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Abstract 

The primary cell wall is a complex multipolymer system whose composite structure 

has been mostly determined from chemical and biochemical studies. Although the 

primary cell wall serves a central role, with regard to the connective properties of 

fibres, knowledge about the interactions among the polymers, when it comes to the 

mechanical properties, is very limited. The physical properties of the polymers, i.e. 

their elastic and viscous deformations, as well as the ultrastructure of the polymers, 

i.e. the interactions among the polymers in the outer fibre wall layers that lead to this 

behaviour, are still not fully understood. 

The aim of this study was to examine how the different wood polymers, viz. lignin, 

protein, pectin, xyloglucan and cellulose, interact in the outer fibre wall layers of the 

spruce wood tracheid. The initial objective was to separate an enriched primary cell 

wall material from a first stage TMP, by means of screening and centri-cleaning. 

From this material, consisting of the primary cell wall (P) and outer secondary cell 

wall (S1) materials, thin sheets were prepared and analysed using a number of 

different analytical methods. The major measuring technique used was dynamic 

Fourier transform infra-red (FT-IR) spectroscopy in combination with dynamic 2D 

FT-IR spectroscopy. This technique is based on the detection of small changes in 

molecular absorption that occur when a sinusoidally stretched sample undergoes low 

strain. The molecular groups affected by the stretching respond in a specific way, 

depending on their environment, while the unaffected molecular groups provide no 

response to the dynamic spectra, by producing no elastic or viscous signals. 

Moreover, the dynamic 2D FT-IR spectroscopy provides useful information about 

various intermolecular and intramolecular interactions, which influence the 

reorientability of functional groups in a polymer material. 

Measurements of the primary cell wall material, using dynamic FT-IR spectroscopy, 

indicated that strong interactions exist among lignin, protein and pectin, as well as 

among cellulose, xyloglucan and pectin in this particular layer. This was in contrast to 



the secondary cell wall, where interactions of cellulose with glucomannan and of 

xylan with lignin were dominant. It was also indicated that the most abundant 

crystalline cellulose in the primary cell wall of spruce wood fibres is the cellulose I� 

allomorph, which was also in contrast to the secondary cell wall, where the cellulose 

I� allomorph is more dominant. The presence of strong interactions among the 

polymers in the primary cell wall and, especially, the relatively high content of pectin 

and protein, showed that there is a very good possibility of selectively attacking these 

polymers in the primary cell wall. The first selective reaction chosen was a low 

degree of sulphonation, applied by an impregnation pretreatment of chips with a very 

low charge of sodium sulfite (Na2SO3). This selective reaction caused some structural 

modification of the lignin, a weakening of the interactions between lignin;pectin, 

lignin;protein and pectin;protein, as well as an increased softening of the sulphonated 

primary cell wall material, when compared to the unsulphonated primary cell wall 

material. All this resulted in an increased swelling ability of the material. 

Keywords: primary cell wall, polymer interactions, viscoelasticity, dynamic FT-IR spectroscopy, 

dynamic 2D FT-IR spectroscopy, cellulose, xyloglucan, pectin, protein, lignin, low degree 

sulphonation, cellulose allomorphs 
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1. INTRODUCTION 

1.1. Background 

Mechanical pulping is a highly energy intensive process. One of the major tasks for the pulp-

making industries today has been to focus on saving energy. It is also a well known fact that 

the fibre separation process, if not energy intensive in itself, determines the amount of energy 

required in the refining process. The chemical and physical properties of the outer fibre wall 

layers in Norway spruce (Picea abies (L) Karst.) differ from those of the inner fibre wall 

layers. The presence of strong interactions among polymers and, especially, the relatively 

high content of pectin and protein in the primary cell wall mean that there is a very good 

possibility of selectively attacking the polymers in the primary cell wall 1, 2. Some studies 

showed that, by attacking the primary cell wall using different chemical and/or enzymatic 

treatments 3, pulp with good properties can be produced. Changing fibre properties by 

utilising such treatments, if they are controlled properly, is also a means of significantly 

reducing energy consumption in the refining process 4, 5. For a good fibre separation, it is 

however necessary to have an appropriate surface fibrillation or roughness in the fibre rupture 

zone. A softening of pectin at a relatively low moisture level, or an addition of protease that 

attacks protein in the primary cell wall could make the primary cell wall quite compliant for 

such a surface fibrillation, in order to be able to develop the fibre in the subsequent refining 

process 1. 

Improved knowledge of the primary fibre wall is thus of essential importance for attaining a 

more efficient refining process in mechanical pulping as well as for producing a high quality 

mechanical pulp. Dynamic FT-IR spectroscopy, in combination with dynamic 2D FT-IR 

spectroscopy, is a technique suitable for studying complex polymeric materials. This 

technique offers an opportunity of analysing the molecular interactions as well as the 

viscoelastic behaviour of polymeric materials 6. It has been utilised here for studying the 

primary cell wall. 

1.2. Aim of the study 

The main aim of this work was to determine the interactions among the polymers in the 

primary cell wall of spruce wood fibre and its ultrastructural organisation, in order to better 

understand ways of attacking this layer for a more energy efficient defibration process. 

Moreover, an additional aim was to gain more knowledge when it came to the effect of a low 
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degree of sulphonation on the changes in the molecular interactions and the ultrastructure of 

the primary cell wall. 

1.3. TMP and CTMP processes 

Mechanical pulps are mainly produced as a source for the production of printing papers. 

Production mostly entails the mechanical refining of wet wood chips at a high temperature 

(140 °C to 160 °C). The most commonly used wood for this purpose is softwood, Norway 

spruce in particular. The principle of the thermomechanical pulping (TMP) and the 

chemithermomechanical pulping (CTMP) processes is the separation of fibres from the wood 

by softening and mechanical forces, followed by a refining process, which makes the fibres 

suitable for the paper-making process. This means that the chips are first preheated with steam 

at an elevated temperature and under pressure and then mechanically treated. Chips used for 

producing CTMP are also chemically pre-treated. In the refining process, the fibres are 

supposed to be separated but also the fibre fragments and fines are supposed to be created. 

This is accomplished by means of a softening of lignin and hemicellulose, either by using 

moisture and a high temperature, as in TMP, or by a chemical alteration, as in CTMP. Fibre 

separation takes place in different regions of the cell wall, depending on the refining process 

applied. In the case of TMP, where a temperature higher than 100 °C is used, the fracture 

zones can appear either in the primary cell wall region or in the secondary cell wall regions, 

both the outer (S1) and middle (S2) secondary cell walls. In the case of the CTMP pulping 

processes, the chemical treatment causes the fracture zones to move towards the middle 

lamella region, due to a softening of the lignin 1, 7. 

1.4. The wood fibre structure 

The structure of wood is composed from wood cells. The most important wood cells are 

longitudinal tracheids, in softwoods, and libriform fibres, in hardwoods. These cells are often 

referred to as fibres. Apart from fibres, there is an abundance of ray cells in softwoods, while 

ray cells and vessel cells exist in hardwoods. Softwood mostly consists of fibres that are 

structured in annual rings, where one ring consists of both earlywood tracheids and latewood 

tracheids. Earlywood tracheids are formed in the spring and summer. They have thinner walls 

and a larger lumen than the latewood tracheids, formed at the end of the growing season. The 

fibre cell wall is composed of two phases, a fibrillar phase and a matrix phase. The fibrillar 

phase serves as a kind of reinforcement and is composed of cellulose microfibrils, while the 
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matrix phase consists of hemicelluloses, lignin, and in the case of the primary cell wall of 

small amounts of pectin and protein. The fibre cell wall is further built up by an assembly of 

concentric layers, which differ in their structure as well as in their chemical composition. The 

cell wall layers are mostly characterised by the angular orientation of the microfibrils, i.e. the 

crystalline cellulose regions, with respect to the longitudinal cell axes, i.e. by the right 

direction (Z-helix) and the left direction (S-helix) of the microfibrils. The layers are clearly 

visible in an electron microscope 8. This is schematically shown in Figure 1. 

                                                   

 

 

S1 

S2 

S3 

P 

 

Figure 1: Structure of a fibre cell wall, as illustrated by Brändström 9. P – primary wall, S1 – outer 
secondary wall, S2 – middle secondary wall and S3 – inner secondary wall. 

The cells are surrounded by a middle lamella (ML), which acts as a gluing medium holding 

the cells together. The middle lamella has varying thicknesses, especially at the cell corners, 

between 0.1µm and 1 �m. The main substances in the middle lamella are pectin (at an early 

stage of growth) and lignin (at a later stage of growth). The primary cell wall (P) is a thin 

layer (0.1µm to 0.3 �m) composed of cellulose, hemicelluloses, pectin, protein and lignin. The 

secondary cell wall (S) is formed during the thickening of a cell wall. It is divided into three 

layers, viz. the thin outer layer (S1) (0.1µm to 0.2 �m), the thick middle layer (S2) (1µm to 5 

�m) and the thin inner layer (S3) (about 0.1 �m). The outer layer (S1) is closest to the primary 

cell wall. Its microfibril angles are between 50˚ and 70˚, in a clockwise direction (S-helix). 

The middle layer (S2) forms the larger portion of the cell wall, having microfibril angles (Z-

helix), which vary between 10° and 30˚ in earlywood and between 0° and 10˚ in latewood. 

The inner layer (S3), adjacent to the cell lumen (L), contains microfibrils in an S-helix, with 

angles between 50° and 90˚. The microfibrils in the S3 layer are oriented almost perpendicular 

to the microfibrils in the S2 layer 10. The warty layer (W) is a thin amorphous membrane, 
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located inside the S3 layer, i.e. the cell lumen, L. All conifers (softwoods) have this segment 

in their cell wall, however not all dicots (hardwoods) do. 

1.5. The primary cell wall 

The primary cell wall is an essential unit of all cells that is formed at the beginning of the cell 

development. It therefore has a function different from the other cell wall layers and is 

consequently constructed in a somewhat different way. The cellulose microfibrils are formed 

as an irregular network in the outer side of the primary cell wall. The inner side of the primary 

cell wall contains microfibrils that are more perpendicularly oriented to the cell axis 11. 

Relatively large distances are present among the microfibrils in the thin primary cell wall, 

which results in a low amount of cellulose. The primary cell wall is the most lignified of all 

the fibre layers. It is sometimes difficult to separate the middle lamella from the primary cell 

wall, which is the reason why the middle lamella and the primary cell wall are often 

collectively referred to in the literature as the compound middle lamella (CML). When it 

comes to the ultrastructure of the primary cell wall, it is known that lignin can make covalent 

cross-links with both protein and pectin 12. It is also suggested that xyloglucan is hydrogen 

bonded to cellulose and covalently linked to pectin 13, 14. Numerous other studies based on 

different chemical and biochemical analyses, have shown that pectin and protein are linked by 

ionic bonds and that cellulose and pectin form covalent bonds 15. It was recently suggested 

that there are covalent links between lignin and carbohydrates in lignin-carbohydrate 

complexes (LCCs) in the primary cell wall of softwood 16, 17. 

1.6. The wood polymers 

The principal bio-polymers in wood are cellulose, hemicelluloses and lignin. Pectin, protein, 

extractives and some inorganic compounds are also present in the wood, but only as minor 

compounds. To some extent the composition of the primary cell wall differs from the 

composition of the secondary cell wall. In contrast to the secondary cell wall, the primary cell 

wall of softwood contains pectin and protein, with the most abundant hemicellulose in it being 

xyloglucan. Arabinoglucuronoxylan and galactoglucomannan, the major hemicelluloses in the 

secondary cell wall, also occur as minor components of the primary cell wall. 
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1.6.1. Cellulose (�-1,4-D-glucan) 

Cellulose is the most abundant organic material on the Earth. Wood contains about 40% to 

50% cellulose, which is mostly located in the secondary cell wall of the wood fibre. Cellulose 

is a linear homopolysaccharide, composed of �-D-glucopyranose units, linked together by 

covalent �-1,4-glycosidic bonds that are first formed as disaccharide units, i.e. cellobioses 

(Figure 2). The �-D-glucopyranose units have a chair conformation in the cellulose molecules 

and their degree of polymerisation (DP) is about 10,000 in wood 11. The native cellulose, 

cellulose I, is built up of two crystalline allomorphs, I� and I�, demonstrated by CP-MAS 13C-

NMR techniques 18. An examination using ray and electron diffraction techniques shows that 

cellulose I� has a one-chain triclinic unit cell, while cellulose I� has a two-chain monoclinic 

unit cell 19, 20. 

O

OH

OH

O

OH
O

OH

O

OH

OH

O

 

Figure 2: Structure of a cellobiose residue (length 1.03 nm) with the �-1,4-glycosidic bond. The �-D-
glucopyranose units are in a chair conformation. They are at an angle of 180˚ in relation to each 
other. 

The cellulose molecules arrange themselves in longitudinal strands, microfibrils that are 

composed of several crystalline regions (60 nm in length) interrupted by noncrystalline or 

paracrystalline areas along its length. The cellulose molecules, 2,500 nm to 5,000 nm long, 

have a degree of crystallinity ranging from 67% to 90% in wood 21. The width, crystallinity 

and DP of cellulose differ, depending on the source and the age of the tissue. The DP of the 

primary cell wall cellulose is about 2,000-6,000 and quite polydisperse, while the DP of the 

secondary cell wall cellulose is about 14,000 and more homogeneous 13. The cellulose 

molecules have a strong tendency to form intermolecular and intramolecular hydrogen bonds. 

Two intramolecular hydrogen bonds, O2’-H…O6 and O3-H…O5’, and one intermolecular 

hydrogen bond, O6-H…O3 exist 22. This parallel hydrogen-bonded structure of the chain 

cellulose molecules are what is called fibrils. The diameter of softwood fibrils is about 3.5 nm 
23. The bundle aggregations of the fibrils are referred to as fibril aggregates. They have 

variable dimensions in the cell wall of wood, with an average size of between 10 nm and 30 

nm 8, 24. This structure of the cellulose is responsible for the longitudinal tensile strength of 

wood fibres. 
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1.6.2. Hemicelluloses 

Hemicelluloses are heteropolysaccharides, with a degree of polymerisation of around 100 in 

softwoods and 200 in hardwoods. Hemicelluloses are isolated from both the primary and the 

secondary cell walls and, in a small amount also from the middle lamella region. 

Hemicelluloses are a large group of polymers, composed of several different monomer units 

in the form of pyranose and furanose rings (see Figure 3), such as: (a) D-glucose (Glc), (b) D-

xylose (Xyl), (c) D-mannose (Man), (d) D-galactose (Gal), (e) L-fucose (Fuc), (f) L-

Rhamnose (Rha) and (g) L-arabinose (Ara). Some sugar acids, such as 4-O-methyl-D-

glucuronic acid, D-galacturonic acid (GalA) and glucuronic acid (GlcA), are very important 

compounds in some hemicelluloses. These monomers occur in different proportions in the 

hemicelluloses. The most common hemicelluloses in softwoods are (1) in the primary cell 

wall – xyloglucans and small amount of galactoglucomannans and arabinoglucuronoxylans, 

and (2) in the secondary cell wall – galactoglucomannans and arabinoglucuronoxylans. The 

hemicelluloses are amorphous polymers, without a tendency to form crystalline regions in 

their native form in the cell walls. 

(a) �-D-glucopyranose (b) �-D-xyloopyranose (c) �-D-mannopyranose 
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(d) �-D-galactopyranose (e) �-L-fucopyranose (f) �-L-rhamnopyranose 
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(g) �-L-arabinofuranose 
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H
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H
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CH2OH  

Figure 3: Structure of monosaccharides, shown as pyranose and furanose rings. 



 9  

Xyloglucans (heteroglucans) are major hemicelluloses in the softwood primary cell wall. 

They have a backbone composed of 1, 4-linked �-D-glucopyranosyl residues and substituted 

at C-6 by �-D-xylopyranosyl residues (see Figure 4). The 1,2-linked arabinofuranosyl, 

galactopyranosyl and fucopyranosyl-1,2-linked-galactopyranosyl residues also occur as 

substituted side chains on xylopyranosyl units. Some or most of the xyloglucans are hydrogen 

bonded to cellulose and covalently bonded to pectin 13. 

�4)-�-D-Glcp-(1�4)-�-D-Glcp-(1�4)-�-D-Glcp-(1�4)-�-D-Glcp-(1� 
                                                    6                         6                         6 
                                                    �                          �                         � 
                                                    1                          1                         1 
                                          �-D-Xylp              �-D-Xylp             �-D-Xylp 

Figure 4: Structure of xyloglucan. 

The galactoglucomannans are the main hemicelluloses of the softwood secondary cell wall 

(approximately 20%). They are partly acetylated (at C-2 and C-3), linear and slightly 

branched polysaccharides (with �-D-Galp units substituted at C-6) built up by �-1,4-linked �-

D-glucopyranosyl and �-D-mannopyranosyl units (see Figure 5). The galactoglucomannans 

are divided into two fractions, depending on the different distribution of �-D-Galp 

substituents. The galactoglucomannans usually have a galactose:glucose:mannose ratio of 

approximately 1:1:3 in softwood fibres, but this ratio varies for the different tissues 13, 15. 

�4)-�-D-Glcp-(1�4)-�-D-Manp-(1�4)-�-D-Manp-(1�4)-�-D-Manp-(1� 
                                                                             6                         2,3 
                                                                             �                           � 
                                                                             1                         Ac 
                                                                   �-D-Galp 

Figure 5: Structure of galactoglucomannan (p indicates a pyranose ring form). 

The arabinoglucuronoxylans (heteroxylans or 1,4-�-D-xylans). The softwood secondary cell 

wall contains about 5% to 10% arabinoglucuronoxylans. These polysaccharides are formed by 

�-1,4-linked �-D-xylopyranosyl units, partly substituted at C-2 by single 4-O-methyl-�-D-

glucuronic acid residues and, at C-3, by single arabinofuranosyl (�-L-Araf) residues (Figure 

6). The xylopyranosyl units in the linear backbone are partly acetylated at C-2 and C-3 13, 15. 

�4)-�-D-Xylp-(1�4)-�-D-Xylp-(1�4)-�-D-Xylp-(1�4)-�-D-Xylp-(1�4)-�-D-Xylp-(1� 
                                                                  2                                                   3 
                                                                  �                                                   � 
                                                                  1                                                   1 
                                            4-O-Me-�-D-GlcA                                      �-L-Araf 

Figure 6: Structure of arabinoglucuronoxylan (f indicates a furanose ring form). 
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1.6.3. Lignin 

Lignin is highly abundant bio-polymer on the Earth and it makes up 20% to 30% of wood by 

weight. Lignin is a large family of aromatic branched polymers, built up of 

hydroxyphenylpropane units in a three-dimensional structure. It is less hydrophilic than 

carbohydrates. Lignin is present in the middle lamella as the most abundant polymer; it also 

exists in the primary cell wall, but the largest quantity is found in the secondary cell wall. The 

main compounds of native lignin are p-coumaryl alcohol, coniferyl alcohol and sinapyl 

alcohol (see Figure 7). 

(a) (b) (c) 

OH

CH2OH

 OH

CH2OH

OMe

 OH

CH2OH

OMeMeO

 

Figure 7: Structures of a p-coumaryl alcohol (a), a coniferyl alcohol (b), and a sinapyl alcohol (c). 

The lignin in softwood is mainly composed of coniferyl alcohol units, while the lignin in 

hardwood is built as a co-polymer from both the coniferyl and sinapyl alcohol units. 

However, large modifications of the lignin chemical structure exist, depending on the plant 

species, the tissue as well as the different layers in the cell wall. Lignin consists of a variety of 

intramolecular bonds. The most present bonds, which form the 3-D network in softwood 

lignin, are the �-O-4 bond (59%), the �-5 bond (17%), the �-� bond (10%), the 5-5 bond (9%) 

and the �-1 bond (7%) 25. Lignin is, among other functions, said to be responsible for the 

compression strength of a fibre. 

1.6.4. Pectins 

Pectins are very hydrophilic and very complex structured polysaccharides. They are actually 

composed of networks of polymers and are present in the primary cell walls of the tracheids, 

the ray cell walls, pit membranes and the middle lamella 26. The primary cell wall of 

developing softwood xylem consists of more than 30% pectin 27. The content of pectin in the 

primary cell wall of the hardwood fibre is about 35% 15, 28. Pectic polysaccharides can be 

divided into different groups: (1) galacturonans (homogalacturonan (HG), 

rhamnogalagturonan I (RG-I), rhamnogalagturonan II (RG-II) and xylogalacturonan (XGA)), 

(2) arabinans, (3) galactans and (4) arabinogalactans (arabinogalactan I (AG-I) and 
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arabinogalactan II (AG-II)) 15. The most characteristic glycosyl residue in the pectic 

polysaccharides is the galacturonosyl residue, but rhamnosyl, arabinosyl and galactosyl 

residues are also present. The galacturonans are grouped in a family of acidic polysaccharides. 

Arabinans, galactans and arabinogalactans are otherwise grouped in a family of neutral 

polysaccharides. The neutral polysaccharides are most likely covalently attached to the 

backbone of rhamnogalacturonans as side chains (at O-4 of the 1,2-linked rhamnopyranosyl 

residues) 13. 

The backbones of the homogalacturonan (HG), the rhamnogalagturonan II (RG-II) and the 

xylogalacturonan (XGA) consist of �-1,4-linked D-galacturonic acid units (GalpA) (see 

Figure 8). The HG (with a DP of about 70) is a homopolymer, whose galacturonic acid 

residues are partly acetylated at O-3 and partly methyl-esterified at C-6. The distribution of 

the methyl-esterified units is not completely known. The HG is covalently linked to the RG-I 

and the RG-II, while the XGA is connected covalently to the RG-I in the cell wall. Boron (B) 

is known to selectively bind to RG-II in pectin and form a cross-link 15. 

Rhamnogalagturonan I (RG-I) has another configuration in its backbone (see Figure 9). It is 

composed of the repeating disaccharide units, [�2)-�-L-Rhap-(1�4)-�-D-GalpA-(1�]n, 

where n can be greater than 100 29. Rhamnogalacturonans are branched polymers, with 

various linked side chains, attached to O-4 of rhamnosyl units. The galacturonosyl units of the 

RG-I are acetylated, on O-2 and O-3. The monosaccharides, such as D-galactose, L-arabinose 

or L-fucose are major compounds in these side chains. The L-rhamnose units are much more 

abundant in the RG-I than in the RG-II, for example, and they are only present in the side 

chains of the RG-II. The RG-II side chains are further specified by presence of 2-O-methyl 

fucose, 2-O-methyl xylose, apiose, aceric acid and KDO (3-deoximan-nonctulosonic acid). 

�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1� 

Figure 8: Structure of homogalacturonan (HG). 

(a) �4)-�-D-GalpA-(1�2)-�-L-Rhap-(1�4)-�-D-GalpA-(1�2)-�-L-Rhap-(1� 

(b) �-D-Galp-(1�6)-�-D-Galp-(1�4)-�-D-Galp-(1�4)-Rhamnitol 
�-L-Fucp-(1�2)-�-D-Galp-(1�4)-�-D-Galp-(1�4)-Rhamnitol 

�-L-Araf-(1�5)-�-L-Araf-(1�2)-�-L-Araf-(1�3)-�-D-Galp-(1�4)-Rhamnitol 

Figure 9: Structure of rhamnogalacturonan I (RG-I). (a) the backbone and (b) some side chains. 
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Xylogalacturonan (XGA) is a branched polymer, with a side chain formed by D-xylose (Xyl) 

units and �-1,3-linked on the galacturonan backbone (see Figure 10). This polysaccharide or, 

more precisely, the GalpA units can also be methyl-esterified, as in the homogalacturonan 

(HG). 

Arabinogalactans (AG) are branched polysaccharides. The AG-I has a backbone formed of �-

1,4-linked galactosyl (Gal) units and �-1,5-linked arabinosyl (Ara) short side chains that are 

substituted at O-3 (see Figure 11). The AG-II is a highly branched polysaccharide that 

contains �-3-, �-6- and �-3,6-linked galactosyl residues, including various amounts of 

arabinosyl, galacturonosyl and glucuronosyl residues. It seems that AG-II and AG proteins 

(AGPs) are not components of the primary cell wall. They are located instead in the 

periplasmic space. AGPs are a family of the hydroxyproline (Hyp)-rich glycoproteins. 

The total amount of pectin in wood is low, however it exists as high local concentrations, e.g. 

in the compound middle lamella, the ray cell walls and the pit membranes. As with most 

pectins, the galacturonans are reported in two forms, viz. as methyl-esterified and unesterified 

(or low esterified). The pectin that is mainly abundant is in a methylated form, as shown in 

immunolocalisation studies, using monoclonal antibodies JIM5 and JIM7, by Hafrén et al 30. 

Methyl-esterified galacturonan is mostly present in lignified tissues. The unlignified tissues 

mainly contain unesterified pectins i.e. acetic galacturonan. The methyl-esterified and 

unesterified pectins are distributed more in the radial than in the tangential middle lamella of 

spruce sapwood. It seems that the lignification process results in an increase in the methyl-

esterified pectin and a decrease in the acidic pectin 30, 31. Unesterified pectins or acidic 

galacturonan usually form gels. The nature of this phenomenon is explained by the affinity of 

�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1�4)-�-D-GalpA-(1� 
                                               3                                                         3 
                                               �                                                          � 
                                               1                                                          1 
                                        -D-Xylp                                             �-D-Xylp 

Figure 10: Structure of xylogalacturonan (XGA). 

�4)-�-D-Galp-(1�4)-�-D-Galp-(1�4)-�-D-Galp-(1�4)-�-D-Galp-(1� 
                                                    3                                                    3 
                                                    �                                                     � 
                                                    1                                                     1 
                                           �-L-Araf                                          �-L-Araf 

Figure 11: Structure of arabinogalactan I (AG-I). 
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negatively charged carboxylic groups that form complexes with cations, mostly calcium 

(Ca2+) - calcium-gels. The complexes that are formed are termed “egg box” structures. 

1.6.5. Protein 

The primary cell wall and pit membranes contain up to 10% protein. The most well-known 

structural proteins of a cell wall are extensins, which are a class of hydroxyproline (Hyp)-rich 

glycoproteins (HRGPs). The AGPs are also a class of hydroxyproline (Hyp)-rich 

glycoproteins. In the literature, there are other proteins referred to that have been identified in 

the walls of xylem elements, such as the proline (Pro)- rich proteins (PRPs), the glycine 

(Gly)- rich proteins (GRPs) 13 and the proline (Pro)-, threonine (Thr)- and glycine (Gly)- rich 

proteins (PTGRPs). The PRPs and PTGRPs have been found in lignified cell walls. Several 

studies show that lignin can make covalent cross-links with proteins and polysaccharides 

(pectins) and, as a result, they provide mechanical support in the cell wall 12. 

Extensins are characterised through a peptide portion and a carbohydrate portion. The peptide 

portion of the extensins is built up of the following amino acid residues: hydroxyproline 

(Hyp), serine (Ser), proline (Pro), tyrosine (Tyr), lysine (Lys), threonine (Thr) and valine 

(Val). These residues usually form numerous repeat sequences in the protein macromolecules, 

viz. pentapeptides – Ser-(Hyp)4, Ser-(Pro)4, tetrapeptide – (Tyr-Lys)2 and tripeptide – (Thr- 

   �-L-Araf 
           � 
           3 
   �-L-Araf      �-L-Araf 
           �              � 
           2              2 
   �-L-Araf      �-L-Araf 
           �              � 
           2              2 
   �-L-Araf      �-L-Araf 

                     �-D-Galp             �              � 
            �                        4                         4 
  ——Ser——Hyp——Hyp——Hyp——Hyp—— 
                        4                          4 
                        �                          � 
                �-L-Araf              �-L-Araf 
                        2                          2 
                        �                          � 
                �-L-Araf              �-L-Araf 
                        2                          2 
                        �                          � 
                �-L-Araf              �-L-Araf 
                       3                          3 
                        �                          � 
                �-L-Araf              �-L-Araf 

Figure 12: Structure of the glycosilated region of the hydroxyproline-rich glycoprotein, extensin 13. 
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Pro-Val). The carbohydrate portion of the extensins contains the mono-, di-, tri- or tetra-

arabinofuranosyl units (arabinose side chains) that are linked to the hydroxyproline residues 

and the single galactopyranosyl units linked to many of the serine residues (see Figure 12). 

Proteins make intramolecular cross-links, protein-protein or protein-phenolic-protein 

(isodithyrosine) links, as well as covalent cross-links between extensin and RG-I 32. 

1.7. Dynamic FT-IR spectroscopy 

IR spectroscopy is an important tool for the characterisation of the chemical and physical 

nature of polymeric materials. It is based on the principal that a molecule absorbs IR radiation 

at a specific frequency, exciting it into a higher energy stage. The IR radiation beam covers a 

broad frequency range. When this radiation goes through a sample the energy, at certain 

frequencies, is absorbed by the sample. As a result of this absorption, a graph of the energy 

absorbed plotted against the frequency is obtained. This graph is termed a spectrum, where 

the characteristics of different molecular motions are specified. FT-IR spectroscopy is based 

on measuring the absorbance as a function of time, i.e. the time-domain spectroscopy, while 

conventional spectroscopy is based on measuring the absorbance as a function of the 

frequency or wavelength, i.e. the frequency-domain spectroscopy. One time-domain spectrum 

contains the same information as one frequency-domain spectrum and these spectra can be 

converted (or modulated) to each other using mathematical manipulations. 

1.7.1. Theory of dynamic FT-IR spectroscopy 

The dynamic FT-IR spectroscopy technique is based on a combination of the FT-IR 

spectroscopy with a dynamic mechanical analysis (DMA). This measuring technique is useful 

for studying molecular interactions in complex polymeric systems, where the macroscopic 

properties, i.e. viscoelasticity, of the polymeric material are closely coupled to submolecular 

cooperation, i.e. ultrastructure, depending on the local environment in this polymeric material. 

An external perturbation, i.e. a non-destructive sinusoidal strain with very low amplitude, less 

than 0.3% of the sample length, is applied to the polymeric material and causes reversible 

stress-induced reorientational changes on the molecular level. Changes in submolecular 

reorientation are closely influenced by molecular interactions occurring in the material and 

can be related to the viscoelastic behaviour of the material 6. Firstly, the absorption of the 

incident IR radiation occurs if the frequency of the electric field vector of this incident 

radiation is in resonance with the vibrational frequency of the electric dipole-transition 
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moment of the particular molecular vibration. Secondly, the absorption of the incident IR light 

takes place if the electric field vector of the incident radiation and the electric dipole-

transition moment of the particular molecular vibration are oriented parallel, with respect to 

each other 33. That is an important aspect since a polariser is used in this technique (see Figure 

13). The polariser is used in either a 0° or a 90° polarisation mode. This means that the IR 

radiation is absorbed either in a parallel or a perpendicular direction to the stretching direction 
34-36. 

The molecules that interact are thought to move in-phase with each other and, with the applied 

strain, to show an elastic response of the material, while molecules that do not interact are 

likely to move independently or 90° out-of-phase with the applied strain, showing a viscous 

response of the material. For a given dynamic strain, ( )tε~  with small amplitude, ε̂  and 

frequency, ω : 

( ) ωεε sinˆ~ =t t,     (1) 

the time-resolved spectral response of the material, ( )tA ,
~ ν  is represented as a function of 

wavenumber, ν : 

( ) ( ) ωνν sin,
~

AtA ′= t ( ) ων cosA ′′+ t,    (2) 

where ( )νA′  characterises the in-phase spectrum, i.e. the absorbance variations that are in-

phase with the applied dynamic strain and ( )νA ′′  signifies the out-of-phase spectrum that 

represents the absorbance variations which are 90° out-of-phase with the applied external 

perturbation 37, 38. These two components can be further coupled to a magnitude spectrum, 

Dynamic
absorbance

External
perturbation

Stretcher 
with sample DetectorPolarizerIR-source  

Figure 13: Schematic diagram of the dynamic FT-IR spectroscopy experiment. 
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( )νÂ  and a phase spectrum, i.e. a phase loss angle for each wavenumber, ( )νδ  and expressed 

as the following (cf. Figure 14): 

( ) ( ) ( )νδνν cosÂA =′ ,     (3) 

( ) ( ) ( )νδνν sinÂA =′′ ,     (4) 

 

( )νÂ  

( )νA ′′  

( )νA′
 

( )νδ
 

 

Figure 14: Vector presentation of the in-phase, out-of-phase, magnitude and phase spectra. 

( ) ( ) ( )22ˆ ννν AAA ′′+′= ,     (5) 

( ) ( )
( ) ���

�
��
�

�

′
′′

=
ν
ννδ

A
A

arctan .     (6) 

The magnitude spectrum, ( )νÂ , represents the amount of induced absorption change for each 

wavenumber, while the phase spectrum, ( )νδ , represents the phase delay for each 

wavenumber 39, 40. 

1.7.2. Theory of dynamic 2D FT-IR spectroscopy 

The dynamic 2D FT-IR spectrum provides useful information about various intermolecular 

and intramolecular interactions, which influence the reorientability of functional groups in a 

polymer material. The advantage of this technique is the possibility of resolving the 

overlapping peaks in a spectrum, by spreading peaks over the third dimension. The 2D spectra 

are obtained as a function of two independent wavenumbers (on the x and y axes), allowing a 

selective cross-correlation analysis of 2D signals (the correlation intensities on the z axis), by 

applying the following equations: 
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( ) ( ) ωνντ cos, 21Φ=Χ t ( ) ωνν sin, 21Ψ+ t,   (7) 

( ) ( ) ( ) ( ) ( )[ ]212121 2
1

, νννννν AAAA ′′′′+′′=Φ ,   (8) 

( ) ( ) ( ) ( ) ( )[ ]212121 2
1

, νννννν AAAA ′′′−′′′=Ψ ,   (9) 

where ( )τΧ  is the dynamic IR cross-correlation function, τ  is the correlation time, ω  is the 

frequency of the external sinusoidal perturbation, ( )21 ,ννΦ  and ( )21 ,ννΨ  are the 

synchronous and asynchronous correlation intensities of the dynamic spectrum, respectively, 

( )νA′  and ( )νA ′′  are the orthogonal components, in-phase and out-of-phase, of the dynamic 

spectra, respectively, and 1ν  and 2ν  are two different wavenumbers 6, 37, 38, 41. 

The synchronous correlation spectrum shows the correspondence for the changes in vibration 

with the same phase (in-phase) and is symmetrical with respect to the diagonal line. The 

peaks appearing on the diagonal line in a synchronous spectrum are called auto-peaks. They 

are always positive. These auto-peaks indicate the transition dipoles, i.e. functional groups, 

that have an orientational response to the perturbation. Off-diagonal peaks, called cross-peaks, 

can be either positive or negative. Positive cross-peaks indicate that the changes in the two 

wavenumbers are in-phase and that the two corresponding dipole moments are reoriented 

parallel to each other. The negative cross-peaks indicate that the changes in the two 

wavenumbers are 180° out-of-phase with each other and that the two corresponding dipole 

moments reorient perpendicularly to each other. The cross-peaks in a synchronous spectrum 

generally specify that interactions among different polymers occur in the composite material 
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Figure 15: (a) Synchronous spectrum and (b) asynchronous spectrum of primary cell wall material, 
illustrating strong peaks. 
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(see Figure 15a above). The asynchronous correlation spectrum shows the correlation for 

changes with a 90° phase difference (out-of-phase) and is asymmetric in respect to the 

diagonal line. There are no auto-peaks and no cross-peaks that identify any elastic response of 

the material. The cross-peaks in an asynchronous spectrum usually signify an absence of 

strong chemical interactions (see Figure 15b above) 38. 
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2. ULTRASTRUCTURAL ASPECTS AND INTERACTIONS OF THE PRIMARY 

CELL WALL – Papers I and II 

The primary cell wall of wood fibre plays an important role for the fibre separation 

mechanism in the TMP and CTMP pulping processes. The primary cell wall is the outermost 

layer of a fibre and has a complex polymeric structure. Its constitutive components are: 

cellulose, xyloglucan, pectin, protein and lignin. In order to examine the possibilities of 

affecting this layer, the viscoelastic behaviour and interactions among its polymers have been 

investigated using dynamic FT-IR spectroscopy in combination with dynamic 2D FT-IR 

spectroscopy. 

2.1. Load-bearing polymers in the primary cell wall 

When exposing a polymeric material to an external sinusoidal strain and mid-IR radiation at 

the same time, a dynamic spectral IR absorbance is achieved. The dynamic spectral response 

comes from those components in the material that have been actively deformed as result of 

the applied load. After studying this spectral absorbance, conclusions about the molecular 

interactions can be made. 

The elastic responses of the primary cell wall material were compared to elastic response of a 

TMP (Figure 16) and of a CTMP (Figure 17), respectively, in the interval of 1800 cm-1 to 

1200 cm-1 as examples from two different testing conditions. The primary cell wall material 

represents the primary cell wall, while both the TMP and the CTMP represent the secondary 

cell wall material, which means that the elastic response of the primary cell wall is compared 
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Figure 16: Dynamic FT-IR in-phase spectra of 
primary cell wall material (thin line) and TMP 
(thick line) between 1800 cm-1 and 1200 cm-1. 
The in-phase spectra (elastic response) were 
recorded at 0% RH, 30 °C and at a 0° 
polarisation. 

Figure 17: Dynamic FT-IR in-phase spectra of 
primary cell wall material (thin line) and CTMP 
(thick line) between 1800 cm-1 and 1200 cm-1. 
The in-phase spectra (elastic response) were 
recorded at 90% RH, 30 °C (thin line), 40 °C 
(thick line) and at a 90° polarisation. 
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with the elastic response of that of the secondary cell wall. The most intense signals at a 0° 

polarisation were the cellulose C-O-H- bending signals, at 1435 cm-1, whereas, at a 90° 

polarisation, the cellulose CH2-wagging at 1323 cm-1 was most dominant 42-44. Thus, the 

cellulose was determined as the strongest load-bearing polymer in both the primary and 

secondary cell walls. Lignin vibrations (the aromatic C-O-stretching vibrations of methoxyl 

and phenyl propane units at 1269 cm-1 and the lignin C=C aromatic ring vibrations at 1516 

cm-1) 45-51 occurred as significantly more intense in the primary cell wall as in the secondary 

cell wall. This illustrates that the lignin from the primary cell wall takes a more active role in 

load-bearing than the lignin in the secondary cell wall. Hemicellulose signals at 1735 cm-1 and 

1597/1593 cm-1 (C=O stretching vibrations of the carboxylic acid) 52 also seemed to be more 

intense for the primary cell wall than for the secondary cell wall. Some contribution to the 

more intense signals, occurring in the wavenumber region of 1665 cm-1 to 1550 cm-1 for the 

primary cell wall material, comes from protein vibrations (asymmetric stretching vibrations of 

the COO--groups or asymmetric wagging of the NH3
+-groups) 53 and pectin vibrations 

(asymmetric stretching vibrations of the COO--groups from the D-galacturonic acid units) 53. 

Peaks seen at 1608/1612 cm-1 may correspond to the vibrations of primary amines (the N-H 

stretching vibrations) 54. In wavenumber range between 1650 cm-1 and 1590 cm-1 occur also 

the deformation vibrations (scissoring) of the NH2-groups 54. Figures 16 and 17 illustrate that 

the primary cell wall material showed a greater elastic response than the secondary cell wall 

did, which indicates that there are more interactions among the polymers in the primary cell 

wall than among those in the secondary cell wall. This can be due to the more organized 

structure in the secondary cell wall, where cellulose dominates the load-bearing. The 

measurements suggest that there is an intimately linked network structure among the 

polymers in the primary cell wall. 

2.2. Relative content of cellulose allomorphs 

The crystalline cellulose I� vibration signals usually occur at 3240 cm-1 and 750 cm-1, while 

the crystalline cellulose I� signals occur at 3270 cm-1 and 710 cm-1. It is obvious from Figures 

18 and 19 that there were no strong signals coming from the cellulose allomorph I� in either 

of the cell wall materials, whereas I� vibration signals occurred in the spectra of the primary 

cell wall. Indeed, clear vibration signal of the cellulose I� allomorph was found at 3275 cm-1 

and also an indication of vibration signal of the cellulose I� allomorph was found at 709 cm-1 

in the primary cell wall material 52. 
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Further calculations, using the height of the cellulose I� peak, H710 43 (cf. Figure 20), indicated 

that the relative content of cellulose I� was around 80% in the primary cell wall. The relative 

content of the cellulose I� in the secondary cell wall was estimated to be approximately 40% 
43. An NMR examination of the cellulose structure of the primary cell wall also showed 

cellulose I� at 88 ppm, in the C4 region, as well as signals at 104 ppm and 106 ppm, while no 

signals from the cellulose I�, that usually occur at 89.5 ppm, could be found (see Figure 21). 

From the spectral fitting of the NMR spectra, the content of the crystalline cellulose in the 

primary cell wall was determined to be 14%. By taking the sensitivity of the NMR technique 

into consideration, the relative content of the cellulose I�, was estimated to be less than 20%. 
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Figure 20: Dynamic FT-IR in-phase spectra of 
primary cell wall material normalised to 1.0 at 1435 
cm-1 in the region from 800 cm-1 to 700 cm-1, at a 0° 
polarisation. Measurements were recorded at 0% 
RH (thin solid line), 40% RH (thin dotted line), 60% 
RH (thick dotted line), 80% RH (thick solid line) and 
90% RH (thin solid line with black squares). 

Figure 21: Solid state CP/MAS 13C-NMR spectrum 
of primary cell wall material, illustrating the region of 
120 ppm to 80 ppm. 
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Figure 18: Dynamic FT-IR in-phase spectra of 
primary cell wall material (thin line) and TMP (thick 
line) between 3500 cm-1 and 3100 cm-1. The in-
phase spectra (elastic response) were recorded at 
0% RH, 30 °C and at a 90° polarisation. 

Figure 19: Dynamic FT-IR in-phase spectra of 
primary cell wall material (thin line) and TMP (thick 
line) between 1000 cm-1 and 700 cm-1. The in-
phase spectra (elastic response) were recorded at 
0% RH and 30 °C at a 0° polarisation. 
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Both the NMR and the dynamic FT-IR spectroscopy showed a very good correlation, 

suggesting a relative high occurrence of cellulose I� in the primary cell wall, when compared 

to what is observed in the secondary cell wall. 

2.3. Interactions among polymers in the primary cell wall 

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1435;1269

1435;1516

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1435;1269

1435;1516

1435;1269

1435;1516

 

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1435;1269

1435;1516

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1550  1450  1350             1250

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1250

1350

1450

1550

1435;1269

1435;1516

1435;1269

1435;1516

 

Figure 22: Synchronous 2D FT-IR spectrum of 
primary cell wall material recorded at a 0° 
polarisation, 60% RH and 30 °C, indicating an 
absence of cross-peaks at 1435;1269 cm-1 and at 
1435;1516 cm-1 (cellulose;lignin). 

Figure 23: Asynchronous 2D FT-IR spectrum of 
primary cell wall material recorded at a 0° 
polarisation, 60% RH and 30 °C, indicating strong 
non-correlating cross-peaks at 1435;1269 cm-1 
and at 1435;1516 cm-1 (cellulose;lignin). 
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Figure 24: Synchronous 2D FT-IR  spectrum of 
primary cell wall material recorded at a 90° 
polarisation, 60% RH and 30 °C, indicating strong 
cross-peaks at 1323;1597 cm-1 and at 1323;1735 
cm-1 (cellulose;xyloglucan) and cross-peak at 
1323;1650-1550 cm-1 (cellulose;pectin). 

Figure 25: Asynchronous 2D FT-IR spectrum of 
primary cell wall material recorded at a 90° 
polarisation, 60% RH and 30 °C, indicating an 
absence of cross-peaks at 1323;1597 cm-1 and at 
1323;1735 cm-1 (cellulose;xyloglucan) and cross-
peak at 1323;1650-1550 cm-1 (cellulose;pectin). 
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Dynamic 2D spectroscopy is a technique for making evaluations, especially applicable to the 

study of molecular interactions. It is based on cross-correlating analysis, which helps to 

resolve the overlapping vibration bands and, therefore, providing a better understanding of the 

molecular cooperation between a pair of polymers. 

The 2D spectra for the primary cell wall material, recorded at a 0° polarisation, showed an 

absence of the cellulose;lignin cross-correlation signals (1435;1269 cm-1 and 1435;1516 cm-1) 

in the synchronous spectrum (Figure 22), but a presence of these peaks in the asynchronous 

spectrum (Figure 25). This suggests that cellulose and lignin do not interact when the 

mechanical load transfer takes place in the primary cell wall. On the other hand, in the cross-

correlating spectra collected at a 90° polarisation, an appearance of cellulose;xyloglucan 

cross-peaks at 1323;1597 cm-1 and 1323;1735 cm-1 were observed in the synchronous 

spectrum, while corresponding signals were absent in the asynchronous spectrum. The 

cellulose;pectin signals at 1323;1650-1550 cm-1 displayed an analogous pattern. Furthermore, 

a cross-peak of lignin; protein at 1508;1612 cm-1 could be found in the synchronous spectrum, 

but not in the asynchronous spectrum. This cross-peak is dealt with more in detail in Section 

3. These cross-correlation signals suggest that there are strong interactions between cellulose 

and xyloglucan, between cellulose and pectin as well as between lignin and protein in the 

primary cell wall. 

Based on the results from the dynamic 2D FT-IR spectra of the primary cell wall material and 

literature data, a schematic picture of possible cross-linkages was suggested. See Figure 26. 
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Figure 26: Illustration, showing the proposed ultrastructure of a primary cell wall. The solid lines 
represent covalent bond, the broken line represents hydrogen bond and the ± represents ionic bond. 
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3. EFFECT OF LOW DEGREE OF SULPHONATION ON THE MOLECULAR 

INTERACTION IN THE PRIMARY CELL WALL – Paper III 

At low levels of sulphonation (0.11% Na2SO3) of wood, the primary cell wall is selectively 

affected 2. This results in a more energy efficient mechanical pulping process 4, 5. The 

reduction in electrical energy consumption for refining of chips with a low degree of 

sulphonation amounts to approximately 200 kWh/t, when compared to TMP refining at the 

same tensile index. At high levels of sulphonation (1% to 3% Na2SO3), the secondary cell 

wall is affected and the refining process requires even more energy than in conventional TMP. 

The low sulphonation process has, however, been shown to be extremely difficult to control. 

This is the reason why a better understanding of the mechanism may be a way of improving 

its applicability. Consequently, a low sulphonation reaction was carried out on spruce wood 

chips during an impregnation pretreatment. The chips were first impregnated in water, 

according to the steam/cold liquor method, in order to ensure a uniform impregnation of the 

Na2SO3. The pulp, produced from these impregnated chips, displayed mechanical and optical 

properties similar to a TMP type of pulp, with an anticipated lower consumption of energy. 

Primary cell wall material was prepared from a first stage pulp obtained during these trials. 

The ultrastructural changes due to the low sulphonation reaction were examined using both 

dynamic FT-IR spectroscopy and dynamic 2D FT-IR spectroscopy. 

3.1. Load-bearing polymers in the sulphonated primary cell wall 

The dynamic in-phase FT-IR spectra of the unsulphonated primary cell wall material and the 

sulphonated primary cell wall material are compared in Figure 27. The two materials had 

quite a similar elastic response. The same polymers appear as load-bearing in both the 

unsulphonated and sulphonated primary cell wall materials. This illustrates that the 

ultrastructure of the sulphonated primary cell wall remained more or less unchanged from the 

native cell wall. However, some differences were observed for the pectin vibrations, at 1643 

cm-1 (asymmetric stretching vibrations of the COO--groups from the D-galacturonic acid 

units) 53, and for the protein vibrations, at 1612 cm-1 (N-H stretching vibrations of the primary 

amines) 53, 54. The xyloglucan absorption peak at 1597 cm-1 was observed for the 

unsulphonated primary cell-wall material, but this was not at all obvious in the sulphonated 

primary cell-wall material. The most significant difference between the two materials was that 

the lignin peak, occurring at 1276 cm-1 (Caryl-O vibrations) 45, 48, 55, seemed to have 
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disappeared in the spectra of the sulphonated material, indicating a change in lignin structure, 

due to sulphonation. 
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Figure 27: Dynamic in-phase FT-IR spectra of 
sulphonated primary cell wall material (thin 
line) and unsulphonated primary cell wall 
material (thick line), recorded at a 90° 
polarisation, 60% RH and 30 °C. 

3.2. Interactions among polymers in the sulphonated primary cell wall 

To obtain more information on any changes in the interactions between lignin;pectin, between 

lignin;protein as well as between protein;pectin, 2D correlation analyses were done. The 

synchronous and asynchronous 2D FT-IR correlation spectra of the unsulphonated primary 

cell wall material, recorded at 60% RH in a 90° polarisation mode, are shown in Figures 28 

and 29. The correlation spectra of the sulphonated primary cell wall material are illustrated in 

Figures 30 and 31. As discussed above (see Figures 24 and 25 in Section 2), the spectra of the 

unsulphonated primary cell wall shows cross-correlations between cellulose;xyloglucan and 

cellulose;pectin. 

In the synchronous spectra of the unsulphonated material, lignin indicated cross-peaks with 

both pectin and protein, at 1508;1643 cm-1 and 1508:1612 cm-1, respectively (Figure 28). The 

analogous signals were absent in the asynchronous spectra (Figure 29). This indicated that 

lignin interacts with both pectin and protein in the unsulphonated material. The cross-peak at 

1612;1643 cm-1 (protein;pectin) was found in the synchronous spectra of the unsulphonated 

material (Figure 28), while the corresponding asynchronous cross-peak appeared as very 

weak (Figure 29), indicating that protein and pectin also interact in the primary cell wall. For 

the sulphonated material, the lignin;pectin and lignin; protein cross-peaks were observed in 

the synchronous spectra (Figure 30), while the corresponding cross-peaks in the asynchronous 

spectra appeared as very strong (Figure 31). This means that the interactions of lignin with 

pectin and protein were significantly weakened in the material after the low sulphonation 

pretreatment. The absence of the protein;pectin (1612;1643 cm-1) cross-peak in the 
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synchronous spectra and the presence of peaks in the asynchronous spectra, point to a 

destabilized association between protein and pectin after the sulphonation reaction. 

These results indicate that the sulphonation has primarily altered the interactions of lignin 

with other components in the primary cell wall. Based on the viscoelastic measurements at 

1650  1600  1550             1500

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1500

1550

1600

1650

1508;16431612;1643

1508;1612

1650  1600  1550             1500

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1500

1550

1600

1650

1650  1600  1550             1500

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1500

1550

1600

1650

1650  1600  1550             1500

Wavenumber (cm-1)

W
av

en
um

be
r (

cm
-1

)

1500

1550

1600

1650

1508;16431612;1643

1508;1612

1508;16431612;1643

1508;1612

 
1650  1600  1550             1500

Wavenumber (cm-1)
W

av
en

um
be

r (
cm

-1
)

1500

1550

1600

1650

1508;16431612;1643

1508;1612

1650  1600  1550             1500

Wavenumber (cm-1)
W

av
en

um
be

r (
cm

-1
)

1500

1550

1600

1650

1650  1600  1550             1500

Wavenumber (cm-1)
W

av
en

um
be

r (
cm

-1
)

1500

1550

1600

1650

1650  1600  1550             1500

Wavenumber (cm-1)
W

av
en

um
be

r (
cm

-1
)

1500

1550

1600

1650

1508;16431612;1643

1508;1612

1508;16431612;1643

1508;1612

 

Figure 28: Synchronous 2D FT-IR spectrum of 
unsulphonated primary cell wall material, 
recorded at a 90° polarisation, 60% RH and 30 
°C, indicating a strong cross-peak at 1508;1643 
cm-1 (lignin;pectin), a strong cross-peak at 
1508;1612 cm-1 (lignin;protein) and a strong 
cross-peak at 1612;1643 cm-1 (protein;pectin). 

Figure 29: Asynchronous 2D FT-IR spectrum of 
unsulphonated primary cell wall material, 
recorded at a 90° polarisation, 60% RH and 30 
°C, indicating a weak cross-peak at 1508;1643 
cm-1 (lignin;pectin), a weak cross-peak at 
1508;1612 cm-1 (lignin;protein) and a weak cross-
peak at 1612;1643 cm-1 (protein;pectin). 
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Figure 30: Synchronous 2D FT-IR spectrum of 
sulphonated primary cell wall material, recorded 
at a 90° polarisation, 60% RH and 30 °C, 
indicating a strong cross-peak at 1508;1643 cm-1 
(lignin;pectin), a strong cross-peak at 1508;1612 
cm-1 (lignin;protein) and a weak cross-peak at 
1612;1643 cm-1 (protein;pectin). 

Figure 31: Asynchronous 2D FT-IR spectrum of 
sulphonated primary cell wall material, recorded 
at a 90° polarisation, 60% RH and 30 °C, 
indicating a strong cross-peak at 1508;1643 cm-1 
(lignin;pectin), a strong cross-peak at 1508;1612 
cm-1 (lignin;protein) and a strong cross-peak at 
1612;1643 cm-1 (protein;pectin). 
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different relative humidities, it was established that an increased softening of the primary cell 

wall occurs as a result of the sulphonation. It was suggested that this increased viscoelasticity, 

due to the breakdown of bonds between lignin;pectin and lignin;protein, could be recognised 

as the main reason for the lower consumption of energy achieved during the refining of such 

pulps, when compared to unsulphonated TMP. 
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4. CONCLUSIONS AND FUTURE WORK 

These studies using dynamic FT-IR spectroscopy on primary cell wall material, demonstrated 

that the cellulose, among all the other components in the primary cell wall material, was the 

one polymer that took the most part in the load-bearing. However, the lignin in the primary 

cell wall material showed a much greater ability for taking part in the load-bearing than the 

lignin in the secondary cell wall did. To a certain extent, all the polymers in the primary cell 

wall took part in the stress transfer. Dynamic FT-IR spectroscopy also demonstrated that the 

dominating crystalline cellulose in the primary cell wall was that of the cellulose I� 

allomorph. This indicated that these cellulose microfibrils are formed in a more stress-free 

environment than those in the S2 cell wall. 

Based on dynamic 2D correlation FT-IR spectra, it was established that strong interactions 

exist among cellulose, xyloglucan and pectin as well as among lignin protein and pectin in the 

primary cell wall. This suggested the presence of a highly interconnected structure and the 

probable existence of an interpenetrating network structure in the primary cell-wall of the 

spruce wood fibre. 

When it came to wood with a low degree of sulphonation, it was found that fractures could be 

found in the range between the primary cell wall and the middle lamella of spruce chips. This 

could be explained by the development of a more unstable ultrastructure in the outer fibre 

wall. The dynamic FT-IR measurements suggested that the sulphonation reaction caused the 

cooperation to become weaker, i.e. between the lignin;pectin and the lignin;protein as well as 

between the pectin;protein. This resulted in an increased softening of the primary cell wall 

material, which could be the primary reason behind the energy efficiency of this refining 

process. 

The general conclusion proposed in this work is that there is a good possibility of reducing the 

energy demand when refining spruce wood chips, by utilising treatments that would give a 

similar softening of the primary cell wall, such as a low degree of sulphonation pretreatment. 

Such energy savings may be achieved by applying other chemical and/or enzymatic 

treatments that show selective affinities to the components in the primary cell wall. Screening 

of such specific reactions using dynamic FT-IR spectroscopy could improve our knowledge 

about the ultrastructure of the primary cell wall as well as being an aid in designing an energy 

efficient mechanical pulping process. 
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