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Abstract 
 
Wood consists mainly of three types of polymers; cellulose, hemi cellulose and lignin. Lignin 
is formed in nature through enzymatic initiated oxidative coupling of three different kinds of 
phenyl propane units. These form by various carbon-carbon and carbon-oxygen bonds, an 
amorphous three-dimensional polymer. As chemical pulp is produced, lignin is degraded and 
dissolved into pulping liquors. These liquors contain the spent cooking chemicals and are 
generally burnt in a recovery boiler to regenerate cooking chemicals and produce steam. 
However, the recovery boiler is expensive. Hence, it has become the bottleneck for 
production in many pulp mills. Removal of some lignin from the spent cooking liquor would, 
for that reason, be desired and valuable products based on lignin from cooking liquors are 
searched for.  
 
One suitable area for lignin products would be as additive in unbleached pulp. A major 
product from unbleached pulp is kraftliner, the top and bottom layers of corrugated board. 
When boxes of corrugated board are stored in containers travelling overseas the relative 
humidity is varying. This makes the boxes collapse more easily than if they were stored at 
constant humidity, even a high one. This is due to the so called mechano-sorptive or 
accelerated creep phenomenon. By addition of wet strength additive to kraftliner or treating it 
with hydrophobic compounds there are indications on that the mechano-sorptive effect would 
decrease.  
 
Trying to decrease this effect, low molecular weight kraft lignin has been used. It was 
obtained by cross-flow filtration of black liquor and precipitation by sulphuric acid. By 
derivatisation of this lignin by linseed oil, a hydrophobic lignin derivative was obtained, 
similar in structure to units in the biopolymer suberin. As this suberin-like lignin-derivative 
was added to pulp the mechano-sorptive creep seemed to be lowered. Furthermore, when the 
low molecular weight lignin was used together with the lignin radical initiators laccase or 
manganese(III) in kraftliner pulp, a wet strength of about 5% of dry strength was obtained. An 
amination treatment of this lignin and addition to kraftliner pulp resulted in a wet strength of 
up to 10% of dry strength. There are indications of that the mechano-sorptive creep also 
decreases as these treatments, resulting in increased wet strength, are made.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: kraft lignin, black liquor, cross-flow filtration, lignin derivative, kraftliner, 
oxidative coupling, laccase, manganese, linseed oil, mechano-sorptive creep.    
 



Sammanfattning 
 
Ved består huvudsakligen av tre typer av polymerer, cellulosa, hemicellulosa och lignin. 
Lignin bildas i naturen genom enzymatiskt initierad oxidativ koppling av tre olika typer av 
fenylpropan-enheter. Dessa bygger genom olika kol-kol- och kol-syre-bindningar upp en 
amorf tredimensionell polymer. När kemisk massa tillverkas bryts lignin ner och löses ut i 
kokluten. Luten innehåller de förbrukade kokkemikalierna och bränns generellt i en 
sodapanna för att regenerera kemikalierna och producera ånga. Sodapannan är emellertid dyr. 
Därför har den blivit produktionsbegränsande på många massabruk. Att avlägsna en del av 
ligninet från avluten vore därför önskvärt och att finna ekonomiskt intressanta produkter 
baserade på lignin från svartlut är därför ett viktigt forskningsområde .  
 
Ett lämpligt område för ligninprodukter vore som tillsatts i oblekt massa. Oblekt massa 
används till stor del för tillverkning av kraftliner, topp- och bottenskikten på wellpapp. När 
lådor av wellpapp lagras i containrar som färdas över haven, förändras den relativa 
luftfuktigheten. Detta gör att lådorna kollapsar lättare än om de skulle ha lagrats vid konstant 
luftfuktighet, även en hög sådan. Detta är på grund av det så kallade mekanosorptiva- eller 
accelererade krypfenomenet. Genom tillsatts av våtstyrkemedel till kraftliner eller behandla 
den med hydrofoba ämnen, finns indikatoner på att mekanosorptiva effekten skulle kunna 
minska. 
 
För att försöka minska den effekten har ett lågmolekylärt kraftlignin, som utvunnits med hjälp 
av tvärsflödesfiltrering av svartlut och svavelsyrafällning, använts. Genom derivatisering av 
detta lignin med linolja erhölls ett hydrofobt ligninderivat som uppvisar strukturella likheter 
med biopolymeren suberin. När detta suberinlika ligninderivat tillsätts till massa verkar det 
mekanosorptiva krypet minska. När lågmolekylärt lignin används tillsammans med 
ligninradikalinitiatorerna lackas eller mangan(III) i kraftlinermassa erhålls dessutom en 
våtstyrka på ca 5% av torrstyrkan. Efter aminering av detta lignin gav en tillsatts till 
kraftlinermassan en våtstyrka på upp till 10% av torrstyrkan. Det finns indikationer på att det 
mekanosorptiva krypet samtidigt minskar när dessa behandlingar görs som ger upphov till 
ökad våtstyrka. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nyckelord: kraftlignin, svartlut, tvärsflödesfiltrering, ligninderivat, kraftliner, oxidativ 
koppling, lackas, mangan, linolja, mekanosorptivt kryp. 
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1. Introduction  
 
1.1 Background 
 
1.1.1 The structure and composition of wood 
 
Wood, the main raw-material for lignocellulosic pulp production, is a very complex and 
diversified composite material. It is mainly built up by cellulose, lignin and different 
hemicelluloses, all covalently linked together (Lawoko et al. 2006) into cell wall structures 
connected by the middle lamellas and consisting of a primary wall and three sub walls of the 
secondary wall (Kerr and Bailey 1934). Apart from these polymers there are also a wide 
number of different organic and inorganic compounds in the wood but usually in minor 
amounts. The structure of the polymers as well as the type of other chemical substances 
present in the wood vary between different wood species and especially between those 
belonging to the coniferous gymnosperms i.e., softwoods, and them belonging to the 
eudicotyledones angiosperms i.e., hardwoods. Most pronounced is maybe the difference 
regarding the composition of the monomeric units that by various carbon-oxygen and carbon-
carbon bonds created by radical coupling reactions building up lignin into a three dimensional 
network. The hardwoods contain three different units, presented in Figure 1; p-coumaryl-, 
coniferyl- and sinapyl alcohol whereas the softwoods only contain the first two units. The 
content of p-coumaryl alcohol units is usually small in both softwoods and hardwoods (Nimz 
et al. 1981). 
 
 
 

OH

OH

OH
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OH

OH
O

OH

(I) (II) (III)  
 
 
Figure 1: The three monomeric units of which lignin consists, p-coumaryl- (I), coniferyl- (II) and sinapyl 
alcohol (III). Sinapyl alcohol units are not present in coniferous gymnosperms.  
 
 
Furthermore, the composition of the lignin is related not only to wood species but also to 
other factors such as if it is reaction wood (Hägglund and Ljunggren 1933) or juvenile wood 
(Freudenberg and Lehmann 1963), which part of the tree (Bland 1966), which type of cell 
(Fergus and Goring 1970; Hardell et al. 1980a; Hardell et al. 1980b) and where in the cell 
wall or middle lamella lignin originates from (Fergus and Goring 1970; Christiernin 2006). 
Other circumstances affecting trees such as location of growing may also have some minor 
effect on the composition.  
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1.1.2 Chemical pulping  
 
In order to make a pulp, the raw-material for paper and board, different cell structures; 
tracheids and parenchyma cells in softwood (Sjöström 1993); libriform fibres, fibre tracheids, 
parenchyma cells and vessels in hardwoods (Sjöström 1993); have to be liberated from each 
other. There are two main possibilities to achieve this. Either to pull them apart with force, i.e. 
mechanical pulping, or by means of chemical reactions remove lignin from the wood, and 
particular the middle lamella, to an extent where no significant force is needed to separate 
them, i.e. chemical pulping.  
 
There are several different chemical pulping methods. Sulphite pulping, with bisulphite ions 
as the main active chemical, has advantages such as high brightness and easy bleaching of the 
pulp (Sixta 2006). Due to higher sensitivity to raw-material and more difficult regeneration, or 
even sometimes depending on the counter ion used, lacking of any possible regeneration 
method of pulping chemicals, it is not as widely used anymore (Krotscheck and Sixta 2006; 
Sixta 2006). However, sulphite pulping with magnesium as counter ion has a more simple 
regeneration of cooking chemicals and is less sensitive to raw-material. Hence, there are also 
other reasons for the decrease in sulphite pulping such as declining of traditional areas of use 
for these pulps. 
 
The predominating chemical pulping method is nowadays instead kraft pulping. About 95% 
of the produced chemical pulp in the world is produced with this method (FAO 1998; Sixta 
2006; Sjödahl 2006). In kraft pulping sodium hydroxide and hydrogen sulphide ions are used 
at elevated temperatures to degrade and dissolve lignin. The spent cooking liquor, black 
liquor, is burnt at the mill in a recovery boiler to regenerate cooking chemicals and produce 
steam, which can be used in the mill and in municipal heating networks. The steam can also 
be used to generate electricity.  
 
The equipment for regenerating cooking liquors and burning the organic substances in the 
black liquor is extensive. The recovery boiler is about 20% of the total investment cost of a 
new greenfield mill producing dried, fully bleached pulp. The investment cost for a new mill 
is about 800 MEUR*. However, in Europe and North America few greenfield mills are built 
and many mills have successively increased their pulp productions by investments removing 
bottlenecks in the production. This is done due to the fact that every extra ton pulp produced 
in a mill without major investments is profitable as investments in equipment, together with 
acquiring of the wood raw-material are the dominating costs of chemical pulp production. 
    
It is expensive to increase the capacity of the recovery boiler by building a new or retrofitting 
an existing. A new recovery boiler with larger capacity is generally not built until the old is in 
need for replacement. Hence, the bottleneck for further increase in pulp production rate is 
often the amount of organic matter in the black liquor, mainly originating from the lignin and 
hemicelluloses that contribute to production of heat in the recovery boiler. Removal of a part 
of the organic substances from these recovery boilers would therefore be desired, especially if 
it is possible to make valuable by-products (Kirkman et al. 1986).  
 
 
  
*The estimation is based on the 170 MEUR recovery boiler at SCA Östrand, Sweden (SCA 2006) and the 830 
MEUR Metsä Botnia greenfield mill at Fray Bentos, Uruguay (Finnfacts 2005). 
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1.1.3 Technical lignins  
 
In the end of the 19th century and beginning of the 20th century spent sulphite cooking 
liquors, originating from cheap cooking chemicals, were generally wasted in the nearest 
recipient of the mills in Sweden (Davidsson et al. 1975). As this uneconomical use of raw-
material was questioned and opinions against the environmental problems this caused were 
raised, a way of using these liquors was subject to research (Sundin 1981). Even though 
visionary plans existed of creating a large chemical industry with sulphite pulping liquors as 
raw material, similar to the German based on cokes (Sundin 1981), more simple usage as dust 
binding liquor on gravel roads was commercialised as one of the first large products based on 
lignosulphonates (Davidsson et al. 1975).  
  
As time has gone by, the methods of separating and modifying lignosulphonates has been 
developed and a wide range of applications such as concrete additives, feed binders and 
surface modification additive in lead acid batteries have been found (Gargulak and Lebo 
2000). The developments e.g. in separation and modification methods to yield products with 
different applications have been made predominantly by the lignosulphonate producers. If the 
process knowledge would be commonly available many mills would have the opportunity to 
produce high quality lignosulphonate. Hence, knowledge in the area is not widely spread.  
However, process steps such as sugar degradation and cross-flow filtration are used for many 
applications (Gargulak and Lebo 2000).  
 
Even though lignosulphonates by far is the most important commercial group of lignin 
products from spent pulping liquors, there are also commercial products from kraft lignin, 
lignin fragments obtained from the kraft cooking black liquor, in addition to post-sulphonated 
ones (Gargulak and Lebo 2000). Kraft lignin has, however, very different characteristics than 
lignosulphonates and has for instance almost no solubility in water. Hence the products are 
also different and more advanced modifications are sometimes needed to make attractive 
products, as when asphalt emulsifier is produced via reaction with glycidylamin (Gargulak 
and Lebo 2000). Although kraft lignin possesses this solubility properties, it is still quite 
hydrophilic confirmed by the solubility in ethylene glycol but not in solvents such as hexane 
or diethyl ether (Schuerch 1952).     
 
1.1.4 Biomimetics involving lignin derivatives 
 
There are examples of applications where more hydrophobic lignin derivatives would be 
desired. To use lignin derivatives as compability mediator on reinforcement pulp fibres in 
plastic composites or to use lignin derivatives as antioxidants in plastics would possibly be 
achievable with a more hydrophobic lignin derivative having better interactions with plastics. 
Furthermore, such a lignin derivative would also be interesting to use in order to give new 
properties to fibreboards and papers.  
 
In nature suberin is an example of how such a compound could look like. Simplified, suberin 
is a lignin type polymer that also contains numerous fatty acids; anchored through among 
others ester bonds (Kolattukudy 2002). It is arranged in polyphenolic and polyaliphatic 
lamellas or domains. The polyaliphatic part can incorporate a variety of different fatty acids 
depending on source of the polymer (Bernards 2002). However, a tentative structure 
influenced by that made of Bernads (Bernards 2002) of a possible suberin structure is 
presented in Figure 2.  
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Figure 2: A tentative structure of a part of a suberin polymer made with inspiration of the structure presented by 
Bernads (2002). 
 
 
 
Suberin is the biopolymer giving for example cork-oak bark and birch bark its hydrophobic 
and resistant characteristics. Even if it is hard to estimate the content of suberin because of the 
complex polymeric structure and similarities to lignin and cutin, an ester inter-linked 
polyaliphatic waxy tissue, contents of over 50% in for example Birch, Betula pendula, and 
Cork Oak, Quercus suber, barks have been reported (Gandini et al. 2006). Suberin acts, 
however, as a diffusion barrier in all barks, roots and other parts of plants that need protection 
against apoplastic water transports and pathogens (Kolattukudy 2002). 
 
Another group of hydrophobic phenolic substances from nature is urushiols which are present 
together, with among other things, laccase in urushi, the sap from Japanese Lacquer Tree, 
Rhus vernicifera. In Japan urushi is used as lacquer for handcrafts (Ikeda et al. 2001). 
Urushiols are catechol derivatives with saturated or more often unsaturated hydrocarbon 
chains (Majima 1909; Majima 1922). As they have been applied on a surface the urushiols 
can react by oxidative cross-linking reactions, initiated by the laccase and the air oxygen 
involving the phenolic part and autoxidation of the unsaturated hydrocarbon part (Ikeda et al. 
2001) in similar ways as biosynthesis of lignin and drying of polyunsaturated vegetable oils, 
e.g. linseed oil, respectively.  
 
Biosynthesis of lignin is accomplished through enzymatic initiated oxidative coupling 
reactions of lignin monomers (Erdtman 1933; Freudenberg 1933; Freudenberg 1959). For this 
to proceed, the free phenolic group of the lignin monomer has to be oxidised to a phenoxyl 
radical that is resonance stabilised. These radicals will couple, creating typical carbon-carbon 
and carbon-oxygen lignin bonds eventually resulting in a lignin polymer as seen in Figure 3.  
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Figure 3: Oxidation of the free phenolic group of a coniferyl alcohol to a phenoxyl radical that is resonance 
stabilised. Radical coupling, creating typical carbon-carbon and carbon-oxygen lignin bonds eventually results in 
a softwood lignin polymer of which the lower part of the figure is a tentative model (with content of p-coumaryl 
alcohol). Printed with permission from Gunnar Henriksson.  
 
This biochemical reaction was biomimetically performed in the laboratory with iso-eugenol, 
similar in structure to coniferyl alcohol, and mushroom oxidase enzymes already 1908 
(Cousin and Herissey 1908). However, it is not certain that the enzymes directly oxidise the 
monolignols. A redox-shuttle mechanism where the enzyme oxidises manganese(II) to 
manganese(III), which in turn initiates radicals in lignin monomers, has been suggested as a 
possible route for the biosynthesis of lignin (Önnerud et al. 2002). It has also been 
demonstrated that transition metal salts of iron, cobalt, manganese and copper, may be used 
on its own as radical initiator (Landucci 1995; Landucci et al. 1995). These metal ions may 
also be possible to use in a technical process. In addition manganese(II) could be regenerated 
to manganese(III) by oxygen in a solution with a excess of citrate at pH 7-9 (Klewicki and 
Morgan 1998) and hence also work as a catalyst also without enzymes. 
 
However, there are many other possibilities of initiating radicals in free phenolic groups. 
Persulphate as well as hexacyano ferrate and ferric chloride have been demonstrated as 
potential coupling agents for phenols and lignocellulosic fibres (Allan et al. 1971). Less 
expensive and more environmentally friendly compounds could also be used like Fenton’s 
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reagents generating hydroxyl radicals reacting also with non-phenolic lignin (Ek et al. 1989). 
Radicals can also be initiated by physical means such as gamma irradiation (Seifert 1964), 
UV-irradiation (Brunow and Sivonen 1975), ultrasonic waves (Yoshioka et al. 2000) and 
corona discharges (Chen et al. 2004). It is, however, also possible to heavily degrade the 
lignin with some of these methods of initiating phenoxyl radicals.  
 
The same type of reactions that take place in nature when urushi and linseed oil are drying or 
when lignin is biosynthesised could be utilized also in lignin derivative systems. To enhance 
the radical coupling reactions it is then an advantage to have a high free phenolic content of 
the lignin derivative used. As lignin is degraded in kraft cooks the content of free phenolic 
groups increase both in the residual and in the black liquor lignin (Gellerstedt and Lindfors 
1984; Robert et al. 1984). By means of cross-flow filtration it has also been demonstrated that 
it is not only possible to receive a lignin with lower molecular weight but also a higher free 
phenolic content compared to the non-filtered black liquor lignin (Keyoumu et al. 2004). This 
is not surprising in view of the fact that lower molecular weight lignins have been shown to 
be higher in free phenolic content (Griggs et al. 1985).  
 
 
1.1.5 Use of lignin derivatives in papermaking 
 
There are more demands on the lignin derivatives than possessing ability to polymerise and to 
be hydrophobic if one aims at modifying paper properties towards a direction of more 
usefulness. It is necessary that the substance can be applied somewhere in the paper mill 
without getting problem with scaling, fouling, biological growth and large incensement of 
biological and chemical oxygen demands in waste water. Except changes of colour, smell and 
taste of the paper, of which the later two in particular are important for use in applications 
with different degrees of contact with food, there are many mechanical properties that should 
be taken into account.  
 
When considering lignin derivatives most of these demands can be reached for at least certain 
lignin derivatives. However, even if the colour of lignin derivatives can be very different, they 
will more or less change the colour and decrease the brightness of the paper. This is not 
always a problem; in production of testliner, pigments are sometimes added to give the 
impression of a brown quality board similar, with regards to mechanical properties, to 
kraftliner. Nevertheless the use of lignin derivatives as paper chemical should probably be 
limited to unbleached paper qualities such as test and kraftliner. However, about 25–30% of 
the world paper production is corrugated board material, i.e. fluting, testliner and kraftliner 
(FAO 1998).  
 
Paper often needs a complex mixture of good mechanical properties that all not necessarily 
are affected in the same direction when a chemical substance is added. One of the most 
critical parameters of kraftliner is the so called mechano-sorptive or accelerated creep. It was 
discovered in paper (corrugated board) by Byrd (Byrd 1972a) but, has been known in other 
materials such as concrete (Pickett 1942) and wool (Mackay and Downes 1959) for a longer 
period of time. When a load is applied on any type of paper during variations in relative 
humidity it will creep, deform, more than if the same load were to be applied at constant but 
high relative humidity as described by Figure 4. This is called mechano-sorptive creep. 
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Figure 4: When the same load (57% of critical stress) is applied on a paper (corrugated board) at cyclic relative 
humidity it will creep more and fail quicker than if the same load were to be put at constant but high relative 
humidity as the reprinted data from Byrd shows (Byrd 1972b).    
 
This means that a corrugated box stored in a container or storage with variations of relative 
humidity during days and nights will collapse faster than a box stored in storage at 90% 
relative humidity since a relationship between paper and box mechanical properties exist 
(Henriksson et al. 2007). 
 
Over the years some theories about the reasons behind this behaviour in paper have been put 
forward. One theory says that the humidity changes make the free volume of the amorphous 
polymers in the paper change and thereby the paper will become more sensitive to creep 
(Padanyi 1991). Another theory explains the phenomenon with moisture gradients in the z-
direction of the paper creating different stresses at different locations in this direction as 
illustrated in Figure 5 (Habeger and Coffin 2000).  

 
 

 
 

Figure 5: Illustration of one of the theories put forward to explain the mechano-sorptive creep in paper is based 
on the hypothesis that moisture gradients in paper result in a stress distribution in the z-direction of the paper. 
This can be illustrated by the following steps: a) the moisture is uniformly distributed and so is the stress, b) as 
the air becomes drier the moisture at the surfaces decreases and to obtain equal strain across the z-direction the 
stress at the surfaces will be higher c) when the moisture is uniform again the stress level will be equal d) as the 
air becomes more moisturised a lower level of stress will be obtained at the surface e) as equilibrium is reached 
the levels are uniform again (Habeger and Coffin 2000).  
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A third theory explains the mechano-sorptive creep with the stresses that are built up due to 
anisotropic hygroexpansion in fibre-fibre joints at changes in humidity (Alfthan et al. 2002) 
as illustrated in Figure 6. Hygroexpansion in the transverse direction of fibres is considerable 
higher than in the longitudinal direction.  
 
 

 
 
Figure 6:  Building up of stresses due to anisotropic hygroexpansion in fibre-fibre joints at changes in relative 
humidity is one of the theories explaining the mechano-sorptive creep effect in paper (Alfthan et al. 2002). 
 
Still it is not clear which of the theories or combinations of theories that best explain the 
mechano-sorptive effect. However, there are indications that certain treatments of pulp could 
reduce the mechano-sorptive creep in paper.  
 
It appears to be a connection between wet strength and mechano-sorptive creep. By increasing 
the wet strength of paper by cross-linking with multi-functional carboxylic acids or 
formaldehyde it has been reported that mechano-sorptive creep decreases (Caulfield 1994). 
BFSV Seal of Approval is a certificate frequently used by the corrugated board producers and 
buyers of high duty corrugated board that should be shipped overseas. One part of this 
certificate involves the testing of wet burst strength due to findings showing that corrugated 
boxes must be equipped with a wet strength liner to withstand the temperature changes and 
the differences in relative humidity that follow (Petzoldt 2003).  
 
Increasing the hydrophobicity of paper seems to lower mechano-sorptive creep; wax dipped 
paper that doubtless are more hydrophobic have been reported to creep less than untreated 
paper (Caulfield 1994). This implies that also the hydrophobicity of the material can be of 
importance for the mechano-sorptive creep.  
 
The wet strength of kraftliner has been reported to be increased by laccase and lignin model 
compounds (Lund and Felby 2001; Chandra et al. 2004) and hence increased wet strength in 
kraftliner can maybe also be possible to create by cross-flow filtrated black liquor lignin 
derivatives, with high free phenolic content, together with a radical initiator. A hydrophobic 
lignin derivative could also be added to the pulp. These treatments can possibly affect 
mechano-sorptive properties. 
 
 
1.2 Purpose of the work 
 
This thesis describes some efforts made to evaluate possible benefits on paper properties by 
using kraft lignin derivatives, originating from kraft pulping black liquor. The focus has been 
on trying to improve and better understand mechano-sorptive creep properties especially 
important for corrugated board materials such as kraftliner.  
 

Low RH% High RH% 

High stresses 
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2. Experimental 
 
This part is an overview of the material and methods used. The details concerning the 
experimental work are presented in papers I-III. 
 
2.1 Materials 
 
2.1.1 Black liquor 
 
Black liquor is a common name of the spent pulping liquor after kraft cooks. There are often 
large differences between industrial and laboratory liquors, for example industrial black liquor 
contains minor amounts of sulphate and carbonate as residues from the recovery and more 
degraded lignin due to several reuses of the black liquors in impregnations of chips to recover 
heat. There are also differences between different industrial black liquors due to different 
cooking strategies and variations in equipment as well as raw material. The black liquor used 
in this study originated from industrial cooking of softwood, almost exclusively Scots Pine, 
Pinus sylvestris and Norway Spruce, Picea abies. The liquor was kindly supplied from the 
Korsnäs pulp mill, Gävle, Sweden and withdrawn from a continuous cooking resulting in a 
pulp with kappa number 25, i.e. a lignin content of about 4%.  
 
2.1.2 Linseed oil 
 
Linseed oil is widely used for surface coating of wood. In this study a linseed oil with trade 
name Purolin was used and kindly supplied from Swedish Farmers Supply and Crop 
Marketing Organization, Sweden. A detailed description of this linseed oil variety can be 
found elsewhere (Stenberg et al. 2005) but the main difference of this linseed oil is a high 
content in linoleic acid, 74.2%, compared to conventional linseed oils, which normally are 
rich in linolenic acid. Linoleic acid is a fatty acid with two unsaturations whereas the linolenic 
acid possesses three unsaturations as seen in Figure 7.  
 

OH

O

OH

O

 
 

Figure 7: Linoleic acid to the left and linolenic acid to the right. 
 

This pattern of fatty acid in the oil results in a more even and complete drying when used in 
coating of wood (Stenberg et al. 2005).  
 
2.1.3 Kraftliner pulp 
 
An advantage when modifying pulp by means of oxidative radical coupling reactions is a high 
content of residual lignin and pulp manufactured with the kraft process possesses a high 
abundance of free phenolic groups in the residual lignin compared to native lignin (Gellerstedt 
and Lindfors 1984). Hence a kraftliner pulp with a Klason lignin content of about 12–13% 
was chosen for the study. It was kindly supplied from Smurfit Kappa Kraftliner, Piteå, 
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Sweden and was made of almost exclusively Scots Pine, Pinus sylvestris and Norway Spruce, 
Picea abies. The pulp was received never-dried and carefully washed with deionized water to 
conductivity below 10 µS cm–1. The washed pulp was Escher-Wyss beaten to about 30 M°SR 
(corresponding to about 16 °SR) before use.  
 
2.2 Methods 
 
2.2.1 Cross-flow filtration  
 
Cross-flow filtration is a pressure-driven membrane separation process operating according to 
the principle shown in Figure 8 (Coulson et al. 1999). Depending on the size of the materials 
that are possible to separate by the used membranes the filtration can be classified in 
microfiltration (>0.1µm), ultrafiltration (0.1µm-2nm), nanofiltration (<2nm) and reversed 
osmosis (selective movement of solvent molecules against its osmotic pressure difference) 
(Koros et al. 1996). 
 

 
 
Figure 8: The principle of cross-flow filtration. 
 
Membranes used for cross-flow filtration are most commonly made by polymeric materials 
such as polyamide, polysulphone and polycarbonate. However, membranes of inorganic 
oxides materials are also available from micro- down to nanofiltration. The advantage of the 
inorganic membranes is high stability at a wide range of pH and temperatures as well as 
increased resistance to fouling (Coulson et al. 1999).  
 
These membranes allow the use of cross-flow filtration on black liquor with high pH and if 
necessary high temperatures. The equipment used in this study consists of a mixing tank, a 
gear pump and a cross-flow filtration unit (Kerasep™ K01B Module) with a Kerasep™, ZrO2 
coated ceramic membrane from Orelis, France. The membrane cut-off was 1 kDa, the total 
filter area 816 cm2 and the total volume 0.76 dm3. The filtration was made at ambient 
temperature with a pressure drop over the membrane of about 1 bar and with recirculation of 
the retentate black liquor.  
 
2.2.2 Isolation of lignin from black liquor 
 
In black liquor free phenolic and carboxylic groups of the dissolved lignin are deprotonized. 
Even though it might be possible to extract some lignin from the liquor by less polar solvents 
such as dichloromethane or ethyl acetate this would yield very small amounts of lignin and 
would not be an industrially feasible method. Instead, precipitation of lignin by acidification 
of the black liquor and protonation of the lignin functional groups, followed by filtration, is a 
more efficient and industrial applicable way of isolating lignin. This can be done by carbon 
dioxide or different kind of mineral acids such as sulphuric acid (Rydholm 1965; Lin 1992) 
the latter used in this study. Both sulphuric acid and carbon dioxide result in residual liquor 
possible to regenerate in the recovery system.  
 

Permeate 

Permeate 
Retentate Feed flow 
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Due to the fact that the solubility of different kraft lignin molecules at a certain lignin 
concentration, pH and ionic strength are dependent on different pKa values of the functional 
groups (that are dependent on neighbouring substituents (Ragnar et al. 2000)), as well as size 
of the kraft lignin molecules, it is also possible to separate different fractions by stepwise 
precipitation of lignin between different pH-intervals (Lin 1992). This was partly applied in 
isolation of lignin derivatives in this study.  
 
To separate inorganic salts and other contaminantes from the precipitated kraft lignin a 
washing step can be conducted by making slurry of the precipitated lignin in diluted mineral 
acid (Lin 1992). Washing was performed on the stepwise precipitated lignins. 
 
2.2.3 Lignin characterisation methods 
 
A standard method to determine molecular weight distributions of polymers is size exclusion 
chromatography, SEC. In this study a system consisting of a Waters 515 HPLC-pump, three 
Ultrastyragel columns, with pore sizes of 10 nm, 50 nm and 100 nm respectively, and a 
Waters 2487 UV-detector measuring at 280 nm was used. Tetrahydrofuran, THF, was used as 
mobile phase and flow rate was 0.8 ml min–1. Linear polystyrene standards with molecular 
weights between 162 g mol–1 and 115 000 g mol–1 were used for calibration enabling the 
estimation of the molecular weights of the samples. 
 
The advantage with this SEC-system is its robustness and easiness to use but the drawbacks 
are that hydroxyl groups of lignin has to be acetylated before injections, that the absorptivity 
for kraft lignin molecules of different sizes not necessarily are the same and that the linear 
polystyrene standards are quite different in shape compared to the three dimensional network 
of the kraft lignin molecules. Hence the results of the molecular weight distribution of the 
lignin derivatives should be seen in relation to other lignin fractions rather than as precise 
values.  
 
However, there are many properties other than the molecular weight distribution that are 
important for the kraft lignin characteristics. Free phenolic content in the lignin is an 
important parameter. It affects the ability of lignin to crosslink by oxidative coupling reaction, 
as discussed earlier, as well as the ability to act as a radical scavenger in for instance plastics 
due to the fact that radicals usually are introduced on these groups in lignin.  
 
There are several methods for the determination of the abundance of this functional group. An 
easy and quick analysis of the free phenolic content can be done by UV-Vis spectroscopy 
using the fact that free phenols differ considerable in absorption in alkaline and neutral or 
acidic conditions (Aulin-Erdtman 1954; Goldschmid 1954). 
 
By dissolving lignin in 1:1 dioxane: 0.2 mol dm–3 sodium hydroxide solution and dilute it 
with a pH 6 buffer and a 0.2 mol dm–3 sodium hydroxide solution respectively, a difference 
spectrum can be measured by a double beam UV-Vis-spectrophotometer. Based on an 
empirical relationship between free phenolic content determined by aminolysis and the UV-
Vis method proposed by Gärtner et al (Gärtner et al. 1999), the content can be determined 
using Equation 1, where [ϕ-OH] is the free phenolic content in mmol g–1, A is the absorbance, 
c is the concentration and l is the length of the vial.   
 

[ ] { }
lc

AAOH
×

××+×=−
10.1070.250 350nm300nmϕ    (Eq. 1) 



 12

 
Although this is a rapid and easy method it is only applicable to typical phenolic structures in 
lignin and should not be used in highly modified lignins or lignins of very exotic origin 
(Gärtner et al. 1999). A more accurate way of determine the free phenolic content is 1H-, 13C- 
or 31P-NMR, nuclear magnetic resonance spectroscopy determinations. 
 
Carboxylic content is also an interesting functional group to characterise in lignin due to the 
fact that it also could be a site for chemical modification of lignin. The carboxylic content can 
be determined by NMR-methods or conductometric titration but also, as done in this work, 
easily semi-quantitative by means of Fourier-transform infra red, FT-IR, spectroscopy, as 
carbonyl groups have strong absorbance in the infra red region.  
 
2.2.4 Derivatisation and oxidative coupling 
 
In order to obtain a more hydrophobic lignin derivative, kraft lignin can be derivatised with, 
for instance, fatty acids or triglycerides by esterification resulting in structures similar to units 
in suberin. The free phenolic groups are not as strong nucleophiles when conjugated with 
carbonyl or unsaturated moieties in the propane side chain (Ishikawa et al. 1961) and hence 
less reactive in esterfications than carboxylic and aliphatic hydroxyl groups. However, 
aliphatic hydroxyl groups are not very abundant in kraft lignin, especially not with low 
molecular weight (Robert et al. 1984; Griggs et al. 1985) while carboxylic groups can be 
more abundant in fractions isolated at lower pH. Hence a kraft black liquor lignin isolated by 
precipitation between pH 5.0 and pH 3.0 was used together with linseed oil in acetone and 
with sulphuric acid catalyst to create a suberin-like lignin-derivative. The reaction was 
performed over a nitrogen-flow to avoid reactions with the unconjugated cis-unsaturations in 
the linseed oil, i.e. drying of it.  
 
The hydrophobicity of the suberin-like lignin derivative was measured by means of contact 
angle in a FIBRO DAT 1100 system, using water as liquid. Suberin-like lignin derivative, 
pH 3.0 lignin and linseed oil, respectively, were dissolved in acetone and applied on filter 
papers on which the contact angles were measured.  
 
An amination treatment of cross-flow filtrated lignin was conducted by nitration with a 
mixture of nitric and sulfuric acid followed by reduction with iron particles. This lignin was 
added to kraftliner pulp before sheet forming. 
 
There are a large number of possible radical initiating systems available. However, one 
laccase (EC 1.10.3.2) originating from Trametes pubescens, and a manganese(III) acetate-
citrate system were chosen. These systems were used to initiate radicals in lignin present both 
as residual lignin in fibres and as added kraft lignin isolated from cross-flow filtrated black 
liquor. 
 
2.2.5 Physical and mechanical evaluation methods  
 
Except for ISO and SCAN standard methods used to prepare Rapid Köthen sheets and 
evaluate properties as dry- and wet strength also non-standardised methods and/or apparatus 
have been used when standard methods/apparatus not have been available. Hygroexpansion 
was measured according to ISO 8226-1 using paper-strips with 15 mm width and a span of 
100 mm between the clamps. The measurements were performed with an instrument 
developed at STFI-Packforsk of which a schematic figure is presented in Figure 9.  
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Figure 9: Schematic figure of hygroexpansion measurement apparatus used. 
 
 
It consists of 30 rigid clamps and 30 freely movable clamps with a gap between the clamps of 
100 mm where 30 paper strips were placed independently in a horizontal position. A weight 
was placed upon the strips at length registration to eliminate any effects of buckling. These 
clamps were placed in a chamber with regulated humidity. Movement of the movable clamps 
was measured by laser reading and two reference points were used for calibration.  
For creep measurements at both constant humidity and variations in relative humidity an 
apparatus developed by Haraldsson and co-workers was used (Haraldsson et al. 1994). It 
allows measurements to be conducted with a load, both in tension and compression, during 
any period of time and with any humidity profile. The principle construction of the apparatus 
is schematically shown in Figure 10. The apparatus was placed in a climate chamber that can 
generate climates between 10%RH and 90%RH at 23°C.  
 
 
 
 

 
 
 
Figure 10: Schematic figure of creep apparatus used (Haraldsson et al. 1994). The function of the columns is to 
stabilize the test piece in compression mode measurements, hindering macroscopic buckling of the material. 
Strain gages measures the strain obtained between the clamps. 
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The test pieces used in the isocyclic creep, isochronous creep and hygroexpansion 
measurements were cycled without load between 50%RH and 90%RH at least four times 
prior to testing to release dried in stresses. For the isocyclic creep the strain values at a certain 
tensile stress were detected and the strain value reached after three humidity cycles of 7 h 
each, starting and ending at 50%RH and reaching up to 90%RH, was used to determine the 
isocyclic creep stiffness after three cycles, as schematically illustrated in Figure 11. 
 
 

 
 

 
Figure 11: Schematic illustration of how isocyclic creep stiffness can be determined from the measured data. 
 
Isochronous creep was determined by measurements of the strain value after 100 s with a 
certain applied stress at constant 90%RH and in the same manner as in the case of isocyclic 
creep stiffness; the value was plotted against the applied stress to determine the slope, i.e. the 
isochronous creep stiffness after 100 s.  
 
 
 
3. Results and Discussion 
 
3.1 Lignin fractionation and isolation 
 
In order to use a kraft lignin derivative, either to make a suberin-like lignin derivative or to 
enhance oxidative radical coupling reactions, it is important to have a suitable lignin material. 
In accordance with earlier studies (Keyoumu et al. 2004) it has been demonstrated that the 
molecular size and free phenolic content of the cross-flow-filtrated black liquor lignin 
fractions are lower and higher respectively compared to the non-filtered lignin. Additional the 
pH-fractionation of the nano-filtered lignin, giving fractions denoted pH 10.5, pH 9.0, pH 7.0, 
pH 5.0 and pH 3.0 lignin, resulted in even more specified properties as seen in Table 1. The 
pH 9.0 lignin may still after a dioxane:water carbohydrate removal stage contain some 
carbohydrates maybe linked to the lignin which would explain the higher molecular weight 
and lower free phenolic content of this fraction.  
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Table 1: Characteristics of the lignin fractions obtained by cross-flow filtration and pH-fractionation as well as 
of the non-fractionated lignin.  
 
 
lignin  Mw  free phenolic content fraction of total mass 
  mmol g–1 % 
    
pH 10.5 3 200 2.1 24 
pH 9.0 4 100 1.9 24 
pH 7.0 2 800 2.2 13 
pH 5.0 3 200  2.5 23 
pH 3.0 2 400 2.2 16 
    
cross-flow-filtrated 1kDa 2 700  2.1 - 
non-fractionated 52 000 1.7 - 
 
 
Especially the pH 3.0 fraction has a low average molecular weight. This fraction also has 
relative large amount of carboxylic acid groups as can be seen in IR-spectrum of the fractions, 
Figure 12. Consequently this fraction was chosen for the lignin derivatisation with the 
triglyceride. For the oxidative coupling reactions on the other hand further separation by pH-
fractionation was not applied. 
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Figure 12: FT-IR spectra of the lignin fractions; a) pH 3.0 b) pH 5.0 c) 1 kDa cross-flow-filtered d) pH 7.0 
e) pH 9.0 f) pH 10.5. The content of carboxylic groups at 1700 cm–1 is highest in the pH 3.0-lignin. All spectra 
are normalised to the same absorbance at 1590 cm–1 where the aryl carbon-hydrogen vibrations appear.  
 
 
 



 16

3.2 Suberin-like lignin derivative  
 
The synthesis done to demonstrate the possibility of creating a suberin-like lignin derivative 
indicates that esters between the carboxylic groups of the lignin and the glycerol hydroxyl 
groups of the linseed oil have been created. Figure 13 present a schematic description of the 
synthesis and tentative structures of how the components taking part in the reaction could be 
constituted.  
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Figure 13: A possible reaction between a tentative structure of the pH 3.0 lignin (structurally based on previous 
studies (Gierer and Lindeberg 1980)) and the linseed oil. 
 
 
When studying the FT-IR spectra in Figure 14, it is clear that functional groups from both the 
linseed oil and lignin are present in the product; aromatic rings 1590 cm–1 and aliphatic 
carbon 2925 cm–1. The exact structure of the link between the oil and the lignin is more 
difficult to asses since the wide carbonyl peak also contains peaks from the original 
compounds. Esters between phenols and fatty acids at 1760 cm–1 are only seen as a small 
shoulder on the ester peak of the aliphatic constituents at 1740 cm–1. Esters between aromatic 
carboxylic groups and diglycerides, monoglycerides and glycerol are present at 1700 cm–1 and 
could not be separated from peaks originating from the pure lignin. The FT-IR-spectra 
furthermore show that the peak at 3010 cm–1, representing carbon-hydrogen vibrations of the 
hydrogen atoms in the unconjugated cis-unsaturations remain after the reactions. This means 
that reactions between phenols and unconjugated cis-unsaturations, has not taken place to any 
significant extent.  
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Figure 14: FT-IR spectra of the lignin-linseed oil reaction product and the reactants; a) pH 3.0 lignin b) suberin-
like lignin-derivative c) linseed oil.  
 
Contact angle measurements were performed to evaluate the ability of the lignin derivative to 
act as a hydrophobic barrier on paper. The suberin-like lignin-derivative, the pH 3.0 lignin 
and the linseed oil, respectively, were applied on filter papers. By measuring the contact angle 
with water of these filter papers it was shown that the suberin-like lignin derivative has the 
ability to make paper surfaces hydrophobic. The contact angle of the paper with this 
compound was 120° while the contact angle for the filter paper treated with pH 3.0 lignin was 
not measurable after 10 min; all water was absorbed by the filter paper. The contact angle of 
the linseed oil paper showed about the same contact angle as the suberin-like lignin-derivative 
paper. 
 
 
3.3 Effect of treatments with lignin derivatives 
 
When the cross-flow filtrated lignin and the kraftliner pulp was treated with laccase the 
molecular weight of lignin increased significantly as seen in Table 2, indicating that radicals 
have been initiated and that the lignin molecules have coupled. 
 
Table 2: Molecular weight distribution of 1kDa lignin and acidolys isolated lignin from unbleached kraftliner 
pulp before and after laccase treatment. 
 

 1kDa lignin lignin isolated  from kraftliner pulp 
 untreated laccase untreated laccase 
Mw 3 000 13 500 11 300 35 600 
Mn 1 400 3 800 3 600 12 800 
Mw/Mn 2.2 3.6 3.2 2.8 
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c)
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By using the fact that laccase can initiate radicals in lignin and thereby couple lignin together, 
resulting in new bond between lignin molecules or monomers, one could create wet strength 
in lignin-rich papers as shown earlier (Lund and Felby 2001; Chandra et al. 2004). A problem 
with using enzyme commercially for lignin reactions has been that toxic and expensive 
mediators such as 2,2’ azinobis-(3-ethylbenzthiazoline-6-sulphonic acid), ABTS also need to 
be added (Rochefort et al. 2004). However, as seen by the results in Table 3 addition of cross-
flow filtrated lignin together with the laccase also gives a large effect on the wet strength. 
With the laccase ABTS system a somewhat larger effect on wet strength could be observed 
but also a decrease in dry strength.  
 
 
 
Table 3: Effect of laccase/1kDa lignin versus laccase/ABTS system on kraftliner properties.  
 

 dry tensile 
strength 

index  

wet tensile 
strength 

index  

  
wet 

strength  
 Nm/g Nm/g  % 
kraftliner reference  93 2.8  3.0 
+ 1kDa lignin 94 2.8  3.0 
+ laccase 96 4.5  4.7 
+ laccase +1kDa lignin 99 6.0  6.1 
+ laccase +ABTS 89 7.7  8.7 

 
 
 
As the cross-flow-filtered lignin was used together with manganese(III) to create covalent 
bonds in the kraftliner pulp sheets, the wet strength was also improved significantly to about 
5% of the dry strength as seen in Table 4. This may be seen as a proof of that oxidative radical 
coupling reactions have covalently bonded fibres together in the sheet. 

 
 
 

Table 4: Treatment of a kraftliner pulp with manganese(III) and cross-flow-filtrated lignin significantly improve 
wet strength compared to reference kraftliner pulp. The addition of suberin-like lignin-derivative does not 
change the wet strength but the dry strength is decreased. 

 
 

  

dry tensile 
strength 

index 

wet tensile 
strength 

index 
wet 

strength 
  Nm/g  Nm/g  % 
kraftliner reference  77  1.2  1.6 
manganese(III) + lignin 73  3.9  5.1 
suberin-like lignin derivative  57  1.0  1.8 

 
 
 
Wet strength is not increased to more than 5–6% of the dry-strength with neither of these 
systems even if the reaction time or concentration of radical initiator were increased. A paper 
with a wet strength above 10–15% of the dry-strength has been suggested to be considered a 
wet strength paper (Neal 1988) and hence these are no remarkable numbers. However, a 
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smaller increase in the wet strength may also be beneficial for the mechano-sorptive creep 
properties. At the same time may this treatment not be as problematic for the recycling of the 
paper as more heavily wet strengthening may be.  
 
When a suberin-like lignin derivative was added to the pulp the dry strength is lowered as 
seen in Table 4. That is, however, expected as hydrophobic compounds previously have been 
shown to possess such character (Brandal and Lindheim 1966). This is a disadvantage when 
comparing possible treatments and additives because the dry strength is also a parameter of 
great importance when producing corrugated boxes. If it affects the mechano-sorptive creep 
properties in a positive way it could, however, still be interesting. 
 
As aminated lignin is added in different amounts to the kraftliner pulp, the resulting sheets 
show significantly improving wet strength, as seen in Figure 15. The wet strength reaches 
10% of the dry strength value.  
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Figure 15: Addition of aminated lignin to a kraftliner pulp results in wet strength and a remaining dry strength. 
 
 
It could be expected that an increase in wet strength and hydrophobicity of papers also 
influence the mechano-sorptive creep properties in a positive direction. As this property is 
evaluated it can also be seen, even though variations are large, that all treatments with lignin 
derivatives seem to increase the isocyclic creep stiffness, reported in Table 5. However, only 
the pulp with addition of the suberin-like lignin-derivative has statistically higher isocyclic 
creep stiffness at a 90% confidence level.  
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Table 5: Isocyclic creep stiffness measured in tension after three humidity cycles between 50%RH and 90%RH. 

 

  
isocyclic creep stiffness 

(tension) 
confidence interval 

(90%) 
  kNm/g kNm/g 
kraftliner reference 0.89 0.08 
manganese(III) + lignin 0.91 0.09 
suberin-like lignin-derivative 1.08 0.10 
aminated lignin 0.97 0.08 

 
 
 
Even though the addition of the suberin-like lignin-derivative gives a sheet with lower tensile 
index, the creep in cyclic humidity is lowered. The mechanism behind this result is not 
obvious. One explanation can be that the uptake of water in the sheet is decreased by the 
addition of a hydrophobic compound and that this results in a decrease of the hygroexpansion 
as seen in Figure 16.  
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Figure 16: The hygroexpansion of the kraftliner pulp sheets with different treatments as the relative humidity 
was increased from 33%RH to 66%RH.  
 
 
Hence the strain at a certain stress level was lowered in the mechano-sorptive creep 
measurements as seen in Figure 17. The decrease in amplitude of the strain at different 
humidites when comparing wax-dipped paper with cross-linked as well as untreated pulp is 
also obvious in the work done by Caulfield (Caulfield 1994).  
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Figure 17: The lower curve amplitude for the suberin-like lignin-derivative treated pulp sheets compared to the 
other pulp sheets at comparable stresses. This may be caused by a lower water uptake at higher humidities. 

 
 

 
However, when comparing the isochronous creep measured at 90%RH of the reference pulp 
and the suberin-like lignin-derivative pulp it shows that the strain is higher for the suberin-like 
lignin-derivative treated pulp at the same stress level as seen in Figure 18.  
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Figure 18: Isochronous creep after 100 s preformed at 90%RH of the reference kraftliner and the suberin treated 
pulp sheet. 
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This means that if a paper with higher hygroexpansion is put under load in an environment of 
changing relative humidity the effect of hygroexpansion will be exaggerated, all in 
accordance with the theories by Alftan et al (2002) as well as Habeger and Coffin (2000). 
This will then play an important role for the mechano-sorptive creep while at constant 
humidity the hygroexpansion naturally have no effect on the creep but only the well known 
fact that hydrophobic compounds lower the tensile strength, found by e.g. Brandal and 
Lindheim (1966), will be observable.  
 
From the data presented it could be suspected that the implications in literature that wet 
strength and mechano-sorptive creep are related could have some legitimacy. As the isocyclic 
creep stiffness of the reference kraftliner, the manganese(III) treated kraftliner and the 
kraftliner with addition of aminated lignin is plotted against the wet strength of these pulps a 
correlation between wet strength and isocyclic creep stiffness is obtained as seen in Figure 19.  
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Figure 19: Correlation between isocyclic creep stiffness and wet strength for the kraftliner pulp reference, the 
kraftliner with manganese(III) treatment and with the addition of aminated lignin. 
 
 
The possible mechanism described for the hydrophobic suberin-like lignin-derivative i.e. a 
decrease of the hygroexpansion, seen in Figure 16, is obviously not the mechanism for the 
decreased mechano-sorptive creep in the papers treated to achieve wet strength. The question 
is, how can the wet strength and mechano-sorptive creep stiffness be related. The 
hygroexpansion is not very much altered but still the deformation registered in measurements 
of mechano-sorptive creep effect is less for a pulp sheet with wet strength. This indicates that 
sheets with wet strength have fibre joints less sensible to the combined action of 
hygroexpansion and loading. If this action would result in flowing of the fibre joints as free 
volume of amorphous polymers are changing, non-covalent inter-fibre bonds could be re-
conformed at changes in relative humidity levels. A decreased hygroexpansion or increased 
number of covalent bonds, making the re-conformation of fibre-fibre joints at changing 
humidities less feasible, would hence be mechanisms for lowering the mechano-sorptive 
creep.  
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4. Conclusions 
 
It has been confirmed that it is possible to fractionate black liquor kraft lignin with 
industrially applicable methods, i.e. cross-flow filtration with ceramic membranes and pH-
fractionation, into different fractions with diversity in size and content of functional groups. 
Furthermore, it has been demonstrated that it is possible to make a suberin-like lignin 
derivative with one of the fractions and that this derivative could give paper a more 
hydrophobic character. Addition of this lignin derivative to a kraftliner pulp also results in 
lower hygroexpansion of the treated pulp sheets.  
 
Kraft lignin precipitated from cross-flow filtrated black liquor has also been shown to act as a 
booster in biochemical oxidative coupling reactions. Hence, it has a potential to substitute the 
use of more expensive and toxic mediators. This makes it possible to industrially use 
biochemical oxidative coupling reactions and obtain, with regards to systems including 
mediators, comparable degree of covalent bonds and wet strength in lignin rich papers.  
 
The lignin derivatives resulting in increased wet strength in lignin rich papers seem also to 
increase the mechano-sorptive creep performance measured as isocyclic creep stiffness in 
tension after three humidity cycles. Additionally, when the hydrophobic suberin-like lignin 
derivative is added to the pulp, a significant increase of isocyclic creep stiffness is observed 
even though the tensile strength and isochronous creep stiffness at constant humidities are 
decreased.  
 
A decreased hygroexpansion or increased number of covalent bonds between fibres are 
possible mechanisms lowering the mechano-sorptive creep. 
 
 
5. Future work 
 
It has been demonstrated that lignin derivatives can lower the mechano-sorptive creep in 
kraftliner pulp sheets. However, to accomplish larger effects also other possibilities have to be 
considered as well. Hygroexpansion seems important for mechano-sorptive creep according to 
the results in this thesis and some of the theories trying to explain it.  
 
Hence a closer evaluation of the relation between lignin content and mechano-sorptive creep 
as well as hygroexpansion would be interesting. Furthermore, there have been suggestions in 
the literature that hygroexpansion is linked to fibre morphological factors such as fibre width 
and fibre length. Therefore it would be motivated also to examine if this could have a large 
impact on the mechano-sorptive creep.  
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