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Abstract

By Daniel Gantenbein
Development of mineral particle surfaces for the asbrption of pitch from wood

processing and recycling of paper.

During the production of paper in paper mills, oheémtal wood resin is released into the water
circuit of the mill during the pulping process dktwood into fibres. This wood resin, termed
pitch, can detrimentally deposit on the paper amthe paper machine equipment. The deposits
mark the paper or can lead to a tear of the papérimvolving a loss of output and a reduction
in paper quality. Furthermore, the wood resinousaunds in paper mill effluents need to be

reduced in order to minimise their toxic effectsveater organisms.

Talc has been the benchmark for many years as arahiadditive in pitch control. Since the

papermaking process has changed over the yearsotivept of mineral addition needs to be
redefined and adopted towards the new circumstari®gsunderstanding the fundamentals
behind the adsorption of wood resin compounds fagiweous systems on to talc new mineral

additives can be developed.

A model for the determination of the aspect ratfoptaty and rod-like particles has been
developed, based on commonly available charactemsasuch as particle size, specific surface
area and shape.

It was found that the adsorption capacity of a mahés directly proportional to its specific
surface area, but only within its mineral familpcluding the effect of surface hydrophilicity
and hydrophobicity allowed fine tuning of the agdimm capacity of newly developed calcium
carbonate grades. Furthermore, size exclusion tefféat porous, high surface area modified
calcium carbonate, were seen to hinder completerage of the surface area by wood resin.
With increasing pH, the adsorption efficiency ofctéor colloidal wood resin was found to
decrease. Under these alkaline conditions, whidh @mmon in modern paper making
processes, talc preferentially adsorbed dissolmaties. The use of the newly developed
surface treated and modified calcium carbonateswvalii more efficient adsorption of the
colloidal fraction and, therefore, represent aicidht alternative to talc in pitch control.

An increase in temperature led to an increasedrptigo capacity of talc. This observation
indicates the type of interaction tat controls #usorption of hydrophobic pitch particles onto
talc, i.e. the entropically favoured release ofawditom the hydrophobic talc surface as well as

the hydrophobic methylene backbone of the hemilosléu
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1 Introduction

1.1 Aim and thesis description

The aim of this project is to improve the enviromta¢ aspects involved in paper
recycling and wood processing components withinpdyeermaking process. The main
focus will be the study of the adsorption propert@ organic contaminants on the
surface of a variety of mineral particles dependprgncipally on hydrophobic and
charged species selection. This will include a raadtic study of the size and surface
chemistry relationships between the organic comanti (pitch) and the mineral
particle, with special reference to their morphglogo achieve this, systematic studies
of the influence of the mineralogy, the effect bk tsurface area, the effect of the
particle shape parameters and the influence ofrakgricial process conditions on the
adsorption behaviour will be made. Following artiatisurvey of the current literature,
new techniques will be designed to measure thergtigo efficiency and removal of
contaminants from real water circuits of industrelevance. The aims of the project are
to deliver a working model for the mechanism of teomnant removal by mineral, a
practical test for the efficiency of removal, angtimised design of speciality mineral
pigments for the purpose of improving recyclabiliofy paper and paper coating
pigments. The results have been published in &ssefi publications in the academic
literature, focused on environmental aspects ofwaeircuit and treatment within the

forest and paper industry.

1.2 Hypotheses

H1 The traditional (Hohenberger) equation relating &élspect ratio of a particle to its
diameter and surface area contains false assurspioth can be improved for the

case of high aspect ratio particles such as ptatele rods.
1



H2 Particle size measurements can be made more eefabhigh aspect ratio particles

by a carefully reviewed choice of method.

H3 Equations for aspect ratios based surface areaumegasnts are invalid for particles

which (@) agglomerate o) are porous.

H4 The adsorption capacity of minerals for dissolved &olloidal substances from

wood processing is proportional to the specifidaee area of the minerals.

H5 The adsorption mechanism of dissolved and colloigiaibstances from wood
processing onto minerals is controlled mainly bydrephobic interactions, and

hence, hydrophobic materials preferably adsorketkabstances.

H6 Process conditions such &g pH and ) temperature can negatively influence the

adsorption of dissolved and colloidal substances.

H7 On the basis oH4 andH5, tailored mineral particulates can be developedthkvh

optimise pitch adsorption while coping with modé&m®ends in paper making.

1.3 Structure of the thesis

The thesis is split into 8 chapters. Chapter 1 theghesis in the context of the research
field of the mineral, forest and paper industryd®scribing the fundamental processes
of paper manufacturing. Chapter 2 is a reviewhef relevant literature in the field of

papermaking and mineral characterisation. In otdeencompass with the techniques
applied in the thesis. Chapter 3 describes relewexmerimental procedures and

techniques.

The novel findings of this study are described imafter 4-7. Chapter 4 describes an
improved model for the calculation of the aspetibsaof disc- and rod-like particles.

This topic is relevant for following chapters thagal with irregularly shaped mineral



particles. The next chapters concentrate on therptisn properties of various minerals
under different conditions for the adsorption ofsdilved and colloidal substances
(DCS) in paper making process water. In Chaptehlbrite and pyrophyllite, typical

ancillary minerals present in talc ores, are comgan their pitch adsorption efficiency
against talc. Chapter 6 covers the effects of m®ceonditions such as pH and
temperature on the adsorption efficiency of talcdigsolved and colloidal substances in
paper mill water streams. The development of caicicarbonate based modified
mineral particles for the efficient adsorption agsblved and colloidal substances is
described in Chapter 7. In Chapter 8 the projectumarised and conclusions are

drawn which lead to an outlook for future work.

1.4 The collaborative basis of this research project

The study has been performed as a collaboratiojegirbetween Omya Development
AG, supervised by Prof. Dr. Patrick A.C. Gane and Ibachim Schoelkopf and the
Environmental and Fluid Modelling Group at the Wsrsity of Plymouth with Prof. G.
Peter Matthews as the Director of Studies. Thiglystwas made in a part-time
programme in parallel with several other researdjepts of high relevance for Omya
Development AG, that are not described in thisithg3ne of these was carried out by
Dr. Chris Gribble who investigated the ‘Surface éggion and Pore-Level Properties
of Mineral and Related Systems of Relevance taRéeycling of Paper’. Both studies
investigated the interactions of mineral surfacés wolloidal organic contaminants in
papermaking water streams. However, the main eiffieg was in the origin of these
contaminants, being either from recycled fibrec{gés) as in the case of the related

project or as in the case of the current thesim fvargin fibres (pitch).



2 Theory and literature review

This chapter reviews fundamental knowledge of #yeep making process which allows
the reader to place the study in the context ofréisearch field. After an overview of
the papermaking process, a more detailed backgrisugiven for the fibre processing
with a special focus on wood resin and its compmsitA second part covers the use of
mineral in papermaking, some aspects of mineraradhterisation, and finally the

current understanding of their use to control untedmeposits of pitch.

2.1 Paper and Papermaking

Papermaking has developed from a rather simplentgal to an automated and highly
complex process. This introduction cannot coveofithe speciality topics involved but
attempts to provide a summary of the manufactugrigciples and to highlight the

scientific fields of most relevance to this stu@eneral overviews are to be found in

textbooks such as that of Bos et al. (2006).

Paper satisfies many human needs. We use it te atmt communicate information
(newspapers, books, documents and writing papariuitural and artistic purposes, to
transport and protect food (packaging, sacks, %epacks), for personal hygiene
(tissues, napkins, diapers etc.) and in medicinsital uses). Whether not only are to

the practical applications of importance, but asgironmental concerns.

The manufacturing of paper is an involved process) the forest, to the production of
paper, to the use and final recovery of the prad@aper and board differ in specialised
ways from other materials. The fibres from whick ffaper is formed can be recycled
again and again, and when no longer useful for payading, due to loss of strength or

brightness form an excellent biofuel resource angost.



2.1.1 History

The word paper is derived from the papyrus plahts plant grows mainly on the edges
of rivers in the Middle East and Egypt. Real paperduced by the filtration of plant
fibres from water was invented in 105 AD by a Cemanperial appointee, called Ts’ai
Lun. Relatively quickly, a paper grade was devetbpg Chinese papermakers which
was resistant to insect attack. It was then alrgamisible to gain plant fibres from
bamboo to produce paper. Nevertheless, old textieze the main raw material for the
production of paper until the 19th century. Thehtemdogy of papermaking was adopted
by the Arabs around 700 AD, and was imported toogeirvia Spain and ltaly in the
13th century. During the 14th century (Nurnberg@,3avensburg 1392 and Chemnitz
1398), the first mills in Germany were developifige first mill in Switzerland, where
the work of this thesis was mainly performed, wpered in 1410 in Basel. The Dutch
paper industry developed the pulp beater in thb t&ntury (1672). It allowed for more
exact and reproducible refining of the fibres, whied to a higher sheet quality. This
technology was state of the art for over 200 yeBing invention of the paper machine
in 1798 was a breakthrough in terms of automatfahe paper production process. The
technology was brought to England during the Fremsiolution where it was further
developed by the Fourdrinier brothers. In 1820 dhgng section with steam heated
cylinders was patented. There followed several mayeentions, like the sizing with
resin to prevent the paper from weakening when mzdsed ink was used. The
production efficiency and quality continually inesed, such that the production
capacity of an automated paper factory was 5 m8gihigher than a manually operated
paper production. Social questions arose with tt@duction of the new technologies

(Bos et al. 2006).



2.1.2 The papermaking process

While papermaking has advanced during the lastthwasand years, the basic steps of
the process remain essentially unchanged. The fiasevery paper sheet is a matt of
fibres. The fibre source can vary but today typycalp to 94% of the natural fibre in

paper is from wood. Other sources can be strawarscgne, bamboo and esparto or

textile fibre sources like cotton, flax, hemp oroko

( Wood ( >

Press sectior

Figure 2-1: Schematic of the papermaking process.

2.1.2.1 Wood

In the context of this thesis only wood will bealissed as the fibre source, as it is the
natural resinous material in wood that is the foofighe interactions studied here.
Typically, the papermaker uses the terms softwautl llardwood to describe the type
and properties. Softwood refers to needle-leavedsirsuch as pine and spruce. The
fibres are considered to be long, 2-5 mm, andiveligtdense. Due to their length they
can form stronger networks and therefore providditewhal strength in the final paper,

and are thus often found in board and packagindegrauch as grocery bags or boxes.
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Hardwoods belong to the families of oak, beechshbaind eucalyptus. The fibres are
shorter, 1-2mm. As a result they feature as a pedfeaw material for smoothness and
bulk, and are often found in writing and printingper qualities, as well as tissue
papers. The structural polymeric constituents obdava.e. cellulose, hemicellulose and
lignin, are much the same in various pulp woodsitale differences, however, do
occur, especially between hardwoods and softwodts. extractable lipophilic and
phenolic components differ greatly among the geoesaithin tree families. This fact is
related to the role of the extractives in natussoaiated with protection against insects

and fungi, wounding or entry of air during aging.

2.1.2.2 Fibre and stock preparation

In a first step selected trees are harvested. s tare brought to the pulping plant
where they first are debarked. A next step involebpping to wood chips with a

defined size. The chips are then reduced to fibféss can be done with several
methods. The methods include grinding, supportetidat and steam or the addition of
chemicals, or the wood is cooked in a digester with aid of chemicals. During this

process wood resin is released into the processrmiéepending on the method which
is used, the problems caused by the wood resifbeanore or less harmful since some
methods modify the wood resin by chemical reactionause intensive washing to

remove the chemicals, and in parallel also washhmutvood resin. It is possible that a
next step may include a further chemical treatmierthe form of bleaching, to increase

the brightness of the pulp.

The simplest process adopts stone grinders tosesldz fibrous material from the
wood. Following the logic of this process methdtg tesulting pulp is called ground
wood. Other processes based on refining are thergahanical pulping (TMP) and the

chemical thermo mechanical pulp (CTMP). Refiners ld@ knives that cut fibres



mainly in their longitudinal direction. A major @i#rence is also the partial dissolution
of the lignin by the aid of heat and chemicalshese processes. Sodium sulphite is
added in the CTMP process which sulphonates tihénlignd increases it solubility. The
resulting lignosulphonates can be found in the walb@se and may act as stabiliser of
wood resin droplets (Back, Allen 2000). All thedard qualities, however, still contain
lignin, and are, the therefore, referred to as womataining pulps. Bleaching steps are
often required to control the brightness. TMP i® trelevant process for fibre

preparation in the case of the current study.

To obtain so-called wood free fibres, i.e. lignred pulp, two widespread processes are
usually applied: the acidic sulphite process anel #ftkaline sulphate process. By
cooking the wood in the corresponding chemical, lifpein is transformed to a water
soluble form which allows separation from the wdimles. Especially in the sulphite

process, the lignosulphonates develop as a by-ptodu

2.1.2.3 Sheet formation

The fibre stock, including fibres, fillers and chieals, is pumped to the head box. The
head box feeds the stock evenly onto a screen sh.nide water is drained by vacuum
and a fibre mat is left on the screen or mesh. muthis mat formation a substantial
amount of water is removed. The thin mat of weteghforming the paper sheet is still
very weak and has a water content of approx. 28%hi$ process step, pitch and other
lyophobic particles may form agglomerates and diéposor in the mesh, thus reducing
machine efficiency. These deposits may cause furgneblems further down the

process, particularly in the drying section.

2.1.2.4 Press and dryer section

The press section provides filtration through pebbe felts mounted on heavy

cylinders by contact pressure under partial vacutifms is then followed by hot
8



cylinder driers. In the drier section a large numbt steam-heated cylinders, which
have a temperature over 100 °C, dry the paper.€eltvas sections bring the paper to the
desired moisture (~3-5%), but not completely drytlzst would cause the paper to
become brittle. Pitch may block the felts in thegs section. Especially in the dryer
section, the pitch deposits are very detrimentak [ the heat, they can melt and create
adhesive contact between the paper web and theimeagrequipment. The induced
strain may then lead to a web break or tear inpty@er or create holes in the paper.
Even if the deposits do not get in contact with niechinery equipment they can form

translucent spots in the paper, which may darkensamerely reduce the paper quality.

2.1.2.5 Surface treatment

After the dryer section, a surface sizing agerg lkarch can be applied to the paper.
The sizing improves the printing properties. A ngeam smoothen the surface of the
paper is provided by the use of an on-machine dalerPair-wise mounted hot polished
metal rollers act to soften the fibres by heatimgl #hen under pressure to compact

them.

High-quality printing papers are coated by a foratioh known as a coating colour.
This usually consists of a water-based pigmentesusipn or blend of pigments, such as
fine ground calcium carbonate, clay or talc, or,oooasions, other speciality pigments
may be added, such as calcined clay or plastioWwatpheres, to enhance coverage or
brightness. Coatings can be formed from multipleta adopting, say a precoat and a
topcoat. Today's digital printing paper producti@pplies, for example, highly
absorbent coatings for inkjet, thermally sensitogatings and the like. The coating
formulation also contains a binder or blend of leirsd These are usually synthetic latex
in the case of the highest quality coatings, whergarch and protein are frequently

used for lower quality wood containing light weiglapers. Additionally, thickeners are



used to provide static water retention to the ogatand these may also be based on
synthetic chemistry, such as polyacrylate deriestivor are derived from natural

polymers, such as carboxymethyl cellulose.

Some of the above mentioned components togethbrtiagt pigments can cause further
problems in terms of deposition of detrimental maten the paper machine when they
come back into the paper making circuit in the fafwecycled paper or coated broke
(waste paper resulting from machine breaks, cutpracedures, reel winding etc.).
Coated papers are often very smooth and glossythasds achieved by using either
super calenders consisting of alternate metal,rollsan on-line polymer covered, so-

called hot soft nip, calender.

2.1.2.6 Paper recycling

Paper recycling is not really a new trend. Dueh ligh paper demand and the rather
low availability of virgin fibres it was obvious teeuse the fibres derived from waste
paper and board. The real interest, however, foycted fibres developed in 1950 (Bos
et al. 2006). Whereas in a first step mostly pacig@gaper was considered for recycled
fibres, the development of the deinking process aléowed the use of the deinked
material in printing and tissue grades. The recpwdr fibres from recycled paper
consumes around 1 000 kWHiess energy than the processing of wood towanggnvi
fibres (Bos et al. 2006). Together with the pericgpthat 1 tonne of recycled paper
replaces 10-12 grown trees the use of recycledrpaae further stimulated and in 1996
up to 70% of the converted fibres in England omg@d from recycled paper (Bos et al.
2006). As previously mentioned, problems arisinthveigglomerates and deposits from
paper recycling are not the main focus of this ptadd were a part of a second PhD

thesis performed in parallel (Section 1.4).
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When considering recycled material we need to camsthe history of its prior use.
Printing and writing grades, as the name suggastsprinted, glued or stapled or may
contain plastic foils like those used in some eopeltypes. Packaging boxes are
mounted with adhesives tape. All these paper graxthsding the various contaminants
from the prior use are part of the recycle portfolA certain pre-selection of the
recycled paper quality may be part of the processrder to fit the final paper qualities
to the targeted re-use, and also to match the Iregytechnology available in the mill.
A typical paper recycling process then preparegdhematerial so that it can be fed to
a pulper, in which the paper is disintegrated byoebination of chemical and
mechanical impact. In this preparation, large coimants like staples, plastic shreds or
more exotic material like PET bottles can be sodetl This is done by a combination
of screens, sorters and cyclones. This is follogda deinking process. Today,
flotation deinking is the main technology used iillsnHowever, also wash deinking
might be needed to remove water soluble inks os thlat form very small particles.
Sodium hydroxide, hydrogen peroxide, water glassl @ome form of metal
complexation agent are added. In addition sodiuapsare also added, which help to
remove the hydrophobic ink particles from the fdr@hese hydrophobic particles
become attached to the air bubbles present inltt&tibn deinking and are removed
with the foam. A second sorting step follows thélimg in order to remove a certain
fraction of stickies. This is again done by eitBereening or the use of cyclones. None
of these process steps has an efficiency of 10084dtlamns some contaminants are still
present. In order to minimise their effect a dispey step reduces their size and
disperses them favourably into a non-harmful foAdditionally, the dispersing step
also leads to the development of the mechanicahgth of the fibres. If desired the
fibres can be further bleached to increase thaghbress and finally the circuit is closed

and the fibres can be used again in the papermakougss.
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An important aim of the described process is ndf tmremove inks but also to remove
so-called “stickies”. Stickies develop from hot mglues and binders and other
thermoplastic materials, for example from book-Baehd adhesive tapes or from
silicone based defoamers (Ackermann et al. 199¢oZa 1995; Cathie et al. 1992;
Cathie 1994). Stickies are described as tacky, dpftbic, pliable organic materials
found in recycled paper systems. Their compositésmges across a variety of materials
such as adhesives, styrene-butadiene and styreyle datex binders, polystyrene in
general, rubber, vinyl acrylates, polyisopreneybpotadiene, hot melts etc. Stickies can
be classified based on their size as either mackees, the reject or retains on a 0.15
mm or 0.10 mm laboratory slotted screen, or miackes, the accept through the same
screen (Doshi 1991; Douek, Guo 1997; Hayes, Kauffh@93; Keller, Trojna 2001;
Patel, Banerjee 1999). Macrostickies are considessdovable from pulp by the
application of fine slotted screens or hydrocycknhile microstickies may be
removed to some degree by washing and flotatiooblBms occur, however, with
weakly to non hydrophobic microstickies (Menke 1P98 further classification of
stickies describes primary and secondary stickesnary stickies are those resulting
from the disintegration of adhesives during pulpargl subsequent stock preparation
sequences. Secondary stickies result from solubte v@ater-dispersible substances
dispersed during stock preparation. Therefore, sthled stickies in a given pulp are
considered primary stickies and secondary stickles latter deriving from the change

in the physico-chemical environment of the pulp gnfCarre et al. 1998).

A further form or subgroup of sticky is white pitcWhite pitch is generally associated
with the re-use of coated broke, i.e. coated papa&nufacturing waste, such as reel
trims, splice breaks, out of specification papefanity product, and consists mainly of
the binders used in the paper coating formulatiimese include primarily synthetic

latex, incorporating styrene, butadiene, acrylid/annitrile groups.
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2.2 Wood components

Polysaccharides, i.e. cellulose, hemicellulose pectins are together with lignin the
main constituents of wood and wood pulps (Willféraé 2008). Lignin contributes to
about 20-35% of the wood components. Extractablet s wood resin contribute
around 3-10%. After having removed the fibrous makeby centrifugation and/or
filtration the remainder is often referred to assdived and colloidal substances (DCS),
and contain hemicelluloses, pectins as well asbsollignin in the dissolved fraction
and lipophilic extractives (wood resin) and lignaBgpending on the wood source and
history of the wood a typical composition of DS©rfr thermo mechanical pulp may
contain 19 mg § (based on dry pulp) carbohydrates, 4 rifdignin and 4 mg g wood

resin (Holmbom, Sundberg 2003).

This section will give an introduction to wood mesind pitch. The section mainly refers
to the book of Back and Allen (2000) who compilathtireds of publications. Wood
resin is released during the pulping process inéoprocess water. Naturally stabilised
the wood resin is present as colloidal dropletshvah average size of 0.1 —p2n
(Holmbom, Sundberg 2003; Parmentier 1973). Thesplells often referred to as pitch
can be destabilised and consequently cause sepimidems in the paper machine.
Destabilised pitch can agglomerate or deposit grepanachine equipment such as
felts, wire and cylinders in the paper machine. seheeposits can break loose and
appear as visible spots in the paper sheet. Pépbdits can also cause holes and breaks
in the paper sheet. A mill with serious pitch pesbk can have long downtimes of the

machine and rapidly loses production efficiency.

2.2.1 Origin and composition of Wood resin

The structural polymeric constituents of wood, cellulose, hemicellulose and lignin,
are much the same in the various types of pulp woGeértain differences in respect to
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extractives, however, certainly occur, especiakyween hardwoods and softwoods.
The composition of wood resin as occurring in thet-end of a paper mill can be

summarised as:

fats and fatty acids

» steryl esters and sterols

» terpenoids including terpenes and polyisoprenes

* waxes, i.e. long-chain alcohols and their (commdatty) acid esters

Wood resin refers to lipophilic components, maiofylower molecular mass (usually
below 1 000 gmat), which in sapwood are extraneous to the lignotmdic cell wall.

Wood resin occurs in parenchyma cells and in reaimals or resin pockets only. Resin
canals are the most important type of secretosy¢isn wood. Often vertical and radial
resin canals occur together and then form an iatencunicating system of ducts in the
stem. Canal resin in softwoods is generally an ahmus mixture of cyclic terpenes
and terpenoids (e.g. resin acids), all biosyntleglsisom the isoprene unit by various

cyclase enzymes (Figure 2-2) (Back, Allen 2000).

Figure 2-2: Dissection of the cyclic carbon skeletoof primaric acid into isoprene units linked tail to head
(Back, Allen 2000).

The tricyclic carbon ring of the resin acids is mwsly very stable since such
terpenoids have been found in fossil wood, sajhite and amber. Common examples

are pimaric acid, abietic and dehydroabietic adiigyre 2-3). In addition to the
14



common resin acids, nonvolatile neutral diterpesasdch as methyl esters, oxides,

aldehydes, alcohols, and hydrocarbons are preseminor quantities in the softwood

canal resin.
EOzH EOZH OpH
pimaric sandaracopimaric isopimaric
; z /
OzH ; zozﬂ ; iozn OgH OpH
abietic levopimaric palustric neoabietic dehydroabietic

Figure 2-3: Common resin acids in softwood canal sin (Back, Allen 2000).
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The chemical composition of the softwood parenchyesin is entirely different from
that of canal resin of the same wood. The parenehwsin is predominantly composed
of fatty acids, triglycerides and fatty acid esterth higher polycyclic alcohols such as
sterols (Figure 2-5) and nonsteroidal triterperlgblols. The term fatty acid fits for
chemicals with a long lipophilic hydrocarbon chaind a hydrophilic acid head. This
group includes saturated hydrocarbons like palnaiticl (16:0), as well as unsaturated,

like oleic acid (9-18:1) or linoleic acid (9, 12:28.

Fatty Acids
ANANANAAANA,COOH Palmitic acid (16:0)
14 éOOH | 4-methyl hexadecanoic acid
1m\/VVVV (anteiso- |7:0, shorthand 17:0 ai)
18 10 9

 AAASAANACOOH  Oleic acid (9-18:1)
AN/ NANANA,COOH Linoleic acid (9, 1 2-18:2)

=, e COOH Linolenic acid (9, 12, 15-18:3)

AN A ASN\ACO0H  Pinolenic acid (5,9, 12-18:3)

Triglycerides (triacylglycerols):

INIS NI NN -0 e
]
M/:\/.—_‘VWVCO —-0-CH Trilinolein
|
ANV TNANN, €0 -0 -CHz

Fatty acid esters:

0

I » . .
R1-C-°-E:H2]—CH3 (n = ca. 19-29) | R, = fatty acid chain

"waxes" 2

o) >

1l i
Rp—C —0 — sterol , = chains of saturated

steryl esters and unsaturated, mainly

ﬁ' . C4 - G, fatty acids
Rp—C—0 — triterpenyl alcohol

triterpenyl esters /

Figure 2-4: Characteristic parenchyma wood resin castituents (Back, Allen 2000).
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o
HO og HO HO

1. (R=C3zHs) 3. (R=CpHg) s
2. (R=CH3g) 4. (R=CHj)
-y ~
HO KO HO
6 7. 8

Figure 2-5: Chemical structure of some common stel® in  wood resin: (1) sitosterol, (2) campestero(3)
sitostanol, (4) campestanol and (5) citrostadienok6) cycloartenol, (7) 24-methylene cycloartanol, ral (8)
butyrospermol (Back, Allen 2000)

2.2.2 Lignin

Lignin (lat. lignum “wood”) is a major constituent of wood fibres. Thgdrophobic
amorphous heteropolymer acts as glue, and prosiifésess to the fibres. Papermakers
distinguish between wood containing and wood frespep, and refer by this
categorisation to the content of lignin in the &biThe lignin is a co-polymer that is
based on several phenylpropanoids like cumarlyhalicaoniferyl alcohol and sinapyl

alcohol.

2.2.3 Polysaccharides

The relevant polysaccharides in papermaking adelosé, hemicellulose, pectins, and
often starch as a wet-end additive. Cellulose, ai as starch, is irrelevant for this
study, since neither belong to the dissolved artbidal fraction (DCS) as defined
earlier. A major part of the DCS is hemicellulosespecially in the form of
galactoglucomannans (GGM) (Holmbom, Sundberg 20@8)micellulose differs from

cellulose in their degree of polymerisation, whishypically lower for hemicellulose,
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and composition. Cellulose consists of ofiiil—>4)linked D-glucose units whereas
hemicellulose is a hetero polysaccharide which istsief glucose, mannose, galactose,
xylose and arabinose. They are water soluble buntaia a certain affinity to
hydrophobic surfaces as a result of their methylesxekbone (Jenkins, Ralston 1998).
They can be, thus, regarded as surface active aemp®and have been shown to act as
stabiliser of colloidal wood resin (Holmbom, Sundpe2003; Otero et al. 2000;
Saarimaa et al. 2006; Sihvonen et al. 1998; Sugditeal. 1996d). These hemicellulose
species may also be oxidised partially to uronilsggccarrying thus anionic charge
(Sundberg et al. 2000). A typical hemicellulose spré in Norwegian spruce is
acetylated galactoglucomannan (GGM) (Figure 2-6)illfov et al. 2008). GGMs
consist of a backbone of randomly distributeeb@) linked mannose and glucose units
which at the mannose are%¥b) linked to galactose. Some of the hydroxyl groups
the mannose units can be acetylated. The degraeetflation strongly depends on the

treatment history of the pulp.

CH.OH
OH Q
OH

O

CH.OH OH OH ‘CHQ CH.OH OH

\O OH O/Ac o OH ©O \O OH 0/
H.OH H.OH H H.OH

Figure 2-6: Possible structure ofO-acetylgalactoglucomannan.

2.2.4 Wood resin in aqueous environment

In the previous sections the fundamental chemigifydissolved and colloidal
substances has been explored. The important uaddisg, however, lies in the nature
of the physical appearance of the wood resin compisnin an agueous system which
defines subsequently their interaction with theivionment. Most of the components

in wood resin have rather bad water solubility amdy thus be referred to as
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hydrophobic. Resin and fatty acids and especidiirtsoaps can be regarded as
amphiphiles and can form micelles in water throaghi assembly (Back, Allen 2000).
Pitch droplets, however, should not be consideredn&elles but rather as a liquid
crystal-like phase which can solubilise other hythabes. No sufficient knowledge
exists about the development of homogeneous call@persions of resin droplets.
The resin diffuses out of parenchyma cells or mays@pueezed out from broken cells.
Due to the high temperature and high ionic strengthamellar liquid crystalline
structure phase is formed, which further goes dioitm separate droplets at the pulping
temperature, i.e. 150-180 °C (Back, Allen 2000)pictglly, the appearance of wood
resin droplets from TMP form a unimodal, lipophilolloidal system (Swerin et al.
1993; Wagberg, Odberg 1991) shown schematicallffigure 2-7. The hydrophobic
part of the wood resin components like triglycesideteryl esters, waxes as well as the
hydrophobic backbones of resin and fatty acidsolteand fatty alcohols preferably
assemble in the centre of the colloid (orange).rdpdilic uncharged groups (light blue
circles) like alcohols as in the case of sterold fatty alcohols can form hydrogen
bonds and may also be found on the surface ofdheid They can be considered as
co-surfactants. The hydrophilic head groups (g@esies) of the resin and fatty acids
and especially of their soaps, determine the osuefiace of the colloid and hence its
electrostatic stabilisation (Back, Allen 2000; Gamvwuan 2002). These compounds are
in equilibrium with the bulk solution and may dits®as a result of pH, temperature or
ionic strength change (indicated by the dark gmegves in Figure 2-7 which point to
and from the colloid). Finally, hydrophilic wateslable polymers (blue chains), like the
hemicelluloses or lignosulphonates (Back, Allen @0Dindstrém et al. 1988) adsorb
onto the wood resin droplets and add to their atdlo stabilisation by steric or
electrostatic interactions (Otero et al. 2000; @tnal. 2004; Saarimaa et al. 2006;

Sundberg et al. 1994a; Sundberg et al. 1994b; Swgdét al. 1996¢; Willfor et al.
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2008). The sorption mechanism of these polymers beagxplained by their partially
hydrophobic nature (see section 2.2.3) and theilityalio form hydrogen bonds.

Compared to the wood resin content, these polymaeesin excess and occur in
equilibrium between the surface and bulk solutimdi¢ated by the light grey arrows
pointing to and from the surface in Figure 2-7)pitally, a wood resin droplet without
polymer layer can be considered as still very hgtobic (Wallgvist et al. 2007) due to

a rather low charge density (Sundberg et al. 2000).

Bulk ' _ Bulk

Colloidal Pitch

) - Semipolar compound with hydrophobic backbone
Waler soluble polymer (hemicellulose, ¥ and hydrophilic head group (Sterols, fatty
lignosulphonates) alcohols, lignans)

Surface active agent with hydrophobic
" backbone and hydrophilic / charged head group
{resin or fatty acids and soaps)

Hydrophobic compounds {Triglycerides, waxes,
steryl esters)

Figure 2-7: Tentative illustration of pitch globulesand their equilibrium with the surrounding bulk solution.

This system is often refered to as dissolved atididal substances (DCS). A colloid
can be defined as a particle that has some lineagndions between 1 and 1 000 nm
(Hiemenz, Rajagopalan 1997). This may of course @&€lude polymers such as
polysaccharides. The distinction in papermakingersme is rather done based on a
separation step. As described above the hydrophalmod resin forms colloidal

droplets which are in the size range of 10 to 2 0@® (Mosbye et al. 2003). A
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separation is typically obtained by membrane fibra using 0.1 or 0.2um filters
(Holmbom, Sundberg 2003). Everything retained by fitter is part of the colloidal
substances and everything passing through the isligissolved material. In the current
thesis the distinction is based on turbidity measwants, as well as extraction with a
non-polar solvent. Substances that cause turbadéyconsidered as part of the colloidal
fraction and include mainly hydrophobic wood resiuith adsorbed hemicellulose
(Figure 2-7). Furthermore, in some cases (sectibhs3.3 and 7.2.3.2) the colloidal
fraction is quantified by solvent extraction atdacipH. Dissolved substances are either
guantified indirectly by subtracting the amount adflloidal material from the total
organic material or directly by quantification dfiet carbohydrate monomers after

hydrolysis plus the UV absorption of dissolved iign

2.2.5 Environmental aspects of wood resinous compounds

This section shortly discusses the environmenta¢ets of wood resinous compounds.
It is based on the book of Back and Allen (2000) #re reader is referred to the various

publications about that topic in the cited text koo

Resin acidsare known to be toxic to fish. lsgvalues, which is the concentration at
which 50% of the organisms in the experiment diesamne resin acids are lower than 1
mgdm®. Furthermore, toxicity was also observed for fistposed to sub-lethal doses.
Resin acids and metabolites have been detectadhircéptured in receiving waters of
mill effluents. The bioaccumulation not only occurs vertebrate fish but also in
invertebrate molluscs, such as mussels. The dabavever, suggest that the
bioaccumulation can be excreted when exposureoigpet. Neoabietic acid (Figure
2-3) has been identified as a potential mutagerer@ds the other resin acids did not

show a positive response in the Salmonella/mammati@rosome assay.
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Fatty acidsoriginate from triglycerides through saponificatiolhey, too, have been
found to cause toxic effects in fish, but the adatbal toxicity is, however, less than
that of resin acids. Unsaturated fatty acids (Feg2#4) appear to be more toxic to fish

than saturated. Chlorinated fatty acids may accatauh fish muscle lipids.

Neutral terpenes and terpenoidan have acute fish toxicity and chlorinate deniest
show mutagenic and genotoxic activities.sp@alues for pimarol and dehydroabietol

were found to be 0.3 and 0.8 mgdmmespectively.

Sterols often with sitosterol (Figure 2-5) as the mainmponent, are present in
softwood and hardwood species. Some unidentifiedpoaunds in pulp mill effluents

act similarly to hormones and affect functions loé tendocrine glands in fish. Plant
sterols can be one group of compounds that exduicit properties. Especially sitosterol
and stigmastanol, and/or their bacterial metalglitare suspected to cause
“masculinisation” of female fish. Sitosterol maysal mimic oestrogen in fish and

subsequently reduce the reproductive steroid hoentwrels in fish.

Paper mills try to close their water circuits mared more, and thereby also reduce the
amounts of effluents. Nevertheless, undiluted meiclah pulping effluents are often
acutely lethal to aquatic organisms and need tindated before discharging. Anaerobic
and/or aerobic microbiological treatments are a&mpliThe fact that the compounds
present in mill effluents can be toxic has drivea tlevelopment of methods for their
efficient removal. Adsorption on a mineral surface the one hand, reduces the
reactivity of the compounds in bleaching steps,, amdthe other hand, removes them
efficiently from the aqueous circuits and efflustieams. Furthermore, the solubility of
resin and fatty acids increase under today’s nktdralkaline paper making conditions

(Lehmonen et al. 2009; Nyren, Back 1958a; NyrenckBa958b), and so improved
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mineral particles for effective adsorption undeesh circumstances are highly sought

after.

2.2.6 Analysis and quantification of dissolved and colloidal

substances, and of pitch control measures

The methods of pitch analysis either focus on tissalved and colloidal fractions of
the wood pulps in a direct or indirect way, or tHegus on the deposition tendency of
the wood pitch by so-called deposition tests. Thapter will not cover the technical
details of the applied methods, but will ratherege& short overview of the different
possibilities and methods available in the literatand consider briefly their respective

merits and practical limitations.

2.2.6.1 Analysis of dissolved and colloidal substances

The methods to quantify dissolved and colloidalssaibces are wide ranging. Typically,
sophisticated methods are in use to quantify thedwmesin constituents directly by
extraction followed by gas chromatography (GC) (BkmHolmbom 1989; Holmbom
1977; Orsa, Holmbom 1994; Saltsman, Kuiken 1959;gh¢ag, Odberg 1991).
Differences often appear in the selection of thieesd for extraction (Salvador et al.
1992). Rogan (1994) used HPLC to quantify oleic amd triolein in his experiments.
The dissolved lignin and carbohydrates are analpsedV/Vis photometry or also by
gas or ion exchange chromatography; chromatogratiows a quantification of the
single carbohydrate monomer units (Asselman, Ga@2080; Ekman, Holmbom 1989;
Orsa, Holmbom 1994; Sundberg et al. 1996a; Thoretoal. 1994; Wagberg, Odberg
1991). The use of sulphuric acid to hydrolyse tr@ysaccharides results in a
decomposition of charged uronic acids, which wirt not be included in the analysis,
and thus remain overlooked. Only methylation of thebohydrates will result in both

charged and uncharged carbohydrates. Another dineasurement of the colloidal
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resin fraction includes the use of microscopy (B&akl 1971; Parmentier 1973) and
guantification can be achieved via a haemocytom@iden 1977), or more recent
developments include flow cytometers (Kerman e2@06; Krohl et al. 1994; Lindberg
et al. 2004; Saarimaa et al. 2006; Vahasalo e2G05; Yu et al. 2003). Besides the
particle count, flow cytometers also report theesiz the counted particles. For a more
accurate particle size measurement, static andnaignéght scattering measurements
are available (Sundberg et al. 1996b; Wagberg, (db@91). Turbidity is an indirect
measure for the content of colloidal particles (ak et al. 2003; Sihvonen et al. 1998;
Sundberg et al. 1994b). Turbidity measurementssanple to perform in contrast to
sophisticated extraction with subsequent GC amglymit nevertheless correlate well
with the concentration of colloidal extractivesain idealised water system that does not
contain fillers or fibres. Oxidation with chromicid with subsequent photometry not
only quantifies colloidal substances but all comgrie which are oxidised under the
applied conditions (Hamilton, Lloyd 1984; Lloyd,r&ton 1986). Usually, this mainly
involves organic materials, dissolved and collaidadhers used acetic anhydride and
sulphuric acid to colour the pitch with subsequamstometry (Hughes 1977). Staining
pitch particles with dyes or direct photometry @so be applied (Asselman, Garnier

2000; Chang 1985).

A combination of these methods was presented byraee al. (2005) in which

turbidity, chemical oxygen demand and a gravimetdsidue was compared. This
allowed a comparison between adsorption of collogtal dissolved substances onto
talc. This method forms one of the fundamental sswent techniques in this thesis,

and will be further explained in the chapter 3.
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2.2.6.2 Deposition tests

Papermaking furnish can contain up to 5% of depbtmaterial like pitch and stickies
(Hubbe et al. 2006) but only a minor fraction ofiay be involved in deposition. Since
the mass flow in paper mills is very high even éhéisy amounts of material with

deposition potential can be enough to require &dsiien of the machine. Therefore it is
very difficult to simulate in lab scale the realpdsition behaviour of pitch. For

monitoring the deposition potential in paper mitisllector plates are placed in the
water circuit and evaluated after a defined timedébermine the deposited material

(Dreisbach, Michalopoulos 1989; Pelton, Lawrenc@1)9

Gustafsson et al. (1952) reviewed the pre- 195X wicusing on the circumstances
under which pitch adheres to surfaces. They regaatenethod in which the pitch is
adsorbed on to the surface of a metal vessel. éneral procedure was subsequently
known and used in the paper industry as the “Gsstafmethod” even though
Gustafsson et al. (1952) only reported the methatlvaere not the inventors, though
they suggested certain modifications. Originalhg thethod was developed by Gavelin
(1949) in which he used a British Standard Disirdémy, made out of chromium, and a
chromium vessel. Due to the chromium surfacespitol deposits were comparatively
small, which might possibly have an adverse effecthe reproducibility. Gustafsson et
al. (1952) compared stirrers made from differentemals and altered the conditions
under which the test was performed (pH, temperaincestirring time). It was observed
that the pH value of the system is an importantofadn alkaline domains more pitch
deposition is seen. Different metal surfaces of #tierers were investigated by
measuring the resin deposition from sulphite p@ppH 6. Copper had the highest
amount of deposition followed by zinc, stainlessestaluminium and chromium, which
had the smallest amount of deposits. Thereforebtain a maximum pitch deposition a

copper vessel and a copper disc attached to arstwere used. Strong stirring of the
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pulp suspension over 2 hours at 50 °C led to piielng deposited on the copper
surfaces. The pitch deposited on the walls of teesel and on the propeller was
collected by means of cotton wool soaked with ethdre solution in ether was
evaporated and the remainder was dried in vacuuer afhich the pitch was re-
weighed. The copper surface, however, undergoegyamg effect. An aged copper (>
2 month, > 40 runs) surface adsorbed three timesmthount of pitch than did a fresh

surface, at constant pulp composition.

A number of variations on this method has sincenbeported following on with the
idea of pitch adsorption onto a surface. Hamiltor &loyd (1984) found that the
extraction and adsorption of pitch onto XAD-2, axsionic polystyrene divinylbenzene
resin, was not entirely satisfactory because thentative recovery was difficult to
achieve due to emulsion formation and pH effectsdi®s by Douek and Allen (1983)
showed that calcium carbonate and calcium soaps wajor components of brown
stock pitch deposits. They, therefore, tried ta fanprocess that involved the adsorption
of soap anions onto plates of calcium carbonateirTiesults show that a measurable
guantity of deposits can be obtained by this methddt the background lignin
concentration has a big influence on the quantitdeposits and the plates cannot be
used in the presence of fibres, which could thetadte the particles of calcium
carbonate from the support. Furthermore, the cmmditof the tests carried out are not

representative of those prevailing in a mill.

Hassler (1988) induced deposition by applying @ fsigear forces using a Vibromixer

consisting of a stainless steel disc attachedrtala

1 TAPPI Routine Control Method No. RC-324, TAPPI &reAtlanta
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The Hydro-Pulsed Colloidal Deposition (HPCD) tebtgUre 2-8), or impinging jet
principle, was developed to investigate the demwsitendency of industrial pulp
samples (McGregor, Philippaerts 1998). Pitch ocksts can be detected. It was
possible to detect deposits, but also a filmy laydrese results led to a possible
mechanism in which a filmy layer is first built wpon which deposits can later form.
The pulp sample is pumped from a vessel to a didss where the pulp is deflected
repeatedly around a transparent collector film. et side of the tube returns to the
reservoir that contains the pulp sample. The detecs made by UV-VIS spectroscopy.
Depositions are measured at a wavelength of 400andhthe filmy layer itself is
measured at a wavelength of 228 nm. Problems agban using too high a flow rate
as deposits become detached. Also some problems wath the detection, because
some deposits cannot be seen either in the visidleelength or in the ultraviolet

regions.

collector film

]

Figure 2-8: Flowsheet of the apparatus used for theHydro-Pulsed Colloidal Deposition (HPCD) test
(McGregor, Philippaerts 1998).

More fundamental methods use wettability gradiemtsilica wavers to investigate the

stability of pitch particles (Kekkonen, Stenius 2D0
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2.3 Pitch Control

Generally, three different techniques are consitdoe pitch control. Deresination
refers to the term which includes process stegsdtkrage of the wood and wash steps
of the pulp. The two other techniques are directhated with specific additives, the

dispersing of wood resin and its retention.

2.3.1 Retention

The term retention includes a variety of measuvesontrol pitch problems. In fact all
these measures aim to retain the wood resin ifinthepaper sheet and remove it from
the water circuit in the final product. Since todapaper mills, for environmental
reasons, tend to close their water circuits mowi more, such an approach is clearly
beneficial by avoiding the concentration of detnita compounds in the water circuit
(Biza 2001). The wood resinous fraction in papellsidan be retained by the use of
adsorbents, multivalent inorganic cations, and gelstrolytes (Hubbe et al. 2006).
Typically, talc was the benchmark for deposit-cohéts an adsorbent mineral (Hubbe et
al. 2006). A vast collection of publications canfband about the use of talc in pitch
control (Allen, Douek 1993; Allen et al. 1993; Alld977; Allen 1980; Baak, Gill 1971,
Boardman 1996; Biza 2001; Chang 1985; Douek, All881b; Dunlop-Jones et al.
1987; Gill 1974; Guera et al. 2005; Hamilton, Lloy®84; Hassler 1988; Holton,
Moebus 1982; Hughes 1977; Kiser 1976; Kallio et28104; Lee, Sumimoto 1991;
Mosbye et al. 2003; Pereira 1990; Parmentier 1BPd8&nentier 1979; Reynolds, Yordan
2002; Rogan 1994; Tijero et al. 2009; Willfér et 2000; Yordan, Maat 1997). Also
other minerals like bentonite (Asselman, Garnied@0Boardman 1996; Kallio et al.
2004; Kerman et al. 2006; Moebius 1978; Stockw@b7), clay (Mosbye et al. 2003;
Rogan 1994; Willfor et al. 2000), asbestos (Willgd®87) or calcium carbonate were

also described (Rogan 1994; Whiting 1997; Willfbrae 2000). The idea is to adsorb
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the pitch onto the mineral surface and retain ttumposite in the fibre matt or if
already agglomerated pitch is present to adsorlmineral onto the pitch agglomerate
rendering it less tacky and removing it as a poedexgglomerated within the fibre
matt. Since this topic is the main focus of the lersiudy it will be discussed in section

2.5 about the use of mineral in pitch control.

Multi-valent inorganic cations present in the sgstare mainly aluminium, and more
specifically papermaker’s alum (aluminium sulphat&) poly-aluminium chloride

(Allen 1980; Dreisbach, Michalopoulos 1989; Glai®91; Hubbe et al. 2006). The
aluminium cationises the pitch surfaces and enfsartbe adsorption of the pitch
droplets onto the fibres. The use of alum is ordggible under acidic pH conditions
which today are changing towards neutral or sligtglkaline, where other more
hydroxylated aluminium formulations based on aluomm chloride are more efficient

(Hubbe et al. 2006).

Finally, retention aids like acrylamide based ptdg&olytes as well as high charge
cationic polymers as fixation aids are often amgphs a second means for pitch control.

Their use is summarised in various review arti¢iéisbbe et al. 2006; Wagberg 2000).

2.3.2 Dispersion

Various types of additives that stabilise the adlé stability by either electrostatic or
steric interactions can act to disperse the pitdpldts. They may include partially
hydrophobic polymers that have a high affinity foydrophobic pitch particles,

polyacrylates or phosphates and also surfactaats¢duced the hydrophobicity of the

pitch droplets (Hubbe et al. 2006).
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2.3.3 Deresination

One major part of an efficient pitch control stgptas deresination. Two chapters are
dedicated to deresination in the book of Back atednA(2000). As this is not the major
focus of the current work it will here be mentiorjadt for completeness. Deresination
starts with storage of the wood prior to its us@d@al et al. 2011). It can be done
chemically or mechanically, i.e. resin removal dgrpulping and pulp washing. The
wood preparation process starts with debarkingdmg screening and continues with
kraft pulping and kraft pulp washing. Deresinatioan also be performed by the
sulphite process and during the production of Chehl@rmo Mechanical Pulp

(CTMP). Mechanical deresination is also possiblawbidays, with closed water

circuits white water treatment is also required.

Furthermore pulp can be bleached. The principal ainbleaching is, however, to
brighten or whiten, but purification and deresiaatof the pulp can also be achieved
during this step. Bleaching of chemical pulp isselly integrated with the cooking and

washing process (Back, Allen 2000).

2.4 Minerals in paper making

An artificial extension of the fibre with cheapein@rals has historically almost been
regarded as “cheating” on paper quality. This cledndn the 19 century after

considering the positive impact of minerals on Ihimgss, opacity and smoothness of
the paper. Today, the most common fillers and pigmare (Bos et al. 2006; Paltakari

2009):
* Carbonates

o Natural ground calcium carbonate (GCC) in the fafrchalk, limestone

or marble
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0 Synthetic precipitated calcium carbonate (PCC)

* Silicates

o Kaolin clay or China-clay

o Talc and related minerals

0 Bentonite

e Sulphates

0 Gipsum (Annaline)

o Satinwhite (Calcium-aluminiumsulphate)

+ Oxides

o Titanium dioxide

Before 1970 mainly gypsum, china-clay, satinwhitel darite were in use, and by
changing the acidic papermaking process towardsraleor even alkaline the use of

high brightness calcium carbonate allowed a revarunh paper making.

Today, paper may contain up to 50 % of its weighiinerals in the case of multi-

coated woodfree grades.

But minerals are not only added as fillers andioggbigments. Some minerals are also
added for pitch control, like talc and Bentonitee latter being frequently used also as
part of a microparticle retention system (Dixitadt 1991), used to retain filler in the

fibre matrix during the draining phase of the waper stock on the paper machine wire

bed.
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2.4.1 Talc and related minerals

In everyday language, the word "talc" is used tecdbe the mineral, rock, or powder
form of the soft layered silicate, talcum. Manyfelient types of talc are used in paper
making. Their properties differ according to thelerse requirements and are defined
by the selected ore, milling and classification gass and, finally, by the specific
slurrying technology used to bring the materialoinvater suspension (Likitalo,

Gantenbein 2009).

Often talc is associated with chlorite and in soooeintries talc and chlorite are
substituted by its closest structural relative gpjyllite. Therefore, in chapter 5 focus is

laid on the differences in pitch adsorption betwterse three related minerals.

2.4.1.1 History of talc in paper

The use of talc in the paper industry has a lostphy: talc as a filler appeared for the
first time in the beginning of the 20th century Finance, Italy, Spain, Finland, and
Japan, though its use in these countries may lwat@e in China. In pitch applications,
Maurice Warner (Cyprus Minerals) launched the ugetabc in 1960 (Likitalo,
Gantenbein 2009). Following the technological etioluin paper production, talc as a
coating pigment was introduced industrially in Bimil and France in 1982. Since then,
talc has become widely used in lightweight coatafC) rotogravure and coated wood
free (WF) offset formulations applied mainly in mand silk grades to aid primarily
print rub resistance. Recently, another use has bmend for talc in the coating of
speciality papers, such as for barrier coatings siticonised tape backing (release

paper) or other water repellent and impermeablérggs(Likitalo, Gantenbein 2009).

2.4.1.2 Mineralogy of phyllosilicates

Effectively, talc-bearing rocks contain a varietly different ores, of which the most

abundant are chlorite - hence its importance fetirig in the pitch control context,
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calcium carbonate (CaG}) dolomite (CaMg(CGg),), magnesite (MgC¢), and quartz
(Si0G,). The presence of these ancillary minerals magotae varying degree influence
the effectiveness in pitch control. Consequentlge tapplication efficiency of
commercially available talc grades may not onlydeéined by the mineral talc alone
but can also be influenced to some extent by theraninerals, either separately or in
combination. Comparing the application efficiendycommercially available mineral
grades needs, therefore, careful consideratiomefineralogical composition of the

materials used.

The minerals talc, chlorite and pyrophyllite belong the group of hydrous
phyllosilicates. They typically display a platy lala perfect basal cleavage and are

soft, with Mohs hardness of 1-2 for talc, chloated pyrophyllite.

Besides the many similarities, the three minerdd® aisplay important differences
(Table 2-1) with respect to crystal structure ahdnical composition in particular, that
may influence many of their surface properties dmehce, their performance in a

particular application.

The mineral talc is the tri-octahedral form of thgdrous phyllosilicate group that
consists of simple 2:1 layers, i.e. its crystalusture is composed of a layer of
octahedrally coordinated cations embedded in a dveork of oxygen atoms and
hydroxyl groups. This “talc-like” layer is sandwmth between two layers of
tetrahedrally coordinated cations coordinated toygen atoms alone (Evans,
Guggenheim 1988). The chemical composition of mastiral talc can be described, to
a good approximation, by M8§i;O10(OH),. In theoretical terms talc contains 31.9 %
MgO, 63.4 % SiQand 4.7 % HO. In naturally occurring crystals, Mg may be i
replaced by Al, Ni, Fe or Cr. Talc is a tri-octaledayered mineral with a unit cell

thickness of 0.92 nm (Bergaya et al. 2006). The l@hellae are stacked on top of each
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other and are composed of two tetrahedral laye&@f on either side of an octahedral
central layer of Mg-OH (brucite). The hydrophobiedachemically inert character of

talc comes from the Siayers on the basal surfaces of each lamella.

The mineral pyrophyllite may be regarded as theatithedral analogue of talc, i.e. its
structure is also composed of a layer of octahbdcaordinated cations sandwiched
between two sheets of linked Si@trahedra. In contrast to talc, two-thirds of the
octahedral sites are occupied by Al and the reneamindre empty. Like talc,
pyrophyllites show little deviation from their ideehemical formula, which can be

described by AfSi;O1(OH), (Bergaya et al. 2006).

The chlorite group of minerals comprise a large-gudup of hydrous phyllosilicates
that consist of 2:1:1 layers, i.e. of negativelyaed 2:1-layers of ideal composition
(R**, R*"5(Si, Al)40.o(OH), and of positively charged interlayers {{RR*")3(OH)s)
that alternate along the crystallographkidirection. Most natural chlorite samples are
tri-octahedral and incorporate mainly’feMg®*, Si** and AP* (Bailey 1988). Unlike
talc and pyrophyllite, natural chlorite samplesitgly display a variable chemical
composition that can be best described by the génenineral formula

(MQG-x-yFa/Al y) (Si4-xAI X)OIO(OH)S-
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Table 2-1: Overview of the three phyllosilicates: ta, chlorite and pyrophyllite.?

Talc Chlorite Pyrophyllite
60
4 SicAl
60 60
4 5i 40+20H 4 Si
6 Mg
4 0+20H 40+20H 40+20H
6 Mg 4 Al
40+20H 4 SitA 40+20H
60
4 Si 6 OH 4 Si
60 60
6 MgrAl)
6 OH
Mggsi4010(OH)2 (Mg,AI) G(Si,AL)4olo(OH)8 Al 28i4010(OH)2
Si Si Si(Al) Si(Al) Si Si
Mg Mg Mg Mg Mg Mg(Al) Al Al
Si Si Si(Al) Si(Al) Si Si
Mg Mg Mg(Al)
2:1 Layer 2:1:1 Layer 2:1 Layer
Bz;o; IRV 10mm fp06_073149 2500% 30KV 1;-;}}\ Tp06_07331 — Bpm — 250 306V 10mm n,mzs l — um —
Finland France South Africa

2.4.1.2.1 Occurrence of talc and chlorite

Talc deposits are formed as the result of transétions of existing rocks, carrying one
or more of the building-block components (MgO, Si@d CQ) needed to form the
mineral, under the effect of hydrothermal activitywhich acts to combine the

components and/or to introduce the complementasgimi components in solubilised

2 Structure diagrams taken from Mineralogie 4thieditSiegfried Matthes, Springer-Verlag, 1993.
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form. As the mineral composition resulting fromstiprocess is naturally determined by
the parent rock, each ore has its own geologicaiasure formed many millions of
years ago. As a natural ore, talc has always bmamdfin combination with at least one
other mineral. The most common of these is chlofitther associated minerals often
found in talc include dolomite and magnesite. Afds of talc are lamellar, the platelet
size differing from one deposit to another. Larggstals occur in layers, often referred
to as booklets, as they resemble the stacked mdgesmall book, whilst small crystals
provide a compact dense ore. The uniqgue morphodygy mineralogy of each talc
source specifies its individual properties conaggnspecific functions for a particular

application (Likitalo, Gantenbein 2009).

2.4.1.2.1.1 (A) Magnesium carbonate derivative ore bodies

One kind of talc ore is known to evolve from thensformation of carbonates (dolomite
and magnesite) in the presence of silica (FiguB.ZFhe carbonates fix in-situ the
magnesium component, whereas the silica is provagdaydrothermal circulation. This

reaction results in talc which is either mineratadly pure or structurally associated

with minerals such as carbonates, quartz and ¢t&lori

Deposits of this type represent about 70 % of wprlsuction and provide the whitest
and purest talc ores. Examples are the deposi¥ellowstone (Montana, USA) and

Respina (North-West Spain).
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Dolomites

Dalomites

Figure 2-9: Simplified geological cross section tlmugh a magnesium carbonate ore.
(http://www.luzenac.com/geology.htm)

2.4.1.2.1.2 (B) Serpentine derivative ore bodies

About 20 % of the present world production comesmfrthe transformation of
serpentine into a mixture of talc and magnesiunba@ate (Figure 2-11). This ore is
commonly called “soapstone”. The crude ore is yealsvays grey and as such would
not be pure enough to be used directly as an iridusbating pigment. Flotation of the
mineral is therefore applied to reduce the angilmtaminants and so increase the talc

content and consequently its whiteness (Figure)2-10

Talc Montana

Australia
Span

Italy
China
India

Magnesited
dorlormane
Finland
Mo '|'|.'IE|
Shetlands
Ircland
TFrance [%Lwhcc
Vemmont
Ausiria "
Sardima el

Wew York (Tremolite)

Aastria (Dolomite)

e ININININININING
DAVAVAVAVAVAVAVAVAVAY

Chlorite Dthers

Figure 2-10: Schematic illustration of the differen talc ore origins. Serpentine derivative ore bodig are
upgraded by flotation to reach a high talc content and high whiteness.
(http://www.mondominerals.com/geology.asp)
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Soapstone deposits are relatively common and widistyibuted along ultramafic rock
belts. The term mafic is a shortening of the cdmetits, magnesium and iron (ferric).
Ultramafic rocks are igneous rocks with silica @ntless than 45 %, generally greater
than 18 % magnesium oxide and high iron oxide cunt& significant proportion of
coating talc grades in Europe and North Americadeeeloped from this type of ore,

e.g. Vermont in the USA, Québec and Ontario in @arend in Finland.

Gneiss

Serpentinite
Talc
Schists \

Figure 2-11: Simplified geological cross section tugh a serpentine derivative ore.
(http://www.luzenac.com/geology.htm)

2.4.1.2.1.3 (C) Silica aluminous rock derivative ore bodies

Silica aluminous rock derivatives can often be fbumassociation with deposits of type
(A), described in section 2.4.1.2.1.1, for exampiked to magnesium carbonate
derivative ore, e.g. as can be found in the FrelAgténées. The crude ore is also
generally grey due to the presence of associatadrais. The talc in these ore bodies is
associated with chlorite, a mineral with quite $&micharacteristics containing brucite
(Figure 2-12). Chlorite is used together with tedocobtain specific end-use properties.

Ten percent of the world's talc production comesifthese deposits.
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Micaschists

Dolomites Schists

Chlorite
Talc

Figure 2-12; Simplified geological cross section thugh a siliceous derivative ore.
(http://www.luzenac.com/geology.htm)

2.4.1.2.1.4 (D)Magnesium sedimentary deposit derivative ore bodies
The sedimentary ore type is only mentioned here tfer sake of completeness.
Currently, none of these deposits is exploited. diteeis generally a mixture of talc and

quartz, sometimes associated with mica, clay, axddes and organic materials.

2.4.1.3 Surface properties of talc, chlorite and pyrophyllite

The bulk crystal structure of talc, chlorite andrgphyllite is terminated by two
different kinds of surfaces usually denoted as Ibasal edge-face, respectively.
Whereas the structure and composition of the eddgaces are comparable, important
differences are observed with regard to the resmetiasal planes. Briefly, the edge
surface of the three phyllosilicates is termindtgdnetal cations (primarily Fe, Mg, Si
and Al), the charges of which are largely pH depatdthat can bind different ionic
species. Owing to these similarities, comparableratction between the edge surfaces
of talc, chlorite and pyrophyllite with their loca&nvironment may be expected. In
contrast to the edge surface, large differencesgat between the basal surface of talc

and pyrophyllite on the one hand, and chloritefendther hand.

Qualitatively, the two different types of surfacancbe described as being hydrophobic

for the basal surface and hydrophilic for the edgdace, and the hydrophilic brucite
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layer being additionally present in the case obutd. However, the terms hydrophobic
and hydrophilic describe only the behaviour of ag#hagainst water. Following the
suggestion of Fowkes (1963) the two terms cawiitéen in a more quantitative form

dividing the surface energy into an apolar comptaed a polar component. Therefore,

the surface energy® of a phase can be written as,

yrot = AW AB

Equation 2-1

in which the designation LW stands for Lifshitz-valer Waals and summarises
London, Keesom and Debye components (van Oss ell9d8), and the polar
component is best described by the Lewis acid-aBg theory. Values found in the
literature for talc and pyrophyllite are reportedTable 2-2, in which” is the acid

component ang® is the basic component out of whigl? is formed by the geometric

mean of the two.

Table 2-2: Values of the interfacial surface free eargy components of talc and pyrophyllite (Giese atl. 1991).

Mineral » / mIm? " I mIm? ¥ I mIm? ¥ 1 mIm?
Talc 36.6 31.5 2.4 2.7
Pyrophyllite 39.1 34.4 1.7 3.2

Alternative values are given by Schrader and Y&BO0) such as a Lifshitz-van der
Waals componeny* of 35.5 mJnf for talc, and they separate the total surface
interaction into a dispersive and non-dispersivengonent having the ratio 7 : 3,
respectively. The remarkably low values for the lseacid-base components explain
the observed hydrophobicity of the two mineralghe presence of highly polar water

molecules (Giese et al. 1991).
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The above mentioned values are measured for sanmplesvironmental atmosphere
and are therefore suitable to be considered inqaeaus environment. Values on the
other hand for outgassed samples of talc and tdarite mixtures are reported by
Douillard et al. (1994) and Malandrini et al. (199Higher values for the apolar
componeny™", but also for the polar componenfsandy®, were measured, concluding
therefore that outgassed talcs are highly polarpmamds essentially because of their
high surface acidity. This is explained by opendgonal cavities in the ring-like SiO
surface structure where the underlying O-atomsheflirucite layer are accessable for
hydrogen bonding. When these activities are blodkgddsorbed molecules (mainly
gas) under ambient conditions, the whole layeerglered hydrophobic (Michot et al.
1994). What remains unclear is why this is alsayested for adsorbed water vapour by
some authors (Malandrini et al. 1997) who assuna¢, ih the presence of ambient

moisture, the acid sites are rendered inactive.

Another approach tried to define the different g/pé surface by adsorption in aqueous

environment (Charnay et al. 2001). Four differguecses were used, namely
1. highly water soluble organic anionic molect¥ebenzene sulphonate

2. highly water soluble organic cationic molecule >

benzyltrimethylammonium bromide
3. amphiphilic organic anionic surfactat#t sodium dodecylsulphate

4. amphiphilic organic cationic surfactant >

benzyldimethyldodecylammonium bromide

The four types of molecules were adsorbed indep#hden different talc / chlorite
blends, containing between 3 and 53 % (w/w%) ctdoffhe adsorption of the highly
soluble charged molecules showed that the hydrgpilrface area is only adsorbing
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positively charged species and the density of pedyt charged surface sites on the
minerals is very low. The adsorption of the anicsucfactant essentially occurs through
dispersive interactions. The amphilic cationic aatnt adsorbed on both types of
surface, hydrophobic and hydrophilic, and substvacof the hydrophilic surface area
determined by the adsorption of the highly watdulsle cationic molecule gave the
same hydrophobic surface areas as determined byadkerption of the anionic

surfactant. With increasing chlorite content theldophilic surface area not accessible

for anionic species linearly increased (Figure 2-13
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Figure 2-13: Ratio between hydrophilic and hydrophbic surface area for different talc / chlorite mixtures
with approximately 10 g™ specific surface area (Charnay et al. 2001).

2.4.2 Calcium carbonate

Calcium Carbonate (CaGPcan be found in a vast myriad of types and forins a
structural component of most skeletal creaturesispdrt of an unbroken cycle and so,
in principle, is inexhaustible. The majority of aesits were formed by the capture of
CO, from the atmosphere by microorganisms which coetbithe dissolved gas with
calcium ions to form their exo-skeleton providingptection and structural support.

Consumption by higher vertebrates also capturednthmeral in their bone skeletal
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structures. Deposits of coccoliths formed chalksbadthe sea bottom, which, with the
inclusion of snail and mussel deposits later bectaresformed under pressure to form
limestone, and in some cases combining high presand temperature to promote

recrystallisation into marble, the hardest andhiggt form of calcite (Gane 2001).

cleavage face

@ carbon
@ calcium

() o=ygen

Figure 2-14: Crystal structure of calcité. The schematic shows both (left) the true unit celthe calcite
rhombohedron, which contains 2[CaCQ] and (right) an alternative cell based on the cleaage rhombohedron.

The Ca atoms (red) (Figure 2-14) are at the coraers body centre position of a
trigonal lattice with alpha = 46° and a lattice graeter of 0.06361 nm. The planar £0
(blue) radicals are at about ¥4 and % the distatm®yahe major diagonal. Each Ca
atom has 6 closest oxygen atoms. The; @fdups are arranged in a flat triangle with

the C in the middle (Gane 2001).

The calcium carbonates used in this study werealdiitec type (Figure 2-15), ground
from natural rock deposits. The surface free enafygalcite has been extensively
studied in the past, with widely differing resulk$olysz and Chibowski (1994) used a
wicking technique and the Lucas-Washburn (LW) egnafLucas 1918; Washburn

1921) to determine the surface free energy of GaCRey calculated a Lifshitz-van der

% Encyclopaedia Britannica
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Waals interaction of 48 mJfrand an acid-base electron donor parameter ofri9r6*.
Papierer et al. (1984) found 58 + 6 mJfior the dispersive component of the surface
energy of CaC@using inverse gas chromatography. Using the sactenique, Keller
and Luner (2000) found surface energy values fouigd chalk samples of 140-180
mJm?, for marble and precipitated (pcc) Ca£®5 mJnf and for thermally treated
pcc, 250 mJM. Janczuk et al. (1987) used contact angle measmte(static sessile
drop) on prepared marble surfaces, and calculatBsbarsive interaction component of
64 mJn¥ and polar component 106.6 nmdnmfdamson (1990) summarised a number of
crystal cleavage experiments, among which, for Ca@@ value of 230 mJfis given

for the 001 plane. Schoelkopf (2002) reviewed adise earlier approaches and came to
the conclusion that the effective surface energycaltite is largely influenced by
crystallographic rearrangement of the crystalliterface layers and immediate
adsorption of other species out of the surroundamyironment (mainly water)
following the generation of freshly cleaved suracEurthermore, all the approaches
based on wetting experiments have to be treatezfullyy either because of assumed
values of parameters or the formation of surfageri& due to film flow. The results
suggest that the high values approach those ahthesic values of the material, while
the lower values report the surface free energyiaseduced towards the value of the

adsorbate present, probably water or other airbconéaminants.
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Figure 2-15: SEM image of a ground natural calciuntarbonate (marble) [Omyal].

Fatty acid treatment of calcite was investigatedvigusly (Compton, Brown 1995;
Fenter, Sturchio 1999; Osman, Suter 2002; Papirak €984). The overall view is that
fatty acid molecules such as stearic acid selfrabke on the terminal faces of the
calcite crystals by chemisorption, forming a layafr calcium stearate with the
carboxylic groups attaching to the calcite latie®l the aliphatic chains forming a kind
of molecular “bristle” or “brush”. For the estimaii of the surface coverage, Equation
2-2 was used in whichnsy is the mass of stearic acid (SA) that has to lokecddo treat
the calcite with a surface coverage fraction bamsteacidXsa. This is calculated with
the specific surface area of the mineggér obtained via nitrogen adsorption, the
molecular weight of stearic acMwspa, the Avogadro constam, and the surface area

that is covered by one stearic acid mole@ggwhich is 0.26 nrh(Papirer et al. 1984).

_ €geT [MWsp [ Xsp
Asp INA

A

Equation 2-2
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Synthetic CaC® (PCC) is made by firstly reversing the natural gess
endothermically, driving off the COonce more, subsequently slaking in water
exothermically followed by reprecipitation of tharbonate by bubbling through GO
This can be made under carefully controlled comedéion and temperature conditions
to form any of the commonly useful crystal habit<CaCQ: rhombohedral calcite (as
found in marble), prismatic, spherically agglomedatand scalenohedral (“cigar™-
shaped crystals occurring frequently in a clustéoech) (Figure 2-16a). The aragonitic
(needle form) habit is more difficult to producedaa generally reserved for specialised

coating applications (Gane 2001; Schoelkopf 20BR)ure 2-16b).

10000x  30kv  10mm

Figure 2-16: a) SEM image of a scalenohedral predipted calcium carbonate (S-PCC) and b) a aragoniti
precipitated calcium carbonate A-PCC [Omya].

Modified calcium carbonate (MCC) is formed from aam carbonate and phosphate
via an in-situ surface re-precipitation (Beulekeyri8 1999; Gane et al. 1999; Gane
2001; Ridgway et al. 2004). MCCs have hydrophilicfaces and exhibit both calcium
phosphate and carbonate crystalline structure. ME€G@ porous material with a

discretely bimodal pore size distribution when fednnto a packed bed (Figure 2-17).
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Figure 2-17: SEM image of a modified calcium carboate with a rosy structure [Omya].

2.4.3 Particle size and aspect ratio

2.4.3.1 Importance and definitions of aspect ratio

Mineral particles are used as fillers in a rangeapplications, including paper,
decorative and functional coatings, plastics androees (Baudet et al. 1993; Ferrage et
al. 2003; Gane et al. 1995; Gane 2001; Lohmande@®;2durray, Kogel 2005; Naito et
al. 1998). Frequently, the morphology of the p#&taonstituting the mineral within a
desired particle size distribution can be a keydiat determining the functionality of
the end use. Mineral particles such as talc araddn paper coatings and as paper
fillers in the bulk of the fibrous sheet. They aiso applied as filtration aids or as a
component in fixed bed reactors (Aris 1957; Casall. 1985), and found in cosmetic
products (Papirer et al. 1992). In all these appbn fields, the particle shape is of
great importance. For example, in paper, platy tal@acicular aragonite provide for
coating coverage and internal bulk, respectivelyndvhls may also expose different

surface properties, depending on the orientatiorthef particulate in respect to its
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morphology. The ratio of anisometric surfaces mantiol properties such as
wettability to certain liquids, which can affectmaral processing and end-use function
or the rheological behaviour of a particle suspmmsiGane, Coggon 1987; Gane,
Watters 1989; Gane et al. 1997; Kroon et al. 1988rris et al. 1965; Mourchid et al.
1995; Mourchid, Levitz 1998). A typical example wgisen by Yekeler et al. (2004)
and Yildirim (2001) in respect to the specific agmn potential of a mineral in
relation to its surface differential propertiesm8arly, minerals used as catalysts owe
their functionality to the exposure of the requinggctive surface. Thus, for simple
planar and longitudinal geometries, it is cruciar fassessing particle-related
performance to ascertain a representation of tpecagatio (Li et al. 2002). Aspect
ratio, p, expresses the relative abundance of the two cfesustic surfaces of platy
particles (Figure 2-18), and is defined generadlyhee ratio of the major axis dimension
to that of the minor dimension. In the case ofyp[articles this is given by the ratio of
the major diametedy, of the planar platelet to its laminar thickneggEquation 2-3).
The thickness of a platy particle may for some malsebe in the region of a few
nanometres, having thus an effectively very higtalsed curvature and thus a very

high surface free energy.

——

Figure 2-18: Definition of the disc-like approximaton for a high aspect ratio platelet.

The particle size and shape are not only importantisc-like particles but also for
rod-like and fibrous particles (Figure 2-19). Thesegameters, for example, control the
rheological properties of dispersions (Baltar et28l09; Pabst et al. 2006b; Yin et al.

2009). Properties of particulate materials in otregplications, like catalysis,
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environmental control or drug delivery, may also dféected by the particle shape
(Yang et al. 2010). The aspect ratio of a rod-jdegticle is defined by the ratio of its
length,l, divided by its widthw (Equation 2-4), and is, thus, the reciprocal penda

the aspect ratio of a platy particle.

Figure 2-19: Definition of the aspect ratio of a rd.

dg
p=—=
Ly
Equation 2-3
|
IO R
W
Equation 2-4

Besides these definitions above other terms maydssl to describe the nature of

particles and particle shapes (Table 2-3, Figu2@R-

Acicular, radiating

as in millerite Dendritic as in

rolusite Fibrous as in
e asbestos

Lamellar, foliated, a— — artin’c
micaceous, as in mica Massive and granular, Martin’s

as in marble

Figure 2-20: Definitions of particles and particleshape (Allen 1990).
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Table 2-3: Definitions of particles and particle shaes (Allen 1990).

Name Definition of particle shape
Acicular Needle-shaped
Angular Sharp edged or having roughly polyhedralgh

Crystalline Of geometric shape, freely developed fluid medium

Dentritic Having a branched crystalline shape

Fibrous Regularly or irregularly thread-like

Flaky Plate-like

Granular Having approximately an equidimensionagular shape
Irregular Lacking any symmetry

Modular Having a rounded, irregular shape

Spherical Globule shaped

2.4.3.2 Methods to evaluate the aspect ratio

Different techniques to measure or determine aspaibs were reported in the
literature. A vast number of studies (Baudet et 18193; Jennings, Parslow 1988;
Lohmander 2000; Pabst et al. 2000; Pabst et all;2Pabst et al. 2006a; Pabst et al.
2006b; Pabst, Berthold 2007; Pabst et al. 200heBys, Cleland 1993) described how
laser ensemble diffraction and single particletligbattering (static and dynamic) offer
an opportunity to measure aspect ratios. The satm®is also referred to gravitational
sedimentation, which is effective for particles ajex than the suspension-maintained
Brownian motion limit. Many of the above quoted hwts had their basis in the work
published by Jennings and Parslow (1988). Theyvedrithe transformation of an
equivalent spherical diametezs(, as manifest by the various sizing techniquet in
the major particle dimension, i.e. platelet diamédte the cases studied here (Table

2-4).
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Table 2-4: Formulae to calculate the disc diametery, and rod length, |, based on theesd (ds, d,, dy and dy)
response from the corresponding particle sizing mabd.

Particle sizing method Disc Rod

. . 3 1 I /3
Sedimentation dg =d4.]—tan ds=—,/=In

s =%d,5 7 (0) ST 5\2 P

Laser light scattering / 1 1 1 1
Projected area d,=dy./=+= d, =l [—+——
(Fraunhofer) 2. p p 2p
Laser light scattering / 3 3
Particle volume (Mie dy =dy3— d, =1 5
theory) 20p 2p
Photon correlation q dq |
spectroscopy / T~ 1/ d; =
Translational diffusion tan*(p) In(20)

ds

da

dy

dy

aspect ratio

particle diameter based on sedimentation

particle diameter based on projected areaitsteter light scattering

with Fraunhofer optics

particle diameter based on particle volumeticstaser light scattering

with Mie theory

particle diameter based on translatory diffugiphoton correlation

spectroscopy (PCS)

By combining two of the particle size measuremeethuds, e.g. sedimentation and

projected area, Jennings and Parslow (1988) erttaant aspect ratio defined purely at

one given particle size (Equation 2-5), or, depegdn the light scattering technique,

an emsemble average value of a distribution ofigdast which is derived for oblate

spheroids, and can, thus, be adopted to calcilatadpect ratio of platy minerals. In the
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limit of extremely high aspect ratio, the formuladuces to that for a circular disc

(Equation 2-6).

dS:J m$ﬂmf%U¥—ﬂ \
da \p p2—1+ln(p+ 0° —1)

Equation 2-5

ds _ [30an(p)

. | pe2

n

o

Equation 2-6

A similar approach was presented by Pabst and &drt(R007) (Equation 2-7).
However, the model of Pabst and Berthold (2007 yestemates the aspect ratio. In the
case of high aspect ratios t4n) becomes/2 and so Equation 2-6 can be solvedfor
(Equation 2-8) which shows that the approximatibRabst and Berthold (2007) differs

from the Jennings and Parslow (1988) model by ditiad of 2.

_sm{d,Y
2 dg
Equation 2-7
2
+2= 3777 %
2 | dg
Equation 2-8

For rods, the Jennings-Parslow solution (JenniRgsslow 1988) as the limit of prolate
spheroids (Equation 2-9) was considered, too. Tdusices in the limit for extremely
thin rods to Equation 2-10. However, image analfisn micrographs is the typical
tool to obtain a number based aspect ratio dididghuor rod-like minerals (Pabst et al.

2007).
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da 2 -1+ p? dan™|y p? —1)
Equation 2-9
3
—[n
ds _ |2 (0)
da p+2

Equation 2-10

Another method including the turbidity of colloidiholinite particles as a function of
random or shear flow orientation was used to ekghape information as presented by
Champion et al. (1979). Champion et al. (1978) gisblished a magneto-optical
method to determine the particle shape via theigkararea (permanent magnetic
moment) and the particle volume (magnetic suscd#iptibanisotropy). Another

possibility identified, was to use scanning andngraission electron microscopy
together with image analysis, employing such tepies as particle shadowing (Conley
1966; Morris et al. 1965; Podczeck 1997; Yekelerakt2004). Further literature

exemplified methods including FTIR measurements ensdm deuterium structure-

exchanged particles (Ferrage et al. 2003) or cakiric measurements (Groszek,

Partyka 1993; Yildirim 2001).

X-ray diffraction (XRD) was also regularly used ttescribe surface texture of
compacted powders, and particle orientation, bwt technique also delivered
information related rather to crystallite size tharparticle size or relative anisotropy.
The correlation of crystallite size and peak widths first described by Scherrer (1918).
Also small angle X-ray scattering measurements weported by some authors to
estimate the aspect ratio of disc-like particlgs lLaponite (Kroon et al. 1996; Kroon et

al. 1998).
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2.5 Minerals in Pitch control

As touched upon earlier the use of mineral in pdehtrol is well known. Minerals like
talc, kaolin, bentonite, asbestos and calcium caat® have been reported in the
literature, and, especially in the case of tale, widely used in the industry to control

the tacky materials from wood and recycled fibrecgssing.

2.5.1 Talc

The use of talc as a pitch control agent is wetkated in the papermaking industry and
it has been the benchmark for many studies. Théa®rproperties of talc allow
preferential interactions between hydrophobic gsouwgd molecules, polymers or
colloids, and the hydrophobic basal surface of. taidhat way talc may either adsorb
amphiphilic molecules, polymers and colloids, oméy be adsorbed on to microscopic
aggregates of such materials (Figure 2-21) (All&801 Allen et al. 1993; Holton,
Moebus 1982; Hubbe et al. 2006). Up to 50% of #ie was found to be retained in
such aggregates (Dunlop-Jones et al. 1987). Inwthisthe detrimental substances are
retained in the paper sheet, and so removed frenpdbermaking system. Allen (1980)
guantified that 14 pitch particles were adsorbed tp& platelet. Furthermore, also
dissolved fatty- and resin acid soaps can adsaoud tafc (Allen 1980; Allen et al. 1993;
Willfér et al. 2000). Dissolved hemicellulose (Jerss Ralston 1998; Mosbye et al.
2003), lignin and its derivatives (Allen et al. B9Allen, Douek 1993; Willfor et al.
2000) as well as defoamers (Allen et al. 1993; Bkeeet al. 2009; Douek, Allen
1991a; Gribble et al. 2010) show a high affinity the talc surface and compete with
the colloidal wood resin, which may lead to a daseal efficiency of the added talc or,

conversely, reduce deposition problems connectdddefoamers.

The influence of the resin composition has onlytiplly been investigated, most work
being confined to either the use of pure model caumps or blends thereof. Some
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authors found that fatty acids are preferably doswrover fats and over resin acids
(Hamilton, Lloyd 1984; Hughes 1977), whereas otlieus\d the opposite - a preferred
adsorption of fats over fatty acids (Rogan 199yvds also found that the composition
of the wood resin prior and after the adsorptiah bt change and, thus, that the wood
resin droplets are adsorbed as one unit withoutrefeped selection of single
components (Tijero et al. 2009; Willfor et al. 200That, however, might be different
at increased pH levels where substantial amounttheffatty- and resin acids are

dissolved and compete with the colloidal wood régilhen, Douek 1993).

Tacky Tacky particle

particles Time,
® shear

.

P i
A
E Adsorbent
\ particles

Talc
particles

Figure 2-21: Model of talc as an adsorbent for tack particles (left) and adsorbed onto tacky aggregas (right)
(Hubbe et al. 2006).

Whereas the observations discussed above maingredvadsorption phenomena, the
action of talc is often also described as one tdaléfication (Allen et al. 1993). Such a
mechanism involves, of course, adsorption in eithezction (organic onto mineral or
mineral onto organic). Only a small portion of tteéal wood resin was found to be
adsorbed onto talc in the presence of fibres (AllRouek 1993; Allen 1980). Thus, the
conclusion was drawn that only destabilised pitahiples are adsorbed, whereas those
particles that are stabilised are either bounchéofibres or remain stable in colloidal
suspension (Garver, Yuan 2002; Gill 1974). Furtherthe case of destabilised pitch
droplets, which either had started to agglomerataleady had agglomerated, the
incorporation of talc in these composites led tochange in the pitch rheology and
therefore to a reduced tackinesss ands hence ttagkdfication (Allen et al. 1993;

Douek, Allen 1991a; Holton, Moebus 1982; Hubbelef@06). In this manner talc has
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shown itself to be an efficienct tool in the tagkreducing deposits related to wood
resin as well as a general reduction in the cordédissolved and colloidal substances

as determined by the various reported techniques.

Depending on the source of wood and the specifipipgl process the composition of
the dissolved and colloidal substances can vary.example, the wood resin from
Aspen was found to have a higher affinity for tak tsurface than that from softwood
(Allen et al. 1993). Also, differences between blesd and unbleached TMP were
observed. In particular, hemicellulose types, whighe deacetylated during bleaching,
did not adsorb onto talc but preferably did so ahtfibres (Willfér et al. 2000). Allen
and co-workers (Allen, Douek 1993; Allen et al. 39@s well as Parmentier (1979)
made studies on Kraft pulp samples with special$amn the black liquor, i.e. the liquor
arising after cooking the fibres in the Kraft preseThe presence of fibres is crucial
since they naturally adsorb dissolved and colloslagbstances depending on various
parameters like pH, temperature or on the addifpresent. In some studies, therefore,
samples have been filtered (Guera et al. 2005¢ptrituged (Willfor et al. 2000) prior
to the adsorption experiments, or taken directhnfrthe white water system. Others
have used model pitch, which was previously exédétom a pulp sample (Mosbye et
al. 2003; Otero et al. 2000). In other cases adifiblends of typical compounds found
in wood resin were used (Chang 1985; Hughes 197 The most idealised cases single
compounds found in wood resin like oleic acid, &biecid or triolein have been

studied in isolation (Hamilton, Lloyd 1984; Roga®01).

Process parameters which might influence the atlearpsuch as pH and temperature
were also investigated. Both impact on the soltybdf the resin components and hence
their appearance in the aqueous phase. The tempetas a direct influence on the

thermodynamic equilibrium of the adsorption. Furthere, the pH also affects the
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colloidal stability of the wood resin droplets. Wrdacidic pH the fatty- and resin acid
soaps become protonated and the electrostatic sieputiecreases. This leads to a
preferred adsorption of wood resin droplets onttdic surface but in the presence of
fibres, for example, the wood resin droplets praigr adsorb onto the fibres. Alkaline
pH leads on one hand to saponification of fattylaster, and a resulting deprotonation
of the fatty- and resin acids. Both mechanismsltasiwa higher anionic charge with a
resulting increased electrostatic stability of #heod resin droplets (see section 3.2.6),
and this strong influence of the pH on the adsorpéfficiency of wood resin onto talc
was reported (Allen et al. 1993; Hamilton, Lloyd8%9 Trafford 1988). The higher the
pH, the lower is the adsorption efficiency. An udhce of the temperature on the
adsorption of wood resiper seonto talc was, however, not identified (Douek,eAll
1991a; Hamilton, Lloyd 1984) but temperature wasnst affect the adsorption of
hemicellulosic materials, like guar-gum onto talaswdentified. This observation was
attributed to the entropically driven preference hofdrophobic interactions of the

methylene groups within the carbohydrates mononagid the siloxane §. s;<k-)

groups in the hydrophobic basal surface of thepalticles (Jenkins, Ralston 1998). All
these quoted studies were thus either performethenpresence of fibres, which is
clearly relevant for the paper making environmemtrformed using only model
compounds or wood resin extractives without thes@mee of natural stabiliser like
hemicelluloses and lignin derivatives, or the stgdonly reported a vary narrow pH
range. Therefore, a detailed evaluation of the ohpé these two process parameters

pH and temperature is still required, and forms exgerimental facet of this thesis.

Mineralogical and morphological properties wereoaldetermined as playing an
important role. The most commonly occurring impgiit talc is chlorite. The opinions
in the literature differ in respect to the impatthlorite on the performance of talc as a

pitch control agent. Some have found a reduced rptisn capacity of chlorite
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compared to talc (Chang 1985; Baak, Gill 1971), gederally it was suggested to use
talc in as pure a form as possible (Holton, Moet®8&2). Others, however, did not see a
reduced adsorption capacity of talc containing hagmounts of chlorite (Guera et al.
2005). These inconclusive findings require, thamf@ more thorough evaluation. A
common opinion was that an increase in surface mrdseneficial for an increased
adsorption of wood resin materials onto talc (Allenal. 1993; Allen, Douek 1993;
Baak, Gill 1971; Chang 1985; Hamilton, Lloyd 198{hlton, Moebus 1982) and even a
linear proportionality was described between swfacea of the talc and the pitch
adsorption capacity (Guera et al. 2005). The sarfaea increase can be obtained by
delamination of the talc platelets which can beugedl by high shear in a mill or even

in a fibre stock (Allen, Douek 1993).

Several mechanisms have been proposed to explaimdborption of dissolved and
colloidal substances from wood processing onto. t8lame authors considered the
surface free energy of talc and wood resin to kedltiving force, and calculated that the
wetting of wood resin on talc is thermodynamicddyoured (Baak, Gill 1971; Mosbye
et al. 2003). This consideration is of course atgd as soon as two particles have made
contact, but in an aqueous environment the batwiebtain full contact between two
particles is influenced strongly by other fact®ach as electrostatic repulsion of the
double layers and steric interactions between petgmNapper 1983). A perfect
example of that discrepancy was even shown by Mogykal. (2003), who calculated
that the wetting of wood resin is thermodynamicddlyoured also for kaolin. As we
will see later kaolin is known and was describedbéomuch less efficient than talc in
the adsorption of wood resin (Hughes 1977). Thebilitg of the DLVO theory
(Derjaguin, Landau 1941; Verwey, Overbeek 1948)dscribe the interaction between
two hydrophobic particles like talc and wood relgit some authors to consider another

mechanism which was considered as belonging ta@émeral phenomenon known as
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hydrophobic interaction force (Wallgvist et al. B)@Vallqvist et al. 2007). The force
was identified to be a long-range attractive onguaed by gas/vapour cavities as a
result of either gas/vapour layers already surrounthe hydrophobic particles or an
induced vaporisation under the pressure drop @rifiom the establishment of gas-
liquid menisci. It can be visualised in terms ot tfluid air, i.e. gas in this case,
“wetting” the hydrophobic surface to the exclusiminthe liquid water at the air-water
meniscus interface boundary. This force was fitsbwa acting between talc and
silanised silica, and thiolised gold, using atorfucce probe microscopy (AFM), and
later on also between abietic acid colloids and. tak described above, however, a lot
of surface active components are also presentpicalypaper mill water. Amphiphilic
compounds such as fatty and resin acids will agetluce the surface tension of the
water, and, hence, diminish this effect. Furthedsoabed hemicellulose or
lignosulphonates on the pitch particles substdptédcrease the hydrophobic character
of the pitch and with it the possibility of gas ement on the particles. Nevertheless,
Willfor et al. (2000) have shown that for bleach&WP samples hemicellulosic
materials are not involved in the pitch adsorptom preferably adsorb onto the wood
fibres, and in such cases the hydrophobic forceamesnand plays a crucial role. The
same authors have shown that hemicellulosic métera involved in the adsorption of
dissolved and colloidal substances from unbleachstP and proposed that these
surface-active hetero polysaccharides can playade in the adsorption mechanism.
Due to the high affinity of the acetylated galadt@gmannans (Ac-GGMs) to both the

talc and the pitch, they may establish a bridgiogtact between the two patrticles.

Once the pitch is adsorbed, the adsorption proeess typically described as being
irreversible (Baak, Gill 1971; Holton, Moebus 198&dser 1976; Tijero et al. 2009).
This is, however, contradicting the observations otfiers who investigated the

adsorption behaviour by means of adsorption isatkein some cases the adsorption
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isotherms could be modelled with Langmuir (1916)/anFreundlich (1907) isotherms.
These models, by definition, only apply, as we wile in section 2.6, for reversible
adsorption systems (Rogan 1994; Tijero et al. 20@Xher workers applied the
principle of adsorption isotherms but did not fityaspecific model, but found that not
all the pitch, even with excess of free talc swefacea, adsorbed onto the talc (Douek,

Allen 1991a; Hamilton, Lloyd 1984; Hughes 1977).

The addition of the talc should be as early asiptess the process, and definitely has
to be dosed before problems occur. Due to the adarmertness the effectiveness of
the talc surface is not altered throughout theotariacidic, alkaline or bleaching steps
during the fibre processing (Baak, Gill 1971). mler to find the right talc dosage, the
suggestion was to overdose the talc since undenglosan even deteriorate the
situation (Hassler 1988). After the deposition peai has been eliminated, the talc
dosage can be stepwise reduced until the pointevpigch deposition starts again and

subsequently the talc dosage can be slightly isectantil the problems disappear.

In other studies and product developments the wels modified. The idea was to
collect anionic trash with cationic talc (Biza 2QReynolds, Yordan 2002). While
some authors found promising results with suchstatthers could not identify any

efficiency difference from that of normal talc (Gaeet al. 2005).

Although talc is well accepted for pitch contrdk use in the control of stickies and
white pitch is, however, not so unanimously acogpfdevertheless, some positive
results were found for talc in sticky control (Genket al. 2001; Maat, Yordan 1998;
Putz et al. 2003; Williams 1987; Yordan, Maat 199Mese authors mainly focussed
on the reduction of depositable material causethbyaddition of talc rather than on the

adsorption of the sticky components themselves thadalc.
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2.5.2 Bentonite

The use of bentonite in paper making is well knoespecially as a retention system in
combination with cationic polymers (Allen, Lapoir2805; Hubbe et al. 2006). Its use
as a pitch and sticky control agent is also ofteroted and some studies have
investigated this in detail. In general bentonitesviound to reduce the chemical oxygen
demand in fibrous suspensions, a measure for tlwai@nof organic material, and also
the overall amount of colloidal substances (Auhdvtelzer 1979; Boardman 1996;
Moebius 1978; Stockwell 1997; Williams 1987). Sostadies even found a highgro
rata efficiency for bentonite than for talc as an atdeot. This is not surprising given

the huge differences in typical specific surfaceaansf the two minerals.

A more detailed study of the action of bentonitedusmodel compounds to represent the
components of dissolved and colloidal substancestrBn was used as the model
compound for hemicellulose. Lignin was also incldidand a model colloidal
suspension of abietic acid (Asselman, Garnier 200l authors found that the
polymeric materials, dextran and lignin, adsorbaimonolayer as random coils. The
affinity of the bentonite surface was higher foe thextran than for the lignin. The
abietic acid was adsorbed with extremely high Iogsdj this being attributed to a
monolayer formation of colloidal droplets. Thisimscontrast to the adsorption of oleic
acid which was found to form a molecular monolagerbentonite (Rogan 1994). This
effect is most probably related to the differenttmg points of abietic (173.5 °C) and

oleic (13 °C) acid.

2.5.3 Kaolin

Despite its lack of hydrophobicity, kaolin has alsen considered as a pitch and sticky
control agent, since it is part of the inorgangction of a paper mill and often present

in immense quantities in comparison to wood resimgonents.
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Chang (1985) did not find any activity of kaolin adsorbing pitch from a synthetic
model suspension. In the review of Hubbe et al0§2®&aolin is described to work only
in combination with cationic polymers. Some authoasculated that wood resin will
wet a kaolin surface based on the surface freegggradrithe two materials (Mosbye et al.
2003). Rogan (1994) determined a Langmuir adsarpBotherm for oleic acid onto
kaolin. Also Willfor et al. (2000) identified a pattial for kaolin in pitch adsorption.
The observation was attributed to the amphoteopgnty of kaolin having cationic and

anionic sites on its platy structure.

2.5.4 Calcium carbonate

The list of publications that investigated the actof calcium carbonate in pitch and
stickies control is rather short. Rogan (1994) difiad the adsorption potential of
calcite, silicate treated calcite, and stearic a@dted calcite for oleic acid. Only for the
case of stearic acid treated calcite was a Frechnddiotherm applied to the data. The
idea of hydrophobisation, and therefore the opputgLto mimic the properties of talc
is striking. Unfortunately, the author was not veclear about the degree of
hydrophobising. The direct quantification of thetleerm for the untreated calcite and
the silicate treated calcite failed due to Ca-guageipitation. Willfér et al. (2000) found
that ground and precipitated calcium carbonate ipadsorbed lipophilic extractives
from unbleached TMP. The problem with this detag#ady is that the authors did not
properly describe the calcium carbonates used Herstudy and it appears that the
products were all of anionically dispersed natdige anionic dispersing system of the

calcium carbonates are known to corrupt its adsmrgiotential (Whiting 1997).

Finally, Gruber at al. (2001) identified the potahbf natural and precipitated calcium
carbonate to reduce tacky deposits that origimata sticky contaminants like ethylene

vinyl acetate (EVA) hot melts. The minerals, howevevere also seen to be
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incorporated in deposits together with polyacryéitex, and hence even increased the

amount of deposits.

2.5.5 Other minerals

Besides the many known minerals used in paper rgakinly a few others than those
described above have been tested for their poteintigitch and stickies control.
Materials like amorphous SpOshowed no activity in pitch control (Chang 1985).
Others like TiQ were seen to have only a weak affinity for pitahsticky materials
(Gruber et al. 2001; Willfér et al. 2000). Also reaals from the family of asbestos
have been studied and shown to have some potémfiich and sticky control. Their
amphoteric nature with cationic and anionic sitbgwsed adsorption of anionic trash
(Moebius 1978; Williams 1987). Needless to say,rdther old studies in this case did

not consider the health issues related to the m#ter

2.6 Adsorption

A process in which a substance (sorbate) becomssciated with a solid phase
(sorbent) is generally termed sorption. If the saibse attaches to a locally described
two-dimensional surface, the temasorption is used (Figure 2-22)bsorption on the

other hand, refers to a penetration by positiveaetibpn of a substance into a three-

dimensional porous matrix (Schwarzenbach et al3200
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Figure 2-22: General scheme of adsorption on a twdimensional surface (grey) with various adsorptiorsites
(green and orange cylinders) and the adsorbate thadsorbs onto available surface sites (orange cofes

Physisorption refers to interactions between theodzhte and the surface via one or
more of van der Waals forces, acid-base interagtioand ionic interactions.
Chemisorption involves the formation of a new céemabonding between surface and
substrate. The adsorption can be formulated ascioa (Figure 2-23). The reaction
speed of the adsorptionygs is defined by the concentration of the adsorbas®lution,
Cso, the available surface sites, [)l-and the adsorption rat&,ss The desorption
reaction speedyges is only defined by the concentration of the abate on the

adsorbent which is defined by the fractional codeerface sited,.
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Figure 2-23: Adsorption reaction scheme.

dCsoI
Uads = dt = kads E:sol I:(l_ /_)
Equation 2-11
dc;sol
v Kyoc I~
des dt des
Equation 2-12
In equilibrium,
Uads = Udes
Equation 2-13
and so
Kag: [Cso/ LL=77) =Kye [/
Equation 2-14
with
K. = kads
eq K
des
Equation 2-15
we can write then
_ Keq [Csol
1+ Keq E:sol

Equation 2-16
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By defining the total surface sites per unit adeatbsurface the classical Langmuir

(1916) isotherm can be written as

- K e [Ceq
eqd 1+ K| (g

Equation 2-17

with ceq as the equilibrium concentration of the adsorlateolution, the equilibrium
concentration of the adsorbate on the adsorliegtthe equilibrium constant for the
adsorption reaction often quoted as Langmuir conska, and/ max as the total surface

sites on the adsorbent.

2.6.1 Langmuir isotherm
The Langmuir isotherm (Equation 2-17) has beenvddriabove based on the
adsorption process described in Figure 2-23. Wdakefully considering the reaction it

becomes apparent the model is only applicableaf¢anditions apply:

i. Constant adsorption energies throughout the whalgorption process. This
implies that the adsorbates on the surface do fiettathe further adsorption

process. Furthermore, also the surface is considesmogeneous.

ii. The surface contains a defined amount of total qiem sites and if they have
been covered no further adsorption takes placeyltreg in an adsorbate

monolayer.

The isotherm was originally developed for the apggon of gases and later modified
for the adsorption from solution. The isotherm vaaplied in many studies where the
adsorption of wood resin constituents onto minepalrticles was investigated
(Asselman, Garnier 2000; Hamilton, Lloyd 1984; Hegli977; Rogan 1994; Tijero et

al. 2009).
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2.6.2 Freundlich isotherm

The Freundlich isotherm (1907) is an empirical tiefeship to describe adsorption
processes (Equation 2-18). It has been derivedxpdaim the solubility of gases in

liquids or on surfaces, that did not follow Henrigasv (Henry 1803).

leq = (KF Eteq)n

Equation 2-18

I'eq andceq are the equilibrium concentrations of the adserlwat the adsorbent and in
solution, respectively, anlr is the Freundlich constant.is the Freundlich exponent
and ifn = 1 the Freundlich isotherm is equivalent to H&nigw. The case where the
adsorption energy increases during the processdebrption is indicated by an
exponeni > 1, and in the case where the adsorption enezgsedses over the process
of adsorption the exponent is On<< 1. Also the Freundlich isotherm was applied to
describe the adsorption process of wood resin itoests onto minerals as shown by

Rogan (Rogan 1994) for the adsorption of oleic acith a stearic acid treated calcite.

2.6.3 Other useful isotherms

Various combinations of Langmuir and Freundlichetypotherms have been reported
(Kinniburgh 1986). All these empirical isothermscagnt for changing adsorption
energies by modifying the equilibrium constant otrex adsorption process. These are
the Langmuir-Freundlich isotherm (Equation 2-19e tRedlich-Peterson (1959)
isotherm (Equation 2-20) and the Toth (1971) isothdEquation 2-21) with the

corresponding equilibrium constads-, Krp andKr, respectively.

(K LF E(teq)n D’_max

[ =
1+ (K (g

Equation 2-19
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= KRP[Ceq[/_max
n
1+ (K p g
Equation 2-20
Ky [Ceq [
s T “~eq max

Equation 2-21

These isotherms are not relevant in the currentystbut are mentioned for
completeness. Additionally, other adsorption modafe also known such as the

Frumkin model, Temkin model, Dubinin-Radushkevichie Flory-Huggins isotherm.

2.6.4 Brunauer, Emmett, Teller isotherm

Gas adsorption instruments typically use nitrogema@sorbate for the determination of
surface area. The most common surface area equegezhis the BET equation shown
in Equation 2-22. The BET theory is an extensiothefLangmuir theory for monolayer
molecular adsorption. The following hypotheses arade by BET theory: (a) gas
molecules physically adsorb on a solid in layerfnitely; (b) there is no chemical

interaction between each adsorption layer andh@).angmuir theory can be applied to

each layer (Brunauer et al. 1938).

l — KBET _1 I:Epj + 1
V(Po _1j Vm KKeer \Fy) Vi Kger
P

Equation 2-22

P andPy are the equilibrium and saturation pressure, gy, of the adsorbates at
the temperature of adsorptidfger is the BET constany; the volume of gas adsorbed
and vy, the monolayer adsorbed gas quantity. The BET aohstan be expressed by

Equation 2-23.
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e
e RT

Kget =

Equation 2-23

whereR is the universal gas constafitjs the absolute temperature, @adandE, are
the energy of adsorption for the first layer and fbe second and higher layers
respectively. Equation 2-22 can be plotted as agstt line, with a linear relationship
maintained in the range of 0.05P4, < 0.35. A typical BET plot is illustrated in Figar

2-24 withP/Pg plotted on thec-axis andP/(v(Po - P)) plotted on the-axis.
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Figure 2-24: BET plot for a modified calcium carbonae [Omya].

The slopea and the intercepi of the best fit line are used to calculate the Riemstant

Kger and the monolayer adsorbed gas quantgity

) = 1
M a+b
Equation 2-24
a
Kger =1+ b

Equation 2-25

69



The monolayer adsorbed gas quantity is then usedltulate the surface area of the
skeletal material in the porous matrix as showBdnation 2-26.

Vi [N [€gas

EBET =
Vm

Equation 2-26

whereeger is the surface areda Avogadro’s numbergyss the cross sectional area of
adsorbent gas, an¥, the molar volume of adsorbate gas. All gas adsorpt
experiments are carried out under isothermal camdif so the molar volume of

adsorbate gas does not change (Gribble 2011).

The form of the BET equation for a system with duwoas adsorbate is given in
Equation 2-27.1wono IS the monolayer of adsorbate on the adsorbentcapds the

maximum solubility of the adsorbate in the solvent.

KBET [/-Mono [Ceq

(Csat - ceq)EE1+ (Kger 1) E:eq]

Csat

[ =

Equation 2-27

Figure 2-25 a) — d) illustrate some exemplifiedh®oms as discussed above. The linear
isotherm with its Freundlich deviation is shown kigure 2-25 a), the Langmuir
isotherm in Figure 2-25 b), the Langmuir-FreundliftF) isotherm, the Redlich-
Peterson (RP) isotherm and the Toth (T) isothernfrigure 2-25 c) together with a
Langmuir isotherm as comparison. Whenever the aobstin these three isotherms is
1 they are identical with the Langmuir isothermndfly, in Figure 2-25 d) the BET

isotherm can be seen.
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Figure 2-25: Overview of the different adsorption sotherms. a) Freundlich isotherms withKg=1 and n=0.5

(blue), n=1.0 (black), andn=1.5 (red). b) Langmuir isotherm with K =1 and I',,,=1. ¢) Langmuir-Freundlich

(black) with K =1, I'na=1 and n=0.5; Redlich-Peterson isotherm (red) withKgp=1, I'na=1 and n=0.5; and

Toth isotherm (blue) with Ky=1, I'na=1 and n=2.0. d) BET isotherm with Kggr=1, I'max =1 and c,=2.1. The

equilibrium concentration in solution, c,, and on the surface/%,, are both dimensionless.

2.6.5 Colloidal Deposition

0

The isotherms above were derived either for themdi®n of gas onto solid substrates
or for solutes from solution onto a solid substrdtee colloidal substances from the
wood pitch fraction behave differently from eithgaises or dissolved molecules. The
sorption process of colloids on solid substratealss often referred to as irreversible
adsorption or colloidal deposition. Such processesoften described by the Random
Sequential Adsorption (RSA) model (Hinrichsen et #386). Much work has been

published in this area and the literature giveneher far from complete, but does

provide some of the main background to the topidaifczyk et al. 1990; Adamczyk et

al. 2002; Adamczyk et al. 2009; Schaaf, Talbot 2&Emmler et al. 1998; Semmler et
al. 2000; Senger et al. 2000). Colloidal partickethere on a solid substrate by non
specific interactions. These interactions are basedan der Waals, hydrophobic and
electrostatic forces, and hydrogen bonding. Allsthanteractions lead either to

reversible or irreversible attachment. In the azfshe reversible attachment, the colloid
can explore the whole collector surface througfudibn and repeated desorption. This

process can be studied using equilibrium mechaniosversible attachment implies
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that, once fixed on a surface, the colloids neitthesorb nor diffuse on the collector
surface. This latter process can not be studiegtetbre, by equilibrium mechanics
(Senger et al. 2000). Since all the adsorptionistudre based on adsorption isotherms,
it is assumed that the adsorption process of womthponents onto minerals is

reversible. If it was observed otherwise it is dssed in the respective chapter.
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3 Techniques

All experimental techniques used during the PhDjgmtoare summarized in this
chapter, with some background information. If n@ntioned otherwise deionised water
(18.3 MQ) was used and the experiments run at room tempe(ai-24 °C). All

chemicals used were of analytical grade supplie8igyna Aldrich.

3.1 Preparation of the mineral particles

In most of the experiments mineral particles amolved. This section gives a short

overview of how the minerals were prepared.

3.1.1 Talc, chlorite and pyrophyllite

This family of lamellar phyllosilicate minerals atgpically available as dry powders
and have to be dispersed in water. A convenienttwgyepare an agueous suspension
of these minerals is to place water in a beakeraaldthe mineral under stirring to form
a 10 wt% solids suspension. Typical stirrers emgdiofor this suspension makedown
are of the so-called dissolver type, having saviktatisks. Often, for such hydrophobic
materials, this shear force is not sufficient topgarly deagglomerate and wet the
particles properly. Wetting and proper dispersing, ehowever, key to access the
complete surface area of the minerals. Therefore, second step, the aqueous mineral
dispersion is treated with high shear mixers liké/fon or Megatron from Kinematica

AG*.

One aim of the study is to understand the effedtunface area of the mineral particles

on the adsorption efficiency for pitch. In order ftdfil this, mineral particles of the

4 Kinematica AG, Luzernerstrasse 147a, 6014 LuZawitzerland
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same origin but with increasing specific surfaceagrare required. In section 2.4.1.3 the
surface properties of the phyllosilicates has ldescribed as hydrophobic on the basal
surface (crystallographi©01 plane). The resulting weak hydrophobic interaction
between the individual platelets allow them to bé@ejreadily exfoliated (delaminated)
to create additional surface area (Figure 3-1). délamination process can be runin a
glass beaker using a stirrer and glass beads w#izearange of 1.0 — 1.6 mm. An
aqueous dispersion of 10 wt% of the mineral is ddaled the mixture with the beads
stirred vigorously. The result is a combinatiorsbght grinding and delamination. The
course of grinding can be followed by analysing plaeticle size, and the delamination

in relation to grinding by the specific surfaceare

delamination

grinding

v

Figure 3-1: Schematic drawing of the grinding and efoliation/delamination of a platelet shaped mateml.
3.1.2 Hydrophobised calcium carbonate
Calcium carbonate, either ground or precipitatednfocan be treated in aqueous

suspension or as a dry powder with fatty acid tuwlee the surface oleophilic. In this
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study a dry treatment was chosen to establish cabf@hydrophobicity of that of talc.
The powder is filled into the working chamber of IeiTI> mixer (Type M3/1.5). The
mixing chamber can be heated, and during the tesatthe temperature has to be kept
above the melting point of the fatty acid. Steattd has a melting point of 342 K and
so the temperature during the process is alway3C80rhe amount of stearic acid to

provide the desired degree of surface coveragaldsilated according to Equation 2-2.

These products are partially hydrophobic and maysedhe same dispersion problems
as talc and other hydrophobic minerals. A poss$ibibh obtain well dispersed aqueous

dispersion is explained in section 3.1.1.

3.1.3 Modified calcium carbonate

Modified calcium carbonate, as used in this stuglfformed from calcium carbonate

and phosphate via an in-situ surface re-precipiatRidgway et al. 2004).

3.2 Particle characterisation

The minerals of interest have to be characterisg@rim of their size, shape, electrical
properties and interactions with their environmehiso the colloidal fraction of the
dissolved and colloidal substances (DCS) can beactexrised partially by these

parameters.

3.2.1 Particle size

Particle size analyses in this study were eitherfop@ed using sedimentation
techniques or laser light scattering. In all caies samples have to be properly
dispersed prior to analysis. This is done usinglat®n of 0.1% sodium diphosphate

(N&P,O7) in deionised water (18.3 ®). The concentration of the particles to be

® MIT Mischtechnik International GmbH, Ohmstrass@8758 Detmold, Germany
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analysed is for sedimentation measurements arowndband in the case of laser light

scattering measurements 0.1 wt%.

3.2.1.1 Sedimentation

In the sedimentation method the cumulative madsilalision over the defined range of
particle size (= volume at known density) is meaduand expressed as an equivalent
Stokes settling diameter. The concentration withirgiven sedimentation range is
normalised to the whole, and measured in respegtass conveniently by considering
radiation decay passing through the sample at iWengsedimentation depth via the
Beer-Lambert law (path length). Sedimentation pbatisize measurements were

performed in a Sedigrafft5120 from Micromeritic

The method of sedimentation is well known in péetigrocessing technology. It relies
on the resistance proportionality to particulatessrsectional area as the constituent
particles of a dispersed material pass througlywadj which in mineral processing is

usually water. That proportionality is given by tBkes equation,

_ 25, -4) g’
=

Vp

Equation 3-1

which applies for dilute suspensions (no particetiple interactions) under Reynolds
number < 0.1, and predicts the settling velogityof a particle of radius as a function
of the density difference between the particle amel liquid ¢, - 6)) of dynamic

viscosityy, settling under the action of gravigy

® Micromeritics NV/SA, Eugene Plaskylaan 140, 1030%els, Belgium.
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Once terminal settling velocity has been reachadigtes of differing size will separate

in distanceh, after a given timé

r = i h
25, -0) [y
Equation 3-2
Thus, by scanning the concentration of partidesver a range of heights at known

time, c’(h(t)), a particle size distribution according to hydlypamic radius can be

constructed.

The common method used today of determining thdicgarconcentration is by
effective volume concentration using the attenumatd X-rays, or another penetrating
radiation, applying the Beer-Lambert decay functidhis gives a relative logarithmic
attenuation distribution as a function of fractibmalume (% weight distribution) and
particle size, resulting in the typical cumulatsiee distribution expressed as weight%
finer than a given size. Commonly, the weight megharticle size is quoted as that size

corresponding to the 50 wt% less than point ordik&ibution curveds.

3.2.1.2 Laser light scattering

Scattering of a light beam by random particles andiffraction intensity distribution
as a function of scattering angle. The individuahtcibution from each particle to the
interfering scattered light intensity is related thee projected area of the particulate
scatterer, known as the scattering cross-sectiénafinhofer optics are used (Jennings
1993). Alternatively, Mie theory applied to the alay scattering intensity distribution
(Mie 1908) expresses the particle in terms of @btmwath length, and hence particle
volume under random orientation (Jennings 1993;n#dh2000). The drawback of
both methods is that laser scattering as a techrogly detects the particles according

to the respective theory limitations. For examptencentration of the constituent
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particle sizes in a distribution of sizes is nobwm, and so particle size distributions,
normalised to the observed particles only, tendgtwre either the ultrafine and/or
ultracoarse particles depending on the respectiyeg bcattering theory adopted. The
normalisation is then, per force, restricted tdwnitthe assumed observed range. For the
present studies laser light diffraction measuresiewere made on a Malvern
Mastersizer 2000 Particles having refractive indeces that contimsheir surroundings
scatter light. Very fine particles less than or rapgpmately equal to the wavelength of
the illuminating light scatter equally in all diteans (Rayleigh scattering) according to
their scattering cross-section (Brownsey, Jennirgy®). An assembly of such patrticles
in random motion, such as in a suspension undeggaiBrownian random walk, will
lead to a scattering pattern having a variationnténsity in the plane of scatter as a
function of scattering anglef2 To account for larger particles, which displajoem
factor, Mie theory provides probably the best coonmise in describing the light
interaction with the particles (Mie 1908), in thiats sensitive to the smaller dimension

in the respective form factor.

Rayleigh and Mie scattering

NS
3 0%
. .. _D eteote

L Ry S A

Figure 3-2: Geometry and laser light scattering dedction as used for particle sizing (Schoelkopf el.&2008a).

" Malvern Instruments Ltd., Enigma Business Parlgv@wood Road, Malvern, Worcestershire WR14

1XZ, United Kingdom.
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Mie theory is based on Maxwell's electromagnetieldi equations accounting for
refractive index contrast (primary scattering) abdorption of transmitted light through
the particles (secondary scattering/refraction)sulsptions are made including the
spherical approximation for the particle morpholaggnnings, Parslow 1988; Inoue
1998), the use of dilute suspensions to minimizetigde-particle effects, thus
eliminating multi-particle scatter, complete knodde of the optical properties of the
particles and that of the surrounding medium, drad the particles are all of the same
type, i.e. homogeneous. The theory holds well fartiples having a representative
diameter,d, < 50 um, which is the dominant region for coatiawgd paper filling
pigments. However, Mie is very problematic in tlese wheral ~ 4. The connection
between scattered light and particle diameter mayy vstrongly in this region
(approaching Rayleigh scattering) and can leadrtdlpms in practical applications

(Schmidt 2000).

Fraunhofer diffraction is also frequently used iniei the particles are approximated by
opaque discs, collecting the scattering intensistridution from low angles only
(Barber, Hill 1990). The major limitations to trapproach are the need to consider the
refractive index contrast to be infinite and thltthe particles scatter light equally.
Fraunhofer gives a first scattering maximum at &° garticles withd =~ 51 (Schmidt

2000), and is thus rather more suitable for pasict 50 pum.

Thus, either method alone may not be adequaténéoparticles investigated, especially
if they exhibit a broad particle size distributian,that a portion of them may be too

small, too big or have a diameter near the wavéieafjthe illuminating laser light.

3.2.1.3 Dynamic light scattering - photon correlation spectroscopy

By way of contrast, dynamic light scattering (DL3)ased on photon correlation

spectroscopy (PCS), expresses an equivalent SEiketein translational diffusion
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diameter including the mineral core and any assedidayer of adsorbate, such as
dispersant and water. In this method, the enserdisiigibuted translatory diffusion
coefficient is the influential particle parametdn this work, dynamic laser light

scattering analyses were performed on a MalZetasizer ZS.

Colloidal particles with a sufficient refractivedex contrast to the surrounding liquid
scatter light. Monochromatic laser light, of wavedéh/, provides for a defined scatter
having an intensity distribution defined by thetssang cross-section of the particles in
a refractive medium of inder over scattering vecton, or scattering angle 2, as

measured relative to the direction of incidence.

Figure 3-3: Dynamic light scattering geometry and gnciple of autocorrelation (Schoelkopf et al. 2008).

The decay or e-folding parametet, at which the autocorrelation function, derived
from the time varying scattered intensitft) in Figure 3-3, has reached 1/e, after a time
delay ofz, of its initial normalised value of 1, dependstba diffusion coefficienD+ of

the particle,
D; =q*MN

Equation 3-3

In turn, the diffusion coefficient is related tcetStokes radius, of the particle by the

Stokes-Einstein thermodynamic relation

80



kg lT
T e

Equation 3-4

where k is the Boltzmann constant, the absolute temperature, apdrepresents the

viscosity of the liquid.

Since we are generally dealing with a distributddiparticles, each particle size fraction
will result in its own correlation decay constastich that the complete correlation
function will be an ensemble average of a multgflexponential functions. This leaves
us with the well-known multi-inverse problem, whidannot be analytically de-
convoluted (Koppel 1972), and methods, such asidering a two-parameter model

particle size distribution are applied.

3.2.2 Specific surface area

Gas adsorption has been used to determine thefispgaiface area of the minerals
following the BET equation as described in secof.4. For gas adsorption data also
the pore size and volume can be derived by usiegBBH algorithm (Barret et al.

1951).

The samples were outgassed at 250 °C for 30 minuteder nitrogen in a

Micromeritic$ Flow Prep 060.

The experiments were run on a Gemini 2360 from MiueriticS. In the case of a
powder with a specific surface area of 1-&jtharound 4.0 g were weighed and in the
case of a powder with 4079i* around 0.5 g were weighed on a Mettler TofédxB
304-S with an accuracy of £ 0.1mg. A five point m@@ments isotherm was recorded
using nitrogen. As a reference a carbon black eefss material (Part Number 004-

16833-00, Lot D-7) from Micromeritiéswas used with 21.0 + 0.75°gY-. 0.2-0.3 g of
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the material was weighed in and outgassed at 30GofClO minutes before the

measurement.

3.2.3 Scanning electron microscopy (SEM) and image analysis

In a scanning electron microscope, electrons arn¢tezinfrom a cathode filament and
drawn towards an anode. Electron emitting soureesbe either thermionic emitters or
field emitters. An example of a thermionic emitiea tungsten filament cathode (2 800
K) or mono-crytalline lanthanum hexaboride sour(e800 K). The emitted electrons
are held back in a cloud by a negative potentialaitwehnelt control grid. The
accumulated electrons are then accelerated byhavljage field towards the anode.
Field emitters emit the electrons under high vadtéiglds instead of high temperatures.
The electron beam is directly accelerated towalds @node. The electron beam is
focused by successive magnetic lenses into a vagy gpot (from 0.5 — 5nm in
diameter). As electrons strike the surface of aenmlt where they are scattered by
atoms in the sample. The sample density, atomicheunrand electron energy affect the
scattering event. Interactions in this region leathe subsequent emission of electrons
and x-rays, which are then detected. There areowsmricollection methods of the
sample-emitted electrons used to generate imagesndary electron and backscattered

electron capture are two commonly used methods.

Secondary electrons are electrons generated hytlwess of ionization; they are called
secondary electrons as they are generated fromtéraction with the primary electron
beam. Secondary electrons are low energy electamids can be detected using an
Everhart-Thornley scintillator photomultiplier deter positioned to the side of the

sample. An Everhart-Thornly detector, together wattield emitting source (Zeiss-
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Geminf DSM982) was used for the field emission (FE-SEMpges of aragonite in

chapter 4.

Backscattered electrons are primary electronspriginating from the incident beam,
which have been reflected or backscattered from ntla¢erial being analysed. The
contrast in backscatter electron images is depéndenthe atomic number of the
element(s) constituting sample. The higher the ataramber of the element the more
the backscattered electrons will be scattered, taredmore the electrons have been
scattered, the brighter is the image. So, heaVenents appear brighter in backscatter
images than lighter elements. Backscatter electanasletected from a position above
the sample in the form of a doughnut shaped detemtay. The primary use of
backscatter electrons is to generate atomic nummagping, and provide information
about the topography of the sample. The palygarskitages in chapter 4 were made
using also a field emitting source and an enerdgctiee backscattered electron (ESB)

detector. The images were made on a Zéiésa 55.

Image analysis as a technique is limited by thelityuaf the images analysed. To
ensure a fair comparison between different samples,images need to be acquired
using the same technique, under identical conditi@nd preferably with the same
equipment. The images acquired then need to bgsathlsing equivalent parameters
in the image analysis software. To consider theggnanalysis data quantitatively, the
number of images analysed needs to be representatithe entire structure. Image
analysis was performed with the digital imagingtegs of the Voyager software from

Norar? Instruments. The software calculates the asp#otbiased on Equation 2-4.

8 Carl Zeiss NTS GmbH, Carl-Zeiss-Str. 56, 73447 ®Rbehen, Germany.

° Noran Instruments Inc., 2551 West Beltline Highysljddleton, WI, United States.
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3.2.4 Mineral analysis

3.2.4.1 X-ray fluorescence

If a material is exposed to high energy radiatsagh as X-rays, ionisation of the atoms
may take place. lonisation will occur only if theeegy of the irradiating beam is higher
than the ionisation potential of the electron ie #tom. X-rays can have sufficient
energy to ionise the inner electron orbitals of #tems. Electrons from outer orbitals
fall back into vacancy generated and release aophdthe energy difference between
the orbitals defines the energy of the emitted ph®t The content of each element in
the material is directly related to the relativéemmsity of each characteristic radiation.
The method thus allows the elemental analysis loélamments above atomic number 5

(boron).

X-ray fluorescence (XRF) analysis in this study waade on a Thermid ARL 9400

Sequential XRF spectrometer.

3.2.4.2 Loss on ignition LOI

In addition to the elemtal analysis by X-ray fluecence the loss on ignition (LOI) is
also measured by a Thermogravimetric analysis (T@&A3s on ignition quantifies the
amount of material that is combusted when a sanwgpléeated up to a certain
temperature. In the case of calcium carbonate gltqsilicates this is mainly related to
calcination of the mineral, i.e. release of Cadd formation of CaO or release of(H
respectively. The measurements were done on aevigiledd® SDTA 85le. The
sample (50 — 100 mg + 0.01 mg) is heated from 26°C000 °C with a heating rate of
25 °Cmin® and further kept at 1 000 °C for another 10 mistteorder to guarantee

complete conversion. The weight loss is then exgasn % or mg of the total sample

1 Thermo Fisher Scientific Inc., 81 Wyman Street,lth&m, MA, United States.
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weight. If, for example, calcination has to be a\al the temperature has to be kept
below a certain temperature (570 °C for calciunboaate) in order to quantify only

adsorbed moisture or organic material (see alsiioseg.4.7).

3.2.4.3 X-ray diffraction

Electrons are emitted, typically from a heated #tieg filament similar to the
thermionic emitter described in section 3.2.3, acdelerated in a high voltage field
(40-80 kV) so as to impact on a chosen anode naatdiie anode is water cooled, and
often consists of Mo, Cu, Fe or Cr. The high eneslgctrons lose their kinetic energy
while entering the surface of the anode and renmamather electron from one of the
orbitals. Similar to the X-ray fluorescence (sewt®2.4.1), the electron is replaced by
an electron from another orbital and a photon &itiefined energy level is radiated. If,
for example, an electron is removed from the K4atbdof a copper atom and replaced
by an electron from the L-orbital the,Kine is radiated. Filters can be installed to
eliminate other radiation lines, such as a Ni filte eliminate the kline which
originates from an electron replacement in the Kitat by an electron from the M-

orbital.

The geometrical conditions for diffraction of X-gapy a crystal are given by Bragg's
law (Equation 3-5). Bragg coherent diffraction asss that X-rays are reflected by the
atoms populating a set of parallel lattice planeshsthat each plane acts as a semi-
transparent mirror. Bragg's law describes the domdifor constructive interference of

the reflected X-rays.
niA=2d, [sin@)

Equation 3-5

Two beams of parallel X-rays are reflected fromaadpt lattice planes, which are

separated by the distandg at a certain anglé. The lower beam has to travel an extra
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distance as compared to the upper beam. Conskusiterference of the reflected
beams only occurs if the extra path length of theoad beam corresponds to a whole
number of wavelengths. In real crystals, which contain thousands of efarBragg’s
law imposes a stringent condition on the angledifffaction. If the angle is other than
that which creates constructive interference, byarntban a few tenths of a degree,

cancellation of the refracted beam by destructiverference is usually complete.

The mineral powders of the present study were aedlypy X-ray diffraction (XRD)
from 5-100° 2 Bragg diffraction using a Bruker AXS D8 advanceRIX system with
CuK, radiation, automated divergence slits and a lipesition-sensitive detector. The
tube current and voltage were 50 mA and 35 kV,aeyely: the step size was 0.02°

260 and the counting residence time 0.5 step

3.2.5 Pore size

A porous system in contact with non-wetting liggwmbntact angle is greater than 90°)
resists penetration of the liquid into the porestled solid according to the Young-
Laplace equation (Equation 3-6) (Swanson 2003).

4Ly, [cod6)
P

D=-

Equation 3-6

whereyy is the surface tension of the liquid-vapour irded,d is the contact angle
between liquid and solid, ard is the diameter of the equivalent cylindrical diapy
that fills with liquid at applied pressurE, Mercury is most frequently used because of
its high contact angle and high surface tension.rchty intrusion porosimetry,

however, renders the sample non-reusable.

As pressure increases, the mercury fills all acbEsgores having a diameter greater

than those calculated by Equation 3-6. The cunudatiolume thus intruded can be
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measured at each interval of increasing pressur@re&sure-volume curve can be
derived, which can be transformed into a cumulatimeme as a function of equivalent
capillary pore diameter. Differentiation of this noulative curve with respect to
diameter yields a volume frequency - pore diamdistribution curve. The sample is
therefore represented by a bundle of parallel zapbk, distributed in diameter size
according to the volume distribution curve. Inebita a drawback of this method is that
larger pores may be shielded by smaller entry poresuch a way that the volume
associated with such shielded pore is attributeithéofiner entry pore size. To achieve
greater realism in describing complex pore netwstrkictures, fitted models may be

applied, such as that of the 3D array model Por@oeXpert™.

The mercury intrusion measurements are correcteithefiu for the compression of
mercury, expansion of the glass sample chambercamgressibility of the solid phase

of the sample (Gane et al. 1996).

The porosimetric analysis of the samples has beedenusing a Micromeritiés

Autopore IV mercury porosimeter.

3.2.6 Zeta potential and electrophoretic mobility

When solids contact liquids they often acquire battecal charge that becomes quite
significant if the solid is dispersed in small padas. The surface charge develops
through ionisation of surface groups or adsorptibnharged species. On the surface of
an anionic surface potential a layer of counter@ba particles adsorb and form the
Stern layer in distancé (Figure 3-4). The Stern surface is drawn throughions that

are assumed to be adsorbed on the charged wadl stifiace is also known as tineer

* poreCor and PoreXpert are software packages dealoy the Fluid Modelling Group, University of

Plymouth, PL4 8AA, UK.
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Helmholtz plangIHP). The surface running parallel to the IHRptigh the surface of

shear shown in Figure 3-4, is called the outer Heltz plan (OHP). It should be

noticed that the diffuse part of the ionic cloud/twed the OHP is the diffuse double
layer. It is the mutual repulsion of these doulagelrs, commonly known as DLVO
(Derjaguin, Landau 1941; Verwey, Overbeek 1948ulspn, that provides colloidal

dispersion via electrostatic stabilisation. Theutsjpn is mainly caused by the somotic
pressure other than the often quoted electrostafpision. The thickness of the
electrical double layer is a sensitive functiontleé ionic strength of the dispersion
medium. The thickness is normally characterisedt®y Debye lengthc?, given in

Equation 3-7 (Napper 1983),

K—\/ q [(NA E |
£o L&, [kB [

Equation 3-7
with q as the elementary charge (1.602'1C), Na the Avogadro constanty is the
permittivity of free space (8.85 16 C2J'm), ¢ is the dielectric constant of the

medium (water at 298 K; 78.64% is the valency of the ion, and is the molar

concentration of the ion in molfn(Hiemenz, Rajagopalan 1997).

A common measurement technique to obtain zeta palkeis the electrophoretic

mobility measurement. An electric field is appliethd the particles within the

dispersion migrate toward the electrode of oppadigrge. The velocity is measured by
laser Doppler anemometry in which the frequencyt sfiia laser beam caused by the
moving particles is measured. The velocity is #suttant of the balance of the force of
electrical attraction and the flow resistance (88)krelated the effective size of the
particle, including the attached double layer. Thebility can be converted into zeta

potential values by either the Helmholtz-Smoluchkiwg903) or the Huckel (1924)
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theories. In the current study, electrophoretic itgbmeasurements were run on a

Malvern’ Zetasizer Nano ZS.

Particle surface
Stern plane
Surface of shear
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Figure 3-4: Schematic representation of zeta poteial (Hiemenz, Rajagopalan 1997).

The Helmholtz-Smoluchowski theory holds for paggwith a much larger radiuRd)
than double layer thicknessRs > 100) and the Huckel theory holds for systemdwit

kRs < 0.1. The dependency of the electrophoretic nitgl(il]) on the zeta potential)(

89



can be expressed in one general formula via thetantC in Equation 3-8, wherg is

the viscosity of the liquid.

Equation 3-8

If kRs> 100 therC = 1, and ifkRs < 0.1 therC = 2/3.

It becomes apparent that there is a window{ that is not defined by these two
inequalities. A more general theory was formulated Henry (1931). The Henry
equation requires the knowledge of all ions in 8ofuand the exact size of the patrticles
in question. In many cases for the studied pitatigldes and the ionic environment in
this study, the values lie within the range 0.2Rs < 100. It was therefore decided to
report only electrophoretic mobilities which aredépendent from any theoretical

conversion, and are thus the direct results asfreadthe apparatus.

As an implication, the thickness of the double tagiaminishes with increasing ionic
strength significantly. At ionic strengths greatiean 0.1 M the thickness of the double
layer is less than 1 nm. Electrostatic repulsiothen usually of insufficient range to
outweigh the van der Waals attraction. This exglamhy most electrostatically
stabilised dispersion coagulate when the ionicngtie is increased (Napper 1983). At
large distances of separation, the total interacgoergy is obtained from the super-
position of the van der Waals attraction and thextebstatic double layer repulsion

(Figure 3-5).
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Figure 3-5: Schematic representation of the total gtential energy (Je) against the distance of separation for a
pair of electrostatically stabilised particles accaling to the DLVO theory (Napper 1983).

One maximum and two minima in the potential enengywe (Figure 3-5) are frequently
identified. The height of the primary maximum, iuffsciently large, will ensure that the
rate of coagulation is so slow that the systemlaisplong-term stability. In that respect
the system is kinetically stabilised but exhibithharmodynamic metastability (Napper

1983).

3.2.7 Polyelectrolyte titration and streaming current detector

The charge of a colloidal particle or a polymer nmay only be quantified in terms of
zeta potential or electrophoretic mobility but als@ charge titration using an
oppositely charged polymer, i.e. polyelectrolyteration (PET). Electrostatic
interactions are important for the adsorption diyplectrolytes onto oppositely charged
surfaces and can be strongly affected by electatgincentration and pH. The direct

polyelectrolyte titration of a cationic polyelediyte with an anionic polyelectrolyte
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using a cationic indicator, orthotoluidine blue @7 was first developed by Terayama
(1952). The PET is independent of molecular massr{L978) and the polyelectrolyte
complex is stoichiometric with respect to chargethe charge densities of the
polyelectrolytes are sufficiently high (Horn 1979he 1:1 stoichiometry, however, is
only given for low ionic strength (Horvath 2003)hd polyelectrolyte titration is not
reporting the total charge of a system but ratheesponse to the added cationic
polymer. If the 1:1 stoichiometry applies then BieT is a measure for the total charge
that is accessible for the cationic polymer. Foaragle anionic charge sites within
fibres or other particles may not be included thal. Due to the size of the cationic
polymer the reaction is clearly diffusion contralland depending on the time scale
during the titration different values can be ob¢ginA better way to determine the total
charge of a system could be potentiometric titraiio which pH is varied. However,
wood resinous systems are highly sensitive to p#l @kaline medium may lead to
saponification or dissolution of certain compound$erefore, PET is a tool for
papermakers to quantify the anionic charge in gesysnd indicate the consumption of

cationic additives in the wet-end of a paper maglnorder to induce flocculation.

PET is typically run indirectly. An anionic sampie overdosed with a cationic
polyelectrolyte, e.g. poly-DADMAC (poly diallyldimieylammonium chloride) or poly-
PDDPC (poly N,N-dimethyl-3,5-dimethylene-piperidim chloride). After a given
time to allow sufficient reaction time, the samjuefiltered. The obtained filtrate is
then, often under pH buffering, titrated with anicsic polyelectrolyte, e.g. KPVS
(potassium polyvinylsulphate), to determine theesscof cationic polyelectrolyte and
thus the anionic charge of the sample. The endt mdithe titration can be indicated

with the indicator orthotoluidine or today more aoonly with photocells (Phototrode
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dp 660 from Mettler Toledd) that measure the cloud point, which indicates the

complete neutralisation, and thus, the end poithefitration.

Approximately 5 g of the aqueous sample (x 0.1 arg)weighed. The sample is diluted
with 40 cn? deionised water and 10.00 twf the PDDPC solution (0.01 M) is dosed.
After 20 minute agitation at room temperature tamgle is filtered through a 0n
Milipore filter and washed with some deionised wate cnt of Phosphate buffer pH
7.00 (Riedel-de-Haen) is added. The remaining PDDP@oly-DADMAC is titrated

with the KPVS solution (0.01 M).

The streaming current detector is another way fulowing the poly electrolyte
titration. It is based on the opposite effect @célophoresis. It occurs when a particle is
mechanically moved through the fluid, or the flisdnoved past the particle. The shear
results in a separation of charges causing a patdntexist. For example, negatively
charged particles are forced through a filter. Plaeticles retain on the filter and the
positively charged ions are washed through therfilin that way an electrical potential
develops. A typical detector consists of a cylinded a piston that oscillates within the
cylinder. A small gap exists between the piston tredcylinder. The colloidal particles
are assumed to adsorb on the cylinder and pistdin T oscillation is then causing
the separation between the adsorbed particles lagid ¢ounterions. An oppositely
charged polymer can be titrated and the potentighinvthe detector cell can be
monitored until 0. This is then the point of contpl@eutralisation and the charge can
be calculated. Streaming current detection is oy accurate and is a very rough tool

for papermakers to estimate the anionic chargefiloraus system. Factors like cylinder

12 Mettler-Toledoe GmbH, Im Langacher 44, 8606 Grisée, Switzerland.
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and piston surfaces, and the affinity of the substa for these surfaces are not known
and highly influence the outcome. The time scalahis method is very short and
diffusion into porous media might not take plagethe case of TMP filtrate samples
huge differences can be expected between PET aidrs€asurements. SCD results
are expected to be lower because mainly measurenghtarge of the pitch droplets. The
reason for that is the affinity of the hydropholpitch particles and their affinity to
deposit on the equipment walls in comparison tovtater soluble charge carriers, such

as pectin and other charged polysaccharides.

Approximetaly 5 g (z 0.1 mg) of the aqueous sanapéefilled into the titration chamber
of the PCD-02 from MuteR. The sample is titrated with 0.01 M PDDPC solutioril

the streaming potential is 0.

3.2.8 Wetting properties of minerals

The wetting behaviour of mineral powders is difficto determine since not only the
surface tensions control the wetting but, additignayeometrical effects and surface
rugosity. Therefore, a rather simple and semi-gtaive test was used in this study to
evaluate the wetting potential of surface treatadenals and talc against water. As
explained in the section 2.4.1.3, talc has a sarfansion of 35-60 mJ frand fatty acid

treatment of calcite can reduce the surface terdigmound calcium carbonate (gcc).

Mixtures of water and ethanol were prepared in n@uatios of 100:0, 90:10, 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90 @riD0. 50 cm of each of these

mixtures were placed in a 100 timeaker. About 0.5 — 1.0 g of the powder in questio
was carefully put on top of the liquid. The wettinghaviour was quantified by the time

needed for the powder to be wetted according tdalh@ving judgement:

13 BTG Instruments GmbH, Arzbergerstrasse 10, D-8324rtsching, Germany
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the powder is not wetted within 5 minutes

Figure 3-6 shows the surface tension of variousemwatthanol mixtures. The ethanol

content is given here in mass and not in volumaeasribed for the wetting test above.
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Figure 3-6: Surface tension of aqueous ethanol mixtes (Lide 2002).

3.3 Preparation of the dissolved and colloidal substances and

the adsorption experiments

In order to study the potential at laboratory sdalethe potential use of minerals to

control unwanted deposits in paper mills, a defisgstem of colloidal and dissolved

substances is required. A part of the applied ntethases itself on the method

published by Guera et al. (2005). A sample of ableached thermo mechanical pulp
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was collected in a paper mill in Switzerland. Th# mses 100 % fresh water in their
TMP plant. The TMP consists of 70 % spruBgéa abiey the rest being composed of
fir (Abies alba and a small part of piné’(nus sylvestris The TMP is collected at 90

°C from the accept of the classifier after the Tk&fner and has a consistency of 3-4
wt%. The TMP is cooled to room temperature andctliyaused. Any storage may alter

the properties due to microbiological activities.

The TMP is vacuum (~50 mbar) filtered in a firggsthrough a filter with rather coarse
pores (Whatman lack ribbon) to remove the main pathe fibres. In a second step a
finer filter (pore size < 2am - Whatman blue ribbon) is applied (vacuum filtratieB0
mbar) in order to remove all fines and fibrils whimight distort later analyses and to
collect the dissolved and colloidal fractions oé thiMP. The colloidal nature of the
filtrate is checked with a light microscope for #esence of fibres and fibrils. Filtration
of the TMP is discussed somewhat controversiallyhia literature (Orsa, Holmbom
1994). The built-up fibre matt during filtration ssipposed to retain selectively certain
parts of the colloidal and dissolved substancestr@@egation is quoted as being more
suitable and more reproducible. However, since shisly does not focus on the exact
composition of the DCS in the TMP but rather oncagon properties of minerals, this
selective screening is accepted, bearing also mdrthat every study used fresh TMP
samples which, in any case, denies the direct cosgma between the trials.
Furthermore, the isolated DCS fraction is definedespect to its state by the various
techniques. One characterisation technique is terakne the electrophoretic mobility
of the particles in the TMP filtrate, more preciséhe change of it with varying pH.
Another method measures the particle size of thieidal fraction in the TMP filtrate

with dynamic laser light scattering. Others arenhghted in the following sections.
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After isolation of the DCS from the TMP, the pH usually adjusted to 7.0-7.5 to
represent the neutral to alkaline conditions in aracdbaper mills. The TMP filtrate can
now be distributed into glass bottles and the nalhean be added as an aqueous
dispersion. An already prepared aqueous dispersihjch has undergone
deagglomeration and dispersing (section 3.1) byjouarmeans, is preferred in order to
guarantee exposure of the maximum surface of tmenmals. It is important to control
the amount of added water. The amount of water serges of experiments should be
constant. The bottles are air-tight when closedavoid further uptake of CQ and
sufficiently agitated for at least 2 hours. Everouph the adsorption process is
described as instantaneous (Chang 1985) suffitieret is given to reach equilibrium.
After this the dispersions are filled into centg&tubes and centrifuged. Applying
2 600 ¢| allows the separation of the mineral fraction unithg also adsorbed organic
material without separating the non-adsorbed diesbbnd colloidal substances. Both
requirements have to be checked carefully in blams in every experiment, namely:
does the mineral settle and is the colloidal makenithe TMP filtrate not settling under
the applied conditions? This, however, does noluebecpossible interactions of the two

which may result in destabilisation of the pitchstabilisation of the mineral.

3.4 Quantification of dissolved and colloidal substances

After the mineral has been separated from the TMRtE, the two phases can be
analysed. Most of the analysis techniques are @ntlimeasurements of the dissolved

and colloidal substances.

As explained in section 2.2.4 colloidal speciesdefned as particles <j@n that cause
turbidity and are hence determined by the analylstarbidity. As dissolved substances

everything is included that does not cause tunpiditd can be filtered by a Ojin
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membrane filter. Dissolved substances mainly inelurgbrganic ions, polysaccharides,

lignin and lignosulphonate, as well as some dissbfatty and resin acids.

3.4.1 Turbidity

The turbidity of the sticky suspensions, mineraspansions, and sticky and mineral
suspensions, were measured either on a Hach DRI88ffimeter (Hach Company,
USA) or a Novasina 155 Model NTM-S. Turbidity isteeasure of light scattering by
particles in suspension, assessed by the dropgim transmission through a given
sample length. The Novasina 155 Model NTM-S inseattransmits light in the near
infrared spectrum through an optical fibre probesrehthe emerging beam is scattered
by small particles in suspension. Light scatteradkbat 180° to the incident beam is
collected by parallel optical fibres in the probedaocused onto a photo-diode. The
resulting signal is amplified and displayed dirgdtt Nephelometric Turbidity Units
(NTU), defined as the intensity of light at a sfieci wavelength scattered, attenuated
or absorbed by suspended particles at a methodfisgdeangle from the path of the
incident light, compared to a synthetic chemicahgpared standard. Since optical
properties depend on suspended particle size, destynthetic material Formazin,
having uniform particle size, is used as the stahétar calibration and reproducibility.
Nephelometric Turbidity Units (NTU), as specified the United States Environmental
Protection Agency, adopts a white light source commdb with defined geometrical
properties of the measurement apparatus. Intederéiom ambient light is eliminated
by using a modulated transmitting signal, removihg need for light-tight sample

handling systems.

The particle size distribution and concentratiothef scattering particles are key factors

in altering the turbidity of the suspension (Lawl&B95). The turbidity,z, is
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proportionally related to the volume occupied bgreadividual scattering particl&/,

and the numerical particle concentraten
2
rOV, e

Equation 3-9

If the particles do not aggregate then the turpidét directly proportional to the

numerical particle concentrati@n

Turbidity offers an opportunity to quantify the abamount of colloidal particles in a

system and thus the colloidal fraction in a TMRdite.

3.4.2 Chemical oxygen demand (COD)

The COD is a property commonly used as an indiregdsure of the amount of organic
compounds in water. The COD indicates the amounbxygen required to oxidise
organic compounds completely into carbon dioxideisla useful measure of water
quality. The organic compounds are fully oxidisatbicarbon dioxide using potassium
dichromate. On oxidising the organic compounds, dhemium ion is reduced from
[Cr,07]* to Cr*. The CP* concentration is then determined spectrophotonalyi

The concentration of €tindicates the COD of the sample.

The COD is therefore a measure for the total organaterial in a TMP filtrate

including dissolved and colloidal substances.

3.4.3 Gravimetric analysis

Gravimetric analysis is a basic analytical techeighat has a wide applicability to
various chemical systems, and is one of the mostigg and accurate methods of
macro-quantitative analysis. Gravimetric analysiglves converting the analyte to an

insoluble form, and the separated precipitatees ttiried and accurately weighed. From
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the weight of the precipitate, and knowledge of dthemical composition, one can

calculate the weight of analyte in the desired form

Gravimetry, finally, quantifies the total amountrofterial in a TMP filtrate, including

organic and inorganic dissolved and colloidal sahses.

3.4.4 Analysis of extractives

Another tool to quantify the colloidal part of papmill water is to extract the samples
with an organic solvent with low dielectric condtaviarious solvents can be used such
as petroleum ether, methyl tertiary butylether (ME)Bchloroform, acetone and others
(Back, Allen 2000). The choice is made accordinghi® nature of the sample. Wood
chips and also fibrous samples need a solventishable to penetrate into the wood
whilst aqueous dissolved samples do not have dggirement. In this study petroleum
ether was used following the method of Saltsman Kmiken (1959). Prior to
extraction, the water sample was acidified (pHr3piider to protonate all acid groups.
This was to guarantee a complete extraction ofwalbd resin components. Simply
drying the extracts would yield a gravimetric ambohwood resin. The extract can,
however, be further analysed for its compositidhesifor individual components or for
component groups. The groups cover fatty acids (Fgsin acids (RA), lignans, sterols,
steryl esters and triglycerides. The wood resirugsocan be separated and determined
by several chromatographic techniques, including garomatography (GC) or high
performance liquid chromatography (HPLC). In therent study the analysis was done
by GC using a flame ionisation detector (FID). Ptapanalysis a part of the compounds
(acids) have to derivatised into a form that allewvaporation. This is typically done by
the formation of trimethylsilyl esters of the fatipd resin acids. Internal standards are

added in order to identify and quantify the differgroups (Orsa, Holmbom 1994).
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In a typical procedure 50 énof the aqueous sample (TMP filtrate) are transféinto a
250 cni separation funnel. The flask which contained tlagewsample is rinsed with a
small aliquote of deionised water heated to 60W@h a micro pipette 100 mirof the
internal standard solution (containing 0.02 mgcmf heneicosanoic acid (21:0),
betulinol, cholesteryl heptadecanoate and 1,3-dipall-2-oleoyl-glycerol, all
available from Sigma Aldrich in analytical grades)pipetted to the aqueous sample.
The pH of the aqueos sample in the separation fusiaeljusted to 2 with 1M sulphuric
acid. 50 cm of acetone, 15 cfrmethanol and 50 chpetroleum ether are added to the
separation funnel. The securely sealed separationef is shaken for 10 minutes (let
out the gas evolved) and the phases are left aratgp Drain the water phase. Wash the
petroleum ether phase with 15 tof a solution containing acetone / methanol / wate
in a ratio 2:1:1. After phase separation the wataase is drained again and combined
with the previously removed water phase. The ctdlovater phases are extracted
twice with 25 cni for another 10 minutes of shaking. The petroledherephases are
combined and dried over sodium sulphate (approxg)1@fter removal of the sodium
sulphate the organic phase is evaporated to a whfr2 cni. Transfer the sample into
a GC vial and evaporate the remining solvent uaddtrogen stream at 60 °C. Add 100
mm® N,O-Bis(trimethylsilyl)-trifluoro-acetamind and 5énm® Trimethylchlorosilane
(both available from Sigma Aldrich in analyticalage). Shake the test vial gently and
heat to 70 °C for 30 minutes. A small amount ofitige can be added to guarantee
complete silylation. The sample is now ready tcahalysed by GC-FID. 0.5 nihof
the solution is injected to the gas chromatogrdpte GC method is shown in Table

3-1.
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The analyses were performed at Innvéfitigor that purpose the samples were frozen
and shipped by courier. According to Innventia timethod had the following
reproducibility determined in six different labovaes on the same TMP effluent

sample (Table 3-2).

Table 3-1: GC-FID method settings for the analysisfovood extractive groups.

Column 100 % dimethyl polysiloxane, length 6-8 mmner
diameter 0.53 mm, 0.1%m phase thickness

Temperature program 100 °C for 1.5 min, 12 °Chiia 340 °C, 340 °C for 5
minutes

Injector On-column injection

Injector temperature 80 °C for 0.5 min

Detector type FID at 340 °C

Table 3-2: Reproducibility of the TMP effluent extradion and quantification by GC-FID. n refers to the
amount of data points used for the calculation ofte mean and the standard deviation

Group (Internal standard) Mean=6) / mgdn?® Standard deviation
(n=6) / mgdm®
Fatty acids (heneicosanoic acid) 4.2 1.8
Resin acids (heneicosanoic acid) 9.3 1.9
Lignans (betulinol) 164.7 35.8
Sterols (betulinol) 6.5 3.1
Sterylesters (cholesteryl heptadecanoate) 18.9 4.5
Triglycerides (1,3-dipalmitoyl-2-oleoyl- 20.5 8.7
glycerol)
Sum 224.0 36.6

* Innventia AB, Drottning Kristinas vag 61, 1148®&tholm, Sweden.
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3.4.5 Analysis of carbohydrates and lignin

Carbohydrates and lignin, as defined here, are path of the soluble fraction of the
TMP filtrate. The analysis quantifies the five mipal, neutral monosaccharides:
arabinose, galactose, glucose, mannose and xyldserefore, in a first step the
polysaccharides have to be hydrolysed. This is nigdihe use of sulphuric acid in an
autoclave (120 °C). This hydrolisation conditiomwever, acts to decompose uronic
acids, and does not include charged carbohydrimtesbleached TMP samples mainly
uronic acids of xylan and galactose are presentadsal in these polysaccharides not
every monomer unit carries a carboxyl group (Surgllee al. 2000). After hydrolysis
with sulphuric acid the sample is run over a higerfgrmance anion exchange
chromatograph with a pulsed amperometric detectPAEC-PAD) subsequently

referred to as ion chromatography (IC).

After having removed the acid insoluble fraction fi§ration, which includes, for
example, the lipophilic extractives, the lignin temt is measured in a UV-

spectrophotometer at 205 nm. The extinction coiefficis 110 drig*cm™.

400 cni of the aqueous sample are dried in a glas beakan oven at 100 °C. To the
dried sample 3 ciof sulphuric acid (73 wt%) are added and stirre8@°C for one
hour and further 84 ciof deionised water is added. The beaker is covevitd
aluminium foil and place in an autoclave at 120 f&€ another hour. After that the
hydrolysed sample is allowed to cool to room terapee. An aliquote of the sample is
used for UV-spectroscopy to quantify the acid sladignin (see above). Another 50.00
cm’ is filtered through a 0.gm nylon membrane filter. The residue is washed wih

sulphuric acid, dried and weighed to obtain thel acsoluble residue.

The rest of the acidic sample containing the hyded monosaccharides is filled into a

250 cnt voluminetric flask and filled to the mark with deised water. The sample can
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be injected to the ion chromatograph. Arabinosdagjese, glucose, mannose and
xylose were supplied by Sigma Aldrich in analyticgrade and served as

monosaccharide standards.

The analyses were performed externally at Innventia

The reproducibility of the monosacchride content dnbleached softwood pulp
determined in five different laboratories is showrTable 3-3 (Innventia). It has to be
noted that this analysis was made for a pulp santiples containing fibres, and hence,
also a high glucose content originating from cek&. The mean values and standard
deviations are given in mg monosaccharide per godhy. Nevertheless, the data shown

in Table 3-3 gives some idea about the accuratiyeomethod.

Table 3-3: Reproducibility of the method to determire the monosaccharide composition of the same bleach
softwood pulp sample determined in five differentdboratories.

Group Meantf=5) / mgg®  Standard deviation
(n=5) / mgg’

Arabinose 7.8 0.9
Galactose 93.0 15.8
Glucose 825.8 57.8
Xylose 86.6 7.8
Mannose 66.3 4.6

Sum 989.4 69.3

3.4.6 Analysis of inorganic ions

lon chromatography is an ideal tool to determinéom@s and cations over a wide

concentration range. The measurements were dora aon chromatograph type 882
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Compact IC from MetrohM. The unit consists of two Compact devices (oneafions

and one for cations), an autosampler and a dialysts

Figure 3-7: lon chromatograph 882 Compact IC plus ith autosampler (left), dialysis unit (middle) andthe
two 882 Compact IC plus units for anions (second &m right) and cations (right).

Table 3-4: Method parameter for anion and cation anbysis on the ion chromatograph.

Anions

Cations

Column

Pre-column

Eluent

Flow / cnmin™
Temperature / °C
Dialysis time / min
Analysis time / min
Pressure / MPa

Sample cvolume / min

Suppression solution

Metrosep A SUPP 5
150/0.4

Metrosep A Supp 4/5
Guard

3.2mM NaC0l; /1 mM
NaHCG; in deion. water
(18.3 MQ?)

0.7
23+2
13
23
6.9
20

50 mM H,SOy in deion.
water (18.3 M)

Metrosep C 4-150/4.0

Metrosep C 4 Guard/4.0

1.7 mM HNG; / 0.7 mM
Dipidcolinic acid in deion.
water (18.3 M2)
0.9
232
13
23
6.8
10

none

5 Metrohm Schweiz AG, Bleiche West, 4800 Zofingewjtgerland
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In order to removed undesired matrix components ddumples are dialysed in the
dialysis unit. The dialysis filter has a pore siaé 0.2 um and is made out of

celluloseacetate and nylon.

Chemical suppression was used in the analysisechtiions. Suppression improves the
sensitivity by reducing the background conductivifetection is achieved with a

conductivity detector. The detection range is @5®00uScm’.

Figure 3-8 shows example calibration curves foodé (left) and calcium (right) ions.
The regression coefficief® is in both cases > 0.999. The steepness of tlieratibn
curve is in both cases significapt\falue <0.01, whereas the intercept is not sigaific

(p-value > 0.05).
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Figure 3-8: Calibration curves for a) chloride ionsand b) calcium ions. Only the steepness is sigmifint
according to thet-test resulting in ap-value of 0.00 in both cases. The intercept is netgnificantly different
from 0 having ap-value of 0.13 in the chloride calibration curve ad 0.47 in the calcium calibration curve.

Table 3-5 includes the product number of the varimns supplied by Sigma Aldrich.
Calibration solutions are obtained from Sigma AddriThey have an ion concentration
of 1 000 + 4 mgdii (except NH" and C&" with + 5 mgdn?) and are diluted with
deionised water (18.3 §) using 100.00 + 0.10 cmvoluminetric flasks and
voluminetric pipettes (1.00 + 0.01 &n2.50 + 0.01 crf) 5.00 + 0.02 crhand 10.00 *
0.02 cm). Furthermore, also the values for the limit ofedéion (LOD) are shown. The
values are taken from the user manual of the IC @8&pact IC plus measured by
applying the same method settings as shown in Tax#dle
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Table 3-5: Limit of detection according to the user ranuel of Metrohm and Sigma Aldrich order number of
the various ions.

lon Sigma Aldrich  Concentration / mM Limit of detem’ /
mM
Fluorid F ICS010 52.6 +0.2 0.013
Chlorid CI ICS005 28.2+0.1 0.010
Nitrit NO2 ICS016 21.7+0.1 0.008
Bromid Br ICS003 125+0.1 0.004
Nitrate NG ICS014 16.1+0.1 0.021
Phosphate P£ ICS020 10.5+0.0 0.010
Sulphate S¢F ICS022 104 +0.0 0.003
Lithium Li* ICS029 1441+ 0.6 0.022
Sodium Na ICS032 435+0.2 0.032
Ammonium NH;" ICS027 55.4+0.3 0.028
Potassium K ICS031 25.6+0.1 0.080
Magnesium M§" ICS030 41.1+0.2 0.050
Calcium C&" ICS028 25.0+0.1 0.021

I According to the user manual of Metrohm — IC Apation Work AW CH6-1001-072009 “Detection
limits of the 882 Compact IC plus”

3.4.7 Thermo gravimetric analysis

The methods so far quoted to follow the adsorppmtess have focused on the liquid
phase after centrifugation. A complementary viewtbe adsorption process can be
achieved by analysing the sediment phase, for ebeamjith thermo gravimetric
analysis (TGA). A defined amount of a material isighed and heated. The loss of
weight is recorded over the temperature profileisTinethod permits one to follow
evaporation and decomposition processes and tandeg the amount of volatile
and/or decomposing material in the sample. Inttiesis, the mineral / pitch composites
were heated from 20 °C to 1 000 °C and the weigéd between 200 °C and 1 000 °C
was recorded. As a reference also the mineral al@semeasured, and the weight loss
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from the mineral subtracted from the weight loss ahineral / pitch composite related
to the pitch alone. In addition, the applied scagndifferential thermal analysis
(SDTA) provides, in combination with the TGA, anadation of the volatility, thermal

degradation and melting point, as well as physmadl chemical transitions. The

measurements were done on a Mettler Tole8®TA 851e.

The example TGA (black) and SDTA (violet) curvesg(ffe 3-9), for a talc that has
been used for pitch adsorption in a TMP filtrategw three important features. First is
the endothermic process below 100 °C. While a plathat process is related to water
evaporation, a certain portion can also be relttetthe glass transition /melting of the
wood resin in the composite. The second featutleaexothermal process between 300
°C and 400 °C, which is related to the decompasittd wood resinous material.
Finally, the third feature is related to dehydratioor, more specifically,

dehydroxylation, of the mineral around 900 °C, ¢&cination.
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Figure 3-9: Example of a TGA (black)/SDTA (violet) cuves for a talc/pitch composite.

3.4.8 Equilibrium

The term equilibrium is defined through the sitaatiat which the reaction speed of
adsorption and desorption is equal and hence thbsGree energy of the adsorption
reaction,AG, is equal = 0 kjmét. In order to verify if the adsorption isothermsrevén
equilibrium the turbidity change of a TMP filtrabgth a starting turbidity of 425 NTU
was measured over time (Figure 3-10). The filtvaés treated with 10 and 20 gdrof
HSA-talc (see section 6.1.2.1). It can be seen ttiatadsorption takes place within a
few minutes and that the employed 120 min for amogation experiment can be
considered as equilibrium condition. It must, hoembe recognised that kinetic studies
with this method always suffers from a time deldyl® min due to the necessary
separation step. Therefore, kinetical interpretetichould not be followed. Other

authors (Chang 1985) described the adsorption psacebe instantenous.
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Figure 3-10: Adsorption kinetic of colloidal pitch onto HSA-talc. The starting turbidity was 425 NTU. Tat
dosage was 10 (grey diamonds) and 20 (dark squareg)m>.

3.4.9 Statistical considerations

Some mention needs to be made about statistitssithtesis. The scope of this section,
is however, only to give the reader some idea ablmeitexperimental procedures by
which the later presented data was obtained amgiveosome fundamental information

about the statistical significance of the data faisd

The presented particle size data, specific surdaeas and densities of the minerals are
typically double determinations. A specific samplas, however, measured until the
difference between two measurements was not bitgam 1 %. From these two

measurements the average is shown in the thesis.

Electrophoretic mobility measurements are singlmtpmeasurements if not indicated

otherwise.
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Typical adsorption measurements are based on thdependent data points and the
shown error bars represent the standard deviatfothe triplicate. The adsorption
isotherms are single point measurements. This makesficult to draw significant
conclusions between the adsorption behaviour of different minerals. Nevertheless,
trends can be observed and discussed. The reasnatfmcluding more replicates was
to keep the work effort on a reasonable level. &@mple, in section 6.1 isotherms at
seven different pH levels were recorded. With ogrlght or nine data points per
isotherm this yields already in 60 measurementduthing triplicates would expand the
experimental matrix hugely. 60 measurements carhdnedeled in one day. It is
absolutely crucial to run a set of experiments inithne day and with the same pulp
sample. TMP samples, especially after removal effithres, alter very fast and start to
coagulate. Because the filtration step in the ptoceis hard difficult to reproduce it is
also no alternative to use different filtrate ba&slof the same TMP sample. Finally,
using different TMP samples would only show theuralt fluctuation of the wood

composition.

3.4.9.1 Linear and non-linear regression

In the following chapters linear and non-linearession were made to fit the data. The
common form of the linear regressionyssmx+b with the parameters as the steepness
andb as the intercept. For these fits the regressi@fficent or goodness of fi&? is
given in the figures and tables or in the corresiioy text. The regression coefficient
contains no information about the statistical digane of the fitted parameters. The
regression coefficient only explains how well thagiation ofx explains the variation of
y, e.g. ifR?=0.75, the variation of explains 75 % of the variation gf The regression
coefficient also serves to decide between diffenendlels to fit the data. For example, if
one wants to decide whether a set of adsorptidhaesm data is preferably fitted with a

Langmuir (Equation 2-17) or a Freundlich (Equat®48) isotherm. In this case both
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isotherms are plotted in their linear form ancefitwvith the adsorption data. The fit with

the better goodness of fit describes the adsorjimtherm best.

In order to answer the question of statistical ificgince of the fitted parameters one
can either use the confidence intervals of eacharpeater or the hypothesis test. The null
hypothesidHy is that the fitted parameter is equal to zero. dlkernative hypothesida

is that the fitted parameter can have every otledunev except 0. Obviously, if the
parametemm is 0 no significant relation betwegnand x is possible. Instead of the
confidence interval thg@-value of the fitted parameter can be used to @ecipgon
statistical significance. Since in this thesis ih aases the confidence interval was
chosen to be 95%, statistical significance is giwath p is equal or smaller than 0.05.
Therefore, thep-value allows deciding about significance of thdefi parameter.
Additionally, thep-value quantfies how significant an alternative dijyesis is (i.e. how

strong the evidence to rejddg is). This may be expressed as follows:

e p-value ~ 0.05 : weakly significant
e p-value ~0.01 : significant

e p-value ~0.001 : strongly significant
« p-value < 10 : highly significant

Besides the linear reression applied in this thess® non-linear regressions were
performed. This was typically done to fit the paetens for the Langmuir isotherm or to
fit log-normal distribution functions through pat# size distribution data. It is here not
intended to explain how non-linear least squargsessions are performed. The fits

were computed with TableCufv@D'®. In the case of the fitted Langmuir parameters,

18 SYSTAT Software Inc., 501 Canal Boulevard, Suit®4804-2028 Richmond, Canada
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KL and I'max the p-value (P>|t]) is given as a measure for the $talssignificance
similar to the linear regression explained abd¥etands for the probabilityp-{alue)
and |t| is referring to thé or students-test which assumes a normal or studen
distribution of the parameter value and its proliigtof appearance. In addition also the
regression coefficient is given, which again does contain any information about

statistical significance.

It is also important to mention here that the désea statistical significance only
describes if the outcome of a parameter fit isiicant. It does, however, not describe,
if this parameter is statistically significant frotihe same parameter of another set of

data.

113



4 Determining the size distribution-defined aspect ratio

of platy and rod-like particles

In this chapter the practical determination of aspatio for mineral particles based on
knowledge of surface area and a carefully defirtigle size distribution is explored.

The following hypotheses are tested:

H1 The traditional (Hohenberger) equation relating &élspect ratio of a particle to its
diameter and surface area contains false assurspaioth can be improved for the

case of high aspect ratio particles such as ptataled rods.

H2 Particle size measurements can be made more eef@abhigh aspect ratio particles

by a carefully reviewed choice of method.

H3 Equations for aspect ratios based surface areaumegasnts are invalid for particles

which (@) agglomerate o are porous.

The work reported here has also been published aas g the thesis activities

(Gantenbein et al. 2011a; Gantenbein et al. 2011Db).

4.1 Introduction

This study focuses on the Hohenberger model (Hodrgelo 2001) for the

determination of aspect ratios of platy- and ré@-lparticles. The advantage of this
model is the fact that it has two independent patars, namely the specific surface
area and the particle size. Methods for the detetiun of both parameters are readily
available and are routinely measured in the amalgéimineral particles. The model

assumes either a disc or rod-like geometry, aresalting aspect ratio from the specific
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surface area by BET combined with a necessarilyl-defined particle size
measurement. Despite the reasonable results usobthined by the Hohenberger
approach, some significantly false assumptiongapect to parameter input have been
frequently presented in the literature. This stadiyout to clarify these issues, improve
the application and definition of the model andter apply it by way of illustration for
platy particles (talc and Laponite (LapofiitRD)), which represent materials having
typical particle size distributions to be foundnvany industrially relevant applications.
The results are compared with other methods theathased on particle size analysis.
Additionally, by contrasting talc particles with panite particles swelling in water, the
sensitivity to the input parameters in respech&rtphysical interpretation is illustrated.
Aragonite and palygorskite are used as models ddrlike particles. Comparison is
made with image analysis results and other methmmd®d on various methods of
particle sizing. Sensitivity with respect to theypital and geometrical interpretation of
the specific surface area as measured by nitrodeorption is illustrated by comparing

non-porous (aragonite) and porous (palygorskitejghes.

4.1.1 Hohenberger model (2001)

According to Hohenberger (2001) the representasect ratio of platy particles like

talc or kaolin can be calculated by

d
12
d50
_ Eper 5o L€ [(Dp -4
2

0

Equation 4-1

and similarly for rod like particles by
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Equation 4-2
in which the measured variables are defined as,
EBET . specific surface area by nitrogen adsorptioBTB
dss particle size at 84 % of the sample having thas this size, originally,
by Hohenberger, arbitrarily defined
dsp particle size at 50 % of the sample having thas this size, originally,

by Hohenberger arbitrarily defined

op : density of the patrticle

Hohenberger (2001) did not define the particle sisasurement method. Following the
manuscript, sieving for coarse particles or sediatéon for fine particles could be the
methods of choice for particle size analysis. ApmyStoke’s law for particle size
measurements results in an equivalent sphericametexr €sd, which is not
corresponding to the disc diametef needed for the rigorous application of
Hohenberger’'s equations, Equation 4-1 andEquatidnFurthermore, it is very unclear
from the literature whether the cumulative partsitee curve should be used in number,
volume or mass (for which the latter two are theeaf a constant density applies for

all particles in the system).

The aspect ratip of a circular disc-like particle, was given in Edjon 2-3. The surface

areas of one such particle (Figure 2-18) is given by
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Equation 4-3
and so, we can express the aspect fafi
1_ s 1
P my® 2
Equation 4-4
The specific surface area (ssddr a single particle is defined as
S
E=—
Equation 4-5

wherem is the mass of the particle having the surface ardf the density of the

particle isd, then

S
E= >
{ﬂmd [ﬂd JJ
4
Equation 4-6
which gives
nmdz [y
= )
4
Equation 4-7

Substituting in Equation 4-4 provides
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Equation 4-8

and

4

p:(fl];l:ﬂd_z

Equation 4-9

By eliminating the particle thicknegsby substituting with the expression farfrom

Equation 2-3, we obtain

= 4
ey 5
P
Equation 4-10
such that
p _ £ [6 [dd - 4
2

Equation 4-11

With the knowledge of the specific surface areaeined by the BET methagier,

the aspect ratio can be written as

— EBET [6[:) [dd _4

o 2

Equation 4-12

In most cases, particle size distributions werecidllesd statistically by using the log-
normal distribution (Randall 1989). In a log-norntastribution the particle with the
most occurrence probability is given by the modeea
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Equation 4-13

whereu ando are the natural log geometric mean and naturalstagdard deviation

respectively, such that the median (midpoint or 5@8ae) is expressed by

dso =€

Equation 4-14

The geometric standard deviatierof a log-normal distribution is determined eittogr
dividing the number median particle diameter (whilhe particle size where 50% of
the particles are finer than this size) by theiplartsize at 15.87 % or by dividing the
particle size at 84.13% by the number median partitameter (Aitchison, Brown

1957).

— dN50 :dN84.13
dN15.87 dN50

Equation 4-15

Thus, dealing with a number distribution, and riee tommonly used mass (volume)
percent, results in
InZ[dNSA_’BJ
dy =dyso & sy

Equation 4-16

Combining Equation 4-12 with Equation 4-16 leadsEtuation 4-17, which is very

similar to the one proposed by Hohenberger (Eqnatid).
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Equation 4-17

Similarly, for rod like particles the aspect rat@n be written as

d
InZ[ N8413\J
dN50
_ €per Myso (@ [(Dp -2
pr= 4

Equation 4-18

In Equation 2-3 and Equation 4-12, the disc diamet®as used to calculate the aspect
ratio and consequently in the whole derivation qti&ion 4-17. It is, thus, necessary to
transform the equivalent spherical diametesd into the platelet diameted. A
proposed answer to this was given by Jennings angldwv (1988) and Jennings (1993)
in Table 2-4. Similarly, in Equation 2-4 the rochdgh was used to calculate the aspect
ratio of the rod and hencesdneeds to be converted into the rod length vidahaulae

in Table 2-4.

The platelet diametat is a function of the equivalent spherical diamdésg and the
aspect ratip as shown in Equation 4-19.
esq\184.13

—Inz(j
_ &get [Hyso(€Styso, 0) (& *he ) B, -4
2

0

Equation 4-19

In the case of rod-like particles the rod lenbik a function of theesdand the aspect

ratio p resulting in Equation 4-20.
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Equation 4-20

These equations may then be solved by iteratioihcortvergence o is achieved.

In the case where the aspect ratio of coarse aedpfarticles in a sample can differ, the
variablesesdigs andesdyso in the exponent would require a modification ispect to

the conversion factor expressing the platelet diamén the case described here, this
information was not knowm priori, and thus, a constant aspect ratio throughout the
whole particle size distribution was assumed. Harrhore, the definition of an aspect
ratio distribution spanning a particle size digitibn is a highly complex topic (Pabst,
Berthold 2007) and would not go hand in hand whke intended fast and simple

solution.

Thus, all the open questions and incomplete assangpmade by Hohenberger could

be answered by following the proposed model in shisly.

4.2 Platy particles

4.2.1 Material and Methods

4.2.1.1 Minerals

Finnish talc (FT) was sourced from Mondo Mineral¥ B originating from the region
of Sotkamo, Finland, available as Finntalc POBal a specific surface area determined

by nitrogen adsorption, of 97gi.

Australian talc (AT) was also sourced from MondonBtials B.V., available as

Westmin PCS. It had a specific surface area of 4®'m
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The high surface area talc grade (HSA) was spgaiadinufactured by comminuting the

coarser Finnish talc grade described above. lehspkcific surface area of 45gjt.
XRD analysis of all talc samples similarly indicat@lc and associated chlorite.

The sample of Laponite, having the formulaMBis 45li0.4H4024Na 7 (Mourchid et al.
1995), was provided by Rockwood additives, avadlabs Laponif®é RD. It had a

specific surface area of 33Cg.

SEM pictures of the various minerals are shown igufe 4-1. The Laponife RD
appears as rather big lumps. That is due to thdlisgigroperty of the synthetic

hectorite such that in the dry state the individulatelets aggregate.

4.2.1.2 Methods

The samples were analysed with a Bruker D8 Advammeeder diffractometer (2.2
kW X-ray tube, a sample holder,fa# goniometer, and a point scintillator, Ni-filtered
Cu K, radiation). The profiles were chart recorded auwttically using a scan speed of
0.7° in & per minute. The mineral content was estimated H®y DIFFRACplus
software packages EVA and SEARCH, based on referpatterns of the ICDD PDF 2

database.

The density of the mineral powders was determindth the AccuPy& 1330

pycnometer from Micromeritics.

The specific surface area was determined with teeni@ 2360 from Micromeritics.
The samples were outgassed at 250 °C for 30 minumsr nitrogen in a Micromeritics

Flow Prep 060.
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Figure 4-1: SEM pictures of the four investigated rmerals Finntalc PO5 (a + b), Westmin PCS (c + d),
Comminuted high surface area talc (e + f) and Lapo&® RD (g + h).
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The samples were measured on the Sedi§r&i20 from Micromeritics. All samples
were dispersed with a 0.1 % solution of sodium dgghate (N&#,0;). Samples of 10

g dry talc were dispersed in 100 twf the diphosphate solution with a high speed
blender (Polytron PT 3100 from Kinematica) for hfn at 15 000 mit followed by

ultrasonication for 10 minutes in a 130 W ultrasdoeth.

A few drops of the dispersions were diluted furtketh 0.1 % solution of sodium
diphosphate. The samples were measured with theekfalMastersizer 2000. The laser

obscuration was set to be between 10 and 20 %.

A few drops of the dispersions were also dilutethwhe 0.1 % solution of sodium

diphosphate and measured on the Malvern Zetasiaeo XS.

4.2.2 Results and Discussion

The specific surface areas of the investigated niadgday between 9 and 330%gt and
the density between 2 570 and 2 750 Kgffiable 4-1). The specific surface area of a
dispersed product may differ from the one measbreditrogen adsorption in the dry
state. For the investigated model it is cruciabpply the specific surface area of the

dispersed particle. This was valid for the taldipbes but not for laponite.

Table 4-1: Specific surface area determined by nitgen adsorption and density of the investigated mimals.

FT AT HSA Laponite
Specific surface area (BET) Fgt 9 19 45 330
Density / kgri 2 750 2 750 2 750 2570
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Figure 4-2: Particle size distribution by photon corelation spectroscopy (PCS), static laser light sttering
(SLLS) and sedimentation for the three talc grades @mber based).

The particle size data obtained by sedimentatioggested the presence of finer
particles (Figure 4-2). Disc-like particles will nsettle like a sphere following the
direct and shortest path but rather will float axsdillate like a falling leaf, moving also
side-ways. The photon correlation spectroscopy ddtawed a step log-normal
distribution (Figure 4-2). The static laser ligleattering with Fraunhofer optics did not
yield a log-normal size distribution and showedrareased amount of coarse material
(Figure 4-2). Static laser light scattering usingeheory only detected the very coarse
fraction of talc particles (Figure 4-2). Thgso anddngs values (Table 4-2) were used to
calculate the mode values, which were consequepnthyerted into the corresponding

aspect ratios (Table 4-3).

Each particle size method has its optimal sizeoredor analysis and some of the
methods are affected more strongly by anisomelrapsas than others. These facts also
influenced the determination of the aspect rat@SEneasurements are not so strongly
affected by anisometric shapes than are the o{dersings and Parslow, 1988) since
the detection in PCS excludes particles that doundiergo random Brownian motion

and, thus, there is no preferred orientation ferghrticles as there is for sedimentation.
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The particle size was already at the upper limtH€S measurements. The Fraunhofer
model is, in theory, only valid for particles withdiameter five times larger than the
illuminating wavelength (Schmidt 2000). Sedimematby Stokes’ law for anisometric

disc-like particles is perturbed due to the falliegf effect, which becomes more and
more significant the more the aspect ratio increaaed, thus, the method is not reliable

for high aspect ratio particles.

Table 4-2:dyso and dygs based on a fitted logarithmic cumulative distribuion performed with TableCurve 2D.

Method FT AT HSA
Onso/ NM 480 390 450
PCS
dnsga/ NM 570 510 620
dnso/ NM 500 550 530
SLLS / Fraunhofer
Ones/ NM 920 1170 830
dnso/ NM 2400 2030 1930
SLLS /Mie
dnga/ NM 4 040 3420 3 600
Onso/ NM 340 280 270
Sedigrapfi
Ones/ NM 600 450 400

Also the other models of Jennings and Parslow (1888 Pabst and Berthold (2007)
depend on the sedimentation result and suffer fitoeensame root problem. However,
the opposite was observed for the HSA talc padicldhe number based sedimentation
particle size data suggested the presence of tase@articles and thus the resulting
aspect ratio was higher than the one calculatethéyther methods. The same effect
also led to an underestimation of the aspect m@tithe model of Jennings and Parslow
(1988) and Pabst and Berthold (2007). Finally, ldser diffraction based on the true
Mie theory was overestimating the coarse fractibthe talc samples, although, from a
purely physical point of view of equivalent sizetarpretation by the Mie theory seems

more appropriate. Assumptions like isotropic spbef@r which the Mie theory is valid,
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may lead to erroneous deconvolution for systemh aiitisotropic particles (Pabst et al.
2000). It is, therefore, suggested to apply eitP€6 or static laser light scattering with
Fraunhofer optics. PCS showed the least numberavilthcks compared to the other
methods when considering the whole particle sizgeainvestigated in this paper,
though the upper size limit of Brownian motionéstrictive. Static laser light scattering
with Fraunhofer optics is limited in respect to fivee particle analysis, though in the
exemplified cases it did reach the lower limit bk tparticle size. The models of
Jennings and Parslow (1988) and Pabst and Bertf087) could not clearly
distinguish the aspect ratios of the different gadaticles based on the number based

distribution data.

Table 4-3: Calculated aspect ratio for the three tal particles. The aspect ratios were calculated by Eation
4-19. In addition the aspect ratios were calculatedased on the model of Pabst and Berthold (2007) (Eation
2-8) and on the model of Jennings and Parslow (198&r oblate spheroids (Equation 2-5) and discs (Edation
2-6). All calculations were based on the mode valdem the correspondingdyse and dygs Values in Table 4-2.

Model Method FT AT HSA Comment
PCS 6 12 37 Upp_er Ilmlt of the
particle size range
SLLS / Fraunhofer 2 8 35 Ogl)é;cr)t%—igorrem%lrlln
Gantenbeiret al g
(Equation 4-19)
Sedigrapht > 11 g4  Masstonumber
transformation
SLLS / Mie 85 207 5gp OVerestimating the
coarse fraction
Jennings and Parslow :
for oblate spheroids Sedigrapfi / SLLS 5 5 7 Falling leaf effect
i Fraunhofer
(Equation 2-5)
Jennings and Parslow :
for discs Sedigrapfi/ SLLS 6 6 9 Falling leaf effect
Fraunhofer

(Equation 2-6)

Pabst and Berthold ~ Sedigrapfi / SLLS

(Equation 2-8) Fraunhofer 9 9 12 Falling leaf effect
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Based on the values calculated above, together Egtration 2-3 and the equations in
Table 2-4, the particle dimensions diameigand thicknessy were calculated (Table
4-4). The different particle size measurement naghdndicated similar particle
thickness values. The thickness of the low surfaea Finnish talc (FT) varied between
80 and 180 nm. The thickness of the Australian paiticles was ~ 40 — 50 nm and of
the highly delaminated talc particles ~ 17 nm. Tngstallographically defined talc
layer is 0.92 nm thick (Bergaya et al. 2006). Thiekness mainly controls the specific
surface area of the particles, and, thus, the stirbaea determination is a sensitive
method. Of course, for lower surface area matetiadsinfluence becomes smaller, and
the particle thickness is then also affected bydike diameter. The disc diameter varied
strongly for the different talc grades and meas@mmmethods, mainly as a result of the
different responses of the particle size measuremethods. Nevertheless, the results
for the FT and AT talc particles with PCS, Fraumndfght scattering and Sedigréph
particle size data gave similar results, whereagéisults for the HSA grade were only

similar for the PCS and Fraunhofer model particite slata.

Table 4-4: Particle disc diameterdy and disc thicknesdy in nm.

Method FT AT HSA

dy/ nm tg/ nm dy/ nm ta/ nm dy/ nm tg/ nm

PCS 660 110 540 45 630 17
SLLS / Fraunhofer 360 150 390 48 600 17
Sedigraph® 260 180 500 45 1390 17
SLLS / Mie 7 030 80 8 000 39 9 600 16

Besides the calculations quoted above, which wasedb on the number particle size
distribution, it is also possible to use the masgabume based particle size distribution

data (Table 4-5). Similar particle sizes were foontyy for the PCS measurements. This
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is because of the steep distribution of the dathenPCS measurement. Since the PCS
measurements are restricted to the Brownian mdimom, they tend to underestimate
the aspect ratio. Similar aspect ratios were catedl for the Finnish and Australian talc
particles with the particle size data from theisti@ser light scattering using Fraunhofer
optics and the sedimentation technique. These aspgas compare also well with the
aspect ratios calculated by the model of Jennimgs Rarslow (1988) and Pabst and
Berthold (2007). In the case of the HSA talc tHerfg leaf effect for very fine platelets

perturbed the aspect ratio values for all modetetan the sedimentation technique.

The current model underestimates the aspect rhtiloei particles are too fine to be
measured in the Sedigrdpvhereas the models of Jennings and Parslow (1988)

Pabst and Berthold (2007) overestimate the aspé#otif the particles are too fine. The
sedimentation data allowed us to consider the asttbetween mass/volume and
number probability distribution of particle size.néh using mass/volume distribution,
the aspect ratios appear much greater, as thebdistin mass median is shifted to
larger particle size than the number median. Theegtkon to this finding is the HSA

talc grade, for which the aspect ratio reduce<2torais effect, at first sight unexpected,
clearly relates to the inappropriate method of meditation of highly delaminated platy
particles. The falling leaf effect suggests muctefiparticles than are found in reality.
Sedimentation data were also used for the modeRabkt et al. (2000) and Jennings
and Parslow (1988). It is, therefore, questionablase these models for platy particles
with large diameters and very thin thickness, wagriéne particles undergoing strong

Brownian rotation are better suited.
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Table 4-5: Aspect ratio of the three different talcparticles based on the various models. The values e
obtained by inserting the mode value of the volumer mass based distribution data.

Model Method FT AT HSA
PCS 7 15 50
SLLS / Fraunhofer 63 114 330

Gantenbein et al.

(Equation 4-19) SLLS / Mie 345 840 4380

Sedigrapfi 62 108 22

Jennings and Parslow for
oblate spheroids Sedigrapfl / SLLS Fraunhofer 50 80 2800
(Equation 2-5)

Jennings and Parslow for
discs Sedigrapfl / SLLS Fraunhofer 75 120 4300
(Equation 2-6)

Pabst et al.

(Equation 2-8) Sedigrapfi / SLLS Fraunhofer 78 121 4300

Table 4-6: Aspect ratio calculated with the originalHohenberger model (Equation 4-1) based on numbema
volume or mass based distribution data.

Method FT AT HSA

Number  Volume Number  Volume Number  Volume

PCS 4 4 7 9 22 31
SLLS / Fraunhofer 2 44 8 80 25 230
SLLS / Mie 20 56 37 100 70 300
Sedigraph 1 11 3 11 12 6

For completeness, the aspect ratios based on tiggnadr Hohenberger equation
(Equation 4-1) (Table 4-6) were also calculatededasn number distribution and

volume or mass distribution data for comparison.

To illustrate the sensitivity of the specific sudaarea, dispersions of laponite particles
were studied. They could only be measured by P@gui@ 4-3), due to the nanosized
dimensions. The curve showed a log-normal distidouvith adyso of 13 nm and alngs

of 17 nm. The resulting aspect ratio was 5.2 (BEquna#-19). For comparison, the
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following references are considered (Bonn et a@91XKroon et al. 1996; Kroon et al.

1998; Mal et al. 2008; Mourchid, Levitz 1998; Mohit et al. 1995; Thompson,

Butterworth 1992). The particle disc diameters wareund 20 - 30 nm and the
thickness 1 nm. Thus the aspect ratio would vatyvéen 20 and 30. These values
clearly differed from the value of 5.2 obtained this study. This is related to the
inappropriate value of the specific surface ardard@ned by nitrogen adsorption. The
surface area exposed by the laponite particlesatemis manifestly higher than in the
dry state due to swelling and delamination of thdiples. Thus, the available specific

surface area of the dispersed particles was appedgd as follows.

Based on Equation 4-21, the particle thickngswas calculated as a function of the
aspect ratip with thedysp of 13 nm andlyss of 17 nm and plotted in Figure 4-4.
esquszt]
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Figure 4-3: Particle size distribution measured byphoton correlation spectroscopy for the Laponit& RD.
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Figure 4-4: Platelet thickness of Laponit& RD calculated with Equation 4-21 and with thedyso = 13 nm and
dN84 =17 nm.

The grey area in Figure 4-4 marks the layer thisknef 0.88 — 0.92 nm. The aspect
ratio is in the range of 20 — 21, which, accordinghe equation for PCS given in Table
2-4, resulted in a particle diametyof ~ 18.4 nm. The surface area must therefore be
of the order of 930 — 9704i*. Calculating the surface area of a disc wittx 18.4 nm,

tg = 0.9 nm and a density of 2 570 kdmesults in ~ 970 Ay,

4.3 Rod-like particles

4.3.1 Material and Methods

4.3.1.1 Minerals

The sample of aragonite (Figure 4-5 a+b), a preadgnl calcium carbonate, was used
here as an example of needle-like particles. Iténagecific surface area of 14gi. X-

ray diffraction (XRD) showed the minerals presenthe sample to be predominantly
aragonite, with calcite and quartz. Semi-quantieatanalysis by XRD showed an

aragonite content of 70% and 25% calcite.
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Figure 4-5: SEM pictures of aragonite (a + b) and alygorskite (c + d). The palygorskite needles agggate in
dry state.

The sample of palygorskite (Figure 4-5 c+d) wasawtetd from BASFE', available as
Attagel® 50. It had a specific surface area of 17%m XRD analysis indicated the
minerals palygorskite (75%), quartz (10%), montihamite (9%), calcite (4%) and

brookite (2%).

4.3.1.2 Methods

For sedimentation particle size measurements, édegBph® 5120 from Micromeritics
was used. Static laser light scattering (SLLS)iplartsize data were recorded on the
Malvern Mastersizer 2000. Dynamic laser light smaty measurements were

performed using the Malvern Zetasizer Nano ZS.

" BASF Corporation, 100 Campus Drive, Florham Phitk07932, United States.
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4.3.1.2.1 Image analysis
Samples of 5 mg dried mineral were dispersed inmB ethanol by means of an
ultrasonic bath. The dispersion was diluted inteoraf 1:40 with ethanol. The samples

were prepared for microscopy as follows.

Aragonite one drop of the above described dispersion wasopua membrane filter
with a pore size of 0.1 um. The membrane was fox@dhe microscope sample holder
and coated with carbon. The sample was studied thi¢h Zeiss-Gemini DSM982
electron microscope applying 5 kV acceleration agdt using an Everhart Thornley
detector. Image acquisition was made by the Voy&géiware from Noran Instruments

having a pixel size of 22 nm.

Palygorskite the membrane filter (pore size 0.1 um) was cowiti¢al carbon. One drop
of the palygorskite dispersion was put on the abatembrane, which was fixed on the
microscope sample holder. The analysis was madth@rZeiss Ultra 55 with 1 kV
acceleration voltage and an EsB-detector, also #erss. Image acquisition was made

again using the Voyager Software, having a pixat &if 7.4 nm.

For both samples, image analysis was performed téldigital imaging system of the
Voyager software. The software calculates the dspéio according to Equation 2-4. In
the case of aragonite, 1 600 particles, and ircéise of palygorskite, 270 particles were
automatically analysed, resulting in a number asg distribution. Micrographs and

binary images are shown in Figure 4-6.
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Figure 4-6: a) SEM micrograph with very high contrast of aragonite used for image analysis. Image wiklt
corresponds to 22.9 um. b) Binary image of the SEM ierograph for aragonite used for image analysis. Irage
width corresponds to 22.9 um. ¢) SEM micrograph of g@lygorskite used for image analysis. Image width
corresponds to 5.7 um. d) Binary image of palygorste used for image analysis. Image width corresporsdto
5.7 pm.

4.3.2 Results and Discussion

The specific surface area of aragonite was fg¢'nand the density was 2750 kgm
The surface area of palygorskite was found to e rifg* having a density of 2 310
kgm®. For the investigated model it is crucial to apfhg outer surface area of the
dispersed particles, as exemplified in the casarafonite. Minerals like palygorskite,
having a porous structure (Bergaya et al. 2006miyedt al. 2007; Yang et al. 2010)

display an inner surface area, thus not repreggritie external surface of the
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representative cylinder. Figure 4-7 shows the géro adsorption and desorption

isotherms of palygorskite, giving a total pore wokiof 0.35 crig™* (Barret et al. 1951).

225 1

175

125

Quantity adsorbed /cm g™

|

25 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative pressure

Figure 4-7: Nitrogen adsorption and desorption isdterm on palygorskite.

The number based particle size distributions ferahagonite, derived from the various
measurement techniques, are presented in Figurd BeBdistribution data deviate only
slightly from the log normal behaviour. The fittemy normal distribution is based on

dnso andduss Or duie, and all fits had aR? > 0.909.
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Figure 4-8: Particle size distribution measured byphoton correlation spectroscopy (PCS), static lasdight
scattering (SLLS) (Fraunhofer and Mie optics) and seignentation of aragonite. The corresponding lines are
based on a cumulative log normal distribution calclated by the dyse, Oysa OF daig giving an R? > 0.99.

Table 4-7: Measureddyse and dyg, Or dy.6 fOr aragonite particles.

Method Aragonite
Onso/ Nm 210
PCS
ng4/ nm 290
Onso/ NM 240
SLLS / Fraunhofer
Ones/ NM 360
Onso/ NmM 190
SLLS /Mie
Onis/ NM 160
dnso/ NM 270
Sedimentation
Ones/ NM 350

A small deviation from a log normal distribution svabserved especially in the coarse
region, suggesting either a slight aggregation har presence of oversize material
passing through the refining procedgso anddys4 or dyis Values, relevant for the aspect

ratio calculation, are summarised in Table 4-7.
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The calculated aspect ratios are presented in Té&ldle To generate a ranking, the
aspect ratios were compared with the value fromirttege analysis (Figure 4-9). The

image analysis showed a median aspect ratio airitdla mode value of 1.8.

Table 4-8: Calculated aspect ratios, determined byhe different particle size and specific surface aee
measurements, compared with calculated values based the model of Jennings and Parslow (1988) anddke
measured by image analysis.

Rank  Model Method p Comment

2 SLLS / Fraunhofer 1.9 M'n'rgggrtmhi""r:e%an be
Gantenbeiret al =

3 PCS 29 Very sensitive to small changes

in particle size data
Inappropriate transformation

4 Sedimentation 21.0 from mass to number
distribution
Jennings and Parslow Sedimentation / 21 G Only applicable with
Equation 2-9 SLLS Fraunhofer ' volume/mass distribution data
Image analysis 1.8 Given as the mode value

% Volume based

100

90
80
70 A
60 1
50 1
40 -

30 A

Cumulative aspect ratio distribution / %

1 2 3 4 5 6 7
Aspect ratio p

Figure 4-9: Cumulative aspect ratio distribution based on the image analysis. The line corresponds tditted
log normal distribution with pysg of 2.14 andpyg4 Of 3.33.
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Laser scattering methods gave results best conmlparsith the data from image
analysis, whereas sedimentation results deviaggufisiantly from the image analysis
result. This can be mainly related to the inappedprtransformation of the mass-based
sedimentation result into the number-based didiobu The transform used to convert
from the mass to the number distribution assumespleerical particle and a size-
invariant aspect ratio. The effect of a varyingeadpatio over the size distribution has
the strongest effect for sedimentation-based datause rod-like particles tend to settle
faster than the equivalent spheres. This is edpeaigortant when considering coarse
particles with high aspect ratios, which exceed Brewnian domain for random
orientation, in contrast to fine particles with l@aspect ratios, as is often the case due to
the breakage of rod-like particles. It is also legting to see that the Jennings and
Parslow solution (1988) could not be solved for bermbased results from the
sedimentation method, as the left side of Equa2i@resulted in a value ak/d, > 1.
Also, this can be related to the effect of the siagant aspect ratio. As a result, the
aspect ratio obtained by the Jennings and Parslethad was calculated directly via
the mass/volume distribution data. Interestinghg tesults found for the model of
Jennings and Parslow (1988), and calculated orb#ses of the mass (and volume)
distribution, provided a similar aspect ratio toatthof the models considering
sedimentation number distribution based datathe.equivalent spherical assumption

ignores the preferential sedimentation velocityaofer rods.

After obtaining the aspect ratios, the apparentiggardimensions, rod lengthand rod

width w were calculated for aragonite using the followmomgcedure:

) Calculate the aspect ratio with Equation 4-20.

i) Calculate the mode value similar to Equatioh6tusingesdinstead ofd.

139



i) Insert the mode value and the calculated alSp&io p using the appropriate

equation from Table 2-4 to calculate the rod lergth
iv) Calculate the rod widtlv by dividing the rod lengthby the aspect ratio.

The result of this procedure is shown in Table 4FBe laser scattering techniques
provided very similar values for the length (24@80 nm) and width (~ 130 nm). The

sedimentation technique gave a width of 120 nmaaleshgth of 2.5 pm.

Table 4-9: Rod dimensions for the rod-like particlesrod length | and rod width w for the aragonite.

Method [/ nm w/nm
PCS 280 130
SLLS / Fraunhofer 240 130
SLLS / Mie 240 130
Sedimentation 2480 120
100 I I L ° > > (63 \)"0"0"0"0‘(\
& Attagel 50 o ©
90 H )
——Fitted log norm cum /
80 / <
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Figure 4-10: Particle size distribution measured byphoton correlation spectroscopy for the rod-like
palygorskite particles, Attagel 50. The fitted log nrmal distribution is based ondyse and dyze.

The particle size distribution of palygorskite abunly be recorded by PCS (Figure

4-10) due to the nano dimension of the particldge Gurve was slightly bimodal with
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some coarse material between 100 and 300 nm. Ittues to deagglomerate by
ultrasonic treatment, but without success. Theegfibiwas decided to uskso (60 nm)
anddnis (47 nm) to describe the log normal distributiontloé data, where the fit was

clearly more representative.

Based on the particle size data, the aspect raam® aalculated to be 21, giving for the
rod length 210 nm and width 10 nm. These dimensamrsesponded with other data
published (Stoylov, Petkanch 1972), but the imaggyais revealed an aspect ratio of
7. Other authors described that the particle leofigpalygorskite can vary from 10 nm
up to 5 pm, and its width and thickness from 5@m& (Bergaya et al. 2006; Helmy et
al. 2007). This difference between the image amlgnd the presented method is
caused by two factors. First of all, the image gsialshowed aggregated palygorskite
needles, thus underestimating the aspect ratitallgj the palygorskite was dispersed
by following the instructions of the supplier. Ttpsocedure yielded the formation of
some aggregates (Figure 4-10). They formed at thimgl front of the palygorskite
dispersion droplets when dried on the microscopepsa holder. Ethanol was selected
to try to minimise this phenomenon, but was no meffective than water alone.
Secondly, and most importantly, palygorskite is @ghly porous mineral. The
determined surface area was clearly too high impees to the geometrically
representative solid rod, and consequently theutatked aspect ratio was overestimated.
This showed the limits of the model presented hetgch requires that the specific

surface area be determined only by the externédceiof the particles.

4.4 Conclusions

The equations of Jennings and Parslow (1988) fer dpplication of equivalent
spherical diameters and their relation to real iglartdimensions were discussed.

Furthermore, the model of Hohenberger was derivetifarther developed by clearly
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defining which parameters have to be inserted forappropriate use in support of

hypothesidH1.

Practical examples for different talc particlesynag in their specific surface area and
geological origin were presented, using differeattiple size determination methods
like photon correlation spectroscopy (PCS), stiaiser light scattering interpreted with
different theories (Fraunhofer and Mie) as wellthe sedimentation technique. An
aspect ratio of ~ 6 for a Finnish talc (FT) gradéhviow specific surface area, ~ 12 for
an Australian talc (AT) grade with medium spec#iaface area and an aspect ratio of
~37 for a Finnish talc grade with high specificfaoe area (HSA) were found based on
PCS particle size data. The results were also coedpaith other models, based on the
particle size distribution data as proposed by Pabd Berthold (2007) and Jennings
and Parslow (1988). The use of laponite clearlyeaded a weakness of the model
presented here. The specific surface area detedmimethe dry state by nitrogen
adsorption is for some minerals not representirgy deometrically defined exterior
available surface area in water. However, this tak was shown to be an opportunity
to approximate the total specific surface areahef delaminated laponite particles,
which in the current study was determined to be 9820 nfg™. This finding supports
hypothesisH3(a). However, other materials which agglomerate in ding state may

nevertheless retain their wet-state surface arearauporH3(a) is not valid.

Based on the aspect ratios derived by adoptingpilesented model, the particle
diameterd and thickness$ were able to be calculated. Despite the sometuhiféerent
responses for the diamewrcomparable values for the particle thicknesgere found.
This is not surprising. According to the assumediehothe particle thickness mainly
determines the specific surface area. The average&lp thicknesses lay for the low

surface area Finnish talc (FT) between 80 and 180 for the medium surface area
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Australian talc (AT) between 40 and 50 nm and wastlie highly exfoliated Finnish

talc (HSA) around 17 nm.

The patrticle size measurement method has to beechzerefully. The method should
be applicable over the relevant size range of tréighes in question and it should not
be affected by the anisotropy of the particleshsag the falling leaf analogy observed
for the sedimentation technique. With referencehypothesisH2, for the talc and
laponite particles tested in this study, photorredation spectroscopy is suggested as
preferable. If not available or not relevant inpest to the particle size (considering
materials larger than 100 nm diameter) static ldggrt scattering with Fraunhofer

optics can be used.

A review of the work of Jennings and Parslow (1988)lained the use of formulae that
allow transformation from the equivalent spheridelmeter into the rod lengthas a
function of the aspect ratip. The newly more fully defined method for the
determination of the aspect ratio related to th¢igla size and surface area for rod-like
materials was tested for aragonite and for palygtrsparticles adopting different
particle size measurement methods. All laser stagtdased methods produced results
comparable to those of image analysis. The invagtharagonite particles returned an
aspect ratio of 1.8. The aragonite lenbthias determined to be between 240 and 280
nm with a rod widthw of about 130 nm. Sedimentation particle size dataated a too
high aspect ratio of 21. The reason is relatedyptrtthe transformation of particle size
from the mass distribution to the number distribntidata assuming a size-invariant
aspect ratio. Nevertheless, the sedimentation-basgelct ratio gave a comparable rod

width w of 120 nm.

Applying the model for porous minerals, like palysfate, illustrated the drawback of

using the surface area determination by nitrogesomudion. It is only possible to
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receive a correct aspect ratio if the geometricafigropriate outer surface only is used,
and not the total surface area including internatep. HypothesidH3(b) is thus

confirmed.
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5 Efficiency of colloidal pitch adsorption onto
phyllosilicates: comparing talc, chlorite and

pyrophyllite

Having defined the nature, and especially the serfarea and shape of the mineral
particles, we now proceed to establish the efficyenf adsorption amongst platy,
variously hydrophobic family of phyllosilicates neirals. The hypotheses tested in this

chapter are:

H4 The adsorption capacity of minerals for dissolved &olloidal substances from

wood processing is proportional to the specifidare area of the minerals.

H5 The adsorption mechanism of dissolved and colloisiabstances from wood
processing onto minerals is controlled mainly bydimphobic interactions, and

hence, hydrophobic materials preferably adsorbetsebstances.

During the activities of the thesis, the work hagib published (Gantenbein et al. 2009).

5.1 Introduction

The objective of this chapter is to compare talthwts closest structural relatives in the
phyllosilicate family, namely its di-octahedral cderpart pyrophyllite and the
magnesium-rich chlorite, which is often presensigmificant ancillary quantities in talc
ores. In some countries, chlorite and pyrophyliite more easily available than talc,
and papermakers raise the question about how theserals compare with the
performance of talc. Furthermore, it is not cleawtthe different surface chemistries of

the minerals affect the pitch adsorption efficien8yrange of commercially available
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naturally occurring minerals have been used, namadllylorite from France, containing
limited quantities of talc, effectively as contamm, a pyrophyllite from South Africa,

contaminated with several other minerals, like novge and/or other micas, and a talc
from Finland. The minerals were wet ground in ancioal-free environment to achieve

a range of comparable surface areas.

The mineralogical comparison of the three phylloates is presented in the sections

2.4.1.2and 2.4.1.3.

5.2 Materials and Methods

5.2.1 Materials

The experiments have been performed using a puofyplsataken in January 2006 (see
detailed description in section 3.3). The sample w@oled to room temperature after
sampling and directly used without any further at. The pH of the pulp sample was
between 6.7 — 6.8 at 25 °C. The pulp was wet pdeiseugh a filter of 2um pore size
(filter paper, circular 602 EH). A sample takenrfrehe 5.0 dm of filtrate/liquor thus
obtained was examined under a light microscopeniPlys AX-70) to check for the
absence of fibrils which might act to distort theasurements (Figure 5-1). The zeta
potential of the particles in suspension was meabuith a PenKem 500 device giving
a value of -15 mV. The anionic charge was deterthimga streaming current detector
(SCD) titration (Mutek PCD-02) and was found to b@56 pEqg' and the
polyelectrolyte titration of the pulp filtrate gaw®.6 pEqg*. lon chromatography
(Dionex DX 120 lon-Chromatograph) of the TMP sampielanuary 2006 showed the
following anions present in the TMP filtrate: $O= 2.08 mM, P@ = 0.35 mM and

ClI"=0.62 mM.
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Figure 5-1: Light microscope picture of the TMP filtrate used showing colloidal pitch doplets and the

elimination of disturbing fibrils.

Table 5-1: Loss on ignition and XRF analyses for ravalc, chlorite and pyrophyllite samples (before gmding).
Error range for the LOI values is based on the standrd deviation of three measurements. XRF values wer

measured only once.

Talc Chlorite Pyrophyllite
I wiw % I wiw % I wiw %
Loss on ignition at 1 000 °C 6.48 +0.02 12.64@80. 6.19+0.05
Al,O; 0.71 18.26 33.60
CaO 0.15 0.33 0.13
Fe0s 2.28 0.23 0.08
K0 0.20 2.32
MgO 30.90 32.95 0.07
Na,O 0.46 0.65 1.23
P,0s 0.02 0.03 0.13
SO 0.13 0.07 0.07
SiO, 58.80 34.52 54.79
TiO, 0.02 0.12 1.39

The mineral powders of the present study were gedlyooth by X-ray fluorescence

(XRF) and X-ray diffraction (XRD). The talc gradesad was shown to contain the

minerals talc, chlorite and magnesite, which wasiomed also by FTIR [Perkin Elmer
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Spectrum One Spectrometer] analysis, and XRF gaake @ontent of ~ 94 %. Chlorite,
talc and quartz were identified in the chlorite gpdan which was also confirmed with
FTIR. The calculation of the chlorite content ir tthlorite is very difficult because of
the frequently changing elemental composition foumahlorites. Naturally occurring
chlorite grades show mostly the composition MY SizAl)O1(OH)s. By assuming
this formula for chlorite, the chlorite contenttime investigated sample is ~ 83 % and
contains ~ 14 % talc. For Pyrophyllite the XRD as& found pyrophyllite, muscovite,
kaolinite, quartz, diaspore and rutile. XRF anayshowed a pyrophyllite content of >

80 % with an AJO3 excess of ~ 8 % (Table 5-1).

Table 5-2: Physical properties of the mineral sampke characterised according to origin and specificusface
area.

Sample Specific dso / pm dso / pm Surface Charge
abbrev. Surfar::]?gﬁ\rea / (MasterSizer S)  (SedigrapH® 5100) Density
_ / uEqg™

(BET Tristar) (Miitek PCD-02)
FT-LSSA 13.6 15.2 3.0 -14
FT-MSSA 19.7 14.7 2.6 -6.0
FT-HSSA 24.0 14.1 2.0 -10.0
C-LSSA 16.5 7.4 14 -6.3
C-MSSA 19.0 6.8 11 -13.8
C-HSSA 25.2 5.8 0.8 -20.0
P-LSSA 15.8 4.7 2.9 -4.4
P-MSSA 19.6 4.7 1.4 -12.0
P-HSSA 251 4.4 0.7 -26.1

Each mineral family was ground under attrition toypde a range of specific surface
areas. The specific surface area is defined by &galysis. The respective particle size
distributions were also analysed with two differeetiices, namely a static laser light

scattering-based Malvern MasterSizer and a sedatient method using a
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Micromeritics Sedigraph 5100. To evaluate the tathhrge of each sample by
electrolytic titration, a streaming current detectwas used [together with N-
methylglycol-chitosan, concentration ¢ = 0.005 rdaf®, as cationic agent, and K-
polyvinylsulphate (KPVS), ¢ = 0.0025 mol dhas anionic agent, both from WACO-
chemicals]. These analyses are summarised in Babland characterised, according to
the abbreviations, in terms of origin (FT = Finntslc, C = chlorite, P = pyrophyllite),
and specific surface area (SSA), i.e. LSSA = lIovASBISSA = medium SSA and

HSSA = high SSA.

5.2.2 Methods

The filtrate was distributed into glass bottles ietately after filtration; 200 g of
filtrate in each bottle and 1 w/w % of the minefethemical-free slurry of 10 w/w %)
was added to each. Then the bottles were closedagitdted for 2 hours. The
suspension was then centrifuged for 30 minutes éerdrifuge (Jouan C 312 , by IG
Instruments) at a centrifugal force of 2 6@ Two phases are collected; an upper
aqueous phase and a lower sedimented mineral-norggphase. A reference sample
without mineral addition was used as a comparisamthermore, mineral alone was
centrifuged to confirm whether the process remowéderal particles from the upper
phase. The upper liquid and the lower solid phdained after the centrifugation were

separated and analysed according to the followinggulures.

A 100 cn? sample of the upper aqueous phase, obtainedcaftérifugation, was placed
into a pre-weighed aluminium beaker and dried imoaen (90 °C, 24 hours) to get a

total amount of non-volatile residue in the aqueghase.

The total charge was determined by a streamingnotidetector (SCD) titration (Mutek

PCD-02).

lon chromatography was measured on a Dionex DXIa24Chromatograph.
149



A further 45 crmi sample was taken to analyse for turbidity by mesfrss NOVASINA

155 Modell NTM-S (152).

A yet further 2 cm sample was taken for chemical oxygen demand (C@mR)ysis,
providing a value for the total organic contenteT®OD analysis expresses the quantity
of oxygen necessary for the oxidation of organi¢emals into CQ and was measured

using a Lange CSB LCK 014, range 1 000-10 000 md aiith a LASA 1/Plus cuvette.

Thermogravimetric analysis (TGA) of the sedimentetheral containing phase was
made with a scanning differential thermal analy&DTA) 851e by Mettler Toledo,

under constant heating rate of 20 °C thirom 30 °C up to 1 000 °C.

5.3 Results and Discussion

5.3.1 Effect of mineral on pH - correction for turbidity

Table 5-3shows the effect of added minerals on the pH of upper liquid phase,
relative to added water. The progressively comneiduilc samples (FT-LSSA, FT-
MSSA and FT-HSSA) are seen to increase pH fromt@.& constant value of 7.4.
Chlorite, with an initial specific surface arealaf nfg* (C-LSSA), increased pH from
7.1 to 7.8. Chlorite, with increasing surface a@aMSSA with 19 Mg™* and C-HSSA
with 25 nfg™), increased the pH slightly further to 8.1. Thgme of increasing surface
area of chlorite has, therefore, only a small iefice on the pH. The pH of the
pyrophyllite treated samples, however, is strordgpendent on the degree of grinding.
The more surface area is liberated, the more akalne solution becomes. For the
pyrophyllite with the low surface area (P-LSSA)1& nfg™ the pH was the same as the
untreated reference sample (pH 7.0), but for thegiwllite with 20 nig™* (P-MSSA)
the pH is already 7.6, and finally the high surfacea pyrophyllite (P-HSSA) with 25

m’g™* has a pH of 8.3. Additionally, in Table 5-2 amriease of the anionic charge of
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the minerals with increasing specific surface atea be observed. This increase in
anionicity can be related to the grinding processvhich, one one hand, more of the
basal surface is liberated. Latice errors may,,texpose anionic charge. On the other
hand, and far more relevant, the increased anidmacge is connected to the exposure
of the edge surface. This finding indicates thatirdy the grinding process the
phyllosilicates are not only exfoliated but alseosgly broken as demonstrated in
Figure 3-1. This observation, of course, questithes assumption of similar surface
properties of a mineral with increasing specificface area and might also affect the

Langmuir parameter& andB.

Table 5-3: pH values of the upper liquid phase aftethe treatment with the respective mineral, each aa
function of increasing specific surface area.

TMP filtrate treated with pH
deionised water 7.1
FT-LSSA 7.4
FT-MSSA 7.4
FT-HSSA 7.4
C-LSSA 7.8
C-MSSA 8.1
C-HSSA 8.1
P-LSSA 7.0
P-MSSA 7.6
P-HSSA 8.3

The impact of both pH and temperature on the ciieaf colloidal pitch will be the
subject of chapter 6. The effect, however, in thak is most marked in terms of the
turbidity of the colloidal TMP pitch being used. this analysis a procedure was

adopted whereby the impact of pH increase on tiybidas taken into account.

151



Turbidity was measured over a range of pH (Figu®).5This procedure was made on
the pure TMP filtrate, prior to mineral additiorsing either dilute hydrochloric acid or
sodium hydroxide, respectively, and the turbidityeasured online. The turbidity
response was then used to correct subsequent adeompsults to pH 7.4, i.e. to that
value seen after talc treatment in order to havkima comparison. The measured
turbidity z value was corrected according to Equation 5-1. flimetion f(pH) is the
linear regression (Equation 5-2) of the turbidity-pesponse curve between pH 6.8 and
8.2. It was assumed to be linear in this raffevas found to be 0.996 and both fitted
parameters were significant withpavalue <0.01. The impact of pH arising from the
mineral itself during pitch adsorption was assurtiele a part of the mineral function,

and in this work no corrections for this were mddeing adsorption.

Tcorrected™ Tmeasure@%

Equation 5-1

Teorrected : absolute turbidity value in NTU corrected to gH

Tcorrected : absolute turbidity value in NTU measured atrégsulting pH

after mineral treatment
with
f(pH)=-58[pH +1395

Equation 5-2
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Figure 5-2: Turbidity as a function of the pH in therange of pH 5.5 to 10.8. The pH reached after treatent
with each of the high surface area minerals is alsshown on the plot. The TMP filtrate has an incomingpH of
6.8 and a turbidity of 577 NTU, which here correspnds to a relative turbidity of 100 %.

5.3.2 Modelling the adsorption

This present study reveals a profile of pitch commbadsorption on talc, chlorite and
pyrophyllite over a mineral specific surface aregime of 14 <ger < 25 nfg™. Values
of the analysis are given in percent normalisedh whe untreated TMP filtrate as the

reference, corresponding to 100 %.

In Figure 5-3, Figure 5-4, Figure 5-5, and Figu+&, $he adsorption data are expressed
following lines inserted to help the reader’s eyddllow the data points (Equation 5-3).
As a model behaviour, a Langmuir-like approach walassen to fit the data, in which
the usual species concentration ratio is replagddthe specific surface areger of the
mineral presented for adsorption. The normalisddevaf turbidity, COD or gravimetry

in % is denoted ag. Constant A is describing the affinity of the nmmalefor the pitch
particles, whereas constant B is a measure fordheval capacity of a mineral per

applied surface area.
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AlBIl&ger

y=100-
1+ BlEger

Equation 5-3

Rearrangement leads to Equation 5-4, for whicheali regression can be made with
eset/(100Yy) againsteger. With the resulting steepness and intercépgnd B can be
calculated. This method is called the Langmuirdineegression (Langmuir 1916). This
linear form is biased toward fitting the data i timiddle and largeger region of the
function. Alternative fits were attempted, inclugithe Lineweaver-Burk (1934), Eadie-
Hofstee (1942; Hofstee 1959) or Scatchard (1948}, the results were less than
satisfactory, having poor regression coefficient.

€peT _fBET , 1
100-y A A[B

Equation 5-4

Based on the limited available data range, it is pussible to extrapolate the fitted
curve with any degree of confidence, and so draviimg conclusions about affinity
constant A) and saturation constanB)( has been avoided. Due to the fact that the
adsorbent amount (surface area) is changed anth@@dsorbate concentration (pitch
particles) an inversed situation compared to thenabLangmuir isotherm is given. In
the standard isotherm an excess of adsorbent semiren the low concentration region,
changing into an excess of adsorbate (surfaceatetmy. In the current case an excess
of adsorbate is present in the low surface aremmegf the curve, changing into an

excess of adsorbent in the high surface area region

5.3.3 Application to data

In a first step the results of the upper liquid gghéor the talc and chlorite treatment are
compared. In a second step the TGA analysis oliotlier sedimented phase of the talc,

chlorite and pyrophyllite treatment are discusd@dally, in a third step the analysis of
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the liquid phase of the pyrophyllite treatment isgented. The separation of the data is
necessary for an appropriate discussion, becauseatal chlorite are high purity
minerals and are only contaminated, in effect, \eglch other. Pyrophyllite shows a lot
of other impurities. Furthermore, the analysis bt tupper liquid phase of the

pyrophyllite treatment shows unexpected resultcivinill be discussed separately.

Figure 5-3 shows the turbidity results after treatnwith talc and chlorite, respectively.
The absolute values for talc and chlorite diffelyamlittle and can not be taken alone as
being significant (100 % corresponds to 577 NTUIteAcorrection of the turbidity
values with Equation 5-1 it is concluded that théues are similar and proposed to arise
from the same mechanism and magnitude of adsorg@m Equation 5-4, constaAt
was determined to be 94 % and constBnbeing 0.15 %m® g, with linearised
Langmuir regression (Equation 5-4) Bf = 0.9532. Both fitted parameters in the

linearised Langmuir plot are significant wiph< 0.01.

Figure 5-4 confirms the trend suggested in theiditsb analysis, and shows the
reduction of the oxidisable compounds after the TiMtRate was treated with talc and
chlorite, respectively. Both minerals act to redtleee COD value. 100 % corresponds to
4 914 mg Q per dm?® of the upper liquid phase. Also for COD the dagrevconsidered
to be of the same origin. Due to the greater sieaisscatter of the COD data, the
linearised Langmuir regression (Equation 5-4) ganly regression coefficient ¢¥ =
0.5292. The value of the constdhts 0.17 %m? g* andA is 17 % in this measurement
technique. Only K (steepness) in the linearised Langmuir plot isificant (o <0.01).

The intercept (K.B) is not significant§ > 0.05)
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Figure 5-3: Influence of talc and chlorite on the drbidity of a TMP filtrate normalised with the untre ated

reference TMP filtrate. 100 % corresponds to 577 NTUn the upper liquid phase at pH 7.0. Values have lea
corrected to those expected at pH 7.4.
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Figure 5-4: Influence of talc and chlorite on Chemgal Oxygen Demand (COD) of a TMP filtrate normalised

with the untreated reference TMP filtrate. 100 % caresponds to 4 914 mg @ per dm® of the upper liquid
phase.
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Figure 5-5: Influence of talc and chlorite on gravinetric analysis of the remaining material in a TMP fitrate
treated with mineral, normalised to the untreated eference TMP filtrate and with the dissolved fractiom of
minerals subtracted. 100 % corresponds to 3.52 gdfresidue in the upper liquid phase.

In Figure 5-5, the gravimetric analysis is preséniéhe soluble parts of each mineral in
water were measured as a reference sample fomgeang subtraction, with the same
dilution at the same pH and the same conductidttha pulp liquor. Approximately 30
mg were found to be dissolved when 10 000 mg mineeze suspended in 1 dm
water. The values are also normalised to 100 % rweidpect to the untreated reference
sample: 100 % corresponds to 3.52 g residue in 1 afnthe upper liquid phase. In
contrast to the already discussed analyses ofdityband COD, the gravimetric
analysis shows a clear difference between talcchhatite. The difference is around 4
%. Based on this, in gravimetry the two mineralsemeeated separately for finding the
corresponding Langmuir equation (Equation 5-3).1&8 @4 shows the constamsand

B and the regression coefficier® of the linearised Langmuir equation for both serie
of data. The data were split in order to calcukie constant®\ and B for talc and
chlorite separately. There are insufficient dataseparate the potentially different

particle morphologies within each mineral type, uplo the wide spread of results
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(relatively lowR? value) may well reflect differences in binding eme(constan®\) and

its combination with total adsorbed amount per @améa (constarB) for each of the
different comminution conditions assuming true Lawg behaviour. The best that can
be proposed here is a curve that can be describbédregmuir-like. Additionally, we
note that the gravimetry results are strongly adédy release in some cases of soluble
material from the minerals (Table 5-5), renderingteptial deconvolution of the
constantsA andB for the various morphologies tenuous at best. ¥é& then, that the
major difference occurs only in the constantwhereas follows the values obtained
previously for both turbidity and COD. To consigrssible factors affecting this result
as well as the poor regression coefficient, i.#er@ntiation between talc and chlorite as
an experimental artefact, a study was undertakedetermine the soluble species

present during the application of the mineral ispnsion.

Table 5-4: ConstantsA and B and regression coefficient for the gravimetric ankysis of the talc and chlorite
treated TMP samples. Only constant A for talc is sigificant (p < 0.01). The other fitted parameters are not
significant (p > 0.05).

Constant A Constant B R?
Talc 20 0.10 0.7163
Chlorite 16 0.01 0.4298

Dissociated soluble species generally affect edgdxr concentration. Table 5-5
compares the electrolyte balance typical ions endipernatant in the reference sample

and the mineral treated samples.

After the talc treatment, conductivity and SCD seen to increase slightly (Table 5-5).
A slight increase in sodium and potassium concgatraas well as magnesium

concentration can be observed. The calcium coratgonrslightly decreased. However,
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after the chlorite treatment, the conductivity eesed even more than in the case of the
talc treatment. The sodium and potassium concémmsaglso increased more than was
observed after the talc treatment. The magnesiumeerdration was not affected, but

the calcium concentration decreased a little bitariban after the talc treatment.

Table 5-5: Comparison of the electrolyte balance dhe supernatant in the reference sample, the taladated
samples and the chlorite treated samples.

Reference Talc Chlorite
LSSA MSSA HSSA LSSA MSSA  HSSA
pH 7.1 7.4 7.4 7.4 7.8 8.1 8.1
Conductivity /uScmi* 1200 1215 1211 1222 1252 1260 1264
SCD /pEqg* -0.47 -0.50 -0.49 -0.48 -0.54 -0.53 -0.56
Sodium / mM 9.3 9.6 9.6 9.7 10.2 10.3 10.3
Potassium / mM 1.3 13 1.3 1.4 1.6 1.7 1.6
Magnesium / mM 0.3 0.4 0.5 0.4 0.3 0.3 0.3
Calcium / mM 1.6 14 1.4 1.4 1.3 1.2 1.3
Chloride / mM 0.7 0.8 0.8 0.8 0.8 0.8 0.8
Sulphate / mM 1.9 1.9 1.9 1.9 1.9 1.9 1.9

From the two phases, resulting after centrifugabbthe TMP mineral-treated filtrate,
the lower phase is seen to contain the mineral afsbrbed pitch, as expected. The
reference pitch suspension was also centrifugetetermine if there are solid particles

that sediment which could be confused for mineoabed compounds. The use of a

special cone-shaped centrifuge glass revealedcatodaposits.

TGA provides the complementary trend to the resiutimn the residue in the upper
centrifuged liquid phase. The organic compoundadeemoved from the liquid phase

should be found as the mass balance adsorbed ¢mitbemineral phase.
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The TGA results (Figure 5-6) show that talc hasghér net loss than chlorite. In these
data, the pyrophyllite is now included for compansPyrophyllite has a lower net loss

than talc and is comparable to chlorite.
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Figure 5-6: TGA analysis from 200 °C to 1 000 °C othe talc-, chlorite- and pyrophyllite-containing residues
in the lower centrifuged phase, showing the cumulate weight loss.

We see from Figure 5-6 that TGA results, like gnaeiry, also diverge from those of
turbidity and COD. Talc shows with increasing sa€faarea an increasing release of
material between 200 °C and 1 000 °C, whereas ibhlmgleases the same amount of

material for all three surface areas.

Thus, despite the theoretically different ratioshgflrophobic to hydrophilic surface
area, we conclude that talc and chlorite show apeawable adsorption efficiency for
colloidal pitch shown by turbidity and COD measuesns under the applied conditions
(specific surface area, amount of added mineraip&rature, pH, ...). The gravimetric
analysis, however, does not show this equivalenceespect to absolute levels. The
main difference in response between gravimetry thiedother analyses of the liquid
phase can be explained by considering the ion balar the mineral treated TMP
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filtrate. lons, especially sodium and potassiumrateased/desorbed from chlorite and
affect the gravimetric residue. Most probably, thdmns release of inorganic material

correlates with the effects seen also in the TGAllts.

By comparing, therefore, the reduction in turbidigOD and gravimetry it can be
concluded whether the minerals adsorbed prefedibsolved or colloidal material. For
example, the low surface area talc (FT-LSSA) shoaeemaining turbidity of 38.7 %,

a remaining COD of 87.7 % and a gravimetric residti&6.6 %. The total removed
material given by the remaining gravimetric residten be interpreted as mainly
consisting of organic species due to its linearppronallity to the removed COD
amount (Figure 5-7). From the available organicemat (given by COD), which is
split into dissolved and colloidal materials (givday turbidity), mainly colloidal
material was removed. The ratio between the remaed#ididal particles and removed
organic matter is about 5 to 1. In the case of riieldhe same trend can be observed,
even though the regression lines are shifted tosvaigher COD and gravimetry values.
The comparable steepness for talc and chloritegar€ 5-7 indicates that both minerals
mainly adsorb wood resin droplets. For chlorite thBo between removed colloidal
particles and removed organics is even higher «fhto 1. This increase can be related
to either a preferred adsorption of colloidal sabses or to an increased amount of
soluble substances that did not adsorb during diseration process. The increased pH
of the chlorite treated TMP filtrates will cleardlgvour the dissolution of fatty and resin
acids. This will one one hand reduce the measuwrdddity and suggest an increased
adsorption efficiency and on the other hand in@ehe amount of dissolved substances
and hence increase COD and subsequently suggedueed adsorption efficiency for
dissolved species. However, the effect of pH omced turbidity was accounted for in
the performed pH corrections (Equation 5-2). It ikerefore, suggested that the

increased ratio of removed colloidal substancesetnoved dissolved substances is
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mainly due to the increased amount of dissolvethrasd fatty acids in the agueous

phase. The shift of gravimetry can again be explioy considering the ion balance.

94.0
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Figure 5-7: Normalised Gravimetry and COD against wrmalised turbidity for talc and chlorite. Each point is
the average of three measurements and the error barrepresent the standard deviation of the three
measurements.

The ion balance for the pyrophyllite treated TMiErdie in Table 5-6 shows comparable
trends as found for the chlorite treated TMP fikraThe more the pyrophyllite is
delaminated the higher becomes the pH, conductanty SCD. As a consequence, the
sodium and potassium concentration increases, abetlee calcium concentration
decreases. Overall more matter is dissolved/dedatien recovered in centrifugation

for these measured inorganic species.

The trend shown by TGA (Figure 5-6) on the lowenenal-rich phase of increasing
adsorption as a function of pyrophyllite surfaceaacould not, however, be confirmed
by analysis of the liquid phase (Figure 5-8). Thavgnetric analysis of the pyrophyllite
treated TMP filtrate is given as grey squares aiiti & dotted regression line. The

corresponding talc values are given as unfilledasegt The COD analysis is drawn as
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black circles and the regression line is dashed, &nally, the turbidity values are

given as grey triangles with the continuous regoeskne.

Table 5-6: Electrolytic balance of the pyrophyllite teated samples (supernatant).

Reference Pyrophyllite

LSSA MSSA HSSA

pH 7.1 7.0 7.6 8.3
Conductivity /uScm® 1 200 1175 1220 1268
SCD /pEqg* -0.47 -0.50  -0.52 -0.58
Sodium / mM 9.3 9.4 10.1 10.6
Potassium / mM 1.3 1.2 15 1.6
Magnesium / mM 0.3 0.3 0.3 0.3
Calcium / mM 1.6 1.4 1.3 1.3
Chloride / mM 0.7 0.8 0.8 0.8
Sulphate / mM 1.9 1.9 1.9 1.9
100
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Figure 5-8: Analysis of the upper liquid phase aftethe treatment with pyrophyllite. The analyses of he talc
treatment are given as references for each metholaving the corresponding unfilled symbols.
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The COD values (Figure 5-8) for pyrophyllite aretlie same range as the values found
for talc and chlorite, but the pyrophyllite seeragdecrease its removal efficiency from
the upper phase with increasing surface area. dlteervation was also shown by the
turbidity and gravimetry (Figure 5-8) of the uppiuid phase. This unexpected trend
most probably fails to show the adsorption efficigf pyrophylliteper se A test was
made to evaluate whether very fine particles, prese the ground pyrophyllite
samples, and unable to be centrifuged, changeagparent values. The patrticle size
distributions of the pyrophyllite samples (PSD)owh in Figure 5-9, demonstrate that
about 20 w/w% of the particles are smaller than |h? for the finest material (P-
HSSA), whereas the talc sample with 2Z5th(FT-HSSA) shows only 8.5 w/w% of the
particles smaller than Og@n. However, in a separate centrifugation of theepumeral

in water it was confirmed that only a clear uppkage (0 NTU) remained, and that the
ultrafines were successfully separated during #wridugation. So, the observed effect
happens only when pitch and fine pyrophyllite geadee brought together. In this case,
material from the pulp, and the mineral, remainsti®e upper phase after the
centrifugation of the pitch suspension. This leaith increasing amount of fines to the
increased turbidity values, higher COD values ahdcaurse to higher gravimetric
values (Figure 5-8). Such fines, it is assumedefioee, can be further stabilised with
dissolved substances in TMP, such as carbohydaatdsscribed previously (Mosbye et

al. 2003; Willfér et al. 2000).
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Figure 5-9: Particle size distributions (PSD) for he investigated pyrophyllite samples P-LSSA, P-MSSand P-
HSSA compared with the FT-HSSA talc. The particleize is given as an Equivalent Spherical Diameteegd).
The data were measured on a Micromeritics Sedigragh5100. P-HSSA is seen to have significantly more
ultrafines than the finest talc, which are suspectéto become dispersion stabilised during adsorptioof pitch.

5.4 Conclusions

All three minerals, talc, chlorite and pyrophyllitact to reduce the colloidal pitch
compounds in suspension taken from a TMP-filtr@@mparisons between the removal
efficiency were made using gravimetry, chemicalgety demand, turbidity and thermo

gravimetrical analyses.

A Langmuir adsorption model approach, in which ithere usual isotherm parameter of
adsorbate to adsorbent concentration was replactd specific surface area of the
mineral presented at constant addition weight, gaasonable regression, partially
supporting hypothesid4. It would be necessary, however, to have a brostistical

range of data to confirm just one single mechare$radsorption, for example over all

available parameters of relative mineral and pjtatticle size etc.

Against expectation from a mineralogical point agw, which would suggest that talc
exposes approximately twice the hydrophobic surfaocenpared to chlorite, and
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assuming that the hydrophobic attraction force aateis the adsorption of pitch, talc
and chlorite showed similar adsorption behaviourdalloidal pitch with only a slight

indication of preference for talc. Hypothed#s is therefore incorrect, and a more
advanced explanation is required. It has been shihah the effectively presented
hydrophobic attraction force does not match thestatiographically expected one, and
that other factors play a role, including eithetenegeneity of the chlorite platelet
surface, geometry/association of talc particles/@anthe nature of pitch. We assume,
taking into account the measured zeta potentiat, ttie colloidal pitch particles exhibit
also an electro-steric stabilisation in the preseoicnaturally occurring hemi-cellulose
(Sundberg et al. 1994a). Alongside the more expedigophilic properties, this

stabilisation promotes adsorption on a varietyraphiphilic surfaces. The influence of
impurities in the minerals are effectively complenaey between talc and chlorite, i.e.
talc is often contaminated with chlorite and vicersa, though impurities in

pyrophyllite, being more wide ranging, most prolyabifluence the performance of

pyrophyllite more specifically.

The development of more advanced explanationsyfpothesisH5 were hampered by
differences in the findings from gravimetry, TGAdafrom the methods of turbidity
and COD. These differences could in part be expthiby the combination of
progressive increase in conductivity between @htgrite and pyrophyllite in respect to
soluble ionic strength, and, in the case of pyrdiiby by colloidal stabilisation of

mineral fines in the presence of the natural ptimmponents.
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6 Influence of pH and temperature on the adsorption of
dissolved and colloidal substances from thermo

mechanical pulp filtrates onto talc

The move toward neutral or alkaline papermakinghaking ever greater demands on
the closed water circuit of paper mills. The neg@dntrol contaminants in the form of
calcium-containing species, for example soaps, @tah and stickies, which can be
strongly dependent in respect to their surface csteynunder different pH conditions,
requires that the mineral response to pitch comtants under varied pH be studied to
understand the potential for adsorption. In thig p the investigation, the following

hypothesis was tested:

H6 Process conditions such &g pH and b) temperature can negatively influence the

adsorption of dissolved and colloidal substances.

During the course of the thesis, this work haslbqméblished (Gantenbein et al. 2010;

Gantenbein et al. 2011c).

6.1 Influence of pH

6.1.1 Introduction

In chapter 5, the performance of different phylioates, i.e. talc, chlorite and
pyrophyllite, in the adsorption of wood resin catsnts, as well as the influence of the
available specific surface area of the minerahm system, was presented. During that
work it emerged that the pH can be strongly infeexhby the type of mineral added.

Significant pH increase was observed after thetemtdof chlorite or pyrophyllite.
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A large number of publications refer to the influenof the three factors, pH,
temperature and calcium ion concentration {[{Jaon the adsorption efficiency of talc,
or on pitch deposition (Allen, Filion 1996; AlleDouek 1993; Douek, Allen 1991a,;
Dreisbach, Michalopoulos 1989; Gustafsson et é21®amilton, Lloyd 1984; Hassler
1988; Holmbom, Sundberg 2003; Kekkonen, Steniud 20Q@ero et al. 2000; Sihvonen
et al. 1998; Trafford 1988). Some authors showeat the affinity of wood resin
constituents for talc is progressively weakenedgldsincreases (Allen, Douek 1993;
Douek, Allen 1991a; Hamilton, Lloyd 1984; Hughes719 Trafford 1988). These
studies, however, were performed using model pgaBpensions, including single

compound systems, or contained fibres, on whictpitoé was coagulated at low pH.

A recent study investigated the effect of pH ondkeumulation of fines and dissolved
and colloidal substances in the short circulati@enrloop in papermaking (Lehmonen
et al. 2009). Besides many other findings, it wasnfl that the effect on the pitch
particle count is only moderate over the invesedgiH range of 4 to 10, and that above
pH 6 fatty acids, but especially resin acids, startlissolve. This might also influence

the adsorption behaviour of the wood resin ontortase.

The pH mainly influences the degree of saponifaratthe solubility of resin and fatty
acids and the electrostatic stability of the calédifraction. Less deposition might
normally be expected with increasing pH as more faeids would be available
(Lehmonen et al. 2009), which could act as emelsfibut the opposite is observed in
reality. The reason is predominantly the presenteCa* ions which form, in

combination with the free acids, insoluble Ca-soajtk a high tendency for deposition

(Otero et al. 2000).

Within this overall context, it was the aim of tlsitidy to investigate the effect of pH on

the adsorption process of dissolved and colloidaktances onto talc.
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In order to quantify the effect of pH adsorptioatleerms at different pH were measured

and interpreted by a operationally defined Langnagtherm (see section 2.6.1).

6.1.2 Materials and Methods

6.1.2.1 Materials

14.0 kg of the fresh wet pulp (see section 3.3 {@w% solids content) were left for 1
night to cool to room temperature, and then wesged through a filter of 2 um pore
size (filter paper, circular 602 EH). A sample takeom the 5.0 drhof filtrate/liquor
thus obtained was examined under a light micros¢@bgmpus AX-70) to check for
the absence of fibrils, which might act to distottherwise purely colloidal adsorption
results. The experiments were performed immediatelger filtration. The
electrophoretic mobility of the suspension at pl8 &as measured with a Malvern
Zetasizer NS, giving a value of -0.81 x%m*V's™. The total charge was determined
by a streaming current detector (SCD) titration (@kiPCD-02) and was found to be -
0.39 nEqd, and the polyelectrolyte titration (PET) of thdppfiltrate gave -2.0 HEqGY
lon chromatography (Dionex DX 120 lon-Chromatogiaphthe TMP sample showed
the following ions in solution present in the TMiRrate: SQ* = 0.63 mM, PQ" =

0.06 mM, Cl=0.47 mM, N4=5.30 mM, K = 1.18 mM and Cd = 1.03 mM.

The talc powder in the present study was analysed by X-ray fluorescence (XRF)

and X-ray diffraction (XRD). The talc grade usedswshown to contain the minerals
talc, chlorite and magnesite. The presence ofetlemstituents was independently
confirmed also by FTIR analysis [Perkin Elmer Spatt One Spectrometer]. XRF

[ARL 9400 Sequential XRF] gave a talc content d5-%. The specific surface area
was measured on a Micromeritics Tristar based enBRT gas adsorption model
(Table 6-1). The weight median equivalent spherioadrodynamic particle diameter

(dsg) was measured under sedimentation with a MicramsriSedigraph 5120.
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Additionally, the number mediagiyso was determined using the Malvern Zetasizer NS,
applying the dynamic light scattering techniquee Turrent talc grade is derived from
Finntalc PO5, Mondo Minerals Oy, Finland, with sedpgent grinding and delamination
to generate fineness, high aspect ratio and entaspecific surface area. These
additional processes maximised the hydrophobicatiyng planar surface of the talc

platelets.

Table 6-1: Properties of the investigated talc gradeElectrophoretic mobilities were measured in 0.01 MNaCl
solution. The dso measured by Sedigraph is weight based whereas thialue from the Malvern Zetasizer NS
measurement is number based.

Electrophoretic mobilities / deo / pm

1. Onso / M
Description Ssza—l/ X107 m*Vs® (Sedigraph - 'll
mg 5120) (Zetasizer)
pH 4 pH5 pH7.5 pH10
High specific
surface area 45 -2.85 -4.15 -3.92 -4.08 0.8 0.4
talc

6.1.2.2 Methods

The filtrate was split into portions of 2 dnand every portion was adjusted to the
corresponding pH by the use of hydrochloric acid (@) or sodium hydroxide (0.1 M)
(Table 6-2). The adjustment of the pH to 4 or $pesxtively, requires the presence of
0.10 mM hydronium KO" or 0.01 mM hydroxide OHions. Consequently, the same
amount of counter ions are added which correspor@lG1 mM sodium Naand 0.10
mM chloride Clions. As was described above, these ions haviewest impact on the
total ion balance. The use of sulphuric acid walpided, in order not to increase the
sulphate concentration further. 200 g of each pjdsted filtrate were placed in a 0.25
dm® bottle and the required amount of talc was addeslurry form (solids content of
chemical-free talc slurry = 10 wt%). 0, 1, 2, 418,and 20 g talc (dry) were added per

1 dn? TMP filtrate. If required, some deionised watersvaided in order to have the
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same dilution. The bottles were air-tight closed agitated for 2 hours. The suspension
was subsequently centrifuged for 15 minutes (JoGaB12, by IG Instruments) at
2 600 ¢|]. Two phases were collected; an upper aqueous @masa lower sedimented
mineral-containing phase. Furthermore, mineral @laas centrifuged to confirm that
the process removed mineral particles from the uppase. The upper liquid and the
lower solid phase obtained after the centrifugativare separated and analysed

according to the following procedures.

Table 6-2: Trial labelling and corresponding pH adjused with either hydrochloric acid or sodium hydroxide.
For trial point pH 7 no additional acid or base wasadded. Measured turbidity, COD and gravimetric resdue
of the pH adjusted TMP filtrates.

Trial No. Measured pH Turbidity Chemical oxygen Gravimetric
after adjustment ~ / NTU demand / mgdni® residue / gdni’

pH 4 4.2 496 3900 1.46

pH 5 5.0 496 4120 1.41

pH 6 5.8 477 3940 1.43

pH 7 6.6 451 3940 1.45

pH 7.5 7.4 438 3900 1.44

pH 8 8.3 409 3 960 1.45

pH 9 9.1 402 3910 1.46

Average - - 4100+ 80 1.44 +0.02

A 100 cn? sample of the upper aqueous phase, obtainedcaftérifugation, was placed
into a pre-weighed aluminium beaker and dried imoaen (90 °C, 24 hours) to get a
total amount of non-volatile residue, by gravimetmgld in the agueous phase, i.e. that
material not adsorbed on talc nor sufficiently aggtrated to be centrifuged into the

sediment.

A further 45 cnmi sample of the upper liquid phase was taken toyaedbr turbidity by
means of a NOVASINA 155 Model NTM-S (152). Turbidiindicates either that
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colloidal material remains in the upper liquid phas that previously extremely fine

material has progressed toward colloidal agglonmrat

A yet further 2 cm sample was taken for chemical oxygen demand (C@mR)ysis,
providing a value for the total organic contentespective of its state of dispersion or
otherwise. COD was measured using a Lange CSB LCK With a LASA 1/Plus

cuvette, range 1 000-10 000 mgdm

Particle size was determined on the Malvern ZetasiXS (photon correlation
spectroscopy). The samples were directly measuidtbwt any further preparation.

The electrophoretic mobility was also measuredhenMalvern Zetasizer NS.

6.1.3 Results and Discussion

Firstly, the turbidity, size and electrophoretic ity of the TMP filtrate as a function

of pH are reported and discussed, and, followirag, tfhe adsorption results.

Figure 6-1 shows the turbidity after the additioh azid or base, marked as “pH
titration”. The second set of data, “Ref samplesgs recorded 3 hours after the
addition of acid or base. The difference betweenttto lines may indicate the time
dependency of the combination of the various preegsoccurring, namely the
saponification reaction of the fatty acid triglywhks, the subsequent dissolving of the

saponified fatty acids and the dissolution of th&m acids.
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Figure 6-1: Turbidity of the TMP filtrate as a function of pH. The pH was adjusted by either hydrochlort acid
or sodium hydroxide (0.1 M). The data set labelledvith “Ref samples” was recorded 3 hours after the ddition
of acid or base.

HU)
= 055
£

-0.6

-0.65

-0.75

L 4

-0.8

-0.85

Electrophoretic mobility / 10

-0.9

Figure 6-2: Electrophoretic mobility of the pitch particles as a function of pH. Measurements were pesfmed
3 hours after the addition of the acid (hydrochlort) or base (sodium hydroxide), respectively.

Figure 6-2 shows the effect of pH change on thetelphoretic mobility of the pitch
particles. As in the turbidity versus pH titratiotine electrophoretic mobilities were
measured 3 hours after pH adjustment. It can be thed the lower the pH, the more of

the anionic charge carriers (mainly carboxylic greuon the pitch droplets become
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protonated. Increasing pH leads to decreasingrelgubretic mobilities of which the

strongest decrease is observed between pH 4 and 7.

The particle size of the pitch colloids remainsithe samedyso = 200 — 240 £ 30 nm
in which the 30 nm are based on the standard dewiadf three independent
measurements) for all adjusted pH ranges, as showingure 6-3. The pitch droplets
have rather comparable particle sizes except fod pFhis can be expected since at pH
4 the pitch particles will start to coagulate do¢heir reduced electrostatic stabilisation.
The equivalent spherical diametes@ distribution of the talc is also shown, but it shu
be remembered that the talc platelet diameterdigiger than those shown in tlesd

distribution (see section 2.4.3 and chapter 4).

100

90 __—pHI4 I—pl-l|5 | jll/-" i
80 +— pH6 ——pH7 /// 'l
/ Vi
70 +— pH7.5 pH8
7/ |

60 T———pH9 = = 'Talc

40 /

2 /1

10

Cumulative number distribution / %

10 100 1000
esd /nm

Figure 6-3: Particle size distribution of the pH agusted TMP filtrates as well as of the talc. The distbution
curve is number based.
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Figure 6-4: pH of the trials, commencing at a rang®f pH from 4.2 to 9.1, as a function of talc dosay

The pH was adjusted before talc addition and wasfumdher buffered during the
adsorption experiment. As a result of this the dddéc basified the system (Figure 6-4)
with the strength of this effect proportional t@ ttistance of the initial pH below pH 9.
This underlying basification caused the propert€she pitch particles, such as their
electrophoretic mobility, to change with increasitgjc amount. It also probably
changed the surface chemistry of the talc, for etanby causing a degree of
solubilisation of the M from the ancillary dolomite. In the case of the gH
experiments the Mg concentration rose from < 0.04 mM to 1.81 mM, velaer at
higher pH and lower talc dosage the release of'Mgs lower. At pH 4, this increased
Mg?* can have a number of possible effects: raisingdaotivity, neutralising any
carboxyl groups existing on the pitch or surfactacting soaps, and depleting the
charge balance in the talc structure with the tastlintroduction of ionic interactions

on the talc surface.
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Figure 6-5: Development of the electrophoretic molity of the particles in the TMP filtrates as a resut of
increasing talc addition and of pH. The grey shadetine represents the electrophoretic mobility of tle original
TMP filtrate as already shown in Figure 6-2. Talc doage increases from there in the direction of the aows.

Figure 6-5 shows the electrophoretic mobility oé thon-adsorbed colloidal particles.
Despite the pH development shown in Figure 6-4,nbe-adsorbed species follow a
different trend. The more talc is added, and theenpitch particles get removed, the
more negative the electrophoretic mobility becordepossible reason for this could be
the presence of very fine talc particles that weot removed by centrifugation.

However, IR analyses of the dried supernatantsidicshow any talc. Therefore, it can
be concluded that electrophoretic mobility is tl&tthe remaining colloidal fraction

originating from wood resin constituents. It seegitker that the material remaining in
suspension was even further stabilised, or thatntlost stable fraction remained in
suspension while less stable colloids were adsorbbd exception is the trial which

started at pH 4.
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Figure 6-6: Adsorption isotherms of the trials forturbidity analysis.

Figure 6-6 shows the adsorption isotherms for ifferént pH experiments. Theaxis,
I'eq, is expressed as turbidity removed by 1 g talceddtb 1 dm TMP filtrate
(Equation 6-1), whereas theaxis, Ceq, is referring to the equilibrium concentration,
following Equation 2-17, or, in this case, the desil turbidity after centrifugation of

the talc.

Since

Equation 6-1

where ¢y’ is the starting concentration (turbidity, COD oragmetry), Ceq is the
equilibrium concentration (turbidity, COD or grawny), my is the mineral dosage in

gdm® the operationally defined loadidg," of sorbate on sorbent, can be derived.

It can be seen that the adsorption capacity ofitalocreased at lower pH compared

with that at higher pH, what is in agreement witbyious work (Hughes 1977). This
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adsorption behaviour was characterised in termshef Langmuir constantk(’), a
measure of the affinity between the adsorbate &edaidsorbent, and the maximal
loading (max) Of the adsorbate onto the adsorbent. These auastfiable 6-3) were
found by fitting the data to Equation 2-17 with Tedurve 2D™ (non linear least

squares (NLLS) fit).

Table 6-3: Summary of the fitting values derived fron the turbidity data. The two constants lie all wihin the
confidence interval of 95 %, except foK, " at pH 4 and 9 (Given by the t-test with the valuef P > |t]).

N° K.* ) R?

Value / NTU? P>t Value/NTUg" P> [t

pH 4 0.069+0.092 0.11 80+£19 <0.01 0.81
pH 5 0.022+0.006 <0.01 155+13 <0.01 0.99
pH 6 0.021+0.018 0.03 152+40 <0.01 0.95
pH 7 0.021+0.009 <0.01 134+19 <0.01 0.98
pH 7.5 0.018+0.007 <0.01 129+16 <0.01 0.99
pH 8 0.019+0.012 0.01 97+17 <0.01 0.97
pH9 0.016+0.019 0.09 82+28 <0.01 0.91

It can be seen from Table 6-3 that the behavioyHht is anomalous with respect to
behaviour at higher pH, with a relatively high® (although not significant) and low
I'max - Apart from thaK " andl hax decrease monotonically (Figure 6-7). In comparison
to the 95 % confidence intervals shown in the gsaphe decrease dfhax with
increasing pH is significant. However, althougif also decreases with increasing pH,
the decrease is within the 95% confidence intenaisl therefore cannot be attributed

any statistical significance.
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Figure 6-8: Equilibrium COD ceqCOD of all trials against equilibrium turbidity c.q after adsorption in the
supernatant. The arrow shows the direction of incresing talc dosage. The slope of the linear regressitine
above 50 NTU is 2.07 mgdifNTU™, and its intercept at zero turbidity is 3 030 mgdrit. R>=0.91 andp for both
parameters < 0.01.

Whereas turbidity measures the colloidal fractionemical oxygen demand (COD)
measures all the material, dissolved and colloiddhich is oxidised under the
conditions applied. Therefore plotting equilibriuBOD ceq °° against equilibrium
turbidity ceq (Figure 6-8) allows differentiation between thesdilved and suspended
species. As can be seen in Figure 6-8, there isearl relationship between the two,
except at low turbidity at which COD drops markedlgplc dosage increases from right
to left in the figure. So, initially, and as thdctalose increases, the linear relationship
moving from right to left in the figure correspontdsthe adsorption of colloidal pitch

associated with a constant amount of adsorbed ldestspecies (region 1). Above a
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certain talc dosage, corresponding to the regiasti2 lower than 50 NTU on the graph,
COD drops markedly because now there is suffictalt and low enough colloidal
material for the adsorption of dissolved matersaich as carbohydrates, resin acids or

lignin.

The linear relationship above 50 NTU in Figure @@ be extrapolated back to an
intercept of ~ 3 030 mg Qim?* at zero turbidity, as shown on the graph. Thisrirept
corresponds to the hypothetical adsorption of ladl tolloidal species, without any

adsorption of dissolved species.
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Figure 6-9: Adsorption isotherm of the trials for the COD analysis. The grey area between 3030 mg dm 100
mgdm represents the region in which colloids are presefin the liquid phase. The scatter of the results inhis
region is due to the uncertainty of the COD analysi quantified by the vertical error bars. The error bars were
calculated based on the error propagation of Equatin 6-1 with the standard deviation ofc, of 80 mg dm®
(Table 6-2). The thick line represents a two-stage smthing curve explained in the text.

The behaviour of the COD isotherm with pH (Figuf®)6s not clear; it can be seen that
the data variation with pH is random and lies witthie overall error bars. The intercept
of 3 030 mg @ dm™ in Figure 6-8 provides a threshold between whatrefer to as
regions 1 and 2 (Figure 6-9). In region 2 therendy a very minor fraction of the

colloidal particles interacting with the talc, anldere is very little dependence of
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removed COD on pH. In region 1 (shaded), there igmificant colloid present.

Although in this region there is a general upwaesmd of removed COD with respect to
equilibrium COD, as highlighted by the thick smaathcurve, the effect of pH on this
overall trend is apparently fairly random. Thistseis due to the inherent error limits
within the COD measurements, the extent of whieghsdmown by the example vertical

error bars, and which mask any more subtle treacketls with pH.

The total amount of organicgd, ") is not clearly affected by pH (Figure 6-9), bt
the amount of colloidal material'{y) is affected. This suggests that the colloidal
fraction is in direct competition with dissolved t@aal depending on concentration and
pH. In order to make a semi-quantitative charasétion of this effect, the smoothing
curves in the two regions are interpreted. In ned? it is most appropriate to fit a
straight line through the 14 data points. This esgion line has a steepness of 0.062 g
and an intercept of -56 mgdig® (R°=0.81). In region 1, an operational Langmuir
isotherm was fitted (Equation 2-17), with = 0.0014 mgdm and Iimac°° = 314

mgdni’g? (R°=0.47). The pooR’ is related to the immense scatter of the datatpoin

Figure 6-10 shows a linear regression between ibquiin gravimetric analysis (total
mass) and equilibrium COD (mass of organic). Thergept of the linear regression
line at zero remaining COD, corresponding to theamh of material not involved in
the adsorption, is 1.16 gdinwhereas the maximum value in Figure 6-10 is aidBi0
gdm?®. The residual 1.16 gdrhis inorganic material not taking part in adsorptio
Around 40 % (i.e. 1.16 / 3.0) of the mill watertfdte is thus of inorganic nature,
whereas the rest (60 %) is organic, of which 252800 / 4100 as above) is the

colloidal fraction.
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Figure 6-10: Equilibrium gravimetry c.2® versus equilibrium COD c,"°°: enabling the COD to represent
mass of organic remaining after adsorption. Both fted parameters are significant p < 0.01).

Based on the linear regression of COD with turlyidiigure 6-8) in the region of COD
> 3 030 mgdrit and the linear regression of COD with gravimefig@re 6-10), it is
possible to calibrate turbidity and COD data fos@hte mass. The surface covered
with dissolved speciebe***"*!can be calculated by subtracting the mass of idallo
organic material o' given by turbidity from the total mass of orgamaterial

T'eq®® given by COD as presented in Equation 6-2.

dissolve — p~total colloidal
I'eq C(Ceq)— I'eq (Ceq)_ I'eq (Ceq)

Equation 6-2

The COD isotherm representing the total organicenmlt was transformed to total
organic mass by multiplying the equilibrium concatibn ce,"°° and the loading

Teq °° with the steepness found for the linear regressiimn in Figure 6-10 (0.0004
gmg?). For the turbidity isotherm, the Langmuir constéf and the maximum loading
I'max expressed earlier were converted in a first stép COD values, using the linear

relation in Figure 6-8. In order to do 8p' was divided by the steepness of the linear
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regression in Figure 6-8 (2.07 mgdNiTU™), andma’ was multiplied by the same
value in order to yieldK "% and 7, "% respectively. Also the equilibrium
turbidity concentration and loadingsq and/q, have to be transferred to equilibrium
colloidal concentration and loadinge " and I'e*"*%, expressed as in COD. It
must be remembered that turbidity recorded a valueero when COD retained at

extrapolated value of 3 030 mgdmiThis implies that we subtract 3 030 mgdifrom

the equilibrium colloidal fraction concentratiorating to Equation 6-3.

]—vr%cgl)?idal K I(_:olloidal [Qcce:gnoidal _ 3030mgdm‘3)

colloidal —
r eq =

1+ KI(_:oIIoidaI [ﬁcce:glloidal _ 3030mgdm‘3)
Equation 6-3
The variablese "%, ce®'®??) of Equation 6-3 can then be converted from COD to

colloidal mass by multiplication using the steemnes$ the linear regression, linking
mass and COD (0.0004 gifigas already described above for the transformation
COD into mass. The starting point for the colloigadtherm is at the specific value of
1.21 gdn®. This is due to the intercept in of 3 030 mgtlat 0 NTU and transformation
with the steepness of 0.0004 mgthit. Thus, in summary, the total organic measured
by COD is converted into total organic mass, ane dnganic colloid fraction is

converted in 2 steps from turbidity into mass.

The result of this approach is presented in Fidgitfel, Figure 6-12 and Figure 6-13,
which refer to pH 5, 7 and 9, respectively. In efigare, the black line is the mass
based adsorption isotherm derived from COD, andbiie line is the mass based
adsorption isotherm derived from turbidity. The rkde, which is the difference
between these two isotherms, is the mass basedp#idsoisotherm for the dissolved
organic species. For pH 5 (Figure 6-11), the vafoesoading of the dissolved material

appear to go below zero, whereas the loading dbidal material goes above the total
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loading, but this is an artefact of the errors witthe adsorption isotherms, especially

observed for the COD analysis.
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Figure 6-11: Adsorption isotherm at pH 5 for the dssolved and colloidal fractions (black), adsorptiotfisotherm
for the colloidal fraction only (blue) and adsorption isotherm for the dissolved fraction only (red).The
direction of the arrows indicates the increasing t& dosage, which reduces the equilibrium concentran. The

phases are described in the Discussion section.
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Figure 6-12: Adsorption isotherm at pH 7 for the dssolved and colloidal fractions (black), adsorptiotfisotherm
for the colloidal fraction only (blue) and adsorption isotherm for the dissolved fraction only (red).The dotted
line indicates the loading of colloidal and dissobd material on talc below the equilibrium concentréion of

1.21 gdnmid.
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Figure 6-13: Adsorption isotherm at pH 9 for the dssolved and colloidal fractions (black), adsorptiorisotherm
for the colloidal fraction only (blue) and adsorpton isotherm for the dissolved fraction only (red).
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Figure 6-14: Schematic drawing of the adsorption pscess. Starting point refers to the untreated TMP firate.
Talc dosage is increased from left to right whereathe equilibrium concentration decreases from leftd right.

In order to explain the processes occurring, wé #pe adsorption process into three
phases, as shown in Figure 6-12. Phase | occueggion 1, and phase Il in region 2,
with phase Il on the borderline of the two regiolbe schematic drawing in Figure
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6-14 explains the adsorption process in each cfetlplhases, and hence the reason for
the trends in Figure 6-11, Figure 6-12 and Figw¥36 The starting point for each
experiment is the TMP filtrate without any talc.aBk | begins on the addition of a low
amount of talc. The ratio of colloidal and diss@\&pecies to talc is high, and reduces
as more talc is added. In phase I colloidal andalv®d materials compete for the talc
surface. By the addition of more talc more and num#oidal and dissolved materials
get adsorbed. Due to the limited availability oé tbolloids, most of them have been
adsorbed, the system enters phase Il. The ratiliseblved material to available talc is
now increasing and more and more of the talc serfgets covered with dissolved
material. AtCeq = 1.21 mgdrii, the border line to phase I, all colloidal paftis are
removed. At the end of phase II, the entire colbiffaction has been adsorbed.
Therefore, adding more talc has the effect of mhog adsorption surfaces for the

dissolved fraction only, a state which we refeasgohase lll.

In practice, as shown by Equation 6-1, and moreipety by Samiey and Golestan
(2010), the adsorption stages cannot be entirgharate and successive. A more
realistic plot is therefore shown by the dottededin line in Figure 6-12, the route
described implies that even when the colloid cotregion is = 0 mgdmi the talc
loading includes a certain fraction of colloids,ighis linearly decreasing the more talc
is added. This intercept is presented in Figure2 @¥ the dotted linear line with

unknown steepness.

The adsorption of colloidal and dissolved specgsantrolled by the two equilibria
shown in Figure 6-15, whet€cqivin IS the colloid adsorption constant agiss-wmin IS

the constant for the adsorption of the dissolvadtion. While the two equilibria do not
directly compete for the same species, they ammpetition for the same adsorption

sites on the talc. Additionally, a third adsorpti@guilibrium between dissolved
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substances and colloidal substances may also téee,pwhich is also largely

influenced by process conditions such as pH angeeature.

Kol
[Colloid] + [Mineral] === [Colloid-Mineral]

. . KDiss-Min . .
[Dissolved]+[Mineral] <—= [Dissolved-Mineral]

KDiss-CoII
[Dissolved]+ [Colloid] <—= [Dissolved-Colloid]

Figure 6-15: Adsorption equilibriums for the adsorgion of colloidal and dissolved species.

Changing the adsorption constants is directly eelab changing affinities that might be
caused by a) change of talc surface propertieshdnge of colloid surface properties or
c) change of properties of the dissolved speciagthEBrmore, the equilibria shown in
Figure 6-15 are also affected by the concentratiohshe dissolved species. As
discussed previously, a change in talc surfacegrtiggs (effect a) only occurs at pH <
5. Electrophoretic mobilities of talc remain on@parable level between pH 5 and 9.
It is also known that the properties of talc are significantly changed by pH (Biza
1997; Biza 2001; Parmentier 1979). The change efcthlloid surface properties was
detected by the electrophoretic mobility measurém@nesented in Figure 6-2. Since
the electrophoretic mobility decreases with inciegasoH the colloidal stability by
electrostatic interaction is increasing as pH risasllfor et al. (2000) proposed a
reduced electrostatic stability for wood resin detg from peroxide-bleached TMP at
pH 5 compared to pH 8. However, wood resin droplgtsunbleached TMP, as
investigated in this study, are known to be eletatically and sterically stabilised
(Sundberg et al. 1996¢) and thus the effect byhahged colloidal stability is expected

to be rather minor.
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Concerning the concentration of the different sped was shown earlier that turbidity
decreases with increasing pH whereas COD remainstaat (Figure 6-1, Table 6-2).
Additionally to this, the particle size measurensefitigure 6-3) showed no significant
change in particle size with different pH valuesheTdecreased concentration of
colloidal particles and the increasing solubiliyresin and fatty acids with rising pH
(Lehmonen et al. 2009; Nyren, Back 1958a; NyrenckBa958b) further favour the
adsorption of dissolved material in the higher pahges due to the changed

concentration ratio of the colloidal and dissolwediterial.

The main effect was seen on the capacity (loadighe talc but not so much on the
affinity of it towards wood resin components. Tlisanother argument suggesting that
certain soluble species are covering the surfatalofpreferentially at higher pH. It was
described earlier that talc has also moderatertmgtaffinity for components such as
carbohydrates, lignin, defoamers, and fatty anthrasids, which might act to suppress
the attraction to pitch (Allen et al. 1993; Moslsteal. 2003; Rogan 1994; Willfor et al.
2000). Molecular compounds like fatty and resirdadikely being released at higher
pH by saponification and by increased solubilitg axpected to form molecular mono
layers on the talc surface (Rogan 1994). Thusadyrevery low amounts of these
compounds may cover a significant area of the salface. Today’s continuing trend
towards alkaline papermaking is further reinforcsugh effects. While the adsorption
capacity and surface property of talc are rathadslstwithin the studied range of pH, the
chemistry of the papermaking environment changesveth it the capacity of talc to

control wood pitch problems is reduced.

In general, a clear effect of pH has been demaestiffypothesisi6(a)]. Clear trends
are apparent, except at pH 4. Such anomalous lmiralias not previously been

reported in the literature (Hughes 1977). Howewasrdiscussed previously, impurities
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present in talc, like dolomite, are strongly aféettoy pH, and especially at low pH
magnesium is observed to be dissolved. Furthernttughes used model pitch which
was purely colloidal and did not contain dissolwvealterial. Others (Allen, Douek 1993)
observed a reduced amount of pitch particles ak# but this was in the presence of
fibrous material on which the pitch heterocoagulatand so cannot explain what
happened during the current trial. Another argunoendd be that below a certain pH a
soluble fraction of the system strongly competethhe colloidal fraction. Douek and
Allen (1991b) found that lignin strongly suppres#es adsorption of tall oil especially
with decreasing pH. Unfortunately, the investiggbétirange reported only covered pH

8 —-12.

6.2 Influence of temperature

6.2.1 Introduction

During the pulping and subsequent paper productibe temperature varies
significantly. It is, therefore, important to undemnd the effect of the temperature on
the adsorption of dissolved and colloidal substarmeto talc. Despite no data being
available in the literature so far directly in respto adsorption, a lot of work has been
performed focusing on the effect of the temperatmepitch deposition (Dreisbach,
Michalopoulos 1989; Farley 1977; Gustafsson etl8b2; Hassler 1988; Qin et al.

2004).

This section aims to investigate the influenceemhperature, in a range of 20 — 80°C,
representing typical papermaking wet end conditiars the adsorption of dissolved
and colloidal substances originating from an undied thermo mechanical pulp
(TMP) onto talc, and, after in-depth review of teor literature, is considered very

likely to be the first of such in this field.
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In order to study the adsorption behaviour, adsmmptisotherms at different
temperatures were recorded and interpreted by amatpnally defined Langmuir

isotherm (section 2.6.1).

The quantification of the adsorption isotherms wale indirectly with analyses such
as residual turbidity and chemical oxygen demar@dLfor ceq or thermo gravimetric
analysis (TGA) forl". Therefore, the Langmuir model will not reveal a&b identify
adsorption energies directly. Nevertheless, thesorea trends can indicate the kind of

sorption interactions taking place.

6.2.2 Materials and Methods

6.2.2.1 Materials

The fresh wet pulp (see section 3.3) (4.1wt% satioistent) was left for one night to
cool to room temperature (rt), and further wet peelsthrough a filter of 2 um pore size
(filter paper, circular 602 EH). The filtrate watecked under a light microscope
(Olympus AX-70) for the absence of fibrils. Theginal TMP filtrate had a turbidity of
382 + 13 Nephelometric turbidity units (NTU), a afieal oxygen demand of 3 440 +
65 mgdn? and a gravimetric residue of 2.85 + 0.02 gHfthe error ranges and the
averages refer to the standard deviations of sevessurements). The electrophoretic
mobility (EM) at the original pH of 6.6 was -0.783m?*V's™. A pH titration of the
EM is shown in Figure 6-16. The titration was peried using 0.1 M NaOH and 0.1 M
HCI whilst the mobility was measured on a Malveetasizer NS. The electrochemical
potential of the TMP filtrate was measured by striegy current detector on a PCD-03
by Mdutek, using a solution of 0.0025 M poly-DADMAQpoly-(allyldimethyl-
ammonium chloride)] and gave a value of -1.1 [iEd@polyelectrolyte titration (PET)
was performed using 0.01 M PDDPC [poly-(N,N-dimetByb-

dimethylenepiperidiniumchloride)] and 0.01 M KVPSpofassium polyvinyl-
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sulphonate). The PET value was -2.2 WEdgn chromatography was carried out on a
Methrom 882 Compact IC plus, and showed:<0.51 mM, SGF = 0.35 mM, N& =
9.10 mM, K = 1.0 mM, C& = 0.85 mM and Mg = 0.21 mM. The resulting

conductivity was 1.89 mSch
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Figure 6-16: Electrophoretic mobility of the colloidal fraction of the TMP filtrate as a function of pH.

The talc sample is described in section 6.1.2.1.check that the initial sample
temperature did not affect the thermo-gravimetryhaf pure talc, separate samples of
talc were stirred into tap water at the variousegikpental temperatures in the range 20
°C to 80 °C. After a stirring for two hours, thengales were centrifuged and the
sediment dried at 90°C. TGA of the talc samplesngtbsmall changes in the weight
loss. At 20 °C the weight loss was 6.39 %, at 406 87 %, at 50 °C 6.47 %, at 60 °C

6.68 % and at 80 °C 7.06 %.

6.2.2.2 Methods

Immediately after filtration the pH of the filterddMP was adjusted with 0.1 M sodium

hydroxide to 7.2, and the sample subsequently sptit 250 cmi glass bottles
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containing each 200 g of the TMP filtrate. The gas samples were then heated to the
corresponding temperatures (20, 40, 50, 60 and G0 After having reached the
required temperature the talc, also correspondipggyheated, was added in slurry form
(solids content of the chemical free slurry = 106Nkt The mineral amounts were chosen
to lie between 0 and 50 gdinThe suspensions were stirred using a magnetiersiin
temperature controlled water baths for two houtse Temperature of the experiments
was measured at the beginning, after one hour tatttekaend of the experiments. After
the two hours of agitation, the experimental migtuwere immediately centrifuged
(Jouan C 312 by IG Instruments) for 15 minutes aB0® . Two phases were
collected; an upper liquid aqueous phase and arl®ediment mineral-containing
phase. Centrifugation of the pure mineral did rfaive any remaining mineral in the
supernatant, and centrifugation of the TMP filtrdié not show any sediment coming

from the colloidal fraction of the TMP.

Analyses of the two phases were done as describsettion 6.1.2.2.

6.2.3 Results and Discussion

The presentation of the results is split into twot®ns. In the first section a calibration
Is presented that allows the transformation ofitityresults, referring only to colloidal
material, into mass based results, as well agéimsformation of COD results, referring
to the total organic material, into total organi@sa results. This permits a direct
comparison of the two to be made. Within this gashort note is made of the change of
pH and electrolyte balance. With this calibratiooltin hand the actual sorption results

are calculated and reported in the second part.

In the current section a thermodynamic approach eh@sen to quantify the sorption
behaviour at the different temperatures. Therefare,equilibrium concentration is

obtained after the removal of the mineral. In orbecreate a mass-based calibration of
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the measured parameters, the transformations bidity and COD were obtained by
plotting them against gravimetry. Figure 6-17 shdles equilibrium turbidity after the
removal of the mineral versus the equilibrium gnaeiry, also after the removal of the
mineral. It can be seen that the two parametersoalg linearly dependent within a
certain region. This straight line represents thisogotion of colloid species onto
mineral. When the mineral, and the colloidal spgcere removed from solution at
higher concentrations of DCS, what remains are @oiipids which have not been
adsorbed, and the all of the dissolved fraction.tl@fse, only the colloidal fraction
contributes to the turbidity. However, if the exp®ent is performed with low
concentrations of DCS, then all the available ddllvas been preferentially adsorbed,
so there are adsorption sites still vacant, whiah adsorb some of the dissolved
substances. When these adsorption complexes amfuwged out, what remains in the
solution is a negligible quantity of colloids, arad depleted amount of dissolved
substances. The steepness of the regression treetefscribes the mass equivalent of 1
NTU (0.68 mgNTU), and the intercept of 2.32 géhindicates the amount of non-

colloidal material. Both fitted parameters are gigant (p <0.01).
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Figure 6-17: Equilibrium turbidity of the TMP filtrat e after the removal of the mineral versus equilibtim
gravimetry after the removal of the mineral. The presented linear regression is based on all data pomtvith x
> 45 NTU. Both fitted parameters are significant § <0.01).
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Figure 6-18: Equilibrium COD ceqCOD of the TMP filtrate after the removal of the minera versus equilibrium

gravimetry c.,”® after the removal of the mineral. Both fitted parameters are significant f <0.01).

Figure 6-18 shows the equilibrium COD versus thaildgium gravimetry after the
removal of the mineral. In this case (unlike that Figure 6-17), the properties shown
on the two axes are both an indirect measure o$dhee thing — i.e. the total amount of

dissolved and colloidal substances remaining iotsm after centrifugation. Therefore,
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as expected, the two parameters show a linear depew, with a regression coefficient
R’ = 0.96. The steepness suggests that around 0.64ofmgravimetric residue
correspond to 1 mg LQequired to oxidise the organic material. Thenreet of 0.655
gdm® represents the inorganic fraction of the TMP dilér Both fitted parameters are
significant p <0.01). Thus, approximately 74% of the total matan the TMP filtrate
is organic material. The gravimetric residue may ibuenced by the change of
inorganic matter with increasing mineral dosagetelspect to this finding, pH and the
concentrations of the ions listed in the experiraesection were followed. On one
hand, the initial pH value of 7.2 before the mihedasage was seen to increase
continuously with increasing mineral dosage, upkb 8.2 with the highest mineral
dosage of 50 gdth On the other hand, no change in respect to tal/sed ions was
observed, except for the magnesium concentratibichnincreased from 0.21 mM to a
maximum of 0.46 mM for the highest mineral dosalye.the case of the lowest
gravimetry value (1.52 gdf) this error contributes less than 1%, and thuwas

decided not to correct the data further.

With the above-described calibration, the turbidityd COD data were thus converted
into gravimetric mass-based concentrations. Inrom@ebtain the mass-based value for
the colloidal organic materiates () the measured turbidity at equilibriumy is

inserted into Equation 6-4. The reason for theedéice in the intercept between
Equation 6-4 and the linear regression intercepFigure 6-17 is the fact that the
inorganic material represented by the interceptheflinear regression in Figure 6-18

(0.655 gdnT) has to be subtracted. If only the sorption preagsthe colloidal material

is investigated, the intercept can be completdtyolet.

c8(r) = 0.00068 ¢4, +1.662
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Equation 6-4

cd(CoD) = 0.00064E5,"

Equation 6-5

cg™(r) - c&(r)

My

colloidal _
r, eq =

Equation 6-6

where the units of concentration are given in gdm

The equilibrium COD concentratian, °° is then converted by Equation 6-5 into total
organic equilibrium concentratiar,”*(COD). Equation 6-5 does not need an intercept
like the linear regression previously seen in Feg6¢l8, since the excess gravimetry

value at zero COD is not organic by definition, cerresponds to zero COD.

With Equation 6-4 it was possible to calculate tieess-based equilibrium concentration

of the colloidal material, and thus apply it to thesorption isotherm for the colloidal

fraction. For this isotherm, the loading of collsidn the mineral surfadé "%, was

calculated using the initial colloidal organic nmaec,®®(z), the equilibrium colloidal

gra

organic materiate’ *(z), and the mineral dosage, in Equation 6-6.

Table 6-4: Summary of the fitting parameters for thecolloidal fraction of the TMP filtrate described by a
Langmuir isotherm (Equation 2-17). The shown range rpresents the 95 % confidence interval of the constiés
and P > [t] is the probability that the value liesvithin the confidence interval.

Temperature K."/ dmg* Imat | mgg* R?
Value P>t Value P>t

20 °C 0.032+0.020 0.01 71+20 <0.01 0.94

40 °C 0.023+0.012 <0.01 108+27 <0.01 0.97

50 °C 0.021+0.014 0.01 125154 <0.01 0.96

60 °C 0.023+0.009 <0.01 141425 <0.01 0.98

80 °C 0.031+0.020 0.01 156459 <0.01 0.95
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Figure 6-19: Mass-based adsorption isotherm for theolloidal fraction of the TMP filtrate based on turbidity
data.

A Langmuir isotherm (Equation 2-17) was fitted atle temperature with Tablecurve
2D™ (non linear least squares NLLS fit). Figure 6-t@ws the different isotherms.
The fitted parameter&. " and/ .« are also presented in Table 6-4, together with the

regression coefficierf®.

The Langmuir constant&, " for the adsorption of the colloidal fraction lagtiveen
0.021 dnig™ and 0.032 drig™. The maximum loading ranges from 71 ritga 20 °C to
156 mgg* at 80 °C. The goodness of fit indicated by theession coefficienk is in

all cases >0.94. A linear regression of the maximloading I'max versus the

temperature gave a steepness of B?4{.96,p<0.01).

In order to quantify the adsorption behaviour & thtal organic materiakq is obtained
via the COD measurement and the loading via themtbigravimetric analysis (TGA).
It was decided to avoid the calculation of the logdaccording to Equation 6-6 and use

the independent parameter of TGA instead. COD mieasnts can have large errors
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(65 mgdn?®) and, especially in the high equilibrium concetitra region, the impact

of this error on the calculated loading can be naptably high.

Figure 6-20 shows the sorption data for the totghnic material in the TMP filtrate
onto the mineral at the various temperatures. ratlg the sorption of the total organic
material is more complex than the sorption proadsthe colloidal fraction. Not only
does competition of the colloidal and the dissolfredtion arise, but also competition
of the various dissolved species. This makes iy \fficult to apply any sorption
isotherm throughout the range of the data. Neviasisethe data were fitted in order to
be able to follow the sorption better. In the ramggween 900 and 1 662 mgdm
linear regression was made (Region Il). The pofnthange to linearity, i.e. at 1 662
mgdni®, was chosen based on the intercept in the tuybiditsus gravimetry plot in
Figure 6-17 minus the intercept in the COD versawignetry plot. Above this value, a
Langmuir isotherm was fitted (Region 1). The partene thus obtained cannot be
regarded as quantitative because for some fits 8nly4 data points were available
(including the origin) but it was nonetheless dedido use a Langmuir as being
qualitatively relevant due to the observation méalethe colloidal part. Table 6-5

summarises the fitting parameters derived fronctrestructed lines in Figure 6-20.

Table 6-5: Summary of the fitting parameter of the btal organic sorption data. The fit is characterisd by a
linear region in the form of y = mx + b and the Langmuir region in the form of Equation 2-17 The standard
error of the steepnessm, is in all cases ~ 0.01. The fitted parameters fohe linear regression are significant
<0.05) exceptm and b at 20 °C which are not significant p >0.05).

Region 1l (linear) Region | (Langmuir)
Temperature
m b RZ KLCOD FmaxCOD
20 °C 0.02 +9 0.44 0.02 12
40 °C 0.07 -66 0.90 0.04 25
50 °C 0.05 -33 0.95 0.05 40
60 °C 0.09 -82 0.87 0.006 100
80 °C 0.05 -38 0.84 0.1 80
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Figure 6-20: Sorption data for the total organic maerial in the TMP filtrate at various temperatures. The
equilibrium concentration in the aqueous phase wagetermined by COD and transferred into equivalent nass
by Equation 6-5. The loading was obtained by TGAI,,** and refers to mg volatile (200 °C — 1 000°C)
material per gram mineral. The fit is based on a liear regression between 900 and 1 662 mgdmand a
Langmuir for concentrations > 1 662 mgdr.

The calibration of the turbidity to a mass baséigure 6-17 showed that the mineral
talc adsorbed both colloidal and dissolved spediks can be concluded from the non-
linear behaviour of the calibration. However, asrsas colloidal material is available,
the adsorption of colloids is preferred, at least o mass-based consideration. The
calibration of COD to a mass base showed that t8®,Cand thus the total organic
material, is linearly related to the removed mé&sdrapolation showed that 26 % of the

TMP filtrate is of inorganic nature whereas theeoth4 % is of organic nature.

Investigating the adsorption process of the orgamubioidal fraction via turbidity
showed a significant preferred adsorption of thélomtal material at increased
temperatures. No significant change was observel,faout/ max showed a significant
increase of adsorbed colloids with increasing tawipee (Table 6-4). Hyopthesis

H6(b) is thus proven.
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In order to understand this observation betterew hypothetical mechanisms are
discussed in order to elucidate by a process ofimdition. With increasing temperature
the cohesive force of the individual pitch dropldesreases. Thus, it is more likely that
the pitch droplets tend to spread more on the rairenrface, and so covering a larger
surface area on the mineral. This would lead tovweel I'yax but an increase&,’
because of the increased contact area. This wasoudby not observed. The
temperature also affects the solubility of the alsd and also colloidal substances in
the TMP filtrate. A better solubility of the disseld substances, which compete with the
colloidal fraction for the mineral surface, woukhd to an increased adsorption of the
colloidal fraction but of course also to a decrelasvel of dissolved substances on the

mineral surface.

In section 6.1.3 we have shown that the pH chatigesatio of dissolved and colloidal
substances on the mineral surface, and that witte@sed pH more and more dissolved
substances get adsorbed. This was shown by subgrabe sorption isotherm of the
colloidal material from the sorption isotherm oéttotal organic material. In the current
study the pH is around 7.5 — 8.0. Also, accordmgection 6.1.3, a certain amount of
dissolved substances can be found on the minerfzlcgeu As an example, Figure 6-21
at 60°C shows the sorption isotherms of the tatghoic material, the sorption isotherm
of the colloidal material and the difference of ti as the sorption isotherm of the
dissolved organic material. The loading of collodasthe mineral appears to be 0 rigg
at an equilibrium concentration of 1 662 mgdnit is, however, important to note that
also below this critical equilibrium concentrati@ncertain amount of colloids may,
nonetheless, be on the mineral surface. In ordacéount for this, the dotted lines in
Region Il in Figure 6-21 have been manually ingkrteuch plots were also made for

the other temperature experiments, but the absa@uoteunt of adsorbed dissolved
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substances remained the same. Therefore, an ingqmming from the increased

solubility of certain compounds is not likely.
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Figure 6-21: Overlay of the total organic adsorptio isotherm and the colloidal isotherm with the calalated
isotherm for the dissolved fraction at 60 °C. In adition, the measured data points are also shown d%, "

and Ceq°P.

Another possibility is that the dehydration of bdlie lyophobic pitch colloids and the
hydrophobic mineral surface are the driving foregkich control transport, and

subsequent adsorption of the colloidal materiaimfrthe bulk suspension to the
hydrophobic surface, as was also described forstiption process of guar onto talc
(Jenkins, Ralston 1998). The dissolved fractiont@ios also soluble polysaccharides
with a hydrophobic backbone, as well as solubledyfaand resin acids with a

hydrophobic carbon chain that would also undergostime effect. This effect would be
manifest as an additional step in region Il (Fig6r20 and Figure 6-21). Although

such an effect can be possibly observed in therdguthere are not enough
experimental points to make a statistically sigifit additional fit, whereas the effect

for the colloidal fraction is much stronger. In &ah, this finding further confirms that
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the hydrophobicity of talc and pitch form the redav pair-wise driving force for the

adsorption, as already observed elsewhere (Wallgtel. 2007).

The adsorption measurements were interpreted asirgperationally defined Langmuir
isotherm. An important and fundamental assumptmnstich an isotherm is that the
sorption process is reversible. If this assumpisovalid for the adsorption of DCS onto
talc, then it is crucial to dose the talc at thghtiposition in the production sequence of

the paper mill because desorption may occur itéhgperature becomes lower.

6.3 Conclusions

The effect of pH was studied on the adsorption dato of dissolved and colloidal

substances originating from TMP. It is the firsudst that deals with the complex
system of real pulp mill water without the preseotdibres in the pH range of 4 — 9,
and is of particular relevance as papermaking phticoes to trend upwards to neutral

and higher.

For the colloidal fraction measured by turbiditywias possible to apply an operational
Langmuir adsorption isotherm. It was seen that vifittreasing pH, the maximum
loading and affinity of colloidal material for tattecreased. Analysis of the total organic
material by COD did not show a particular changetha affinity. The impact of
increasing soluble species on the adsorption dbidall material with increasing pH
was shown by calculating the total mass of dissbtvganics as the difference between
the total organic mass and the mass of colloidghmics alone. Thus, it is postulated
that the release of dissolved molecular compoumndsgaer pH, such as fatty or resin
acids with a high affinity towards the talc surfac@uses a competition with the

colloidal fraction and hence reduces the adsorbsabat of colloids on talc.
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In today’s trend towards neutral or alkaline papexduction, there needs to be careful

consideration of such effects and the adjustmetii@pitch control strategy.

The second section investigated the effect of #maperature on the adsorption of
dissolved and colloidal substances from a TMPdfiéronto talc over a temperature
range between 20 °C and 80 °C. It was found that ddsorbs both dissolved and

colloidal substances. However, the adsorption 8bicts is preferred.

On the one hand, studying the sorption process thwertemperature range of the
colloidal material only, showed a clear dependeofcthe process on the temperature.
The higher the temperature, the more colloidal nedtewas found to adsorb
[HypothesisH6(b)]. The maximum loading of colloids nearly doubled &n increase in
temperature of 60 °C. A linear regression of theximam loading of colloids versus the
temperature gave a steepness of 1.4 with a regressiefficientR? of 0.96. It was
proposed that the main mechanism for this behavieuthe dehydration of the
lyophobic colloids, their amphiphilic carbohydral@yers and the hydrophobic talc
surface. On the other hand, no significant effé¢he temperature was observed on the
adsorption of the dissolved fraction of the TMRréite onto the mineral, therefore it

could only been shown that hypotheldig(b) applies to the colloidal fraction.

The observations reported here also have practigalications. If the assumption of a
reversible adsorption is valid then the mineralagi@spoint has to be chosen carefully in

order to minimise desorption.
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7 The development of hydrophobised ground calcium
carbonate and the use of porous high surface area
calcium carbonate for the adsorption of dissolved and
colloidal substances from thermo mechanical pulp

filtrates

During the course of this thesis it has been shthah process parameters like pH and
temperature have a direct impact on the adsorpgfifaciency of talc. Neutral to alkaline
pH especially led to a substantial reduction in #usorption capacity of talc. Since
modern paper production is carried out under tlegtser conditions, new alternatives to
talc are required without losing the beneficialfaoe properties of talc. To verify this
hypothesis, calcium carbonate based particlesarelabed that have a high affinity for
colloidal wood resin. Building on the verificatiaand investigation of hypothesi$4

andH5, we now suggest a further hypothesis:

H7 On the basis oH4 andH5, tailored mineral particulates can be developedtkvh

optimise pitch adsorption while coping with modé&ends in paper making.

This work has been published (Gantenbein et al220Gantenbein et al. 2012b).
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7.1 Development of hydrophobised Calcium carbonate

particles

7.1.1 Introduction

This section aims to develop gcc particles whichrevieeated with stearic acid to
hydrophobise for the effective adsorption of mainbfloidal substances from thermo
mechanical pulp. The gcc types chosen varied enfss and the respective amounts of
stearic acid used for the surface treatment. Theldpment process was split into four
steps. In a first step, hydrophobised gcc prodwitts varying surface area and varying
degree of hydrophobicity were screened and compeeesus relatively low specific
surface area talc. In a second step, the degrégdrbphobicity was optimised. In a
third step, adsorption isotherms were recorded dor untreated and optimally
hydrophobised gcc and compared with a high surfae talc. Finally, it was
investigated if untreated and treated gcc adsdifierdnt components from the TMP

filtrate.

The surface properties of gcc have been discussexkégtion 2.4.2, as well as the
treatment with stearic acid. The surface coverafj¢he calcite was estimated via

Equation 2-2.

7.1.2 Materials and Methods

7.1.2.1 Materials

Two Finnish talc grades were used as references.i©®nommercially available talc,
Finntalc PO5 from Mondo Minerals and the other glade was derived from Finntalc
P05 with subsequent comminution and delaminatiogeioerate fineness, high aspect

ratio and enhanced specific surface area. The &imRO5 will be labelled as LSA (low
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surface area) talc and the delaminated quality kel labelled as high surface area

(HSA-talc) talc. The surface area and particle aizereported in Table 7-1.

Various ground calcium carbonate grades were te€ted is commercially available as
Omyacarb 10 (OMC-10), another as Omyacarb 1 (OM@igd a third grade was
produced from OMC-1 by chemical free grinding tatamb a high surface area gcc
(HSA gcc). The ground calcium carbonate samplesewsrpplied by Omya and

originating from Avenza, Italy.

Table 7-1: Specific surface area, particle sizad{y) and electrophoretic mobility in a 0.01 M NaCl saltion of
the investigated minerals?) not analysed due to settling problem<) not analysed.

Name Abbrev. Type Specific Oso / pm Electrophoretic
surf?ﬁze _zi\rea / (Sedigraph mobility /
9 5120) x 108 ma/1s?
Finntalc P05 LSA-talc Talc 8.7 2.4 -34
Delaminated
Finntalc PO5 HSA-talc  Talc 45.0 0.8 -3.9
Omyacarb 10 gcc-10 Calcium 1.3 n.a& n.a?
carbonate
Omyacarb 1 gcec-1 Calcium 3.9 15 0.8
carbonate
Comminuted Calcium
Omyacarb 1 HSA9CC  arbonate 102 0.6 nd

7.1.2.1.1 Stearic acid treatment and semi-quantitative wetting test

The stearic acid was a high purity grade from Sidtakich. The gcc powder was filled
into the high speed mixer (Type MTI M3/1.5) whiclasvheated to 80 °C. The powder
was stirred for a period of 2.5 min at 3 000 thimpm). The stearic acid was added to
the pre-heated powder. The amount of stearic aaslaalculated according to Equation
2-2 to derive a product with a defined coverageoiacrhe blend was again mixed for

2.5 min at 3 000 mih The mixer was opened, the powder manually mixedrsure
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even distribution in the mixer and closed againdoother 2.5 minutes mixing time at

3000 min*. During the whole procedure the temperature ofitheer was kept at 80 °C.

Mixtures of water and ethanol were prepared in n@uatios of 100:0, 90:10, 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90 @riD0. 50 cm of each of these

mixtures were placed in a 100 timeaker. About 0.5 — 1.0 g of the powder in questio
was carefully put on top of the liquid. The wettinghaviour was quantified by the time

needed for the powder to be wetted according tdalh@ving judgement:
0 > immediate wetting of the powder (sinks within &&aends)
0.25 - within 5 minutes all of the powder is wetted

05 - after 5 minutes more than 50 % of the powderated
0.75 - after 5 minutes less than 25 % of the powder igade

1 > the powder is not wetted within 5 minute

7.1.2.2 Methods

The TMP was left overnight to cool down to room parature, then filtered through a
filter of 2 um pore size (filter paper, circulard&H). The filtrate was checked under a
light microscope (Olympus AX-70) for the absencdilofes and fibrils. The adsorption
experiments were performed immediately after filtna The pH of the filtrates was

usually between 6.0 and 7.0. It was adjusted withMd sodium hydroxide to 7.0 — 7.5.

A pH titration of the electrophoretic mobility wasade in order to quantify the
colloidal stability of the wood resin droplets. $iwas done on a Malvern Zetasizer NS
using 0.1 M hydrochloric acid and 0.1 M sodium loydde solutions. In addition the
total electrochemical charge was determined batiitg the TMP filtrate with 0.0025 M

poly-DADMAC [poly-(allyldimethyl-ammonium chlorid¢)using a streaming current
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detector (SCD) (Mutek PCD-03). The ion content wgsantified by ion

chromatography on a Dionex DX 120 lon-chromatograph

After adjustment of the pH, the TMP filtrate wasstdbuted into glass bottles each
containing 200 crhof the TMP filtrate. The desired amount and typenineral was
added either as a powder or dispersed in watenolst cases the mineral dosage was 10
gdm® and in the case of the isotherms the mineral dosas varied between 2.5 and
50.0 gdn. For all samples in an adsorption isotherm sefiessame total amount of
water was added (usually 18 YmThe bottles were equipped with a magnetic stjri
bar, closed with an air-tight lid and stirred omagnetic stirrer for 2 hours. After this
time the magnetic stirring bar was removed andetierimental mixtures centrifuged
(Jouan C 312 by IG Instruments) for 15 minutes af0® | Two phases were
collected; an upper liquid phase and a lower sedimmineral-containing phase.
Centrifugation of the untreated TMP filtrate did tnehow any sediment, and
centrifugation of the pure mineral suspensions &tbmo remaining mineral particles in
the supernatant. However, some mineral suspenslonsed in some cases air bubbles
with entrapped mineral particles. Thus, the tutidesults might be partially affected
by the remaining air bubbles, but not directly bynaining suspended mineral particles.
The upper liquid phase was analysed for turbidigynbeans of a NOVASINA 155
model NTM-S turbidity probe. The particle size wagasured by photon correlation
spectroscopy on a Malvern Zetasizer NS without &mther treatment or dilution.
Chemical oxygen demand (COD) was measured usirangd.CSB LCK 014, covering
a range 1 000 — 10 000 mgdnwith a LASA 1 / Plus cuvette. 100 érof the liquid
phase was dried in an aluminium dish at 90 °C foha&urs and the residue weighed to

provide a result for the gravimetric residue.
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In one trial, the upper liquid phase was also aadyfor the wood extractives content
and the carbohydrate content. The wood extractivestent was determined by
extraction of the TMP filtrate with petroleum eti&altsman, Kuiken 1959). The GC-
FID analysis for the group determination in the wdoextractives was performed
according to the method of Orsa and Holmbom (19%4E samples were hydrolysed
with sulphuric acid at 121 °C in an autoclave adoay to SCAN-CM 71:09. The

solubilised monosaccharides were quantified usmgoa chromatograph coupled to a
pulsed amperometric detector (IC-PAD). The acidlumsle residue was determined
gravimetrically and the acid soluble residue (ligniwas measured with UV

spectrophotometry at 205 nm and quantified usingalasorption coefficient of 110

dm’g*em™.

The lower sedimented mineral-containing phase wedysaed by thermo gravimetric
analysis (TGA) on the Mettler Toledo TGA/STDA 85Tde samples were heated from
20 to 1 000 °C with a heating rate of 20°CthiiThe weight loss was recorded between

200 and 1 000 °C.

7.1.3 Results

In order to screen and optimise the surface trestmerious TMP samples were
collected. Table 7-2 summarises the analysed paeasnef the tested TMP filtrates. In
addition, Figure 7-1 shows the electrophoretic riybu of the four TMP filtrates
against pH. Despite the difference in the absohalee ofu, it remained stable in the
relevant pH range of 7 to 8. Furthermore, belowgidecreases to approach 0 around

pH 2 to 3.
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Table 7-2: Properties of the TMP samples 1 to 4. Theresented range is based on the standard deviatiaf
three independent experiments. n.a> not analysed.

TMP filtrate TMP filtrate TMP filtrate TMP filtrate

1 2 3 4
Turbidity / NTU 349 +1 358 +1 393+8 497
Chemical Oxygen 3644 + 21 3944 + 27 3140 + 49 4350 + 40
demand / mgdm
Gravimetry / gdri 3.11 +0.0005  3.43 +0.005 2.84 +0.014 3.57
Electrochemical charge 293 13 11 03
(SCD) / HEqg ' ' ' '
pH 7.0 7.0 7.0 7.2
Conductivity / pScri 926 1500 1140 1200
Na'/ mM 9.5 12.9 9.1 9.2
K*/ mM 1.1 1.1 1.0 1.2
ca&’ '/ mM 1.4 0.9 0.8 1.4
Mg?*/ mM 0.2 0.2 0.2 0.3
Cl'/ mM n.a. 0.7 0.5 0.7
SO I mM n.a. 0.4 0.4 0.4
pH
2 3 4 5 6 7 8 9 10 11 12
0

> 024 om

= O

i <o

o 0.4 @ A P

x o g oo 0>
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Figure 7-1: Mean electrophoretic mobility (1) of the particles in the TMP filtrates 1-4 againstpH. The pH was
adjusted with 0.1 M sodium hydroxide and 0.1 M hydochloric acid.
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7.1.3.1 Screening - 0, 30 and 60 % surface treatment

The first part of this subsection aims to deterntheeinfluence of the degree of stearic
acid treatment and the surface area. In order ®odbe gcc-10, gcc-1 and the HSA-gcc
were treated with 30 % and 60 % stearic acid (baseslurface area). For comparison,

the untreated gcc and the LSA-talc were also tested

It was the idea to test also gcc products with 60fd%he surface covered with stearic
acid. However, during the experiment it became spypahat these products could not
be wetted by the TMP filtrate, leading to foam anddefined phases after
centrifugation. Thus, no results were obtainedtif@se products. Even with the 30 %
surface treated samples, wetting was a problenerdstingly, the wetting improved
during the experiments, suggesting progressiverptisn of surface active compounds

from the TMP filtrate.

The turbidity of the TMP filtrate was clearly redgutas a result of mineral addition
(Figure 7-2). An increased specific surface akgar) further improved the removal
efficiency for colloidal material. In the case dfet 30 % surface covered gcc the
turbidity was reduced down to 77 % from the ori¢Jid49 NTU with the gcc-10, down

to 41 % with the gcc-1 and down to 21 % with theA-§c.
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Figure 7-2: Normalised turbidity after the mineral treatment of the TMP filtrate. 100 % corresponds t0349
NTU.

The relation of adsorption efficiency to the suefaarea was observed earlier for
minerals like talc (Chang 1985; Guera et al. 2086} also shown in the work reported
in chapter 5. The treatment with stearic acid iaseel the efficiency of colloidal pitch
adsorption. Both the surface treated and the saifiatreated gcc products reduced the
turbidity even more efficiently than the LSA-talghich gave only a reduction of 50 %.
The observed efficiency could, however, have alsenbcaused by an agglomeration
process of wood resin droplets. The particle siza @nd post adsorption in the liquid
phase slightly decreased (Table 7-3), which peromits to ascertain on the one hand
that the mineral treatment did not induce wood rreself-agglomeration by any
mechanism and on the other hand suggests thatfarneck adsorption of a larger

fraction of the resinous colloids occurred.
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Table 7-3: Number based particle size (photon corration spectroscopy) of the colloidal fraction in te TMP
filtrate prior to and post treatment with the miner als.

TMP treated with Particle size / nm
dN50 dN98
- 157 436
gcc-10 160 399
gcc-1 130 382
HSA-gcc 148 365
gcc-10 treated 30% 167 409
gcc-1 treated 30% 144 387
HSA-gcc treated 30% 118 339
LSA-talc 167 449

The size analysis in the liquid phase did not idellagglomerates that settled during
centrifugation, so it was also important to considiner analyses. The COD analysis
(Figure 7-3) showed a slightly different trend. Gme hand the values for the gcc-10
and the treated and untreated HSA-gcc did not stigmificantly different values. The
only difference was observed for the gcc-1 for whioppositely to turbidity, the

untreated gcc was seen to be more efficient.

The analysis of the mineral phase after the adsworpexperiment (Figure 7-4)

confirmed the results of the turbidity analysis.eThdsorbed amount on the mineral
surface increased with the specific surface aradiafly hydrophobised gcc adsorbed
slightly more material than native gcc. Both hydropised and native gcc adsorbed

more material than talc.
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Figure 7-3: Normalised COD after the mineral treatnent of the TMP filtrate. 100 % corresponds to 3 644ng
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Figure 7-4: Thermo gravimetric analysis of the mineal after the adsorption. The weight fraction lost wa
recorded between 200 and 1 000 °C and is correctenith the weight loss of the corresponding mineral
powder).

The concentration of calcium ions in the supernatsrcrucial in paper mill circuits,
since they are one of the main contributors tohpagglomeration. The treatment with

gce increased the pH from 7.0 to 7.8, the conditgtftom 926 uScrit to 980 pSc,
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and the calcium ion concentration from 1.45 mM #@01mM. The addition of talc had

no effect on the calcium ion concentration.

7.1.3.2 Optimisation - defining the degree of surface coverage with

stearic acid

In the previous section it was shown that modetra@tment of up to 30 % of the gcc
surface with stearic acid is beneficial for pitasarption, but that treating 60 % of the
surface caused foaming and phase separation. dheredn attempt was made to
optimise the amount of stearic acid treatment betwand 30 % surface coveragg.
The gcc-1 treated and untreated was used for fhlisnisation, together with TMP
filtrate 2. The mean EM of the particles in thegoral TMP filtrate was -0.8 x 10
m? Vs and no significant change was observed withirrétevant pH range (7-8). As
shown in Figure 7-5, COD and gravimetry showedelittlifference with surface
coverage. Turbidity, however, showed that there wasoptimum with respect to
turbidity at 15% surface coverage. The rise in itlityh above this level of surface
coverage can be attributed to the developmentfomy undefined phase, most clearly
seen in the extreme case of 60 % surface covereggided above. Thermo gravimetry
(Figure 7-6) showed the optimum surface coveragbeedn the range 15 to 25 %.
Finally, the semi-quantitative hydrophobicity tésigure 7-7) showed that the sample
with 15 % surface coverage had a comparable hydtmpity to talc. Therefore, it was

decided to use the gcc-1 product with 15 % suréaserage for the investigations.
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Figure 7-5: Normalised COD, gravimetry and turbidity of the TMP filtrate after the adsorption experimernt
with the mineral powders against the surface covege of the mineral powders with stearic acid. The resdts
are normalised with the values obtained for the untated TMP filtrate.
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Figure 7-6: Thermo gravimetric analysis of the mineal phase after the adsorption experiments againshe
surface coverage of the mineral powders with steariacid. The weight loss of the starting mineral poders
(prior the addition to the TMP filtrate) is subtract ed (net loss).
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Figure 7-7: Apparent hydrophobicity of the tested nineral powders with their range of stearic acid coerage
Xsa including also the HSA-talc sample. The larger therea on the right side of each line the greater the
hydrophobicity. The grey area reflects the situatiorfor talc.

7.1.3.3 Application - quantify the benefit of surface treatment and

chemical analysis
In order to quantify the effect of the stearic atiglitment adsorption isotherms were
recorded for an untreated gcc-1 and a gcc-1 witkol&urface coverage by stearic acid.
As a comparison the high surface area talc (HS&-tabs also included. The isotherm
was recorded at 24 °C. TMP filtrate sample 3 wasdusr this experiment. The mean

EM of these filtrate particles was -0.8 x®10?V's?, and was insensitive to pH in the

range 7-8.

The adsorption isotherm is present as the equilibrtoncentration defined by turbidity
Ceq and the calculated loadidgy, which was calculated by Equation 6-1. The isather

was interpreted by a Langmuir isotherm (Equatidiv2-
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Table 7-4: Adsorption isotherm parameters based on aon-linear least squares (NLLS) fit to the Langmuir
equation (Equation 2-17) performed by TableCurv& 2D.

Mineral Parameter 95 % Confidence P>|t| R?
limits
K./ NTU? 0.025 0.019 0.032 <0.01
Untreated 0.98
Tmax | NTUg? 24.9 23.0 26.0 <0.01
K./ NTU? 0.013 0.009 0.018 <0.01
Treated 0.98
Tmax | NTUg™ 37.1 32.9 41.4 <0.01
K./ NTU? 0.007 0.003 0.011 <0.01
HSA-talc 0.98
Tmax | NTUg? 212.4 127.0 252.2 <0.01

The Langmuir constari, " (Table 7-4) indicated that the untreated gcc powde a
higher affinity (0.025 NTW) for the colloidal material than the partially mgghobised
(0.013 NTU"). The HSA-talc grade had the lowest affinity (ZORTU™) with the
lowest K . The maximum loading/ma increases from the untreated gcc-1
(25 NTUg?) to the treated gcc-1 (37 NTOp(Figure 7-8 and Table 7-4). As a result of
the higheger of the HSA-talc (45 Ag?) the maximum loading of colloidal particles on
the talc (212 NTUQ) was higher, in relation to thger of the gcc-1 of only 4 Ag™.

The parameters are all significant.

Figure 7-8 shows the adsorption isotherms with ltfzgling calculated for the added
mass of mineral, whereas Figure 7-9 shows the ptisnrisotherm based on the added
specific surface area added for each mineral, whitdws the higher efficiency of the

gcc products in comparison to talc.

Another TMP sample was collected in which the ples had a mean electrophoretic
mobility at the original pH of 7.2 of -0.6 x fom?v's’. The EM was stable in the

relevant pH range of 7 — 8.
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Figure 7-8: Adsorption isotherm based on turbidity data for the untreated gcc-1, the treated (15 % sdace
coverage) gcc and the HSA-talc.
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Figure 7-9: Adsorption isotherm based on turbidity data for the untreated gcc-1, the treated (15 % sdace
coverage) gcc and the HSA-talc. The loadinb," is normalised with the specific surface area of taminerals.

In order to cover the relevant regions of the agoison isotherms different amounts of
mineral were added to the TMP filtrate. In the cakthe HSA-talc a talc dosage of 0.4
gdm® was used to represent the region where the diss@lad colloidal substances are

in excess and a talc dosage of 4 gdim represent the region where the talc surface is
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than talc, the carbonate addition was increas&datod 40 gdmi, respectively.

The petroleum ether extractives content of the ThltFate was 142 mgdm (Table

7-5). This is around 4 % of the total materialhie fTMP filtrate. The main constituents
of the extractives were triglycerides (44 %, trigtycerides) followed by resin acids
(23 %) and sterylesters (18 %). Free fatty acid%oj6lignans (2 %) and sterols (2 %)

formed a minor fraction. The remaining 5 % is okmown origin.

Table 7-5: Extractives (petroleum ether) group contefy carbohydrate content, acid soluble (lignin) corgnt
and acid insoluble content of the TMP filtrate.

Type Amount / mgdm?®
Extractives

Fatty Acids 9
Resin Acids 32
Lignans 4
Sterols 3
Sterylesters 26
Triglycerides 63
Unknown 5
Total: 142
Carbohydrates 1052
Acid soluble (Lignin) 527
Acid insoluble 403
Total: 1982

The addition of 0.4 gdHSA-talc reduced the extractives content to 120dmg and
the addition of 4 gdfiresulted in a final extractives content of 32 mgdifhe ratio of

the extractives groups was in both cases was fextafl (Figure 7-11). The dosage of 8
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gdm® gee-1 reduced the extractives content to 107 midmd 40 gdni of gcc-1 to 28
mgdm®, respectively. The ratio of the extractives growas not affected for the low
mineral dosage but was strongly affected for thyh lmineral dosage. Resin acids were
found with an increased ratio and triglycerides evesund with a decreased ratio. A
similar picture was observed for the hydrophobiged-1 (gcc-1 “Treated”). The lower
mineral dosage led to a residual amount of extrastof 73 mgdii and the higher

mineral dosage to 23 mgdinrespectively.

160 W Fatty Acids O Resin Acids Lignans Sterols
140 | & Sterylesters B Triglycerides O Unknown
? 120
1S
S 100
IS
s 80
<
S 60
(8]
5
O 40 — oo =
20 Hﬁ =
0 [ . .  —
T™MP HSA-talc HSA-talc gce-1 gce-1 gcc-1 gce-1
filtrate .3 "Treated" "Treated"

0.4gdm® 4.0gdm® 8.0gdm™ 40.0gdm
g g g g 8.Ogdm'3 40.Ogdm'3

Figure 7-10: Petroleum ether extractives content othe TMP filtrate 4 prior and post adsorption. The
extractives are split into the groups; fatty acidsresin acids, lignans, sterols, sterylesters, trigterides and an
unknown fraction.
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Figure 7-11: Relative composition of the extractive groups in the TMP filtrate prior and post adsorption.
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Figure 7-12: Carbohydrate, acid soluble and acid isoluble content in the TMP filtrates prior and post
adsorption.

In addition also the water-soluble part of the TRfPate was analysed. This analysis is
split into three fractions; i) carbohydrates, ii¢ica soluble (lignins) and iii) acid
insoluble (wood resin, etc.). The original TMP réite 4 contains 1 052 mgdm

carbohydrates, 527 mgdhacid soluble (lignin) and 403 mgdmacid insoluble
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materials (Table 7-5 and Figure 7-12). The carbadigd content after the talc
treatment was reduced only slightly (1 034 mgiifor the low talc dosage but a large
reduction in the carbohydrates content was obsefgedhe high talc dosage (696
mgdni®). Analysis of the carbohydrate monomers showed rtten reduction for
glucose and mannose monomers. The untreated gdsdrbed only a very minor
fraction of the carbohydrates (not shown). 1 024m for the low dosage and 952
mgdm® for the high gcc-1 dosage, respectively. Alsottperophobised gcc-1 adsorbed
a very minor amount. For both mineral dosages thébahydrate content was
approximetaly 980 mgdrh In the case of the acid soluble (lignin) fracttbe reduction
after the mineral treatment was < 3 %, except lier HHSA-talc with 4 gd. In this
case the remaining lignin content was 396 mddifhe acid insoluble fraction, finally,
varied proportionally to the extractives reductidhe pH of the samples increased as a
result of the alkaline nature of the mineral povederhe pH for the lower mineral

dosages was between 7.3 and 7.6 and for the hilgisages between 7.7 and 7.8.

7.1.4 Discussion

In chapter 6 the turbidity data were transformed mass based data for comparison in
the adsorption isotherms. Differentiating the csrtteen gives the preferred adsorption
of either dissolved or colloidal substances from TMP. For the calibration a plot of
either COD or gravimetry versus turbidity was mdéeure 6-8, Figure 6-17 and
Figure 7-13). For the HSA-talc we can observe ttevipusly seen trend, namely that
below a certain concentration of colloids (e.g.G<MNTU) the talc further reduced the
content of total COD. Depending on the pH and teatpee, this preference can be
stronger or weaker. However, in the case of théedegcc powders this was not
observed, but rather a linear dependency was nstifeoughout the recorded turbidity
range. This implies that only colloidal substanee=re adsorbed or if also soluble

substances were adsorbed then only in a propottiangount to the colloidal
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substances. This difference in preferred adsorpsibould also be manifest in the

composition after the adsorption experiment.
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Figure 7-13: Equilibrium COD against equilibrium tur bidity.

The carry-through of the difference in preferredsagtion in the data after the
experiment is exactly what can be observed (Figut® and Figure 7-12). On the one
hand, in the upper region of high turbidity the agsion of dissolved materials like
carbohydrates and lignins is minor, whereas a antiat amount of carbohydrates and
lignins adsorb onto talc in the lower turbidity i@y This supports the proposed
mechanisms of preferred adsorption at differentpgobposed in section 6.1.3. On the
other hand only a minor amount of dissolved matigsorbs onto the gcc powders,
independent of the concentration of the colloidatfion. The ratios of the amount of
extractives and the amount of carbohydrates plig samuble lignin were calculated

(Table 7-6) similarly as in Equation 6-1.

It can be seen in Table 7-6 that the ratio of dissbto colloidal substances adsorbed
onto the mineral remains stable at around 1 to Halvever, in the case of high talc

dosage (excess of talc surface) the ratio (4.4)aarly shifted towards the dissolved
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fraction which is adsorbed onto the talc surfacgoo&sible explanation could be that
the pitch droplets adsorb together with their disibg carbohydrate layer (low mineral

dosage), thus, resulting in a constant ratio (T@k.

Table 7-6: Ratio between dissolved and colloidal matial adsorbed from the TMP filtrate.

Dissolved / Colloidal ratio

HSA-talc 0.4 gdrit 1.3
HSA-talc 4.0 gdri 4.4
gce-1 8.0 gdri 1.0
gcc-1 40.0 gdm 1.1
gce-1 “Treated” 8.0 gdih 1.4
gce-1 “Treated” 40.0 gdih 0.8

After removal of most of the colloidal fraction high mineral dosage, the talc also
adsorbs dissolved materials such as carbohydrigess and dissolved wood resin
constituents (resin acids etc), whereas the gce dmg adsorb material from the
dissolved fraction (Figure 7-14). The high affindftalc for soluble polysaccharides is
not surprising and was investigated earlier witargidenkins, Ralston 1998). The major
controlling force for the adsorption was attributedhe hydrophobic interactions of the
backbone methylene groups of the mannose unitsthetlimydrophobic siloxane surface
of the magnesium silicate. The analysis in theenirstudy of the saccharide monomer
content after the talc treatment has shown the vahaf mainly glucose and mannose
monomers. Also the adsorption isotherms for théomdl substances in the form of the
Langmuir constankK, " showed these different adsorption preferencesl€Taid). Talc
showed the lowest affinity for the colloidal framti and the untreated gcc the highest
affinity. Interestingly the hydrophobised gcc wasbietween the two. The trends in the

affinity might be explained by the type of inteiaat While talc is understood to act
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through hydrophobic interactions, charge interaxtibetween the anionic pitch droplets
and the gcc particles can be expected. The surisded gcc, however, is an
intermediate of the two and shows therefore botérattions with pitch particles. The
difference in the maximum loading{.x) between the two gcc products could be due
to the lower affinity found for the treated gccygm byK,*, and may result in a higher
mobility of the pitch particles on the mineral sag#, and, thus, in a denser packing of
the pitch particles on the gcc surface. Includialg in the discussion of surface area
based loading can be misleading, becausesghe can differ from the surface area

actually involved in the pitch adsorption.
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Figure 7-14: Proposed mechanism for the adsorptionf dissolved and colloidal substances onto crossetien
views of talc platelet (upper route) and gcc rhombid (lower route).

Willfor et al. (2000) have suggested similar medtians and made comparable
observations They suggested that the initial icteyas occur between the dissolved,

hydrophilic polysaccharides and the suspended pleticles.
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Another interesting observation is that at high dosages a substantial amount of resin
acids were found in the aqueous phase. A possigamation could be that the resin
acids were dissolved during the adsorption experimieshmonen et al. (2009) showed
that 20 — 30 mgdm of resin acids are dissolved in the pH range tf 8. The pH after
the adsorption experiments was reported to bedf.8he high mineral dosages. Since
the system is acidified before the extraction pdoce, the resin acids will become
insoluble again and will be measured as a parthef éxtractives. A plot of the
extractives content against the turbidity showedoad linear regression coefficient
(R?=0.99) (Figure 7-15). Both fitted parameters agmisicant with p for the steepness
of <0.01 and for the intercept of 0.03. Howevee tlata points for the high gcc dosages
with 50 NTU for the untreated gcc-1, and 32 NTU tloe treated gcc-1, respectively, do
slightly deviate from this linear dependency. Exahn of these two points, results in an
R*>>0.99 and an intercept of only 1.3 mgdrp = 0.8). This observation indicates that
either the amount of extractives is too high or theasured turbidity too low. Both
indications can be explained by dissolution of thsin acids during the adsorption
experiment (lower turbidity) and the extraction lwetroleum ether after acidification
(higher extractives content). This can be seennaghar indication that treated and

untreated gcc particles preferably adsorb collostdidistances rather than dissolved.

An additional benefit in using the analysis shownFigure 7-15 is that in idealised,
colloidal stable systems the turbidity containstladl information that the more complex
extractives content analysis also provides. Furttier linear proportionallity confirms
that the mineral was sufficiently separated frome tBupernatant during the

centrifugation.
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Figure 7-15: Extractives content against turbidity.

A final observation from Figure 7-10 and Figure I-is the strongly reduced
triglyceride content after the gcc treatment of TP filtrate. Although this can be
mainly attributed to saponification a reduction the triglyceride content is clearly
desired since they can be the main contributorittth gleposition problems (Hubbe et

al. 2006; McLean et al. 2005).

7.2 The use of porous high surface area calcium carbonate

7.2.1 Introduction

In section 7.1 it was shown that by treating ndtgraund calcium carbonate (gcc) with
stearic acid the adsorption capacity for pitch das increased, engendering a
performance approaching that of talc. The use af god precipitated calcium
carbonates (pcc) in pitch control has been invatgd)elsewhere (Rogan 1994; Whiting
1997; Willfér et al. 2000). In other studies a sied modified calcium carbonate (mcc)
was shown to adsorb efficiently detrimental compusdstickies) from recycled fibre

processing (Gribble et al. 2010; Gribble et al. RO&ribble 2011).
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The aim of this work is to investigate the perfonoa of a porous, high surface area
mcc in the adsorption of dissolved and colloiddistances from an unbleached thermo
mechanical pulp filtrate. The performance of thecrm@s compared with that of talc
and natural ground calcium carbonate. The compariso made by measuring
operationally-defined adsorption isotherms, wite@gal focus on the colloidal fraction,
and a detailed analysis of the constituents toroete the extent of preferential

adsorption of some species.

7.2.1.1 Surface properties

The surface properties of talc and gcc have besaritbed in sections 2.4.1.3 and 2.4.2,
respectively. Modified calcium carbonate, as usethis study, is formed from calcium

carbonate and phosphate via an in-situ surfacee@gitation (Ridgway et al. 2004).

mccs have hydrophilic surfaces and exhibit botlcioal phosphate and carbonate
crystalline structure. The mcc tested is a poroateral with a discretely bimodal pore

size distribution when formed into a packed bedhvpeaks of the first derivative of

mercury intrusion characteristic at 1.31 pm an@.28 um. It is further an amphoteric
material showing electrochemical charge values 31.8 and -35.7 pEdgin a

polyelectrolyte titration versus KPVS and PDDPCe(section 3.2.7).

7.2.2 Materials and Methods

7.2.2.1 Materials

Two Finnish talc grades were used as references.i©oommercially available talc,
Finntalc PO5 from Mondo Minerals and the other giade was derived from Finntalc
P05 with subsequent comminution and delaminatiogeioerate fineness, high aspect
ratio and enhanced specific surface area. The &mR0O5 will be labelled as LSA (low

surface area) talc and the delaminated quality élllabelled as high surface area
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(HSA-talc) talc. The surface area, particle size alectrophoretic mobility are reported

in Table 7-7.

Omyacarb 1 was used as the ground calcium carbsaatele. It consists of a marble
originating from Avenza, Italy, and was supplied ®ynya. It is labelled as gcc (see

also section 7.1.2.1).

Table 7-7: Specific surface area, particle sizal{y) and electrophoretic mobility u in a 0.01 M NaCl solution of
the investigated minerals.

Name Abbrev.  Type eger / Mgt so/ pm u/
(Sedigraph ~ x 10® m?v's?
5120)

Finntalc PO5 LSA-talc Talc 9.6 2.4 -3.4

Delaminated

Finntalc PO5 HSA-talc Talc 51.0 0.8 -3.9
Ground

Omyacarb 1 gcc calcium 4.0 15 0.8
carbonate

Modified Modified

calcium mcc calcium 42.7 2.6 -0.8

carbonate carbonate

The surface modified calcium carbonate was prodweed proprietary process which
allows a solid-solid crystal transformation usingrgstal habit modifier which also acts
as a doping agent within the calcite crystal stiteetto form a metastable inorganic
complex which transforms with time under heatingl agitation to form a platelet
structure as boundaries to internal pores. Thel fomgstal structure and chemical
content mimics that of bone. The particle s, specific surface areager and

electrophoretic mobility are reported in Table 7-7.

7.2.2.2 Methods

A detailed description of the method is descrilbreddction 7.1.2.2.
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7.2.3 Results

In this study two different TMP samples, TMP fitieal and TMP filtrate 2, were used.
The properties of each filtrate are summarisedabld 7-8. The mean electrophoretic
mobility u (Figure 7-16) of the suspended matter in the TMiPates was recorded
versus changing pH. Both filtrates have a stable the relevant pH region of 7-8.

Nevertheless, the absolute values of the two fdgalightly differ.

pH
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Figure 7-16: Mean electrophoretic mobility of the m@rticles in the TMP filtrates 1 and 2 against pH. ThepH
was adjusted with 0.1 M sodium hydroxide and 0.1 Mhydrochloric acid.

With TMP filtrate 1 the adsorption isotherm wasaeted. A special focus was also laid
on the electrochemical charge. TMP filtrate 2 wasdufor a detailed analysis of the

components in the TMP filtrate prior and post agson.
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Table 7-8: Properties of the TMP samples 1 and 2. Theresented range for TMP filtrate 1 is based on the
standard deviation of six independent experimentd-or TMP filtrate 2 only the COD was measured six tines.
1y Titrated with N-methylglycol-chitosan.

TMP filtrate 1 TMP filtrate 2

Turbidity / NTU 3075 497
Chemical Oxygen demand / mgdm 3789169 4 350 + 40
Gravimetry / gdrit 3.29+0.11 3.57
E:Eeg;rlochemical charge (SCD) / 21.34+0.12 S0
pH 7.1 7.2
Conductivity / pScri 870 1200
Na"/ mM 11.2+£0.09 9.2
K*/ mM 1.20 £0.03 1.2
ca* / mM 0.92 +0.03 1.4
Mg %"/ mM 0.22 +0.02 0.3
ClI'/ mMm 0.64 + 0.06 0.7
SO / mM 0.35+0.01 0.4

7.2.3.1 Effective adsorption isotherm

The effective adsorption isotherm reported onlysiders the colloidal fraction of the
TMP filtrate. The colloidal fraction was quantifidr turbidity measurements, which
linearly fit the amount of petroleum ether extraet (Figure 7-15 and Figure 7-17). The
amount of adsorbed colloidal substances (loadiragh fthe TMP filtrate in equilibrium

I'eq Was calculated by Equation 6-1.
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Figure 7-17: Extractives content against turbidity.

The mineral with the highest adsorption capacitg Wee high surface area talc (HSA-
talc) (Figure 7-18) with 94 NTUY The corresponding low surface area talc (LSAMalc
had a proportional lower capacity of 21 NTUdf the capacities are compared based on
surface area the two talc grades perform equabypl@ 7-9). Both talc grades showed a
similar Langmuir constari,” of 0.03 NTU". It is, however, difficult to compare the
K. values because in the case of the low surfacenairgzrals (LSA-talc and gcc) most
of the data points occurred in the saturation regend therefore the fit is biased
stronger towards this region. The gcc had a sinaitlsorption capacity than the LSA-
talc with 22 NTUgG". However, the adsorption capacity of the gcc basedurface area
was much higher than the capacities of the othstedeminerals (Table 7-9). The mcc
had a medium adsorption capacity of 34 NTuand the highest affiniti(,” with 0.29

NTU™.
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Figure 7-18: Adsorption isotherms for the colloidalfraction of the TMP filtrate measured by turbidity.

Table 7-9: Detailed overview of the fitted Langmuirparameters. The fit was done with TableCurve® 2D usip
a non-linear least squares (NLLS) fit.

Mineral Parameter 95 % Confidence limits P>|t| R?
K./ NTU? 0.01 >0.00 0.02 0.04
0.88
gce Tmax | NTUg? 21.7 16.0 27.4 <0.01
Tras | NTUM™ 5.4
K./ NTU? 0.29 0.10 0.48 0.01
0.92
mcc Tmax | NTUg? 33.9 28.1 31.1 <0.01
Tras | NTUM™ 0.8
K./ NTU? 0.03 0.01 0.04 <0.01
0.96
LSA-talc Tmax | NTUg? 20.9 18.8 23.0 <0.01
Tras | NTUM? 2.2
K./ NTU? 0.03 0.02 0.05 <0.01
0.95
HSA-talc  Inar / NTUgG" 94.2 82.3 106.1 <0.01
Tas | NTUM? 1.8
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Another parameter that was also analysed was tketrethemical charge of the
samples as adsorption progressed (Figure 7-19). riibe was highly efficient in
reducing the anionic charge of the TMP filtrateeTdriginal -1.34 nEJ§was reduced
down to -0.12 pEdg The pH increased for all minerals from 7.1 foe triginal TMP
filtrate to 7.6 for the highest mineral dosage. @&&nt cations, such as calcium and
magnesium increased slightly from 0.92 mM to 1.1 for the highest mcc dosage
and to 1.20 mM for the highest gcc dosage. The esigm concentration increased for
both talc grades from 0.22 mM to 0.80 mM. The iaseein calcium and magnesium

concentration is a result of ion release by theenails.
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Figure 7-19: Electrochemical charge of the TMP filtrae after mineral separation as a function of added
mineral.

7.2.3.2 Chemical analysis - selective adsorption properties

The results for the HSA-talc and the gcc have diydaeen shown in section 7.1.3.3.
The chemical analysis contained the petroleum ethé&nactives which represent the
lipophilic fraction of the DCS. The carbohydratentent was also analysed and split up

into the different saccharide monomers. The amalyacludes only the neutral
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monosaccharides because the applied acid hydrolgads to a decomposition of
charge-carrying uronic acids. The lignin was deteeu by UV photometry as the acid
soluble fraction. Additionally, the acid insolubfeaction refers to the rest which

includes also the extractives.

The TMP filtrate 2 comprised of 142 mgdmextractives, of which the main
components were triglycerides, followed by the mestids, sterylesters and fatty acids
(Table 7-10). Lignans and sterols were minor conepts of the system. The TMP

filtrate further contained 1 052 mgdhearbohydrates and 527 mgdrignin.

Table 7-10: Extractives (petroleum ether) group cor@nt, carbohydrate content, acid soluble (lignin) catent
and acid insoluble content of the TMP filtrate 2.

Type Amount / mgdm’®
Extractives

Triglycerides 63
Resin Acids 32
Sterylesters 26
Fatty Acids 9
Lignans 4
Sterols 3
Unknown 5
Total: 142
Carbohydrates 1052
Acid soluble (Lignin) 527
Acid insoluble 403
Total: 1982
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In the case of the HSA-talc treatment, the extvasti content was reduced to
120 mgdn®T for the lower amount and to 32 mgdnfor the higher mineral dosage,
respectively. The composition of the extractiveswat changed (Figure 7-20). The
treatment of the TMP filtrate with gcc reduced éxéractives content to 107 mgdifor

the lower mineral dosage and for the higher mingoakge to 28 mgdrh respectively.

The composition of the extractives changed for hlggh mineral dosage sample. The
main constituents were resin acids (20 mgjimnd just minor quantities of the other
components. The addition of mcc in low amount reduthe extractives content to 121
mgdm?® and did not affect the composition. Adding a higlec amount reduced the

extractives down to 18 mgdfin turn containing 16 mgdrhresin acids.
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Figure 7-20: Extractives concentration of the orighal TMP filtrate 2 and after the treatment with HSA-talc at
0.4 and 4 gdr?, gcc at 8 and 40 gdm, and mcc at 0.4 and 8 gdm

With focus on the dissolved substances (carbohgsirand lignin) in the TMP filtrate
(Figure 7-21) preferences were observed. With lomenal dosages the removed
amount of carbohydrates and lignin was rather mifbe situation changed when the

mineral dosage was increased.
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Figure 7-21: Concentration of the carbohydrates, dd soluble (lignin) and acid insoluble content oftie TMP
filtrate 2 before and after the various mineral treatments.

Especially in the case of talc but also in the catancc substantial amounts of
carbohydrates and also lignin were adsorbed. TZ@kld quantifies the preferential
adsorption. The removed amounts of each compongarbd¢hydrates, lignin and
extractives) per gram were calculated similarly{etpuation 6-1. With high talc addition
levels, talc adsorbed not only the colloidal woedim but also substantial amounts of
carbohydrates and lignin. In contrast, the reggieund calcium carbonate did not
show a specific preference for dissolved substaeses with high dosed amounts.
Finally, the mcc showed a very interesting behaviduncc was dosed in low amount,
lignin was preferably adsorbed versus the carbaigdr With a high mcc dosage the

ratio changed and preferably carbohydrates wererbbd preferably over lignin.
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Table 7-11: Ratios of removed carbohydrates plus lign relative to the removed extractives.

(Carbohydrates + Carboyhdrates : Lignin :
Lignin) : Extractives Extractives Extractives

HSA-talc
0.4 adn? 1.3 0.8 0.5
4 gdm
HSA-talc
2.0 adn? 4.4 3.2 1.2
Vg
gcc
8.0 adn? 1.0 0.8 0.2
.0 gdm
gcc
20.0 adn? 11 0.9 0.2

Vg
mcc
0.4 adrt 1.7 0.5 1.2
49
mcc
8.0 adn? 1.8 1.3 0.5
.0 gdm

Besides the overall carbohydrate content, the msemxharide composition in the
supernatant of the samples was also analysed &-igt#2). For the low mineral
dosages only a reduction in galactose (Gal), gkid@c) and mannose (Man) was
observed. The ratio in these samples and in tiggnati TMP filtrate between galactose,
glucose and mannose in these cases was always E&:4the higher talc dosage
mannose was especially removed and some arabiAoag gnd xylose (Xyl). For the
high gcc dosage the ratio of galactose, glucosenaamthose remained nearly constant
but already a substantial amount of arabinose em®ved. Most interestingly with the
high mcc dosage large amounts of galactose andnadse than 50 % of the arabinose
were removed. Additionally, this sample showed strengest decrease of xylose from

20 to 16 mg dr.
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Figure 7-22: Carbohydrate monomer composition of te original TMP filtrate 2 and after the various mineral
treatments.

7.2.4 Discussion

The adsorption capacity of the HSA-talc was 4.%esrhigher than that of the LSA-talc
and the surface area was 5.1 times higher, showistfaightforward proportionality
between adsorption and surface area. However ptioigortionality was not observed
for either the gcc or the mcc, implying that in dbecases not all the surface area as
determined by nitrogen adsorption is involved ie #dsorption of colloidal material.
Figure 7-23 presents a more detailed analysis ©f pfnenomenon for mcc. The
distribution of pore sizes in mcc (grey shaded diads) is bimodal, and so in the
diagram is split into two log-Gaussian distribugoiflog-normal) for the smaller
(assumed internal) pores and the larger (assumiminek) pores. The internal pores
have a modal diameter of 0.18 um. Superimposedhesetvoid distributions is shown
the volume-based particle-size distribution of thieh (grey shaded circles), centred

around a modal diameter of 0.29 um. Therefore plathe mcc pore size distribution,
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marked in Figure 7-23 as “Non particulate-adsortsogace”, is not accessible to the
pitch droplets. An additional effect is likely te ldhat the coarse fraction of the pitch
particles primarily adsorb on the external surfacethe region labelled “Primarily

externally adsorbing”, and could also prevent semnaltch droplets reaching the smaller

mcc pores by blocking their entrances. To avoichftects, one could design the pore

structure of the mcc to be larger, but in practigs difficult to predict the size of pitch

particles within a particular paper production @es
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Figure 7-23: Overlay of the particle size distributon for the colloidal fraction of the TMP filtrate and the pore
size structure of the mcc.

As described previously in sections 6.1.3, 6.2@ ai.4 a plot of turbidity to represent
the colloidal fraction, versus COD, the total ongafraction, including colloidal and
dissolved substances is used to illustrate theeperfial adsorption (Figure 7-24). This
can serve on the one hand as a means of calibrticonvert turbidity results into

corresponding organic mass and on the other hanshtov that below a certain
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concentration of colloidal substances some mingpas start to adsorb more and more

dissolved substances.
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Figure 7-24: Turbidity against chemical oxygen demamh (COD) of the recorded isotherm. The linear
regression was performed using all data points > 5RTU. All fitted parameters are significant with p <0.01.

Both talc grades showed such preferential adsargtio dissolved substances below a
certain turbidity level. The ground calcium carbtendid not have this preference. The
affinity of talc for dissolved substances such abcohydrates and lignin was described
previously (Allen et al. 1993; Jenkins, Ralston &9%/illfér et al. 2000) as well as the
preferred adsorption of colloidal wood resin ontoc g(Willfér et al. 2000). An
interesting observation in this study is the prefiee of the modified calcium carbonate
for dissolved substances. A part of the solublestarites already adsorbs in the regions
with excess of colloidal pitch droplets with respéc mineral. The carbohydrates,
already adsorbed onto the pitch droplets, actaslisiers for the pitch (Sundberg et al.
1996¢) and these composites subsequently adsaabuag (Willfor et al. 2000). This
mechanism is also suggested by the carbohydrat&racéves ratio in the remaining
liquid phase (Table 7-11). The ratio remains camst&round 0.8 for the low talc

dosages and the low and high gcc dosages. Theaepdaits are all within the linear
242



region in the turbidity versus COD plot (Figure Z}2As listed earlier, the carbohydrate
monomer composition in the filtered TMP sample esponds to a galactoglucomannan
(GGM) with a monomer ratio of 1:3:4 (galactose:gise:mannose). GGMs are the
main hemicelluloses present in softwoods like spr(Willfér et al. 2008). It is clear
that all the monomers can also be present in gibisaccharides but for a simplified
discussion it is assumed that they originate mafrdyn the GGM. For higher talc
dosages the ratio changes and more mannose, nobsthy in the form of mannan, is
removed. With low mcc dosages the ratio of carbodgs to extractives is lower (0.5)
than the ratios obtained for talc and gcc. Howetles,ratio of Gal : Glc : Man in the
agueous phase of the low dosage mcc treated TNiatdilis also 1:3:4. The ratio
changes drastically for higher mcc addition lev8alactose is removed in much higher
quantities. In addition also arabinose was rema¥egure 7-22). This might indicate
the preferred adsorption of arabinogalactans orto. lAurthermore, also some xylose
was removed. Similarly, also for the high gcc desag small quantity of
arabinogalactan was removed. Arabinogalactans icoatanic acids that are one of the
main charge carriers in the dissolved fraction BIPT(Sundberg et al. 2000). However,
the used analysis procedure only captures the alesdiccharide units. Nevertheless,
only a part of the arabinose and galactose unisahinogalactans are charge carriers in
the form of uronic acids and, thus, the currentifigs indicate a possible source of
removed charged species which was also observéteisCD titration (Figure 7-19).
The mcc has already shown its affinity for the apgBon of anionic polymers, like
KPVS through Coulombic interactions in the poly#lelyte titration. Neutralisation
with bivalent metal ions, like calcium, can be exi#d as potential mechanism because
the gcc treated samples contain the similar amaefntalcium and also the presence of

resin and fatty acids is not substantially différéran in the gcc treated TMP filtrates.
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Also GGMs can contain anionic charges introduced ubgnic acids but are in

unbleached TMP mostly methylesterified (Sundberg.2000).

The chosen acid hydrolysis of the polysaccharidssilts in a degradation of uronic
acids and other labile sugar units (Willfér et2008). Therefore, the reported values do
not represent the complete saccharide content. febess, the values obtained for the
carbohydrate, lignin and extractives content, feample, compare well with earlier

work (Wagberg, Odberg 1991).

A plot of turbidity against extractives (Figure 7)1supports the assumption of Figure
7-24 in which we relate the turbidity to the catlal fraction and thus to the extractives
of the TMP filtrate. Besides the good regressioefficient in Figure 7-17R>0.99) it
can be recognised that the data points with theesvpwurbidity are slightly too high,
preventing the line to run through the origin, ahds suggests the presence of an
additional species recorded as soluble though fdéated in the extractives. Considering
the extractives composition in Figure 7-20 for thego points, it shows that both points
(gcc 40 gdrit and mcc 8 gdif) report mainly the presence of resin acids andesom
minor parts of the other extractives groups. Intisac7.1.4 it is suggested that this is
caused by the dissolution of the resin acids dutivegadsorption experiments due to
higher pH levels. Before extraction of the sampies the extractives analysis the
samples gets acidified and the resin acids becoaterwsoluble again, thus, appearing
in the extractives content and consequently inmtaa higher extractives content than
suggested in the turbidity analysis. Vice versagairse, the turbidity does not measure
the dissolved resin acids after the mineral remoaatl is, thus, suggesting a lower

colloidal concentration than measured with theastion.

A last observation can be made with focus on thieaettves composition after the

treatment with gcc and mcc (Figure 7-20). By thditah of high amounts of these
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minerals the remains mainly consists of resin aditie original main constituent found
in the TMP filtrate, triglyceride, was efficienthemoved. Triglycerides are known to be
a major cause of deposition problems (Hubbe €0fl6; McLean et al. 2005) and it is,

thus, highly desirable to remove them efficiently.

7.3 Influence of electrolytes on pitch stability

7.3.1 Introduction

In the previous sections the use of various calotanbonate types has been presented.
The use of these products also bears the risk abiCeelease, mainly due to decreased
pH. Ca-ions have been found to be a potential cdoseitch agglomeration and
deposition problems in paper mills (Allen, Douek939 Allen, Filion 1996; Douek,
Allen 1991a; Dreisbach, Michalopoulos 1989; Gustarfset al. 1952; Hamilton, Lloyd
1984; Hassler 1988; Holmbom, Sundberg 2003; Kekkp&tenius 2001; Otero et al.
2000; Sihvonen et al. 1998; Trafford 1988). Ittlerefore, important to understand if
the released G& concentrations are sufficient to i) destabilise gystem, and ii)
eliminate the possibility of failure in the adsoopt experiment caused by deposited and

agglomerated material.

Clearly, it should be recognised that both the maind cation can influence the stability
depending on three main factors, (i) influence loé sign of charge in respect to
opposite charge interaction with the stabiliseccisesurface, depending on its charge,
(i) the impact of electrolyte concentration anid the ratio between mono and divalent
cations in respect to cation exchange of stabgigpiolymers, affecting likely desorption,
dissolution and coagulation of same. It is not gsvpossible to identify which of these

effects dominates or whether there are cooperatteeactions at play.
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It is the aim of this section to investigate thabdity of TMP filtrates against
electrolytes such as calcium ions. The processoliowed by turbidity, size and
electrophoretic mobility measurements. This isaocidance with other similar studies
(Sihvonen et al. 1998; Sundberg et al. 1996¢; Serdbt al. 1996b; Sundberg et al.

1994a; Sundberg et al. 1994b).

7.3.2 Materials and Methods

7.3.2.1 Materials

The TMP filtrate was already described in sectioB, &And refers here to the TMP

filtrate 1 in Table 7-8.

CaClh and NaCl were used to represent mono and divalian behaviour. Both were
analytical grades and dissolved in deionised wat€.2 M and 4 M, respectively. HCI

and NaOH were also analytical grades and usedldd @olutions for pH adjustment.

7.3.2.2 Methods

1 000 cni TMP filtrate was placed in a glass beaker equippigd a magnetic stirring
bar. The suspension was stirred and the pH adjugtedHCI (pH 5) or NaOH (pH 8).
The suspension was stirred for 10 minutes at roemperature (23 °C) and the
electrolyte solutions added stepwise (5°crnpH and turbidity were recorded on-line.
After each addition step the electrophoretic mopiind size were measured on the

Malvern Zetasizer NS.

40 cn? TMP filtrate was placed in a PE centrifuge tubel andefined amount of
electrolyte solution was added (0, 0.2, 0.6, 2.0, 8.0 cni). The required amount of
deionised water was added in order to have a awnstEume throughout the trial
series. After the addition the lid was closed, Hanples shaken for 1 minute and

turbidity measured. The sample was left over n{@bthours) at room temperature. The
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samples were subsequently centrifuged for 15 msnat@ 600d|, followed by turbidity

measurement of the supernatant.

The reference sample for turbidity which corresgortd 100 % in the figures is

represented by the corresponding sample afterelgiet addition.

7.3.3 Results and Discussion

The electrophoretic mobility as a function of pHt this TMP filtrate has been shown in
Figure 7-16. It was found to increase below pH Be Electrophoretic mobility of the

particles in the TMP filtrate increased with incsiegy electrolyte dosage (Figure 7-25).
The electrolyte concentration was quantified imtgrof ionic strength by Equation

7-1, with z being the valency of the idnandc; the molar concentration of the iorn

moldmi® (M).
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Figure 7-25: Electrophoretic mobility of the particles in the TMP filtrate as a function of C&" and Na'
addition. An ionic strength | of 0.01 M corresponds to Calcium ion concentrationf ~ 3.3 mM.
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The electrophoretic mobility is proportional to the zeta potentialEquation 3-8). The
Debye-lengthc™ is proportional to the root of the ionic stren¢ffguation 3-7). Finally,
{ can be expressed as a function of the particlegettg the Debye-lengti™ and the
particle radiusR, together withe, as the permittivity of free space (8.85'f@*J'm™),

and ¢ as the dielectric constant of the medium (wate2@8 K; 78.64) yielding
Equation 7-2 (Hiemenz, Rajagopalan 1997). This mighkplain the logarithmic

dependency between the electrophoretic mobilifyigure 7-25 and the ionic strendth

u=¢= q @_KIRP
ATnTlEy (%, (R,

Equation 7-2

The turbidity was in some cases immediately aftatieiring the addition of the
electrolyte solution (Figure 7-26). If only sodiwhloride is added either at pH 5 or at
pH 8, no immediate change in turbidity was obserftkd data continue up to 250 mM
NaCl without any change). Also for the trial at pHvith C&* addition no direct effect
on the turbidity was observed. The higher the p#idtionger the turbidity was affected
with increasing C& concentration. This observation can be explaingd tihe
precipitation of calcium fatty and resin acid saapke higher the pH, the higher the
concentration of dissolved fatty and resin acidausl hence, the higher the amount of
Ca-soap precipitates. In the trials in sectionsand 7.2 the calcium ion concentration
slightly increased from 0.92 mM to 1.2 mM, and gidé increased from 7 to 8. These
values do not suggest a substantial amount of rasith is forced to precipitate. In
addition, chemical analysis (Figure 7-10 and Figw20) showed a substantial part of
the resin acids in solution, and thus, not preatpd. It is clear that also screening of the

double layer will influence the stability of thetgh droplets.
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Figure 7-26: Immediate turbidity change during eletrolyte addition. Turbidity is dilution corrected.

The particle size, represented by they, was not observed to change and remained 280

+ 20 nm throughout all the trial points and samples
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Figure 7-27: Stability of the TMP filtrate with inc reasing electrolyte concentration quantified by theurbidity
prior and after addition of the electrolyte addition.

The stability of the colloidal fraction of the TMH#trate can be influenced by the

addition of electrolytes (Figure 7-27). Adding Caf&sulted in a reduced turbidity after
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centrifugation above 5 mM &a Under acidic or neutral conditions the effect of
calcium was minor compared to that at alkaline pH8 opposite can be observed if
sodium is added as the electrolyte. The stab#itywore affected under acidic or neutral
conditions and the highest stability is observedtf@ alkaline samples. The required
sodium concentration in order to observe the ddstation of the colloidal fraction is
around 100 mM. Similar results were obtained prestp (Sihvonen et al. 1998;
Sundberg et al. 1994a; Sundberg et al. 1994b).réasons are that calcium ions form
soaps with resin and fatty acids which are higmgoluble. The possibility for this
calcium-soap formation is higher at increased pitesithe acids are present as anions.
Furthermore the sodium soaps, especially at ineceasi, act as stabilisers, and thus,
act to prevent flocculation in a first step. Evearenimportant is the effect of the double
layer repulsion screening by the added electrolydesalculation of the Debye lengih

! yields a value of 1.8 nm for a 2:1 electrolyt®#tl M and 1.4 nm for a 1:1 electrolyte
at 0.05 M. In both cases, using sodium or calcitaorede, the amount of ions required
to obtain destabilisation is rather high and dégiyi higher than in the adsorption trials
in section 7.1 and 7.2. Additonally, incompletetdbgisation (0 % turbidity) is never
realised. This was also observed previously anibated to the action of acetylated
galactoglucomannans (Ac-GGMSs) present in unbleadid® samples (Johnsen et al.
2006; Sundberg et al. 1994b; Tammelin et al. 200fese hemicellulose types act as
sterical stabilisers and are much less sensitiveldotrolyte changes and shocks than

other dispersing systems based on electrostabdistdion.

7.4 Conclusions

The development of calcium carbonate particles that be used in pitch control was
described. Optimisation of adsorption capacity awettability in water led to an

estimated surface coverage of gcc-1 of 15 % withrst acid. Such a product showed
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clearly a higher capacity for colloidal pitch ma&ds than an untreated gcc with the

same specific surface area.

The ultrafine high surface area talc had a suhisianhigher capacity for the colloidal
wood resin than the rather coarse gcc products.gdery calcium carbonate is dosed in
much higher quantities than ultrafine talc gradespecially in printing and writing
paper qualities. Therefore at typical respectiveintp levels, the gcc might compensate
or even exceed the adsorption capacities of tylgicapplied talc grades. This

observation confirms hypothesi .

Analysis of the non-adsorbed fractions showed tlearcpreference of talc for the
dissolved carbohydrates fraction especially in tbe turbidity region where the
concentration of colloids is low. By contrast, bditle treated and untreated gcc powders

showed a rather weak preference for the dissolksdidn of the TMP.

The use of treated gcc particles for pitch conisolikely to be beneficial in alkaline
paper making, since there is an advantage ovemtaich is shifted toward dissolved
substances rather than the colloidal substancepHasises (Hypothesidd7). The

addition of hydrophobised gcc powders in combimatisith talc could present a
synergistic effect in pitch control due to theiffelient affinities for the dissolved and

colloidal fraction.

The study of the adsorption process of dissolved aalloidal substances from
unbleached TMP filtrates onto low and high surfacea talc, a natural ground calcium
carbonate and a surface modified calcium carbdmageshown that for talc the specific
surface area is proportional to the adsorption cigpaf the mineral (Hypothesid4).

Talc adsorbed efficiently the colloidal fraction thie TMP filtrate and showed also the

preferences to adsorb dissolved substances likectgglucomannans, mannans and
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lignin as soon as the concentration of colloidabstances also present becomes

decreased.

Surface modification of the calcium carbonate pdesgi a porous material with high
surface area. Due to size exclusion the BET surfaea differed from the effective
particulate-adsorbing surface area. In such a dageothesis H4 is invalid.

Nevertheless, this modified calcium carbonate effity adsorbed colloidal wood resin
with a very high affinity, a fact that is interesgi and important in water circuits. Most
importantly, the modified calcium carbonate showsedstrong affinity for anionic

polyelectrolytes and reduced the anionic chargethef system substantially. The
analysis of the remaining saccharide monomers atelt that the observed charge

reduction could be related to the adsorption dbiaw@galactans and xylans.

Calcium ions were observed to destabilise the tdlofraction of wood pitch.

However, the critical concentration was found ® dbove the calcium concentration
that is released during the adsorption experimdytsthe various tested calcium
carbonate grades. Nevertheless, it is importarghtwose the right place in the paper
production carefully to add such a product. Cleatlg pH should not become acidic in

order to avoid dissolution of calcium.

The destabilisation induced by calcium was mosemat@ted under slightly alkaline
conditions, which is directly linked with the lowlsbility of calcium-soaps of resin and
fatty acids. In contrast to the behaviour of caltiumuch higher concentrations of
sodium were required to destabilise the colloidakermal in the TMP filtrate, and, in
addition, the destabilisation was more pronouncedeu slightly acidic and neutral
conditions, where the electrostatic stabilisatioduiced by fatty and resin soaps is
already lower than under alkaline conditions. Hogrevthe main contribution to

colloidal stabilisation is due to the steric steaition through acetylated
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galactoglucomannans, being the most common hemilosd specie in unbleached

TMP in softwood.

In summary, it can be concluded that the obsereddation of colloidal material in the
TMP filtrates treated with the partially hydrophséd gcc, the regular gcc and the
regular mcc was not an agglomeration process ahpiarticles but an adsorption
process of wood resin colloids onto mineral pagiciSeveral points support this: i) the
turbidity-based adsorption isotherms followed arerapionally defined Langmuir
isotherm, which suggest a formation of a colloichnolayer, ii) the pitch particle size
did not change substantially during the mineratireent, iii) the apparent calcium ion

concentration was below the required concentrabdnduce strong destabilisation.
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8 Overview

8.1 Findings

H1 The traditional (Hohenberger) equation relating &élspect ratio of a particle to its
diameter and surface area contains false assurspaioth can be improved for the

case of high aspect ratio particles such as ptataled rods.

o by deriving the Hohenberger model and clearly definthe input

parameters hypotheditl was supported.

H2 Particle size measurements can be made more eef@abhigh aspect ratio particles

by a carefully reviewed choice of method.

o hypothesisH2 was proven by including various particle sizingtihogls

and comparison amongst each other.

H3 Equations for aspect ratios based surface areaunegasnts are invalid for particles

which (@) agglomerate orh) are porous.

o hypothesisH3 was proven by includingaj a water swelling hectorite
(Laponité€’ RD) and b) a porous palygorskite, for which both evaluated
aspect ratios differed from the data in the literator from the one

determined by image analysis.

H4 The adsorption capacity of minerals for dissolved &olloidal substances from

wood processing is proportional to the specifidaee area of the minerals.

o the proportionality holds, but the constant of mdnality differs

across different types of minerals, thus supportiyygothesidH4.
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o effects of size exclusion limit accessibility ofetiiotal surface area for

the adsorption of the colloidal fraction.

H5 The adsorption mechanism of dissolved and colloisiabstances from wood
processing onto minerals is controlled mainly bydd@phobic interactions, and

hence, hydrophobic materials preferably adsorbetkabstances.

o the comparison of talc and chlorite showed that lilipothesisH5 is

incorrect for the phyllosilicates

o treatment of ground calcium carbonate with steadid to increase the
hydrophobicity of the particles showed the hypohets is correct for

cationic charged gcc particles

o preferential adsorption was observed on differgqes of minerals.
More hydrophobic minerals adsorb besides colloigalticles also
dissolved substances like hemicelluloses, wherease rmydrophilic /
charged minerals seem to have a lower preferencedissolved
substances and mainly adsorb colloidal pitch pagitogether with their

hemicellulosic shell.

H6 Process conditions such & pH and b) temperature can negatively influence the

adsorption of dissolved and colloidal substances.

0 increased pH levels reduce the adsorption capafitglc for colloidal
pitch and favour the adsorption of dissolved materiThis observations

supports hypothesid6(a).

o0 increased temperatures during the adsorption psodasours the
adsorption capacity of dissolved and colloidal saibses on talc. This

finding supportdH6(b).
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H7 On the basis oH4 andH5, tailored mineral particulates can be developedchvh

optimise pitch adsorption while coping with modé&ends in paper making.

o partial treatment of ground calcium carbonate (guth stearic acid led
to new particles with improved adsorption propertieing as, or even
more efficient as talc but offering many other pdjes talc does not.

That all supports hypotheditr.

o modified calcium carbonate (mcc) particles werewshdo efficiently
adsorb pitch. Size exclusion effects reduced thmaaty for colloidal
substances from thermo-mechanical pulp (TMP) oseahacc particles.
In addition mcc particles have shown a high af§irfior the colloidal
fraction of TMP and additionally also showed thegmial to reduce the
anionic charge of TMP filtrates. All these positiobservations support

hypothesidH7 further.

8.2 Conclusions

In Chapter 4 a model was developed to define tpedsgatios of platy- and rod-like
particles by specific surface area and particle slata. The model was derived by
combining two already known models and subsequaelhtistrated with various platy-
and rod-like particles, i.e. various talc graded haponit& to represent platy particles,
and aragonite and palygorskite to represent rael{drticles. The relation between the
equivalent spherical diameter and the real partditeensions were discussed and
illustrated by measuring the particle size withieas techniques (sedimentation, static
and dynamic light scattering). The particle sizeasugement principle has to be chosen
carefully to cover the relevant size range and miseé systematic error effects of the

anisometric shape of the particles, which prevletdorrect determination of tresd
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under random orientation. Also care has to be takeerning the specific surface area

as input parameter, since it has to describe dwekterior surface of the particles.

Furthermore, in section 4.2 the talc grades useathapters 6 and 7 LSA-talc and HSA-

talc were characterised by the newly developedaspgo model.

Chapter 5 showed that the minerals, talc, chlaitd pyrophyllite, act comparably to
reduce the colloidal pitch compounds in suspensaken from a TMP-filtrate. A
Langmuir adsorption model approach gave reasonabtgession. It would be
necessary, however, to have a broader statistiogler of data to confirm just one single

mechanism of adsorption.

Against expectation from a mineralogical point cgw, which would suggest that talc
exposes approximately twice the hydrophobic surfacenpared to chlorite, and
assuming that the hydrophobic attraction force aateis the adsorption of pitch, talc
and chlorite showed similar adsorption behaviourdolloidal pitch. This means that
the effectively presented hydrophobic attractionrcéo does not match the
crystallographically expected one, and that otlaetdrs play a role, including either
heterogeneity of the chlorite platelet surface, ngetry/association of talc particles
and/or the nature of pitch. It was assumed thatcibiwidal pitch particles exhibit

partially also an effective electro-steric/hydrdjghinatural stabilisation, which,

alongside the more expected lipophilic propertresults in adsorption on a variety of

amphiphilic surfaces.

In section 6.1 the effect of pH was studied ondtsorption of dissolved and colloidal
substances originating from TMP onto talc. Theiesactlealt with the complex system
of real pulp mill water and covered the pH rangetdb 9, and is thus, of particular

relevance in todays’ paper making environment.
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By the application of an operationally defined Langr isotherm, it was seen that with
increasing pH, the maximum loading and affinity odlloidal material for talc

decreased. Analysis of the total organic matenald®OD did not show a particular

change in the affinity. Thus, it was postulatedt tthe release of dissolved molecular
compounds at higher pH, such as fatty or resinsacideven more pronounced for
dissolved polysaccharides with a high affinity tods the talc surface, causes a
competition with the colloidal fraction and henceduces the adsorbed amount of

colloids on talc.

As a result of the current trend towards neutralkaline paper production, there needs
to be careful consideration given such pH-inducHdces, and the adjustment of the

pitch control strategy made acordingly.

In section 6.2 the effect of the temperature onaitigorption of dissolved and colloidal
substances from a TMP filtrate onto talc over aperature range between 20°C and
80°C was investigated. On the one hand, studyiegstitption process of the colloidal
material only over the temperature range, showel@a dependency of the process on
the temperature. The higher the temperature, the mmloidal material was found to
adsorb. The maximum loading of colloids nearly dedlor an increase in temperature
of 60 °C. It was proposed that the main mechan@nthis behaviour is the dehydration
of the lyophobic colloids, their amphiphilic carbyainate layers and the hydrophobic
talc surface. On the other hand, no significarg¢afbf the temperature was observed on
the adsorption of the dissolved fraction of the TNilErate onto the mineral. The
observations reported here also have practicalicapins. If the assumption of a
reversible adsorption is valid then the mineralad@spoint has to be chosen carefully in

order to minimise desorption.
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In section 7.1 the development of novel calciunboaate particles that could be used
in pitch control was described. Optimisation of @@sion capacity and wettability in
water led to an optimal surface treatment of awitie 15 % area coverage using stearic
acid. Such a product showed a higher capacity dboidal materials than an untreated
gcc with the same specific surface area. The &ffiofl the partially treated gcc for the
colloidal fraction was slightly reduced, going tads the affinity of talc for the
colloidal fraction. The capacity for colloidal swlsces of both, treated and untreated
gcc, when compared on the basis of surface areahwgaer than the capacity of talc.
Futhermore, in contrast to talc, the gcc partickesre a higher affinity for the
detrimental colloidal fraction than talc, which caspecially under alkaline conditions,

be beneficial.

In section 7.2 it was shown that the adsorptioracdyp of a non-porous mineral like
talc is directly proportional to its surface aréalc adsorbed the colloidal fraction of the
TMP filtrate efficnetly, and showed also the prefezes to adsorb dissolved substances,
such as the galactoglucomannans, mannans and,ligsinsoon as the colloidal

concentration of colloidal substances is first dased.

The chemical-free ground natural calcium carbomate based on a material with rather
low surface area, but despite this is shown to éwy efficient in the adsorption of
colloidal wood resin at high dosage. Due to itsperties as regularly used paper filler,
ground calcium carbonate can be added in much highantities than expensive
ultrafine talc. The ground calcium carbonate hasnitain affinity for the colloidal
fraction and only adsorbed carbohydrates and alissplved substances in combination

with the colloidal wood resin.

Surface crystal modification of the calcium carbienwas used to provide a porous

material with high surface area. Due to size exclufrom the internal pores, affecting
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colloidal material, the BET surface area differednf the effective adsorbing surface
area. Nevertheless, this modified calcium carboeé#teiently adsorbed colloidal wood
resin with a very high affinity, a fact that is @nésting and important in water circuits.
Most importantly, the modified calcium carbonatewhd a strong affinity for anionic

polyelectrolytes and reduced the anionic charga@kystem substantially.

In section 7.3 calcium ions were observed to ddsalihe colloidal fraction of wood
pitch. However, the critical calcium ion concentatfor destabilisation was found to
lie above the calcium concentration that is reldabg the various tested calcium
carbonates, what might eliminate the possibilitgt tagglomeration processes played a
deciding role in the previous adsorption experimenhen using the various calcium
carbonate types. Clearly, the addition point ofiscalcium carbonates into process has
to be chosen carefully to avoid acidic pH, whicluldorelease detrimentally high

calcium ion concentrations.

Throughout the adsorption studies the impact ati®d substances, and especially of
hemicellulose, was found to be a fundamental faaftecting the adsorption process.
The main hemicellulose type in unbleached TMP frewftwood is acetylated
galactoglucomannan, which, on the one hand acttatulise the pitch droplets by steric
interactions, and on the other hand plays also yarkée in the adsorption of the
colloidal part of the wood resinous compounds ohyalrophilic and hydrophobic
minerals and may even form the linking unit betwe#oh and mineral, and so, also
render the adsorption process reversible, thugvadfpthe various adsorption data to be

described by an equilibrium process.

8.2.1 Industrial applications and limitations

The time employed to reach equilibrium in this thewas typically 120 minutes.

According to initial trials this time scale can lw®nsidered sufficient to reach
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equilibrium conditions. However, contact times @ppr making will be much shorter
and only in the range of a few minutes. Therefereen more important it is to have

mineral with a high affinity, and, hence, an inGeg reaction speed.

An efficient pitch control mineral has to fulfil mb more than only adsorption
properties. The so-called detackification of pitdposits and agglomerates is a key
feature of talc. Therefore, the potential to redpiteh deposits has to be considered too.
A variety of deposition test are available (seetisec2.2.6.2) but they all fail to
reproduce the situation in a paper mill. The rea®orthat is the enormous mass and
volume flow in a paper mill. Even if only a few pgr n? process water tend to form
deposits the flow of thousands of mill lead to the formation of deposits on the
equipment. As a result only mill trials over weeksl months will reveal the potential

of the newly developed mineral particles.

The use of calcium carbonate based minerals iayrcase limited to neutral or alkaline
conditions. Some paper mills, especially in the Bl run acidic. Also certain pulping
technologies are highly acidic (such as the sulfitecess). As a consequence the
addition point of the pitch control additive haso® chosen carefully. A common rule is
to add talc as early as possible in the proceswder to guarantee sufficient contact
time. This inflexibility of the newly developed calm carbonate particles is clearly a
disadvantage which has to be overcome by incredsesthg amounts. An increased
dosage of calcium carbonate has positive effecteestain paper properties such as
light scattering, brightness or permeability. Atb@ increased affinity of the mcc and
partially hydrophobised gcc may partially compeadatr the lost contact time due to

the later addition in the process.
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8.3 Related work

In addition to the presented work in this thesisougs other studies were performed.
This chapter shall give a short overview of thatky@and which is mostly related to the

patents listed.

In a first study (Buri et al. 2007) the potentidl lmentonite in pitch control was
evaluated also in combination with talc. Some awdeligffects of the two minerals were

determined and showed the potential of bentonifgtoh control.

Other work (Schoelkopf et al. 2008b; Gane et al08) described a method for
controlling the shape of talc particles as weltrestreatment of talc in organic solvents.

Both patents are closely linked with the work ina@ter 4.

A series of patents (Gane et al. 2008d; Ganterddedh 2008b; Gane et al. 2008c; Gane
et al. 2008a) were filed concerning the use ofrtieelified calcium carbonate for water

treatment. The surface properties of the mcc canedg beneficial to remove heavy

metals, and in processes for removing endocrineiplig compounds or surfactants

from aqueous systems. Also synergistic combinatiavith more hydrophobic

adsorbents like talc and active carbon were predent

The synergistic use of mcc in combination with tac other hydrophobic adsorbents,
in pitch control was also studied (Gantenbein eP@08a). A serial treatment of TMP
filtrates with talc followed by mcc was clearly nedoeneficial than a single treatment of

either individual mineral alone.

Also another process (Buri et al. 2011) to hydrdp$® calcium carbonate was tested
for its efficacy in adsorbing dissolved and colllidubstances, and other organic

material, from aqueous medium, and showed promissgits.
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During the course of this thesis a Masters studgn@égke 2006) registered at the
University of Applied Science in Munich was condegttin the facilities of Omya
focussing on the action of talc as sticky contigerat. The work (Benecke et al. 2009)
showed that talc acts specifically depending on ¢hemistry of the model sticky
polymer. Good adsorbance was seen for polyacrypatlyyinyl acetate, colophonium
(resin) and styrene-butadiene, whereas adsorptaanless effective in the cases of fatty

acid ester and mineral oil/silicone based defoamers

8.4 Future work

After this study some open questions remain, abagethe generation of new questions

to be asked.

The model presented for the aspect ratio couldxpareded to other minerals such as

kaolin, smectite or aragonitic pcc qualities witgher aspect ratios.

The difference between talc and chlorite in theogatson of pitch could be studied in
more depth by refining the isotherm. Additionally detailed chemical analysis could
reveal preferred adsorption tendencies and explaénobserved similarity in pitch

adsorption for the two mineral types.

A chemical analysis of the adsorption process urditferent pH and temperature
conditions could confirm the proposed mechanismsethaon the applied analysis

techniques.

The partially hydrophobised calcium carbonate sthooé applied in a paper mill

environment to provide data to investigate itsafility for pitch control in practice.

The size exclusion effect observed for the modiftattium carbonate and colloidal
pitch fraction could be investigated in more defith testing modified calcium

carbonate with changing pore sizes. Also defindgmper particles, such as polystyrene
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spheres with varying sizes, could be used for debeinderstanding of the size

exclusion effect.

More detailed surface chemistry and surface enstgglies made on the microscale
could reveal interesting duality in respect to soef adsorption potential, especially
when comparing the affinity of chlorite and taldtiwtheir crystallographically differing

theoretical surface energies, to complex pitch.

Similarly, microscale studies of the surface chadgsribution on modified calcium

carbonate could elucidate the simultaneous attmaétir anionic and cationic species.

Extraction of the naturally occurring surface aetigsgents could facilitate a better
understanding of the impact of cation exchange @add point determination. Such
findings could establish the role of increasingaantration of divalent ion, likely to be

occurring as the closure of the water circuit idustrial installations progresses.

Many interesting experimental trends are preseintéuis work which could usefully be
investigated further. This could be done in conputivith a more detailed investigation
of the fundamental physical processes involved. é&xample is the variation of
electrophoretic mobility with ionic strength (Figui7-25), and whether the nature of

that variation does indeed stem from Equation 7-2.
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