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Abstract 
Nanoparticles are very interesting components. Due to their very large specific surface area they 

possess properties in between molecules and macroscopic materials. In addition, a material built up 

of hierarchically assembled nanoparticles could obtain unique properties, not possessed by the 

nanoparticles themself. 

A very interesting group of nanoparticles is the cellulose nanofibrils. The fibrils are found in various 

renewable resources such as wood, bacteria and tunicates. In this work fibrils extracted from wood is 

studied. In wood the fibrils are the smallest fibrous component with the approximate dimensions; 4 

nm in width and length in the micrometer range, providing a high aspect ratio. In addition, they have 

a crystallinity above 60% and, hence, a high stiffness. These fibrils are hierarchically ordered in the 

wood fiber to give it its unique combination of flexibility and strength.  

The properties of the fibrils make them very suitable to be used as reinforcement elements in 

composites and, due to their ability to closely pack, to make films with excellent gas barrier 

properties. The key aspect to design materials, efficiently utilizing the properties of the individual 

fibrils, is to control the arrangement of the fibrils in the final material. In order to do so, the 

interactions between fibrils have to be well characterized and controlled. In this thesis the 

interaction between fibrils in aqueous dispersions is studied, where the main interactions are 

attractive van der Waals forces and repulsive electrostatic forces. The electrostatic forces arise from 

carboxyl groups at the fibrils surface, which either are due to hemicelluloses at the fibrils surfaces or 

chemically introduced to the cellulose chain. This force is sensitive to the chemical environment. It 

decreases if the pH is reduced or if the salt concentration is increased. If it is strongly reduced the 

system aggregates. In dilute dispersions aggregation causes formation of multiple clusters, whereas 

in semi-dilute dispersions (above the overlap concentration) a volume filling network, i.e. a gel, is 

formed. The tendency of aggregation, i.e. the colloidal stability, can be predicted by using the DLVO 

theory. In this thesis DLVO predictions are compared to aggregation measurements conducted with 

dynamic light scattering. Good agreement between experiments and the designed theoretical model 

was found by including specific interactions between added counter-ions and the carboxyl groups of 

the fibrils in the model. Thus, the surface charge is both reduced by protonation and by specific 

interactions. This emphasizes a much larger effect of the counter-ions on the stability then generally 

thought. Hence, this work significantly improves the understanding of the interfibril interactions in 

aqueous media. 

As mentioned above, the fibrils can be physically cross-linked to form a gel. The gelation is an instant 

process, occurring at pH or salt levels causing the interfibril repulsion to decrease close to zero. If a 

well dispersed stationary dispersion is gelled, the homogenous and random distribution of the fibrils 

is preserved in the gel. These gels can be used as templates to produce composites by allowing 

monomers or polymers to enter the network by diffusion. In an effort to mimic processes occurring 

in the tree, producing materials with fibrils aligned in a preferred direction, the ability to form gels 

with controlled fibril orientation were studied. Such networks were successfully produced by 

applying strain to the system prior or past gelation. Orientation prior gelation was obtained by 

subjecting the dispersion to elongational flow and freezing the orientation by “turning off” the 

electrostatic repulsion. Orienting the fibrils after gelation was achieved by applying shear strain. Due 

to the physical nature of the crosslinks, rotation in the fibril-fibril joints can occur, enabling the fibrils 

to align in the shear direction. This alignment significantly increased the stiffness of the gels in the 

shear direction. 
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1. Objective  
The overall objective of the present research is to better utilize the impressive properties of cellulose 

nanofibrils. Particularly interesting are the fibril’s high specific stiffness (larger than steel), the high 

aspect ratio and the large surface area (Eichhorn 2010). These properties make the fibrils promising 

as reinforcing components in light weight, high strength fibril-reinforced composites. 

     In order to exploit the properties of the individual fibrils, flocculation and coagulation must be 

avoided and/or controlled. The parameters affecting these processes are the topic of paper I in this 

thesis. It focuses on characterizing aqueous dispersions of fibrils and how the colloidal stability is 

affected by changes in the chemical environment.   

     The next step after obtaining well dispersed systems is to change, in a controlled way, the 

orientation from random to a defined fibril orientation. For composite applications, systems with an 

aligned fibril structure are especially interesting. The objective in paper II was to investigate the 

fundamental parameters that control the creation of aqueous fibril-based gels, and the alignment 

and network formation within them. These nanofibril gels have potential as templates for the 

production of novel composite materials. 

  

2. Background 
2.1 Nanomaterials  
If the text from all of the worlds’ books was written in nanoletters, it would fit in a box less than 2 × 2 

mm (Feynman 1960).  The prefix “nano” denotes this very small length scale,      m, and originates 

from the Greek word nanos, meaning dwarf. Dwarf-materials, i.e., nanomaterials, have unique 

properties that lie in between molecules and macroscopic solids. For materials with at least one 

dimension in the nanometer range, their properties depend on their size, i.e., similar to molecules, 

and show quantum size effects. Discrete shifts in properties are found for materials with all their 

dimensions within the nanometer regime. For rods and disks having one and two dimensions on the 

nm scale, a mix between continuous and discrete changes is observed. Size dependent properties 

occur because of the large surface-to-bulk ratio of nanomaterials. An example of a size specific effect 

is the color of spherical gold nanoparticle dispersions, where a change in particle size changes the 

color of the dispersion. This was known as early as the 1000th century when artists used gold 

dispersions to paint the windows of churches in a variety of beautiful colors (Boysen 2011). 

If nanomaterials are assembled into larger materials in a controlled/hierarchical fashion, unique 

properties, not found in the individual components, can be obtained (Ozin 2009). This normally 

occurs via a self-assembly process that acts to decrease the free energy of the system (Ozin 2009). 

One such example found in nature is nacre, where the hierarchical structure gives the material its 

extreme toughness (Katti 2005).  

One limitation in working with nanomaterials is that particle dispersions have a tendency to 

aggregate due to attractive interactions such as van der Waals forces, hydrogen bonding, and 

hydrophobic-hydrophobic interactions (Evans 1999). To prevent or drastically slow down the 

aggregation, interparticle repulsion can be introduced either through electrostatic or steric repulsion 

(Evans 1999). The protection against aggregation is a crucial but difficult task to solve for 
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nanoparticles. If not solved, the unique properties created by the small dimensions cannot be 

utilized. To predict the tendency of aggregation, the Derjaguin–Landau–Verwey–Overbeek (DLVO) 

theory (Derjaguin 1943; Verwey 1948) can be used. It considers the long-range interactions; van der 

Waals forces and electrostatic double layer forces, and will be described in more detail below. 

2.2 Cellulosic nanomaterials 
In the tree, cellulose nanofibrils are the smallest crystalline component, with a width of around 4 nm 

and lengths in the micrometer range (Isogai 2011).  Similar cellulose fibrils can be found in other 

sources, including: bacteria, tunicate, and one year crops (Eichhorn 2010; Isogai 2011; Klemm 2011).  

In the wood fiber these fibrils are arranged in a controlled mesostructure, where the fibrils are 

oriented at different angles with respect to the fiber axis, in different layers of the fiber wall. There 

are around 100 fibrillar lamellae in a cross section of a typical softwood fibre (Stone 1965). The fibers 

are then arranged along the tree axis. This hierarchical arrangement provides the tree with its 

impressive flexibility and toughness (Krässig 1993). Fibrils can be extracted from the tree by using 

chemical treatments, mechanical treatments or a combination of the two (Klemm 2011). The fibrils 

have impressive properties, such as high specific stiffness, high aspect ratio and a low thermal 

expansion coefficient (Eichhorn 2010). Furthermore, the fibrils have a tendency to self-orient, 

forming liquid crystals when dispersed in water (Dong 1996). This occurs within a specific fibril 

concentration regime and in the right chemical environment. 

Recently, the fact that cellulose fibrils come from a renewable source  and possess exceptional 

properties, has led to a significant increase in the number of research investigations using cellulose  

fibrils (Eichhorn 2010; Klemm 2011). As an example, it has been discovered that the cellulose fibrils 

can be used in digital displays (Nogi 2008), due to the low thermal expansion coefficient of cellulose, 

and the high transparency and strength of cellulose fibril films. It has also recently been shown that 

the fibrils can be arranged into larger fibers via extrusion of a fibril suspension into a coagulation 

bath (Iwamoto 2011; Walther 2011), creating very stiff, millimeter-thick threads comprised of aligned 

nanofibrils.  The threads can be made magnetic and/or transparent, making them interesting for 

various applications (Walther 2011).  

2.3 Nanoparticle gels 
Gels are two component systems consisting of a frozen network of particles or polymers which 

encapsulate a solvent. Together the two components form a semi-solid where the particles/polymers 

possess some mobility despite the fact that several mobility constraints are introduced during the 

transition from the dispersed to the gel state. Cellulose nanofibrils are able to form particle gels, 

especially at low particle (fibril) concentrations (Paper I). In general, the particles that form gels can 

be organic or inorganic, and have isotropic or anisotropic shapes. The cross-links between particles 

are in most cases physical, i.e., formed via hydrogen bonds, van der Waals interactions and/or 

hydrophobic-hydrophobic interactions (Evans 1999). The cross-linked network can encapsulate a 

large variety of solvents, with water being one of the most common.    

As mentioned earlier, decreasing the stability of nanoparticle dispersions generally leads to 

aggregation of the system. At low particle concentrations, destabilization leads to the formation of 

multiple aggregates whereas at high concentrations, destabilization leads to gelation of the 

dispersion. Gelatin can either occur instantaneous as the potential is decreased below a specific limit, 

or after a certain time of aggregation—allowing aggregated clusters to grow and connect to each 
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other. In both situations a percolated network is formed. Within the percolated network, individual 

particles still have some mobility even though it is considerably less than in the liquid state. In the 

macroscopic range, the network behaves more or less elastic. In fact, a particle gel is, in most cases, 

considered an arrested non-equilibrium state(Emanuela 2007). The equilibrium state would generally 

be when the particles separate from the solvent and form one or more dense aggregates, which, if 

the density of the particles is higher than the density of the solvent, would lead to sedimentation. 

Still, this arrested (non-equilibrium) state can be frozen for very long time scales, months or even 

years (Emanuela 2007). 

When rapid dispersion to gel transition occurs, the particle concentration is usually above the 

overlap concentration. At this concentration—the spherical volume encapsulating a rotating, 

nonmoving, particle is overlapping with the rotating volume of other particles—a gel is formed if 

aggregation is initiated. This occurs at very high number concentrations for isotropic particles; 

however, this limit decreases as the anisotropy of the particles increases.  Hence, the excluded 

volume of the particles increases as the aspect ratio increases and the particles will start to interact 

with each other at lower and lower number concentrations. This increases the possibility to form 

percolated networks. In this thesis, gelation of anisotropic particles (cellulose nanofibrils) will be 

presented. In the investigated system, the gelation is very rapid since the fibril concentration is well 

above the overlap concentration. 

2.4 DLVO: prediction of particle aggregation/gelation 
Most particle dispersions are thermodynamically unstable which means that they will eventually 

aggregate, forming several clusters or one volume filling cluster, i.e., a gel. The type of aggregate 

formed depends on the particle concentration, size, shape and the solvent properties. Still, 

aggregation can be prevented over very long time scales of months or even years.  This kinetic 

stability is mainly dictated by the competition between long-range attractive and long-range 

repulsive interactions. The Derjaguin—Landau—Verwey—Overbeek (DLVO) theory treats this 

balance and includes the van der Waals (vdW) attraction and the electrostatic repulsion that are 

often present between colloids. The total interaction potential is simply the sum of the attractive 

potential,      , and the repulsive potential,      ;                 , where   is the 

separation distance. For two cylindrical particles approaching each other in an orthogonal 

arrangement, the interaction potentials are given (Sparnaay 1959; Stigter 1977; Israelachvili 1991): 

       
  

  
        (1) 

                 
                (2) 

where   is the Hamaker constant,   is the particle radius,    is Avogardo’s number,   is the 

reciprocal Debye length,   is the ionic strength,    is Boltzmann’s constant, and   is the absolute 

temperature. The variable   is defined as              ⁄   and depends on the surface potential, 

   , the electron charge, q, and the counter-ion valency,  .    dominates at short separations, but at 

intermediate separations the influence of    often creates an energy barrier. At separations shorter 

than the separation of the barrier, a primary minimum appears. If particles reach this minimum, the 

result is often irreversible aggregation. If the barrier is large,      , long-term stability is 

expected. If the barrier is small,       , rapid aggregation may occur. In some situations, at large 

separations, a secondary minimum is present. This minimum is often shallow, leading to reversible 
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aggregation. Parameters affecting the barriers are the salt concentration, ion valency, and the 

surface charge/potential. The surface charge depends on how easily the surface can be ionized and 

may be constant or may vary with pH and/or salt concentration. An example of how these 

parameters effect the overall interaction potential is shown in Figure 1 (Shaw 1992).  

 

Figure 1:  Image from (Shaw 1992). The interaction ( ), repulsive (  ) and attractive (    potentials as a function of 
particle-particle separation distance    . In the second curves (     and      ) the electrostatic interactions is 
decreased by either a salt addition or an adjustment of the pH.    is not affected by these changes. 

  

DLVO theory is generally sufficient to predict if aggregation will occur or not. However, it is not able 

to predict the final form of the aggregate since it does not consider the specific chemical interactions 

at close distances, i.e., closer than the energy barrier (Shaw 1992). This is not a problem for the 

current research effort since the theory is used to predict the onset of aggregation/gelation for 

aqueous cellulose nanofibril dispersions.  

  



5 

3. Experimental 
3.1 Nanofibrillated cellulose (NFC) 
The cellulose nanofibrils were liberated from pulps consisting of a 60/40  mixture of pine and spruce 

(Wågberg 2008). To reduce the energy required to separate the fibrils from the fibers, the pulp was 

pre-treated with either monocloroacetic acid (Wågberg 1987) or with the enzyme endoglucanase 

(Henriksson 2007). This treatment created charges on the fibril’s surfaces (carboxymethyl groups) or 

cut glucose linkages between the fibrils within fiber wall, respectively. Two carboxymethylated NFC 

types with different degrees of substitution,   , were prepared;         and         . After 

pre-treatment, the fibers were disintegrated by a combination of mechanical treatments using a high 

pressure microfluidizer (Microfluidizer M-110EH, Microfluidics Corp., USA) followed by probe 

sonication at 300 W. Finally, a centrifugation step was conducted; 2500g during 1 h (Rotofix 32A 

Hettich Zentrifugen, Germany), to remove any non-fibrillated fiber fragments and metallic particles 

eroded from the sonication probe. The fibrils are labeled according to their surface charge (see 

Results and Discussion section 4.1.1 for the precise values) with the names NFC600 and NFC400 for 

the carboxymethylated fibrils with high and low DS, respectively, and NFC120 for the enzymatically  

treated fibrils.  

3.2 Water 
In all experiments ultrapure Milli-Q water (Milli-Q Plus System, Millipore, USA) was used. The 

technique purifies the water in a three step process; ion exchange, UV treatment and filtration. The 

obtained water has a resistivity of 0.055 µS/cm (18.2 MΩ) and a total organic content (TOC) of 3 ppb.   

3.3 Surface charge and zeta potential 
The surface charge of the NFC was determined by polyelectrolyte titration (Horn 1978) (PET) using 

the Mütek PCD 03 (BTG Instruments GmbH, Germany). Dry masses of 1, 2 and 3 mg of NFC were 

dispersed in 10 mL of Milli-Q water at pH 6 and then titrated with a polydiallyl dimethyl ammonium 

chloride (PDADMAC) solution (Mw of 147 kDa, 1 meq/L, BTG Instruments GmbH, Germany). Average 

values from at least three measurements were calculated.  

Prior to the enzymatic treatment (only NFC120) and fibrillation, but subsequent to 

carboxymethylation (NFC400 and NFC600), the total charge of the pulp was measured by 

conductometric titration (Katz 1984). 

The degree of protonation,  , was measured as a function of pH by potentiometric titration (Laine 

1994; Lindgren 2002). Measurements were performed at three different salt concentrations    

(NaCl) concentrations; 20 mM, 100 mM or 600 mM, and 1 g/L NFC. Only NFC600 was measured with 

this technique. 

The zeta potential, ζ, was measured using a Zetasizer ZEN3600 (Malvern Instruments Ltd, UK). 

Measurements were made on 0.1 g/L NFC600, NFC400 and NFC120 dispersions, at different 

concentrations of HCl and NaCl: pH from 1 to 6 and    , from 0 to 100 mM. 
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3.4 Imaging techniques 
Cryo transmission electron microscopy (Cryo-TEM) images were obtained using an electron 

microscope (Phillips CM120, Philips, The Netherlands) equipped with a cryo holder (CT-3500 Oxford 

Instruments, UK) and a CCD camera with a post-column energy filter (Gatan GIF 100) and operated at 

120 kV. Samples were prepared in a controlled environment vitrification system. 3 µL of a 0.03 g/L 

NFC dispersion was deposited on a lacy carbon film Cu grid, quenched in liquid ethane (-180 °C) and 

stored in liquid nitrogen before the measurement.  

Atomic force microscopy (AFM) was used to image NFC fibrils adsorbed onto plasma treated silicon 

wafers (WaferNet Inc, USA) with the help of a cationic anchoring polymeric surface layer of 

polyethyleneimine (PEI), (60 kDa, Acros Organics, Belgium). A multimode Nanoscope IIIa AFM (Veeco 

Ltd, USA) was used with Veeco RTESP7 cantilevers, having a nominal tip radius of 8 nm and a spring 

constant of 40 N/m. The imaging was performed in tapping mode in air.  

3.5 Dynamic light scattering (DLS) 
Measurements were conducted using the Zetasizer ZEN3600 (Malvern Instruments Ltd, UK). This 

instrument was used to measure both the aggregation; forming multiple non-connecting fibril 

clusters, and the development of a sample-spanning network, i.e., gelation. For the measurement of 

multiple clusters, DLS was assessed to qualitatively measure the degree of aggregation of 50 mg/L 

NFC600, NFC400 and NFC120 dispersions. This concentration is well below the estimated overlap 

concentration of 150 mg/L. Measurements were conducted at different concentrations of HCl and 

NaCl:        and 0 mM      100 mM. DLS measures the hydrodynamic radius,   , of 

particles dispersed in a solvent. For the NFC fibrils, the reported    is the radius of a spherical shaped 

particle having the same average translational diffusion coefficient as that of the fibrils (Finsy 1994). 

The values of   , that change as aggregation progresses, are challenging to measure accurately for 

high aspect ratio fibrils, however, the relative change,      
    

 , is considered to be 

representative. Here,   
  is the radius obtained when measuring pure NFC dispersions and   

  is the 

radius obtained at the modified pH or   . At a pH or    level where     , the sample is said to be 

unstable and aggregating (Hanus 2001).  

For the gelation measurements, 1.5 g/L NFC600 dispersions were poured into cuvettes and gelation 

was initiated by gently depositing a 40 µL drop of 100 mM (aq) at the air-liquid interface. The 

measurements were started directly after this initiation. Scattering data were collected at two 

different depths; 4 and 5 mm from the interface. The gelation was qualitatively evaluated by 

investigating the normalized intensity correlation function curves (ICFs). Twenty ICFs were collected 

for each sample at 60 s intervals.  

3.6 Rheology 
The stress-controlled rheometer Anton Paar MCR 501 with  a 50 mm diameter plate-plate geometry 

was used to study the rheological properties of gelling NFC dispersions. Two stock NFC600 

dispersions were prepared with NFC concentrations of 1.5 g/L and 3.0 g/L. To disintegrate any 

entanglements, the samples were ultrasound sonicated in their stabilized state for 10 min at 80 watts 

before performing the measurements. The measurements were undertaken at 2    and at 100% 

relative humidity (RH), controlled by a solvent trap, to prevent water evaporation of the NFC 

dispersion. NFC dispersion (0.9 mL) was deposited on the bottom plate and the plates were brought 

into measuring position. By using a thin needle, 0.1 mL HCl or NaCl solution was injected into the 
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rheometer gap (0.5 mm), initiating the gelation in situ (see illustration in Figure 2). In this way the 

mechanical properties of an undisturbed gel could be measured.  The measurements were started 

 20 s after the injection. Different combinations of HCl and NaCl were tested: 1   pH   4 and 0.1 

     100 mM. 

3.6 Polarized Optical Microscopy (POM) 
Samples were viewed under an optical microscope with crossed polarizers to study shear-induced 

collective orientation of fibrils in NFC gels (Figure 2D). The sample was illuminated from underneath 

and the crossed polarizers were set to the position 0 degrees to the shear direction.  A sample holder 

created from glass microscopy slides was developed to be able to shear the network and at the same 

view it with the aid of a polarized optical microscope (POM) (Nikon SMZ1500, Nikon Corp., Japan). 

Two supports were glued to the bottom glass slide, creating a 1 mm gap between the bottom and 

the top slide. In addition, a nut was glued to bottom slide. This enabled the top slide to be moved in 

the lateral direction by turning a screw, going through this nut. A drop of NFC dispersion was 

deposited on the bottom slide and the top slide was put in position, in contact with the drop, before 

the sample was gelled by injecting HCl solution. The gelation reaction was allowed to proceed for 1 h. 

By moving the top plate to different extents, orientation was studied at 18, 35, 70, 123, 140, 175 or 

210 % simple shear strain. The measurements were used to qualitatively study the orientation by 

visually inspecting the light intensity change in the microscopy images. 

 

Figure 2: Experimental setup for rheology and the polarized optical microscopy (POM) analysis. (A) Top plate of the plate-
plate geometry is brought into contact with the dispersion drop. (B) The sample is gelled in situ to avoid disturbing the 
system before shear is applied (C). Definition of simple shear γ. (D) Sample holder made from glass slides, enabling 
viewing light transmitted through cross-polarizers and the sheared sample. 
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4. Results and Discussion 
4.1 Colloidal behavior of NFC dispersions 
In order to develop materials that exploit the impressive properties of individual cellulose nanofibrils, 

it is crucial to be able to control fibril aggregation. Unwanted cluster formation drastically reduces 

the potential benefit of using NFC.  In this section, a theoretical model is designed to predict 

aggregation of the fibrils. It considers the chemical environment of aqueous NFC dispersions to 

predict colloidal stability according to DLVO theory. First, the input parameters charge and fibril 

dimension are discussed. This is followed by a comparison of the predicted stability with DLS 

aggregation measurements. 

4.1.1 Fibril charge and dimensions 

The dimensions of the cellulose fibrils have been characterized with Cryo-TEM and AFM. The length 

is not trivial to study; it is hard to make surfaces with low fibril coverage, having a representative 

distribution of long and short fibrils. In addition, it is hard to distinguish where one fibril ends and 

where the next one starts. Thus, only a broad interval can be given. Lengths, for all three NFC types, 

are found within the approximate interval of 200 – 2000 nm. The distribution has a multimodal 

nature with maxima at approximately        nm,         nm, and >1000 nm.  Shorter fibrils 

are more common in NFC400 and NFC600 and longer fibrils are more frequently observed for 

NFC120. On the contrary, the fibril diameter has a narrow distribution and the differences between 

the different NFC types are small, see Table 1. However, bundles with a diameter of 20 – 30 nm are 

observed for NFC120 (predominantly) and for NFC400. Bundles tended to be longer than the 

individual fibrils, with approximate lengths between 1 – 4 µm.  

The charge of the NFC fibrils was investigated by polyelectrolyte titration (Table 1). For the two 

chemically treated NFCs the charge arises from the introduced carboxymethyl (CarbMe) groups. The 

enzyme treated NFC is charged due to adsorbed hemicelluloses at the fibril surface. The PET values 

are used to name the different NFC types; approximate values are used, providing the names 

NFC600, NFC400 and NFC120, as described above. In addition, the charge of the pulp prior to 

fibrillation was measured by conductometric titration (Table 1). The pulp used to make NFC600 has 

similar surface charge values to the fibril dispersion, but for NFC400 and NFC120 the surface charge 

of fibrils in dispersion is higher, especially for NFC120 where it differs by a factor of   . For NFC120 it 

is believed that this is due to an uneven distribution of the charged hemicelluloses throughout the 

fiber wall and uneven DS distribution for NFC400. Thus it appears that it is mainly the high charge 

regions that are liberated and the non-liberated low charge regions are removed during the 

centrifugation step. This may also explain the low gravimetric yields for NFC400 and NFC120, see 

Table 1 

The degree of protonation, α,was measured as a function of pH and    using potentiometric 

titrations. These measurements were only performed on NFC600. As expected, the protonation 

varies strongly with pH and an increase in    shifted the apparent     towards lower pH values 

(Figure 4). 
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Table 1: Charge and width of NFC fibrils. The charge of the pulp was measured with conductometric titration and the 
charge of the dispersions with by polyelectrolyte titration. The AFM widths are obtained from height-profile 
measurements across the fibrils. The gravimetric yield was measured after the centrifugation step. 

NFC type Pre-treatment Charge (µeq/g) 

Pulp        Fibrils 

Width (nm)        

AFM     Cryo-TEM 

Yield (%) 

Gravimetric 

NFC600 CarbMe 589 595 3.5 5.0 97 

NFC400 CarbMe 327 383 2.9 4.3 47 

NFC120 Enzyme 44 120 4.6 5.5 36 

 

 

 

Figure 3: Images of the low charge NFC120 (A and D), the intermediate charge NFC400 (B and C) and the high charge 
NFC600 (C and F). Images (A, B, C) are of fibrils in solution acquired with Cryo-TEM, and (D, E, F) are NFC adsorbed on to 
cationized silica surfaces and imaged with AFM. 

 

 

Figure 4: Degree of protonation for 1.0 g/L NFC600 dispersion measured at 20, 100 and 600 mM NaCl, using 
potentiometric titration. 
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4.1.2 Stability and instability of NFC dispersions 

The interparticle potential controls the stability of colloidal dispersions. The stability can be predicted 

using DLVO theory, as described in section 2.4. This potential is dependent on the electric potential 

of the individual particles. This, in turn, is dependent on various parameters according to the 

Poisson–Boltzmann equation. In aqueous solutions, at a fixed NFC concentration, the major 

parameters affecting the dispersion stability are the surface charge,  , and   . This section will start 

by discussing three different theoretical approaches to predict   as a function of pH and   . Next, the 

best possible approach is used to predict the surface potential,   , which is compared to zeta 

potential,  , measurements. Finally, DLVO theory is employed to predict colloidal stability of the NFC 

dispersions and these predictions are compared to aggregation measurements conducted by DLS. 

The pH dependence of   is non-trivial. The deprotonation follows an equilibrium condition (equation 

3) where     is the negative logarithm of the average dissociation constant of the carboxylic acid 

group. However, in addition, the surface charge is also affected by the electrolyte environment 

surrounding the fibrils. This can be predicted using the cell model (Katchalsky 1966; Wågberg 2008), 

which incorporates the proton and counter-ion concentration near the surface.  In the simplest case, 

the counter-ions only affect the deprotonation via electrostatic screening—increasing the rate of 

deprotonation with increased screening. However, for high charge systems, counter-ions can start to 

adsorb, directly or indirectly, to the charged groups (Lyklema 1995; Evans 1999; Manning 2007). This 

causes a direct reduction of the effective charge. It has been shown (Wågberg 2008) that charge-

regulating adsorption effects are important for NFC fibrils, because if only electrostatic screening 

effects are considered, the fit between theory and measurement is poor (Figure 6, i). Two 

approaches to include    in the predicted behavior were tested; reducing the charge (1) via non-

specific interactions according to Manning (Manning 2007) (Figure 6, ii), or (2) via specific 

interactions between the counter-ions and the carboxyl groups by including a second equilibrium 

condition (equation 4) (Lyklema 1995; Evans 1999), see Figure 6, ii.  

                                       
  
↔       (3) 

                                        
  
↔           (4) 

As seen in Figure 6, the best fit was observed when specific interactions were included. Thus, two 

dissociation constants were included in the model;      and the logarithmic dissociation constant of 

the counter-ions,    .  The counter-ion constant was used as a fitting parameter. The best fit was 

obtained at      , clearly lower than the           (Lindgren 2000). Hence, as expected, the 

interactions between protons and the carboxyl groups are much stronger but the dense electrolyte 

concentration near the surface, makes the specific interactions significant. This result implies that the 

maximum charge predicted by acid-base equilibrium is far from being reached for salt containing 

solutions; see the 20 mM and 100 mM NaCl cases in Figure 6B, iii. If no salt is present, the effective 

charge will be the same regardless of the theoretical approach used. Thus, by including the effect of 

the specific interactions, the charge will vary strongly between      and        mM, hence, the 

screening effect of salt, which was previously thought to be dominant, is only of secondary 

importance.  A more detailed description of the model is found in paper I. During the rest of this 

thesis, the theoretical predictions will always consider specific interactions between counter-ions and 

NFC.  
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Knowing how both pH and    affect  , the surface potential,   ,  using the Poisson–Boltzmann 

equation, can be predicted. This potential can be compared qualitatively with the experimental zeta-

potential,  . Since both    and   are values of the electric potential,    at the surface and   a short 

distance away from the surface, they are expected to follow the same trends as the pH and    

change. This is shown to be the case (Figure 5) where the absolute value of the surface potential 

decreases as the pH is reduced and as    is increased.   

 

 

 

 

 

 

 

By knowing   , the colloidal stability of NFC dispersions can be predicted according to DLVO theory, 

using a Hamaker constant for cellulose of A =           J (Notley 2004). The theory is described in 

section 2.4 and in paper I. It predicts the energy barrier acting to prevent aggregation. At low barrier 

height,      , aggregation is expected (Evans 1999). These predictions were compared to 

aggregation measurements conducted by DLS. The pH and    were varied. If the fibril aggregate size 

was increased by 100% or more, the system was said to be unstable and aggregating. A typical 

measurement series is shown in the inset of Figure 7, where the relative increase in size is plotted as 

a function of pH. The large increase in size between pH = 4 and pH = 3, crossing the dotted 100% 

increase line, clearly shows the instability threshold. The results from these measurements are 

compared to DLVO predictions in Figure 7. The plotted lines show the predicted energy barrier 

heights and the crosses and circles shows measurements, indicating aggregation or no aggregation, 

respectively. It is observed that the system becomes unstable at a predicted barrier height of  

        for the NFC600 case and for the NFC120 case at        . As predicted, the stability is 

more sensitive to changes in proton concentration than counter-ion concentration. For NFC600, 

aggregation occurs at an HCl concentration of 1 mM and if instead NaCl is added the concentration 

has to be increased with a factor of 100 before aggregation starts. The same is observed for NFC400. 

Figure 5: (A) Predicted surface potential 𝝍𝒔 for 
different 1:1 electrolyte concentrations 𝑪𝒔 = 0, 10, 20, 
50, and 100 mM, as qualitatively compared to the 
measured zeta potential, ζ. (B) For 𝑪𝒔 = 0 (blue O), 10 
(blue 0), 20 (red +), 50 (red *), and 100 mM (red 4). 
The error bars in B show one standard deviation. 

 

Figure 6: (A) Degree of deprotonation, α, for different 
salt (NaCl) concentrations, including both theoretical 
predictions (lines) and experimental data from 
potentiometric titration; 𝑪𝒔 = 20 mM (O) and 𝑪𝒔 = 100 
mM (0). (B) Fraction of charged carboxyl groups, β. In 
both subplots, the line families represent the 
predictions of the three different surface–electrolyte 
interaction hypotheses: (i) without counter-ion 
association, (ii) with counter-ion condensation, and 
(iii) with specific interactions. The line styles denote 
𝑪𝒔 = 20 mM (–) and 𝑪𝒔 = 100 mM (---).  
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For NFC120 this difference is one magnitude less; initiating aggregation at 1 mM HCl verses 10 mM 

NaCl. Overall, the model predicts the experimentally observed trends with reasonable accuracy; 

hence, it may be used, qualitatively, to predict the colloidal stability of NFC dispersions.  

At concentrations below the overlap concentration, instability leads to the formation of multiple 

aggregates which, within minutes, sediment. If, on the other hand, the concentration is above the 

overlap concentration, instability may lead to the formation of a percolated network, i.e., a gel. 

Gelation occurs for NFC600 and NFC400, but not for NFC120. The low stability of NFC120 is believed 

to be the reason for this. The concentration where gelation is observed is 20 times higher than the 

concentration used for the aggregation measurements. This large concentration increase drastically 

increases the collision frequency between the fibrils, which causes NFC120 to aggregate. This 

decreases the number concentration below the percolation threshold and no gel is formed. On the 

other hand, it is believed that the concentration of NFC600 and NFC400 can be increased without 

causing aggregation.  

The gels formed by NFC600 and NFC300 are interesting since they obviously have a homogeneous 

distribution of nanofibrils. This type of defined nanostructure with high strength particles, as is the 

case for NFC fibrils, is optimal to have in particle reinforced composites. The use of nanoparticles in 

composites is favorable due to the large specific surface area, but when the particles are 

incorporated into the polymeric host they typically aggregate, causing inhomogeneous distribution of 

particles, and thus largely decreasing their strengthening effect. The gels, with their defined 

structure, can be used as templates into which a polymeric host can be incorporated (Capadona 

2007). As such, the formation of NFC gels and how their nanostructure can be controlled were 

studied in detail and are discussed below.  

 

Figure 7: Contour plots of the estimated normalized energy barrier,       versus pH and salt concentration, with 
aggregation measurements inserted (aggregation; yes (x) and no (O)). NFC600 is plotted in A, and NFC120 in B. A typical 
aggregation measurement is found in the inset in A, showing the relative particle size    vs pH. The system is assumed to 
be aggregated at or above the limit    = 2 ( - - - ). For NFC120, aggregation is sometimes detected at pH 4 and    = 1 mM 
and sometime not, thus the point is marked both with × and ⃝. 

 

  



13 

4.2 Fibril orientation in NFC gels: The influence of colloidal interactions 

4.2.1 Introduction 

The gelling characteristics of the NFC dispersions were evaluated in several steps. Initially, a 

qualitative characterization was performed by visually inspecting the movement of an acidic front 

using a pH-indicator and the amount of added acid was based on the previous stability 

measurements for the NFC dispersion. This was followed by a more quantitative evaluation of the 

gelling process by DLS, and finally the mechanical properties of the formed gels were measured by 

rheology.  Based on the rheological measurements, the mechanical response to shear strain on the 

gel networks was evaluated in terms of the orientation of the gelling fibrils. The orientation of fibrils 

within the gel as a function of the strain was then investigated by performing shear straining 

experiments on the gel under crossed polarizers using an in-house built straining device. Based on 

the results of these experiments and the rheology measurements, possible modes of deformation of 

the network are discussed in 4.2.5. The orientation of the gel can also be controlled before gelation, 

and this will be briefly discussed in 4.2.6.  

 

4.2.2 Gelling behavior of NFC dispersions 

 

 

Figure 8: Photographs of aqueous NFC600 gels, 1.4 g/L, inside an inverted tube and on plane support. The gel was 
prepared by reducing the pH from 6 to 3, thus transforming the low-viscosity dispersion into an elastic gel. 

Transparent aqueous NFC gels containing 1.4 g/L of fibrils are shown in Figure 8. These gels are 

formed, according to the model described above, by reducing the interparticle repulsion through the 

addition of acid or salt. The gels are formed in the approximate concentration regime, 1 – 6 g/L  of 

NFC. The dispersion to gel transition is rapid. This transition was studied visually by mixing a pH 

indicator into the NFC dispersion. The indicator, Methyl-Orange, was used since it shifts color at pH = 

4, below which gelation starts according to the model predictions. A sample of the NFC dispersion 

(1.2 mL) was added to a cuvette and a 40 µL drop of acid (100 mM HCl) was gently deposited at the 

air-dispersion interface. Directly after the acid addition, a gel body was formed which prevented the 

drop from being convectively mixed. Following the continued diffusion of the protons from the 

added acid, the gel slowly expands to create a volume filling network.  No macroscopic convection 

could be detected at this concentration of NFC. At lower NFC concentrations, i.e., below the overlap 

concentration, there is indeed convection-driven mixing between the two liquids.  
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Figure 9: Photographs illustrating the spreading of the acid front. The pH-indicator (Methyl-Orange) was added to the 1.4 
g/L NFC dispersion to illustrate the spreading of the acid front. The color shift of the indicator at pH = 4 is selected to 
coincide with the dispersion to gel transition.  

DLS measurements were carried out to investigate the gelation as a function of time. These 

measurements can capture the transition from an ergodic (freely moving particles) to a non-ergodic 

system (connective movement of particles). For DLS, the same amount of sample and acid was used 

as in the experiments shown in Figure 9, without the colored pH-indicator. The measurements were 

conducted at two different heights from the air-dispersion interface, 4 mm and 5 mm. The 

measurements were started approximately 10 s after the addition of acid. Measurements were 

carried out for 20 min during which 20 intensity correlation function curves (ICFs) were captured, at 

one minute intervals. The curves are color coded, transitioning from blue to red as time progresses. 

Figure 10 shows normalized ICFs;      versus   , where    is the normalized intensity correlation 

and    is the decay time. Signs of gelation are typically observed as an increase in decay time, and 

the appearance of two, clearly separated, dips in the curve (Ribi 1950; Shibayama 2002; Li 2010). The 

analysis software used, forces the ICF to be zero at the end of the measurement, thus the intercept 

drops if the system has a decay time longer than the measuring window. In these measurements, 

each curve represents the average of five 10 s measurements; hence, the measuring window is 10 s.  

   

Figure 10: The development of ICF curves over time for NFC dispersions after the deposition of a 40 µL droplet of 
aqueous HCl solution. The primary blue line represents data captured directly after droplet deposition, the primary red 
line represents data after 20 min and intermediate colors represent intermediate measurements. (A) 0.1 M HCl added to 
1 g/L NFC with the measurement volume 4 mm below the air-dispersion interface. (B) 0.1 M HCl added to 1 g/L NFC with 
the measurement volume 5 mm below the interface. 
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Figure 10A shows data from the measurement at 4 mm depth where the gelation trend is clearly 

observed after 3 min; the intercept drops, the decay time increases, and a double dip is observed.  

When performing the same measurement but 1 mm further down into the sample, the gelation is 

clearly delayed (Figure 10B). The noticeable change in the curves does not occur until after 13 min 

have elapsed, as opposed to at 3 min as seen in Figure 10A. This delay is in accordance with our 

hypothesis that the gelation follows the diffusion front of the protons.  

The development of the mechanical properties of the gels with time was studied by performing 

rheological measurements. In order to perform the measurement on a undisturbed gel the gelation 

was initiated in situ by adding the acid with a thin needle into the gap of the rheometer (Figure 11A, 

i). The acid addition resulted in a pH reduction from pH = 6 to pH = 3. Figure 11B, shows the 

development of the apparent complex shear modulus at 1 Hz for a 1.4 g/L NFC, 10 mM HCl gel, 

measured over 20 h and then again after 57 h at 12 min intervals. The first measurement was 

recorded  20 s after the initiation. Already at the first measurement, the material displayed elastic 

character since the ration between the storage modulus    and the loss modulus     is above one;, 

         (Figure 11, i), as well as a low frequency dependence in the range 0.1 to 10 Hz (inset, 

Figure 11B). The ratio          increased with time, showing that the sample became more and 

more solid-like. The increase can be explained by the activation of new fibrils into the percolated 

network and/or to the spreading of the gel region. Since the system is above the overlap 

concentration, the mode of motion-induced fibril gelation is due to rotational and not translational 

motions. As discussed in paper II, this mode is fast; the fibrils make a 100% rotation within a few 

milliseconds (Broersma 1960). Compared to the expansion of the gel due to the proton diffusion 

process, aggregation due to rotation of the fibrils can be regarded as instant. Hence, the reason that 

the gel became more solid-like during the experiment, which continued for hours, (Figure 11B) must 

be because of the diffusion of protons.  

The spreading of the gel region is illustrated in Figure 11A. The initial gel region is the area where the 

added acid first touches (Figure 11A, ii). The gel area then spreads radially until it reaches the edge of 

the rheometer plate (Figure 11A, iii & iv). After the edge is reached, the gel region mainly spreads in 

the polar direction (Figure 11A, v).  

This hypothetical process is supported by the rheology measurements (Figure 11B). In the beginning 

when the diffusive distance is small compare to the region of the addition, the apparent    increases 

slowly (Figure 11B, ii). After this initial phase, a phase of rapid increase in the apparent    is observed 

(Figure 11B, iii & iv). This is because, as the gel region approaches the edge of the sample, the torque 

on the rheometer probe is largely increased. After the edge is reached, where the maximum torque 

is sensed, the increase of the gel region covering the edge will mainly affect the apparent stiffness. 

For a diffusive process the spreading of the gel region to the edge will have a linear character and 

increase with the √ . In the log-log diagram, the slope of this region (Figure 11B, v), denoted   , is 

0.59 which is close to the theoretical value of 0.50.  

When performing a frequency sweep with the gel (inset, Figure 11B) it is observed that the gel has a 

low frequency dependence within the interval 0.1 to 10 Hz, additionally clarifying the elastic 

character of the gels.  
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Figure 11: (A) An illustration of the gel initiation and subsequent spreading of the gel region. The acid/salt solution is 
injected (i) and a gel region is formed (ii). The gel expands by diffusion of the acid/salt. This occurs first in both the radial 
and polar directions (iii & iv) and then mainly in the polar direction (v). (B) the long-time development of the 1 Hz 
apparent, complex shear modulus is shown for a 1.4g/L NFC sample, 10 mM HCl. Blue stars represent     and black 
triangles    . Each phase of gel spreading, (i) through (v), is indicated in the development of   . The red line is a power 
law fit to    at long times, and has the exponent 0.59. The inset in (B) represents a frequency sweep:     blue line,  
     black dashed line.  

4.2.3 Mechanical response to shear strain of the gels 

For any potential large-scale process involving NFC gels, shearing the formed network will be 

unavoidable. The response of shear is thus important to characterize.  This shearing will affect the 

individual fibrils as well as the cross-links between the fibrils. The demonstrated frequency sweep 

(Figure 11B, inset) shows that the gels have a solid-like character, thus the gels will behave elastically 

at small shear strains. At larger strains, however, the network is expected to plastically deform until 

failure of the network finally occurs. These deformation modes were investigated by using strain 

ramp measurements. 

In the strain ramp experiments (Figure 12A) the gelation was initiated in situ in the same way as in 

the experiments shown earlier (Figure 11). However, in this case the samples were allowed to gel for 

15 min before starting the data collection. The shear strain,  , was increased with the shear rate, 

 ̇          . The general trend is a linear shear stress increase at small strains. This elastic response 

is characterized by the shear modulus,   
       , evaluated at    . As the strain is increased, a 

more drastic non-linear increase is first observed, showing strain-stiffening properties of the 

network, as seen for many other cross-linked networks (Lindström 2010). After this stiffening region, 

a second linear region appears, denoted     
 , followed by a drastic failure of the network at     . 

By analyzing gel networks made by adding different amounts of acid and/or salt it was observed that 

the spread of    between the networks is very low. This indicates that the gel networks, once they 

have formed, have similar network structure, regardless of the electrolyte environment inducing the 

transition.       

The strain-stiffening of the network is also an interesting phenomenon. It is likely that it is associated 

with re-orientation of the fibrils within the gel. If this potential re-orientation is persistent after the 

network has been allowed to relax, strain could be used to control the fibril orientation and, thus, the 

mechanical properties of the gel after cross-linking.   To further investigate this response, repeated 

stress ramps with increasing maximum stress were performed. In Figure 12B the results from such an 
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experiment are summarized, showing the shear stress versus shear strain plot for a 2.7 g/L NFC gel, 

containing 10 mM HCl . Loading and unloading are plotted in blue and black, respectively.  Figure 12 

is representative of the various measurements performed; showing the same general trends for all 

samples. The individual shear ramps resemble, to a large extent, the trend of the pristine sample 

shown in Figure 12A; a linear region at small strains, followed by strain-stiffening and a second linear 

region. The new information provided is that a finite plastic deformation is persistent and a gradual 

increase in     
   is observed between each cycle. If      

  is plotted as a function of pre-stress, 

defined as the maximum stress of the previous cycle, it is observed that after a constant region, 

during the first two cycles,     
   increases linearly with pre-stress, which occurs until failure of the 

network (Figure 12C). However, even if the sample becomes stiffer at high loads, the stiffness of the 

initial response remains constant (Figure 12C).  In Figure 12D the effect of pre-stress on the 

deformation of the sample is studied. The total strain,     , defined as the strain at maximum stress 

of the previous cycle, is divided into its plastic and elastic component,        and       . Here,        

is the strain at zero strain after a stress ramp and        is the difference between the two other 

strains, i.e.,                   .  For      a linear response is seen throughout the measurement. It 

is initially dominating by the elastic component, but, when          the main mode of 

deformation starts to become plastic;              . 

The discovery that the increase in     
   is connected to an increase in        suggests that pre-

straining the gel network could lead to a persistent increase in its stiffness at high loads. Surprisingly, 

this plastic deformation of the network is not affecting its initial response. Hence,   
  and     

  may 

depend on two different deformation mechanisms. This will be discussed in more detail in section 

4.2.5. 
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Figure 12: (A) Strain ramp measurement of a 1.4 g/L NFC gel, containing 10 mM HCl. The shear modulus,   
 , the 

maximum incremental shear modulus,     
 , and the shear strain at break,    are indicated. (B) Sequential stress ramp 

measurements of a 2.7 g/L, 10 mM HCl, NFC gel. The moduli are represented by the dashed red lines. The total strain, 
     is the strain at peak stress, the plastic strain,        is the strain at zero stress, and the elastic strain,        is the 

difference between them. These two positions are marked with black dots for the last complete cycle. (E) Moduli as 
functions of the maximum stress of the previous cycle (pre-stress). (F) Elastic, plastic and total strain as functions of pre-
stress. 

4.2.4 Controlling fibril orientation of NFC gels  

To clarify if an orientation of the network is induced when strain is applied, the gel was strained 

while viewing it between crossed polarizers. Thus, if the transparent gel has a random fibril structure 

polarized light will pass through unaffected and will be blocked by the second polarizer.  If its 

structure provides some type of macroscopic orientation of the fibrils (leading to birefringence) then 

the polarization of the light will be shifted and a signal (bright area) will be observed. An increase in 

the orientation, hence, leads to an increase in the signal. In the series of images in Figure 13 the gels 

have been subjected to 0%, 18%, 70% and 123% simple shear strain. As seen at 0% (Figure 13A) the 

intensity is very low, indicating a random fibril structure. With increased strain the intensity 

increases, showing that the sample becomes more and more oriented (Figure 13B–D). The effect is 

clear, strongly supporting the hypothesis that the plastic deformation observed in (Figure 12D) is due 

to an alignment of the fibrils in the shear direction, which results in a stiffness increase of the sample 

(Figure 12C).  

γtot 

γplast γelast 
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Figure 13: A region of a 1.4 g/L NFC gel exposed to shear strain and viewed between crossed polarizers. The strain is 0% 
in A, 18% in B, 70% in C, and 123% in D.  

4.2.5 Deformation modes of gel subjected to shear strain 

The possible modes of deformation for the gel are stretching or bending of fibrils, as well as rotation 

of the fibrils in the fibril-fibril joints. Bending of the fibrils is believed to be responsible for the elastic 

response at small macroscopic strains (Figure 14, i). Axial elongation is not expected, because of the 

high tensile stiffness of the individual fibrils (138 GPa)(Sakurada 1962; Tanaka 2006), and 

deformation of fibril-fibril joints are not believed to be elastic. In fact, if a grid arrangement of the 

fibrils is assumed for a 1.4 g/L NFC gel, classical mechanics can be used to estimate the elastic 

stiffness, based on bending of the gel;        
   1000 Pa (Heussinger 2006). Here   is the 

bending rigidity of the fibrils, which is related to the tensile stiffness, and    is the average length 

between two cross-links, assuming that    is approximately equal to the mesh size,  .  This stiffness is 

in reasonable agreement with the maximum stiffness measured for the system, 600 Pa (Figure 11B). 

A more detailed discussion regarding this subject can be found in paper II.   

The strain induced orientation of the network, observed in Figure 13, can be facilitated by fibril 

bending, and  by rotation in the fibril-fibril joints (or even by breaking of some joints). The joints are 

not covalently cross-linked, but instead, consist of multiple weak physical cross-links, which are 

thought to be governed by van der Waals interactions, hydrogen bonding, hydrophobic-hydrophobic 

interactions and fibril entanglement (Capadona 2007; Lindman 2010; Fall 2011). Due to the physical 

nature of the joints, they are expected to be deformable. Thus, a rotation in the fibril-fibril joints may 

occur, which would cause a non-elastic, persisting, re-arrangement of the network. This would lead 

to an increased orientation of the fibrils in the shear direction. As the alignment of the fibrils 

increases the number of ways in which the network can deform decreases. When the fibrils are close 

to fully aligned the network cannot deform by bending and/or by rotation (Figure 14, iii). Since these 

are the main mode of deformation, further strain increase will break the macroscopic gel. Comparing 

an unstrained network with a network pre-strained close to   , it is observed that the strain-induced 

alignment of the fibrils can lead to an increase in the maximum incremental shear modulus with as 

much as a factor 6.3 (Figure 12C). Surprisingly, however, the shear modulus is unaffected by the 

imposed plastic deformations (Figure 12D). Thus, any permanent restructuring caused by the pre-

shear only affects the strain-stiffening regime. 
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Figure 14: Schematic  illustration of the hypothetical deformation of the gel as the network is strained. (i) At small 
strains, the network deforms by fibril bending. (ii) As the strain is increased, rotation in the fibril-fibril bonds also occurs. 
(iii) Both these deformation modes act to align the fibrils in the alignment direction. 

4.2.6 Gelation of aligned fibril dispersions 

Thread-like gels, Figure 15A, can be made by ejecting an NFC dispersion through a glass pipette into 

an acidic solution. When the dispersion enters the high proton environment, the interfibril repulsion 

is turned off and the fibrils become physically cross-linked (Figure 15B). These gels preserve the initial 

NFC concentration. This new type of NFC thread is different from collapsed NFC threads that can be 

produced by ejecting an NFC dispersion into a coagulation solvent, such as acetone (Iwamoto 2011; 

Walther 2011).  

The gelation of the dispersion starts at the interface between the ejected dispersion and the acidic 

solution. This gelation is believed to be a rapid process since the mixing of the protons of the solution 

into the dispersion is convection driven.  Due to elongational flow (Jeffery 1922), it is likely that fibril 

alignment occurs in the dispersion, which is then conserved, at least close to the interface, in the 

thread-like gel. This hypothesis is supported by the bright appearance of the threads when viewed by 

polarized light microscopy. Again, this high intensity clearly indicates fibril alignment which appears 

to be in the direction of the formed thread axis. This alignment impose constrains on the rotation 

motion of a fibril, which reduces the encapsulation volume of a rotating fibril, in turn, increasing the 

overlap concentration. In addition, to form a gel thread instant gelation is demanded, to avoid the 

fibrils to disperse into the surrounding solution. Both these constrains cause the minimum NFC 

concentration for these types of anisotropic gels to increase with roughly a three-fold compare to the 

minimum gelation concentration for the isotropic gels discussed above, i.e., 3 g/L vs 1 g/L, 

respectively. 

Gels containing high fibril alignment are interesting to use as templates for composite production; 

the stiffness and strength in the alignment direction is significantly increased when compared to a 

random network (Cox 1952). Here, two ways have been shown to produce such gels, either by 

applying strain prior or after gelation. The synthesized gels are stable over long periods of time when 

stored either in containers filled with the same solvent as in the gel, or in closed containers.  In our 

laboratory, gels have been stored for months without collapsing. If several steps of solvent exchange 

are carried out to change the solvent of the gel, the storing solution can even be a non-polar liquid, 

which is a requirement if the gel is going to be used as a template together with a non-polar polymer 

to form a nanofibril reinforced composite. 

(i) (iii) (ii) 
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Figure 15: (A) Aqueous, 3 g/L NFC gel thread on a dry substrate. (B) NFC dispersion and Methyl-Orange indicator injected 
into 10 mM HCl (aq). 

 

5. Conclusions 
The aim of this thesis has been to utilize the fascinating properties which define individual cellulose 

nanofibrils. In order to do so, fibril aggregation has to be controlled. In paper I a model was 

constructed, based on DLVO theory, to identify the critical parameters controlling the stability of NFC 

dispersions. This model was tested for aqueous dispersions of fibrils and included parameters such as 

surface charge density, pH and salt concentration. A good agreement between the predicted stability 

and the aggregation measurements conducted by DLS was found. To fully predict the aggregation 

tendencies, specific interactions between the charged groups on the fibrils and the counter-ions of 

the electrolyte needed to be included in the model. Hence, the model was able to qualitatively 

predict the stability of NFC dispersions. At concentrations below the overlap concentration, low 

stability causes the formation of multiple aggregates; above, it may lead to the formation of a 

percolating network, i.e., a gel. 

In paper II it was shown that gels can be prepared, based on the predictions of the model in paper I. 

The paper shows that gels possessing a high degree of aligned fibrils can be made by straining the 

network either prior to, or after, gelation. This alignment is persistent, which makes it interesting 

since it has been shown that isotropic gels of cellulose nanofibrils can be used as templates to 

produce nanocomposites by exploiting the large specific surface area of the nanofibrils. Thus, if 

aligned gels can be prepared, it should be possible  to produce fibril reinforced composites having 

significantly higher strength and stiffness in the alignment direction (Cox 1952). 
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