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 ABSTRACT 

 Lignin is one of the most predominant biopolymers present in plants. Together with cellulose and hemi-
celluloses, lignin builds up the cell wall in an arrangement which is regulated on the nano-scale and 
results in lignin–carbohydrate network structures. The molecular complexity of lignin renders all isol-
ation and identifi cation processes diffi cult and, consequently, many structural questions still remain. In 
this chapter, our present knowledge about the formation of lignin in plants, its presence in different types 
of plants as well as several different approaches taken to reveal the chemical structure, is summarized. 
Furthermore, a brief discussion about the chemical changes introduced in lignin as the result of different 
types of delignifi cation processes, such as kraft and sulphite pulping and steam explosion, is included. 
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  9.1       INTRODUCTION 

 Plants are eukaryotic organisms with an ability to utilize light for the fi xation of carbon dioxide, having cell walls 
rich in cellulose and with an ability to use starch as nutrition storage inside the cells. In the evolution of plants, 
lignin (the term lignin is derived from the Latin word for wood,  lignum ) was introduced some 440 million years 
ago when the group of vascular plants started to develop. Thereby, a new cell type, the tracheid, was formed typi-
fi ed by its elongated feature and its thick hydrophobic cell wall. In addition to cellulose and lignin, all vascular 
plants also contain other polysaccharides, hemicelluloses and low molecular mass compounds, extractives. The 
presence of tracheids permitted an effi cient transport of water in the plant and provided the strength necessary for 
the development of larger species. Simultaneously, the development of root systems took place, thus also allowing 
plants to grow in dryer environments. 

 The fi rst vascular plants to develop were vascular cryptogams reproduced using spores and, today, such plants 
can still be found as the herb families of club mosses, ferns, horsetails and in fern trees. In the further evolution of 
plants, seed fertilization developed some 360 million years ago and paved the way for an expansion of novel types 
of trees which successively overruled the vascular cryptogam trees due to a more effi cient reproduction system 
and a greater ability to colonize dryer areas of land. The fi rst trees to develop all had naked seeds often organized 
in cones and are referred to as gymnosperms. About 150 million years ago, a dramatic new development occurred 
with plants-carrying fl owers, the fertilization being done by insects and with seeds developed inside a fruit body. 
Such plants, the angiosperms, rapidly took over in importance and, today, more than 90 per cent of all land-living 
plant species are of this type. Simultaneously, the angiosperms developed more advanced types of leafs and the 
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cells became more specialized with vessel cells taking care of the water and nutrition transport. The structure of 
lignin and hemicelluloses was modifi ed in comparison to the gymnosperms. Usually, the angiosperms are divided 
into two classes,  viz . the monocotyledons, which include species such as grasses, bamboo and palm trees, and 
the eudicotyledons represented among others by leaf-carrying trees like birch, aspen and eucalyptus. The woody 
plants of the latter group are referred to as hardwoods. A simplifi ed schematic representation of the evolution of 
plants is given in  Fig. 9.1   .  

  9.2       NOMENCLATURE OF LIGNIN 

 Lignins are formed by polymerization of cinnamyl alcohols (monolignols) which differ in structure depending on 
plant type. In coniferous wood, the lignin is built up almost exclusively by coniferyl alcohol (G-units) with minor 
amounts of coumaryl alcohol (H-units) present. The latter is, however, a major constituent in compression wood 
lignin. In hardwoods, on the other hand, both coniferyl alcohol and sinapyl alcohol (S-units) are used as building 
blocks and in monocotyledonous tissue, all three alcohols are used as lignin precursors  [1–3] .  Figure 9.2    shows the 
numbering system and the structure of the three major monolignols, together with some minor monolignols found 
as lignin end-groups or present in specifi c plants  [4, 5] .  Table 9.1    shows the degree of participation of the major 
monolignols in different types of plants.  

  9.3       BIOSYNTHESIS OF MONOLIGNOLS AND THE FORMATION OF LIGNIN 

 The three major monolignols ( Fig. 9.2 ) used to synthesize lignin polymers are formed in the cytoplasm via the 
shikimate pathway which produces phenylalanine as key intermediate  [7–9] . Through further enzyme mediated 
deamination, hydroxylation, reduction and methylation reactions, the fi nal lignin precursors are formed as depicted 
in  Fig. 9.3   . 

 The further reactions of monolignols in the plant cell wall to form lignin may occur through an initial laccase or 
peroxidase oxidation of the monolignol giving rise to a resonance-stabilized phenoxy radical as depicted in  Fig. 9.4    
[10–12] . This step is followed by a coupling reaction and model experiments have shown that the fi rst product, the 
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 Figure 9.1        A schematic view of the evolution of plants.    
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dimer, will be formed by involvement of the  � -carbon in one unit and either the phenolic hydroxyl, the aromatic 
C5 (only in G- or H-units) or the  � -carbon in the other  [10–12] . It should be noted that the theoretically possible 
coupling products between two C5 centred radicals or between a phenoxy and a C5 radical are not formed to any 
noticeable extent. The stepwise further growth of the polymer is thought to involve an end-wise addition of a new 
monolignol radical to the growing polymer chain. In the latter, however, only the phenolic hydroxyl, the aromatic 
C5 or C1 positions are available for coupling. Thus, the overall frequency of inter-unit linkages involving the C– �  
carbon can be expected to be completely dominant in any lignin. Coupling in the aromatic C1 position takes place 
to a low extent and predominantly results in the formation of a spirodienone structure with a secondary lignin 
fragmentation reaction as an alternative  [13] . Other possible modes of coupling may occur if two growing poly-
mer chains are in close proximity, by formation of C5/C5 (in G-units) or phenolic hydroxyl/C5 linkages. Thereby, 
branching or crosslinking points in the lignin polymer are created. Branching points in the growing lignin poly-
mer are also created by the formation of dibenzodioxocin structures. These are prevalent in guaiacyl lignins and 
formed by internal trapping after coupling of a C– �  radical with a 5-5 �  phenoxy radical  [14, 15] . The various types 
of inter-unit linkages and their abbreviated nomenclature are depicted in  Fig. 9.5   . 
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Figure 9.2 (a) Numbering system in monolignols. (b) Types of monolignols found as building blocks in lignin. 
1 � p-coumaryl alcohol (H-unit), 2 � coniferyl alcohol (G-unit), 3 � sinapyl alcohol (S-unit), 4 � coniferaldehyde, 
5 � dihydroconiferyl alcohol, 6 � coniferyl alcohol-9-acetate, 7 � ferulic acid, 8 � 5-hydroxyconiferyl alcohol.

 Table 9.1 

    The participation of different monolignols in lignin from various plants  

 Plant type   p -Coumaryl alcohol  Coniferyl alcohol  Sinapyl alcohol 

   (%) 

 Coniferous; softwoods   � 5 a    � 95  0 b  
 Eudicotyledonous; hardwoods  0–8  25–50  45–75 
 Monocotyledonous; grasses  5–35  35–80  20–55 

  a   Higher amount in compression wood.  
  b   Some exceptions exist  [6].   
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 Figure 9.4        Enzymatic formation of resonance-stabilized monolignol radicals. The relative reactivity in coupling reac-
tions is indicated by the intensity of the line.    
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 Figure 9.3        The lignin biosynthesis pathway. Abbreviations of enzymes are: PAL � phenylalanine–ammonia-lyase; 
C4H � cinnamate 4-hydroxylase; 4CL � hydroxycinnamate:CoA-ligase; C3H � 4-hydroxycinnamate 3-hydroxylase; 
COMT � S-adenosyl-methionine:caffeate/5-hydroxyferulate-O-methyltransferase; CAD � hydroxycinnamyl alcohol 
dehydrogenase; C5H � coniferaldehyde-5-hydroxylase.    

 Recently, it has been suggested that lignin is not built up by a combinatorial polymerization of monolignols, but 
has a more ordered structure with a repeating unit larger than that given by the phenylpropane units  [16, 17] . Thus, by 
a template polymerization involving cell wall proteins, oligomeric lignin fragments should be synthesized and added 
together in a controlled manner. Until now, however, there has been no experimental data to support this theory.  
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  9.4       MAJOR SOURCES OF LIGNIN 

 Lignin is present in all vascular plants making it second to cellulose in abundance among polymers in nature. Since 
lignin, like many other biomass components, is formed via the photosynthesis reaction ( Fig. 9.6   ), it is renewable 
and it has been estimated that the annual production of lignin on earth is in the range of 5–36  
  10 8  tons. 

 In woody plants from the gymnosperm and angiosperm phylum, the lignin content is in the order of 15–40 
per cent  [18]  whereas in herbs, the lignin content is less than 15 per cent  [19] . Low lignin content is usually also 
encountered in annual plants. In  Table 9.2   , some representative values for the content of lignin in various types of 
commercially important plants are given. 

 Many softwood and hardwood species, together with certain types of annual plants, have commercial interest 
as a source of cellulose fi bres for the production of paper and board products. Thus, in technical fi bre liberation 
processes, such as alkaline or sulphite pulping, huge quantities of lignin are dissolved as alkali lignin and lignosul-
phonates, respectively. With few exceptions (see Chapter 10), these lignins are, however, never isolated, but burnt 
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 Figure 9.6        The fi xation of carbon dioxide in nature through the photosynthesis reaction.    
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together with other wood constituents liberated in the pulping liquor in order to produce the steam required for the 
process. In all commercial pulping processes, as well as in emerging processes, such as wood hydrolysis for the 
production of biofuels, the lignin is structurally altered in comparison to the native lignin. Broadly, these types of 
lignin can be described as being heterogeneous polyphenols with molecular masses in the range of 100–300       000, 
often with a high degree of polydispersity (see Section 9.6). 

 In growing plants, on the other hand, the lignin constitutes an integral part of the cell walls with chemical link-
ages to all types of polysaccharide constituents present. For spruce wood, it has been shown that the major portion 
of lignin is covalently linked to the hemicelluloses ( i.e . xylan and glucomannan) with a minor amount being linked 
to cellulose  [27] . The concentration of lignin is, however, not evenly distributed throughout the cell wall and, 
despite a high concentration of lignin in the middle lamella, the predominant portion is located in the S2 layer of 
the secondary wall due to its large relative volume  [28] . A detailed analysis of the lignin distribution in two wood 
species, one softwood and one hardwood, has been published and is shown in  Table 9.3     [29] . 

 All attempts to isolate lignin from wood or other types of biomass must be preceded by some mechanical dis-
integration of the material. Usually, intensive milling of the material is employed whereby the structural integrity 
( i.e . cell types), cell layers and any inhomogeneities at the macromolecular level, is eliminated and, from such 
materials, only an average lignin structure can be obtained. Despite these drawbacks, almost all present knowledge 
about the structure of lignins is based on comprehensive milling of the plant material, followed by solvent extrac-
tion with dioxane and (sometimes) further purifi cation to yield low to moderate yields of lignin. In most isolation 
procedures, the lignin contains minor impurities of carbohydrates. 

  9.4.1       Milled wood lignin 

 In 1956, the fi rst description of the isolation of lignin from spruce wood according to these principles was pub-
lished and the lignin was denoted as milled wood lignin (MWL)  [30] . By employing extremely long extraction 
times (sequential extraction with dioxane–water, 96:4, for  � 6 weeks), around 50 per cent of the lignin could be 
isolated. The author concluded that  ‘ MWL is a very useful material for lignin chemists ’ . In a subsequent paper, 
several other softwood and hardwood species were used to produce the corresponding MWLs and the similarities 

 Table 9.2 

    Lignin content in various types of plants  

 Plant Scientifi c/Common name  Lignin content  Reference 

  Gymnosperms  
  Picea abies , Norway spruce  28   [20]  
  Picea abies , Norway spruce (compression wood)  39   [21  ]
  Pinus radiata , Monterey pine  27   [22]  
  Pinus sylvestris , Scots pine  28   [22]  
  Pseudotsuga menziesii , Douglas fi r  29 [  22]  
  Tsuga canadensis , Eastern hemlock  31 [  22  ]

  Angiosperms – Eudicotyledons  
  Acasia mollissima , Black wattle  21   [22]  
  Betula verrucosa , Siver birch  20 [  23]  
  Eucalyptus globulus , Blue gum eucalyptus  22 [  22]  
  Eucalyptus grandis , Rose eucalyptus  25 [  24]  
  Populus tremula , European aspen  19 [  23]  
  Corchorus capsularis , Jute  13 [  25]  
  Hibiscus cannabinus , Kenaf  12 [  25]  
  Linun usitatissiumum , Flax  2.9 [  25]  

  Angiosperms – Monocotyledons  
  Oryza  species, Rice straw  6.1   [26]  
  Saccharum  species, Bagasse  14 [  26]  
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between various softwood lignins and the differences between hardwood lignins could be clearly demonstrated 
 [31] . Furthermore, it was shown that a second solvent extraction could be used to provide a lignin material still 
containing substantial amounts of carbohydrates and this was denoted lignin carbohydrate complex (LCC)  [32] . 

 As an alternative to the isolation of lignin by solvent extraction, liquid–liquid partition of dissolved wood meal 
between aqueous sodium thiocyanate and benzyl alcohol has been suggested  [33] . In this rather complicated pro-
cedure, it was possible to isolate about 40 per cent of the lignin in spruce wood. The lignin still contained some 
10 per cent of carbohydrates. In a further alternative to the original method, the milled wood was treated with 
an enzyme cocktail containing cellulolytic and hemicellulolytic activities, thereby facilitating the subsequent sol-
vent extraction. Fractions of lignin, having different amounts of remaining carbohydrates, could be isolated with 
a total yield of lignin of 57 per cent from spruce and 68 per cent from sweetgum respectively  [34, 35] . An even 
higher total yield of lignin was obtained by fi rst extracting milled spruce wood with water, followed by extraction 
with dioxane. After enzymatic hydrolysis of the polysaccharides present in the residue, a second extraction with 
dioxane was carried out affording a total yield of 84 per cent of the lignin  [36] . Enzymatic hydrolysis of exten-
sively milled wood has also been combined with acid hydrolysis employing 0.01       M hydrochloric acid. From both 
spruce and poplar, around 60–70 per cent of the lignin could be isolated with this method  [37] .  Table 9.4    gives 
some data on MWLs from various sources. 

 Almost all isolation procedures for lignin published till date have been preceded by an intensive milling of 
pre-extracted wood meal in a vibratory or rotatory mill. In the former type of mill, a milling time of 48       h has fre-
quently been used  [30, 34]  while in the latter, about 1–2 weeks is required  [36, 37] . During the milling, certain 
types of chemical changes take place in the lignin such as cleavage of  � - O -4 linkages and introduction of carbonyl 
groups  [34] . This reaction will result in the formation of new phenolic lignin end-groups with a simultaneous frag-
mentation of the lignin macromolecule as depicted in  Fig. 9.7   . 

 For extractives-free spruce wood, the concentration of free phenolic hydroxyl groups has been determined and 
values of 10–13 per 100 phenylpropane units have been obtained  [38–40] . The corresponding value for spruce 
MWL is in the order of 20–30 ( Table 9.4 ) depending on the intensity of milling and way of extracting the lignin. 
Consequently, all published analytical data on the structural composition of native lignin fail to give accurate val-
ues for the concentration of  � - O -4 structures, since various amounts of this linkage have been mechano-chemi-
cally cleaved during the isolation procedure. 

 In an alternative way of isolating lignin from wood, pre-extracted spruce wood meal has been treated with a com-
mercial mono-component endoglucanase  [27, 41] . Thereby, the crystalline structure of cellulose is destroyed and the 
now amorphous wood can be homogeneously swollen in aqueous urea. By subsequent fractionation of the material
in aqueous alkali, all lignin can be recovered as various LCCs ( Table 9.5   ). Also in this case, however, the wood 

 Table 9.3 

    Distribution of lignin in various cell wall layers of softwood tracheids and hardwood fi bres  

 Wood cell  Cell wall layer  Tissue volume (%)  Lignin (% of total)  Lignin concentration (%) 

 Loblolly pine tracheids (softwood) 
 Early wood  S1  13  12  25 
   S2  60  44  20 
   S3  9  9  28 
   ML 	 P  12  21  49 
   CC  6  14  64 
 Late wood  S1  6  6  23 
   S2  80  63  18 
   S3  5  6  25 
   ML 	 P  6  14  51 
   CC  3  11  78 

 White birch fi bres (hardwood) 
   S  73  60  19 
   ML 	 P  5  9  40 
   CC  2  9  85 
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 Table 9.4 

    Representative data on MWL isolated from different wood species  

 Sample origin  OCH 3  (%)  Phenolic OH (%)  Carbohydrate (%)  Lignin yield (%) a   Reference 

  Picea abies , Norway spruce  15.45  30  1.9  19   [30]  
  Picea abies , Norway spruce  15.2  20  4.1  17 [  34]  
  Picea abies , Norway spruce, 
CEL-96 b  

 15.2  20  4.3  28 [  34]  

  Picea mariana , Black spruce  15.41  28  n.a. c   n.a. [  31]  
  Picea mariana , Black spruce  15.3  23   � 9.6  25 [  37]  
  Picea mariana , Black spruce, 
EAL d  

 13.7  21   � 7.7  69 [  37]  

  Pinus sylvestris , Scots pine  15.74  27  n.a.  n.a. [  31]  
  Betula verrucosa , Silver birch  21.51  n.d.  7.5  n.a. [  31]  
  Liquidambar styracifl ua , 
Sweetgum 

 21.4  14  3.6  17 [  34]  

  Liquidambar styracifl ua , 
Sweetgum, CEL-96 b  

 21.5  13  3.8  43 [  34]  

  Populus tremuloides , Trembling 
aspen 

 19.6  21   � 8.0  24 [  37]  

  Populus tremuloides , Trembling 
aspen, EAL d  

 20.9  21   � 4.3  61 [  37]  

  a   Based on the lignin content in wood.  
  b   Ball milling of wood followed by enzymatic hydrolysis of polysaccharides prior to extraction of the residue with dioxane–water (96:4).  
  c   n.a. � not analysed.  
  d   Ball milling of wood followed by enzymatic hydrolysis of polysaccharides and subsequent acid hydrolysis with 0.01       M HCl of the 
residue in dioxane–water (85:15).  
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structure must be degraded to some extent prior to enzyme treatment by vibratory ball milling for 3       h and, thus, nei-
ther this lignin can be regarded as completely native although the milling intensity has been greatly reduced.  

  9.4.2       Dehydropolymerizate 

 In the early work on lignin structure, enzymatic polymerization of coniferyl alcohol, employing either laccase or 
peroxidase together with oxygen or hydrogen peroxide respectively, has frequently been used to produce  ‘ lignin-
like ’  substances denoted dehydrogenation polymers (DHPs) (see  Fig. 9.4 )  [10] . The results from this work were 
used to construct the fi rst generation of statistical lignin structures in which the then identifi ed relative amounts of 
different inter-unit linkages were included ( Fig. 9.8   ). 

 Table 9.5 

    Types of LCC isolated from spruce wood meal after treatment with endoglucanase 
followed by swelling in urea and fractionation in aqueous alkali  [27, 41]   

 Type of lignin–carbohydrate complex (LCC)  Lignin yield (%) 

 GalactoGlucoMannan – Lignin  8 
 Glucan – Lignin  4 
 GlucoMannan – Lignin a   48 
 Xylan – Lignin a   40 

  a   Sum of two different fractions.  
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 Figure 9.8        A fi rst generation schematic formula of spruce lignin showing the most important inter-unit linkages 
between the phenylpropane units  [42] . Reproduced by permission of Springer Science and Business Media.    
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 In the synthesis of DHP, two different modes have been employed, the  ‘ Zulauf ’  and the  ‘ Zutropf ’  methods. The 
former involves a stepwise addition of enzyme to a solution of coniferyl alcohol whereas in the latter, the reverse 
is used. From a structural point of view, the two methods give slightly different DHPs but the Zutropf–DHP is 
considered as being somewhat more  ‘ lignin-like ’   [43] . For both types of DHPs, however, considerable structural 
differences are encountered in comparison with MWL. 

 Attempts to improve the synthesis of DHP in order to obtain a more lignin-like polymer have been made. In one 
such system, coniferin, together with  � -glucosidase, peroxidase and hydrogen peroxide, prepared  in situ  from oxygen, 
glucose oxidase and liberated glucose, were used. Thereby, a very low concentration of hydrogen peroxide could be 
maintained throughout the oxidation. In different variants of the procedure, the reaction was performed with or with-
out the presence of a polysaccharide and at different pH-values  [44] . Based on this model system, it was found that 
pH, the concentration of monomer radicals and the carbohydrate matrix all affected the structure of the resulting DHP 
to some extent  [45] . Despite these modifi cations, however, the DHPs were still found to be quite different from MWL. 

 In alternative ways of preparing DHP by employing biomimetic approaches, a much closer structural resem-
blance to MWL could be obtained. In one method, manganese(III) acetate was used to polymerize coniferyl 
and/or sinapyl alcohol  [46] . The reaction conditions were found to exert a profound infl uence on the structure of 
the resulting polymer and lignin-like, as well as linear polymers, were produced as schematically illustrated in  
Fig. 9.9   . In a similar approach, manganese(III) was produced  in situ  by the oxidation of manganese(II) with man-
ganese peroxidase. Oxidation of coniferyl alcohol was carried out in a two-vessel reaction fl ask separated by a 
semi-permeable membrane allowing the manganese(III) to freely move between the vessels, while keeping the enzyme
and coniferyl alcohol separated. Again, a lignin-like DHP could be formed as revealed by thioacidolysis in combin-
ation with size exclusion chromatography and  13 C NMR spectroscopy  [47] .   

  9.5       THE STRUCTURE OF LIGNIN 

 The quantifi cation of lignin present in wood and other plants is usually done indirectly by weighing the solid 
residue that remains after the complete hydrolysis of all polysaccharides present in the material  [48] . The insol uble 
material, denoted Klason lignin, is thought to be formed by a comprehensive condensation of the original lignin 
structure by the strongly acidic conditions used in the hydrolysis. In addition, a minor amount of acid-soluble
lignin can be determined by measuring the UV absorbance of the hydrolysis liquor, usually at 205       nm  [48] . 
Although the latter value is often added together with the value for Klason lignin to provide the total amount of 
lignin in a sample, its origin is not known with certainty and, for example, carbohydrates may well contribute deg-
radation products with absorbance in the same region (Gellerstedt, unpublished). 

 For the quantifi cation of lignin in a large number of similar samples, near-infrared spectroscopy (NIR) is well 
suited. Once a suitable set of reference samples has been determined using the Klason lignin method, the data can 
be used to calibrate the NIR signal. Subsequently, the lignin content in unknown samples can be registered in a 
convenient and rapid way by collecting the respective NIR spectra  [49] . 
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 Figure 9.9        Synthesis of DHP using the  ‘ Zutropf method ’  with peroxidase and hydrogen peroxide or manganese(III)-
acetate in acetic acid with or without the presence of water. The biomimetic DHPs were fully acetylated and the high 
molecular weight fraction obtained after chromatography on polystyrene gel  [46] .    
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 Among the early methods for the identifi cation of lignin in a sample, colour reactions have been frequently 
used  [50] . Thus, the treatment of wood or mechanical pulp with a mixture of phloroglucinol and hydrochloric acid 
results in the development of a reddish colour attributable to a condensation product between coniferaldehyde end-
groups in lignin and phloroglucinol. 

  9.5.1       Wet chemistry methods 

 Today, a large number of wet chemistry methods exist by which lignin can be identifi ed on the basis of its pat-
tern of degradation products. Such methods have also been extensively used to get information about the struc-
tural details of different types of lignins. In  Table 9.6   , some commonly used methods have been collected. Each 
one of these methods will provide a piece of structural information but in most cases, the information is at best 
semi-quantitative. 

 Based on comprehensive work on spruce and birch MWL employing predominantly oxidation with perman-
ganate–hydrogen peroxide and acidolysis respectively as analytical tools, a large number of degradation products 
has been identifi ed and quantifi ed  [51, 56] . Based on these data, the concentration of individual inter-unit linkages 
present in the two lignins has been calculated and a structural scheme of spruce lignin, similar to that depicted in 
 Fig. 9.8 , was constructed  [61] . An approach employing catalytic hydrogenation of spruce wood and subsequent 
identifi cation of the degradation products was found to yield similar results in terms of functional groups and rela-
tive frequency of inter-unit linkages  [54] . In a similar way, thioacetolysis ( i.e . acid catalysed condensation of lignin 
with thioacetic acid), followed by alkaline hydrolysis and reduction with Raney nickel, has been applied on beech 
wood meal to degrade the lignin into a mixture of monomeric and oligomeric products. Several of these were iden-
tifi ed and quantifi ed providing data which formed the basis for a constitutional scheme of beech lignin  [62, 63] .  

  9.5.2       Nuclear magnetic resonance 

 Contrary to the wet chemical methods, analysis by nuclear magnetic resonance (NMR) does not degrade the sam-
ple and, consequently, all structural features in a lignin can be visualized. Despite the fact that analysis by either 
proton or carbon NMR results in crowded spectra with a severe overlap of signals, numerous spectra of lignins 
have been published and a large number of individual signals assigned  [64–69] . By the use of spectral editing with, 
for example, the DEPT-sequence, permitting the separate analysis of CH-, CH 2 - and CH 3 -groups respectively, fur-
ther details of the assignment of individual signals have been achieved  [70] . Furthermore, the use of inverse gated 
decoupling combined with long delay times between pulses has permitted the quantitative analysis of  13 C NMR 
spectra thus providing reliable data on the amount of different types of carbon atoms in spruce MWL  [71, 72] . 

 Two-dimensional correlation spectra such as the HSQC-sequence can be used to separate the carbon and proton 
signals, thus permitting a much higher degree of accuracy in signal assignment. Furthermore, such spectra can 
be integrated in the  z -direction to give quantitative information provided that a suitable reference signal has been 
chosen  [73] . In  Table 9.7   , the result of such an integration is shown together with similar data taken from the literature
and based on NMR, as well as on wet chemical methods.  

 Table 9.6 

    Wet chemistry methods for the analysis of lignin and lignin structures  

 Method  Reaction principle  Reference 

 Oxidation with KMnO 4  – H 2 O 2   Oxidative elimination of side chains   [51, 52]  
 Thioacetolysis  Cleavage of alkyl-aryl ethers   [53]  
 Hydrogenolysis  Reductive cleavage of ethers   [54, 55 ] 
 Acidolysis  Hydrolytic cleavage of ethers   [56, 57  ]
 Thioacidolysis  Hydrolytic cleavage of ethers   [4, 58  ]
 Acetyl bromide – Zinc/Acetic anhydride  Reductive cleavage of ethers   [59, 60  ]
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  9.5.3       Analysis of  � - O -4 structures 

 The quantitatively most important inter-unit linkage in lignin, the  � - O -4 linkage, can be cleaved in alkaline as 
well as in acidic conditions. For analytical purposes, alkaline cleavage is used as part of the thioacetolysis reaction 
sequence  [53] , whereas acidic conditions can be applied directly to the wood material  [75] . In the latter method, 
hydrochloric acid has been used to afford monomeric and dimeric lignin degradation products which can be iden-
tifi ed but, in addition, the reaction also gives rise to products of higher molecular mass, at least in part formed by 
condensation reactions  [56] . Although the method can be used as an analytical tool to give a relative quantifi cation 
of the number of  � - O -4 structures, the presence of condensation reactions is a serious drawback  [57] . The chem-
istry of lignin encountered in acid media,  viz . the intermediate formation of a benzylic cation, followed by either a 
proton elimination reaction or an addition of a nucleophilic carbon atom, readily explains the observed behaviour. 
The presence of an external nucleophile may, however, in analogy to sulphite pulping or analysis by thioacetoly-
sis, prevent any condensation reaction. 

 In thioacidolysis, a Lewis acid, boron trifl uoride etherate, is used together with a strong nucleophile, ethanethiol, 
to hydrolyse all  � - O -4 linkages present in a lignin, wood or pulp sample  [20, 58] . The predominant product from 
the cleavage reaction ( Fig. 9.10   ), a phenylpropane structure (two diastereoisomeric forms) having all side-chain car-
bons substituted with ethylthio groups, can be readily quantifi ed. Furthermore, several other monomeric  degradation 
products can also be identifi ed, thus providing information about the variability of lignin end-groups  [4] .

 Table 9.7 

    Frequency of inter-unit linkages in MWL from spruce ( Picea abies ) based on integration of a 
2D HSQC spectrum using the aromatic C2 as internal standard  

 Lignin structure  Number per C9-unit  Reference 

      [74]  a    [54]  b    [61]  c  

  � - O -4 �   0.43  0.45  0.45  0.50 
  � -5 �   0.12  0.09  0.14  0.12 
 Dibenzodioxocin  0.05  0.07     
  �  �  �  �   0.035  0.06  0.07  0.02 
  � -1 �   0.02  0.01  0.09  0.07 
 Spirodienone  0.02  0.02     
 Coniferyl alcohol  0.02  0.02  0.04   
 Coniferaldehyde  0.03  0.04  0.04   
 Vanillin  0.02  0.05  0.06   
 Dihydroconiferyl alcohol  0.02  0.02  0.04   
 5–5 �     0.13  0.11  0.11 
 4- O -5 �       0.035  0.04 

  a   Based on quantitative  13 C NMR.  
  b   Based on hydrogenolysis of ezomatsu ( Picea jezoensis ) wood.  
  c   Based predominantly on permanganate – hydrogen peroxide oxidation.  
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 Figure 9.10        Thioacidolysis of lignin and formation of ethylthio-substituted degradation products.    
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From wood, the reaction gives a high yield of low molecular mass degradation products (monomers to trimers, 
with traces of higher M w  products) and, after treatment, no lignin can be detected in the remaining wood material. 
Thioacidolysis, when applied to kraft pulps, on the other hand, in addition to monomers–trimers also results in the 
presence of polymeric material formed as a consequence of pulping reactions  [20] . 

 In a later extension of the thioacidolysis reaction, a second step, a Raney nickel reduction, was introduced, 
thereby also permitting the analysis of dimeric and trimeric degradation products by gas chromatography  [20, 76] . 
By this method, more than 20 different dimeric and 16 trimeric structures, representing all the various inter-unit 
linkages depicted in  Fig. 9.5 , except the  � - O -4 and dibenzodioxocin structures, have been qualitatively identifi ed 
from spruce wood. Similar data from birch and aspen wood are also available  [23] . 

 A different approach to the analysis of  � - O -4 structures involves a two-step procedure with acetyl bromide treat-
ment followed by a reductive cleavage of the  � -ether substituent as depicted in  Fig. 9.11     [59, 60] . The reaction can be 
applied to isolated lignins, as well as on cell wall material, and results in the formation of acetylated cinnamyl alcohols
which can be readily quantifi ed by gas chromatography. The yield of the major compounds originating from G-, H- 
and S-units seems, however, to be inferior to the corresponding values obtained from thioacidolysis  [20, 60, 76] . 

 Thioacidolysis results in a high yield of the major monomeric degradation product (in two diastereoisomeric 
forms) from softwoods, as well as from hardwoods. In addition, it is possible to identify several other monomers in 
minor amounts ( Fig. 9.2 )  [4] . The latter are assumed to constitute lignin end-groups attached to the rest of the pol-
ymer through  � - O -4 �  linkages. By pre-swelling of the wood in water prior to the thioacidolysis reaction, an appar-
ent quantitative delignifi cation can be achieved and the yield of the major monomer(s) substantially increased, as 
shown in  Table 9.8   . From this table, it is also obvious that the milling used to extract MWL from the wood samples

 Table 9.8 

    Yield of the main monomer(s) on thioacidolysis of spruce, birch and aspen wood, spruce TMP and the corresponding 
MWLs together with the number of phenolic hydroxyl groups per 100 phenylpropane (C9) units  [20, 23]   

 Sample  Yield of the main monomer(s)
( � mol/g Klason lignin) 

 Content of phenolic OH a ,
Number per 100 C9-units b  

 Spruce wood  1       332  n.a. c  
 Spruce wood (pre-swollen) d   1       682 (31%) e   13 
 Spruce MWL f     986  20 
 Spruce TMP g  (pre-swollen) d   1       498  14 
 Birch wood (pre-swollen) d     672 (G) + 2       318 (S) � 2       990 (63%) e    7.6 
 Birch MWL f     403 (G) + 809 (S) � 1212  n.a. c  

 Aspen wood (pre-swollen) d     866 (G) + 1       942 (S) � 2       808 (58%) e   10 
 Aspen MWL f     609 (G) + 863 (S) � 1       472  n.a. c  

  a   Determination by periodate oxidation according to  [40].   
  b   Assumed molecular mass (g mol�1) for one C9-unit: spruce � 183; birch � 210; aspen � 206.  
  c   n.a. � not analysed.  
  d   Sample pre-swollen in water over-night.  
  e   Percentage of the theoretical yield of C9-units per gram Klason lignin.  
  f   Yield given as  � molg�1 MWL.  
  g   Thermomechanical pulp.  
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 Figure 9.11        Analysis of  � - O -4 structures in lignin according to the DFRC method (derivatization followed by reduc-
tive cleavage) resulting in the formation of cinnamyl alcohol derivatives suitable for quantifi cation. AcBr � acetyl brom-
ide, Ac 2 O/Py � acetic anhydride/pyridine  [59] .    
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results in substantially reduced amounts of monomeric thioacidolysis products, as discussed above (see  Figure 
9.7 ). Simultaneously, the number of phenolic hydroxyl groups is strongly increased. Even the comparatively mild 
milling procedure used in the production of thermomechanical pulp (TMP), results in an increased number of phe-
nolic hydroxyl groups and a reduction in monomer yield. In the two hardwood samples shown in  Table 9.8 , the 
yield of S-units is high and refl ects the fact that  � - O -4 �  structures are completely dominant in syringyl type lignins, 
since the  � -5 �  and 5-5 �  coupling modes cannot take place. Generally, the content of phenolic hydroxyl groups 
in hardwoods is lower as compared to softwoods; a result in line with a high abundance of linear  � - O -4 � -linked 
syringyl lignin. In guaiacyl lignins, on the other hand,  � - O -4 �  moieties may be present in both linear and branched/
crosslinked structures, thus resulting in a considerably lower yield of the monomeric thioacidolysis product. 

 When applied to wood, the thioacidolysis reaction seems to result in a complete dissolution of lignin, since no 
Klason lignin can be detected in the residue. After acetylation, the degraded lignin fragments can be conveniently 
analysed by high performance size exclusion chromatography (HPSEC) in tetrahydrofuran  [20] . From spruce, as 
well as from birch and eucalyptus wood, similar chromatograms can be obtained, although the relative intensity of 
the various peaks is different ( Fig. 9.12   ) (Gellerstedt, unpublished). By the use of calibration substances, it can be 
shown that no polymeric material is present in the degradation mixture with monomers, dimers and trimers consti-
tuting the predominant types of products. 

 This result is completely in line with the view that the lignin polymer in both softwoods and hardwoods is built 
up with  � - O -4 �  linkages as the completely dominating type of inter-unit linkage. The number of such linkages has 
been estimated based on analytical data from MWL, and values of about 50 and 60 per 100 phenylpropane units 
for spruce and birch, respectively, have been obtained  [77] . Obviously, these values must be much higher for the 
native lignin in wood since, as discussed above, the milling procedure used to produce MWL involves a compre-
hensive cleavage of  � - O -4 �  linkages (see  Fig. 9.7  and  Table 9.8 ).  

  9.5.4       Lignin heterogeneity 

 By a selective modifi cation of the cellulose structure in spruce wood, by treatment with an endoglucanase, fol-
lowed by swelling of the wood in aqueous urea and dissolution in alkali, a subsequent stepwise acidifi cation will 
result in a complete recovery of all the lignin as different LCCs (see  Table 9.5 )  [27,41] . On thioacidolysis fol-
lowed by HPSEC of the various LCCs, large differences in the resulting lignin chromatograms were encountered, 
as demonstrated in  Fig. 9.13   . 

 Thus, the thioacidolysis mixture obtained from xylan-linked lignin showed a complete dominance of monomers 
with only a small amount of dimers present. The glucomannan lignin complex, on the other hand, gave a chro-
matogram similar to that obtained from wood ( Fig. 9.12 ). A reasonable explanation for these results is the pres-
ence of two distinctly different types of lignin in spruce wood; one having a very strong dominance of  � - O -4 �  
linkages, being linked to xylan and with a rather linear structure, the other being linked to glucomannan and 
having a more complex structure comprising the various linkages depicted in  Fig. 9.5 . The former type of lignin 
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 Figure 9.12        HPSEC on styragel of the acetylated lignin degradation products obtained after thioacidolysis of spruce, 
birch and eucalyptus wood respectively.    
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should be expected to be particularly sensitive to milling, resulting in a low yield of thioacidolysis products with 
a corresponding high amount of free phenolic hydroxyl groups. This has been found to be the case, thus lending 
further support to the view that a linear  � - O -4 � -linked lignin is present in spruce wood  [41] . 

 For birch wood, it was shown a long time ago, by the use of UV microscopy, that the structure of lignin is not 
uniform throughout the fi bre and vessel elements. Whereas the secondary wall in the fi bre fraction was found to 
contain an almost pure syringyl lignin ( i.e . a linear lignin with a predominance of  � - O -4 �  linkages) the lignin 
present in vessels was of the guaiacyl type. Guaiacyl lignin was also found in the middle lamella region  [29] . In a 
further development of the analytical method, more precise data for the presence of G- and S-units throughout the 
cell walls were obtained ( Table 9.9   )  [78] . 

 By the use of an immunogold labelling technique with specifi c response for condensed guaiacyl and guaiacyl–
syringyl lignin and for non-condensed guaiacyl–syringyl lignin respectively, the data in  Table 9.9  have recently 
been qualitatively confi rmed in transmission electron microscopy studies of aspen wood  [79] . Further support for 
the presence of linear lignin structures of the  � - O -4 �  type present in hardwood has also been found by the mass 
spectrometric analysis of a low molecular mass fraction of eucalyptus lignin, showing the arrangement of S (and 
G)-units in pentamer and hexamer fragments ( Fig. 9.14   )  [80] .  

  9.5.5       The structure of native lignin 

 The growing awareness that the structure of lignin inside the fi bre wall is not uniform, but probably adapted to its 
site of formation, chemical surrounding and other as yet unknown factors makes the presentation of statistical formu-
las based on MWL-data alone highly uncertain. The presence of a substantial amount of lignin in spruce, as well as 
in various hardwood species strongly enriched in  � - O -4 �  structures suggests, however, that linear lignin macromol-
ecules are abundant in both softwood and hardwood lignin. These, as well as other types of lignin macromolecules, 

 Table 9.9 

    Distribution of guaiacyl and syringyl lignin in various morphological regions of white birch ( Betula papyrifera )  [78]   

 Morphological differentiation  Guaiacyl/Syringyl 

 Fibre, S2-layer   12:88 
 Vessel, S2-layer   88:12 
 Ray parenchyma, S-layer   49:51 
 Middle lamella (fi bre–fi bre)   91:9 
 Middle lamella (fi bre–vessel)   80:20 
 Middle lamella (fi bre–ray)  100:0 
 Middle lamella (ray–ray)   88:12 
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Figure 9.13 HPSEC of thioacidolysis products obtained from (a) glucomannan-linked lignin, and (b) xylan-linked 
lignin [41].
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seem to be chemically linked to the polysaccharides thus forming network structures in the wood tissue. In technical 
processes, the different types of lignin macromolecules will show different reactivity, thus resulting in inhomogen-
eous dissolution at the nano-scale  [81–83] . 

 The knowledge collected till date on the structure of lignin distinguishes two different types of macromolecules; 
 viz . a linear structure predominantly built up by  � - O -4 �  linkages in G- as well as in S-units, with minor amounts 
of  �  �  �  � ,  � -5 �  and  � -1 �  linkages present. The number of 5-5 �  and 4- O -5 �  linkages in such lignin is assumed to be 
very low or zero. As a consequence, the number of free phenolic hydroxyl groups is also very low. In the second 
type of lignin, a much more branched structure should prevail, 5-5 �  and 4- O -5 �  linkages being present and the 
number of phenolic hydroxyl groups quite high. In spruce, this type of lignin should be linked predominantly to 
glucomannan. The presence of such a lignin requires the formation of chain-like fragments which subsequently 
are linked together by a secondary formation of 5-5 �  and 4- O -5 �  linkages (see Section 9.3). The variability of the 
chain-like fragments can be substantial, thus resulting in lignin macromolecules of considerable difference from 
each other. Still, the number of  � - O -4 �  linkages must be high, however, in order to fulfi l all structural requirements 
concluded from present knowledge. A segment of such lignin is shown in  Fig. 9.15   .   

  9.6       TECHNICAL LIGNINS 

 For a more comprehensive discussion of technical lignins, the reader should refer to Chapter 10. 

  9.6.1       Kraft lignins 

 Delignifi cation of wood and other biomass for the production of kraft pulp involves treatment at high temperature 
with an aqueous solution of sodium hydroxide and sodium sulphide. Under these conditions, most of the  � - O -4 �  
structures in lignin are hydrolysed ( � 95 per cent) and the resulting lignin fragments dissolved in the alkaline solu-
tion  [84] . Several other degradative lignin reactions also take place under the harsh conditions prevailing in the 
digester and most of the phenylpropane side-chains are in part eliminated, in part modifi ed. The process results in 
the dissolution of around 90–95 per cent of all lignin present in the starting material. By acidifi cation of the pulp-
ing liquor, the dissolved lignin can be recovered to a great extent as a complex mixture of phenolic structures with 
molecular mass in the range of  ~ 150–200       000  [85–89] . 

 By solvent fractionation, it has been shown that a predominant portion of softwood kraft lignin is of low molecu-
lar mass with a low degree of polydispersity as shown in  Table 9.10   . The remainder, on the other hand, has both 
high molecular mass and high polydispersity, presumably due to the presence of both polysaccharides and con-
densed lignin structures in these fractions  [88] . A similar fractionation technique applied to a birch kraft lignin 
gave the results shown in  Table 9.11   , again with a high molecular mass tail resulting in a high degree of polydis-
persity for one of the fractions  [89] . 
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 Figure 9.14        A hexameric lignin fragment from eucalyptus ( E. grandis ) identifi ed by MS-analysis. Further pentamer 
and hexamer fragments were also found  [80] .    
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 NMR analysis of the various lignin fractions from pine/spruce and birch respectively  [88, 89] , as well as of 
unfractionated kraft lignin from pine  [71] , has shown that comprehensive changes of the side-chain structure take 
place during pulping with a strong reduction of oxygen-linked carbons and a concomitant increase of aliphatic 
methine, methylene and methyl groups. The content of aromatic rings with free phenolic hydroxyl groups is high, 
in particular in the low molecular mass fractions. The presence of carboxyl groups (in softwood) is substantial and 
can be explained by radical coupling reactions between certain fatty acids, present among the wood extractives, 
and phenolic end-groups in the lignin  [90] . Moreover, all the lignin fractions shown in  Table 9.10  also contain con-
siderable amounts of sulphur as shown in  Table 9.12   . Similar data were also found for the birch lignin fractions. 

 Table 9.11 

    Analytical data on kraft lignins obtained after solvent fractionation of isolated industrial birch black liquor lignin  [89]   

 Fraction no a   Yield (%)  M n  
b   M w  

b   M w /M n   Phenolic OH (mmol/g)  Aliphatic OH (mmol/g) 

 1  32    650     910   1.4  5.0  1.0 
 2  38  1       320   2       110   1.6  4.4  2.2 
 3  30  3       760  87       080  23  2.9  3.7 

  a   Fraction 1 � soluble in methylene chloride.  
Fraction 2 � residue soluble in methanol.
Fraction 3 � residue.

  b   Acetylated lignin fractions.  

 Table 9.10 

    Analytical data on kraft lignins obtained after solvent fractionation of isolated industrial softwood black liquor lignin  [88]   

 Fraction No a   Yield (%)  M n  
b   M w  

b   M w /M n   Phenolic OH 
(mmol/g) 

 Aliphatic OH 
(mmol/g) 

 Carboxyl 
(mmol/g) 

 1   9    450      620   1.4  5.1  1.0  2.3 
 2  22    900    1       290   1.4  5.0  2.3  1.1 
 3  26  1       710    2       890   1.7  4.3  2.1  0.8 
 4  28  3       800   82       000  22  3.9  2.4  0.4 
 5  14  5       800  180       000  31  3.0  2.4  0.3 

  a   Fraction 1 � soluble in methylene chloride.  
Fraction 2 � residue soluble in n-propanol.
Fraction 3 � residue soluble in methanol.
Fraction 4 � residue soluble in methanol/methylene chloride (7:3).
Fraction 5 � residue. 

  b   Acetylated lignin fractions.  

 Table 9.12 

    Elemental and methoxyl analysis data for softwood kraft lignin fractions from  Table 9.10  together with data for spruce 
MWL and purifi ed pine kraft lignin  [88]   

 Fraction no  Carbon (%)  Hydrogen (%)  Oxygen (%)  Sulphur (%)  OCH 3  (%)  Sugars (%) 

 1  67.8  6.43  23.0  2.7  15.4  – 
 2  65.3  6.48  26.8  1.4  16.0  – 
 3  64.7  5.96  27.7  1.5  14.9  – 
 4  64.5  5.73  28.2  1.3  13.9  0.3 
 5  59.0  5.54  32.8  1.2  11.3  8.7 
 MWL, spruce a   63.8  6.0  29.7  –  15.8   
 Kraft lignin b   64.3  6.0  27.9  1.8  13.8  0.9 

  a   Reference  [30].   
  b   Reference  [91].   
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 Several hundred low molecular mass lignin-derived components containing one or two aromatic rings have 
been identifi ed in kraft pulping liquors from spruce and birch respectively  [86, 87] . Some prominent structures are 
shown in  Fig. 9.16   .  

  9.6.2       Sulphite lignin 

 The major reaction in sulphite pulping involves the introduction of sulphonate groups in the C  �  -positions in 
lignin via the intermediate formation of carbo-cations. Thereby, any lignin–carbohydrate linkages present in these 
positions are cleaved and, together with some hydrolytic cleavage of  � - O -4 �  linkages, the lignin is solubilized. 
Condensation, predominantly between C  �   and C 6  in adjacent lignin structures, is a major competing reaction, but 
can be suppressed by having a high concentration of bisulphite ions present in the pulping liquor. The highly 
water-soluble lignosulphonate can be purifi ed from other substances present in the pulping liquor by ultrafi ltration 
and by using membranes having different M w  cut-off values, a series of lignosulphonate fractions can be obtained 
as shown in  Fig. 9.17     [92] . By elemental and methoxyl analysis on these fractions, a degree of sulphonation of 
about 0.4–0.5 per phenylpropane unit has been found. The liberation of phenolic hydroxyl groups, on the other 
hand, is limited but clearly visible in those lignosulphonate fractions having a low molecular mass distribution 
( Table 9.13   ). In comparison with kraft lignins, the side-chains in lignosulphonates are still intact to a high degree, 
as revealed by  13 C NMR spectroscopy, although some  � -carbon atoms are linked in condensation reactions  [93] .  
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 Figure 9.17        Size exclusion chromatography of lignosulphonate fractions after ultrafi ltration. Fraction number and 
approximate molecular mass are shown in the fi gure  [92] .    
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 Figure 9.16        Some representative lignin fragments present in spruce kraft pulping liquor.    
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  9.6.3       Steam explosion lignin 

 By subjecting wood or other biomass to high temperature steam treatment, followed by a rapid pressure release, 
the fi brous mass is  ‘ exploded ’  and liberated fi bres together with fi bre bundles are formed. By adjusting the time 
and temperature, different degrees of wood polymer modifi cation and degradation can be achieved. Although the 
process is not commercial at present, it has gained much attention as a possible means for simple and cheap sep-
aration of wood polymers ( e.g . for the production of micro-crystalline cellulose and bio-based ethanol). In particu-
lar, hardwood species such as aspen are suitable raw materials, since the lignin portion can be extracted, to a large 
extent, by either aqueous alkali or by organic solvents leaving a residue highly enriched in cellulose  [94, 95] . 

 In a pure steam explosion process without any added chemicals, the reaction conditions are weakly acidic, due 
to the release of acetic acid from the hemicellulose. Thus, the major reaction types are similar to those present in 
acidic sulphite pulping,  viz . hydrolysis of polysaccharides and hydrolysis and condensation of lignin. In addition, 
due to the high temperature usually employed ( � 200°C), homolytic cleavage reactions of, for example,  � - O -4 �  link-
ages in lignin can be assumed to take place. The reaction types for lignin are summarized in  Fig. 9.18   . Altogether, 
these reactions result in a highly heterogeneous lignin structure containing both degraded lignin fragments and 
recombined fragments through condensation reactions  [96] . Consequently, the number of  � - O -4 �  structures is much 
lower, as compared with that of the starting material and the content of phenolic end-groups higher. In addition, the 
number of carbonyl groups is considerably increased due to hydrolytic and/or homolytic cleavage reactions.   

 Table 9.13 

    Analytical data of lignosulphonate fractions after ultrafi ltration of a technical softwood acid sulphite pulping liquor  [92]   

 Fraction no  Yield (%)  M w   Phenolic OH (mmol/g)  Sulphonate/Phenylpropane 

 1  20     590  2.01  0.48 
 2  29   1       440  0.91  0.52 
 3  18   3       690  0.65  0.43 
 4  4   6       500  0.50  0.40 
 5  6  10       880  0.49  0.39 
 6  22  21       950  0.51  0.36 
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 Figure 9.18        Types of lignin reactions encountered during steam explosion. The relative importance may differ depend-
ing on the steam treatment conditions.    
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