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Abstract 
 

The overall objective of the work in this thesis is to better utilize the non-collapsed structure of the 

delignified wood-fibre cell wall in the preparation of new types of materials.  

In order to utilize the fibres in new materials, it is crucial to have a well-defined starting material and 

to know how it reacts to certain treatments of the fibres. A new robust method for measuring the 

average pore size of water-swollen fibres-rich in cellulose is presented. This method is based on solid-

state NMR, which measures the specific surface area [m
2
/g] of water-swollen samples, and the fibre 

saturation point (FSP) method, which measures the pore volume [water mass/solid mass] of a water 

swollen sample. These results can be combined since they are both recorded on water-swollen fibres in 

the presence of excess water and neither is based on any assumption of any particular pore geometry. 

Delignifed wood fibres (chemical pulp fibres) have an open fibrillar structure, with approximately 20 

nm thick fibril aggregates arranged in a porous structure with a specific surface area of 150 m
2
/g. This 

open structure was preserved in the dry state by a liquid-exchange procedure followed by careful 

drying in argon gas. The dry structure had a specific surface area of 130 m
2
/g, which implies that the 

porous structure was preserved in the dry state.   

Structural changes during the swelling of highly charged cellulose fibres were studied in the 

continuation of the work. Fibres of high cellulose content were oxidized with 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO) to different charge densities, and a structural change in the arrangement of 

the fibrils inside the fibril aggregates was observed by solid-state NMR when the charge density was 

increased. The oxidation was not able to cause a complete liberation of the single fibrils, i.e. the fibrils 

are still arranged in an aggregated structure after oxidation even though the fibrils have started to be 

slightly liberated as determined by the increase in charge density of the fibres.  

New fibre-based materials were prepared by two different strategies.   

The first strategy was to utilize the open nanoporous fibre wall structure for the preparation of 

nanocomposites. The nanoporous structure was used as a scaffold, allowing monomers to impregnate 

the structure and to be in-situ polymerized inside the fibre wall pores. Poly(methyl methacrylate) 

(PMMA) and poly(butylacrylate) (PBA) were synthesized inside the dry nanoporous fibre wall 

structure, and an epoxy resin was cured in never-dried fibres oxidized to different degrees by TEMPO. 

The composites prepared thus have a mixture of fibril aggregates and a polymer matrix inside the fibre 

wall. The structure and performance of the composite materials were evaluated both by high resolution 

microscopy and mechanically. Characterization of the composite showed that the polymer matrix was 

successfully formed inside the fibre wall pores. The structural changes caused by oxidation were 

preserved and utilized for the composite with the epoxy matrix. By tailoring the supramolecular 

structure of fibres in their water-swollen state, it was hence indeed possible to control the mechanical 

performance of the nanostructured fibre composites.   

The second strategy used to prepare composites was to improve the thermoplastic properties of paper 

by adding polylactic acid (PLA) latex during the preparation of fibre sheets. By the addition of PLA-

latex, it was possible to form double curved sheets with a nominal strain at break of 21%.  

  



 
 

Sammanfattning 
 

Arbetet som ligger bakom denna avhandling har varit fokuserat på att skapa nya material baserade på 

cellulosafibrer genom att använda den icke-kollapsade strukturen hos delignifierade vedfibrer på nya 

sätt.  

För att använda cellulosafibrer i nya material är det viktigt att ha en god förståelse om fiberns struktur 

och att utgångsmaterialet är definierat och karakteriserat på olika hierarkiska, strukturella nivåer. För 

att ge en sådan entydig bild som möjligt av fiberstrukturen utvecklades en ny metod för att bestämma 

medelvärdet av porstorleken för vattensvällda delignifierade cellulosafibrer. Genom att kombinera 

fast-fas NMR, som mäter specifik yta [m
2
/g] i vattensvällt tillstånd, med bestämning av 

fibermättnadspunkt (FSP), som mäter porvolym för fibrer i vattensvällt tillstånd [massa vatten/massa 

fibrer], kunde ett medelvärde av fiberväggens porradier beräknas utan att behöva anta en viss geometri 

för porerna.   

Delignifierade vedfibrer (kemiska massafibrer) har en porös, öppen struktur i vatten, bestående av 

fibrillaggregat som är ca 20 nm breda och en motsvarande specifik yta på cirka 150 m
2
/g. Den öppna 

porösa strukturen bevarades i torrt tillstånd genom att succesivt byta ut vattnet mot en mindre polär 

vätska och därefter torkades fibrerna varsamt med inert argon gas. Torkade fibrer hade en specifik yta 

på 130 m
2
/g mätt med BET, via kvävgasadsorption, vilket tyder på att den öppna strukturen till stor del 

kunde bevaras i det torra tillståndet.   

Strukturella förändringar i fiberväggens studerades vidare som en effekt av oxidering med TEMPO. 

Det var möjligt att detektera förändringar på fibrillernas ytor i aggregat-strukturen med hjälp av fastfas 

NMR. Trots detta var det inte möjligt att detektera någon förändring i den specifika ytan som en effekt 

av oxidering, vilket tyder på att fibrillerna inte frigörs helt utan förblir ordnade i aggregatstrukturen 

även efter oxidering trots att oxideringskemikalierna uppenbarligen har tillgänglighet till ytorna 

mellan fibrillerna.  

Nya fiberbaserade material tillverkades med hjälp av två olika strategier.   

Den första baseras på att använda den öppna nanostrukturen i fiberväggen så att fibrillaggregaten 

används som förstärkningselement i de tillverkade nanokompositerna. Den nanoporösa strukturen 

användes som en stomme som impregneras med olika monomerer, som därefter in-situ polymeriseras i 

den porösa strukturen. Poly(metylmetakrylat) (PMMA) och poly(butylakrylat) (PBA) polymeriserades 

i den torra nanoporösa strukturen och epoxi syntetiserades i icke-torkade fibrer som oxiderats till olika 

substitutionsgrad. De tillverkade kompositerna bestod alltså av fibrillaggregat av cellulosa och en 

polymermatris som tillverkats inuti och omkring den icke-kollapsade fiberväggen. Strukturen och de 

mekaniska egenskaperna för kompositerna analyserades i detalj, och med hjälp av SEM och AFM 

kunde vi konstatera att det verkligen var möjligt att fylla den icke-kollapsade fiberväggen med en 

lämplig polymermatris. De mekaniska egenskaperna hos de fibrillaggregat-förstärkta kompositerna låg 

mellan egenskaperna hos fiber-förstärkta kompositer och fibrillförstärkta kompositer. Den främsta 

orsaken till de noterade skillnaderna, jämfört med fibrillförstärkta kompositer, var den inhomogena 

fördelning av fibrillaggregaten som kunde härledas till den makroskopiska fördelningen av fibrerna i 

matrisen. Den andra principen för komposittillverkning var att förbättra de termoplastiska 

egenskaperna för papper genom att tillsätta poly(mjölksyra) (PLA) latex till en fibersuspension. 

Genom tillsatsen av PLA-latex var det möjligt att tillverka dubbelkrökta, 3D-formade pappersark med 

hög densitet och en total töjning av 21%.  
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1. Introduction  

 

The pulp and paper industry is today, more than ever, facing challenges with a decreasing 

demand for the traditional products produced by the industry, especially printed paper 

qualities. Moreover, considering the environmental concerns, new sustainable materials from 

renewable resources that can replace the oil-based plastic materials are of interest. Research 

with the aim to develop new advanced materials based on wood, and that can replace plastic 

materials, has therefore been in focus since it can help to solve these problems.  

Materials based on nanocellulose, such as cellulose nanofibrils (CNF) and cellulose 

nanocrystals (CNC), have been in focus due to their many interesting properties and they can 

for example be used as reinforcement in composite materials and in other high-value-added 

interactive products (Eichhorn, Dufresne et al. 2010; Hsu, Weder et al. 2011; Mendez, 

Annamalai et al. 2011; Olsson, Samir et al. 2010). The advantage of using nanocellulose 

instead of cellulose fibres is the impressive properties of nanosized materials such as high 

specific stiffness, high aspect ratio and low thermal expansion coefficient (Eichhorn, Dufresne 

et al. 2010; Klemm, Kramer et al. 2011).  

However, in order to prepare nano cellulose, energy-intensive processes are needed and the 

material obtained is isolated as a gel, typically 2 wt% (Klemm, Kramer et al. 2011), which 

means that transportation of the material can be a challenging factor for the future utilization 

of CNF. In order to utilize the nanocellulose as reinforcement in nanocomposites, surface 

modification is often necessary in order to achieve good dispersion of the fibrils or crystals in 

the polymer matrix (Belgacem and Gandini 2008; Eichhorn, Dufresne et al. 2010). The 

different modifications are often intended to increase the mixing of the fibrils and the polymer 

matrix material, but they frequently also reduce the surface energy of the cellulose, and this 

decreases the adhesion between the cellulose and the polymer matrix. New routes for utilizing 

the fibrils or fibril aggregates inside the fibre wall, avoiding the liberation of fibrils from the 

fibre wall and preventing difficult mixing procedures, are no doubt interesting from a 

materials engineering perspective. Fibre-based nanostructured materials with interesting 

functionalities have also recently  been presented  (Fang, Zhu et al. 2014; Yano, Sasaki et al. 

2014). 

This thesis shows the potential of using chemical pulp fibres in new materials and outlines 

possible ways in which the problems associated with nanocellulose can be circumvented. 

There is already an established infrastructure for fibres and paper, which is advantageous if it 

can be utilized for new fibre-based products.    
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2. Objective 

 

The overall objective of the work in this thesis is to better utilize the structure of the fibre wall 

for the preparation of new types of fibre-based materials.  

This work has been divided into two parts. The objective of the first part was to achieve a well 

characterized structure of the water-swollen fibre wall and to establish modification routes 

that can be used to tailor the fibre wall structure making it more suitable for the preparation of 

composite materials. This part thus aimed at obtaining a well-characterized starting material 

that would constitute a foundation that could be utilized in the second part of the thesis.  

The objective of the second part was to produce new types of fibre-based materials. The focus 

was both on utilizing the nanostructure of the fibre wall for the preparation of nanostructured 

composite materials and on improving the thermoplastic properties of fibre sheets in order to 

prepare polymer-reinforced, 3D-shapable fibrous materials.  
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3. Background 

 

The structure of wood and chemical pulp fibres has been studied for a long time and different 

models for this structure have been successively proposed (Annergren and Wågberg 1997; 

Kerr and Goring 1975; Stone and Scallan 1967; Stone and Scallan 1965). As the result of 

improved characterization techniques, new models are still being suggested. In the following 

section, a suggested model of the wood fibre and the chemical pulp fibre is presented based 

on earlier published results. The hypotheses in this thesis are based on this model, and the 

model is further discussed and refined in the Result and Discussion section.  

 

3.1 From wood fibre to chemical pulp fibre 

 

Cellulose is the main component in wood and is often referred to as the smallest crystalline 

building block in a wood fibre. Cellulose is composed of polysaccharides with a repeating 

unit that consists of two anhydroglucose rings linked together via β-1,4-linkages (Guerriero, 

Fugelstad et al. 2010). The name of the polymer is β-(1,4)-D-glucan. Each fibril consists of 

approximately 20-50 cellulose polymer chains and the fibrils are approximately 4 nm thick 

(Fernandes, Thomas et al. 2011; Isogai, Saito et al. 2011; Wickholm, Larsson et al. 1998). 

The fibrils are arranged in aggregates, referred to as fibril aggregates. The width of a fibril 

aggregate is approximately 20-50 nm which corresponds to 4-5 x 4-5 fibrils arranged in a 

square cross-section. The aggregates are further arranged in a lamellar structure surrounded 

by hemicellulose and lignin (Kerr and Goring 1975; Salmen and Olsson 1998; Stone and 

Scallan 1965). The cellulose content is about 50% and the rest is almost equally divided 

between hemicellulose and lignin.  

On a larger scale, the wood fibre is composed of different cell wall layers. The secondary cell 

wall is the thickest layer and here the fibril aggregates are arranged in almost the same 

direction as the fibre wall axis. The fibre is 2-3 mm long and the fibre wall is approximately 5 

μm thick and the diameter of the fibre, including the lumen, is approximately 30 μm. The 

hierarchical structure of the fibre wall is illustrated in Figure 1.  

The wood fibre is often treated using various processes in order to change its chemical 

composition or physical structure, to adjust its properties for the desired end use (Annergren 

and Wågberg 1997). During chemical pulping, almost all the lignin and a large proportion of 

the hemicellulose are removed from the wood fibre. A pulp fibre, i.e. a fully bleached, 

delignified cellulose-rich fibre generally consists of 85% cellulose and 15% hemicellulose 

after the sulphate kraft pulping process (Kleppe 1970). It is also possible to prepare pulps with 

a higher cellulose content, i.e. > 95 % cellulose, using different pulping processes. The 

sulphate kraft process has a yield of approximately 50% which shows how much of the 

material in a wood fibre is removed during the pulping process.  
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Figure 1. Illustration of the hierarchical structure of the wood fibre wall on different length scales. A: the 

repeating unit of the polymer chain, two anhydroglucose rings joined together via β-1,4-linkage. B: the 

arrangement of polymer chains in a fibril, approximately 5 nm thick. C: arrangement of fibrils in a fibril 

aggregate, approximately 20 nm thick. D: the cross-section of an arrangement of fibril aggregates surrounded by 

hemicellulose and lignin matrix. E: the longitudinal direction of fibril aggregates in the fibre wall. F: the 

arrangement of different cell wall layers in the wood fibre wall.  

During the chemical pulping process, when the yield is progressively decreasing, the pore 

volume of the fibre increases as a result of the removal of lignin and hemicellulose creating 

pores in the fibre wall. The pore volume reaches a maximum at a yield of approximately 60%. 

When the yield decreases further, the pore volume is reduced (Stone and Scallan 1968). The 

removal of hemicellulose and lignin does not only create pores, it also reduces the amount of 

charged groups in the fibre wall. The charged groups, located on the hemicellulose and on 

modified lignin, created during the pulping process, create an osmotic pressure inside the fibre 

wall which makes the remaining components swell in water. The degree of swelling thus 

depends both on the amount of charges in the fibre wall and on the extent to which the fibril 

aggregates are held together by the hemicellulose and lignin in the fibre. In other words, the 

pulping process leads both to larger pores and to an increase in surface area since more 

surfaces become accessible.  

After the chemical pulping and bleaching process, the fibre wall is highly porous due to the 

removal of hemicellulose and lignin in the various fibre wall layers, leaving the fibril 

aggregates in an open structure. As mentioned, the fibril aggregates have a width of 20-50 nm 

and the distance between them, i.e. the pore size, is approximately 30-50 nm (Andreasson, 

Forsström et al. 2003; Duchesne and Daniel 1999; Li 1993). The pore volume of kraft fibres 

is usually slightly larger than 1 mL /g fibre. The arrangement of the fibril aggregates inside a 

delignified fibre when swollen in water is illustrated in Figure 2. The fibril aggregates are 

arranged in an open structure and have a specific surface area of approximately 150 m
2
/g as 

long as the fibre is swollen in water.  
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Figure 2. Pulp fibre structure. After removal of hemicellulose and lignin, the pulp fibre consists of fibril 

aggregates arranged in an open structure. The images show both the cross-section of fibril aggregates and along 

the fibril aggregates in the fibre wall. The aggregates are approximately 20 nm thick, the distance between them, 

i.e. the pore size is approximately 30-50 nm. The specific surface area is approximately 150 m
2
/g (Andreasson, 

Forsström et al. 2003; Duchesne and Daniel 1999; Larsson, Wickholm et al. 1997; Li 1989).  

Once the fibre is dried from water, its open structure collapses irreversibly in a hornification 

process and the specific surface area decreases to 1 m
2
/g. Even though the fibre can to some 

extent be reswollen in water after drying, some of the pores remain closed. One possible 

mechanism behind hornification is the increased number of cross-links between the cellulose 

aggregates in the pulp fibre wall when the fibres are dried (Laivins and Scallan 1993). The 

exact origin of these cross-links are not known and several possible routes are still discussed 

(Laivins and Scallan 1993). One suggestion is that the presence of lignin and hemicellulose 

(in pulp fibres of higher yield) prevents the formation of hydrogen bonds between the 

cellulose surfaces at fibril aggregates. The hornification is therefore more pronounced for 

lower yield fibres, i.e. fibres with higher cellulose content, than high yield fibres. It is 

suggested that the hydrogen bonds formed during drying cannot be broken when the fibres are 

rewetted (Laivins and Scallan 1993). Although, this must be regarded as a handwaving type 

argument since the existence of irreversible hydrogen bonds can be questioned. However, the 

rewetted fibres will not be swollen to the same extent as never-dried fibres. It has been 

suggested that the pores at the outer surface of the fibres are closed irreversible during drying 

but that the pores inside the fibre wall can actually be reopened when the fibres as soaked in 

water after drying (Stone and Scallan 1966).  

In order to preserve the open structure in the dry state, all the water in the fibre wall must be 

carefully removed without affecting the pore structure. One commonly used method is to 

replace the water with a less polar liquid and thereafter to dry the fibre in such a way that 

contact with humid air can be avoided. Different procedures for this careful drying have been 

suggested (Capadona, Van Den Berg et al. 2007; Haselton 1955; Kohnke, Lund et al. 2010; 

Merchant 1957; Papadopoulos, Hill et al. 2003; Wang, Maloney et al. 2003). If the open 

structure of water-swollen delignified wood fibre is successfully preserved in the dry state, the 

specific surface area of 100-150 m
2
/g should be retained, and the pore size will end up in 

almost the same range as in the water-swollen state, i.e. tens of nm.  

Pulp fibres can be characterized by several methods. Properties such as the pore volume of the 

pulp fibre, the pore size and a measure of the thickness of the fibril aggregates or the surface 

area are all crucial parameters in order to provide a representative image of the material. Since 

the pulp fibre structure is very sensitive to variations in the external environment (pH, salt 
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concentration etc.) it is desired to measure all properties under the same conditions, preferably 

in the water swollen state.  

 

3.2 Swelling of the fibre wall 

 

The swelling of the fibre wall is an important feature since it affects the end use of the fibres 

in different products. As an example, swollen and soft pulp fibres conform better to each other 

and this improves the fibre-fibre interaction when forming a paper. Increased swelling can be 

achieved either by beating the fibres or by chemical modification of the fibre wall material. 

The fibre wall swells in different ways depending on the conditions in the surrounding 

environment. 

On exposure to moist air, a dried fibre adsorbs water and expands as long as there is a 

favourable interaction between the hydroxyl groups of the cellulose/hemicellulose and the 

water. The thermodynamic driving force for the sorption is the gain in enthalpy when water 

molecules are adsorbed onto the cellulose, making it possible to form hydrogen bonds to the 

cellulose and other components in the fibre wall. The adsorbed water molecules break the 

hydrogen bonds formed between the fibril aggregates and the water adsorbed onto the 

surfaces of the fibril aggregates starts to move them apart, which results in a small expansion 

of the fibre wall, corresponding to the volume of adsorbed water at different RH. 

When the fibres are totally immersed in water, the water can be retained in various positions. 

For example, water is located between fibres, in the lumen of fibres, entrapped closely to the 

cellulose surface in a hydrogel structure and located in the pores in the fibre wall. When the 

fibre wall expands it swells inwards, towards the lumen (Stone and Scallan 1967), see Figure 

3.   

 

Figure 3. Illustration showing a cross-section of a cellulose fibre. When the fibre wall expands it swells inwards 

(Stone and Scallan 1967).  

In order to fully describe the swelling of the fibre wall, the gel swelling of the fibre wall needs 

also to be considered. Charged groups, exclusively carboxyl groups in bleached chemical 

pulps, present on the hemicellulose or in oxidized lignin after the pulping process or after 

chemical modification, are attached to the different components inside the fibre wall and also 

on the outside of the fibre wall. As a rule of thumb, the amount of charge available on the 

fibre surface is less than 10 % of the total charge of the fibres and the remaining 90 % is 

within the fibre wall (Pettersson, Hoglund et al. 2006). As a consequence of the charged 

groups, there will be a higher concentration of mobile counter-ions inside the fibre wall than 
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in the water surrounding the fibres, provided the carboxyl groups are dissociated. An osmotic 

pressure will thus be created, water will be absorbed and the fibre wall will expand. On the 

other hand, since the fibril aggregates are arranged in a network structure, restraining forces 

will resist this fibre wall expansion. In addition to this charged-induced osmotic pressure, 

there is a non-ionic contribution to the swelling of the fibre wall which is connected with the 

association of the hydroxyl groups of the cellulose and hemicellulose with the water 

molecules inside the fibre wall. There is today no theoretical description available to quantify 

the different factors contributing to this component but it is related to the solubility parameter 

for cellulose in water, i.e. the -parameter, and it is also probably linked to the change in the 

activity coefficient for water associated with the different components inside the fibre wall. 

More research is needed to resolve the most important factors behind this component, since its 

influence on the total fibre swelling is roughly twice as large as the contribution from the 

charge-induced osmotic pressure. In summary, the swelling of the fibre wall is thus a result of 

three factors; a non-ionic contribution, the osmotic pressure created by the charged groups in 

the fibre wall, and the restraining forces caused by the network structure of the fibril 

aggregates in the different cell wall layers.  

As mentioned, the charge-induced osmotic pressure depends on the concentration of mobile 

ions associated with the carboxylic groups inside the fibre wall. The greater the number of 

charged groups in the fibre wall, the greater is the osmotic pressure and therefore also the 

swelling. However, the degree of dissociation of the charged groups is also important for the 

build-up of a counter-ion concentration gradient between the inside of the fibre wall and the 

external solution. By varying the pH of a pulp suspension, the degree of dissociation of the 

carboxyl groups can be controlled and hence the charge-induced osmotic pressure (Grignon 

and Scallan 1980). In order to swell the fibres, the pH of the suspension is often adjusted 

above neutral conditions in order to convert almost all the carboxylic groups to a dissociated 

form (Grignon and Scallan 1980). The salt concentration in the fibre suspension is also of 

great importance. Since the osmotic pressure depends on the concentration gradient of mobile 

ions, an increase in the salt concentration reduces this concentration gradient and thereby the 

osmotic pressure (Lindström and Carlsson 1982).  

The swelling of the fibres is of fundamental importance for all end uses of cellulose-rich 

fibres. Many parameters, such as charge density, choice of counter-ion, pH and salt 

concentration affect the swelling, and they all need to be controlled in the right way in order 

to tailor the swelling for a specific end use. Surface modification of the cellulose is another 

way to introduce charged groups for increased swelling since cellulose itself contains no 

carboxyl groups. The structural changes in the fibre wall during swelling have been studied 

for many years (Grignon and Scallan 1980; Lindström and Carlsson 1982; Stone and Scallan 

1967), but the effect of swelling on the nanostructure in the fibre wall is not clear. It is of 

course important to investigate this further if the nanostructure of the fibre wall is to be 

exploited in new applications.  
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3.3 Nanocellulose   

 

Nanocellulose has many unique properties such as high stiffness, high strength, low thermal 

expansion coefficient and a high aspect ratio (Nogi, Iwamoto et al. 2009; Shinoda, Saito et al. 

2012; Tanpichai, Quero et al. 2012). When normalized with respect to weight, for cellulose 

having a comparatively low density, the specific stiffness and specific strength can be 

compared with materials such as Kevlar and steel (Eichhorn, Dufresne et al. 2010; Tanpichai, 

Quero et al. 2012).   

Nanocelluloses, i.e. cellulose nanofibrils (CNF) or cellulose nanocrystals (CNC), are prepared 

by a pretreatment of the pulp fibres followed by an extraction process. Improved pretreatment 

of the fibres before the disintegration reduces the energy consumption significantly and the 

yield of nanocellulose is increased (Klemm, Kramer et al. 2011).  

Depending on the process chosen, different kinds of nanocellulose material can be obtained. 

CNF is usually prepared by mild enzymatic (Henriksson, Henriksson et al. 2007) or chemical 

treatment (Isogai, Saito et al. 2011; Wågberg, Decher et al. 2008) of the pulp fibres. Both 

methods aim to increase the fibre wall swelling and thus facilitate the liberation of the fibrils 

during the mechanical disintegration process. The charge density of the fibres can vary 

depending on the chemical composition of the fibre and the pulping and bleaching processes 

used to prepare the fibres (Fall 2013). The enzymatic pretreatment does not change the 

chemical composition of the cellulose since it merely attacks the less ordered regions of the 

cellulose. A chemical pretreatment usually introduces charges to the cellulose, which increase 

the swelling of the fibre. The charges can be introduced by oxidation of the hydroxyl groups 

(oxidation of primary alcohols) by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-

mediated oxidation (Isogai, Saito et al. 2011). An alternative route is to add a carboxyl group 

by treating the fibres with monochloroacetic acid, resulting in the introduction of 

carboxymethyl groups on the cellulose  

(Walecka 1956; Wågberg, Decher et al. 2008). After pretreatment and disintegration, the CNF 

is obtained as a gel, typically 2 wt% of CNF in water. The fibrils are 4-5 nm thick and are 

approximately 500-1000 nm long (Klemm, Kramer et al. 2011). The thickness of the fibrils 

may vary depending on the pretreatment step used and on the biological source of the 

cellulose. These long nanoparticles contain both regions of crystalline cellulose and regions of 

less ordered cellulose. The disordered regions can be removed by acid hydrolysis (Rånby 

1949), leaving the crystalline parts of the fibrils. The resulting material is referred to as CNC. 

The removal of the disordered regions results in a material with a significantly higher 

crystallinity and these nanoparticles are much shorter than the CNF, usually 100-300 nm, but 

have approximately the same width as CNF. Hydrolysis using hydrochloric acid gives CNC 

without any introduced charges. An alternative route is to use sulfuric acid which introduces 

sulfate groups onto the CNC and these charged groups on the cellulose crystal surface have a 

profound effect on the colloidal properties of the CNC. The same is naturally true for the 

charges of the CNF. 
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3.4 Nanocellulose used in functional materials 

 

The controlled geometry and the defined chemical composition of the nanocellulose allow 

this material to be used in a variety of composite materials where the nanocellulose has been 

structured on different hierarchical levels by combining it with different components. 

Materials can also be prepared from pure CNF where the fibrils are arranged in different 

structures, for example nanopapers, aerogels or foams (Klemm, Kramer et al. 2011).  

A fibre-reinforced composite material is defined as a material consisting of at least two 

constituents with different mechanical properties, both remaining separated in the final 

product. The two components in the composite are referred to as matrix and reinforcement 

element, and the properties of the composite should be superior to the properties of either 

component alone. A nanocomposite is a system where at least one of the components has 

dimensions smaller than 100 nm (Belgacem and Gandini 2008). This means that a composite 

reinforced by cellulose fibres is classified as a composite, but if it is reinforced by CNF or 

CNC it is classified as a nanocomposite.  

Composites reinforced by CNF are often prepared either by mixing the CNF suspension with 

a polymer matrix or by impregnation of the polymer into different CNF network structures. If 

the polymers used as the matrix are hydrophilic, the mixing with the nanocellulose is 

straightforward. On the other hand, many of the most commonly used matrix polymers are 

hydrophobic, which makes it difficult to disperse CNF or CNC properly in the polymer and to 

achieve good adhesion between the CNF and the hydrophobic matrix. Dispersion and 

adhesion are crucial parameters in order to obtain an efficient composite, and the surface of 

cellulose is often modified in order to improve the dispersion and adhesion. Instead of surface 

modification, CNF can be arranged in a 3D structure and, after a solvent-exchange procedure, 

a gel is formed and the matrix polymer is permitted to impregnate the structure (Capadona, 

Van Den Berg et al. 2007; Fall, Lindstrom et al. 2013). This therefore means that the matrix 

polymer is added to a cellulose structure instead of the other way round.  
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4. Experimental 
 

4.1 Materials 

 

Pulps 

The pulps used were a never-dried sulphate kraft pulp (from SCA Östrand AB, Sundsvall, 

Sweden), a never-dried dissolving pulp (from Domsjö Fabriker AB, Örnsköldsvik, Sweden), a 

never-dried Eucalyptus dissolving pulp 96α (from Sappi Saiccor, South Africa), dried cotton 

linters sheets and a bleached softwood kraft pulp (Husum Kraft; Metsä Board, Sweden).  

TEMPO-oxidation 

The chemicals used for the TEMPO oxidation were: NaClO2 (puriss p.a.), NaClO (14% 

solution), and 2,2,6,6-tetramethyl-1-piperidineyloxy (TEMPO, free radical), all purchased 

from Sigma-Aldrich Sweden AB, Stockholm, Sweden. NaBr (99+%) was purchased from 

Alfa Aesar. All the chemicals were used as received from the manufacturer. 

The dissolving pulp was oxidized by TEMPO-mediated oxidation, under either neutral 

conditions (Saito, Hirota et al. 2009) or alkaline conditions (Saito, Kimura et al. 2007). For 

more experimental details, the reader is referred to the individual papers.  

The charge density of the fibres after oxidation was determined using conductiometric 

titration (Katz, Beatson et al. 1984) and the fibres were washed (Wågberg and Björklund 

1993) to have either protons or sodiums as counter-ions to the carboxyl groups before further 

studies on the oxidized pulp.  

In-situ polymerization in nanoporous cellulose fibres 

The chemicals were used for in-situ polymerization of the specially dried fibres were: Methyl 

methacrylate (MMA; >97%) and butyl acrylate (BA; 99 + %), which were passed through a 

basic alumina column before use, α,α’-Azoisobutyronitrile (AIBN; for synthesis) and 

tri(propylene glycol) diacrylate (TPGDA; technical grade) both used as received. MMA, BA 

and TPGDA were purchased from Sigma-Aldrich Sweden AB (Stockholm, Sweden) and 

AIBN was purchased from Merck (Darmstadt, Germany).  

The epoxy resin used, for the TEMPO oxidized fibres, was monomeric Bisphenol A 

Diglycidyl Ether (DGEBA) purchased from TCI chemicals. Jeffamine D-400 polyetheramine 

(PEA), kindly provided by Huntsman, USA, was used as the cross-linker. 

 

PLA-latex  and C-PAM 

To improve the thermoplastic paper materials, a commercial PLA-latex (LANDY PL-2000; 

Miyoshi Oil & Fat Co., Japan) with a particle size of 2.4 μm was used. The latex was weakly 

anionic with a charge density of 21.4 μeq/g (measured by conductiometric titration). The 
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minimum-film forming temperature of the latex was 90°C.   

A commercial cationic polyacrylamide, C-PAM (PL 1520) Eka Chemicals, Sweden, was used 

as a retention aid for the latex onto the fibres. The C-PAM, received as a dry powder, was 

dissolved in deionized water to the desired concentration before use.  

The PLA latex retention was determined by turbidity measurements of the filtrate after hand-

sheet forming compared with a predetermined calibration curve. The highest latex retention 

was obtained with 20% latex and 0.4% C-PAM. These values were used when preparing the 

sheets.   

4.2 Methods 

 

NMR: Measurements of specific surface area in the water-swollen state 

Solid-state NMR has been used to characterize the supramolecular structure of cellulosic 

fibres in the water-swollen state (Chunilall, Bush et al. 2010; Larsson, Wickholm et al. 1997; 

Wickholm, Larsson et al. 1998). The spectra provide information regarding the six different 

carbons of the glucose unit in cellulose. The region in the spectra corresponding to carbon 4 

(C4) is the most suitable spectral region for studying the supramolecular structure of cellulose 

I. This region can be subjected to spectral fitting, allowing the relative amounts of crystalline 

(C) cellulose structures, less ordered para crystalline (PC) structures, accessible surfaces (AS) 

and inaccessible surfaces (IAS) to be quantified. The ratio of the amount of less ordered 

polymers, with higher mobility, on the fibril surface to the crystalline part of the fibril core 

makes it possible to calculate the thickness of the fibrils and their aggregates, assuming a 

square cross-section for both cellulose I fibrils and fibril aggregates (Larsson, Wickholm et al. 

1997; Wickholm, Larsson et al. 1998).  

Typical results obtained for never–dried cellulosic fibre samples indicate a fibrillar thickness 

of 4–5 nm and an aggregate thickness of 20–40 nm. The thickness of a cellulose I fibril 

aggregate is abbreviated to LFAD, representing the average lateral fibril aggregate dimension. 

The spectral fitting method was developed for samples with high cellulose I content and gives 

the most accurate results for such samples (Larsson, Wickholm et al. 1997). 
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Figure 4. Solid-state NMR spectra recorded from a cotton linter sample with a high cellulose content. The C4 

region is enlarged below, and the domains containing polymers in different states of order are indicated. The 

image is courtesy of Dr. Tomas Larsson.  

Assuming a density of 1500 kg/m
3
 for cellulose I, and using the LFAD calculated from NMR 

spectra, it is possible to determine the specific surface area of cellulose in the water-swollen 

state (Chunilall, Bush et al. 2010). Thus, both LFAD and specific surface area can be obtained 

from solid-state NMR. The specific surface area, σ, can be computed as: 

𝜎 =
4

𝛼𝜌
       (1) 

where σ is the specific surface area in the water-swollen state [m
2
/g], α is the thickness of a 

lateral fibril aggregate (assumed to have a square cross–section) and ρ is the density of 

cellulose, typically 1500 kg/m
3
.  

The measurements are made on water-swollen samples, i.e., fibres soaked in deionized water. 

The solid-state NMR method is highly stable for cellulose-rich samples, which makes it a 

suitable platform for cellulose fibre characterization and for combination with other methods.  

Water-swollen cellulose samples yield spectra of comparatively high resolution. A high ionic 

strength in the sample liquid can however spoil the resolution. Charged cellulose samples, 

such as TEMPO–oxidized cellulose, may also contain a significant counter-ion concentration 

in the liquid present during recording of NMR spectra if the carboxyl groups are in their 

ionized form. For this reason, TEMPO–oxidized pulp samples need to be prepared using a 

different procedure in order to lower the ionic strength of the sample liquid. The fibre 

suspension was therefore first adjusted to pH 2 (Wågberg and Björklund 1993), to replace the 

counter-ions with hydrogen ions, after which the pH of the fibre suspension was adjusted to 

3.5.  
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Further details of how the solid-state NMR measurements were made, are given in papers I, II 

and III.  

Fibre Saturation Point (FSP): Measurements of pore-volume in the water swollen state 

The fibre saturation point (FSP) method was developed by Stone and Scallan in 1967 (Stone 

and Scallan 1967). The FSP is defined as the amount of water contained in a water–saturated 

cell wall. In water-swollen pulp, water can be retained in various positions. For example, 

there is water between fibres, in the lumen of fibres, entrapped close to the cellulose surface 

in a hydrogel structure and located within the fibre wall. The amount of water in the fibre wall 

pores, normalized with the respect to the amount of fibre is referred to as FSP [mass 

water/mass solid]. Water-soluble dextran is used for the measurement and it is assumed that it 

will not enter the pulp fibre pores, because of its high molecular weight. Water-swollen fibres 

are mixed with the dextran solution, and it is assumed that all water in excess of the FSP will 

dilute the dextran solution. The change in concentration of the dextran solution is measured 

using a polarimter since the optical rotation is proportional to the dextran concentration. The 

change in optical rotation, i.e., the dilution of the dextran, is related to non–fibre wall water 

and fibre wall water, and the FSP is therefore the difference between all water initially present 

in the water-swollen fibre samples and the non-fibre wall water.  

Further details of how the FSP measurements were made, are available in paper II.  

Water retention value measurements (mini-WRV)                

 

A simplified version of the water retention value method (WRV, SCAN 68:00) was 

performed using 5-mL disposable centrifuge filters (Millipore Ultrafree-CL Centrifugal 

Device, Millipore, Billerica, MA, USA) equipped with 5-micron PVDF membranes. 

Approximatley 1-2 g of wet fibres were placed in the filter and thereafter centrifuged at 3000 

g for 30 min at room temperature. The dry content of the filtered fibres was determined 

gravimetrically by weighing before and after drying in an oven at 105°C over night. The 

dimensionless mini-WRV value is then simply determined as the ratio of the mass of water 

divided by the mass of dry sample (g/g).  

Dynamic vapour sorption (DVS) 

Moisture sorption measurements was made with a DVS, dynamic vapour sorption (Surface 

Measurement Systems Limited, smsuk.co.uk). A micro balance and a moisture generation 

system were placed in an incubator to maintain a constant temperature. A sample of up to 20 

mg was placed in the sample cup, and the weight of the sample, with a resolution of 0.1 μg, 

was continuously compared to the reference while the relative humidity surrounding the cups 

was changed to different levels. Humid air was generated by mixing water-saturated air and 

dry air in predefined proportions, (i.e. open loop control) and the flow was 200 ml/min. 

Samples with a weight of 7-17 mg were tested in the DVS at an average temperature of 

32.8°C. The moisture was set to 90, 85, 80, 70, 60, 50, 40, 30, 10, 0 %RH. Equilibrium in the 

balance reading was achieved at each step before changing to another RH. The DVS sorption 

isotherm was calculated from an average of the last 3 min of each RH-step. The change in 
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moisture ratio was calculated as the mass of water in the sample divided by the dry weight of 

the sample.  

Formation of dry nanoporous fibre structures 

All the pulps were reslushed (30 000 rev.) in deionized water before sheet preparation.  

The sheets, with a grammage of 110 g/m
2
, were formed in the Rapid Köthen sheet forming 

equipment. The sheets were dried at 93°C under a reduced pressure of 95 kPa for only 2 min 

30 s in order to remove excess water but at the same time avoid closure of the fibre wall 

pores. Smaller samples were cut from the sheets and the water in the samples was replaced by 

exchanging the liquid in the following order: water, methanol, acetone, and pentane. Each 

liquid was replaced 10 times over two days. The pentane was then removed from all samples 

by drying with Ar(g) except for the samples of sulphate kraft pulp, which were freeze dried, 

and a reference sample of dissolving pulp that was dried from water in air. The dry structure 

was studied using BET Nitrogen gas adsorption to determine the specific surface area.  

BET Nitrogen Gas Adsorption: Measurements of the specific surface area and average pore 

size in the dry state  

The adsorption of gases on solids can be used to determine the accesible surface area of the 

solid material. The technique is based on exposing the solid material to increasing partial 

pressures of the analysing gas and measuring the amount of gas adsorbed on the surface to 

create an adsorption isotherm. At a certain pressure, a monolayer of gas covers all the surfaces 

of the sample. At this point, the specific surface area can be determined using a model 

developed by Brunauer, Emmet and Teller in 1938 (Brunauer, Emmett et al. 1938). The 

specific surface area is calculated from the volume of gas required to form a monolayer on the 

substrate, given the area of the gas molecule used. If the pressure is increased above the 

monolayer point, the pore volume, pore size distribution, and average pore size can be 

calculated, assuming that all the pores are filled with the gas. Models are used to determine 

these properties, and different models are suitable for pores in different size ranges. It is also 

necessary to assume a particular pore geometry.  

In the present work, the isotherms were obtained by means of N2 physisorption using a 

Micromeritics ASAP 2020 analyser for samples treated according to the liquid exchange 

procedure and for the conventionally dried reference sample. The average pore size was 

estimated as the adsorption average pore width assuming cylindrical pores, i.e., a pore width 

equal to 4V/A where V is the single point adsorption total pore volume of pores under 

approximately 168 nm in size and A is the BET specific surface area.  

In-situ polymerization in nanoporous fibre structure 

The specially dried dissolving pulp was used as a scaffold for in-situ polymerization since it 

had the largest specific surface area as measured by BET in the dry state. Dry fibre samples, 

with a preserved open fibrillar structure, were immersed in a mixture of 90 mol% of monomer 

(MMA or BA), 10 mol% of cross-linker (TPGDA) and 2.5 wt% of initiator (AIBN). After 24 

hours in this mixture, the sample were taken out and placed in an oven for 2 h at 80 °C. As 
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reference, pulp dried from water in air was immersed into the same mixture and polymerized 

in the same manner, i.e., the only difference was the open or collapsed fibre wall.  

For the epoxy polymerization studies, the following procedure was used. Rectangular strips 

(50 mm by 10 mm) were cut from the wet fiber sheets and placed in methanol for at least 24 

hours; the methanol was changed at least three times during this period. The methanol-soaked 

fiber network was then placed in a bulk impregnation mixture (DGEBA epoxy and D400 

amine) and kept under vacuum. After impregnation for approximately 4 hours, the fiber 

samples were removed, gently wiped with filter paper to remove excess liquid resin from the 

surface and then placed between Teflon sheets and cured in a Rapid Köthen equipment for 1 

hour at 93 
o
C. The slightly reduced pressure (95 kPa) drained any excess epoxy from the 

networks. The composites were then cured in an oven at 90 
o
C for 2 hours and post-cured at 

120
 o

C for 2 hours. Composites with unoxidized fibers were prepared in a slightly different 

way – the fiber sheets were prepared in Rapid Köthen as before and rectangular strips were 

cut and dried completely in air (to collapse the cell wall). The dried fiber strips were resoaked 

in methanol and then impregnated and cured as described earlier. 

DSC 

Differential Scanning Calorimetry (DSC) was performed with the aid of a Mettler Toledo 

instrument. Samples weighing ca. 20 mg and sealed in 100 μL aluminium pans were heated to 

120 
o
C to erase any thermal history. The glass transition temperature (Tg) was calculated from 

the second scan, which was from -20 to150 
o
C at a rate of 5 

o
C/min.  

Microscopy  

The open fibrillar structure (Figure 9) was covered with an ultra-thin layer of gold–palladium 

using an Agar HR sputter coater to a thickness of 8 nm and then studied using FE-SEM 

(Hitachi S-4800). The fibre/PMMA cross-section (Figure 21 A) was also studied using the 

same microscopy technique. The fibre/epoxy samples were covered with platinum-palladium 

and thereafter studied using the same SEM equipment.  

Specimens of fibre/PMMA (Figure 21 B) and fibre/PBA (Figure 21 C) were coated with 

carbon (SCD 005; Balzers, Liechtenstein). The specimens were studied in an Ultra 55 FE-

SEM (Carl Zeiss, Oberkochen, Germany) at 3 kV. 

Smooth cross-sections (of PF-EP samples) were prepared by cutting the samples with an 

ultramicrotome (Leica Ultracut UCT) using a diamond knife (Diatome). Cross-sections of the 

samples, fractured during tensile test were also studied (Figure 22, Figure 26). 

Both composites (i.e., fibre/PMMA and fibre/PBA) were embedded in epoxy resin  

(Spurr’s resin; TAAB Laboratories Equipment, Aldermaston, UK) and cured for 24 h at 60°C. 

The samples were cut in a rotary microtome and then studied using a Nanoscope IIIa AFM 

(Bruker AXS, formerly Veeco Instruments, Santa Barbara, CA, USA) equipped with a type E 

piezoelectric scanner. The images were acquired in the tapping mode using an MSNL 

cantilever (Veeco Instruments, Plainview, NY) with a normal spring constant of 0.3 N/m and 

a tip radius of 2 nm.  
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Mechanical properties of composite materials 

The mechanical properties of the fibre/PMMA or fibre/PBA material were investigated by 

tensile testing using an Instron 5566 Universal Material Testing Machine (Instron, Grove 

City, PA, USA) equipped with a 2 kN load cell. The cross-head speed was 2 mm/min and the 

stress–strain curves were recorded. The samples, 20 mm long, 10 mm wide, and 260–580 µm 

thick were stored at 50% R.H. and 23°C for at least one night before testing. Four or five 

samples of each composite were measured.  

Tensile tests on fibre-epoxy composites were performed with an Instron 5944 with a 500N 

load cell. Samples (50 mm by 7 mm) were tested at a cross-head speed of 10%/min. Prior to 

testing, the samples were conditioned at 23 
o
C and 50% RH or 98% RH for at least 2 days. 

Moisture uptake was calculated as the weight increase based on dry weight. To measure the 

strain accurately, a differential speckle photography (vic 2D, LIMESS) device was used. The 

modulus was calculated from the initial elastic region, typically between 0.1% and 0.3% 

strain.  

Double curved sheets in the hydroforming equipment 

Complex paper structures were manufactured using different double-curved moulds as shown 

in Figure 5 and a movable copper piston (Mozetic 2008). Flat paper sheets were placed above 

the moulds in the hydroforming equipment and the position was fixed by three clamps 

positioned around the mould. A rubber ballon was inflated, allowing the sheet to form against 

the mould. The pressure at which the ballon was inflated as well as the temperature could be 

adjusted. The entire procedure from the placement of the sheet above the mould until the 

sheet was formed and removed took approximately 30 s. For more details, see Paper V.  

 

Figure 5. Three different moulds (all 10 cm in diameter) were used in the hydroforming equipment to form 

double-curved paper sheets; a) original mould, b) deep mould, c) double-curved mould. 

The estimated nominal strain at break values for the sheets when curved in each mould was: 6% in the 

original mould, 12% in the deep mould and 21% in the double-curved mould.  
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5. Results and discussion 

 

The use of fibres in new kinds of composite materials has been the aim of this thesis. In order 

to utilize the fibres in new ways, it is desirable to have a well-defined starting material. The 

structure of the fibres has been thoroughly characterized and a new method for measuring the 

average pore size of water-swollen fibres has been presented (paper II). Further on, if the 

structure of the starting material is subjected to any modifications, in order to make it more 

suitable for the preparation of composite materials, the structural changes need to be 

determined. The water-swollen structure was preserved in the dry state (paper I) and the effect 

of TEMPO-oxidation on the nanostructure in the fibre wall was measured (paper III).  

Three different kinds of new fibre-based materials are presented. The materials were prepared 

based on two different strategies, both of them utilizing fibres in sheet structures. The first 

strategy was to utilize the open nanoporous fibre wall structure for the preparation of 

nanocomposites. The fibres were first modified according to different routes presented in 

papers I and III, and thereafter the structure and performance of the composites were 

evaluated in paper I and IV. The second strategy constitutes a way in which fibre and 

thermoplastic composite sheets can be converted into 3D-shapable composite materials (paper 

V).  

5.1 Characterization of nanoporous cellulose fibres 

 

5.1.1 A new method for determining the average pore size 

The developed method is based on the results from both solid-state NMR and FSP. Since both 

methods require the same condition, i.e. water swollen fibres in an excess of water, the results 

from both techniques are suitable to combine. Solid-state NMR measures the phase boundary 

between the solid and liquid phases (see dotted line in Figure 6). The FSP method measures 

the inaccessible amount of water, the pore volume, in all the pores available in the fibre wall. 

If water covers all the surfaces measured with solid-state NMR, it will form a layer of 

thickness t. The average pore size, i.e. the distance between two solid surfaces within the fibre 

wall can then be considered to be 2t.  

 

Figure 6. Illustration showing how the results of FSP and solid-state NMR are combined to determine the 

average pore size, 2t. The water filling the fibre wall pores (measured using FSP [mass water/mass solid]) forms 

a layer of thickness t if spread out over all available surfaces of the fibre wall (measured using solid-state NMR 

[m
2
/g]). The average pore size can be estimated as twice the thickness of the water layer covering the fibre wall 

surfaces. 
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𝑡 =
𝐹𝑆𝑃

𝜎𝑁𝑀𝑅∗𝜌𝑤𝑎𝑡𝑒𝑟
 [

(𝑔 𝑤𝑎𝑡𝑒𝑟)∗(𝑘𝑔)∗(𝑚3)

(𝑔 𝑓𝑖𝑏𝑟𝑒)∗(𝑚2)∗(𝑘𝑔)
] = 𝑥[𝑚]    (2) 

Average pore size: 2t [m]  

The advantage of this method is that the pore size can be assessed without assuming any 

particular pore geometry. Since the result is based on two measurements, the conditions and 

assumptions for each of the methods are also valid for the new method. The average pore size 

distribution cannot be determined since FSP is not suitable to determine the pore volume 

distribution (Lindstrom 1986). A prerequisite for this method is that the pore system is 

completely filled with water and this is fulfilled since FSP is determined for water-swollen 

samples in an excess of water. The method for determining specific surface area by NMR is 

based on assumptions for samples with a high cellulose content. The developed method is 

therefore suitable for samples that fulfil these criteria.  

The average pore size results are presented in Table 1.  

Table 1. Summary of results after characterization of different fibres samples in the water-swollen and the dry 

state. The fibre saturation point (FSP) was measured for samples described in paper II, and no values were 

therefore recorded for the kraft pulp or for the TEMPO-oxidized dissolving pulp. Dissolving WD is a reference 

sample, where WD indicates that the fibres were dried from water in air after characterization of their water-

swollen structure. From the solid-state NMR measurement the specific surface area (SSA) and LFAD (lateral 

fibril aggregate dimension) were recorded and, by combining the FSP and SSA, the average pore size was 

calculated. After liquid exchange and drying, the SSA, LFAD and adsorption average pore size were measured 

using BET. 

Sample Never-dried Water-swollen state 

Preserved 

open 

structure 

Dry state 

 

 FSP 

NMR 

 SSA 

NMR 

 LFAD 

Average 

pore size 

2t 

 
BET 

SSA 

BET 

 LFAD 

BET 

adsorption 

average pore 

size 

   (g/g) (m2/g) (nm) (nm) 
 

(m2/g) (nm) (nm) 

Dissolving Yes 0.94 158 16.9 11.9 Yes 75 35.6 8.0 

Eucalyptus Yes 1.05 152 17.5 13.7 Yes 71 37.6 9.0 

Cotton Linters No 0.21 83 32.2 5.0 Yes 58 46.0 5.1 

Kraft  Yes - 100 26.6 - Yes 128 20.8 8.9 

Dissolving-TEMPO 

600 Yes - 132 20.0 - Yes 130 20.5 8.7 

Dissolving WD Yes 0.94 158 16.9 11.9 No 1.6 1667 5.6 

 

Both the dissolving pulp and eucalyptus pulp have similar values in terms of FSP, specific 

surface area, LFAD and average pore size based on the water-swollen structure. This is 

expected for pulp fibres with a high cellulose content and fibres that have never been dried. 

There is a clear difference between the first two never-dried samples and the cotton linters 

that were dried and rewetted prior to the characterization of their structure in water-swollen 

state, and the difference can be explained by the irreversible closure of pores known as 

hornification that occurs during drying. The pore closure during drying leads to a reduced 

pore volume, which can be seen as the lower FSP value and smaller average pore size. 

Another consequence of the hornification process is the aggregation of fibril aggregates, 
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resulting in a smaller specific surface area and thicker aggregates, i.e. an increase in the 

LFAD.  

The specific surface area of the kraft pulp and of the TEMPO-oxidized dissolving pulp was 

the only property determined for these pulps in the water-swollen state. Both these samples 

had a lower specific surface area than the non-oxidized dissolving pulp. This result was 

surprising since oxidation of cellulose was performed in order to introduce charges onto the 

glucan chain and thereby increase the swelling. This was further investigated and the effect of 

oxidation will be discussed in more detail in section 5.1.4. Since the assumptions made for the 

calculation of specific surface area are based on cellulose I, it can be stated that neither the 

kraft pulp nor the TEMPO-oxidized pulp fulfills these criteria.  

The average pore size measured by this method was slightly higher than 10 nm for the never-

dried pulp fibres. This is in agreement with earlier published results (Andreasson, Forsström 

et al. 2003). The method is similar to NMR relaxation (Li 1989), where the surface-to-volume 

ratio of the water inside the fibre wall is determined and the volume of water is determined 

from the Water Retention Value (WRV). The WRV is however known to overestimate the 

volume of water since it cannot be ensured that only the water in the fibre wall is measured 

(Forsström, Andreasson et al. 2005). This trend was also revealed in this work, when 

comparing the average pore size determined by either FSP or mini-WRV, for more details see 

paper II.  

Another way to illustrate the structural differences between cellulose-rich fibres when 

comparing never-dried samples (dissolving pulp or eucalyptus pulp) and the dried and 

rewetted sample (cotton linters) is illustrated in Figure 7. The figure was prepared based on 

the results of LFAD and average pore size values, and it demonstrates the hornification which 

results in larger fibril aggregates and thinner pores between the aggregates.  

 

Figure 7. A simplified representative of the fibril aggregate arrangement for the water-swollen delignified fibre 

wall. Left: never-dried pulp (i.e., the case for softwood dissolving pulp and eucalyptus dissolving pulp), right: 

dried and re-swollen pulp (i.e., the case for cotton linters). 

The figure shows the importance of considering the choice of pulp fibres when using them for 

further applications. When preparing nanostructured materials from pulp fibres (paper I and 

IV) it is important to use never-dried fibres. The left-hand drawing in Figure 7 can be 

considered as the starting material and in the two following sections (5.1.3 and 5.1.4), two 

different modification routes will be presented. Both routes aim at modifying the structure of 

a water-swollen fibre wall in order to make it more suitable for the preparation of 

nanostructured composite materials.  
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5.1.3 Preserving the open structure in dry state 

As mentioned in the Background, one of the problems when using cellulose fibres as 

reinforcing elements in a composite material is the difficulty of mixing the cellulose fibres 

with a polymeric matrix, since many of the most commonly used matrices are non-polar or 

have a low polarity. One way to circumvent this problem is to prepare the fibres as a dry 

porous scaffold which can be filled by the matrix monomers. It is then necessary to use a 

procedure that preserves the nanostructure of the fibre wall in the water-swollen state in the 

dry state, see Figure 8. The structure in the dry state was evaluated for the different fibres in 

an attempt to clarify which fibres were most suitable for use in the composite trials where, an 

open structure is essential. Both the specific surface area and the pore size measured by BET 

were of interest for this evaluation. The results are presented under ‘Dry state’ in Table 1.    

 

Figure 8. A schematic indication of how the water-swollen structure of the fibres can be preserved in the dry 

state resulting in a dry nanoporous fibre wall structure. 

Since the cotton linters had already been dried before the liquid-exchange procedure, most of 

the surface area had already been lost during the first drying. The relative loss in surface area 

was therefore lower for the cotton linters than for the never-dried samples. The relative loss in 

surface are can be seen as the BET:NMR ratio of the specific surface area.                

Since the dry fibre structure is to be used as a scaffold it is important to know the pore size in 

the dry fibre wall since it sets a limit for the size of substances suitable for filling the scaffold. 

The pore size of the dry substrate can be determined from the BET measurement, although the 

method uses different pore geometry assumptions and is suitable for pores in different ranges. 

The pore sizes of the dried samples are in the range 5-10 nm and thus slightly below the 

average pore size values reported for the water-swollen samples. A decrease in pore size is 

expected since the fibres will probably collapse to some extent even if the drying is performed 

in a careful way, avoiding contact with humid air. The same trend can be seen for the surface 

area, which is lower for the dried samples than for to the water-swollen samples.  

The kraft pulp has a specific surface area of 128 m
2
/g in the dry state which implies that the 

structure is more open in the dry state than in the water-swollen state. This is highly doubtful 

and may be because NMR underestimates the specific surface area. The NMR model is based 

on pure cellulose samples, which means that it is not directly applicable to a kraft pulp. It has 

been shown earlier that the hemicellulose present in the kraft pulp could serve as spacers 

during drying and thus hinder the hornification process to some extent (Kohnke, Lund et al. 

2010). Liquid exchange of pulps has been carried out before, mainly in order to preserve the 

structure in water-swollen state in the dry state, to permit characterization of the pulp and to 
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follow the structural changes during drying. The specific surface area measured by BET is in 

agreement with earlier published data (Herrington and Midmore 1984; Kimura, Qi et al. 2014; 

Kohnke, Lund et al. 2010).  

The TEMPO-oxidized pulp had the highest specific surface area in the dry state (130 m
2
/g) 

and its structure was revealed by FE-SEM. The image shows that the fibril aggregates are 

arranged in an open structure, well separated from each other. The thickness of the aggregates 

and the pore size both seem to correspond to the values measured by BET (20 nm, calculated 

as LFAD, and 8.7 nm in pore size, in Table 1). The image itself is in agreement with the SEM 

images presented by Duchesne (Duchesne and Daniel 1999).  

 

Figure 9. A SEM image of the open fibre wall structure of the TEMPO-oxidized dissolving pulp after liquid 

exchange and drying. The scale bar indicates 1 μm. 

Dissolving pulp fibres were oxidized by TEMPO and treated with the the liquid exchange 

procedure developed in order to obtain dry fibres with a preserved open structure. The dry 

structure was used as a scaffold in the preparation of nanocomposite materials. It was 

concluded that the pores were large enough for monomers to enter. More details about the 

composite material prepared from this structure is presented in 5.2.1.  

5.1.4 Changes in nanostructure when cellulose fibrils and their aggregates are oxidized 

When designing new materials based on a preserved, open cellulose fibre wall structure, it is 

important to know whether the fibril aggregates or the individual fibrils will be the reinforcing 

element. The swelling and change in nanostructure of fibrils and their aggregates when 

cellulose fibres were oxidized was investigated in order to see whether the individual fibrils 

could be liberated already inside the fibre wall by the oxidation treatment or whether a 

mechanical treatment was necessary to separate the fibrils from each other. 

Assuming a model based on square fibrils built up of 8*8 chains, the size of the fibril can be 

considered to have a cross-section of 4*4 nm. Assuming a fibril aggregate built up of 4*4 

fibrils, the aggregates would be 16*16 nm in size. The TEMPO oxidation is selective to 

primary alcohols and will oxidize only the hydroxyl group at the C6 position in the glucose 

unit to a carboxylic group (Isogai, Saito et al. 2011). Only one of the two C6 groups in the 

repeating unit can be oxidized since only one of them is oriented out from the surface of the 

fibril and is thus accessible for the oxidation. With these assumptions, it can be calculated that 

a total charge of 370 μeq/g corresponds to oxidation of all the accessible C6-groups at the 

surface of aggregates and that a total charge of 1300 μeq/g corresponds to oxidation of all the 
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C6-groups at the surface of fibrils inside aggregates. It is therefore suggested that the 

oxidation by TEMPO reaches the inner parts of the aggregates resulting in oxidation of the 

surfaces of the individual fibrils when the total charge exceeds approximately 400 μeq/g. If 

the oxidation of the fibril surfaces causes a separation of the aggregates into individual fibrils, 

it should also be possible to detect a difference in specific surface area.  

The results from the mini-WRV tests show an increase in swelling of the fibre wall with 

higher charge density and at higher pH, see Figure 10. These results are expected, since an 

increase in the amount of carboxylic groups will increase the osmotic pressure inside the fibre 

wall due to the increase in the number of counter-ions inside the fibre wall, and this will lead 

to a swelling of the fibre wall. The same trend has been presented earlier, i.e. an increase in 

the WRV-value with increasing charge density for TEMPO oxidized fibres (Saito, Hirota et 

al. 2009; Saito, Kimura et al. 2007).  

 

Figure 10. Mini-WRV at both pH 9 and 3.5 as a function of the total charge of the fibres. ND indicates that the 

fibres were never-dried. 

The pore volume can also be measured by the FSP method which measures the amount of 

water in pores that are inaccessible to a high molecular weight dextran molecule (Stone and 

Scallan 1967). This method was used for the oxidized fibres but it was found that the FSP 

method is not suitable for these highly swollen fibres. This has been reported in other 

investigations of highly swollen succinic-anhydride-modified fibres (Gellerstedt, Wågberg et 

al. 2000). When the fibre wall swells the size of the pores increases to such an extent that the 

pores inside the fibre wall suddenly become accessible for the dextran molecule, and as a 

consequence, the measured FSP value decreases with increasing charge density. This trend 

was greater at pH 9. The result of the FSP measurements was a clear indication that the fibre 

wall opens up to a large extent and that the aggregates are separated from each other as the 

charge increases.  

Based on the results from mini-WRV, it was clear that higher pH influenced the swelling of 

the fibres to a greater extent. It was therefore hypotized that structural changes at the fibril 

surface would occur under similar conditions, i.e. fibres in their water-swollen state in an 

excess of water at 9, and that the structural changes would be more pronounced for samples 

with higher charge densities.   
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Solid-state NMR was used in order to study the supramolecular structure of the different 

samples at various degrees of oxidation. The full spectra are presented in Figure 11 and the 

regions corresponding to the different carbons in the glucose unit are denoted. Oxidation of 

cellulose mediated by TEMPO is selective to primary carbons which mean that C6 will be 

oxidized. The changes in the region corresponding to C6 can clearly be seen in Figure 11.  

 

Figure 11. Solid-state NMR 13C P MAS spectrum for the samples oxidized to different charge densities. The 

samples were never-dried and the measurement was at pH 3.5.  

 

 

Figure 12. Solid-state NMR 13C P MAS spectrum for the samples oxidized to different charge densities. The 

samples were never-dried and the measurements were performed at pH 3.5. This part of the spectrum 

corresponds to the C4-region. 

The spectral region corresponding to the C4 carbons is presented in Figure 12. The spectrum 

for the reference is typical for never-dried cellulose fibres with a broad signal at 86-92 ppm 

and two superimposed signals at 84.3 and 83.3 ppm. Already for the sample with the lowest 

degree of oxidation, changes in the signal at 84.3 ppm were observed, mainly signal 

broadening resulting in a decreased signal height. In addition, the signal at 83.3 ppm is shifted 



26 
 

slightly up-field (lower chemical shift) with increasing degree of oxidation. In the sample 

with the highest degree of oxidation, the signal cluster centered around 89 ppm has a slightly 

different shape, compared to the samples with a lower degree of charge, with two incipient 

“shoulders” emerging around 89.5 ppm and 87.5 ppm.  

By spectral fitting, an estimate of the fibre wall cellulose specific surface area was obtained 

using a model for cellulose I, an approximation that becomes less suitable for the highly 

oxidized samples. The specific surface area data can therefore be considered to show a trend 

rather than exact values. The results for the specific surface area and the lateral fibril 

dimensions (LFD) are presented in Table 2. The fairly constant value for LFD throughout the 

series indicates that no major signal intensity discrimination occurred during cross-

polarization.  

Table 2. Specific surface area based on spectral fitting of solid-state NMR spectra for never-dried cellulose 

fibres in their water-swollen state (pH=3.5). Lateral fibril dimensions (LFD) are also presented. 

Total charge  

NMR  

Surface Area 

NMR 

LFD 

[μeq/g] [m
2
/g] [nm] 

Ref. 20 157 4.3 

220 137 4.6 

510 130 4.5 

590 125 4.5 

690 126 4.5 

1280 94 4.6 

 

The NMR spectra had to be taken for samples at pH 3.5 because of the high concentration of 

counter-ions that would occur at higher pH for the highly oxidized samples and which would 

impair the spectral resolution necessary for the analysis of spectral fitting. Significant changes 

were however detected with the NMR measurements that can give some insight into what 

happens inside the fibril aggregates when the charge density is increased. The spectra indicate 

that structural changes occur at the surface of the fibrils when the cellulose is oxidized. This is 

expected according to the earlier discussions regarding the high charge densities obtained 

which means that internal aggregate surfaces have to be affected by the oxidation. The 

spectral region corresponding to surfaces in the C4 region is greatly affected by the oxidation. 

In the case of the highest oxidized sample the ‘shoulder’ suggests that the inner structure of 

the fibrils starts to develop accessible surfaces. This suggests that new surfaces are being 

exposed and are becoming accessible to water. Interestingly, results show no increase in 

surface area for samples with increasing oxidation. All the values are of the same order of 

magnitude as those for the reference sample. This suggests that the introduced charges change 

the structure of the fibrils within the aggregates but do not completely lead to a permanent 

separation that will be preserved when the pH is decreased.  

In order to characterize the oxidized fibres at higher pH, a DVS desorption study was carried 

out. It has been earlier shown that the specific surface area can be calculated from the 

differences between sorption curves for differently treated samples. Samples that were beaten 
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to a greater extent, and consequently had a larger surface area, showed a higher moisture 

sorption than the reference sample (Li 1989). It was therefore believed that it would be 

possible to observe differences in the sorption behaviour of the oxidized samples, if the fibrils 

were separated from each other. For the desorption measurements, never-dried fibres were 

used and the fibres were therefore dried the first time during the DVS desorption 

measurements. The advantage of this method is that it can quantify the sorption at any pH. 

Since differences between the samples were expected to be greater at a higher pH, the 

desorption measurements were performed on the fibres at pH 9. The measurements started at 

a relative humidity of 90%. The results for the reference sample and for two samples with 

different charge densities are presented in Figure 13.  

 

Figure 13. Desorption curve for never-dried oxidized cellulose fibres and for reference fibres. 

There were no major differences between the results for the different samples at these RH-

levels. Unfortunately, it was not possible to start the measurements at an even higher relative 

humidity. The start of the desorption measurements at 90% RH does not correspond to the 

water-swollen state in excess of water, which would be preferable to fully characterize the 

fibre structure.  

In the case of liberated fibrils in the form of an aerogel, the specific surface area was 

determined by BET N2 gas adsorption to be 480 m
2
/g (Sehaqui, Zhou et al. 2011). This 

aerogel was prepared from TEMPO-oxidized CNF and the samples were dried by 

supercritical CO2 after exchange of the water to ethanol. If the aggregates in the fibre wall 

were separated into individual fibrils by oxidation, a drying process similar to that used to 

obtain the aerogels would probably preserve the structure of fibrils in an open network in 

water-swollen fibres even in the dry state. The results of the BET measurements are presented 

in Table 3. The specific surface area is of the same order of magnitude and shows no trend 

towards a situation with liberated fibrils which would result in approximately a six fold 

increase in BET specific surface area (from around 100 m
2
/g to 600 m

2
/g). Even though the 

liquid exchange procedure and drying aimed to preserve the water-swollen structure in the dry 

state, some deswelling is expected during the process, but the results clearly indicate that the 
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fibrils are not liberated by the increased charge. The results are in close agreement with the 

BET results presented in Table 1.  

Table 3. Results of BET N2 gas adsorption analysis of the differently charged fibres after liquid exchange and 

careful drying of the samples. 

Total charge  BET Surface Area 

[μeq/g] [m
2
/g] 

Ref. 20 75 

220 83 

590 143 

1280 110 

 

To summarize, it can be concluded that structural changes at the surfaces of the fibrils inside 

the aggregates are observed by solid-state NMR, but an increase in surface area corresponding 

to full liberation of the fibrils from the aggregates cannot be detected. All the measurements 

performed indicate a surface area of 100-150 m
2
/g regardless of the degree of oxidation, 

which corresponds to a structure of the same order of magnitude as the fibril aggregates, i.e. 

approximately 20*20 nm. It is worth stressing that none of these methods was able to study 

the fibres in their fully water-swollen state in excess of water under alkaline pH.   

Based on these results, a model of the aggregate structure is presented in Figure 14. A high 

degree of oxidation (indicated by darker color) ‘loosens’ up the dense structure in the 

aggregates, although completely liberated fibrils cannot be observed.  

 

Figure 14. A model showing how the swelling and structural changes of the internal aggregate surfaces in the 

fibre wall increase with increasing charge of the fibres. Step (I) shows the oxidation of cellulose (indicated by 

darker color) and aggregates swollen apart from each other. Step (II) in highly oxidized cellulose, the internal 

surface structure of the aggregate is affected, indicated by a less dense structure. Step (III) shows that individual 

fibrils are not expected to occur in the fibre wall after high oxidation. Step (IV) shows the conditions for the 

measurements performed in this study, i.e. fibre not swollen in water at pH 9, which results in a less swollen 

structure. 

As mentioned earlier, a charge density of 1300 μeq/g corresponds to a situation where all the 

surfaces at the fibrils inside the aggregates have been oxidized. It is not clear how the active 

molecules can enter the aggregates during the oxidation and reach all these surfaces. One 

possibility is that the molecules enter the regions between the fibrils where less ordered 

structures are located (Larsson, Wickholm et al. 1997). Another suggestion is that the 



29 
 

presence of disordered hemicellulose between the fibrils makes it possible for the active 

molecules to reach all the surfaces of fibrils inside the aggregates (Isogai, Saito et al. 2011). 

However, in the case of dissolving pulp with a glucose content of 96% which has been used in 

this project, it is doubtful whether of disordered hemicellulose between the fibrils in the 

aggregates is the explanation.  

A suggested mechanism that has been evaluated in this work is the possibility that aggregates 

are separated to some extent due to repulsion by the charges introduced. If this is the case, 

new surfaces will continuously be exposed for the active substances during the oxidation, and 

this would explain how the oxidation can occur inside the aggregates. The hypothesis was that 

all the surfaces of the fibril aggregates are first oxidized and that the aggregates are thereafter 

separated by the electrostatic repulsion due to the larger number of charged groups. This 

hypothesis has been tested by solving the Poisson-Boltzman equation numerically for a model 

fibril aggregate. A reference state of 2x2 fibrils in an aggregate structure was compared with 

four fibrils completely separated from each other. Each fibril was composed of 4x4 chains and 

the aggregate thus consists of 8x8 chains. The aggregate was modeled with the C6 carbons 

having been oxidized, on the four external surfaces i.e. no internal fibril surfaces in the 

aggregate were oxidized. The electrostatic energy for each case was calculated. The change in 

electrostatic energy as the fibrils of an aggregate are individualized was calculated as 

ΔUe=Ue,agg-4Ue,sep. The physical model considered is shown in Figure 15.  

 

Figure 15. The molecular model used for the simulation of the electrostatic repulsion between the fibril in a 

fibril aggregate, the process going from an aggregated state (left) to a fully separated state (right). Isosurfaces 

represent the electrostatic field. 

The partial charge (Q) could be varied in order to imitate different charge densities. The 

change in electrostatic energy, ΔUe, when separating the fibrils from the aggregate structure 

was normalized with respect to the initial contact area and calculated for different values of Q. 

The result is presented in Figure 16. The change in electrostatic energy is almost the same for 

the two electrolyte concentrations considered. The electric field created from the two external 

fibril surfaces in the aggregate is distributed mainly within the cellulose aggregate structure, 

and is therefore not sensitive to variation in electrolyte concentration.  
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Figure 16. The calculated total change in electrostatic energy per unit contact area when charged fibrils are 

separated, as a function of surface charge, at two different electrolyte concentrations. 

These values have to be compared with the energy holding the aggregate structure together 

without any charges present, here denoted U’. U’ can be estimated by considering the surface 

energy of a cellulose water interface, which effectively is the energy required to break up a 

cellulose lattice and hydrate it. This surface energy has been estimated from computer 

simulations to be approximately 300 mJ/m
2
 (Bergenstrahle, Mazeau et al. 2008).  

The values of ΔU and U’ are of the same order of magnitude. The values of U’ can be seen as 

an upper estimate, since the value represents the case where the fibrils are arranged in a 

perfect crystal, which is not the case. On the other hand, U’ incorporates only molecular 

adhesion between the fibrils, and entanglements or other macroscopic contributions to the 

surface energy are ignored. The model hence suggests that the gain in electrostatic energy 

when charged fibrils are separated in water might just be sufficient to overcome the intrinsic 

surface energy of the fibril aggregates.  

So far, the change in nanostructure of fibrils and their aggregates has been reported, but the 

structural changes occurring at the fibre level are worth mentioning. According to the method 

presented in 5.1.1, the average pore size can be calculated if the pore volume and the specific 

surface area are determined for water-swollen fibres. For the oxidized fibres, the pore volume 

could not be determined by FSP, and the pore volume measured by mini-WRV is therefore 

used for these calculations. The cellulose is considered to be arranged in an aggregate 

structure and the specific surface area is therefore assumed to be constant and independent of 

charge density. The pore volume measured at pH 9 was used in the calculation of the average 

pore size corresponding to a swollen fibre wall structure. The results are presented in Table 4. 

Table 4. Calculated average pore size based on results from mini-WRV assuming a constant surface area even at 

pH 9 for never-dried fibres in their water-swollen state. 

Sample 

Pore volume 

mini-WRV 

Assumed  

s.s.a. 

Average 

 pore size 

[μeq/g] [g/g] [m2/g]  [nm] 

23 1.28 157 16.3 

220 1.36 157 17.4 

590 1.59 157 20.3 

1280 2.36 157 30.1 
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These results contribute to an increased understanding of how the fibre wall structure (both 

the macroscopic and the nano-structure) can be tailored by oxidation of cellulose before 

utilizing the porous structure as a scaffold for the preparation of composite materials. On a 

macroscopic level, the increased oxidation will swell the fibre wall and this will lead to an 

increase in pore volume and a larger average pore size. This can facilitate the filling of the 

fibre wall pores with nanoparticles or monomers before an in-situ polymerization. Structural 

changes are observed at fibril surfaces inside the aggregates. It is suggested that the 

aggregates are ‘loosened up’ to some extent although the fibrils are not completely separated 

from each other. These changes at the fibril surfaces might be enough to expose more surfaces 

than those accessible on the fibril aggregates.  

5.2 New fibre composite materials  

 

Three different types of new fibre-based composite materials will be presented in this section. 

The first two materials both utilize the nanoporous structure of the fibres. The materials are 

based on the modified fibre structures presented in the previous section, i.e. dry nanoporous 

fibres and fibres oxidized to different extents. The third composite material presented consists 

of 3D-shapable fibre sheets.  

5.2.1 Nanocomposites prepared from dry nanoporous fibres 

The dry fibres with a preserved open structure, arranged in sheets, were used as a scaffold for 

impregnation by monomers, see Figure 17. The monomers were in-situ synthesized in the 

porous structure. The aim was to prepare a composite material with fibril aggregates 

reinforcing the matrix, where the mixing of the two components (matrix and nanostructured 

fibres) on a nanoscale could be achieved without taking the fibre wall apart to liberate the 

nanosized fibrils and their aggregates. The challenging part of this work was to characterize 

whether the two components were mixed on a nanoscale, i.e. whether the matrix was 

successfully located inside the pores in the fibre wall, between the fibril aggregates.  

 

Figure 17. Schematic illustration of the penetration of monomers into the pores in the fibre wall prior to in-situ 

polymerization. 

Composites materials were prepared using either PMMA or PBA as the matrix polymer. The 

composites prepared from fibres with a dry open structure had a fibre content of 

approximately 20 wt% and these composites were compared with samples reinforced by 

fibres with a collapsed structure after drying from water in air, i.e. a structure in which no 

nanostructures were preserved. All the samples were prepared from sheets with a grammage 

of 110 m
2
/g but the reference samples ended up with a higher fibre content. The lower fibre 

content in the samples prepared from dry fibres with an open structure was probably due to 
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the fact that the fibre wall was filled with polymer, so that the weight fraction of fibres 

became lower.  

PMMA and PBA were chosen as matrix polymers since these are easily polymerized systems 

and it is possible to observe differences in composite performance since the two matrix 

polymers have different glass transition temperatures (Tg). From the literature it is known that 

PMMA has a Tg > 25°C and PBA a Tg < 25°C.  

Photographs of the composites and of the reference sample are shown in Figure 18. The 

nanostructured composites were highly transarent, indicating a nanoscale mixture of the 

components (fibril aggregates and polymer), since there was basically no light scattering from 

these samples.  

 

Figure 18. Photographs of in-situ polymerized matrix in nanoporous fibres. Image A shows fibre/PBA and 

image B fibre/PMMA composites. In both cases, the matrix polymer was in-situ polymerized in the dry open 

fibrillar structure. The fibres constituted approximately 20 wt% of each sample. Image C shows the reference 

containing fibres dried from water, i.e., fibre/PMMA WD. 

5.2.2 Nanocomposites prepared from nanoporous cellulose fibres oxidized to different 

degrees 

The structural changes of the fibre wall when cellulose is oxidized have been reported and 

discussed in section 5.1.4. The aim of paper IV was to investigate the effect of this 

modification when preparing nanostructured composite materials from oxidized fibres. The 

matrix for these composites was composed of two components; epoxy resin and an amine as a 

cross-linker. Compared with the composites presented in section 5.2.1, there was a difference 

in the type of matrix, thermoplastic polymers when PMMA and PBA were used as matrix and 

thermoset polymers when epoxy was used as matrix. Another difference between the 

composite samples was that the previously reported composites used dried nanoporous 

cellulose fibres as a scaffold for the impregnation of monomers. In this system, the fibres 

were never-dried during impregnation. The matrix components were soluble in methanol and 

it was therefore decided to exchange the water in the fibre wall to methanol in order to allow 

for impregnation of the components. In both composite systems, a fibre network structure in 

the form of a sheet was used as the starting material.  
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Figure 19. Schematic illustration of the penetration of monomers into the pores in the fibre wall prior to in-situ 

polymerization. The fibres were oxidized to different extents and they were never-dried before impregnation of 

monomers.  

Three different fibre samples were used for the epoxy composites. The reference was 

unoxidized fibres, dried from water in air in order to collapse the fibre structure and give a 

sample with macroscopic fibres reinforcing the epoxy matric. In the other two samples, 

different levels of oxidized fibres were used, having charge densities of 600 and 1300 μeq/g 

respectively. These fibres were never-dried before preparing the composite. The different 

charge densities were used to give two different levels of swollen fibres and the effect of 

oxidation on the composite performance was investigated. All the composites prepared had 

the same fibre content of 18 wt%.  

The composite samples were also compared with composites reinforced by enzymatic CNF 

(Ansari, Galland et al. 2014; Arisari, Galland et al. 2014) in order to clarify the potential of 

nanostructured fibre composite compared with the CNF composites.  

As mentioned, the matrix was composed of two components, epoxy resin and an amine, 

where the amine cross-links the epoxy. The ratio of these components was calculated in order 

to obtain the maximum Tg. It has been noticed that the curing of epoxy is strongly influenced 

by the presence of cellulose fibres or fibrils, and it has been suggested that epoxy may react 

with cellulose to form covalent bonds (Ansari, Galland et al. 2014). If epoxy forms covalent 

bonds to the cellulose, the ratio of epoxy to amine will change and the stoichiometric ratio of 

epoxy to amine had to be adjusted in the composite when cellulose fibres were added in order 

to avoid excess of unreacted amine which could act as a plasticizer in the system. Fibre 

samples were impregnated with a bulk matrix of different ratios, and the samples were then 

cured and the Tg was determined. Figure 20 shows the Tg as a function of the amine content in 

the impregnation mixture for the pure epoxy and for the three different fibre samples.   
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Figure 20. Glass transition temperature as a function of amine content for neat epoxy and for composites with 

cellulose fibres oxidized to different charge densities. 

The highest Tg corresponds to a system where the two monomeric components are efficiently 

utilized and the maximum possible cross-linking density can be achieved. On either side of 

the peak, there is either too little amine (resulting in a system where the system is not fully 

cross-linked) or too much amine (resulting in a system where excess amine acts as a 

plasticizer and lowers the Tg). The unoxidized, collapsed fibres composites (PF-EP Ox-0) had 

the same epoxy:amine ratio as the pure epoxy at the maximum Tg, indicating that, since the 

collapsed fibres have a low specific surface area after drying (about 1 m
2
/g, see Table 1,), the 

amount of hydroxyls groups at the cellulose will be limited for the epoxy. Both composites 

containing oxidized fibres required less amine in order to reach the highest Tg. The never-

dried oxidized fibres expose a much higher surface area (of the order of 150 m
2
/g, see Table 

1, Table 3 and Table 4) to the impregnation mixture and thus more epoxy will cross-link to 

the cellulose, resulting in a lower demand for amine in order to optimize the system. The 

optimized ratio of epoxy:amine for each system was then used to prepare composites for 

further analysis.  

5.2.3 Structure of nanocomposites 

The aim of the structural characterization of the nanostructured composites was to see 

whether the polymer matrix was indeed located inside the fibre wall pores, between the fibril 

aggregates. Cross-sections of the composite materials were therefore cut with a microtome 

and the samples were studied by different microscopy techniques.  

The structural characterization using SEM is shown in Figure 21 for the composites prepared 

from a dry open fibre structures. Image A shows the cross-section of the fibre/PMMA 

composite, in which cross-sections of fibres with non-collapsed lumen can clearly be seen and 

where the PMMA matrix is located in the lumen of the fibres. Images B and C show the 

opening of single fibres with the fibril aggregates separated from each other and covered by 

the matrix polymer.  
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Figure 21. SEM images of in-situ polymerized fibrillar-reinforced composites. A: a cross-section of 

fibre/PMMA (scale bar, 100 µm), B: a fibre wall in a fibre/PMMA composite (scale bar, 200 nm), and C: a fibre 

wall in a fibre/PBA composite (scale bar, 200 nm).  

Similar images of the fibre/epoxy composites were prepared with both collapsed and oxidized 

fibres with a preserved open structure, see Figure 22. It can clearly be seen that the fibres are 

swollen to different extents. The oxidized fibres with preserved porous structure are more 

circular in shape than the fibres with a collapsed fibre wall. The collapsed fibres may be 

reswollen to some extent, but there is a clear difference between the unoxidized collapsed 

fibres and the oxidized open fibre structures. There are more defects in the collapsed fibre 

composite than in the oxidized fibre composite. Both images show that there are resin-rich 

regions between the fibres regardless of oxidation degree. The effect of these regions will be 

discussed later.  

 

Figure 22. SEM images of ultramicrotomed cross-sections of composites with (e) collapsed fibres (PF-EP Ox-0) 

and (f) oxidized fibres (PF-EP Ox-600) with a preserved nanostructure. The dark black lines/regions correspond 

to resin-free regions or voids. 

The AFM images of fibre/PMMA cross-section are presented in Figure 23. Image A is a 

height image of a fibre wall cross-section in the PMMA matrix, and the corresponding surface 

roughness profile is presented below the image. The thin line in image A shows where the 

surface roughness profile was obtained; starting in the lower left-hand corner of image A, 

entering the fibre wall and thereafter continuing outside the fibre wall in the lumen, ending up 

in the middle of the right-hand side in image A. The first part of the surface roughness profile 
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is fairly smooth corresponding to the pure PMMA matrix outside the fibre wall. The 

roughness increases across the fibre wall and reverts to a smooth profile when leaving the 

fibre wall and entering the lumen. This suggests that the structure in the lumen is similar to 

the structure outside the fibre wall, i.e. filled with PMMA.  

AFM phase images were taken at higher magnification at two different positions in the fibre 

wall (Figure 23, image B and C). AFM phase images provide information about phases with 

different elasticities. In both B and C, two phases are clearly present. The brighter areas 

correspond to regions with higher stiffness. It is therefore suggested that the brighter regions 

in images B and C correspond to the cellulose fibril aggregates and that the darker regions 

correspond to the PMMA matrix. The two images show that the two components are mixed 

on a nanolevel, and that the PMMA matrix is located inside the fibre wall pores between the 

fibril aggregates. In image C, the brighter regions, i.e. the fibril aggregates, are arranged in a 

typical lamellar structure.  

The magnification in image B is not the same as in image C, but the images suggest that 

image C contains less PMMA. This is also indicated in image A, since the upper right-hand 

part of the fibre wall is thinner than the lower left-hand part of the fibre wall. This may 

indicate an uneven distribution of the matrix polymer inside the fibre wall.  

 

Figure 23. AFM images of a cross-section of an in-situ polymerized fibrillar-reinforced composite, i.e., a 

fibre/PMMA composite. Image A is a height image showing the fibre wall with a corresponding graph of surface 

roughness below. Image B is a phase image from the lower left-hand side of the fibre wall (scale bar, 700 nm). 

Image C is a phase image from the upper right-hand side of the fibre wall (scale bar, 1.5 µm). Two distinct 

phases can be detected in the fibre wall, the brighter areas corresponding to regions of higher mechanical 

stiffness. 

5.2.4 Performance of nanocomposites 

The performance of the nanocomposites was tested in order to clarify the difference between 

composites reinforced with nanostructured fibres and composites reinforced with macroscopic 

fibres. The results are presented for each kind of composites separately.  
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In order to explore the efficiency of filling the fibre wall pores with polymer after the in-situ 

polymerization, the water absorption capacity was determined. If all the pores were 

successfully filled, the ability of the composite materials to absorb water would be 

significantly limited. The composites were soaked in water for three days and their dry and 

wet weights were determined. The results are presented in Table 5. The water uptake is 

normalized with respect to both sample weight and amount of fibre, since the fibre content 

was different in the different samples. Regardless of how the water absorption is normalized, 

the composites prepared from the open fibre wall structure had a much lower moisture uptake 

than the composites prepared from fibres with a collapsed fibre wall structure. This indicates 

that the polymerization inside the fibre wall pores was successful since the pores were filled 

with the matrix polymer and could not absorb water.  

The samples containing PMMA had a lower water absorption capacity than the samples 

containing PBA, regardless of whether the samples were prepared from open or collapsed 

fibres. This may be explained by the higher stiffness of PMMA than PBA, so that the PMMA 

more strongly hinders fibre wall swelling. In the case of the reference samples, the interior of 

the polymer-free fibre wall can absorb water, explaining why these samples have a 

significantly greater water absorption capacity.  

Table 5. Water absorption capacity of the different composite materials. 

Composite 

m(water) 

m(solid material) 

m(water) 

m(fibre) 

Fibre/PMMA 0.13 0.66 

Fibre/PBA 0.17 0.84 

Fibre/PMMA (WD) 2.23 3.84 

Fibre/PBA (WD) 2.44 6.10 

 

The mechanical properties of the composites prepared from the dry nanoporous fibres were 

measured in order to see how the samples with a polymer matrix reinforced by nanosized 

fibril aggregates differ from samples based on micrometer-sized collapsed fibres. The samples 

with a preserved open structure, fibre/PMMA and fibre/PBA, are presented in black and the 

reference samples with fibres dried from water, fibre/PMMA WD and fibre/PBA WD, are 

presented in grey in Figure 24. Again, the fibre content was not the same for the fibre/polymer 

and fibre/polymer WD samples, although the total amount of fibres in each sample was 

approximately the same. Even though the fibre/polymer samples had a lower fibre content 

they both had a significantly greater tensile stress than the reference. Attempts were made to 

press the composite with an open structure in order to increase the fibre content and achieve a 

better comparison with the reference samples. Unfortunately, it was not possible to press the 

samples and maintain the open fibre wall structure. In the following section, the mechanical 

properties of nanostructured fibre/epoxy composite are presented. In this case, a better 

comparison between open and collapsed fibres was obtained.  
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The analysis of the sample with PBA as the matrix is more interesting since the effect of the 

reinforcement by fibres is more prominent in the soft PBA matrix than in the stiff PMMA 

matrix. Fibre/PBA shows a ductile behavior where the components in the fibre wall are 

probably able to slide against each other when the sample is loaded. From the measurement of 

water absorption capacity, it can be suggested that pores are located between the matrix and 

cellulose caused by shrinkage of the polymer during polymerization. These pores may help 

the components to slide against each other.  

 

Figure 24. Mechanical properties of the fibre/polymer composite materials (black) and the corresponding 

fibre/polymer WD reference (grey). 

These results clearly indicate that it is possible to utilize the nanostructure of the fibre wall, 

i.e. the fibril aggregates, to reinforce the polymer matrix, and that there is a potential for 

preparing nanostructured composites without first tearing the fibre wall apart.  

Nanocomposites prepared from oxidized swollen fibres  

Uniaxial stress-strain tests were carried out on the fibre/epoxy composites with three different 

fibre structures and the results are presented in Figure 25. Neat epoxy has a linear elastic 

region followed by yielding and necking until it fractures. The three composite samples show 

a similar performance with a higher modulus and strength and a lower strain at break. The 

modulus and strength increase with increasing degree of oxidation. All the three samples had 

the same fibre content, 18 wt%.  

The improvement in modulus and strength when the open fibre wall is preserved and the 

degree of oxidation is increased can be explained by several mechanisms. The first 

mechanism is suggested to be an increase in the effective fibre volume in the composite 

material. Even though the fibre content as a weight percentage was the same in all three 

samples, the fibres were swollen to different extents and this influenced the volume occupied 

by the fibres in the composite materials. This can clearly be seen in Figure 22, where the 

composite based on collapsed fibres is compared with the composite based on an open fibre 

wall structure. From the results presented in section 5.1.4, it was clear that an increase in 

charge density of the fibres led to an increase in the pore volume and in fibre wall swelling 

(see Figure 10 and Table 4). It can thus be expected that the three different types of fibre used 

to reinforce the epoxy occupy different volumes in the composite materials.  
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The second mechanism is suggested to be an improvement in the inherent fibre properties. 

With an open fibre wall structure reinforcing the matrix, the aggregates are better connected 

to each other by the epoxy and this may explain the improvement in strength between the 

collapsed fibres and open fibres. The difference between PF-EP Ox-600 and PF-EP Ox-1300 

may be explained by structural differences at the fibril surfaces inside the aggregates as a 

result of the higher degree of oxidation in the latter sample (see section 5.1.4 for a more 

detailed discussion). It was suggested that the aggregate structure is retained but that the 

interactions between the fibrils inside the aggregates are probably affected by the oxidation. A 

less compact aggregate structure, with fibrils less tightly bonded to each other, can allow the 

monomers to reach fibril surfaces even inside the aggregates and not only the available 

surfaces surrounding the aggregates. More surfaces available for interaction with the matrix 

will increase the modulus and strength according to the trend indicated in figure Figure 25. 

 

Figure 25. Representative stress-strain curves of neat epoxy and its composites with cellulose fibres oxidized to 

different charge densities. The stiffness and strength are strongly dependent on the degree of oxidation, even 

though the fibre content was the same in all the samples (18 wt%). 

It is suggested that the open fibre wall structure and the epoxy form a continuous network 

structure surrounding the fibres and that the epoxy also penetrate into the fibre wall structure. 

An interconnected network of fibril aggregates formed in the matrix is supported by the 

fracture surface of the composite materials. In the case of collapsed fibres, the fibres are not 

completely surrounded by the matrix and thus they are easily pulled out and show a large pull 

out length. The flat cross-section of the fibres can also be seen in Figure 26, image (a). The 

fibres with a preserved open structure show short pull out lengths, implying that the interfacial 

adhesion was much stronger in the composites with an oxidized open fibre structure. This can 

be seen in Figure 26, image (b) and fibril aggregates coated by epoxy can be seen in images 

(c) and (d).  
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Figure 26. SEM images of tensile-fractured cross-sections of epoxy composites with 18 wt% of (a) unoxidized 

collapsed cellulose fibres and (b) oxidized fibres with preserved open structure, Pulp/EP Ox-600. (c,d) images of 

the inside of the fibre wall of oxidized fibres showing fibril aggregates coated with epoxy.  

As mentioned earlier, it has been suggested that epoxy molecules may be able to react with 

the hydroxyls on the surface of cellulose (Ansari, Galland et al. 2014). In order to understand 

the interfacial characteristics better, mechanical tests were performed on the composites after 

conditioning them at high relative humidity (98% RH). The moduli reported for each sample 

at both 50% and 98% RH are presented in Figure 27. The modulus of the composite with 

unoxidized collapsed fibres dropped from 3.5 GPa at 50% RH to 2.2 GPa at 98% RH. This is 

approximatley the same modulus as that of the neat epoxy matrix (2.1 GPa). Cellulose fibres 

are sensitive to water and when the fibres are subjected to moisture, the water molecules act 

as a plasticizer in the system and reduce the modulus significantly. This was the case for the 

collapsed fibres (Pulp/EP Ox-0). This is in agreement with the results of Tg as a function of 

amine content. It was suggested that the collapsed fibres had very little interaction with 

epoxy, since the Tg was almost the same as that of neat epoxy.  

The effect of moisture was not so drastic for the Pulp/EP Ox-600 composites. The modulus 

decreased slightly from 4 GPa to 3.5 GPa when the RH was increased. This value is 

substantially higher than that for the neat epoxy and indicates that the fibres with an open 

structure are able to reinforce the epoxy to a great extent even at 98% RH. This indicates that 

a large surface area of cellulose has been accessible to the epoxy during impregnation and 

curing, and the results are in agreement with the Tg values reported for different amine 

contents. The epoxy reacts with the hydroxyls on the cellulose fibril aggregate surface and the 

open fibre wall structure is thus no longer as sensitive to moisture. 

It is even more interesting to note that the Pulp/EP Ox-1300 samples are more sensitive than 

the Pulp/EP Ox-600 to moisture. The modulus of the former dropped from 4.8 GPa to 3.2 

GPa at 98% RH. It thus appears that oxidation to a very high charge density has a negative 

effect on the modulus at high RH. Based on the conclusions from section 5.1.4, it is suggested 

that oxidation to a charge density of 1300 μeq/g affects the structure at the fibril surfaces 
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inside the fibril aggregates, so that water molecules can penetrate in a less dense aggregate 

structure and act as plasticizer thus reducing the modulus.  

 

Figure 27. The tensile modulus of cellulose fibre composites at RH 50 and RH 98. The fibres were oxidized to 

different charge densities and impregnated with epoxy resin.  

Epoxy reinforced by CNF has been reported earlier (Ansari, Galland et al. 2014). The 

matrices in that work and the present work were the same and the CNF or fibre content was 

the same in all the samples. A comparison could therefore be made between the CNF-

reinforced epoxy and fibres with preserved nanostructured reinforcing the matrix. In Figure 

28, the modulus at 50% RH is presented for the neat epoxy, the three fibre-reinforced epoxy 

composites and the CNF-reinforced epoxy. As the degree of oxidation of the fibres is 

increased, the composite modulus increased towards that of the nanocomposite although in 

the range studied here, it still fell short of that of the CNF-reinforced composite. One reason 

for this can be that in the case of fibres with a preserved nanostructure, the fibril aggregates 

(20 x 20 nm) reinforce the matrix. In the case of the CNF-reinforced composite, individual 

fibrils (4 x 4 nm) reinforce the matrix.  

 

Figure 28. Tensile modulus of the different materials studied in this work. Composite of nanocellulose (Ansari, 

Galland et al. 2014) with the same matrix and similar cellulose content as the other materials is used for 

comparison. All the composites had a matrix composed of epoxy and amine.  
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The strength of the Pulp/EP composites was however roughly half the strength of the CNF/EP 

composite, for more details see paper IV. The composite materials will deform plastically 

according to different mechanisms. CNF composites utilize a network of fibrils to deform 

plastically where the fibrils can slide against each other and orient in the loading direction. 

For the fibre-reinforced epoxy, the plastic deformation region is dominated by ‘necking’ 

which is characteristic of the resin itself. The reason is that even though the two components 

in the composite are mixed on a nanoscale inside the fibre wall there are still resin-rich 

regions between the fibres in the composite, revealed in Figure 22. As a result, these nano-

reinforcing elements are not homogeneously distributed in the matrix. The strength of these 

materials is thus limited by the epoxy-rich regions between the macroscopic fibres, regardless 

of whether or not the fibres have a preserved nanostructure.  

5.2.5 3D-shapable thermoplastic paper materials 

Another suggested way to utilize fibres in new products was to improve the thermoplastic 

properties of paper. In this work, the addition of PLA latex was tested. Latex additives are 

known to enhance the thermoplastic properties of papers (Alince 1977; Waterhouse 1976) and 

PLA is known to be compatible with cellulosic materials (Larsson, Berglund et al. 2012). In 

the present work, it was important to relate the conditions during sheet manufacturing to the 

ability to form 3D-formed sheets. The work was divided into two parts where the first part 

sought to identify suitable processing conditions to achieve greater mechanical properties in 

flat sheets containing 20% PLA latex. The second part sought to form flat sheets into 3D-

structures under process conditions similar to the conditions found to be most suitable in the 

first part.  

Improvement in the mechanical properties of flat sheets by addition of PLA latex 

The sheet preparation conditions were varied in order to determine which parameters were 

important to achieve suitable mechanical properties for 3D-forming. The temperature, 

pressure and free or constrained drying were changed during the drying of the sheets. The 

different parameters are listed in the first section in Table 6.  

Table 6. Sheet preparation parameters. The first section shows the procedure for the preparation of flat sheets 

and the second section shows the procedure for forming double-curved sheets. 

 

For the first four samples in the first section, the temperature was above the film-forming 

temperature (90°C) of the latex. Three reference sheets were prepared, the fifth to seventh 

Sample name Abbreviation Grammage Drying Comment

(g/m2) 23 °C, 50% RH T (°C) t (min) p (kPa) T (°C) t (min) p (kPa)

Dried under constraint + hot pressed D(C)+HP 90 Constraint 100-150 4 60-800

Dried under constraint in oven D(CO) 90 - 100-150 15-120 -

Hot pressed HP 90 - 150 30-60 60 Vacuum pressed

Dried freely + hot pressed D(F)+HP 90 Freely 150 30-60 60 Vacuum pressed

Ref. Dried under constraint Ref.D(C) 90 Constraint

Ref. Dried freely Ref.D(F) 90 Freely

Ref. (No Latex) Dried under constraint Ref.(No L) D(C) 90 Freely No latex or C-PAM

Dried freely + Formed D(F)+F 90 Freely 150 0.5 100-400

Hot pressed + Formed HP+F 90/170/350 - 150 30 60 150 0.5 100-400 Vacuum pressed

Formed F 90/170/350 - 150 0.5 100-400

Ref. (No Latex) Hot pressed + Formed Ref.(No L) HP+F 150 - 150 30 60 150 0.5 100-400 No latex or C-PAM

Ref. (No Latex) Formed Ref.(No L) F 150 - 150 0.5 100-400 No latex or C-PAM

Ref. (No Latex) Dried constraint + Formed Ref.(No L) D(C)+F 80/150 Constraint 150 0.5 100-400 No latex or C-PAM

-

-

-

-

-

-

Hot pressing Forming parameters

-

-

-

-

- -

-

-
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samples in the first section, none of them were heated above the film-forming temperature of 

the latex. The properties of interest were structural density, tensile index and strain at break.  

D(C)+HP sheets were dried at 23°C and 50% RH. The sheets were thereafter hot-pressed at 

various temperatures (100-150°C) and pressures (60-800 kPa) for 4 min. The latex was 

therefore activated (heated above its film-forming temperature) after drying, during the hot-

pressing. There was no significant difference in structural density between these sheets and 

the references. The tensile index was higher than that of the references and increased with 

increasing hot-pressing temperature. The pressure did not affect the tensile index 

significantly. The increase in tensile index was probably due to an increase in contact area 

between the fibres when the latex coalesced into a film after being heated above its film-

forming temperature. This was not studied in more detail since it was not the aim of this work.  

D(CO) sheets were cold-pressed and dried in an oven under constraint at 100°C and 150°C 

for 15-120 min. In these sheets, the latex was activated directly after the sheets had been 

prepared. Again, the structural density was not affected by the drying conditions. The tensile 

index was higher than that of the references and as before, the tensile index increased with 

increasing temperature and the time of drying was also important. The tensile index increased 

after 60 minutes, probably due to a slow spreading of the latex, which has been observed for 

other latex types (Alince 1977). The strain at break was slightly larger than that of the 

references.  

The results for HP and D(F)+HP are presented together since they were prepared in a similar 

way, see Figure 29 for tensile index and Figure 30 for strain at break. The HP sheets were hot-

pressed while still wet after the sheet-making process. The conditions during the hot-pressing 

were a temperature of 150°C and a pressure of 60 kPa and the pressing time was 30 or 60 

min. The latex was activated during this hot-pressing. The D(F)+HP sheets were first freely 

dried at 23°C and 50% RH and thereafter hot-pressed under the same conditions as for the HP 

sheets. The latex in these sheets was activated after the sheets had been dried. The structural 

density did not differ between the HP and D(F)+HP sheets, i.e. the same trend as described 

earlier, i.e. neither the latex nor the drying conditions affected the structural density of the 

sheets.  

The tensile index did not differ between the HP and D(F)+HP, although the two sets of sheets 

had a higher tensile index than the references. With increasing pressing time, the tensile index 

of HP and D(F)+HP sheets increased only slightly.  
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Figure 29. Tensile index of HP and D(F)+HP sheets as a function of drying times. The HP sheets were cold-

pressed and then hot-pressed at 150°C and 60 kPa for different times. The D(F)+HP sheets were cold-pressed, 

freely dried at 23°C and 50% RH, and then hot-pressed at 150°C and 60 kPa for different times. 

The strain at break increased significantly for both sets of sheets compared with the 

references. The D(F)+HP sheets had a greater strain at break than to HP sheets, as expected 

since the freely dried sheets can shrink and developed a greater strain at break than the sheets 

dried under restraint.  

 

Figure 30. Strain at break of HP and D(F)+HP sheets as a function of drying time. The HP sheets were cold-

pressed and then hot-pressed at 150°C and 60 kPa for different times. The D(F)+HP sheets were cold-pressed, 

freely dried at 23°C and 50% RH, and then hot-pressed  at 150°C and 60 kPa for different times. 

It is worth noticing that the reference sheet without latex had a higher tensile index than the 

other two reference sheets, probably because the non-activated latex between the fibres 

blocked the inter-fibre joint.  

The freely dried sheets had a greater strain at break, and hot-pressing resulted in high strength 

and strain at break without affecting the structural density.  

Forming of double curved sheets   

Based on the results of the first part of the study, different kinds of sheets were prepared with 

the intention of combining processing parameters suitable for 3D-forming. Three types of 

sheets containing 20% PLA-latex and three reference sheets without latex were prepared and 

tested in the hydroforming equipment. The conditions are summarized in the second section 

of Table 6.  
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Sheets D(F)+F were freely dried at 23°C and 50% RH and thereafter formed in the 

hydrofoming equipment. Since the sheets had not been heated before forming, the latex in the 

sheets was activated first during the form-pressing (the temperature of the mould was 150°C). 

The results after forming were unsatisfactory since sheets contained many wrinkles and 

cracks. It was probably too short time for the latex to be activated during the form pressing 

(about 30 seconds).  

HP+F sheets were first hot-pressed at 150°C at a pressure of 60 kPa for 30 min before being 

formed in the hydroforming equipment. The latex in these sheets was therefore activated 

before the forming process. HP+F sheets were prepared in order to imitate the processing of 

the flat HP sheets, since HP sheets had good mechanical properties. These sheets were 

prepared with different grammages. For the sheets with the highest grammage, 350 g/m
2
, it 

was necessary to preheat the sheets before they were formed in the hydroforming equipment. 

Otherwise, the thick sheets had no chance of being heated during the short time of 30 s in the 

forming equipment.   

The results for the HP+F sheets were very promising. It was possible to form sheets with all 

three grammages (90, 170 and 350 g/m
2
) in all three moulds, see Figure 5.  

 

Figure 31. Double curved mould resulting in a sheet strain of 21% on HP+F sheets. The formed sheet is pointing 

downwards in the left-hand image and upwards in the right-hand image. 

Since the HP+F sheets resulted in good double-curved sheets with an excellent apperance, 

reference sheets without PLA-latex but processed in the same way as HP+F sheets were 

prepared, called Ref.(No L) HP+F. These sheets had many wrinkles and cracks, as shown in 

Figure 32.  

 

Figure 32. Ref. (No L) HP+F reference sheet; the curved sheet points upwards in this image. 

The final set of sheets was denoted F since they were formed directly after sheet preparation 

and they were therefore still wet. The results of forming these sheets were excellent. The 

process conditions for F sheets were inspired by the process of preparing flat HP sheets, since 
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it was concluded that the hot-pressing of wet sheets resulted in good properties. Although the 

F sheets were only hot-pressed in the hydroforming equipment, it was possible to form double 

curved sheets of type F in all three moulds and at all the tested grammages.  

It is interesting to compare the process conditions used for the D(F)+F and the F sheets. In 

both cases, the latex was activated during the forming process, i.e. during a short time (30 s) 

at 150°C. The only difference was that the D(F)+F sheets were already dried while the F 

sheets were still wet. It was concluded that the pressing time for the D(F)+F sheets was too 

short to activate the latex, although the process conditions for F sheets resulted in very nice 

double curved sheets. In the case of the D(F)+F sheets, some fibre interactions created during 

drying were broken and new interactions were created during the pressing. In the case of the F 

sheets, fibre interactions were established during the forming process and the latex was 

activated at the same time. This can explain the differences between the D(F)+F and F sheets. 

The reference Ref.(No L) F sheets were similar to the Ref.(No L) HP+F sheets, i.e. they 

contained many cracks and wrinkles.  

Mechanical testing of double curved sheets  

The double curved sheets were further investigated in terms of their mechanical properties. 

Four different sheets were tested; two HP+F sheets with a grammage of 170 g/m
2
 formed in 

either the original or a deep mould, and two F sheets with a grammage of 170 g/m
2
 formed in 

either the original or deep mould, see Figure 33. Three strips were cut out from each double 

curved sheet and an average value of the strain at break was calculated.  

 

Figure 33. Strain at break for samples containing 20%. Two different molds were used; the original mould and 

the deep mould.  

Two trends can be seen when the values for the double curved sheets are compared. First, the 

sheet pressed in the deep mould had a lower strain at break than the sheet pressed in the 

original mould. The different shapes of the mould can explain this. Since the sheets pressed in 

the deep mould had already been stretched to a greater extent, it is reasonable that the strain at 

break should be lower than for to the samples stretched in the original mould. This trend was 

the same for both HP+F sheets and F sheets.  

The second trend is that the F sheets had a higher strain at break than the HP+F sheets, 

regardless of which mould was used. This difference can be explained by the different process 

conditions for the sheets before they were formed in the hydroforming equipment. The HP+F 
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sheets were hot-pressed for 30 min as flat sheets, and during this time the latex was activated 

and the fibres were fixed in certain positions relative to each other. During the next step, in 

the mould, fibre stretching is probably a more important deformation mechanism than fibre 

re-orientation. As a consequence, further stretching when measuring the strain at break of the 

formed sheets, will be limited. In the F sheets, the latex was activated during the forming 

process, and the fibres were probably able to re-orientate in each mould before the fibres were 

fixed in certain positions. When the strain at break is measured, the fibres can probably be 

further stretched resulting in a higher strain at break than in the HP+F sheets. The time for the 

latex to be activated was different for these two samples, and this may also influence the 

results.  

Since the double curved sheets were strained twice, first during the forming process and 

thereafter when measuring the strain at break, the total strain at break was calculated. The 

results are presented in Table 7. All three samples contained the same amount of latex, 20%. 

Ref.D(C) was not heated and therefore the latex was not activated in this sheet. HP(30 min) 

was hot-pressed but not formed further. The strain at break increased from 2.0% to 8.2% 

merely by activating the latex. HP+F(170 g/m
2
) was first hot-pressed under the same 

condition as the HP sheets. The sheets were thereafter wetted before being formed in the 

hydroforming equipment. The sheet formed in the deep mould was strained a nominal 12%, 

and thereafter strained a further 1.8% before breaking in the strain at break test. An increase 

of 5.8 percentage points (from 8.2 to 14%) was obtained during the forming of the sheets. The 

HP sheets were stretched for only a few seconds during the mechanical testing, but the HP+F 

sheets were stretched for 30 s during forming in the hydroforming equipment and, at the same 

time, the sheets were heated above the film forming temperature of the latex. During this 

extended time, the fibres will have a longer time to rearrange before the sample finally breaks.  

Table 7. Strain at break for samples containing 20% PLA-latex. For the Ref.D(C) and HP sheets (grammage of 

90 g/m
2
) the strain at break was measured in the flat sheets. The HP+F sheet (170 g/m

2
) was formed in the deep 

mould in the hydroforming equipment.  

Sample Strain at break 

(%) 

Ref. Dried 2.0 

Pressed + Warm-pressed 30 min 8.2 

B 170 g/m
2
 14.0* 

*Assume that the flat sheet is of length x. The sheet is stretched 12% in the hydrofoming equipment , i.e. to a 

length of 1.12x. The double curved sheet is then stretched a further 1.8%, i.e. 1.12x*1.018=1.14x. This is an 

increase of 14% in the length of the flat sheet. 

HP+F sheets were the most suitable to form in the hydrofoming equipment. It was possible to 

form the sheets in all three moulds and at all the three grammages tested. These sheets are 

best from an industrial point of view since the sheets can be hot-pressed directly after sheet 

formation and the dry sheets thereafter can be converted to double-curved sheets. It is 

advantageous that the sheet can be prepared in different steps and that the times between the 

different process steps are not critical.  
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It has been shown that the tensile strength index and strain at break can be improved by 

adding PLA latex to a fibre suspension during paper making. The sheet has to be heated above 

its film-forming temperature of 90 °C in order to activate the latex. 
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6. Conclusions  

 

The overall objective of the work described in this thesis has been to better utilize the structure of the 

fibre wall in the context of preparing new types of fibre-based composites.  

In order to utilize the fibres in new products, it is important to have a well-defined starting material 

and reliable and robust characterization techniques are therefore of importance.  

A new technique has been developed, suitable for determining the average pore size of fibres with a 

high cellulose I content. The technique combines results from solid-state NMR and Fibre Saturation 

Point (FSP) methods. The methods can be combined since they are both carried out on fibres in the 

presence of an excess of water. The average pore size can easily be calculated without assuming 

certain pore geometry.   

A procedure was developed in which the porous water-swollen structure of fibres arranged in shhet 

structure was preserved in the dry state by a liquid exchange procedure and careful drying. The 

specific surface area was characterized by BET and was of the same order of magnitude as that 

obtained in water-swollen state. The porous structure was also quantified by scanning electron 

microscopy.    

The effect of oxidation by TEMPO was studied in order to determine the structural changes during the 

swelling of highly charged cellulose fibres. The pore volume of the fibres increased with increasing 

degree of oxidation, and the trend was much greater for fibres under alkaline conditions. Structural 

changes inside the fibril aggregates were observed by NMR. The specific surface area was determined 

and all the results indicated that the fibrils were not completely liberated from the aggregate structure, 

although it is suggested that the aggregates are most probably loosened up to some extent. 

  

Fibres were characterized according to the methods mentioned above and the effect of careful drying 

and oxidation on the structure was studied. The well characterized fibres were used as a necessary base 

for the further development of new fibre-based materials.  

Three different types of new fibre-based materials have been presented based on two different 

strategies, all utilizing fibres in sheet structures.   

The first strategy was to utilize the open nanoporous fibre wall structure for the preparation of 

nanocomposites. Both the dry porous fibre structure and fibres oxidized to different extents were used 

as a scaffold allowing monomers to enter the fibre wall. The dry porous structure allowed for 

impregnation by hydrophobic thermoplastic monomers (methyl methacrylate and butylacrylate) and 

the fibres oxidized to different extents were impregnated by thermoset monomers (epoxy and amine). 

After impregnation, polymerization was initiated. The nanostructure of the composites was 

characterized and it was concluded that the monomers had been able to fill the pores in the fibre wall, 

allowing the fibril aggregates to reinforce the polymerized matrix. Mechanical properties were 

investigated and the importance of the nanostructure was revealed. The properties were also compared 

with those of a CNF-reinforced epoxy composite.   

The second strategy shows how the thermoplastic properties of paper can be improved by the addition 

of PLA-latex, which made it possible to form 3D-shapeable sheets. Flat sheets with a greater tensile 

index and strain at break was first prepared and thereafter pressed in hydroforming equipment, 

resulting in double curved sheets with a nominal strain at break of the order of 21%.  
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