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Abstract 

Two approaches for creating a new all-cellulose composite material have been studied: 
the biosynthesis of compartmentalised bacterial cellulose fibril aggregates and the 
compression moulding of commercial chemical wood pulps processed with only water. 
The objective was to study the structural changes during processing and the 
complexity of relating the mechanical properties of the final biocomposites to the 
nanoscale structure was highlighted. 

Solid-state CP/MAS 13C NMR spectroscopy was utilised to determine both the fibril 
aggregate width and the content of the different crystalline cellulose forms, cellulose I 
and cellulose II. Using this method, the quantities of hemicellulose present inside the 
fibre wall and localised at the fibre surfaces could be determined. 

The formation of cellulose fibrils was affected by the addition of hydroxyethylcellulose 
(HEC) to a culture medium of Acetobacter aceti, and the fibrils were coated with a thin 
layer of HEC, which resulted in loose bundles of fibril aggregates. The HEC coating, 
improved the fibril dispersion in the films and prevented fractures, resulting in a 
biocomposite with remarkable mechanical properties including improved strength (289 
MPa), modulus (12.5 GPa) and toughness (6%). 

The effect of press temperature was studied during compression moulding of sulphite 
dissolving-grade pulps at 45 MPa. A higher press temperature yielded increases in the 
fibril aggregation, water resistance (measured as the water retention value) and Young’s 
modulus (12 GPa) in the final biocomposite. The high pressure was important for 
fibril aggregation, possibly including cellulose-cellulose fusion bonds, i.e., fibril 
aggregation in the fibre-fibre bond region. The optimal press temperature was found 
to be 170°C because cellulose undergoes thermal degradation at higher temperatures. 

The effect of hemicellulose was studied by comparing a softwood kraft paper-grade 
pulp with a softwood sulphite paper and a softwood sulphite dissolving-grade pulp. A 
significant fibril aggregation of the sulphite pulps suggested that the content and 
distribution of hemicellulose affected the fibril aggregation. In addition, the 
hemicellulose structure could influence the ability of the hemicellulose to co-aggregate 
with cellulose fibrils. Both sulphite pulp biocomposites exhibited Young’s moduli of 
approximately 12 GPa, whereas that of the kraft pulp was approximately half that 
value at 6 GPa. This result can be explained by a higher sensitivity to beating in the 
sulphite pulps. 

The effect of mercerisation, which introduces disordered cellulose, on the softwood 
sulphite dissolving-grade pulp was also studied under compression moulding at 170°C 
and 45 MPa. The mechanisms causing an incomplete transformation of cellulose I to 
II in a 12 wt% NaOH solution were discussed. The lower modulus of cellulose II 
and/or the higher quantity of disordered cellulose likely account for the decrease in 
Young’s modulus in the mercerised biocomposites (6.0 versus 3.9 GPa). 

 

Keywords: CP/MAS 13C NMR, cellulose, fibril aggregation, biocomposite, 
compression moulding, supramolecular structure 
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Sammanfattning 

Två metoder för att skapa ett nytt kompositmaterial baserat på enbart cellulosa har 
studerats, biosyntes av fibrillaggregat bestående av bakteriecellulosa och varmpressning 
av kommersiella träfiberbaserade massor med vatten som den enda processkemikalien. 
Målet var att studera de strukturella förändringarna som sker under 
tillverkningsprocessen. Även komplexiteten i att relatera strukturen på nanonivå till de 
mekaniska egenskaperna hos de slutliga biokompositerna belystes. 

Med fastfas CP/MAS 13C NMR-spektroskopi var det möjligt att bestämma både 
fibrillaggregattjockleken och mängden av cellulosakristallformerna; cellulosa I och 
cellulosa II. Det var också möjligt att bestämma mängden hemicellulosa dels 
närvarande inuti fiberväggen och dels mängden lokaliserad på fiberytor. 

Tillsats av hydroxyetylcellulosa (HEC) i odlingsmediet för Acetobacter aceti påverkade 
bildandet av cellulosafibriller som blev belagda med ett tunt skikt av HEC, vilket också 
resulterade i löst bundna fibrillaggregat. HEC-beläggningen förbättrade 
fibrilldispersionen i filmerna och minskade sprickbildningen, vilket gav en biokomposit 
med mycket goda mekaniska egenskaper med kombinerad hög styrka (289 MPa), 
styvhet (12.5 GPa) och seghet (6%). 

Effekten av presstemperatur vid varmpressning (45 MPa tryck) studerades på sulfit 
dissolvingmassor. Högre presstemperatur gav ökad fibrillaggregering, ökat 
vattenmotstånd (mätt som vattenretentionsvärde) och högre styvhet (12 GPa) för 
biokompositen. Det höga trycket var också viktigt för fibrillaggregeringen, som 
troligen omfattar cellulosa-cellulosa samkristallisation dvs. fibrillaggregering i fiber-
fiber-bindningsregionen. Den optimala presstemperaturen föreslogs vara 170° C pga. 
termisk nedbrytning av cellulosa vid högre temperaturer. 

Effekten av hemicellulosa studerades genom att jämföra sulfat pappersmassa med 
sulfit pappersmassa och sulfit dissolvingmassa. Mängden och fördelningen av 
hemicellulosa föreslogs ligga till grund för skillnaden i fibrillaggregering, som var mera 
uttalad i sulfitmassorna. Även hemicellulosans struktur kan påverka förmågan hos 
hemicellulosa att sam-aggregera med cellulosafibriller. Biokompositerna baserade på 
sulfitmassorna hade en styvhet på ca. 12 GPa, medan sulfatmassan bara hade hälften 
av den nivån ca. 6 GPa, vilket förklarades av sulfitmassornas högre känslighet för 
malning. 

Även effekten av mercerisering av sulfit dissolvingmassa varmpressad vid 170° C och 
45 MPa studerades. Mercerisering introducerar oordnad cellulosa och mekanismerna 
som endast ger en partiell omvandling av cellulosa I till II i en 12 vikt% NaOH-lösning 
diskuterades. Den sämre styvheten hos den merceriserade biokompositen (6.0 resp. 3.9 
GPa) förklaras troligen genom cellulosa II kristallens lägre styvhet och/eller den högre 
mängden av oordnad cellulosa. 
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1 Introduction 

1.1 Background 

The demand and production of pulp and paper have, after several years of 

increases, started to stagnate, and the margins for papers used in large-volume 

products such as newspapers and catalogues are quickly diminishing. Sweden is 

the fourth largest nation with respect to the export of pulp and paper, and the 

Swedish forest industry is facing challenges due to competition from 

eucalyptus-based industries and strong market developments taking place 

elsewhere. Small improvements in existing products and technologies are no 

longer sufficient. New products, processes and material concepts are needed to 

increase the capital value of wood fibres and to compete with other natural 

fibre-based materials. At the same time, the sustainability debate has increased 

the pressure to find sustainable and renewable materials for the future. Today, 

the need is steadily increasing for environmentally friendly or “green” materials 

that reduce the environmental pollution and petroleum-based plastics.  

Wood fibre or wood fibre-based components embedded in wood-based matrix 

materials are referred to as biocomposites and provide a great opportunity for 

large volume production if they can be used as engineering materials in various 

industrial applications. The market for composite materials is large and 

growing, and the conventional composite materials based on glass or carbon 

fibres embedded in a petroleum-based matrix are widely used in aerospace, 

automotive and construction applications.  

Many studies are currently focused on altering the properties of cellulose-based 

fibres via chemical or physical modification to create new wood-based 

biocomposites. Great interest also exists in disintegrating wood-based fibres 

into its aggregated nanoscale cellulose fibrils to exploit the combination of 

extended-chain molecules, the high degree of order (crystallinity) and the high 

cellulose molar mass of the aggregated cellulose fibrils. This study reports one 

approach to creating new material: a biomimetic low-energy biosynthetic 

approach for the production of high-strength bacterial cellulose 
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biocomposites. Another approach involved the use of existing raw materials, 

i.e., pulps that are already available from the Swedish pulp mills. Biocomposites 

based on chemical pulp are processed via compression moulding, a commonly 

used technique found in nearly all industrial sectors. The advantages of this 

rapid method include low cost, simplicity and relative predictability. Moreover, 

compression moulding may allow for future production of complex 3D-

shaped components from this material. 

1.2 Objectives 

The objective of this work is to study the structural changes of cellulose-based 

biocomposites using two approaches: the biosynthesis of compartmentalised 

bacterial cellulose fibril aggregates and compression moulding of commercial 

chemical wood pulps. The effects of compression moulding, the pulping 

process and hemicellulose content and structure on the cell wall nanostructure 

(the fibril aggregate width) in the compression moulded materials will be 

studied using solid-state cross polarisation/magic angle spinning carbon-13 

nuclear magnetic resonance (CP/MAS 13C NMR) spectroscopy. In addition, 

the physical properties will be studied and discussed, and effects of 

mercerisation (the quantity of cellulose II) will be examined. 
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2 Fibre and cellulose structure 

The fibre cell wall is a complex biocomposite composed primarily of the 

polysaccharides (long chains of sugar units) cellulose and hemicellulose and the 

complex phenyl propane-based polymer lignin, as described in the subsequent 

text (Haygreen and Bowyer 1982). 

2.1 Cellulose 

Cellulose is the most common biopolymer because it is the main component in 

plant cell walls (Haygreen and Bowyer 1982). Cellulose is not only found in 

plants (e.g., wood and cotton) but also in algae, fungi, bacteria and tunicates. 

Cellulose is a long and linear homopolymer composed of 5 000–10 000 β-D-

glucopyranose units linked by (1→4)-glycosidic bonds with cellobiose as the 

repeating unit (Figure 1). Although cellulose is a large molecule, it is too small 

to observe even with an electron microscope; the longest cellulose chain is 

approximately 5 µm long and has a diameter of approximately 6–8 Å (0.6–0.8 

nm) (Sugiyama et al. 1991b; Heiner et al. 1998; Newman 1999). 

 

 

 

Figure 1. Molecular structure of cellulose. 

2.1.1 Crystalline structure 

Due to its linearity and the existing hydroxygroups, the cellulose chains form 

strong intra- and intermolecular hydrogen bonds and can be closely packed 

into a crystalline structure. Cellulose is polymorphic meaning that it can exist in 

several crystalline forms. The crystalline form of native cellulose in wood is 

cellulose I, which is actually a composite of two crystalline forms with different 

hydrogen bonding patterns: cellulose Iα and cellulose Iβ (Atalla and 
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VanderHart 1984a and 1984b; Sugiyama et al. 1991a). Cellulose Iα has a one-

chain triclinic unit cell, and cellulose Iβ has a two-chain monoclinic unit cell 

(Sugiyama et al. 1991b). The ratio between the two different cellulose I forms 

varies depending on the species; algae and bacterial cellulose are dominated by 

cellulose Iα, and higher plants such as wood and cotton are dominated by 

cellulose Iβ (Atalla and VanderHart 1984a). The pulping method affects this 

ratio in pulp fibres; kraft pulping is accompanied by the conversion of cellulose 

Iα to cellulose Iβ (Hult et al 2002). In chemical pulps, the total cellulose I 

content, i.e., the crystallinity, is on the order of 55% (Lennholm et al. 1994). 

Other polymorphs of cellulose, II, IIII, IIIII, IVI and IVII, have different 

hydrogen-bonding networks and molecular orientations. Cellulose II is the 

most extensively studied crystalline structure besides cellulose I and can be 

formed from cellulose I via treatment with aqueous sodium hydroxide 

(mercerisation) or by the dissolution of the cellulose and its subsequent 

precipitation/regeneration. As reviewed by O’Sullivan (1997), the structural 

differences between cellulose I and II are commonly studied. It is now 

accepted that cellulose I chains are directed in a parallel up arrangement with 

all the non-reducing ends on one side and the reducing (aldehyde) ends on the 

other. In contrast, the cellulose II chains have an antiparallel arrangement. 

Another difference described in the literature involves the conversion of the tg 

conformation of the hydroxymethyl groups in cellulose I to a gt conformation 

in cellulose II (Horii et al. 1983). The antiparallel gt conformation of cellulose 

II is more stable than that of cellulose I; hence, the conversion to cellulose II is 

irreversible. The crystal structure of cellulose I also has a higher elastic 

modulus than that of cellulose II, 138 and 88 GPa, respectively (Nishino et al 

1995). 

2.1.2 Supramolecular structure 

The fibrillar cellulose supramolecular structure is not understood in detail and 

is still a subject of research. In addition, the terminology used to describe the 

supramolecular ordering of cellulose is still not definite. Diverse and confusing 

terms can be found in the literature; elementary fibril, microfibril and 

macrofibrils are used by different authors. To avoid misunderstanding, only 

the terms fibril and fibril aggregate (aggregate of fibrils) will be used in this 

work.  
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In native cellulose I, bundles of extended-chain molecules are arranged into 

monodisperse fibrils (Nishiyama 2009), and the fibrils form fibril aggregates, 

which, in turn, may combine into larger fibril aggregates and lamellae in the cell 

wall (Sjöström 1981). Frey-Wyssling (1954) regarded the fibril as having a 

crystalline core covered with a less-ordered paracrystalline cellulose layer 

closest to the fibril surface. The non-crystalline fibril surfaces could be further 

divided into surfaces that are accessible or inaccessible to water (Newman 

1998; Wickholm et al. 1998). The widths of the fibril and fibril aggregates vary 

depending on the origin and chemical or physical treatment of the cellulose. In 

wood cellulose, the fibril width has been reported as 3.5–4.0 nm (Fengel and 

Wegener 1984; Fink et al. 1995; Hult et al. 2001), and the fibril aggregate width 

as 20 nm (Duchesne et al. 2001; Hult et al. 2001, Bardage et al. 2004; 

Nishiyama 2009). Because of the highly crystalline fibrous structure and the 

strong network of hydrogen bonds, cellulose fibrils have high mechanical 

strength and are insoluble in water and many other solvents.  

Analysis using solid-state CP/MAS 13C NMR allows the supramolecular 

structure to be studied and the widths of fibrils and fibril aggregates to be 

estimated (Hult et al. 2001; Wickholm et al. 1998; Larsson et al. 1999). The 

procedure is described in detail in chapter 3. 

2.1.3 Bacterial cellulose 

As previously mentioned, in addition to composing the cell wall in plants, 

cellulose is also synthesised by some bacterial species. A bacterium from the 

genus Acetobacter, a gram-negative aerobic bacterium that exhibits an 

extracellular secretion of cellulose, has been widely studied. These non-

pathogenic bacteria can be found in ripening fruit and vegetables. As reviewed 

by Iguchi et al. (2000), the reason that the bacteria produce cellulose is not 

fully understood, but suggested explanations include the use of the cellulose 

network as a protective surface also allowing the bacteria to remain at the 

surface of the culture solution. In this work, the cellulose produced by the 

Acetobacter bacterium will be termed bacterial cellulose. 

Two major differences between bacterial and plant cellulose are the shape and 

size of the fibril aggregates. In bacterial cellulose, the fibrils are aggregated and 

arranged into ribbon-shaped structures with dimensions of approximately     
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4–10 nm (thickness) × 70–150 (width) (Brown 1989; Klemm et al. 2005). In 

addition, bacterial cellulose is free of lignin, pectin and hemicellulose which are 

incorporated in a plant’s cell wall structure. The bacterial cellulose has high 

crystallinity (60–90%) and a high molar mass (degree of polymerisation = 

2000–8000) (Klemm et al. 2005). As previously mentioned, the crystalline 

structure also differs in plant and bacterial cellulose: the content of cellulose Iα 

reaches approximately 70% in bacterial cellulose with crystallinity in the range 

of 75%, whereas the plant cellulose is dominated by cellulose Iβ and has a 

lower crystallinity (O’Sullivan 1997). Due to the structure, the water-holding 

capacity is much greater in bacterial cellulose than in plant cellulose. 

2.2 Hemicellulose 

Like cellulose, hemicellulose is a group of polysaccharides. Unlike cellulose, 

hemicelluloses can be branched and are composed of shorter chains of up to 

only 150 varying sugar units (Haygreen and Bowyer 1982). The composition 

and structure of hemicellulose is non-homogenous and differs among tree 

species. In softwood, the principal hemicellulose is galactoglucomannan 

(~20% of softwood) and arabinoglucuronoxylan (5–10% of softwood), 

whereas hardwood hemicelluloses are dominated by glucuronoxylan (15-30% 

of hardwood) and glucomannan (2–5% of hardwood) (Sjöström 1981). Due to 

its structure the hemicellulose has a cross-linking function between cellulose 

fibril aggregates and forms complexes with lignin inside the fibre cell walls 

(Carpita and McCann 2000). 

2.3 Lignin 

As previously mentioned, lignin is a complex polyphenol compound that is 

composed of phenylpropane units and can be found both between wood cells 

and within the cell walls. The lignin serves as a binding agent between the cells 

and inside the cell wall where it is closely associated with the hemicellulose and 

cellulose. Due to its three-dimensional and stable structure, lignin possesses 

mechanical properties that provide rigidity to the cell or fibre, even under 

moist conditions (Haygreen and Bowyer 1982). Different classes of lignin can 
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be found in different tree species: guaiacyl lignin based on coniferyl alcohol 

occurs in softwood, and guaiacyl-sinapyl lignin a copolymer of coniferyl and 

sinapyl alcohol occurs in hardwood (Sjöström 1981). 

2.4 Microstructure 

In trees, the wood consists of wood cells embedded in a matrix composed 

primarily of lignin and adhesive polysaccharides (pectin) (Sjöström 1981). The 

fibres are elongated wood cells that provide mechanical strength and water 

transport through openings called pits. The fibres with closed ends have 

hollow centres (lumens) and are heterogeneous in nature, differing between 

tree species and with the seasonal nature of growth. In softwood (e.g., pine and 

spruce), the fibres are long (2–4 mm) and flexible tracheid cells composing 90–

95% of the wood, whereas in hardwood (e.g., birch and eucalyptus), the fibres 

consist of shorter (~1 mm) and stiffer libriform and hybrids of tracheids cells 

composing 65–70% of the wood (in birch). The softwood fibres are more 

rectangular in shape (20–40 µm in diameter) compared with the rounder 

hardwood fibres (14–40 µm in diameter). The growth in springtime 

(earlywood) is rapid, yielding large fibres with thinner cell walls (2–4 µm in 

Scandinavian softwood), whereas the growth in summertime (latewood) is 

slower, yielding denser fibres with thicker cell walls (4–8 µm in Scandinavian 

softwood) (Sjöström 1981). 

2.5 Ultrastructure – the fibre cell wall 

The fibre cell walls have a layered structure, as shown in Figure 2, which is an 

illustration of the hierarchical structure of wood from the tree to the cellulose 

molecule. 
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Figure 2. Hierarchical structure from the tree to the cellulose molecule 

(Illustration: Airi Illistre). 

As indicated in Figure 2 the cell wall is composed of different layers, which are 

designated as the primary cell wall (P), the outer secondary cell wall (S1), the 

middle secondary cell wall (S2) and the inner secondary cell wall (S3) (Sjöström 

1981, Haygreen and Bowyer 1982). The layers are complex biocomposites 

made of cellulose fibril aggregates embedded in a matrix of hemicellulose and 

lignin. The layers differ both in structure and composition. The primary wall, 

the thinnest cell-wall layer, is rich in pectin and lignin and is reinforced by a 

nearly random network of fibril aggregates. The secondary wall is the principal 

part of the cell wall and, as previously mentioned, consists of three layers: a 

thick middle wall and thin outer and inner walls. In the secondary wall, the 

fibril aggregates are aligned almost in parallel and wind as a spiral along the 

fibre axis. In the thick S2 layer, the fibril orientation is nearly parallel to the 

Molecule
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Fibril aggregate
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fibre axis, while in the S1 and S3 layers, the fibrils are oriented nearly 

perpendicular to the fibre axis. The proportions of cellulose and hemicellulose 

are greater in the secondary layer than in the primary wall, and the quantity of 

lignin, which dominates between the cells, decreases approaching the lumen. 

Due to the thickness of the S2 layer, this wall has the primary influence on the 

characteristics of the fibre and materials made thereof. 

2.6 Chemical pulps 

With pulping, the fibres are separated from each other; therefore, the 

properties of the pulp fibres are highly dependent on the pulping process 

(Haygreen and Bowyer 1982). In mechanical pulping, the fibres are 

mechanically disintegrated by crushing or grinding wood chips to provide stiff 

and hard fibres used for applications such as newsprint. In chemical pulping, 

the wood is delignified. As previously mentioned, lignin is known as the 

binding agent in wood, and in chemical pulping, the lignin is dissolved using 

chemicals and heat. This study examines bleached chemical pulps composed of 

chemically separated smooth and flexible fibres; sulphate (kraft) pulp that is 

normally used in applications such as copy paper and sulphite pulp commonly 

used in specialty papers. Dissolving pulp is a highly purified sulphite pulp with 

a high cellulose content that is suitable for chemical conversion into products 

such as cellophane, rayon and other derivatives. 

2.6.1 Difference between sulphite and kraft pulp 

The two primary types of chemical pulps are sulphite pulp and sulphate pulp 

(commonly known as kraft pulp), the latter globally dominating chemical pulp 

production due to its easier recovery of chemicals and higher fibre strength 

(Sjöström 1981). The major difference between the two chemical pulping 

methods is in the chemicals used to dissolve the lignin. In the kraft process, a 

white liquor composed of sodium hydroxide (NaOH) and sodium sulphide 

(Na2S) is used to degrade the wood matrix and remove the lignin. In the 

sulphite process, sulphite (SO32-) or bisulphite ions (HSO3-) are the active 

reagents depending on the pH. Sulphite pulping can be acidic, neutral or 

alkaline. The acidic sulphite and bisulphite pulping has an effective 
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delignification; the lignin is made hydrophilic by sulphonation prior to its 

degradation and the removal of the dissolved lignin. However, in the neutral 

sulphite pulping, most of the lignin remains insoluble with a low degree of 

sulphonation that requires mechanical disintegration of the fibres. In the 

alkaline sulphite pulping, the lignin reactions are thought to be similar to those 

in the neutral sulphite or alkali/kraft pulping. 

Many studies have analysed the differences between kraft and sulphite pulp 

and the source of differences in the strength of papers produced from the two 

pulps (Young 1994). The strength properties of paper made from sulphite pulp 

are known to be lower than those of paper made from kraft pulp. In addition, 

sulphite pulp is easier to beat and bleach (Giertz 1953; Petterson and Rydholm 

1960; Ahlgren et al. 1975). However, these differences are not fully 

understood, although many theories have been proposed, such as hydrolytic 

attack during sulphite cooking (Petterson and Rydholm 1960), a more uniform 

and higher chain length distribution of the cellulose in kraft pulp (Giertz 1953),  

the chemical differences between the hemicelluloses, the higher hemicellulose 

molar mass, arabinose and galactose as hemicellulose side groups in kraft pulp 

(Jacobs and Dahlman 2001) and the location and ordering of the cellulose and 

hemicellulose in the fibre cell wall (Giertz 1953; Petterson and Rydholm 1960). 
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3 Determination of supramolecular 
structure by solid-state               
CP/MAS 13C NMR spectroscopy 

Solid-state CP/MAS 13C NMR spectroscopy is a powerful tool for 

investigating cellulose structure (Atalla et al. 1980; Dudley et al. 1983; Atalla 

and Vanderhart 1984a, 1984b and 1999; Isogai et al. 1989; Larsson et al. 1997 

and 1999), and in this chapter the principles, the spectral fitting procedures and 

the calculations used in this study will be described. 

3.1 Principles 

NMR is a spectroscopic method used to study the energy transitions of atomic 

nuclei with electromagnetic radiation in the radiofrequency region (~108 Hz) 

(Harris 1983; Duer 2002). The method is non-destructive and provides a 

variety of information on the matter studied such as chemical structure, 

composition, orientation, mobility and interactions. A modern NMR 

instrument consists of a superconducting magnet cooled by liquid helium and 

nitrogen, a transmitter and a receiver coil for the electromagnetic pulse with a 

computer to process the signal into an NMR spectrum. Nuclear magnetic 

resonance is based on the fact that some atomic nuclei possess a magnetic 

moment known as “spin”, making the nuclei magnetic and able to interact with 

an external magnetic field. Not all atomic nuclei have this property, only the 

nuclei with an odd number of protons and/or neutrons. The nuclei most 

commonly studied using NMR are the proton (1H) and the carbon isotope 13C, 

which both have spins of ½; the former being the predominate hydrogen 

isotope and the latter representing only approximately 1% of naturally 

occurring carbon. When magnetic nuclei are placed in a strong external 

magnetic field, the nuclear magnetic moments are forced to line up in a 

direction nearly parallel or anti-parallel (spin ½ nuclei) with the external 

magnetic field. The two different orientations of the magnetic spins 

correspond to two distinct interaction energies, giving rise to a quantised spin 

system with a characteristic energy gap known as the resonance frequency. By 
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subjecting the sample to a short (broad frequency distribution) electromagnetic 

pulse containing frequency components that match the resonance frequency, 

transitions can be induced between the energy levels of the spins, creating a 

non-equilibrium spin state. When the induced non-equilibrium spin state 

returns to thermal equilibrium, energy is released in the form of radiation and 

is detected by the receiver coil. The detected signal is a time domain signal 

(intensity versus time) called a free-induction decay, or FID. A Fourier 

transform is applied to the FID to transform the signal from a time domain 

signal to a frequency domain signal, resulting in an NMR spectrum plotted as 

signal intensity versus some form of frequency (inverse time). The electron 

distribution around the nuclei shield the external magnetic field to a varying 

extent and give rise to local variations in the external field experienced by the 

atomic nuclei present in different molecular surroundings causing variations in 

the signal positions of the NMR spectra. The signal positions are normally 

given as chemical shifts. The chemical shifts are measured in parts per million 

(ppm) relative to the resonance frequency of a molecular standard; 

tetramethylsilane, for example, is used for both 1H and 13C NMR spectroscopy. 

Normally the challenges with solid-state NMR are low resolution and 

sensitivity due to low molecular mobility caused by strong anisotropic 

interactions. The NMR technique abbreviated as CP/MAS typically combines 

three techniques to overcome the given challenges (Harris 1983; Duer 2002): 

high-power proton decoupling, magic angle spinning (MAS) and cross 

polarisation (CP). The dipolar interactions between 13C and the neighbouring 

protons (1H), which can cause line broadening, are eliminated by the proton 

decoupling. Line broadening caused by an angular dependence of the chemical 

shift due to the restricted motion of the atoms in the solid state (chemical shift 

anisotropy) is eliminated by the MAS, which spins the sample at high speed (5–

10 kHz) around an axis oriented at the magic angle of 54.7° to the external 

magnetic field. Cross polarisation enhances the intensity of the 13C yielding a 

higher signal-to-noise ratio via polarisation transfer from the protons to the 
13C nuclei. 

 



13 

3.2 Solid-state CP/MAS 13C NMR spectroscopy 
of cellulose 

A solid-state CP/MAS 13C NMR spectrum of cellulose I is shown in Figure 3. 

The spectrum is composed of four signal clusters from the carbon atoms in 

the β-D-glucopyranose unit. Starting from the high field of the spectra, the 

region at 58–68 ppm is assigned to C6; the cluster of signals at 68–80 ppm to 

C2, C3 and C5; the next region at 80–91 ppm to C4; and finally, the region at 

101–109 ppm to C1 (Earl and Vanderhart 1980). Due to the supramolecular 

structure of the cellulose I fibril, the signals form clusters representing both the 

ordered fibril interior (cellulose Iα, cellulose Iβ and paracrystalline cellulose) 

and the fibril surface. For C1, C2, C3 and C5, these signals overlap, but for C4 

and C6, a sharper cluster of signals represents the ordered fibril interior (at 88–

90 and 65–66 ppm, respectively) and broader upfield wings represent the fibril 

surfaces (at 83–85 and 61–63 ppm, respectively) (Earl and Vanderhart 1980; 

Vanderhart and Atalla 1984). 

A detailed description of the experimental setup for the solid-state CP/MAS 
13C NMR analysis can be found in papers I–V. 

 

 

 

 

 

 

 

 

 

Figure 3. Solid-state CP/MAS 13C NMR spectrum of never-dried sulphite 

dissolving pulp. 
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3.2.1 Spectral fitting of the C4 and C6 regions 

Spectral fitting of the highly informative C4 and C6 regions in the CP/MAS 
13C NMR spectrum provides information on the different cellulose forms 

found in the cellulose fibril. The software developed at Innventia AB for 

spectral fitting of the C4 region based on a Levenberg-Marquardt algorithm 

can be applied for this purpose (Larsson et al. 1997; Wickholm et al. 1998). 

Seven distinct lines are used for spectral fitting of the C4 region of wood based 

cellulose: three Lorentzian lines for the cellulose I allomorphs; cellulose Iα at 

89.4 ppm, cellulose I(α+β) at 88.7 ppm and cellulose Iβ at 87.9 ppm, and four 

Gaussian lines for the non-crystalline cellulose forms: paracrystalline at 88.4 

ppm, fibril surfaces accessible to water (AS) at 84.2 and 83.2 ppm and fibril 

surfaces inaccessible to water (IAS) at 83.8 ppm, see Figure 4a (paper III). 

The corresponding spectral fitting of the C6 region of bacterial cellulose is 

performed on eight lines; three Lorentzian lines for the cellulose I allomorphs: 

cellulose Iα at 65.2 ppm and cellulose Iβ at 65.5 and 64.9 ppm, and five 

Gaussian lines for the non-crystalline cellulose forms: AS at 62.9, 61.7, 61.2 

and 61.0 ppm and IAS at 62.0 ppm, see Figure 4b (papers I–II). 

 

 

 

 

 

 

Figure 4. Solid-state CP/MAS 13C NMR spectral fitting profiles of the (a) 

C4 region of never-dried sulphite dissolving pulp and (b) C6 region of 13C6-

enriched bacterial cellulose (PC = paracrystalline, AS = accessible fibril 

surface, IAS = inaccessible fibril surface). 
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3.2.2 Determination of the fibril and fibril aggregate widths 

Assuming a square cross section of the fibrils and fibril aggregates and a glucan 

chain width of 0.57 nm (Sugiyama et al. 1991b; Heiner et al. 1998; Newman 

1999; Hult et al. 2001), the lateral dimensions for the fibrils and fibril 

aggregates can be estimated by integrating the signal intensities for C4 or C6 

(Wickholm et al. 1998) (see Figure 5). The fibril width is calculated based on 

the fraction of the signal intensity from the AS and IAS peaks and the fibril 

aggregate width on the fraction of the signal intensity of the AS peaks. Both 

fractions are denoted by q in equation (1), and the numbers of cellulose chains 

(n) can be calculated as follows (Wickholm et al. 1998): 

 

(1)   

 

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of a fibril (width 4 nm) and a fibril 

aggregate (mean width 20 nm) (PC = paracrystalline, AS = accessible fibril 

surface, IAS = inaccessible fibril surface). Authentic micrographs can be 

found in the literature (Fink et al. 1995; Wickholm et al. 1998; Duchesne et 

al. 2001; Hult et al. 2001). 
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4 All-cellulose composites  

Due to their high aspect ratio (length-to-diameter ratio) and high axial strength, 

the wood fibre and the cellulose fibril aggregates are attractive as reinforcing 

agents in composite materials.  

In a composite material, the reinforcing agent and the matrix must adhere well 

at the interface; any defects can reduce the strengthening effect. Using 

components composed of the same material, as in all-cellulose composites, the 

adhesion at the interface is expected to be improved with the same material 

serving as the matrix and the fibre. Moreover, this construction would improve 

the recyclability of the composite material (Nishino et al 2004).  

The concept of mono-material composites has been evaluated in all-polymer 

composites, e.g., all-polyethylene and all-polypropylene, in which the selective 

surface melting of the oriented fibres recrystallises to form a matrix that binds 

the fibres together resulting in a fully recyclable, “self-reinforced” polymeric 

material (Hine et al. 1993; Peijs 2003). Because cellulose is known not to melt 

the all-cellulose composites have been created by using dissolved cellulose as a 

matrix; as a solution or highly swollen fibre surfaces, followed by precipitation 

(Nishino et al. 2004; Gindl and Keckes 2005; Nishino and Arimoto 2007; 

Soykeabkaew et al. 2008, 2009a and 2009b). The concept of all-cellulose is 

actually quite old. In the 1900th century “vulcanised fibres” were developed by 

swelling and partly solubilising cotton paper in a zinc chloride solution. Then, 

several plies were compressed together (Brown 1999), yielding a composite 

material with a tensile strength of approximately 100 MPa and a Young’s 

modulus of approximately 7 GPa perpendicular to the machine direction 

(Setterholm and Kuenzi 1957). In all-cellulose composites, the dissolved 

cellulose is expected to improve the adhesion between the matrix and fibres by 

the interdiffusion of the cellulose molecules across the interface while 

maintaining the highly crystalline cellulose I core of the fibre unaffected acting 

as reinforcement in the composite due to its high modulus (Nishino et al. 

2004; Gindl and Keckes 2005; Nishino and Arimoto 2007; Soykeabkaew et al. 

2008 and 2009b). Using this method, Nishino and Arimoto (2007) 

demonstrated remarkably improved tensile strength (from 50 to 210 MPa) in 

isotropic filter paper. The reported studies have the disadvantage of requiring 
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hazardous solvents. Thus, materials such as the commercially available Zelfo®, 

which is processed by casting or moulding cellulosic pulps (based on hemp, 

flax, straw, waste paper, etc.) without the use of solvents (Svoboda et al. 1999), 

are of interest for an environmentally friendly process and a sustainable future.  

To study the concept of all-cellulose composites this thesis describes the 

following process: the use of commercial chemical pulp (papers III–IV) and 

mercerised chemical pulp (paper V) for compression moulding with water as 

the only processing aid. Additional studies in which nanostructured bacterial 

cellulose was compartmentalised by hydroxyethylcellulose have also been 

performed (papers I–II). 

4.1 Mechanical properties 

The mechanical properties can be determined using a tensile test, a 

fundamental mechanical test in which tension is applied to a specimen while 

measuring the applied load and the elongation of the specimen (Rudin 1999). 

From the load and elongation, the stress and strain can be calculated, 

respectively, and presented in a stress-strain curve (Figure 6). 

 

 

 

 

 

 

 

 

Figure 6. Stress-strain curve from a tensile test. 
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The stress-strain curve has two regions: a linear elastic region in which 

reversible non-plastic deformation occurs and a plastic region that begins at 

the yield point at which the plastic deformation of the material is irreversible 

(Rudin 1999). In a brittle material, the material fractures close to the yield 

point. The initial slope of the elastic region in the stress-strain curve 

corresponds to the modulus of elasticity, or Young’s modulus, which is a 

measure of the stiffness of the material. Other frequently measured tensile 

properties are the ultimate tensile strength, the yield strength and the strain-at-

failure, among others. Of these properties, the ultimate tensile strength is 

normally a measure of the strength, and the strain-to-failure is a measure of the 

ductility. 

For all-cellulose biocomposites based on wood pulp, Young’s modulus is the 

mechanical property of particular interest because it more directly correlates 

with the composite structure and the bonds as compared to the measured 

strength, which depends on complex failure mechanisms at the fibre-network 

level and the size and orientation of the largest defect in the test volume. 

4.2 Preparation and compression moulding 

The preparation procedure for a compression-moulded biocomposite (papers 

III–V) is shown in Figure 7 and is more carefully described in paper III. 

The compression moulding process differs from traditional paper making in 

that a high pressure (45 MPa) and high temperature (above 150°C) are applied 

to the wet sheet over time; a 20-minute-long press time was used. The wet 

sheet applied to the compression moulding process has high grammage (1100 

g/m2), and the fibres are randomly oriented (isotropic sheet). As mentioned in 

the introduction, future compression-moulded biocomposites could be used to 

produce 3D-shapes such as the ones shown in Figure 8, compression moulded 

samples of sulphite dissolving pulp. 

In papers I–II, a biocomposite sheet was prepared via vacuum filtration on a 

glass filter funnel followed by press drying between filter papers at 55ºC for 48 

h under 10 kPa of applied pressure. 
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Figure 7. Schematic representation of the processing route from chemical 

pulp to a biocomposite plate (papers III-V). 

 

 

 

 

 

 

 

 

 

Figure 8. 3D-moulded sulphite dissolving pulp. 

(Courtesy of Innventia) 
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5 Nanostructured biocomposites based on 
bacterial cellulose (papers I-II) 

In papers I–II, biocomposites of bacterial cellulose fibrils coated with a thin 

layer of hydroxyethylcellulose (HEC) were prepared from Acetobacter aceti 

grown in the presence of HEC. The bacterial cellulose growth with 2 and 4 

wt% HEC in the culture medium resulted in 18 and 19 wt% HEC 

incorporated into the composite material, respectively, as estimated by size 

exclusion chromatography. 

5.1 Supramolecular structure 

The C6 region spectral fitting profiles from the CP/MAS 13C NMR spectrum 

of bacterial cellulose produced in the presence of 2 wt% HEC and the never-

dried bacterial cellulose control using 13C6-enriched glucose as the carbon 

source are shown in Figure 9. In agreement with the X-ray diffraction analysis, 

cellulose produced in presence of HEC exhibited a modification of its 

crystalline phase; the cellulose Iα/Iβ ratio and the crystallinity decreased from 

2.50 to 0.52 and 84 to 76%, respectively.  

 

 

 

 

 

 

Figure 9. Solid-state CP/MAS 13C NMR spectral fitting profiles of the C6 

regions for never-dried samples of (a) control bacterial cellulose and (b) 

bacterial cellulose grown in presence of hydroxyethylcellulose cultivated 

using 13C6-enriched D-glucose as the sole carbon source. 
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Using the C6 spectral fitting, the lateral dimensions for the bacterial cellulose 

fibrils and fibril aggregates were calculated as described in sections 3.2.1–3.2.2. 

The bacterial cellulose produced in the presence of HEC tended to have a 

fibril width smaller than that of the control bacterial cellulose, 8.9 ± 0.8 nm 

and 9.8 ± 0.4 nm, respectively. In addition, the fibril aggregate widths differed 

between the two samples: the HEC-grown bacterial cellulose fibril aggregates 

were larger than the control samples, 45.4 ± 4.2 nm and 28.2 ± 2.0 nm, 

respectively. 

These results suggested that the HEC affects the construction of the fibrils by 

partially altering the cellulose crystalline form from Iα to Iβ, forming a 

monolayer on the cellulose fibrils and inhibiting complete aggregation. The 

HEC co-aggregation with the cellulose fibrils is likely to reduce the extent of 

co-crystallisation between the individual fibrils, which typically leads to the 

formation of bacterial cellulose ribbons, instead loosely bundled fibril 

aggregates were compartmentalised (Figure 10). 

 

 

 

 

 

 

 

 

 

Figure 10. Illustration of the structures of a ribbon of bacterial cellulose 

fibrils and a compartmentalised bacterial fibril aggregate produced in the 

presence of hydroxyethylcellulose. 
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5.2 Mechanical properties 

Biocomposite films prepared by disintegration, filtration and subsequent press-

drying at 55ºC were tensile tested. The HEC-incorporated bacterial cellulose 

biocomposites exhibited similar mechanical properties at any tested HEC 

concentration, which was consistent with the suggested HEC monolayer on 

the fibril surfaces. In addition, the relatively small difference in the HEC 

contents (18 and 19 wt%) between the two samples could explain the lack of 

significant difference in their mechanical properties. The Young’s moduli of 

both the control bacterial cellulose and the HEC-containing biocomposite 

were 12.5 GPa. The tensile strength of the HEC-containing biocomposite was 

more than 20% higher than that of the control bacterial cellulose film, 

approximately 289 and 226 MPa, respectively. The combined strength, 

modulus and toughness (strain-to-failure approximately 6%) of the HEC-

containing biocomposite were remarkable and were largely the result of the 

improved degree of fibril dispersion caused by HEC coating individual fibrils. 

In addition, fracture was delayed by the thin fibril coating, causing increased 

friction and reformation of interfibril bonds during slippage of the fibrils or 

fibril aggregates. 
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6 Biocomposites of chemical pulp 
prepared via compression moulding 
(papers III–IV) 

In papers III–IV, biocomposites based on commercial chemical wood pulps 

were processed via compression moulding. The effects of temperature, 

pressure and hemicellulose content and structure on the cell wall nanostructure 

and physical properties were evaluated. The chemical pulps investigated and 

their carbohydrate compositions are presented in Table 1. 

Table 1. Carbohydrate composition determined by neutral sugar analysis for 

the starting chemical pulps (SW = softwood of pine and spruce, HW = 

hardwood of eucalyptus). 

Compression moulding of chemical pulps according to section 4.2 yielded 

white to slightly brownish biocomposites with densities of approximately 1.3 

g/cm3. Due to filtration and planar pressing, the biocomposites exhibited a 

laminated structure with a predominantly in-the-plane 2D fibre orientation as 

confirmed by XRD analysis. In papers III–IV, a pressing time of 20 minutes 

ensured that the biocomposites were completely dried, but according to non-

published results, a pressing time of 5–10 minutes is sufficient to achieve dry 

biocomposites with similar mechanical properties. 

 
Glucose 

(wt%) 
Xylose 
(wt%) 

Mannose 
(wt%) 

Arabinose 
(wt%) 

Galactose 
(wt%) 

Kraft pulp:      

   Paper-grade (SW) 84.9 7.7 6.3 0.7 0.3 

Sulphite pulps: 
     

   Dissolving-grade (SW) 95.9 1.7 2.5 0.0 0.0 

   Dissolving-grade (HW) 97.7 2.1 0.2 0.0 0.0 

   Paper-grade (SW) 88.8 3.3 7.8 0.0 0.0 
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6.1 Supramolecular structure and molar mass 

The widths for the cellulose fibrils and fibril aggregates were estimated via 

spectral fitting of the C4 region in the CP/MAS 13C NMR spectra according to 

the description in sections 3.2.1–3.2.2. Pulps containing hemicellulose were 

hydrolysed prior to analysis due to the overlapping hemicellulose signal at 83.5 

ppm. 

The fibril widths were estimated at 4.1–4.7 nm for all pulps. A barely 

significant increase in the fibril width could be observed during compression 

moulding for the non-beaten pulp. However, the peak overlap of the 

crystalline peaks and the IAS peak causes uncertainty in the fibril width 

calculation; therefore, these numbers will not be discussed further. Instead, the 

fibril aggregate width will be the topic of discussion regarding the 

supramolecular structure because the calculation of this width is based only on 

the fibril surface peaks (AS and IAS), without any interference from the 

crystalline peaks. 

The total crystallinity, which is calculated as the sum of cellulose Iα, cellulose 

Iβ and paracrystalline cellulose, was not significantly affected by compression 

moulding. The estimated total crystallinity was 52–58%, with dissolving-grade 

pulps at the lower end of the scale and paper-grade pulps at the higher end. 

The higher crystallinity of the paper-grade pulps may be explained by the 

removal of distortions from the cellulose fibril, registered as fibril surfaces in 

the NMR-data, during pulping at higher pH but this explanation is tentative 

and will not be further investigated in this study (Hult et al. 2000). 

6.1.1 Effect of processing conditions 

In paper III, hard- and softwood sulphite dissolving pulps were compression 

moulded at different press temperatures. For both dissolving pulps, the fibril 

aggregate widths increased with higher press temperatures (Figure 11). The 

difference in initial fibril aggregate width between the hard- and softwood 

pulps may be related to the structural difference between the two species or 

the influence of higher xylan content in the hardwood, resulting in larger fibril 

aggregate widths, as evidenced by an overlapping of the IAS signal with the 

xylan signal at 82 ppm. 
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Figure 11. Variation in the fibril aggregate width with press temperature for 

the compression-moulded softwood (left) and hardwood (right) sulphite 

dissolving pulps. Solid dots represent the beaten pulp (PFI 4000 revolutions), 

clear dots represent the non-beaten pulp, and grey-coloured dots represent the 

original pulp. 

The increase in fibril aggregate widths at higher press temperatures is likely due 

to the higher thermal energy that provides the fibrils in the wet fibres with 

more mobility, enabling them to rearrange into larger aggregates under high 

pressure. This mechanism appears to be specific not only to the temperature 

but also to the pressure. Fibril aggregation also occurs during “free” drying of 

the fibres, i.e., hornification (Jayme 1944), but a higher degree of fibril 

aggregation is observed during compression moulding, indicating that the 

external pressure is important to further fibril aggregation. Reference samples 

prepared without any pressure did not exhibit this remarkable increase in fibril 

aggregate width, and non-published control tests with the pressure varied 

during compression moulding confirmed the dependence of the fibril 

aggregate width on the pressure (Figure 12). 

Figure 11 shows that a stabilisation of aggregate growth occurs at 

approximately 170–180°C. This stabilisation may indicate that the maximum 

aggregation is reached at this temperature. At this higher temperature range, an 

extended thermal degradation of the cellulose occurs (Figure 13). Thermal 

degradation explains the decrease in molar mass at press temperatures above 

150°C. The molar mass results combined with the stabilisation of the fibril 

aggregate growth can be used to predict an optimal temperature for 

compression moulding of approximately 170°C. Beating exhibited no 
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significant effect on the trends in either the fibril aggregate width or the molar 

mass. 

 

 

 

 

 

 

Figure 12. Variation in the fibril aggregate width with pressure for 

compression-moulded softwood sulphite dissolving pulp at 170°C. Solid dots 

represent the beaten pulp (PFI 4000 revolutions), clear dots represent the 

non-beaten pulp, and grey-coloured dot represents the original pulp. 

 

 

 

 

 

 

Figure 13. Variation in the weight-average molar mass (Mw) with press 

temperature for the compression-moulded softwood (left) and hardwood 

(right) sulphite dissolving pulps. Solid dots represent the beaten pulp (PFI 

4000 revolutions), clear dots represent the non-beaten pulp, and grey-coloured 

dots represent the original pulp. 
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6.1.2 Effect of hemicellulose 

Based on the assumption of 170°C as the optimal press temperature for 

compression moulding of sulphite dissolving pulp, this temperature was used 

to study the compression moulding of paper-grade pulps containing higher 

hemicellulose contents. The three pulps studied were based on softwood; kraft 

paper-grade, sulphite dissolving-grade and sulphite paper-grade, and were all 

bleached (totally chlorine free, TCF) pulps with similar initial fibril aggregate 

widths (paper IV, Table 2). 

Table 2. Cellulose fibril aggregate widths (samples hydrolysed except the 

dissolving grade) obtained from spectral fitting of the C4 region of the 

CP/MAS 13C NMR spectrum (reported with the standard error in 

parentheses) for the starting and compression-moulded pulps. 

 Cellulose fibril aggregate width (nm) 

 Starting pulp Compression moulded 

Kraft paper-grade pulp 17.8 (0.70) 20.5 (1.11) 

Sulphite pulps:   

   Dissolving-grade 17.8 (0.34) 31.9 (1.25) 

   Paper-grade 17.5 (0.69) 22.1 (0.92) 

Table 2 shows that less fibril aggregation occurs in the sulphite paper-grade 

pulp than in the dissolving-grade pulp. The lower hemicellulose content in the 

dissolving grade increases the contact between the cellulose fibril surfaces and 

thus increases the aggregation (Hult et al. 2001; Duchesne et al. 2001; Chunilall 

et al. 2010). However, in the kraft paper-grade pulp, more modest cellulose 

fibril aggregation takes place during compression moulding; the fibril aggregate 

widths in the starting and compression-moulded pulps are 17.8 and 20.5 nm, 

respectively. Because the total hemicellulose content is comparable in the kraft 

and the sulphite paper-grade pulps; 18 and 14 mol% (calculated according to 

Jansson 1970), respectively, and fibril aggregation is not affected by beating, 

one may expect the difference in fibril aggregation to be explained by 
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differences in the organisation or structure of the hemicellulose in the two 

paper-grade pulps. The kraft pulp contains both arabinose and galactose as 

hemicellulose side groups, whereas the sulphite pulp hemicelluloses do not 

contain discernible quantities of these constituents (Table 1). Consequently, 

the more linear character of the hemicelluloses and their lower molar masses 

(~6 400 compared to ~26 000 g/mol) in the sulphite pulps could facilitate co-

aggregation of the hemicellulose with cellulose fibril aggregates. One may 

assume that the size of the actual co-aggregate, the co-aggregation between the 

ordered hemicellulose and the cellulose fibril aggregates, in a non-hydrolysed 

compression-moulded sulphite paper-grade pulp would be larger than the 

cellulose fibril aggregate in a hydrolysed pulp. 

Another possible factor affecting the fibril aggregation is the distribution of the 

hemicellulose on the fibre surfaces and in the fibre walls. Hemicellulose inside 

the fibre cell wall acts as a spacer between the cellulose fibril aggregates and 

inhibits further aggregation. The CP/MAS 13C NMR analysis detected two 

types of xylan: inaccessible hemicellulose (IH) inside the fibre wall, possibly as 

a co-aggregate with the cellulose fibril aggregates (Teleman et al. 2001), and 

accessible hemicellulose (AH) localised at the fibre surfaces. The quantity of 

AH was easily determined by the relative intensity of the signal at 81.0 ppm in 

the CP/MAS 13C NMR spectra of the non-hydrolysed paper-grade pulp 

(Figure 14). The quantity of IH and its contribution to the signal at 83.5 ppm 

(Figure 14) were calculated by subtracting the quantity of AH from the total 

hemicellulose content based on the analysis of neutral sugar. The AH/IH 

ratios were similar for the two paper-grade pulps (0.92); the quantity of IH was 

higher in the kraft pulp due to the higher initial total hemicellulose content of 

this pulp. Hence, this study could not determine whether the modest fibril 

aggregation in the kraft pulp was caused by the relative increase in the IH 

content or by the higher total hemicellulose content (Figure 15). In contrast, 

the water retention values (WRV) described in section 6.2.2 emphasise the 

consistency with which the more linear and smaller sulphite hemicelluloses co-

aggregate with the cellulose fibril aggregates to form dense co-aggregates. This 

discussion may suggest that the structure of the proposed hemicellulose-

cellulose fibril co-aggregates deviates between the kraft and sulphite pulps due 

to differences in the hemicellulose nature. 
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Figure 14. Solid-state CP/MAS 13C NMR spectral fitting profiles of the C4 

regions for compression-moulded sulphite paper-grade pulp before (left) and 

after (right) hydrolysis (PC = paracrystalline, AS = accessible fibril surface, 

IAS = inaccessible fibril surface, AH = accessible hemicellulose, IH = 

inaccessible hemicellulose). 

 

 

 

 

 

 

 

 

Figure 15. Cellulose fibril aggregate width versus the total and inaccessible 

hemicellulose (IH) content as determined by calculations based on neutral 

sugar analysis calculations according to Jansson (1970) and the CP/MAS 13C 

NMR spectral fitting of the C4 regions for compression-moulded sulphite 

dissolving-grade pulp (filled squares), sulphite paper-grade pulp (filled circles), 

and kraft paper-grade pulp (filled triangles). All beaten pulps (PFI 4000 

revolutions). 
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6.2 Physical properties 

Two physical properties were evaluated for the compression-moulded 

biocomposites: the water retention capacity and mechanical properties. The 

water retention value (WRV) is a measure of the fibres’ ability to absorb water 

and swell and can be directly related to the fibril aggregation, which reduces 

the fibril surface area accessible to water and leads to decreased WRV (Figure 

16). 

As mentioned in section 4.1, Young’s modulus is a property of particular 

interest because its relationship to the structure of wood pulp composites is 

more direct than the measured strength. Unlike WRV, the relationship 

between Young’s modulus and fibril aggregation is more complex because it 

spans several scales, from the nanoscale (supramolecular structure as fibril and 

fibril aggregates) to the microscale (fibre network), to the macroscale 

(orientation and defects in the material). Relating the supramolecular structure 

to the mechanical properties in the biocomposite is complex; however, this 

was attempted in papers III–IV and is summarised in sections 6.2.1–6.2.2. 

 

 

 

 

 

 

 

Figure 16. Water retention value (WRV) versus fibril aggregate width for 

compression-moulded softwood sulphite dissolving pulp (beaten, PFI 4000 

revolutions). Press temperature is indicated next to the corresponding data 

point. 
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6.2.1 Effect of processing conditions 

As shown in the stress-strain curves (Figure 17) of the softwood and 

hardwood sulphite dissolving pulp, the mechanical properties of the 

biocomposites were highly dependent on the processing conditions, i.e., 

beating and press temperature. Beating improves both the stiffness (Young’s 

modulus) and the strength of the biocomposite at any given press temperature 

because beating induces a fibrillated fibre surface resulting in a larger contact 

area and stronger interfibre bonds (Niskanen 1998). The softwood-based 

biocomposite exhibits higher strength than the hardwood-based biocomposite, 

75 and 60 MPa, respectively. This difference can likely be explained by the 

higher aspect ratio of the softwood fibres (Sjöström 1981). Beating does not 

affect the ductility (strain-to-failure); the ability of the fibres to slide with 

respect to one another remains unaffected.  

Beating and the induced heating during pressing improved the interfibre bonds 

as confirmed by field emission scanning electron microscopy (FE-SEM), 

which showed less fibre pull-out in the fracture surface (paper III). 

 

 

 

 

 

 

 

Figure 17. Stress-strain curves for the compression-moulded softwood (left) 

and hardwood (right) dissolving pulp at various temperatures. Press 

temperature is indicated next to the corresponding curve. Solid lines represent 

beaten pulps (PFI 4000 revolutions), and dashed lines represent non-beaten 

pulps. 
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Increasing the press temperature increases the stiffness and decreases the 

ductility of the biocomposites. The strength remains nearly unaffected, which 

could be explained if macroscale defects control the strength. The increase in 

stiffness is most pronounced for beaten pulps. Figure 18 demonstrates a 

remarkable increase in Young’s modulus at press temperatures above 150°C. 

In common paper physics restrained drying is known to improve the stiffness 

of the paper due to the build-up of internal stresses that counteract shrinkage 

(Spiegelberg 1966). However, for these biocomposites the drying stress effect 

appears to play a smaller role given that a difference can be observed in 

Young’s modulus at relatively small temperature changes, e.g., from 120 to 

150°C for the softwood pulp. Differences in orientation, density or moisture 

content cannot explain the increase in stiffness. Hence, the explanation is likely 

structural as discussed in section 6.1.1. Larger fibril aggregates could, in 

principle, increase the fibre modulus, but the improved Young’s modulus of 

the biocomposites obtained by beating does not correlate with the fibril 

aggregate size. In contrast, the poor stress transfer in the non-beaten pulp 

could explain structural changes at the nanoscale that are poorly reflected at 

the macroscale. However, the effect of beating cannot explain the increase in 

stiffness with higher press temperatures. Rather, this increase is explained by 

improved interfibre bonding. In addition, the increase in yield strength 

confirms the suggested improvement of the interfibre bonds. The stress-strain 

curves (Figure 17) indicate that the plastic deformation associated with the 

debonding of individual fibres begins at higher stresses (yield strength) for the 

biocomposites that are compression-moulded at higher temperatures. In 

theory, thermal auto-crosslinking of the cellulose could account for these 

interfibre bonds (Back 1967), but because no carbonyl groups were detected in 

the CP/MAS 13C NMR analysis and the molar mass decreased, no effects due 

to this mechanism were observed in this study. Instead, the enhanced cellulose 

fibril aggregation, including fibril aggregation in the fibre-fibre bond region, 

was suggested as the reason for improved interfibre bonding by compression 

moulding. This type of bond was described as a cellulose-cellulose fusion 

bond, but the nature and extent of the bonding needs to be confirmed by 

further experimentation. 
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Figure 18. Young’s modulus versus press temperature for compression-

moulded softwood (left) and hardwood (right) sulphite dissolving pulp. Solid 

dots represent beaten pulp, and clear dots represent non-beaten pulp. 

As previously mentioned, the ductility of the biocomposites was also affected 

by the press temperature as higher temperatures reduced the strain-to-failure. 

Improved interfibre bonding and stiffer fibres due to improved fibril 

aggregation could cause reduced fibre sliding and account for some reduction 

in ductility. Also the thermal degradation of cellulose that occurs at higher 

press temperatures (Figure 13) could explain the production of a less ductile 

material. Thermal degradation was also proposed to counteract the improved 

interfibre bonding and explain the peak in Young’s modulus at approximately 

150–170°C. 

6.2.2 Effect of hemicellulose 

Compression moulding of three chemical pulps at 170°C with different 

hemicellulose content from two different pulping processes resulted in physical 

properties that primarily derive from the pulping process. 

As shown in Table 3, both sulphite pulps exhibit Young’s moduli of 

approximately 12 GPa, whereas the kraft pulp has a value of half that at 

approximately 6 GPa. Hence, the difference in total hemicellulose content 

between the sulphite dissolving-grade and paper-grade pulp (4.6 and 14 mol%, 

respectively) cannot be correlated to Young’s modulus, nor can any difference 

in density be related to the results since all the biocomposites have a density of 

approximately 1.3 g/cm3. The small difference in fibril aggregate growth for 
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the two paper-grade pulps, sulphite from 17.5 to 22.1 nm and kraft from 17.8 

to 20.5 nm, are unlikely to account for the large differences in stiffness. The 

well-known fact that sulphite pulps are easier to beat (Giertz 1953; Petterson 

and Rydholm 1960; Ahlgren et al. 1975) more likely explains the improved 

interfibre bonding in the sulphite pulps. 

Table 3. Mechanical properties of the compression-moulded pulps at 170°C 

(data with standard deviation in parentheses). 

 
Young’s modulus    

(GPa) 
Ultimate tensile 
strength (MPa) 

Strain to failure   
(%) 

Kraft paper-grade pulp 6.3 (3.0) 109 (7.2) 6.3 (1.4) 

Sulphite pulps:    

   Dissolving-grade 11.5 (2.4) 75.1 (4.5) 2.0 (0.1) 

   Paper-grade 12.0 (2.1) 74.0 (3.4) 2.4 (0.3) 

The weaker interfibre bonds in the kraft pulp also explain the higher strength 

and ductility of this biocomposite (109 MPa and 6%). The fibre slippage in the 

kraft biocomposite is more pronounced and permits unbounded lengths of 

fibres to redirect simultaneously allowing the material to withstand higher 

elongation without fracturing. The effect of beating on the kraft pulp was 

further examined in a non-published study, and increased beating was shown 

to improve the stiffness and strength (Table 4). The use of two different PFI 

mills explains the deviations in results compared with paper IV. 

Unlike the mechanical properties, the WRV is easier to relate the extent of 

fibril aggregation in the different pulps. The WRV for the sulphite paper-grade 

pulp-based biocomposite is similar to that of the dissolving grade, 

approximately 0.5 g/g, whereas the less aggregated kraft pulp-based 

biocomposite has a WRV of 0.9 g/g. The suggested ability of the more linear 

and smaller sulphite hemicelluloses to co-aggregate with the cellulose fibril 

aggregates and form dense co-aggregates explains the reduced WRV in the 

sulphite pulps. Although the hydrolysed paper-grade sulphite and kraft pulp 

exhibit similar fibril aggregate sizes (Figure 19), the actual fibril aggregate size 
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in non-hydrolysed sulphite paper-grade pulp may be larger due to its suggested 

co-aggregation property. 

Table 4. Mechanical properties of compression-moulded kraft paper-grade 

pulp at 170°C beaten at various revolutions (data with standard deviation in 

parentheses). 

Revolutions         
of beating 

Young’s modulus    
(GPa) 

Ultimate tensile 
strength (MPa) 

Strain to failure   
(%) 

0 8.0 (1.8) 57.5 (3.0) 4.2 (0.8) 

2000 8.3 (1.3) 89.7 (7.8) 3.2 (0.6) 

4000 12.0 (3.3) 107 (10.3) 3.4 (0.6) 

8000 13.6 (2.7) 118 (8.5) 3.9 (0.8) 

12000 10.8 (3.3) 131 (8.6) 3.7 (0.3) 

 

 

 

 

 

 

 

 

Figure 19. Water retention value (WRV) versus cellulose fibril aggregate 

width determined by CP/MAS 13C-NMR spectral fitting of the C4 regions 

for the compression-moulded sulphite dissolving-grade pulp (filled square), 

sulphite paper-grade pulp (filled circle) and kraft paper-grade pulp (filled 

triangle). Solid dots represent beaten pulps (PFI 4000 revolutions), and clear 

dots represent non-beaten pulps. 
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7 Determination of cellulose II content by 
solid-state CP/MAS 13C NMR 
spectroscopy in mercerised 
biocomposites (paper V) 

As mentioned in section 2.1.1, cellulose I is irreversibly transformed into 

cellulose II by mercerisation (treatment with aqueous sodium hydroxide, 

NaOH). In paper V, sulphite dissolving pulp was treated with a 9, 10, 11 or 12 

wt% aqueous NaOH solution for 1 h (longer treatment yielded no drastic 

effect). Some samples were then compression moulded at 170°C according to 

the method described in section 4.2. As shown in Figure 20, mercerisation at 

higher NaOH concentrations results in more pronounced structural changes 

and spectral complexity. 

 

 

 

 

 

 

 

Figure 20. Solid-state CP/MAS 13C NMR spectra of the mercerised sulphite 

dissolving pulp at different concentrations of aqueous NaOH solution for 1 

h. From top to bottom: 0, 9, 10, 11 and 12wt% NaOH. 

The only signals that can be distinctly assigned by spectral fitting without any 

overlap of other signals are the crystalline and paracrystalline cellulose I in C6 

at 65.6–64.5 ppm (Lennholm et al. 1995; Dinand et al. 2002; Kono et al. 2004) 
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and the crystalline cellulose II in C1 at 107.0–107.1 ppm (Lennholm et al. 

1995; Dinand et al. 2002; Kono et al. 2004). Hence, with higher NaOH 

concentration, the intensity in the 60.9–63.5 ppm range, which is a cluster of 

overlapped signals arising from fibril surfaces and crystalline cellulose II (63.4 

and 62.8 ppm) (Newman and Davidson 2004), increases relative to the 

cellulose I signals at 65.6–64.5 ppm. Concurrently, with higher NaOH 

concentration, the intensity in the 102.3-106.1 ppm range, which is a cluster of 

overlapped signals arising from fibril surfaces (102.4 and 104.5 ppm) (Larsson 

et al. 1997), crystalline cellulose I (103.9, 104.9 and 105.6 ppm) (Larsson et al. 

1997) and II (105 ppm) (Kono et al. 2004), decreases relative to the cellulose II 

signal at 107 ppm. The changes that occur during mercerisation are shown in 

detail in Figure 21. 

 

 

 

 

 

 

 

 

 

 

Figure 21. Solid-state CP/MAS 13C NMR spectral fitting profiles of the C1 

(top) and C6 (bottom) regions of the sulphite dissolving pulp before (left) 

and after (right) mercerisation in an 11 wt% NaOH solution for 1 h. The 

assignments of the signals are indicated in the figure. 
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Consequently, spectral fitting of the Lorentzian and Gaussian lines enabled 

determination of the content of cellulose I and II by separating the integrated 

signal intensity assigned to cellulose I and II from the total signal intensity of 

the C6 and C1 ranges, respectively (Figure 21, Table 5). In Table 5, the relative 

intensity of the signal at 107 ppm was doubled due to the overlapped doublet 

of cellulose II chains at 105 ppm (Dudley et al. 1983; Kono et al. 2004), and 

the total crystallinity was calculated as the sum of cellulose I and II. 

Table 5. Relative intensities of the crystalline cellulose I in C6 and the 

crystalline cellulose II in C1 and total crystallinity for the sulphite dissolving 

pulp mercerised for 1 h at different concentrations of aqueous NaOH 

(standard error in parentheses). Water retention values (WRV) of the 

compression-moulded pulp are also presented (standard deviation in 

parentheses). 

         1 Sum of crystalline and paracrystalline cellulose I, calculated by spectral fitting of the C6  

   region of the CP/MAS 13C NMR spectrum. 
         2 Calculated by spectral fitting of the C1 region of the CP/MAS 13C NMR spectrum. 
         3 Total crystallinity = sum of cellulose I and II. 

The total crystallinity decreases during mercerisation. It is suggested that 

mercerisation introduces disordered cellulose as amorphous celluloses or as 

new surfaces. Higher NaOH concentrations cause increased WRVs, i.e. higher 

cellulose II content and lower total crystallinity, corroborating the argument of 

more accessible surfaces or disordered regions in the mercerised pulp. 

The cellulose I could not be completely transformed to cellulose II in the 

investigated NaOH range. The suggested mechanism indicates that during 

fibre swelling in alkali solution, the alkali enters only the outer fibril surface 

 

Cellulose I 
in C61 
(mol%) 

Cellulose II    
in C12 
(mol%) 

Total 
crystallinity3 

(mol%) 

WRV    
(g/g) 

0wt% NaOH 51 (6.7) 0.0 (0.0) 51 (6.7) 0.71 (0.1) 

9wt% NaOH 44 (9.2) 1.2 (0.4) 45 (9.2) 0.81 (0.03) 

10wt% NaOH 32 (5.3) 7.0 (0.5) 39 (5.3) 0.85 (0.04) 

11wt% NaOH 15 (1.6) 20 (0.6) 35 (1.7) 0.92 (0.05) 

12wt% NaOH 12 (1.4) 22 (1.0) 35 (1.7) - 
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layers, where neighbouring fibrils with opposite chain polarity recombine with 

their anti-parallel neighbouring chain to form cellulose II (Blackwell et al. 1978; 

Revol and Goring 1981; Okano and Sarko 1985), leaving most of the 

crystalline cellulose I core intact. An illustration of possible arrangement in 

native and mercerised fibril aggregates is provided in Figure 22. The 

supramolecular structure in the fibre that causes restriction and transport 

problems could provide another explanation for the hindered conversion of 

cellulose I to cellulose II, leaving intact cellulose I fibrils inside the fibre cell 

wall. 

 

 

 

 

 

 

 

Figure 22. Illustration of possible arrangement in native (cellulose I) and 

mercerised (cellulose I and II) fibril aggregates. Blue and grey rods represent 

cellulose chains with opposite polarity, dark blue and dark grey rods represent 

the cellulose I crystalline fibril interior, and light blue and light grey rods 

represent the fibril surfaces. Pink rods represent the cellulose II chains of the 

mercerised fibril aggregate. 

As previously suggested, the FE-SEM results (paper V) indicate that the effect 

of mercerisation takes place inside the fibre wall without causing any 

discernible microscale morphological changes in the fibres. The mechanical 

characterisation of the compression-moulded mercerised pulp was also 

consistent with the suggestion that mercerisation affects the structure of the 

fibre cell wall. The only significant change in the mechanical properties was the 
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decrease in Young’s modulus with increasing NaOH concentrations (Table 6). 

The lower modulus of cellulose II and/or the higher quantity of disordered 

cellulose could account for the decrease in fibre modulus reflected as a lower 

modulus in the biocomposite. Another explanation for the decrease could be 

related to the deterioration of the fibre-fibre bonds due to a more compact 

fibre wall in the mercerised fibres (Dinand et al. 2002). Although cellulose II 

exhibits a lower chain modulus, this study attempted to determine if the 

complex fibre and supramolecular structures of cellulose could enhance the 

mechanical properties of mercerised biocomposites. 

Table 6. Mechanical properties of the compression-moulded sulphite 

dissolving pulps (non-beaten) mercerised for 1 h at different concentrations 

of aqueous NaOH (data with standard deviation in parentheses). 

 Young’s modulus        
(GPa) 

Ultimate stress      
(MPa) 

Strain-to-failure 
(%) 

0wt% NaOH 6.0 (1.4) 30 (2.3) 1.9 (0.6) 

9wt% NaOH 5.6 (3.0) 25 (3.2) 1.6 (0.6) 

10wt% NaOH 4.3 (1.0) 25 (2.0) 1.5 (0.3) 

11wt% NaOH 3.9 (0.6) 27 (2.0) 1.6 (0.2) 
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8 Conclusions 

Solid-state CP/MAS 13C NMR is a powerful tool for investigating the cellulose 

supramolecular structure in biocomposites. By spectral fitting, both the fibril 

aggregate width and the content of different crystalline cellulose forms, i.e., 

cellulose I and II, can be determined. The quantity of hemicellulose present 

inside the fibre wall and at the fibre surfaces can also be determined. 

The combination of high temperature and pressure during compression 

moulding yields a remarkable increase in fibril aggregation, possibly including 

cellulose-cellulose fusion bonds, i.e., fibril aggregation in the fibre-fibre bond 

region. However, the content and/or distribution of hemicellulose affect the 

extent of fibril aggregation. In addition, the hemicellulose structure likely 

influences the ability of hemicellulose to co-aggregate with cellulose fibrils. 

The relationship between fibril aggregation and the mechanical properties of 

biocomposites based on cellulose wood pulp is not as straightforward as that 

between fibril aggregation and the ability of the fibres to absorb water as 

measured by WRV, which decreases with improved fibril aggregation. This 

relationship to the mechanical properties is more complex because it spans 

several scales, from the nanoscale (fibril aggregation) to the microscale (fibre 

network) to the macroscale (orientation and defects in the material). Pre-

treatment by beating is also of great importance to the mechanical properties 

of prepared biocomposites based on chemical wood pulps.  

Mercerisation introduces disordered cellulose. In a 12 wt% NaOH solution, 

cellulose I was not completely transformed to cellulose II. Either the effect of 

mercerisation only take place in the outer fibril surfaces leaving the crystalline 

cellulose I core intact, or restrictions caused by the supramolecular structure of 

the fibre wall leaves intact cellulose I fibrils inside the walls. The lower 

modulus of cellulose II and/or the higher quantity of disordered cellulose 

could account for the lower Young’s moduli in the mercerised biocomposites. 

With the addition of hydroxyethylcellulose (HEC) into a culture medium of 

Acetobacter aceti, one can adjust the compartmentalisation of the cellulose fibrils, 
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resulting in loose bundles of fibril aggregates with improved fibril dispersion 

and films with superior mechanical properties.  

In summary, the studies performed should assist future efforts toward the 

preparation of new cellulose-based materials with controlled properties. The 

fibre-fibre interaction is of particular interest because it can be related to the 

mechanical properties of the biocomposite material. In addition, application of 

the extreme processing conditions to traditional papermaking could prove 

interesting. 
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