulted in an overall ordering of the water molecules, such that there is a 

net decrease in entropy associated with the moisture sorption. The amount 

of moisture sorbed on cellulose depends on both the relative humidity and 

the temperature, where the temperature dependence of water vapor 

sorption can be comprehended by considering the Gibbs free energy: 

 



Background | 9 
 

∆𝐺 = ∆𝐻 −  𝑇∆𝑆    (1) 

 

The water sorption to fibers will be a spontaneous process if there is a 

negative change in the free energy, ΔG < 0. An increased ordering means 

the entropy is reduced ΔS <0, and since the adsorption is associated with 

a release of energy, the enthalpy (ΔH) has to be negative. Considering this, 

a temperature increase will cause a lower change in free energy due to the 

entropy term and reduce the absorbed amount of water. There is also a 

temperature dependence of the enthalpic term due to the release of energy 

upon adsorption. Bonds are more easily broken and less favorable at 

elevated temperatures. Other factors, such as the chemical composition of 

the fibers (hemicellulose and lignin content), will also influence the 

moisture sorption.39 This is related to differences in the amounts and types 

of ionic groups possessed by the components of the fiber wall, as well as 

structural differences between the wood polymers.  

2.3.2. Liquid water uptake   

Moisture uptake from the surrounding air is slower than when fibers 

are immersed in or subjected to liquid water, which causes swelling. The 

moisture and liquid uptake processes are also fundamentally different in 

their energy balance.  The term swelling is associated with the expansion 

of the dimensions of the material caused by the uptake of liquid in the 

fibrous network. For fibers, the most common techniques to measure 

liquid water uptake are the water retention value (WRV) method and Fiber 

saturation point (FSP). WRV measures the amount of water the fibers 

retain when subjected to a centrifugal force, while FSP is a solute exclusion 

method whereby the water-filled volume of the fiber inaccessible to a 

macromolecule of a specified size is quantified.37 Both methods are non-

complicated techniques, but the WRV method is less precise and more of 

an engineering method for determining the swelling of fibers. The swelling 

expands the fiber wall inwards towards the lumen of the fiber.40 The 

swelling of charged fibers in aqueous solutions can be described in terms 

of the model of polyelectrolyte gel swelling,41-43 and has been applied to 

study the swelling of fibers with different parameters such as salt 

concentration, counterion choice, charge density, and different pH of the 

surrounding liquid.44, 45 Swelling is driven primarily by an entropic gain in 

the charged system since the surfaces are already covered at the initial 

stages of swelling. The presence of acidic groups attached to the fiber 
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surface will lead to a higher concentration of counterions within the fiber 

wall compared to the surroundings if the acidic groups are dissociated. 

This concentration gradient creates an osmotic pressure (πion), resulting in 

the spontaneous flow of water into the network and an expansion of the 

fiber wall. However, the expansion is accompanied by restraining forces 

from the network structure resisting the deformation (πdef). Additionally, a 

non-ionic contribution to the osmotic swelling is related to the ability of 

cellulose and water to mix, including both the entropy of mixing, 

organizational entropy of water, and the association of the hydroxyl groups 

of cellulose with the water molecules inside the fiber wall (πmix). In 

theoretical terms, the total osmotic swelling pressure πtot is described as: 

 
𝜋𝑡𝑜𝑡 = 𝜋𝑖𝑜𝑛 + 𝜋𝑚𝑖𝑥 + 𝜋𝑑𝑒𝑓    (2) 

 

2.3.3. Drying-induced interactions 

The swelling of a fiber wall or cellulose network is reduced if the fiber 

or network has been dried.46 This loss in water uptake capacity due to 

drying is one of several property changes accompanying hornification. This 

technical term encompasses the interactions behind the loss in water 

uptake and other irreversible property changes.4, 47 Hornification is also 

associated with a stiffening of fibers, reduced flexibility, and structural 

tightening of the fiber wall, i.e., pore shrinkage and aggregation on 

different structural levels of the fiber wall.  It is primarily a characteristic 

of low-yield pulps where most lignin and hemicellulose have been 

removed. The presence of these wood polymers between microfibrils is 

suggested to function as spacers that hinder or interrupt the association of 

cellulosic surfaces.15, 48, 49 

The mechanisms of hornification have been debated and are poorly 

understood from a molecular perspective. It is commonly suggested that 

irreversible hydrogen bonding is responsible for the association, as water 

is removed.4, 50, 51 Cocrystallization of cellulose microfibrils has also been 

proposed as the cause; however, some studies highlight both mechanisms 

as the driving force.52-55 Additionally, the formation of covalent bonds, such 

as cyclic esters catalyzed under acidic conditions or drying, has been 

presented to explain hornification.56-58 Noteworthy to acknowledge is that 

irreversible hydrogen bonding between fibrils has been contested by 

several authors, arguing that it is not a sufficiently strong and long-ranged 
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force to force fibrils into close contact. Concerning breaking the 

association, the hydrogen bond energy contribution to the interaction 

energy is smaller than the dispersion energy.59, 60 Surprisingly, van der 

Waals forces known to be the main source of cohesion in condensed matter 

are generally left out of this discussion. 

 

The conditions during drying will affect the extent of hornification. 

Elevated temperatures cause more severe hornification,47, 61, 62 but it has 

also been shown that combining higher temperatures with humid 

conditions increases the degree of hornification.63, 64 Thus, the drying time-

temperature-humidity factors seemingly drive the interactions causing 

hornification. A common basis for the two latter factors is that they affect 

the evaporation and diffusion rates of water and the molecular mobility in 

the cellulose network. The routes to preventing hornification have involved 

the introduction of spacer components such as glycerol, glucuronoxylan, 

or carboxymethylated cellulose (CMC) or by chemically attached 

functional groups. The latter are naturally ionizable, which also increases 

the swelling ability of the cellulose material.65-68 

 

A practical consequence of the drying-induced changes is a reduced 

ability to form fiber-fiber joints in papermaking since a soft and swollen 

fiber wall enables a large contact area between fibers during consolidation 

and drying, which improves fiber-fiber joint strength. Moreover, 

hornification is also connected to the recyclability of pulp fibers, as 

recycled, partly or fully delignified fibers have inferior papermaking 

properties compared to the same virgin fibers.69 In industry, this is solved 

by beating to soften the fiber wall so that it re-swells, which is an energy-

demanding and actually a fiber degrading process. For cellulose 

nanofibrils, the difficulty lies in redispersing after drying or concentrating 

the CNFs. This means that there are high transportation costs for such 

dilute dispersions.23, 70 

2.4. Fibrillar networks 

To use CNF networks as model materials to study swelling and drying-

induced behaviors, an understanding of nanofibril networks and the 

factors that affect their formation and different properties is acquired. For 

this purpose, general structural and physical models for nanofibrillar 

networks are important but have up to recently been missing in the 
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literature.31, 71 More general models for polymers, or models to describe the 

fiber network formation to explain the flocculation of fibers, have 

commonly been employed.72-74 

2.4.1. Concentration regimes of nanofibril networks and arrested 

states 

The dimensions of CNFs result in high aspect ratio nanoparticles: 𝑎 =

𝐿 𝑑⁄ , where L is the length and d is the diameter of the fibrils. Consequently, 

they can form networks at low solids content where fibrils affect each other 

over large distances. Moreover, the dynamic properties of a nanocellulose 

network are concentration-dependent, leading to the classification of 

concentration regimes as dilute, semi-dilute, or concentrated. These 

classifications, developed for polymer solutions,73 can also be applied to 

dispersed rod-shaped nanoparticles.  

The volumetric overlap concentration marks the transition from the 

dilute regime to the semi-dilute regime. The unrestricted translational and 

rotational diffusion of particles characterizes the former. In the latter, the 

particles interact more frequently and are restricted in three-dimensional 

rotation.  Above this point, the three-dimensional rotational volumes of the 

particles start to overlap and affect each other. In the concentrated regime, 

the particles’ rotations are hindered due to significant entanglements.75, 76 

The concept of crowding factor (𝑁3𝐷), which is commonly used to describe 

the flocculation behaviour of a fiber suspension, can also be used to 

describe the concentration regimes of fibril networks. It is a measure of the 

average number of fibrils that occupy the volume of a sphere, with a 

diameter corresponding to the length of the fibril:23, 72   

 

𝑁3𝐷 =
2

3
𝜙𝑎2    (3) 

 

The crowding factor depends on the volume fraction (𝜙) and the aspect 

ratio of the fibrils. At the theoretical overlap concentration, a crowding 

factor of 1 is obtained, and 𝜙 = 1.5𝑎−2, and the sample volume is 

completely occupied by spheres formed by the rotational volume of 

individual fibrils. The crowding factor can be used to estimate the number 

of contacts per fibril (nc) in a random fibril network:72 

 

𝑛𝑐 = 2𝑎𝜙 = 3𝑎−1𝑁3𝐷   (4) 
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Where a𝜙 is also known as the dimensionless concentration or 2D 

crowding factor.23, 77 The aspect ratio is proportional to the number of 

contacts in the fibril network and has a significant influence on the 

mechanical properties of the network at a particular volume fraction. The 

interlocking of fibrils when the concentration is increased to the 

concentrated regime results in the formation of a volume-spanning 

arrested state (VAS), in which the network is non-flowing and has the 

properties of a solid.78 This transition is the VAS threshold and has been 

demonstrated to occur roughly when the crowding factor is equal to the 

fibril aspect ratio, i.e. (𝑁3𝐷 ~ 𝑎).23, 78 Two types of VASs can be formed, 

where the separation is based on the interactions that govern their 

formation, colloidal gels having attractive interactions and colloidal glasses 

having repulsive interactions.79 The model for the crowding factor 

describes a repulsive network, which is formed by increasing the CNF 

concentration. Gel formation of CNFs can also be achieved by inducing 

attraction through, for example, neutralizing the charged surface groups 

by adding acid or introducing multivalent ions in the network.80, 81 

 

Nanofibril networks can be made anisotropic by vacuum filtration of a 

CNF dispersion, which allows the fibrils to self-assemble into layered 

structures.82 The CNF dispersions start at a dilute state (<< VAS 

threshold), and the concentration is increased throughout the process, 

whereby the network transitions through the different concentration 

regimes. The fibrils in the resulting anisotropic hydrogel are physically 

crosslinked and organized into planes. When immersed in water, the 

network swells uniaxially out-of-plane due to the in-plane reinforcement. 

In the assembly process, the fibril aspect ratio will influence the packing of 

the CNFs71 and, therefore, the network’s topology, i.e., how the network is 

organized. The exact molecular or supramolecular explanation for the layer 

formation are still not known, but are probably related to the mechanics of 

compressing a network and the anisotropic removal of water during 

drying.  

 

2.4.2. Colloidal interactions in CNF networks 

The colloidal interactions in a network of charged nanoparticles are 

classically predicted by the Derjaguin-Landau-Verwy-Overbeek (DLVO) 

theory, where the stability of a colloidal system is described in terms of a 
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balance of the double-layer repulsion and attractive van der Waals 

interactions. However, for a CNF dispersion, there are several assumptions 

behind the DLVO theory which makes its application to explain the 

colloidal behavior of fibrils difficult and maybe even questionable. This is 

related to specific properties of the nanofibrils, such as their thin width, 

which is much smaller than the Debye length, this in turn makes the mean-

field approximations of the model questionable. Additionally, CNFs have 

very high aspect ratio, which means that despite their surface charge, the 

fibrils start to interact or associate before the predictions made by the 

DLVO theory. Moreover, the surface charge of CNFs is often higher than 

the limits of the DLVO theory, and the theory also fails at high salt 

concentrations or in the presence of multivalent ions.83, 84 Nevertheless, the 

general aspects of the theory can indeed be used to highlight the 

importance of different factors such as charge, electrolyte concentration 

and van der Waals interactions.81, 85, 86 

 

Double layer repulsion 

A charged colloidal particle in aqueous media is surrounded by a 

counterion cloud, which, together with the surface charges, is referred to 

as the double-layer. The counterion clouds of two charged particles start to 

overlap as the particles approach each other, resulting in a high counterion 

concentration between the particles. This gives rise to an osmotic pressure 

which pushes the particles apart and is termed the double layer repulsion. 

The interaction is entropy-driven due to the uneven distribution of ions.87 

However, the osmotic pressure will vary depending on the ion-specific 

properties of the counterion cloud. This can be considered with the osmotic 

coefficient for different salts,23 which makes the model more reliable for 

different ions. 

 

Van der Waals interactions 

Van der Waals forces contain contributions from dispersion 

interactions, ion-induced dipole, and dipole-induced dipole interactions. 

Dispersion interactions arise from the correlated quantum oscillations of 

electrons in neighboring molecules or atoms. The correlated oscillations of 

electrons induce an attractive force between the molecules. Van der Waals 

interactions are short-ranged (VVdW ∝ D-6) between molecules, where V is 

the interaction energy, and D is the separation between the molecules. 

However, the distance-dependence changes for the surfaces of 
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macroscopic bodies, which is computed as a summation over all interacting 

pairs. The van der Waals interaction energy for parallel macroscopic flat 

surfaces is expressed (per unit area) as:87, 88  

 

𝑉𝑣𝑑𝑊 = −
𝐴

12𝜋𝐷2    (5) 

 

The Hamaker constant A is a material constant and depends on the 

specific properties of the interacting particles and can be adjusted to take 

into consideration a suspending medium. 

 

Hydrogen bonds 

Hydrogen bonds are a particular kind of dipole-dipole interaction that 

possesses some ionic and covalent character. The bond is very short-range 

and directional,89 with the strength of the bond commonly around 10-40 

kJ mol-1, depending on the geometry, the medium, and the specific donor 

and acceptor atoms.88  

 

Ion-ion correlation and specific ion effects 

The presence of multivalent counterions induces attractive interactions 

between charged CNFs in water. The suggested mechanisms behind these 

are ion-ion correlation and specific ion effects. The uneven distribution of 

counterions surrounding a charged surface causes polarization of the 

counterion clouds. The resulting electrical field will induce movement of 

the counterions of neighboring charged surfaces, leading to correlated 

fluctuations of the local ion concentrations. These ion-ion fluctuations give 

rise to attraction. For surfaces with low or moderate charge and with 

monovalent counterions, the ion-ion correlation interaction is small or 

negligible. For highly charged particles and with multivalent ions, the 

effect is so significant that it can exceed the double layer repulsion, and a 

net attraction occurs between like-charged particles.90, 91 

The theory behind specific ion effects involves several mechanisms, but 

the basis is that ions interact with all components of a colloidal system due 

to their specific properties, and this results in variations in the double-layer 

repulsion caused by a change in the osmotic pressure due to the ion-

specific properties of the counterions.84, 92 Ions in a colloidal system are 

also affected by the dispersion interactions acting between atoms, 

molecules, or particles. The magnitude of the dispersion interaction of ions 

depends on their polarizability and the size of the ion. Polarizable ions 
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interact with each other or colloids mediated by dispersion interactions. It 

is usually attractive and thus reduces the double-layer repulsion or 

suppresses the surface charge of the particle.84, 93 In the presence of some 

multivalent metal ions, metal-ligand complexes form. The interaction is a 

dative covalent bonding in which the ligand donates a pair of electrons to 

an empty orbital of the metal ion.94 In this way, ions can be introduced to 

a CNF network to form crosslinks between neighboring fibrils, resulting in 

enhanced interfibril attraction.81 

  

 Experimental 

The following section describes selected information about materials, 

procedures, and characterization techniques. Details are given in the 

appended papers. 

3.1. Materials 

3.1.1. Dissolving grade fibers and chemically modified fibers 

Dissolving grade sulphite pulp from Domsjö Fabriker AB Aditya Birla 

and sulphite pulp from Nordic Paper AB were used to prepare CNFs 

(Papers II-IV).  The pulps were oxidized by carboxymethylation,19 TEMPO-

oxidation95 under neutral conditions, and  by quaternization20 using a 

reaction with glycidyltrimethylammonium chloride. A range of charge 

densities was targeted (0.4-1.8 mmol g-1), and the amounts of reagent were 

altered to obtain different charges of the fibers. 

3.1.2. Delignification 

Softwood spruce chips were peracetic acid delignified to obtain 

hemicellulose-rich fibers, i.e., Holo fibers, using the protocol described by 

Yang et al.96 The fibers were either directly fibrillated to obtain Holo CNFs 

(Paper I) or further chemically modified to introduce charged groups 

before mechanical disintegration (Papers II-IV). 

3.1.3. Nanocellulose 

Carboxymethylated CNF gel (CM-CNFs) with a charge density of 0.5-

0.6 mmol g-1 were provided by RISE Bioeconomy AB as a 2 wt% gel. The 

gel was prepared according to previously established methods from the 

dissolving pulp.19 Details are given in Paper I. 
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Depending on the fiber source, described in 3.1.1 and 3.1.2, chemically 

modified CNFs were liberated from the fiber wall by different methods. 

This is because increasing amounts of remaining hemicellulose content 

facilitated the defibrillation procedure. CNFs were liberated from the fibers 

using high-pressure homogenization (Microfluidizer, M-11 EH, 

Microfluidics Corp., USA) of 1-2 wt% suspensions, by one passage through 

two chambers in series (400 and 200 μm) followed by three passages 

through two smaller chambers in series (200 and 100 μm). Alternatively, 

modified Holo CNFs were liberated by mixing with a kitchen blender 

(Blendtech Classic 575, USA). 

 

The CNFs were further dispersed by an Ultra-Turrax high-shear mixer 

followed by ultra-sound probe sonication. Afterward, the dispersion was 

centrifuged to remove the remaining aggregates. (Paper I-III).  Meanwhile, 

chemically modified Holo CNFs were dispersed using a kitchen blender 

and either used as is or centrifugated to remove unfibrillated fragments. 

(Paper II-IV)  

 

3.1.4. Nanopapers and fibrillar hydrogels 

CNF sheets were prepared by vacuum filtration of CNF dispersions (0.1-

0.2 wt%) using Durapore PVDF membrane filters with pore sizes of 0.65 

μm or 0.1 μm and a diameter of 90 mm. The obtained gel cake was dried 

using a Rapid Köthen sheet dryer (Paper Testing Instruments, Austria) for 

5-30 min at a reduced pressure of 95 kPa and temperature of 93°C. The 

thicknesses of the dry sheets ranged between 30 and 60 μm. Anisotropic 

hydrogels were formed by swelling the CNF sheets either directly in water 

or treating them first with different metal ion or hydrochloric acid 

solutions, followed by washing and equilibrating in water.  
Isotropic hydrogels were formed by adding a dilute CNF dispersion (0.1 

wt%) to a mold, tailored to match the rheometer plate's dimensions and 

gap. A HCl solution (0.1 M) was incorporated into the dispersion via a 

Durapore PVDF membrane (0.65 μm) position on top of the dispersion. 

The volume of HCl solution added aimed for a final pH 2 in the gel. To 

ensure a uniform pH within the hydrogel, the sample was allowed to 

equilibrate before rheological measurements. 
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3.1.5. Superabsorbent heterostructure 

Never-dried fully bleached sulphite pulp was used for the fiber-based 

aerogels. The aerogels were prepared by the addition of small amounts of 

TO-CNFs (0-10%, with regard to dry mass) to a fiber suspension and mixed 

using an overhead stirrer. The aerogels were obtained by ice-templating 

the mixture, followed by a liquid exchange procedure in acetone. Details 

are given in paper IV regarding the preparation and characterization.  

 

The heterostructure was prepared by making cut slits in the aerogel and 

incorporating cationic CNF (Cat-CNF) sheets in the aerogel structure, at a 

mass ratio of approximately 0.19 g CNF sheet g-1 aerogel. Details are given 

in paper IV. 

3.1.6. Regenerated cellulose beads 

Cellulose hydrogels bead were provided by Nadia Asta at KTH. The 

beads were prepared starting with carboxymethylated fibers (0.6 mmol g-

1) from dissolving grade pulp fibers. The carboxymethylated fibers were 

subjected to a previously developed dissolution protocol for gel bead 

preparation.97, 98 Details are given in paper I. 

3.2. Methods 

3.2.1. Surface charge determination 

The surface charge of CNFs was measured by polyelectrolyte titration 

against polydiallyldimethylammonium chloride (polyDADMAC) or 

potassium polyvinyl sulfate (KPVS) using a ParticleMetrix Stabino system 

(Germany).   

3.2.2. Swelling measurements 

In Paper I, the influence of heat treatments on the swelling of CNF 

sheets was studied. Since the CNF sheets swell uniaxially, the reswelling 

degree was estimated as the ratio of the change in thickness after swelling 

(dwet) to the dry thickness (ddry).99 This was used to describe the material 

properties or relate to the interactions in CNF sheets. Details are given in 

Paper I. 
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𝑅𝑒𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 =
𝑑𝑤𝑒𝑡− 𝑑𝑑𝑟𝑦

𝑑𝑑𝑟𝑦
  (6) 

 

The swelling for the used gel beds was estimated from the change in 

diameter of the cellulose-based gel beads. The water uptake of the gel 

beads, as previously described, is: 97 

 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚𝐻2𝑂

𝑚𝑠
    (7) 

 

Where mH2O and ms are the mass of solids and the mass of water 

determined by thermogravimetric analysis (TGA). The total volume of the 

gel beads was calculated from the diameter measured by a Dino Lite 

Premier microscope using the software Dino capture 2.0. To calculate the 

fraction volumes of cellulose and water in the gel beads, densities of 1.5 g 

cm-3 (cellulose) and 1.0 g cm-3 (water) were used. 

 

The liquid uptake (g g-1) of CNF sheets was calculated as follows: 

 

𝐿𝑖𝑞𝑢𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑚2−𝑚1

𝑚1
   (8) 

 

Where m1 is the mass of the dry sample, and m2 is the swollen sample, 

measured gravimetrically. Merck Milli-Q ultrapure water (18.2 MΩ cm-1) 

and deionized (DI) water was used for all measurements. 

3.2.3. Absorption tests 

The liquid spreading and absorption capacity of the superabsorbent 

heterostructure were measured with a custom-made instrument. The 

instrument set-up consisted of a Sartorius BCA324I scale connected to a 

PC running the software LabView (version 2023 Q3 23.3f0) by National 

Instruments Corp, for data acquisition. A bipolar stepping motor 

(Trinamic PD57-2-1160-TMCL) was coupled to the PC and controlled in 

LabView. The stepping motor was linked to a FESTO ELGC-TB-KF-45-200 

toothed belt linear motion drive, alongside a 150 mm horizontal beam 

attached to a cylindrical holder with a 17 mm diameter and a wall thickness 

of 0.4 mm, designed for the samples. A Creality HALOT-MAGE PRO 8K 

resin 3D Printer was used to print the beam and cylinder. Securing the 

sample in place was achieved using a pin with a thickness of 0.4 mm, 
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ensuring stability while allowing liquid absorption by the sample without 

interference. 

Water or a 0.9 wt% NaCl solution was poured into a petri dish, which 

was positioned on the scale. The stepping motor was programmed to 

gradually lower the sample at a speed specified by the user, simultaneously 

sampling the weight from the scale at a rate of 5 Hz. This process continued 

until the rate of weight change, as detected by the scale, surpassed the user 

defined value. Once the predetermined threshold for weight change was 

exceeded, the motor halted, and the sample remained stationary for the 

remainder of the absorption process while data from the scale was 

recorded for 10 minutes. Details are found in paper IV. 

3.2.4. Atomic force microscopy (AFM) 

AFM imaging (Multimode 8, Bruker, Santa Barbara. USA) was 

employed to study the morphologies of CNFs in ScanAsyst mode. The 

surface was prepared by adsorbing the CNF onto a cleaved mica sheet with 

an anchoring layer of (3-Aminopropyl)triethoxysilane (APTES). The 

surface was rinsed with Milli Q water and then dried with nitrogen gas. The 

widths were determined using the software nanoscope analysis, and the 

lengths were measured with image J. Details are given in papers II and III. 

3.2.5. Mechanical properties 

The mechanical properties of sheets prepared from CNFs were 

measured using an Instron 5944 instrument with a load cell of 500 N, both 

in the water-swollen and dry state (50% relative humidity). For all 

measurements, specimens with a width of approximately 3 mm and a 

gauge length of 20 mm were tested at a strain rate of 2 mm min-1. Details 

are given in papers I and II. 

3.2.6. Swelling force measurements 

In papers III and IV, a parallel plate setup was used to measure the force 

generated by the swelling of CNF sheets in water and electrolyte solution 

using an Instron 5944 with a load cell of 500 N. A polystyrene petri dish 

was positioned on the bottom plate where circular CNF sheets were placed. 

To facilitate water accessibility to the sample, the CNF sheets were placed 

between two Durapore membrane filters functioning as wicking 

membranes. To ensure a flat arrangement, the upper plate was lowered to 
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apply a force of 1-2 N before the measurement. The sample was submerged 

in liquid, and the force was recorded until a steady-state value was reached. 

Then, the upper plate was incrementally raised, and the strain and force 

were recorded at each step. The equilibrium force was normalized with the 

cross-sectional area of the dry sample to obtain the pressure.  

3.2.7. CP/MAS 13C-NMR 

Heat-treated or non-treated CNF sheets that were subsequently 

rewetted (Paper I) were uniformly packed into an NMR rotor. The CP/MAS 

13C-NMR spectra were recorded using a Bruker Avance III AQS 400 SB 

instrument operating at 9.4 T. All measurements were carried out at 295 

(±1) K with an MA rate of 10 kHz. A SPINAL64 pulse sequence was used 

for 1H decoupling, and a total of 4096 transients were recorded on each 

sample, leading to an acquisition time of about 3 h. The chemical shift scale 

was calibrated to the TMS-scale (tetramethylsilane, (CH3)4Si). Spectral 

fitting to determine lateral fibril dimensions and crystallinity was 

performed based on the spectra using a method established by Larsson et 

al.11, 100 

 

3.2.8. Other techniques 

Fourier-Transformed Infrared Spectroscopy (FTIR) was used to 

investigate covalent bond formation of heat-treated CNF samples or to 

study the molecular configuration of CNF samples with different 

counterions. A multivariate (MVA) analysis was applied to the FTIR data 

using the software SIMCA (SIMCA version 16.0, Sartorius Stedim Data 

Analytics AB (Umetrics), Umeå, Sweden). X-ray photoelectron 

spectroscopy (XPS) was used to investigate the carbon chemical states in 

CNF samples. Wide-Angle X-Ray Scattering (WAXS) was used to evaluate 

the crystalline ordering in CNF samples. 
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 Results and discussion 

4.1. Minimizing water uptake in fibrillar networks 

When cellulose-rich materials are dried, they undergo structural 

changes that are considered irreversible. In paper I, CNF sheets were used 

as a model system to mimic the structural changes in the macroscopic fiber 

wall upon water removal. The high specific surface of these materials and 

well-characterized morphology and chemical properties of these materials 

makes them suitable as model substances. Notably, the carboxymethylated 

CNFs are modified cellulose enriched with carboxylate groups not present 

in the native state. This means the CM-CNFs only exhibit similarities to 

isolated/unmodified cellulose in certain aspects. One distinction is that 

CNF sheets have a higher swelling, which makes the extent of hornification 

easier to measure and thus increases the resolution compared to 

macroscopic fibers. The extent of hornification was related to the ability of 

the CNF sheets to reswell after drying, which is minimized with more 

intense drying conditions, i.e., higher temperatures and longer durations. 

4.1.1. Cellulose nanofibril sheets as model material 

The CM-CNFs used in Paper I had a surface charge of 0.5 mmol g-1, and 

CNF sheets were prepared in the presence of the different counterions H+, 

Li+, Na+ Cs+, and Mg2+. The main idea was to explore the effect of specific 

counterions, regarded as different surface modifications, on the swelling 

and hornification process. The counterions are of different sizes and 

hydrations, which could affect the contact between fibril surfaces. Also, 

Holo CNFs with a surface charge of 0.1 mmol g-1 were studied owing to the 

remaining hemicellulose on fibril surfaces. The effect of temperature and 

heating time on the swelling of CNF sheets was described by the ratio of 

the swelling degree before and after a thermal treatment, where the 

swelling degree is defined as 
𝑑𝑤𝑒𝑡−𝑑𝑑𝑟𝑦

𝑑𝑑𝑟𝑦
 , where d is the thickness of the 

sheets in the dry or wet states. The CNF sheets were formed by filtration, 

and consequently, the fibrils were oriented along the sheets’ plane. As a 

result, the swelling took place uniaxially perpendicular to the plane. The 

sheets were allowed to swell for 24 hours to approach equilibrium before 

the thickness measurement. 
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Figure 2 The swelling degree of reference CNF sheets with different counterions 

and Holo CNF after 24 h equilibration in water relative to the thickness of the 

corresponding dry film. The error bars are standard deviations. Reproduced from 

Paper I.5 

In a cellulose gel network, the water uptake is controlled by several 

factors similar to the description of polyelectrolyte gels.41, 101, 102 The 

swelling is caused by the osmotic pressure difference across the gel 

boundary, where the total pressure is expressed in equation 2. The CNF 

sheets exhibited different equilibrium swelling without heat treatment, as 

shown in Figure 2, which is related to their differences in surface charge 

and chemical composition, thereby affecting the network structure. The 

presence of monovalent counterions Na+, Li+, and Cs+ results in fibrillar 

networks containing dissociated carboxyl groups, i.e., forming repulsive 

networks. The swelling degree of the CNF sheets with these cations has 

previously shown a relationship to the effective polarizability of the 

counterion in water,81 where Li+, with an effective polarizability of almost 

zero, shows the most considerable swelling. The introduction of a divalent 

metal ion (Mg2+) induces attractive interactions between fibrils, suggested 

to be governed by ion-ion correlation,71, 81 and this is distinguished by a 

reduced swelling of the CNF network. A similar swelling degree was 

observed for Holo CNF sheets where the low surface charge of the fibrils 

arises from the remaining hemicellulose coverage. The ionic contribution 

to the osmotic swelling is basically totally diminished when the carboxyl 

groups are protonated, which explains the low swelling in the presence of 

H+. The order of swelling for the different CNF sheets follows:  
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Li+ > Na+ > Cs+ >> Mg2+ ≥ Holo >> H+ 

4.1.2. Drying-induced effects on nanofibril sheets 

Figure 3 illustrates the influence of temperature and heating time on 

the reswelling of CNF sheets. It demonstrates that higher temperatures 

and longer durations of heat exposure lead to decreased reswelling, 

thereby increasing hornification due to the inverse relationship between 

hornification and reswelling. Additionally, the reswelling curves indicate 

that the aging-reswelling kinetics is associated with different orders 

depending on the chemical composition of the CNF sheets. In the given 

temperature interval, a pronounced time-dependent aging was observed 

for all sheets except CNF-H+ (Figure 3a). Due to the reduced osmotic 

pressure inside the CNF-H+, a low swelling was generally obtained; 

however, large errors were found in the relative reswelling degree since the 

difference between reference and heat-treated samples was small. A 

similar time and temperature dependence were found in the presence of 

Na+, Li+, and Cs+, (Figure 3b-d) indicating that the monovalent ions' 

specific ion effects and hydration did not significantly affect the aging 

process.  

Figure 3e-f show that both Holo CNF and CNF-Mg2+ exhibit a less 

pronounced and linear relationship, which means that the hornification is 

hindered to some degree. With Holo CNFs, this is related to the presence 

of the short-chained and disordered hemicellulose on fibril surfaces, which 

is expected to prevent cellulose-cellulose association.48 The aging-

reswelling behavior of CNF-Mg2+ could be related to the large hydration of 

Mg2+, which may affect the kinetics of water removal from the network. 

Another aspect is that the formation of interfibrillar complexes (crosslinks) 

could also be obstructed by preventing a close contact between fibrils 

during the thermal treatment and, as such, limit the extent of hornification. 
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Figure 3 Aging-reswelling curves for CNF sheets of different compositions. The 

reswelling after heat treatment is relative to the swelling degree of the respective 

reference CNF sheet (Figure 2). Image adapted from Paper I.5 

 

The reswelling after aging decreases with increasing heating time, and 

this relationship was explained by introducing an empirical exponential 

expression to describe Fickian and non-Fickian diffusion in a swellable 

system.103 

 
𝑀𝑡

𝑀∞
=

𝑑𝑤𝑒𝑡−𝑑𝑑𝑟𝑦

𝑑𝑑𝑟𝑦
= 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 = 𝑘𝑡𝑛   (9) 

 

The constant k characterizes the polymeric network, with Mt 

representing the volume of water within the swollen network at time t and 
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M∞ representing the volume after an infinite period. The diffusional 

exponent is indicative of a Fickian behavior for n=0.5. Note, however, that 

the effect of heating time on the reswelling is investigated here, which 

means that an inverse relation is found between the reswelling degree and 

the heating time that induces hornification (𝑟𝑒𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 ∝

ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒−1). Figure 4 displays the reswelling plotted against n-values 

of -0.5, and the nearly linear relationship suggests a hornification process 

based on a molecular diffusion. Prior to the heat treatment, the filtrated 

CNF gels were dried for film formation with a typical remaining moisture 

content of 8-10%. In such a network, there are only two components with 

mobility, i.e., that may diffuse during the heat treatment: water molecules 

and the oxidized surface chains of the CNF surfaces. A dried CNF network 

has almost zero porosity with a high number density of fibril-fibril 

contacts, which means that the mobility of the surface polymers would be 

significantly hindered and less likely to exhibit a Fickian-type diffusion.104 

Holo CNF sheets did not show the same behavior. An effect would be 

expected from the hydrophilic coating on the fibrils, comprising disordered 

and low molecular mass polymers that should have higher mobility at low 

moisture contents. Interestingly, a similar aging-reswelling behaviour was 

demonstrated for regenerated cellulose hydrogel beads.5 Unlike the CNFs, 

the beads comprise molecularly dispersed cellulose polymers, that form a 

non-crystalline network.97 This finding suggests that the ordering of 

cellulose in semi-crystalline fibrils is not necessary for hornification to 

occur.  

 

 
Figure 4 Reswelling after heat treatment as a function of 𝑡−0.5 of aged CNF-Na+ 

sheets. Adapted from Paper I.5 
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Prolonged immersion in water continuously increases the swelling 

degree of the aged CNF sheets. For the initial reswelling, the major water 

uptake takes place within the first minutes to hours. However, the increase 

detected after 24-hour equilibration slowly continues for at least a year. A 

comparison of the swelling degree after 24 hours and approximately a year 

is presented in Figure 5 for CNF-Na+ and Holo CNF that were heat treated 

at 130°C. Following the swelling of a CNF-Na+ sample over four weeks, 

displayed in Figure 6, revealed that saturation was not reached during the 

time period and continued up to a year but very slowly. 

 

 
Figure 5 Comparison of the swelling degree after 24 h and ~1 year for a) CNF 

Na+ and b) Holo-CNF aged at 130°C. Reproduced from Paper I. 

 

Additionally, the long-term increase in reswelling was the highest for 

Holo CNF samples, which is reasonably related to the dense packing 

limitations due to the branched and disordered structure of the 

polymers.105 Hemicelluloses are also more favorably hydrated.39 The 

reswelling data of heat-treated CNF sheets indicate that the diffusion of 

water plays a significant role in the hornification process, by which 

cellulose-cellulose surfaces are allowed into close molecular contact. While 

there is a continuous improvement in the reswelling degree at more 

extended times of immersion in water, it is nevertheless unclear if the 

process is completely reversible. The rate of swelling decreased already 

within the first few weeks, as observed in Figure 6, which indicates a 

kinetically hindered accessibility of water molecules to hornified regions. 

If the process is completely reversible, the elimination of the hornification 

effect could be associated with some activation energy, and this would 
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depend on factors such as the degree of substitution of carboxyl groups in 

the CNFs. It is known that agitation can be used to redisperse a CNF sheet 

relatively efficiently with minor aggregation remaining,70 it is, however, 

not clear if this is mainly due to recovery or just disentanglement of the 

fibril network, which is also a mechanism that prevents complete 

redispersion. 

 

 
Figure 6 The swelling degree of a non-heat-treated CNF-Na+ sheet followed over 

four weeks. From paper I.5 

4.1.3. Structure of hornified fibrillar networks 

Aged CNF sheets were further characterized in the dry and reswollen 

state in light of the main mechanisms suggested to be the driving force for 

hornification. The proposed mechanism of increased local ordering/co-

crystallization was evaluated using CP/MAS 13C-NMR and WAXS, while 

the formation of covalent bonds was studied by a multivariate FTIR 

analysis and XPS. The co-crystallization mechanism implies that the 

association of fibril surfaces during hornification will change the relative 

number of non-ordered surface chains and highly ordered chains of the 

crystalline fibril interior. Solid-state NMR was used to study the 

supramolecular structure of the different samples at different degrees of 

treatment. The full spectra of water-swollen CNF samples are presented in 

Figure 7, and the regions corresponding to the different carbons in the 

glucose unit are labelled. The signals assigned to the surfaces and interiors 

of crystalline domains are denoted as s and i respectively. NMR spectra of 

oxidized cellulose samples are typically taken for samples under acidic 

conditions (pH 2-3.5) due to the potential interference caused by a high 



Results and discussion | 29 
 

water content and mobile counterions, which can reduce the cross-

polarization efficiency and lead to a decrease in signal-to-noise ratio. 

Attempts were made to mitigate these effects by partially pressing out some 

water from the CNF-Na+ samples before measurement to separately 

evaluate samples heat-treated in Na-form and H-form since their 

reswelling behavior after heat treatment differed. However, a decreased 

signal-to-nose is noticeable for the reference CNF-Na+ sample, especially 

in the C-6 region. 

 
Figure 7 CP/MAS 13C NMR spectra of water-swollen CNF sheets. The sheets were 

first heat treated for 4 h at the temperatures shown above each spectrum and 

subsequently reswollen. The reference samples did not undergo additional drying 

beyond film formation; drying at 93°C for 20 min. From Paper I.5 

 

The effects associated with drying are expected to occur in the surface 

regions, as a previous study detected a loss of signal intensity at 84.0 and 

84.9 ppm (surface), which was transferred to the cluster of signals at 89.4 

ppm (crystalline interior), which was interpreted as the coalescence of 

pairs of cellulose surfaces to become the interiors of crystalline domains.52 

The spectra of each sample group were superimposed, as displayed in 

Figure 8a for CNF-Na+, with no observed spectral change in the ratio of 
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surface to interior signals (Figure 8b). This means no detectable increase 

in cellulose crystallinity was associated with the heat treatment. By spectral 

fitting, an estimate of the lateral fibril aggregate dimensions (LFAD) was 

obtained using a model for cellulose I fibril with a square cross-section,100 

presented in Figure 8c. An increase in LFAD was associated with the heat 

treatment, especially significant at 150°C and for CNF-Na+. This 

observation is in line with other work showing that the fibril aggregate 

dimensions increase due to the drying of cellulose fibers.15, 64 

 

 
Figure 8 a) CP-MAS 13C NMR spectra for the reference and aged CNF-Na+ in the 

water-swollen state b) Enlargement of the C4 region in a). c) Changes in LFAD for 

reference and aged CNF sheets d) WAXS intensities for reference and aged CNF-

Na+ compared to a cotton linter sample with high cellulose content (99.9%). Results 

from Paper I.5 

 

The crystalline ordering of the cellulose chains in the fibrils was 

evaluated by WAXS and shown in Figure 8d. A comparison of a reference 

and heat-treated CNF-Na+ (130°C) showed no significant difference 

between the samples. Only CNF-H+ sheets showed a slight signal 

narrowing when dried at the same temperature, which could be attributed 
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to a minor increased ordering of the fibril interior. An interesting 

observation from Figure 8d is that significant broadening and shifted 

positions are presented with CNFs compared to the distinct signals of a 

cotton linter sample related to the different planes of a cellulose I crystal 

lattice. This suggests that the plane distances in the fibrils have a broader 

distribution, which points toward less ordered polymers in the fibril core. 

However, the typical cellulose I solid-state NMR spectrum remains 

relatively unchanged whether CNFs or macroscopic fibers are used because 

the signal position depends on polymer conformation. This means that the 

plane distances in the fibril interior may change without significantly 

affecting the polymer conformations of the crystalline part. It was 

concluded from the structural characterization that no changes in 

crystallinity accompanied the heat treatment. However, a significant 

increase in LFAD was obtained for the sample with Na+ as counterion.  

 

A suggested mechanism evaluated in this work is the formation of 

covalent bonds, such as ester linkages formed by carboxylic acid groups 

interacting with hydroxyl groups in neighboring polymer chains, as the 

cause of hornification.56 An MV FTIR analysis was employed to elucidate 

small spectral changes or trends detected as a function of heating time and 

temperature, similar to the reswelling behavior of the aged CNF sheets in 

section 5.1.2. A principal component analysis (PCA) and orthogonal 

projection to latent structures (OPLS) were used as MVA methods to relate 

spectral features to property changes in the heat-treated sheets, similar to 

a previously established procedure.106 The mathematical processing is 

based on projecting the given data set, i.e., spectral data, onto a new 

coordinate system of reduced dimensionality. This system is then 

characterized by latent variables termed components. PCA gives an 

overview of the variations between the different sample groups and 

treatments, and the obtained components show the most extensive 

variation between spectra. This was visualized as a score plot in Figure 9, 

where the distance between data points in the score space is related to their 

degree of similarity. With OPLS, the first component captures the unique 

spectral variations associated with the property of interest, the heating 

temperature (or time).  The rest of the OPLS components describe spectral 

features independent of the target property. 
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Figure 9 PCA scores plot for all of the samples, visualizing the influence of heating 

temperature between CNF samples: CNF-Na+ (circle), CNF-H+ (triangle), and 

Holo-CNF (square). The different colors correspond to the figure's heating 

temperatures (°C). From Paper I.5 

 

Figure 9 illustrates the largest variation in data by the first two 

variables in the PCA model, PC1 and PC2. The reference and heat-treated 

samples are primarily distinct, and samples treated at the same 

temperature are clustered. These clusters exhibited a broader distribution 

at higher temperatures, particularly at 150°C. The disparate distributions 

of the CNF samples heat treated at 150°C compared to others suggest 

variations in certain features. Spectral variations were further correlated 

to the heating temperature using OPLS. Details of the OPLS models are 

found in Paper I. 

Interestingly, separate OPLS models were required for 150°C and 105-

140°C since the highest temperature resulted in unique variations and gave 

a model with poor fit when all temperatures were combined. In line with 

this, the heat treatment at 150°C caused yellowing of the CNF sheets, which 

could indicate covalent bond formation or any chemical reaction. The 

assignment of spectral features from the OPLS loadings is summarized in 

Table 1 for CNF-Na+, CNF-H+, and Holo. The main observations, at 105-

140°C, were a decline in the intensity of the OH-vibrations at 3000-3600 

cm-1 with increasing temperature. This could be related to the decreased 

moisture content in the CNF sheets, which were more hornified. 

Additionally, CNF-H+ exhibited a reduced signal intensity at 1737 cm-1, 

associated with the carboxylic acid group. Instead, at 150°C, all CNF 

compositions showed an increase in the absorption band at 1737 cm-1, 
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which could result from hemiacetal or ester crosslinks. This was 

accompanied by opposing effects for CNF-Na+ and CNF-H+/Holo, where 

the former showed a decrease in the intensity of OH vibrations at 3200–

3600 cm−1 and an increase for the latter. 

 

Table 1 Assignment of signals related to the effect of heat treatment from the 

loading plots of OPLS-Na, OPLS-H, and OPLS-Holo. From paper I.5 

 

Sample Temperature 

(°C) 

Signal (cm-1) Assignment Effect on 

signal 

H+, Na+ 

and Holo 

105-140 3000-3600 

2890 

O-H stretching 107 

C-H stretching 107 

decrease 

H+ 105-140 1737 C=O (protonated) decrease 

H+, Na+ 

and Holo 

150 1737 C=O (protonated) increase 

Na+ 150 3000-3600 

2890 

O-H stretching 

C-H stretching 

decrease 

H+, Holo 150 3000-3600 

2890 

O-H stretching 

C-H stretching 

increase 

 

The carbon chemical states of the anhydroglucose unit (AGU) were also 

evaluated using XPS. This was applied to CNF sheets that were heat-

treated at the highest temperature of 150°C. The high-resolution carbon 

scan, appearing at 280-292 eV, shows if there is a shift in the distribution 

of the type of carbon bonding in the cellulose structure, possibly indicating 

the formation of ester bonds inside the network. However, one challenge 

with XPS is the overlap of the carboxyl carbonyl and ester carbonyl regions. 

Still, it is possible to distinguish between the signals of a C-C/C-H bond at 

285 eV, C-OH at 287 eV, and O-C-O/C=O at 289 eV inside the cellulose 

materials. By deconvolution of the XPS spectra, the carbon states' atomic 

ratios were obtained and displayed in Table 2. Small increases in O-C-O 

and C-OH bonds were detected, which was more significant in the 

protonated CNF sheets, which could be an indication of hemiacetal 

linkages.  
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Table 2 Atomic ratios of the carbon chemical states in the different CNF sheets 

(before and after heat treatment) determined from C 1s XPS. Relative errors in 

these ratios are about 8-10%. From paper I.5 

 
Sample Atomic ratios 

 C-OH O-C-O O=C-OH 

CNF-Na+ reference 15.9 3.1 1 

CNF-Na+ 150°C 2h 15.7 3.7 1 

CNF-H+ reference 14.2 2.9 1 

CNF-H+ 150°C 2h 17.7 4.2 1 

 
 
In summary, it can safely be stated that the combined FTIR and XPS 

results indicated no significant development of covalent linkages, e.g., 

ester bond formation following the heat treatment. Still, in combination 

with the yellowing of the CNF sheets at 150°C, it suggests that it cannot be 

totally excluded under such conditions. However, since hornification 

occurs at lower temperatures, this cannot be the leading cause to the 

hornification following the heat treatment. 

4.1.4. Mechanical behavior of hornified fibrillar networks 

The heat treatment induces a significant change in the reswelling of the 

CNF networks, which means that the macroscopic properties of the CNF 

sheets are affected. Hence, the mechanical properties of the sheets after 

aging were investigated, which could give some explanation to the effect of 

hornification on the CNF network structure. One heating temperature was 

selected (130°C) and the CNF sheets were aged for 60, 90, and 120 min, 

after which the tensile properties were evaluated in the dry and reswollen 

states. Figure 10 shows the dry sheets' tensile strengths and strain at 

break, with no discernible trends relative to the heating time. At the longest 

heating time (120 min), the CNF sheets became slightly more brittle. 

Nevertheless, the different sample groups displayed comparable tensile 

strengths, strain-at-break, and modulus except for Holo CNFs, which 

exhibited higher strengths attributed to their higher aspect ratio and 
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enhanced fibril-fibril interactions owing to the hemicellulose-rich coating 

of the fibrils.108 The similarity in tensile properties is likely because 

network properties, such as the high number of fibril-fibril contacts and 

essentially zero porosity, dominate over specific interactions between 

fibrils in dry CNF sheets. This also means that dry CNF networks will have 

contributions both from reversible and irreversible interactions. 

Therefore, their mechanical properties may not reflect structural changes 

related to hornification. 

 

Figure 10 Tensile strength and strain at break of aged CNF sheets (130°C) in the 

dry state. Data from Paper I.5 

 In the reswollen state of the aged CNF sheets, irreversible contacts are 

expected to dominate. Figure 11a shows representative stress-strain 

curves for reswollen CNF sheets equilibrated in water for 72 hours after the 

heat treatment. Reference samples were not included since the swelling of 

CNF-Na+ and Holo CNF was too large, making them too soft for tensile 

tests. Longer heating times resulted in increased stiffness and wet 

strengths, which was a clear effect of the hornification. It has been shown 

that changing the counterion can increase the stiffness of CNF assemblies 

and that it is related to the increased network density, which is due to ion-

ion correlation and specific ion effects in the presence of multivalent ions.71 

Similarly, the CNF-H+ sheets represent completely attractive networks that 

demonstrate higher network densities due to their dramatically lowered 

water uptake, which explains the exceptionally high wet strengths of ~38-

45 MPa. 
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Figure 11 a) Representative stress-strain curves for the different CNF sheets in the 

reswollen state aged for 60, 90 and 120 min at 130°C b) comparison of reswollen 

CNF sheets aged (60 min, 130°C) with the charges in their proton form (CNF-H+) 

and ion-exchanged back to their sodium form (CNF-H+ => CNF-Na+) with film 

aged in sodium form (CNF-Na+). Data from Paper I.5 

An ion-exchange procedure was performed on aged CNF-H+ sheets to 

separate the contributions from the reduced osmotic swelling and 

hornification since the lower water uptake in CNF-H+ is mainly responsible 

for the obtained high wet strength. Heat-treated CNF-H+ sheets (130°C, 60 

min) were placed in a bicarbonate buffer solution at pH 10.8 to convert the 

counterion to Na+. These samples are referred to as CNF-H+ => CNF-Na+. 

The ion exchange proceeded for three hours, followed by washing to 

remove the excess and equilibration in water for 72 hours. CNF-Na+ sheets 

were also subjected to the same aging conditions and reswollen in water 

for the same duration. Figure 11b displays stress-strain curves for the 

CNF sheets aged in protonated and ionized form and the CNF-H+ ion-

exchanged back to Na-form. Regardless of the counterion state during the 

heat treatment, the final tensile properties and reswelling degrees are 

similar for both CNF sheets in the Na-form. These results indicate that the 

properties of the fibril-fibril joints that form as a consequence of the heat 

treatment are similar for CNF-Na+ and CNF-H+=>CNF-Na+. It also 

indicates that the regions subjected to deprotonation were still accessible 

for the ion exchange to Na+ despite the hornification, which would mean 

that these areas do not hornify. Thus, the difference in mechanical 

properties between the CNF-Na+ and CNF-H+ sheets was an effect of the 

absence of charged groups. Meanwhile, the stiffening and increased wet 
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strength at longer heating times were an effect of the hornification 

occurring in the regions where fibril surfaces have been brought into close 

contact.  

It was previously suggested that carboxylic acid groups in their acidic 

form in wood pulp promote hornification65 due to the reduced water 

uptake of hornified fibers at a low pH. In sections 5.1.1 and 5.1.2, it was 

noted that the reswelling degree of CNF-H+ indeed was lower than for 

sheets with the dissociated carboxylate groups. However, the difference in 

water uptake between the ionized and acidic forms of the CNF sheets was 

reversible, as presented in the discussion above, while hornification 

occurred to similar extents for CNF-H+ after ion exchange to CNF-Na+. 

This means that regions with dissociated carboxylic acids never 

irreversibly hornify.  

 

4.2. Maximizing water uptake in fibrillar networks 

A drying or heat treatment process is a simple route to permanently 

reduce or minimize the water uptake in a CNF network. Naturally, another 

common way to restrict the water content in a CNF network is to covalently 

crosslink the fibrils by introducing additional chemistry, which limits the 

possible volumetric expansion of the network. However, the approach to 

maximizing the water uptake of a fibrillar network with solely physical 

crosslinks while maintaining an intact structure has not been clarified and 

requires a careful study of the different contributions to the network 

formation of CNFs. Such properties are essential for superabsorbents or 

hydrogel actuators. The following section utilizes CNFs to prepare 

anisotropic and isotropic fibrillar hydrogels to establish an experimental 

and theoretical description of the effect of surface chemistry, aspect ratio, 

and hemicellulose content on the network properties. 

4.2.1. The effect of hemicellulose preservation on CNF preparation 

The fibrillar hydrogels were prepared from CNFs with different aspect 

ratios and chemical functionalities: carboxymethylated and TEMPO-

oxidized CNFs of high and low aspect ratios and similarly oxidized Holo 

CNFs. Other aspect ratios were obtained using three types of cellulose raw 

material with different initial hemicellulose contents. Carbohydrate 

analysis according to a standard SCAN-CM 71:09 was performed for the 
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different pulps used, which were determined to contain the following 

amounts of hemicellulose: 32-34% (Holo fibers), 13-14% (Nordic Paper 

sulphite pulp) and 4% (Domsjö dissolving grade sulphite pulp). 

  

The remaining hemicellulose content of the fibers is related to their 

cooking and processing conditions, where milder conditions, such as less 

bleaching for the Nordic Paper pulp, result in a lower reduction of the 

degree of polymerization of the glucan chains, higher hemicellulose 

content, and better-preserved fibril structure. An indirect measurement of 

the molecular weight of the fibers' polymers is by the fibers' viscosity when 

dissolved in copper ethylenediamine, estimated to be 1137 ml g-1 for the 

Nordic Paper fibers. Conversely, the Domsjö pulp had a viscosity of 599 ml 

g-1, indicating the much harsher processing conditions to prepare this type 

of pulp for the production of regenerated cellulose.  

The Holo fibers were prepared with a mild peracetic acid delignification 

of spruce wood chips to preserve their native state, resulting in a high 

hemicellulose content. After charge introduction, the Nordic paper and 

Domsjö fibers were disintegrated by high-pressure homogenization, while 

the Holo fibers were simply prepared by high-shear mixing. The average 

fibril dimensions, surface charge, and aspect ratio are presented in Table 

3, and Figure 12 displays AFM images and size distribution histograms. 

In line with previous studies,31, 32 the high aspect ratio CNFs were the 

thinnest and exhibited a narrow thickness distribution. In contrast, the low 

aspect ratio CNFs comprised wider fibrils, consistent with earlier findings 

where the initial removal of hemicellulose resulted in increased 

dimensions of fibril aggregates most likely due to fibril association.15 

Moreover, fibril aggregates were present in the Holo CNFs, which was an 

effect of the different defibrillation and dispersing methods. 
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Table 3 Average width (w), length (L), and charge density of the different CNFs ± 

95% confidence intervals. Note that the longest fibrils measured can have aspect 

ratios of up to 2000 (Figure 13). From paper II. 

 

 
 
 

Sample Fibers w 

(nm) 

L  

(nm) 

Aspect 

ratio, a 

 

Charge 

density 

(mmol g-1) 
TO-low 

aspect ratio 
Domsjö 2.2 ± 0.1 570 ± 90 260 0.53 ± 0.08 

TO-high 

aspect ratio 

Nordic 

Paper 
1.7 ± 0.1 810 ± 100 480 0.50 ± 0.03 

TO-Holo Holo 2.0 ± 0.2 1300 ± 180 650 0.57 ± 0.08 

CM-low 

aspect ratio 
Domsjö 1.9 ± 0.1 420 ± 90 220 0.35 ±0.14 

CM-high 

aspect ratio 

Nordic 

Paper 
1.7 ± 0.1 905 ± 130 530 0.48 ± 0.05 

CM-Holo Holo 1.6 ± 0.1 960 ± 120 600 0.70 ± 0.02 
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Figure 12 Dimensions of different types of fibrils presented as AFM images and 

histograms of width and length. a-c) TO- and CM-CNFs with low aspect ratio. d-f) 

TO- and CM-CNFs with high aspect ratio. g-i) TO- and CM-Holo CNFs. From paper 

II. 
 

4.2.2. Influence of nanofibril type on network properties 

From the differently prepared CNFs, anisotropic hydrogels were 

prepared by vacuum filtration of dilute dispersions and forming CNF 

sheets, which were swelled in metal chloride solutions (1 wt%) for 

counterion exchange and subsequently rinsed and swelled in water. The 

counterion exchange was required to reduce the swelling of the water-

swollen sheets and clamp them without dewatering or causing damage 

during mechanical testing. The isotropic hydrogels were formed by locking 

dilute CNF dispersions with hydrochloric acid, where the added volume 

corresponded to a final pH ~2 in the gel. The two forms of hydrogels 
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correspond to colloidal glasses and gels, respectively. The anisotropic 

hydrogels were swelled in the presence of the multivalent ions Ca2+, which 

induce interfibril attraction through ion-ion correlation and specific ion 

effects to different extents. This means these colloidal glasses contain 

portions of repulsive and attractive interactions, sometimes referred to as 

an attractive colloidal glass.109 It also follows that the colloidal gels could 

be formed at much lower concentrations than the colloidal glasses, which 

means that different methods were employed to assess the mechanical 

properties of the materials. 

 The mechanical behavior was evaluated using tensile tests and 

rheology measurements for the anisotropic and isotropic hydrogels. 

Figure 13a displays representative stress-strain curves for the reswollen 

CNF sheets locked with Ca2+, where a relationship between the 

deformation behavior and the aspect ratio of the fibrils is shown. The 

highest wet strengths and wet moduli were obtained in the following order: 

low aspect ratio CNFs, high aspect ratio CNFs, and Holo CNFs. Meanwhile, 

the high aspect ratio CNFs and Holo CNFs displayed higher ductility. It is 

expected that high aspect ratio fibrils may form more robust networks due 

to the higher number density of fibril contacts in such an assembly.  

However, although the anisotropic hydrogels were initially prepared 

with the same solids content of the dispersion, after vacuum filtration and 

sheet formation, the subsequent water-swollen stage of the networks 

exhibited different degrees of swelling and, thereby, different equilibrium 

volume fractions. In the normalization of the tensile data, the volume 

fraction of fibrils is not taken into consideration. For a given counterion, 

the aspect ratio will determine the equilibrium volume fraction of the 

network and this relationship is found in Figure 13b. The wet strength 

and wet modulus are also proportional to the equilibrium volume fraction 

which is further shown in Figure 13b. An explanation for the different 

volume fractions is that shorter fibrils can pack more densely in the sheet 

forming stage resulting in a lower swelling degree. However, longer fibrils 

would require bending around each other in the dried sheet to fill all pores 

which creates a network with hidden length or more dried-in stress, that 

can swell more when water is added. The network density, represented by 

the volume fraction, served as a normalization factor for the tensile data to 

adjust for the different water contents. These values are presented as the 

specific strength and stiffness in Figure 13c. 
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Figure 13 Mechanical properties of anisotropic and isotropic hydrogels. 

Reswollen sheets locked by Ca2+: a) Tensile stress-strain curves, b) Tensile strength 

and stiffness as a function of volume fraction of fibrils, and c) Specific tensile 

strength and stiffness for reswollen sheets locked by Ca2+. CNF gels locked by HCl 
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addition: d) Rheological storage and loss moduli at 1 Hz, e) Maximum shear strain 

in each creep-recovery cycle as a function of applied stress, and f) critical oscillation 

stress before reaching the nonlinear region. Error bars are 95% confidence 

intervals. From paper II. 

 

The specific tensile properties were more comparable but showed that 

the stiffness of the CNF sheets increased with decreasing aspect ratio for 

the CM samples. Still probably due to network packing, the CM- and TO-

high aspect ratio CNFs obtained the highest specific wet strengths and this 

is consistent with the explanation that longer fibrils assemble into 

networks with improved stress transfer through many contacts per fibril. 

It was also observed that both oxidized Holo CNFs resulted in the lowest 

specific moduli, this was attributed to a lubricating effect of the 

hemicellulose-rich fibril surfaces. 

 

The storage and loss modulus for the isotropic hydrogels with a 

frequency of 1 Hz are displayed in Figure 13d. The data shows that high 

aspect ratio CNFs had the highest storage modulus, however there was no 

clear correlation between the stiffness of the other hydrogels and the fibril 

length. Furthermore, the Holo CNF hydrogel demonstrated lower stiffness 

than expected of their well-preserved fibril structure, similar to the tensile 

data this is suggested to be caused by the lubricating hemicellulose coating 

reducing the frictional force of sliding fibril contacts. Creep tests were 

conducted to further evaluate the sliding between fibrils after yielding fibril 

contacts. The applied shear stress was gradually increased and the strain 

response was measured, this was followed by relaxation once the stress was 

removed. The results are shown in Figure 13e. The highest deformation 

was demonstrated by hydrogels from the TO-Holo fibrils whereas the 

largest resistance to plastic deformation was exhibited by CM high aspect 

ratio CNF hydrogels. Reasonably, it could be expected that a network with 

a larger number of entanglements containing more contact point per fibril 

results in a higher ability to recover after deformation. All other samples 

displayed comparable creep-recovery behaviour except that the CM-CNFs 

completed an additional stress-relaxation cycle compared to TO-CNFs 

before complete yielding. The indication from this measurement is that the 

carboxymethylated fibrils result in more strongly interacting fibril 

surfaces, forming more stable hydrogel networks. The conclusion is that 

both the surface chemistry and the fibril aspect ratio are critical for the 
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mechanical behaviour of the hydrogel networks. Figure 13f shows the 

critical oscillation stress before reaching the nonlinear region, which 

reflects the highest stress the fibrillar hydrogels were subjected to before 

yielding. A notable trend was that the onset of nonlinearity occurred at 

larger critical oscillation stresses for fibrils with higher aspect ratios. It was 

hypothesized that the nonlinear behaviour of the fibrillar hydrogels was 

caused by irreversible structural changes such as breakage and rupture, 

since this would also entail a gel network ductility related to the fibril 

aspect ratio as seen in Figure 13f. However, no macroscopic fracture was 

observed in the gels, hence the structural changes could be caused by a 

reorganization within the network.  

 

4.2.3. A network model for fibrillar hydrogels at high solidities 

In the regime of high solidity fibril networks considered here for the 

anisotropic hydrogels, where 𝜙𝑎 ≫ 1, the elastoplastic behaviour can be 

described by a beam-bending model.71 As shown earlier, the developed 

network model showed a fourth power relationship of the wet stiffness to 

the solidity of the network (𝐸𝑤 ∝ 𝜙4), where different equilibrium solidities 

were attained by locking CNF networks with different multivalent ions. An 

exponent of 4 reflects that the main mode of deformation is fibril bending. 

However, Figure 13b displays a linear relationship between the wet 

modulus and volume fraction (solidity) of the water-swollen CNF sheets 

locked with one particular ion species, Ca2+. The observed linearity is due 

to an expected influence from the aspect ratio on the network topology. To 

further illustrate that there are two separate contributions to the wet 

modulus, CM-high aspect ratio sheets were also treated with Cu2+ and Fe3+ 

and compared to data of TO-low aspect ratio sheets71 locked with the same 

ionic species. Figure 14a shows the relationship between the wet stiffness 

and volume fraction, where treatment with the counterions Cu2+ and Fe3+ 

forms more dense sheets with higher stiffness. However, depending on the 

aspect ratio of the CNFs, the rise in volume fraction originates from distinct 

starting points, where the solidity of sheets locked with Ca2+ can be 

considered the baseline. This strengthens the explanation that the aspect 

ratio will influence how the fibrils organize and pack during the filtration 

and form networks with different topologies. Starting at these different 

volume fractions, the log-log plot in Figure 14b displays the relationship 

𝐸𝑤 ∝ 𝜙4 with the different counterions. 
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The beam-bending model was then validated in this study by 

determining the relationship between the wet network modulus and the 

aspect ratio of anisotropic CNF hydrogels treated with Ca2+, Cu2+ and Fe3+ 

compared to previously published data.71 Details of the model are found in 

Paper II. The wet network modulus is described by:  

 

𝐸𝑤 =
4

3
𝑘1𝑘2𝐸𝑐𝑐𝑡

4𝜙4   (10) 

 

where k1 is a factor with a value within the order of unity and an 

estimate of the effectiveness of the fibril stiffness and k2 is a factor that may 

vary depending on the fibril interactions and thereby the surface 

chemistries. Ec is the Young’s modulus of cellulose I crystal (138 GPa)110 

and ct is a dimensionless topological parameter that is dependent on the 

fibril shape or aspect ratio. To elucidate the influence of aspect ratio on the 

network topology, a parameter c(a; k1; k2) was introduced: 

 

𝑐(𝑎; 𝑘1; 𝑘2) = 𝑐(𝑎) = (
𝐸𝑤

𝐸𝑐
)1/4𝜙−1   (11) 

 

It is assumed that the parameters of fibril stiffness k1 and surface 

chemistry k2 are unchanged. Figure 14c shows the right-hand side plotted 

against the aspect ratio, resulting in a linear relationship. The fitting of 

experimental data showed that the fibril aspect ratio influences the 

network topology during its formation. The linear fit yielded a slope of 

a/620, which suggests that the dependence on the aspect ratio is rather 

small. Figure 14a shows, however that small changes in the network 

topology, owing to changes in the number of contacts per fibril (nc, 

equation 4) have a significant effect on the wet modulus, in accordance 

with the relationship observed in equation 11 where the wet modulus 

scales with c(a)4. It is also noteworthy that sheets treated with different 

multivalent ions end up with similar values, which suggests that the 

counterion choice does not have a large effect on the strength of the fibril 

contact points or the frictional force during fibril sliding. The ion species 

predominantly affects the wet modulus indirectly, via the equilibrium 

solidity.  
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Figure 14 a) CM-high aspect ratio treated with Cu2+ and Fe3+ and compared to the 

previous TO-low aspect ratio data from Benselfelt et al.71, that is, an aspect ratio of 

250 compared to 500. b) Log-log plot that shows the relationship 𝐸𝑤 ∝ 𝜙4 after 
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treatment with different multivalent ions. c) The beam-bending model for CNF 

networks at high concentration (𝑎𝜙 ≫ 1) in equation 11 can be validated by fitting 

this data. A linear relationship appears by plotting the right-hand side of equation 

12 as a function of the aspect ratio. From paper II. 

 

The beam-bending model could accurately describe the network 

mechanics for networks of high solidities, but further investigations are 

required to quantify the range at which the model is valid for fibrillar 

networks.  To allow for a broader view of the significance of the fibril aspect 

ratio for the mechanical properties of nanocellulose-based materials, the 

stiffness of CNF materials versus the dimensionless concentration (𝑎𝜙) 

from literature data and this work is depicted in a log-log plot in Figure 

15. An exponent of 2.3 was obtained giving the crude scaling  𝐸 ∝ (𝑎𝜙)2.5. 

Naturally, large deviations exist because the relationship does not consider 

different surface chemistries, methods of network formation or other 

typical variations. Nevertheless, since 𝑎𝜙 accounts for both the aspect ratio 

and volume fraction of fibrils, it enables the comparison of vastly different 

CNF materials and a next step would be to explore the geometrical 

meaning behind the value 2.3. 

 
 

 
Figure 15 Literature data of the stiffness of CNF materials as a function of the 

dimensionless concentration (𝑎𝜙). The materials range from very dilute gels or 

glasses to dense, dry sheets.111-118 From paper II. 



Results and discussion | 48 

 

4.3. Applications 

In sections 4.1 and 4.2, CNF networks were utilized to understand the 

fibril properties and non-covalent interactions that govern the structure 

and mechanics of the formed network. In most cases, an inherent aspect of 

CNF networks is their ability to take up and hold large amounts of water. 

The possibility of creating highly anisotropic fibrillar structures that are 

physically crosslinked in one plane also means that the swelling will be 

highly directional and maintained by the network structure under 

pressure; these are advantageous factors in applications such as actuators 

and superabsorbent structures. 

4.3.1. Fibrillar hydrogel actuators can actuate at rates suitable for 

artificial muscles  

Actuators made from polymer hydrogels are soft materials that can be 

triggered by external stimuli to demonstrate large reversible deformations. 

However, one of their main disadvantages is that they generally exhibit 

non-directed strains due to their isotropic network structure. Their 

swelling can be directed by crosslinking the polymer gel, typically done in 

a swollen state containing ~50-75% water.119 The uniaxial fibrillar 

hydrogels employed in the previous sections were dried into sheets and 

enabled a complete directional strain upon swelling, which was used to 

measure the reswelling degree in section 4.1. It was, therefore, of interest 

to explore their actuation capability by optimizing the fibril-network 

relationships. For this purpose, mainly carboxymethylated fibrils of 

different charge densities, high and low aspect ratios, and nanofibrils 

prepared from Holo fibers were used. The fibril properties are summarized 

in Table 4. 
 

The build-up of osmotic swelling pressure in a CNF sheet is expressed 

by equation 2 in the background. For polymer networks 𝜋𝑑𝑒𝑓  is 

commonly described by rubber elasticity, whereas the fibrils exhibit stick-

slip-stick behavior,120 and these networks are probably more suitably 

represented by the beam-bending model as they operate at higher 

concentrations. However, the out-of-plane network is rather different, and 

there is not yet a model for the network stiffness in this direction except 

the power-law relation to the volume fraction of ϕ1.3-2.31, 121 
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Table 4 Charge density, fibril dimensions, and aspect ratios with error of 

propagation in parentheses. Standard deviations are given in parentheses. From 

paper III and IV. 

 
Sample Charge 

density 

(mmol g-1) 

Width, w 

(nm) 

Length, L 

(µm) 

Aspect 

ratio, a 

CM-0.5 high aspect 

ratio 

0.48 2.0 (0.6) 1.6 (1.2) 800 

CM-0.5 0.53 2.6 (0.8) 0.73 (0.28) 280 

TO-0.5 0.49 2.5 (0.6) 0.69 (0.27) 280 

CM-1.8 1.8 2.0 (0.5) 0.72 (0.45) 360 

CM-1.1  1.1 2.0 (0.7) 0.44 (0.24) 220 

CM-0.4  0.39 2.7 (0.8) 0.67 (0.36) 250 

CM-0.7 Holo 0.7 1.6 (0.1) 0.96 (0.06) 600 

Cat-Holo 0.92 1.1 (0.1) 1.1 (0.1) 1000 

 
 
The actuation performance was evaluated by measuring the force 

generated upon the addition of water to the CNF sheets between parallel 

plates as described in the experimental section. The CNF sheets were 

placed in an arrangement of three sheets with wicking membranes on the 

top and bottom sides of the sheets, respectively, to facilitate water 

transport to the samples. This is visualized in Figure 16a. The maximum 

force obtained, herein normalized to the cross-sectional area of the CNF 

sheets (blocking pressure), is the force required to completely block the 

swelling in the out-of-plane direction. Figure 16b shows the blocking 

pressures as a function of time for CM-CNFs with different charge 

densities. Higher charge densities increase the osmotic pressure in the 

fibrillar networks and, thereby, their blocking pressure. This also resulted 

in larger pressure development rates. For circular CNF sheets with the 

highest charge (CM-1.8) and a diameter of 15 mm, the initial swelling rate 

was up to ~300 % s-1, attaining a blocking pressure of 2.0 MPa within 2 

min. 

In comparison, hydrogel-based turgor actuators, the best-performing 

hydrogel actuators before fibrillar hydrogel actuators were demonstrated, 

can take up to several hours to reach pressures around 1. MPa.122 Figure 

17a shows the blocking pressures over time for CM-CNFs of different 
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aspect ratios and TO-CNFs, with charges between 0.5-0.7 mmol g-1. CM 

Holo and CM high aspect ratio achieved the highest blocking pressures. 

This is attributed to the bending of longer fibrils during sheet formation, 

where fibrils bend around each other to fill the pores. Upon addition of 

water, a relaxation of the fibrils occurs, which means that the fibrils spring 

back to a straighter conformation, leading to more rapid pressure 

generation. The longer fibrils are also expected to have higher equilibrium 

swellings, as demonstrated in section 4.2.2. 

 

 
Figure 16 a) Visual representation of the measurement setup b) Blocking pressure 

as a function of time for CM-CNFs of different charge densities. The colored regions 

around each curve represent the standard deviation (n=4-5). Image and results 

from paper III. 

 

Figure 17b shows the blocking pressures of CM-1.1 CNFs where 

different drying times were employed in the sheet formation of the gels. 

Namely, the gels were dried in a Rapid Köthen sheet dryer at 93°C and a 

reduced pressure of 95 kPa or left to air dry. The data shows that air drying 

or drying for 15 min produced the best-performing sheets. Shorter drying 

times lead to reduced blocking pressures, probably due to a higher 

moisture content of the sheets. The higher moisture content means that 

the networks were less compacted and, therefore, had more pores able to 

dissipate pressure. Another explanation is that the in-plane network 

stiffness would be lower for insufficiently dried sheets, causing a lower 

directionality. Longer drying times (30 min) lead to a reduced swelling 

ability, which is an effect of hornification and consequently generates lower 

blocking pressure. Figure 17c shows CM-1.1 sheets where different 

glycerol amounts were added to the dispersion before the filtration stage. 

Adding glycerol could prevent hornification effects during the sheet 
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formation, based on the improved redispersibility of CNFs in the presence 

of glycerol.67 The sheet drying was kept constant at 15 min. There was no 

discernable change in the actuation performance with glycerol 

incorporated up to 5%. However, 10% glycerol caused a notable reduction 

in the blocking pressure, where the pressure peak was followed by a 

gradual decrease, indicating an in-plane relaxation of the CNF network.33 

 

 
Figure 17 Actuation performance. a) Blocking pressure as a function of time for b) 

CNFs with similar charge densities (o5-0.7 mmol g-1): CM-Hol0, CM high and low 

aspect ratio, TO low aspect ratio c) Different glycerol content and) Different areal 

sizes of CM-1.1. Note that samples in a and b have a diameter of 15 mm, while c are 

8 mm. The colored regions around each curve represent the standard deviation 

(n=4-5). From paper III. 

 

The areal size of the hydrogels influences the maximum blocking 

pressure, as shown in Figure 17d. The processes of wicking and the 

diffusion distance depend on the hydrogel size, resulting in smaller 

actuators reaching equilibrium swelling faster and, therefore, having 

shorter response times. Figure 18 shows the relationship between the 
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actuation rate or time to 90% of maximum pressure and the actuation area. 

Smaller actuators exhibit higher blocking pressures, and this behavior has 

been suggested to depend on a network structure in the sheets that extends 

over centimeters, such that smaller hydrogels swell faster but also show a 

higher in-plane swelling (Table 5). This also leads to a slight in-plane 

relaxation of the smallest sheets, notable by the reduction in blocking 

pressure after reaching its maximum in Figure 17d.  Decreased blocking 

pressures and lower in-plane swelling for larger actuator diameters 

indicate that the network stiffness increases with the areal size. 

 

 
Figure 18 Actuation rate and time to 90% pressure for CM-1.8 as a function of 

actuator area. From paper III. 

 
Table 5 Summary of swelling ratio after 1 hour, the swelling rate in the first 10 

seconds, maximum blocking pressure, and work density of highly charged CM-CNF 

sheets, d15 and d4 refer to the sample diameter (mm). Standard deviations are 

given in parentheses. From paper III. 

 

Sample Out-of-

plane 

swelling 

ratio 

In-plane 

swelling 

ratio 

Swelling 

rate  

(% s-1) 

Blocking 

pressure 

(MPa) 

Work 

density  

(kJ m-3) 

CM-1.8-d15 215 (17) 0.2 (0.15) 297 (13) 2.0 (0.0) 4078(986) 

CM-1.8-d4 245 (45) 0.42 (0.24) 291 (18) 4.6 (0.6) - 

CM-1.1-d15 117 (7) 0.11 (0.04)  212 (40) 1.5 (0.1) 1635(429) 

CM-1.1-d4 113 (4) 0.19 (0.13) 192 (3) 4.9 (0.5) - 
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This apparent increase in the elastic modulus is probably dependent on 

two factors: boundary constraints and the effect of stacking faults. The 

hydrogels are constrained between two plates with a no-slip condition, 

where the prevented lateral expansion leads to a triaxial stress state. In 

combination with this, the CNF sheets are known to have an internal 

layered structure,82 where the interconnectivity among the layers acts 

stabilizing on the fibrillar network.  This interconnectivity is referred to as 

stacking fault, which is schematically shown in Figure 19. Thus, it is 

hypothesized that boundary constraints impose affine deformations in 

larger samples, primarily in the out-of-plane direction, thereby 

maximizing the contribution of stacking faults to the stiffness. Conversely, 

in smaller samples, non-affine deformations, such as bending and rotation, 

are permissible to a greater extent, resulting in less influence from the 

stacking faults on the network stiffness.  

 

 
Figure 19 Schematic of the layered structure within the CNF sheets. Image from 

paper III. 

 

Figure 20a shows force as a function of the strain for the CNF sheets 

with the best actuation performance (CM-1.1 and CM-1.8). The maximum 

strain attainable is the displacement achieved by the actuator at a given 

force, which is a critical factor in the design of actuators. CM-1.8 hydrogels 

kept a force of up to 3200% actuation strain, far surpassing that of polymer 

hydrogel actuators,119 while CM-1.1 reached an actuation strain of 800%. 

Despite generating higher blocking pressures, decreasing the actuator size 

reduced the maximum strain obtained (Figure 20b), which goes in line 

with the above discussion and the fact that the in-plane swelling becomes 

more significant for smaller sheets so that they cannot maintain high out-

of-plane pressure at higher swelling.  
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Figure 20 a) Force as a function of strain for CM-1.8 and CM-1.1, sample diameter 

is 15 mm b) Maximum strain and blocking pressure as a function of actuator area. 

From paper III. 

 

In Figure 21 the actuation performance of the fibrillar hydrogels is 

compared to other hydrogel-based actuators, as well as the maximum work 

density of different soft actuators. Notably, the fibrillar hydrogels in this 

work form a distinct region in Figure 21a, generating pressures up to ≈ 

5 MPa and producing 90% of the maximum pressure in ≤ 1-2 min. These 

values significantly surpass the 10-20 min response times for porous 

crosslinked and crosslinked polymer actuators that generate blocking 

pressures ≤ 1 MPa, as shown in Figure 21a. The maximum work density 

(Figure 21b) was determined as the area under the curve of Figure 20a, 

where the force was plotted against the stroke in place of strain. The stroke 

is the absolute swelling displacement of the hydrogel. A maximum work 

density of about 4000 kJ m-3 was attained and put into context; it 

surpasses that of biological muscles (Figure 21b) by 100 times. The 

results support that the advantageous features of the fibrillar hydrogels are 

their anisotropy, leading to a high directionality and a nanoporous network 

that allows for rapid water uptake. The hydrogels can be further optimized 

both in fibril properties and the geometric design of the actuator, where a 

combination of high aspect ratio, high surface charge, and small actuator 

sizes are suitable properties for applications as artificial muscles.   
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Figure 21 a) Maximum pressure and time to 90% of max. pressure of different 

hydrogel actuators33, 119, 122, 123 b) Maximum work density compared to other soft 

actuators.124, 125 From paper III. 

 

4.3.2. Cationic fibrillar hydrogels as a storage component in 

superabsorbents 

The critical requirements of a superabsorbent are the rapid absorption 

of liquid and the retention of the liquid under load. Crosslinked 

polyacrylates or polyamides, which are fossil-based, are commercially used 

for this purpose. In this approach, a new type of superabsorbent structure 

was prepared by combining macroporous fibrous aerogels with CNF 

sheets. The two components of the superabsorbent have distinct functions, 

the aerogel demonstrate a rapid liquid uptake in its macropores and the 

CNF hydrogel sheets can drain the aerogel’s pore and retain the liquid 

under high pressure. Details of the preparation of the aerogels are 

described in paper IV.  

The CNFs used for the superabsorbent heterostructure were prepared 

by a quaternization reaction, producing cationic CNFs with quaternary 

ammonium groups, having a charge of 0.9 mmol g-1 (Table 4). Cationic 

CNFs are known to demonstrate swelling that is one order of magnitude 

larger than anionic CNFs, which is suggested to be caused by the bulkiness 

of the functional group.23 A high liquid uptake of the sheets was preferable; 

thus, the CNFs were prepared from Holo fibers as they resulted in high 

aspect ratio fibrils (Table 4), demonstrating higher equilibrium swelling.  
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Initially, CNF sheets were prepared from two dispersions fibrillated to 

different degrees. In one case, Cat-holo fibers were fibrillated by high-

shear mixing using a kitchen blender, leading to a dispersion containing a 

small amount of macroscopic fiber fragments. In the second case, 

centrifugation was used to remove the fibril aggregates. From these 

dispersions, circular CNF sheets with a diameter of 17.8 mm were prepared 

as described previously; the sheets containing aggregates are referred to as 

Coarse-Cat-CNF, and sheets without aggregates are Cat-CNF. 

 

  Figure 22a shows the liquid uptake of CNF sheets in water and a 

physiological saline solution (0.9 wt% NaCl) over different durations. The 

initial liquid uptake in water occurred rapidly and approached a saturation 

level of 246 g g-1 and 277 g g-1 for Coarse-Cat-CNF and Cat-CNF, 

respectively, after 24 hours of immersion. Cat-CNF sheets exhibited 

somewhat higher swelling at longer times, which was attributed to the 

higher nano yield, as aggregates are expected to contribute to a lower 

surface charge. As expected, the absorption capacity of the CNF sheets was 

significantly reduced in 0.9 wt% NaCl solution since the osmotic pressure 

difference between the sheet and surrounding solution was diminished. As 

a result, the CNF sheets showed similar swelling behaviors and reached 

almost instantaneous saturation from 8.6 g g-1 (Coarse-Cat-CNF) and 9.4 

g g-1 (Cat-CNF) after 10 seconds to 12.6 and 12.9 g g-1 respectively after 24 

hours swelling. A comparable salt sensitivity is generally observed for 

superabsorbent polymer hydrogels; however, due to the extremely high 

charge of polyacrylates, they demonstrate an absorption capacity of about 

15-30 g g-1 in a saline solution. 

 

To further evaluate the liquid uptake and holding capacity, the swelling 

pressure of the sheets was measured in a parallel plate setup similar to 

section 4.3.1. After adding water or saline solution, the blocking pressure 

was first measured. The gap size between the plates was incrementally 

raised, allowing the sheets to swell up to a specified volume, and the 

swelling pressure at each point was recorded. The blocking pressure as a 

function of time is shown in Figure 22b, which corresponds to the 

pressure required to fully prevent liquid uptake. Coarse-Cat-CNFs attained 

0.9 MPa in water and 0.6 MPa in saline solution. The corresponding value 

was slightly lower for Cat-CNFs in water (0.8 MPa). The higher blocking 

pressure of Coarse-Cat-CNFs could be due to an in-plane reinforcement by 
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the larger fiber fragments, as shown to be important in the actuator data. 

Figure 22c shows that with increasing relative liquid uptake, the swelling 

pressure was reduced. Still, the Coarse-Cat-CNF and Cat-CNF maintained 

a swelling pressure of up to 1600% and 800% in water. In 0.9 wt% NaCl 

solution, the liquid uptake reached only 200% before the pressure was 

diminished. The decreased swelling capacity of the hydrogel was due to the 

loss of osmotic pressure difference. The difference in magnitude of the 

blocking pressures in Figure 22b and Figure 22c was due to the 

arrangement of sheets in the respective measurements. For the swelling 

pressure over relative liquid uptake, only one CNF sheet was employed to 

avoid slippage between the sheets as the gap size increased. Thus, the 

arrangement of the sheets governs the pressure at which liquid will be 

retained in the network, and this can be utilized as a design parameter 

depending on the target hygiene application. This is also valid for the areal 

size of the hydrogels, as emphasized in section 4.3.1. The blocking 

pressures of anionic and cationic CNF hydrogels are not directly 

comparable due to the different areal sizes employed. However, previous 

findings33 have shown that the higher swelling of Cat-CNFs, while 

generating lower blocking pressures, indicates more in-plane relaxation 

within the cationic fibrillar networks. 
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Figure 22 Absorption capacity and swelling pressure of CNF sheets. a) Liquid 

uptake of Coarse-Cat-CNF and Cat-CNF sheets in water and 0.9 wt% NaCl solution 

b) Blocking pressure as a function of time. A stack of 3 CNF sheets was used. c) 

Swelling pressure as a function of relative liquid uptake (v/v). Only one CNF sheet 

was used. d) The pressure needed to release water from a fiber aerogel and the 

swelling pressure of the Coarse-Cat-CNF sheet demonstrate the transfer of liquid 

when in contact. The y-axes are inverted to differentiate between liquid uptake and 

release. From paper IV. 

 

As mentioned, the superabsorbent heterostructure also consisted of a 

fiber-based aerogel responsible for rapid liquid absorption and spreading 

to the CNF sheets. Thus, in addition to the absorption capacity and swelling 

pressure of the CNF sheets, the desired transfer of liquid from the aerogel 

to the sheets was evaluated. Firstly, an automatic pore volume distribution 

(APVD) evaluation was performed for the aerogels to understand the pore 

size distribution and the degree to which water is retained within the 

aerogel structure under an increased air pressure. Details are given in 
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Paper IV. In this measurement, the capillary liquid in the aerogel was 

forced out by an incremental air pressure increase up to ~15 kPa. This 

relative liquid release from the aerogel was plotted with the relative liquid 

uptake in the CNF sheet as a function of the pressure in Figure 22d. A 

prerequisite for the absorption of the heterostructure to function is that the 

liquid-filled aerogel with large pores can be drained by the dry CNF sheets 

with smaller pores. The transfer of liquid takes place due to the higher gel 

pressure within the dry CNF network and the liquid transfer ceases when 

a pressure equilibrium is reached between the two structures or when the 

entire volume of liquid has been transferred from the aerogel to the 

hydrogel. Figure 22d shows that the swelling pressure of the CNF sheets 

far exceeds the pressure required to drain the capillary liquid of the 

aerogel. Additionally, the swelling pressure obtained in a 0.9 wt% NaCl 

solution is sufficient to empty the aerogel, provided the capacity of the 

sheets is enough. 

 

 The absorption capacity of the heterostructure and the liquid transfer 

within the structure were then assessed. This evaluation involved 

incorporating CNF sheets in cut slits in the aerogel at a ratio of ~0.19 g CNF 

sheets g-1 aerogel, illustrated in Figure 23a. A custom-made absorption 

instrument was used (Figure 23b) to monitor the mass change of the 

heterostructure once it was lowered into the liquid. Figure 23c shows an 

initial rapid liquid absorption, where the aerogel reached saturation at ~30 

g g-1, both in water and 0.9 wt% NaCl solution. The decreased slope 

thereafter indicates the slower transfer of liquid from the pores of the 

aerogel to the CNF sheets in the heterostructure. The liquid was 

continuously absorbed from the reservoir to maintain a saturated aerogel. 

As expected, a lower amount was transferred to the CNF sheets in 0.9 wt% 

NaCl (13 g g-1) compared to water (49 g g-1) over 10 min. 
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Figure 23 Absorption capacity of the heterostructure. a) Schematic illustration of 

the formation of all cellulose heterostructure, containing fiber-based aerogels and 

CNF sheets b) Photograph of the custom-made absorption instrument used c) 

Liquid uptake capacity of the heterostructure, in water and 0.9 wt% NaCl, as a 

function of time d) Absorption capacity of the CNF sheets inside the 

heterostructure with a limited water volume compared to when the CNF sheets are 

free in water (from Figure 22a). From paper IV. 

 

Figure 23d shows the absorption capacity with restricted volumes of 

liquid. These measurements were performed to simulate a scenario of the 

superabsorbent hydrogel when used in a hygiene product. A reservoir was 

filled with 2.5 mL of liquid, which is less than the saturation level of the 

aerogel. The bottom of the heterostructure was then placed in the liquid, 

and the liquid uptake from the aerogel to the CNF sheet was measured after 

1, 5, and 10 min. The liquid uptake in the CNF sheets inside the 

heterostructure was lower than the absorbed amount from unrestricted 

water access (Figure 23c). Nevertheless, the measurement indeed 

demonstrated an efficient transfer to the CNF hydrogel. 

 

As a final note, there are many designs of the heterostructure to 

explore, where the volume capacities of the two components can be 

changed to tune the absorption capacity of the heterostructure.  

Theoretically, anionic CNF sheets can be used, although they would require 
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a higher charge density (> 1 mmol g-1) to display similar liquid uptakes as 

cationic CNFs. However, the structural integrity of highly charged, swollen 

anionic CNF may be compromised depending on the exact charge and the 

sheet sizes.   
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 Conclusion and future work 

5.1. Summary 

Anisotropic fibrillar networks are excellent model systems for 

fundamental studies, which have been used to study cellulose-cellulose and 

cellulose-water interactions. The main finding concerning drying-induced 

effects on nanofibril sheets is that non-covalent interactions most likely 

govern the mechanisms of hornification, which are not entirely 

irreversible. Additionally, the route to hornification matters, emphasized 

by a clear relationship to the heating time and temperature. A long-term 

increase in the reswelling degree was found for hornified CNF networks, 

suggesting a slow accessibility of water molecules to hornified regions. The 

findings do not indicate whether the process is entirely reversible or not. 

A mechanical network model for anisotropic fibrillar hydrogels at high 

concentrations showed the significant influence of the aspect ratio on the 

final material properties. Longer fibrils form CNF assemblies with a higher 

equilibrium swelling, and this is probably related to the fibrils' ability to 

pack less densely during network formation and the relaxation of a higher 

bending deformation upon water uptake.  

CNF hydrogel networks comprising fibrils with different properties 

were utilized as actuators. Due to the anisotropic network formation and 

the physical crosslinking in-plane, the fibrillar hydrogels demonstrate high 

directional strains. A high swelling ability is preferable for the CNF 

hydrogels’ actuation performance. One way to do this is to use high aspect 

ratio fibrils with high charge density. Small actuator sizes are preferable 

for reaching high blocking pressures, however this is a trade-off since they 

lose in the maximum strain they can achieve. The reduced actuation strain 

is probably due to a decreased in-plane stiffness and, consequently, a 

higher in-plane swelling ratio. Another method to enhance the swelling 

ability of CNF networks is by introducing cationic charges on the fibrils. 

Anisotropic Cat-CNF networks were used to prepare a superabsorbent 

heterostructure. The heterostructure contained a fiber aerogel with rapid 

liquid absorption and spreading properties. The swelling pressure 

generated by the CNF sheets was sufficient to empty the capillary liquid 

from the saturated aerogel, demonstrating an efficient liquid transfer from 

the aerogel to the storage in the CNF hydrogel and a new type of 

superabsorbent structure. 
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5.2. Outlook 

In order to gain a complete understanding of the underlying 

hornification mechanisms, a separation of possible interfacial adhesion 

interactions and the possibility of surface chains of fibrils to entangle 

would be needed as a continuation. This could, for example, be performed 

with contact adhesion testing of cellulose-based hydrogel beads, which 

have shown similar heating time and temperature dependence as the CNF 

sheets. The advantage in this respect would be that the beads have smooth 

nanometer surfaces, allowing for a detailed study of the contact zone. 

Further work would be to correlate the hornification behavior of model 

systems such as CNFs to macroscopic fibers, which is where anti-

hornification measures are predominantly needed and could save huge 

amounts of energy, which in turn would save money for the industry and 

strengthen sustainability aspects such as the recyclability of fibers.  

Uniaxial fibrillar hydrogels are promising as actuators and already, at 

this infant stage, demonstrate actuation pressures and strains far 

surpassing state-of-the-art hydrogels. Assembling CNF sheets in different 

geometries and with various designs to form more sophisticated actuators 

is an interesting future endeavor. Developing a mechanical model that 

describes the microstructure of the CNF hydrogels, which clarifies the 

influence of actuator size on the internal structure, would allow for 

improved actuation control.  
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