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ABSTRACT 

One way of improving the materials yield of a kraft paper pulp process, and simultaneously 

providing the industry with aromatic macromolecular structures, is to extract lignin from 

the black liquor. This can be done by lowering the pH of the black liquor, which will result 

in the precipitation of the lignin. The suspension of particles is then filtered and washed to 

retrieve a purified lignin in solid form. For these operations to be conducted efficiently, the 

solubility of kraft lignin and the course of the particle formation process needs to be 

understood. This thesis investigates experimentally the particle formation process on the 

micron-scale. Furthermore, a model describing kraft lignin particle-particle interactions on 

the nano-scale has been developed.  

During acid-induced precipitation in model systems, the particle formation process was 

studied as a function of relevant process parameters such as pH, salt concentration level, 

temperature, presence of xylan and anionic specificity. The precipitation experiments were 

carried out in a precipitation vessel, where the (particle-size related) chord length 

distribution, in the range 1-1000 µm, was measured in situ as the kraft lignin particles were 

formed. The technique used (FBRM®) enabled the precipitation to be monitored as the pH 

was lowed. This allowed the particle concentration of various size classes to be analysed 

as a function of the precipitation conditions in a range relevant to industrial use. 

The onset of particle formation (≥ 1 µm) was found to depend on the process conditions. 

Moreover, beyond the onset condition, the sizes of the particles increased as the pH 

decreased or the salt concentration increased; the total volume of the particles formed (≥ 1 

µm) followed the same trend. The results indicate that electrostatics influence the particle 

formation significantly due to the ionisable phenolic and carboxylic groups on kraft lignin, 

in a wide range of conditions: 1-4 mol Na+ kg-1 water and pH 13-4. The temperature 

dependency was also significant (45-77 °C): the particles were largest at 77 °C whilst at 45 

°C, the system even underwent gelation at some conditions (pH 9, 1 M Na+). Additionally, 

the presence of xylan during co-precipitation with kraft lignin (5 g / 95 g lignin) retarded 

the build-up of agglomerates, with a larger effect being observed at 77 °C than at 65 °C. 

The xylan was found to be distributed evenly in the precipitated lignin.  

Numerical predictions of the dispersion stability of kraft lignin nanoparticles (10-1000 nm) 

were made using a modified Poisson-Boltzmann model within the DLVO framework. For 

NaCl solutions, the predictions agreed reasonably well with the onsets of particle formation 

(> 1 µm) found experimentally. They were, however, less accurate for Na2SO4 based 

aqueous solutions, although they predicted the same anionic relative salting-out ability 

observed in the experiments (i.e. Cl > SO4
2− ) at high salt concentrations (2-4 M Na+). 

Keywords: kraft lignin, acid precipitation, in situ measurements, particle size distribution, 

pair interactions, modified Poisson-Boltzmann model.
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1 1 Introduction 

 

This chapter presents the background to this thesis, along with the objectives of the study. 

The first part of the background places this study in a wider perspective. Thereafter, the 

macromolecules kraft lignin and xylan are introduced, along with previous findings found 

in the literature regarding the precipitation of kraft lignin from aqueous solutions.  

1.1 The forest-based materials biorefinery 

Today’s macro trends, such as digitalisation, increasing living standards and the transition 

from a society based on fossil fuels to one based on renewable sources, all influence 

industrial sectors, not least the forest industry. The Nordic forest industry has been 

successful in utilising the forest for the production of construction timber for several 

centuries, and cardboard and hygiene products for almost a century. Digitalisation, 

however, has resulted in a decreasing demand for printing paper, especially newsprint. 

Furthermore, the Nordic export of pulp and paper products is currently being challenged 

by cheap wood biomass and rapidly-expanding industries located in the southern 

hemisphere. 

A new product portfolio, including innovative and advanced products of high value, is 

necessary for the Nordic forest industry from an economic perspective. Consensus on the 

need to transition away from a fossil-based society that makes a tangible impact on the 

climate is also increasing steadily worldwide, which means that both fuels and materials 

currently based on oil will have to be replaced. The demand for fuel and material based on 

renewable and sustainable resources can therefore be expected to increase.  

There is thus both an economical and environmental incentive for the Nordic pulp and 

paper industry to transform from its conventional form into an industry that integrates the 

production of pulp and paper with biorefining. This is where the concept of the forest-based 

materials biorefinery starts, based upon a highly-developed and comprehensive industrial 

infrastructure that has been built up over the past 150 years or so. The long-term 

engineering aim of this biorefinery concept is to have a high yield of material and low 

energy demand, which makes it appropriate to focus on the production of materials, rather 

than fuel, from the biomass available. A mild disintegration of the wood is desired in order 

to preserve the inherent properties of its complex structure, and especially so for end-

products of high value, such as functional materials. The gaol is to utilise all three of the 

main constituents of wood, i.e. cellulose, hemicelluloses and lignin, in various ways.   
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The dominant chemical pulping process used today is the kraft process. Its main purpose is 

to produce pulp by separating the lignin from the wood tissue and liberate the cellulose 

fibres. The kraft process has been developed into a rather efficient process for separating 

cellulose from lignin. However, almost all of the lignin is currently combusted to produce 

electricity and steam for both internal and external use once the inorganic cooking 

chemicals in the black liquor have been recovered. Black liquor has a high content of lignin 

and is thus a source of this aromatic macromolecule. Extracting lignin from black liquor is 

done commercially (MeadWestvaco, Indulin® kraft lignin) and lignin extraction has 

moreover been a subject of research for several decades. Although there is a global annual 

production of 50-60 million metric tonnes of black liquor containing kraft lignin, only a 

mere 0.1 tonnes of the lignin are utilised for purposes other than the above-mentioned 

production of electricity and steam. New commercialised extraction technologies, coupled 

with the enormous amount of lignin present in black liquor that is available annually, 

provide a great potential for utilising kraft lignin as a raw material for the production of 

materials/chemicals such as bio-oils, adhesives, carbon fibres and composite materials 

(Kadla et al. 2002, Lora and Glasser 2002, Gellerstedt et al. 2010, Nguyen et al. 2014, 

Thakur et al. 2014). Moreover, the colloidal behaviour of kraft lignin in various liquid 

environments may be exploited in the production of nanoparticles (Lievonen et al. 2016) 

and tuneable functional coatings (Cusola et al. 2018), as has been investigated in recent 

studies. 

The LignoBoost™ technology has been installed in two pulp mills for commercial purposes 

to date: Domtar in Plymouth, USA, and Stora Enso in Sunila, Finland. LignoBoost™ is a 

lignin extraction process for the production of high purity kraft lignin in a sequence of four 

main operations: precipitation with CO2, a first filtration step, suspension of the filter cake 

formed and a second filtration step with washing. An efficient process requires careful 

control of both the yield of the precipitation and the operational costs. The operational costs 

are related mainly to the consumption of chemicals and power. Furthermore, the purity of 

the lignin obtained may be of concern in some applications, where a very high level of 

purity is necessary.    

1.2 Wallenberg Wood Science Center 

The Wallenberg Wood Science Center is a joint research centre for Chalmers University of 

Technology and The Royal Institute of Technology (KTH). Its vision is new materials from 

wood, and therefore conducts both fundamental and applied research related to wood, 

materials originating from wood and processes to produce such materials: the chain from 

wood chips to new materials. 

The network is multi-disciplinary and conducts research activities primarily. The centre, 

moreover, conducts a graduate student education programme in fields such as wood 

chemistry and biology, biorefining technology, biotechnology, surface and colloidal 

science, material science and applications based on raw materials sourced from wood. 
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1.3 Kraft lignin: Extraction and its properties  

Most of the wood tissue, 40-50 %, consists of cellulose whilst 15-30 % is lignin and the 

remainder is mainly xylans and glucomannans. The structure of the wood tissue varies with 

species. In softwood, the microstructure of the wood tissue consists of wood fibres known 

as tracheids, which can be described as hollow tubes with closed ends; the lumen is in the 

centre (i.e. the hollow part), confined by the wood cell wall. The wood cell wall has several 

layers with a variety of structures and molecular compositions: the inner layer (S3), middle 

layer (S2), outer layer (S1), the primary cell wall and the middle lamella, with the latter 

acting as a “glue” between the wood fibres. The composition of lignin varies throughout 

the cell wall, being lowest in the S2/S3 layer and highest in the middle lamella. The layers 

S1-S3, consist of fibrils of cellulose embedded in a matrix containing mainly xylan, 

glucumannans and lignin in various proportions. Native lignin is a macromolecule 

comprised of interlinked phenylpropane-units: the most common interlinkage is β-aryl-

ether (β-O-4’), followed by the condensed bonds dihydroxy biphenyl (5-5’) and phenyl 

coumarane (β-5’) (Henriksson 2008). Lignin can also be found linked to the carbohydrates 

xylan and glucomannan, which are referred to as Lignin Carbohydrate Complexes 

Complexes (LCCs) (Lawoko 2005). 

Kraft lignin is extracted from wood tissue during the kraft cooking process; it is during this 

stage that it obtains many of its specific properties that make it differ from native lignin. 

The final properties of the kraft lignin extracted in a kraft pulp process depend on several 

parameters related to both the process and the origin of the wood. The path taken by lignin 

through the kraft process starts with the wood chips: these are impregnated with cooking 

chemicals before being heated up in the digester (the major reaction vessel in the chemical 

pulping process). During impregnation, the lumen of the wood fibres in the chips becomes 

filled with the cooking liquor containing the active ions (those for cooking being HO− and 

HS−), and the wood cell wall swells. The cooking chemicals react with the lignin in the 

highly alkaline environment of the impregnated wood tissue and cleave a large number of 

the β-O-4’ linkages in the macromolecular structure. This results in the amount of phenolic 

hydroxyl groups increasing, often referred to as simply phenolic groups. The liberated 

lignin fragments dissolve at the highly alkaline conditions and are transported, by diffusion, 

out from both the cell wall and the lumen; out from the wood tissue and into the surrounding 

liquid. However, due to the harsh cooking conditions, moieties of degraded glucomannans 

are also found in the liquor, typically in the form of low molecular weight acids. Xylan, 

which is discussed further in 1.4 Xylan, also exists in the liquor in a polymeric form or as 

sugar residues. 

All three steps (reaction, solvation and transport) are critical not only for the kinetics of the 

cooking process but also for the properties of the lignin thus obtained. The solubility and 

mass transport of lignin fragments, for instance, are critical and can be limiting factors; the 

cooking time can influence the polydispersity of the resulting lignin (Svärd et al. 2016). 

Rather recently, it was shown that solubility and/or mass transport are probably the limiting 

factors here (Mattsson et al. 2017).  

After the cooking process, the mixture is sent to the pulp washing department to separate 

the pulp from the dissolved lignin and cooking chemicals: the results are washed pulp and 

black liquor. Black liquor is a complex electrolyte comprised mainly of inorganic ions (the 

spent cooking chemicals), dissolved lignin fragments and dissolved parts of the 
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carbohydrates. The concentrations of the species dissolved in the black liquor vary 

according to the wood species and cooking conditions (Frederick 1997). 

The solubility of kraft lignin is crucial in controlling the two operations described above 

(cooking and washing) so that an efficient separation of pulp fibres from lignin and 

inorganic salts is obtained. The conditions also change drastically from one operation to 

the other: in the cooking liquor, the concentrations of both the hydroxide and sodium ions 

are relatively high whilst in the washing stage, their concentrations are reduced due to 

dilution. 

The black liquor obtained after the washing department has to be concentrated before it can 

be injected into the recovery boiler so that the organic material can be combusted and the 

inorganic cooking chemicals recovered. The removal of water is made in a series of 

evaporators, also referred to as the black liquor evaporation train. Once again, the 

conditions change: the solid content and boiling point temperature elevation both increase 

as all the more water is removed during the evaporation process (Bialik et al. 2008). 

Keeping track of the solubility of kraft lignin is therefore of importance.  

When the solid content in the evaporation train reaches a certain level, a stream of black 

liquor is removed for lignin extraction. As mentioned previously, the LignoBoost™ process 

can be integrated into the conventional kraft pulping process. 

Research efforts have been made to understand and improve the filterability and 

purification of kraft lignin. A critical development was resuspension of the filter cake, after 

the first filtration, by dilution with acidic water. This kept the pH low, allowing the sodium 

to be washed out without re-dissolving the lignin before the second filtration stage and 

washing (Öhman et al. 2007). The filtrates from the process, which contain the inorganic 

salts and some dissolved organic material, are finally fed back into the evaporation train, 

whilst the lignin forms a cake with a reasonable dry content and very low content of ash. 

The precipitation stage is carried out in a precipitation vessel, where the pH is lowered by 

sparging CO2 into the liquid. It is particularly important to control two of the parameters, 

namely the final pH and the precipitation temperature. Research related to this process step 

has been conducted for several decades already; the focus of early work was the influence 

of pH on the yield, which was found to increase as the pH was decreased (Alén et al. 1979, 

Uloth and Wearing 1989). In later studies, the influence of temperature was also 

investigated; the yield was found to decrease as the temperature was increased for the 

precipitation of black liquors concentrated to around 30 wt% at temperatures of 45-70 °C) 

(Wallmo et al. 2009, Zhu and Theliander 2015). Investigations were also carried out at 80 

°C: measurements of particle size showed that the agglomerates become larger at 80 °C 

than at 70 °C (Öhman and Theliander 2007). To the knowledge of the author, no 

explanation for this increase in size at increased temperatures has been put forward as yet. 

It has nevertheless been observed that the properties of precipitated lignin are different at 

temperatures around 85 °C, where it becomes “soft” and “tacky” (Uloth and Wearing 

1989). The yield decreased a few percent, however, due to it being measured after filtration; 

no conclusions could be drawn regarding the changes in the yield of the precipitation stage 

alone in this range. 

Kraft lignin fragments are polydisperse, which may have practical consequences, e.g. as 

the yield of precipitation increases, the average molecular weight of the precipitated lignin 

has been shown to decrease whilst the content of phenolic groups increases (Zhu et al. 
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2015). These groups are rather abundant, having an average content range of about 2-5 

mol/kg lignin, although low contents of carboxylic groups have also been quantified, with 

average contents of around 0.1-0.8 mol/kg lignin (Robert et al. 1984, Argyropoulos 1994, 

Froass Peter et al. 1998, Norgren and Lindström 2000, Crestini et al. 2017, Fritz et al. 

2017). Molecular weights may range over several orders of magnitude: from just a few 

hundred Da (oligomers) to over a few hundred thousand Da (Norgren and Lindström 2000, 

Zhu et al. 2015, Mattsson et al. 2016, Crestini et al. 2017). The weight-averaged molecular 

weight is, however, often found to be around 5-20 kDa. 

Other functional groups are methoxyl and aliphatic hydroxyl groups, the contents of which 

are often inversely correlated to the content of phenolic groups (Argyropoulos 1994, Zhu 

et al. 2015, Crestini et al. 2017, Zinovyev et al. 2017). Comparisons between two 

commercially-available softwood kraft lignins, i.e. Indulin AT (MeadWestvaco) and 

BioChoice™ lignin (Domtar Plymouth, precipitated using LignoBoost™ technology), both 

of pinewood origin, showed only minor differences in the contents of some key functional 

groups (Hu et al. 2016). Despite the varying conditions to which they were subjected (such 

as the cooking process), the contents of phenolic, aliphatic hydroxyl and carboxylic groups 

were found to be very similar according to the results of analysis using UV-spectroscopy 

and P NMR: the use of the latter method, however, showed that the content of phenolic 

groups was 18 % higher in the BioChoice lignin. The weight-averaged molecular weight 

values were also rather similar: 6.5 and 6.8 kDa, with a polydispersity of 9.9 and 7.1, for 

Indulin and BioChoice, respectively.   

The abundances of different types of intramolecular bonds and functional groups of kraft 

lignins have been studied for several decades and relatively much is known about them. 

However, detailed information of the physical properties of the macromolecules, such as 

size and shape, is much less conclusive in the literature. One aspect is, of course, that the 

three-dimensional conformation of the molecules may be solvent and condition-dependent, 

which may also be very important for its phase behaviour in different environments.       

In early work, results from investigations of softwood lignosulphonates (obtained in 

sulphite pulping) indicated that, based on the analysis of viscosity measurements of lignin 

in different solvents, the macromolecules were compact swollen submicron-gels rather than 

hard spheres or linear polymers (Goring 1962). Later, electron microscopy-images of 

lignosulphonates in water were analysed and an alternative form was proposed: flat, disk-

like structures with a thickness of about 2 nm and roughly circular in shape, with a diameter 

of about 10 nm (Goring et al. 1979). Analysis of the self-diffusion coefficients measured 

indicated that the kraft lignin was best described as a very compact branched 

macromolecule oblate, ellipsoid in shape, with an axial ratio of 18 (Garver and Callaghan 

1991). Analysis of SAXS measurements of dissolved kraft lignin, at pH 12.8 (0.1 M ionic 

strength), indicated that the dissolved fragments were elongated structures about 1.0 nm 

thick and 2.0 nm wide (at a lignin concentration of 20 g/L) (Vainio et al. 2004). The radius 

of gyration was estimated to 1.6 nm at pH 12.8, which increased to around 2.2-2.6 nm (1-

10 g lignin/L) as the pH was decreased to pH 7, in 0.1 NaCl solution. This indicated that 

no extensive association occurred when the pH was lowered at the conditions investigated. 

The radius of gyration increased to 3.5 nm at pH 7 and 0.025 NaCl, which was suggested 

as being due to the charges on the lignin structure being less screened, resulting in a more 

extended conformation. The hydrodynamic radius distributions for the softwood kraft 

lignins Indulin and Curan 100 have been measured by 1H PFG NMR self-diffusion 

measurements and virtually resemble lognormal distributions: the mode-values were 1 and 
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0.6 nm, respectively (Norgren and Mackin 2009). Molecular dynamics simulations of 

softwood lignin model macromolecules have been conducted in an explicit-water 

environment (Petridis et al. 2011), which used a ~13 kDa macromolecule model (native 

lignin) and assigned the following interlinkage-abundances to it: 50 % β-O-4’, 30 % 5-5’, 

10 % β-5’ and 10 % α-O-4’. Moreover, the number of branch points were varied in the 

range 1-6 at 300 K. Charged groups were utilised in the modelling of the water molecules, 

but not for the lignin. The highly-branched structure of 6 points adopted a close to spherical 

shape, while those of lower numbers of branching (2-5) exhibited a larger degree of 

asphericity: 0.06 for the former case and ~0.1-0.2 for the latter (cf asphericity values, 0 = 

sphere, 1 = rod). Nevertheless, all branched molecules adopted a compact ellipsoid rather 

than an oblate shape (300-360 K). A typical average number of branch-points for spruce 

lignin is about 3 for a molecule with a molecular weight of the model molecules (Yan et al. 

1984). The asphericity of the branched molecules showed no temperature dependency. 

However, lignin-water hydrogen bonding decreased with increased temperature as well as 

the density of the hydration shell of the lignin.     

1.4 Xylan 

Softwood contains about 5-10 % arabinoglucuronoxylan, the linear polymer backbone of 

which consists of xylose sub-units substituted with α-L-arabinofuranose and 4-O-

methylglucuronic acid. The degree of substitution of α-L-arabinofuranose is one per 8-9 

xylose units, whilst the corresponding degree for 4-O-methylglucuronic acid is 5-6 

(Teleman 2008). The most common hardwood xylan is O-acetyl-(4-O-methylglucuro) 

xylan, also referred to as glucuronoxylan. Unlike softwood xylan, this is partially 

substituted with acetyl groups. The substitution degree of 4-O-methylglucuronic acid is 

lower than for softwood xylans, being one per 8-20 xylose units (Teleman 2008). The 4-O-

methylglucuronic acid increases the solubility of xylan in an aqueous solution significantly: 

it is an acid sugar carrying a carboxylic group, which is ionised at neutral and alkaline 

conditions (pKa ≈ 3.4 (Laine et al. 1994)). 

Xylans are partially degraded and dissolved during the kraft cooking process: about 40 % 

of the arabinoglucuronoxylan is removed from the wood tissue (Sjöström 1977). The 

degradation is dependent on both the temperature and concentration of hydroxide ions, and 

increases as these two parameters are increased (Wigell et al. 2007). At an alkali 

concentration of 1.25 mol HO-/kg liquor, however, the loss of xylan at temperatures up to 

93 °C is around or below 10 %. The loss was also shown to be proportional to the yield 

during cooking, which may be explained by the fact that lignin and xylan are linked to each 

other chemically and form LCCs (Lawoko 2005). Extracted kraft lignin has been shown to 

contain low amounts of xylan but, then again, it is the most abundant carbohydrate moiety 

present in softwood lignin (Zhu et al. 2015, Zinovyev et al. 2017). The xylan may vary in 

molecular weight, from polymeric to fragments of low molecular weight (i.e. oligomers), 

and its content increases as the molecular weight of the lignin increases (Zhu et al. 2016, 

Zinovyev et al. 2017). It possible that lignin fractions of high molecular weight containing 

xylan may be LCCs, because the molecular weight of lignin increases at the end of the cook 

(Obiaga and Wayman 1973, Gellerstedt and Lindfors 1984, Pakkanen and Alén 2012, Dang 

Binh et al. 2016), and the content xylan increases too, in the form of either free or 

chemically-linked xylan. 



Chapter 1. Introduction 

 

7 

 

1.5 Precipitation of kraft lignin 

Empirical knowledge gained from industry and several studies that have been carried out 

(Norgren et al. 2001, Norgren et al. 2002, Zhu and Theliander 2015) indicates that the 

ionisation of phenolic groups is critical for the dissolution of kraft lignin in aqueous 

solutions such as black liquor. In general, kraft lignin is dissolved at alkaline conditions 

due to the ionisation of these groups and, conversely, precipitates out from solution as the 

solution is acidified due to the protonation of the same groups. The pH at which kraft lignin 

precipitates has been shown to be around the p𝐾𝑎 value of the phenolic groups (Norgren et 

al. 2001, Norgren et al. 2002). Furthermore, the precipitation yield has been shown not 

only to increase with increasing concentration of ions but also to be sensitive to it over a 

wide range of concentrations: from relatively low concentrations of up to 1 mol Na+ kg-1 

water (Norgren et al. 2001) to concentrated black liquor conditions with a corresponding 

concentration of about 3-4 mol Na+ kg-1 water (Zhu and Theliander 2015), which is the 

condition of the stream in a commercial lignin extraction unit.   

The dependency of the solubility of kraft lignin on pH and ion concentration indicates that 

electrostatics play an important role. However, two other parameters have also been shown 

to influence the phase behaviour of kraft lignin, which may not necessarily influence 

electrostatics forces: molecular properties and temperature. High molecular weight lignin 

precipitates at higher pH values than low molecular weight counterparts (Norgren et al. 

2002, Zhu et al. 2016). The van der Waals force between two particles increases as the 

sizes of the particles increase, which results in stronger attractive interactions (Israelachvili 

2011). Furthermore, the more hydrophobic the particles are in aqueous solutions, the 

stronger the force will become, due to differences in the dielectric properties of the solvent 

and the lignin. Thus, it is reasonable that van der Waals forces may partially explain results 

showing that solubility is lower for fractions of high molecular weight. Another factor that 

may also decrease solubility is the correlation between the content of ionisable groups (such 

as phenolic and carboxylic groups) and molecular weight, as discussed in 1.3 Kraft lignin: 

Extraction and its properties. 

The content of ionisable groups decreases as the molecular weight of the kraft lignin 

increases (Zhu et al. 2016, Zinovyev et al. 2017). An increase in the charge density usually 

increases the solubility of charged macromolecules in the type of systems investigated; one 

potential consequence of increased charge density is an increase in electrostatic 

interactions. Zeta potentials measured for softwood kraft lignin may be found in a wide 

range: values from about -40 mV up to about -90 mV have been reported in aqueous phases 

at various pH levels (Dong et al. 1996, Wei et al. 2012, Lievonen et al. 2016, Fritz et al. 

2017) 

The phenolic groups are weakly acidic and their degree of ionisation is strongly dependent 

on the pH of the surrounding aqueous solution (Norgren and Lindström 2000). This is due 

to the equilibrium protonation/deprotonation reaction of these groups, which is dependent 

on the surface activity of protons, and thus regulates the ionisation degree. This activity is, 

for instance, influenced by the electrostatic attraction of the charges on the surface of the 

lignin and, consequently, it could be lower than that in bulk (this is discussed further in 2.4 

Charge regulation). The p𝐾a for phenolic groups of kraft lignin is rather complicated not 

only because of the electrostatic effects discussed above but also the inherent heterogeneity 

of molecular properties. The substitution pattern of lignin-like phenolic compounds has 
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been found to influence the acidity of the phenolic groups: one investigation found 

p𝐾avalues between 6 and 11 at 25 °C (Ragnar et al. 2000). All the p𝐾𝑎 values found in that 

particular study were not equally likely to represent the actual lignin, but rather show the 

potential spread in the acidity of the different phenolic alcohols present in kraft lignin: when 

the structure of the extracted softwood kraft lignin proposed was examined, some types of 

structure were found more likely to be present than others (Crestini et al. 2017), in that case 

obtained by LignoBoost technology (Öhman et al. 2013). An average, or apparent, p𝐾a 

value is often used to characterise kraft lignin in terms of acidity. This value may vary from 

source to source, as it depends on factors such as the wood species used as the raw material 

and the pulping conditions. The apparent p𝐾a value at 21 °C for Indulin kraft lignin in dilute 

aqueous solutions has been found to be around 10.6 and 10.4 at 0.01 and 0.1 M NaCl, 

respectively (Norgren and Lindström 2000).  

The phase transition of kraft lignin, from the dissolved state to stable solid particles in dilute 

aqueous solutions, has been shown to be qualitatively predictable by the DLVO theory 

(Norgren et al. 2001, Israelachvili 2011). The parameters shown to influence the stability 

of the dispersion of kraft lignin were salt concentration, pH and temperature (Norgren and 

Lindström 2000, Norgren et al. 2001).  

Measurements of the critical coagulation concentration (C.C.C.) of salt by different 

methods have been performed in several studies for kraft lignin solution systems 

(Lindström 1980, Sundin and Hartler 2000, Norgren et al. 2001, Norgren et al. 2002). The 

dependency of the C.C.C. measured for kraft lignin on parameters such as salt 

concentration, pH, valency of counter ions and temperature observed in these studies can 

be predicted by the principles behind the C.C.C. concept (see 2.2 Dispersion stability and 

pair interactions) which, in this case, describe the phase behaviour of negatively-charged 

polyelectrolytes in aqueous solution. 

In an early work, a distinct C.C.C. of 0.4 M NaCl was found at pH 6.2 (Lindström 1980); 

furthermore, at this condition, it was found to be independent of both the lignin 

concentration (0.2-0.5 g/L) and temperature (25-60 °C) in the ranges investigated. The 

phenolic groups can be assumed to be fully protonated at these conditions; the ionised 

carboxylic groups were used to explain the stabilisation of kraft lignin particles at such low 

pH-values, since the C.C.C. was also shown to be pH dependent (pH 3-8, 25 °C). However, 

it was also suggested that other mechanisms influenced the solubility: hydrogen-bonding 

by protonated carboxylic groups may be the cause of attractive particle interactions, thereby 

lowering the solubility. It was observed that the stability of the solution was insensitive to 

the addition of NaCl above pH 9 and already at pH 8, the C.C.C was reported to be 1 M 

NaCl at 25 °C. 

An influence of temperature on the C.C.C. has been found (Norgren et al. 2001): 

measurements were made at alkaline conditions of above pH 10 and salt concentrations up 

to 1 M NaCl, where the deprotonation degrees of phenolic groups are affected significantly 

by the temperature-dependent ionisation of water (Norgren and Lindström 2000). It was 

suggested that the temperature dependencies of the ionisation of both phenolic groups and 

water could, at least partially, explain the inverse temperature-dependency of the C.C.C. 

(Norgren et al. 2001). Moreover, the concentrations of lignin of 0.3-3 g/L were higher than 

in the earlier study discussed (Lindström 1980). 

In a detailed study of the kinetics of aggregation of Indulin kraft lignin, it was shown that 

the stability ratio concept could explain the relationship between added salt and the rate of 
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aggregation that was obtained (Norgren et al. 2002). Moreover, the rate of the increase in 

size of the particles formed was rather slow at 1 M added NaCl, pH 10.5 and temperature 

70 °C: the largest particles reached 500 nm in size after 40 min of growth. As the NaCl 

concentration was increased to 1.1 M, the rate at which particles grew in size increased 

dramatically and converged to sizes of about 1 µm during a period of 40 min of coagulation 

time. At 1.2 M NaCl, the sizes of particles reached 1 µm and, at 1.3 M NaCl, which was 

also determined as the C.C.C., they exceeded 1 µm in less than 10 min. The structures of 

the particles were fractal flocs (agglomerates), as shown by cryo-TEM images. A 

correlation between the fractal dimension and the stability ratio could be observed: looser 

and more porous agglomerates were formed in the diffusion-limited regime and, 

conversely, denser agglomerates were formed in the reaction-limited regime. This indicates 

that electrostatic screening strongly influences the phase behaviour of kraft lignin in 

alkaline aqueous solutions, and that the degree of ionisation and contents of phenolic 

groups are key properties for the behaviour. It is worth noting that the C.C.C. increased to 

1.8 M NaCl when the high and low molecular weight fractions of the lignin were removed 

by ultrafiltration (the 1< kraft lignin <100 kDa fraction used) prior to the salt-out 

experiments. It indicates that a high molecular weight fraction has a significantly lower 

solubility than the rest of the kraft lignin population. As mentioned previously in 1.3 Kraft 

lignin: Extraction and its properties, the contents of ionisable groups are correlated 

negatively to the molecular weight, and can have a critical influence on the solubility.   

Two later studies presented observations regarding precipitation kinetics that were similar 

to the above-mentioned (unfractionated) case (Norgren and Mackin 2009, Fritz et al. 2017). 

In the former study, both Indulin and Curan 100 were used as kraft lignin sources for 

comparison purposes. The latter exhibited a higher solubility and was slightly smaller in 

size (see 1.3 Kraft lignin: Extraction and its properties): it precipitated at NaCl 

concentrations ≥ 1.2 M at pH 10.5 and 75 °C and, moreover, the rate increased with 

increasing salt concentration. The effect of the anion in the salt was also tested, i.e. the 

difference in precipitation when adding NaCl or Na2SO4 to reach a given Na+ 

concentration: the latter salt resulted in precipitation at about 0.6 M for Curan 100 (cf 1.2 

M for NaCl). This is in agreement with the direct order of the Hofmeister series for a 

negatively charged and otherwise hydrophobic macromolecule (Schwierz et al. 2013) such 

as kraft lignin. The other study (Fritz et al. 2017) used a softwood kraft lignin sourced from 

the Domtar Inc. Plymouth Pulp Mill (USA). The C.C.C. of NaCl was reported to be 1.2 M 

at pH 10.5 and 70 °C. Moreover, in agreement with previous results (Norgren et al. 2002), 

the increase in precipitation, correlated to an increase in salt concentration, was associated 

with an increase in particle size: at 1 M NaCl they exceeded 1 µm. 

The effects of mixing on the properties of agglomerate during the precipitation of kraft 

lignin from black liquors (10-12 wt% kraft lignin, 3.3-4.2 mol Na+ kg-1 water) have been 

studied (Kannangara et al. 2016). Their experiments were conducted in an agitated 

precipitation vessel (liquor volume 1.8 L), with precipitation performed by sparging CO2 

into the liquid from the bottom until the pH reached 9.8 at 75 °C. The effects of mixing on 

the properties of the particles were studied during the acidification phase and a following 

aging phase. Ex situ static laser scattering measurements and SEM images of the 

agglomerates showed that mixing had a strong influence on the shape and size of 

agglomerates of micron size, which were found to have a two-level structure. The 

agglomerates (second level) were built up of primary particles (first level) that were 1-2 

µm in size, regardless of the mixing conditions. The average fractal dimensions were found 
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to be 2.45 and 2.51 after acidification (corresponding to high and low mixing speeds, 

respectively), and shown to decrease to 2.3 and 2.4 after aging. The fractal dimensions 

measured were assumed to represent the primary particles (1-2 µm), based on the results of 

another study of two-level agglomerate structures of similar sizes (Ibaseta and Biscans 

2010). The similarities of the fractal dimensions between the primary lignin particles 

formed under Brownian motion without agitation (Norgren et al. 2002) and with agitation 

(Kannangara et al. 2016), along with estimations of the mean length scale (125 µm) of a 

turbulent eddies, suggested that mixing did not had a major impact on the primary particles 

1-2 µm in size (Kannangara et al. 2016). SEM images of kraft lignin agglomerates, taken 

in earlier work (Durruty et al. 2015), showed that they had similar size distributions and 

structures comprised of primary particles of about 2 µm, despite the fact that this lignin had 

been extracted by a different process (LignoBoost). 

At this point in time, in situ knowledge of the evolvement of the particles size distribution 

as a function of pH, temperature and salt concentration levels is lacking in the literature. 

Detailed information on the phase behaviour is currently limited to dilute concentrations of 

kraft lignin. To the author’s knowledge of the current scientific literature, in situ monitoring 

of the precipitation process in the whole relevant pH interval has not yet been investigated. 

This is, however, of interest since the precipitation process may be sensitive to pH over a 

wide range of pH values due to variations in the acidity of the ionisable groups on kraft 

lignin and its polydispersity. 

Knowledge of the influence that xylan has on the particle size distribution, and detailed 

information of the distribution of xylan in co-precipitated and filtered material, are both 

lacking: they are nevertheless of great importance in promoting understanding of the 

mechanisms involved in the co-precipitation process of the two macromolecules. This is 

relevant because the presence of xylan has been shown to have a negative influence on the 

filterability of xylan-rich suspensions of lignin agglomerates (Wallmo et al. 2009). 

Furthermore, controlling the separation of carbohydrates from lignin is important from a 

purity perspective: the purity requirement of lignin as a precursor in new products can be 

high. 

Moreover, quantitative theoretical considerations of the particle dispersion stability and the 

governing inter-particle and molecular interactions have been limited to dilute conditions 

where the classical Poisson-Boltzmann equation and classical DLVO principle can be 

considered reasonable. However, black liquor systems typically have high concentration 

levels of salt; the kraft lignin macromolecules and particles formed by precipitation of the 

lignin can be considered to be, on average, highly charged at the relevant conditions, not 

least at alkaline conditions. It may be regarded as important to take these aspects into 

account in the derivation of models useful in the prediction of the phase behaviour, in order 

to enhance understanding of the experimental observations made: not least to understand 

the underlying mechanisms that account for most of the behaviour of kraft lignin in 

electrolytes. 
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1.6 Objectives 

This study was carried out in order to investigate the precipitation process of kraft lignin 

from aqueous model solutions, both experimentally and theoretically. The experimental 

work was mainly conducted as an exploratory effort to gain new in situ knowledge about 

the precipitation process in terms of the formation of particles on the micron scale. This 

work particularly addressed the investigation of the non-dilute regime, both in terms of 

lignin and ion concentrations, in a wide range of conditions relevant to industry. The 

theoretical work was conducted to aid interpretation of the experimental results obtained 

by allowing quantitative comparisons to be made between observations and theoretically-

based predictions, thereby increasing understanding of particle formation. Moreover, the 

theoretical work aimed at providing additional insight beyond the measurements, i.e. 

particle dispersion stability on the nano-scale, and enable a quantitative evaluation of 

potential key mechanisms governing it. The objectives and scope of each part are detailed 

further below. 

Experimental 

Precipitation experiments were conducted at controlled conditions by means of 

acidification with acid. The experimental efforts mainly concerned the evolvement of the 

formation of lignin particles on the micron scale by employing in situ monitoring of the 

chord length distribution (particle-size related) during the experiment. The main goal was 

to gain deepen understanding of how precipitation is dependent on important process 

parameters that are relevant in black liquor systems. The parameters chosen for 

investigation have been predicted as controlling the inter-particle and molecular 

interactions in black liquor, and thus the phase behaviour of kraft lignin. These parameters 

are: pH, temperature, ion concentration levels and the anionic specificity (here Cl− vs. SO4
2− 

was investigated). The parameter ranges investigated were the following: pH 4-13; 

temperature: 45-77 °C; salt concentration: 1-5.8 mol Na+ kg-1. Additionally, the influence 

of small amounts of xylan present in the liquid on the precipitation process, as well as the 

distribution of them in the precipitated lignin particles obtained, were investigated. The 

experimental efforts targeted, in particular, detection of the precipitation conditions 

required to cause the onset of the formation of particles ≥ 1 µm in size and the following 

formation process of particles at this onset condition. Moreover, significant focus was 

placed on in situ investigation of the changes in the size distribution of the particles formed 

as the conditions are altered further, primarily by lowering the pH. Analysis of such 

experimental data provides detailed in situ insight into the complex process of precipitation 

at conditions relevant in industry. The submicron regime has not, however, been directly 

investigated experimentally. The effects of mixing have not been investigated, either: this 

parameter is nevertheless considered important, and is mentioned briefly in the 

interpretation of the results. 

Theoretical  

The aim of the theoretical work was to predict the magnitude of the interactions between 

kraft lignin particles on the nano-scale by developing a mathematical model and a 

numerical scheme. Using these predictions, moreover, the dispersion stability of the nano-

scale particles could be evaluated and used to aid interpretation of the experimental 

observations. The analysis was limited to pairwise interactions of identical particles; its 

relevance in the context of precipitation is elaborated further in 2 Theory & modelling and 
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in the results in 4.2.1 Pair interaction potentials. In principle, the pair interactions were 

modelled as DLVO potentials, albeit extended to some extent. The numerical predictions 

were made in order to evaluate the dispersion stability of particles in the range 10-1000 nm, 

and compare them to the onset of formation particles ≥ 1 µm, which was determined 

experimentally. Special emphasis in the modelling was placed on taking into account 

important molecular characteristics of the kraft lignin and the properties of the electrolyte 

in which the macromolecules and particles are immersed. Within the Poisson-Boltzmann 

framework, modification of the original equation was conducted to account for the 

conditions of the concentrated electrolyte regime typical for black liquors. An important 

part was to investigate how such properties and conditions may influence particle 

interactions via the mechanisms addressed in the model. This was undertaken to evaluate 

the relevance of these mechanisms as being reasonable candidates for mechanisms 

governing the dispersion stability of particles on the nano-scale.   



Chapter 1. Introduction 

 

13 

 

1.7 Outline of the thesis 

A brief introduction to the relevant theoretical aspects of precipitation is presented in 

Chapter 2 Theory & modelling. The first part of this chapter concerns the mechanisms of 

particle formation and the stability of particle dispersions and its relation to particle-particle 

pair interactions. The second part presents the development of the model conducted in this 

work and the assumptions made. Finally, utilisation of the model is described by a 

numerical procedure. The majority of this chapter is associated primarily with Paper IV. 

The materials used in the experiments are introduced in Chapter 3: Experimental, along 

with the experimental set-up and the procedure employed (a summary of the corresponding 

parts in Papers I-III and V). The main experimental equipment used is also described 

briefly, i.e. Focused Beam Reflectance Measurement and Confocal Laser Scanning 

Fluorescence Microscopy. Analysis of the results obtained by the former is also presented 

in more detail.  

In the first part of Chapter 4: Results, the experimental results are presented and discussed. 

It starts with the course of precipitation, which is intended to give an overview of the 

precipitation process and presents data mainly from Paper V but also from Papers II and 
III. This is followed by a focused analysis of the “onset of particle formation”, here referred 

to as particles ≥ 1 µm (Papers II, III and V). The chord length distributions obtained at a 

wide range of conditions, where the pH was decreased to below the onset point, are also 

analysed (Papers III and V). Finally, the influence of xylan on chord length distribution 

(Paper III) and its distribution in precipitated lignin particles (Paper I) are presented and 

discussed. 

The second part of Chapter 4 presents the numerical results obtained by applying the model 

and numerical procedure presented in Chapter 2: Theory & modelling, developed in Paper 
IV. However, the numerical results in this thesis are new and correspond to the conditions 

in Paper V, rather than to the cases analysed in Paper IV. The numerical results are 

compared here to the experimental results, and further analysis of the mechanisms are 

accounted for in the model and their potential relevance in this context. 

The final part of this thesis presents the main conclusions drawn from this study and some 

reflections as to future work.  
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2 2 2 Theory & modelling 

 

This chapter briefly introduces the basic principles relevant to this thesis, along with the 

modelling that was conducted and then utilised in the analysis. It starts at the top level of 

the particle formation mechanisms and the forces governing them before going down in 

scale to the interactions on the molecular level which, in turn, regulate the former forces. 

Often it is the phenomena that occur on the molecular level, in the vicinity of the particle 

surfaces, that are found to be significant. 

2.1 Precipitation: Nucleation, particle growth and 
agglomeration 

The course taken when organic components are precipitated out of an aqueous solution may 

be divided into the following three stages: the initial dissolved state, nucleation and particle 

growth/agglomeration. In the transition between the initial state and nucleation, however, 

a solid phase may be formed and disintegrated again in a dynamic manner without the net 

result being a stable solid phase. The nucleation stage is reached when stable nuclei are 

formed, i.e. there is a stable solid phase of particles formed. There are two types of 

nucleation mechanisms: homogenous and heterogeneous. The former concerns the 

formation of the nucleus directly from the components dissolved in the solution while the 

latter is aided by foreign surfaces, which may be the glass-wall of a beaker, the baffles in a 

vessel or other particles present.   

When the stable nuclei have formed, they may undergo particle growth and/or 

agglomeration. The former refers to the process of sorption of dissolved components from 

the aqueous phase onto existing particles, whereas the latter is the process of adhesion of 

solid particles that form all the more larger particles/agglomerates. These two processes are 

illustrated schematically in Figure 2-1.  
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Figure 2-1. Schematic illustration of agglomeration (left) and particle growth (right). 

Nucleation, particle growth and agglomeration may also proceed simultaneously and, 

consequently, the kinetics of each of them govern the outcome of the precipitation process, 

e.g. the particle morphology and size distribution. The kinetics are governed by the forces 

acting between the particles and the dissolved species as well as their concentrations, all of 

which influence the frequencies of collision and successful adhesion. Precipitated 

particulate structures may therefore be path-dependent, i.e. being dependent on the history 

of the precipitation (for instance if conditions have changed during the course of events). 

The systems considered in this work involved dissolved or dispersed macromolecules and 

particles of kraft lignin in electrolyte solutions at relatively high concentrations. It is 

essential to understand inter-particle and molecular interactions in order to predict the phase 

behaviour of kraft lignin. These interactions, and their influence on the dispersion stability 

of macromolecules and particles immersed in the electrolyte phase, are further elaborated 

in the following sections. 

2.2 Dispersion stability and pair interactions 

The dispersion stability of particles immersed in an electrolyte is governed by their particle-

particles interactions and has been studied intensely for a long period of time, with 

pioneering contributions reaching back several decades (Derjaguin and Landau 1941, 

Verwey 1947). The most famous theory is the Derjaguin-Lindau-Verwey-Overbeek 

(DLVO) theory. It describes the overall interaction potential of two charged 

particles/surfaces immersed in an electrolyte at a given distance from each other 

(Israelachvili 2011). This overall mean-potential consists of the electric double layer and 

the van der Waals interaction between the surfaces. The theory predicts the stability of a 

particle dispersion to be lower at higher ionic strength and lower pH for weakly acidic 

macromolecules such as kraft lignin. Regulated by these parameters, the electrostatic 

potential around the molecule induced by the ionisable surface groups affects particle-

particle repulsion. The disjoining pressure, 𝑃, between two charged surfaces can be 

expressed as (Parsons et al. 2011): 

𝑃 = 𝑃entropic + 𝑃electrostatic + 𝑃dispersion  (2.1) 
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where the three pressure terms are the entropic (osmotic), electrostatic and dispersion 

components, respectively. The potential energy of interaction between two flat surfaces at 

a surface-to-surface separation, 𝐷 (m), 𝑊flat (J m-2), can be obtained by integrating the 

pressure-integrand from infinite separation to 𝐷 (Israelachvili 2011): 

𝑊flat = − ∫ 𝑃(𝐷′)𝑑𝐷′
𝐷

∞

 (2.2) 

To evaluate the potential energy between two identical spherical particles, 𝑊pair (J), having 

a radius, 𝑅p (m), that is much larger than the separation distance, the Derjaguin 

approximation can be applied (Derjaguin 1940): 

𝑊pair = 𝜋𝑅p ∬ 𝑃(𝐷′)𝑑𝐷′𝑑𝐷′

𝐷𝐷

∞∞

 (2.3) 

The pressure that the two particles experience as the separation distance decreases has to 

be known in order to estimate the pair interaction potential in Eq. (2.3). In the classical 

DLVO theory, the double layer repulsion and the dispersive interaction can be separated: 

the latter may be accounted for by a van der Waals interaction for like-particle interactions 

immersed in a liquid medium, separated by distance 𝐷 (Hamaker 1937, Israelachvili 2011): 

𝑊vdW = −
𝐻

6
[

2𝑅p
2

(4𝑅p + 𝐷)𝐷
+

2𝑅p
2

(2𝑅p + 𝐷)
2 + ln (

(4𝑅p + 𝐷)𝐷

(2𝑅p + 𝐷)
2 )] (2.4) 

where 𝐻 is the Hamaker constant. This expression is, in fact, not restricted to 𝑅p ≫ 𝐷, but 

reduces to: 

𝑊vdW = −
𝐻𝑅p

12𝐷
 (2.5) 

as the separation distance becomes negligible to the particle radius, i.e. within the constraint 

of the Derjaguin approximation. 

The value of the pair interaction potential at 𝐷 may be used to evaluate the stability of a 

particle dispersion and is commonly given in number of kT, which places it in proportion 

to the thermal energy. k (J K-1) is the Boltzmann constant and T (K) the temperature. If the 

potential is sufficiently high (positive), the overall interaction between the particles is 

strongly repulsive and thereby provides a barrier for precipitation; there is no strict limit 

for stability, since it is a stochastic system that is being considered. However, potentials > 

10 kT are regarded as sufficient barriers to stabilise the dispersion in practice, and the 

dispersions are called stable/stabilised. These states are commonly referred to as 

“kinetically stabilised” (Israelachvili 2011) if a lower energy state is possible at particle-

particle contact. Obviously, the higher the barrier the more stable the dispersion. If, on the 

other hand, the pair interaction potential is zero, it is at the tipping point and the system is 

unstable: this is also the case for negative values. For a negatively charged particle in an 

electrolyte, added salt screens the surface charges and reduces double layer repulsion. The 
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salt needed to decrease the pair interaction potential to zero predicts the critical coagulation 

concentration (C.C.C.) of salt.  

The C.C.C., and thus also to the DLVO theory, is connected to another common concept: 

the stability ratio (Reerink and Overbeek 1954, Evans and Wennerström 1999). This 

divides the kinetics of the precipitation process into two regimes, namely reaction and 

diffusion-limited, that are controlled by e.g. the electrostatic surface potential and, 

consequently, the parameters affecting it (such as pH, ionic strength and surface charge 

density). Aggregation in the reaction-limited regime occurs at a low frequency, because not 

every collision between the macromolecules/particles results in a stable aggregate being 

formed. In the diffusion-limited regime, on the other hand, each collision does result in a 

stable aggregate. In the latter regime, the speed of the Brownian motion of the 

molecules/particles is the rate-determining step of the precipitation in an unstable 

dispersion, and the kinetics are comparably fast. The transition point between the two 

regimes is found at the C.C.C. and can be investigated experimentally as well as 

theoretically (as outlined above). The rate of particle adhesion is strongly related to the 

height of the repulsive barrier (Holthoff et al. 1996). Although the rate decreases gradually 

as the barrier high increases, the precipitation may proceed relatively slowly at barriers in 

order magnitude of a few kT. 

2.3 Poisson-Boltzmann cell model 

Charged surfaces immersed in electrolyte render, to a large degree, heterogeneous 

distributions of ionic species due to electrostatic interactions. This has important 

consequences for the properties of such a system and gives rise to phenomena such as 

electrostatic double layer repulsion, which is one of components of the DLVO interaction 

mentioned earlier. Although called an electrostatic interaction it is, in fact, entropic and 

related to the concentration distribution of ions at the vicinity of a charged surface. It is, 

therefore, necessary to determine the concentration distributions of ionic species if double 

layer repulsion is to be analysed further.   

In a very dilute system of charged particles immersed in an electrolyte solution, the 

Poisson-Boltzmann equation may be used to predict the mean ion concentration 

distributions around the particles. It relates the electrostatic mean-field potential to mean 

concentration distributions as:  

∇2𝜓 = −
𝑒

𝜀0𝜀r
∑ 𝑧𝑖𝑐𝑖,0 exp (−

𝑧𝑖𝑒𝜓

𝑘𝑇
) 

𝑖

 (2.6) 

where 𝜓 (V) is the electrostatic mean-field potential, 𝑒 is the elementary charge (C), 𝜀0 (F 

m-1) is the permittivity in vacuum and 𝑧𝑖 (-) and 𝑐𝑖,0 (m-3) are the valency of the ionic 

species, 𝑖, and the concentration of it at a reference condition (e.g. the bulk), respectively. 

The solvent, being e.g. water, is simplified to a dielectric continuum the properties of which 

are expressed in the relative permittivity or dielectric constant, 𝜀r (-). 

In a system of identical spherical particles of radius 𝑅p (m), dispersed in an electrolyte 

solution due to strong and long-ranged repulsive interactions, it can be assumed that they 

are in a state of even distribution. The average volume per particle can be used to determine 
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the volume of a spherical cell where the particle is concentrically placed. A schematic 

illustration of such a system is shown in Figure 2-2. 

Rcell

Rp

 

Figure 2-2. Schematic illustration of dispersed particles immersed in an electrolyte. The 

system is divided into equal spherical cells containing a concentric spherical particle. Each 

cell represent a Poisson-Boltzmann cell. 𝑅𝑐𝑒𝑙𝑙 and 𝑅𝑝 are the radii of the PB cell and the 

particle, respectively. 

The Poisson-Boltzmann equation in Eq. (2.6), expressed in spherical coordinates, may be 

applied to the liquid domain in a spherical cell, with suitable boundary conditions: 

𝑑2𝜓

𝑑𝑟2
+

2

𝑟

𝑑𝜓

𝑑𝑟
= −

𝑒

𝜀0𝜀r
∑ 𝑧𝑖𝑐𝑖,0 exp (−

𝑧𝑖𝑒𝜓(𝑟)

𝑘𝑇
) 

𝑖

 (2.7) 

Boundary conditions: 
𝑑𝜓

𝑑𝑟
|

𝑟=𝑅in

= −
𝜎

𝜀0𝜀r
     ,    

𝑑𝜓

𝑑𝑟
|

𝑟=𝑅cell

=  0  

where 𝜎 (C m-2) is the surface charge density of the particle, 𝑅cell (m) is the radius of the 

cell and 𝑅in (m) is that at the inner boundary, which may be chosen as the particle radius, 

𝑅p. The whole system can be divided into an ensemble of equal cells and, due to the 

periodical repetitiveness of the system, it is sufficient to consider one cell at least to a first 

approximation (Deserno and Holm 2001). The outer boundary condition implies that the 

electric field is zero at the boundary and that the cells carry no net charge: the whole system 

is consequently electroneutral. 

For a dispersion of strongly long-ranged repulsive monodisperse particles, as indicated 

above, it is realistic to assume that their distribution in the liquid is homogenous and that 

the properties of a cell can be obtained from the solution of the Poisson-Boltzmann equation 

in Eq. (2.7). The dispersion can be viewed schematically as a “solid-like” structure because 

the strong repulsion between particles renders maximum separation of the particles as being 

the most favourable configuration (Hallez et al. 2014). A constraint of the approximation 

is that the range of the repulsive interaction must be greater than the cell radius, i.e. 𝜅𝑅cell <
1, where the Debye screening length 𝜅−1 (m) is given by: 
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𝜅−1 = √
𝜀0𝜀r𝑘𝑇

𝑒22𝐼
       ,      𝐼 =  

1

2
∑ 𝑧𝑖

2𝑐𝑖,0.

𝑖

 (2.8) 

where 𝐼 (m-3) is the volumetric ionic strength of the aqueous solution at the bulk condition. 

It provides a characteristic length of the range of the double layer within the Poisson-

Boltzmann theory. Its physical significance emerges naturally in the derivation of the 

Debye-Hückel equation from the linearized Poisson-Boltzmann equation, accurate as 𝑐𝑖,0 →

0 (infinitely dilute solutions) and for |𝑒𝜓/𝑘𝑇|<<1 (Hill 1986). As deviations from the 

criteria mentioned above become significant, the descriptive power of this length in relation 

to the range of the double layer interactions becomes alternated (see 2.5 Modification of 

the Poisson-Boltzmann equation). 

Obviously, the case described above (𝜅𝑅cell < 1) implies that a particle interacts with 

several other neighbouring particles simultaneously (Wennerström 2017). Consequently, 

the analysis of particle interactions becomes a many-body problem, being per definition 

different from the pure pair-interaction problem. In the opposite regime, on the other hand, 

when the range of the repulsive interaction between particles is much shorter than half of 

the average separation distance (the state of homogenously distributed particles), pair 

interactions become a reasonable approximation. Here, the particles’ positions can deviate 

significantly from those corresponding to the state of homogenous distribution, and only 

interact strongly at relatively short separation distances. In this case, many-body 

interactions are negligible in relation to pairwise interactions (discussed in 2.2 Dispersion 

stability and pair interactions) and it is sufficient to consider just the latter (Wennerström 

2017). An approach that utilises the Poisson-Boltzmann cell model to estimate pair 

interactions is outlined in 2.6 Numerical procedure. 

2.4 Charge regulation 

The ionisable functional groups on a weakly acidic polyelectrolyte such as kraft lignin, may 

be partially ionised depending on the solution conditions, for instance the pH-value 

(Norgren and Lindström 2000). The contribution that the phenolic groups make to the 

surface charge density can be expressed as: 

𝜎 = 𝛼𝜎0 (2.9) 

where 𝛼 (-) is the ionisation degree of the phenolic groups and 𝜎0 (C m-2)  is the maximum 

surface charge density that they contribute when fully ionised. The equilibrium between 

protonation and deprotonation reactions of the phenolic groups determines the ionisation 

degree and can be expressed according to the mass action law (Israelachvili 2011): 

𝐾a =
𝛼

1 − 𝛼
{𝐻+} (2.10) 

where 𝐾a (-) is the intrinsic equilibrium constant for the reaction and {𝐻+} (-) is the proton 

activity at the particle surface. The deprotonation of the phenolic groups and the 

equilibrium constant at the actual temperature for the reactions can be approximated via 

the van’t Hoff relation: 
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𝐾a(𝑇) = 𝐾a(𝑇ref)exp (−
Δ𝐻a

𝑘𝑁A
(

1

𝑇
−

1

𝑇ref
)) (2.11) 

where Δ𝐻a (J mol-1) is the ionisation enthalpy, which here is approximated to be that of 

phenol, i.e. 20.0 kJ mol-1. 𝑁A (mol-1) is the Avogadro’s number and 𝑇ref (K) is the reference 

temperature corresponding to the reference equilibrium constant. The constant for the 

phenolic groups was assumed to be that for phenol, which has a p𝐾a of about 10.0 at 25 °C. 

This estimate agrees rather well with experimental data (Norgren and Lindström 2000, 

Ragnar et al. 2000).  

The protons, or more precisely H3O+, are attracted by the negatively charged surface, 

which can be accounted for by introducing a Boltzmann factor to relate the proton activity 

in the bulk liquid to that at the surface: 

{𝐻+}𝑅in
= {𝐻+}0exp (−

𝑒𝜓(𝑅in)

𝑘𝑇
) (2.12) 

Moreover, the pH is also temperature dependent and the value measured at 25 °C can be 

related to the actual pH at elevated temperature in a similar manner as in Eq. (2.11).  The 

corresponding expression for the ionisation of water is: 

𝐾w(𝑇) = 𝐾w(𝑇ref)exp (−
Δ𝐻w

𝑘𝑁A
(

1

𝑇
−

1

𝑇ref
)) (2.13) 

where Δ𝐻w (J mol-1) is the ionisation enthalpy, assumed temperature-independent taking 

the value of 56 kJ/mol (Olofsson and Olofsson 1977) and the p𝐾w was assumed to be 14.0 

at 25 °C.  

An explicit expression to account for the phenolic contribution to surface charge density 

can be obtained by combining Eqs. (2.9) to (2.13). Together with the carboxylic group 

contribution, it yields the total charge density as:  

𝜎 =
𝐾a(𝑇)𝜎0

Phen

𝐾a(𝑇) + exp (−
Δ𝐻w

𝑘𝑁A
(

1
𝑇 −

1
𝑇ref

) −
𝑒𝜓(𝑅in)

𝑘𝑇 ) 10−(pH)0,𝑇ref

+ 𝜎0
COOH, (2.14) 

𝐾a(𝑇) = 𝐾a(𝑇ref)exp (−
Δ𝐻a

𝑘𝑁A
(

1

𝑇
−

1

𝑇ref
))  

where 𝜎0
Phen  and 𝜎0

COOH are the contributions to the total surface charge density by the 

phenolic groups and carboxylic groups, respectively, being fully ionised. 𝑇ref is 298.15 K 

or 25 °C and the overall effect of the temperature on the charge densities of the phenolic 

groups is strongly dependent on the relative magnitudes of the ionisation enthalpies, Δ𝐻a 

and Δ𝐻w. The latter is higher, with the result that the ionisation degree of the phenolic 

groups, and consequently the overall charge density, decreases with increased temperature 

at alkaline conditions (Norgren and Lindström 2000).   
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2.5 Modification of the Poisson-Boltzmann equation 

As indicated earlier in 2.3, the Poisson-Boltzmann cell model, Eq. (2.7), neglects 

interactions between the ions and allows them to interact only with the mean electrostatic 

potential: it is thus restricted to very dilute solution. In fact, the classical Poisson-

Boltzmann equation is a special case of the general, so called exact Poisson-Boltzmann 

equation (Hill 1986), which includes activity coefficients of the ionic species of which may 

deviate from unity: 

∇2𝜓(𝑟) = −
𝑒

𝜀0𝜀r
∑

𝛾𝑖,0

𝛾𝑖(𝑟)
𝑧𝑖𝑐𝑖,0 exp (−

𝑧𝑖𝑒𝜓(𝑟)

𝑘𝑇
) 

𝑖

 (2.15) 

The activity coefficients 𝛾𝑖 (𝑟) and 𝛾𝑖,0 are the local activity coefficients at 𝑟 (m) and at a 

reference condition (in this case, the bulk), respectively. As the concentration of ions 

increases, inter-ionic interactions become increasingly important and have to be taken into 

account. This can be done by the implicit incorporation of an Debye-Hückel model to 

estimate the local activity coefficients (Delville et al. 1982). However, these approaches 

are limited to rather dilute systems too. 

Another more systematic approach for including various inter-ionic and molecular 

interactions is to reconsider the free energy of the system and include the effects explicitly 

at this level. For an open system such as the PB cell, a favourable starting point is the grand 

potential, Φ (J), defined as (Balian 1991): 

Φ ≡ 𝐴 − 𝜇𝑁 (2.16) 

where 𝐴 (J) is the Helmholtz free energy, 𝜇 (J) is the chemical potential and 𝑁 (-) is the 

number of molecules. Due to the heterogeneous distributions of ionic species in the liquid 

domain, the more general density functional form of the grand potential ought to be 

considered, which allows spatial variations of ion concentrations, 𝑐𝑖(𝒓) (m-3), within the 

domain. Adding specific ion-surface interactions (Schwierz et al. 2013) and steric effects 

of the excluded volumes of ions and solvent (Borukhov et al. 1997), it can be expressed as: 

Φ = ∫ [−
1

2
𝜀0𝜀r|∇𝜓(𝒓)|2 + 𝑒 ∑ 𝑧𝑖𝑐𝑖(𝒓)𝜓(𝒓)

𝑖

− ∑ 𝜇𝑖𝑐𝑖(𝒓)

𝑖

] 𝑑𝒓  

+
𝑘𝑇

𝑎3
∫ [𝑎3 ∑ 𝑐𝑖(𝒓) ln(𝑎3𝑐𝑖(𝒓))

𝑖

+ (1 − 𝑎3 ∑ 𝑐𝑖

𝑖

(𝒓)) ln (1 − 𝑎3 ∑ 𝑐𝑖(𝒓)

𝑖

)] 𝑑𝒓  

+ ∫ [∑ 𝑐𝑖

𝑖

(𝒓)(𝜉𝑉𝑖
phob(𝒓) + (1 − 𝜉)𝑉𝑖

phil(𝒓))] 𝑑𝒓. (2.17) 

The first integral on the right-hand side of Eq. (2.17) contains three terms that involve the 

following contributions, in consecutive order: the energy of the electric field itself, the 

electrostatic potential energies of the ions in the electric field and the equilibrium constraint 

of the chemical potential of ions to the bulk condition (the second term on the right-hand 
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side in Eq. (2.16)). The second integral accounts for the entropic contributions of the ions 

and the solvent, taking into account the excluded volume and thus steric effects. The above-

mentioned terms have been formulated previously (Borukhov et al. 1997), where a lattice 

site is of the size, 𝑎 (m), and may be chosen to correspond to a hydrated ion. All ions are 

given the same size in the current expression, so ion-specific effects are therefore not 

introduced in this regard. In this work, 𝑎 was chosen to be 7 Å, which corresponds to the 

diameter of a hydrated Na+ ion (Mancinelli et al. 2007, Mähler and Persson 2012). An 

important consequence of the steric effects is the maximum packing degree of the ions, 

which is governed by the value of 𝑎, and becomes particularly important at highly charged 

surfaces. This is lacking in the classical Poisson-Boltzmann equation because the ions are 

treated as point-charges, and may therefore yield unreasonably high concentrations close 

to a surface of high surface charge density. 

The last integral on the right-hand side of Eq. (2.17) introduces the interactions between 

ions and the parts of the particle surface other than its charges: these interactions can be 

specific both to the surface and the ions involved. The surface is divided into hydrophilic 

and hydrophobic parts, here distributed evenly on the molecular level, in contrast to having 

distinct meso-patches. The degree of hydrophobicity, 𝜉 (-) [0, 1], determines the 

proportions of the two categories of surface characteristics. Specific ion-surface 

interactions with a hydrophilic and a hydrophobic surface can be accounted for by the 

potentials of mean force, 𝑉𝑖
phil

 and 𝑉𝑖
phob (J), respectively. These distance-dependent 

potentials have been determined elsewhere (Schwierz et al. 2013) from water-explicit 

atomistic molecular dynamics simulations. They are essentially free energies of interaction 

between an ion and a surface immersed in water because the effect of the water is implicit 

in the potentials, albeit at infinitely dilute solutions of ions. In these simulations, the 

hydrophilic and hydrophobic surfaces were OH and CH3 terminated, respectively. The 

inclusion of the potentials in the Poisson-Boltzmann equation (without surface charges 

present) was verified successfully in the same study, against molecular dynamics 

simulations at 1 M NaCl in bulk concentration. This implies that the use of the potentials 

is not limited to infinitely dilute solutions.      

Having all the contributions expressed in the grand potential, its partial derivatives, with 

respect to the electrostatic potential and the ion concentrations, respectively, may be 

evaluated and set equal to zero. This provides a set of equations from which the equilibrium 

conditions can be determined for a system that allows molecular and thermal exchange with 

the bulk reservoir. The partial derivative with respect to the electrostatic potential yields 

Poisson’s equation as in earlier sources (Borukhov et al. 1997, Ben-Yaakov et al. 2011), 

because no additional terms involving the electrostatic potential has been added here. The 

partial derivatives with respect to the ion concentrations, 𝑖, on the other hand, yield the 

Boltzmann distributions of mean ion concentrations, which are modified further (ion-

surface potentials) beyond the steric effects of ions (Borukhov et al. 1997). This procedure 

is outlined in the Appendix. Poisson’s equation and the modified Boltzmann distributions 

can be combined to form a modified Poisson-Boltzmann equation. In the spherical 

coordinate system of a Poisson Boltzmann cell model it reads: 
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d2𝜓

𝑑𝑟2
+

2

𝑟

𝑑𝜓

𝑑𝑟
= 

  

 

−
𝑒

𝜀0𝜀r

∑ 𝑧𝑖𝑐𝑖,0 exp (−
𝑧𝑖𝑒𝜓(𝑟)

𝑘𝑇 − 𝜉
𝑉𝑖

phob

𝑘𝑇 − (1 − 𝜉)
𝑉𝑖

phil

𝑘𝑇 ) 𝑖

[1 + 𝑎3 ∑ 𝑐𝑖,0 (exp (−
𝑧𝑖𝑒𝜓(𝑟)

𝑘𝑇 − 𝜉
𝑉𝑖

phob

𝑘𝑇 − (1 − 𝜉)
𝑉𝑖

phil

𝑘𝑇 ) − 1 )𝑖 ]

 (2.18) 

Boundary conditions: 
𝑑𝜓

𝑑𝑟
|

𝑟=𝑅in

= −
𝜎

𝜀0𝜀r
     ,    

𝑑𝜓

𝑑𝑟
|

𝑟=𝑅cell

=  0  

2.6 Numerical procedure 

In order to make predictions of the pair interaction potentials by employing Eq. (2.3), the 

osmotic pressure due to ions between two charged surfaces has to be known. For pairwise 

interaction between identical particles, symmetry applies at the midpoint between the 

particle-surfaces. It means that the electrostatic component in the disjoining pressure in Eq. 

(2.1) at the midpoint vanishes. Consequently, the concentration of ions at the midpoint 

between two surfaces, i.e. at 𝐷/2, renders the osmotic repulsion. Since the bulk 

concentration of ions is finite, the net osmotic pressure at a given separation distance gives 

𝑃entropic in Eq. (2.3). It is expressed as a function of the difference between the midpoint 

concentration and the bulk concentration, i.e.:    

𝑃entropic(𝐷/2) = 𝑘𝑇 ∑ (𝑐𝑖(𝐷/2) − 𝑐𝑖,0)𝑖 .  (2.19) 

Together with the attractive van der Waals component, this yields the disjoining pressure 

and the pair interaction potential may be expressed as:  

𝑊pair = 4𝜋𝑅p ∬ 𝑘𝑇 ∑(𝑐𝑖(𝐷′/2) − 𝑐𝑖,0)

𝑖

𝑑(𝐷′/2)𝑑(𝐷′/2) + 𝑊vdW

(
𝐷
2

)(
𝐷
2

)

∞∞

. (2.20) 

To solve Eq. (2.20), the midpoint concentrations need to be determined as a function of the 

separation distance. For non-dilute electrolyte solutions, as is of interest here, the modified 

Poisson-Boltzmann equation outlined in the previous section can be employed to estimate 

the midpoint concentrations. If the concentration distributions in the spherical system are 

approximately equal to those for the flat surface geometry at a given distance from the 

surface, then 𝑅cell = 𝐷/2, where the outer boundary concentration of ions provides the 

midpoint concentration. This has shown to be the case for similar conditions evaluated in 

Paper IV. It should be noted that the surface charge density in the inner boundary condition 
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in Eq. (2.18) has to be determined implicitly because it is a function of the electrostatic 

potential at the surface, see Eq. (2.14). 

Dispersion effects enter implicitly in the estimation of midpoint concentrations due to ion-

surface potentials introduced in the modified Poisson-Boltzmann equation (Eq. (2.18)). 

However, they also have a direct influence on the van der Waals contribution to the 

disjoining pressure in Eq. (2.1), i.e. a van der Waals interaction between the surface (non-

electrostatic part) and the dispersive part of the ions. This interaction may, in fact, even be 

repulsive for cations near a hydrocarbon-surface. Nevertheless, it is typically small in 

relation to the indirect effect it has on the entropic pressure contribution of the ions (Parsons 

et al. 2011), and thus has been neglected here. What remains is the classical van der Waals 

potential of attraction (Hamaker 1937), i.e. the last term in Eq. (2.20). The lignin-water-

lignin Hamaker constant of 4.2 kT was used (Hollertz et al. 2013), although the value could 

potentially be significantly lower in a strong electrolyte. This is due to the screening of the 

zero-frequency contribution of van der Waals interaction that could lead to a significant 

reduction in the Hamaker constant (Israelachvili 2011). For hydrocarbons, this contribution 

is in the order of 3kT/4, which provides an indication of the order of the possible reduction. 

The degree of hydrophobicity of the kraft lignin particles was assumed to be 88 %, i.e. 

assumed to be the same as in Paper IV. The surface charge densities were estimated based 

on the average contents of phenolic and carboxylic groups for the kraft lignin source 

utilised in the experimental study (see 3.1 Materials). The parameters of the solution 

condition in the estimations were also chosen to correspond, as close as possible, to the 

precipitation conditions in Paper V. Moreover, the ion-surface potentials used were those 

for interactions of Na+, Cl− and F− with a hydrophobic and hydrophilic surface, 

respectively. F− potentials were used because potentials for SO4
2− and OH− ions, which 

were present in the experiments in Paper V, were lacking in the literature source utilised 

(Schwierz et al. 2013): they were instead approximated with F− potentials. Nevertheless, 

all three of these ions are characterised as being quite similar in the Hofmeister series 

(Parsons et al. 2011), and are sometimes classified as strongly-hydrated kosmotropic ions, 

although this is merely a qualitative description (Salis and Ninham 2014). 

A sufficiently dilute dispersion of particles is required for many-body interactions between 

them to be negligible, so that pair interactions may be regarded as being sufficient to be 

considered (see 2.3 Poisson-Boltzmann cell model). It is thus useful to have an idea of the 

ranges of Poisson-Boltzmann cell radii corresponding to the homogenously dispersed state 

that can be expected, for purposes of comparison with the range of the pair potentials (the 

latter of which are known first after the numerical results have been retrieved). Consider 

the following hypothetical test case: a suspension consisting of 9 wt% kraft lignin, of which 

the volume fraction (solidosity) of the solid part of the spherical kraft lignin agglomerates 

are 50 % lignin. If all of the particles had a radius of 10, 100, or 1000 nm then, 

hypothetically, the corresponding 𝐷/2 values would be 9, 88 and 883 nm, respectively (see 

the calculation in the Appendix). These values ought to be much larger than the range of 

the pair interactions to satisfy the requirement of the assumption of pairwise interactions. 
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3 3 Experimental 

 

This chapter presents the materials, preparations and experimental set-up used in the 

experiments conducted. Moreover, it describes briefly the principles of the main equipment 

utilised in the experiments, namely Focused Beam Reflectance Measurement (FBRM) and 

Confocal laser Scanning Florescence Microscopy. 

3.1 Materials 

Lignin 

A softwood kraft lignin, sourced from a Nordic pulp mill and extracted by LignoBoostTM 

technology, was used in this study. Lignin from the same batch as used here has been 

characterised by others regarding ionisable functional groups (Aminzadeh et al. 2017). The 

contents of phenolic groups and carboxylic groups were found to be 4.27 mol/kg and 0.45 

mol/kg, respectively. The residual content of xylan on the lignin used in the current study 

was determined to be 0.35 %. The estimated content of residual xylan was based on 

measurements of the xylose concentration after acid hydrolysis with sulphuric acid using a 

methodology that can be found elsewhere (Jedvert et al. 2012). The concentration of xylose 

was measured using a Dionex ICS-5000 system equipped with CarboPacTM PA1 columns. 

An electrochemical detector was used; the eluents were NaOH and NaOH+NaAc (0.2 M). 

The molecular weight distribution of the kraft lignin was determined from measurements 

using gel-permeation chromatography (GPC), which is a size-exclusion chromatography 

(SEC) method. The unit was a PL-GPC 50 plus equipped with a PolarGel-M column and a 

guard column (300x7.5 mm/50 x 7.5 mm, 8 µm). A DMSO/LiBr mixture of 10 mM LiBr 

was used as the mobile phase and the external calibration curve-fit was based on standards 

of Pullulan of the type: polysaccharide calibration kit, Varian. Four samples were taken of 

the LignoBoost powder of kraft lignin from the stored batch source and run in the GPC 

unit. The results from these runs are shown in Figure 3-1 as relative intensities of various 

molecular weights.   
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Figure 3-1. (a) Molecular weight and (b) estimated macromolecular size distributions of 

the initial kraft lignin powder sampled four times (#1-4). The average Mn and Mw are 3.1 

and 11.3 kDa, respectively. 

The results in Figure 3-1 indicate a widely polydisperse material with the most common 

molecules belonging to the low molecular weight fraction below 10 kDa, although there is 

a significant tail in the distribution of high molecular weight material. In order to provide 

an idea of the corresponding molecular size, a rough estimate of the corresponding 

molecular size distribution is shown in Figure 3-1: the mode-value of the distribution is 

about 1 nm. The procedure and assumptions made to estimate the molecular weight and 

size distributions are presented below.   

The number and weight-averaged molecular weights, 𝑀n and 𝑀w, respectively, were 

determined according to:   

𝑀n = ∑ 𝑛𝑖𝑀𝑖

𝑖

 (3.1) 

𝑀w = ∑ 𝑛𝑖𝑀𝑖
2

𝑖

(∑ 𝑛𝑖𝑀𝑖

𝑖

)

−1

 

(3.2) 

where 𝑛𝑖 is the normalised intensity response measured in the ultra-violet region 

corresponding to molecular weight 𝑀𝑖. For the four distributions, the average values of 𝑀n 

and 𝑀w were 3.1 (± 0.03) and 11.3 (± 0.09) kDa, respectively, which yields a polydispersity 

of 3.6. It ought to be mentioned that it is difficult to determine the molecular weight of kraft 

lignin, and especially so from the indirect measurements made here. The values obtained 

are always specific to the instrument system and calibration curve used. 

Assuming that kraft lignin macromolecules are compact and spherical, the size distribution 

of the molecules may be estimated according to: 

𝑅lig,𝑖 = (
3

4𝜋

𝑀𝑖

𝑁A𝜌lig
)

1/3

 (3.3) 
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where 𝑅lig,𝑖 is the estimated radius of the lignin molecule with molecular weight, 𝑀𝑖, and 

𝜌𝑙𝑖𝑔  is the density of lignin, 1350 kg m-3 (Norgren and Lindström 2000). 

Xylan 

The xylan added to the solutions used in the precipitation experiments was a beechwood 

xylan (Lot 141202, P-XYLNBE, Megazyme) with a glucuronic acid content, according to 

the supplier, of 13.0 wt% .  

Chemicals 

Aqueous model solutions for use in the precipitation experiments were prepared by mixing 

NaOH (Sigma Aldrich, purity ≥ 98%) with either Na2SO4 (Fisher Chemical, purity > 99.5 

%) or NaCl (Sigma Aldrich, purity ≥ 99.5%) and deionised water. The two acids used for 

acidification was made by diluting concentrated sulphuric acid (Scharlau, 95-97 %) and 

hydrochloric acid (VWR, 37 %) to solutions of 6 M.  

3.2 Preparation and set-up 

The preparation and experimental set-up have, in principle, been the same throughout the 

work. The main steps in the experimental procedure are illustrated in Figure 3-2. Papers II, 

III and V have focused on the monitoring of the precipitation process: the steps involved 

are shown in the upper part in the chart. The work presented from Paper I concerns the 

analysis of the distribution of xylan that was conducted on the filter cake material of kraft 

lignin: this material was retrieved from filtration following after the precipitation stage. 

Dissolution Pre-filtration Precipitation

Filtration
Xylan 

distribution 
analysis

Papers II, III and V

Paper I

Residual

Filtrate

Figure 3-2. Overview of steps in the experimental procedure. 

Preparations for the precipitation experiments 

The first step in the experimental procedure was the dissolution of the kraft lignin powder 

in 1.0 M NaOH aqueous solution for a minimum of 16 hours; the pH during the dissolution 

stage was >13. In Papers III and V, all mixtures were pre-filtered after the dissolution period 
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at room temperature. In Paper II, some mixtures were prefiltered and others were not, in 

order to investigate the effect of this stage on precipitation. The pre-filtration was 

performed using a Buchner funnel connected to the top of a glass flask by vacuum suction: 

the filter paper was a Sartorius stedim, Type 184 (regenerated cellulose), having a nominal 

cut-off of 0.45 µm. In all cases, less than 1.6 % of the organic mass was filtered off 

although, in most cases, the loss was around 1 %. The filtrate had a concentration of 0.1 g 

lignin per g water when it was added to the precipitation vessel with a pH > 13 (Papers II 

and III) or about 12.3 (most cases in Paper V). 

The precipitation vessel 

The precipitation vessel was a 0.5 L jacketed glass vessel of inner diameter (96 mm). It was 

baffled along the walls and equipped with a pitched-blade impeller (diameter 50 mm/blade 

with 10 mm), positioned 15 mm from the bottom, to provide good mixing conditions. The 

agitation speed was 250 rpm (Papers 1, III and V) or 150 rpm (Paper II), and the direction 

of the flow was downwards. The temperature of the interior volume was controlled by 

indirect heating via the jacket. The FBRM probe was inserted at an angle of about 35 ° 

towards the direction of the flow to ensure the sufficient impingement of particles on the 

window located on its tip, yet preventing lignin from clogging the window during 

measurement (for a further description see 3.3 Focused Beam Reflectance Measurement 

(FBRM)). An illustration of the vessel is provided in Figure 3-3. 

 

Figure 3-3. Schematic diagram of precipitation vessel employed. Red arrows indicate the 

inlet and outlet flows of the heating fluid used to heat the vessel indirectly. 

Acidification and pH measurements 

Precipitation was performed by the addition of 6 M sulphuric or hydrochloric acid in a 

dropwise and sequential manner to allow the pH of the system to equilibrate in between the 

sequences. When the pH value was stable after the addition of an amount of acid, the liquid 

was assumed to be in chemical equilibrium with the surfaces of the particles in the system 

(e.g. the equilibrium protonation reaction of ionisable groups). Measurement of the pH was 

made at different times during each experiment by withdrawing a sample of 10 ml from the 

vessel, cooling it to about 25 °C and then using a pH meter calibrated at room temperature. 
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The sample was re-heated to the precipitation temperature after the pH measurement was 

complete and returned to the precipitation vessel. This procedure, whereby the sample was 

returned to the vessel, had no influence on the chord length distribution that was measured 

during the experiments. 

Analysis of the distribution of xylan in particles 

Other precipitation experiments were performed where the pH was lowered by adding 

sulphuric acid (6 M) in one stage. After precipitation occurred, the heat was turned off and 

the vessel was allowed to cool to room temperature before the suspension was filtered and 

the cake collected. The filter cake was used to analyse the distribution of xylan in the 

particles that composed the cake. Samples from the cakes were taken for later analysis on 

the microscopic level (see 3.5 Confocal Laser Scanning Florescence Microscopy). Slices 

taken from layers at different heights in the cake were used to analyse the content of xylan 

at different positions within it. The content of xylan in the samples taken from the slices 

could be estimated from the content of xylose after treating the samples with a highly 

concentrated solution of sulphuric acid and quantifying the xylose content with High 

Performance Anion Exchange Chromatography (HPAEC) analysis using a Dionex ICS 

5000 system equipped with CarboPacTM PA1 columns and an electrochemical detector. 

The procedure for this quantification of xylose can be found elsewhere (Jedvert et al. 2012). 

3.3 Focused Beam Reflectance Measurement (FBRM) 

FBRM is a laser-based technique used for the particle-size analysis of a system both in situ 

and in real time. More precisely, it measures the chord lengths of particles and, during a 

predetermined time interval, reports the numbers of chord lengths being allocated to bins 

(#1-100) with predefined bin edges. The allocation setting used in this work is known as 

“primary” and focuses the resolution of the chord length dimension to smaller particles, i.e. 

the bin-width increases along the dimension according to a geometric series. The unit used 

here, a G400 from Mettler Toledo, reports the numbers of particle chord lengths measured 

during a predefined sampling time as “counts” (#/s). It is these counts that, when allocated 

to different chord length-bins, result in the chord length distribution. The technique utilises 

scattering and interference phenomena of light for the measurement of chord lengths by 

focusing a beam at a point very close to the window on the tip of the FBRM probe immersed 

into the fluid under investigation, e.g. a fluid comprised of solid particles suspended in a 

liquid. The focused beam scans the suspension in a fixed circular path at high speed (2 

m/s); the chords of the particles measured are reported in the 1-1000 µm range. The 

equipment utilises the time elapsed by the back-scattered light, which results in a pulse, as 

the focused beam passes across a particle. The velocity of the scanning motion of the 

focused beam and the duration of the pulse then determine the chord length. A schematic 

diagram of this measurement technique is shown in Figure 3-4.  
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Figure 3-4. Schematic diagram of the Focused Beam Reflectance Measurement (FBRM) 

technique. The laser beam is focused on a point located just outside the probe window in 

the fluid being analysed. The focal point moves along a circular path at a fixed speed and, 

as a particle passes it, back-scattering of light occurs. This is returned to the probe and 

measured by the equipment. 

3.4 Analysis of chord length counts 

The onset of the formation of stable particles of size ≥ 1 µm was determined from the 

precipitation experiments in this work by analysing the counts of chords measured during 

the in situ monitoring of the precipitation process with the FBRM equipment. As 

acidification was being performed in an experiment, an increase in counts could often be 

observed as a consequence of particles being formed. In the early stages of the acidification 

sequence, when the onset condition had not yet been reached, the count levels decayed 

again to the baseline and resulted in a “count-peak”: this is not regarded as being the onset. 

If, on the other hand, the count levels remained elevated above the baseline after an increase 

in counts, then that rise in counts was regarded as the onset of the formation of stable 

particles ≥ 1 µm. This, and the estimation of the time-scale of particle formation on the 

micron scale, is illustrated schematically in Figure 3-5.  
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Figure 3-5. Schematic illustration of the onset of the formation of stable particles ≥ 1 µm 

and the evolvement of the following formation of particles on the micron scale, quantified 

as “counts” of the chords measured. The kinetics of the precipitation process levelled out, 

from which a time scale could be determined. 

For some analyses it can be beneficial to have approximately equal bin-widths of chord 

lengths classes so that the relative abundance of particles belonging to various size-classes 

can be compared, and not merely the relative changes in the chord length distributions. The 

bin-width was therefore chosen to be approximately 5 µm; the original chord length-classes 

from the output of the equipment were allocated, as accurately as possible, to the new 

classes with approximately equal bin-widths. The bin-width remained at approximately 5 

µm, up to about 30 µm, after which virtual deviations occurred and increased along the 

dimension (see 4.1.4 Chord length distributions).  

The chord length distribution is number-based but it can, however, be used to construct a 

volume-based distribution for particles ≥ 1 µm if certain assumptions are made. If the 

particles are assumed to be spherical, and the chord length being measured is their diameter, 

then the volume fraction of a size class can be estimated as: 

𝑣𝑜𝑙. %  (𝑑𝑖1
≤ 𝑑𝑖 ≤ 𝑑𝑖2

)  = 100 (∑ 𝑑𝑖
3

𝑖2

𝑖=𝑖1

𝑁𝑖) ( ∑ 𝑑𝑖
3

𝑖max

𝑖=1

𝑁𝑖)

−1

 (3.4) 

where 𝑑𝑖 is the diameter or chord length from the original chord length distribution, 𝑖, of 

particles of 𝑁𝑖 counts and the indices 𝑖1 and 𝑖2 represent the bin-edges of the size-class. The 

index 𝑖 runs from 1 to 𝑖max  which is the largest cord length reported by the equipment (1000 

µm). If it is further assumed that the volumetric densities (solidosity) of the particles are 

equal, the class also represents the volume fraction of the lignin precipitated among the 

particles on the micron scale. 
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3.5 Confocal Laser Scanning Florescence Microscopy  

This microscopy method has been used widely for studying (micro) biological systems and 

in food science in order to reveal the structure and/or distribution of the various constituents 

of a sample. A monochrome laser beam illuminates a sample containing florescent 

constituents: the radiation is adsorbed and light of lower wavelengths is emitted that can be 

detected by the instrument. Typically, a spectrum of emitted light is obtained, the intensity 

of which can be examined in different regions of wavelength in the spectrum. It is a useful 

technique for detecting the locations of one or more florescent constituents in a sample by 

contrast imaging. Since lignin is auto-florescent, it is possible to dye xylan by the chemical 

attachment of a florescent side group that preferably emits light of relatively high intensity 

in a region of the spectrum where the intensity of the auto-florescence of lignin is relatively 

low. Xylan and lignin can thus be located in the sample by means of contrast imaging, and 

information on the distribution of the constituents in the sample can thereby be gained. 

In this work, a Confocal Laser Scanning Microscope of type Leica TCS SP5 II from 

Wetzlar, Germany, was used. The laser used for illuminating the samples was a 488 nm 

argon laser; the depth of the scanning layer was about 0.8 µm. An upright set was used in 

which the illumination source hits the sample target from above, whilst the laser scans the 

sample, layer by layer, in a plane within a chosen region. Thus, three-dimensional imaging 

can be obtained of the florescent matter emitting light in the wavelength region of interest. 

The xylan was dyed by attaching Remazol Brilliant Blue R (RBBR) to it using a synthesis 

procedure, resulting in an ether bond between the xylan and the RBBR. The dye emits light 

with wavelengths found predominantly in a spectrum where its intensity profile is shifted 

towards wavelengths higher than the region in which the lignin emits most light. Images of 

the distribution of lignin and xylan may then be obtained by imaging the location of 

emittance in the chosen regions of 500-540 (which is dominated by lignin) and 620-720 

(where the difference in emittance between BRRB and lignin is the greatest), and by co-

localising the emittance of the two intervals of wavelengths. 
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4 4 Results 

 

This chapter summarises the experimental and numerical results presented in this thesis. 

It starts with the experimental results, which are summarised from Papers I-III and V. The 

numerical results, which are based on the model and numerical scheme in Paper IV, are 

thereafter presented. 

4.1 Experimental results 

This section primarily concerns the precipitation experiments conducted in a precipitation 

vessel monitored by FBRM. Firstly, an overview of the course of precipitation is outlined. 

Then the onset of precipitation of particles ≥ 1 µm is presented and discussed in more detail, 

followed by the analysis that was carried out of the chord length distributions. Finally, the 

results of the co-precipitation of kraft lignin with xylan are shown and the effect of the 

latter is evaluated. As well as the FBRM results, the analysis of the distribution of xylan in 

the precipitated lignin is also presented here where, for instance, confocal laser scanning 

florescence microscopy was used.  

4.1.1 Course of precipitation 

The precipitation of kraft lignin is influenced by parameters such as pH, ion concentrations 

in the aqueous solution and temperature. The experimental procedure employed provided 

the possibility of monitoring the course of precipitation as the conditions were changed 

which, in this work, was primarily by decreasing the pH. Figure 4-1 illustrates the course 

of precipitation during an experiment as a consequence of the addition of the salt, followed 

by the subsequent addition of acid. The pH decreased from the initial pH (in this case pH 

12.0) as all the more acid was added. At sufficiently high pH, it can be observed that an 

increase in counts usually followed after an addition of acid. However, the count levels 

decreased quickly again to the baseline, resulting in a “count-peak”. This behaviour is not 

regarded as being an onset point of stable particles ≥ 1 µm. The locally acidic areas in the 

liquid where the acid was added would temporarily have a lower pH than the surrounding 

liquid, which could result in local precipitation being observed as the count-rise. As the pH 

gradient evened out, the lignin particles that formed were unstable and either disintegrated 

or redissolved. It was not until the pH decreased to a critical point that a distinct increase 

in count levels could be observed that is not followed by a decay in the levels to the 

baseline: this was identified as the “the onset of formation of stable particles ≥ 1 µm”. From 
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the pH measurements made close to this point in time, an onset pH could be determined. 

In Figure 4-1 the evolution of the entire experiment is shown in the upper image, whereas 

the lower image displays a close-up on the early stage before onset and at its occurrence 

(i.e. the distinct count-rise at about 300 min). Judging by the relatively small amount of 

acid needed to go from the baseline to the rapid formation of particles ≥ 1 µm, it seems that 

the stability of the lignin dispersion was very sensitive to the pH-level, at least at these 

conditions (1.2 mol Na+ kg-1 water and 65 °C). As can be seen in the following figures 

further below, the onset pH can be less clear in the data and precipitation kinetics can be 

much slower. 

 

Figure 4-1. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 65 °C, 1.2 mol Na+ kg-1 water and 𝐶𝑙− as the anion. 

The course of precipitation, at a range of conditions in terms of Na+ concentration and 

anion-type in the added salt, from the point of addition of the salt at the initial pH, the 

subsequent addition of acid in sequences and to the end pH, are presented in Figure 4-2 to 

Figure 4-7. It can be observed that when adding NaCl at an initial pH of about 12.3 (Paper 

V), the formation of stable micron-sized particles occurred at Na+ concentrations of 2 mol 

kg-1 water or higher, while this was not the case when Na2SO4 was added (cf. Figure 4-2 to 

Figure 4-5). The experiment at the high concentration level of salt with NaCl added (4.0 

mol Na+ kg-1 water) was repeated without lignin: the count-peak after the salt addition 

disappeared quickly and returned to the baseline. This indicates that the initial count levels 

mentioned previously, observed after the addition of NaCl, were probably not for salt 

crystals but rather the lignin particles that had formed.   
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In the case, with SO4
2− as the anion, on the other hand, acidification was necessary to cause 

the formation of stable micron-sized particles. However, at the high salt level (4 mol Na+ 

kg-1 water), a mere decrease in pH to a level of 11.7 was sufficient to generate a slow but 

observable formation of stable micron-sized particles. It was not until the pH had been 

decreased to about 11.3 that a significant formation of micron-sized particles could be 

observed: this characteristic event is regarded as being “the onset of the formation of 

particles ≥ 1 µm by means of acidification”. Obviously, these observations do not exclude 

the possibility that submicron-sized particles were formed at an earlier stage, i.e. at a pH 

higher than the onset pH, but such particles cannot be reported by the experimental 

equipment used. Figure 4-6 and Figure 4-7 show experiments with an initial pH >13 and 

having SO4
2− as the anion in the added salt. Here, it can also be observed that no stable 

micron-sized particles were formed after the addition of the salt: significant acidification 

was required to cause the onset of the formation of stable micron-sized particles.  

The observations discussed above indicate that there is a specificity in the precipitation 

depending on which anion is present in the solution (in this case Cl− or SO4
2−). It appears 

to be easier to form micron-size particles when Cl− is present compared to SO4
2−, although 

it cannot be determined if this relation also applies to the formation of the first stable solid 

nuclei on the nano-scale. Another study (Norgren and Mackin 2009) indicated that the 

reverse order may apply regarding the formation of the first stable solid phase, i.e. that 

SO4
2− salts out kraft lignin easier than Cl−. It should be mentioned, however, that the source 

of kraft lignin and its concentrations were different to those used in this study. Furthermore, 

this may not necessarily contradict the findings of this work: the effects had by various 

anions on precipitation may differ for different length-scales and/or at different 

concentration ranges of salt (Zhang and Cremer 2009). In this work, the salt concentrations 

were shifted to higher values; ion-specific differences can be observed in the range of 2-4 

mol Na+ kg-1 water. This is discussed further in 4.2.3 Comparisons with experimental 

observations: further considerations. 
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Figure 4-2. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 65 °C, 3.9 mol Na+ kg-1 water and 𝐶𝑙− as the anion. 

 

Figure 4-3. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 65 °C, 2.0 mol Na+ kg-1 water and 𝐶𝑙− as the anion. 
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Figure 4-4. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 65 °C, 4.0 mol Na+ kg-1 water and 𝑆𝑂4
2− as the anion. 

 

Figure 4-5. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 65 °C, 2.0 mol Na+ kg-1 water and 𝑆𝑂4
2− as the anion. 
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Figure 4-6. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 77 °C, 4.0 mol Na+ kg-1 water and 𝑆𝑂4
2− as the anion. 

 

Figure 4-7. The course of precipitation. The line of numbers above the lower image are the 

pH values measured at 25 °C at various times throughout the experiment. Precipitation 

conditions: 45 °C, 4.0 mol Na+ kg-1 water and 𝑆𝑂4
2− as the anion. 
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4.1.2 Onset of particle formation 

A compilation of “the onset of the formation of particles ≥ 1 µm” in this work and the 

C.C.C. of NaCl determined in other studies found in the literature are shown in Figure 4-8. 

Moreover, in one of the literature sources (Norgren et al. 2002), the formation of particles 

≥ 1 µm and the C.C.C. clearly coincided; another (Fritz et al. 2017) pointed in the same 

direction, albeit less clearly. It is apparent that the onset pH is strongly dependent on the 

Na+ concentration in a wide range of conditions. In general, the combined effect of the pH 

and the Na+ concentration suggests that electrostatics play a significant role: precipitation 

may be caused by either lowering the pH or increasing the Na+ concentration. Some of the 

more subtle differences may be due to differences in the experimental set-up and/or the 

source of the kraft lignin used. For instance, one data point (Norgren et al. 2002), 

corresponding to the precipitation of Indulin at non-agitated conditions, reports the 

formation of micron-sized particles at pH 10.5, 1.3 mol Na+ kg-1 water and 70 °C, whilst 

the corresponding onset condition in the present work was pH 9.8 at 1.2 mol Na+ kg-1 water. 

In the latter case, agitation was employed, which may influence the stability of 

agglomerates and especially so in the micron range; moreover, LignoBoost kraft lignin was 

used (see 3.1 Materials). 

At the initial pH of about 12.3 and 2.0 mol Na+ kg-1 water or higher (specifically with NaCl), 

the lignin, salted out as micron-sized particles, suggests that different lignin fractions 

exhibit different phase behaviour. High molecular weight kraft lignin has been found to 

precipitate more easily than its low molecular weight counterparts (Norgren et al. 2001, 

Norgren et al. 2002, Zhu et al. 2016). Furthermore, it has been suggested that the high 

molecular weight factions may behave as colloids (Norgren et al. 2002), being destabilised 

first when either an addition of salt is made or the pH is lowered. In the other end of the 

molecular weight distribution, the lignin molecules may be rather small and require a lower 

pH or higher salt concentration to precipitate compared to colloidal-like lignins. The results 

reported in 4.1.2 Onset of particle formation show that the number of particles formed 

increases with decreased pH and/or increased Na+ concentration. This may be a 

consequence of the heterogeneity in the molecular properties of the kraft lignin: as the 

dissolution conditions for the lignin becomes worse, in terms of the levels of pH and salt 

concentration, all the more kraft lignin gradually precipitates.    

In most of the studies in this work, the precipitation temperature was elevated (45-77 °C). 

However, although the data in the lower range of Na+ concentrations (Lindström 1980) 

corresponds to 25 °C, the data point at pH 6.2 applied to the range 25-60 °C (see data set 

of red-edged circles in Figure 4-8). It is possible that the points at lower pH may also do so 

because the effect of temperature on pH is negligible at acidic conditions. The data point at 

about 2 mol kg-1 water, which deviates from the rest of the data at similar magnitudes of 

Na+ concentration, corresponds to 25 °C. A significantly lower pH was however required 

at this condition to reach a C.C.C. of 2 mol kg-1 water: the temperature level may be the 

main reason for this because a higher temperature has been found to destabilise kraft lignin 

dispersions at alkaline conditions (Norgren et al. 2001). An observation (unpublished data) 

pointing towards a similar effect was made in a recent experiment using the same 

experimental scheme as in this work: when an attempt was made to salt-out the lignin at 

room temperature by adding Na2SO4 at pH 9.6, no formation of particles ≥ 1 µm was 

observed during the subsequent addition of salt. Instead, the system underwent gelation at 

about 1.4 mol Na+ kg-1 water. Submicron-sized particles and/or macromolecules had 
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probably become stabilised and prevented from growing into the micron range: the system 

underwent gelation without forming particles ≥ 1 µm. Those observations indicate that it 

may be difficult for particles ≥ 1 µm to form at room temperature. Consequently, a 

sufficiently elevated temperature is required in order to achieve sufficient growth in the 

size of the particles rather than gelation. Gelation has also been observed in this study 

(Paper III), at around pH 9 at 45 °C and 1 mol Na+ kg-1 water. At higher salt concentrations, 

however, this was not observed. It suggests that the lower limit in temperature prior to 

gelation may be dependent on the other two main parameters: pH and salt concentration. 

The principles determining whether kraft lignin undergoes gelation or precipitates as 

suspended solid particles are currently not understood.   

 

Figure 4-8. The pH value at the onset of the formation of particles ≥ 1 µm or C.C.C. 

(literature sources) of Na+ concentration. 

4.1.3 Pre-existence of particles prior to acidification 

The presence of pre-existing micron-sized particles suspended in the liquid prior to 

acidification has a mere, yet observable, influence on the onset pH (see Figure 4-9): the 

count-value of all particles ≥ 1 µm is virtually zero due to prefiltration, and the onset pH 

decreases by about 0.2 pH units compared to non-prefiltered cases. In the absence of pre-

existing micron-sized particles, a lower pH was required to cause the onset of the formation 

of new micron-sized particles. This was observed at the two lower salt concentration levels, 

i.e. 1.0 and 2.0 mol Na+ kg-1 water, but not, however, at the higher level of 4.0 mol Na+ kg-

1 water (Na2SO4 was used to regulate the Na+ concentration in all of these cases). As already 

discussed in 4.1.2 Onset of particle formation, one interpretation that can be made for high 

salt concentrations, e.g. 4.0 mol Na+ kg-1 water and also using SO4
2−, is that a substantial 
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amount of submicron particles may have been formed already at the initial pH (>13) when 

the salt was added. In the prefiltered case at 4.0 mol Na+ kg-1 water in Figure 4-9, sufficient 

amounts of submicron particles may thus have been formed after the addition of salt, but 

were not detectable during acidification towards the onset. It is possible that the onset 

occurred at a pH similar to that of the corresponding non-prefiltered cases, as a lower pH 

was not required due to the presence of the submicron population. In the corresponding 

cases with Cl− as the anion at 4 and 2 mol Na+ kg-1 water, however, no indication could be 

found that the mere presence of the presumably salted-out lignin caused a shift in the onset 

pH of the formation of micron-scale particles: the onset pH due to acidification was 

approximately the same as for the cases with SO4
2− (cf. Figure 4-3 and Figure 4-5). This 

observation does not provide further support for the fact that the presence of pre-existing 

particles necessarily shifts the onset pH. 

 

Figure 4-9. The onset pH of the formation of particles ≥ 1 µm due to acidification at various 

concentrations of salt and amounts (initial counts) of pre-existing particles (≥ 1 µm) prior 

to acidification. Precipitation temperature: 45 °C. pH value at 25 °C.* The lignin solution 

was prefiltered prior to acidification. Salt added: Na2SO4. 

The rate of precipitation was, however, found to increase when pre-existing particles were 

present: the higher the initial count of all particles ≥ 1 µm prior to acidification, the shorter 

the precipitation time scale (see Figure 4-10 and the definition of the time scale in 3.4 

Analysis of chord length counts). It is possible that the rate of precipitation was pre-

dominantly dependent on the availability of the surface area of particles as sites for 

heterogeneous nucleation, particle growth and/or agglomeration. 
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Figure 4-10. The time scale of precipitation vs. the initial counts of all particles ≥ 1 µm 

prior to acidification. Salt added: Na2SO4. 

4.1.4 Chord length distributions 

The number and volume-based chord length distributions of the particles in a wide range 

of precipitation conditions are shown in Figure 4-11 to Figure 4-13. The main parameters 

investigated were the pH, salt concentration level and temperature.  

Figure 4-11 shows that the pH level at a high concentration of Na+ (4 mol kg-1 water) 

influences the chord length distribution significantly: it is affected all the way from about 

pH 11, i.e. just below the onset pH of particles ≥ 1 µm, to pH 4. More particles are formed 

the lower the pH becomes (upper left graph in Figure 4-11); they are also larger, to some 

degree at the expense of smaller particles. The volume-based distributions (upper right 

graph in Figure 4-11) show the shift towards larger particles as the pH decreases: although 

the relative weight of the volume of small micron-sized particles (1-10 µm) is rather 

significant at pH 11, it has however decreased by about an order of magnitude at pH 10.5 

and almost vanished at pH 4. Considering the bell shape of the volume-based distribution 

curve (upper right graph in Figure 4-11), along with the rather low relative volume of the 

particles 1-10 µm in size, it would be reasonable to assume that almost all of the solid lignin 

particles will be found in the micron-range unless the full size distribution is significantly 

bimodal, with an enormous population of submicron particles. One single agglomerate of 

at least 1 µm may be comprised of about 103 particles that are 0.1 µm in size.  

The fact that pH affects in such a wide range of conditions even at very high concentrations 

of salt (4 mol Na+ kg-1 water) indicates that the kraft lignin’s surface charges are of great 

relevance. The rather abundant phenolic groups contribute with charges in the alkaline 

regime and the less abundant carboxylic groups can contribute all the way down to quite 



Chapter 4. Results 

 

45 

 

acidic conditions. The latter is strengthened when the effect of the Na+ concentration on the 

chord length distribution at pH 4 (the lower panel in Figure 4-11) is considered: with respect 

to both number and volume, the particle chord length distribution is shifted to larger 

particles as the Na+ concentration increases from 1 to 4 mol kg-1 water. Phenolic groups 

ought to be fully protonated at this point, so the carboxylic groups, still being (partly) 

charged at this pH, are therefore a probable candidate for being the root cause of the shift. 

 

Figure 4-11. Number (counts) and volume-based chord length distributions at 77 °C. 

Upper panel: the influence of pH at 4 mol Na+ kg-1 water. Lower panel: the influence of 

Na+ concentration at about pH 4. 

The general trend is that more small particles were formed at 65 °C compared to 77 °C (see 

Figure 4-12). At near-neutral conditions (pH ~ 7.7), the number of particles was higher at 

65 °C compared to 77 °C, but the volume-based chord length distribution showed a shift 

towards larger particles (50-100 µm) at the higher temperature. At pH 4 the shift towards 

larger particles at 77 °C compared to 65 °C in both number and volume is clear, see Figure 

4-12. The volume-based distribution was also found to be very broad: a long tail continues 

from about 60 µm at a rather constant level of a few volume % at least up to 200 µm. An 

explanation as to why larger particles become relatively more abundant at 77 °C compared 

to 65 °C cannot be put forward at the moment. However, it has been observed that the 

properties of kraft lignin can change at temperatures around 85 °C and form “soft and 

tacky” large clumps (Uloth and Wearing 1989). Moreover, the relationship between the 

chord length distributions at 77 °C and 65 °C obtained in this work resembles that found in 

another study at 80 and 70 °C, after precipitation of kraft lignin from black liquor at about 

pH 9.7 (Öhman and Theliander 2007), i.e. that larger particles form at the higher 

temperature. Comparisons of the chord length distributions at 45 °C and 65 °C not only 

show that more micron-sized particles were formed at 45 °C than at 65 °C, but also indicate 

that larger particles were formed at 45 °C, volume-wise (see Figure 4-12). 
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Figure 4-12. Number (counts) and volume-based chord length distributions at 45°C, 65 °C 

and 77 °C and at various pH levels. The Na+ concentration was 1.0 mol kg-1 water. 

The number-based chord length distributions given in Figure 4-13 show that the amount of 

particles ≥ 1 µm increases as the pH is decreased. Based on the shape of the number-based 

distributions, and the fact that the most common class of particles in the chord length 

distribution was found to be in the 1-5 µm class, it is deemed reasonable to assume that the 

actual size-distribution has been truncated at 1 µm due to instrumental limits, and therefore 

submicron particles may also co-exist. The extent of submicron particles cannot, however, 

be assessed further using the present data alone. In Figure 4-13, the number of particles ≥ 

1 µm appears to decrease at an increased concentration of Na+. It is nevertheless possible, 

considering the shift towards larger particles in the volume-based distributions (see the 

right panel in Figure 4-13) at increased Na+ concentration, that particles in the range 1-20 

µm (the most frequently populated classes) underwent agglomeration and/or particle 

growth and therefore appeared as much fewer, but larger, particles. For instance, if 8,000 

spherical particles of size 1 µm were to agglomerate, they would compose a highly dense 

particle-agglomerate with a diameter of at least 20 µm, and 6.4*104 particles would yield a 

corresponding agglomerate of at least 40 µm. Thus, a significant decrease in the number of 
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particles in the range of a few microns may result in a minor increase in the numbers of 

particles merely tenfold in size: such an increase would not, in effect, be observable when 

depicted in the number-based distribution. In some of the cases with Cl− as the anion, the 

counts are higher than for the corresponding case with SO4
2−. However, the pH values were 

also slightly lower in the latter, and thus it cannot be certain that the difference in count 

level is not due to the anion specificity.  

 

Figure 4-13. Number (counts) and volume-based chord length distributions at 65 °C. The 

influence of Na+ concentration and anionic type (𝑆𝑂4
2− and 𝐶𝑙−) is shown at three pH levels 

(~11, ~10, and ~9.4). 

The image that emerges from the observations made above is that both the pH and the 

concentration level of Na+ affect the precipitation in a manner that is typical when 

electrostatic effects are involved. The combination of the two parameters determines, to a 

large extent, the condition required for the onset of the formation of particles ≥ 1 µm in a 

wide range of conditions according to Figure 4-8. Below this onset limit, the precipitation 

process proceeds further if either the pH is decreased or the concentration of salt is 

increased. This point is also illustrated in Figure 4-14: generally speaking, the total volume 
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of particles on the micron-scale increases as the pH decreases and/or the concentration of 

Na+ increases. 

 

Figure 4-14. The total volume of particles (≥1 µm) measured per second with the FBRM 

vs. the pH level (measured at 25 °C). The volume-estimates were based on the chord length 

distributions (see 3.4 Analysis of chord length counts). 

4.1.5 Co-precipitation with xylan 

Distribution of xylan in lignin-particles 

In this work (Paper I), the distribution of xylan on kraft lignin was investigated both on the 

macroscopic (in a filter cake) and microscopic (on particles) scales. On the micro-level, a 

confocal laser scanning fluorescence microscope was used to study two samples of lignin 

taken from experiments in which kraft lignin was co-precipitated with dyed xylan. Spots 

of high intensity in the wavelength interval where dyed xylan has its strongest emittance 

were only observed in two cases: one of these is shown in Figure 4-15. These spots are 

most likely areas with a high density of xylan, but just a few detectible spots cannot account 

for the significant content of xylan present in the cake. A reasonable interpretation of the 

result is therefore that most of the xylan was dispersed finely in the cake material to such 

an extent that its intensity became too weak to distinguish between it and lignin: it means 

that the xylan was evenly distributed on the microscopic scale. This result strengthens 

further the hypothesis that xylan sorbs onto agglomerates of lignin, and thereby becomes 

incorporated into the structure (Durruty et al. 2017). It ought to be mentioned here that the 

acidification procedure used for the precipitation experiments in which analysis of the 

xylan content of the filter cake was made was harsh, since all the acid was added at once, 

which is in direct contrast to the experiments monitored in situ with FBRM. Nevertheless, 
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the observations made of the chord length distributions of the agglomerates (as shown 

below) and the distribution of xylan in the filter cakes indicate the possibility that xylan 

becomes incorporated into the lignin agglomerates. 

 

Figure 4-15. Images of the intensity landscape of emitted light collected in different 

wavelength intervals: (a) light emission range collected predominantly from auto-

florescent lignin; (b) superimposed images of collection ranges assigned to lignin and 

dyed/stained xylan and (c) wavelength span corresponding to the strongest emittance from 

dyed xylan. 

Measurements of the xylose concentration in slices of filter cake taken at different heights 

showed that xylan was trapped in the cake and distributed evenly along its height, see 

Figure 4-16. This observation shows that the xylan was aslo distributed evenly in the cake 

on a macroscopic scale. 

 

Figure 4-16. Xylose concentration in slices taken at different heights in the filter cakes of 

lignin co-precipitated with xylan. Three cakes were examined: two with non-dyed xylan (L-

X) and one with dyed xylan (L-dX). See Paper I. 
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Influence of xylan on the chord length distribution 

The influence of xylan on the formation of particles on the micron scale can be observed 

in Figure 4-17 (at 77 °C) and Figure 4-18 (at 65 °C). The influence is most clear at the 

higher temperature, where smaller particles are formed in the case with xylan added. The 

shift in the distribution between the case with and without xylan was found to be consistent 

in the pH range 4-6: at these pH values, the ionisation degree of the carboxylic groups can 

be expected to be influenced by the pH. It is possible that the xylan sorbed onto the particles 

contribute to a reduction in the particle size. It is unclear at which conditions xylan may 

sorb onto lignin particles but, when they do, they can become incorporated into particles of 

kraft lignin because these particles grow in size by further lignin-sorption or the 

agglomeration of particles. Xylan-rich particles may retard their tendency to agglomerate 

further, compared to pure lignin counterparts, due to electrostatic or steric effects that xylan 

may induce. At 65 °C, the main observation in Figure 4-18 is that the count levels were 

generally lower in the presence of added xylan; the differences in the distributions can be 

seen already at pH 8-9. 

 

Figure 4-17. Comparison of chord length distributions with (dashed line ---) and without 

(full line –––) xylan added. Na+ concentration: 1.0 mol kg-1 water. Precipitation 

temperature: 77 °C. 
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Figure 4-18. Comparison of chord length distributions with (dashed line ---) and without 

(full line –––) xylan added. Na+ concentration: 1.0 mol kg-1 water. Precipitation 

temperature: 65 °C. 

4.2 Numerical results 

The results of the numerical predictions of the pair interaction potentials estimated 

according to the procedure in 2.6 Numerical procedure are discussed below. This is 

followed by a presentation of some of the results pertaining to the charge regulation and 

the ion concentration profiles from the solutions of the modified Poisson-Boltzmann 

equation given in Eq. (2.18), which provides the input data for the predictions of pair 

potentials. 

4.2.1 Pair interaction potentials 

Repulsive barriers reflect the resistance of two particles to adhere to each other and thereby 

undergo agglomeration: they are an indication of the stability of the particle dispersion. 

Results from the predictions of pair interaction potentials between two identical kraft lignin 

particles on the nano-scale are shown in Figure 4-19 and Figure 4-20. They are presented 

as repulsive barriers, or the absence thereof, if the interaction potentials are <0, at various 

levels of pOH and concentrations of salt (the Na+ concentration). Predictions were made 

for Na+ concentration levels in the range 1-2.5 M. 0.5 M of the Na+ ions originated from 

NaOH in all cases and the remainder from NaCl: i.e. mimicking the experimental 

concentrations in Paper V. The contents of phenolic and carboxylic groups were 4.27 and 

0.45 mol kg-1 lignin, respectively, corresponding to the average values for the LignoBoost 

lignin used in the experiments conducted in this work. The temperature was 65 °C in all 

cases. 
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The repulsive barriers are predicted to stabilise the nano-scale particles (> 10 kT) up to 

concentrations of about 2 M Na+ at 1 pOH, although barriers for particles of about 10 nm 

are below 10 kT at this Na+ concentration. At pOH 1.5, however, the barriers are reduced, 

but the dispersion of particles remains stabilised on the nano-scale up to 2 M Na+. The 

exception is nanoparticles with a radius of about 10 nm as these may agglomerate slowly, 

since the barriers are merely a few kT. At pOH 2, on the other hand, the particle dispersion 

is predicted as being destabilised at the salt concentration of 2 M but stabilised at about 1.8 

M at this pOH (at least particles with radii of about 100 nm). These predictions agree 

reasonably well with the experimental observations made in this work when NaCl was used 

as the added salt. The experimental results showed that micron-sized particles were formed 

at about pOH 1.7 at 2 mol Na+ or higher, i.e. close to the numerical predictions. Particle 

dispersions on the nano-scale are predicted to remain rather stable at 1.5 M at further 

increased pOH up to about pOH 3.5: at this condition, only particles with radii of about 1 

µm are predicted to remain significantly stabilised. At further increased levels of pOH, up 

to pOH 4, these are also destabilised at 1.5 M. In an experiment at pOH 4.2, i.e. comparable 

to the previous condition, the onset of formation of particles ≥ 1 µm was observed to occur 

at the Na+ concentration of 1.2 M (Figure 4-1). The predicted and experimental values are 

quite close.  

At 1.2 M Na+, nanoparticle dispersions (e.g. with radii of 100 nm) are predicted to be 

stabilised both at pOH 4 and 4.5. In an experiment, however, as mentioned above, the pOH 

had to be increased to about 4.2 before the formation of micron-sized particles could be 

observed. Moreover, it can be seen in Figure 4-20 that no significant change in the barriers 

are predicted in the pOH range 4-4.5, and this persists as the pOH is decreased further, e.g. 

to 5.5. This prediction is due to the fully ionised carboxylic groups in the model, because 

the phenolic groups are virtually fully protonated at such a high pOH. The numerical results 

suggest that the carboxylic groups can have a significant effect on the dispersion stability. 

This is a reasonable assumption considering the effect that pOH at 1 mol Na+ kg-1 water 

has on the chord length distributions at pOH > 5. The numerical results at 1.2 M Na+ do, 

however, overestimate the dispersion stability when compared to the experimental data; 

possible explanations for this are discussed later in 4.2.3 Comparisons with experimental 

observations: further considerations.  
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Figure 4-19. Pair interaction potentials between kraft lignin particles of radii 10, 100, and 

1000 nm at various levels of salt concentration (Na+) with 𝐶𝑙− as the anion in the added 

salt. The pOH is in the range 1-2.5 and the temperature is 65 °C. The contents of phenolic 

and carboxylic groups (mol kg-1 lignin) are 4.27 and 0.45, respectively. 
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Figure 4-20. Pair interaction potentials between kraft lignin particles of radii 10, 100, and 

1000 nm at various levels of salt concentration (Na+) with 𝐶𝑙− as the anion in the added 

salt. The pOH is in the range 3-4.5 and the temperature is 65 °C. The content of phenolic 

and carboxylic groups (mol kg-1 lignin) are 4.27 and 0.45, respectively. 

The corresponding barriers when SO4
2− is the anion in the added salt are shown in Figure 

4-21 and Figure 4-22. Again, the Na+ concentration levels were in the range 1-2.5 M and, 

in all cases, 0.5 M of the Na+ ions originated from NaOH. Here, however, the remainder 

comes from Na2SO4, i.e. mimicking the experimental concentrations in Paper V where 

SO4
2− were the anion. Generally, at low pOH levels, the ability of the system to retain a 

nano-scale dispersion of particles is predicted to increase when SO4
2− is the anion in the 

added salt rather than Cl−. This agrees with the observation that the addition of NaCl to 

reach 2 mol Na+ kg-1 water caused the formation of particles ≥ 1 µm at about pOH 2, while 

the corresponding addition of Na2SO4 did not: i.e. Cl− has a greater ability than SO4
2− to 

salt-out the kraft lignin dispersion. For instance, the nanoparticle dispersion is predicted to 

be stabilised at pOH 2 in the latter case (see e.g. the particles of radii 100 nm in Figure 

4-21). Moreover, the dispersion is predicted to remain stable at pOH 2.5 as well at the Na+ 
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concentration of 2 M, but unstable at pOH 3. This prediction is about 0.5 pOH units higher 

than the value determined experimentally (cf Figure 4-5).  

 

Figure 4-21. Pair interaction potentials between kraft lignin particles of radii 10, 100, and 

1000 nm at various levels of salt concentration (Na+) with 𝑆𝑂4
2− as the anion in the added 

salt. The pOH is in the range 1-2.5 and the temperature is 65 °C. The contents of phenolic 

and carboxylic groups (mol kg-1 lignin) are 4.27 and 0.45, respectively. 
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Figure 4-22. Pair interaction potentials between kraft lignin particles of radii 10, 100, and 

1000 nm at various levels of salt concentration (Na+) with 𝑆𝑂4
2− as the anion in the added 

salt. The pOH is in the range 3-4.5 and the temperature is 65 °C. The contents of phenolic 

and carboxylic groups (mol kg-1 lignin) are 4.27 and 0.45, respectively. 

The pair interaction potentials for particles of radii 1000, 100 and 10 nm, respectively, at 

pOH 2 and at a series of Na+ concentrations (1-2.5 M) for the NaCl-case, are shown in 

Figure 4-23. As is typical for DLVO potentials: the larger the particles, the stronger the 

repulsive and attractive forces. However, due to the limited range of repulsive interaction 

(double layer) as a consequence of screening, van der Waals attraction dominates at larger 

distances and causes a local energy minimum at a separation 𝐷 of 40 Å, which is common 

for screened systems (Israelachvili 2011). Although this minimum is rather deep (~-70 kT) 

for particles of radius 1 µm, and even significant for 100 nm particles (~-10 kT), it is small 

for 10 nm particles (> -kT). The two larger size-classes are, consequently, prone to 

flocculation according to the predictions, i.e. forming loose agglomerates, at salt 

concentration levels < 2 M. The 10 nm particles, on the other hand, are not predicted to 

flocculate in this manner (see the insert in the graph on the right hand side in Figure 4-23). 

The potentials are rather similar for the Na2SO4 case in terms of the prediction of a local 
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minimum at a few nm from the surface even though, as mentioned previously, the repulsive 

barriers are larger. It ought to be mentioned here that sorption of dissolved kraft lignin 

macromolecules onto the much larger nanoparticles may take place: the repulsive barriers 

for sorption may be in the order of magnitude of a few kT , thus, indicating potential slow 

particle growth (Paper IV). The range of the potentials in Figure 4-23 ought to be compared 

to the characteristic cell sizes estimated for the three particle classes in 2.6 Numerical 

procedure. The range of significant pair interactions is much shorter than the length scale 

of the average particle-to-particle distance from the cell size estimates for uniformly 

distributed particles. Pair interactions should, thus, be a reasonable assumption for kraft 

lignin particles on the nano-scale at those lignin concentrations. 

 

Figure 4-23. Pair interaction potentials at various half separation distances, D/2. Left: 

1000 nm particles. Right: 100 nm particles. Insert: 10 nm particles. Bulk pOH: 2. The 

concentrations in the legend are of Na+. Type of salt added: NaCl. vdW: van der Waals 

attraction component to the potential. 

4.2.2 Charge regulation and ion concentration profiles 

As indicated above by the pOH dependency of the dispersion stability of kraft lignin 

particles, the surface charge density is predicted to influence the stability significantly, 

which the salt concentration level is also predicted to do. It was assumed that the surface 

pH regulates the ionisation degree of phenolic groups according to the reaction equilibrium 

of protonation vs. deprotonation. The surface pH decreases at increased temperature and, 

moreover, depends on the electrostatic potential between the bulk condition and the 

particle/macromolecule surface (recall Eq. (2.14)). Thus, the surface pH may be 

significantly lower compared to the bulk value. Figure 4-24 shows the predicted surface 

pH as a function of the half separation-distance between two similar kraft lignin 

particles/molecules at 65 °C. As the two surfaces approach each other, the surface pH 

decreases as a result of the simultaneous decrease in the electrostatic potential at the surface 

(more negative). At each separation distance, the electrolyte solution was assumed to be in 

equilibrium; the Poisson-Boltzmann cell remained electroneutral, i.e. the counterions in the 

cell balanced the charged surface.  
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Figure 4-24. Fractions of charges from phenolic groups of total charge density (left y-axis) 

and surface pH (right y-axis) at various half separation-distances between two interacting 

kraft lignin particles/ macromolecules. Bulk conditions: pOH 2 and 4.5. Temperature: 65 

°C. 

These interlinked properties, i.e. charge regulation, surface pH and electrostatics, influence 

the distribution of ion concentrations in the vicinity of the surfaces (see Figure 4-25). They 

therefore determine the concentration of ions at the midpoint between the surfaces which 

gives the osmotic pressure experienced by the particles as they approach each other. The 

development of the midpoint concentration as the separation distance decreases is seen in 

Figure 4-25 as the endpoints on the right-hand side of the curves of Na+ concentration. 

Figure 4-25 thus illustrates how the double layer is compressed: it consists predominantly 

of the Na+ counterions at short distances, reaching a maximum Na+ concentration of almost 

5 M. This maximum is a consequence of the steric effects in the modified Poisson-

Boltzmann model, which allows a maximum close packing of ions determined by the 

choice of the lattice size or ionic diameter: 𝑎 in Eq. (2.17). Moreover, the diffuse layer of 

crowded Na+ is somewhat shifted away from the surface by the hydrophobic ion-surface 

interactions of the lignin. These distance-dependent interactions can compete with the 

electrostatic attraction of the counterions induced by the surface charges on the lignin; close 

to the surface, they even dominate the ion-lignin interaction. This effect renders the 

prediction of the increased range of salt concentrations possible, where the double layer 

repulsion still overcomes the attractive van der Waals interaction (see Figure 4-19 to Figure 

4-22). The modifications made to the Poisson-Boltzmann equation, which manifest 

themselves in the above-mentioned effects, suggest that charged-particle systems of 

increased salt concentration may be analysed with the model, whereas the classical Poisson-

Boltzmann equation would be inadequate. 



Chapter 4. Results 

 

59 

 

 

Figure 4-25. Concentration of ion vs. distance from the surface at various half-separation 

distances, D/2 (the end-points on right-hand side of each curve). Black curves: total ion 

concentration profiles. Red curves: Na+ contribution made. Concentration of Na+ in the 

bulk: 2.0 M. pOH: 2.0. (a) NaCl case. (b) Na2SO4 case. 

It is nevertheless important to note that the repulsive double layer interaction vanishes at 

Na+ bulk concentrations greater than ~2.7 and ~3.2 M for the NaCl and Na2SO4 cases, 

respectively, for a lattice cell size of 7 Å (i.e. the diameter of the hydrated Na+ ion). As the 

Na+ concentration in the bulk increases beyond this concentration, the total bulk 

concentration of the ions approaches the maximum concentration of the ionic atmosphere: 

the net osmotic pressure, which drives the repulsive interaction, therefore vanishes.   

4.2.3 Comparisons with experimental observations: further considerations 

The predictions presented in 4.2.1 Pair interaction potentials agree reasonably well with the 

experimental observations made regarding the formation of particles ≥ 1 µm at several 

conditions. Some noteworthy deviations were, however, found at some conditions. 

Considering that the particles are described as perfect hard spheres having average 

properties in terms of hydrophobicity and charge density (contents of ionisable groups), the 

model used can be regarded as an extensively simplified representation of the actual case. 

Yet it predicts the trends observed in the experiments relatively well. Given that the 

predictions have this level of accuracy, the results suggest that double layer repulsion, or a 

mechanism that resembles it to a large extent, may be a reasonable candidate for the 

significant mechanism, or at least one of them, that stabilises kraft lignin particle 

dispersions on the nano-scale; even at rather high concentration levels of salt of about 2.5-

3 mol Na+ kg-1 water.  

It should also be mentioned that the predictions are representative for particles that contain 

ionisable groups corresponding to an average kraft lignin macromolecule: the contents of 

phenolic and carboxylic groups assumed here were the averages of the whole population 

of the lignin material used in the experiments (see 3.1 Materials). The dispersion stability 

and precipitation are probably more complex than illustrated in the predictions, not least as 

a consequence of the heterogeneity in the molecular properties of kraft lignin. 

Macromolecules of kraft lignin with a high molecular weight probably precipitate first, as 

they usually have lower contents of phenolic and carboxylic groups compared to fractions 
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of lower molecular weight: the latter fractions may require a subsequent lower pH or higher 

salt concentration levels in order to precipitate. Charge density may be one reason for this, 

although there may be others as well because, in general, the molecular weight of a polymer 

correlates with its solubility (Hill 1986). As a consequence, the properties of the dissolved 

and precipitated lignin may vary at different conditions. This was also observed 

experimentally in the precipitation of kraft lignin from fractionated industrial softwood 

black liquors (Paper IV), see Figure 4-26. It shows that, as the precipitation yield increases 

as a consequence of the increase in pOH, the phenolic group content in the precipitated 

lignin increases. It also indicates that the phenolic group content varies with the molecular 

weight, which is correlated to the yield too. Such aspects may explain some of the 

deviations observed between the predictions made of the stability of particle dispersion and 

experimental observations regarding the onset of the formation of micron-sized particles. 

For instance, deviations are seen at pOH 4-5 at about 1-1.5 M of Na+, where the carboxylic 

groups are predicted to dominate the charging of the lignin. An alternative, in that case, is 

that the ionisation degree of the carboxylic groups should be taken into account at a short 

particle-particle-separation distance: the surface pH predicted becomes rather low here 

already at weakly alkaline bulk conditions (Figure 4-24).  

 

Figure 4-26. Contents of phenolic groups (a) in the precipitated kraft lignin from black 

liquor factions (30 wt% dry content) and (b) in the remaining liquor, vs. the pOH (from 

Paper IV). The gravimetric yields at the corresponding conditions are given in percentage. 

F1 and F2 are a high and medium molecular weight fraction, respectively, with respect to 

the original unfractionated softwood black liquor. 

Figure 4-25 indicates that there is an upper limit of when the double layer repulsion can be 

considered realistic: the case of 4 mol Na+ kg-1 water is certainly beyond this limit. 

Experimental results show nonetheless that no stable particles ≥ 1 µm were formed when 

Na2SO4 was added to reach a Na+ concentration of 4 mol Na+ kg-1 water, e.g. at about pOH 

1.7. Figure 4-23 implies that there is the possibility that a local minimum in the pair 

potential may render flocculation and weaker agglomerate structures. SO4
2− may lead to 

weaker structures (looser flocs) than in the case with Cl−, since the repulsive barriers are 

higher in the former. This, in turn, may cause agglomerates to disintegrate to a larger degree 

when subjected to agitation, thus retarding the formation of micron-sized particles: the 

influence of agitation on the formation of particles at salt concentrations in this range can 
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be found elsewhere (Kannangara et al. 2016), although there it was suggested that particles 

of ~ 1 µm would be unaffected by agitation. In any case, double layer repulsion ought to 

vanish at concentrations as high as 4 mol Na+ kg-1 and therefore cannot provide an 

explanation why micron-sized particles are absent until pOH values as high as 2.5-3 are 

reached in the SO4
2− cases. The speculation may be made that there are other ion-specific 

effects of electrostatic/steric origin which influence the agglomerates. Should this be so, 

they may even provide other significant candidates to explain the observations: this is 

possible, since some discrepancies were found between the predictions and the 

observations made. Clearly, further investigation is needed here. 

Nevertheless, the distributions of ion concentration presented previously (Figure 4-25) 

indicate a possible mechanism that may lie behind, at least to some degree, the higher 

dispersion stability when using SO4
2− compared to Cl−. The preconditions necessary for a 

significant anion-specific effect of this type are twofold: firstly, the surface charge has to 

be sufficiently high so that a close packing of counterions is attained close to the surface. 

Secondly, the salt concentration has to be high so that the difference in total ion 

concentration in the bulk between the two cases becomes large, which is due to the 

difference in valency of anions (Cl− vs. SO4
2−). 

Improvements can be made to the model, regardless, to investigate the above-mentioned 

case further. The ion-surface interactions for SO4
2− have been approximated using those for 

F− (Eq. (2.17). Despite the fact that both are classified as kosmotropic (Salis and Ninham 

2014), this approximation introduces some uncertainty in the prediction. Theoretical 

studies of ion-specific interactions that involve divalent species are currently limited, but 

they are desirable in order to bring clarity to those specific effects (Schwierz et al. 2013). 

Another improvement would be to include ion-specific ion-ion correlations, as they have 

been neglected in the current model.
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5 5 Conclusions  

 

The formation and growth of kraft lignin particles/agglomerates ≥ 1 µm in aqueous model 

solutions have been studied in situ using a FBRM instrument. The experimental 

methodology developed has provided valuable insights regarding the formation of the first 

micron-sized particles/agglomerates and the following evolvement of the chord length 

distribution during the precipitation process, i.e. changes in the concentration of particles/ 

agglomerates of various size-classes during the course of precipitation.  

It was found from the analysis, and in agreement with earlier studies, that the precipitation 

of kraft lignin remains sensitive to pH even at high salt concentrations: at least up to 4 mol 

Na+ kg-1 water. The level of salt concentration controls, to a large extent, the onset pH for 

the formation of micron-sized particles: the higher the salt concentration level, the higher 

the onset pH. At a pH value below the onset pH, an increase in the salt concentration renders 

a shift in the chord length distribution on the micron-scale to larger particles/agglomerates. 

The same effect was obtained when the pH was lowered further: depending on the 

concentration level of the salt, changes in the chord length distribution were observed in a 

very wide range of pH values, namely 4-13. This suggests that the electrostatic effects of 

the ionisable groups on kraft lignin (phenolic and carboxylic) are of significant importance 

to the particle formation process even at high salt concentration levels (1-4 mol Na+ kg-1 

water). Temperature has also been shown to be important for the sizes of the particles 

formed. A tendency for the system to undergo gelation was observed in the range 25-45 

°C, although at 45 °C this was dependent on the pH and salt concentration level. At 65 °C, 

this phenomenon was not observed and, at 77°C, the particles became larger than at 65 °C. 

Temperature is therefore important to the formation of micron-sized particles. Furthermore, 

small amounts of xylan present during co-precipitation with kraft lignin (5 g/95 g lignin) 

indicated a retardation in particle formation to a minor extent; xylan was also found to be 

distributed evenly in the precipitated lignin. 

Predictions of the dispersion stability of kraft lignin nanoparticles were made by employing 

a modified Poisson-Boltzmann model for the estimation of pair interaction potentials (an 

extended DLVO model). Taking into account steric effects of the ions and non-electrostatic 

ion-surface interactions (most importantly hydrophobic) led to that the repulsive part of the 

pair interactions was increased, compared to the classical Poisson-Boltzmann predictions. 
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As a consequence, the dispersion stabilities of nanoparticles were predicted to be high at 

low pOH (e.g. 1), even at high concentrations of ions, i.e. up to ~2-2.5 mol Na+ kg-1 water, 

depending on the anion used. Comparisons of the predictions to the onset of the formation 

of particles ≥ 1 µm determined experimentally agreed reasonably well for the case with 

NaCl added to obtain various levels of Na+ concentrations (1-4 mol kg-1 water). The 

corresponding predictions for Na2SO4 provided at least a partial explanation of the 

differences in particle formation observed experimentally when the different salts were 

added to obtain high concentrations of salt (2-4 mol Na+ kg-1 water). Nevertheless, the 

model used predicted a lower nanoparticle dispersion stability in that salt concentration-

range with Na2SO4 as the added salt compared to the corresponding observations made in 

the experiments for particles ≥ 1 µm.   

It is expected that the rather abundant phenolic groups contribute to the charging, and thus 

phase behaviour, of kraft lignin, which this study also supports. However, both the 

experimental and theoretical results indicate that the less abundant carboxylic groups may 

also influence the formation of particles significantly, especially in the neutral-to-acidic 

regime (where the phenolic groups ought to be protonated), if salt concentrations levels are 

not too extreme, e.g. about 1 M Na+. 
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6 6 Future work 

 

In an industrial setting, the use of the FBRM technique for the online monitoring of particle 

size can be considered a promising choice of method, based on the results in this thesis. It 

may, for instance, be inserted into vessels and pipes to conduct online monitoring and 

offline analysis of various unit operations and streams in industry. In an industrial context, 

it could not only aid in quality control but also be used in pilot-scale trials, e.g. in process 

development. 

From a scientific perspective, a similar resolution in time and particle-size dimension of 

the particle formation process, as obtained in this work, is desirable on the nano-scale. The 

precipitation process on this scale provides the boundary conditions for the micron-level 

processes that has been studied in detail here. Such knowledge is thus relevant to 

understanding not only precipitation operations similar to those conducted here but also 

other types of processes that are dependent on the phase behaviour of kraft lignin on the 

nano-scale. The data currently available on this scale is limited to dilute concentrations of 

kraft lignin, providing poorly resolved information on the particle size distribution during 

the course of precipitation. 

Investigation into the ways mixing influences the particle size distribution, both 

experimentally and theoretically, would provide further knowledge and understanding 

relevant to industrial operations and process design. 

In situ information of the shape of the particles would also be valuable for understanding 

the process of particle formation. Moreover, such data would be useful in comprehending 

the packing behaviour of particles during the dewatering of kraft lignin suspensions. 

As implied in this work, improvements can be made to the modified Poisson-Boltzmann 

model. Specific ion-surface potentials for SO4
2− ions can be added to increase the certainty 

in the predictions. Furthermore, specific ion-ion correlations can also be included, as they 

are neglected in the current model.  
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8 8 Appendix 

 

8.1 Modified Boltzmann distribution 

Setting the partial derivative of the grand potential in Eq. (2.17), with respect to the specific 

ion concentration, 𝑐𝑗(𝒓) (𝑗 ∈ 𝑖), equal to zero, yields: 

0 = 𝑒𝑧𝑗𝜓(𝒓) − 𝜇𝑗 + 𝜉𝑉𝑗
phob(𝒓) + (1 − 𝜉)𝑉𝑗

phil(𝒓)  

+𝑘𝑇 [ln (𝑎3𝑐𝑗(𝒓)) + 1 −
1

1 − 𝑎3 ∑ 𝑐𝑖𝑖 (𝒓)
  

− ln (1 − 𝑎3 ∑ 𝑐𝑖

𝑖

(𝒓)) +
𝑎3 ∑ 𝑐𝑖𝑖 (𝒓)

1 − 𝑎3 ∑ 𝑐𝑖𝑖 (𝒓)
]. (A.1) 

After simplification of Eq. (A1), the following expression is obtained: 

0 = 𝑒𝑧𝑗𝜓(𝒓) − 𝜇𝑗 + 𝜉𝑉𝑗
phob(𝒓) + (1 − 𝜉)𝑉𝑗

phil(𝒓)  

+𝑘𝑇 [ln (𝑎3𝑐𝑗(𝒓)) − ln (1 − 𝑎3 ∑ 𝑐𝑖

𝑖

(𝒓))]. (A.2) 

The chemical potential of ion 𝑗 is equal to that of the bulk condition where the electrostatic 

and ion-surface potentials vanishes, thus: 

𝜇𝑗 = 𝑘𝑇 ln(𝑎3𝑐𝑗,0) − 𝑘𝑇 ln (1 − 𝑎3 ∑ 𝑐𝑖,0

𝑖

) (A.3) 
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Eqs. (A.2) and (A.3) yields: 

ln (
𝑎3𝑐𝑗(𝒓)

(1 − 𝑎3 ∑ 𝑐𝑖𝑖 (𝒓))
) =  

ln (
𝑎3𝑐𝑗,0

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
) − 𝛽𝑒𝑧𝑗𝜓(𝒓) − 𝛽𝜉𝑉𝑗

phob(𝒓) − 𝛽(1 − 𝜉)𝑉𝑗
phil(𝒓) (A.4) 

or 

𝑐𝑗(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖𝑖 (𝒓)
=

𝑐𝑗,0exp (−𝛽𝑒𝑧𝑗𝜓(𝒓) − 𝛽𝜉𝑉𝑗
phob(𝒓) − 𝛽(1 − 𝜉)𝑉𝑗

phil(𝒓))

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖 (𝒓)
 (A.5) 

where  𝛽 = 1/(𝑘𝑇). The concentration of 𝑗 in the Boltzmann distribution is given implicitly 

in Eq. A5. However, summation over all ionic species leads to:  

∑ 𝑐𝑖(𝒓)𝑖

1 − 𝑎3 ∑ 𝑐𝑖𝑖 (𝒓)
=  

∑ 𝑐𝑖,0exp (−𝛽𝑒𝑧𝑖𝜓(𝒓) − 𝛽𝜉𝑉𝑖
phob(𝒓) − 𝛽(1 − 𝜉)𝑉𝑖

phil(𝒓))𝑖

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
 (A.6) 

The following substitutions can made: 

𝑥 = ∑ 𝑐𝑖(𝒓)

𝑖

 (A.7) 

𝐵𝑖(𝒓) = exp (−𝛽𝑒𝑧𝑖𝜓(𝒓) − 𝛽𝜉𝑉𝑖
phob(𝒓) − 𝛽(1 − 𝜉)𝑉𝑖

phil(𝒓)) (A.8) 

which leads to: 

𝑥

1 − 𝑎3𝑥
=

∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
. (A.9) 

Rearrangement yields: 

𝑥 (1 +
𝑎3 ∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
) =

∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
. (A.10) 

Then 𝑥 can be extracted: 

𝑥 =
∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
(1 +

𝑎3 ∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
)

−1

. (A.11) 
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Re-substitution gives:  

∑ 𝑐𝑖(𝒓)

𝑖

=
∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
(1 +

𝑎3 ∑ 𝑐𝑖,0𝑖 𝐵𝑖(𝒓)

1 − 𝑎3 ∑ 𝑐𝑖,0𝑖
)

−1

=  

∑ 𝑐𝑖,0

𝑖

𝐵𝑖(𝒓) (1 + 𝑎3 ∑ 𝑐𝑖,0

𝑖

(𝐵𝑖(𝒓) − 1))

−1

. (A.12) 

After removing the summations, the modified Boltzmann distribution is obtained: 

𝑐𝑗(𝒓) = 𝑐𝑗,0𝐵𝑗(𝒓) (1 + 𝑎3 ∑ 𝑐𝑖,0

𝑖

(𝐵𝑖(𝒓) − 1))

−1

, (A.13) 

𝐵𝑖(𝒓) = exp (−𝛽𝑒𝑧𝑖𝜓(𝒓) − 𝛽𝜉𝑉𝑖
phob(𝒓) − 𝛽(1 − 𝜉)𝑉𝑖

phil(𝒓)).  

8.2 Average separation distance between nanoparticles 

The volume fraction of identical particles in a system, 𝜙 (-), can be expressed as: 

𝜙 =
𝑉p

cell

𝑉cell
 (A.14) 

where 𝑉cell (m3) and 𝑉p
cell (m3) are the volume of a cell and a particle which is contained 

in it, respectively. An average half separation distance between the particles can be 

approximated as, (𝐷/2)m ≈ 𝑅cell − 𝑅p , and can be estimated from the cell radius, 𝑅cell. 

The radius can be expressed as: 

𝑅cell =
𝑅p

𝜙1/3
 (A.15) 

The volume fraction of the particles can be estimated from: 

𝜙 =
𝑚p𝜌p

−1

𝑚p𝜌p
−1 + 𝑚liq𝜌sol

−1  (A.16) 

where 𝜌p (kg m-3) and 𝜌sol (kg m-3) are the average density of the particles and the aqueous 

solution, respectively (the values can be found below). 𝑚p (kg) is the total mass of the 

particles (kraft lignin and liquid in the void) and 𝑚liq (kg) is the free liquid of the salt 

solution. The mass of particles is the sum of that of the lignin, 𝑚L (kg), and the confined 

aqueous salt solution in the void, 𝑚sol
p

 (kg), thus:  

𝑚p = 𝑚L + 𝑚sol
p

. (A.17) 
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Consequently, the free liquid mass can be expressed as: 

𝑚liq = 𝑚sol − 𝑚sol
p

 (A.18) 

where 𝑚sol (kg) is the total mass of the liquid part of the system. The volume fraction of 

lignin in the particles or solidosity, 𝜙L
p
 (-), can be used to determine the mass of the aqueous 

solution confined in them according to: 

𝜙L
p

=
𝑚L𝜌L

−1

𝑚L𝜌L
−1 + 𝑚sol

p
𝜌sol

−1
. (A.19) 

The mass of the solution confined in the particles is then: 

𝑚sol
p

= 𝑚L(1 − 𝜙L
p)/𝜙L

p
. (A.20) 

Combining Eqs. (A.16), (A.17), (A.18) and (A.20) yield: 

𝜙 =
𝑚L(1 + (1 − 𝜙L

p)/𝜙L
p)𝜌p

−1

𝑚L(1 + (1 − 𝜙L
p)/𝜙L

p)𝜌p
−1 + (𝑚sol − 𝑚L(1 − 𝜙L

p)/𝜙L
p)𝜌sol

−1
. (A.21) 

 

From the lignin, water, and salt amounts (𝑚L, 𝑚w and 𝑚salt), the weight percentage of 

lignin in the suspension is given by: 

𝑤𝑡 % = 100
𝑚L

𝑚L + 𝑚sol
= 100

𝑚L

𝑚L + 𝑚w + 𝑚salt
. (A.22) 

The density of the particles may be approximated by: 

𝜌p ≈ 𝜙L
p

𝜌L + (1 − 𝜙L
p)𝜌sol (A.23) 

where 𝜌L and 𝜌sol were assumed to be 1350 kg m-3 and 1100 kg m-3. 
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