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ABSTRACT 
 

The forest is a large and important natural resource in Sweden, and 

approximately 70% of the country’s land area is woodland. Wood is an excellent 

raw material for the replacement of oil-based products because it is renewable, 

biodegradable and carbon neutral. Furthermore, the forest industry is searching 

for new processes and methods to utilise by-product streams in a so-called 

integrated biorefinery. A key to the success of producing new products from 

wood could be pure and homogenous raw materials. Because wood contains a 

large variety of components with different characteristics and sizes, cross-flow 

filtration (CFF) will be a key separation technique to obtain homogenous and 

pure raw materials in the biorefinery concept. 

Different wood material components have been studied in this thesis. The first 

part of this work focuses on kraft lignin. Kraft lignin is interesting because 

approximately 3.5-4 million metric tonnes are produced in Sweden annually (~7 

million tonnes of kraft pulp/year in 2012), and today it is mainly used as fuel. The 

second part of this thesis deals with materials in hot water extract (i.e., 

galactoglucomannan, but also other components). These extracted materials are 

interesting because similar materials are extracted in thermomechanical pulping 

process by-product streams. Finally, nanocellulose has been studied since it is an 

interesting raw material for future applications. 

 Through CFF, kraft lignin from black liquor has been fractionated into raw 

material samples with more homogeneous characteristics such as molecular 

weight, aromatic hydroxyl groups and thermal properties. From dynamic 

mechanical analysis, low molecular weight fractions were found to have the 

highest degree softening. To precipitate low molecular weight fractions (<1000 Da 

cut-off) into a convenient solid, lower temperatures than for high molecular 

weight fractions were needed. To produce low molecular weight lignin (<5000 Da 

cut-off) from re-dissolved LignoBoost lignin, lower lignin concentrations and 

higher pH and ionic strength were found to increase the permeate flux at the 

tested conditions. 

Nanocellulose has been produced by a novel process called nanopulping and 

has subsequently been size fractionated by CFF to obtain more homogenous 

nanocellulose.  

CFF and adsorption chromatography can be used to isolate dissolved wood 

components, yielding several upgraded products: lignin, lignin-carbohydrate 

complexes, and galactoglucomannan. 



 

SAMMANFATTNING 
 

Skogen är en viktig naturtillgång för Sverige och omkring 70% av Sveriges 

landarea består av skog. Då ved är ett förnybart, biologiskt nedbrytbart och 

koldioxidneutralt material skulle det kunna vara ett utmärkt råmaterial för att 

ersätta oljebaserade produkter. Samtidigt söker skogsindustrin nya processer och 

metoder för att utnyttja biprodukter från ved i så kallade integrerade 

bioraffinaderier. En nyckel till framgång, för att ta fram nya förädlade 

slutprodukter av ved, kan vara användandet av rena och homogena 

vedkomponenter. Eftersom ved innehåller en stor variation av komponenter med 

olika egenskaper och storlekar kan tvärströmsfiltrering (CFF) därmed vara en 

viktig separationsteknik för att erhålla homogena och rena råmaterial i 

bioraffinaderi-konceptet. 

I denna avhandling har olika materialkomponenter från ved studerats. Den 

första delen av arbetet behandlar sulfatlignin. Sulfatlignin är intressant då det 

produceras cirka 3.5-4 miljoner ton sulfatlignin årligen i Sverige (baserat på ~ 7 

miljoner ton sulfatmassa/år 2012), och i dag används sulfatligninet främst som 

bränsle. Den andra delen av denna avhandling handlar om vedmaterial från 

varmvatten-extrakt (dvs. främst hemicellulosan galaktoglukomannan men även 

andra komponenter). Dessa extraherade vedkomponenter är intressanta då 

liknande material extraheras som biprodukter i den termomekaniska 

massatillverkningen. Slutligen har nanocellulosa studerats då råmaterialet har 

intressanta egenskaper för framtida material. 

I det praktiska arbetet har CFF använts för att fraktionera sulfatlignin från 

svartlut till homogenare råmaterial med lägre molekylviktsfördelning, vilket 

resulterade i enhetligare mängder av aromatiska hydroxylgrupper samt 

homogenare termiska egenskaper. Dessutom uppvisade lågmolekylära 

ligninfraktioner de lägsta glastransitionstemperaturerna, som lägst 70°C. För att 

fälla lågmolekylära ligninfraktioner (<1000 Da cut-off) till en hanterbar lignin-

suspension, krävdes lägre temperaturer än för de högmolekylära fraktionerna. 

Vid produktion av lågmolekylärt sulfatlignin (<5000 Da cut-off) från återupplöst 

LignoBoost lignin, gynnades permeatfluxet av lägre ligninkoncentrationer, högre 

pH och jonstyrka vid de testade förhållandena. 

Nanocellulosa har tagits fram av en ny process som kallas nanopulping, och 

därefter storleksfraktioneras med CFF för att erhålla homogenare nanocellulosa. 

CFF och adsorptionskromatografi har använts för att isolera upplösta 

träkomponenter i flera uppgraderade produkter: lignin, lignin-kolhydratkomplex 

och galaktoglukomannan.  
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1.  INTRODUCTION 

1.1 BACKGROUND 

The forest industry is one of the largest industries in Sweden and contributes a 

large portion of Sweden’s export income (Skogsindustrin 2012). Today, however, 

the pulp and paper industry face challenges due to competition from fast-growing 

trees, digital reading and industrial investments in competing cost-effective 

countries. For the Swedish forest industry to remain one of the largest, it is 

necessary to be at the forefront in regard to new processes and products from 

wood. Therefore, much research has been focused on converting the forest 

industry’s by-product streams into new products of high value in a so-called 

integrated biorefinery and also on finding new processes for wood components. 

For example, in the pulping process, some liquid process streams contain 

extracted wood components as by-products, which are not being used to generate 

high value application products. Intensive research has been performed on 

thermomechanical process waters that mainly contain galactoglucomannan 

(Willför et al. 2008) and black liquor (Antonsson 2008, Norberg et al. 2012). 

Although promising, they have not yet reached industrial levels for high value 

application products. A common feature of these process streams is that they 

contain inhomogeneous wood components (i.e., different components, 

characteristics and sizes), and this inhomogeneity may limit opportunities to 

create new high value application materials. Separation of these process streams 
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into more homogenous and pure fractions could increase the opportunities for raw 

materials with different properties to be used in new materials or for chemical 

modifications (Stewart 2008).  

 

1.2 CROSS-FLOW FILTRATION 

Cross-flow filtration (CFF) is a dynamic filtration technique that can separate 

particles and molecules in liquids having different sizes and forms. In the 

separation, a semipermeable membrane is used. Depending on the pore size of the 

membrane (cut-off) the process is divided into different levels of filtration: 

microfiltration, ultrafiltration, nanofiltration, and reverse osmosis (see Figure 1). 

 

 

Figure 1. Adapted from Nordin (2008). Different levels of filtration. Pore sizes given in 

µm and nm are rough values (Ripperger et al. 2009). 

 

In CFF, the liquid sample (i.e., the feed) flows parallel to the filter media. By 

introducing a transmembrane pressure (TMP) across the membrane, the liquid is 

forced towards the membrane, and materials smaller than the membrane’s pores 

will pass through the membrane as a permeate (see Figure 2). The velocity of the 

cross-flow, parallel to the filter media, is relatively high, and the flow is turbulent, 

creating dynamic mechanisms that reduce the build-up of particles and molecules 

Bacteria   Protein  Polysaccharide  Salt     Water  

> 0.1 µm 

10-100 nm 

> 1 nm 

< 1 nm 

Microfiltration 

Ultrafiltration  

Nanofiltration 

Reverse osmosis 
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on the membrane surface. However, there will be an increased concentration of 

material closer to the membrane surface due to the retained particles; this 

phenomenon is called concentration polarisation. 

 

 

 

 

 

 

Figure 2. Illustration of a filtration unit (left picture) and a cross-section of a tubular 

membrane separation (right picture). 

 

The TMP is the driving force for separation (see Equation 1), where Pf is the feed 

pressure, Pr is the retentate pressure and Pp is the permeate pressure. 

 

Equation 1: 

    (
     

 
)     

 

The flow velocity though the membrane is defined by Equation 2, where v is the 

flow velocity in m/s, Q is the feed flow in m
3
/s, and A is the membrane area in m

2
. 

 

Equation 2: 

  
 

 
 

 

The filtration volume reduction and volume reduction factor can be calculated 

using Equation 3 and Equation 4, respectively. Where VR is the volume reduction, 

Membrane 
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(filtrate) 
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VRF is the volume reduction factor, Vp is the volume of the permeate, Vif is the 

initial feed volume, and Vr is the volume of the retentate. 

 

Equation 3: 

   
  
   

 

 

Equation 4: 

    
   

  
 

 

The rejection coefficient is a measure of how efficient the separation between the 

material in the feed is versus the material in the permeate (see Equation 5), where 

R is the rejection coefficient, cp is the concentration in the permeate, and cf is the 

concentration in the feed. 

 

Equation 5: 

    
  

  
 

 

The permate flux can be calculated according to Equation 6, here J is the flux, Vp 

is the volume of the permeate, h is the filtration time in hour, and m2 is the area of 

the membrane. 

 

Equation 6: 

  
  
    

 

 



 Introduction 

 

 

5 

1.3 KRAFT BLACK LIQUOR 

In the kraft process (also known as kraft pulping or sulphate process), wood chips 

are digested in an alkaline cooking liquor called white liquor, which contains the 

cooking chemicals sulphide ions and hydroxide ions. The chemicals in white 

liquor dissolve wood components at pH > 13 and temperatures between 150 and 

170°C (in the so called primary separation). From the digester, a mixture of 

liberated cellulose fibres and a liquor containing the dissolved wood components 

and spent cooing chemicals (weak black liquor) are obtained. In weak black 

liquor (i.e., before the evaporators) the dry content is approximately 15-20% 

(Theliander 2009). The main component degraded and dissolved into black liquor 

is lignin, which represents approximately 30-45% of the dry material. Other 

materials in black liquor are degraded carbohydrate acids (25-35% hydroxyl 

acids, 5% acetic acid and 3% formic acid), 3-5% extractives (fatty acids and 

resins), hemicellulose, 3-5% sulphur, and 17-20% sodium. The inorganics in 

black liquor are sodium hydroxide (NaOH), sodium sulphide (Na2S), sodium 

carbonate (Na2CO3), sodium sulphate (Na2SO4), sodium thiosulphate (Na2S2O3), 

and sodium chloride (NaCl) (Grace 1989). Other elements are present in small 

amounts (< 0.1%), for example, magnesium (Mg), manganese (Mn), aluminium 

(Al), silicon (Si), iron (Fe), and phosphorus (P) (Theliander 2009). Lignin is a 

macromolecule that is fragmented and extracted from wood chips during the 

pulping process. Hence, the lignin found in black liquor has a broad molecular-

weight distribution, as for example reported by Mörck et al. (1986). The chemical 

composition in the fractions is also inhomogeneous; it has previously been shown 

that high molecular weight lignin contains increased amounts of aliphatic groups, 

while low molecular weight lignins contain an increased amount of phenolic 

hydroxyl groups (Wada et al. 1962). Today, approximately 3.5-4 million metric 

tonnes of non-homogenous lignin is being produced each year by the kraft 
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pulping process in Sweden, from ~7 million tonnes kraft pulp/year 

(Skogsindustrin 2012). This lignin is mainly burned, generating heat, in the 

process of recovering pulping chemicals in the recovery boiler. A modern pulp 

mill, however, has an energy surplus. Furthermore, in many cases, the recovery 

boilers are the so called bottleneck. Consequently, by extracting a part of the 

lignin, it is possible to de-bottleneck the recovery boiler, resulting in a pulp 

production increase and, at the same time, obtaining a new product, the lignin, 

from the kraft process. 

1.4 EXTRACTION/PRODUCTION OF KRAFT LIGNIN 

To extract lignin from black liquor, the solubility of lignin molecules can be 

utilised. Because the pH of kraft liquors is ~13-14, the phenolic hydroxyl groups 

in these liquors are almost completely deprotonated. By lowering the pH of the 

black liquor with acid, the phenolic hydroxyl groups in lignin can be protonated 

(Alén et al. 1979, Passinen 1968). The level of protonation depends on the pKa of 

the lignin structures. Softwood lignin mainly consists of coniferyl alcohol. The 

pKa value of coniferyl alcohol at room temperature is approximately 10.2 

(Norgren and Lindström 2000). There are also some carboxylic groups with lower 

pKa values (Ragnar et al. 2000); however, the carboxylic acids are often in small 

amounts (Granata and Argyropoulos 1995, Norgren and Lindström 2000). 

Furthermore, lignin will coagulate depending on the conditions (Sundin 2000). 

The pKa depends mainly on the temperature and ionic strength (Ragnar et al. 

2000) and on the molecular weight (Norgren and Lindström 2000). The dry 

content of black liquor also influences the efficiency of precipitation (Alén et al. 

1979 and 1985, Lin 1992). 

 

In 1872, Tessié du Motay patented a method in which carbon dioxide was 

injected into hot liquors obtained by boiling woody fibre, also known as spent 
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liquor from the soda process. The aim of this method was to precipitate 

“impurities” and consequently obtain a pure liquor that could be recaustified and 

reused (Tessié du Motay 1872). Other researchers have also studied the use of 

carbon dioxide to precipitate material from black liquors (Rinman 1911, Scott 

1940, Reboulet 1941, Tomlinson and Tomlinson Jr. 1946 and 1948, Pollak et al. 

1949). In 1910, William J. Hough patented a method in which lignin and resin 

were precipitated by acidification of spent liquors from the alkaline pulping 

process using an acid, such as sulphuric acid. To improve the dead-end filtration 

(i.e., cake filtration, a filtration process were liquid passes through the membrane 

and the particles retained building up a filter cake), the precipitated solution was 

filtered at a high temperature (Hough 1910). 

 

A problem that was recently solved by the LignoBoost process is the 

displacement washing of precipitated lignin to obtain a purified lignin without 

plugging the filter cake or incurring large material losses. After precipitation, the 

material is filtered and the filter cake is re-dispersed at a low pH (2-4). The 

suspension that is formed can then be easily re-filtered and displacement washed 

(Öhman and Theliander 2006, Öhman et al. 2007). The products of this process 

are lignin-lean black liquor that is returned to the pulping process and highly pure 

lignin that can be used for alternative applications. For example, lignin with 0.2-

1% ash content and 1.5-2.8% carbohydrates can be produced by this process using 

softwood lignin (Tomani 2013, Öhman et al. 2007), a chemical structure 

characterization has also been reported (Nagy et al. 2010). The LignoBoost 

process has been a great success with regard to potentially decreasing the load on 

recovery boilers, which, as previously mentioned, are usually bottlenecks in the 

kraft pulping process. The LignoBoost process is, however, quite new, and no 

publications to date have reported any industrial established high value 

applications.  
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Another method for the extraction of kraft lignin from black liquor, referred to as 

“liquid lignin”, has been developed (Lake and Blackburn 2011). In this technique, 

a phase separation occurs, and decantation is used instead of filtration (Velez and 

Thies 2013). Lignin extracted with this process is reported to have an ash content 

of approximately 1-2% (Velez and Thies 2013) and a carbohydrate content of 

approximately 3%. 

 

1.5 FRACTIONATION OF KRAFT BLACK LIQUOR AND 

KRAFT LIGNIN 

Over the years, different techniques have been used to fractionate lignin, 

including acidification (Wada et al. 1962), Soxhlet extraction (Lindberg et al. 

1964), gel permeation chromatography (Mörck et al. 1982), organic solvents 

(Mörck et al. 1986, Yoshida et al. 1987) and ultrafiltration (Lin and Detroit 1981). 

Cross-flow ultrafiltration of kraft black liquor was studied in the mid-1980s, and 

various parameters were adjusted in an attempt to optimise the filtration for 

concentration and purification of high molecular weight lignin (Woerner and 

McCarthy 1984). Several studies have examined the fractionation of softwood 

black liquor using ultrafiltration (Forss and Fuhrmann 1976, Woerner and 

McCarthy 1984, Griggs et al. 1985, Alén et al. 1986, Drouin and Desrochers 

1988, Uloth and Wearing 1989, Wallberg et al. 2003, Keyoumu et al. 2004, Rojas 

et al. 2006, Brodin et al. 2009). 

 

It has been demonstrated that when lignin is fractionated from kraft black liquor 

by precipitation or filtration, the phenolic hydroxyl contents are increased at lower 

molecular weights (Wada et al. 1962, Griggs et al. 1985, Lin 1992). These 

phenolic structures have interesting properties that could be used in various 
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applications, for example they are possible sites for modification and can be used 

as an antioxidant (Weber and Weber 2010, Pouteau 2003). A few studies have 

examined the possibility of separating lignin from the 1000 Da fraction of kraft 

black liquor by filtration (Keyoumu et al. 2004, Rojas et al. 2006, Elegir et al. 

2007, Antonsson et al. 2008, Niemi et al. 2011). Some researchers have focused 

on utilising the higher content of phenolic hydroxyl groups in low molecular 

weight lignin to produce new materials (Antonsson et al. 2008); however, a 

convenient method for extracting the low molecular weight lignin is yet to be 

found. 

 

Little has been reported on CFF of extracted and re-dissolved kraft lignin, 

although a systematic study could lead to better process understanding and 

facilitate further process improvements. Woerner and McCarthy (1987) reported 

studies on filtration of re-dissolved Indulin AT. As mentioned previously, the 

novel LignoBoost method has gained commercial status for extracting lignin from 

black liquor. The molecular size distribution of this extracted lignin is, however, 

rather broad, which is possibly a drawback for certain applications (Stewart 2008, 

Vishtal and Kraslawski 2011). Hence, it could be of interest to enhance the 

properties of LignoBoost lignin via membrane fractionation to obtain a more 

homogeneous lignin. 

 

There have been investigations that attempt to use unfractionated and fractionated 

lignin for the production of carbon fibres (Kadla et al. 2002, Braun et al. 2005, 

Kubo et al. 2005, Norberg et al. 2012) and investigations into the functional 

groups and thermal properties of lignin (Rojas et al. 2006, Brodin et al. 2009, 

Toledano et al. 2010), but a convenient method that could predict spinning 

properties a priori has not been established. For lignin-derived products that will 

be processed at elevated temperatures, it could be advantageous to alter the 
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thermal properties of kraft lignin to achieve the desired performance. By 

combining an industrially feasible technique such as CFF with kraft lignin, a 

systematic study on the behaviour of fractionated kraft lignin for the production of 

materials with tailored thermomechanical properties would be of interest. 

 

1.6 NANOCELLULOSE 

Cellulose is interesting as a sustainable material due to its good mechanical 

properties, biodegradability and renewable origin. The traditional ways to utilise 

cellulose have been as “fibres”, that is more or less intact cell walls with lengths 

from approximately 0.5 mm to several centimetres, in e.g. paper and textiles. 

During the last few decades, however, there has been interest in producing and 

using cellulose as nanosized fibres. This nanocellulose is interesting due to its 

high surface to volume ratio, light-weight and high specific strength and can be 

useable in, composites, foams and films (Eichhorn et al. 2010). Nanocellulose has 

been divided into three types: microfibrillated cellulose (MFC), nanocrystalline 

cellulose (NCC), and bacterial nanocellulose (BNC). MFC and NCC  reported 

with average diameters of 5-60 nm and 5-60 nm, respectively, and lengths of 

several micrometres and 100-250 nm (from plant), respectively (Klemm et al. 

2011). However, today other abbreviations are commonly used. Over the past ~10 

years the numbers of articles and patents concerning nanofibrillar cellulose have 

increased (Siró and Plackett 2010).  

 

1.7 PRODUCTION OF NANOCELLULOSE 

In the beginning of the 1980s, the first work on MFC from wood was published 

(Herrick et al. 1983, Turbak et al. 1983), and in 1982 and 1983, patents were 
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issued (U.S. 4,341,807, U.S. 4,374,702, U.S. 4,378,381). These works involved a 

method wherein pulp was treated in several passes through a homogeniser with a 

high pressure drop (Herrick et al. 1983, Turbak et al. 1983). Since then, other 

mechanical treatments have been investigated. Super-grinding is a method in 

which natural fibres pass through a specially designed grinder in cycles to 

produce nanocellulose (Taniguchi and Okamura 1998). Grinding was also used in 

a study by Abe et al. (2007), where nanocellulose was produced from chemically 

treated wood powder. Grinding has also been used after homogenisation to 

produce nanocellulose from kraft pulp fibres (Iwamoto et al. 2005). By refining 

kraft pulp to different degrees before homogenisation, Nakagaito et al. (2004) 

showed that nanocellulose with different properties can be created. In 2004, 

Zimmerman et al. reported the use of a microfluidizer for the microfibrillation of 

sulphite pulp. Cryocrushing was a method developed in 2005 by Chakraborty et 

al., in which wood pulp was refined and placed in liquid nitrogen and then 

crushed with a mortar. Beads have also been used to fibrillate cellulose particles 

(Ishikawa and Ide 1993). Similarly, another apparatus with spherical elements 

was addressed for the production of nanocellulose (Curtolo and Eksteen 2006). 

Furthermore, ultrasonic treatment of natural fibres in water produces 

nanocellulose, according to Zhao et al. (2007). In 2011, Chen et al. chemically 

treated sieved wood powder before ultrasonication and obtained cellulose 

nanofibres of 5-20 nm in width. 

 

1.8 ENERGY-EFFICIENT METODS FOR NANOCELLULOSE 

The challenge with producing nanocellulose commercially has been the high 

energy demand to obtain a homogenous product. The energy input needed to 

produce nanocellulose can be between 20000 and 30000 kWh/tonne (Siró and 
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Plackett 2010). Different attempts have been made to reduce the energy required 

for nanocellulose production.  

 

Various pretreatments have been tested, such as oxidation and enzymatic 

treatments (Saito et al. 2006, Henriksson et al. 2007, Pääkkö et al. 2007). In 2006, 

Saito et al. reported a new way to produce nanocellulose using 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) radical oxidation on never-dried cellulose 

(i.e., produced cellulose pulp that is never dried after production). By introducing 

a negative charge on the cellulose, swelling of the cellulose was increased and it 

was possible to produce nanocellulose by mechanical treatment. In 2007, 

Henriksson et al. showed that enzymatic pre-treatment with endoglucanase 

enhanced the separation of nanofibrills produced by mechanical treatment. 

Compared to acid hydrolysis as a pretreatment, enzymatic hydrolysis resulted in a 

higher nanocellulose aspect ratio. Enzymatic pretreatment to produce 

nanocellulose was also performed by Pääkkö et al. (2007). By the use of sulphite 

and dissolving pulp with different pretreatments prior to homogenisation in a 

microfluidizer, Ankerfors and Lindström produced nanocellulose with an energy 

demand of 500-2300 kWh/tonne (Ankerfors 2012), which is approximately 

tenfold lower than other nanocellulose production methods (as suggested by Siró 

and Plackett 2010). 

 

Although repeated homogenisation produces a relatively homogeneous 

nanocellulose, other more energy efficient nanocellulose preparation methods 

might produce homogeneous material. Recently, Madani et al. (2011) presented a 

study where nanocellulose was separated into different fractions using a 

hydrocyclone, pressurised screening or centrifugation in a fluid. Researchers have 

attempted different ways of producing low-cost homogenous nanocellulose, but 
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further technical progress to increase the numbers of methods available to 

produce nanocellulose would be interesting. 

 

1.9 HOT WATER EXTRACT FROM SOFTWOOD 

Hot water treatment of wood chips or sawdust dissolves different wood 

components, especially hemicelluloses, into water. The degree of hemicellulose 

dissolution is higher at higher temperatures. Acetyl groups are easily cleaved off 

at these conditions, forming acetic acid in the extract and consequently lowering 

the liquid pH to 3-4 (Brasch and Free 1965). These acidic conditions cause 

hemicellulose degradation by autohydrolysis. Hence, degraded hemicelluloses can 

be found in thermomechanical pulping process liquids, prehydrolysis liquids and 

steam explosion extracts. These soluble hemicelluloses are considered a by-

product in the thermomechanical process liquid and could be used for high value 

application products, such as hydrogels (Lindblad et al. 2001) or gas barrier films 

(Hartman et al. 2006a,b). Applications for such hemicelluloses are also for the 

production of bioethanol (Ragauskas et al. 2006). 

 

The main hemicellulose in softwood is galactoglucomannan (GGM), which 

constitutes approximately 15-20% of softwood (Teleman 2009). With softwood 

as the feedstock, the main component dissolved during hot water extraction is 

GGM, and approximately 10% of GGM has been shown to be soluble in 

thermomechanical pulping liquid (Thoron et al. 1994); the high solubility of 

GGM is attributed to the high degree of acetylation and its comparatively low 

molar mass (Hartman et al. 2006b). Other hemicelluloses and lignin, are also 

degraded and dissolved to a lower degree. Under low pH conditions pseudo-lignin 

might be formed and affect the Klason lignin values (Sannigrahi et al. 2011). 

Persson et al. (2010) reported the following amounts of wood components from a 
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liquid stream in the thermomechanical process; 11 kg hemicellulose and 8 kg of 

aromatic compounds (values per tonne of produced pulp). 

 

1.10 FRACTIONATION OF HOT WATER EXTRACT FROM 

SOFTWOOD 

There have been several studies on the isolation of hemicellulose from 

thermomechanical process liquids and hot water extracts of softwood. Person et 

al. (2010) and Andersson et al. (2007) studied the use of filtration to fractionate 

hemicellulose in thermomechanical process liquids, resulting in a maximum 

hemicellulose purity of approximately 80%. Willför et al. (2003) separated 

different components present in thermomechanical pulping process liquids by 

ultrafiltration and resin adsorption, resulting in a GGM with 95% purity. Song et 

al. studied extraction of GGM by pressurised hot water extraction (2008). 

However, little work has been reported regarding the combination of membrane 

filtration and two-step chromatography for the isolation of all dissolved wood 

components in upgraded fractions that consist of lignin, lignin-carbohydrate 

complexes (LCC) (i.e., molecules containing both lignin and carbohydrate), and 

GGM. 
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2.  AIM OF INVESTIGATION 

The objective of this thesis followed the main goal of the Wallenberg Wood 

Science Center and its subdivision “From Wood Chips to Material Components”, 

which this work was a part of. The aim of this thesis is to find and study new 

interesting raw materials and processes from softwood through the use of cross-

flow filtration (CFF). 

 

The focus on the utilisation of CFF to produce more homogenous raw materials is 

essential because this technique could be critical for the production of high value 

applications from wood components. 

 

Lignin from existing processes, black liquor and re-dissolved LignoBoost lignin, 

have been studied for potential CFF fractionation to produce products with 

specific properties. Nanocellulose and hemicellulose have also been used in 

combination with cross-flow filtration for the production of more homogenous 

raw materials 
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3.  EXPERIMENTAL 

Detailed descriptions of the experimental methods are given in the related papers. 

3.1 MATERIALS 

 Black liquor 

In papers I and II, industrial weak black liquor (pH >13, dry content ~17 %) from 

kraft pulping of softwood was generously supplied by the Billerud Gruvön pulp 

and paper mill, Sweden.  

 Kraft lignin 

In paper III, LignoBoost lignin (lignin extracted from softwood kraft black liquor) 

was kindly supplied by LignoBoost Demo AB demonstration plant in 

Bäckhammar, Sweden. 

 Kraft pulp 

In paper IV, oxygen delignified softwood kraft pulp with kappa number 10.0 was 

kindly supplied by SCA Östrand Pulp Mill in Sundsvall, Sweden.  

 Softwood 

In paper V, sawdust of Norwegian spruce wood (from a Swedish sawmill) was 

used as material for pressurised hot water extraction at 163°C for 60 minutes. 
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3.2 MEMBRANES AND FRACTIONATION 

Paper I: fractionation of weak kraft black liquor was performed with a ceramic 

membrane with 1 kDa cut-off (Novasep, France), to produce 1 kDa permeate to 

use for the main aim, i.e., extraction of low molecular lignin. 

 

Paper II: fractionation of weak kraft black liquor was performed with ceramic 

membranes of 1 and 5 kDa cut-off (Novasep, France) and 10 kDa regenerated 

cellulose (Merck Millipore, USA) membranes, for use in the following steps of 

precipitation to obtain lignins of different molecular weights. 

 

Paper III: cross-flow filtration was used to study fractionation of re-dissolved 

LignoBoost lignin. The system consists of a 10 L tank, a heating element, a gear 

pump, a flow meter and a Valisette membrane unit with ceramic membranes 

(TAMI Industries, Nyons, France). At a cross-flow velocity of 1m/s and a TMP of 

3 bar, 5 kDa cut-off single channel membranes with a diameter of 0.6 cm were 

used. 

 

Paper IV: fractionation of nanocellulose was performed with ceramic membranes 

with 0.45 µm and 0.8 µm cut-off (Novasep, France), to obtain homogenous 

nanocellulose. 

 

Paper V: fractionation of hot water extract was performed with ceramic 

membranes with 1 and 5 kDa cut-off (Novasep, France) to obtain a size 

fractionated and purified sample for use in the next step of adsorption 

chromatography. 
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4.  RESULTS AND DISCUSSION 

4.1 PRODUCTION OF LIGNIN FRACTIONS (PAPERS I-III) 

In this study, cross-flow filtration (CFF) fractionation of lignin in weak black 

liquor, and fractionation of re-dissolved LignoBoost lignin for the production of 

lignin with low molecular-weight dispersity were investigated.  

 

Through CFF with several different membrane cut-offs, lignin fractions with 

specific properties could be produced from weak black liquor. In total, seven 

samples were obtained (including the unfractionated sample, i.e., reference): > 10 

Da, > 5 kDa, 5-10 kDa, 1-5 kDa, 0-5 kDa, and 0-1 kDa. See Figure 3. 

Furthermore, CFF fractionation of re-dissolved LignoBoost lignin was seemingly 

affected by the different conditions chosen in the trials. 

 

 

Figure 3. Scheme of obtained CFF fractionations from weak black liquor. 
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 Precipitation and filtration of weak black liquor 

To extract solid material from the weak black liquor samples (see Figure 3), the 

unfractionated sample and all fractionated samples, except for the 0-1 kDa sample 

(see below), were precipitated by adding sulphuric acid (H2SO4 6 M) to pH 9 at 

~70°C. The precipitated solids were separated from the liquid, using cake 

filtration (i.e., a filtration process were liquid passes through the membrane and 

the particles retained building up a filter cake). The filterability of the precipitated 

solids was improved by increasing the ionic strength, either by evaporating water 

or adding salt, which enhanced lignin coagulation. The electrical charge that is 

formed by ionised hydrophilic groups forms a colloidal lignin, the stability of 

which is affected by ionic strength (Passinen 1968). Furthermore, Rinman (1911) 

reported that the precipitation is improved by increasing salt concentration, 

effectively increasing the ionic strength of the solution. 

 

 Precipitation and filtration of <1000 Da cut-off permeate 

The precipitation mentioned in the previous paragraph could be performed at 

~70°C for all samples except for the low molecular weight lignin 0-1 kDa. During 

precipitation of the 0-1 kDa sample, fairly large, rigid particles/agglomerates of 

lignin material were formed at ~70°C, whereas lowering the pH at ambient 

temperature resulted in the formation of fine particles of precipitated lignin. This 

phenomenon was believed to be caused by a lower glass transition temperature 

(Tg). At temperatures above Tg, an amorphous polymer material becomes softer 

due to segment movements in the polymer chain. Yoshida et al. (1987) reported 

Tg temperatures of 32°C and 62°C for weight-average molecular weights lignin of 

620 Da and 1300 Da, respectively. Researchers have reported that condensation 

reactions could take place when the chain mobility of lignin increases (Guigo et 

al. 2009, Cui et al. 2013). Similar agglomerate phenomena have also been 
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reported by other research groups, but not for low molecular weight lignin. In 

those studies, higher temperatures were reported to melt the precipitate or form 

large tacky clumps (Rinman 1911, Uloth and Wearing 1989). It was suggested 

that precipitation should be performed just below the coagulation temperature 

(Merewether 1962). Lignin in black liquor fractions of 15-0 kDa and 15-1 kDa 

has also been reported to clump at higher temperatures, explained by higher 

density coagulation (Wallmo and Theliander 2009). Our predictions about lower 

Tg for the 1000 kDa in Paper I were supported by Tg measurements in Paper II, 

furthermore, this fraction contained a higher amount of aromatic hydroxyl groups 

(as shown and discussed later in this thesis). 

 

 Composition of precipitated lignin 

Chemical analysis of the unfractionated kraft lignin (i.e., reference) and the 

fractionated lignin samples was performed by Klason lignin analysis (TAPPI 222 

om-02), sugar analysis (SCAN-CM 71:09), acid soluble lignin analysis (according 

to Dence 1992), and ash content analysis (ISO 1762). For more details, see Papers 

I-II. 

 

From the chemical composition (Table 1), it can be seen that Klason lignin 

content is quite high for all samples (roughly ~95%), while acid soluble lignin 

content increases with decreasing molecular weight. In general, the lignin 

fractions are quite low in carbohydrate content, which is in agreement with 

previous study by Öhman et al. (2007). The largest amount of carbohydrates is 

found in higher molecular weight lignin. Because the 5-10 kDa fraction only 

contains 0.3% carbohydrates, it is concluded that most of the carbohydrates are 

found in the >10 kDa fraction. These carbohydrates might be in the form of 

lignin-carbohydrate complexes (LCCs). It has previously been reported that most 
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of the lignin present in wood, especially in the pulp, exists in the form of LCCs 

with various types of hemicelluloses (Lawoko et al. 2005, Balakshin et al. 2011). 

Griggs et al. (1985) also suggested that some xylan was covalently bonded to 

kraft lignin. Finally, the ash content was quite low in all samples, indicating good 

washing of the samples. 

 

Table 1. Composition of reference and fractionated lignin samples (wt%). 

Sample 
(cut-off kDa) 

Klason lignin 
Acid-soluble 

lignin 
Carbohydrates Ash 

% % % % 

Ref. 96.9 2.0 1.7 0.1 

> 10 94.4 1.0 5.2 0.2 

> 5 94.9 1.2 3.4 0.5 

5-10 93.8 2.9 0.3 n/a 

1-5 97.8 3.7 0.2 0.2 

0-5 94.3 5.6 0.3 1.1 

0-1 97.2 5.7 0.1 2.2 

Ref. (Paper I) 93.7 2.0 2.7 0.1 

0-1 (Paper I) 98.2 3.7 0.2 0.9 

 

 Elemental analysis for precipitated lignin 

Elemental analysis was performed to investigate the amount of sulphur in the 

unfractionated (i.e., reference) and the fractionated solid samples (external service 

provided by the Elemental Analysis Unit of the Santiago de Compostela 

University, Spain). For more details, see Papers I-II. 

 

From the elemental analysis (Table 2), the unfractionated kraft lignin sample (i.e., 

reference) contained approximately 2% sulphur, a mean of the two reference 

values in Table 2. Interestingly, the results show increasing sulphur content with 

decreasing molecular weight, despite the fact that the samples were thoroughly 
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washed with acidic water, ~pH 2. Low molecular weight lignin seems to be the 

main material that contributes to the sulphur content of the lignin sample.  

 

Due to the high amount of sulphur in the lignin, extraction with organic solvents 

— toluene and pentane — was performed in an attempt to remove sulphur. A 

large amount of sulphur was extracted from the lignin samples, but some sulphur 

was retained, especially in the low molecular weight fraction. An explanation for 

this could be the reaction mechanism responsible for the lignin dissolution in kraft 

cooking, where sulphur is incorporated into lignin via thiirane (episulphide) 

formation (Gierer 1980), which might have remained covalently bound. 

Therefore, small lignin fragments in the samples could contain a higher ratio of 

organically bound sulphur. Other researchers have also reported higher sulphur 

content in low molecular weight lignin, but not the same high content. Wallmo 

and Theliander (2009) obtained fractions from ultrafiltration of 0-15 and 1-15 

kDa black liquor, which contained 4% and 3.2% sulphur, respectively, while the 

original sample contained 2.9% sulphur. However, if all of the sulphur in the 

reference samples (Table 2) was bonded to only low molecular weight lignin, the 

sulphur value for fraction 0-1 kDa would still be too high for all of it being bound 

to lignin (based on calculations from the lignin yield in the reference and 0-1 kDa 

fraction, Table 3). Another explanation might be that low molecular weight lignin 

behaves differently during the washing and filtering stage, and hence, a lesser 

amount of sulphur is removed during the washing stage. However, it is not clear if 

this sulphur only comes from the cooking chemicals or is also incorporated into 

the lignin molecules during kraft cooking. The reason for the high sulphur content 

observed is not known at this time and needs to be investigated further. 

  



 Results and Discussion 

 

 

23 

Table 2. Elemental analyses of reference and fractionated lignin samples (wt%). 

Sample 
(cut-off kDa) 

Before extraction (%) After extraction (%) 

S N C H S N C H 

Ref. 2.5 0.1 64.9 5.5 1.8 0.1 64.7 5.9 

>10 1.7 0.1 62.3 5.1 1.6 0.1 62.1 5.9 

>5 1.8 0.1 64.9 5.3 1.6 0.1 63.5 5.8 

5-10 2.0 0.1 62.6 5.4 1.7 0.1 65.1 6.0 

1-5 7.2 0.1 62.1 5.4 3.0 0.1 68.5 6.4 

0-5 23.0 0.1 51.6 4.8 4.0 0.1 66.1 6.3 

0-1 27.1 0.1 48.9 4.2 4.8 0.1 63.4 5.9 

Ref.(Paper-I) 1.7 0.1 64.9 6.3 - - - - 

0-1 (Paper-I) 8.6 0.1 61.3 5.9 - - - - 

0-1* 25.1 0.1 49.6 4.8 - - - - 

*Extra sample precipitated with CO2 and washed with water/hydrochloric acid (pH ~2). 

 Yield for <1000 Da cut-off precipitated lignin 

The amount of lignin obtained after precipitation and acidic washing was reported 

for the unfractionated (i.e., reference) and the 0-1 kDa solid samples (Paper I). To 

calculate lignin yield, the following analyses were performed on the precipitated 

lignin sample: Klason lignin (TAPPI 222 om-02), acid-soluble lignin (according 

to Dence 1992), and precipitated material in the acid-soluble filtrate. For more 

details, see Paper I. 

 

Table 3 outlines the amount of lignin precipitated at pH 9, the material in the 

filtrate precipitated at pH 2, and the sum of both. However, by extracting the 

sulphur content from the precipitated lignin values in Table 3, it can be 

determined that low molecular weight lignin precipitated to pH 9 constitutes 

approximately 30% of the sample (i.e., dividing 6.8 g/L and 21.3 g/L after 

subtracting the amount of suphur in each sample). It is well known that the 

amount of low molecular weight lignin depends on the cooking conditions and 
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that prolonged cooking at the end of the final phase of degradation can increase 

the amount of low molecular weight lignin (Dong and Fricke 1995). 

 

Table 3. Lignin yield in reference and fractionated liquid samples. 

 
Sample 
(cut-off kDa) 
  

Lignin precipitated 
to pH 9 

(excl. filtrate) 

Material in filtrate from pH 
9 precipitated to pH 2 

(filtrate) 

Total 
(incl. filtrate) 

g/L g/L g/L 

Ref. (Paper-I) 21.3 5.8 ~27 

0-1 (Paper-I) 6.8 6.0 ~13 

 

 Molecular weight data of precipitated lignin 

Size exclusion chromatography (SEC) was performed on the unfractionated (i.e., 

reference) and the fractionated solid samples to determine the effect of membrane 

separation for the fractionated samples. All samples were acetylated before 

analysis in the SEC-system with Tertrahydrofuran (THF) as eluent, and 

polystyrene standards were used for calibration. For more details see Papers I-II. 

 

As seen in Table 4, the weight-average (Mw) and number-average (Mn) molecular 

weights are in fairly good agreement with the membrane cut-offs. The samples in 

Paper I were acetylated according to Gellerstedt (1992) with ethanol, pyridine and 

acetic anhydride, while the samples in Paper II were acetylated by 

acetobromination according to Guerra et al. (2006), which could be an 

explanation for the differences between the results from Paper I and Paper II, but 

the trend still shows that more homogeneous materials with narrower molecular 

weight distributions are obtained with cross-flow fractionation. High-average 

molecular weight, Mz, for 0-1 kDa sample (Paper I) shows a large decrease in Mz 

compared to its reference (i.e., unfractionated sample). 
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Table 4. SEC data for acetylated reference and fractionated lignin samples, including 

high-average (Mz), weight-average (Mw) and number-average (Mn) molecular weights as 

well as molecular-weight dispersity (ĐM). 

 

 Chemical characteristics and thermal properties of precipitated lignin 

Knowledge of the homogeneity in chemical characteristics and thermal properties 

of the unfractionated (i.e., reference) and the fractionated solid lignin samples 

could be an advantage for the development of high value application products. 

Therefore, aliphatic hydroxyl and aromatic hydroxyl groups were analysed by 

phosphorous-31 NMR, the glass transition temperature (Tg) was analysed by 

differential scanning calorimetry (DSC), and the decomposition temperature (Td) 

was analysed by thermogravimetric analysis (TGA) (see Table 5). For more 

details, see Paper II. 

 

Prior to phosphorous-31 NMR analysis each sample was functionalised by 

phosphitylation as described in Paper II. From the  
31

P NMR data, it can be seen 

that phenolic content increases with decreased molecular weight and vice versa 

for aliphatic hydroxyl content, in agreement with previous studies (Wada et al. 

Sample 
(cut-off kDa) 

THF-SEC 

Mz Mw Mn ĐM 

Ref. - 20200 5000 4.1 

>10 - 33500 9500 3.5 

>5 - 28200 8000 3.5 

5-10 - 4900 2300 2.2 

1-5 - 4700 2000 2.3 

0-5 - 4100 1700 2.4 

0-1 - 2700 1200 2.1 

Ref. (Paper-I) 13109 3525 847 4.2 

0-1 (Paper-I) 2590 1096 508 2.2 
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1962, Zhang and Gellerstedt 2001). Due to the cleavage of β-O-4 linkages during 

kraft cooking, the low molecular weight lignin fractions will have a higher 

phenolic content. An advantage of higher phenolic hydroxyl content is that these 

groups have a relatively high reactivity (Weber and Weber 2010), which might be 

beneficial for future applications. 

 

For the use of lignin in thermal processes, it could be advantageous to use kraft 

lignin fractions with different glass transition temperatures and decomposition 

temperatures. To determine the thermal stability of kraft lignin samples, Td was 

determined by TGA, where the temperature of decomposition is defined as the 

temperature at which 5% weight loss has occurred (Figure 4). In Table 5, it can be 

seen that Td differs between the lignin fractions. In general, Td increases with 

molecular weight except for the 5-10 kDa sample, which showed the highest Td. 

An explanation for this might be the low molecular-weight dispersity (ĐM) for the 

5-10 kDa sample (Table 4).  

 

In the DSC trials, Tg was determined from the second heat scan, while the first 

heating scan was performed to eliminate thermal history stored within the 

polymer. However, it has been reported that cross-linking occurs during the first 

heating scan, which could increase the observed Tg (Cui et al. 2013). The Tg for 

the unfractionated kraft lignin sample (i.e., reference) was 144°C, but after 

fractionation, Tgs between 70 and 170°C were obtained. In higher molecular 

weight lignin, the movement of the chain mobility of lignin is reduced, resulting 

in a higher Tg. The dependence of Tg on molecular weight was reported earlier for 

lignin samples obtained via solvent fractionation (Yoshida et al. 1990). Although 

a trend can be seen in Tg for fractionated lignin, the exact Tg values are uncertain 

because Tg is affected by low molecular weight contaminants and irreversible 

condensation reactions (Guido et al. 2009, Cui et al. 2013). 
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Figure 4. Thermogravimetric analysis (TGA) of reference and fractionated lignin 

samples. Decomposition temperature was estimated at 5% of weight loss. 

 

Table 5. Functional groups, Tg and Td in the reference and fractionated lignin samples. 

Sample 
(cut-off kDa) 

31
P NMR Tg by DSC Td by TGA 

Ph-OH 
mmol/g 

Aliph-OH 
mmol/g 

°C °C 

Ref. 3.5 2.2 144 215 

> 10 2.8 2.6 170 217 

> 5 2.9 2.3 159 190 

5-10 3.9 1.9 140 240 

1-5 3.7 1.4 94 193 

0-5 3.6 1.4 82 175 

0-1 4.1 1.3 70 163 

 

Dynamic mechanical analysis was used to investigate the viscoelastic response of 

dry lignin fractions using parallel-plate dynamic torsional rheometry. In Figure 5, 

the storage (G′) and loss (G″) moduli response is presented for four samples: 
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unfractionated kraft lignin (reference), 0-5 kDa, 1-5 kDa, and >5 kDa. For the 

unfractionated (i.e., reference) and > 5 kDa samples, the degree of softening (i.e., 

the change in G′ from the glassy to the rubbery phase) results in a drop of one to 

two decades in G′, while the low molecular weight samples — 0-5 kDa and 1-5 

kDa — show up to five decades of drop in G′. Differences in the molecular 

weight clearly affected the degree of softening, and 
31

P NMR data (Table 5) show 

that the higher molecular weight fractions had higher proportions of aliphatic-OH 

groups than the lower molecular weight fractions. Aliphatic-OH groups are more 

capable of intermolecular hydrogen bonding, resulting in greater mobility 

restriction (Dallmeyer et al. 2013, Uraki et al. 2012). Except for cross-linking that 

can occur during heating (Guido et al. 2009, Cui et al. 2013), higher molecular 

weight kraft lignin is more cross-linked (i.e., condensed) by nature, which might 

contribute to the lower degree of softening compared to lower molecular weight 

samples. When G″ > G′, the material is considered to be liquid-like, and for low 

molecular weight lignin (i.e., 0-5 kDa and 1-5 kDa), the rubbery plateau is 

reached. A clear rubber plateau is not seen for the high molecular weight samples 

(i.e., reference and >5 kDa), within chosen temperature interval. 

 

From Figure 5, it seems that the low molecular weight fractions (i.e., 0-5 kDa and 

1-5 kDa, have better high-temperature flow-like behaviour compared to higher 

molecular weight fractions. Hence, the low molecular weight fractions could be 

useful for applications where flow is important, e.g., melt spinning fibres. In a 

recently published article 15 kDa cut-off permeate (i.e., <15 kDa) softwood kraft 

lignin produced a smooth carbon fibre (Nordström et al. 2013). Dynamic rheology 

could be an efficient tool to evaluate the behaviour of lignin samples during the 

various thermal processing reactions. For example, dynamic rheology could be 

used to evaluate the spinnability of a lignin sample and to predict the spinning 
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temperature, as described elsewhere (Dr. Sudip Chowdhury and Prof. John Kadla 

personal communications, Chowdhury et al. 2012). 

 

 

Figure 5. Dynamic rheological response measured at the first heat responses for 

unfractionated (Ref.) and fractionated lignin samples. 

 

 Cross-flow filtration of dissolved LignoBoost lignin 

As described in the introduction, the LignoBoost process is a commercial process 

with regard to lignin extraction from the kraft process. To facilitate the use of 

extracted kraft lignin for high value applications, it could be interesting for future 

LignoBoost lignin users to fractionate the lignin according to the desired 

molecular weight to enhance the properties of kraft lignin. Therefore, the aim of 

this work was to separate already extracted kraft lignin by CFF and to study the 

results of varying the following parameters: lignin concentration, pH of lignin 

solution, and ionic strength of the lignin solution. 
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For fractionation, a ceramic membrane of 5 kDa was used with a transmembrane 

pressure (TMP) of 3 bar and a velocity of 1 m/s generated by a gear pump. Each 

dissolved LignoBoost lignin sample was run in the filtration system for ~24 hours 

with permeate recirculation to the feed tank. Dry contents of the permeate 

samples were determined according to SCAN-N 22:96. For more details, see 

Paper III. 

 

Table 6 summarises the seven different lignin solutions that were prepared for 

CFF trials. Three different concentrations, three different pH and two different 

ionic strengths were chosen as parameters. Because the sample with 20% lignin 

was dissolved with the highest sodium hydroxide concentration, this sample 

obtained the highest ionic strength (1.56). Therefore, all other samples were 

adjusted to an ionic strength of 1.56 with Na2SO4, with one exception: one sample 

with a lignin concentration of 10% and pH 12.5 was prepared at an even higher 

ionic strength by adding 30% extra Na2SO4 (marked as >I)*. Each lignin sample 

was dissolved for at least four days before CFF trials were performed. 

 

Table 6. Experimental conditions where X denotes the different lignin solutions prepared. 

pH 
Lignin concentration (w/w %) 

20% 15% 10% 

>13.5 - X - 
13.5 X X X 
13.0 - - X 
12.5 - - X 
12.5 - - X >I* 

 

The effect of varying lignin concentration on permeate flux can be seen in Figure 

6; higher lignin concentrations decrease the permeate flux. This trend could be 

explained by the phenomena of a polarisation layer, where a higher concentration 
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lowers the permeate flux (Berg and Smolders 1990, Bowen and Jenner 1995). 

That the 20% and 15% samples are relatively close to each other and a bit far 

from the 10% sample might at least partly be related to the water-lignin ratio. 

These ratios are 9, 5.67 and 4 kg H2O/kg lignin, where an increase in the amount 

of water present might affect the polarisation layer, reducing the layer’s 

resistance. However, other effects cannot be excluded based on this study, and 

further studies could yield more understanding about this behaviour. 

 

 

Figure 6. Effect of lignin concentration for lignin dissolved at pH 13.5. 

 

Figure 7 presents the effects of different pH on permeate flux, indicating that 

higher permeate fluxes are achieved at higher pH. An explanation might be that 

lignin becomes more deprotonated at higher pH, resulting in a greater charge on 

the lignin molecules. Through a higher repulsion between lignin molecules, the 

polarisation layer might become more permeable. It has been reported that the 

pKa value of coniferyl alcohol at room temperature is approximately 10.2 but 

increases with increasing molecular weight of the lignin molecule (Norgren and 

Lindström 2000). 
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Figure 7. Effect of pH for lignin dissolved at 10 and 15% concentrations. 

 

Figure 8 presents the effect of increased ionic strength on permeate flux, showing 

that higher permeate fluxes are achieved at higher ionic strengths. Norgren and 

Lindström (2000) have shown that an increase in ionic strength lowers the 

apparent pKa of lignin. This could be an explanation for the increased flux at a 

higher ionic strength, because lignin with a lower pKa would be more charged. 

Furthermore, as in the case of the pH effect, this increased charge could generate 

higher repulsions between molecules and hence reduce the resistance of the 

polarisation layer. This suggests that pKa had a larger effect on the results than 

shielding of charges did, which is the other effect of increasing ionic strength. 

This result might be explained by the Debye length, which shows smaller changes 

at higher ionic strengths. 
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Figure 8. Effect of ionic strength for lignin dissolved at pH 12.5. 

 

Table 7 and Figure 9 shows SEC data for the permeate sample, which has been 

precipitated, washed and acetylated for THF-SEC analysis. Unfortunately, the 

sample at 20% lignin concentration most likely condensed during the 

precipitation trials and was therefore not included. There are no large differences 

in the SEC data or clear trends between the different samples, indicating that 

separation of lignin molecules is performed by the membrane. Published 

molecular weight data (either Mw or Mn) on acetylated LignoBoost lignin report 

molecular weights of 5500 Da (Moosavifar et al. 2006). This molecular weight 

data for the starting material indicate that fractionation with the 5 kDa membrane 

was successful, as the permeate fractions have lower molecular weight values. 

Table 7. THF-SEC data for permeate samples, weight-average (Mw), number-average 

(Mn), and molecular-weight dispersity (ĐM). 

Permeate-Sample Mw  Mn ĐM 

15% pH >13.5 1600 1000 1.54 

15% pH 13.5 1700 900 1.83 

10% pH 13.5 1700 1000 1.68 

10% pH 13.0 1600 1000 1.67 

10% pH 12.5 1700 1000 1.80 

10% pH 12.5, > I 1400 900 1.60 
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Figure 9. THF-SEC analysis for permeate samples with UV detection at 280 nm. 

 

Table 8 shows rejection coefficients for all samples after CFF. The rejection 

coefficient, R = 1-(cp/cf), is calculated from the concentration in the permeate (cp) 

and the concentration in the feed (cf). All trials, except for the experiment with 

20% lignin content, have similar rejection coefficients. The fact that the 

experiments with lignin contents of 10% and 15% have similar rejection 

coefficient and very similar molecular size distributions in the permeates suggests 

that it is the properties of the membrane itself that serve as the separating agent 

for lignin fractionation. The reason why the 20% experiment has a lower rejection 

coefficient is not fully understood. It should, however, be remembered that the 

rejection coefficients are based on concentrations and that the permeate flux of the 

20% experiment was very low. 
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Table 8. Rejection coefficients for permeate samples. 

Permeate Sample 

Rejection coefficient 

~0 h ~9 h ~22 h 

(%) 

20% pH 13.5 17 39 35 

15% pH > 13.5 53 54 40 

15% pH 13.5 54 58 44 

10% pH 13.5 48 46 32 

10% pH 13.0 55 49 46 

10% pH 12.5 55 58 50 

10% pH 12.5, > I  56 54 47 

 

As shown in Table 8, there is a difference in the rejection coefficients of the 20% 

lignin and samples with lower lignin concentrations, indicating that more lignin, 

relative to the feed concentration, is passed through the membrane for 20% lignin. 

Additionally, it was shown that the permeate flux is different for different 

samples. By combining the rejection coefficient and permeate flux, the actual 

amount of low molecular weight lignin being produced in ~kg lignin/h,m
2
 can be 

calculated (Figure 10 and Figure 11). 

 

Figure 10 shows the mass flux of lignin in the permeate. However, this value does 

not account for feed concentration, and therefore, the actual relative production is 

unknown. For the actual value for low molecular weight production, the rejection 

coefficient needs to be included in the calculations. Figure 11 shows the 

production in the permeate flux relative to the rejection coefficient by multiplying 

the value in Figure 10 with 1-the rejection coefficient (i.e., cp/cf; where cp is the 

permeate concentration and cf is the feed concentration). By comparing Figure 10 

and Figure 11 it is evident that the calculated production of lignin in the permeate 

flux changes when the rejection coefficient is included in the calculation. The 
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smallest change is observed for the sample with the high lignin concentration of 

20%, which is the sample with the lowest rejection coefficient (Table 8). For the 

other samples, there is a larger change when the rejection coefficient is included 

in the calculations, which reduces the calculated amount of fractionated lignin 

produced. This result demonstrates that, when optimising the cross-flow 

separation, it is important to not only investigate the permeate flux but also to 

investigate the rejection coefficient before concluding appropriate system 

parameters. In this study, it is shown that production of large amounts of low 

molecular weight kraft lignin can be accomplished from solutions with a lower 

lignin concentration (i.e., 10%). Furthermore, higher pH and ionic strength is 

beneficial to achieve a higher lignin production of low molecular weight lignin. 

To perform cost estimation other parameters also needs to be considered. These 

kinds of production costs have been reported for membrane filtration of black 

liquor (Wallberg et al. 2005, Jönsson and Wallberg 2007). 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Amount of lignin in the 

permeates. Based on permeate 

concentration, cp in wt %. 

Figure 10. Amount of lignin in the 

permeates. Based on cp (wt%) and 

1-R. 
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4.2 FRACTIONATION OF NANOCELLULOSE (PAPER IV) 

In the search for new energy efficient methods to produce homogenous 

nanocellulose, a novel process called nanopulping has been developed and 

combined with fractionation. In nanopulping cellulose nanoparticles/fibres are 

manufactured by a disintegration method integrated with a pulping-type process 

(i.e., pressurised reactor with a valve). In this study, kraft pulp was used as a raw 

material and pulp pretreatments were performed before nanopulping (i.e. 

enzymatic pretreatment and TEMPO oxidation). The product from the 

nanopulping step was then fractionated with CFF to obtain more homogenous 

nanocellulose. 

 

 Energy demand for nanopulping 

The energy demand of the nanopulping process has been estimated, and is ~450  

kWh/tonne (~1.6 GJ/tonne ). This energy demand is much lower than that 

reported for nanocellulose production, which can be between 20000 and 30000 

kWh/tonne (Siró and Plackett 2010), and can also be compared to that reported by 

Ankerfors (2012), who reported an energy demand of 500-2300 kWh/tonne for 

nanocellulose production. 

 

The energy calculation is based on the experimental conditions for nanopulp 

production (i.e., 1 g dry pulp/L water and 160°C) combined with how the process 

might be implemented in industry. A pulp consistency of 1 weight percent, which 

is heated from 90-160°C from the pulp mill’s system, corresponds to an energy 

demand of ~760 kWh/tonne (~2.7 GJ/tonne). However, by using the existing 

environment, it is possible to recover energy by flashing from 160-130°C, 

resulting in a total energy demand for the nanopulping process of ~450 

kWh/tonne (~1.6 GJ/tonne). 
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 Effect of different pretreatment methods 

As a starting raw material, oxygen delignified softwood kraft pulp with original 

kappa number 10.0 was used in the nanopulping process. Different pretreatments 

of the kraft pulp were performed before the nanopulping, enzyme pretreatment as 

well as TEMPO oxidation. After nanopulping, the obtained samples were size 

fractionated with CFF, resulting in permeate fractions with different 

concentrations. 

 

Table 9. Results for non-pretreated kraft pulp (Reference), endoglucanase and TEMPO 

pretreated samples: after nanopulping (NP) and after filtration (i.e., in the permeate, 

Perm.). 

 Sample 

Reference 
Endoglucanase 

Pretreatment 
TEMPO Pretreatment 

Conc.  
after NP  

(g/l) 

Conc.  
of Perm. 

(g/l) 

Conc.  
after NP 

(g/l) 

Conc.  
of Perm. 

(g/l) 

Conc.  
after NP 

 (g/l) 

Conc.  
of Perm. 

(g/l) 

1 1.01 0.22 1.02 0.26 1.08 0.14 

2 1.02 0.29 0.99 0.28 1.03 0.17 

3 1.03 0.24 0.98 0.27 1.02 0.17 

Average 1.02 0.23 1.00 0.27 1.05 0.16 

STDEV 0.008 0.02 0.02 0.01 0.03 0.02 

Reject.coeff. (%) 78 73 85 

 

In Table 9, results from endoglucanase and TEMPO pretreated samples are 

presented. Enzymatic pretreatment with monocomponent endoglucanase 

decreased the rejection coefficient from 78% to 73%, which indicates an increase 

of nanopulped material in the permeate. Engström et al. (2006) reported that 

monocomponent endoglucanase can be used to increase the reactivity and 

accessibility of dissolving pulp. Furthermore, it was demonstrated that pulp 

pretreatment with monocomponent endoglucanase enhance the mechanical 
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separation of nanofibrils (Henriksson et al. 2007). These effects from 

endoglucanase could be a reason for the improved efficiency of nanopulping, 

indicated by the higher content of material in the permeate (Table 9). The high 

rejection coefficient for the TEMPO pretreated sample is, however, not in 

agreement with previous results reported by Tsuguyuki et al. (2009), where 

TEMPO-oxidised pulp treated in a homogeniser showed a large increase in 

fibrillation. 

 

 Fractionation by cross-flow filtration 

After nanopulping, the nanopulped material was fractionated via tubular CFF with 

ceramic membranes of two different cut-offs: 0.8 µm and 0.45 µm. The 

nanocellulose in the permeate was thereafter characterised with AFM, where the 

sample image’s scan size is 5 μm x 5 μm. 

 

Figure 12. AFM images of material after nanopulping (a) and after filtration (b and c), 

scan size 5 μm x 5 μm. 

 

In Figure 12, image a), it can be observed that the nanopulped material, contains 

both long and short nanocellulose with dimensions of approximately 10-20 nm 

wide and ~0.5 μm long. In images b) and c), the nanocellulose after CFF (i.e., in 

         Before filtration:                  After filtration: 

      
   a) Nanopulped sample      b) Higher cut-off        c) Lower cut-off 
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the permeate) is presented. It is apparent that nanocellulose can be separated into 

different fractions with more homogeneous size distribution by CFF. 

 

4.3 FRACTIONATION OF HOT WATER EXTRACT FROM 

SOFTWOOD (PAPER V) 

The purpose of this investigation was to study the combination of two 

downstream separation methods, CFF and chromatography, for fractionation and 

purification of wood components. Hot water extract of softwood sawdust 

produced in the lab was used as a model liquid to simulate galactoglucomannan 

rich process liquids, such as thermomechanical pulping liquid. The target of the 

separation was to obtain three fractions: galactoglucomannan (GGM), lignin-

carbohydrate complexes (LCCs), and lignin. The isolation method consisted of 

CFF, where high and low molecular species were removed, followed by two-step 

adsorption chromatography to separate the wood species by affinity. 

 

 Yield for membrane fractionated hot water extract 

Pressurised hot water extraction of softwood sawdust was performed at 163°C for 

60 minutes. The total yield of extracted material, after removing sawdust and 

fibres, in the filtrate was ~14.4%, based on the initial amount of saw dust. This 

extract was thereafter fractionated by CFF with 5 kDa and 1 kDa membrane cut-

offs, to obtain a purified fraction between 1 and 5 kDa The amount of dissolved 

material in the 1-5 kDa fraction was 34% (see Table 10). The amount of extracted 

material in the 1-5 kDa sample was almost three times as much as that in the >5 

kDa sample. This result was in accordance with an experimental condition chosen 

from Song et al. (2008) to produce hot water extracted material within this 
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molecular weight region. Hence, the 1-5 kDa sample was used for the next step of 

separation by chromatography. 

 

Table 10. Material yield in each filtered fraction (based on dissolved material 14.4%). 

Samples Yield in CFF fractions wt % 

Cross-flow filtration: 
 

>5 kDa 15 

1-5 kDa 34 

0-1 kDa 43 

 

 Composition of membrane fractionated hot water extract 

The chemical composition of the unfractionated hot water extract (i.e., reference) 

and CFF fractionated samples was determined by Klason lignin analysis (TAPPI 

222 om-02), sugar analysis (SCAN-CM 71:09) and acid soluble lignin (according 

to Dence 1992) on a freeze dried aliquot of each liquid sample. 

 

The data in Figure 13 show that the >5 kDa and the 1-5 kDa fractions contain 

greater amounts of carbohydrates and smaller amounts of “other” material 

compared to the unfractionated reference sample and 0-1 kDa permeate. Klason 

lignin content was highest for the 0-1 kDa sample. This result might be explained 

by the low molecular weights of the small amounts of lignin that are extracted. 

This result is consistent with a previous report by Örså et al. (1997), wherein most 

of the aromatic species in the hot water extract states to be of low molecular 

weight. 
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Figure 13. Chemical composition before and after CFF (wt%). Acid soluble lignin was 

present in very low amounts and is therefore not notable in this table. 

 

From carbohydrate analysis in Figure 14 it is obvious that GGM and 

arabinoglucuronoxylan were extracted and constituted a major part of the extracts. 

The analysis suggests that this GGM is of higher molecular weight because it is 

mainly found in the >5 kDa and 1-5 kDa fractions, while arabinose, mainly the 

side chain of xylan, is cleaved off xylan and enriched in the 0-1 kDa fraction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Distribution of carbohydrates before and after CFF (wt%). 
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 Molecular weight distribution for fractionated hot water extract 

To analyse the molecular weight distributions of the initial hot water extract and 

CFF fractionated samples an aliquot of freeze dried samples was dissolved in 0.1 

M NaOH and analysed with a water (alkali) SEC system and pullulan standards. 

The molecular weight distribution curves are presented in Figure 15 and Figure 

16.  

 

Figure 15 details the detection of all components using a refractive index (RI) 

detector. Most of the RI signal will reflect the concentration of carbohydrates, 

because the amount of lignin is fairly small in the samples (Figure 13). The graph 

shows two effects. First, as expected, the effect of CFF is shown by a shift 

towards longer retention times for samples with lower molecular weight. Second, 

for the 0-1 kDa sample, there is a higher signal at retention times of 21-24 

minutes, which corresponds to a molecular weight of 2 kDa and lower, whereas 

the >5 kDa and 1-5 kDa samples show a decrease in RI detection signal for the 

same retention interval.  For hot water extracts performed in similar conditions 

Song et al. (2008) reported weight-average molecular weight of ~5 kDa, and for 

TMP process liquids Persson et al. (2010) reported a weight-average molecular 

weight of ~10 kDa. 

 

Figure 16 details the absorbance spectra using a UV detector at a wavelength of 

280 nm, which corresponds to aromatic species (i.e., lignin). From the Klason 

lignin analyses in Figure 13, there is a small amount of lignin in all of the 

samples, but in the 0-1 kDa sample, the amount of lignin is somewhat increased. 

When analysing the data from the pullulan standard, the UV peaks had an 

approximately 0.2 minute shorter retention time than the peaks from the RI 

detector. Comparing the peaks from the UV and RI graphs, some peaks are 

overlapping, which might suggest the presence of LCCs. 
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Figure 15. Water (alkali) SEC analysis with refractive index (RI) detector. 

 

Figure 16. Water (alkali) SEC analysis with UV detector at 280 nm. 

 

 Separation by chromatography of fractionated hot water extract  

From the first separation by CFF, the 1-5 kDa liquid fraction with a relative high 

yield and purity was selected as a sample for the second separation by 

chromatography. 

 

Adsorption chromatography was performed in two steps. First, the 1-5 kDa hot 

water extract was pumped into a hydrophobic sorption column, resulting in two 

samples/streams: permeate and material adsorbed on the column. Second, the 

permeate from the first step was pumped into a second column with a higher 
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selectivity for aromatic structures, resulting in another two samples/streams: 

permeate and material absorbed on the column. 

 

The first hydrophobic column aimed to adsorb relatively pure lignin moieties 

(here named column 1), while the second column aimed to separate LCCs from 

GGM due to its very high selectivity for aromatic compounds (here named 

column 2). 

 

Table 11 shows that the isolated LCC fraction contained ~10% aromatics, the 

upgraded GGM fraction ~1.5% aromatics, and the lignin fraction ~56% 

aromatics. Based on the detected sugars, the calculated amount of GGM in the 

upgraded GGM fraction was 79%. The calculated degree of detection, that is the 

detectable sugars and lignin, was 80-85% in all fractions, and the shortfall was 

most likely due to a combination of measuring errors. Excluding losses in 

handling, the obtained products from CFF hot water extract are as follows, based 

on internal relative values: lignin fraction (adsorbed to column 1) 7%, LCC 

fraction (adsorbed to column 2) 5%, and GGM (permeate from column 2) 88%. 

 

Table 11. Yield and amount of aromatics and galactoglucomannan (GGM). 

 
Samples 
 

Yield based on 
initial amount of 

saw dust 
Aromatics 

mg/g wt% 

Dissolved starting material 144 - 

Cross-flow filtration:   

1-5 kDa 49 5.5 

Chromatography:   

Adsorbed to column 1 1.8 55.7 

Adsorbed to column 2 1.4 10.2 

Permeate from column 2 23.7 1.5 
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5.  CONCLUDING REMARKS 

 

Process streams from the primary separation of wood components are obtained as 

complex mixtures of components, which need to be separated and purified. Raw 

materials with higher homogeneity can be obtained by cross-flow filtration (CFF). 

For fractionation of kraft lignin, three topics have been examined: characteristics 

of lignin fractions, extraction of low molecular weight lignin, and the behaviour 

of re-dissolved lignin during CFF. 

 

By filtering weak black liquor with membranes of different cut-offs, more 

homogenous fractions of lignin could be obtained regarding size, characteristics, 

and thermal properties. Through fractionation, it is possible to tailor lignin’s 

molecular weight and consequently the amount of carbohydrates, amount of 

phenolic hydroxyl groups, and thermal properties. Through dynamic mechanical 

analysis (DMA), the degree of softening and flow can be monitored, and this 

analysis might be a useful tool for predicting visco-elastic behavior during 

thermal processing. 

 

To improve the extraction of low molecular weight lignin (<1000 Da cut-off) 

from black liquor, precipitation needs to be performed at lower temperatures than 

with other fractions due to the formation of rigid, fairly large lignin 
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particles/agglomerates. However, lowering the pH at ambient temperature, results 

in the formation of fine particles of precipitated lignin. As shown by differential 

scanning calorimetry (DSC), the Tg of low molecular weight lignin could be as 

low as 70°C or lower if irreversible cross-linking occurred during the first heat 

scan. This could be an explanation for the low molecular weight behaviour during 

precipitation at higher temperatures.  

 

Due to the recent introduction of the LignoBoost process, which produces kraft 

lignin of relatively high purity, there might be an interest to fractionate lignin 

extracted by the LignoBoost process to obtain lignin fractions with more specific 

properties for the production of high value application products. In this 

investigation, the possibilities for improved production of low molecular weight 

lignin were investigated. These results show (during the conditions of this set-up) 

that lower concentrations of lignin in the feed result in a higher yield of low 

molecular lignin in the permeate, relative to the feed concentration, and that 

permeate flux could be increased by a higher pH and ionic strength. 

 

For kraft pulp, a novel method for preparing nanocellulose was developed called 

nanopulping, which appears to be energy efficient. The method is based on a 

combination of the acceleration of chemical pulp fibres and steam explosion, 

where the rapid pressure drop causes acceleration. The efficiency of the method 

might be increased if the pulp is pretreated. To produce a more homogeneous size 

distribution CFF, was used. 

 

 Hot water extract was used to demonstrate that a biorefinery process that 

combines the steric separation of filtration with the selective separation of 

adsorption chromatography can be used to isolate dissolved wood components in 
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upgraded fractionations, a process in which several products are obtained, 

including polymeric lignin, LCCs and GGM. 

 

The final separation of wood components using CFF has been successfully used 

in this thesis to separate lignin fractions according to molar mass or particle size. 

Furthermore, there is a possibility to combine CFF and adsorption 

chromatography to obtain hemicellulose fractions rich in lignin or almost 

completely free of lignin. 
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6.  NOTATIONS 

CFF   Cross flow filtration 

cf   Concentration in feed 

cp   Concentration in permeate 

Da   Dalton 

ÐM  Molecular-weight dispersity 

DMA  Dynamic mechanical analysis 

DSC  Differential scanning calorimetry 

GGM  Galactoglucomannan 

LCC  Lignin carbohydrate complex 

MFC  Microfibrillated cellulose 

Mw  Weight-average molecular weight 

Mn   Number-average molecular weight 

NMR  Nuclear magnetic resonance 

NP   Nanopulping 

ΔP   Transmembrane pressure (symbol) 

Q   Feed flow 

R   Rejection coefficient 

SEC  Size exclusion chromatography 

Td   Decomposition temperature 

Tg   Glas transition temperature 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl 

TGA  Thermogravimetric analysis 

TMP  Transmembrane pressure (abbreviation) 

UV  Ultraviolet 

v   Cross-flow velocity 

Vif   Initial feed volume 

Vp   Permeate volume 

Vr   Retentate volume 

VR  Volume reduction 

VRF  Volume reduction factor 

wt%  Weight percent
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