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Abstract  
Over the past decades, concerns for the environment have increased and efforts to 
achieve a sustainable society have intensified. One particular challenge is to replace 
fossil-based plastics with biodegradable materials produced from renewable 
resources. Cellulose nanofibril (CNF)-based materials are strong candidates due to 
their excellent mechanical properties, nano-dimensions and molecular structure, 
which is suitable for modification. CNFs can be obtained from wood and are 
elongated, often charged, particles which are usually handled in aqueous 
dispersions. The colloidal stability is sensitive, and instability results in aggregation 
or transition to an arrested state. Since the properties of CNF-based materials rely 
on dispersion of the CNFs, an understanding of the colloidal behaviour is crucial. 

This work has focused on the interactions and dynamics of CNFs in different 
colloidal states. Arrested states of CNFs were studied in detail and it was found that 
two types of arrested state exist, with different colloidal interactions and 
mechanisms governing their formation. The dynamics in arrested and dispersed 
states were studied by tracer diffusion measurements, and it was found that small 
amounts of CNFs can constitute an excellent stabiliser for other particle dispersions 
according to a so far unexplored mechanism. 

The effects of altering the colloidal interactions using different strategies were 
also evaluated. The counterions of CNFs were exchanged and the impact on the 
swelling behaviour was measured. Based on the results, different contributions to 
the counterion-dependent interactions are discussed. Two strategies for using 
polymers to alter the interactions were furthermore studied. Polyethylene glycol 
(PEG) was grafted to CNFs in order to increase the arrested state threshold 
concentration. PEG, carboxymethyl cellulose and lignin, were also used as additives 
which improved the redispersion of dried CNF, especially in the case of samples 
containing lignin. 
  



  



Sammanfattning 
Under de senaste decennierna har oron för miljön ökat och strävan mot ett hållbart 
samhälle har intensifierats. En del i utmaningen är att ersätta fossilbaserad plast 
med bionedbrytbara material producerade från förnyelsebara råvaror. Cellulosa 
nanofibrill (CNF)-baserade material är starka kandidater för detta tack vare deras 
nanostorlek, utmärkta mekaniska egenskaper och gynnsamma molekylära struktur 
för kemisk modifiering. CNF kan utvinnas från träd och är avlånga, ofta laddade, 
partiklar som oftast hanteras i vattendispersioner. Den kolloidala stabiliteten styrs 
av subtila växelverkningar, och instabilitet leder till aggregering eller övergång till 
ett volymsomfattande låst tillstånd. Egenskaperna hos CNF-baserade material 
påverkas av hur väl dispergerade fibrillerna är, därmed är det viktigt att förstå de 
faktorer som styr det kolloidala beteendet. 

Detta arbete har fokuserat på interaktionerna och dynamiken hos CNF i olika 
kolloidala tillstånd. Låsta tillstånd av CNF undersöktes och resultaten visade att det 
finns två typer av låsta tillstånd, med olika interaktioner och mekanismer som 
ligger bakom hur de genereras. Dynamiken i olika kolloidala tillstånd undersöktes 
genom att mäta diffusionen av sfäriska partiklar i systemen, och det påvisades att 
små mängder CNF kan skapa en stabilitet hos andra partiklar via en ny, ännu inte 
helt utredd, mekanism.  

De kolloidala interaktionerna modifierades på olika sätt för att klarlägga 
effekterna på CNFs associationstillstånd. I en serie försök undersöktes hur ett byte 
av motjoner till ytladdningarna påverkade växelverkan genom att mäta svällningen 
av nanopapper. Vidare undersöktes två strategier där polymerer användes för att 
öka repulsionen mellan CNFs. Polyetylenglykol (PEG) kopplades kovalent till CNF 
för att förhöja koncentrationen för övergången till ett låst tillstånd. PEG, 
karboximetylcellulosa och lignin användes även som additiv vilket förbättrade 
återdispergeringen av torkad CNF, speciellt när lignin användes. 
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AFM  Atomic force microscopy 
BNC  Bacterial nanocellulose 
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MMT  Montmorillonite 
NHS  N-hydroxysuccinimide 
PDADMAC Poly(diallyldimethylammonium chloride) 
PEG  Polyethylene glycol 
PEI  Polyethyleneimine 
S-CNC  Sulphuric-acid-hydrolysed cellulose nanocrystal 
SEM  Scanning electron microscopy 
TEMPO  2,2,6,6-tetramethylpiperidine-1-oxyl radical 
TO-CNF  TEMPO-oxidised cellulose nanofibril 
VAS  Volume-spanning arrested state 
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g  Gravitational acceleration  
H  Hamaker constant 
h  Separation distance 
k  Boltzmann constant 
L  Particle length 
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nc  Number of contact points 
nf  Crowding factor 
Rf  Flory radius 
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T  Temperature 
V  Interaction energy 
vs  Sedimentation velocity 
w  Thickness 
z  Valency 
α  Persistence length 
ε0  Vacuum permittivity 
εr  Relative dielectric permittivity 
η  Viscosity 
κ-1  Debye length 
ξ  Mesh size 
ρ  Density 
σ  Surface charge density 
Φ  Electrostatic potential 
Φ0  Surface potential 
φ  Volume fraction 
 
  









2 | Introduction 

1.1. Objective of the study 

The main objective of the work presented in this thesis was an increased 
fundamental understanding of the colloidal interactions and behaviour of CNFs. To 
achieve this, the interactions and dynamics of CNFs were studied in different 
concentration regimes and in different chemical environments, and with different 
types of CNFs and counterions. The focus was especially directed towards the 
particle dynamics in the arrested states induced by either an increase in CNF 
concentration or  the addition of salt or acid. Moreover, the effect on the colloidal 
behaviour of adding polymers, by covalent grafting or as additives, was elucidated. 
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continuous medium of another substance, where the dispersed components have 
at least one dimension in the size range from 1 nm to 1 μm.13 In order to avoid 
aggregation and maintain the nanoscale dimensions of a colloidal dispersion, it is 
essential to achieve a colloidally stable system, and a prerequisite for this is an 
understanding of the different interactions taking place in such a system. 

2.2. Colloidal interactions 

Colloidal systems surround us every day: in food, paints, detergents and cosmetics, 
wood and clouds, and even in the bones and membranes of our bodies. Our ability 
to use and control these systems is dependent on an understanding of the 
interactions within them. Colloidal interactions are highly important since they are 
responsible for the stability of the system. Traditionally, colloidal interactions have 
been discussed mainly in terms of double-layer interactions and van der Waals 
interactions, but more recently the focus has been directed towards interactions 
with other origins that are also important for the properties of many colloidal 
systems. 

2.2.1. Double-layer interactions 

A charged colloidal particle is surrounded by a cloud of counterions which, together 
with the surface charges, form an electrical double-layer.  The distribution of ions 
outside a charged particle or surface can be described by the Poisson-Boltzmann 
equation:13 

 

where Φ is the electrostatic potential, h is the distance from the surface,  e is the 
elementary charge, ε0 is the vacuum permittivity, εr is the relative dielectric 
permittivity, zi is the valency of ion i, ci0* is the bulk number concentration of ion i, 
k is the Boltzmann constant and T is the temperature.   

When two charged particles approach each other, their double-layers start to 
overlap, leading to a drastically increased counterion concentration between the 
particles compared to that in the bulk solution (Figure 1). The difference in 
counterion concentration generates an osmotic pressure which gives rise to a 
repulsion between the particles, called the double-layer repulsion.14 The force per 
area (FDL/A) between two equally charged surfaces is given by the difference in ion 
concentration between the midplane, which is located at the same distance from 
the two surfaces, and the bulk:13 
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    (3) 
 

If ci*(midplane) is related to ci0* through the Boltzmann distribution, and the 
Poisson-Boltzmann equation (Equation 2) is solved for the case of weakly 
overlapping double-layers, the following expression is obtained for the interaction 
potential:13 

 

     (4) 

 
where Φ0 is the surface potential.  

Equation 4 is valid only for double-layers that are weakly overlapping, for 
example when two charged surfaces start to approach each other. Equation 4  
shows that the double-layer repulsion is a long-range force that decays 
exponentially with h. The decay constant κ is the inverse Debye length (κ-1), which 
is a function of ion concentration,13 and can be viewed as a measure of the electrical 
double-layer thickness but it is clearly a solution property, as indicated by: 

 

      (5) 

 
In an aqueous solution of monovalent ions at 25°C, the Debye length (in nm) is 

simply a function of the molar concentration of the ionic species (c0):13 
  
       (6)  
 

 

Figure 1. Illustration of the overlapping electrical double-layers of two charged surfaces that 
approach each other. 
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2.2.2. Van der Waals interactions 

The motion of the electrons of one molecule (or atom) is dependent on the motion 
of electrons belonging to adjacent molecules (or atoms).  These electron 
movements induce an attractive force between the molecules, known as the London 
dispersion interaction or as just the dispersion interaction. This interaction is 
present between any pair of molecules, even those without a permanent dipole 
moment, due to the formation of momentary dipoles. The dispersion interaction is 
one of the contributions to the van der Waals interactions, the others being the 
Keesom interaction and the Debye interaction. The Keesom interaction is the 
thermally averaged interaction between molecules with permanent dipole 
moments, while the Debye interaction is the interaction of a molecule with a 
permanent dipole moment with another molecule with an induced dipole 
moment.14  

The van der Waals interaction is pairwise additive, which means that the 
interaction between two particles can be determined by adding the interactions 
between each molecule pair. Between molecules, the van der Waals interaction is 
short-range (VvdW  h-6), but the distance-dependence changes during the 
summation. For parallel macroscopic surfaces, the van der Waals interaction is 
expressed as:13 

 
       (7) 

 
where H, the Hamaker constant, depends on the material properties of the 
interacting particles, and can be modified to take into account the presence of an 
intervening medium. For the vast majority of systems, the effective Hamaker 
constant is positive, leading to an attractive dispersion interaction, but in some rare 
cases, with dissimilar surfaces immersed in liquid, the dispersion interaction is 
repulsive.13 

2.2.3. Colloidal stability and the DLVO theory 

The DLVO theory, developed by Derjaguin, Landau, Verwey and Overbeek in the 
1940’s, has come to be one of the foundation stones of colloid science. The DLVO 
theory allows the stability of a colloidal system to be predicted, by describing the 
total interaction energy as the sum of the double-layer interaction (VDL) and the 
van der Waals interactions (VvdW): 

 
      (8) 
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Figure 2 shows examples of the distance-dependent interaction energies for a 
low ionic strength system and a high ionic strength system. At small distances, the 
van der Waals interaction energy exceeds the double-layer repulsion, leading to a 
net attraction and a typically irreversible aggregation. This is commonly referred to 
as the primary minimum. Due to the different distance-dependences of the double-
layer and van der Waals interactions, an energy maximum is often located at larger 
distances. In order to achieve (kinetic) stability and prevent particle aggregation, 
this energy barrier needs to exceed the thermal energy, kT. Systems with high ionic 
strengths often experience a secondary minimum in the interaction energy curve, 
in which particles are loosely and reversibly aggregated.15 

 

 

Figure 2. Examples of interaction energy curves according to the DLVO theory, for conditions 
with low (left) and high (right) ionic strength. Adapted from Shaw.16 

It follows from the DLVO theory that colloidal stability can be achieved by 
introducing charges to the particle surfaces (Figure 3), and thereby attaining 
double-layer repulsion. Another stabilisation strategy, which cannot however be 
explained in terms of the DLVO theory, is steric stabilisation (Figure 3), where 
polymeric entities are attached to the particle surface by covalent grafting or 
physical adsorption. These polymers create a barrier that hinders the particles from 
coming into close contact. The presence of a sterically stabilising layer affects the 
interaction energy by introducing a new enthalpic term due to polymer-solvent 
interactions. As the distance between the particles decreases, a repulsive force 
arises due to the unfavourable mixing of polymers in the interpenetration zone (if 
in a good solvent), and on even closer approach an elastic contribution appears due 
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to compression of the polymer chains.17, 18 If a combination of these stabilisation 
strategies is used, an electrosterically stabilised system is created.17  

 

Figure 3. Stabilising mechanisms for colloids: electrostatic stabilisation (left) and steric 
stabilisation (right). 

2.2.4. Interactions not covered by the DLVO theory 

The DLVO theory is an extremely practical tool for the description of many colloidal 
systems, but it has its limitations and there are several cases in which it cannot 
explain the colloidal behaviour, such as that of particles smaller than the double-
layer, that of particles with high surface charges and salt concentrations, or that of 
multivalent ions.19  

 
Ion-ion correlation 
One reason for the inadequacy of the DLVO theory is the mean-field assumptions 
made in the derivation of the Poisson-Boltzmann equation used in the calculation 
of the double-layer interaction energy. The surface charge density is considered to 
be homogeneous along the surface, instead of being localized in discrete ionic 
groups. In reality, one consequence of the presence of individual charges on the 
surface is that each possible configuration of counterions outside the surface is 
associated with a spatially varying electrical field.13 This electrical field affects the 
counterions of neighbouring particles, leading to correlated fluctuations of the 
ionic clouds surrounding the particles, and these ion-ion fluctuations give rise to 
an attractive interparticle interaction. The ion-ion correlation interaction is usually 
negligible for systems with low or moderate surface charge densities and 
monovalent ions, but for highly charged particles and multivalent ions its 
importance is indisputable and it can even exceed the double-layer repulsion.20, 21   
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Specific ion effects 
Another limitation of the DLVO theory lies in the non-specificity of its treatment of 
ions. There are however several ion-specific interactions and their inclusion is 
crucial for explaining many phenomena in colloid science. 

The London dispersion interactions acting between atoms and molecules also 
affect the ions of a colloidal system, and this is not considered in the DLVO 
theory.19, 22 The magnitude of this ionic dispersion interaction depends on the 
polarizability and size of the ion; a more polarizable electron cloud enhances the 
interaction. An increase in ionic size has a lowering effect on the interaction 
strength, but since it is also related to the ion polarizability, the relationship 
between ion size and dispersion interaction strength is often intricate. The ionic 
dispersion interaction can be either attractive or repulsive, but in aqueous 
dispersions it is usually attractive.22 

Another specific ion effect involves the formation of coordination complexes 
between metal ions and ligands. Such complexes form by dative covalent bonding, 
where both the bonding electrons are donated from the ligand to an empty orbital 
of the ion.23 The stability of a complex depends on factors such as the size and 
electron configuration of the ion, and is described by the stability constant of the 
ion-ligand pair.24 

2.3. Wood-based nanocellulose 

Cellulose is a linear polymer consisting of D-glucose units bonded by β(1,4)-
linkages (Figure 4), which, together with hemicelluloses and lignin, is one of the 
main constituents of wood. Despite its many hydroxyl groups, cellulose is insoluble 
in water and most other solvents.25 Due to intra- and intermolecular van der Waals 
interactions and hydrogen bonding, the cellulose chains in wood undergo parallel 
assembly into nanofibres with square cross-sections, known as cellulose nanofibrils 
(CNFs). These nanofibrils are the main reinforcing component of wood, forming 
cellulosic fibrillar aggregates, each aggregate having a width of 5-50 nm and a 
length of several micrometres.3, 26 

 

Figure 4. Molecular structure of cellulose. 
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CNF is one of two types of wood-based nanocelluloses, the other being cellulose 
nanocrystals (CNCs), which have a higher degree of crystallinity than CNFs, a 
cross-section with a width between 5 and 20 nm and a length of 50-350 nm.27 The 
CNFs have disordered regions along their contour length26 and are long (L ≈ 600-
1000 nm) and slender (d ≈ 2-5 nm).  

The first successful attempt to isolate nanocellulose from wood was apparently 
reported in 1949 by Rånby,28 who produced the material that is today called CNC 
by hydrolysis with sulphuric acid of cellulose from wood and cotton. In 1983, 
Turbak et al.29 were the first to report the mechanical disintegration of wood pulp 
into a suspension of aggregated bundles of CNFs, which were called 
microfibrillated cellulose (MFC). The mechanical disintegration of wood pulp is, 
however, associated with a high energy consumption, often in the range of 20,000-
30,000 kWh/tonne.30 A major stepping-stone in nanocellulose research was 
therefore the development of pre-treatment methods that decrease the energy 
demand and make the production of CNFs economically feasible. If charges are 
introduced onto the CNF surfaces prior to mechanical treatment, the fibre wall 
swells and the energy required for disintegration is significantly reduced, and stable 
colloidal dispersions can be obtained due to the electrostatic stabilisation provided 
by the charged groups.  

Carboxymethylation as a pre-treatment for CNF production (CM-CNF) was first 
reported by Wågberg and Lindström et al. in 198731 and the process was further 
developed in 200832. If monochloroacetic acid is used as reagent, the primary and 
secondary hydroxyl groups of cellulose may form carboxymethyl groups which, in 
their sodium form, greatly increase the swelling of the fibre and thereby facilitate 
delamination.33  Charged CNFs can also be produced by converting the primary 
hydroxyl groups of the cellulose to carboxyl groups using 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation. The procedure 
for preparing TEMPO-oxidised CNF (TO-CNF) has been developed by Saito and 
Isogai et al. since 2006,34-36 based on a development by Besemer et al.37, 38 While 
carboxymethylation and TEMPO-mediated oxidation may still be the most 
frequently used chemical pre-treatment methods, other procedures for obtaining 
charged CNFs have since been developed, for example phosphorylation39 and 
cationization40, 41. Another method for decreasing the energy demand in CNF 
production is enzymatic pre-treatment,42 but the resulting CNFs do not carry more 
charges than the cellulosic starting material and colloidally stable dispersions can 
therefore generally not be prepared by this method.  

Nanocelluloses possess properties that are highly desirable in many material 
applications. The perhaps most appreciated asset of CNFs is their excellent 
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mechanical properties. Due to their high Young’s modulus and high tensile 
strength, in combination with a high aspect ratio and low density, CNFs are suitable 
as reinforcing units in nanocomposites. CNFs can also be used in films and 
composites to enhance the gas barrier properties, owing to the low permeability of 
crystalline cellulose and the increased tortuosity provided by the incorporation of 
the nano-sized fibrils. 3-5, 43, 44 

2.4. Colloidal states of cellulose nanofibrils 

For rod-shaped particles such as nanocelluloses, three concentration regimes 
characterised by different particle dynamics can be defined. In the dilute regime, 
translational and rotational diffusion are non-restricted and particle collisions are 
rare. In the semi-dilute regime, collisions between particles become more frequent, 
and the translational diffusion perpendicular to the long axis and the end-over-end 
rotational diffusion are obstructed. In the concentrated regime, the rod-shaped 
particles become significantly entangled and all types of particle movement become 
extremely restricted.45-48 

The transition between the dilute and semi-dilute regimes occurs at the 
concentration at which the three-dimensional rotation volumes of the particles 
start to overlap. This particle overlap concentration (cOL) can be defined as: 

 
       (9) 

 
where ρ is the density and r is the aspect ratio of the particle.  

The transition to the concentrated regime (cconc)  can be similarly defined to 
occur at the concentration at which there is an overlap of the two-dimensional 
rotation volumes, i.e. the concentration at which each rod occupies the volume of a 
disk with height d and diameter L:  

 

      (10) 
 

For CNFs with a width of 3 nm and a length of 800 nm, the particle overlap 
concentration is 0.003 wt% and the transition to the concentrated regime occurs at 
0.6 wt%, assuming a density of cellulose of 1.5 g/cm3. 

In the pulp and paper industry, the crowding factor of a fibre suspension is used 
to predict its flocculation behaviour. The crowding factor (nf) depends on the fibre 
dimensions and concentration, and is a measure of the number of fibres that occupy 
the volume of a sphere with diameter L:49  
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      (11) 

 
If the concept of crowding factor is applied to CNFs, a crowding factor of 1 is 

obtained at the particle overlap concentration. It has been shown that when nf = 16, 
connectivity between the particles starts to occur, and this is associated with a 
change in the rheological behaviour from Newtonian to viscoelastic,50, 51 and when 
nf > 60, the system is crowded and each particle has on average 3 contact points 
with surrounding particles. This is a criterion for the formation of a network with 
mechanical strength, and nf = 60 can therefore be referred to as the rigidity 
threshold.51   

The colloidal properties of a CNF system are governed not only by the CNF 
concentration but also by the chemical environment. The most commonly used 
CNFs are electrostatically stabilised by surface charges and they are therefore 
sensitive to salt concentration and pH. It has been shown that CM-CNFs with a 
surface charge density of 0.6 mmol/g aggregate at NaCl concentrations higher than 
10 mM and a pH lower than 4.52 If the concentration is higher than the connectivity 
threshold, however, the addition of salt or a lowering of the pH results in the 
formation of an arrested state. An arrested state is transparent and non-flowing, 
and dynamic light scattering measurements reveal that particle movements in the 
samples are extremely slow.52 53 Similar arrested states can be formed by simply 
increasing the CNF concentration above 0.2-1 wt%, depending on the type of CNF. 

In this work, the different colloidal states of CNFs were studied in detail, and 
special emphasis was placed on the mechanisms and interactions governing the 
arrested dynamics. Different strategies for altering the colloidal interactions, and 
thereby modifying the material or dispersion properties, were also investigated.   
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once through two large chambers (400 and 200 μm) and four times through two 
small chambers (200 and 100 μm).   

The carboxymethylated CNF (CM-CNF) used in Paper I was produced by RISE 
Bioeconomy (Stockholm, Sweden) from dissolving sulphite pulp,32 and the 
carboxymethylated CNC (CM-CNC) was prepared by the hydrolysis with 
hydrochloric acid of the CM-CNFs followed by washing by centrifugation and 
dialysis.57, 58 

The CNC hydrolysed with sulphuric acid CNC (S-CNC), used in Paper I, was 
prepared from dry dissolving pulp (Aditya Birla, Domsjö Fabriker AB, 
Örnsköldsvik, Sweden) using  the protocol reported by Schütz el al.59 

The nanocelluloses was dispersed by Ultra-Turrax homogenisation followed by 
ultra-sound probe sonication, after which the dispersion was centrifuged and the 
supernatant collected in order to remove any remaining aggregates.32, 52 The 
surface charge densities of the CNFs and CNCs were measured by polyelectrolyte 
titration in a Stabino particle charge mapping unit (Particle Metrix GmbH, 
Germany) using poly(diallyldimethylammonium chloride) (PDADMAC) as the 
titrant. Prior to high-pressure homogenisation of the TEMPO-oxidised fibres, their 
total charge density was measured by conductometric titration60 against sodium 
hydroxide.  

3.2. Methods 

3.2.1. Volume-spanning arrested states 

In Papers I, II and IV, volume-spanning arrested states (VASs) of nanocelluloses 
were formed by increasing the nanoparticle concentration. Polystyrene cuvettes 
(1×1×4 cm3) were filled with nanocellulose dispersion and heated to 45-50 °C in an 
oven in order to evaporate water. The cuvettes were covered with perforated lids to 
reduce the rate of evaporation and thereby facilitate the formation of VASs with 
uniform particle concentrations and reduce the risk of skin formation at the air-
liquid interface. In Papers I and IV, the VAS threshold concentration was 
determined by inverting cuvettes containing samples of different concentrations, 
to detect the transition from free-flowing dispersion to non-flowing VAS, and by 
monitoring the change in the dynamic light scattering (DLS) properties of the 
dispersions as the concentration was increased (described in section 3.3.2). 

Nanocellulose VASs formed by increasing the ionic strength or by lowering the 
pH were created by carefully adding a drop of NaCl or HCl to the surface of a 
nanocellulose sample. The samples were equilibrated for 24 h before any further 
analysis. 
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3.2.2. Cellulose nanopapers 

Cellulose nanopapers (Papers III and V) were prepared by vacuum filtration of CNF 
dispersions (0.1-0.15 wt%). Durapore hydrophilic PVDF membrane filters with 
pore sizes of 0.1 μm or 0.65 μm, and diameters of 82 mm (Paper III) or 47 mm 
(Paper V), were used. After filtration, the nanopapers were dried for 15-20 min 
using a Rapid Köthen sheet dryer (Paper Testing Instruments, Austria) at a reduced 
pressure of 95 kPa and a temperature of 93 °C. The thicknesses of the dry 
nanopapers were between 30 and 65 μm. 

3.2.3. Redispersibility measurements 

The redispersibility, defined as the ability of the dispersion to regain its original 
properties after an increase in concentration followed by redispersion, was studied 
for VASs (Paper I), freeze-dried dispersions (Paper V) and nanopapers (Paper V). 

The VASs were redispersed by adding water to dilute them to the same 
concentration as the original dispersion. The redispersibility was assessed by 
inverted cuvette tests (described in section 3.2.1) and by monitoring the samples by 
DLS for several days after dilution.  

In Paper V, the redispersibility of CNFs with and without added redispersing 
agent was studied by redispersing freeze-dried dispersions and nanopapers (Figure 
5). The redispersing agents (CMC, amine-terminated polyethylene glycol (PEG) or 
lignin) were added to the CNF dispersions (0.1 wt%) and the samples were placed 
on a shaking table overnight.  The dispersions were then frozen by submersion in 
liquid nitrogen and freeze-dried for 48 h. Redispersion was achieved by adding 
water to the samples and mixing using a vortex blender for 1 min. After 24 h 
equilibration, the particle size was measured by DLS and compared with the 
particle size of the original CNF dispersion. 

CNF nanopapers, prepared with or without redispersion agent, were redispersed 
in water by magnetic stirring overnight, followed by Ultra-Turrax mixing at 10,000 
rpm for 5 min. In this case, the redispersibility was evaluated by comparing the 
mechanical properties of nanopapers prepared from the original and the 
redispersed CNF dispersions.  
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Figure 5. Scheme showing the method for redispersing CNFs used in Paper V. 

3.2.4. Sedimentation measurements 

The sedimentation velocities of silica microparticles in CNF dispersions or water 
were measured in Paper II. Samples with 0.5 wt% silica microparticles were 
prepared by adding the particles to 2 mL water or CNF dispersion and shaking the 
sample cuvettes. The height of the sedimentation boundary was then measured as 
a function of time. No extra electrolyte was added and measurements were carried 
out both at pH ≈ 6 and pH 2. In the samples with pH 2, HCl (0.5 M) was added to 
the samples after the microparticles and CNF dispersions or water were mixed.     

3.2.5. Swelling measurements 

In Paper III, the influence of the counterions on the swelling of CNF nanopapers 
and MMT films was studied. The counterions to the charges of CNF/MMT were 
exchanged by soaking the nanopaper/MMT film in salt solution (1 wt%) for 24 h. 
The sample was then rinsed by submersion in water for 24 h, during which time the 
water was changed twice.  Since CNF nanopapers swell only in one direction,61 the 
swelling could be measured as the relative increase in sample thickness (w).  

 
     (12) 
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3.2.6. Covalent grafting of cellulose nanofibrils 

In Paper IV, TO-CNFs were surface-modified by covalent grafting of 
methoxypolyethylene glycol amine, targeting grafting densities of 1 and 20 %, based 
on the amount of surface charges of the TO-CNFs. Briefly described, EDC and NHS 
were added to a 0.1 wt% TO-CNF dispersion, in stoichiometric amounts to the 
selected grafting densities, followed by an excess of methoxypolyethylene glycol 
amine. The reaction proceeded at room temperature under continuous stirring 
overnight, after which the reaction was quenched and excess reagents and polymer 
were removed by ultrafiltration using a Labscale TFF system (Merck Chemicals and 
Life Science, Sweden).   

3.3. Characterisation 

3.3.1. Atomic force microscopy (AFM) 

AFM imaging (Multimode 8, Bruker, USA) was employed to study the 
morphologies of the nanocelluloses. The CNF samples were prepared by adsorbing 
the nanocellulose onto either a freshly cleaved mica sheet or a silica surface, with 
an anchoring layer of polyethyleneimine (PEI). The AFM was used in the tapping 
mode or the ScanAsyst mode, both in air. 

In Paper V, AFM force measurements (Multimode IIIa with Picoforce extension, 
Veeco Instruments Inc.) were made with the colloidal probe technique62 in order 
to measure the interactions between TO-CNFs in the presence of lignin in the liquid 
phase, and in pure water. The probes were prepared by gluing a silica particle onto 
a tipless cantilever, dipping it into a PEI solution and finally dipping it into a 
dispersion of TO-CNF. The surfaces were similarly prepared by adsorbing PEI and 
TO-CNF onto mica. The measurements were conducted in water with 0.05 mM 
NaCl or in a lignin dispersion (0.01 wt%) with 0.05 mM NaCl.  

3.3.2. Dynamic light scattering (DLS) 

In DLS, the velocity of the particles due to Brownian motion is measured. This is 
achieved by detecting the intensity fluctuations in the laser light scattered by the 
particles. Particles diffusing at a high rate will create more rapid intensity 
fluctuations than slowly moving particles. The intensity variations are analysed by 
an autocorrelator which generates a correlation function from which the 
translational diffusion coefficient (D) can be determined. For non-interacting 
particles, the hydrodynamic diameter (dH) can be calculated from the Stokes-
Einstein equation:63, 64  
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      (13) 

 
where η is the viscosity.  

For charged particles, the hydrodynamic diameter is not strictly given by the 
diameter of the solid particles, but is also influenced by the electrostatic double-
layer. For non-spherical particles the hydrodynamic diameter is the diameter of a 
sphere with a translational diffusion coefficient equal to that of the particle.64, 65 

The DLS measurements carried out within this work were made on a Zetasizer 
Nano ZS ZEN3600 (Malvern Instruments Ltd., U.K.). For each sample, five 
measurements were performed and each measurement consisted of 10 runs, each 
with a duration of 10 s. The measurement position was chosen to lie 4.65 mm from 
the cuvette wall closest to the laser source.  

In Papers I and II, DLS was used to measure the translational diffusion 
coefficient of nanocelluloses, which was obtained from the auto-correlation 
function using the cumulant method. In order to reduce the influence of 
interparticle interactions, the measurements were made with low particle 
concentrations of (0.005-0.01 wt%). A NaCl concentration of 1-10 mM was used to 
reduce the influence of the Debye length. Using the diffusion coefficient and the 
particle width determined by AFM, the particle length (L) was calculated from the 
equations:64, 66 

 
     (14) 

 
where ν is the end-effect correction.  

There are several expressions for the end-effects, in this work the following 
relationship was used:66 

 

    (15) 

 
In Papers I and V, the hydrodynamic diameters of the nanocelluloses were 

determined using DLS. The particle concentration during the measurements was 
0.01 wt% and the average hydrodynamic diameter was obtained by the cumulant 
method. 

In Papers I and IV, DLS was employed to study the dynamics of nanocelluloses 
during the transition from free-flowing dispersion to an arrested state. The 
nanocellulose concentration was increased as described in section 3.2.1, during 
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which time DLS measurements were made at regular intervals. As the 
concentration increases, the particle movements slow down, and the appearance of 
the auto-correlation curve changes. First, there is an increase in the time at which 
the correlation starts to significantly decay, and later, there is a decrease in the 
correlation curve intercept.53, 67-69 The decrease in the intercept is due to the fact 
that the particle relaxation time exceeds the measurement time, and the restraints 
imposed by the DLS software (Zetasizer software, Malvern Instrument Ltd., U.K.)  
which require the correlation to be zero at the end of each measurement. The 
changes in the correlation curve intercept were monitored while the concentration 
increased (Figure 6), and they were also used to evaluate the redispersibility of 
VASs formed either by an increase in concentration or by the addition of NaCl or 
HCl.  

 

Figure 6. DLS correlation curves of CM-CNC dispersions with concentrations increasing from 
1 to 3.5 wt%, showing the decrease in the intercept with increasing concentration. 

3.3.3. Fluorescence correlation spectroscopy (FCS) 

In Paper II, FCS measurements were made using a Zeiss 780 confocal laser 
scanning microscope equipped for FCS, with a Zeiss water immersion objective, C-
Apochromat 40X/1.2 NA. The measurements were made for 5 min on samples 
deposited on glass bottomed dishes. The samples, which contained fluorescent 
latex particles in water or CNF dispersions, were prepared directly before the 
measurements were made. Exceptions were samples with a CNF concentration of 
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0.7 wt% or higher, for which latex particles were added to a 0.14 wt% dispersion, 
followed by evaporation of the water as described in section 3.2.1.  

3.3.4. Tensile testing 

In Paper V, the mechanical properties of CNF nanopapers were measured using an 
Instron 5944 tensile tester. Dry nanopapers were conditioned at 23 °C and 50 % 
RH for 24 h before the measurements, which were carried out with a gauge length 
of 15 mm and a strain rate of 1.5 mm/min. 

3.3.5. Scanning electron microscopy (SEM) 

The morphologies of freeze-dried CNF dispersions and nanopapers were studied in 
Paper V using an S-4800 field emission SEM (Hitachi, Japan). The working 
distance was 8 mm and the accelerating voltage 1 kV, and in order to avoid 
specimen charging, all samples were sputter coated with Pt/Pd alloy.  
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months, and considering that they have a water content of 99.95 wt%, they are 
surprisingly stiff.70 VASs are also formed with CNCs,71 but at higher cellulose 
concentrations. The phenomenon of kinetic arrest of nanocelluloses is extremely 
interesting as it makes possible the production of both stiff hydrogels and low-
density aerogels,70 but it also complicates the handling of the materials and 
strategies for avoiding VAS formation are therefore often desirable.  

Arrested states formed by colloidal systems can be classified as either glasses or 
gels.72, 73 Both classes are non-equilibrium states, they do not flow, and they contain 
particles with very limited mobility, as indicated by long relaxation times.74 The 
main difference between the two classes lies in the nature of the interactions 
between the particles. Colloidal glasses consist of particles experiencing net 
repulsive interactions toward each other, the glass transition being induced by the 
decrease in particle mobility caused by the proximity of neighbouring particles, a 
condition often called caging or jamming.72-74 Hard spherical particles are caged at 
a volume fraction of φ=0.58,72 but with elongated particles the transition occurs at 
a much lower volume fraction. Charged particles experience a lower caging 
threshold concentration than their uncharged counterparts, since the electrical 
double-layer contributes to an effective volume fraction larger than the actual 
volume fraction.74 Due to the repulsive interparticle interactions, colloidal glasses 
are easily redispersed and a glass-dispersion transition can be initiated for example 
by dilution.75, 76 In a colloidal gel, the arrested particle dynamics are due to 
aggregation among the particles, which triggers the formation of a percolated 
network. The particle interactions are net attractive, and the gel formation is 
therefore often irreversible, although for systems with weak attractive interactions 
it may be reversible.73, 74 

In Paper I, nanocellulose VASs were formed by increasing the particle 
concentration, and the threshold concentrations for the dynamic arrest were 
determined for different types of nanocellulose. The mechanisms governing the 
transition were investigated by evaluating the influences of particle aspect ratio and 
surface charge density, and in order to cover a wide range of aspect ratios and 
surface charge densities, CNFs, CNCs and bacterial nanocellulose (BNC) were 
studied. In an attempt to evaluate the interactions in the VASs, and how they 
change with the addition of NaCl or HCl, the redispersibility was also investigated.   

The CNF VASs, as well as semi-dilute dispersions, were further characterised in 
Paper II by tracer diffusion measurements, and the ability of the CNFs to 
immobilize and stabilise large particles was elucidated. 
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4.1.1. Volume-spanning arrested states by particle concentration 
increase 

The transition from a free-flowing dispersion to a non-flowing VAS when the 
concentration was increased was detected by inverted cuvette tests. In addition, the 
samples were monitored by DLS to study the particle dynamics. As the threshold 
concentration for VAS formation is approached, the particle relaxation time is 
significantly increased due to the decrease in mobility. As a consequence, the 
intercept of the correlation curve is reduced (see section 3.3.2 and Paper I). Figure 
8 shows the correlation curve intercepts plotted against particle concentrations for 
low-charge TEMPO-oxidised CNF (TO-CNF-0.2), high-charge TEMPO-oxidised 
CNF (TO-CNF-1.0), and carboxymethylated CNF (CM-CNF) and CNC (CM-CNC). 
Two other types of nanocellulose were studied within this work: sulphuric-acid-
hydrolysed CNC (S-CNC) and BNC. The threshold concentrations of these samples 
were determined solely by inverted cuvette tests, since the correlation curve 
intercept was low at all the concentrations studied. The deviating intercepts may 
have been due to areas of liquid-crystalline order in S-CNC and aggregation of the 
BNC due to its much lower surface charge density (0.06 mmol/g). 

 

Figure 8. The correlation curve intercept plotted against the concentration of TEMPO-
oxidised CNFs and carboxymethylated CNFs and CNCs. 

The VAS threshold concentrations (cVAS) detected by inverted cuvette tests are 
presented in Table 1, together with the particle aspect ratios (r), the surface charge 
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densities (σ) and the concentration of counterions at the VAS threshold 
concentration (cion).  When the particle concentration is increased, the 
concentration of counterions also increases. One possible mechanism for VAS 
formation could be that the counterion concentration becomes sufficiently high to 
cause irreversible aggregation due to the decrease in Debye length. For the CNFs, 
the counterion concentrations at the VAS transition were not high enough to cause 
irreversible aggregation. Previous studies52, 77 and aggregation measurements 
within this project (see Supporting Information, Paper I) both show that CNFs are 
colloidally stable within this ionic concentration range. For the CNCs, the 
counterion concentrations were higher and it is possible that this could affect the 
colloidal stability. However, as is shown in Table 1, there is no clear surface charge 
dependence of the VAS threshold concentration. The nanocelluloses with the 
lowest charge, BNC, and highest charge, TO-CNF-1.0, experience dispersion-VAS 
transitions at similar concentrations (0.80 and 1.1 wt%). When nanocelluloses with 
the same type of charged groups are compared, i.e. the TEMPO-oxidised CNFs or 
the carboxymethylated CNF and CNC, there is no consistent pattern relating 
surface charge density and VAS threshold concentration. 

Table 1. The aspect ratios, surface charge densities, counterion concentrations at the VAS 
transition and the VAS threshold concentrations for the investigated nanocelluloses. 

 r σ (mmol/g) cion (mM) cVAS (wt%) 

TO-CNF-0.2 1200 0.17 0.4 0.23 

CM-CNF 590 0.49 1.7 0.34 

TO-CNF-1.0 260 0.99 7.9 0.80 

BNC 78 0.06 0.7 1.1 

CM-CNC 62 0.36 12 3.3 

S-CNC 29 0.35 32 9.0 

 
The relation between VAS threshold concentration and particle aspect ratio was 

more obvious. As shown in Figure 9, the threshold concentration was inversely 
proportional to the particle aspect ratio. Interestingly, this scaling with aspect ratio 
is equivalent to that of the transition from the semi-dilute to the concentrated 
regime, i.e. when the rotational and translational diffusion are severely 
constrained, and has also been shown to be valid for the glass transition 
concentration of colloidal rods.45 Thus, the dependence on aspect ratio indicated 
that the VAS forms due to the increase in particle mobility constraints when the 
concentration is increased. 
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The VAS threshold concentration of BNC deviated from the trend followed by 
the other nanocelluloses (Figure 9). Taking into consideration its dimensions, the 
VAS transition is expected to occur at a concentration almost three times higher 
than the detected threshold concentration. This was probably caused by poor 
colloidal stability due to the low surface charge density, which led to aggregation 
when the concentration was increased. Hence, the arrest of the dynamics of BNC 
was probably due to attractive interactions, perhaps in combination with caging. 

 

Figure 9. VAS threshold concentration as a function of particle aspect ratio for different types 
of nanocelluloses. The solid line shows the function cVAS=230×r -1, obtained by fitting to the 
experimental data. 

Two nanocelluloses with the same type of charged group, comparable surface 
charge densities but distinctly different aspect ratios were chosen for 
redispersibility assessments: CM-CNF and CM-CNC. The VASs were diluted by 
carefully adding water on top of the samples and, without applying mechanical 
force, redispersibility was evaluated by DLS over a period of 35 days. Finally, the 
redispersibility was studied after mixing using an Ultra-Turrax (6,000 rpm, 3 min).  

Visually, the CM-CNF and CM-CNC samples behaved similarly after dilution. 
They consisted initially of a VAS phase and a liquid phase but within a few days 
only a liquid phase remained. The correlation curve intercept was determined 
repeatedly after dilution and, as can be seen in Figure 10a, it increased during the 
first ~10 days. After the initial increase in the intercept, it stabilised at a value 
slightly lower than the intercepts of the original dispersions (prior to the 
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concentration increase), indicated by the dashed lines in Figure 10a. When a 
mechanical force (Ultra-Turrax, UT) was applied to the samples, the correlation 
curve intercept became the same as that of the original dispersion (unfilled 
symbols). 

Figure 10b shows the hydrodynamic diameter measured in the redispersed 
sample relative to that in the original dispersion. In both samples, the redispersion 
resulted in a slightly larger particle sizes, 45 % for CM-CNC and 20 % for CM-CNF, 
and there was no substantial effect of the mixing. The redispersed samples thus 
contain to some extent aggregated particles, but the increase in hydrodynamic 
diameter was very modest.  

 

Figure 10. Redispersibility measurements on CM-CNF and CM-CNC without (filled symbols) 
and with mixing (unfilled symbols). (a) The correlation curve intercept measured by DLS after 
dilution. The dashed lines indicate the intercepts of the original dispersions. (b) The 
hydrodynamic diameter relative to that in the original dispersion, measured by DLS at 0.01 
wt%. 

The concentration-induced VAS formation was reversible by dilution. In 
combination with the dependence on the aspect ratio of the threshold 
concentration, this indicates that the arrested dynamics are caused mainly by 
particle caging and that the VASs are colloidal glasses. 

4.1.2. Volume-spanning arrested states by altering the ionic strength 
or pH 

Nanocellulose VASs were formed from CM-CNFs and CM-CNCs by increasing the 
particle concentration. In order to alter the particle interactions either NaCl or HCl 
were added to the VASs, targeting a concentration of 100 mM NaCl or pH 2 after 
equilibration. The samples were then diluted and monitored by DLS.  
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When the CM-CNC VASs with NaCl or HCl were diluted, they started to break 
apart resulting in a viscous liquid phase and a small residual non-flowing phase. 
While the VASs without NaCl/HCl “melted” upon dilution, these samples showed 
a different behaviour in which larger pieces broke off from the VAS and were 
incorporated in the liquid phase. The CM-CNF VASs on the other hand, remained 
intact when diluted. A noticeable difference between the samples with NaCl and 
those with HCl was that the samples with added NaCl swelled significantly, as 
discussed in section 4.2.1.  

When NaCl or HCl is added to the nanocelluloses, the otherwise dominating 
double-layer repulsion is reduced due to a decrease in the Debye length or to a 
neutralisation of surface charges. As a consequence, the attractive van der Waals 
interactions may become dominating and lead to irreversible aggregation. When 
water was added to the VASs with the NaCl/HCl, the difference in ion concentration 
between the VAS and the liquid phase resulted in the development of a substantial 
osmotic pressure. For the longer and more flexible CM-CNFs, particle 
entanglement combined with attractive interactions was sufficient to prevent a 
non-flowing to flowing transition, but the CM-CNC VASs did not withstand the 
osmotic pressure and they broke apart. The correlation curve intercept increased 
after dilution but it remained at a low value throughout the experiment (Figure 11). 
DLS measurements could not however be made on the CM-CNF samples with 
added HCl, due to too slow particle dynamics. 

 

Figure 11. The correlation curve intercepts after dilution of (a) CM-CNF and (b) CM-CNC 
arrested states with NaCl or HCl. The dashed lines indicate the intercepts of the original 
dispersions. 

Based on the results of the dilution measurements, it was concluded that when 
NaCl or HCl is added, the repulsive interactions are reduced and attractive 
interactions become dominating. The transition is not reversible by dilution and 
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the aggregation remains although residual ions are washed away, and these VASs 
are appropriately classified as colloidal gels. 

4.1.3. Characterising the dispersed and arrested states by tracer 
diffusion 

The properties of CNF-based materials are highly dependent on the distribution 
and orientation of the fibrils within the material. If aligned CNF structures are 
formed, the tensile strength and stiffness in the direction of the fibrils can be greatly 
improved,78 whereas isotropic structures possess mechanical properties that are 
poorer but uniform. CNFs in a semi-dilute dispersed state or in an arrested state 
can be regarded as a network, which is either dynamic or static depending on the 
colloidal interactions. Such isotropic systems offer advantages in biomedical 
applications such as separation processes and drug delivery,79 and for the 
stabilisation of different particles. For the efficient use of CNF in these applications, 
knowledge of the mesh sizes, dynamics and interactions of the systems is essential.  

The structure of a network consisting of rod-shaped particles can be studied by 
measuring the diffusion of spherical particles in the network. Such tracer diffusion 
studies have previously been conducted both experimentally80-89 and 
theoretically90-94 on rod networks, and it is commonly reported that the diffusive 
behaviour depends on the ratio of the tracer sphere diameter (a) to the average 
mesh size of the network (ξ). According to the Langevin-Rondelez model,95 systems 
for which a/ξ < 1 are in the “mesh mode” and those where a/ξ > 1 are in the “Stokes-
Einstein mode”. In the mesh mode, the tracer spheres can diffuse through the 
network mesh and the impact of the network on the motion of the tracer spheres is 
small. The diffusion constant of the spheres in the network is therefore 
approximately the same as that in the pure solvent. In the Stokes-Einstein mode, 
the network severely restricts the diffusion of the spheres, and the diffusion 
constant can be estimated from the Stokes-Einstein equation, Equation 13, using 
the macroscopic viscosity of the rod dispersion.      

The diffusion of spherical tracer particles was measured in TO-CNF with a 
surface charge density of 0.64 mmol/g, at concentrations ranging from 0.005 to 1 
wt%. Based on the dimensions of the TO-CNFs, the particle overlap concentration 
was calculated to be 0.002 wt% (Equation 9), and the transition to a colloidal glass 
was both experimentally observed and calculated (using cVAS = 230×r-1 shown in 
section 4.1.1) to occur at approximately 0.7 wt%. The concentration range hence 
covered systems in both the semi-dilute dispersed state and in the glassy state. As 
described in section 2.4, a connectivity threshold concentration (crowding factor, 
nf = 16) and a rigidity threshold concentration (nf = 60) can be calculated. For the 
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TO-CNFs used in this work, the connectivity threshold was 0.04 wt% and the 
rigidity threshold was 0.13 wt%.  

 Carboxylated polystyrene latex particles with diameters between 20 and 500 
nm were used as tracer particles. The latex particles were fluorescently labelled and 
their diffusion was measured using fluorescence correlation spectroscopy (FCS), 
where the diffusion constants are obtained from a correlation curve similar to that 
obtained in DLS but, since only fluorescent particles are detected, the presence of 
CNFs does not complicate the analysis. The diffusion constants are reported 
relative to the diffusion constant of the same sphere in water (D/D0). A system in 
the mesh mode would correspond to , while the Stokes-Einstein mode 
gives , where η0 and ηm are the viscosities of water and the CNF 
dispersion, respectively. For CNF dispersions, the viscosity has been shown to vary 
with concentration as ,50, 96-98 and the diffusion constant is therefore 
expected to approximately follow the relation  in the Stokes-Einstein 
mode.   

The relative diffusion constants in CNF dispersions (pH ≈ 6) of different 
concentrations are presented in Figure 12 as a function of the tracer sphere 
diameter. At 0.005 wt%, which is below the connectivity threshold, the diffusion of 
the spheres is more or less unhindered, as indicated by  for all latex sizes. 
In higher CNF concentrations the spheres are unable to diffuse freely and D/D0 
becomes lower than 1. At c ≥ 0.2 wt%, D/D0 decreases with increasing tracer sphere 
size. For the 500 nm latex in 0.7-1.0 wt% CNF, and 200 nm latex in 1.0 wt%, the 
diffusion constants are not reported since the diffusion was too slow to be measured 
with FCS. 
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Figure 12. Diffusion constants for latex spheres in CNF dispersions (pH ≈ 6) relative to that 
in pure water plotted against latex diameter. 

In Figure 13, the relative diffusion constants are presented as functions of CNF 
concentration. At low concentrations (0.005 < c < 0.2 wt% for the 20-200 nm 
spheres, 0.005 < c < 0.1 wt% for the 500 nm sphere), linear fitting results in slopes 
ranging between -0.16 and -0.35. On the logarithmic scale, a slope of -2 is expected 
if the macroscopic viscosity of the CNF dispersion governs the diffusion. The flat 
slopes imply that the systems were neither in the Stokes-Einstein mode, nor in the 
unhindered mesh mode. The deviation from the Langevin-Rondelez model is 
probably due to the mobility of the CNFs at these concentrations, which leads to a 
more complex diffusion behaviour than that described by the model.87 When the 
CNF concentration was increased, the diffusion was retarded, probably due to both 
direct and hydrodynamic interactions with the mobile CNFs. At higher 
concentration (0.2 < c < 1.0 wt%), the CNFs were significantly less mobile. For the 
20 and 40 nm spheres, the slopes obtained at these concentrations were close to -
2 which indicated that the mesh sizes were smaller than the sphere diameters (a/ξ 
> 1) and that the diffusion was mainly dictated by the CNF viscosity. A slope of -2 
was also obtained for the 500 nm spheres in a medium concentration range (0.1 < 
c < 0.2 wt%) but due to the dynamics of the CNFs, this is probably caused by 
frequent collisions between the large particles and the CNFs, which has previously 
been shown to cause the diffusion of tracer particles to scale with the viscosity.87 
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Figure 13. Relative diffusion constants as functions of CNF concentration (pH ≈ 6) for latex 
particles with different diameters, including slopes obtained by linear fitting.  

At concentrations above 0.2 wt%, the diffusion of the spheres with diameters of 
100-500 nm became severely constrained, as indicated by the steep slope of the 100 
nm sphere, and the immeasurable diffusion of the largest spheres. The diffusion in 
these systems was not determined by the viscosity of the dispersions. A plausible 
explanation for the deviation in diffusive behaviour is that the spheres were 
immobilized by the large number of contact points (nc) between the sphere and the 
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surrounding CNFs. It has been shown that the average number of contact points 
required for the dynamic arrest of a tracer sphere in a rod network is on nc = 7, and 
that the minimum number for which it is possible is nc = 4.93 The number of contact 
points nc for all combinations of latex sizes and CNF concentrations was calculated 
according to:93 

 

      (16) 

 

where φ is the volume fraction of CNFs, a is the diameter of the latex particle, and 
d is the width of the CNFs, which was determined to be 3.0 nm by AFM.  

The results presented in Table 2, show that the number of contact points at CNF 
concentrations above 0.2 wt% is high enough for the 100-500 nm spheres to 
become caged. In addition, the charged nature of the CNFs and spheres means that 
they are surrounded by an electrical double-layer and therefore occupy an effective 
volume fraction larger than the actual volume fraction. Consequently, the numbers 
of “effective” contact points are even higher than those reported in Table 2. For the 
500 nm spheres, the number of contact points was high enough to cause 
immobilization already at 0.05 wt% although, according to the FCS results, that 
was not the case. This discrepancy could be explained by the relatively high mobility 
of the CNFs at these concentrations, since a low rod mobility is required for 
successful caging.87  

Table 2. Theoretical number of contact points (nc) between latex particle and CNFs, for 
different latex diameters and CNF concentrations.  

 20 nm 40 nm  100 nm 200 nm 500 nm  

0.005 wt% < 1 < 1 < 1 < 1 < 1 

0.05 wt% < 1 < 1 < 1 1 9 

0.1 wt% < 1 < 1 < 1 3 19 

0.14 wt% < 1 < 1 1 4 26 

0.2 wt% < 1 < 1 1 6 37 

0.7 wt % < 1 < 1 5 21 130 

1.0 wt % < 1 1 7 30 185 

 
Based on the results of the tracer diffusion measurements, it was concluded that 

below the connectivity threshold, the CNFs did not affect the tracer diffusion. At 
concentrations of 0.05 ≤ c < 0.2 wt%, the CNF network was highly dynamic and the 
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diffusion constants were slightly reduced. At concentrations above ~0.2 wt%, the 
mesh size became small, and Stokes-Einstein behaviour was detected for the 20-40 
nm latex particles. Latex particles with diameters ≥ 100 nm, were immobilized due 
to the large number of contact points with the CNFs and the rigidity of the CNF 
network. 

4.1.4. Particle stabilisation by cellulose nanofibrils 

Tracer diffusion measurements of nano-sized latex particles in CNF showed that 
CNF dispersions of rather low concentrations can affect the dynamics of latex 
particles, especially those of large particles. The way in which CNF affects even 
larger particles that sediment in water was therefore investigated. Sedimentation 
experiments were performed by adding silica microparticles (a = 1, 2 or 5 μm) to 
water or to a CNF dispersion (c = 0.05, 0.1, 0.14 and 0.2 wt%), and visually 
determining the height of the sedimentation boundary as a function of time. From 
those data, the sedimentation velocities (vs) was calculated and reported relative to 
the sedimentation velocity in water (vs,0). The sedimentation velocity was 
calculated as: 
 

      (17) 

 
where g is the gravitational acceleration, and ρp and ρ are the densities of the 
particle and solvent, respectively.  

The viscosity-dependence of the sedimentation velocity is the same as that of the 
diffusion coefficient and therefore, using the same rationalisation as for the 
diffusion behaviour in section 4.1.3, vs/vs,0 would be expected to be proportional to 
c-2 if the sedimentation were governed by the CNF viscosity. Figure 14 presents vs/ 
vs,0 as a function of CNF concentration. At 0.05 ≤ c < 0.14 wt%, it is possible that 
the viscosity to a large extent determines the sedimentation behaviour, since the 
slopes obtained by linear fitting were between -1.0 and -1.4, while a slope of 
approximately -2 was expected if the sedimentation velocity were solely governed 
by the viscosity. At 0.2 wt%, the sedimentation velocity was reduced more than 
expected considering the viscosity. Based on the crowding factor, it was suggested 
that at this concentration the CNF may form a network of substantial rigidity, and 
that it was probably this network that caused the drastic decrease in sedimentation 
velocity. 
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Figure 14. Sedimentation velocities in CNF dispersions (pH ≈ 6) relative to the velocity in 
water for silica microparticles of different sizes. 

Figure 15 shows the sedimentation of 2 μm silica particles in water and CNF 
dispersions, as well as in systems with added HCl (pH 2). In the case of the low pH 
samples, sedimentation did not occur during the 2 weeks in which the experiments 
were carried out. The reduction in pH caused a transition of the CNF dispersion to 
a colloidal gel, at all the CNF concentrations used. The change in pH was also 
expected to affect the silica particles by protonation of the surface silanol groups, 
so that aggregation between silica particles and CNFs probably occurred, but the 
fact that the large silica particles did not sediment is a manifest of the extremely 
high rigidity of CNF colloidal gels with concentrations as low as 0.05 wt%. These 
results hence show a new mechanism for colloidal stabilisation in which 
anisotropic, highly charged nanoparticles can stabilise particle dispersions, even 
when the  concentration of nanoparticles is low and they are still in a rather 
dynamic, non-arrested state.  
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Figure 15. Images showing the sedimentation of silica particles with a diameter of 2 μm in 
water or CNF dispersion (a) without and (b) with added HCl. 

4.2. Altering the colloidal interactions of cellulose 
nanofibrils 

An understanding of the interparticle interactions in a colloidal system is crucial if 
the potential of the system is to be fully realised. Knowing how to accurately 
describe the colloidal interactions makes it possible to alter them and thereby 
control the properties of the system. As described in section 2.2, colloidal 
interactions are most commonly discussed according to the DLVO theory, i.e. as 
the sum of the repulsive double-layer interaction and the attractive van der Waals 
interactions but, for CNF dispersions and an abundance of other colloids, the DLVO 
theory is insufficient due to shortcomings in its inherent assumptions and 
approximations.  

With CNFs, the interactions depend on the properties of the counterion to the 
surface charges, and these interactions cannot be explained by the DLVO theory. 
In Paper III, the mechanisms governing the counterion-dependent interactions 
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between CNFs were elucidated, and it followed that, by performing a counterion-
exchange, CNF dispersions or materials with properties distinctly different from 
those based on the original CNF could be obtained. In Paper IV, the colloidal 
interactions were altered by grafting polymers to the CNF surface, and the effects 
on the dispersion stability were studied. In Paper V, polymeric additives were 
added to CNF dispersions in order to prevent irreversible aggregation during 
drying.   

4.2.1. Counterion-dependent interactions 

The colloidal interactions in CNF systems are governed not only by pH, CNF and 
salt concentration and the properties of the CNFs. They are also highly affected by 
the properties of the counterions to the surface charges. In Paper I, it was shown 
that CNF VASs with added HCl behaved differently from those with NaCl. When 
water was added, the volume of the NaCl-VASs increased by approximately 40 %, 
although no significant swelling was noted in the case of the HCl-VASs. In that 
particular case, the  different swelling behaviour was presumably caused by the 
different characteristics of Na+ and H+, but also by the fact that the carboxyl groups 
of CNFs were protonated when HCl was added. However, there have been several 
reports that, by preparing CNF materials with different counterions, properties 
such as water uptake and mechanical properties can be altered.99-102  

In Paper III, the effect of different counterions on the colloidal interactions of 
CNFs was studied, and the results were discussed in terms of ion-ion correlation 
and specific ion effects (described in section 2.2.4). The sodium counterions of TO-
CNFs were exchanged by soaking nanopapers in 1 wt% solutions of the chloride 
salts of Li+, Na+, K+, Cs+, Mg2+, Ca2+, Ba2+, Mn2+, Cu2+, Zn2+, Al3+ and Fe3+, followed 
by rinsing in water. The swelling of the nanopapers was measured to detect any 
changes in network strength caused by the different CNF interactions. Table 3 
presents the swelling of TO-CNFs with two different surface charge densities: 0.64 
mmol/g (TO-CNF-0.64) and 1.2 mmol/g (TO-CNF-1.2), as well as with 
montmorillonite (MMT) clay. 
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Table 3. Swelling (μm/μm) with 95 % confidence intervals for TO-CNF nanopapers with 
surface charge densities of 0.64 mmol/g and 1.2 mmol/g in the presence of different 
counterions. With MMT, the films with monovalent ions dissolved, and for the multivalent ions 
the swelling of two films was measured. 

 TO-CNF-0.64 TO-CNF-1.2 MMT 
Li+ 14.1 ± 1.5 68 ± 8 Dissolved 
Na+ 13.6 ± 0.4 55 ± 7 Dissolved 
K+ 11.4 ± 1.0 52 ± 5 Dissolved 
Cs+ 9.3 ± 0.4 43 ± 4 Dissolved 
Ba2+ 3.3 ± 0.6 3.6 ± 0.1 1.7  
Ca2+ 3.5 ± 0.8 4.0 ± 0.1 2.4 
Mg2+ 4.1 ± 0.3 4.7 ± 0.1 2.8 
Mn2+ 3.6 ± 0.2 4.1 ± 0.2 3.0 
Zn2+ 3.3 ± 0.2 3.7 ± 0.0 2.6 
Cu2+ 2.7 ± 0.6 3.1 ± 0.3 2.7 
Al3+ 2.3 ± 0.2 2.5 ± 0.1 1.1 
Fe3+ 2.0 ± 0.2 2.1 ± 0.0 1.0 

 
In order to estimate the extent to which metal-ligand complexes form in the 

presence of multivalent counterions, the swelling of the TO-CNFs was plotted 
against the stability constant, log k1, of the complex (Figure 16a). The stability 
constants are literature values103, 104 for the complexes between the specific ion and 
acetate, which was chosen to represent the carboxyl groups of the TO-CNFs. All 
samples, except those with Ba2+ and Ca2+, show a decrease in swelling with 
increasing complex stability, suggesting that the formation of metal-ligand 
complexes increases the network strength. 

For comparison, a similar swelling experiment was carried out with films of 
MMT clay, which is not expected to form metal-ligand complexes. As anticipated, 
the swelling of the MMT did not follow the same trend as that of the TO-CNF when 
plotted against the stability constant (Figure 16b), although a similar behaviour was 
observed with the MMT and TO-CNFs in the presence of Ba2+ and Ca2+, indicating 
that another mechanism was responsible for the increased network strength of 
those samples. Moreover, Figure 16b shows that the swelling of samples containing 
trivalent ions was considerably more restricted than that of the samples with 
divalent ions, due perhaps to attractive interactions induced by ion-ion 
correlations. Ion-ion correlations are present in all charged colloidal systems and 
their effect increases with increasing valency of the ion and charge density of the 
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surface.20 As metal-ligand complexes do not form with MMT, the effect of ion-ion 
correlations becomes more obvious than with TO-CNFs.    

 

Figure 16. Swelling of (a) TO-CNF and (b) MMT in the presence of different counterions 
plotted against the stability constant of the ion-acetate complex.  

The swelling of both TO-CNF and MMT in presence of Ba2+ and Ca2+ was smaller  
than expected based on the stability constants and valency. Compared to the other 
multivalent ions used in this work, Ba2+ and Ca2+ are highly polarizable, and it is 
suggested that attractive ionic dispersion interactions may be responsible for the 
swelling behaviour. Figure 17a-c shows the swelling as a function of effective 
polarizability for TO-CNF with mono- and multivalent counterions, and for MMT 
with multivalent ions. For the monovalent ions, the swelling becomes more 
restricted with increasing ion polarizability, and a similar trend was observed for 
TO-CNF and MMT with Ba2+ and Ca2+, indicating a significant influence of ionic 
dispersion interactions for these ions. The swelling data for the remaining 
multivalent ions are scattered, and the polarizabilities of these ions are probably 
too low to induce dispersion interactions of significant magnitude.  

Figure 17d summarises the non-DLVO interactions leading to the increased 
attraction and decreased swelling for TO-CNF-1.2 and MMT clay with multivalent 
counterions. For TO-CNFs, the highest degree of swelling was achieved with Mg2+ 
as counterion. Mg2+ has a low polarizability and does not form strong complexes 
with acetate and it is therefore assumed that its swelling behaviour is explained 
mainly by ion-ion correlations. In the presence of Ba2+ or Ca2+, ionic dispersion 
interactions become important due to the high polarizabilities of these ions. The 
remaining divalent ions (Mn2+, Zn2+ and Cu2+) have low polarizabilities, but they 
are expected to form rather strong complexes with the carboxyl groups of the CNFs 
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and thus severely limit the swelling. The trivalent ions (Al3+ and Fe3+) cause even 
stronger metal-ligand complexes and stronger ion-ion correlations, and these 
samples therefore experience the lowest degree of swelling. With MMT, the 
swelling was more or less constant at a given ion valency, indicating that it is mainly 
influenced by ion-ion correlations. Samples containing Ba2+ or Ca2+ are exceptions, 
as their swelling was also influenced by ionic dispersion interactions.   

 

 

Figure 17. (a)-(c) Relative swelling as a function of effective polarizability of the ion for (a) 
TO-CNFs in the presence of monovalent ions, (b) TO-CNFs or (c) MMT in the presence of 
multivalent ions. The horizontal lines in (b) and (c) indicate the swelling in the presence of 
Cu2+, for which no literature values for the effective polarizability could be found. (d) Summary 
of the counterion-dependent interactions governing the increased attraction for TO-CNFs and 
MMT, in the presence of multivalent ions.  
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An additional mechanism affecting the interactions in the presence of Cu2+, Al3+ 
or Fe3+ is the creation of a local acidic environment. These ions form strong 
complexes with water, leading to the release of protons and, due to high counterion 
concentrations, the local pH is significantly lowered close to the charged surfaces. 
This may affect the surface charge density and thereby the double-layer interaction 
and the magnitude of ion-ion correlations. This is an example of the coupling of 
different interactions for nanoparticles, which makes it difficult to divide the 
interaction potential into separate additive contributions.105  

The increased attractive interactions in CNF systems caused by the introduction 
of multivalent ions are interesting from both a theoretical and a practical 
perspective. They are of theoretical importance since they cannot be explained 
solely in terms of DLVO-interactions or metal-ligand complexes, but require 
several different, often neglected, contributions to be considered. The practical 
importance of the increased CNF attraction lies in its sensitivity to water. While 
CNF materials possess remarkable mechanical properties in the dry state, they are 
normally severely weakened by moisture or liquid water. By exchanging the 
counterion to an appropriate multivalent ion, materials with stronger mechanical 
properties in the wet state can be obtained.100, 101, 106 This is often erroneously 
referred to as being due to ion-bridges between charged groups on the surface of 
the CNFs but this explanation is a gross oversimplification and not scientifically 
correct.   

4.2.2. Steric stabilisation and its effect on arrested state formation  

Colloidal systems of nanocelluloses are typically electrostatically stabilised by the 
introduction of charged groups on the particle surfaces. Steric stabilisation is less 
frequently used as a strategy to achieve colloidal stability, but it can sometimes be 
an advantage due to the resultant decrease in salt sensitivity and less time-
consuming dewatering. The attachment of polymeric entities to the nanocellulose 
surface can also increase its compatibility with hydrophobic matrices, and its 
reinforcing effect in composites may thereby be enhanced. Long-chain molecules 
are more advantageous than simple adjustments of the surface energy of the 
nanocelluloses, since although this may give a better dispersion of the CNF in the 
matrix it will at the same time decrease the nonpolar interaction between the CNF 
and the matrix polymer.  There are several reports on the steric stabilisation of 
CNCs,107-112 but the number of reports related to CNFs is smaller.113  

The effect of steric stabilisation on the colloidal stability of CNFs was studied, 
and it was investigated how the VAS threshold concentration was affected. The 
arrested dynamics of CNFs at elevated concentrations or ionic strengths is a 
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problem in the production of many CNF-based materials. The high viscosity makes 
handling difficult and if irreversible aggregation occurs, the CNFs lose their 
nanoscale dimensions that must be retained if advantage is to be taken of its 
excellent mechanical properties.96, 114 Therefore, finding strategies for increasing 
the VAS threshold concentration would be beneficial. 

Amine-terminated polyethylene glycol (PEG) was covalently grafted to TO-CNFs 
by NHS-assisted EDC-coupling (Figure 18). The surface charge density of the non-
grafted TO-CNFs was 0.79 mmol/g and the degrees of PEGylation were low, either 
1 or 20 % of the carboxyl groups were targeted to be modified. The surface charge 
density of the PEGylated therefore CNFs remained quite high, indicating that the 
colloidal dispersions were electrosterically stabilised. The aim was to evaluate the 
effect of the attached PEG, without any contribution of non-attached polymers, and 
considerable effort was therefore directed towards optimising the purification 
protocol. It was found that ultrafiltration was the most beneficial choice since 
effective removal of non-attached polymer and reagents was achieved in a 
comparatively short time.  

 

Figure 18. Scheme showing the grafting of amine-terminated PEG to TO-CNF by NHS-
assisted EDC-coupling. 

PEG with two different molecular weights was grafted to TO-CNF: 1 kDa (PEG1) 
and 20 kDa (PEG20). For PEG1 the degree of PEGylation, defined as the fraction 
of modified CNF carboxyl groups, was aimed to be 1 % or 20 %, while only 1 % was 
targeted for PEG20. These relatively low molecular weights and degrees of 
PEGylation were chosen in order to avoid forming a system of CNFs dispersed in a 
polymer matrix. With the compositions used in this work, the fraction of PEG in 
the samples was always low, either ~1 wt% or ~16 wt% based on the weight of CNF. 
The conformation of the PEG chains in water can be described by their Flory radii 
(Rf): 

 
      (18) 
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where α is the persistence length of the monomer (3.5 Å for PEG)115 and N is the 
number of repeating units.  

Using this equation, the Flory radius was calculated to be 2.2 nm for PEG1 and 
14 nm for PEG20. Based on the targeted degrees of PEGylation of 1 and 20 %, the 
average distances between the attached polymers were calculated to be 200 nm and 
10 nm, respectively. Hence, for all combinations of PEG molecular weight and 
degree of PEGylation, the distance between the PEG chains was larger than their 
Flory radius. In this regime, the polymers can be assumed to adopt the 
conformation of non-overlapping “mushrooms” with sizes of around Rf.115, 116 

The concentration of the TO-CNFs after PEGylation was 0.1 wt%. At this 
concentration, the distance between the TO-CNFs is too long for the PEG chains 
from different fibrils to permanently overlap. When the particles meet due to 
Brownian motion, the CNFs are probably electrosterically stabilised due to the 
PEG-chains and the osmotic repulsion from the charged groups. The Debye length 
at this CNF concentration was calculated to be approximately 11 nm, using 
Equation 6 and the concentration of counterions to the CNF charges, i.e. larger than 
the Flory radius of PEG1 but smaller than that of PEG20. If the CNF concentration 
were increased, the polymers should start to overlap as the distance between the 
TO-CNFs approaches 2Rf. Moreover, the Debye length decreases with increased 
CNF concentration, and the importance of the sterically stabilising layer should 
therefore increase. In order to evaluate the effect of PEGylation at higher 
concentrations, samples were monitored by DLS during concentration increase and 
the dispersion-VAS transition was detected by inverted cuvette tests, as described 
in sections 3.2.1, 3.3.2 and 4.1.1.  

Figure 19 shows the correlation curves of neat and PEGylated TO-CNFs at 
concentrations of 0.3, 0.4, 0.5 and 0.6 wt%. %. If the curves for the neat TO-CNF 
at 0.3 and 0.4 wt% are compared, a decrease in intercept can be observed. This is 
caused by the decrease in particle mobility associated with the formation of a 
dynamically arrested state. For this specific type of CNF, the threshold VAS 
concentration was approximately 0.35 wt%. For the PEGylated TO-CNFs, the shape 
of the correlation curves changed slightly when the concentration was increased, 
but the decrease in intercept was less than for neat TO-CNF, and it occurred at a 
higher concentration.  
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Figure 19. DLS correlation curves of neat TO-CNF (CNF), CNF grafted with 1 % PEG 1 kDa 
(CNF-g-PEG11), 20 % PEG 1 kDa (CNF-g-PEG120) and 1 % PEG 20 kDa (CNF-g-PEG201), 
at CNF concentrations of (a) 0.3 wt%, (b) 0.4 wt%, (c) 0.5 wt% and (d) 0.6 wt%.  

The threshold concentrations for VAS formation were determined by inverted 
cuvette tests and, as can be seen in Figure 20, the threshold concentrations of the 
grafted samples were higher than those of the neat TO-CNF. Interestingly, by 
comparing Figures 19 and 20, it becomes clear that the relationship between the 
VAS formation and the intercept decrease is not valid for the grafted TO-CNFs.   

A consequence of the PEGylation was that an additional repulsive contribution 
to the interaction energy was introduced. Since the interactions in the VASs formed 
by the increase in concentration were already mainly repulsive, as described in 
section 4.1.1 and Paper I, the effect was less extensive than it would have been in an 
attractive colloidal gel. However, the PEGylation resulted in a slight increase in the 
VAS threshold concentration and altered the particle dynamics at degrees of 
PEGylation as low as 1 %. The water-binding capacity of PEG probably reduces the 
interfibrillar friction113 and therefore enhances the particle mobility, both near and 
above the VAS transition concentration. The rather large variations in threshold 
concentration detected in the samples grafted with PEG1 could also be due to the 
decreased friction, since this could result in weaker VASs that are more prone to 
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breakage when the sample cuvettes are inverted. Unexpectedly, the results 
presented in Figures 19 and 20 show that there were no significant differences 
between the samples grafted with PEG of different molecular weights or different 
degrees of PEGylation. Perhaps the decrease in friction was similar for all grafted 
samples, and if the impact on VAS formation is governed mainly by the lubricating 
effect and not by steric repulsion, this could explain the lack of variation among the 
grafted samples. 

 

Figure 20. The VAS threshold concentration range for neat TO-CNF (CNF), CNF grafted with 
1 % PEG 1 kDa (CNF-g-PEG11), 20 % PEG 1 kDa (CNF-g-PEG120) and 1 % PEG 20 kDa 
(CNF-g-PEG201), determined by inverted cuvette tests. 

4.2.3. Increasing the redispersibility of dried cellulose nanofibrils 

The preparation of dried CNF is restricted by its tendency to irreversibly aggregate 
at high solids contents, and CNFs are therefore usually handled as low-
concentration aqueous dispersions, but this large quantity of water means that the 
transport of CNF dispersions is associated with an often unjustifiably high 
environmental impact and cost.27 Many attempts have been made to solve this 
transportation issue by developing a dried CNF that can be redispersed without 
losing its nanoscale dimensions. An additional benefit of a dried CNF would be that 
it would increase the shelf-life as well as facilitate its incorporation in polymeric 
composites.114 In an attempt to prevent the irreversible aggregation during drying, 
the surface properties of CNFs have previously been altered by surface 
modification, and polymeric or small molecule additives have been used to aid 
redispersion.114, 117-124 In most reports, very large amounts of additive have been 
required to achieve a reasonable effect on the redispersibility, resulting in systems 
in which the CNF is no longer the major component. Efforts have also been made 
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to elucidate the impact of the drying method on the aggregation, but although 
different methods did result in different aggregate morphologies, no method was 
found that was able to completely prevent aggregation.125, 126    

The use of additives to aid redispersion of dried CNF has been studied since the 
early days of nanocellulose research.118 The advantage of this strategy lies in its 
simplicity and industrial applicability. The properties of the CNFs are not 
irreversibly altered and several additives can be efficiently removed by, for 
example, filtration. Examples of additives or redispersing agents reported in the 
literature for CNFs are carboxymethyl cellulose (CMC)114, 117-119, glycerol118, 121, 
maltodextrin123, polyvinyl alcohol124 and different types of sugars118. The effect on 
redispersibility is often evaluated based on how well the rheological or mechanical 
properties are preserved, or by studying the sedimentation of the redispersed 
material. 

In the present work, the redispersibility of TO-CNFs was studied by 
investigating the impact of polymeric additives on its nanoscale dimensions. CMC, 
amine-terminated PEG and fractionated LignoBoost Kraft lignin were used as 
additives and freeze-drying was chosen as the drying method since it has been 
shown to be better for the redispersion of CNCs than solvent evaporation and 
spray-drying.127 The size of the TO-CNFs was measured by DLS before and after 
redispersion in order to detect any aggregation. Furthermore, the effect on macro-
scale properties was evaluated by preparing nanopapers of the redispersed TO-
CNFs and comparing their mechanical properties with those of nanopapers formed 
from never-dried TO-CNFs.  

In the first part of the study, PEG was used as an additive to different TO-CNFs 
to evaluate the influence of surface charge density. Figure 21 shows the 
hydrodynamic diameter (dH) after redispersion relative to that before redispersion 
for TO-CNFs with surface charge densities of 0.6 mmol/g (CNF-0.6), 0.7 mmol/g 
(CNF-0.7) and 1.2 mmol/g (CNF-1.2). As expected the relative hydrodynamic 
diameter (dH,RD/dH,neat) decreased with increasing amount of additive, indicating 
that the redispersibility was improved. The subscript RD indicates a redispersed 
sample, and neat refers to a never-dried sample without additive. In order to 
achieve a dH,RD/dH,neat-ratio of less than 2, a PEG content of 20 wt% (based on the 
weight of CNF) was required for CNF-0.6 and 15 wt% for CNF-0.7. For CNF-1.2, 
the redispersibility was satisfactory even without additive, although it was further 
improved by the addition of PEG. The superior redispersibility of the most highly 
charged CNFs is due to the osmotic pressure generated by the counterions which 
aids separation during redispersion.  
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Figure 21. Relative hydrodynamic diameter of redispersed TO-CNF of different surface 
charge densities as a function of the amount of PEG added as redispersion agent. 

In subsequent experiments, CNF-0.6 was used since it had the poorest inherent 
redispersibility of the tested CNFs, and any improvement would therefore be easily 
distinguishable. TO-CNFs with different amounts of CMC, PEG or lignin were 
redispersed after freeze-drying and the effect on particle size is shown in Figure 22. 
All these additives improved the redispersibility, although the effect of CMC was 
inferior to those of PEG and lignin. CMC has previously been shown to accomplish 
maintained macroscopic properties after redispersion,114, 117-119 and the effect has 
been explained by the formation of a water-soluble film of CMC around the CNFs. 
CMC can also decrease the risk of aggregation by increasing the viscosity of the 
dispersion and thereby reducing the particle mobility.128 However, as shown in 
Figure 22, aggregation did occur in the presence of CMC but was less severe than 
with neat CNF, and it is possible that the CMC did not significantly alter the 
macroscopic properties of materials made from the redispersed CNF, which would 
explain the results of the previous reports. 

When PEG was used as additive, the redispersibility was improved substantially 
at contents as low as 5 wt%, and at 20 wt% the dH,RD/dH,neat-ratio was lower than 2. 
PEG has been reported to enhance redispersibility of CNCs111, 129 and, as described 
in the previous section, PEG covalently grafted to TO-CNFs influences the particle 
interactions by decreasing the friction between them. In the present study, PEG 
was not covalently attached but, due to interactions between the carboxyl groups of 
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TO-CNFs and the amine group of PEG, a lubricating layer may have been able to 
form on the CNF surfaces and prevent them from irreversibly aggregating during 
drying.  

 

Figure 22. Relative hydrodynamic diameter of redispersed TO-CNF with different amounts of 
CMC, PEG or lignin as redispersing agents. 

The additive that most effectively improved TO-CNF redispersibility was lignin, 
for which a value of dH,RD/dH,neat < 2 was obtained between 10 and 15 wt%. Kraft 
lignin has earlier been reported to self-associate into small colloidal particles which 
are further associated into larger fractal clusters,130 and in this work such fractal 
structures could be identified in AFM images (Paper V). The CNF:Lignin system 
was studied in detail using colloidal probe AFM force measurements. A flat mica 
surface and a silica particle, attached to the cantilever, were coated with a layer of 
PEI followed by CNF and the forces between the surface and particle were 
measured. The measurements were carried out in a liquid cell filled with either 
water or lignin dispersion (0.01 wt%), both with a NaCl concentration of 0.05 mM. 
Figure 23 shows how the force varied with distance upon approach (red curves) and 
retraction (blue curves). For the measurements in water (Figure 23a), the approach 
force between the cellulose surfaces was similar to that expected according to the 
DLVO theory (black curves in the inset), indicating that it corresponds to the 
double-layer interaction. Upon retraction, there is considerable adhesion between 
the CNFs, and this was eliminated when lignin was added to the system (Figure 
23b). The introduction of lignin also affected the repulsion upon approach, the 
curve did not agree with the DLVO-curve, and the deviation was probably caused 
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by steric effects. The changed repulsive interactions and loss of adhesion probably 
explain the enhanced redispersibility achieved by lignin. 

 

Figure 23. Force (normalised with respect to the probe radius) versus separation distance for 
TO-CNF in (a) water and (b) lignin dispersion, both with 0.05 mM NaCl. Red curves show the 
force upon approach and blue curves the force upon retraction. The insets present the 
approach force at short distances on a logarithmic scale, as well as theoretical fits to the 
DLVO theory using the constant charge (solid black line) or constant potential boundary 
condition (dashed black line).  

The particle size measurements reveal that, for TO-CNF with a surface charge 
density of 0.6 mmol/g, a redispersing agent is essential in order to avoid extensive 
aggregation (Figures 21 and 22). In order to see whether the same effect was 
discernible on a macro-scale, nanopapers were prepared using never-dried CNF 
and, after measuring their mechanical properties, the nanopapers were redispersed 
and the dispersion obtained was used to prepare new nanopapers (Figure 5). 
Redispersion had only a minor effect on the mechanical properties of the 
nanopapers (Table 4), regardless of whether or not a redispersion agent was added. 
Nor were any striking differences noted in the morphologies of the cross-sections 
of the nanopapers (Figure 24). However, the samples prepared from never-dried 
CNF with CMC or PEG deviated from the others as they exhibited a slightly lower 
stiffness and smoother morphology, probably due to the water-binding properties 
of CMC and PEG. These deviations were not observed in the corresponding samples 
prepared from redispersed CNF, which indicates that a significant amount of 
polymer had been removed during the second filtration step in the preparation of 
the nanopapers (Figure 5).  
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Table 4. Mechanical properties (± 95 % confidence intervals) of nanopapers prepared from 
never-dried and redispersed (RD) CNF. 

 
 

Young’s 
modulus 
(GPa) 

Tensile 
strength 
(MPa) 

Strain-at-
break 
(%) 

Work of 
fracture 
(J/m3) 

CNF 9.0 ± 0.5 250 ± 20 8.2 ± 1.6 14 ± 4 

CNF-RD 9.4 ± 0.3 250 ± 20 8.6 ± 1.1 14 ± 3 

CNF:CMC 8.1 ± 0.8 220 ± 40 7.1 ± 2.2 11 ± 5 

CNF:CMC-RD 9.8 ± 0.5 250 ± 20 7.6 ± 1.0 13 ± 3 

CNF:PEG 8.1 ± 0.3 260 ± 10 10.3 ± 1.1 18 ± 3 

CNF:PEG-RD 9.4 ± 0.6 240 ± 50 8.2 ± 2.6 14 ± 7 

CNF:Lignin 9.1 ± 0.2 260 ± 20 8.9 ± 1.1 16 ± 3 

CNF:Lignin-RD 9.4 ± 0.4 250 ± 10 8.0 ± 1.1 13 ± 2 

 

 

Figure 24. Cross-sections of nanopapers prepared from never-dried or redispersed (RD) 
CNF, with or without redispersing agent. The scale bar is 1 μm. 

The finding that the detrimental effect of redispersion of neat TO-CNF observed 
on the nanoscale did not translate to the macro-scale mechanical properties implies 
that the formation of relatively small aggregates does not significantly affect the 
mechanical properties of nanopapers, and this agrees with what has previously 
been reported for microfibrillated cellulose.131 Another possibility is that the 
difference in the drying and/or redispersion methods used for the nano- and 
macro-scale measurements is responsible for the discrepancy. In order to clarify 
the effect of the drying and redispersion methods, a comparative experiment was 
conducted. Figure 25 shows the relative hydrodynamic diameter of (1) freeze-dried 
TO-CNF, (2) freeze-dried CNF redispersed using the same protocol as for 
nanopapers, i.e. magnetic stirring followed by Ultra-Turrax mixing, (3) 
nanopapers, and (4) nanopapers which had been freeze-dried prior to redispersion. 
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Figure 25. Relative hydrodynamic diameter of redispersed TO-CNFs, without and with 15 
wt% PEG, treated with different drying and redispersion techniques. 

Figure 25 shows that for neat CNF, redispersion of nanopapers results in a 
significantly lower aggregation than redispersion of the freeze-dried dispersions. 
The superior results for nanopapers was not due to a higher mechanical energy 
input used in the redispersion step, since freeze-dried samples treated in the same 
way were severely aggregated, and it was thus concluded that it was the drying 
method that was mainly responsible for the successful redispersion, although it has 
previously been reported that, compared with freeze-drying, heat-drying is 
unfavourable with regard to aggregation.125, 126 A probable explanation for the 
disagreement between the results of the present work and those of previous studies, 
is that the heat-drying was achieved by hot-pressing a CNF filter cake instead of 
oven-drying a dispersion as described in the referenced reports. During the 
filtration, the CNF concentration is increased and an arrested state is reached when 
the initial water is removed and, as the dewatering continues, the CNFs collapse 
into a layered structure.61, 132, 133 When the layered filter cake is hot-pressed a 
structure distinctly different from that obtained by oven-drying is obtained. In this 
structure, the osmotic pressure generated by the surface charges is sufficient to 
attain acceptable redispersibility even without an additive.  

In the case of the freeze-dried samples, the addition of a redispersing agent was 
essential and particle sizes similar to those of the redispersed nanopapers were 
achieved with 15 wt % additive. The most beneficial effect with regard to 
redispersibility was obtained by freeze-drying TO-CNF with an additive, followed 
by redispersion with a high mechanical energy input using Ultra-Turrax.  
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The colloidal interactions were altered by the introduction of polymers either 
through covalent grafting or as additives. When PEG was grafted to CNFs, the 
dispersion to VAS transition occurred at a higher concentration due to the 
reduction in interfibrillar friction. A polymeric additive increased the 
redispersibility of freeze-dried CNFs, especially when lignin was the additive. 
Remarkable redispersion results were obtained by drying the CNFs with vacuum-
filtration followed by hot-pressing, even without the use of any additive.   
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