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ABSTRACT 
Acid/base and metal ion adsorption properties have been investigated for a range of 
chemically modified bleached Kraft fibre materials (pulps). The studies were 
performed via potentiometric titrations, Flame Atomic Absorbtion (and Emission) 
Spectroscopy, Inductively Coupled Plasma Optical Emission Spectroscopy and 
Extended X-ray Absorbtion Fine Structure measurements. As a result of a chemical 
modification procedure, the total concentration of acidic carboxylate groups in the 
fibre materials ranged between 43 and 590 μmol/g.  
 
The preferable surface potential model for modelling the ionic strength dependent 
acid/base properties of fibre materials with low charge densities, i.e. unmodified fully 
bleached Kraft fibre materials, was found to be the Basic Stern Model. For fibre 
materials with high total charge, ≳100 μmol/g, this model resulted in poor fits to data, 
and for such materials a number of Constant Capacitance Models, one at each ionic 
strength, must be recommended. 
 
With respect to metal ion adsorption, the results have indicated that the unspecific 
Donnan theory could correctly model the simultaneous adsorption of several metal 
ions, i.e. K+, Na+, Mg2+, Ca2+ and Cu2+, provided that the salt concentration in the 
fibre suspension is low. In suspensions of high salt concentration it was, however, 
found that this very same model strongly underestimated the adsorption of Ca2+ and 
Cu2+. Here, the Donnan model had to be complemented by specific ion exchange 
equilibria. These results were corroborated by spectroscopic evidence of specific 
interactions between Cu2+-ions and fibres. The spectroscopic indication of a complex 
formed between two fibre surface carboxylate groups and one Cu2+-ion, agree with 
the specific ion exchange model. It was therefore concluded that specific metal ion-
fibre interactions cannot be neglected, especially at high salt concentrations. 
 
The interactions occurring between the polycation GaO4Al12(OH)24(H2O)12

7+ and 
fibre materials were studied by both adsorption and spectroscopic measurements. 
These indicate that GaO4Al12(OH)24(H2O)12

7+ is surprisingly stable in fibre 
suspensions and that intact GaO4Al12(OH)24(H2O)12

7+- ions are strongly adsorbed onto  
the fibres. Also for this ion, specific interactions has to be considered, since the strong 
adsorption registered was too strong to be explained by Donnan equilibria. In the 
thesis, the stochiometric composition and an equilibrium constant characterising these 
interactions is presented.  
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Populärvetenskaplig sammanfattning på svenska 
 
Denna avhandling behandlar studier av de katjonupptag som karakteriserar 
vattensuspenderade blekta pappersfibrer av barrved. Studierna är gjorda med ett flertal 
tekniker och behandlar såväl fibrernas upptag av protoner, så kallade syra-
/basegenskaper, som deras upptag av metalljoner. Ett flertal matematiska och kemiska 
modeller har används för att beskriva detta upptag. Studierna bidrar till lösningar till 
den problematik som finns inom pappersmassaindustrin, där bl.a. miljökrav har lett 
till att en ökande andel processvatten återanvänds i fabrikerna. Då vattnet återanvänds, 
istället för att släppas ut, ackumuleras lösta kemiska ämnen från ved och kemikalier. 
Dessa ämnen kan leda till stora problem, tekniska såväl som ekonomiska, om halterna 
blir för höga på fel ställen i fabriken. Tyngdpunkten i denna avhandling ligger på 
undersökningar av den kemi som sker mellan några olika så kallade 
processfrämmande ämnen och själva fibrerna. Det är en studie av s.k. 
grundvetenskaplig karaktär, där den praktiska användningen av resultaten ligger inom 
området teknisk kemi. Bland annat kan resultaten användas som ingående parametrar 
i modeller och simuleringar av hur förändringar i kemikaliehalter kan påverka halter 
av ämnen på andra ställen i fabriken. Sådana simuleringar är viktiga då man i förväg 
kan förutse effekter, och teoretiskt utveckla olika processer utan att behöva stanna 
fabriken för dyrbar ombyggnation. De modeller jag har tagit fram ökar förståelsen för 
den kemi som styr upptaget av metalljoner på fibrer.  
 
Sammanfattningsvis kan sägas att jag rekommenderar att olika ytpotentialmodeller 
skall användas för hög- och lågladdade fibrer. Jag har vidare visat att den s.k. 
Donnanmodellen fungerar utmärkt för att simulera upptaget av joner då den totala 
mängden joner i systemet är lågt, men att denna enkla modell underskattar upptaget 
av joner i närvaro av höga saltkoncentrationer. Jag har därutöver visat att kemiska 
bindningar mellan kopparjoner och kemiska grupper på fiberytorna bildas. Slutligen 
har jag visat den stora jonen GaO4Al12(OH)24(H2O)12

7+ är förvånansvärt stabil i 
kontakt med fibrer och binder mycket starkt till fibrerna. 
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Preface 
This thesis is a summary of five papers in which certain chemical properties of fully 
bleached Kraft fibres, originating from wood and sometimes referred to as cellulose 
fibres, are studied and discussed. The interactions between a series of cationic species 
and fibres in aqueous suspension are the main issues discussed herein. The main field 
of application of the results is within process chemistry simulations in the pulp and 
paper industry, and hence a brief introduction to the chemistry of wood fibres, and the 
production of pulp from wood will be given. Also some problems associated with the 
so called Non-Process Elements in modern chemical pulping, and the relevance of my 
work with respect to this field, will be treated briefly prior to the main subjects of the 
thesis. These descriptions of the pulping process, the recovery cycle and the NPE-
related problems, serves to introduce readers not familiar with this branch of industry. 
Following this general introduction, the actual summary of the papers will be 
presented. Firstly a theoretical section, where the theoretical and mathematical basis 
of the work is presented together with some methods for data treatment. Also a short 
description of the laboratory practice and procedures, and the techniques used, will be 
given. Finally selected parts of my results and a discussion of the relevance of them 
will be presented. This discussion, hopefully, puts all the results in a consistent 
context, more so than what the discussions in the respective papers do. 
 
After the scientific discussions the acknowledgements are found.  
 
 

Förord 
Denna avhandling är en sammanfattning av fem artiklar i vilka vissa kemiska 
egenskaper hos blekta cellulosafibrer, framställda med sulfatmetoden, är undersökta 
och/eller diskuterade. Speciellt har interaktionerna mellan sk katjoniska 
processfrämmande ämnen i vattenlösning och fibrer i suspension studerats. 
Användningsområdet för mina resultat är framför allt i samband med processkemiska 
simuleringar inom pappersindustrin, och därför presenteras även lite övergripande 
träkemi och lite kortfattat om sulfatprocessen. Därefter diskuteras problematik med 
processfrämmande ämnen i moderna massafabriker, och hur min avhandling berör 
detta ämne.  
Först därefter kommer själva sammanfattningen av artiklarna, i form av en teoridel, en 
beskrivning av mitt laborativa arbete, en presentation av delar av mina resultat och 
slutligen en diskussion av mina resultat i relation till vad andra har kommit fram till, 
och dess praktiska nytta. 
Sist av allt kommer en tacklista. 
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Introduction 

Brief general wood chemistry and Kraft pulping 
Wood is the common name for one of the most abundant and used biomaterials in the 
world, and is a fibrous material which can be found almost everywhere. The fibres of 
wood consist of elongated cells, and in a grown tree most of these cells are dead [1, 
2].  
Since wood is the product of a living organism, it consists of several complex 
constituents and thousands of different molecules. The three most important types of 
molecules in wood are cellulose, hemicelluloses and lignin, and in Figure 1 the basic 
molecular structures of these three major components of wood are shown. A 
simplified view of the macroscopic structure of wood is that the cellulose molecules 
form a framework, a fibre, and the lignin functions as an encrusting material, a glue, 
between the fibres. The hemicelluloses have several important functions including 
supporting material [2] and forming bonds between carbohydrates and lignin [1], and 
are partly covalently bound to the lignin structures.  
Both cellulose and hemicellulose are polysaccharides, also known as carbohydrates, 
which are interconnected so that long chains of sugar molecules are formed. The most 
obvious difference between cellulose and hemicellulose is, as illustrated in Figure 1, 
the diversity of sugars, the presence of branches and the presence of carboxylic acid-
containing side chains on the hemicelluloses. Another important difference between 
these two types of polysaccharides is the average molecular weight. Cellulose 
molecules in wood are biopolymers of about 1000 glucose units, the molecules are 
straight chains, without branches, and the molecules are commonly tied up in bundles 
that normally have highly crystalline regions. The hemicelluloses are more complex 
and consist of different sugar units (e.g. glucose, xylose, galactose, arabinose and 
mannose) in about 150 sugar-units long biopolymers. The third major type of 
molecular component in wood, lignin, is very different from the carbohydrates. Lignin 
is composed of heterogeneous, complex, “webs” of heterocyclic carbon molecules 
with a high degree of aromaticy and is, therefore, hydrophobic in nature. As a 
consequence, it is impossible to remove the lignin from wood fibres by simple water 
washing, cf. ref. [2]. Chemical separation of fibres, via removal and/or degradation of 
lignin, is therefore a rather complex task, called chemical pulping. Pulping of wood 
can be made using several different techniques, i.e. mechanical, chemical, semi-
chemical and chemimechanical pulping [1]. Different pulping methods result in pulps 
with quite different properties. Chemical pulp fibres, which include the fibres of 
interest to this work, are mainly produced by two methods, the Kraft processi and the 
Sulphite process. Kraft pulps, i.e. yielding fibres of relevance for this work, are 
produced by cooking wood chips at high pressure in a highly concentrated solution of 
NaOH and NaHS, commonly called white liquor. 

                                                 
i Swedish: ”sulfatprocessen” 
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Figure 1. Examples of typical structures for: A) Cellulose, B) Hemicellulose – 
arabinoglucuronoxylan, hemicellulose present in softwood, C) Lignin residue – structural segment of 
softwood lignin. The drawings are based on similar figures in ref. [2]. 

 
The main purpose of cooking is to achieve a separation of the cellulose fibres by 
transformation of the lignin (the “glue”) into smaller, water soluble, fragments, which 
can be removed via pulp washing. Partly, and to a very limited extent, the lignin can 
be removed by simply applying a high pH, since ionisable groups on the molecules 
could make small fragments of negatively charged lignin molecules diffuse out of the, 
likewise negatively charged, fibre matrix. Unfortunately, however, most of the lignin 
is present in quite stable and large molecular structures, and are therefore practically 
impossible to remove. These large molecules must be degraded into smaller, 
hydrophilic, fragments in order to be removed from the fibres. To accomplish this, 
high pH (NaOH), high temperature (150-180ºC) and reducing (HS-) environment is 
applied in the Kraft process. Under these conditions, the lignin molecules are broken 
down to smaller fragments, which are removable by washing. Unfortunately, and as a 
consequence of the extreme conditions used, the process is not fully selective with 
respect to carbohydrate degradation. This problem is difficult to avoid, especially 
when focusing on removing the fraction of lignin which is covalently bound to the 
hemicelluloses. The selectivity of lignin over carbohydrate degradation is kinetically 
controlled [3] and can be affected by temperature, HS-/OH- -balance, pre-treatment 
with sulphide etc. [4, 5]. By varying the parameters, the selectivity can thus be 
improved, but no 100% selectivity process has yet been developed. The Kraft cooking 
process must therefore be interrupted at a remaining lignin content of about 5% 
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(Normal softwoodii cook), to avoid a significant shortening of the fibres and a too 
high loss of the hemicellulose [1, 2]. The “Kraft lignin” remaining in these fibres has 
a brownish colour, and the pulp therefore appears quite brown. If white and bright 
fibres are required, e.g. for high quality printing paper, then the fibres must undergo 
bleaching. Kraft mills which bleach their fibres to high brightness and low residual 
lignin content necessarily need a series of alternating acidic and alkaline bleaching 
stages, with intermediate washings, to achieve this with remaining pulp strength [6]. 
When the fibres undergo bleaching the residual lignin structures are further degraded 
and, to a large extent, removed. In a fully bleached Kraft pulp the lignin residue 
content is therefore very low, and since the fibres used in this thesis were of such 
origin, the presence of residual lignin has, for practical and theoretical reasons both, 
been neglected. 

The fibre line and the bleach plant 
The chemical “pulping” takes place in the so called digester, cf. Figure 2, and is 
followed by a counter-current washing with liquor, where the liquor comes from 
subsequent pulp washers. In this step, the used chemicals and dissolved wood-solids 
are separated from the fibres (pulp). The pulp produced by the Kraft process must 
undergo several washing stages to remove as much solvated lignin residues as 
possible before bleaching, and this is made in, e.g., drum filters and washing presses. 
In these stages the liquor is used counter-currently with the flow of pulp, and the first 
washing stage for the pulp is then also the last for the liquor. After washing, the first 
bleaching, or delignification, stage is applied. This is most commonly a stage where 
molecular oxygen gas (O2) under high pressure, temperature and pH, oxidises lignin. 
Also this process must be terminated at quite high residual lignin content due to poor 
selectivity (carbohydrate losses), and the reduction of remaining lignin may be in the 
range between 35-50% (up to 70 % in state-of-the-art processes) [1]. Following 
several more washing stages the pulp is finally brought to the bleach plant. Here the 
pulp undergoes a series of hydrogenperoxide and/or chlorine dioxide treatments. 
Elemental chlorine (Cl2) bleaching has been abandoned due to environmental reasons 
[1, 2]. The hydrogen peroxide bleaching is performed under alkaline conditions, and 
is often preceded by a chelating stage, where problematic metal ions are washed out 
of the fibres. The chlorine dioxide bleaching is, on the other hand, performed under 
acidic conditions [1]. Between each of these stages the fibres are washed with water, 
either with fresh water, or with liquor from a subsequent pulp washer (counter-current 
washing). Due to the significant differences in pH between the different bleaching 
stages, the washing has to be very effective, and a good design of the process is 
necessary. Otherwise, the closed loop system might be very problematic to run [7, 8]. 
 

                                                 
ii Swedish: barrträd 
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The recovery cycle – a brief description 
The fluid that results from the washing of cooked pulp is called (weak) black liquoriii 
due to its colour, high pH, and low viscosity. The dark colour of black liquor is 
mainly due to its high content of energy-rich lignin residues.  
In the early history of chemical pulping industry, i.e. in the late 19th century, the 
chemicals applied in the Kraft processes were used only once, and the black liquor, 
produced as a by-product, was discharged into the recipient (i.e. rivers and the sea). 
The recipient waters were, at that time, heavily polluted with high concentrations of 
chemicals and organic substances, mostly lignin residues. Due to economic issues the 
pulping industry soon realized that the cost for chemicals and energy was too high, 
and that a way to reuse the chemicals and to take care of the chemical energy 
contained in the lignin waste had to be developed. After several years of more or less 
successful research the long lasting solution became the Tomlinson boiler, or as it is 
more commonly known, the recovery boileriv. In the recovery boiler the lignin 
residues from the wood are combusted to produce steam while the pulping chemicals 
are being regenerated from the liquors.  
The need of energy for pulping, in the form of steam, is in this way to a large extent 
being provided by the recovery boiler. By choosing proper combustion conditions, the 
recovery boiler also provides raw material for a constant regeneration of pulping 
chemicals in the jointed recovery plant. The recovery plant is a chemical factory, in 
which the recovery boiler is the “heart”, and where the chemicals from the spent 
liquors are recycled so that most of the chemicals needed for the process is reused. 
Environmental concerns, and lately also the price of fuel oil, have increased the need 
for effective recovery plant performance. Additionally, greenhouse gas emission 
policies have increased the interest in the recovery boiler, and possibly, in the future, 
black liquor gasification, as a “green” source of energy.   
Due to the high water content of the black liquor, the chemical energy it carries is, 
however, not easily accessible. This water content is normally in the range of 90%, 
which might be compared to fresh wood, with a water content of approximately 50%. 
For this reason, an evaporation plant, where steam from the recovery boiler is used to 
evaporate as much water as possible, is positioned between the digester and the 
recovery boiler. At this position the water content is reduced, normally to about 15-
30%  in a modern mill [9]. The burning of this concentrated liquor, known as strong 
black liquorv due to its increased viscosity and density, is self sustaining and 
energetically very favourable.  
 
The burning of the liquor is, however, not as easy as it might seem, and the recovery 
boiler is a peculiar type of boiler since full oxidation of the feed is undesired. On the 
contrary, in this boiler the sulphur chemicals in the liquor must be kept reduced, as  
S-II, and the oxidation of the fuel must therefore be kept extremely controlled. This is 
achieved via several stages of combustion where oxygen deficit combustion 
(“gasification”) is the first. For a full description of the function of the recovery 
boiler, the interested reader is referred to, e.g.,  ref. [9]. In the recovery boiler, the 
Kraft process chemicals are collected at the bottom of the boiler, in the form of a 
smelt (cf. “2” in Figure 2), while the lignin residues leave the boiler in the form of 

                                                 
iii Swedish: ”svartlut” alt. ”tunnlut” 
iv Swedish: “sodapanna” 
v Swedish: ”tjocklut” 
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CO2(g). The smelt consist mainly of Na2S and Na2CO3, but also of some unwanted 
elements, such as heavy metals (mostly as sulphides). The smelt is poured into water, 
where it is cooled down and dissolved, giving a water solution basically consisting of 
dissolved Na+, HS- and CO3

2- ions and some suspended heavy metal sulphides, which 
can be removed using filtration or sedimentation. The resulting solution is known as 
green liquorvi.  
 

Figure 2. A simplified, schematic, description of the fibre line (top) and the recovery plant (above) of a 
Kraft pulp mill. The flow of liquor, pulp (fibres) and some chemicals are shown. Several of the unit 
processes shown are in real factories multi stage processes. “1” and ”2” interconnects the two parts of 
the figure. 
 
For Kraft pulping, the dissolved sodium carbonate, Na2CO3(aq), in the green liquor 
needs to be transformed to sodium hydroxide, NaOH(aq). Therefore, the next step is 
the addition of burned lime, CaO(s), which reacts with water under the formation of 
                                                 
vi Swedish: ”grönlut” 
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slaked lime, Ca(OH)2(s). The so formed Ca(OH)2(s) then reacts with carbonate ions in 
the green liquor forming solid calcium carbonate, CaCO3(s), which can be removed 
via filtration, and OH--ions. The resulting filtrate, so called white liquor, is now ready 
to be reused in the digester. The lime, CaCO3(s), must be “burned” (calcinated) to be 
used again. For this purpose a rotary kiln, the lime kilnvii, is used. Here the reaction, 
CaCO3(s) Æ CaO(s) + CO2(g), is forced forward using a high energy input, 
commonly an oil-burner, sawdust or syn-gas flame. 
 

Some problems associated with the increase of close-up and NPEs 
As a consequence of public environmental concerns, and resulting changes in 
legislation, there has been a significant decrease in the use of freshwater for pulping 
processes during the last two decades. This reduction in freshwater consumption has 
been accomplished via closures of the process streams, and through the recycling of 
liquors, so that most of the process liquors today are reused several times. As a result, 
reductions in the release of oxygen demanding organic substances into the recipients 
has been achieved [10]. In a totally closed pulp millviii the bleach plant effluents are 
used as washing liquor in the brown stock pulp washers. Due to, e.g., scaling and 
corrosion problems, however, this is very uncommon for Kraft mills [6]. Closure 
action makes the metal balance in the pulp mill of major concern since the 
concentrations of many metal ions then reach levels where problems are prone to 
occur [8]. 
The presence of so called Non Process Elements (NPEs), e.g. K(I), Fe(II,III), Ca(II), 
Mg(II), Mn(II,III) and P(V), and the increasing levels of such elements in closed fibre 
lines, has been shown to affect the overall Kraft process in several stages, cf. e.g. [7, 
8]. Other elements, e.g. heavy metals such as Cd and Pb, can cause environmental 
impact [11]. The origins of these elements are the incoming wood, the chemicals used 
and also the freshwater.  
The use of oxygen based bleaching chemicals has increased the need for controlling 
NPEs, especially of Mn2+/3+, Fe2+/3+ and Cu+/2+ [11]. Even quite low concentrations of 
these elements may give rise to serious problems, due to their ability to catalytically 
decompose H2O2, in oxygen delignification and peroxide bleaching [1, 6, 11]. The 
catalytic decomposition of H2O2, forms extremely reactive oxygen radicals, which 
might seriously damage the quality of the pulp produced due to carbohydrate 
breakdown [1]. 
Also outside the fibre line, several problems can arise from the presence of large 
quantities of NPEs. These include sintering problems on the recovery boiler heat 
transfer surfaces (from fuming and fly ash, e.g. KCl and Na2SO4) [12-14], a “dead 
load” of unwanted inert calcium phosphate, Mg-salts and aluminium silicates in the 
lime cycle [11]. If the concentrations of certain ions, e.g. Al(III), Si(IV), CO3

2-, Ca2+ 
and C2O4

2-, are raised in the black liquor, the formation of CaCO3(s), CaC2O4(s) and 
insoluble aluminium silicates easily become a problem in, e.g., the evaporation plant.  
Another problem is in the removal of heavy metal sulphides and similar unwanted 
elements from the green liquor. Here it has for instance been shown that the function 
of the lime filter, and hence the quality of lime produced in the rotary kiln (lime kiln), 
is affected by NPEs [15].  

                                                 
vii Swedish: ”mesaugn” 
viii also called: effluent free pulp mill 
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To sum up, predicting and controlling the levels and flows of NPEs in the mill is of 
major importance for good Kraft mill performance and for an economical and 
environmental friendly process. 

 

This thesis and its relation to the issue of NPEs in Kraft pulping 
The chemistries of the Non Process Elements (NPEs) in a pulp mill is quite complex. 
The cations interact with different anions in all parts of the process and may form 
insoluble compounds or negatively charged complexes. The cations may also interact 
with the cellulose fibres, and these interactions are the major subject of the present 
work. The actual speciation of these elements is very important and decides where the 
compounds will “end up”. This is especially important in pulp washing, both in the 
brown stock washing (composition of the formed black liquor, unwanted lossix of 
Na+) and in the bleach plant washers (removal of Cu, Mn and Fe), and in the oxygen 
delignification (inactivation and removal of, mainly, Mn2+). Computer simulation of 
all simultaneous chemical interactions and reactions are vital to be able to predict, 
understand and, finally, control the chemistry involved in the process. 
 
This work is focused on characterising the cation adsorption properties of Kraft fibres, 
and on the interactions that govern this adsorption. The main aim has been to bring 
quantitative and qualitative knowledge to the chemistry controlling these interactions 
and thus to facilitate better modelling.  
In the literature, many reports and papers can be found that are related to the question 
of Kraft fibre interactions with metal ions and hydrogen ions (protons). The 
conclusions from these reports can basically be divided into two categories. The 
adsorption is either assigned to specific interactions with the fibres, i.e. specific 
cations forming bonds of various strength to fibre bound carboxylic groups, and 
similar approaches, e.g. [16-20], or the approach used is the unspecific Donnan 
equilibrium model, e.g. [21-33], where a purely electrostatic interaction between 
charged fibres and cations is assumed. In this latter model only the charge of the 
fibres, and the charge and total concentration of all ionic species present, are 
considered to determine the distribution of all different ions between the liquor and 
the fibres. All these models, and especially the Donnan model, are heavily dependent 
on a good description of the acid/base properties of the fibres, since the interactions 
between cations and fibres are the result of negative charges on the fibres. Several 
reports with the aim to precisely model these acid/base properties are found in the 
literature e.g. [31, 34-37], all using a surface potential model called the Constant 
Capacitance Model, CCM. As a consequence of this model chosen, these papers leave 
an empty and unexplored field of study, since no intra- and extrapolation between the 
different ionic strengths studied can be made. Therefore, an attempt to deduce this 
shortcoming was made in Paper I, where several supplementary acid/base models 
were employed to model the ionic strength dependent acid/base properties of a fully 
bleached Kraft fibre material. The advantages and disadvantages with these different 
models are presented and discussed in sections below. 
 
As mentioned above, several previous studies have reported that the simple and 
unspecific Donnan model could correctly predict the adsorption of cations on fibres, 

                                                 
ix Swedish: Tvättförlust av natrium. 
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and that this model, due to its simplicity, is superior to specific surface complexation 
models [e.g. 25, 38]. Other papers, however, have indicated that the disadvantages of 
the Donnan model, e.g. that it underestimates the adsorption of cations under certain 
conditions, and that only the charge of the ions determine their adsorption properties, 
make it practically unusable [e.g. 16, 39, 40]. Some papers, trying to determine 
whether the unspecific Donnan model or models utilising the formation of specific 
complexes are superior, have come to different conclusions or are inconclusive [e.g. 
18, 26, 41]. This question therefore seemed unresolved, and an attempt to finally settle 
it was made in the present work. 
 
In Paper II, an investigation of the simultaneous interaction between four metal ions 
(Na+, K+, Ca2+, Mg2+) and three fibre materials, of different total charge, was 
performed. The charges of the fibre materials were varied systematically, since 
previous literature had indicated poor prediction capacity when the Donnan model 
was applied to different highly charged fibre materials [e.g. 16, 18].  
 
In Paper III the cation adsorption properties of two different fibre materials was 
studied as a function of ionic strength, and using both Ca2+ and Cu2+. These divalent 
cations were chosen since they are both considered to be NPEs in the fibre line and in 
the bleach plant, that previous reports had shown a difference in adsorption properties 
for these ions, and that the oxidation state of these two ions are easier to control than 
for e.g. Mn2+ and Fe2+. In this study, the predication capacity of the Donnan model 
was compared to a combination of Donnan and specific interaction models. 
Qualitative information about the nature of the adsorption was also collected and 
evaluated using Cu K-Edge EXAFS. 
 
In Paper IV the curiosity was focused on the chemistry taking place between the 
highly charged polycation GaO4Al12(OH)24(H2O)12

7+ and two different Kraft fibre 
materials in suspension. This polycation ion was chosen due to its high charge, its 
kinetic stability, and its chemical and structural similarity with 
AlO4Al12(OH)24(H2O)12

7+, an aluminium species sometimes present in papermaking 
suspensions. The interactions between GaO4Al12(OH)24(H2O)12

7+ and the fibres were 
studied using several techniques including Ga speciation studies with Ga-EXAFS.  
 
Paper V was written in an attempt to put the seemingly different conclusions from 
papers II and III together with much of the literature on the subject, and to discuss 
them in a broader context. 
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Theoretical background and foundations 

Acid/base properties of wood fibres 
In literature, several studies have discussed the value of accurate acid/base models of 
wood fibres, especially in connection to the modelling of metal ion uptake 
(adsorption) and the ion-exchange properties of these fibres. Several reports on the 
necessity of treating the fibre as a charged surface for reaching a proper modelling can 
be found [1, 16, 18, 30, 31, 34, 35, 37, 42, 43]. A general conclusion from these 
reports is that, if the fibre is treated as a charged surface, two groups with different 
acid/base properties must be assigned to describe all the acid/base properties of Kraft 
fibres, cf. e.g. [1, 34]. In several of these studies it has also been concluded that one of 
these two groups is strongly correlated to the presence of residual lignin in the fibres. 
Furthermore, studies performed on fully bleached Kraft fibres have concluded that 
one surface group can fully describe the acid/base properties of these fibres (at acidic 
and near-neutral pH) e.g. [35]. The conclusion drawn from this is that for the fully 
bleached Kraft fibres used in the present work, only one source of charge, namely 
carboxylic groups on the carbohydrates, has to be considered. This simplification 
makes the modelling work significantly easier. 

The ideal monoprotic acid 
In a very simplified model the carboxylate groups can be considered as behaving as a 
weak Ideal Monoprotic Acid. The acid/base reactions of the fibre can then be 
described by Equation (1), where ≡ denotes the wood fibre and ≡COOH the acidic 
(carboxylic) group, whereas ≡COO- denotes the deprotonated group.  
 
≡COOH⇋ H+ + ≡COO-       (1) 
 
The β-1,1,0-value is the corresponding equilibrium “constant”, defined as in Equation 
(2). This equation also defines the ‘pKa‘-valuex of the group, as the value of –log [H+] 
at which the concentrations of the protonated and deprotonated groups are equal. 
 

[ ] [ ]
[ ]COOH

COOH
0,1,1 ≡

≡⋅
=

−+

−β        (2) 

Surface potential models – The Constant Capacitance Model 
As described in literature, e.g. [31], and due to the high density of carboxylate groups 
per surface unit on the fibre, the build-up of charge on the fibre makes the equilibrium 
“constant” vary with the negative charge, since the positively charged protons (H+) 
experience a higher attraction to the  surface as the negative charge increases. This 
can be modelled according to Equation (3), where β-1,1,0(int)  denotes the intrinsic 
value of the equilibrium constant, i.e. the value valid when the charge is zero.  
 

TTT eee R
F

R
F

R
F

0,1,10,1,1

210

(int)
ψψψ

ββ
−−−

−− ⋅⋅⋅=       (3) 
 

                                                 
x the actual definition of pKa for an ideal monoprotic acid is –log β-1,1,0. 
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In Equation (3), Ψn denotes different potentials, where Ψ0 (V) is the surface potential, 
while Ψ1 and Ψ2 (V) are the potentials at the so called 1 and 2-planes, respectively. F 
in this equation is the Faraday constant, R is the molar gas constant and T is the 
absolute temperature. Several models for defining the potential have been proposed 
but, in the literature, only the Constant Capacity Model [44], CCM, has been applied 
to Kraft fibres prior to the present work, cf. e.g.  [31, 34, 37]. In the Constant 
Capacitance Model, only one potential is defined, namely the surface potential, Ψ0. 
The potential is defined as the ratio between the charge on the surface, σ0 (C·m-2), and 
a specific capacitance, κ (C·V-1.m-2), according to Equation (4). In this model, the two 
potentials Ψ1 and Ψ2 are both set to zero. 
 

κ
σ 0

0 =Ψ          (4) 

 
The capacitance defined is specific for the material studied and also for the ionic 
medium and temperature applied. The resulting potential as a function of the distance 
from the surface is illustrated in Figure 3. The charge σ can be calculated from 
experimental data as: 
 

SSs
T
⋅
⋅

=
Fσσ          (5) 

 
In Equation (5), Tσ is the charge of the fibre expressed in moles/dm3

susp., s is the 
specific surface area of the fibres (m2/g), and SS is the fibre concentration (g/dm3). In 
all studies within this thesis, a fictitious value of s=100 m2/g was used. This chosen 
value is not critical since the determining factor is κ⋅s

1 , and κ is treated as a variable 

when evaluating the model. It must be remembered, though, that the evaluated 
variable κ is dependent on the value of s. 
 

 
Figure 3. The potential, Ψ, as function of distance from the surface, as assumed by the Constant 
Capacitance Model. κ is the surface specific capacitance. 
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Ionic strength dependence for Constant Capacitance Models 
Previous studies employing the Constant Capacitance Model (CCM) to describe the 
potential build-up at the fibre surface, have shown that the acidity of cellulose fibres is 
dependent on the ionic strengthxi of the solution in which they are suspended, e.g. 
[35]. This dependence is reflected both with respect to the intrinsic equilibrium 
constant and with respect to the surface specific capacitance. The values of β-1,1,0(int) 
and κ were both found to depend upon ionic strength, indicating a weaker acidic 
behaviour and a higher surface charge dependence for the release of protons, with 
decreasing ionic strength. Since Donnan ion exchange phenomena is most pronounced 
at low ionic strengths, it was concluded that a good description of the fibre acid/base 
properties at such conditions was vital to enable a truthful modelling of the 
phenomenon. It was furthermore concluded that extrapolation of the acid/base 
properties of the fibres to any ionic strength of interest would be favourable [31].  
 
The dependence of β-1,1,0(int) with ionic strength can be simulated by considering the 
activity factors, γA, of the appearing species, A, thereby leading to an infinite dilution 
equilibrium constant, β0

-1,1,0(int), cf. Equations (6-8) [35]. 
 
{ } [ ] AAA γ⋅=          (6) 
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where z is the charge of the ion of interest and I is the ionic strength.  
 
For the surface specific capacitance, κ, however, no corresponding relationship to the 
ionic strength can easily be derived. Therefore, an unavoidable uncertainty results 
when extrapolating a Constant Capacitance Model to ionic strengths not studied. To 
avoid this problem, an alternative acid/base-model, in which the ionic strength 
dependence of the surface potential is incorporated as a variable, would be preferred. 
 

Surface potential models – the Basic Stern Model 
The absence of a technique to extrapolate the ionic strength dependent surface 
specific capacitance, κ, is a shortcoming with the use of CCM. Fortunately, other 
models exist where this problem may be avoided. The Basic Stern Model is such a 
model, and here the capacitance is considered to be surface specific, but constant with 
respect to ionic strength. In this model, the ionic strength dependence on the potential 
is deduced to a diffuse layer of electrolyte ions. 
According to this model the interface between the surface and the surrounding 
solution could be divided into two regions, one with specific interactions and one with 

                                                 
xi Ionic strength, I, is defined as

2

2
1∑ ⋅= zcI , where c is the concentration (mol/dm3) and z is the 

charge of the respective ions. The summation is carried out for all cations and anions in the solution. 
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a diffuse layer of solvated ions [45]. Thus, in the Basic Stern Model, the value of Ψ is 
modelled as resulting from a combination of a surface specific capacitance and a non-
specific diffuse layer. Two planes are defined to characterise the solid/liquid interface, 
namely a 0-plane, Q0, where the surface sites are situated, and a 2-plane, Q2, which 
defines the head of the diffuse layer. The potential between the 0-plane and the 2-
plane is then considered to be governed by a surface specific and constant 
capacitance, while from the 2-plane outwards in the bulk solution the potential is 
considered as being determined by the ionic medium in a diffuse layer.  
The electro-neutrality of the fibre, including the diffuse layer, and with respect to the 
surrounding solution is considered in all electrostatic models in which a diffuse layer 
is considered. In Equation (9) this charge neutrality is expressed as: 
 

0210 =+++ dlσσσσ        (9) 
 
where σ0, σ1, σ2 and σdl are the charges at the different “planes” and in the diffuse 
layer, respectively. In the Basic Stern Model the potential at the 1 and 2 planes are 
equal to the potential at the “head” of the diffuse layer (cf. Figure 4) and Ψ0 is 
obtained from Equation (10): 

κ
σ 0

20 =Ψ−Ψ         (10) 

The potential in the diffuse layer of the Basic Stern Model, Ψdl, between the “bulk” 
solution and the second layer, Q2, is modelled by using the Gouy-Chapman equation, 
Equation (11). 
  

( )TcT
dldl R8000sinh

F
R2

0
1 εεσ ⋅⋅=Ψ −      (11) 

 
where ε and ε0 are the permittivity of the medium and vacuum, respectively. The 
charge, σdl, can be derived from the electroneutrality condition, cf. Equation (9). The 
resulting potential as function of the distance from the surface is expressed in 
Figure 4. 
 

 
 

Figure 4. The potential, Ψ,  as function of the distance from the surface, Q0, as described by the Basic 
Stern Model. κ is the surface specific capacitance. 
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Surface potential models – the Diffuse Layer Model 
The third surface potential model tested was the Diffuse Layer Model (DLM). In the 
DLM only one plane of charge is considered, namely the 0-plane, Q0. The potential at 
the surface and outwards is, according to this model, fully described by a diffuse layer 
of ions as described by Equation (11). It should be mentioned that an important 
simplification in this equation is the lack of consideration for the volume of the ions, 
i.e. the simplification of considering the ions as point charges is used. Point charges 
can theoretically come, more or less, indefinitely close to one another, and this 
possibly makes high concentration calculations erroneous, in all models employing 
Equation (11), since the real charges, the ions, do have volume. 

 

The Donnan Theory 
The Donnan ion exchange theory was first developed in 1911 for describing the 
uneven distribution of ions over a semi-permeable membrane [46]. The Donnan 
theory thus originally treated the uneven distribution of ions occurring between two 
volumes, when certain charged species were confined to only one of the volumes. 
This uneven distribution is sometimes referred to as the “Donnan effect”. Somewhat 
later the model was combined with complex binding theories to describe the 
distribution of metal ions between a gel with ionisable groups and the surrounding 
solution [47] and, in the 1950:s, the model was first applied to cellulose fibre 
suspensions with carboxylic groups working as the ionisable groups [24]. Since then, 
many papers have appeared on this subject. e.g. [6, 18, 23, 25, 30, 41, 48-50].  
When the Donnan theory is applied to an aqueous cellulose fibre suspension, the 
system is considered to contain two separate solution volumes; a suspension bulk 
solution volume (s) and a fibre volume (f). The latter is considered to be the volume 
of the liquid held within the swollen fibre, and is often approximated with the water 
retention value (WRV) of the fibre material. In the present work, a value of 1.4 cm3 of 
fibre volume per gram of dry fibre material was consistently used. This is a value that 
has also been previously used in several papers [16, 18, 25, 30] and was considered 
reasonable for the type of fibre material studied. 
According to the Donnan model, the distribution of all ions between the bulk solution 
volume (s) and the fibre volume (f) can be described by one single distribution 
coefficient, λ, Equation (12). 
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Me+ in this equation denotes any monovalent cation, Me2+ any divalent cation, Me3+ 
any trivalent cation and X- any monovalent anion. If a metal ion is present in the form 
of a precipitate it is neglected and if it is included in a soluble complex, the charge of 
this complex determines its distribution. 
 
As described by Towers and Scallan [25], the net charge must be zero, in both water 
volumes to ensure electroneutrality. This is expressed by Equations (13) and (14) 
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where only monovalent and divalent ions are considered (for clarity). The principle is 
the same for ions of higher charge. 
 

[ ] [ ] [ ] [ ]∑∑ ∑ +++− ⋅++= s
2

sss Me2MeHX      (13) 
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where, in Equation (14): 
 

[ ] [ ]
f

tot

mD
V

⋅
⋅≡

=≡
COOH

COOH f       (15) 

 
Equation (14) is valid under the condition that only one acidic group, [≡COOH], is 
present at the fibre surface. If Equations (12 - 15) are combined with the total 
concentration equations cf. ref. [31], the following equation is derived:  
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In Equations (15) and (16), D denotes the specific Donnan volume, VTOT is the total 
volume and mf is the mass of fibre used in the experiment (or simulation). 
The value for the concentration of the negative fibre charge, [ ]−≡ COO , is derived 
from to Equation (17), which is basically only a rearrangement of Equations (2) and 
(3). 
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Since the total concentration of surface carboxylate groups is the sum of protonated 
and deprotonated forms, Equation (17) can be written as: 
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and, if Equation (18) is solved for [ ]−≡ COO , it rearranges to Equation (19). 
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The obtained value of [≡COO-] is then used in Equation (16), which is numerically 
solved for λ by computerised iteration, using equilibrium speciation software, e.g.  
WinSGW [51, 52], and including all the involved equations, Equations (1)-(19). The 
solution of λ being closest to, but above, 1 is the chemically relevant solution. 
 

Specific interactions – complex formation 
According to some previous studies [e.g. 16, 18, 40] the adsorption of cations onto 
some fibre materials was underestimated by using the Donnan model. In these papers 
it was found that by assuming the formation of specific complexes, the experimental 
data could be explained. Also some of the data in this thesis showed upon a stronger 
interaction than predicted by the Donnan model. This phenomenon was observed for 
both Cu2+, Ca 2+ and GaO4Al12(OH)24(H2O)12

7+, and for the several fibre materials 
studied. In these cases, specific interactions between metal ions and carboxylate 
groups in the fibre were considered, in addition to the Donnan effect. For the divalent 
ions it was, in line with previous findings in the literature [16, 18], hypothesised that 
these interactions would involve one or two carboxylate group(s) and one cation. In 
the formation of such complexes, the cation competes with protons for the carboxylic 
site and a general formula for such reactions can be written as Equation (20). 
 
pH+ + q(≡COOH) + M2+ ⇋ Hp(≡COOH)qMp+2    (20) 
 
In Equation (20), p and q are the stoichiometric numbers of H+ and ≡COOH, 
respectively. Two different stochiometric compositions of such complexes have 
previously been used to describe data, Equations (21) and (22): 
 
≡COOH + Me2+ ⇋ ≡COOMe++ H+      (21) 
2 ≡COOH + Me2+ ⇋ (≡COO)2Me + 2H+     (22) 
 
The formation constants, βp,q,s-values, for these complexes are given by Equations 
(23) and (24). 
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Since a surface potential model was used to compensate for the surface potential 
effect on the β-values, Equation (25) was also applied. 
 

( )
RT

Fzsp

sqpsqp e
ψ

ββ
⋅+

⋅= ,,,, (int)        (25) 
 
From this, Equations (26) and (27) were derived and used to calculate charge 
dependent constants. 
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1,2,21,2,2 (int) −− = ββ         (27) 
 
For a 7+-charged ion like GaO4Al12(OH)24(H2O)12

7+, similar equations can be derived 
using the general equation (28).  
 
x ≡COOH + GaO4Al12(OH)24(H2O)12

7+  ⇌   
(≡COO)xGaO4Al12(OH)24(H2O)12

7-x + x H+      (28) 
 
 

GaO4Al12(OH)24(H2O)12
7+ 

When paper is manufactured from pulp, polyaluminium chloride solutions, PAC, are 
sometimes used as an additive in the paper mill. The polyaluminium ion of special 
interest to this work, AlO4Al12(OH)24(H2O)12

7+  (“Al13”), is one of the important 
species in these solutions [53], and is present under certain papermaking conditions 
[54]. The presence of, and formation of, this polycation in weakly acidic solutions at 
high concentrations of Al(III) has been described in the literature cf. e.g. [53-56]. The 
Al13 cation constitutes a so called ε-Keggin structure, with a tetrahedral AlO4-structure 
in the centre, and surrounded by 12 octahedral Al-units, all sharing oxygens. To study 
or even detect low concentrations of Al13 in fibre suspensions with spectroscopic 
techniques is, however, not easy or even possible. A powerful molecular probe is 
necessary, and fortunately such a tool exists in the form of Extended X-ray 
Absorption Fine Structure (EXAFS). A problem with EXAFS is that aluminium 
species are experimentally difficult to analyse. Furthermore, different aluminium 
coordination numbers in Al13 makes the data difficult to interpret. But, by substituting 
the central AlO4 tetrahedron for a corresponding GaO4 tetrahedron, the similar species 
GaO4Al12(OH)24(H2O)12

7+ (“GaAl12”), can be synthesised and used as a model 
compound. GaAl12 is chemically very similar to Al13 and among the few significant 
differences between these two species is a higher stability in aqueous solution [e.g. 
57, 58], and a small increase in the symmetry [59]. In several of the reports discussing 
the chemistry of GaAl12, e.g. [53, 60-62], the similarity to Al13 is underlined, although 
significant differences in the kinetic stability are also mentioned, cf. ref. [53]. The 
advantage gained by using GaAl12 in the current study is that the neighbouring 
environment of Ga(III) can be examined using EXAFS. The existence of adsorbed 
intact GaAl12-ions is therefore possible to confirm and/or exclude. The reported 
higher stability of GaAl12, as compared to Al13 in pure aqueous solutions, was 
considered as an experimental advantage in the study.  
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Analytical techniques – a brief description 

Potentiometric titrations 
The titration data were collected using a computerised titration equipment for high 
precision EMF titrations, developed at the Department of Chemistry in Umeå and well 
described in literature. The equipment has been used in several previous publications 
from this department, [e.g. 31, 34, 35, 63-65]. An illustration of the measuring set-up 
is shown in Figure 5. 
 

 
Figure 5. Illustration of the set-up for potentiometric titrations. Two salt bridges are shown, one for 
the reference cell, and one for allowing the coulometric addition of OH-. ‘1’ is the reference electrode, 
‘2’ the salt bridges, ‘3’ a glass electrode, ‘4’ a platinum cathode, ‘5’ a silver anode and ‘6’ is an 
impeller. Edited from Lindgren [31], with permission. 
 
The cell used for the determination of [H+] was: 
 
- Ag/AgCl | ionic media (NaCl) || fibre susp. in NaCl media | Glass electrode +  
 
The potential (E, in mV) of this cell is given by Equation (29): 

 

[ ] jETREE +⋅
⋅⋅

+= +Hlog
F

10ln
0       (29) 

 
where E0 is an apparatus constant, determined in the initial part of each titration by 
reacting a dilute HCl-solution with OH-, in 4 to 10 steps, until the acid was nearly 
neutralized. R in Equation (29) is the gas constant, T is the absolute temperature and F 
is the Faraday constant. Ej is a function of [H+], the two junction potentials jac and jalk, 
and the ionic product of water, Kw, according to Equation (30): 

 

[ ] [ ] 1
walkacj HH −++ ⋅⋅+⋅= KjjE       (30) 

 
In Eqn. (30), relevant values for Kw,  jac and jalk were adopted from  [66].  
A data point was considered to be at equilibrium only if the drift in E was below (0.5 
mV/h).  
 
The hydroxide ions were added with one of two different methods. The normal 
method was volumetric additions of NaOH from a burette. In some of the calibration 
titrations, coulometric generation of OH--ions was used. With this technique, a well-
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defined electrical current was passed via a silver anode, a Wilhelm bridge and a 
platinum cathode for a defined time. Reaction (31) describes the reaction taking place 
at the surface of the platinum cathode: 
 

(g)H½OHeOH 22 +→+ −−        (31) 
 
and the amount of added OH- can be calculated from Equation (32) where I is the 
current (A) and t the time (s) applied.  

FOH

tIn ⋅
=−          (32) 

 
This very precise and exact method for reagent addition can only be used for titrations 
in the alkaline direction. Since no corresponding technique for the coulometric 
generation of H+ was available, volumetric additions of H+ with a burette were always 
used for titrations in the acidic direction. 

 

Flame Atomic Absorbtion/Emission Spectroscopy 
In Flame Atomic Absorption Spectroscopy (FAAS) the specific absorption of light of 
well-defined wavelengths by different elements is utilised. A small volume of the 
sample solution to be analysed is sucked into the so called nebulizer, by a flow of air 
and C2H2(g). In this nebulizer the solution is turned into an aerosol, a fine spay of 
small droplets. The aerosol is then introduced to a burner head where the C2H2(g) is 
burned. The water is thereby evaporated and, ideally, the metal ions are atomised. A 
beam of light from a hollow cathode lamp, made from the same metal as the element 
analysed, is passed through the flame. When this light passes atoms of the element of 
interest, the light is absorbed since it excites electrons in the atoms. The absorbance of 
the light by electrons in the sample is registered. This absorption ideally follows the 
Lambert-Beer law, and is linear to the concentration of the element of interest within a 
range of concentrations. A simplified and schematic picture is shown in Figure 6. The 
instrument used (Perkin Elmer 3110 Atomic Absorption Spectrometer) was calibrated 
using standard solutions prepared from metal chloride salts, dilute HCl(aq) and boiled 
MilliQ water. 
 

 
Figure 6. A schematic picture of a Flame Atomic Absorption Spectrometer. a) sample, b) nebulizer, c) 
gas introduction hose, d) burner head, e) flame, f) hollow cathode lamp, g) light from light source, h) 
transmitted/emitted light and i) detection system. 
 

a
b
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Some elements, e.g.  Na and K, are very easily excited by the heat of the flame. When 
these excited atoms return to their ground state, the excess energy results in an 
emission of monochromic light from the flame. The same detection system as in 
FAAS can be used to measure this signal, and the resulting technique is called Flame 
Atomic Emission Spectroscopy, FAES. The same schematic figure as used to describe 
FAAS (Figure 6) can be used to describe FAES, with the exception for the lamp 
which is not used.  

 

Inductively coupled plasma - Optical Emission Spectroscopy (ICP-
OES) 
Inductively coupled plasma Optical Emission Spectroscopy, ICP-OES, is an analytical 
technique where the optical emission of photons from excited state electrons is 
measured. A small amount of solution is led into a chamber and turned into an aerosol 
by a flow of gas. This aerosol is then introduced to a plasma consisting of ionized 
argon gas at a very high temperature. The electrons in all atoms in the sample then 
become excited by the highly energetic environment. When these electrons return to 
their ground state, photons of very precise wavelength patterns, unique for each 
element, are emitted. By using monochromators and electronic sensors, this stream of 
photons can be registered and correlated to a particular element and concentration. 
The ICP-OES instrument used (Perkin Elmer Optima 2000 DV) was connected to a 
computer with software helping the user to do these correlations. ICP-OES has the 
advantage that several elements can be measured simultaneously and that the linear 
range (linear emission to concentration ratio) is broad. 

 

EXAFS spectroscopy 
Extended X-ray Absorbtion Fine Structure, EXAFS, spectroscopy is a technique 
based on the use of a high intensity X-ray source. High speed electrons are maintained 
in a synchrotron ring, and as these electrons are forced to change direction 
(accelerated), they emit high energy radiation (photons) in the X-ray range. This X-
ray radiation is passed through a monochromator and is focused on the sample. When 
the energy of the photons is above a threshold value, the X-rays excite core electrons 
in the element studied. The energy of the ejected electrons, photoelectrons, will be 
equal to the energy of the photon in the X-ray minus the binding energy of the core 
state. These outgoing photoelectrons can be backscattered from the surrounding 
atoms, and the outgoing and backscattered photoelectron waves can interfere. This 
interference is dependent of the energy of the outgoing photoelectron, and the distance 
to and type of atom causing the backscatter. Thus, the interference causes the electron 
density of the absorbing atom to vary with the energy of the ejected photoelectron, 
and this, in its turn, causes variation of the absorbance of X-rays. The study of the fine 
structure of these variations is called EXAFS.  
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Experimental Methods 

Treatment of pulps/fibre materials 
In Paper I, previous potentiometric data originating from Lindgren and Öhman [35] 
were re-examined. The fibre material was a fully bleached softwood Kraft pulp and 
this fibre material is henceforth referred to as Softwood 1. The treatment of Softwood 
1 is well described in the original work. In Papers II- IV, a similar bleached softwood 
Kraft pulp from a Swedish pulp mill was studied. This material was also used as 
starting material for the chemical modification work; this fibre material is referred to 
as Softwood 2.  
The pulp was disintegrated (AB Lorentzen & Wettre, Kista, Sweden) according to 
SCAN-C 18:65 with 30000 revolutions, with the modification that the temperature of 
the water was 50 °C. For each chemical modification experiment (“synthesis”), 40-50 
g of Softwood II was used. The procedure was mainly adopted from work presented 
in literature, [16, 67], although slightly modified, cf. Paper II. The resulting, 
chemically modified, fibre materials are referred to as CMC 1 – CMC 5, and consists 
of fibres substituted with additional carboxylate groups. 

 

GaO4Al12(OH)24(H2O)12
7+-synthesis  

Solutions containing GaO4Al12(OH)24(H2O)12
7+ were synthesized by a method 

adopted from ref. [57]. AlCl3*6H2O(s) was dissolved in a Ga(III)-solution of known 
concentration to a Al:Ga ratio of 12:1, and the solution was diluted to a known 
volume with a final [Me(III)] of approximately 150 mM. This solution was then very 
slowly (0.15 ml/min) titrated with approximately 250 mM NaOH to an OH-:Me(III) 
ratio of 2.4:1 at a maintained temperature of 85-90 ºC. Following this, the solution 
was cooled down to room temperature and then diluted to a known volume. The result 
of the synthesis was checked via 71Ga-NMR and by the synthesis of 
GaO4Al12(OH)24(SeO4)3.5*xH2O(s). This procedure was slightly modified from 
Bradley et al [57], cf. Paper IV. The crystalline material was analysed using powder-
XRD (Bruker AXS D8Advance). Both NMR and XRD data confirmed a successful 
synthesis, cf. Paper IV. 
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Potentiometric titrations 
In the potentiometric titrations a constant ionic strength was employed. This was 
made to able the measurement of [H+], concentration of protons, and not {H+}, the 
activity of protons. In papers II and IV, 0.02 and 0.1 M NaCl was employed as 
background electrolyte (ionic medium) and in paper III, 0.01, 0.02, 0.05 and 0.1 M 
NaCl was used. A summary list of the different titrations is presented in Table 1.  
 
Table 1. The number of potentiometric titrations and data points for the fibre materials and ionic 
strengths studied. 

Pulp 
I / 

mM 
No of titrations 

(points) Paper 
Softwood 2 100 9 (122) II  

CMC 1 100 6 (64) II 
CMC 2  100 7 (107) II 
CMC 3 100 2 (66) II 

Softwood 2 20 6 (56) II 
CMC 1 20 6 (60) II 
CMC 2  20 6 (54) II 
CMC 3 20 6 (66) II 
CMC 4 100 6 (83) III  
CMC 4 50 5 (68) III 
CMC 4 20 7 (94) III 
CMC 4 10 6 (96) III 
CMC 5 100 3 (68) IV  
CMC 5 20 3 (39) IV 

  78 (1043)  
 

 

Z-plots 
A suitable function to illustrate experimental data from acid/base titrations is the so 
called Z-function. Z is defined as the average fraction of protons desorbed from the 
active sites (≡COOH), i.e. Z=0 means no deprotonation, while Z=1 means that all 
≡COOH has been transformed to ≡COO-. Hence, Z is defined and calculated 
according to Equation (33).   
 

[ ]
[ ] B

hKhH
Z w

1

totCOOH
COO −− ⋅+−

−=
≡
≡

=      (33) 

 
Equation (33) presumes that ≡COOH is the only weak acid in the system. H is used to 
denote the total concentration of protons, h the concentration of free protons, Kw the 
ionic product of water, and B the total concentration of ≡COOH-groups. With known 
analytical values of H and measured values of h, a Z-plot can be calculated from 
experimental data from each of the titrations.  
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Optimization of models 
The optimisation procedure to evaluate the acid/base models is described in the 
respective papers. Optimisations of unknowns were in all papers done with help of 
WinSGW [51, 52] and LAKE [68] simulation and optimisation computer software. In 
three of the papers (I-III) the uncertainties of the optimised unknown was calculated 
according to a principle described in ref. [69]. A parabola was fit to the Sum of 
Squared Residuals (SSR), which is defined as the squared and summed difference 
between a modelled and experimental H, close to the optimum value of β or κ, cf. 
Paper I.  
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Figure 7. The Sum of Squared Residuals, F, plotted as a function of the assumed value for one of the 
equilibrium constants (in Paper II). The full line represents the parabola fit to the SSR values while the 
dotted line is the U-value (cf. Paper I). The arrow indicates how the standard deviation, σ, is defined. 
 
In paper IV an improved version of WinSGW [52] was used, and the uncertainties 
where given as optimisation parameters in the output from the program. 

 

Metal ion adsorption experiments 
In Papers II, III and IV the adsorption of metal ions onto fibres was measured by both 
measuring the amounts of the elements being adsorbed, and the amounts remaining in 
the bulk of the suspensions. These measurements were accomplished via several 
series of batch experiments. In Paper II a system containing the four metal ions Na+, 
K+, Mg2+ and Ca2+ was studied. For the studies in Paper II (and some experiments in 
Paper III) the amounts of Na+, K+, Mg2+, Ca2+ (and Cu2+) ions were selected to be in 
the (theoretical) range of pronounced Donnan effects, and no excess of NaCl was 
added. The pH in these batches was varied by additions of dilute NaOH solutions. As 
a result, the Na+ concentration varied over the batch series. This is illustrated in 
Table 2, where the total concentration of protons and metal ions are shown for one of 
the series of batches. 
 



  24  

Table 2, Ttotal concentrations used in a batch series from Paper II where Softwood 2 was studied. The 
total concentrations of metal ions are shown together with H, the total proton concentration. 

H 
(mM) 

[Na+] 
(mM) 

[K+] 
(mM) 

[Ca2+] 
(mM) 

[Mg2+] 
(mM) 

0.00 0.10xii 0.31 0.08 0.06 
-0.06 0.06 0.31 0.08 0.06 
-0.20 0.20 0.31 0.08 0.06 
-0.27 0.27 0.31 0.08 0.06 
-0.29 0.29 0.31 0.08 0.06 
-0.40 0.40 0.31 0.08 0.06 

 

In papers III and IV, the sodium ion concentration was controlled by preparing the 
fibre suspensions in solutions of NaCl with the appropriate concentration.  
 
In all experiments, Papers II-IV, the volume of a batch was 50-200 ml of fluid and 
0.2-1.4% fibre on a w/w basis. The adsorption (“reaction”) time ranged from a few 
minutes to several hours and, in some experiments, up to one week. During this time 
the test tubes were shaken, or rotated on an end-over-end rotation test tube holder. 
Only samples with adsorption times exceeding 2h were considered to be at 
equilibrium or, in Paper IV, meta-stable equilibrium (steady state). 
Following the equilibration period, the bulk solution was separated from the fibres via 
vacuum filtration through a glass filter. The fibres cakes were ashed at 500-600 ºC for 
several hours and the ash was then normally dissolved in 6M HCl(aq), cf. SCAN-CM 
38:96, SCAN-CM 63:00, ISO 1762:2001 and Papers II-III. Due to the very slow 
dissolution kinetics of the ashes from pulps with adsorbed GaO4Al12(OH)24(H2O)12

7+, 
a method for dissolving such ashes was developed during the course of the work. 
These ashes were carefully transferred to volumetric flasks and 65% HNO3(aq) was 
added, until approximately half the flasks were filled. The volumetric flasks were then 
held at 80 °C overnight, cf. Paper IV. Following cooling to room temperature the 
flasks were filled with deionised water to the proper volume. 
The metal concentrations of the filtrate solutions and in the dissolved ashes were 
analysed employing Flame Atomic Emission Spectroscopy (Na+ and K+), Flame 
Atomic Adsorption Spectroscopy (Ca2+ and Mg2+) (Perkin Elmer 3110 Atomic 
Absorption Spectrometer), and Inductively Coupled Plasma Optical Emission 
Spectroscopy (Cu2+, Ga3+, Al3+) (Perkin Elmer Optima 2000 DV). 
 
The measured amounts of metals in the incinerated samples were used to calculate the 
concentrations of metal ions in the “Donnan volume” of the fibres. The Water 
Retention Value, WRV, of a fibre material is often used as a measurement of this 
volume. However, since several different authors have reported a significant 
dependence of the WRV with pH, cation content, and total fibre charge, e.g. [70, 71], 
and since no proper equipment for analysing the WRV of the fibre materials was 
available, the previously used value of 1.4 cm3/g dry fibre was used in the calculations 
throughout all the papers, cf. page 14. These calculations were made according to 
Equation (34).  
 

[ ] ( ) [ ] ( )
Dm
Vn

⋅

⋅−
= −

+
+ +

fibre

DonnannonOHs
2

totMe
measured fibre,

2 22 Me
Me    (34) 

                                                 
xii Indicates Na+ from the addition of NaCl. 
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In this equation ( )
totMe2+n denotes the total amount of Me2+ found in the incinerated 

sample, [ ]s2Me + the concentration in the filtrate, ( )
DonnannonOH2 −

V the volume of water in 
excess of fibre bound water (i.e. D) in the vacuum filtered sample, mfibre the mass of 
dry material, and D the specific volume of fibre bound water (1.4 cm3/g). The 
experimentally deduced fibre (“Donnan”) volume concentrations were then compared 
to theoretical concentrations, applying the Donnan theory and specific complex 
formation, obtained from WinSGW simulations. When the Donnan model was 
supplemented with specific metal ion-fibre interactions, the simulated concentration 
of Me2+ ions in the fibre volume was calculated as being the sum of Donnan ion-
exchange ions and specifically bound ions, Equation (35): 
 

[ ] [ ] [ ]
DSS ⋅

≡
+= ++ MeMeMe Donnan

2
simulated ,fibre

2     (35) 

 
Here, [ ] simulated fibre,

2Me +  is the total concentration of Me2+-ions in the fibre (“Donnan”) 
volume and [ ]Donnan

2Me + is derived from Eq. (12). [ ]Me≡  is the concentration of the 
assumed specific Me-complex in the suspension, SS is the suspended solids 
concentration in kgfibre/dm3

suspension. [ ]Donnan
2Me +  and [ ]Me≡  were simultaneously 

calculated with WinSGW  using the optimised models. 

 

pH-measurements 
The adsorption of GaO4Al12(OH)24(H2O)12

7+ to fibres was also studied via pH-
measurements. To an equilibrated fibre suspension a small aliquot of a solution 
containing GaO4Al12(OH)24(H2O)12

7+ was added and the pH as function of time was 
recorded. For the registration of pH an Orion (8103 Ross®) combination electrode, 
calibrated against commercially available buffer solutions (J.T. Baker), was used. 

 

EXAFS-measurements 
The samples for analysis with EXAFS were prepared in a similar way to the metal ion 
adsorption samples. After preparation, the samples were shaken vigorously for several 
minutes and the fibres were then separated from the bulk solution via vacuum 
filtration on a glass filter. The Cu-EXAFS sample was prepared in Umeå while the 
Ga-EXAFS sample was prepared at location in Lund and run immediately after 
separation of fibres and bulk suspension. All EXAFS-data were collected at MAX-
Lab (Lund University, Sweden) at beam line i811. 



  26  

Results 

Acid/base properties of the fibres 
 
For Softwood 1, the data previously collected by Lindgren and Öhman [35] in 10, 20, 
50, 100, 200 and 600 mM Na(Cl)-medium were re-evaluated and several acid/base 
models were tested. The evaluation of Ideal Monoprotic Acid Models, IMA, and 
Constant Capacitance Models, CCM, resulted in six models each; one model at each 
ionic strength. The evaluation of the Basic Stern Model, BSM, and the Diffuse Layer 
Model, DLM, resulted in one model each; describing the acid/base properties at all 
ionic strengths. The acid/base models evaluated in Paper II resulted in 12 different 
acid/base models; one CCM for each of the four fibre materials and each of the ionic 
strengths, and one BSM for each of the fibre materials. The titration data describing 
the properties of CMC 4 in Paper III resulted in five models, one CCM at each of the 
four ionic strengths, and one BSM. In paper IV, and as a result from the findings in 
Paper III, only CCM models were evaluated for CMC 5. The results from all these 
acid/base model optimisations are shown in Table 3. The Sum of Squared Residuals, 
SSR, is defined as Σ(Hcalculated - Hexperimental)2, where H is the total concentration of 
protons, and represents an over-all figure of the average fit between the model and the 
experimental data. 
 
For Softwood 1 and Softwood 2 it is obvious from Table 3 that the fit of the CCM-
models and the BSM are of the same magnitude. This implies, although the fit of the 
CCM models are slightly better, since there are several advantages with using the 
BSM, that the Basic Stern Model is preferred for this kind of fibre material. The same 
conclusion cannot be drawn for the more highly charged fibre materials. For the most 
highly charged fibre materials, i.e. CMC 4, it is obvious that data is significantly 
better described by a series of Constant Capacitance Models, one at each ionic 
strength, than with a Basic Stern Model in combination with the “Davies equation”, 
Equations (6)-(8). 
 
This is further illustrated by some of the Z-plots, presented in the respective papers 
and, shown below. In Figure 8, the fit of the four different models evaluated for 
Softwood 1 are all illustrated as modelled at 200 mM Na(Cl) ionic strength. In this 
figure it can be observed that the Constant Capacitance Model yields the best fit to 
data, and that the Basic Stern Model yields a fit that is almost equal to the CCM fit. 
This figure show that the Diffuse Layer and the Ideal Monoprotic Acid Models both 
yielded fits that are significantly inferior to the CCM and the BSM. As a comparison 
to the models evaluated for Softwood 1 in the original paper [35], and as an 
illustration of the over-all fit of the Basic Stern Model evaluated, Figure 9 was 
constructed. The full lines in this figure are those resulting from the Basic Stern 
Model presented in Table 3, while the symbols represent experimental data collected 
at different ionic strengths. This figure gives an indication of the good predictive 
capacity of the model. 
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Table 3. Evaluated β- and κ-values for all fibre materials and all ionic strengths studied. More 
information about the different models are found in the respective papers. The SSR-values are 
calculated as presented in Paper I. The κ-values are valid under the assumption that s=100 m2/g 

Pulp / Fibre 
material Model 

[≡COOH] 
μmol/gfibre 

I 
mM 

log β-1,1,0(int) 
 ± 3 σ 

κ ± 3 σ  
F/m2 SSR 

Used in 
Paper 

Softwood 1 IMA 31* 600 -3.52 ± 0.05 - 0.060 Paper I 
Softwood 1 IMA 31* 200 -3.63 ± 0.09 - 0.048 Paper I 
Softwood 1 IMA 31* 100 -3.71 ± 0.06 - 0.068 Paper I 
Softwood 1 IMA 31* 50 - 3.85 ± 0.07 - 0.047 Paper I 
Softwood 1 IMA 31* 20 -4.14 ± 0.18 - 0.015 Paper I 
Softwood 1 IMA 31* 10 -4.29 ± 0.21 - 0.027 Paper I 
Softwood 1 CCM 31* 600 -2.99 ± 0.02 0.49 ± 0.01 0.003 Paper I 
Softwood 1 CCM 31* 200 -3.17± 0.02 0.44 ± 0.01 0.001 Paper I 
Softwood 1 CCM 31* 100 -3.18 ± 0.03 0.46 ± 0.02 0.008 Paper I 
Softwood 1 CCM 31* 50 -3.25 ± 0.02 0.43 ± 0.01 0.001 Paper I 
Softwood 1 CCM 31* 20 -3.42 ± 0.03 0.30 ± 0.01 0.0002 Paper I 
Softwood 1 CCM 31* 10 -3.54 ± 0.03 0.27 ± 0.03 0.0004 Paper I 
Softwood 1 BSM 31* 10-600 -3.26 ± 0.02 0.90 ± 0.5 0.033 Paper I 
Softwood 1 DLM 31* 10-600 -3-54 ± 0.02 - 0.082 Paper I 
Softwood 2 CCM 43 100 -3.10 ± 0.06 0.5 ± 0.05 0.011 Paper II 

CMC 1 CCM 80 100 -3.31 ± 0.07 1.02 ± 0.13 0.081 Paper II 
CMC 2  CCM 120 100 -3.44 ± 0.05 2.14 ± 0.33 0.014 Paper II 
CMC 3 CCM 280 100 -3.50 ± 0.02 4.24 ± 1.60 0.031 Paper II 

Softwood 2 CCM 43 20 -3.21 ± 0.03 0.85 ± 0.09 0.016 Paper II 
CMC 1 CCM 80 20 -3.41 ± 0.06 0.67 ± 0.25 0.067 Paper II 
CMC 2  CCM 120 20 -3.92 ± 0.01 1.50 ± 0.36 0.015 Paper II 
CMC 3 CCM 280 20 -4.04 ± 0.02 3.34 ± 0.17 0.027 Paper II 

Softwood 2 BSM 43 20, 100 -3.13 ± 0.02 1.1 ± 0.1 0.038 P. II-IV 
CMC 1 BSM 80 20, 100 -2.51 ± 0.05  1.2 ± 0.3 0.150 Paper II 
CMC 2  BSM 120 20, 100 -2.82 ± 0.03 30 ± 5 0.300 Paper II 
CMC 3 BSM 280 20, 100 -2.96 ± 0.07 100 ± 15 0.298 Paper II 
CMC 4 CCM 560 100 -3.71 ± 0.04 10.4 ± 1.5 0.340 Paper III 
CMC 4 CCM 560 50 4.00 ± 0.03 10.2 ± 0.2 0.057 Paper III 
CMC 4 CCM 560 20 -4.18 ± 0.01 8.7 ± 0.2 0.435 Paper III 
CMC 4 CCM 560 10 -4.64 ± 0.03 8.2 ± 0.2 0.135 Paper III 
CMC 4 BSM 560 10-100 -2.36 ± 0.3 80 ± 20 8.710 Paper III 
CMC 5 CCM 590 100 -3.65 ± 0.05 8.8 ± 0.2 0.044 Paper IV 
CMC 5 CCM 590 20 -4.31 ± 0.03 11.1 ± 0.2 0.091 Paper IV 

*As calculated by Lindgren and Öhman [35]. 
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Figure 8. A comparison of the different acid/base 
models evaluated for Softwood 1 at an ionic 
strength of 200 mM. The potentiometric titration 
data originates from Lindgren and Öhman [35]. F 
represents the data collected while the lines 
represent the Ideal Monoprotic Acid, Constant 
Capacitance, Basic Stern and Diffuse Layer 
Models respectively. 
 

Figure 9. Potentiometric titration data from 
Lindgren and Öhman [35]. Data collected at 
different ionic strengths are given the following 
symbols (Δ) 600 mM Na+, (●) 100mM Na+, (○) 50 
mM Na+, (□) 20 mM Na+, (■) 10 mM Na+.  The 
full lines represent the Basic Stern Model 
evaluated in Paper I, and as presented in Table 3. 
 

For all fibre materials and ionic strengths, the fits of the Constant Capacitance Models 
were all of the same high quality, cf. Figure 10. As illustrated in Figure 11, however, 
the Basic Stern Model could not be applied to the chemically modified pulps with the 
same good result. This was found for all of the chemically modified fibre materials, 
and is also clearly illustrated in Table 3 by the resulting high SSR-values, especially 
for CMC 4. 
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Figure 10. Illustration of the series of Constant 
Capacitance Models evaluated for CMC 4 (560 
μmol≡COOH/gram). 3 represent the 10 mM Na(Cl) 
data, 1 the 20 mM data, B the 50 mM data and F 
the 100 mM data. The solid line illustrates the 
model at 10 mM Na(Cl), the dashed line the 20 
mM model, the dotted line the 50 mM model and 
the dashed/dotted line represents the 100 mM 
model, respectively. 

Figure 11. Z-plots for CMC 2 (120 
μmol≡COOH/gram). H represents data at 20 mM 
and F at 100 mM NaCl respectively. The dashed 
lines represent acid/base models evaluated using 
the Basic Stern Model and the solid lines the 
Constant Capacitance Model,, respectively. 
 

 
Data presented in Table 3 also show that the acid/base properties of highly charged 
pulps are more susceptible to changes in the ionic strength than pulps containing a 
lower concentration of carboxylic acids.  
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In an attempt to extrapolate Constant Capacitance Models to infinite dilution the 
procedure described above (page 12) and in ref. [31] was applied; cf. Paper II and III. 
These attempts showed that for highly charged fibres, a model evaluated at the ionic 
strength of 100 mM NaCl (I=100 mM) yielded an incorrect result when extrapolated 
to I=0 mM. Hence, it must be recommended that acid/base models evaluated at the 
lowest ionic strength possible should be used for such extrapolations. In Paper II the 
Constant Capacitance Model evaluated at I=20 mM (NaCl), and in Paper III the CCM 
evaluated at I=10 mM (NaCl), was used to reach the acid/base properties at I=0 for 
these materials.  

 

Metal ion adsorption on fibres 
In the experiments where the suspended fibres were simultaneously exposed to a 
mixture of the four metal ions Na+, K+, Mg2+ and Ca2+, the content of each metal ion 
was determined both in the bulk water phase and in the fibre phase. In Figure 12 data 
are shown for Softwood 2. Figure 13 shows the corresponding results for CMC 3.  
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Figure 12. Metal ion concentrations as a function of total [OH-] added for Softwood 2. B represent the 
measured concentrations in the Donnan volume (fibres), and F are those measured in the bulk 
solution. The solid and the dashed lines are model lines, calculated using WinSGW and assuming a 
pure Donnan exchange model in combination with a BSM (dashed lines) or an extrapolated CCM (full 
lines), respectively, to account for the acid/base properties of the fibres. The value of 0.43 mM [OH-] is 
equimolar to the total carboxylic acid content of the fibre.  



  30  

 

F F

F

F
F

F F

F

F
F

F
F F

B
B

B

B
B

B
B

B

B B

B

-4

-3.5

-3

-2.5

-2

-1.5

-1

0 0.5 1 1.5 2 2.5 3

lo
g 

[N
a+ ]

[OH-] added / mM  

F F F F F
F F

F F F F F F

B
B

B
B

B B

B

B B

B

-3.5

-3

-2.5

-2

-1.5

-1

0 0.5 1 1.5 2 2.5 3

lo
g 

[K
+ ]

[OH-] added / mM  

F F F
F

F

F

F

F F F

F

F

F

B
B

B

B
B

B B

B

B
B

B

B

B

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

0 0.5 1 1.5 2 2.5 3

lo
g 

[C
a2+

]

[OH-] added / mM  

F F F
F

F
F

F

F
F

F

F
F

B
B

B
B

B
B B

B

B

B
B

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

0 0.5 1 1.5 2 2.5 3

lo
g 

[M
g2+

]

[OH-] added / mM  
Figure 13. Metal ion concentrations as a function of total [OH-] added for CMC 3 (280 μmol/g). B 
represent the measured concentration in the Donnan volume (fibres), and F the measured 
concentrations in the bulk solution. The solid and dashed lines are model lines, constructed as 
described in Figure 12. The value of 2.8 mM [OH-] added is equimolar to the total carboxylic acid 
content of the fibre. 
 

The predicted distribution of the four metal ions between the fibre and the bulk water 
volumes more or less coincide independently of acid/base model. This is also 
expected, considering that the two acid/base models give almost coinciding 
descriptions. It was also found that the unspecific Donnan model could describe all 
data relatively well under the conditions applied, i.e. at low total ion concentrations. 
In contrast to Figures 12 and 13 the dashed lines in Figures 14 and 15 illustrate the 
Donnan model at a series of ionic strengths, without any specific ion exchange 
reactions being considered. From these figures it is clearly indicated that while the 
Donnan model can describe the adsorption of Ca2+ and Cu2+ at low ionic strengths, it 
clearly underestimates the uptake of ions in all experiments where the ionic strength 
was 10 mM Na(Cl) or higher. The difference is most obvious for the adsorption data 
collected at 100 mM Na(Cl). The need for a complementary model to describe these 
data is, thus, obvious.  
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 Figure 14. Calcium adsorption data and models for softwood 2 presented at ionic media of a) 0 mM 
NaCl, b) 10 mM NaCl, c) 20 mM NaCl and d) 100 mM NaCl. The full lines represent the “best” model 
applied and the dashed lines a Donnan model. F represent the measured fibre concentration in the 
respective batches and B the concentrations measured in the surrounding suspension. 1 represent the 
fibre concentration as calculated from the difference between total concentration and the measured 
concentration in the bulk suspension.  
 
To model this “excess” adsorption, compared to the Donnan model prediction, 
specific complexes with 1:2 and 1:1 Me(II):≡COO stoichiometry were tested for, as 
described above. The method used to differentiate between the two possible 
complexes, (≡COO)2Me and  ≡COOMe+, relied on the goodness of fit between 
experimental data and evaluated equilibrium model, cf. Paper III. For both Softwood 2 
and CMC 4, these calculations indicated that the fit to experimental data was 
significantly increased by including a specific metal ion-fibre complex into the 
equilibrium model. The calculations also show that the complex (≡COO)2Me 
generally provided a closer fit to data than ≡COOMe+ and, finally, that the 
thermodynamic stability of (≡COO)2Cu was consistently higher than the stability of 
(≡COO)2Ca under equal conditions, cf. Paper III. 
In Figures 14 and 15, the solid lines were constructed utilising this combination of 
unspecific and specific interactions and, as seen, the improvement in fit is very 
significant. All experimental data can now be fairly well predicted. 
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Figure 15. Copper adsorption data and models for softwood 2 presented at ionic media of a) 0 mM 
NaCl, b) 10 mM NaCl, c) 20 mM NaCl and d) 100 mM NaCl. The full lines represent the “best” model 
applied and the dashed lines a Donnan model. F represent the measured fibre concentration in the 
respective batches and B the concentrations measured in the surrounding suspension. 1 represent the 
fibre concentration as calculated from the difference between total concentration and the measured 
concentration in the bulk suspension. 
 
 

Also the study of GaO4Al12(OH)24(H2O)12
7+ adsorption gave highly interesting results. 

The addition of a GaO4Al12(OH)24(H2O)12
7+-containing solution to a pulp suspension 

caused the pH to significantly and rapidly drop, indicative of a strong interaction 
between deprotonated acidic groups on the fibres and the GaO4Al12(OH)24(H2O)12

7+  
ions. This rapid drop in pH, cf. Figure 16, was then followed by a much slower 
increase in pH. This was indicative of a process where OH--ions were released. 
  



  33  

B

B

BBBB
B
B
BBB
BBB
BB
BB

B B BBB B B B B

J

JJJJJJ
JJ

JJJJJ
JJJ

JJJJ JJJJJ J J J J

3.2

3.7

4.2

4.7

0 10 20 30 40 50 60 70 80 90 100

pH

Time after addition of GaAl12
7+

 (minutes)  
Figure 16. pH as function of reaction time when samples of CMC 5 were exposed to GaAl12. [GaAl12]tot 

= 0.47 mM, [≡COOH]tot≃ 5.8 mM. J represent 20 mM NaCl and [≡COO-]≃ 2.9 mM, while B 
represent  100 mM NaCl and [≡COO-]≃ 3.5 mM. The dashed lines represent an equilibrium model 
with no decomposition of GaAl12, and the full lines an equilibrium model with 3.5% decomposition of 
the added GaAl12.. 
 

As described in Paper IV, it was deduced that this initial drop could be mimicked with 
a model where the added GaO4Al12(OH)24(H2O)12

7+ -ion was treated as a component, 
and where this unit interacted with the fibre carboxylate groups according to reaction 
(36). 
 
7 ≡COOH + GaO4Al12(OH)24(H2O)12

7+  ⇌   
(≡COO)7GaO4Al12(OH)24(H2O)12 + 7 H+  log β = 3  (36) 
 
This reaction, (36), could thus be used to explain the drop in pH relatively well for all 
data recorded, and data with corresponding predictions are shown in Figure 16. This 
model could not, however, explain the concurrent slow increase in pH which was 
observed to follow in all experiments, cf. Figure 16.  
To model this behaviour, it was therefore hypothesised that a small amount of the 
GaO4Al12(OH)24(H2O)12

7+-ions slowly decompose according to reaction (37). 
 
GaO4Al12(OH)24(H2O)12

7+  Æ Ga3+ + 12 Al3+ + 32 OH- + 8 H2O  (37) 
 
The resulting new total concentrations of H+, Ga3+, Al3+ and 
GaO4Al12(OH)24(H2O)12

7+ were used as input in the modelling, and the amount of 
decomposed GaO4Al12(OH)24(H2O)12

7+-ions was systematically increased until the 
equilibrium calculations coincided with the experimental data, cf. the solid lines in 
Figure 16.  During this process it was found that the steady-state pH data could be 
“best” explained if approximately 3-4% of GaO4Al12(OH)24(H2O)12

7+ was allowed to 
decompose according to the proposed reaction (37). With this model and a 
decomposition degree of 3.5 %, also the adsorption data for Al and Ga could be 
reasonably well explained, cf. Paper IV and Figure 17. 
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Figure 17. Adsorption of GaAl12 to the chemically modified fibre material at 20 mM (left) and 100 mM 
(right) ionic strength. [GaAl12]tot = 0.72 mM and [≡COOH]tot≃ 5.8 mM. H and C represent [Al] in the 
fibre phase and the bulk aqueous phase, respectively, while F and A represent the corresponding 
measured data for [Ga]. The dashed lines represent Donnan predictions models and the full lines the 
“best possible” model evaluated. 
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EXAFS Spectroscopy 
The Cu-EXAFS data collected for Cu2+-ions adsorbed to CMC 4, and the 
corresponding Fourier transform (FT), are shown in Figure 18. The parameters 
presented in Table 4 are the results from the fitting procedure and, in the final model 
the first shell fit parameters showed that Cu(II) retained a Jahn-Teller distorted 
structure when adsorbed to the fibres. This was evidenced by the four equatorial 
oxygens at 1.95 Å; the axial atoms are not detected because of the high dynamic 
disorder resulting from the Jahn-Teller effect.  
 

 
Figure 18. k3-weighted Cu K-edge EXAFS spectrum (left) and the corresponding Fourier transform 
(right) of Cu(II) adsorbed to the fibre material “CMC 4” at pH approx 5.2. The grey lines are the 
results from the k-space fits summarized in Table 5. 
 
 
Table 4 Results from non-linear least-squares fitting of the k3-weighted EXAFS spectrum collected and 
presented in Paper III. 
Path Coordination noxiii. Distance/Å Debye-Waller factor 
Cu-O 4.0 1.95 0.0060 
Cu-C 2.0 2.82 0.0017 
Cu-C 2.0 3.08 0.0041 
Cu-C-O 4.0xiv 4.09 0.0090 
k-region: 3 – 11 Å-1, E0 = -0.25, S0

2 = 1.0 
 

In general the Cu-EXAFS results are in good agreement with the stoichiometry 
proposed from the adsorption measurements, (≡COO)2Cu. Furthermore, the EXAFS 
results suggest that practically all Cu(II) in the investigated sample is specifically 
bound to the fibre functional groups, and this is also in good agreement with the 
proposed equilibrium model. 
 

The results from the EXAFS studies of GaAl12-fibre interactions speciation are 
presented in Figure 19 and Table 5. Both spectra collected, for aqueous 
GaO4Al12(OH)24(H2O)12

7+ and GaO4Al12(OH)24(H2O)12
7+ adsorbed to fibres, show 

                                                 
xiii Parameters fixed during the final fit. 
xiv The coordination no. of the multiple-scattering path includes the number of identical paths times the 
degeneracy; the Cu-C-O path is doubly degenerate. 
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similar structures with respect to the surroundings of the Ga-atom. These results, 
accordingly, give strong indications of intact GaO4Al12(OH)24(H2O)12

7+ ions being 
adsorbed to the fibres, cf. Figure 19.  
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Figure 19 . k3-weighted Ga K-edge EXAFS spectra (left) and corresponding Fourier transforms 
(right). The blue lines represents aqueous GaO4Al12(OH)24(H2O)12

7+ and the red lines the 
GaO4Al12(OH)24

7+-ions being adsorbed to CMC 5. 
 

Table 5. Results from non-linear least-squares fitting of k3-weighted Ga K-Edge EXAFS spectra of 
aqueous GaO4Al12 (OH)24(H2O)12

7+ and GaO4Al12(OH)24(H2O)12
7+ being adsorbed to CMC 5. 

Sample Path Coordination no.* Distance/Å Debye-Waller factor 

Solution Ga-O 4.0 1.89 0.0033 

Solution Ga-O 12.0 3.33 0.0042 

Solution Ga-Al 12.0 3.39 0.0049 

Solution Ga-O 24.0 5.33 0.013 

Fibre Ga-O 4.0 1.88 0.0044 

Fibre Ga-O 12.0 3.35 0.0016 

Fibre Ga-Al 12.0 3.40 0.0029 

Fibre Ga-O 24.0 5.34 0.011 

k-region: 3 – 11 Å-1, E0 = 0.88 (solution) –2.03 (fibre), S0
2 = 0.99 (solution) – 1.1 (fibre) 

 

More specifically, data show that the GaO4-tetrahedon is still surrounded by 12 Al-
octahedra, cf. Table 5, which is a very important evidence for the presence of intact 
GaO4Al12(OH)24(H2O)12

7+ structures. The detailed nature of the 
GaO4Al12(OH)24(H2O)12

7+-fibre interaction is, however, very hard to analyse from the 
present data, and further EXAFS studies would be preferable to fully investigate the 
phenomenon of GaO4Al12(OH)24(H2O)12

7+-adsorption on fibre surfaces. 
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Discussion 

Acid/base properties of bleached Kraft fibres 
The acid/base properties of Kraft fibres have been found to depend on the actual 
charge and surface potential of the fibres. Since the acid/base properties are important 
in several positions in the pulp and paper process, and play a role in e.g. pulp washing 
and paper formation, it is important to be able to correctly model these properties. In 
Paper I an attempt to evaluate a salt independent model for the acid/base properties of 
softwood fibres was made, and resulted in a recommendation that the Basic Stern 
Model would be the most suitable to simulate the surface potential of fully bleached 
Kraft fibres. This model is clearly superior to a series of Constant Capacitance 
models, each valid at a given ionic strength, since one  single model, valid over a wide 
range of ionic strengths, then can be used. It must be remembered, though, that 
extrapolations of properties, including acid/base properties, is always risky. Therefore, 
experimental studies should always be performed with as similar conditions as 
possible to the conditions to be modelled. 
 
In Paper II – IV it was found that the Basic Stern Model was not always the best 
choice to model the surface potential. In Paper II it was confirmed that the Basic Stern 
Model provided a good modelling capability for the acid/base properties of low 
charge fibre materials, i.e. fully bleached Kraft softwood fibres. However, when the 
model was applied to the more highly charged fibre materials, the same accuracy in 
prediction could not be achieved. The conclusion drawn from this was that, for pulps 
with [≡COOH]≲ 50 μmol/g, the Basic Stern Model together with the Davies equation 
could be recommended, since together these two models extrapolate the ionic strength 
dependence very well. However, for pulps with [≡COOH] ≳ 100 μmol/g, a series of 
Constant Capacitance Models must be preferred. In Paper III, this conclusion was 
drawn, without trying to explain why the Basic Stern Model fails at predicting the 
acid/base properties of these fibre materials. It is still not fully clear why this is the 
case, but perhaps the Gouy-Chapman equation, Equation (11) is the failing factor. As 
mentioned in the theoretical section, the charges (ions) are considered to have no 
volume when this equation is derived, i.e. the ions are considered to be point charges. 
As a consequence, this equation is probable to overestimate the concentration of ions 
in some cases, cf. [72], since no consideration of the actual volume in space needed 
for the ions are taken. This could possibly explain why the modelling of highly 
charged fibre materials, with a resulting higher need of charge neutralising ions in the 
electric double layer, is less accurate than when modelling low charge fibre materials. 
That fibre surfaces are highly irregular and not flat surfaces, as presumed in the 
surface potential model, can of course also be a problem. All surface potential models 
presume a flat and homogenous surface, however, and it is unlikely that the validity of 
this assumption would be heavily dependent on the total charge density of the fibre 
material.  
Studies of the properties of high charge fibre materials is interesting, not only for 
curiosity, but also since such fibre materials have been studied for, and  possibly also 
used for, strong paper qualities due to their strong fibre-fibre interactions cf. [73-75]. 
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Metal ion adsorption properties of bleached Kraft fibres 
In the literature, papers claiming that the Donnan model is superior to specific 
complex models [e.g. 6, 25, 38, 41, 50], and highly suitable for mill simulations, and 
papers claiming the opposite [e.g. 18, 39, 40] can both be found. Previous studies 
have come to the, seemingly ambiguous, conclusion that the Donnan model could 
sometimes predict the adsorption of ions well [30], while at other occasions this 
model significantly underestimates the adsorption of some metal ions [16]. A question 
left unanswered has been why this is the case. In the present thesis the aim has 
therefore been to study this question thoroughly and systematically.  
The metal ion adsorption experiments presented in Paper II confirmed the previous 
observation [25, 30] that the Donnan model could predict the distribution of metal 
ions between the bulk suspension and the fibre phase, under the conditions applied, 
reasonably well. The results were at the time unexpected, since previous studies at the 
department [16] had indicated that the adsorption of divalent ions was underestimated 
by the Donnan model for highly charged fibre materials. In this paper it had been 
hypothesised that the total fibre charge was the determining factor for whether the 
Donnan model gave proper predictions or not. In Paper II it was, however, shown that 
this was not the case, but that also the metal ion adsorption of highly charged fibre 
materials could be modelled with the Donnan model. The crucial factor was instead 
found in Paper III, namely that the Donnan model failed at predicting the interactions 
between different fibre materials and the divalent ions studied when an ionic medium 
was present.  
In Figure 20 an overview of the results in the present thesis and previous papers on 
the subject have been put together. From this figure it is obvious that the Donnan 
model could only explain the adsorption of mono- and divalent metal ions to fibre 
materials in fibre suspensions of relatively low ionic strength. It is the ionic strength, 
and not the fibre charge, that is the determining factor for whether the Donnan model 
results in good or poor predictions of the metal ion adsorption. The conclusion is then 
that with increasing ionic strength the predictions of the Donnan model worsen. This 
is something which has been indicated before [26], but never been systematically 
investigated. This factor could thus explain the large deviation observed between 
adsorption data and theoretical Donnan interaction calculations by Lindgren et al. [16] 
where a 100 mM medium was used, and the somewhat smaller deviation between data 
and the Donnan model observed by Athley and Ulmgren [18] where 10-20 mM 
medium was used.  
The theory developed in Paper III, and further evolved and discussed in Paper V, is 
based on the assumption that two mechanisms simultaneously contribute to the 
adsorption of ions on the fibres. Firstly, the electrostatic interaction between 
negatively charged fibres and positively charged metal ions always gives rise to the 
Donnan effect. This effect is mainly a physical phenomenon, and is strongly affected 
by the composition of the surrounding suspension and the actual charge of the fibre. 
Secondly, the formation of chemical bonds between carboxylate groups on the fibres 
and some metal ions gives rise to specific chemical complexes. The formation of such 
complexes have also been discussed in the literature, and reports where such 
complexes are assumed to form are, e.g., refs. [16, 18]. From aquatic chemistry it is 
well known that the strength of complexes formed between different metal ions and 
carboxylic acids are significantly different. Therefore, if such complexes are formed 
also between fibre bound carboxylate groups and metal ions, different adsorption 
properties for different cations could be expected. Such a variation in the adsorption 
affinity of Ca2+ and Cu2+ was recorded in Paper III, and, additionally, the difference in 
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adsorption selectivity for different metal ions which was recently reported on [39, 40], 
further strengthen the evidence that such specific bonds are formed. 
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Figure 20. Comparison between experimental conditions and conclusions drawn regarding the 
adsorption of divalent cations onto cellulose fibre, from several  previous works and two of the papers 
in this thesis. [16] – [46] represent the references, PII and PIII Paper II and III respectively. Black font 
represent papers where a good prediction by the Donnan model was concluded and red font the 
conclusion that specific interaction models had to be considered. A similar figure is found in Paper V. 
 
In the model presented in Paper III, the formation of fibre-metal complexes was 
therefore applied in combination with the Donnan model. The model evaluated 
resulted in a good explanation of all adsorption data, irrespective of the ionic strength 
of the suspension. To illustrate the effect of introducing a formation of specific 
complexes in the modelling, distribution diagrams showing the speciation of Cu(II) in 
suspensions of Softwood 2, as a function of ionic strength and pH=6, are illustrated in 
Figure 21. The figure shows how the ionic strength influence the relative importance 
of specific and unspecific interactions, and also how the distribution between bulk and 
fibre Cu(II), depends on [NaCl]. It is clearly shown that the Cu2+ ions tend to bind 
specifically to the fibres and only at I≃0 any significant contribution to the total 
speciation originates from the Donnan effect. This also goes in good agreement with 
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data from the EXAFS measurements, which showed that at high ionic strength, the 
major fraction of Cu(II) adsorbed to the fibres was found in the form of inner-sphere 
complexes.  
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Figure 21. Distribution diagrams showing the speciation of Cu(II) in fibre suspensions of Softwood 2 
at 1% consistency, at pH=6 and as function of [NaCl]. [Cu2+]tot = 0.2 mM in a) and b), 0.5 mM in c) 
and 0.05 mM in d).  
 
 
These figures are probably representative for such ions that bind strongly to fibres. 
Ions which do not form any strong complexes with the carboxylate groups do not 
show the same behaviour, and for such ions the Donnan effect constitutes the 
dominant interaction pathway for the speciation.  
 
The collective results show that when the effects from Donnan interactions are strong, 
i.e. when the ionic strength is low, the cations present in a fibre suspension experience 
a strong “Donnan effect” and, therefore, the model could validly predict the 
interactions occurring. However, when the Donnan effect is suppressed by a high 
surplus of cations in the suspension, or by the formation of strong complexes, the 
relative importance of other interaction mechanisms increases. As a consequence, to 
explain the data, an inclusion of specific complexes becomes necessary when the 
“Donnan effect” is suppressed by an increase in the ionic strength, cf. Figure 20. 
According to the calculations presented in Figures 15, 16 and 21, a model that 
describes the speciation over a large range of ionic strengths, predicts that specific 
interactions are important also at low ionic strengths. The Donnan model results in 
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good predictions at low ionic strength only, and it is therefore likely that this model 
must be combined with complex formation models to explain the molecular reality. 
However, since no molecular evidence exists that could prove these models to be 
correct also at low ionic strengths, it must be recommended that more spectroscopic 
studies are performed before any final conclusions are drawn.  
Although some uncertainties about the molecular reality remain, the question 
regarding the technical usefulness of Donnan model predictions in pulp suspensions 
seems answered, and the theory presented in Papers III and V can reasonably explain, 
and link together, the results in most of the literature on the subject e.g. [16, 18, 25-
30, 49, 76]. Interesting to note is that in a pulp mill, low ionic strength conditions can 
only be found in the end of the bleach plant. Therefore, to correctly predict the 
partition of cations between the fibres and liquor, specific interactions between 
divalent cations and the fibres must probably be considered at most positions of a pulp 
mill. 

GaO4Al12(OH)24(H2O)12
7+ adsorption and stability in fibre suspensions 

Since the spectroscopic, EXAFS, data had clearly indicated that intact GaAl12 ions 
were the dominating species of Ga(III) being adsorbed on the fibres, this polycation 
was also considered to play an important role in explaining the macroscopic 
adsorption data. As obvious from these data, the adsorption significantly exceeded the 
adsorption expected from a “Donnan” adsorption to the fibres. Also obvious from 
these data were that the interactions controlling the adsorption of GaAl12, acted as a 
very strong driving force for the deprotonation of the fibres. The proposed chemical 
model must explain both of these observations. The model evaluated has been based 
on an assumption that an initial strong complex is formed between one 
GaO4Al12(OH)24(H2O)12

7+ ion and seven (7) fibre bound carboxylate groups. This 
could then explain the rapid drop in pH taking place when the GaAl12 ions were added 
to the fibre suspension. It is further hypothesised that following this strong and fast 
adsorption process, a much slower decomposition of a minor fraction of the adsorbed 
GaO4Al12(OH)24(H2O)12

7+ takes place, until a semi-stable equilibrium mimicking 
situation is reached. This decomposition is then connected to a release of base, which 
is mirrored in a slow increase of the suspension pH. According to a series of 
simulation calculations with the WinSGW software, this slow process seems to reach 
a “steady- state”, or semi stable equilibrium-mimicking position, when approximately 
3.5% of the GaO4Al12(OH)24(H2O)12

7+ had decomposed.  
This assumed two stage process could explain the pH-measurements reasonably well, 
and also predict the metal adsorption in agreement with the experimental data. 
Furthermore, the poor prediction capability of the Donnan model, even at very low 
ionic strengths, emphasises that the hypothesised complex formation is quite strong. 
However, considering the complicated nature of cellulose fibres, the idea of a 
formation of a well-defined (≡COO)7(GaAl12) complex may seem suspicious, and it 
must be remembered that this model is based upon macroscopic data alone. Therefore, 
it is important to emphasise that it is not claimed that this is the true structure of a 
formed surface complex. Although this species could acceptably explain the 
experimental measurements, it must be considered very unlikely that 7 surface 
carboxylate groups could nicely bind to a single Keggin ion, since the distances 
between the carboxylate groups on the fibre surfaces is probably too long to allow for 
this. Also, if a complex with the proposed stochiometric composition is actually 
formed, the structure of the GaAl12 would most probable be distorted due to the 
binding to the fibres. 
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Nevertheless, what present data have unambiguously shown, is that the adsorption is 
far too strong to be explained by Donnan equilibria of neither GaAl12 nor Ga(III) and 
Al(III) monomers. The need for considering specific complex formation is therefore 
strongly corroborated.  
 
It might seem tempting to construe the observations for GaAl12 as being valid also for 
Al13. In this context, it must, however, be made clear that the observation of intact and 
stable GaAl12-ions adsorbed to the fibres must not be over-interpreted in terms of 
equal stability of Al13-ions. The higher stability of the first over the other is described 
as being very significant  in aqueous solution e.g. [53, 57, 58]. Nevertheless, due to 
the chemical and structural similarities between the two, similar and strong adsorption 
behaviour must be considered as likely also for this ion. Therefore the results 
presented in this thesis can hopefully increase the understanding of polyaluminium 
chemistry, and its interactions with paper fibres, as applied for paper chemistry. 

Conclusions 
• When evaluating the acid/base models, the ideal monoprotic acid and the 

diffuse layer models were both rejected for mimicking the acid/base properties 
of the fibre materials. 

• When modelling acid/base properties of fully bleached Kraft fibres, the Basic 
Stern Model is a very good model. This model is preferred over a series of 
Constant Capacitance Models since it intra- and extrapolates the ionic strength 
dependence of the acid/base properties very well. 

• The Basic Stern Model can not model the potential build-up on highly charged 
fibres very well, possibly due to the assumption of point charges in the Guoy-
Chapman equation. The recommended model for describing the ionic strength 
dependent acid/base properties of such fibres, e.g. CMC-type fibres, is a series 
of Constant Capacitance Models in combination with the Davies equation. 

• The Donnan model can be used to simulate the distribution of metal ions 
between fibre and suspension bulk phase very well in the absence of an excess 
ionic medium (Na+-ions.). 

• The Donnan model underestimates the adsorption of divalent ions, Ca2+ and 
Cu2+, to bleached Kraft fibres in the presence of an excess of Na+-ions. These 
data can successfully be explained by assuming the formation of a specific 
(≡COO)2Me(II)- complex. 

• Spectroscopic data support the claim of a formation of (≡COO)2Cu, i.e. Cu2+- 
ions specifically bound to two fibre carboxylic groups. 

• Combined pH-measurements, adsorption batch experiments, and EXAFS 
measurements indicated that intact GaO4Al12(OH)24(H2O)12

7+-ions are strongly 
adsorbed to fibres. 

• The observed GaO4Al12(OH)24(H2O)12
7+-ion adsorption to the fibres can not be 

explained by simple unspecific Donnan equilibria. The formation of a 
(≡COO)7(GaAl12) surface complex, and a slow and partial decomposition of 
the GaO4Al12(OH)24(H2O)12

7+ had to be considered to explain both the time 
dependent pH behaviour and the adsorption qualities. 
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Future Plans and continuation 
 
The field of metal ion adsorption onto cellulose fibres is complicated and wide. If 
models including specific interactions are to be useful in the pulp and paper industry, 
the interactions between several additional different fibre materials and several 
additional metal ions must be systematically studied. Such information must then be 
compiled and generalised in a systematic way. Otherwise the important information 
regarding specific interactions are easily lost. This is a very time consuming work, 
and industrial, economical and practical considerations must be undertaken before 
initiating such a project. Nevertheless, molecular information about the speciation of 
ions adsorbed to fibres, also at very low ionic strength, would bring more 
understanding to the actual nature of fibre-metal ion interactions. 
 
More interesting information can most likely be found in continued investigations on 
the interactions between GaAl12 and cellulosic fibre materials. This work can be 
expanded in several different directions. A plan for the future is to mathematically 
evaluate the thermodynamics involved, and by means of such calculations receive a 
better understanding of the processes occurring. Also more spectroscopic studies must 
be undertaken before the actual mechanics of the processes involved can be fully 
evaluated. 
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och riktigt riktigt riktigt riktigt kul att jobba med dig! Våning 6 blir en bra kollega och 
historieberättare, och hela kemiska institutionen en grymt bra lärare, fattigare när/om 
du blir fakultetsavlönad på heltid. 
 
Ett stort tack också till min biträdande handledare Per Persson som har kommit att få 
en allt viktigare roll ju närmare slutet av forskarutbildningen jag har kommit; din 
kompetens inom spektroskopin har vart ovärderlig. Dessutom så har arbetet 
tillsammans med dig här på slutet ökat min förståelse för både skrivnings- och 
publiceringsprocessen väsentligt! 
 
Ett särskilt stort tack vill jag också rikta till min största “utanför avdelningen”-hjälp, 
nämligen min formelle handledare på examensarbetet för, vad som känns som ganska 
nyligt men som nu är, 6½ år sedan - nämligen Johan Lindgren. Din attityd till att 
hjälpa mig med de problem som jag har haft går inte att mäta i siffror, men jag vet – 
och du vet!  
 
Alla doktorander som jag har jobbat med, skämtat med (och om), haft fester med och 
skrattat med måste tackas. Ni har alla så klart gjort tiden som doktorand bra mycket 
roligare. =) I kronologisk ordning vill jag nämna Jörgen som lärde upp mig i 
grunderna på lab -Usus magister est optimus, Christopher Jonsson, min första 
rumskompis, Fabian Taube rumskompis nummer två och Rickard, Artem och John, 
rumskompisar under mitten och slutet av tiden. Åsa, Malin, Hanna, Peter och Anna, 
de andra doktorander som har vart här i slutet av min tid som doktorand – ni är väl 
dem som gjort starkast intryck på mig. Jag har uppskattat att ha er som arbetskamrater 
jättemycket. Ett särskilt tack till Rickard och Hanna också för att ni bett om hjälp med 
WinSGW, Windows-eländet, EXCEL och liknande eller helt andra problem de dagar 
jag kört fast, varit allmänt opeppad eller känt att jag inte kan någonting alls, det gör att 
man känner att man kanske kan NÅGOT iallafall!  
 
Doktorandsektionsfolket! Vi fick mer uträttat än vad vi kanske trodde! Särskilt måste 
jag tacka Anna Nordborg för allt och lite till, men givetvis med viss tyngdpunkt på 
vårt grymma samarbete. Vi var ett jädrans fint team! Dessutom vet vi ju båda att delar 
av det jag fick ”cred” för lika mycket var ditt arbete! 
 
Ett gigantiskt stort tack riktas till ”vår” sekreterare Gun-Britt, hur skulle en virrig och 
tankspridd doktorand som jag kunnat ha någon ”koll” alls utan att du höll rätt på mig!  
Seniorer! Lage förtjänar ett särskilt omnämnande, för du är en hjälte på alla sätt – och 
en fantastisk kollega! Lars, tack för att jag fick låna din ”laptop” till Ö-vik, det gjorde 
mig en tjänst måste jag säga! Tack Staffan för att du gett mig och LO nyttig respons 
på arbetet och manuskripten. Tack för de idéer du gett mig, men sist och mest för att 
du lockade upp Anneli till Umeå. *ler* Gun och ”Danke”, vilka t.o.m. guidade in mig 



   

i undervisningen på Basåret – tack för denna möjlighet att testa på att undervisa lite 
Gymnasie-kemi på lab. Det var svårare än jag hade trott – men en kul utmaning. 
Katarina tackar jag för att jag fick “sno” dina gamla galliumlösningar och för att du 
hjälpt till med EXAFS-körningarna. Andrei (XPS), Dan (XRD), Tobias Sparrman and 
András (NMR) och Torbjörn (EXAFS) tackas allesammans för att ni hjälpt mig med 
mindre eller större bidrag på vägen till resultat. 
Tomas och Ingegärd, för alla praktiska tips och lösningar på problem både med 
datorer, på lab och med praktiska rutiner, och för att ni har funnit till hands! Dip and 
Laura – extremely nice people makes the world nicer. John – for showing me that 
Americans ARE good people! ☺ 
 
Min familj som har stöttat och peppat mig hela tiden, och mina vänner – för att ni 
låter mig vara den kemistnörd jag är! ☺ 
 
Jag måste också säga att jag uppskattar den härliga respons jag fått från många av de 
studenter jag har haft nöjet att möta då jag har undervisat. Ibland fick jag de mest 
oväntade frågor vilket fick mig att tänka till! Att möta er har fått min personliga 
utveckling att gå åt rätt håll också! Jättekul och nyttigt! 
 
Vidare finns det en massa andra människor, Smirre och Oliver, Betula pendula (vad 
skulle jag göra utan en björkvedsbrasa då å då i den långa Västerbottniska vintern, 
men björkpollen ÄR jobbigt – jag vet!), och en massa annat som jag bara är tacksam 
för och väldigt beroende av som jag skulle vilja tacka, men då skulle denna lista bli 
längre än själva avhandlingen. Därför försöker jag hålla mig till det som har spelat roll 
för utvecklandet av forskningen och avhandlingsarbetet. 
 
The European Union (Mål 1) is acknowledged for partly funding the research. 
 
Anneli – givetvis också för att du gett så mycket synpunkter på avhandlingen men 
först och främst för att du är du och ingen annan! 
 
Sist men inte minst vill jag bara säga: In vino veritas, in aqua sanitas. 
 
/Ola 


