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ABSTRACT 

Research concerning lignin has increased during the last years due to its renewability and ready 
availability in black liquor at pulp mills. Today, the kraft lignin found in black liquor is used as a fuel 
to gain energy in the recovery boiler at the mill. However, a new isolation concept, LignoBoost®, 
has enabled isolation of part of the lignin while allowing the use of black liquor as a fuel. This 
isolated lignin can be utilised as a fuel in, for example, thermal power stations or further upgraded to 
more value-added products. In this context, the most interesting value-added product is carbon fibre. 
The demand for carbon fibre has increased, but the biggest obstacle for a more extended use is the 
high production cost. About half of the production cost is related to the raw material. 

In this work, the possibility of using kraft lignin as a precursor for carbon fibre production has been 
investigated through fundamental studies. Kraft lignins originating from birch, Eucalyptus globulus, 
softwoods and softwoods from liner production have been studied. By separating the lignin while 
still in solution in the black liquor, unwanted large particles such as carbohydrates can easily be 
removed. After isolation according to the LignoBoost process and purification with the use of an ion-
exchanger, the lignins have been both chemically and thermally characterised. Identification of the 
released compounds at different temperatures has been performed because only 40% of carbon 
relative to original lignin remains, down from theoretical 60% after thermal treatment up to 1000°C. 
The main released compounds were phenols, as revealed by pyrolysis-GC/MS. Additionally, a pre-
oxidation was done in order to try to stabilise the lignins. It was shown that an oxidation prior to the 
thermal treatment increases the yield by more than 10% and that the main release of compounds 
takes place between 400°C and 600°C. Fractionated lignin is better qualified as raw material for 
carbon fibre production because it is purer and its softening temperature can be detected. 
Fractionated kraft lignins from all investigated wood sources have high possibilities to act as 
precursors for the manufacture of carbon fibre.  
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SAMMANFATTNING 
Ligninrelaterad forskning har de senaste åren ökat kraftigt vilket till stor del beror på att lignin är ett 
förnyelsebart material som finns i stora mängder på massabruken. Idag används lignin från 
sulfatprocessen som bränsle i sodapannan. Ett nytt sätt att isolera lignin; LignoBoost®, har gjort det 
möjligt att ta ut en del av ligninet från svartluten och samtidigt bibehålla svartlutens egenskaper som 
bränsle. Ligninet som isolerats kan användas som bränsle i t.ex. värmeverk eller som råmaterial för 
vidare förädling. Efterfrågan på kolfiber har ökat allt mer men det största hindret för en ökad 
produktion är den höga produktionskostnaden. Ungefär hälften av produktionskostnaden är relaterat 
till råmaterialet.  

I det här arbetet har möjligheterna att använda sulfatlignin som råmaterial vid framställning av 
kolfiber undersöks genom grundläggande studier. Sulfatlignin som har sitt ursprung från björk, 
Eucalyptus globulus, gran/tall och barrvedslignin från sulfat linerproduktion har använts. Genom att 
storleksseparera ligninet när det befinner sig i lösning i svartluten kan kolhydrater och andra stora 
partiklar avlägsnas. Ligninerna har karaktäriserats både kemiskt och termiskt efter att först ha 
isolerats enligt LignoBoost-processen och sedan renats med hjälp av jonbytare. Identifiering av 
flyktiga föreningar har gjorts vid olika temperaturer eftersom endast 40 % av teoretiskt 60 % kol 
återstår efter värmebehandling upp till 1000°C. Karaktärisering med pyrolys-GC/MS visade att de 
flyktiga föreningarna huvudsakligen var fenoler. För att försöka stabilisera ligninerna har även en 
föroxidering gjorts. Det visade sig att en föroxidering ökade utbytet med mer än 10 % och att de 
flesta föreningarna som avgår under upphettning sker mellan 400 och 600°C. Fraktionerade ligniner 
har bättre förutsättningar att bli ett bra råmaterial eftersom det är renare och har en 
mjukningstemperatur som går att detektera. Fraktionerade sulfatligniner som har sitt ursprung från 
björk, E. globulus, gran/tall och barrvedslignin från sulfat linerproduktion har stora möjligheter att 
fungera som ett råmaterial vid tillverkning av kolfiber. 
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1 INTRODUCTION 
Lignin has gained interest as a source of fuel and new materials. The main reason for this trend is a 
growing concern for more sustainability, which results in an increased usage of renewable materials 
to replace petrochemicals. This thesis deals with the possibilities of using kraft lignin as a precursor 
for carbon fibre production and thereby making it profitable to isolate kraft lignin at pulp and paper 
mills. 

1.1 OBJECTIVE 
The aim of this project was to produce carbon fibres (CF) of good quality from kraft lignin via a 
manufacturing process that can be applied at an industrial scale at a production cost lower than those 
of currently used processes.  

To reach this goal, kraft lignins have been thoroughly characterised, both thermally and chemically, 
to pinpoint the properties required for CF production. In order to get a purer lignin without any 
carbohydrates, the black liquor was fractionated. Ultrafiltration was used because it can be applied in 
the processes at kraft mills. Once it is possible to obtain pure lignin for fibre formation, the quality 
and the yield of the CF becomes important. During the manufacturing process, the lignin is heated, 
leading to a substantial mass loss. A release of volatile organic compounds creates voids in the 
structure of the carbon fibre during carbonisation, which affects both yield and quality. Different 
types of compounds released during heating of pure lignin samples and thereafter of modified lignin 
samples have been studied, with the aim of decreasing the mass losses and obtaining a higher yield 
as well as improving the quality of the carbon fibre. 

1.2 BACKGROUND 

1.2.1 Wood Components 

Wood mainly consists of cellulose, hemicellulose and lignin. The proportions differ depending on the 
type of wood (see Table 1). Another component group in wood is extractives, which constitutes 
several percent of the wood. The composition of extractives varies considerably between wood types, 
and their function primarily is to protect the tree against fungi and insects (Björklund Jansson &  
Nilvebrant, 2007). 

Table 1. The chemical composition of different types of wood (Henriksson et al., 2007). 

Wood type  Cellulose (%) Hemicellulose (%) Lignin (%)

Temperate Softwood  40‐45 25‐30 25‐30 
Temperate Hardwood  40‐45 30‐35 20‐25 
Eucalypt  45 20 30 

Cellulose 

Cellulose is the most common polymer in nature and the main constituent in wood. It is a linear 
polymer, built up of β-D-glucopyranose units linked to each other by (1→4)-glucosidic bonds 
(Sjöström, 1993a). The average degree of polymerisation for wood cellulose is between 8 000 and 
10 000 (Sjöholm, 2004). The cellulose chains can aggregate together by forming intra- and inter-
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molecular hydrogen bonds, thus forming microfibrils, in which highly ordered (crystalline) regions 
alternate with less ordered regions (Krässig, 1996). The stiff and close network of cellulose makes it 
hard to dissolve (Sjöholm, 2004). 

Hemicellulose 

Hemicelluloses are a group of heteropolysaccharides with shorter chains and are more branched as 
compared to cellulose. Hemicelluloses function as a supporting material in the cell walls. The 
average degree of polymerisation for hemicelluloses is approximately 200 (Sjöström, 1993a). The 
structure of hemicelluloses is different in softwoods and hardwoods. The softwood hemicelluloses 
mainly consist of galactoglucomannans and arabinoglucuronoxylan (Timell &  Syracuse, 1967; 
Sjöström, 1993a). In hardwoods, the main hemicellulose is glucuronoxylan, but glucomannan also 
exists (Timell &  Syracuse, 1967; Sjöström, 1993a). Carbohydrates are an umbrella term for mono-, 
oligo- and polysaccharides, the latter of which includes cellulose, hemicelluloses and its derivatives. 

Lignin 

Lignin is one of the most abundant biomacromolecules in the world. The structure of lignin is 
complex, but today, the structural elements are quite well known. The hardwoods are built up from 
two different phenylpropane units: coniferyl alcohol and sinapyl alcohol, whereas softwoods contain 
the former together with appreciable amounts of p-coumaryl alcohol units in compression wood (see 
Figure 1) (Nimz et al., 1981). The overall content of coumaryl alcohol derived units is usually very 
low in both softwoods and hardwoods but is more common in annual crops. 

 
Figure 1. The three main precursors of lignin and their corresponding structures in lignin polymers. 
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Coumaryl alcohol, coniferyl alcohol and sinapyl alcohol are called monolignols and are linked 
together by different ether and carbon-carbon bonds forming a three-dimensional network (see 
Figure 2). In the lignin structure, the monolignols are presented in the form of p-hydroxylphenol, 
guaiacyl and syringyl residues as have been shown in Figure 1. 
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Figure 2. A suggested structure of softwood lignin (Henriksson, 2007). 

 

The most common lignin bond is the β-O-4’ linkage, shown in Figure 3 together with the 
nomenclature, which constitutes about 50% in softwood and 60% in hardwood of the total linkages 
(Sjöström, 1993b; Henriksson, 2007). Of the hardwood β-O-4’ linkages, about 40% are of guaiacyl 
type and 60% of syringyl type (Sjöström, 1993b). The most important ether and carbon-carbon 
linkages are shown in Table 2. About two-thirds of the linkages in a lignin polymer are ether 
linkages, and about one-third are carbon-carbon linkages (Sjöström, 1993b). Another important 
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functional group in lignins is the free phenolic group (Henriksson, 2007). The characteristic 
functional groups in lignin are phenolic hydroxyl groups, methoxyl groups and some terminal 
aldehyde groups, which are important for the reactivity of the lignin (Sjöström, 1993b). In addition, 
some alcoholic hydroxyl groups and carbonyl groups are also presented in the lignin polymer. Of the 
aromatic rings in lignin, only about 10-13% of the oxygen in the 4-carbon position are free phenolic; 
the others form ether bonds (Henriksson, 2007). The content of phenols is important during both 
biodegradation and bleaching since it is the most reactivity site in lignin. The most recently found 
bond is the dibenzodioxocin bond, an eight-membered ring system in softwood lignin (Karhunen et 
al., 1995; Brunow et al., 1998b). In Figure 2, the dibenzodioxocin bond is clearly shown. The 
carbon-carbon bonds are generally more stable compared to the ether bonds and often resist 
processes such as chemical pulping (Henriksson, 2007). The distribution of linkages in the lignin 
structure seems to be random; no contrary evidence has been presented (Henriksson, 2007).  

 

 
Figure 3. A fragment of guaiacyl units in lignin. The most important bond in lignin is the β‐O‐4’ 
linkage, which are susceptible to pulping, bleaching and biological degradation reactions. The 
carbon number nomenclature is also shown (Henriksson, 2007). 

 

Table 2. Inter‐monolignolic linkages as percent of the total linkages (Henriksson, 2007). 

Name  Type of linkage  Softwood (%)  Hardwood (%) 
β‐aryl ether  β‐O‐4’  35‐60  50‐70 
Diaryl ether  4‐O‐5’  <4  7 
Phenyl coumarane  β‐5’  11‐12  4‐9 
Dihydroxy biphenol  5‐5’  10  ≈5 
Diaryl propane 1,3‐diol  β‐1’  1‐2  1 
Pinoresinol  β‐ β’  2‐3  3‐4 
Dibenzodioxocin  5‐5’‐O‐4  4‐5  trace 
Spiro‐dienone  β‐1’α‐O‐ α’  1‐3  2‐3 
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To use lignin as a material, it must be removed from the wood. The structure of lignin differs with 
the source of wood, the process of dissolving the lignin from the wood and the isolation process. The 
dissolving of lignin is often performed by pulping for paper making, where the lignin becomes a by-
product. Kraft pulping, described in section 1.2.2, is the most common way of producing paper pulp. 

Lignin‐Carbohydrate Complex (LCC) 

The existence of covalent linkages between lignin and carbohydrates (LCC) has been one of the most 
controversial issues in the wood chemistry field. However, currently, it is generally accepted that 
such linkages must exist (Sjöström, 1993b). In the literature, four types of native lignin-carbohydrate 
bonds have been proposed: benzylethers, benzylesters, phenylglycosides (Sjöström, 1993b) and 
acetal bonds (Xie et al., 2000); (Lawoko et al., 2006). These findings indicate that lignin is linked 
through covalent bonds to all the major polysaccharides in the wood cell wall. 

1.2.2 Kraft Pulping 

There are many different ways of producing chemical pulp, but by far the most used process in the 
world is kraft pulping. To make pulp, the fibres have to be liberated from each other by removing the 
lignin. In kraft pulping, this is done at high temperature by adding white liquor consisting of aqueous 
sodium hydroxide and sodium sulphide to the chipped wood. During cooking, degradation and 
dissolution reactions take place, which remove both lignin and hemicelluloses from cellulose. It is 
possible to divide the dissolution of lignin and hemicelluloses in three distinct phases (see Figure 4).  

 
Figure 4. The dissolution of lignin and hemicelluloses during kraft pulping proceeds in three distinct 
phases (Gellerstedt &  Lindfors, 1984). 

During the early stage of the cooking in the initial delignification step, about 20% of both lignin and 
carbohydrates are dissolved. Then in the bulk phase, the kinetics changes and about 90% of all lignin 
is selectively dissolved, without dissolving nearly any carbohydrates. In practice, the cooking is 
stopped at this point; however, a continuation to the final phase will lead to a significant loss of 
carbohydrates and to a removal of the residual lignin (Gellerstedt &  Lindfors, 1984). This can lead 
to loss of both quality and yield of the pulp. The cooking time is adjusted to the target quality or 
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grade. The cellulose can contain different amounts of lignin depending on the grade of the pulp, 
which can be of paper grade (low-yield) or liner grade (high-yield).  

Black liquor 

The organic content in black liquors differs with processing. Black liquor from a cook of paper grade 
contains about 29-45% lignin (Table 3), which is more degraded compared to black liquor from a 
liner grade cook, containing 8-16% lignin (Mimms et al., 1993). After cooking, the pH is higher than 
12 and the chemical composition of the black liquor is about two-thirds organic material and the rest 
is inorganic material (Mimms et al., 1993; Sjöström, 1993c; Theliander, 2007). The weight percent 
of the components and the organic material of the black liquor are shown in Table 3. The hydroxyl 
acids mainly originate from the peeling reaction that occurs on both cellulose and hemicelluloses 
during pulping (Sjöström, 1993c). 

Table 3. The organic composition of typical black liquor (Theliander, 2007). The elemental 
composition is shown on the left, and the composition of the organic material is shown on the right. 

Element  Weight (%) Organic material Weight (%)

Carbon  34‐39  Lignin  29‐45 
Hydrogen  3‐5  Hydroxy acids  25‐35 
Oxygen  33‐38  Extractives  3‐5 
Sodium  17‐25  Formic acid  ≈5 
Sulphur  3‐7  Acetic acid  ≈3 

Potassium  0.1‐2  Methanol  ≈1 
Chlorine  0.2‐2   
Nitrogen  0.05‐0.2   

 

After cooking, the cellulose is further processed by bleaching, washing and drying to finally become 
paper with a certain quality. In the spent alkaline liquor, called black liquor, the lignin and 
carbohydrates (mainly hemicelluloses) are degraded and dissolved. After evaporation of the black 
liquor, the cooking liquors are regenerated, and the organic substances in the black liquor are 
combusted to gain energy in the recovery boiler (Mimms et al., 1993; Theliander, 2007). 

Often, the recovery boiler acts as a bottleneck to an increase in production of a pulp mill. To increase 
the capacity of a recovery boiler by making a new investment or by rebuilding the existing one is 
very expensive. One solution to increase the production of pulp and paper without changing the 
recovery boiler is to partial withdraw a fraction of the organic material from the black liquor and to 
use it as an external fuel or for other, more value-added products.  

Kraft pulping chemistry 

The most important bond in lignin is the β-O-4’ linkage, which is shown in Figure 3. To dissolve the 
lignin, nucleophiles such as hydrogen sulphide and hydroxide ions are introduced. The sulphide ion 
reacts with the β-O-4’ linkage and largely degrades the lignin. The cleavage of ether bonds increases 
the amount of free phenolic groups. The lack of syringyl units in softwood lignin means more 
possible branching points and thus a higher amount of cross-linked structure (Brunow et al., 1998). 
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The end groups, coniferyl type double bonds and coniferyl alcohol, are completely destroyed during 
pulping; instead, new double bonds in the kraft lignin structures are formed (Sjöström, 1993c). 

1.2.3 The Biorefinery 

Due to environmental concerns, increasing oil prices and the economic problems, many pulp and 
paper mills have started to look for new ways of recycling and for cost effective methods, including 
wider usage of renewable sources. Usually, a pulp and paper mill produces only paper and recycles 
the chemical used for pulping, producing energy for internal use. However, paper mills have clear 
potential of additionally being biorefineries by utilising a larger part of the organic components in the 
wood, e.g., hemicellulose and lignin. By isolating lignin from the black liquor, it can be used as a 
fuel in a lime kiln or be further upgraded. The fuel used in lime kilns today is oil, and lignin as a bio 
fuel would be a good option for a mill that wants to be self-supporting and environmentally friendly.  

The LignoBoost process (Öhman et al., 2006) is one way of isolating the kraft lignin from the black 
liquor. It has been shown to work on an industrial scale. From the pilot plant in Bäckhammar 
(Sweden), isolated lignin has been used as a fuel in a thermal power station to gain energy. From an 
economic point of view, it would be profitable to use kraft lignin for more valuable products, rather 
than for combustion to gain energy, by either degradation (phenols, aromatics) or cross-linking 
(adhesives, carbon fibre) (Kadla et al., 2002b; El-Mansouri &  Salvadó, 2006; Tejado et al., 2007; 
Kleinert &  Barth, 2008). One idea, which is investigated in this project, is to use ultrafiltration of the 
black liquors before isolation to make the lignin more suitable as a raw material for carbon fibre 
production. Ultrafiltration has been shown to work industrially in sulphite mills and on a pilot scale 
at kraft mills (Jönsson &  Wimmerstedt, 1985). Several studies have been done by Wallberg and 
Jönsson on ultrafiltration of industrial kraft black liquors (Wallberg et al., 2003; Holmqvist et al., 
2005; Jönsson &  Wallberg, 2009). 

Figure 5, shows a schematic overview of the current process of kraft pulping, including the new 
possible lignin isolation step and the ultrafiltration step. 
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Figure 5. An overview of the process of kraft pulping with the potential point for withdrawal and 
isolation of lignin and production of carbon fibre. 

1.2.4 Polymer Properties 

The behaviour of polymers during heat treatment is important for making carbon fibre from kraft 
lignin. Thermal analysis is useful to determine whether a certain lignin is a possible precursor for 
carbon fibre. For polymer blends, such as with addition of a plasticizer to the lignin, a thermal 
analysis can indicate the homogeneity of the polymer blend.  

The definition of a crystalline polymer is a definite geometric form characterised by uniformity and 
compactness. An amorphous polymer is defined as having no order to the molecules, which are 
completely randomly arranged (Cheremisinoff, 1996). Low-molecular-mass compounds can be in 
crystalline, liquid or gaseous states, and the transitions for separation of these states are known as 
melting and boiling, called first transitions. High-molecular-weight polymers, on the other hand, do 
not vaporize because they decompose before reaching the boiling point (Sperling, 2006). In the solid 
state, only 1-4 chain atoms are involved in motions; in contrast during heating, 10-50 chain 
molecules start to move co-ordinately, giving rise to the glass-transition temperature (Tg), which is a 
second transition (see Figure 6) (Stevens, 1990; Glasser, 2000; Sperling, 2006). The glassy state is 
the region where the molecules are rubbery, meaning that it is possible to stretch the material and 
snap it back to its original length (Sperling, 2006). Glass transitions are influenced by the free 
volume between polymer chains, the freedom of molecular side groups, branches, chain stiffness and 
chain length, among other factors (Glasser, 2000). These properties are influenced by the polarity of 
the units as well as their covalent bonds. The measured Tg of a material is dependent on the heating 
rate. A faster heating rate leads to a faster deviation from equilibrium because the time for molecules 
to arrange is shorter. All variations, e.g., the heating rate, make Tg an approximative value that can 
have discrepancies of up to 30°C for a given polymer (Stevens, 1990).  
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Figure 6. The thermal transition steps for fusible lignin during heating. The first transition is the 
glass‐transition temperature (Tg), followed by the softening temperature (Ts). 

 

A linear and a cross-linked polymer act different in the glassy region (see Figure 6). A cross-linked 
polymer does not melt during further heating but rather starts to decompose. With further heating of 
a linear amorphous polymer, it obtains both rubber elasticity and flow properties. At still higher 
temperatures, the polymer flows readily (Sperling, 2006). With further heating of a crystalline 
polymer, the motions become larger, resulting in melting of the polymer, defined as the melting point 
(Tm). Lignin is an amorphous polymer, and enable it to soften, the stereochemistry i.e. the degree of 
cross-linking and the purity, is the deciding factor for whether it softens or starts to char (decompose) 
(Kubo et al., 1997). Tg is the most important second transition, but all polymers also exhibit other 
second transitions (Matsuoka &  Kwei, 1979; Irvine, 1984), among them, the softening temperature 
(Ts) (Irvine, 1984; Kubo et al., 1997). Lignin seems to be a unique material, and its softening 
temperature is not mentioned in polymer handbooks. However, the softening temperature or the 
softening point is a second transition for an amorphous material such as lignin, with similarities to 
melting for crystalline polymers. In the oil industry, the softening point is defined as the temperature 
when the asphalt reaches an arbitrary degree of softness (Cheremisinoff, 1996). Asphalt is similar to 
pitch, the raw material for carbon fibre used today that is most similar to lignin. Irvine (1984) has 
studied the thermal behaviour of lignins and hemicelluloses. The softening temperature is not 
defined, but he shows a region of liquid flow in the same region as where Ts appears for a linear 
amorphous polymer (see Figure 6). 

The decomposition temperature (Td) is defined as the temperature when a material starts to degrade. 
There are several reported definitions of Td; in this study, the definition used is the temperature 
where 95% of the material remains. 

Generally, softwood lignins have a slightly higher Tg as compared to hardwoods (Glasser, 2000), 
which is probably due to the more cross-linked structure in softwoods. Unmodified lignin in wood 
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has the lowest Tg (65-105°C), and for modified lignins, Tg is reported to be higher: milled wood 
lignin 110-160°C and kraft lignin 124-174°C (Glasser, 2000).  

Thermal Gravimetric Analysis (TGA) is a convenient method to measure the weight loss with 
increasing temperature over a certain time. The method is used for determination of the 
decomposition temperature (Td) and the mass losses during heating. Differential Scanning 
Calorimetry (DSC) uses the difference in enthalpies of a sample and a reference to determine the 
reverse heat flow at a certain temperature over time. The glass-transition temperature (Tg) and the 
softening temperature (Ts) were determined as the inflection points of the transitions. 

1.2.5 Molecular Size Distribution 

The molecular size of a molecule or a compound can be determined with the use of the size 
exclusion chromatography (SEC) technique (Malawer &  Senak, 2004). The molecules are separated 
according to the molecular size, not the molecular mass, with the latter measured by using well 
defined standards; thus, the molecular mass is related to a specific standard used. The smaller the 
molecules, the more time is required to pass through the column. 

The weight-averaged molecular mass (Mw) and the number-averaged molecular mass (Mn) can be 
determined, which then gives the width of the distribution, the polydispersity (Mw/Mn) of the sample. 
In Figure 7, a typical curve from an SEC analysis of a kraft lignin sample is shown. During a 
measurement, it is important to have the sample in solution in a non-aggregated state, which is often 
a challenge when looking at lignins. Different solvents can be used in an SEC system and for lignin 
samples, tetrahydrofuran (THF) and lithium chloride/dimethylacetamide (LiCl/DMAC) have been 
proposed as good solvents (Hortling et al., 2004). The latter is also the best solvent for cellulose and 
pulps. THF has been used together with acetylation of the lignin samples prior to analysis, which 
facilitates dissolution. 
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Figure 7. A typical curve from an acetylated SEC‐analysis of a lignin sample showing its molecular 
mass range relative to polystyrene. 
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1.2.6 PyrolysisGC/MS 

Pyrolysis refers to a transformation of a nonvolatile compound into a volatile degradation mixture by 
heat in the absence of oxygen (Meier &  Faix, 1992). Analytical pyrolysis is usually performed at a 
very fast heating rate, reaching the final temperature within milliseconds. The size of the sample is in 
the range of 1 to 100 µg. During pyrolysis of lignin, the molecules break down by heat at specific 
points with low bonding energies (Meier &  Faix, 1992). The degradation products can be separated 
by gas chromatography (GC) and identified by mass spectrometry (MS). The principle of an 
analytical pyrolysis experiment is shown in Figure 8. Pyrolysis-GC/MS is a qualitative method. 
Lignin is a material well suited for analytical pyrolysis. Native lignins, i.e., milled wood lignin from 
hardwood, have been studied by Kleen and Gellerstedt (1991) together with different pulps. Ibarra 
and co-workers (2007) studied milled wood lignin, kraft lignin and residual lignins in order to see the 
differences before and after pulping and oxygen delignification. 

GC-
injectorHeHe

Quartz liner

Quartz liner

Lignin sample

Platinum foil

GC-
injectorHeHe

Quartz liner

Quartz liner

Lignin sample

Platinum foil

 
Figure 8. A schematic view of the principle of pyrolysis measurement. This is an enlarged picture; 
usually, a microscope is used when placing the sample. The pyrolysis lasts for 3 seconds and the 
released compounds are transported by helium gas to the GC‐injector. 

 

1.2.7 Functional groups 

The degree of degradation for a lignin after pulping can be determined by using thioacidolysis 
(Rolando et al., 1992). The cleavage of the β-O-4’ linkages during pulping results in an equivalent 
liberation of phenolic end-groups (see Figure 9). In thioacidolysis, lignins are depolymerised by 
cleavage of the remaining β-O-4’ linkages, an acid-catalysed reaction. Dioxane-ethanethiol (EtSH), a 
soft nucleophile, with boron trifluoride (BF3) etherate acting as a hard Lewis acid, is used during 
thioacidolysis. The amount of β-O-4’ linkages can then be conveniently measured by GC/MS and 
SEC. Thioacidolysis is a sensitive and specific method.  

Softwoods require longer pulping times as compared to hardwoods and there are also differences in 
cooking time depending on the purpose of the cook. The amount of β-O-4’ linkages is expected to be 
lower in softwood kraft lignins because it is more degraded. 

 



 

 12

  
Figure 9. During the cleavage of phenolic β‐O‐4’ linkage, an equimolar amount of free‐phenolic 
groups is formed. This reaction occurs during kraft pulping with SH‐ acting as a nucleophile. 

 

Quantification of phenolic hydroxyl groups in lignin can be significant. The amount of phenolic 
hydroxyl groups can indicate the degree of degradation for a lignin because the cleavage of β-O-4’ 
linkages during a cook forms free phenolic end-groups (Figure 9). The amount of phenolic hydroxyl 
groups has been shown to increase during cooking time of a laboratory-made flow-through cook 
(Sjöholm et al., 1999). Phosphorus-Nuclear Magnetic Resonance (31P-NMR) is used to quantify 
aliphatic and phenolic hydroxyl groups as well as the carbonyl groups in lignins (Granata &  
Argyropoulos, 1995). 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane is used as a derivatization 
reagent. The quantification is based on an internal standard, cyclohexanol, which reacts 
quantitatively with the derivatized lignin. The method is highly accurate. 

1.2.8 Carbon Fibre 

Carbon fibre is a light weight material that consists of more than 90% carbon. The advantages of 
carbon fibre as a material are its high strength and stiffness together with high resistance towards 
heat and corrosion. The main disadvantage is the high production cost, which limits the supply 
despite a growing demand. 

Supply and demand 

The world consumption of carbon fibre has increased by about 10% annually between 2002 and 2006 
mainly due to the advances in technology, and there is a large potential for using carbon fibre in 
many applications (Tefera et al., 2007). A limitation for the increased demand of carbon fibre is the 
high price. Even though the production cost with PAN as a raw material has decreased by about 30% 
in the recent years, it is still too expensive for large-scale production of carbon fibre (Tefera et al., 
2007). The mechanical properties of the produced carbon fibre differ depend on the raw material 
used and are therefore suitable for different applications. There is a wide range of possible 
applications to replace the raw material used today with carbon fibre, for example, the steel in cars. 
About 2/3 of the steel in a vehicle can potentially be replaced with light weight metals and 
composites, thereby reducing the weight and thus the emissions of CO2, because the consumption of 
fuel decreases (Griffith et al., 2004). In Western Europe and United States today, the industrial 
applications such as electronic shielding and offshore oil drilling platforms are the primary uses, 
followed by aircraft/aerospace and then sporting goods (Tefera et al., 2007).  
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Manufacturing process 

There are three main precursors for manufacturing carbon fibre today, namely, polyacrylonitrile 
(PAN), pitch and regenerated cellulose (rayon). PAN is the most common raw material: about 90% 
of all commercial carbon fibres are produced by its thermal conversion to fibre (Forrest et al., 2001). 
The principal process steps for production of carbon fibre are shown in Figure 10 and somewhat 
depend on the raw material used, but typically include spinning, stabilisation (oxidation), 
carbonisation and sometimes graphitisation (Bahl et al., 1998).  

 
Figure 10. The principal process for the manufacture of carbon fibre. 

 

Spinning can be performed in many different ways, e. g., solvent spinning and melt spinning, which 
are the two methods mainly used for carbon fibre production (Bahl et al., 1998). The PAN-based 
process involves solvent spinning, whereas the pitch-based process uses melt spinning, which is a 
cheaper method but not possible to use with the raw material of PAN, because the melting point is 
too close to the degradation point of the material. In principle, melt spinning requires a material 
capable of melting within a certain range between the softening point and the degradation point to 
make it spinnable. Stabilisation is required to change the material thermoplastic properties into 
thermosetting properties because the fibre otherwise starts to soften and melt during heating. 
Stabilisation (oxidation) involves a slow rate of increase in temperature in an oxidising atmosphere 
and is a function of the amount of oxidant, temperature and time. The properties of the fibres are 
dependent of the degree of oxidation such that an insufficient degree of oxidation makes the fibres 
melt during carbonisation, and an excessive degree of oxidation degrades the properties of the carbon 
fibre (Bahl et al., 1998). Carbonisation is performed in an inert atmosphere at temperatures from 
1000°C to 2000°C depending on the raw material used. The purpose is to remove the heteroatoms 
and improve the mechanical, electrical and thermal properties of the final carbon fibre. For pitch-
based carbon fibres, it is known that the aromatics are condensed, cross-linked and cyclised, giving 
off water, carbon dioxide, carbon monoxide, hydrogen gas and tar (Bahl et al., 1998). A 
graphitisation step is sometimes included, depending on the finally quality of the produced carbon 
fibre. For example, the tensile strength and modulus increase with temperature for one type of pitch-
based carbon fibre during graphitisation, whereas for PAN and another type of pitch-based carbon 
fibre, an increase in temperature treatment decreases the tensile strength while the modulus increases 
(Bahl et al., 1998).  
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1.2.9 Lignin based Carbon Fibre 

There is currently no commercially produced lignin-based carbon fibre, but there are several reports 
of carbon fibre with lignin as a precursor. The only commercial carbon fibre originating from lignin 
was the Kayocarbon fibre produced by Nippon Kayaku Co. starting in 1967 (Otani, 1981). It was 
produced from lignosulphonates with polyvinylalcohol added as a plasticizer and dry spun. Different 
kinds of lignins have been evaluated since then as precursors and are discussed below. 

Organosolv lignin 

Organosolv lignins are lignins produced from a number of different organic solvent-based systems. 
There is no commercial production of organosolv lignins today. Two of the most common 
organosolv processes are ethanol/water pulping (Alcell) and pulping with acetic acid containing a 
small amount of mineral acid such as hydrochloric acid or sulphuric acid (Acetosolv). Carbon fibres 
originating from organosolv lignins have been studied since 1993 when it was shown that fibres 
could be produced by melt spinning of hardwood acetic acid lignin isolated from spent liquor (Uraki 
et al., 1993). Thermal treatment under reduced pressure at 30 min at 130°C and 160°C was reported 
to improve the spinnability and mechanical properties of the acetic acid lignin. Kadla and co-workers 
(2002) studied the spinnability of Alcell lignin in various blends with polyethylene oxide (PEO). A 
thermal treatment prior to spinning was reported to increase the molecular mass by about 25%. 
During the stabilisation and carbonisation step, the lignin blends were very sensitive to the heating 
rate and thermally unstable, thus fusing. The highest-quality carbon fibre with an organosolv lignin 
as a precursor is the Alcell carbon fibre (see Table 4). Both the mechanical properties and the yield 
were reported to be better than those produced from acetic acid lignin. 

Steam explosion lignin 

Steam explosion of hardwoods is performed by exposing the wood to steam at high temperature and 
pressure, followed by a rapid release of the pressure, which results in defibration of the wood. The 
lignin is then extracted from the wood, thus obtaining steam explosion lignin (Sjöström, 1993b). 

The first carbon fibre with steam explosion lignin was extracted with methanol from steam-exploded 
birch wood as a raw material, as reported by Sudo and Shimizu (1992). Hydrogenation by adding 
hydrogen gas to the isolated lignin together with Raney-Ni and NaOH in an aqueous solution was 
used, which resulted in a low yield, 15.8-17.4% (see Table 4). By using phenolysis on the 
hydrogenated steam-exploded lignin, which introduces groups in the polymer, followed by heat 
treatment under vacuum, the yield was increased to 43.7% of the starting isolated lignin (Sudo et al., 
1993).  

Kraft lignin 

There is a limited number of papers dealing with kraft lignin as a source for carbon fibres, which 
may be because softwood lignin is not believed to be a potential raw material. The difference in 
structure between softwood kraft lignin (SWKL) and hardwood kraft lignin (HWKL) results in a 
more cross-linked SWKL, which means that it is more difficult to make the lignin soft (Ts) and 
perform melt spinning. Softwood lignin contains a lower portion of low-molecular-mass compounds 
acting as plasticizers as compared to hardwood lignins. This makes it more difficult to melt or soften 
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the softwood lignin. However, an addition of plasticizer to lignin has been shown to facilitate melt 
spinning and increase the mechanical properties of the carbon fibre. 

The first produced carbon fibre originating from kraft lignin was reported by Kadla and co-workers 
(2002). It was a hardwood kraft lignin (HWKL) stabilised in an air atmosphere at 145°C for one hour 
to enable fibre formation during carbonisation. The thermal treatment increased the molecular mass 
by about 50% due to condensation reactions between the phenolic groups in the lignin. In the same 
study, the HWKL was blended with PEO at different ratios, which enabled formation of better fibres 
than those originating from the pure lignins, thus resulting in better mechanical properties. The best 
lignin/polymer blend was 95% HWKL / 5% PEO. A larger amount of plasticizer made the fibres 
thermally unstable, and they fused during carbonisation, thus not having proper thermosetting 
properties. To date, there are no reported carbon fibres made from SWKL, but some reports show 
that SWKL (Indulin AT) chars upon heating, meaning that instead of softening, the lignin begins to 
degrade (Kubo et al., 1997; Kadla et al., 2002; Kubo &  Kadla, 2005).  

Of the lignin-based carbon fibres presented in Table 4, the one originating from derivatized steam 
explosion lignin seems to have the best quality. However, none of the carbon fibres from lignin have 
attained the mechanical properties of the general-performance (GP) carbon fibre from pitch. The 
lignins HWKL, HWKL/PET and Alcell, on the other hand, have a good modulus of elasticity as 
compared to the pitch of GP quality, which is promising. However, for different applications, 
different properties are desired. Almost all lignin based carbon fibres have better mechanical 
properties than the only currently commercialised carbon fibre originating from lignin; the 
Kayocarbon fibre. 

Table 4. Mechanical properties and yield of carbon fibres produced from different types of lignins 
compared to pitch and polyacrylonitrile (PAN) based carbon fibres. GP = general performance, HP = 
high performance. 

Carbon fibre 
composition 

Elongation 
(%) 

Tensile 
strength 
(MPa) 

MOE1  
(GPa) 

Yield  
(%) 

Reference 

HWKL  1.12  422  40  45.7  (Kadla et al., 2002) 
HWKL/PET 95/5  1.06  669  84    (Kadla &  Kubo, 2005) 

Steam explosion lignin2  1.63  660  40.7  15.8‐17.4 (Sudo &  Shimizu, 1992) 

Steam explosion lignin3  1.22  394  ‐  43.7  (Sudo et al., 1993) 

SW Acetic acid lignin  0.71  26  3.59  23.3  (Kubo et al., 1998) 

HW Acetic acid lignin  1.03  155  15.2  8.7  (Uraki et al., 1995) 

Alcell lignin  1.00  388  40.0  40.0  (Kadla et al., 2002) 

Kayocarbon  1.0  250  27  ‐   

Pitch (GP)4  ‐  780‐980  39‐49  ‐  (Bahl et al., 1998) 

Pitch (HP)5  ‐  1300‐2400  170‐960  ‐  (Bahl et al., 1998) 

PAN6  ‐  2700‐7100  290‐590  ‐  (Bahl et al., 1998) 
1Modulus of elasticity, 2Methanol extraction and hydrogenation, 3Phenolysis with phenol, 4Nippon, 
5Amoco, 6Torey Industries 



 

 16

 



 

 17

2 EXPERIMENTAL 
This is an overview of the materials and methods used, the details of which are presented in the 
papers. 

2.1 BLACK LIQUORS  
Industrial black liquors from kraft pulping of pine/spruce wood mixture, birch and Eucalyptus 
globulus have been used as well as black liquor from high-yield (liner) pulping of pine/spruce wood.  

The original precipitated lignin samples are designated as softwood kraft lignin (SWL), hardwood 
kraft lignin (HWL), E. globulus kraft lignin (EL) and softwood liner kraft lignin (LL). After 
ultrafiltration, the fractionated lignins were precipitated. The permeates are designated SP5, SP15, 
HP5, HP15, EP5, EP15 and LP15. The first letter indicates the source of wood, and 5 or 15 refer to 
the size of the membrane, 5 kD or 15 kD. The retentates are denoted with an R: HR5, HR15 (other 
retentates are not included). 

2.2 ISOLATION OF LIGNINS 
About 20 litres of each black liquor were fractionated at a temperature of 120°C through a ceramic 
membrane with either 5 kD or 15 kD cut off, in order to remove large particles and carbohydrates 
from the lignin (see Figure 11). 
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Figure 11. A schematic picture of the ultrafiltration procedure. The separation was continued by 
recirculation until 50% of the starting volume of black liquor was in the permeate fraction. 

 

Precipitation of the kraft lignins from the liquor fractions was done by acidification with gaseous 
carbon dioxide to pH ≈ 9. The temperature during acidification was chosen such that no clogging 
occurred, which was 60°C for birch, 65°C for eucalypt and 70°C for softwood-derived black liquor. 
The precipitation step was followed by filtration under nitrogen pressure of 1-2 bar followed by a re-
slurrying step, were the lignin cake was suspended in water and acidified with sulphuric acid to pH ≈ 
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2, filtered, washed with deionised water and dried at room temperature. The dried samples were 
stored in a desiccator over phosphorus pentoxide until use. 

Ion exchange 

Approximately 2 g of dried lignin was dissolved in about 15 ml acetone-water 7:3. The solution was 
slowly run through a strong cation exchange column, Amberlite IR-120(H+). The eluate was 
evaporated and the lignin was freeze-dried. The products were stored under phosphorus pentoxide 
until use. 

2.3 CHEMICAL ANALYSIS 

Acid hydrolysis  

Acid hydrolysis was performed to analyse the lignin content and neutral carbohydrate composition 
(Theander &  Westerlund, 1986). The carbohydrate composition was analysed with ion 
chromatography (IC) using a DX500 system equipped with a gradient pump GP50 (Dionex) and an 
electrochemical detector ED40 (Dionex). The column was a PA1 (Dionex) together with an RP-1 
Dionex post-column pump.  

Ash content  

Ash content was determined by combustion at 575°C according to industry standard (ISO1762, 
2001). All lignin samples were analysed with respect to ash content before and after ion exchange. 

Elemental composition and methoxyl group  

Performed by Analytische Laboratorien GmbH, Lindlar, Germany. 

Thioacidolysis 

Thioacidolysis was used to determine the β-O-4 structures in the lignin (Rolando et al., 1992). 

Size exclusion chromatography (SEC)  

Prior to analysis, the samples were acetylated in order to facilitate dissolution of the samples 
(Gellerstedt, 1992). Size exclusion chromatography in a tetrahydrofuran system with a flow of 0.8 
ml/min was used. The separation system used was three styragel columns (Styragel HR2 and HR1, 
Ultrastyragel 104 Å; Waters) in series, a Scantec 625 HPLC pump and a Waters 410 RI detector. 
Calibration of the columns was carried out with a series of 5 polystyrene standards covering the 
molecular mass range of 1.38–115 kDa. Calculations were performed by PL Cirrus GPC software, 
version 3.1, Polymer Laboratories, Varian. 

Phenolic and aliphatic hydroxyl groups  
31P-NMR (Bruker Avance 400 MHz) was used to determine the phenolic and aliphatic hydroxyl 
groups. About 30 mg of lignin was used together with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphopholane as the phosphorylation reagent, with cyclohexanol as the internal standard and 
chromium(III) acetylacetonate as a relaxation reagent (Granata &  Argyropoulos, 1995). 
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2.4 THERMAL ANALYSIS 

Thermal gravimetric analysis (TGA)  

A Perkin Elmer TGA7 instrument was used, with a flow rate of the purge gas (He) at 20–35 ml/min 
and the balance purge gas (N2) at 40–60 ml/min was used. Approximately 4 mg of sample was dried 
at 105°C for 20 min before it was heated at a rate of 15°C/min to 300°C for determination of Td or to 
1000°C for determination of total mass loss. 

Differential scanning calorimetry (DSC)  

2-5 mg of the sample was very accurately weighted in a pan used for DSC measurements. A Waters 
DSC Q1000 V9.4 Build 287 instrument was used. Each sample was dried by increasing the 
temperature to 150°C at a rate of 18°C/min and then cooled and equilibrated at 20°C before 
measurements. The heating rate during the measurement was 3°C/min. All reported data are averages 
of duplicates. 

2.5 PYROLYSIS GC/MS 
The pyrolysis was performed using a filament pulse pyrolyser (PYROLA 2000, Pyrol AB, Lund, 
Sweden). 1-100 µg sample was pyrolysed for 3 seconds. The GC/MS system consisted of a gas 
chromatograph from Fisons Instrumental (GC 8065) and a mass spectrometer from Fisons 
Instrumental (MD800 Quadropole). The capillary column used was a BPX5 low bleed/MS, 30 m x 
0.25 mm i.d.; film thickness 0.25 μm (SGE) (Chrompack). The temperature program was: 60°C for 1 
min, 19°C/min to the final temperature of 300°C, held for 10 min. The mass spectrometer was 
operated in electron impact mode (EI, 70 eV). For specific analysis of very volatile compounds, the 
capillary column used was a CP-Sil 5 SCB WCOT, 60 m x 0.32 i.d.; film thickness 8.0 μm (Varian). 
All lignin samples were evaluated with fractionated pyrolysis starting at 200°C and increasing the 
temperature in 100°C increments to 900°C. In addition to the fractionated pyrolysis, regular 
pyrolysis was performed at 600°C for each sample. The low-molecular-mass compounds were 
analysed at a pyrolysis temperature of 600°C. 

2.6 LIGNIN MODIFICATIONS 

2.6.1 Thermal Stabilisation of Lignin 

The permeate kraft lignins (SP15, HP15, EP15, LP15) were stabilised in air, and the SP15 sample 
was stabilised in nitrogen atmosphere as a reference. Polyacrylnitrile (PAN) (Tg = 85°C) purchased 
from Aldrich was stabilised in the same way. About 50 mg of each lignin was accurately weighted 
and placed in a tube furnace type 30-50/15-VL, Entech, Sweden. The temperature was increased by 
0.5°C/min to 250°C and maintained for 60 minutes in air or nitrogen atmosphere. The temperature 
was decreased by 3°C/min to 90°C and was then allowed to cool to room temperature. 

2.6.2 Methylation 

About 100 mg of the permeate lignin was accurately weighted in a closed bottle. An excess (more 
than ten times) amount of 1,4-diazabicyclo[2.2.2]octane (DABCO) relative to the lignin hydroxyl-
groups was added together with an excess (more than double) of dimethylcarbonate (DMC). The 
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mixture was heated for 7 hours at 180°C and subsequently cooled. Acetone:water (7:3) was added to 
dissolve the lignin. After evaporation of the acetone and further addition of water, the lignin 
precipitate was separated by centrifugation and washed with deionised water. The lignin was 
suspended in water and isolated by freeze-drying. 
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3 RESULTS AND DISCUSSION 
Kraft lignins originating from four different types of sources were studied: softwood (conventional 
kraft pulping and liner pulping), birch and E. globulus. The effects of ultrafiltration of the black 
liquor prior to precipitation are presented, as well as the behaviour of the lignins during thermal 
treatment and chemical characteristics. 

3.1 CHEMICAL CHARACTERISATION (PAPER I) 

3.1.1 Black Liquor Fractionation and Molecular Distribution 

There is often a large difference between industrial and laboratory-made black liquors. The content 
of sulphate and carbonate is often lower in industrial liquors, and the content of residual lignin is 
higher due to the re-use of black liquor for impregnation of wood chips to recover heat. In this work, 
industrial liquors were used even though they also vary depending on cooking conditions, among 
other factors. 

A clear separation of the molecular masses was observed for the different lignins fractionated 
through membranes of 5 and 15 kD prior to isolation. The molecular mass was markedly lower for 
all the permeate lignins as compared to both the original and the retentate lignins (see Figure 12 
where the molecular distribution for lignins from the 5 kD membrane is shown). The retentate lignins 
have a slightly higher molecular mass distribution as compared to the original lignins (Figure 12), as 
well as a higher weight-average molecular mass and polydispersity (not shown). One possibility for 
the larger molecular distribution is the formation of aggregates. The retentates contain a large amount 
of carbohydrates, enabling it to form lignin-carbohydrate complexes, for instance. The acetylated 
retentate lignins were harder to dissolve as compared to the other lignins, which probably is due to 
impurities such as carbohydrates. The ultrafiltration step is dependent on circulation time (see Figure 
2), temperature, pressure, viscosity, pH and liquor composition (Wallberg et al., 2003). The weight 
distribution of lignin in the permeate fraction and in the retentate fraction was about 30% and 70%, 
respectively. An optimisation of the ultrafiltration step is needed to improve the yield.  

As expected, a comparison between the permeates from the 5 kD and the 15 kD membrane showed a 
slightly higher molecular mass for the lignin permeate from the 15 kD membrane but still remarkably 
lower than that of the unfractionated lignins (see Table 5).  
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Figure 12. The molecular mass distribution of kraft lignins before and after ultrafiltration through a 
5 kD membrane. a) softwood liner kraft lignin, b) softwood kraft lignin, c) birch kraft lignin and d)   
E. globulus kraft lignin. 

The polydispersity (Mw/Mn) of the permeate lignins was markedly lower compared to that of the 
retentate lignins, which indicates lignin with low amounts of hemicellulose. With the purpose of 
making carbon fibre from lignin, it is important to have a lignin with a low polydispersity, which 
increases the possibility of softening (Kubo et al., 1997). A lignin with low polydispersity has about 
the same size of the molecules, which means a narrower melting interval. A cross-linked lignin is 
often not able to soften and is therefore not usable as a raw material for carbon fibre production, 
where melt spinning is utilised (Kadla et al., 2002). The weight-average molecular mass is higher for 
softwood types of lignins than for hardwood types because of the difference in structure between 
softwood and hardwood for example a more cross-linked structure, leading to larger molecules 
(Sjöström, 1993b). 

Table 5. Average molecular masses and polydispersity for the softwood lignin and the birch lignin. 

Lignin Fraction Molecular mass  

property 
SWL  SP15  SP5  HWL  HP15  HP5  EL  EP15  EP5 

Weight average, Mw 
Number average, Mn 
Polydispersity 

4500 
1000 
4.5 

2900 
580 
3.9 

1700 
490 
3.5 

1600 
440 
3.6 

1100 
360 
3.1 

980 
320 
3.1 

2300 
530 
4.3 

1700 
550 
3.1 

1300 
440 
3.0 
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3.1.2 Lignin Sample Composition 

After isolation the composition of the lignin samples were investigated. The ash content (inorganic 
impurities) and the content of carbohydrates (organic impurities) in lignin are important for the 
thermal properties because impurities reduce the possibility of obtaining a lignin capable of softening 
(Kadla et al., 2002). Tg for the lignin sample varies depending on impurities such as carbohydrates, 
illustrating their influence on the true Tg for lignin. A higher Tg as compared to the pure lignin 
sample indicates impurities in the sample and/or a branched structure. The thermal properties are 
discussed further in section 3.2. A high content of inorganic impurities can cause uneven 
carbonisation, resulting in reduced quality of the fibre (Johnson &  Tomizuka, 1974; Johnson et al., 
1975; Johnson et al., 1975b). Impurities such as sodium can result in catalytic graphitisation, giving 
rise to voids in the structure. After isolation, the ash content was around 1% for all lignins, which is 
too high, because the impurities hinder thermal motion and prevent thermal processing (Kadla et al., 
2002; Kadla et al., 2002b). Ion exchange aiming at removing inorganics and thereby decreasing the 
ash content was done on all lignin samples, resulting in ash content below 0.1%. This is in line with 
previous studies by Kadla and co-workers (2002b). The yield of the lignin recovered after ion 
exchange, was greater than 90%. In Table 6, the chemical composition of the birch lignins is shown. 
The total composition is more than 100%, which probably is due to the so-called acid-soluble lignin, 
which originates from lignin as well as from carbohydrates (Dence, 1992). The acid hydrolysis gives 
rise to carbohydrate degradation products such as furfural, which has an absorption at 205 nm. 

Table 6. Chemical composition of the unfractionated birch lignin (HWL) and all obtained fractions 
from birch lignin. 

Lignin Fraction Composition, % 

HWL  HP15  HR15  HP5  HR5 

Klason lignin 

Acid soluble lignin 

Carbohydrates1) 

Inorganics (ash) 

Total 

Ash after ion exchange 

89.3 

8.2 

4.1 

0.5 

102.1 

0.09 

93.0 

8.7 

0.2 

1.4 

103.2 

0.08 

78.9 

8.8 

11.1 

0.7 

99.5 

0.06 

90.9 

10.6 

0.2 

2.5 

104.2 

0.09 

77.6 

8.3 

13.9 

0.8 

100.6 

0.11 
1) Xylose as predominant component 

 

The aim of using ultrafiltration was to separate the lignin from impurities such as carbohydrates. The 
content of carbohydrates is very low in the permeate lignins (Table 6), which shows that membrane 
filtration of black liquors prior to isolation of the lignin is a convenient method of separation of 
carbohydrates from kraft lignin. Because the analyses show that retentate lignins not are suitable as a 
raw material for carbon fibre production (contains all the carbohydrates), data have been excluded 
from the following results. In an industrial process, the use of ultrafiltration is a convenient method 
to get a lignin free from carbohydrates. The retentate fraction can be returned to the process stream 
and used as a fuel or other applications; for example, xylan in the hardwood black liquor can work as 
an absorber in softwood pulping. 
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The properties of the lignin molecules passing through the 15 kD membrane seem to be similar as 
compared to the corresponding fraction from the 5 kD membrane. Because a larger amount of 
molecules is able to pass through the 15 kD membrane, the yield becomes higher; therefore, the 
lignin from the 15 kD membrane is used. A membrane with larger size is also easier to use in the 
industry because both the pressure and the risk of clogging are lower. 

3.1.3 Functional Groups 

The main reaction during a kraft cook is the cleavage of the β-O-4’ linkages (Sjöström, 1993b; 
Henriksson, 2007). By measuring the amount of β-O-4’ linkages, the degree of degradation for a 
lignin can be determined because the cleavage of β-O-4’ linkages is the dominating reaction during 
pulping. Pulping time and type of wood specie influence the degree of degradation (Sjöström, 1993c; 
Gellerstedt, 2007). Another important functional group in lignin is the phenolic end-groups 
(Henriksson, 2007). When the lignin is cleaved at the β-O-4’ linkages, new phenolic end-groups are 
formed. Hardwood lignins have a more linear structure because of the syringyl unit, which blocks the 
C5-position. In Table 7, the hydroxyl groups measured by 31P-NMR are shown together with the 
amount of β-O-4’ linkages. The difference in pulping time between birch and eucalypt is clearly 
reflected by the higher degree of remaining syringyl-type of β-O-4’ linkages in eucalypt, indicating a 
less degraded lignin. The lower amount of phenolic end-groups in eucalypt as compared to the birch 
lignin indicates a less degraded structure, which results in shorter chains for birch lignins, seen in 
Table 5. Conventional softwood has a long pulping time, which is reflected by the high degree of 
phenolic end-groups in the lignin.  

The phenolic content in the liner lignin is converse to that of the other lignins, which means a higher 
content before fractionation. In addition, the phenolic content is higher for the liner lignin as 
compared to conventional softwood lignin, which not is in line with earlier studies by Sjöholm and 
co-workers (1999). They found an increase in phenolic content with increasing cooking time. Liner 
kraft lignin contains less lignin as compared to conventional kraft lignin because the cooking time is 
shorter. Factors, such as cooking condition and precipitation method can certainly influence the 
result. 

Table 7. Amounts of hydroxyl groups and β‐O‐4’ linkages for unfractionated lignins (SWL, LL, HWL, 
EL) and corresponding lignins fractionated through a 15 kD membrane.  

Chemical property  Lignin Fraction 

  SWL  SP15  LL  LP15  HWL  HP15  EL  EP15 

Phenolic OH, mmol/g 

Aliphatic OH, mmol/g 

Carboxyl, mmol/g 

β ‐O‐4,     (G) µmol/g        
β ‐O‐4,     (S) µmol/g 

4.0 
2.3 
0.5 
260 

4.5 
1.8 
0.4 
300 

4.8 
2.9 
0.6 
230 

4.1 
1.8 
0.4 
180 

4.3 
1.7 
0.5 
210 
370 

5.0 
1.3 
0.3 
130 
270 

3.3 
1.5 
0.2 
170 
680 

4.4 
1.6 
0.3 
100 
400 
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3.2 THERMAL CHARACTERISATION (PAPER I) 
The main requirement to be able to perform melt spinning is that the lignin can soften. Two other 
important things are to have a large enough range between the softening temperature and the 
decomposition temperature and to know when the lignin begins to degrade. Characteristic for a 
crystalline polymer with a certain melting point is a structure of long chains without any side chains. 
Lignin is an amorphous biomacromolecule, which means that a melting point cannot be obtained for 
it (Sperling, 2006). Instead, a softening point (Ts), where the lignin becomes soft, is of interest. Side 
chains in the lignin becomes a steric hinder when the motions increase during heating and give rise to 
charring instead of softening (Kubo et al., 1997). Softwood lignin has been shown to be very hard to 
soften, which probably is due to the more cross-linked structure (Kubo et al., 1997). In Table 8, the 
glass-transition temperatures (Tg) for the lignins show a lower Tg for all of the permeate lignins as 
compared to the unfractionated counterparts, except for the liner softwood lignin where the Tg is 
slightly higher for the permeate lignin. A lower Tg after fractionation indicates a purer lignin, which 
is shown in Table 8 for the permeate lignins. The softwood liner lignin did not show any change in 
Tg after fractionation through the 15 kD membrane, which indicates that even the lower fraction of 
lignin contain molecules with unwanted properties. The high content of phenolic hydroxyl groups in 
the liner lignin may be due to a high degree of branching in the lignin, leading to difficulties in 
softening. A second transition showing the softening temperature is usually about 50°C above Tg. 
For the lignins of hardwood type, it was possible to obtain Ts for both the unfractionated and 
fractionated lignins. The softwood lignin, on the other hand, did not show any softening point for 
unfractionated lignin; however, after fractionation, it was detected for the softwood lignin 
fractionated through both 5 kD and 15 kD membrane. For liner softwood lignin, Ts was obtained 
only for the permeate lignin from the 5 kD membrane, which indicates an improvement of the 
thermal properties after fractionation, probably due to the more pure lignin free from carbohydrates. 
The thermal properties for all the retentate lignins (not included) did not show any softening point, 
and the Tg was always higher compared to the unfractionated lignins, indicating a more cross-linked 
lignin with more impurities (Kadla et al., 2002). 

 

Table 8. Transition temperatures and decomposition temperatures for lignins before and after 
ultrafiltration through a 15 kD membrane. 

Lignin Fraction Thermal data, 
(°C) 

SWL  SP15  LL  LP15  HWL  HP15  EL  EP15 

Tg 

Ts 

Td 

148 

‐ 

267 

132 

188 

250 

154 

‐ 

225 

157 

‐ 

225 

119 

162 

254 

102 

157 

246 

133 

170 

264 

112 

170 

256 

 
The decomposition temperature (Td) depends on the temperature heating rate in a way that a higher 
heating rate gives a lower degradation rate and hence a higher decomposition temperature. Three 
different heating rates were tested with good results. For comparison, the heating rate has to be the 
same for all measurements; for this reason, a rate of 15°C/min was applied for all samples. Td has 
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been defined as the temperature when 95% of the material is left and is shown in Table 8. For all 
lignins with a softening temperature, the range between Ts and Td is satisfactory, which means that it 
is possible to perform melt spinning without degradation of the material. 

3.3 COMPOUNDS RELEASED DURING THERMAL TREATMENT (PAPER II) 
Analytical pyrolysis-GC/MS has been used to investigate and identify the mass loss during heating. 
Lignin is well suited for analytical pyrolysis and a common analysis method for identification of 
compounds in lignin and technical lignins (Meier &  Faix, 1992). Some work has been done on 
pyrolysis of native lignins (Kleen &  Gellerstedt, 1991) and of kraft pulp fibres, together with their 
corresponding dissolved lignins (Ibarra et al., 2007).  

3.3.1 Isothermal Pyrolysis of Lignins 

In order to see the differences and changes in lignin structure during kraft pulping, milled wood 
lignin (MWL) from spruce and birch was used as a reference. Pyrolysis at 600°C was performed, and 
all released compounds were identified with GC/MS and the relative peak areas were quantified as 
the percentages of the sum of all peak areas. The fractionated lignins from the 15 kD membrane were 
analysed because they showed the most promising properties as a precursor for carbon fibre 
production. In Table 9, the pyrolysis products are listed with the peak numbering in the order of 
increasing retention time. In all experiments, a remaining amount of material was left on the sample 
holder after pyrolysis, indicating thermally stable structures and/or charring. The yield during 
pyrolysis is 10-15% for lignins, as revealed by an internal study at Innventia. The main difference 
between MWL and the lignins after kraft pulping is the increase in guaiacol (softwood) and syringol 
(hardwood) (No 6 and 18, respectively, in Table 9), showing the formation of new end-groups due to 
the cleavage of the β-O-4 linkages in the SP15. The increase in 4-methylguaiacol and 4-
methylsyringol (No 8, 9, 26) is related to the decrease of vanillin, showing that oxygen-containing 
functionalities on the α-carbon have decreased during pulping. For a structural illustration of the 
main pyrolysis products, see Figure 13. The end-groups coniferyl and sinapyl aldehyde (No 53, 56, 
60) and coniferyl and sinapyl alcohol (No 51, 52, 59, and 61) present in native lignin are degraded 
during pulping. These observations are in line with the literature (Kleen &  Gellerstedt, 1991; 
Gellerstedt, 2007; Henriksson, 2007). 

H3CO

OH

OCH3 H3CO

OH

OCH3

CH3

 
Figure 13. Syringol (left) and 4‐methylsyringyl (right) together with the guaiacylic counterpart 
(excluding the dashed linkage) were the main compounds detected after pyrolysis of hardwood. For 
softwoods, more than half of the released compounds were guaiacol and 4‐methylguaiacyl.



 

 27

Table 9. Pyrolysis products quantified as relative peak areas after pyrolysis at 600°C of milled wood 
lignins from spruce and birch together with the fractionated kraft lignins. The products are listed in 
order of increasing retention time. 

Peak  No  Pyrolysis Product  MWLspruce LP15  SP15  MWLbirch  HP15  EP15 

6  Guaiacol  7  12  7  +1)  2  2 
8  Methylguaiacol  1  3  3  +  +  + 
9  4‐Methylguaiacol  8  28  30  1  5  3 
11  Methylcatechol     3  3    1  + 
12  2‐hydroxy‐3‐methoxyphenol            4  5 
14  4‐Ethylguaiacol  2  8  8  +  2  1 
15  Methylcatechol    3  4    +  + 
16  4‐Vinylguaiacol  8  16  14  2  3  3 
18  Syringol           4  14  14 
19  Eugenol  3  3  4  +       
24  Isoeugenol*2)     2  1          
25  Vanillin  18  5  5  5  1  1 
26  4‐Methylsyringol           4  16  17 
27  Isoeugenol*  6  6  6  2  2  2 
28  Homovanillin  5  3  5  2  1  1 
30  Acetoguaiacone  9  3  3  2  +  + 
32  4‐Ethylsyringol              4  4 
33  4‐(1‐hydroxy‐prop‐2‐enyl)guaiacol  +  2  2          
36  4‐Vinylsyringol           5  11  12 
38  Guaiacylacetone  2  1  1          

40  4‐Allylsyringol + 

41  4‐(1‐carboxy‐prop‐2‐enyl)guaiacol 
6  2  2  3  2  3 

42  4‐Propylsyringol           +  +  + 
44  5‐Allylsyringol              +  + 
45  4‐Propenylsyringol*           1  2  2 
46  Dihydroconiferyl alcohol  3  3  3          
47  Syringaldehyde           17  3  4 

48  4‐Propenylsyringol* + 

49  Homosyringaldehyde 
      11  15  13 

50  Acetosyringone           5  3  3 
51  Coniferyl alcohol*  3                

52  Coniferyl alcohol* + 

53  Coniferaldehyde* 
19  1  1  9     

54  Syringylacetone           +  1  1 
56  Sinapaldehyde*           +  +  + 
57  Propiosyringone           1  1  1 
58  4‐(1‐carboxy‐prop‐2‐enyl)syringol           5  +  + 
59  Sinapyl alcohol*           3  +  + 
60  Sinapaldehyde*             8  1  1 
61  Sinapyl alcohol*           8  +  + 

1) + denotes  <1.0% 
2) * denotes cis or trans form 
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3.3.2 Stepwise pyrolysis 

Step-wise pyrolysis was performed on the fractionated kraft lignins in order to get more detailed 
information about the material loss at different temperatures. For each lignin sample, pyrolysis was 
performed between 200°C and 900°C at 100°C increments. The distribution is shown in Figure 14. 
More detailed information of the identified compounds for the fractionated softwood (SP15) and 
birch (HP15) lignins is shown in Table 10 and Table 11, respectively. For all lignins, no compounds 
were detected at temperatures above 700°C. During step-wise pyrolysis, it is almost impossible to 
use an internal standard for quantification because it will be totally pyrolysed during the first 
pyrolysis at 200°C.  

For all the kraft lignins, about 5-10% loss of material occurred at 200-300°C, as revealed by TGA 
(see Figure 15). In order to identify those volatile compounds, the lignin HP15 was pyrolysed at 
temperatures 350 and 600°C using a column more suitable for separation of volatile compounds. At 
the higher temperature, carbon dioxide, methylthiol and a minor amount of sulphur dioxide were 
identified by the MS-analysis. The sulphur-containing compounds originate from the small amount 
of organically bound sulphur present in kraft lignins and carbon dioxide can be formed from 
carboxyl groups in the lignin. At 350°C, no compounds were detected. Therefore, the release during 
200-300°C is assumed to be low molecular phenols such as guaiacol. 
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Figure 14. The relative distribution of pyrolysis products after step‐wise pyrolysis of the fractionated 
lignins. 
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Softwood kraft lignins 

The released compounds for SP15 were almost equally distributed between 500°C and 600°C, see 
Figure 14. More than half of the amount of released compounds at both 500°C and 600°C consists of 
methylguaiacyl (see Table 10 and Figure13 for structural information). At 700°C, only a minor 
amount of lignin fragments (phenol and cresol) were detected, indicating a more degraded lignin, and 
at higher temperatures, no compounds were detected. Of the identified compounds, only a minor 
amount contains oxygen in the side-chain. This might be due to the release of water during 
condensation reactions. The softwood liner lignin (LP15) showed a very similar relative distribution 
of the compounds as the lignin SP15. Figure 14 shows a main release of products at 600°C for LP15. 
The shorter pulping time, meaning a less degraded lignin, might be the reason for the more thermally 
stable lignin as compared to SP15. 

 

Table 10. Pyrolysis products from the fractionated softwood kraft lignin (SP15) quantified as relative 
peak areas after step‐wise pyrolysis. Peak number is in order of increasing retention time.  

Peak No  Pyrolysis Product  200°C  300°C  400°C  500°C  600°C  700°C 
1  Toluene            15 
2  Phenol            37 
3  2‐Methylphenol          3  16 
4  4‐Methylphenol          3  31 
5  Xylenol          3    
6  Guaiacol  82    3  7  14   
8  Methylguaiacol        +1)  3   
9  4‐Methylguaiacol      15  42  45   
14  4‐Ethylguaiacol  8    8  13  17   
16  4‐Vinylguaiacol      21  14  7   
19  Eugenol      2  2  0   
22  4‐Propylguaiacol      1  2  2   
23  5‐Allylguaiacol        1     
24  Isoeugenol*2)      1  1     
25  Vanillin        1     
27  Isoeugenol*      14  7  2   
29  4‐Propylguaiacol      22  5     
30  Acetoguaiacone  11      2     
33  4‐(1‐hydroxy‐prop‐2‐

enyl)guaiacol 
    3  2     

38  Guaiacylacetone      8       
1) + denotes <1.0% 
2) * denotes cis or trans form 
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Hardwood kraft lignins 

The pyrolysis showed very similar results for both birch and eucalypt kraft lignins. The maximum 
release of compounds was detected at 500°C during step-wise pyrolysis for HP15 where the syringol 
and methylsyringyl compounds followed by the guaiacylic counterpart was the dominating 
compounds (see Table 11 and for a structural identification, Figure 13). At 400°C, a substantial 
amount of phenols was detected. No compounds were detected at 700°C or higher for the hardwood 
lignins. The hardwood lignin degradation products were released at lower temperatures as compared 
to those of the softwood lignins (see Figure14). The hardwood lignins seem to be less thermostable 
as compared to the softwood lignins. One reason for this may be the more linear structure being more 
sensitive to thermal motions. 

 

Table 11. Pyrolysis products from the fractionated birch kraft lignin (HP15) quantified as relative 
peak areas after step‐wise pyrolysis. Peak number is in order of increasing retention time. 

Peak  No  Pyrolysis Product  200°C  300°C  400°C  500°C  600°C 

6  Guaiacol  26    +1)  3  10 
8  Methylguaiacol        +  4 
9  4‐Methylguaiacol      2  6  10 
14  4‐Ethylguaiacol      1  2  6 
16  4‐Vinylguaiacol      3  2  1 
18  Syringol  59    4  20  34 
24  Isoeugenol*2)      +     

26  4‐Methylsyringol      6  28  25 
27  Isoeugenol*      6  2   

29  4‐Propylguaiacol      2     

32  4‐Ethylsyringol      8  8  4 
36  4‐Vinylsyringol      12  10  3 
40  4‐Allylsyringol + 
41  4‐(1‐carboxy‐prop‐2‐enyl)guaiacol     

4  1 
 

42  4‐Propylsyringol      11  2  1 
44  5‐Allylsyringol*      2  1   

45  4‐Propenylsyringol        +   

47  Syringaldehyde        2   

48  4‐Propenylsyringol*      16  5  1 
49  Homosyringaldehyde      11  2   

50  Acetosyringone  15    4  2   

54  Syringylacetone      3  1   

57  Propiosyringone      2  1   
1) + denotes <1.0% 
2) * denotes cis or trans form 
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3.3.3 Preoxidation of lignins 

Stabilisation is one of the steps during production of carbon fibre aiming to oxidise the material and 
thereby giving it thermosetting properties. It is done by slowly heating the sample to 200-350°C in 
an oxidising atmosphere (Bahl et al., 1998; Braun et al., 2005; Tefera et al., 2007). From an 
economical point of view, the yield is of importance to make it profitable to manufacture carbon 
fibre from kraft lignin. There is, of course, a loss in yield during the ultrafiltration step, but that is not 
of great importance because the future process would hopefully be connected to the pulping process 
and thereby would have good access to the black liquor. The dominant loss in yield during carbon 
fibre production takes place during the carbonisation step (Kadla et al., 2002b), which involves 
thermal heating. However, the release of low-molecular-mass compounds prior to the carbonisation 
step is also of importance for the quality because, such compounds can form voids in the structure. 

The permeate kraft lignins have been pre-oxidised in air. For comparison, the SP15 lignin was also 
treated in nitrogen atmosphere under the same conditions to observe the thermal influences. In Figure 
15, the weight loss at temperatures between 100-800°C is shown for the SP15 lignin sample. The 
elemental analysis of the original kraft lignins showed a carbon content of about 60%. A complete 
absence of loss of material was observed at temperatures below 300°C for the pre-stabilised lignin. 
During the pre-oxidation step, the amount of oxygen increased for all kraft lignins, as revealed by 
elemental analysis. The yield after heating the permeate kraft lignin samples to 1000°C was about 
40%, which shows that a certain loss of carbon containing compounds takes place during heating. 
Stabilisation in nitrogen atmosphere shows that the final mass loss is about the same as for the 
untreated lignin. For the pre-oxidised lignin, on the other hand, the yield at 800°C has increased by 
10-20% as compared to the untreated lignin (see Figure 15). The trend is the same for all permeate 
lignins fractionated through the 15 kD membrane (the unfractionated lignins and the retentate lignins 
have not been evaluated). The main weight loss takes place between 300°C and 600°C, but at 
temperatures below 300°C, a small fraction of material is also eliminated. The trend was the same for 
all lignin samples.  

Thus, pre-oxidation seems to be a possible way to increase the yield when manufacturing carbon 
fibre from kraft lignin. To identify the lignin compounds released during heating, pyrolysis-GC/MS 
was used as analytical tool. 

The yield during pyrolysis of pre-oxidised lignins was even lower than that of underivatised lignins 
but is still believed to be representative. 
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Figure 15. Mass losses for SP15 measured by TGA before and after stabilisation in oxygen and 
nitrogen atmosphere. 

 

Pre‐oxidation of softwood lignins 

 After pre-oxidation, all detected compounds were released at 600°C (see Figure 16). The difference 
before and after oxidation is mainly the newly formed compounds cresol, phenol and toluene, 
together with the oxygen-containing compounds detected after oxidation, shown in Table 12. 

LP15 was very similar to SP15, with the difference being that only trace amounts of compounds 
were detected for LP15 after pre-oxidation. This result shows that the lignin obtained after high-yield 
kraft pulping of softwood has a rather different structure as compared to lignin isolated after a longer 
pulping time. The molecular mass is higher, and the molecular mass distribution is broader. The liner 
kraft lignin is also less degraded and harder to soften. At 250°C, which was the pre-oxidation 
treatment temperature, the LP15-sample has already started to degrade. The decomposition 
temperature for LP15 is 225°C (Table 8), and it must be assumed that comprehensive char formation 
has occurred. Therefore, the analytical pyrolysis only revealed trace amounts of volatile products 
such as phenol, guaiacol and some highly oxidised products. 

The release of compounds seems to be shifted towards higher temperatures for pre-oxidised lignin 
samples, which shows that the lignins have become more thermally stable.  
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Figure 16. The relative distribution of the pyrolysis products after step‐wise pyrolysis of the pre‐
oxidised fractionated lignins. 

Pre‐oxidation of hardwood lignins 

The release of compounds from the hardwood lignins has shifted towards higher temperatures after 
pre-oxidation as compared to before the oxidative treatment (see Figure 16). Pre-oxidation involved 
the formation of methylphenol (No. 3 and 4 in Table 12) during pyrolysis at 600°C, a compound not 
present in the original lignin structure. Both methylphenol and catechol are rearrangement products, 
formed during pyrolysis of pre-oxidised lignins. 2-methylphenol and 4-methylphenol are common 
fragments upon pyrolysis of lignin (Meier &  Faix, 1992) and have been found in previous pyrolysis 
studies (Ohra-aho et al., 2005). Oxygen-containing compounds were detected at 400°C and 500°C 
for the HP15 and EP15 samples, respectively, but not at 600°C. The EP15 sample released syringol 
and methylsyringol as the main compounds, but a substantial part of syringyl was also observed as 
having two and three carbons in the side chain.  

Generally for all lignins, more different kind of compounds was detected after pre-oxidation. 

 

Table 12. The pyrolysis products detected after step‐wise pyrolysis for the pre‐oxidised fractionated 
lignin samples, SP15, HP15 and EP15. Peak number is in order of increasing retention time. 

Peak  Pyrolysis Product  SP15  SP15  HP15  HP15  HP15  EP15  EP15  EP15 

No    600oC  700oC  500oC  600oC  700oC  500oC  600oC  700oC 

1  Toluene  +1)  13                2 
2  Phenol   1  39     +  39       32 
3  2‐Methylphenol  2  26     +  23       15 
4  4‐Methylphenol  2  9     +  7    +  13 
6  Guaiacol  19  6  2  6  17  3  5  15 
7  C7H6O2 (m/z = 122)  2  7     +  7         



 

 34

Peak  Pyrolysis Product  SP15  SP15  HP15  HP15  HP15  EP15  EP15  EP15 

No    600oC  700oC  500oC  600oC  700oC  500oC  600oC  700oC 

8  Methylguaiacol  2       1       2    
9  4‐Methylguaiacol  27    4  8     4  5    
10  Catechol  3                    
11  C9H8O4 (m/z = 180)          +            
12  Homoprotecualdehyde                  +    
13  2‐Hydroxy‐3‐Methoxyphenol          6       13    
14  4‐Ethylguaiacol  12    2  6     1       
15  Methylcatechol  3                    
16  4‐Vinylguaiacol  6    4  3     1  1    
17  C7H6O3 (m/z = 138)  1       +       +    
18  Syringol       10  21  6  27  32  23 
19  Eugenol  2                    
20  Homovanillin  1                    
21  Methoxyguaiacol       1  3       2    
23  5‐Allylguaiacol  +                    
24  Isoeugenol*2)  +                    
25  Vanillin  3       +            
26  4‐Methylsyringol       17  18     29  22    
27  Isoeugenol*  3    4  1            
28  Homovanillin  1    1  +            
30  Acetoguaiacone  2    +  +            
31  C9H10O4 (m/z = 182)  2                    
32  4‐Ethylsyringol       9  5     12  4    
33  4‐(1‐hydroxy‐prop‐2‐enyl)guaiacol                       
34  Acetosyringone                +  +    
35  Guaiacyl acetone  1    +  +            
36  4‐Vinylsyringol       13  6     5  5    
37  Dihydroferulic acid  +                    
38  Guaiacylacetone  +                    
39  Propioguaiacone  +                    

40  4‐Allylsyringol + 

41  4‐(1‐carboxy‐prop‐2‐enyl)guaiacol 
    2  1      +   

42  4‐Propylsyringol       2               
43  Homosyringaldehyde          +     6  +    
44  5‐Allylsyringol*       +  +       +    
45  4‐Propenylsyringol*       2  +       +    
47  Syringaldehyde       3  2       2    
48  4‐Propenylsyringol*       9  2     2  2    
49  Homosyringaldehyde       3  +            
50  Acetosyringone       4  2     4  1    
54  Syringylacetone       3  +            
55  Syringacid methylester                 5       
57  Propiosyringone       2  +     1       
59  Sinapyl alcohol*        +                

1) + denotes <1.0% 
2) * denotes cis or trans form 
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3.3.4 Methylation of lignins 

Methylation of the permeate lignins was performed in order to derivatize the lignin at the free 
phenolic groups, thereby making it more thermally stable. During methylation of phenolic hydroxyl 
groups, a lower degree of inter-molecular hydrogen bonds between the lignin molecules should be 
expected. Thus, a more fusible lignin is expected to be formed, giving rise to a decrease in Tg and a 
detection of Ts, similar to acetylated lignins (Kubo et al., 1997). Complete methylation was achieved, 
as revealed by FTIR-analysis prior to pyrolysis with the use of dimethylcarbonate and 1,4-
diazabicyclo[2.2.2]octane (DABCO) as a base (see section 2.6.2). Figure 17 shows that the relative 
distribution of the lignin samples was nearly unchanged before and after methylation, but a 
somewhat higher yield at 200°C was achieved after methylation. The identified compounds were the 
same as for the untreated lignins (see Table 10 and 11), with the difference that both methylated and 
unmethylated compounds were detected. The detected unmethylated lignin compounds are probably 
created during the pyrolysis measurement as fragments from methylated lignin molecules.  
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Figure 17. The relative distribution of the pyrolysis products after step‐wise pyrolysis of the 
methylated fractionated lignins. 

 

The thermal analysis of the methylated lignins showed a significant decrease in Tg for all samples 
(see Table 13). However, the decrease in intra- and inter-molecular hydrogen bonds does not seem to 
affect the yield during heating. The loss of material during thermal heating with TGA was similar to 
that of the unmethylated lignin samples. Thus, methylation of lignin did not improve the yield during 
thermal heating.  
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Table 13. The glass‐transition temperature (Tg) before and after methylation of the fractionated 
lignins. 

Sample  LP15  SP15  HP15  EP15 

Original lignin  157  132  102  112 
Methylated lignin  119  63  62  62 
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4 CONCLUSIONS 
The use of ultrafiltration prior to isolation of kraft lignin is a convenient and efficient method for 
removing unwanted compounds such as carbohydrates from industrial black liquor. Regardless of the 
size of the membrane used, the thermal properties after separation with 5 kD or 15 kD membrane are 
nearly the same for all types of lignins. Because of the higher yield and lower filtration pressure with 
the 15 kD membrane used, it seems to be the best choice of membrane. 

There are big differences in structure and behaviour between the kraft lignins of softwood, softwood 
from liner pulping, birch and E. globulus. After fractionation, an improvement in homogeneity was 
observed for all lignins. The purity of the lignins was satisfactory after filtration (no organic 
impurities) and after the use of ion-exchange (no inorganic impurities). The molecular mass 
distribution was broader for the softwood type of kraft lignins as compared to the hardwood types. 

The chemical properties are important for thermal behaviour, the difference in which is clearly 
shown for lignins analysed before and after ultrafiltration. Fractionation of the softwood types of 
kraft lignins enabled to obtain a softening temperature, which to date has only been reported for 
hardwood types of lignins. The narrower molecular mass distribution achieved after fractionation is 
probably one of the reasons for the softening of the lignin. This indicates that softwood-derived kraft 
lignins may be suitable as raw material for manufacture of carbon fibre.  

Pre-oxidation prior to carbonisation seems to be an efficient way of stabilising the lignin and 
retaining more material, leading to improved yield and better quality. When low-molecular-mass 
compounds are released during the stabilisation step, voids in the structure are avoided during 
carbonisation. The main part of the compounds detected upon heating is released between 300°C and 
600°C according to both TGA and pyrolysis-GC/MS. The detected compounds did mainly contain 
guaiacyl and syringyl units with oxygen and one, two or three carbons in the side-chain. 

All investigated kraft lignins, seems to have properties suitable for carbon fibre production after 
ultrafiltration. 
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7 ABBREVIATIONS 
CF Carbon Fibre 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DMC  Dimethylcarbonate 
DSC Differential Scanning Calorimetry 
EL Unfractionated kraft lignin from E. globulus  
EP15 E. globulus kraft lignin fractionated through a 15 kD membrane 
EP5 E. globulus kraft lignin fractionated through a 5 kD membrane 
GC Gas Chromatography 
GP General-performance carbon fibre quality 
HP High-performance carbon fibre quality 
HP15 Birch kraft lignin fractionated through a 15 kD membrane 
HP5  Birch kraft lignin fractionated through a 5 kD membrane 
HWKL hardwood kraft lignin 
HWL Unfractionated kraft lignin from birch 
IC Ion Chromatography 
kD kilo dalton 
LCC Lignin-Carbohydrate Complex 
LiCl/DMAC Lithium chloride/dimethylacetamide 
LL Unfractionated kraft lignin from softwood liner process 
LP15 Softwood kraft liner lignin fractionated through a 15 kD membrane 
LP5  Softwood kraft liner lignin fractionated through a 5 kD membrane 
Mn Number-averaged molecular mass 
MS Mass Spectrometry 
Mw Weight-averaged molecular mass 
MWL Milled Wood Lignin 
31P-NMR 31Phosphorus-Nuclear Magnetic Resonance 
PAN Polyacrylonitrile 
PEO Polyethylene oxide 
Py-GC/MS Pyrolysis-Gas Chromatography/Mass Spectrometry 
SEC Size Exclusion Chromatography 
SP15 Softwood (spruce/pine) kraft lignin fractionated through a 15 kD membrane 
SP5 Softwood (spruce/pine) kraft lignin fractionated through a 5 kD membrane 
SWKL Softwood kraft lignin 
SWL Unfractionated kraft lignin from softwood (spruce/pine) 
Td Decomposition temperature 
Tg Glass-transition temperature 
TGA Thermal Gravimetric Analysis 
THF Tetrahydrofuran 
Tm Melting temperature 
Ts Softening temperature 
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