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Abstract 

This thesis explores how to use the dry nanoporous structure of cellulosic fibres in new types 

of composite materials. A large effort was also given on how to correctly characterize the 

structure of fibres where the wet structure has been preserved also in the dry state. 

Delignified wood fibres have an open fibrillar structure in their water-swollen state. In the 

present work, this open fibrillar structure was preserved in the dry state by performing a liquid 

exchange procedure and the samples were thereafter carefully dried with Ar(g). The samples 

of never-dried TEMPO-oxidized dissolving pulp had a specific surface area of 130 m
2
/g in the 

dry state, as measured using the Brunauer-Emmet-Teller (BET) Nitrogen gas adsorption 

method. This open structure was also revealed using field emission scanning electron 

microscopy (FE-SEM).  

The water-swollen and dry open structures were thoroughly characterized for various pulps.  

A new method for determining the average pore size of water-swollen delignified cellulosic 

fibres is presented. By combining the results from solid state nuclear magnetic resonance 

(NMR), measuring the specific surface area [m
2
/g] in the water-swollen state, with fibre 

saturation point (FSP), measuring the pore volume of fibres in water-swollen state  

[mass water/mass fibre], the average pore size can be determined without the need of 

assuming a certain pore geometry.  

The dry nanoporous structure was then used as a scaffold for in-situ polymerization, to 

demonstrate how the properties of the fibrils in the fibre wall can be exploited without the 

need to disintegrate the fibre wall. Both poly(methylmethacrylate) (PMMA) and 

poly(butylacrylate) (PBA) were successfully used as the polymeric matrix, and both 

nanocomposites (i.e., fibre/PMMA and fibre/PBA) had a fibre content of approximately  

20 w%. The structure of the composites was characterized using SEM and Atomic Force 

Microscopy (AFM) operated in the phase imaging mode. The AFM results indicate that the 

cellulose aggregates and polymeric matrix were successfully mixed on a nanoscale, creating a 

nanocomposite of interpenetrating polymer molecules and cellulose fibrils, rather than a 

microcomposite, when using microscopic cellulose fibres. The water absorption capacity of 

the nanocomposites was reduced significantly, indicating that almost all nanopores in the fibre 

wall were successfully filled with matrix polymer. The mechanical properties were 

investigated, showing the importance of nanosized reinforcement compared to fibres of 

micrometer size.  

 

  



 
 

Sammanfattning  

Denna avhandling behandlar torkade nanoporösa cellulosa fibrer; hur de tillverkas, 

karaktäriseras samt hur de kan användas för att tillverka helt nya typer av nanokompositer.  

Delignifierade vedfibrer har en öppen fibrillär struktur i vattensvällt tillstånd. Genom att 

successivt byta ut vatten mot mindre polära vätskor och slutligen försiktigt förånga det minst 

polära lösningsmedlet med en ström av argon-gas har det visat sig möjligt att bevara denna 

struktur även i torrt tillstånd. Prover av TEMPO-oxiderad, aldrig torkad dissolving massa 

hade en specifik ytarea på 130 m
2
/g mätt med hjälp av BET kvävgas adsorption. Den öppna 

strukturen visades även med hjälp av svepelektronmikroskopi.   

Den öppna strukturen hos den vattensvällda och lösningsmedelsbytta strukturen 

karakteriserades för ett antal olika massor. För att ge en så entydig bild som möjligt av 

strukturen utvecklades en ny metod för att bestämma medelvärdet av porstorleken för 

vattensvällda delignifierade cellulosa fibrer. Genom att kombinera fastfas NMR, som mäter 

specifik area [m
2
/g] i vattensvällt tillstånd, med bestämning av fibermättnadspunkt (FSP), som 

mäter porvolymen för fibrer i vattensvällt tillstånd [massa vatten/massa fibrer], kan ett 

medelvärde av porstorlek beräknas utan att behöva anta en viss geometri för porerna.  

Den torra nanoporösa fiberstrukturen användes som en byggnadsstruktur, för en in-situ 

polymerisation av polymerer i det icke-kollapsade fibrillnätverket. Både 

poly(metylmetakrylat) (PMMA) och poly(butylakrylat) (PBA) kunde framgångsrikt användas 

som polymermatris och de tillverkade nanokompositerna hade en fiberhalt på ca 20 vikt%. 

Nanokompositernas struktur analyserades med SEM och Atomkraft Mikroskopi (AFM) som 

användes i fas-mode utvärdering. Resultaten från AFM indikerade att polymermatrisen hade 

blandats med cellulosa-aggregaten på nano nivå och därmed kan egenskaperna hos fibrillerna 

utnyttjas utan att behöva frigöra fibrillerna ur fiberväggen. På detta sätt visade det sig vara 

möjligt att tillverka interpenetrerande nätverk av polymerer och fibriller i en nanokomposit 

genom att använda mikroskopiska fibrer. Resultaten visade också att kompositernas hade en 

nedsatt förmåga att ta upp vatten vilket tyder på att porerna i de nanoporösa cellulosafibrerna 

var nästan helt fyllda med polymer. De mekaniska egenskaperna undersöktes och resultaten 

visade betydelsen av förstärkning av fibriller av nanostorlek jämfört med en förstärkning på 

mikronivå.  
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1. Objectives  
 

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

context of preparation of new types of material and to facilitate a better understanding of the 

fibre wall structure.  

A delignified, water-swollen wood fibre has a remarkably high specific surface area, with 

cellulose fibrils arranged in an open structure. These great properties should be taken account 

of, and the objective of paper I was to develop a method in which the open fibre wall structure 

could be used as a scaffold for the preparation of a new type of nanocomposite material.  

In order to utilize the fibre wall in new ways, it is vital to rely on robust characterization 

techniques for determining the pore structure of the fibre wall. The objective of paper II was 

therefore to develop a new method for measuring the average pore size of water-swollen 

delignified wood fibres.  
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1. Introduction 
 

Interest in producing high-performance sustainable products has increased in the last  

10-15 years. Cellulose has been in focus due to its useful mechanical properties, its inert 

properties in contact with human tissue and the possibility of using it for various material 

applications. During the last 10 years, research has increasingly examined the use of 

nanofibrillated cellulose (NFC) or cellulose nanocrystals (CNC) as reinforcing element in 

composite materials and in high-value-added  interactive products.
1-3

 The advantage of using 

NFC or CNC, instead of cellulosic fibres, is the impressive properties of the nanosized 

materials such as a high specific stiffness, high aspect ratio and low thermal expansion 

coefficient.
4, 5

  

However, one drawback of using cellulose fibres or fibrils as reinforcing element in a 

polymeric matrix is the hydrophilic character of cellulose. Many of the most commonly used 

polymeric matrices are hydrophobic, which makes it difficult to achieve a good dispersion of 

the fibres or fibrils in the matrix and to optimize the adhesion between the constituents.  

In order to overcome this problem, the fibres or fibrils are often surface modified.
4, 6

  

Another drawback of using NFC or CNC is that the processing methods used to produce them 

are very energy demanding and the resulting materials are produced at fairly low 

concentrations.  

This thesis present a new method for preparing a dry nanoporous cellulosic structure.  

This structure is prepared by preserving the water-swollen structure of the delignified fibre 

wall in the dry state, in other words, preserving the open structure of the fibrils in the fibre 

wall. The nanoporous structure was thereafter used as a scaffold for in-situ polymerization, 

allowing the fibrils to reinforce the composite without the need of first using an energy 

demanding process in order to liberate the fibrils in the fibre wall. Furthermore, since the 

porous structure was impregnated by monomers, the mixing problem mentioned above was 

circumvented.  

2. Background 
 

To better exploit the fibre wall structure, it is absolutley necessary to have a fundamental 

knowledge of its structure. The following sections will summarize research concerning the 

fibre wall structure, starting with the structure of a wood fibre and the structural changes 

experienced when delignifying the fibre wall. 

3.1 Structure of the fibre wall 

 
Softwood fibres, in their native form, are composed mainly of cellulose, hemicellulose and 

lignin. The cellulose content is approximately 50% and the rest is almost equally distributed 

between hemicellulose and lignin, depending on tree species. During the biosynthesis of the 

fibre wall, the glucan chains are organized into cellulose fibrils approximately 5x5 nm thick 
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which are thereafter arranged into larger aggregates approximately 20-40 nm thick. On a 

higher structural level the fibre wall is constructed of various cell wall layers. The secondary 

cell wall is the thickest layer, and the fibrils in it are arranged almost in the same angle as the 

fibre axes, providing stiffness to the fibre. The fibre is 2-3 mm long and the fibre wall is  

4 µm thick. The diameter of the fibre, including the lumen, is between 20 and 30 µm.  

In 1975, Kerr and Goring published a schematic of how the components of the fibre wall were 

associated with each other based on among other things high resolution transmission electron 

microscopy (TEM),
7
 see Fig. 1. The TEM images revealed the distribution of lignin in the 

fibre wall and showed that 3 or 4 fibrils are associated with each other in the tangential 

direction but only 1 or 2 are associated with each other in the radial direction.  

The hemicellulose was assumed to be associated with both lignin, forming a lignin–

hemicellulose matrix between the fibrils, and with cellulose, covering the surface of fibrils. 

The chemical composition and arrangement of the constituents of the lignin–hemicellulose 

matrix have also been further explored since this first structure determination.
8
   

 

Fig. 1. Ultra–structural arrangement of components of the wood fibre wall.
7
  

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

composition or physical structure, to adjust the properties depending on the desired end use. 

During chemical pulping, almost all the lignin and a great deal of the hemicellulose are 

removed. A pulp fibre, i.e., a delignified cellulose fibre, generally comprises 85% cellulose 

and 15% hemicellulose after the sulphate kraft process. To obtain even higher cellulose 

content, the dissolving pulp process is used, and the resulting fibres generally have a cellulose 

content of 95%. After the pulping and bleaching processes, the fibre wall is highly porous due 

to the removal of hemicellulose and lignin in the different fibre wall layers: imagine the 

removal of the black parts, the lignin-hemicellulose matrix, depicted in Fig. 1, i.e., leaving the 

cellulose aggregates in an open structure. It has been shown that for fibres liberated by the 

sulphate process there is no expansion of the fibre wall but more a component removal while 

maintaining the fibre wall volume intact.  

Stone and Scallan performed a number of investigations in order to establish a structural 

model of the delignified fibre wall structure and developed methods for a better 
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characterization of the fibre wall.
9-13

 In 1965, they suggested that the delignified fibre wall 

consisted of a lamellar structure, arranged in the same direction as the cell wall axis.
9
  

Each lamella had a thickness less than 10 nm and the distance between the lamellas was 

approximately 3.5 nm. This lamellar structure was based on the analysis of SEM images and 

the dimensions of the lamellas were based on results of the Brunauer-Emmet-Teller (BET) 

Nitrogen gas adsorption method. The latter method measured the specific surface area [m
2
/g] 

and it was concluded that a delignified fibre wall in a water-swollen state has an open 

structure with a surface are of approximately 100 m
2
/g, while a fibre dried from water has a 

surface area of only 1 m
2
/g. Since the BET method is applicable only for dry samples, Stone 

and Scallan performed a liquid exchange procedure to preserve the water-swollen structure in 

the dry state. From the specific surface area it is possible to calculate the thickness of each 

lamella by assuming a particular lamella geometry and a material density. The BET gas 

adsorption method also makes it possible to determine the pore volume of the sample.  

The pore volume increased from 0.02 cm
3
/g for wood fibres to 0.6 cm

3
/g for pulp fibres at a 

yield of 47%. In the same paper, Stone and Scallan found that when the yield of wood pulp 

decreased, both the pore volume and the specific surface area increased.  In other words, 

when lignin and hemicellulose are removed from the wood fibres, decreasing the yield, larger 

pores are created and more surface area became accessible.  

As mentioned, the BET Nitrogen gas adsorption can only measure the specific surface area of 

dry samples, so a careful sample preparation is needed to mimic the water-swollen structure. 

To characterize the actual water-swollen structure the fibre saturation point (FSP) method, 

developed by Stone and Scallan in 1968,
11

 can be used. This method determines the amount 

of water in the fibre, i.e., pore volume, of water-swollen fibres. In a continuation of the 1968 

work, Stone and Scallan used polymers of different molecular weights and hence different 

polymer sizes.
12

 This was done to determine the pore size distribution of the fibres. It was 

reported that the pore size of wood fibres was between 0.5–4 nm and for a delignified fibre at 

a yield of 44.6%, the pore size increased to 1–10 nm, i.e., the pore size increased as the yield 

decreased during pulping. However, it is not possible to use the FSP method for measurement 

of pore size distribution since the shapes of the pores are not known. In the case where a pore 

has a narrow entrance at the external part of the fibre wall and connected to a larger void 

inside the fibre wall, the whole pore will be qualified according to the narrow entrance.   

This was pointed out by Lindström in 1986.
14

 

The pore volume increases as the yield is decreased but reaches a maximum at a yield of 

approximately 60%. When the yield is decreased further, the pore volume measured as the 

fibre saturation point (FSP) is reduced
13

. The removal of hemicellulose and lignin during the 

pulping process do not only create pores, it also decreases the amount of charged groups in 

the fibre wall. The charged groups, located on hemicellulose, create an osmotic pressure 

inside the fibre wall which makes the lamellar structure of a delignified fibre wall swell in 

water. The degree of swelling hence depend both on the amount of charges in the fibre wall 

and to what extent the fibrillar structure is held together by the hemicellulose and lignin in the 

fibre wall.  
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Fig. 2. Swelling of fibres measured as the fibre saturation point (FSP) as a function of the yield
13

.  

Another way of measuring the pore volume of the fibre wall is the Water Retention Value 

(WRV) method. A water-swollen pulp sample is centrifuged and according to the conditions 

used it is assumed that water between fibres and in the lumen of fibres is removed.
15

 The test 

conditions used as well as the morphology of the fibres will affect the remaining water in the 

sample. The method is rapid to run and is commonly used to measure fibre swelling.
14

 

Later, in combination with the development of characterization methods, the fibre wall 

structure has been analyzed using various techniques in order to estimate the pore and the 

lamella sizes. The H NMR Relaxation technique was developed by Li et al. in 1993,
16

 and a 

pore size of 18–19 nm for a bleached softwood pulp was reported. Andreasson et al.
17

 used 

the same technique and measured the pore size for different pulps, delignified to different 

yields. For a pulp of kappa number 35, which corresponds to a yield of approximately  

40–50%, the pore size was reported to be approximatley 25 nm. In 1999, Duchesne et al.
18

 

supported this model of an open fibre wall structure using cryo FE–SEM images of frozen 

hydrated chemical pulp. The aggregates were approximatley 20 nm thick and the distance 

between them approximatley 30–50 nm, see Fig. 3.  

 

Fig. 3. The open fibre wall structure of delignified fibres as revealed by FE (Field Emission)-SEM.
18

 The 

cellulose aggregates are approximately 10-20 nm thick and the distance between them is 30-50 nm.   

There are apparently several methods available for measuring the pore size and they seem to 

agree with each other that the pore size in the wet, delignified fibre wall is a couple of tens of 

nm. The differences between the methods might be because the methods measure different 

parts of the fibre wall and, in some cases need to assume a particular pore geometry. 
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The open structure of a delignifed fibre wall, with pores in the range of 20–50 nm and a 

surface area of 100–150 m
2
/g, is a feature of the fibre in its water-swollen state. Once the fibre 

is dried from water, its open structure collapses irreversibly in a process called hornification 

and the specific surface area decreases to 1 m
2
/g. Even though the fibre may later be 

reswollen in water, some of the pores will remain closed. To preserve the open structure in the 

dry state it is crucial that all the water in the fibre wall is carefully removed without affecting 

the pore structure. One commonly used method is to replace the water with a less polar liquid 

and thereafter dry the fibre, removing the unpolar liquid, in such a way that contact with 

humid air is avoided. This process is referred to as solvent exchange procedure, solvent 

exchange drying (SED), liquid exchange or water, alcohol, nonpolar liquid procedure  

(WAN procedure).
19-22

 These procedures are often used to preserve the water-swollen 

structure in the dry state for characterization purposes or for determining how procedures, 

such as beating, affect structural change during drying.  

If the open structure of a 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.   

3.2 Nano cellulose used in composite and functionalized materials 
 

Nanocellulose is prepared by a pretreatment of delignified fibres followed by an extraction 

process and depending on how the pretreatment and extraction are performed; different kinds 

of nanocellulose will be obtained. Nanofibrillated cellulose (NFC) is prepared by mild 

chemical or enzymatic fibre treatment followed by mechanical processing in which the fibres 

are disintegrated into fibrils. NFC thus comprises of individual fibrils 4–5 nm thick or fibril 

aggregates 16–20 nm thick
4
 and can be several µm long. Cellulose nanocrystals (CNC) are 

prepared by strong acid hydrolysis of cellulose fibres, which results in removal of disordered 

regions leaving the crystalline part of the fibrils left. CNC have the same thickness as NFC, 

i.e., 4–5 nm thick, but are much shorter, i.e., 100–300 nm.
4
  

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

expansion coefficient and they are also inert in the contact with human tissue. These 

properties suggest that nanocellulose might be a promising component for use in a variety of 

different composite materials.  

A fibre reinforced composite material is defined as a material containing at least two 

constituents with different mechanical properties and that both constituents remain separated 

from each other in the final product. The two constituents are referred to as the matrix and 

reinforcement, and the properties of the final composite material should be superior to the 

properties of either constituent alone. A nanocomposite requires that at least one of the 

constituents has dimensions smaller than 100 nm.
6
 In other words, a composite reinforced 

with cellulosic fibres is classified as a composite, but if the cellulosic reinforcement consists 

of either NFC or CNC, the composite is classified as a nanocomposite. Nanocomposites, 

composed of different components, can also be tailored to have strong and interactive 

properties depending on the selection of the constituting materials.  
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Despite all its advantages, nanocellulose has a major drawback, in that the polar nature of the 

fibrils makes it difficult to disperse them properly in and have a good adhesion to a 

hydrophobic polymeric matrix. The same problem is also encountered when using 

microscopic cellulose fibres in composite materials. Dispersion and adhesion are crucial 

parameters in order to obtain an efficient composite, and since many of the most commonly 

used polymers, are hydrophobic; the cellulose surface, of either fibres or fibrils, is often 

modified to improve the dispersion and adhesion. Instead of surface modification, nanosized 

cellulose fibrils 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.
23

 In other 

words, the matrix polymer is added to a cellulose structure instead of the other way around.  

To conclude, cellulose fibrils have useful properties. However, they are produced by an 

energy demanding process and fibril pretreatment is crucial in order to use them as 

reinforcing element in composite material.   
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4. Experimental 

 

4.1 Materials 

Pulp 

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

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

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

dried cotton linters sheets.  

TEMPO oxidation of dissolving pulp  

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

(10% solution) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO; free radical). All 

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

as received.  

The basic TEMPO oxidation procedure has been described by Saito et al.
24

 The charge 

density of the pulp was determined to be 600 µeq/g using conductometric titration.
25

 For more 

details of how the oxidation was performed, the reader is referred to paper I.   

In-situ polymerization in dry nanoporous cellulose fibres 

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

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

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

tri(propylene glycol) diacrylate (TPGDA; technical grade) were 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).  

 

4.2 Methods 

NMR: Measurement 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.
26-28

 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.
26, 27

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

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

most accurate results when used for such samples.  

 

Fig. 4. Solid state NMR spectra recorded from a cotton linter sample with a high cellulose content. The C4 

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

By 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.
28

 Thus, both LFAD and specific surface area can be obtained from solid state 

NMR. The specific surface area, σ, can be computed as follos:  

  
 

  
        (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. 

Solid state NMR method is highly stable for cellulose rich samples, which makes it a suitable 

platform for cellulose fibre characterization and to combine with other methods.  

Recording spectra for water-swollen cellulose samples yields spectra of comparatively high 

resolution. High ionic strength of 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. 

In this procedure, the fibre suspension was first adjusted to pH 2,
29

 to replace the counter ions 

with hydrogen ions, after which the pH of the fibre suspension was adjusted to 3.5.  

For more details of how the solid state NMR measurements were made, the reader is referred 

to papers I and II. 

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

The fibre saturation point (FSP) method was developed by Stone and Scallan in 1967.
11

 The 

FSP is defined as the amount of water contained in a water–saturated cell wall. In water-
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swollen pulp, water can be retained in various positions. For example, there is water between 

fibres, in the lumen of fibres, water entrapped closely to the cellulose surface in a hydrogel 

structure and water located within the fibre wall. The amount of water in the fibre wall pores, 

normalized to the amount of fibre is referred to as FSP [mass water/mass solid].  

Water-soluble dextran in used for the measurement and, due to its high molecular weight, it is 

assumed that dextran will not enter the pulp fibre pores. Water-swollen fibres are mixed with 

the dextran solution, and given that dextran will not enter the fibre wall pores, 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 all 

non–fibre wall water. The fibre wall water, i.e., the FSP, is therefore the difference between 

all water initially present in the water-swollen fibre samples and the non fibre wall water.  

For more details of how the FSP measurements were made, the reader is referred to paper II.  

Formation of dry nanocellulose fibre structure 

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

The sheets were slightly dried for only 2.5 min to remove excess water but at the same time 

avoiding 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 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, dried 

from water in air.  The dry structure was analyzed using BET Nitrogen gas adsorption to 

determine the specific surface area.  

The sulphate kraft pulp and the TEMPO–oxidized dissolving pulp (in paper I) were converted 

to their sodium
29

 forms before sheet preparation.  

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

size in the dry state  

BET gas adsorption measurement reveals a gas isotherm when a substrate is subjected to 

increasing pressure from an inert gas. 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.
30

 The specific surface area is 

calculated from the volume of gas needed 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.  

The surface area [m
2
/g], according to Brunauer–Emmett–Teller (BET) analysis,

30
 was 

determined 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 measured as the adsorption average pore width 
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assuming cylindrical pores, i.e., pore width corresponding 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.  

Fibrillar-reinforced composite, in-situ polymerization in dry nanoporous fibre structure 

The dry TEMPO oxidized dissolving pulp was used as scaffold for in-situ polymerization 

since it had highest specific surface area as measured by BET in the dry state. Dry fibre 

samples, with a preserved open fibrillar structure, were immersed into a mixture of 90 mol% 

of monomer (MMA or BA), 10 mol% of cross-linker (TPGDA) and 2.5 w% of initiator 

(AIBN). After one day in this mixture, the sample were taken out and placed in oven for 2 h at 

80 °C. As reference, pulp dried from water in air, was immersed into same mixture and 

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

Microscopy techniques 

The open fibrillar structure (see Fig. 7) was covered with gold–palladium using an Agar HR 

sputter coater to a thickness of 8 nm and then analysed using FE-SEM (Hitachi S-4800). The 

fibre/PMMA cross-section (Fig. 9A) was also analysed using the same microscopy technique.  

Specimens of fibre/PMMA (Fig. 9B) and fibre/PBA (Fig. 9C) were coated with carbon  

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

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

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 analyzed 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 tapping mode using an MSNL cantilever 

(Veeco Instruments, Plainview, NY) with a normal spring constant of 0.3 N m
–1

 and a tip 

radius of 2 nm.  

Water absorption capacity of nanocomposites 

Samples of composites were cut into smaller pieces and soaked in water for three days. 

Excess water was removed with blotting paper before the samples were dried in an oven over 

night at 105°C. Wet and dry samples, i.e., before and after drying, were weighed to determine 

the water content of the treated sheets.  

Mechanical properties of nanocomposites 

The mechanical properties of the composite material were investigated by means of tensile 

testing. The measurements were made 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.  
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5. Results and discussion 

5.1 Characterization of wet and dry nonporous cellulose fibre  
 

To use the fibre wall structure as a scaffold for functionalized materials, it is desirable to have 

a well-defined starting material, and therefore the water-swollen pulp was characterized using 

FSP and solid state NMR: the former method determines the amount of water in the fibre wall 

and the latter determines the LFAD and the specific surface area. By combining FSP and solid 

state NMR, the average pore size could be calculated and this new combined method will be 

discussed in the following section. After subjecting the fibres to liquid exchange and then 

drying them, the dry structure was analyzed using BET Nitrogen gas adsorption, to obtain the 

specific surface area and average pore size in the dry state.  

5.1.1 New method for determining the average pore size of water-swollen fibres 

This method is based on the results of both FSP and solid state NMR. Both methods require 

samples in the water-swollen state with an excess of water. Since they both measure 

properties of samples in the same condition, it is appropriate to combine their results. Solid 

state NMR measures the specific surface area, i.e., the phase boundary between the solid and 

liquid phases (the dotted lines between the solid and liquid shown in Fig. 5). Furthermore, if 

the amount of water filling the fibre wall pores, as measured using FSP, homogeneously 

covers all available pore surfaces, it will form a layer of thickness t. The distance between two 

surfaces, i.e., a pore, can be assumed to be 2t.  

 

Fig. 5. Schematic of how the results of FSP and solid state NMR are combined to measure the pore size, 2t. The 

water filling the fibre wall pores (measured using FSP [mass water/mass solid]) will form a layer of thickness t if 

spread out on all available surfaces of the fibre wall (measured using solid state NMR [m
2
/g]). The average pore 

size can be estimated as two times the thickness of the water layer covering the fibre wall surfaces.  

 

      (2) 

 

 

The average pore size is thus measured without assuming any particular pore geometry. 

However, the pore size distribution cannot be determined using this method. A prerequisite 

for using this method is that the pore system is completely water filled. This condition is 

fulfilled since FSP is measured on water saturated samples. Another prerequisite is that the 

sample has a high cellulose content since the model for determine specific surface area with 
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solid state NMR is based on these samples. If there is a high amount of hemicelluloses in the 

samples this condition is naturally not fulfilled.  

The average pore size calculations are presented in Table 1.  

5.1.2 Characterization of the fibre wall structure of a water-swollen delignified fibre  

Table 1 presents the results from characterization of the water-swollen and dry structures of 

various pulps. In Paper 1, the specific surface area as measured using solid state NMR was the 

only property measured in the water-swollen state, so the FSP and the average pore size were 

not examined for these samples (i.e., kraft pulp and TEMPO–oxidized dissolving pulp).  

Table 1. Summary of results after characterization of samples in the water-swollen and dry state. The fiber 

saturation point (FSP) was measured for samples described in paper II so no values were recorded for the kraft 

pulp and the TEMPO-oxidized dissolving pulp. Dissovling WD is a reference sample, WD indicating that fibres 

were dried from water in air. From the solid state NMR measurement the specific surface area (SSA) and LFAD 

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.  

  Water-swollen state Dry state 

Sample  FSP 

NMR 

SSA 

NMR 

LFAD 

Average 

pore size 

2t 

BET 

SSA 

BET 

LFAD 

BET 

adsorption 

average 

pore size 

  (g/g) (m
2
/g) (nm) (nm) (m

2
/g) (nm) (nm) 

Dissolving 0.94 158 16.9 11.9 75 35.6 8.0 

Eucalyptus 1.05 152 17.5 13.7 71 37.6 9.0 

Cotton Linters 0.21 83 32.2 5.0 58 46.0 5.1 

Kraft  - 100 26.6 - 128 20.8 8.9 

Dissolving-TEMPO - 132 20.0 - 130 20.5 8.7 

Dissolving WD 0.94 158 16.9 11.9 1.6 1667 5.6 

 

Starting with the water-swollen structure, the dissolving and eucalyptus pulps, both never-

dried, have similar values for FSP, specific surface area, LFAD, and average pore size. The 

cotton linters were dried and rewetted, and the difference between it and the dissolving and 

eucalyptus pulps can be explained by the irreversible closure of pores, which is a process 

known as hornification that occurs during drying. Pore closure will therefore result in a 

reduced pore volume, which can be seen with the reduced FSP value and smaller average pore 

size. The hornification will also result in the aggregation of fibrils in the fibre wall resulting in 

a lower specific surface area and thicker aggregates, i.e., an increase of the LFAD.  

In the water-swollen state, the TEMPO-oxidized dissolving pulp has a lower specific surface 

area than does the non-oxidized dissolving pulp. The pulp was oxidized to introduce charges 

on the glucan chain and thereby to increase the fibre swelling.
31

 Increased swelling is 

typically associated with higher surface area. The theoretical model used for determining the 

specific surface area when using solid state NMR assumes that the water-swollen sample 

contain pure cellulose. During TEMPO-mediated oxidation, hydroxyl groups at the C6 

position are oxidized to carboxylic groups.
24

 Thus, the TEMPO-oxidized dissolving pulp does 

not fulfill the criterion of a pure cellulose sample, as required for measuring specific surface 
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area using solid state NMR. Kraft pulp contains in general 15% of hemicellulose which also 

violates the criteria for specific surface area measurements. The TEMPO oxidation of the pulp 

and the presence of significant amounts of hemicellulose in the Kraft pulp significantly affect 

the C4 spectral region used for determining the specific surface area of the cellulose. For this 

reason, the NMR estimates of specific surface area made for the water-swollen  

TEMPO-oxidized and kraft pulp fibres should be considered semi-quantitative estimates 

indicating ranges rather than exact values. 

The average pore size measured using the presented method is slightly above 10 nm for the 

never-dried samples with a high cellulose content. This is in agreement with earlier published 

results,
16-18

 i.e., the pore sizes for never-dried delignified wood fibres are in the range of a few 

tens of nanometers. A method that recalls the present method is the one based on NMR 

relaxation, presented by Li et al in 1999.
16

 In this method, the surface to volume ratio of the 

water inside the fibre wall is determined and the volume of water is then determined from the 

Water Retention Value (WRV). The WRV is, however known to overestimate the volume of 

water since one cannot be sure that only the water in the fibre wall is measured.  

Another way to illustrate the structure of pure cellulose (i.e., in the never-dried dissolving 

pulp, eucalyptus pulp, and dried and rewetted cotton linter sample) in the water-swollen state 

is presented in Fig. 6. An illustrative image was prepared based on the LFAD and average 

pore size values. Comparing the two images reveals the effects of hornification, since the 

cotton linter sample has much thicker aggregates and smaller pores. 

  

Fig. 6. A simplified image of the cellulose aggregate arrangement for the water-swollen delignified fibre wall. 

Left: samples of never-dried pulp (i.e., the case of softwood dissolving pulp and eucalyptus dissolving pulp) 

right: the case of dried and re-swelled pulp (i.e., the case of cotton linters). 

The image shows the importance of using never-dried fibres and of avoiding hornification if 

one wishes to preserve the open porous structure and use it as a scaffold for functionalized 

materials.   

5.1.3. Characterization of dry nanoporous cellulose structure 

The pulps were treated according to the liquid exchange procedure described and thereafter 

dried carefully before BET measurement. Both the dissolving and eucalyptus pulps end up 

with similar specific surface area values in the dry state in where almost 50% of the initially 

available surface is preserved.  

Since the cotton linter sample had already been dried before being subjected to the liquid 

exchange procedure, most of its available surface had already been lost. The relative loss of 
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specific surface area is therefore lower in this sample than in the never-dried samples, 

resulting in a higher BET:NMR ratio.  

Since the aim of preserving the open porous fibre structure in the dry state is to use the 

structure as a scaffold it is relevante to investigate the pore size of the dry structure. When 

impregnating the dry scaffold with suitable substances for different end-use purposes, the pore 

sizes will limit the size of the substances that can enter the pores. From the BET measurement 

it is possible to determine the average pore width. However, it is not straightforward to report 

a reliable pore size from BET measurement, since the models used are based on different pore 

geometry assumptions and are suitable for pores in different size ranges. Furthermore, in a 

substrate such as a nanoporous cellulose fibre network, the pores cover a large range of sizes 

(including both pores within the fibre wall and pores between fibres), the pore shape varies 

and pores of different sizes can be connected to each other causing hysteresis in the sorption 

curve. Despite the weaknesses of the method, the pore sizes reported for the liquid exchanged 

pulp are in the range of 5–10 nm and thus slightly below the pore size reported for the water-

swollen samples. A decrease in pore size can be expected during liquid exchange and drying, 

since the fibre wall will probably experience some collapse, and this is also evidenced by the 

decrease in specific surface area. However, the reference sample containing dissolving pulp 

dried from water in air has a pore size in the same range as that of the other samples. For 

samples with a low specific surface area (i.e., below 1 m
2
/g), Nitrogen sorption is not the most 

accurate method and, sorption measurements with argon gas for example can provide higher 

sensitivity.  

The kraft pulp has a specific surface area of 128 m
2
/g in the dry state, where the open fibre 

wall structure has been preserved, which implies a more open structure in the dry than in the 

water-swollen state. This implication is highly doubtful and might be because the NMR 

measurement underestimates the specific surface area. Since the NMR model is based on pure 

cellulose samples, the model is not directly applicable to the kraft pulp. The hemicellulose 

present in the kraft pulp could serve as a spacer during drying, somewhat hindering pore 

closure.
32

  

Liquid exchange of pulp has been conducted before, mainly to preserve the water-swollen 

structure in the dry state, to permit characterization of the pulp and to follow structural 

changes during drying. Köhnke et al
32

 adsorbed glucuronoxylan onto cellulose with the aim to 

prevent hornification. Their reference samples, never-dried bleached softwood kraft pulp with 

no additional adsorbed glucuronoxylan, had a specific surface area of approximately 150 m
2
/g 

using BET Nitrogen gas adsorption after a liquid exchange procedure similar to that 

performed in paper I. Another example is the work of Herrington and Midmore
33

 in which the 

specific surface area was measured using two techniques; co-ion adsorption for water-swollen 

samples and BET Nitrogen gas adsorption for dry samples. After a liquid exchange procedure, 

samples of never-dried bleached sulphate pulp had a specific surface area of 190 m
2
/g.  

The results of specific surface area measured with BET in paper I are thus in agreement with 

earlier published results for similar samples.   
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The liquid exchange procedure and drying reported in paper I were performed in order to 

preserve the nanoporous structure of the cellulose fibres, so it could then be used as a scaffold 

for functionalized materials. The objective was to have two structural levels of ordering in the 

scaffold, i.e., the nanoscale fibrils arranged in the fibre wall and the microscale fibres 

arranged in a network structure in a sheet. It was therefore crucial to preserve the sheet 

structure during the liquid exchange procedure, which called for careful handling of the fibre 

network. For example, the prepared sheets were carefully placed into beakers containing 

liquids with successively less polarity and mixing was naturally avoided.  

The TEMPO-oxidized pulp was the sample with the highest specific surface area in the dry 

state, i.e., 130 m
2
/g and its structure was also revealed using FE-SEM. The FE-SEM image 

(Fig. 7) shows an open structure with aggregates separated from each other. Some of the 

cellulose aggregates are partly aggregated with each other. A specific surface area of 130 m
2
/g 

corresponds to an aggregate thickness of 20 nm (Eq. 1). The size of the pores depicted in Fig. 

7 seems to correspond to this value. The pore size also seems to be in agreement with earlier 

published results and the image itself recalls the FE-SEM image presented by Duchense.
18

 

 

Fig. 7. SEM image of the open fibre wall structure of the TEMPO-oxidized dissolving pulp after liquid exchange 

and drying. The scale bar in the image indicates 1 µm. 

The oxidation pretreatment and the liquid exchange procedure developed were then used for 

ongoing work on preparing dry nanoporous scaffolds for nanocomposite materials. It was 

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

 

5.2 Nanocomposite reinforced by an open fibrillar fibre wall structure  
 

The dry open structure preserved in the TEMPO-oxidized dissolving pulp was used as a 

scaffold for further modifications. Monomers were allowed to penetrate into the pores before 

the in-situ polymerization was initiated. The aim was to prepare a composite material 

reinforced by the nanosized fibrils in the fibre without taking apart the fibre wall. The 

structural characterization was intended to demonstrate that the polymer matrix had entered 

the preserved fibre wall pores, i.e., between the fibrils. The water absorption capacity and 
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stress-strain behaviour were examined to observe how the performance of the composite was 

affected by the nano scale mixing of the reinforcing fibrils and polymeric matrix.  

5.2.1 Structure of nanocomposite prepared from nanoporous cellulose fibres  

Composite materials were prepared using either PMMA or PBA as the matrix polymer. The 

composites prepared with an open fibre structure, comprised of approximately 20 w% fibres, 

whereas the reference composites ended up containing higher w% of fibres. The lower fibre 

content for the samples with the open fibre wall is most probably due the fact that the fibre 

wall was filled with polymer and thus the weight fraction of fibres was lower. Notably 

however, the samples contained approximately the same amount of fibres, since the starting 

material was a sheet with a grammage of 110 g/m
2
. 

PMMA and PBA were chosen as matrix polymers in order to work with easily polymerized 

systems and to be able to observe the difference 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
34

.  

Photographs of fibre/PBA and fibre/PMMA composites are shown in Fig. 8. As can be seen, 

the composites with an open fibre structure show a high transparency, indicating a nanoscale 

mixture of the constituents, since there was basically no light scattering from these samples. 

 

Fig. 8. Photographs of in-situ polymerized fibrillar/fibre-reinforced composites. Image A represents fibre/PBA 

and image B fibre/PMMA composites. For both samples, the matrix polymer was in-situ polymerized in the dry 

open fibrillar structure. The fibres constituted approximately 20 w% of both samples. Image C is the reference 

containing fibres dried from water, i.e., fibre/PMMA WD. 

The aim of structurally characterizing the composites was to ensure that the matrix polymer 

was successfully located inside the fibre wall, i.e., between the fibrils. For this purpose, a 

characterization method with nanometer resolution is necessary, but it is also important to 

find a suitable way to prepare the samples before the chosen characterization technique. In 

order to preserve the structure as intact as possible while allowing for high resolution analysis 

it was decided to cut the samples using a rotary microtome, with or without epoxy embedding, 

and thereafter analyze the cross-sections using different microscopy techniques.  

The fibre/PBA composite fell apart when cut in the microtome, due to the soft polymer matrix 

and fact that the epoxy could not penetrate into the sample, which obviously made it difficult 

to prepare neat cross-sections. However, the difficulty of epoxy resin penetrating into the 

structure was a clear indication that the polymerization of the open fibre wall structure had 

been successful since no pores were left in which the epoxy could enter. Thin cross-sections 
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of fibre/PMMA were prepared successfully, though these were analyzed using both SEM and 

AFM.  

At this point, both composite transparency and the difficulty of embedding the epoxyresin 

were early indications of successful polymerization inside the nanoporous fibre wall.  

The structural characterization conducted using SEM is presented in Fig. 9. Image A shows 

the cross-section of fibre/PMMA composite, in which cross-sections of fibres with  

non-collapsed lumen can clearly be seen. The fibres are distributed in the PMMA matrix and 

the matrix polymer is located in the non-collapsed lumen. The stripes in the image were 

probably caused by the knife during microtome cutting. Images B and C show the opening of 

a single fibre with its cellulose aggregates separated from each other and covered by the 

matrix polymer.  

 

Fig. 9. SEM images of in-situ polymerized fibrillar-reinforced composites: A is a cross-section of fibre/PMMA 

(scale bar, 100 µm), B shows a fibre in fibre/PMMA (scale bar, 200 nm), and C shows a fibre in fibre/PBA 

(scale bar, 200 nm). Fibrils and matrix are indicated in image B. 

Since the SEM image (see Fig. 9 A) showed that regions of the cross-section had been 

damaged by the microtome knife, an overview camera was used before AFM phase imaging 

in order to locate fibres in regions undisturbed by the knife.  

The AFM imaging results for the fibre/PMMA sample are presented in Fig. 10. Image A is an 

AFM height image of a fibre wall cross-section in the PMMA matrix, while the corresponding 

surface roughness profile is presented directly below image A. The thin line in image A 

indicates where the surface roughness profile was obtained starting in the lower-left corner, 

entering the fibre wall, finally passing through the lumen, and ending up in the middle of the 

right-hand side of image A. The first part of the profile is fairly smooth, corresponding to the 

cut through pure PMMA. The roughness increases when the profile enters the fibre wall, but 

the profile reverts to smoothness when entering the lumen, suggesting that the structure 

outside the fibre wall is similar to the structure in the lumen. This suggests that the lumen is 

also filled with PMMA. In Fig. 10A it seems as though the upper-right part of the fibre wall is 

thicker than the lower-left part of the same fibre.    
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Fig. 10. AFM images of a cross-section of an in-situ polymerized fibrillar-reinforced composite, i.e., 

fibre/PMMA. Image A is a height image showing the fibre wall with the corresponding surface roughness 

appearing below. Image B is a phase image from the lower-left side of the fibre wall (scale bar, 700 nm). Image 

C is a phase image from the upper-right 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 stiffness. 

AFM phase images were taken with increased magnification at two positions in the fibre wall, 

(see Fig. 10B and Fig. 10C). AFM phase imaging provides information regarding phases in 

the image of different elasticities. In both Fig. 10B and 10C, two phases are clearly present. In 

the AFM images, brighter areas correspond to regions of higher stiffness. It is therefore 

suggested that the brighter areas in the phase images correspond to cellulose aggregates and 

the darker regions to the PMMA matrix. The AFM phase images thus show that the matrix 

polymer is located between the cellulose aggregates, inside the fibre wall. In Fig. 10C, the 

suggested cellulose aggregates can be seen in a typical lamellar structure. Two phases are 

clearly present in the fibre wall indicating the nano-scale mixing of the fibrils in the fibre wall 

and the PMMA matrix.  

Although the magnifications are not the same in Fig. 10B and 10C, image B seems to have 

higher concentration of PMMA. This might explain why the left-lower part of the fibre wall is 

thicker than the upper-right part, probably beacause the impregnation of monomer in the fibre 

wall structure is not homogeneous throughout the fibre structure.  
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5.1.2 Performance of fibrillar-reinforced composite 

To explore the efficiency of filling the fibre wall pores with polymer during in-situ 

polymerization, the water absorption capacity of the composites was measured. If all the pores 

in the fibres were filled, then the water uptake would be limited. The results of these 

measurements are presented in Table 2 (the water uptake is normalized with respect to both 

sample weight and amount of fibre, since the fibre content varied). Regardless of how the 

water absorption capacity is measured, the fibre/polymer samples with open fibre structure, 

have a significantly lower value than do the fibre/polymer WD samples showing again that 

the polymerization has been successful in the fibre walls where the open fibrillar structure has 

been preserved. The literature has previously concluded that the monomer system used 

shrinks during polymerization, so the fibre/polymer samples will not be completely solid. 

Some pores might be located in the samples, possibly in the polymer-fibre phase boundaries.  

Table 2. Water absorption capacity of 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 

 

Regardless of whether or not the open fibre wall has been preserved and of how the water 

absorption capacity has been normalized, the samples with PMMA as the matrix have a lower 

value than do samples with PBA. This might be explained by the higher stiffness of PMMA 

than of PBA, which will more strongly hinder the fibre wall swelling. In the case of the 

reference samples, i.e., fibre/polymer WD, the interior of the polymer-free fibre wall can 

absorb water, so the water absorption capacity is significantly higher. 

The stress-strain behaviour of the materials were measured, (see results in Fig. 11), to observe 

how the mechanical properties were affected if polymerization was allowed to occur inside 

the fibre wall, thereby exploiting the properties of the fibrils, compared with the references 

with a collapsed fibre wall structure. The samples with preserved open fibre structure are 

presented in black, fibre/PMMA and fibre/PBA, and the reference samples with fibres dried 

from water in air are presented in grey, fibre/PMMA WD and fibre/PBA WD. It is important 

to stress, that the fibre content is not the same for the fibre/polymer and fibre/polymer WD 

samples although the total amount of fibre is approximately the same in each sample. Even 

though the fibre/polymer samples have a lower fibre content in w%, they both have a 

significantly greater tensile stress than do the references. Attempts were made to press the 

fibre/polymer samples to increase the fibre content and enable better comparison with the 

references. Unfortunately, it was not possible to press the samples while maintaining the open 

fibre wall structure. The sample with PBA as the matrix is more interesting to analyze since 
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the fibrils in the fibre wall can reinforce the soft matrix more than in the fibre/PMMA. 

Fibre/PBA shows a ductile behaviour and most probably the components in the composite are 

likely able to slide against each other when the sample is loaded. From the measurement of 

water absorption capacity, it was concluded that the samples might contain some pores caused 

by shrinkage during polymerization. These pores might help the composite components to 

slide against each other.  

 

 

Fig. 11. Mechanical properties of the composite materials fibre/polymer (black) and the corresponding reference 

fibre/polymer WD (grey). 

These results clearly indicate that it is possible to utilize the nanofibrils, in this case the fibrils 

in the fibre wall, to achieve fibril reinforced composites without the need of tearing the fibre 

wall apart.  

The mechanical properties were measured in order to reveal the difference in behaviour when 

the composite is reinforced by the nanosized fibrils or the microsized collapsed fibres. 

Therefore, the absolute properties of these nanocomposites have not been compared with 

those of the best currently available composites. 

An advantage of this procedure for preparing nanocomposites is that the starting material is 

never-dried pulp arranged in a network structure by regular sheet making methods.  

This structure can easily be prepared at large scale before polymer or particle deposition. 

Furthermore, when conventionally dried fibres are used as the reinforcing element of a 

composite material, the stress transfer can cause problems at the fibre ends. This will not be 

the case with the nanocomposite prepared here, since the fibres and fibrils in the fibre wall 

will be mixed with the polymer in an interpenetrating network.  

The results of the characterization, regarding both the structure and performance of the 

nanocomposite, clearly indicate that a new nanocomposite was created by using the dry 

nanoporous cellulose fibre as a scaffold for in-situ polymerization. The properties of the 

fibrils in the fibre wall can hence be exploited without the need for an energy demanding fibre 

disintegration process to obtain NFC.  
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5.3 Other possibilities for using the nanoporous cellulose fibre structure   
 

Since it is difficult to obtain good dispersion of fibres, NFC, or CNC in a hydrophobic 

polymer matrix, the idea of adding the polymer matrix to a network structure built up of the 

reinforcing component is an interesting approach. Capadona et al.
23

 prepared a gel of 

nanowhiskers in acetone: the gel was immersed in a solution of any chosen polymer, which 

filled the structure. In the case of the nanocellulose gel template, the pores in the network 

structure are large enough to allow the polymer to enter. The idea of adding the matrix 

polymer to a network structure inspired the nanocomposite described in paper I. However, the 

pores in the fibre wall are smaller than those in the gel template, so an in-situ polymerization 

of the matrix polymer was a good alternative: the monomer would not have difficulties 

entering the pores in the dry fibre wall structure, and once the scaffold was filled with 

monomer, the polymerization could be initiated.  

The same concept can be applied to functionalized materials containing inorganic particles. 

For example, cobalt ferrite nanoparticles can be formed inside freeze-dried fibrillar gels
3
 and 

gold nanoparticles can be formed from the carboxylic groups of oxidized fibrils.
35

 It should be 

possible to conduct similar particle deposition but starting from a nanoporous cellulose fibre 

structure instead of network structures prepared from nanocellulose. In other words, the 

scaffold obtained in the present work is most suitable for initiating polymerization or particle 

growth once the porous structure has been filled with the desired building blocks.  

The nanoporous scaffold was used in its dry state. This was done to make it possible to use 

the scaffold with a hydrophobic polymer matrix and thus demonstrate the potential of 

preparing nanocomposite materials with a hydrophobic polymer matrix according to 

described procedure. The structural characterization of water-swollen versus dry fibres  

(see Table 1) indicates that, even when the liquid exchange procedure and drying are 

performed gently, the available surface area and pore size decrease. In view of this, it would 

be desirable to use the open fibre wall structure in the water-swollen state and not take it 

through the liquid exchange procedure. However, then the monomer used needs to be water 

soluble in order to allow for a penetration into the structure. Another alternative would be to 

use the Capadona et al
23

 approach, i.e., to replace the water with a water-miscible solvent such 

as acetone. If the monomers used are miscible in the chosen liquid, they can impregnate the 

structure at this point and the drying step can be avoided.     
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6. Conclusions 
 

Dry nanoporous cellulose fibre network were prepared by subjecting a fibre sheet to a liquid 

exchange procedure followed by careful drying with an inert gas. The liquid exchange 

procedure was evaluated by comparing the water-swollen structure, i.e., the starting material, 

with the dry structure.  

The water-swollen structure was characterized using the solid state NMR and fibre saturation 

point (FSP) methods. A robust method for determining the average pore size, for samples 

with high cellulose I content, was developed by combining the results of solid state NMR and 

of FSP. The methods are suitable for combining since they are both recorded on fibres in the 

presence of excess of water and the average pore size can easily be calculated without 

assuming a certain pore size. The values presented are reasonable and in agreement with 

earlier published results.  

The dry open structure obtained after liquid exchange and drying was characterized using 

BET Nitrogen gas adsorption, and the open structure was also examined using field emission 

scanning electron microscopy.  

The dry nanoporous cellulose fibre structure was successfully used as a scaffold for in-situ 

polymerization. By adding the matrix polymer to the open fibre wall structure, nanoscale 

mixing of the reinforcing fibrils and the polymer matrix was obtained without having to 

disintegrate the fibre wall. Characterization of the nanocomposite indicated that the matrix 

polymer was located inside the fibre wall. The results demonstrate the importance of 

nanosized reinforcement versus microsized reinforcement, and demonstrates a new method 

for preparing fibril reinforced nanocomposites.   
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