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ABSTRACT 

Nanoparticles are very interesting building blocks. Their large surface-to-bulk ratio gives them different 

properties from those of larger particles. Controlling their assembly can greatly affect macroscopic material 

properties. This often happens in nature, resulting in macroscopic materials with properties far better than 

those of similar human-made materials. However, in this fast-growing research field, we may soon compete 

with nature in certain areas. This thesis demonstrates that the distribution and orientation of nanocellulose 

particles can be controlled, which is crucial for many applications. 

Nanocellulose is an interesting nanoparticle, for example, because of its high strength, low thermal expansion, 

and high crystallinity. Nanocellulose particles are called nanofibrillated cellulose (NFC) or cellulose nanocrystals 

(CNCs). NFC is obtained from wood by mechanically shearing apart fibrils from the fiber wall and to obtain 

CNCs, parts of the cellulose are broken down by hydrolytic acidic reactions, most commonly, prior to 

homogenization. NFC particles are longer and less crystalline than are CNCs, but both are similar in width. The 

particles attract each other in aqueous dispersions and have a high aspect ratio and, thus, a large tendency to 

aggregate. The rate at which this occurs is typically reduced by charging the particles, generating an 

electrostatic repulsion between them. 

To fully utilize the many interesting properties of nanocellulose, the aggregation and orientation of the 

particles have to be controlled; examining this delicate task is the objective of this thesis. The limits for particle 

stability and aggregation are examined in papers 2–3 (as well as in this thesis) and orientation of the particles is 

investigated in papers 3–5. In addition, the liberation of the nanoparticles from different types of wood fibers is 

studied in papers 1 and 2. 

It was found that the liberation yield improved with increased fiber charge. In addition, the charge of the fibrils 

is higher than the charge of the original fibers, indicating that the fibrils were liberated from highly charged 

parts of the fibers and that the low-charge fraction was removed during processing. 

Aggregation was both theoretically predicted and experimentally studied. A theoretical model was formulated 

based on Derjaguin–Landau–Verwey–Overbeek theory, which is intended to predict the influence of salt, pH, 

and particle charge on the colloidal stability of the NFC. To predict the experimental trends, specific 

interactions between salt counterions and the particles charges had to be included in the model, which greatly 

increased the effect of salt on the NFC stability. Below the particle overlap concentration, instability induced by 

pH or salt created small sedimenting flocs, whereas above the overlap concentration the system gelled. 

Increasing the particle concentration further also gels the system. 

Orientation of nanocellulose was first achieved by shearing, salt- or acid-induced NFC gels. This oriented the 

fibrils and increased the gel modulus in the direction of shear. The orientation persisted after the shear strain 

was released and did not cause breakdown of the macroscopic gel. The orientation is probably due to rotation 

in the interfibril crosslinks, which is possible because the crosslinks are physical, not covalent.  

     Second, orientation was also induced by elongational flow. Shear and acceleration forces were combined to 

align fibrils in the direction of the flow. The orientation was then frozen by gelation (adding salt or reducing the 

pH). Drying the gel threads created filaments of aligned fibrils with a higher specific strength than that of steel. 

     Finally, CNC particles could be aligned on flat surfaces. The particles were first forced to align due to 

geometrical constraints in grooves on a nanowrinkled surface. The CNCs were then transferred to a flat surface 

using a contact-printing process. This created surfaces with lines of highly aligned CNCs, where the line–line 

spacing was controlled with nanometer precision.  
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SAMMANFATTNING PÅ SVENSKA 

Nanopartiklar är mycket intressanta byggstenar. Deras stora specifika yta i förhållande till deras volym kan ge 

dem helt andra egenskaper än större partiklar. I flertalet biologiska material organiseras nanokomponenter 

med hög precision i olika storleksområden. Denna strukturering leder ofta till klart bättre egenskaper än 

liknande industriellt tillverkade material. Forskningen inom området går dock framåt i mycket snabb takt. Mer 

och mer nanopartiklar används i dagens material och processerna för att kontrollera deras 

fördelning/orientering börjar närma sig naturens precision. I denna avhandling har olika 

struktureringsprocesser för nanocellulosa studerats, som är en mycket intressant förnyelsebar 

materialkomponent med många unika egenskaper. 

Nanocellulosan är intressant på grund av t.ex. dess hög styrka, låga termiska expansion och höga 

högkristallinitet. Det finns två klasser av partiklar; nanofibrillerad cellulosa (NFC) eller cellulosa nanokristaller 

(CNC). Fibrillerna utvinns genom att mekaniskt frilägga dem från trädfiberväggen och kristallerna utvinns 

genom att först, innan homogeniseringen, delvis bryta ner fiberväggen med stark syra. Syrabehandlingen 

bryter ner de mindre kristallina delarna av fibern och processen generarar partiklar (CNC) med högre 

kristallinitet och med kortare längd än NFCn, men med liknande bredd. Nanocellulosans jämviktstillstånd är det 

aggregerade tillståndet eftersom partikel-partikel attraktionen i vatten är hög vid korta separationsavstånd. 

Partiklarnas stora längd-tvärs förhållande påskyndar denna process. Aggregeringen kan motverkas genom att 

ladda upp partiklarna, vilket genererar en elektrostatisk repulsion mellan dem.  

För att bättre utnyttja nanocellulosans intressanta egenskaper behövs en grundläggande förståelse för dess 

aggregerings/stabilitets egenskaper samt hur partiklarnas orientering ska kunna kontrolleras och styras. Dessa 

två aspekter har grundläggande studerats i avhandlingen. En teoretisk modell har utvecklats för att prediktera 

nanocellulosans aggregering/stabilitet (artikel 2) och den har också jämförts med experimentella data för låga 

(artikel 2), medelhöga (artikel 3) samt höga partikel koncentrationer (detta sistnämnda beskrivs endast i 

avhandlingen och inte i bifogade artiklar). Baserat på dessa resultat har makroskopiska fibrer tillverkats ifrån 

hydrodynamiskt upplinjerade fibriller (artikel 4) och det har också varit möjligt att tillverka upplinjerade 

nanokristaller på plana ytor med hjälp av självassociation (artikel 5). Grunden för hela arbetet ligger dock i att 

på ett definierat sätt frigöra och stabilisera fibriller ifrån vedfibrer. Detta avhandlas i artikel 1–2. 

Den teoretiska modellen baserades på Derjaguin–Landau–Verwey–Overbeek teorin och användes för att 

prediktera den kolloidala stabiliteten för NFC vid varierande salthalt, pH och partikelladdning. Det har varit 

möjligt att erhålla en god överensstämmelse mellan modell och experimentella resultat genom att inkludera en 

specifik växelverkan mellan motjoner och nanocellulosans laddningar, vilket starkt ökar tillsatta elektrolyters 

inverkan på den kolloidala stabiliteten. Modellen testades först experimentellt vid låga partikelkoncentrationer 

där små aggregat bildas när partiklarna destabiliseras, men utnyttjades sedan även vid högre 

partikelkoncentrationer där istället stora sammansatta partikelnätverk (dvs geler) bildas. 

Orienteringen av nanocellulosapartiklar utfördes först genom att skjuva redan bildade NFC-geler, varvid 

fibrillerna orienterades i skjuvriktningen. På grund av att fibrillerna i gelerna är fysiskt kopplade till varandra, 

och inte kovalent bundna, tilläts rotation i fibrill-fibrill-fogarna och orienteringen kunde därför ske utan att 

fibrillnätverket makroskopiskt förstördes. 

     Gelnings utnyttjades också för att låsa fibriller i orienterat tillstånd, genom att först orientera dem, med 

hjälp av ett töjflöde, och sedan gela dem i det orienterade tillståndet genom att diffundera in elektrolyt ifrån 

den vätska som användes för att skapa töjflödet. 

     Slutligen orienterades CNC genom att orientera partiklarna i smala kanaler med hjälp av kapillärt tryck, 

varvid partiklarna linjerades i kanalernas längsriktning. Linjer av de orienterade kristallerna kunde sedan 

överföras till plana ytor med hjälp av mikrokontakttryckning och avståndet mellan linjerna kunde på detta sätt 

kontrolleras med nanometerprecision.  
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1 SETTING THE SCENE 

Decreased revenues from the sale of traditional pulp and paper products has stimulated demand for 

increased financing of research into new ways to use the wood raw material. Simultaneously, fossil-

based products, such as traditional plastics, are being heavily questioned because of environmental 

concerns and limited raw material supply; this also favors green and renewable wood-based 

products.  

A recent, popular strategy to promote new uses of wood has been to focus research on better 

utilizing all the components of the tree. Previously, the non-crystalline components, i.e., 50% of the 

raw material, were separated out as black liquor and burned. Now, instead, the hemicelluloses are 

being evaluated for their film-forming ability (Escalante et al. 2012; Stepan et al. 2012), and research 

is focusing on producing carbon fiber from lignin (Norberg et al. 2012). These are two of many 

promising new areas in which wood material could be used. For the crystalline component cellulose, 

studied here, research has focused on the smallest crystalline unit, i.e., the fibrils, seeking to create 

new high-value products (Klemm et al. 2011). These fibrils, “the carbon nanotubes of mother 

nature,” comprise very stiff and strong rod-shaped nanoparticles. Considerable research effort has 

gone into finding ways to make materials containing fibrils, with the goal of achieving good 

mechanical properties, and positive results have been obtained in many cases (Eichhorn et al. 2010). 

However, the properties of the produced fibril-based materials could often be clearly improved if the 

problem of fibril aggregation could be avoided or reduced. Aggregation is a typical problem with 

high-aspect-ratio particles (Mason et al. 1950), such as cellulose fibrils, so research has sought ways 

to stabilize these particles. With better knowledge in this area, the level of aggregation could be 

controlled and, in some areas, aggregation could even be prevented. In addition, in many cases the 

properties of the material could be greatly improved if the fibril orientation could be controlled. For 

example, aligning the fibrils in a specific direction might greatly improve the mechanical properties of 

the resulting material in the same direction (Cox 1952). More knowledge of aggregation and 

orientation would be a great advantage and, in fact, a necessity for future large-scale processes using 

these materials. 

As mentioned above, increasing our knowledge in these two areas, i.e., fibril aggregation and 

orientation, is the goal of this research. Hopefully, the work summarized here will help advance the 

development of new wood-based, high-value-added products, including alternative products 

replacing fossil-based plastics. In the long term, this would improve environmental stewardship and 

the utilization of the resources given to us by nature. 

 

2 OBJECTIVE 

The research for this thesis had two main objectives. The first was to study the colloidal stability of 

nanocellulose particles in water, to understand how and when changes in the chemical environment 

or particle concentration induced aggregation and to develop a simple model describing the colloidal 

stability.  

The second objective was to create materials or surfaces with controlled nanocellulose particle 

orientation and/or distribution. The knowledge gained from the initial phase formed a solid basis for 

the second phase of the work. 
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3 BACKGROUND 

 

3.1 Properties of Nanoparticles 

If the text of all the world’s books in the 1960s were written in nanoletters, it would fit in a box 

smaller than 2 × 2 × 2 mm (Feynman 1960). The prefix “nano” denotes a very small length scale, i.e., 

in the neighborhood of      m, and originates from the Greek word nanos, meaning dwarf. These 

“dwarf materials” have unique properties that lie between those of molecules and macroscopic 

solids. If at least one dimension of the particle is in the nanometer size range, the material can 

change from having continuous material property shifts to discrete property shifts, which are called 

quantum size effects (Boysen et al. 2011). Nanoparticles can be classified as 1d, 2d, or 3d 

nanoparticles (Schaefer et al. 2007), having one, two, or three nanoscale dimensions. For 1d and 2d 

nanoparticles, a mixture of discrete and continuous changes in properties occur with size. Large 

property changes with size and, in particular, discrete changes, are unique to nanoscale particles and 

are not naturally found in macroscopic materials.  

The drastic increase in the number of particles and in the surface-to-bulk ratio are important factors 
generating the unique relationship with size for nanoparticles. Figure 1A illustrates how rapidly these 
two parameters increase with decreasing particle size. The data in this figure are relevant to spheres 
subdivided into smaller spheres with half the diameter of the larger spheres, with a starting radius of 

1 m. The dividing processes rapidly increases the number of spheres (Figure 1A, line: ···). After 

halving the radius 10 times, the one initial sphere has become approximately one billion smaller 
spheres. This corresponds to an 8nN0 growth, where the exponent, n, denotes the number of 
divisions and N0 the initial number of spheres. At the same time, the total surface area, AT, increases 
by 2nAT,0, where AT,0 is the initial surface area of the “mother sphere.” During the large changes in N 

and AT, the total volume, vT, of the spheres remains constant (Figure 1A, line: -·); therefore, the 

surface-to-bulk ratio, AT/vT (Figure 1A, line: --) increases at the same rate as does AT, i.e., by 2n. The 

increase in AT also causes the total surface energy, Esurf, to increase at the same rate, because Esurf = 
γmat * AT, where γmat is the material-specific surface energy in J m–2, which is a constant value, and Esurf 
is expressed in Joules. In addition, the particles collide much more frequently as their size decreases 
and especially when their number increases. The collision frequency, fcoll, increases by N2 (Figure 1A, 

line: ―). The simultaneous increase in γ and fcoll causes surface interactions between particles to 

drastically increase in importance. Actually, large particles do not adhere to each other to the same 
extent as do small particles. This is because the gravitational force is typically much larger than the 
adhesion force between two macroscopic objects (Kendall 2001). However, the gravitational force 
drops more rapidly, Fg   R3, than does the adhesion force, Fa   R. Therefore, when the particles 
becomes small in size (i.e., in the sub-micrometer range), the surface-to-bulk ratio becomes large and 
the adhesion interactions start to have significant effects. This is yet another aspect of the unique 
properties of nanoparticles: in the nanoworld everything sticks, whereas in the macroworld nothing 
sticks.  
 

So far the simplest particle geometry, that of monodisperse spheres, which by definition are 

isotropic, has been illustrated. For anisotropic particles, which are the prime focus of this thesis, the 

situation is more complicated. The next section will highlight some effects of anisotropy for a few 

properties that are strategic for the purposes of this research.  



4 
 

 

Figure 1: (A) A spherical particle is divided a number of times so that its radius halves each time. The various lines 
indicate changes in the following parameters: ― indicates fcoll (s

–1), •• indicates Np (number of spheres), -- indicates AT/vT 
(m–1), – · indicates vT (m3), and ―― indicates davg (m). (B) Changes in aspect ratio, a, plotted against changes in the 
overlap concentration, Cv,OL (red line), entanglement concentration, Cv,E (purple line), and Kerekes network 
concentration, Cv,K (blue line). (C) The effect of particle volume on the total collision frequency, fcoll (s–1), of rods and 
spheres. Solid lines indicate changes at constant volume concentration, Cv, and the dotted lines indicate changes at 
constant number concentration, n. The blue and the brown lines indicate the trend for rods, whereas the purple and 
green lines indicate the trend for spheres. For all curves, Cv is below Cv,OL. 

For highly anisotropic particles, a property-determining parameter is the aspect ratio, a, which is 

defined as the long axis divided by the short axis. Thus, both 1d and 2d nanoparticles are 

characterized by their a. The 1d particles have rod-shaped geometry, whereas 2d particles are disc-

shaped; throughout the rest of the thesis, rods will be the main focus. Figure 1B shows a very 

important aspect of rods in solution. With increasing a, the particles start to overlap at very low 

volumetric concentrations, where the threshold is denoted Cv,OL. The rotation of the rods is the 

reason for the low threshold. The swept volume of a rod rotating in all possible directions can be 

simplified as that of a cube with the length of its sides equaling the length of the rod, l, i.e., vcube = I3. 

Following this cube analogy, the overlap concentration is reached when nvcube = nI3 = 1, where n is 

the number of particles per cubic meter. Solving it for Cv = nvp = nd2l, where d is the rod diameter and 

vp is the volume of an individual particle, results in the following simple expression: 

Cv,OL = (d/l)2 = a–2  (Eq. 1) 

As seen in Figure 1B, Cv,OL (the red line) is as low as 0.003 v% at a = 200. However, due to the square 

relationship, Cv,OL increases rapidly as a decreases. Note that Cv,OL = 1 for isotropic particles (i.e., a = 1) 

and that, for such particles, Cv,OL always has this value regardless of the particle size.  
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At higher concentrations, entangled networks likely start forming. The point at which this occurs can 

be approximated by assuming that the rods rotate in only two dimensions. As above, box geometry is 

used for simplicity, so a plane equaling l2 with a thickness of d obeys the 2d criteria. The threshold 

concentration, Cv,E, is obtained by setting 1 = nl2d, resulting in:  

Cv,E = d/l = a–1    (Eq. 2) 

Even though this curve (the purple line in Figure 1B) is less steep, entanglements are predicted at low 

volume concentrations, for example, 0.5 v% at a = 200 and 1 v% at a = 100. An alternative method to 

approximate the entanglement threshold has been presented by Kerekes (Kerekes 1995; Kerekes 

2006). He approximated the swept volume of the rotating rod by a sphere instead of a cube and 

obtained a crowding factor of NK = 2/3*Cv*(l/d)2. If a cubic volume is used, NK = 1 = nl3. According to 

Kerekes, experience indicates that entanglements likely start occurring at Nk = 60. The threshold 

concentration is denoted by Cv,K and is indicated by the blue line in Figure 1B. Note that this way of 

calculating the entanglement threshold works only for large a rods, because as a decreases, 

unphysical values of Cv are predicted. 

Figure 1C illustrates an additional effect of anisotropy. This figure shows the particle volume, vp, 

instead of the aspect ratio, a, on the x-axis, because this parameter can be used to compare rods 

with spheres. However, for rods of the same width, a   vp, so the same trend would be observed if a 

had instead been on the x-axis. The width is here set to 4 nm (equaling the width of an NFC fibril). 

The figure shows that the anisotropic particles collide at a much higher frequency, fcoll, than do 

isotropic particles. This is especially true when comparing spheres and rods at constant CV (the solid 

blue and purple lines, respectively). Note that under these conditions, the fcoll of the rods decreases 

as vp, and thus also a, increases. Hence, the number of particles and the particle diffusion, both of 

which decrease, dominate the increase in swept volume. The reverse relationship is observed if the 

number of particles is kept constant, making n the most important parameter overall. For spheres, 

fcoll becomes a constant if n is constant. In practice, systems are generally evaluated by volume 

concentration and not by number concentration, so the high fcoll of rods together with the large 

variety of networks they can form make it even more important to understand interparticle 

interactions between nanorods versus those between nanospheres. These two aspects will be 

covered in the next two sections, starting with some basic theories about nanoparticle interactions 

and followed by a section on nanoparticle networks. 

3.2 Interactions between nanoparticles 

Most particle dispersions are thermodynamically unstable, which means that they will eventually 

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

aggregate formed depends on the particle concentration, size, and shape and on the solvent 

properties. Although a aggregated state is the lowest-energy state, aggregation can be prevented 

over very long time scales of months or even years (Evans et al. 1999). In many systems, this kinetic 

stability is a result of long-range repulsive electrostatic interactions, which is thus larger than the 

attractive interactions, typically governed by van der Waals (vdW) interactions. Both the repulsive 

and attractive interactions are long-range interactions. The vdW interactions are short in range at the 

molecular level, but their additive nature makes them long in range when molecules are assembled 

into particles (Evans et al. 1999). The relationship shifts from H–6 for molecules to H–1 for cylindrical 

particles, where H is the distance of separation between two molecules or particles. The approximate 

distance of electrostatic interactions is given by the Debye length, κ–1. This solution property depends 



6 
 

on the salt concentration (CS), ion valence (z), and dielectric constant (ε) of the solvent. Long-range 

electrostatic interactions between two bodies are caused by overlap of the diffusive double layers 

extending from the bodies’ surfaces. The charged surfaces attract oppositely charged ions, which in 

turn attract their counterions. The distance of these interactions, i.e., κ–1, can be rather long, for 

example, κ–1 can approach 100 nm in water at low salt concentrations (at CS = 0.01 mM in 1:1 

electrolyte, κ–1 is 100 nm), but if salt is added it sharply decreases (at CS = 100 mM in an 1:1 

electrolyte, κ–1 is 1 nm).  

Both electrostatic and vdW interactions can be either positive or negative (Israelachvili 1991); 

however, this section will consider only repulsive electrostatic and attractive vdW interactions, which 

are generally prevalent in a dispersion containing one type of particle. Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory treats such situations (Derjaguin et al. 1943; Verwey et al. 1948). The total 

interaction potential is simply the sum of the attractive interactions,      , and the repulsive 

potential,      ;                 , written as interaction potentials. For two cylindrical 

particles approaching each other in an orthogonal arrangement, the interaction potentials are given 

below (Sparnaay 1959; Stigter 1977; Israelachvili 1991): 

       
  

  
       (Eq. 3) 

                 
               (Eq. 4) 

where   is the Hamaker constant,   is the particle radius,    is Avogadro’s number,   is the ionic 

strength,    is Boltzmann’s constant, and   is the absolute temperature. Variable   is defined as 

             ⁄   and depends on the surface potential,    , the electron charge, q, and the 

counterion valence,  . Examples of the total energy of interaction, VT, as a function of H are shown in 

Figure 2 (Shaw 1992), where positive values indicate repulsion and negative values attraction. At 

short separations,    generally dominates; at intermediate separations, however, the influence of    

often creates an energy barrier, ΔVM (see V(1) in Figure 2), which occurs at H = HM, where the index 

M denotes the separation at the maximum.    is only slightly affected by changes in pH and salt 

concentration, though    significantly depends on the chemical environment. The repulsion can be 

reduced either by screening the electrostatic interactions, i.e., changes in κ–1, or by reducing the 

surface charge, σs (equivalent to reducing   ), by de-charging the ionizable groups. Commonly, κ–1 is 

changed by altering the salt concentration and/or type, i.e., changing I. De-charging can occur for 

weak charges, i.e., pH-sensitive charges (Evans et al. 1999). Negative charges (e.g., those of carboxyl 

and sulfite groups) are neutralized by protonation (i.e., acid addition), whereas positive charges (e.g., 

groups containing nitrogen) are neutralized by de-protonation (i.e., base addition). The two VR curves 

shown in Figure 2 illustrate situations in which the repulsion has decreased due to salt or pH changes. 

Decreasing VR also causes VT to decrease, making the system less stable. If the variations in VT are 

examined, it is observed that, for both curves, a primary minimum appears at H < HM, a phenomenon 

most obvious in curve V(2) in Figure 2. If particles reach this minimum, the result is often irreversible 

aggregation, though if        , the aggregation can be kinetically prevented over long time 

scales. However, if the barrier is small, i.e.,       , rapid aggregation generally occurs. Because 

the repulsive interactions decrease exponentially with H (Eq. 2) and the attractive interactions 

decrease proportionally to the inverse of the distance between the particles, a secondary minimum 

can be present at larger values of H. This minimum is often shallow (see V(2) in Figure 2), leading to 

reversible aggregation.  
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Figure 2: The interaction ( ), repulsive (  ), and attractive (    potentials as functions of particle–particle separation 
distance    . In the second curves, i.e.,      and      , the electrostatic interactions are reduced by either adding salt 
or adjusting the pH;    is unaffected by these changes (image from (Shaw 1992). 

  

DLVO theory can quantitatively predict the interaction potential if the following criteria are fulfilled: 

for VA, H < R/2 and for VR, κ–1 << R and 2πR(σ/q)1/2 >> 1 (Israelachvili 1991). For small nanoparticles 

(i.e., R < 100 nm), these criteria might not be fulfilled, whereas for highly charged nanoparticles, only 

the last criterion is typically fulfilled. At high salt levels, where κ–1 is small, the second criterion is also 

generally fulfilled. Predicting aggregation accurately at small values of κ–1 is more important than 

doing so for the more stable situation at large values of κ–1. For very small particles (i.e., R < 5 nm), 

the first criterion is seldom fulfilled for the important part of the curve around VM, typically around a 

few nanometers (Hiemenz et al. 1997). However, reasonable prediction accuracy is generally still 

obtained and thus DLVO can be used at least for qualitative purposes even for very small particles. 

Another drawback of DLVO theory is its poor predictions for highly charged systems in the presence 

of multivalent ions. Under these conditions, the Poisson–Boltzmann equation predicts too dense a 

diffusive double layer (Arora et al. 1996; Holmberg et al. 2003). It should also be mentioned that 

DLVO theory does not predict the final form of the aggregate, because it does not consider the 

specific chemical interactions at short distances, i.e., less than the energy barrier (Shaw 1992). The 

theory has, for the present research purposes, been used only to predict the onset of 

aggregation/gelation, and only qualitatively, because very thin rod-shaped nanocellulose particles 

are being studied. The cellulosic particles are described in section 3.5, but aggregation situations 

creating volume-spanning networks, i.e., gels, will be discussed first. 
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3.3 Gels of nanoparticle networks 

Gels are two-component systems consisting of a frozen, percolated network of particles or polymers 

with an entrained solvent. The two components together form a semi-solid in which the 

particles/polymers retain some mobility despite several mobility constraints being introduced during 

the transition from the dispersed to the gelled state. In general, the particles that form gels can be 

organic or inorganic, and have isotropic or anisotropic shapes (Emanuela 2007). The crosslinks 

between particles are in most cases at least initiated by physical interactions, i.e., hydrogen bonding, 

van der Waals interactions, and/or entropic interactions (Evans et al. 1999). The percolated network 

can entrain a large variety of solvents, water being among the most common and the one considered 

here. 

As mentioned earlier, reducing 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, especially with high particle anisotropy and/or flexibility, 

destabilization can lead to gelation of the dispersion. Gelation can occur either instantaneously as 

the potential decreases below a specific limit, or after a certain period of aggregation, allowing 

aggregated clusters to grow and interconnect; in both situations, a percolated network is formed. 

Within the percolated network, individual particles retain some mobility, although considerably less 

than in the liquid state. A particle gel is usually considered an arrested non-equilibrium state 

(Emanuela 2007). The equilibrium state is generally a more densely packed state of the particles in 

which two separate, non-interacting phases are formed, one consisting almost purely of particles and 

another almost purely of solvent (Evans et al. 1999). The separation is caused by sedimentation (for 

heavy particles) or creaming (for light particles). Still, the arrested (i.e., non-equilibrium) gelled state 

can remain frozen for very long time scales of months or even years (Emanuela 2007). 

Rapid dispersion to gel transition occurs most commonly in anisotropic particle systems, because 

these systems can have a particle concentration above the overlap concentration Cv,OL (see 3.1). A gel 

can therefore form due to the rotational motion of the particles (Buining et al. 1994), which is 

typically much faster than translation diffusion-mediated gelation. Therefore, if the interparticle 

repulsion is strong enough to avoid aggregation as Cv increases to Cv > Cv,OL, rapid gelation occurs in 

an electrostatically stabilized system when the charged interactions are “turned off” (Buining et al. 

1994). This can be done by, for example, changing the pH or the salt concentration. This thesis will 

investigate the gelation of highly anisotropic cellulose particles (see section 3.5). In the investigated 

system, the gelation is very rapid because the particle concentration is well above the overlap 

concentration. 

3.4 Ways of organizing nanoparticles 

Many biological materials have a hierarchy of assemblies extending from the molecular scale, 

through the nanoscale, all the way up to the scale of macroscopic material. Component 

arrangements can also be varied within the same length scale. This hierarchy can result in unique 

properties not found in the individual components (Ozin et al. 2009). The ordering can be created by 

self-assembly, i.e., spontaneous formation by free energy minimizing the system, or by forced 

assembly in which external forces create order by overcoming the particles’ inherent repulsion and 

Brownian motion. In the case of self-assembly, only forces between the components are acting. In 

addition, particles can be ordered according to geometrical or chemical patterns, due to geometrical 

constraints or chemical interactions, respectively. 
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An example of self-assembly is the formation of ordered liquid states of anisotropic particles, called 

liquid crystals (LCs). Like other self-assembling systems, these systems are formed by free energy 

minimization (Onsager 1949; Arora et al. 1996). The transition from the non-ordered to the ordered 

liquid state occurs when the particle concentration reaches a threshold, Cv,LC, above the overlap 

concentration, i.e., Cv,LC > Cv,OL (Onsager 1949; Buining et al. 1994). When the particles start to 

overlap, their translational motion is restricted due to collisions with other particles as they rotate 

(Onsager 1949; Yamaguchi et al. 2012). Therefore, if a state of interparticle alignment is achieved, 

the translation mobility of the particles is increased. This increases the entropy of the system, leading 

to a decrease in the free energy (Onsager 1949; Evans et al. 1999). The kinetics of LC formation vary 

substantially between systems. The transition from an unordered to an ordered state can last from 

seconds up to months (Buining et al. 1994; Yamaguchi et al. 2012). An increase in the aspect ratio 

causes Cv,OL to decrease and, in turn, Cv,LC decreases as well. Several authors have demonstrated that 

Cv,LC   a, when a is the aspect ratio (Onsager 1949; Buining et al. 1994; Yamaguchi et al. 2012). For 

electrostatically interacting rods, it has been postulated that Onsager theory (Onsager 1949) should 

be modified to take account of the effective diameter, deff, and a twisting parameter, htwist 

(Stroobants et al. 1986). By adding the width of the electric double layer to the native particle´s 

width, deff is obtained, whereas htwist is related to both the double-layer thickness and the aspect ratio 

of the particle. These two additions have been demonstrated to be beneficial in predicting Cv,LC for 

rod-shaped cellulose particle dispersions (Dong et al. 1996). 

Another common way to order particles and/or macromolecules is the layer-by-layer technique 

(LbL). In classic LbL, oppositely charged components are assembled one layer at a time (Decher 

1997). The buildup usually starts on a charged substrate; a dispersion of the first component is then 

added and adsorption is allowed to proceed until no further adsorption occurs, typically within 

minutes (Decher et al. 2012). The first component has the opposite charge to that of the substrate, 

so the surface charges are matched with charges from the adsorbing component. Actually, a 

prerequisite is that the adsorption should overcompensate for the underlying surface charges, 

though the driving force of this recharging is still debated (Decher et al. 2012). The 

overcompensation alters the charged solid–liquid interface, enabling electrostatic adsorption of a 

second layer. As long as the adsorbed layer continues to overcharge the interface, the buildup can 

continue for an infinite number of layers. In highly charged and stable systems, LbL typically results in 

the adsorption of monolayers in each step (Schönhoff 2003). This directed assembly of components 

has been used for the adsorption of pure polymer, pure nanoparticles, or a combination of both 

(Decher et al. 2012). For tailored polymer/nanoparticle LbL deposition, layers of nanoparticles, 

distinctly separated by polymers, can be created. This allows the spacing of the particle layers to be 

controlled with nanometer precision (Priolo et al. 2009; Priolo et al. 2010). In addition, the technique 

has been applied to 3d-structured substrates (Li et al. 2010; Hamedi et al. 2013; Saetia et al. 2013), 

creating a material with a hierarchy of controlled structures, in which LbL creates a controlled 

nanolevel structure on the already controlled macro-level structure of the substrate.  

The abovementioned assembling process is a form of template-assisted assembly. The adsorbed 

layer is guided by the charges of the outermost layer. The topographic structure of the substrate can 

also act as a template. For example, it has been demonstrated that a substrate with nanometer-scale 

wells can act as a template to align nanorods along the long axis of the wells (Horn et al. 2009). Here 

the alignment occurs when the excess solvent is removed and the nanorods are pulled into the wells 

by capillary attraction. If the width of the wells is much less than the rod length but still greater than 

the rod width, the nanorods are forced to orient themselves as they are pulled into the wells. The 
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same methodology could also be used for isotropic nanoparticles (Lu et al. 2007). For example, 

spherical microgels have also been assembled in nanowells, which were subsequently interlinked and 

detached from the surface to create nanorods having the spheres as their monomer units (Hiltl et al. 

2011).   

Another way of orienting nanoparticles is to expose the particles to forces created by liquid flows. 

Forces created in this way include laminar shear forces or forces generated by flow acceleration or 

deceleration. Hydrodynamic shear induces a velocity gradient extending from the interface between 

a slow- (or stationary) and a faster-moving phase. If one phase is assumed to be stationary, the 

velocity of the moving fluid is zero at the interface/wall and reaches a maximum farther from the 

wall. Therefore, if an anisotropic particle is aligned perpendicular to the fluid motion, i.e., parallel to 

the velocity gradient, the end of the particle farther from the wall will move faster than the end 

nearer the wall. This will cause the particle to align itself in the direction of the flow, where the 

velocities of the particle ends being equal (Jeffery 1922). Once aligned, the particles will occasionally 

flip around, induced by the Brownian rotational motion of the rods. If the rotation happens to 

translate the rear end of the particle in the direction of higher flow velocities, it will move faster than 

the other end and the particle will flip. In addition, the dissipated energy increases in a shear field if 

the effective viscosity of the dispersion increases. The system thus tends to minimize energy losses 

by reducing the viscosity. In a dispersion of anisotropic particles, the effective viscosity is greatly 

affected by the number of particle–particle interactions, which is greatly affected by the effective 

volume swept by the particles. Reducing the swept volume will provide fewer interactions and thus 

lower the viscosity. Such a decrease occurs if the particles are aligned. For non-aligned and therefore 

fully rotating particles, the volume can be approximated as l3 (l is the particle length), which 

decreases to ld2 for perfectly aligned particles.  

 

The abovementioned reasons provide two ways to explain the alignment of anisotropic particles in 

shear flow. If the flow is instead accelerated or de-accelerated an extension or contraction force is 

created on the particles. When a dispersion of anisotropic particles is moving in an extensional flow a 

force is generated acting on the particles to align them in the direction of the acceleration. The 

alignment force is generated in a similar fashion as in the shear flow case. The velocity of the fluid is 

now higher at the position of the forward versus the rear end of the particle and when the particle is 

aligned in the moving direction of the fluid the torque acting on the particle will be zero. However, 

because the force imbalance occurs in the flow direction, compared to perpendicular to the flow 

direction in the shear case, a small imbalance will not cause the particles to flip, creating a more 

stable aligned state. In an expansion flow the rear end is pushed more in the direction of the flow 

until the particle ends are in the same horizontal position, leading to alignment of the particles 

perpendicular to flow direction. In all flow alignment techniques the rotational diffusion of the 

particles will work against the alignment. A prerequisite is therefore that the rate of alignment be 

higher than the rotational diffusion rate of the particles (Börzsönyi et al. 2012).   

Flow-induced alignment has in the past been applied to nanoparticle dispersions. Nanowires and 

nanotubes have been aligned on flat surfaces with the aid of shear flow (Huang et al. 2001), which 

has also been done for cellulose nanorods (Hoeger et al. 2011). Two studies demonstrated that a 

combination of shear and extensional flows can also be used to create macroscopic threads 

comprising aligned cellulose nanorods (Iwamoto et al. 2011; Walther et al. 2011). In both these 

studies, the particle dispersion was extruded from a syringe into a coagulation bath. The mechanical 

properties, which were found to depend on the degree of alignment, could in both cases be altered 
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by adjusting the processing conditions, i.e., altering the magnitude of the shear and the acceleration, 

but the results were inconclusive as to whether the fibrils were oriented only near the fiber surface 

or throughout the fiber cross-section. The lower strength of the these experimentally made  versus 

native fibers (Page et al. 1983) indicates a lower overall orientation of the fibrils over the fiber cross-

section. 

 

3.5 Cellulosic nanoparticles 

3.5.1 Wood as a nanocomposite 

The fibrils are the smallest crystalline component of the tree, with a width of approximately 4 nm 

and lengths in the micrometer range (Wickholm et al. 1998; Fernandes et al. 2011; Isogai et al. 2011). 

The fibrils are, in turn, constructed of linear cellulose chains, which consist of anhydroglucose 

molecules linked together through  1,4 linkages (see Figure 3; (Guerriero et al. 2010). The cellulose 

is produced at sites called rosettes located on the tracheid cell membrane (Guerriero et al. 2010). 

The tracheid cells, commonly referred to as wood fibers, are the load-bearing cells of the tree. 

Shortly after the chains are produced, a crystallization process occurs, creating elongated particles 

with a square cross-section comprising 20–50 chains (Guerriero et al. 2010; Fernandes et al. 2011). 

These nanostructures constitute the fibril. Similar cellulosic fibrils, but with different dimensions, can 

be found in other organisms, including bacteria, tunicates, and annual plants (Wickholm et al. 1998; 

Eichhorn et al. 2010; Isogai et al. 2011; Klemm et al. 2011).  

 

Figure 3: Four monomer units (anhydroglucose) in the cellulose backbone. The carbons have been numbered in the first 
anhydroglucose. 

 

In wood, the fibers are formed from fibrils arranged in a controlled mesostructure, developed in 

nature over thousands of years to produce trees that can withstand wind, rain, and snow. The fibrils 

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

There are approximately 100 fibrillar lamellae in the cross-section of a typical softwood fiber (Stone 

et al. 1965). The fibers are then arranged along the tree axis. Actually, cellulose (in the form of fibrils) 

makes up less than 50% of the mass of native wood, the rest comprising mainly hemicelluloses and 

lignin. These substances are found between the fibrils (within the fibers) and lignin is also found 

between the fibers to hold them together (Bristow et al. 1986). These polymers have a lower 

molecular mass and are also non-crystalline (Bristow et al. 1986). The hemicelluloses are, like 

cellulose, built up of sugar units, which are linked in a similar fashion. The main difference is that 

they are highly branched with side chains (some of which can contain charges) containing 1 or 2 

sugar units. In softwood, the charge-containing hemicellulose is arabinoglucuronoxylan whereas 

glucuronoxylan is the charge-containing hemicellulose in hardwood. Galactoglucomannan is the most 

abundant hemicellulose in softwood; it is non-charged and constitutes approximately 15–20% of the 
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solids in the fiber. Lignin is constructed of the aromatic alcohols cinnamyl, coniferyl, coumaryl, and 

sinapyl. Lignin is a three-dimensional, crosslinked polymer that helps distribute the load within the 

tree by linking together fibrils as well as fibers. This load distribution is especially important for the 

compressive strength of wood (Bristow et al. 1986). The hierarchical arrangement of the fibrils/fibers 

together with the specific chemical roles of the  wood components cellulose, lignin, and 

hemicellulose provide the tree with its impressive flexibility and toughness (Krässig 1993).  

 

3.5.2 The cellulose fibril 

Cellulose fibrils have many amazing properties, such as high stiffness (Tanpichai et al. 2012), a high 

aspect ratio (Shinoda et al. 2012), and a low thermal expansion coefficient (Nogi et al. 2009). These 

mechanical properties are impressive, especially if the low density of the cellulose is taken into 

account. In terms of weight-normalized values, i.e., specific stiffness and specific strength, the fibrils 

have a stiffness comparable to that of Kevlar and a tensile strength comparable to that of steel 

(Eichhorn et al. 2001; Hearle 2001; Eichhorn et al. 2010; Tanpichai et al. 2012).  

The fibrils are not easily liberated from the wood fiber cell walls. If purely mechanical methods are 

used, a very great amount of energy is consumed (Klemm et al. 2011) to separate the fibrils from 

each other and mainly networks of nanofibrils are obtained (Turbak et al. 1983). Various mechanical 

methods have been used, for example, disintegration by high shear using a microfluidizer or by high 

energy vortexes created by sonication (Klemm et al. 2011; Abdul Khalil et al. 2013). By combining 

mechanical methods with a suitable pretreatment, the energy consumption and yield can be greatly 

improved (Klemm et al. 2011). Both enzymatic (Henriksson et al. 2007) and chemical (Fall et al. 2011; 

Klemm et al. 2011) pretreatments have been demonstrated to facilitate the fibril liberation process. 

Endoglucanase is the enzyme most commonly used for such pretreatment, and it has been suggested 

that this enzyme increases the fiber swelling, which facilitates further disintegration (Henriksson et 

al. 2007). Chemical pretreatment is typically used to introduce surface charges on the fibrils. These 

charges increase the fiber swelling due to osmotic reasons (Laine et al. 1997). Note that the swelling 

of the fibers is also affected by their hemicellulose content and type, because they also contain 

charges (Bristow et al. 1986; Swerin et al. 1994). These charges will vary between tree species and 

between pulping strategies. The swelling makes pulps with increased charge density easier to 

disintegrate (Solala et al. 2011). Chemical pretreatment can also facilitate fibril liberation by steric 

hindrance of chemical interaction between fibrils due to the bulkiness of the introduced charged 

groups. Chemical pretreatment greatly reduces the energy consumption and increases the yield of 

free fibrils compared with enzymatic pretreatment (Klemm et al. 2011). It is still debated whether the 

improvement is solely because of the greater swelling or whether the steric hindrance also has a 

significant affect.  

The charged groups can be introduced on the fibrils by pure oxidation, for example, TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxylradical)-mediated oxidation (Isogai et al. 1998), to create carboxylic 

groups on the surface of the fibrils. Initially, this has to occur on the surface of the fibril aggregates, 

but as the charge increases, the fibril aggregates will be split up into fibrils. Actually, only the C6 

oxygen, which is farthest from the cellulose backbone, is oxidized in TEMPO-mediated oxidation, and 

it has been suggested that this is due to the bulkiness of the TEMPO catalyst (Saito et al. 2009). 

Carboxylic groups can also be introduced by chemically grafting an acetic acid group onto the C6 

oxygen (Walecka 1956). This is done by treating the pulp with monochloroacetic acid in isopropanol. 
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To introduce positive charges to the backbone, N-(2,3epoxypropyl) trimethylammonium has been 

covalently linked in a ring-opening reaction between the epoxy group and a hydroxyl group on the 

cellulose molecule (Aulin et al. 2010). Both these methods liberate high-aspect-ratio particles, called 

nanofibrillar cellulose (NFC) , which contain less stiff, low-crystalline regions (Isogai et al. 2011). Using 

a nearly purely chemical protocol, and performing hydrolyzing reactions, one can remove these low-

crystalline regions and obtain a more crystalline particle (Moon et al. 2011). These particles, called 

cellulose nanocrystals (CNCs), are shorter than the NFC fibrils. NFC fibrils are approximately 500–

1000 nm long and CNCs are approximately 100–300 nm, but are similar in width (Klemm et al. 2011). 

Both HCl (Rånby 1949) and H2SO4 (Revol et al. 1992) can be used to produce CNCs; H2SO4 also 

introduces sulfate groups on the cellulose nanocrystals, stabilizing them electrostatically and making 

them more stable than the non-charged CNCs prepared with HCl. In addition, stable hydrochloric-

treated CNCs have been obtained using a carboxylated NFC as the starting material (Salajkova et al. 

2012).  

The benefits of nanocellulosic particles mentioned above have probably prompted the recent large 

increase in publications in the field (Klemm et al. 2011; Moon et al. 2011). Also prompting this 

increased research interest is the huge need to find profitable new applications of wood cellulose, 

since the consumption of printing and writing grades of paper is declining greatly. For example, NFC 

films (referred to as nanopapers) have been produced with remarkable specific strengths, “specific” 

indicating that the stiffness is divided by the density of the material. Standard nanopapers with 

randomly oriented fibrils have better strength properties than does steel (Henriksson et al. 2008), 

and if the fibrils are aligned (Sehaqui et al. 2012), the strength properties are even better than those 

of aluminum, which is a well-known strong lightweight material. In addition, it has been suggested 

and illustrated that nanocellulose films are promising for use in digital displays due to their high 

transparency, high toughness, and low thermal expansion (Nogi et al. 2009). Another area of interest 

is the field of barrier coatings, because the fibrils can be assembled into densely packed thin films 

with excellent gas barrier properties (Aulin et al. 2010). The use of fibrils or crystals as reinforcement 

components in composites is also of great interest (Eichhorn et al. 2010). A double-network 

composite of CNCs has been made with various polymer matrices (Capadona et al. 2007). In the 

study, a physically crosslinked gel network of CNC particles was constructed and then a polymeric 

network was formed within the gel, around the cellulose network; this avoided the general problem 

of mixing between the polymer matrix and the cellulose particles. An increase in stiffness of two 

orders of magnitude compared with that of the original polymeric materials was reported with just a 

10% volume fraction of CNCs.  
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4. MATERIALS 

The following is an overview of the materials examined in the thesis; more details can be found in the 

associated papers. 

 

4.1 Cellulosic raw materials 

A softwood pulp with a high cellulose content ( approximately 90%) was used in most of the studies 

(papers 2–5). Paper 1, which investigated the influence of raw material, investigated three different 

kraft pulps containing fibers from acacia, eucalyptus, and pine, respectively. These pulps had an 

approximate cellulose content of just above 80%. 

 

4.2 Cellulosic particles: Fibrils and crystals 

The liberation of fibrils from the wood fiber wall started with enzymatic or chemical pretreatment, 

followed by a combination of mechanical treatments. The process ended with the removal of 

unfibrillated fiber fragments and aggregated structures by centrifugation. In the studies reported in 

papers 2–5, chemical pretreatment was used, whereas enzymatic pretreatment was used in papers 1 

and 2. The aim of the chemical pretreatments was to introduce charges on the surface of the fibrils 

to facilitate their liberation. Negative charges were introduced by carboxymethylation in papers 2–4 

and by TEMPO-mediated oxidation in papers 1 and 6. The mechanical treatments used were, in 

processing order, the following: 1–6 passes through a micro fluidizer (all papers), high-speed 

mechanical stirring with an Ultra Turrax mixer (papers 1, 4, 5), and probe sonication (papers 2–5). 

See sections 3.5 and 5.1 for more details.  

 

4.3 Chemicals 

All experiments used ultrapure Milli-Q water with a resistivity of 0.055 µS cm–1 (18.2 MΩ) and a total 

organic content of 3 ppb. All polymers and components for polymer synthesis were used as received 

without further purification. Hyper-branched (60 kDa) polyethyleneimine (PEI; papers 2 and 5) and 

the monomer used to fabricate poly-(methyl methacrylate) (PMMA) were obtained from Sigma 

Aldrich. For poly(dimetylsiloxane) (PDMS), the Sylgard 184 Silicone Elastomer kit from BASF was used 

according to a previously described procedure (Cranston et al. 2011). 

 

5. METHODS 

This is an overview of the methods used in the thesis; for more details, see the associated papers. 

 

5.1 Charge determination (papers 1–2)  

The charge of the nanocellulosic particles was determined using polyelectrolyte titration (PET) 

(Wågberg et al. 1987), potentiometric titration (Lindgren et al. 2000), and conductometric titration 
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(Katz et al. 1984). The change in surface charge properties was also followed using Z-potential 

measurements. The PET and Z-potential (papers 1–2) measurements were performed on free 

fibrils/crystals. For the PET measurements, direct titration of the NFC was performed using a linear 

and stiff polyelectrolyte, i.e., polydiallyl dimethyl ammonium chloride (pDADMAC) with a molecular 

weight of 147 kDa. The Z-potential was evaluated by measuring the electrophoretic mobility. The 

potentiometric (paper 2) and conductometric (papers 1–2) titrations were performed on the 

pretreated pulp fibers. The potentiometric titration was, in addition to measuring the total charge, 

used to evaluate the degree of protonation as a function of pH. To facilitate measurement of the 

potential (i.e., pH), salt was added to the samples; three NaCl concentrations were used in these 

measurements: 20, 100, or 600 mM. 

 

5.2 Imaging techniques (all papers) 

Transmission electron microscopy (TEM) images of fibrils in the solvent (frozen) state were acquired 

with a transmission electron microscope equipped with a cryo-stage (paper 2), using hollow carbon 

TEM grids. Field emission scanning electron microscopy (FE-SEM) was used to image NFC/CNC onn 

silica surfaces (papers 1 and 5) and to image the dry NFC filaments (paper 4). All samples were 

sputtered with a platinum–palladium layer a few nanometers thick and images were acquired in the 

secondary electron mode.  

Atomic force microscopy (AFM) operating in tapping mode was used in papers 1–3 and 5. Silica 

cantilevers with a resonant frequency of 150–300 Hz and a tip radius of 8 nm were used. CNC/NFC 

particles were deposited on plasma-treated silica wafers by means of either solvent casting or 

electrosorption on cationized wafers.  

Optical microscopy (OM) was used in papers 1, 3, and 4. In paper 1, OM was used to qualitatively 

observe the removal of large components by centrifugation. In papers 3 and 4, the samples were 

viewed through crossed polarizers to characterize the orientation of fibrils within the samples. 

 

5.3 Scattering techniques (papers 2–4)  

Dynamic light scattering (DLS) was used in paper 2 to characterize the aggregation of low-

concentration NFC dispersions (nl3 < 1) by following changes in the relative size of the aggregates as a 

function of salt or acid (HCl) addition. In papers 3, DLS was used to detect the onset of gelation, 

which can be observed as characteristic changes in the correlation curve (i.e., the DLS raw data) as a 

sample is gelling. The same type of chemical additions as above were used to initiate gelation in 

semi-concentrated samples (nl3 < 1 < nl2 d) in paper 4. DLS was also used to study gelation as a 

function of NFC concentration (results only in the thesis). The technique was also used to 

qualitatively observe whether NFC hydrolysis successfully reduced the particle length and therefore 

produced CNCs.  

In paper 4, small- and wide-angle x-ray scattering (SAXS and WAXS) were performed at the DESY 

synchrotron facility in Hamburg, using theP03 beamline at the PETRA III storage ring. SAXS was used 

to characterize fibril orientation in different positions in the channel during flow. WAXS was used to 

characterize fibril alignment and the presence of salt crystals in the dry filaments. 
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5.4 Rheology (paper 3) 

A strain-controlled rheometer was used to characterize the elastic and plastic deformation behavior 

of NFC gels. The tests performed were stress ramps and oscillatory shear measurements. A plate–

plate geometry was used (Figure 4); the fluid NFC dispersions were gelled after the plates had been 

brought into measurement position (Figure 4B), which allowed measurements to be made on 

undisturbed gels. 

 

Figure 4: The rheology measurement setup using a plate–plate geometry. (A) Liquid NFC dispersion deposited on the 
bottom plate. (B) The plates are brought into measurement position (0.5-mm gap) and the system is gelled by adding salt 
or acid solution through a sharp needle in predetermined and controlled amounts.  

 

5.5 Production of films (paper 1) and high-concentration dispersions (papers 1–4)  

Films were prepared by vacuum-filtering a low-concentration NFC (0.5–2 g L–1) dispersion on a 0.6-

µm-pore-size filter paper. Before a dry film was produced, a high-solid-content gel (above 100 g L–1) 

was obtained and removed from the filtration device. The final drying was then performed under 

compression, heat, and vacuum to consolidate the fibril network. This was done using a Rapid-

Köthen paper sheet former.  

The NFC/CNC dispersions were subjected to a controlled dehydration by allowing the dispersions to 

evaporate under mechanical stirring and/or in an enclosed container with a perforated lid to control 

the humidity during dehydration and prevent skin-formation on top of the dispersion.  

 

5.6 Mechanical evaluation of films (papers 1 and 4) 

The stress–strain behavior of NFC films (paper 1) and filaments (paper 4) was evaluated using tensile 

tests. Tests were performed on conditioned samples at 25°C and 50% RH. All test samples were 

assumed to have constant thickness throughout the deformation process. The film density was 

estimated by measuring the weight and thickness of films of known area. The density of the NFC-

based filaments examined in paper 5 was assumed to be 1500 kg m–3. The strain rate for the films 

was 1/10 of the gadget length per minute; the strain rate for the filaments was 0.2 mm min–1. 

 

5.7 Wrinkling of PDMS stamps (paper 5) 

PDMS stamps with a nanowrinkled surface structure (200–700 nm in wavelength) were produced 

according to the protocol of (Pretzl et al. 2008). In this protocol, the surface of a stretched PDMS 

stamp is oxidized, after which the tension is released. This treatment causes the surface layer to 

become non-elastic, i.e., to resist shrinking, in contrast to the elastic bulk, which retracted when the 

A B 

HCl/NaCl 
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tension was released. The stamp therefore wrinkled because its surface layer did not shrink to the 

same extent as did its bulk. An air plasma was used for the oxidation, creating a glass-like surface 

layer. The thickness of this layer depends on the air-plasma treatment time and intensity, which in 

turn affect the wavelength of the surface structure. 

 
5.8 Flow alignment of NFC (paper 4) 

The extensional flow that aligned the fibrils, as reported in paper 4, was created by a channel 

consisting of three inlets and one outlet (see Figure 5). All channels have the same geometry, i.e., 

square cross-sections with sides of 1 mm. One inlet was in line with (Figure 5, the gray channel) and 

the other two were perpendicular to (Figure 5, blue channels) the outlet. The NFC dispersion was 

flowing in the center inlet at the volumetric flow rate, Q1, and the water or salt solution was flowing 

in the other two inlets at the flow rate of Q2/2 (Figure 5). At the junction where channels meet, and 

shortly afterward, the flows accelerated, causing the fibrils to align. The fibrils can also align before 

the junction due to shear at the inlet channel walls. Note that there is approximately no shear after a 

certain distance into the outlet because the velocities of the water/salt solution and the NFC 

dispersion are roughly the same. If a salt solution was used, ions were transported by convection and 

diffusion into the NFC dispersion. This caused the electrostatic repulsion between the fibrils to 

decrease and eventually to gel the system, locking the aligned fibril conformation. The gelled fibril 

network was then extruded into a water or salt solution. This formed an NFC gel thread that was 

subsequently transferred to an acetone bath, which further consolidated the network structure 

before it was dried in a constrained conformation. 

 

Figure 5: The flow setup used to create an extensional flow. An NFC dispersion is flowing in the gray inlet and salt 
solution or water is flowing in the two blue inlets. At the junction of the inlets, the gray NFC flow is accelerated and 
focused by the blue flows. 

5.9 Transparency measurements of nanocellulose dispersions (paper 1) 

The relative transmittance was measured using a UV-VIS photospectrometer and quartz crystal 

cuvettes, with ultrapure Milli-Q water as the reference. The wavelength was 300–800 nm. The 

dispersion transparency was greatly affected by large objects, whereas small objects had little effect 

on this property (Gregory 1985), because the light scattering increased rapidly with object size. 

Higher scattering makes it more difficult for the light to travel through the medium, which in turn 

reduces the transparency. The scattering as a function of particle size is related to the wavelength of 

the light. If the wavelength decreases, the size of the particles that significantly affect the 

transparency also decreases. 
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6 RESULTS AND DISCUSSION 

6.1 Nanocellulose dispersion: Preparation and properties 

The degree of liberation of nanocellulose particles from the fiber wall is the focus of this section. The 

discussion is divided into two subsections: the first discusses the influence of different pretreatments 

or raw material sources on yield and dispersion properties, and the second discusses the properties 

of individual particles and particle networks.  

 

6.1.1 Influence of raw material and pretreatment 

The nanocellulose disintegration processes examined here contain a pretreatment step and a 

combination of mechanical treatments, before unfibrillated fiber fragments and aggregated 

structures are finally removed by centrifugation. The concentration of nanocellulose left in the 

supernatant divided by the initial NFC concentration represents the yield of the processes. The yield 

is measured gravimetrically and presented in Table 1. The row below the yield presents the charge of 

the fibers before mechanical treatment. Comparing these two parameters reveals a trend toward 

increasing yield with increasing charge. This trend is clear if the comparison is made for the individual 

papers. The reason for the slight differences between papers might be small differences in the 

mechanical treatments between investigations (see Table 1). In paper 1, a significant increase in fiber 

charge resulted in a large increase in yield in eucalyptus compared with acacia and pine. However, 

the differences in yield and charge between acacia and pine are within the measurement error, so 

these properties are assumed to have roughly the same values. A charge difference arises between 

these samples because of differences in the type and amount of hemicellulose in the fibers. 

Differences in pulping strategies can also play a role, although only bleached sulfate pulps were used 

in this investigation (paper 1). The enzymatic pretreatment used is not expected to introduce any 

charges (Henriksson et al. 2007). Paper 2 demonstrates more clearly that the yield increases with 

fiber charge, probably due to the larger range of charge denseties used. These large changes in 

charge were obtained by using the same raw material and chemically introducing charges to 

different extents, instead of by comparing different raw materials. Carboxymethylation was used to 

introduce charges to two types of fibers, and the treatment time and concentration of 

monochloroacetic acid were changed to alter the degree of substitution (DS). The reference pulp was 

a high-cellulose containing bleached sulfite pulp, which was enzymatically pretreated. 
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Table 1: Raw materials, liberation process treatments, gravimetric yield, and charge properties of the nanocellulose 
particles used throughout the thesis. The abbreviations in the mechanical treatment row stands for, microfluidizer (MF), 
ultra Turrax (UT) and probe sonication (PS).  

Particle name Pine-NFC Aca-NFC Euca-NFC NFC120 NFC400 NFC600 To-NFC CNC 

Particle 

type  
Fibrils Fibrils Fibrils Fibrils Fibrils Fibrils Fibrils Crystals 

Paper 1 1 1 2 2 2–4  1 5 

Wood source Pine Acacia Eucalyptus 
Pine and 

spruce 

Pine and 

spruce 

Pine and 

spruce 

Pine and 

spruce 

Pine and 

spruce 

Pretreatment Enzyme Enzyme Enzyme Enzyme CO2HMe CO2HMe T-ox 
CO2HMe+ 

HCl 

Mechanical treat MF + UT MF + UT MF + UT MF + PS MF + PS MF + PS MF + PS MF + UT + PS 

 Yield (%) 30 32 49 36 47 97 - - 

Fiber charge 

[mmol kg
–1

] 
46 42 75 44 327 589 520 524 

Fibril charge 

[mmol kg
–1

] 
65 69 107 120 383 595  - 

DStot - - - - 0.06 0.10 0.09  

DSsurf - - - - 0.13 0.20 0.18  

Charge distance, 

dσ [nm e
–1

] 

4.13 4.01 3.22 3.04 1.70 1.36 1.46  

Z-potential (in 

Milli-Q water) 
–37 –39 –53 –41 –65 –65 -61 –58 

 

Another interesting aspect of the results presented in Table 1 is that the fiber charge is lower than 

the fibril charge in all samples. This is interpreted as indicating that the charge of the liberated fibrils 

is higher than that of the non-liberated fibrils, which are removed during the preparation procedure. 

Differences in the charge of fibrils within the fiber wall are probably caused by an inhomogeneous 

distribution of hemicelluloses throughout the fiber wall or by differences in pretreatment efficiency 

between regions of the fiber wall, for example, between densely and less densely packed fibril 

regions. This charge difference is most distinct for the enzymatically pretreated fibers. For the fibers 

with a high DS, the fiber and fibril charges are almost the same. Thus, all fiber regions are 

approaching the same charge and degree of swelling, resulting in the liberation of fibrils from the 

entire fiber wall. 

Figure 6 shows measurements of the transmittance of nanocellulose dispersions relative to that of 

water. Perhaps the most obvious result shown in Figure 6 is that centrifuging the dispersions clearly 

increases their transparency, i.e. their transmittance of light in the visible wavelength region. This is 

to be expected, since larger objects such as unfibrillated fiber fragments and aggregated structures 

are removed. Note that for the eucalyptus dispersion, only half of the mass is removed by 
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centrifugation (see the yield shown in Table 1); at the same time, the transmittance between 500 

and 700 nm in wavelength increases from approximately 10% to 70%. As mentioned above (see 

section 5.9), this indicates that the removed larger particles (i.e., micrometer sized) scatter much 

more light and obviously affect the transparency more than do the non-sedimenting smaller particles 

(i.e., nanometer sized). Even a small fraction of larger objects will greatly influence the transparency 

of the dispersions, as demonstrated by others (Gregory 1985). With this in mind, it is obvious that 

differences in the dimensions of the low-scattering individual particles will have little influence on 

the transparency and, thus, be difficult to detect using this method. The differences between 

dispersions produced using different pretreatments probably result from the degree of particle 

aggregation and not from variations in the size of individual particles. The measurements were made 

at 2 g L–1, a concentration well above the overlap concentration. At this concentration, the fibrils 

collide very frequently. This may cause the less electrostatically stable fibrils from the enzymatically 

treated fibers to aggregate, whereas aggregation is much lower for the highly charge-stabilized 

fibrils, such as the TEMPO-oxidized fibrils (shown by the yellow line in Figure 6). 

 
Figure 6: Relative transmittance of 2 g L–1 NFC dispersions relative to that of water. The inset and the main plot shows 
uncentrifuged and centrifuged samples, respectively. The different line colors correspond to different NFC samples. Blue 
indicates NFC dispersions obtained from a eucalyptus pulp, green from an acacia pulp, and red from a pine pulp. All these 
pulps were enzymatically treated before mechanical liberation of the fibrils. The orange line corresponds to a centrifuged 
dispersion containing TEMPO-oxidized fibrils with a charge of 500 µmol g–1.  

                                         
Figure 7: The Young’s modulus of NFC films made by vacuum filtering of the three raw materials: acacia (green symbols), 
eucalyptus (blue symbols), and pine (red symbols). The solid symbols indicate uncentrifuged samples and the unfilled 
symbols centrifuged samples. The centrifuged samples are assumed to consist 100% of nanosized components, i.e., 
corresponding to uncentrifuged samples with a nanofibril yield of 100%. The black symbol indicates the approximate 
value of a standard paper sheet.  
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Paper 1 investigated the influence of the pulp raw materials shown in the three first columns of Table 

1; as seen in the table, the pulps consisted of fibers from pine, acacia, and eucalyptus, respectively. 

As already mentioned, even though the same enzymatic pretreatment was used, the yield varied 

between these raw materials. As seen in Figure 7, the difference in yield clearly affects film stiffness 

(shown on the y-axis). These films were prepared from pretreated and mechanically treated 

uncentrifuged dispersions by applying a vacuum filtration film-forming process. From the figure it can 

be seen that, at low to moderate yields, the stiffness clearly increases with increasing yield. An 

increased number of particle interactions and increased film density probably both contributed to 

this trend. However, if the dispersions are centrifuged, i.e., the larger objects are removed to obtain 

an assumed yield of 100%, the trend is broken. Instead, the curve levels out, probably due to a less 

effective stress transfer because of fewer long and large particles. The largest relative film stiffness 

enhancement of disintegrated pulp fibers thus occurs at a small w% of nanocellulose. Therefore, 

centrifugation, which is difficult and costly to incorporate in an industrial process, is not needed in 

order to obtain a clear nanofibril based enhancement of the mechanical properties of films based on 

fibrillated fibers 

 

6.1.2 Properties of individual nanocrystals/nanofibrils 

The various types of liberated nanocellulose particles are rather similar in width (i.e., 3–5 nm) but the 

nanofibrils are much longer than the cellulose nanocrystals (see Figure 8). The average length of the 

fibrils is 600–900 nm, whereas that of the crystals is approximately 250 nm. Especially for the fibrils, 

there seem to be several length populations. There are some short particles with lengths of 100–300 

nm, some 500–1000 nm long, and a few very long particles over 1 µm long. The harsh mechanical 

treatments during fibril liberation likely cut some of the fibrils into crystals, creating the particles in 

the first population. Most of the particles are found in the middle of the three populations. The 

length of the crystals is 100–500 nm. Bundles of particles can also be found in the NFC dispersion but 

not in the crystal dispersion; these bundles are generally 20–30 nm wide and often over 10 µm long. 

The bundles are most frequently observed in the enzymatically treated NFC samples; they are also 

observed in the carboxymethylated and TEMPO-oxidized samples, where they appear very rarely. 

The above length and width values are obtained by measuring the dimensions shown in AFM (e.g., 

Figure 8) and cryo-TEM (see paper 2) images. A limited number of particles were measured whereas 

the values should be considered qualitative rather than quantitative.   
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Figure 8: (A–D) AFM height maps of the different nanocellulose particles used in the thesis deposited on PEI-coated silica 
wafers. Scale bar = 400 nm. (A) TEMPO-oxidized fibrils, (B) carboxymethylated (DS = 0.1) fibrils, (C) native (enzymatically 
treated) fibrils, and (D) crystals created by hydrolyzing the TEMPO-oxidized fibrils. (E) Images of 1 mL of 2 g L–1 water 
dispersions of the particles, in the same order as in the AFM height maps. (F) The samples in inverted cuvettes after 
having been gelled with a 40-µL drop of 0.1 M HCl solution.  

 

Section 6.1.1 discussed the charge of the individual particles in relation to the fiber charge before 

homogenization. Two additional entities must be defined. First, for the particles with chemically 

introduced charges, two DS values are given. The DS of cellulose chains at the surface, DSsurf, is larger 

by a factor of 2 than the total DS, DStot. DSsurf > DStot because the charges are introduced only on the 

surface of the nanoparticles. To obtain this specific factor, the total number of chains relative to the 

number of surface chains was calculated. By setting the particle width to 4 nm and assuming 

rectangular cross-sections for all four particle sides, seven parallel cellulose chains were obtained, 

assumed to be 0.6 nm apart (Nishiyama et al. 2003). This gives 7*4 – 4 = 24 chains at the surface and 

7*7 = 49 chains in total, 49/24 ≈ 2. Hence, many of the surface monomer glucose units have a 

charged group.  

The next thing to consider is the proximity of the charges to each other, not only within a single chain 

but also as distributed on the particle surface. This important property is indicated in Table 1 by the 

parameter dσ, which is the average distance between two charged groups. For the various particles, 

dσ varies between 1 and 4 nm. This distance was obtained by first calculating the area per charge, 

i.e., the particle surface area per gram, AS, divided by the particle charge (see fibril charge, σNFC, in 

Table 1). For a 4-nm-wide, high-aspect-ratio particle with a rectangular cross-section, the specific 

surface area, As, is 670 m2 g–1; then (As/σNFC)0.5 = dσ. The highest-charged particles approach a value of 

dσ close to the Bjerrum length, lB. This length describes the relationship between the electrostatic 

and thermal energies. In water at 25°C, lB = 0.7 nm (Evans et al. 1999); at distances shorter than this 

limit, the electrostatic energy dominates the thermal energy, which leads to the specific adsorption 

of counterions and thus a decrease in the effective charge of the component. This theory works fairly 

well for charged polymers (Dautzenberg et al. 1994), but for charged particles, the specific 

adsorption can occur at lower charge densities. Paper 2 demonstrates that this occurs on the charged 

surface of the NFC fibrils. This matter is discussed in greater detail in the next paragraph. 

   

B A C D 

E F 
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The charged surface of the cellulose particles attracts oppositely charged ions and repels ions of the 

same charge. The distribution of ions around the particles can be predicted using the previously 

reported cell model (Katchalsky et al. 1966; Wågberg et al. 2008). In the model, each particle is 

surrounded by a cell, so that the sum of all cell volumes equals the total sample volume. The model 

assumes that charge neutrality is present at the cell boundaries and that the Poisson–Boltzmann 

equation describes the distribution of ions within the cells. For a given surface potential,   , the ion 

concentration near the surface can be predicted. The negative surface will cause the concentration of 

positive hydrogen ions, CH+, near the surface to be much higher than the bulk concentration. The 

difference in CH+ between surface and bulk will cause protonation to occur at low bulk 

concentrations, i.e., at much higher pH levels than that of the carboxylic groups (pKa = 4.8). The 

protonation causes the charge to decrease, thereby reducing the surface potential. If salt is added, 

the surface concentration of protons decreases because the added counterions will also be attracted 

to the charged surface, causing competition between the two positive ions. The decreased surface 

CH+ therefore causes protonation to occur at lower bulk pH levels. However, as mentioned above, 

counterions can be adsorbed to a highly charged component and hence lower its effective charge. 

The general trend of how the protonation in the presence of salt affects the effective charge of the 

cellulose particles is therefore not obvious. The study reported in paper 2 demonstrates that 

counterion adsorption does occur at the particle surface. There seems to be specific adsorption of 

counterions at the carboxylic groups, i.e., a similar equilibrium condition is present for the 

counterions with the ionizable groups as for the protons. This can be described by a dissociation 

constant for the counterions of the salt, pKS. This parameter was used to fit the theoretical 

predictions of the degree of protonation, α, to the experimental measurements of α made using 

potentiometric titration. In Figure 9A, these predictions are shown as blue curves, while the gray 

scattered data are experimental values. A pKS << pKa (2 vs. 4.8) was used for the best fit, so the 

counterion interaction with the carboxylic acid group is much weaker than the proton interaction 

with the same group, which was expected. Still, due to the high surface concentration, specific 

interaction does occur and significantly affects the properties of the charged surface. Furthermore, 

examination of Figure 9A reveals that these interactions cause the protonation to occur at a much 

lower bulk pH (x-axis) than if only the electrostatic screening of the added salt had been taken into 

account (the red curves). Even if nonspecific interactions, according to Manning (2007), are included, 

the predicted (purple) curves are far from the experimental values. Accordingly, in all subsequent 

predictions and figures, only the specific adsorption case will be evaluated and shown. The images 

presented in Figure 9 illustrate a protonated fibril with adsorbed counterions and ionized charges 

with a plane of the diffuse double layer extending from its surface. 

Perhaps more importantly, Figure 9B shows that the direct relationship between protonation and the 

effective relative surface charge, , is broken. If only electrostatic screening is taken into account, an 

increase in CS increases deprotonation at a certain pH and hence the charge of the fibrils (compare 

the red lines in Figure 9B). Note that this trend is also predicted by the Manning model (the purple 

lines), even though this model predicts a much lower  with increasing pH than does the electrostatic 

screening model. However, the specific interaction model predicts the opposite (the blue lines). The 

charge decreases with increased CS. In addition, the value of β for moderate to high pH levels is 

predicted to be much lower if specific interactions are included. The following section will 

demonstrate that these two aspects give the added salt a more profound effect on the colloidal 

stability of the charged stabilized cellulose particles than can be expected if only electrostatic 

screening is assumed.  
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Figure 9: The top image illustrates a fibril with carboxylic groups, which are associated with protons, specifically 
interacting with sodium ions (i.e., in the charged state). One plane of the diffuse double layer is also illustrated. The blue 
spheres represent sodium, the white hydrogen, the green chloride, the red oxygen, and the black carbon. (A) Degree of 
deprotonation, α, for different salt (NaCl) concentrations, including both theoretical predictions (lines) and experimental 
data from potentiometric titration; Cs = 20 mM (+) and Cs = 100 mM (triangles). (B) Fraction of charged carboxyl groups, 

. In both subplots, the line families represent the predictions of the three different surface–electrolyte interactions: (i) 
without counterion association, (ii) with nonspecific counterion condensation, and (iii) with specific counterion 
associations. The line styles denote Cs = 20 mM (–) and Cs = 100 mM (---). 

 

6.2 Interactions in nanocellulosic systems 

 

6.2.1 Stability and instability of nanocellulose dispersions 

The cell model calculations of    (described above) enable the interaction potential between two 

cellulose particles to be predicted according to DLVO theory (Derjaguin et al. 1943; Verwey et al. 

1948). For the predictions, a Hamaker constant of A =           J (Notley et al. 2004) and a 

geometry of orthogonal interaction of cylinders were assumed. The theory and the calculations are 

described in more detail in section 3.2 and in paper 2. DLVO theory was used to predict the 

electrostatic energy barrier acting to prevent aggregation. At a low barrier height, i.e.,        , 

aggregation is expected (Evans et al. 1999), whereas at        , it can be prevented over long 

periods of time. The predictions were compared with experimental measurements of aggregation at 

varying pH and CS levels. The experiments were performed by measuring changes in particle 

aggregate size using DLS. Systems were classified as aggregating/unstable if the aggregate size was 

increased by over 100% compared with a non-aggregated system. A typical measurement series is 

shown in the inset in Figure 10, where the relative increase in size, ΔS, 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 

indicates the instability threshold. The   and ○ symbols represent measurements in which 

aggregation has or has not occurred, i.e., ΔS > 2 or ΔS < 2, respectively. In Figure 10, A and B, the 

results of the DLS measurements are compared with the predicted energy barrier heights in kBT units 
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(the colored lines of the contour plots). As expected, the stability is more sensitive to changes in 

proton concentration than salt counterion concentration. For the highly charged carboxymethylated 

NFC, rapid aggregation occurs at an HCl concentration of 1 mM; if NaCl is added instead, it occurs at 

a concentration one order of magnitude higher. For the enzymatically treated NFC with no added 

charges, the model clearly predicts a lower stability. However, aggregation is experimentally 

detected at only slightly lower acid or salt additions, compared with the highly charged NFC. The 

predicted barrier height at which the system becomes unstable differs between the two systems. For 

the highly charged NFC, the experimentally determined instability occurs around             , 

while for the enzymatically treated NFC it occurs around          . The differences in barrier 

height occur mainly when salt is added. A possible explanation for this discrepancy is that the specific 

interactions between the carboxylic acid groups and the salt counterions need to be modeled more 

carefully. Still, the present model predicts the experimentally observed trends with reasonable 

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

 

 

Figure 10: Contour plots of the estimated normalized energy barrier, ΔVM/kBT, versus pH and salt concentration, with 

aggregation measurements inserted (aggregation: yes = × and no = ⃝). The results for the highly charged 

carboxymethylated (DS = 0.1) NFC are plotted in (A), and for native (enzymatic treated) NFC in (B). A typical aggregation 
measurement is found in the inset in (A), showing the relative particle size, ΔS, versus pH. The system is assumed to be 
aggregated at or above the limit ΔS = 2, as indicated by the dotted line. For NFC120, aggregation is sometimes detected 

at pH 4 and Cs = 1 mM and sometimes not, so this point is marked with both × and ⃝. 

 

6.2.2 Gelation by acid or salt addition 

If the electrostatic repulsion is diminished in a nanocellulose dispersion having a concentration above 

the overlap concentration (nl3 > 1), the system will undergo a transition from liquid dispersion to gel. 

The transition is, as demonstrated in paper 3, a diffusion-limited process. Figure 11, A–C, illustrates 

the diffusive growth of a gelled region in a 1.5 g L–1 NFC dispersion (1.2 mL) to which a drop of acid 

(0.1 M HCl, 40 µL) has been added. The pH indicator, methyl orange, was added to the dispersion 

before the acid addition. The indicator becomes red below pH 4, which, according to the earlier 

presented DLVO predictions, coincides with the aggregation/gelation of the NFC system. The red part 

of the sample is gelled whereas the yellow part is still liquid. The gelled region then expands with the 

diffusive front of the acid until finally, in image C, the whole sample is a gel. The complete process 

takes approximately an hour. An image of a gel without methyl orange is shown in (D).  
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Figure 11: (A) Photograph of a 1.5 g L–1 NFC dispersion colored with the pH indicator methyl orange shortly after the 
addition of a 40-µL drop of 0.1 M HCl solution. The pH indicator changed color below pH 4, which corresponds well to the 
dispersion-to-gel transition pH of the NFC system. (B) The system shown in (A) five minutes later, showing the diffusive 
growth of the low-pH region. (C) A image approximately an hour later when the whole system has gelled. (D) A 
photograph of an uncolored NFC gel, containing 10 mM HCl and 1.4 g L–1 fibrils. 

The transition from an ergodic system, i.e., the dispersion, to a non-ergodic system, i.e., the gel, 

greatly influences the thermal fluctuations of the material. This change can be followed using DLS. In 

paper 3, DLS was used to follow the gelation of NFC dispersions over time. The same volumes of 

sample and acid were used as in the experiments shown in Figure 11, but without the colored pH 

indicator. The measurements were made at two different heights from the air–dispersion interface, 4 

mm and 5 mm. The measurements started approximately 10 s after the addition of acid. 

Measurements were made for 20 min, during which 20 intensity correlation function (ICF) curves 

were captured at one-minute intervals. The curves are color coded, transitioning from blue to red as 

time progresses. Figure 12 shows normalized ICFs;      versus   , where    is the normalized 

intensity correlation and    is the delay time of the correlation. Signs of gelation are typically 

observed as an increase in delay time, and as the appearance of two clearly separated dips in the 

curve (Shibayama et al. 2002; Li et al. 2010). The analysis software used in the Malvern Nano 

Zetasizer forces the ICF to be zero at the end of the measurement, so the intercept drops if the 

system has a delay time longer than the measurement window. In these measurements, each curve 

represents the average of five 10-s measurements; hence, the measurement window is 10 s. Similar 

trends were also observed if the gelling was instead initiated by adding a drop of salt solution (see 

paper 3). 

 

Figure 12: The development of intensity correlation function (ICF) curves over time for NFC dispersions after deposition 
of a 40-µL droplet of aqueous HCl solution at the air–dispersion interface. 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–1 NFC measured 4 mm below the air–dispersion interface. (B) 
0.1 M HCl added to 1 g L–1 NFC measured 5 mm below the interface. 
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6.2.3 Gelation by increasing particle concentration  

Nanocellulose dispersions can also undergo liquid-to-gel transition by increasing the particle 

concentration. As the number of particles per volume increases, several aspects and properties of 

the dispersion change. To start with, the frequency at which the particles collide will increase. The 

probabilities of two particles colliding in a high-energy manner—high enough to overcome the 

energy barrier—and of aggregation therefore increase. For kinetically stabilized systems (i.e., most 

colloidal dispersions), aggregation will eventually occur and increasing the concentration will lead to 

the components having a faster aggregation.  

Second, the likelihood that several particles will mechanically entangle with each other increases 

with increased particle concentration. Gelation or the formation of large particle clusters by means 

of entanglements is typical of slender particles such as the cellulose rods studied in this thesis 

(Kerekes 2006). A general prediction for when entanglement starts to occur is given by the 

relationship 1 = ndl2 (see section 3.1 for more details). The expression can be rewritten as Cv,E = d/l or 

Cm,E = Cv,E ρ. At this concentration, there is only room for the particles to rotate in two dimensions. 

For the NFC particles with an aspect ratio within the 50 < a < 250 interval, the approximate mean 

aspect ratio,  NFC, is 150. The entanglements are predicted in the interval Cm,E = 6–30 g L–1 and 

Cm,E( NFC) = 10 g L–1. For CNCs with an aspect ratio in the 25 < a < 120 interval and  CNC = 50, the 

interval becomes Cm,E = 13–60 g L–1 and Cm,E( CNC) = 30 g L–1. There are also specific studies of 

cellulose particles, in which the NK = 60 = 2/3CV(l/d)2 relationship was postulated based on 

experimental observations. Here, NK is the crowding factor representing the number of particles per 

particle swept volume. However, these studies were performed for the much larger wood fibers 

(Kerekes 2006). Rewriting the expression in terms of mass concentration gives: Cm,K = 3/2(d/l)2ρ60 = 

90ρ(d/l)2 = 1.35*105(d/l)2. This expression is especially and only valid for high-aspect-ratio rods, 

because with decreasing aspect ratio the expression rapidly yields unphysical volume fractions, 

above 100%. For the particles examined in this thesis, this relationship results in Cm,K = 2–54 g L–1 and 

Cm,K( NFC) = 6 g L–1 for the fibrils and Cm,K = 9–216 g L–1 and Cm,K( CNC) = 54 g L–1 for the crystals.  

Finally, the third aspect to take into account is the increase in counterion concentration as the 

particle concentration increases. This causes an increase in electrostatic screening, reducing the 

energy barrier preventing aggregation. The highly charged carboxymethylated particles have a 

charge of 600 µmol g–1, so at the concentrations of expected mechanical entanglements (a =  ), the 

counterion concentration would be CCoI = 6 mM (Cm,E( NFC)) and CCoI = 3.6 mM (Cm,K( CNC)) for NFC and 

CCoI = 18 mM (Cm,E( NFC)) and CCoI = 32 mM for CNCs (Cm,K( CNC)). 

As described above, the dispersion-to-gel transition can be probed using DLS. Using our instrument, 

this can be observed as a drop in the intercept of the intensity correlation function (ICF; see section 

6.2.2.1 for more details). For well-dispersed and well-diluted systems, the intercept is typically 

between 0.8 and 1. In Figure 13, the average value of the intercept of five repeated measurements, 

Iavg, is plotted as a function of particle concentration in g L–1. The concentration was increased by 

allowing the solvent of the sample to evaporate at 45°C in DLS cuvettes enclosed with perforated lids 

(to prevent skin formation on the dispersion surface). As expected, the intercept is in the range 0.8 < 

Iavg < 1 for low-concentration dispersions (below 1 g L–1). The intercept then falls with increasing 

concentration, and at approximately 3 g L–1 it drops below Iavg = 0.7. The changes in Iavg were 

correlated with the flowing characteristic of samples when the cuvettes were inverted, causing non-

gelled samples to flow and gelled samples to stay at the top of the inverted cuvettes (see Figure 13, B 

and C). At 3 g L–1, or more exactly 3.3 ± 0.1 g L–1, gelation was detected using the inverted cuvette 
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method, and this correlated with an Iavg < 0.7. Further concentrating the samples continued to 

provide Iavg < 0.7, with an even further intercept decrease for some samples and non-flowing 

characteristics in the inverted cuvette test. 

                 

Figure 13: (A) The intercept of the average intensity correlation function, Iavg, obtained from DLS measurements plotted 
as a function of NFC concentration, CNFC. Each measurement point represents the average of five repeated 
measurements. (B) An inverted cuvette containing a 3.1 gL-1 NFC dispersion, which has flown to the bottom. (C) an 
inverted cuvette containg a 3.3 gL-1 NFC dispersion that has turned into a gel and does not flow, instead the gel stays at 
the top of the cuvette.  

 

If the experimentally determined gelling concentration, Cgel, is compared with the predicted 

entanglement concentrations, Cm,K and Cm,E, it is observed that Cgel (= 3 g L–1) is in the same region as 

is Cm,K( NFC) = 6 g L–1 and that it deviates more from Cm,E( NFC) = 10 g L–1. Actually, with a = 200, 

Cm,K(a = 200) = 3.4 g L–1 would have predicted Cgel very well, which is not an unrealistic aspect ratio for 

the fibrils. If the electrostatic effect is considered instead, the increase in counterions per solvent 

volume as the solvent evaporates should be considered. From the clearly non-gelled 1 g L–1 state to 

the gelled state at 3 g L–1, CCoI increases from 0.6 to 1.8 mM. At this salt concentration (the stability is 

influenced mainly by counterions vs. same-charged ions), good stability is still predicted by the DLVO 

model presented in paper 2. The model predicts an energy barrier above 15 kBT. In addition, in paper 

2, no aggregation was observed experimentally for the studied low-concentration NFC dispersions in 

the 1–10 mM salt concentration interval. The prime cause of aggregation is therefore probably the 

mechanical entanglement of particles as the particle concentration increases. That physical 

interparticle crosslinks are not present to any large extent in the 3–10 g L–1 concentration regime is 

further supported by previous work on NFC gels (Saito et al. 2011); this work demonstrated that the 

storage modulus of particle-entangled NFC gels increases when the pH is reduced from 8 to 2. The pH 

reduction “turns off” the electrostatic repulsion that enables physical crosslinking between fibrils. For 

other cellulose particle systems that form ordered phases, such as a sulfuric acid-hydrolyzed CNC 

dispersion, gelation by entanglement is probably avoided. The sulfuric acid-hydrolyzed CNC 

dispersion instead forms liquid crystalline phases with chiral nematic order, which eventually gel 

between 100 and 120 g L–1. This system is thus more likely to be gelled by lowering the electrostatic 

repulsion because CCoI = 15–20 mM, a salt concentration more likely to induce aggregation than is 1.8 

mM for the NFC case presented here. 

 

A B C 
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6.2.4 Gels as template to form a double-network composite 

At concentrations exceeding the overlap concentration, particles are constantly colliding, so if the 

repulsion is “turned off” by acid or salt addition, the particles are nearly instantaneously frozen in 

their actual conformation. In a well-dispersed state, the particles are homogenously distributed in 

space and oriented throughout the sample. By creating a gel and thus freezing the actual 

conformation, this homogenous nanoparticle network can be used as a template for composite 

production. Paper 3 demonstrated that by carefully solvent-exchanging the polar liquid of the gel 

(i.e., water) with a less polar liquid (i.e., acetone), a non-polar monomer solution could be introduced 

as the gel solvent; the monomer could subsequently be polymerized. In this way, a composite could 

be created from two otherwise non-mixable components, i.e., the fibrils and the polymer matrix. 

Figure 14, A–D, schematically shows this process. The AFM phase image map of a thin section of the 

composite (Figure 14E) shows well-distributed distinct nanometer-sized structures with interspacing 

in the order of 102 nm. The interspacing is close to the mesh size calculated from the particle 

dimensions and concentration. For a 1.4 g L–1 NFC gel (such as the one used to make the composite) 

with 500-nm-long and 4-nm-wide particles, the mesh size is 200 nm, so the original homogenous 

distribution of NFC fibrils in the gel is largely conserved. The final composite is shown in Figure 14, F–

G, where F shows its high transparency and G shows that a small load does not cause the material to 

deform.  

 

Figure 14: The process of forming a double-network composite using the gel as the template. (A) Photograph of the gel. 
(B–D) Images of the NFC network of the gel surrounded by water (B), acetone (C), and the polymer PMMA (D). (E) An 
AFM phase-angle map of a cross-section of the composite, showing nanosized dark features representing the fibrils. (F–
G) Photographs of the final composite.  

 

6.3 Orientation of nanocellulose: Processes and properties (papers 3–5) 

6.3.1 Shear-strain-induced orientation of nanocellulose gels 

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

be unavoidable. The gel’s response to shear is thus important to characterize. This shearing will 

affect the individual fibrils as well as the contacts/crosslinks between them. In paper 3, this shearing 

response was characterized for NFC gels by making measurements using a high-resolution 

rheometer. The initial frequency sweeps revealed soft solid-like material characteristics. With 

increasing shear strain, the gels were expected to deform elastically at small strains; at larger strains, 

however, the gels were expected to plastically deform until the network finally failed. These 

deformation modes were investigated using strain ramp measurements and are presented in the 

following paragraphs. 
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In the rheological experiments, the gelation was initiated in situ by injecting salt or acid solution 

through a thin needle (see section 5.4 or paper 3 for more details). In most experiments, such as that 

presented in Figure 15, the samples were allowed to gel for 15 min before starting the data 

collection. Strain ramps were performed in which an elastic regime and a strain-stiffening regime 

were observed (see paper 3). The strain-stiffening of the network is an interesting phenomenon  

likely associated with fibril reorientation within the gel. If this potential reorientation persists after 

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

final mechanical properties of the gel. To further investigate this response, repeated stress ramps 

were performed with increasing maximum stress. Figure 15A summarizes the results of such an 

experiment, showing the shear stress-versus-shear strain plot for a 2.7 g L–1 NFC gel, following the 

addition of 10 mM HCl . Loading and unloading stress and strain results are plotted in blue and black, 

respectively. Figure 15A is representative of the different measurements performed, showing the 

same general trends for all samples. The individual shear ramps largely resemble the trend of the 

pristine sample, with a linear region at small strains with a slope of   
 , followed by strain-stiffening 

and a second linear region with a slope of     
 . These slopes (i.e., moduli) are defined in Figure 15A. 

Repeated loadings indicate that a finite plastic deformation is persistent and that a gradual increase 

in     
   is observed between each cycle. If     

  is plotted as a function of the maximum stress of 

the previous cycle, τp, it is observed that, after a constant region, during the first two cycles,     
   

increases linearly with τp. This continues until macroscopic failure of the network occurs (Figure 15B). 

However, even if the sample becomes stiffer at high loads, the stiffness of the initial response 

remains constant (Figure 15B). Figure 15C shows the effect of pre-stress on the sample deformation. 

The total strain,     , defined as the strain at maximum stress of the previous cycle (see also the 

definition in Figure 15A), is divided into its plastic and elastic components,        and       . Here, 

       is the strain remaining at zero stress following a stress ramp and        is the difference 

between the two other strains, i.e.,                   . For     , a linear response is detected 

throughout the measurements. It is initially dominated by the elastic component, but when 

        , the main mode of deformation starts to become plastic, i.e.,              . Paper 3 

demonstrated by shearing the sample between crossed polarizers that the optical anisotropy of the 

sample increased with strain. This was anticipated because the stiffness of the gel,     
 , increased 

with the strain, indicating that the fibrils were oriented in the shear direction with an increase in the 

permanent strain. 

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

straining the gel network could lead to an irreversible alignment of the fibrils in the shear direction, 

which would cause the stiffness at high strains to increase persistently. Surprisingly, this plastic 

deformation of the network does not affect the initial response of the strained network upon 

repeated straining. Hence,   
  and     

  may depend on two different deformation mechanisms. 

Paper 3 suggested that the elastic response at low strains was due to fibril bending, which would not 

produce any persistent deformations. The plastic deformations could, on the other hand, be 

governed by either rotation in the fibril–fibril joints or by fibril sliding. These modes of deformation 

are possible without breakdown of the macroscopic gel, because the fibrils are physically, but not 

chemically, crosslinked. Some of the many physical bonds in one fibril–fibril joint can break and, after 

rotation, reform in a new position, causing a plastic orientation deformation mechanism.  
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Figure 15: (A) Sequential stress ramp measurements of a 2.7 g L–1, 10 mM HCl, NFC gel. The dashed lines indicate the last 
measured moduli. The total deformation of a cycle is the deformation at its peak stress, the plastic deformation is the 
deformation at zero stress after unloading, and the elastic deformation is the difference between the two. These two 
positions are indicated by the black dots for the last cycle. (B) Shear moduli as functions of pre-stress, τp, i.e., the peak 
stress of the previous cycle, determined from the measurement in (A). Elastic, plastic, and total strain are functions of τp, 
from (A). 

6.3.2 Flow-induced orientation of nanocellulose dispersions 

 

Figure 16: (A) The flow channel between crossed polarizers oriented according to the arrows at the bottom left of the 
image. The NFC flow in the center is focused by water. (B) SAXS diffractograms at the position and scan area illustrated in 
(A).  
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Anisotropic particles and polymers can be aligned in an elongational flow (Larson et al. 2006). In this 

section, this phenomenon is demonstrated for NFC particles. Following flow-induced alignment of 

the fibrils in the flow direction, the orientation is “frozen” by gelation, creating gel threads. The 

threads are then dried under constraint, creating dense, very strong and stiff filaments consisting of 

aligned fibrils. To achieve flow-induced alignment, a three-inlet and one-outlet channel system was 

designed and used (see section 5.8 or paper 4 for more details). An NFC dispersion of 3 g L–1 is fed 

through the center channel; the NFC stream is then focused with streams of a water or salt solution 

(100 mM NaCl). At the junction where the channels meet, the streams of focusing solution accelerate 

the NFC dispersion flow. This, in combination with shear from the NFC inlet walls and at the liquid–

liquid interface between the NFC dispersion and the focusing solutions (see section 5.8), aligns the 

fibrils (see section 3.4 and paper 4). This alignment by acceleration is expected to be the most 

efficient and to create the most robust alignment. Shearing is most efficient near the interface (e.g., 

near the channel walls) and decreases in efficiency with increasing distance from the interface, i.e., 

towards the center. Shear can also cause anisotropic particles, such as the fibrils, to flip (see section 

3.4); this will reduce the alignment, making alignment by shearing less robust than alignment by 

acceleration. 

From Figure 16 it is observed that the fibrils indeed align themselves in the channel. Before the 

junction, the shearing from the walls causes a slight alignment of the fibrils. This is observed in the 

cross-polarized image in Figure 16A. The crossed polarizers are placed at an angle 45° to the flow 

direction, so the transmitted light in the NFC inlet indicates fibrils aligned in the flow direction. This 

alignment then increases and the maximum is reached shortly after the junction. This is observed in 

both the image acquired by crossed polarizers (Figure 16A) and in the SAXS data (Figure 16B) 

acquired at different positions in the channel. The alignment clearly increases in the region where 

the acceleration occurs, indicating its large effect on fibril orientation. In Figure 16 the focusing liquid 

is water, but if it is replaced with a salt solution, the alignment can be “frozen” by gelation. The salt 

ions then enter the NFC dispersion and reduce the interfibril repulsion, making the fibrils irreversibly 

associated with each other in the oriented state. The most successful process conditions were when 

a 100 mM NaCl solution was focusing the NFC flow. According to our predictions, diffusion of the salt 

ions causes the concentration to be 25 mM in the NFC dispersion by the end of the channel. 

Aggregation was experimentally observed in paper 2 at this salt level. To be 100% sure that the entire 

thread had gelled, it was jetted out into a 100 mM NaCl salt bath. After some time in the bath, the 

thread was transferred to a pure water bath to wash out the ions. The salt can be removed without 

breaking up the interfibrillar physical crosslinks, which would break down the gel, because the 

colloidal association (i.e., physical crosslinking) is irreversible; this is because in the associated state, 

the fibrils are expected to interact in the deep primary minimum (see Figure 2). The threads are then 

transferred to an acetone bath, causing some collapse of the threads, which increases their 

mechanical integrity and thus the ease of handling. Finally, the fibrils are dried in a constrained 

conformation. 
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Figure 17: (A) an optical microscopy image of a dry NFC filament. (B) WAXS diffractograms across the width of the 
filament, 6 µm apart and each obtained from the 1.5 × 1.2-µm scan area illustrated in (A). Note that the orientation is 
shown at all locations. (C) An SEM image of the edge of a filament.  

The dried filaments were evaluated by their orientation (indicated by WAXS data; see Figure 17B) 

and tensile properties (Figure 18) and imaged using optical microscopy (Figure 17A) and SEM (Figure 

17C). WAXS measurements made using a large beam size (see paper 4) indicated an average fibril 

angle of 36°, where 100% alignment would give an angle of 0°. In addition, measurements were also 

made using a small beam size, revealing that the fibrils were oriented along the entire width of the 

filaments (Figure 17, A and B).  

 

Figure 18: Tensile properties of NFC filaments. (A) Stress–strain curves from two different batches. Except that batch 2 
was first ejected into an NaCl solution (100 mM) before transfer to the water bath, all other process steps were the 
same. (B) Comparison of various fiber materials in terms of their specific tensile properties, i.e., normalized by the 
material density. The blue and green stars indicate filaments from batches 1 and 2, respectively. The open triangles and 
circles indicate properties of recently reported NFC filaments.  
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The tensile properties of the aligned NFC filaments are remarkable. Strength at break approaching 

600 MPa was achieved for some filaments, and the stiffness (i.e., Young’s modulus) was 

approximately 15–18 GPa. Considering that the modulus of single fibrils has been reported to be in 

the range of 29–36 GPa (Tanpichai et al. 2012), the filament’s modulus is very high. The values are 

improved even relative to that of other materials if the “specific” tensile properties are compared 

(the measured value divided by the density gives the specific property), as is done in Figure 18. It is 

observed that our filaments have a specific modulus comparable to that of viscose and a specific 

strength clearly above those of aluminum and steel. It is also worth noting in the figure that our 

filaments have approximately the same properties as do wood fibers with the same average fibril 

angle. These properties are clearly better those of previously reported filaments built up of aligned 

fibrils (Iwamoto et al. 2011; Walther et al. 2011), and it is interesting to note that our filaments have 

a greater specific strength. Our hypothesis is that this improvement can be traced to the differences 

in the filament-forming process. Our process, probably due to the high acceleration (not as present in 

the other reported processes), causes more homogenous alignment throughout the filament width. 

This would reduce the presence of weaker regions, which exert a large negative influence on the 

strength. In addition, our process first freezes the fibril orientation by gelling the thread before 

collapsing it in acetone. The other studies collapse the oriented liquid dispersion directly, causing 

more deformation of the NFC system. This harsh collapse probably damages the nano- or 

macrostructure of the filaments, inducing weak regions and reducing the strength.  

 

6.3.3 Alignment of nanocellulose on surfaces 

Learning how to control, with nanometer precision, the orientation and distribution of nanocellulose 

particles on surfaces has been another major goal of this thesis. Such treated surfaces could be used 

as model surfaces when studying the influence of particle orientation on various properties and 

processes. For example, such a surface could be used to study the effect of an oriented 

nanostructure on the wetting properties of a macroscopic substrate, or to study the site specificity of 

an adsorbing component by controlling the interspacing of the adsorption sites. 

In paper 5, surfaces were made on which cellulose nanocrystals were assembled into aligned particle 

lines, the interspacing of which was controlled. This was achieved using a structured PDMS stamp 

where the structure guided the oriented assembly of CNCs. This assembly was preserved when the 

CNCs were transferred to a flat substrate by means of contact printing. Subsequently, a second set of 

lines could be transferred, printed perpendicular to the first set. It was also demonstrated that the 

printed CNCs were still electrostatically active, as oppositely charged cationic particles could be 

adsorbed to them. 

In this study, TEMPO-oxidized fibrils with a high concentration of carboxyl groups were hydrolyzed to 

form cellulose nanocrystals. These CNC particles, which were approximately 4 nm wide and 100–500 

nm long, were assembled into lines using a PDMS stamp with a wavy topology. The structure was 

created by plasma-treating the stamp in a stretched conformation. This treatment stiffened the 

surface of the PDMS, which wrinkled upon mechanical relaxation (see section 5.7 and paper 5 for 

more details). In this way, stamps were created having a surface structure with wave periods of 200–

600 nm. Figure 19A shows an AFM height map of a stamp with a 470-nm wave period. To assemble 

the particles on the stamp surface, a drop of 1 g L–1 CNC dispersion was deposited by means of spin 

coating. Upon solvent evaporation, the CNC particles were pushed into the grooves of the waves by 
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capillary forces; this, due to geometrical constraints, caused the particles to align themselves in the 

groove direction (Figure 19B) 

 

Figure 19: (A) AFM height map of a wrinkled PDMS stamp. (B) AFM phase angle map of a wrinkled PDMS substrate with 
deposited cellulose nanocrystals, aligned in the groove direction. The scale bar is 0.5 µm in both images and the z-scale is 
–50 to 50 nm in (A) and –20° to 20° in (B). 

The particles could then be transferred to a hydrophilic substrate using a direct contact-printing 

process (Figure 20A). Unlike standard microcontact printing, the transfer occurred from the reducing 

features of the stamp. This was likely possible because of a solvent (i.e., water)-mediated process, so 

it was important that the stamps did not completely dry out, as otherwise the transfer would be 

impossible. The remaining water formed a meniscus, which probably extended to the peaks of the 

waves and made contact with the substrate surface (Horn et al. 2010). Because of the hydrophilicity 

of the substrate, this contact induced a driving force to wet the surface, pushing the rest of the 

dispersion from the groove to the surface of the substrate. The periods of the transferred CNC lines 

corresponded well to those of the stamp, indicating that particles were transferred from all of the 

groove and not only from the meniscus, which would have caused double periodicity in the 

transferred line pattern.  

The increased surface roughness of the substrate from printing the CNC lines did not hinder printing 

a second set of lines, when approximately the same amount of particles was transferred. Figure 20B 

shows an AFM height map of a double print, where the second set of lines was printed perpendicular 

to the first. In addition, the printing did not remove the electrostatic properties of the CNC particles. 

For example, cationic particles were still able to adsorb to the anionic CNC lines. This adsorption was 

highly site specific (Figure 20C–D) because the latex was almost exclusively adsorbed to CNC-

containing regions. The few misaligned latex particles mainly reflect imperfections in the CNC line 

pattern. 



36 
 

 

Figure 20: AFM height maps of particles printed on PEI-coated silica surfaces. (A) Ordered CNC particle lines with an 
interline spacing of approximately 600 nm. (B) A double print, where the first printing deposited lines in one direction 
and the second deposited lines in the perpendicular direction. (C) and (D) show cationic latex particles electrostatically 
adsorbed to the CNC lines. The scale bar in all images is 1 µm and the z-scale is –15 to 15 nm in (A–B) and –60 to 60 nm in 
(C–D). 
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7 CONCLUSIONS 

The objective of the present research effort was to improve our knowledge of colloidal stability and 

nanocellulose orientation. In addition, liberation of nanocellulose from the wood fibers was of 

interest. This last aspect was studied in paper 1, which evaluated the influence of raw material on the 

liberation process and the properties of the resulting products. It was also briefly studied in paper 2, 

which examined liberation yield and particle dimensions as a function of the cellulose particle charge. 

Both these papers found that the nanocellulose yield increased with increased fiber charge. This was 

the purpose of the added charge, which was expected to increase the fiber swelling and thus 

facilitate fibril liberation.  

For colloidal stability estimates of NFC dispersions, a model based on DLVO theory was developed 

and its results were compared with experimental measurements in paper 2. The model was used to 

predict the influence of the chemical environment on the colloidal stability, where the onset of 

aggregation as a function of salt, pH, and particle charge could be predicted with reasonable 

accuracy. Association at higher concentrations, leading to gelation, was studied, see section 6.2.3 and 

paper 3. In the results presented in the thesis (only) this matter as a function of nanocellulose 

concentration and paper 3 as a function of acid or salt additions. Our hypothesis is that gelation is 

mainly caused by a) mechanical particle entanglement induced by increasing the concentration and 

b) physical crosslinking when liquid dispersions are gelled by adding salt or acid. Paper 3 described 

efforts to demonstrate how salt or acid addition caused the gelled region to expand with time. It was 

observed that the gel grew by means of a diffusion-driven process. Thus, if salt or acid, in sufficient 

amounts above the gelation threshold, were added at the air–dispersion interface, the gelled region 

expanded as the added molecules spread by diffusion throughout the sample.  

Nanocellulose orientation was achieved in three different ways. In paper 3, NFC fibril gels were 

sheared, inducing fibril reorientation in the shear direction, which was found to strengthen the gel in 

the same direction. In paper 4, the knowledge from papers 2 and 3 of salt-induced 

association/gelation was applied to “freeze” the fibrils in an oriented state. In this paper, the 

orientation was introduced by flow, using a combination of shear and acceleration. The acceleration 

was caused by focusing the NFC dispersion with streams of salt solution. The salt then entered the 

fibril dispersion by convection and diffusion, gelling the NFC system. This created NFC gel threads 

that, upon drying, became super-strong filaments consisting of aligned cellulose fibrils. In paper 5, 

cellulose nanocrystals were aligned and arranged in lines on surfaces. The CNCs were first aligned, 

due to geometrical constraints, in grooves on the wrinkled surface structure of a stamp. The aligned 

particles could then be “stamped,” i.e., transferred to flat surfaces. The line-to-line spacing on the 

surface was controlled with nanometer precision and the cellulose particles had excellent alignment 

within the lines. It was also demonstrated that the lines could be used as templates by adsorbing a 

latex component attracted to cellulose. The adsorption displayed nearly perfect site specificity even 

at this nanolevel, so the ordering of the cellulose was mirrored in the ordering of the latex. 
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