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ABSTRACT

Paper is comprised ofquasi-randomly distributed fibres, fines and difIerent additives.

The properties ofpaper depend on the type of fibres used, their uniformity ofdistribution,

the amount and type offines and flUers. It is difficult to predict how a particular component

will behave in a mixture. This will depend on the form ofmaterial introduced (flocculated

or dispersed) and on what kind ofinteractions will take place. These factors can be controlled

by various wet-end strategies based on known colloïdal behaviour ofvarious additives. Thus,

applying this knowledge to papermaking, one should be able to predict and control final

structures ofpaper, which will be reflected in optical and mechanical properties.

A thorough understanding of the effects of different materials, such as fines and

tillers, on optical and mechanical properties ofpaper can only be obtained from a systematic

study. Therefore, this research focused on elucidating the relationship between the nature and

amount of fines and flUers and paper properties. The studies were mainly Iimited to papers

made from thermomechanical pulps (TMP), although occasionally comparisons with ather

pulps were made as weil.
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RÉsUMÉ

Le papier est composé d'une distribution quasi-aléatoire de fibres, additifs et

particules fines. Les propriétés du papier dépendent du type de fibres utilisés, l' unifonnité

de leur distribution, la quantité et le type de remplisseur et de particules fines. Il est difficile

de prédire le comportement d'un composant particulier dans un mélange. Ceci dépendra de

la forme du matériau (floculé ou dispersé) et de la nature des intéractions qu'auront lieu. Ces

facteurs peuvent être contrôlés à la partie humide par divers stratégies conçues à partir d'une

étude du comportement colloïdal. L'application de cette connaissance à la fabrication du

papier pennet un contrôle et une prévision de la structure finale du papier et par conséquent,

des propriétés mécaniques et optiques.

Une compréhension des effets de différents matériaux, tel que les remplisseurs et les

particules fines, sur les propriétés optiques et mécaniques du papier peut être acquise dans

une étude systématique. Par conséquant, ce travail vise l'élucidation de la relation entre la

nature et la quantité de particules fines et les propriétés du papier. L'accent est mis sur les

papiers fabriqués de pâte thermomécanique (TMP), toutefois des comparaisons seront

effectuées avec d'autres pâtes.
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PREFACE

The thesis was prepared in accordance with Guidelines for Thesis Preparation of

McGill University (revised June 2000). Article 1. C. "Manuscript-based thesis" reads as

follows:

As an alternative to the traditional thesis Connat, the dissertation can consist of a

collection of papers of which the student is an author or co-author. These papers must

have a cohesive, unitary character making them a report of a single program of research.

The structure for the manuscript-based thesis must conform to the foHowing:

1. Candidates have the option of including, as part of the thesis, the text of one or more

papers submitte~ or to be submitted, for publication, or the clearly-duplicated text (not

the reprints) of one or more published papers. These texts must conform to the

"Guidelines for Thesis Preparation" with respect to font size, line spacing and margin

sizes and must be bound together as an integral part of the thesis. (Reprints of published

papers can he included in the appendices at the end of the thesis.)

2. The thesis must be more than a collection of manuscripts. AlI components must be

integrated into a cohesive unit with a logical progression from one chapter to the next. In

order to ensure that the thesis has continuity, connecting texts that provide logical bridges

between the different papers are mandatory.

3. The thesis must conform to aH other requirements of the "Guidelines for Thesis

Preparation" in addition to the manuscripts.

The thesis must include the following:

(a) a table ofcontents;

(b) an abstract in English and French;

(c) an introduction which clearly states the rational and objectives of the research;

(d) a comprehensive review of the literature (in addition to that covered ln the

introduction to each paper);

(e) a final conclusion and summary;

4. As manuscripts for publication are frequently very concise documents, where

appropriate, additional material must he provided (e.g., in appendices) in sufficient detail
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to allow a clear and precise judgement to be made ofthe importance and originality of the

research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate must have

made a substantial contribution to aU papers included in the thesis. In addition, the

candidate is required to make an explicit statement in the thesis as to who contributed to

such work and to wbat extent. This statement should appear in a single section entitled

"Contnbutions of Authors" as a preface to the thesis. The supervisor must attest to the

accuracy ofthis statement at the doctoral oral defence. Since the task of the examiners is

made more difficult in these cases, it is in the candidate's interest to clearly specify the

responsibilities ofall the authors of the co-authored papers.

6. When previously published copyright materia! is presented in a thesis, the candidate

must obtain, if necessary, signed waivers from the co-autbors and publisbers and submit

these to the Thesis Office with the final deposition.

7. Irrespective of the internal and external examiners reports, if the oral defence

committee feels that the thesis has major omissions with regard to the above guidelines,

the candidate may be required to resubmit an amended version of the thesis. See the

"Guidelines for Doctoral Oral Examinations," which can be obtained from the web

(bttp://www.mcgill.ca/fgsr). Graduate Secretaries of departments or from the Thesis

Office, James Administration Building, Room 400,398-3990.

8. In no case can a co-author of any component of sucb a thesis serve as an external

examiner for that thesis.

Credits to others who helped in any way to the work described in this thesis are

declared in the section entitled U Acknowledgements".

The thesis consists of five chapters. Chapter 1 states objectives of this study, and

review of literature and thesis overview are provided. Chapters II, III, and IV describe

research and results; they are written in manuscript fonnat. Chapter V presents summary

and conclusions.

Contributions of co-authors of manuscripts and extent of these contributions are

stated in the section entitled "Contributions ofauthors".
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CONTRIBUTIONS OF AUTHORS

The manuscript-based format was used for this thesis (Chapters Il, III., and IV).

Chapter n "Colloidal behavior ofpapennaking fines and fillersn

J. Porubska, B. Alince., T.G.M. van de Ven

This work was performed under the supervision of Drs. Van de Ven and Alïnce,

who will he co-authors of the paper. The author performed ail experimental work and

data analysis and prepared the chapter. Ors. Van de Ven and Alince acted in supervisory

role and did minor editing.

This manuscript will he submitted to the journal "Colloids and Surfaces'7. Also,

this work was presented by the author at the ACS 74th Colloid & Surface Science

Symposium at the Lehigh University in Bethlehem (pA, USA) on June 21, 2000. Part of

this research was presented by the author at the Mechanical Wood-Pulps Network of

Centre of Excellence (NCE) Workshop in Toronto (Ontario, Canada) on February 18,

2000.

Chapter ID "Effect ofmodel and fraetionated TMP fines on sheet properties"

B. Alince, J. Porubska., T.G.M. van de Ven

The initial ideas for doing this work originated from Dr. Alinee who as a result is

listed as fust co-author. As in Chapter Il, ail experimental work, data analysis, graphs and

original text were prepared by the author. Dr. van de Ven aeted as co-supervisor.

This manuscript will he submitted to the Fundamental Researeh Symposium in

Oxford. Part of this researeh was presented by the author at the NCE Papennaking

Workshop in Hamilton (Ontario, Canada) on February 16, 1999.

Chapter IV "Light scattering and microporosity ofpaper"

B. Alinee, J. Porubska, T.G.M. van de Ven

Ors. van de Ven and Alince's involvement in Chapter IV was similar to

that for Chapter m.
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This manuscript will be submitted to the '~Journal of PuIp and Paper Science".

AIso, this research was presented by the author at the Department of Chemical

Engineering at McGill University in Montreal (Quebec, Canada) on February Il, 2000.

Part of this research was presented by the author as a poster at the 85th PAPTAC Annual

Meeting in Montreal (Quebec, Canada) on January 27, 1999.
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1. Objectives

The main objectives ofthis thesis are:

1. To study systematically the flocculation behavior of fines, fillers and their mixtures.

2. To prepare papers having different structures in order to quantify how fines and fillers

affect mechanical and opticaI properties.

3. To characterize the microstructure ofTMP papers containing fines and fillers by means

ofscanning electron microscopy (SEM).

4. To elucidate the relationship between microstructure and properties ofpapers containing

fines and fillers.

2. Literature Review

2.1. Thermomechanical pulp (TMP)

TMP is a high yield pulp (97.5%), obtained from chips by preheating with steam (at

145-155°C) and refining under pressure at elevated temperatures [1].

Mechanical pulps are widely used as a main component in newsprint, magazine,

printing and writing papers because of their unique properties and their lower cast in

comparison to chemieaI pulps. AIso, studies have shawn that TMP has the potential to be

used in manufacturing tissue paper [2]. Because ofthe high demand for mechanical pulps,

much research is carried out to determine their effect on the properties ofpaper, to determine

the optimum conditions for their effective performance and to charaeterize and improve (or

optimize) their properties.

Properties of TMP fibres

Non-treated TMP fibers contain curis, kinks and microcompressions, which can he

removed by hot water treatment during disintegration. This process is called latency removal

and it results in 3 to 5% increase in fiber length, 60% inerease in fiber flexibility and

improves strength properties ofa sheet [3].

A typical value for a specifie surface area of fibers is 1 m2/g [4]. With refining, the

specifie surface area of mechanical fibers increases, which is explained by further

development of fibrils on fibers [5].
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TMP verslis kraft pulps

Fiber collapse of pulps has been recognized as an important factor in the

development ofpulp and sheet quality. The ability of fibers ofdifferent pulps to collapse was

rneasured and compared. ResuUs demonstrated that chemically treated fibers are collapsed

to a greater extent at low pressures than mechanical pulp fibers. At higher pressures the

chemically treated fibers collapsed completely while mechanical pulp fibers did not exceed

80% collapse even at 5000 kPa [6].

Measurements ofwet fiber flexibility showed also the difference between kraft and

thennomechanical pulps. Tarn 000 and Kerekes found that mechanical pulps were 20 to 30

times stiffer than kraft pulps. Dimensions of fibers are one ofthe factors affecting flexibility.

Fibers with thicker walls and larger diameter are stiffer. Pulping conditions play also an

important role in detennining stiffuess of fibers. Increasing yield leads to an increasing

stiffuess [7].

2.2. TMP fines

Fines are generally defined as the fraction which passes through the 200 mesh screen

(74 J.lrn openings) of the Bauer-McNett fractionator. Sornetimes, a 100-mesh screen is used.

According to the Tappi Methods, fines are the particles that will pass a round hole 76 Jlrn in

diameter [8]. According to Luukko's review [9], there is no cIear definition of fines since

there are several approaches to their separation and characterization. The percentage by

weight of the fines fraction of the whole mechanical pulp may be up to 40%.

The importance of mechanical pulps has been recognized ta be due aImost

exclusively to the unique properties of its fines fraction [10]. The amount and quality of

fines affect most paper properties. Papers made only from the long fiber fraction have very

low strength properties. Surface tension forces and wet pressing are not sufficient to improve

fibers bonding in these fines free handsheets. Fines are required to strengthen the paper

network [Il].

Fines also contribute to the wct web strength. Their addition increases both the wet

web tensile and the tensile energy absorption index (TEA) [12]. The level ofcontribution to
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wet web properties depends on the proportions offines in the fumish and the degree oftheir

development and quality.

Many properties ofpaper can also be affected by the degree ofdevelopment of fibers.

Pulps containing less developed fibers depend more on the fines fraction than those with

well-developed fibers [13]. Development of the long fiber fraction improves the strength

properties ofthermomechanical pulps, but for optical properties fines must be added to the

furnish [14].

Classification of rmes

Brecht and K.1emm [15] characterized the mechanical pulp fines into two categories:

uflour stuff' and "slime stuff'. The "flour stufI" consists ofpowder-like, granular pieces of

fiber, and lignin-rich particles with low bondability; uslime stuff' is made ofcellulose-rich

fine fibrils with high bondability.

Using the work ofBrecht and Klemm, Luukko and Paulapuro described TMP fines

as a mixture of fibrillar and flake-like particles and studied their properties and effect on the

paper properties [16].

Wood et al. classified TMP fines according to their specific surface area, using a

small hydrocyclone. Fines were classified as high, medium and low specifie surface area

fines [17]. Particles ofsize ranging from 0.5-200 f.1m were observed.

Fines can also be divided into primary and secondary fines. Primary fines are

naturally present in disintegrated mechanical pulps (or unbeaten chemical pulps), white

secondary fines resuIt from the refining (beating) offibers [4].

Properties and role ofTMP fines

Fines are considered to have the greatest effect on the fiber bonds. The presence of

fines within paper has three main effects on sheet structure. These effects are shown in

Figure 1. Fines May shorten the distance between two fibers as illustrated on Figure lA.

Figure lB shows an increased thickness of the paper structure due to fines which cao

"bridge" fibers. The other effect represented in the right side of Figure lB is called

"blocking". Both effects, bridging and blocking, are similar in their ability to create bridges
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• Figure 1. Cross-section ofa sheet showing different effects of fines, A - bridging
effect, B - blocking effect, C - filling effect [18].
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by fines. To distinguish between the two, one bas to see what would happen ifno fines were

present. If the presence of fines creates new bonds wmch would not occur between fibers

otherwise, the effect is called bridging. Ifbonds are formed in the absence or presence of

fines, the effect offines is called blocking. Fines might also fi11 interstices between fibers and

not create new bonds, wmch is shown on Figure le. This effect is called "filling" [18]. The

structural role of fines bas aIso been demonstrated in SEM photomicrographs. In addition

to the previously mentioned effects, fines can dePOsit on the outside surface ofa fiber. This

effect is called "coating". Shorter fibers, which are considered to be fines as weB, are able

to perform structurally as fibers and in SEM photomicrographs are found to resemble fibers

[19].

Specifie surface is an important parameter of fines. The fines have a large surface

area in comparison to other fractions and this factor makes them important for improving the

properties ofpaper. It has been calculated theoretically that the specifie surface of the fmes

fraction is 12-14 m2/g [20]. This value is close to the values of 14-19 m2/g determined by

indirect penneability measurements [21].

Fines are lignin-rich relative to the long fiber fractions. Chemical analysis of

thennomechanical pulps showed the ligninlcarbohydrates (LIe) ratio to be 32159 and for the

three fractions this ratio decreases in the order fines> middle fraction> long fiber fraction

[22]. According to a review article [23], the lignin content ofthennomechanical pulp fines

varies between 31-39%.

Luukk:o [9] emphasizes the property ofproportion of fibrils, which could be one of

the most important for detennining the effect of fines on paper properties.

TMP versus chemical pulp fines

In chemical pulps, the amount of fines is lower than in mechanical pulps (around

10% compared to 30-40%). The ability of mecbanical pulps to swell in water is reduced

compared to chemical pulps due to a high content ofhydrophobic lignin and extractives in

mechanical pulp fines.

Fines play an important role in determining the physical and optical properties of

paper. Retulainen et al. [24] studied the effects of type and amount of fines on paper
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properties using TMP and softwood bleached kraft fines and fibers. As shown in Figure 2,

softwood bleached kraft or TMP fines were added to softwood bleached kraft or TIvIP fibers.

Fines affected both the mechanical and optical properties of paper. Both properties are

presented in terms oftensile index and light scattering coefficient, respeetively. Addition of

kraft fines increased tensile strength greatly while light scattering coefficient was slightly

reduced. In contras!, the addition ofTMP fines had a positive effect on both properties.

As Retulainen et al. have shown in previous studies [25], the addition of softwood

kraft fines to softwood kraft long fibers up to a level 20% resulted in improved strength

properties and a slight reduction in light scattering coefficient. Addition ofmore than 20%

fines resulted in a slight improvement of tensile strength, but a further reduction in light

scattering coefficient. Also, it was shown that tensile strength was linearly related to the

sheet density. Addition of fines frOID chemical pulps increased the sheet density to a greater

extent than the addition offines from mechanical pulps, thus chemical fines contribute more

to the increase of tensile strength. On the other hand, fines from mechanical pulps yielded

a larger increase of light scattering, but no strong correlation was found with sheet density.

Mohlin compared light scattering ofsheets made of thennomechanical pulps with no

fines and containing two different amounts of fines. Plotting light scattering coefficient as

a function ofdensity yjelded a linear correlation for the same type ofpulp [26].

Confocal laser scanning micrographs showed that better contacts were created

between TMP fibers when fines were added. Kraft fines were more effective in increasing

the contact area than TMP fines [10].

Retulainen et al. aIso showed that the primary eireet of chemical pulp fines is to

increase tensile strength and ofTMP fines to improve light scattering coefficient. Using a

blend ofthese two fines lead to the increase ofboth, strength and light scattering coefficient

[27].

2.3. Fillers in paper

Fillers are added ta pulp suspension primarily to improve optical properties of paper.

Furthennore, they improve sheet fonnation, improve printability and lower the cost ofthe
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final product [28]. Usually, 10 to 15% of fillers is added to pulp suspension, in some

instances 20 to 30% is used.

Important characteristics of fillers are: particle size and distribution, shape, refractive

index, brightness, specific surface are3y surface charge and abrasion.

The most widely used fillers in papermaking are clay and calcium carbonate [29].

Calcium carbonate

Natural calcium carbonate is produced from natural chalk or limestone by grinding

and fractionation. Precipitated calcium carbonate can be produced from soda milliime sludge

or by special precipitation processes. Precipitated calcium carbonate is less abrasive than the

ground one [29]. Calcium carbonate bas to be used in alkaline or neutral type ofpapermaking

because it is soluble at low pH. Furthennore, it is attracting attention for acid-free paper

manufacturing which is currently in high demande [30].

Clay

Clay is a naturally occurring material with a basic structure of hydrated

aluminosilicates [31]. There are two types ofclays - primary, that remain in the place they

were fonned, and secondary (or sedimentary) that have been transported from the original

place and deposited in other sedimentary rocks [32].

2.4. Colloïdal behavior of fines and fillers

Fillers and fines can be considered colloidal particles because oftheir small size. As

in other colloidal materials, aggregation can occor under appropriate conditions.

Aggregation (or agglomeration) is defmed as a gathering ofsmall particles into larger units.

Flocculation is similar process but usually occurs in a liquid medium [30].

Aggregation behavior is an important consideration for paper properties. ft can be controlled

by changing various parameters in papennaking procedures: type ofpolymer added, shear

rate, sequence ofaddition, type ofmedium (e.g. tap or deionized water), etc.

Usually, polymers are used as retention aids, as theyare able to change the charge of

particles and the size ofaggregates, thus retaining a larger fraction ofadditives in a sheet.
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Polyethylenimine (pEI) and polyacrylamide (PAM) are retention aids widely used

in the papermaking industry. The main role ofPEI in papermaking is to modify electrostatic

charge. Also~ it can he used to prepare well-dispersed suspensions of fillers.

To prepare flocculated suspensions ofnegative tillers~ positively charged PAM can

be used as an effective flocculant, which adsorbs on particles by a bridging mechanism. The

influence ofcationic PAM additions on fiber-fiber or fiber-fines suspensions was studied by

King et al. [33]. Addition ofpositively charged PAM to negatively charged fibers or fines

resulted in an adsorption ofPAM. An optimum concentration for maximum flocculation of

fibers-fibers or fibers-fines was found. However, increased agitation led to a redispersion of

fibers in fibers-fibers systems even with increasing concentrations ofPAM while fines were

not disrupted in fibers-fines systems. This was explained by an increased surface area of

fines, which allowed increased polymer adsorption and enhanced polymer bridge strength.

AIso, size played a role in agitation, smaller particles (fines) experienced a smaller degree

ofdisruption.

3. Thesis Overview

This Chapter focuses on background information related to this study. Objectives of

our research are stated.

In Chapter II, the homo- and hetero - flocculation behavior of fines and fillers and the

influence of PAM and PEI are discussed. Stability and electrophoretic mobilities

measurements for particles in deionized and tap water are presented and explained.

In Chapter III, the effect ofdifferent materials (model fines and TMP fines) on optical

and tensile properties of TMP and kraft papers is shown and discussed.

In Chapter IV, the correlation between microstructure ofthermomechanical papers

(varied by addition of different types of materials and characterized by means of

porosimetry) and light scattering behavior ofthis paper was round.

In Chapter V, summary and conclusions are presented.



•

•

Il

4. References

1. SUNDHOLM, J., ~'What is Mechanical pulping?n, Mechanical Pulping, Book 5, ed.

Sundholm, J., Fapet Oy, Helsinki, 19 (1999).

2. SUNDHOLM, J. and HUOSTILA, M., 'lMP and CTMP in Soft Tissue",

International Mechanical Pulping Conference, Toronto, 331-337 (1979).

3. KARNIS, A., "Latency in Mechanical Pulp Fibres", Paperija Puu 75(7): 505-511

(1993).

4. RETULAINEN, E., NISKANEN, K. and NILSEN, N., ''Fibers and Bonds", Paper

Physics, Book 16, ed. Niskanen K., Fapet Oy, Helsinki, 55-87 (1998).

5. PENG, F. and JOHANSSON, L., "Characterization ofMechanical Pulp Fibres", J.

Pulp and Paper Sci. 22(7): J252-J257 (1996).

6. GORRES, J., AMIRI, R., GRONDIN, M., WOOD, J.R., "Fiber Collapse and Sheet

Structure", Preprints Tenth Fundamental Research Symposium, Oxford, 285-307

(1993).

7. TAM 000, P.A. and KEREKES, R.J., "The Flexibility ofWet Pulp Fibres", Pulp

& Paper Canada 83(2): 46-50 (1982).

8. T 261 cm-90, Tappi Test Methods (1992-1993).

9. LUUKK.O, K., "On the Characterization of Mechanical Pulp Fines. A Review",

Paperija Puu 80(6): 441-448 (1998).

10. KARTOVAARA, 1., '~Mechanical Pulp as Coating Base Paper Raw Material.

Strengths, Weaknesses and Development Needs", EUCEPA International Mechanical

Pulping Conference, Helsinki, Preprints Vol. 1: 25-35 (1989).

Il. MOSS, P.A. and RETULAINEN, E., "The Effect ofFines on Fiber Bonding: Cross­

Sectional Dimensions ofTMP Fibres at Potential Bonding Sites", J. Pulp and Paper

Sci. 23(8): J382-J387 (1997).

12. LUNDQVIST, K., MOHLIN, U.-B., "Wet Web Properties ofMechanical Pulps. The

Influence ofParticle Size Distribution and their Bonding Abilities", Tappi 65(6): 119­

122 (1982).

13. CORSON, S.R. and LOBBEN, T.H., "Wet Web Properties are Increased by Fines

Fraction", Pulp & Paper Canada, 81(11):T323-T327 (1980).



•

•

12

14. CORSON, SR., "Thennomechanical Pulp Properties as a Fonction ofthe Fiber and

Fines Fractions", International Mechanical Pulping Conference, Toronto, 49-56

(1979).

15. BRECHT, W., KLEMM, K., 'The Mixture ofStructures in a Mechanical Pulp as a

Key to Knowledge of its Technological Properties", Pulp Paper Mag. Cano 54(1):72­

80 (1953).

16. LUUKKO, K. and PAULAPURO, H., "Mechanical Pulp Fines: Effect of Particle

Size and Shape", Tappi 82(2):95-101 (1999).

17. WOOD, J. R., GRONDIN, M., KARNlS, A., "Characterization ofMechanical Pulp

Fines with a Small Hydrocyclone. Part 1: The Principle and Nature of the

Separation", J. Pulp and Paper Sei. 17(1):JI-J5 (1991).

18. GORRES, R., AMIRI, R., WOOD, J.R. and KARNIS, A., "Mechanical Pulp Fines

and Sheet Structure", J. Pulp Paper Sei. 22(12):J491-J496 (1996).

19. DE SILVEIRA, G., ZHANG, X., BERRY, R. and WOOD, J.R., "Location ofFines

in Mechanical Pulp Handsheets Using Scanning Electron Microscopy", J. Pulp and

Paper Sei. 22(9):J315-J320 (1996).

20. GAVELIN, G., KOLMODIN, H., and TREffiER, E., "Critical Point Drying ofFines

from Mechanical Pulps", Svensk Paperstidn. 78(17):603-608 (1975).

21. FORGACS, O., "The Characterization ofMechanical Pulps", Pulp Paper Mag. Cano

64:T89-TI18 (1963).

22. CHANG, H., SINKEY, J.O., YAN, J.F., "Chemical Analysis of Refiner Pulps",

Tappi 62(9):103-106 (1979).

23. HONKASALO, J., KNUTS, K., LAINE, E.L., NYGREN-KONTIINEN, A., "The

Fines Fraction ofMechanical Pulp. A Literature Review", Paperija Puu Il :693-699

(1983).

24. RETULAINEN, E., MOSS, P. and NIEMINEN, K., "Effect of Fines on the

Properties ofFiber Networks", Products ofPapermaking, Transactions of the tenth

fundamental research symposium, Vol. 2, 727-769 (1993).



•

•

13

25. RETULAINEN, E., NIEMINEN, K., LUUKK.O, K and PAULAPURO, H., ''Fines

ofDifferent Pulps and their Effeet on Network Properties", International Progress in

Paper Physics - a seminar, Atlanta, August (1994).

26. MOm..IN, U.-B., "Mecbanical Pulp Properties - the Importance ofFines Retention",

Svensk Papperstidning, 3:84-88 (1977).

27. RETULAINEN, E. and NIEMINEN, K., "Fiber Properties as Control Variables in

Papennaking?", Paperija Puu 78(5):305-312 (1996).

28. VAN DE VEN, T.G.M., "Wet-end Papermaking Chemistry", Course Notes 180­

686A (1998).

29. B0HMER, E., "Filling and Loading", Pulp and Paper Chemistry and Chemical

Technology, VoL III., ed. Casey, J.P., 1515-1546 (1981).

30. WYPYCH, G., "Handbook ofFilIers", 2nd ed., ChemTec Publishing, Toronto-New

York, 255-257, 809-812 (1999).

31. LAVIGNE, J.R., "Pulp & Paper Dictionary", ed. Patrick, K.L., Miller Freeman

Publications, Inc., San Francisco (1986).

32. GILL, R.A., "Fillers for Papermaking", Applications ofWet-End Paper Chemistry,

ed. Che On Au and Thom, 1., 1st ed., Chapman and Hall, 54-75 (1995).

33. KING, C.A. and WILLIAMS, D.G., "Cellulose Fiber-to-Fiber and Fines-to-Fiber

Flocculation: a Dynamic Comparison", Tappi 58(9):138-141 (1975).



•

•

14

CHAPTERII

COLLOIDAL BEHAVIOR OF PAPERMAKING

FINES AND FILLERS



•

•

15

Abstract

Measurements ofthe effects ofpolyacrylamide and polyethylenimine on the eolloidal

stability of fines (microcrystalline cellulose or thermomechanical fines), fillers (clay) and

their mixtures were perfonned in order to evaluate their state of floceulation or dispersion.

A photometrie dispersion analyzer was used to monitor changes in the sizes ofthe partieles.

Measurements eonfinned that it was possible to homoflocculate aIl used materials

separately as weil as to heterofloccuIate them. As expected, higher additions ofPAM or PEI

lead to steric or electrostatic stabilization ofmicrocellulose and clay suspensions, but it was

not possible to stabilize the suspension of fines using high additions ofPAM or PEI. In tap

water much more PEI or PAM is needed to reach optimum flocculation conditions than in

deionized water.
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1. Introduction

Paper is a mixture of fibers, fines, often with fillers and difIerent additives. Fibers,

fines and most fillers are negatively charged, thus electrostatic forces keep them apart and

retention in a sheet is not efficient. In order to keep particles of a colloidal nature (such as

fines and fillers) in paper, retention aids are used to flocculate them. Severa! retention aids,

a1so referred to as flocculants, are used in papennaking: polyacrylamide (PAM),

polyethylenimine (PE!), polyethyleneoxide (PEO), etc. Genera11y, two types ofmechanisms

of polymer - induced flocculation are recognized in the literature: bridging and charge

neutralization/patch flocculation. In the bridgjng mechanism, an adsorbed polymer creates

a link between particles. Generally, high molecular weight and low cationic charge density

polymers act by bridging [1]. For example, PEO [2, 3] orweakly charged PAM [4] follow

this mechanism. In the charge neutralization mechanism, particle charge is neutralized by a

polymer. Ifa polymer ofcharge opposite to that of the particles covers the partic1e partially

(creates "patches"), electrostatic interactions between patches on particles and non-covered

surfaces of other particles cause the flocculation, aIso called "patch flocculation" [5].

Neutralization and/or patch flocculation are usually the mechanisms ofoperation of low or

moderately high molecular weight and high charge density polymers [6]. PEI is a typical

polymer behaving according to this mechanism.

Ifcolloidal particles are fully covered by polymer, then redispersion can occur due

to stenc stabilization or due to complete reversai ofparticle charges.

The flocculation behavior of fibers [7, 8, 9] and fillers [10, Il] by PEI, PAM and a

PEO/cofactor system have been studied previously.

The flocculation of fines was studied using a PEO/cofactor system [12]. However,

the flocculation behavior of fines induced by PAM or PEI is not discussed in the Iiterature.

Therefore, the objective of this work was to study the homoflocculation and

heteroflocculation of fines and fillers by PAM and PEI to determine whether or not fines

behave similarly as tHIers.
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2. Experimental

2.1. MateriaJs

Fines

Microcrystalline cellulose (FMe Corporation) with average partiele sizes 6 JlID

(MCC) was used to model small uchunky-like" portions of fines.

The P200 (pass 200 mesh screen) fraction ofthermomechanical fines was used in the

experiments. The fines were separated from thermomechanical pulp with a float wash

equipped with 200 mesh (openings of 74 JUIl) screen. TMP fines contain various types of

materials, Le. fragments of fibers, fibrillar material, ray cells, pieces of fiber wall ofsizes 5­

100 JlItl [13]. Different values for surface area of fines are reported in the literature and will

be discussed in this chapter.

Fillers

Filler clay Hydrite UF (Georgia Kaolin) with mass average equivalent spherical

diameter 0.2 J.Ull was used as fùler. The specific surface area is 16 m2/g [14] (detennined by

DÏtrogen adsorption).

Polymers

Polyacrylamide (PAM) (percol 292, Allied Colloids) with molecular weight of

approximately 3 x 106 [11] and degree ofsubstitution of25% was used. Stock solutions of

0.1% were prepared by wetting the beads of polymer with ethanol and adding deionized

water. The solution was mixed for about 30 min. in order to eosure complete dissolution of

the polymer. Diluted solutions (0.01, 0.001%) were prepared from the 0.1% stock solution.

Solutions were prepared an hour before experiments and the pH was maintained at 6-7 to

minimize the aIkaline hydrolysis process, which can affect the charge density of the polymer

[15].

Polyethylenimine (pEI) Polymin P (BASF) was used. This is a highly charged

branched cationic polyelectrolyte with mass average molecular weight Mw = 600 000 from

light-scattering [16]. A stock solution of 1% was prepared from a liquid sample of 25%

concentration by adding an appropriate amount ofdeionized water. Solutions of 0.1, 0.01,
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and 0.001% were subsequently prepared from the 1% stock solution. The charge of PEI

depends on pH, as amino groups are protonated at lower pH. To ensure a positive charge of

PEI, the pH was kept neutral.

2.2. Methods

Changes in the state ofaggregation ofa suspension offines, fillers, or their mixtures

were monitored by a Photometrie Dispersion Analyzer (PDA) described in [17, 18, 19]. A

suspension flowed from the outlet of a 2L beaker through the photocell of the PDA. The

PDA monitors the fluctuations in intensity oflight transmitted through a flowing suspension.

The root mean square (nns) value ofthe fluctuating signal is a sensitive indicator ofthe state

ofaggregation of the suspension. Measured is the ratio R of the nos value of the intensity

fluctuations, Vrms to the dc output which corresponds to the average transmitted light

intensity V.

R=Vrm/V (1)

Changes in the size offlocs as a fonction oftime were detected and the flocculation rate was

determined. The stability ratio W for a particular flocculation rate ~ was calculated as

(2)

•

where krast is the fast flocculation rate, for which log W = O. Usually, lcrast is the rate when all

electrostatic repulsions are screened by salt or reduced to zero by polyelectrolyte (e.g. PEI).

When log W = 00, the suspension is stable. [n some cases, log W < 0 (ultrafast flocculation).

This happens when there is long range attraction, e.g. due to bridging by polymers which

extend far from the particle surface.

The flocculation behavior of different materials depends on the conditions onder

which they are measured, i.e. pH [20, 21], shear rate, Dow rate, concentration ofa suspension

[22], purity ofwater [23]. A neutral pH was maintained in our experiments unless otherwise
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specified. The mixing rate (100 rpm) and flow rate (100 mL/min) were aIso kept constant.

The concentration ofthe suspension was 0.2 g/L. Experiments with PAM were perfonned

in tap water considering that PAM is not very sensitive to the type ofwater [11]. On the

other hand~when PEI was use~ experiments were carried out with two types ofwater - tap

(conductivity ..... 260 JJ,S/cm) and deionized (conductivity ..... 4 J.AS/cm). The conductivity of

tap water is equivalent to the conductivity ofa 3 mM sodium chloride solution.

Before performing heteroflocculation experiments between fines and fillers,

stabilized suspensions had to be prepared. Clay was treated with a high amount of PEI at

high shear in order to obtain a redispersed system. Then~ excess PEI was removed by

filtration. To follow the kinetics ofheteroflocculation, a constant amount ofclay (50 mg)

treated with PEI was added to different amounts of MeC or fines. The effect of the

consistency ofa suspension on the ratio signal of the PDA was very low. Rather, the ratio

was found to be affected only by particle aggregation, 50 that ratio values could be compared.

Only deionized water was used for heteroflocculation experiments in order to avoid the

flocculation of clay treated with PEI due to the type of water, since flocculation of clay

treated with PEI bas been observed in tap water.

Electrophoretic mobility (EM) of particles was measured using a MI( II

Microelectrophoresis Apparatus (Cambridge, OK), equipped with a flat cell.

The polyelectrolyte titration method was employed to detennine the adsorption

isotherm. PEI was added to a suspension and allowed to adsorb for 30 minutes at a mixing

rate of 100 rpm. The supernatant was separated from the fines by centrifugation. The amount

of PEI left in the supernatant was then determined. In this method, titratioll of a cationic

polymer (pEn with an anionic polyelectrolyte - potassium polyvinyl sulfate (PVSK) in the

presence ofan indicator/buffer - orthotoluidine blue at pH 4 was carried out.

3. Results and discussion

3.1. CbaracterizatioD of fines

Figure 1 shows the adsorption isothenn ofPEI on thermomechanical fines at pH 6

in deionized water.

The mechanism ofpolydisperse PEI adsorption on non-porous glass fibers and
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porous pulp libers was discussed in [21J. This work explains the shapes of adsorption

isotherms in tenns ofadsorbing high and low moiecular weight PEI al different stages. Fines

are siInilar to fibers, i.e. they have a porous structure, and hence a sunilar approach can be

applied to explain the adsorption isothenn in Figure 1. It can be divided ioto 4 parts. The tirst

part is characterized by 100% adsorption (i.e. 0-5 mg adsorbed PEIIg fines). In this region,

the PEI concentration is low and the concentration ofhigh molecular weight material is much

higher than the concentration of low molecular weight material. This high molecular weight

material adsorbs on the extemal surface of the fines. As the concentration ofPEI increases,

the amount of low molecular weight material in suspension increases. This material adsorbs

in between high molecular weight PEI on the externat surface. This describes the region of

the adsorption curve in the range of5-11 mg adsorbed PEI/g fines. In the third stage (above

Il mg adsorbed PEIIg fines), as the concentration ofpolymer inereases, the concentration

of low molecular weigh material increases and this fraction starts entering the pores in the

fines. The fourth stage corresponds to the plateau-value, reached when the interior of the

fines is saturated. Assuming that the specific adsorption ofhigh moleeular weight PEI is 0.4

mg/m2 al pH = 6 [21], we can conclude that the extemal surface area of the fines is - 12.5

m2/g. Other studies reported surface areas of 12-14 m2/g from microscopie observations [24]

or 14-19 m2/g by indirect permeability measurements [25].

Electrophoretic mobility offines as a function ofPEI concentration and type ofwater

are shown on Figure 2. Fines (without polymer) are more negatively eharged in deionized

water than in tap water. There is an effect of ions present in water on the electrical double

layer. The double layer is created by counterions (that have opposite charge to that of the

particle) close to the surface of the particle. When more of these ions are present., as in the

case oftap water, the double layer thickness is compressed and particles slow down when

exposed to an eleetric field. As the concentration of polyelectrolyte (pEn increases, the

negative charge of fines diminishes. At a certain concentration of PEI the electrophoretic

mobility of fines reaches zero. We will refer to this point as the isoelectric point (lEP), not

as the point ofzero charge, since they are not identical [26]. We note that the amount ofPEI

added to fines in order to reach the lEP is lower in deionized water (- 3 mg PEI/g fines) than

in tap water (- 8-9 mg PEIIg fines). This is again caused by the presence ofsome negative
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ions in tap water. Possibly PEI adsorption is reversible in tap water, suniIar to the case of

water containing high concentration ofNaCI [21].

The results ofelectrophoretic mobility of fines in deionized water (Figure 2) support

the adsorption isotherm data. The lEP corresponds approximately to the state of particles

being partially covered by PEI, thus keeping sorne positive and sorne negative patches on

their surface. At 5 mg PEIIg fines particles are fully coated by polymer, which corresponds

to a positive electrophoretic mobility (- lxI0-8m2s·1V·1).

Electrophoretic mobilities ofmodel fines (MCC) are shown on Figure 3 in deionized

water and in tap water. Both plots have similar characteristics as the plots in Figure 2.

Particles of MCC are negatively charged in both types of water without a polymer. The

negative charge ofparticles is more pronouneed in deionized water for reasons discussed

above. When compared to fines, lower amounts ofPEI are needed to reach the lEP for MeC.

This is probably due to differences in surface areas for these two materials (fines have a

larger specifie surface area than MCC). Considering the effect ofwater type, the point of

zero charge is reached at 0.05 mg PEIIg MCC in deionized water and 2 mglg MeC in tap

water. This amount does not compare with experiments for fines where the PEI amount

required to reach the lEP is just three times as high in experiments in tap water. Presumably

ions or other dissolved matenal affect the adsorption and/or desorption rates ofPEI. More

studies need to he done to expIain this result.

3.2. Flocculation of fines by PEI

The effects of PEI on the floeculation of fines are shown in Figure 4 for deionized

water and tap water. The fastest flocculation rate constant krast was taken for the system of

fines in deionized water.

The maximum floeculation rates measured for two systems correspond to the

additions of 1-5 mg PEIIg fines in deionized water and 10 mg PEIIg fines (or perhaps

somewhat less) in tap water. There is a little differenee in flocculation rates attained in

deionized and tap water.

It ean be seen that Iower amounts of PEI are needed to reach the fast rate of

destabilization of fines suspensions in deionized water than tap water for reasons already
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discussed. Higheramounts ofPEI (up to 1000 mg PEYg fines) are not sufficient to stabilize

a suspension. When looking at measurements ofelectrophoretic mobilities (Figure 2), we can

see that the amount of PEI needed to reach the fast tlocculation rate are in the range of

amounts of PEI added to fines to reach the lEP in both deionized and tap water. This

indicates that electrostatic interactions dominate the process. At higher doses ofPEI, fines

become positive, but do not restabilize. The exact cause of this is unclear. Attempts of

washing the fines in deionized water in order to remove possible unwanted substances were

made. AIso, as mentioned in [21, 27], the size of PEI molecules increases at low ionic

strength, low pH or PEI concentration which results in reduced adsorption on fiber surfaces.

Figure 5 presents the stability ratio for washed fines at low ionic strength and pH = 3. The

fastest tlocculation rate constant krast was taken for the system of fines in deionized water at

the neutral pH. The system in Figure 5 shows a very similar flocculation behavior as in

Figure 4. This excludes the possibility of the effect of ionic strength, pH or dissolved

substances on the anomalous flocculation behavior of fines at high PEI concentrations. The

effect of the heterogeneity of fines and the possibility ofcreating entanglements within the

suspension should be considered. Even a system without added polymer might be subject to

entanglements, which would Mean that the PDA signal corresponds to a certain dynamic

equilibrium within the suspension. This equilibrium is then assurned to represent a dispersed

system (log W = 00). As polymer is introduced, the external surfaces of fines will be coated

and this will change their electrical properties (Figure 2). As more polymer is introduced and

a monolayer ofhigh molecular weight polymer is present on the outer surface (fines are

positively charged), low molecular weight polymer starts entering outer and inner surfaces

which wiIllead to higher uconsumptionu ofpolymer, but polymer-coated inner surfaces will

not enhance the positive charge of fines. Although fines are positively charged and they

should restabilize, possibly PEI coated fines are more prone to entanglements and appear to

be flocculated.

Figure 6 shows the stability ratio W for measurements with MCC performed in

deionized and tap water. The fast flocculation rate constant kfast was taken for the system of

MCC in deionized water. Although it looks like MeC flocculates faster in tap water, this is

not necessarily the case. There still couId be a different addition ofPEI close to the value of
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0.06 mg PEI/g MCe (the maximum for deionized water) at which a faster rate of

destabilization could be reached.

The maximum flocculation rate occurs upon the addition of0.06 mg PEIIg MeC and

2-3 mg PEI/g MCC in deionized and tap water, respectively. The lower ionic strengili

medium pennits attainment of maximum flocculation rate and stabilization faster.

Comparing the amounts ofPEI needed to reach the maximum destabilization (Figure 6) and

to reach the lEP ofMCC (Figure 3), we cao see they are in sunilar ranges. This agrees with

the mechanism that the action ofPEI is controlled by electrostatic forces. We cao notice that

at high PEI dosages restabilization occurs due to charge reversai. At an addition of 10 mg

PEIIg MeC in deionized water, particles were stable, whereas in tap water, a higher amount

ofPEI (100 mg PEI/g MeC) was required to reach a stable suspension.

3.3. Flocculation of fines by PAM

In the previous section, we compared the behavior of fines in deionized and in tap

water. In this section we compare the behavior of rmes with model fines (MCC).

Experiments with PAM were performed only in tap water since PAM is not very sensitive

to type ofwater [11].

Figure 7 shows the change of charge of fines and MCC as a function of PAM

addition. The lEP is reached upon addition of ..... 4-5 mg PAM/g fines and ..... 2 mg PAMlg

MeC.

Flocculation of MCC and fines in tap water in the presence of PAM is shown in

Figure 8. For each system (MCC and fines), a different fast flocculation rate Icrast was chosen

because ofdifferences in adjustments (gains) of the PDA.

In the absence of polymer, the suspension is assumed to be dispersed, thus log W =

00. Upon addition of PAM the system destabilizes, flocculation is induced and reaches its

maximum rate (log W =0) for PAM additions of5-10 mglg fines and - 5 mg /g MCC. These

amounts are higher than the amounts added to fines and MCC to reach the lEP (Figure 7).

This indicates that PAM operates via a different floceulation mechaoism and that

electrostatic forces are less important in this case. Polymer bridging is involved in this type

offlocculation. As expected, higher additions ofPAM (500 mglg) lead to a stene stability
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in the case ofMCC. Our experiments showed that fines were not stabilized, even at addition

of 1000 mg PAM/g fines. Earlier studies showed that PAM-coated fines deposited on PAM­

coated fibers [28] that have the same surfaces properties as fines. This suggests the

possibility of deposition of PAM-coated fines on PAM-coated fines, thllS causing

flocculation. Other studies of fiber-to-fiber and tiber-to-fines cationie PAM indueed

flocculation showed a similar effect of fines [9]. When fines were present higher polymer

concentrations did not lead to fines detaehment from fibers and the suspension remained

flocculated. On the other hand when polymer was added to fibers, redispersion occurred at

higher polymer concentrations. This was ascribed to the large surface area of fines, which

allows more polymer to be adsorbed and the strength of the polymer bridge to increase.

Uoder the conditions ofthese experiments the shearwas oot high enough to disrupt the flocs

created by fibers and fines. It is still not clear why flocs created by fines alone cannot

redisperse at high amounts ofadded PAM. The creation ofa strong polymer bridge could be

an explanation. Also, as proposed earlier, entanglements could play a role in keeping a

suspension of fines flocculated. Another reason could be that the polymer layer is not thick

enough to eliminate van der Waals attractive forces.

3.4. FlocculatioD of fillers

Flocculation and EM measurements ofclay were perfonned in tap water only because

PAM is not very sensitive to type ofwater. Additions ofPEI to clay suspension in deionized

water are described in [20]. The lEP ofclay in deionized water was reached at the addition

of 1 mg PEIIg clay at pH 6.

Electrophoretic mobilities for clay particles in tap water upon additions ofPAM and

PEI are presented in Figure 9. The amount of PEI needed to rcach the isoelectric point of

clay is above 25 mg PEIIg clay, but amounts of 10-25 mg PEIIg clay aiready make clay less

negatively charged.

Figure 10 shows the stability ratio as a function ofadded PEI and PAM to the clay

suspension in tap water. When no polymer is present, the suspension is stable. When positive

polymers are added, either PEI or PAM, clay particles start to flocculate. The fastest rates

of flocculation are reached upon addition of 15 mg PEYg clay or 5 mg ofPAM/g clay. At
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the fastest flocculation rate the electrophoretic mobility ofclay particles corresponds to

-O.5x1Q-8m2s-1V-1 (for 15 mg ofPEI) and to -O.8xl0-8m2s·ly.1 (for 5 mg ofPAM) from Figure

9. The amount ofPEI required to reach the fastest flocculation rate corresponds to the state

ofclay particles, in which the charge ofparticles is low enough to initiate floceulation. This

indieates again the importance ofelectrostatie interactions in the PEI adsorption mechanism.

On the other hand, the electrophoretic mobility ofclay partieles eorresponding to the fastest

floceulation indueed by PAM did not change much from the original negative value of

_lxIO-8m2s- l
y-1 whieh indicates that the bridging mechanism plays an important role. Data

reported in [21] suggest that the maximum rate ofdestabilization ofclay in distilled water

is reached when 1 mg PEYg clay is added at pH = 6. This amount is more than 20 times less

than the amount observed here in tap water. Slightly higher amounts could be explained by

the presence ofsorne ionic impurities in tap water, which would internet with PEI instead of

clay. The amount of 15 mg PEYg clay is too high to be caused ooly by the ionie strength of

tap water. Possibly, a reversible adsorption ofPEI takes place under these conditions, as in

the presence ofhigh salt concentrations [21].

Increasing the amounts ofpositive polymer lead to sterie or electrostatic repulsion

and the suspension becomes stable. In our case, amounts of 100 mg PEYg clay or 250 mg

PAMlg clay are needed for clay to be electrostatically or sterieally stabilized.

3.5. FlocculatioD of mixtures of fines and fillers

The stability of suspensions consisting of two components (MCC/clay, fines/clay)

is shown on Figure Il. The floeeulation rate depends on the ratio and surface area of

oppositely charged particles present in suspension. MCC or fines are negatively charged

while clay is positively charged due to the adsorbed positive PEI. When no MCC or fines are

present in the suspension, clay treated with PEI is stable in deionized water. Upon mixing

50 mg ofthe PEI-coated clay with 50 mg ofMCC, the system remains stable. Clay particles

provide full coverage of MeC particles which makes the suspension stable. On the other

band, addition ofthe PEI-coated clay to 50 mg of fines causes the suspension to flocculate.

This difference might be caused by differenees in the surface areas of MCC and fines. As

seen from Figure 8, the amount ofPAM needed to reach the fastest flocculation of fines is
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approximately double that needed for the fastest tlocculation ofMCC. This indicates that the

surface area offines is about twice as large as the surface area ofMCC. Thus, the presence

of 50 mg of fines will provide more negative surfaces for interaction with positive clay

particles, than 50 mg ofMCC. An amount of50 mg ofpositive clay particles is not sufficient

for full coverage of 50 mg of fines and the suspension will flocculate. Upon increasing

amount of MCC or fines, addition of clay makes the suspension flocculate faster until it

reaches the maximum flocculation rate and higher amount of MCe or fines (over 100 mg

finesIL, or over 150 mg MCC/L) no longer change the flocculation rate. PEI-coated clay

particles form a bridge between bare fines or bare MCC.

The adsorption ofPEI-coated clayon MCC or fines particles can be described by the

following equation:

dN/ 2
-=-akN

dt /
(3)

dN
where -_/ is the decrease in number ofparticles (fines or MeC) Nf with time t, k is the

dt

adsorption rate constant. The adsorption efficiency a can be written as:

a = 2 f) (I-B) (4)

where (1- B) is the fraction of the surface of fines or MCC that is bare. (J is the coverage of

fines or MCC by PEI-coated clay and it is inversely proportional to Nf

f) oc lIN! (5)

•
Ifwe assume that clay adsorption on fines or MCC is faster than fines flocculation, since

fines do not flocculate without clay, then we can detennine certain critical fines or MCe

concentrations [fines]crit below which 8 = 1 and a =o. This corresponds to a value ofW =00

that describes a stable suspension. Above [fines]cri~ 8 decreases with Nf For a large number
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ofparticles offines or MCC Nf the coverage fJ is small. Theo equation (3) reduces to:

Using (5) we cao rewrite (6) as:

dN
-_/ :::= -21lcN2

dt f

dNf k· 2 •
-~--N =-kN

dt N f f
f

(6)

(7)

where k· is a redefined rate constant. In our experiments, ratio R was monitored with time.

The change of this ratio with tinte can be expressed as:

(8)

•

where C is number ofclay particles. k· is independent of fines concentration and constant

for a fixed clay concentration. Above [fines]crit and at a constant clay concentration, log W

will decrease with increasing amount of fines or MeC, until it reaches a constant value.

Knowing the specific surface areas ofclay (16 m2/g) and fines (12 m2/g) and MCC particles

(assuming 6 m2/g) we cao predict the trend in log W (dotted curves on the Figure Il) and the

values of [fines]crit, and [MCC]crit. The surface area of 50 mg ofclay is about 0.8 m2
, from

which 0.4 m2 is available for adsorption on fines or MCC. [MCC]crit must be lie between 50­

100 mg (from Figure Il) and [fineslrit between 1-50 mg. Critical values of fines and MCC

based on full coverage by clay are: [fines]crit - 33 mgIL, which corresponds to a surface of

0.4 m2
, and [MCC)cril- 66 mgjL.

4. Conclusions

Controlled homo- and hetero-flocculation experiments ofMCC, clay and MCC/clay,

tines/clay induced by PEI or PAM confirmed that these systems follow the mechanisms
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previously described in the literature. Contrary to theory, thermomechanical fines at high

concentrations ofpolyelectrolytes did not undergo redispersion. This behavior of fines has

not been previously described in the literature. The fibrillated nature of fines may lead to

entanglements within the suspension and allow a certain dynamic equilibrium to he reached.

Addition ofpolymer could shift this equihorium, keeping the suspension flocculated due to

entanglements. Particles will change their charge from negative to positive, but the positive

charge is not strong enough to keep the particles apart and forces keeping them entangled

might prevail. Particles of MCC and clay required large amounts of PEI to reach the

isoelectric point in t~.p .valer as compared to deionized water which might he caused by

reversible adsorption/desorption ofPEI. This result needs to be explored in future work.
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Abstract

Two model fines, representing microfibrils and microgranules, and two fractions of

TMP fines were used to demonstrate their etfect on tensiIe strength and optical properties of

handsheets formed from TMP and kraft fibers. The model microfibrils behave as a binder

between fibers, thus ïmproving tensile strength. The light scattering of kraft handsheets

decreases but that of TMP handsheets ïncreases. The model microgranules behave as a

pigment by improving light scattering but preventing interfiber bonding. TMP fines,

containing bath types are capable of increasing tensile strength and light scattering

simultaneously. The relation between tensile strength and light scattering depends on the

proportion of fibrillated fines and granulated fines. The fractionated TMP fines of high

surface area are shawn to be very effective in improving the handsheet properties and the

relation between tensile strength and light scattering is superior to that achieved by calcium

carbonate tiller.
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1. Introduction

The effect offines on a number ofpaper properties is weIl recogniz~ yet their actual

role is not fully understood because oftheir heterogeneous nature. The often used definition

of fines, being the fraction ofpulp passing through a 200 mesh screen, includes particles of

different sbapes, dimensions, chemical composition, surface properties, etc. This is

particularly true in the case of mechanical fines composed of broken fibers, cell wall

fragments, middle lamellae fragments, parenchyma, ray cells and bordered pits. Because of

the wide range ofdifferent types ofparticles there is no standard classification for them. It

has been suggestecL however, that in a broad sense the fines can be divided into slime stuff

and flour stuff [1]. Altematively, the two categories can be described as fibrils and flakes

[2,3] or ribbons and chunks [4]. The slime stuffconsists mainly of swellable and flexible

fibrillar particles originating from the cellulose-rich fiber wall. The flour stuffcontains flake­

like particles, i.e., fiber fragments and pieces ofcell wall and middle lamella. Within each

category there are particles ofdifferent sizes. In general, the slime stuff is considered a good

bonding material while the flour stufIhas poor bonding ability.

A number of studies dealing with the effect ofmechanical fines on paper properties

have been reviewed by Luukko [2]. In most ofthe contributions, the whole fraction of fines

was used because of the difficulty to separate fines ioto distinct categories. The general

conclusion is that in mechanical papers, where their content could be very high, fines are

very important components dominating the paper properties. It bas also been shown that the

mechanical and optical properties ofpaper depend on the type of fines (kraft or TMP) rather

than the type of fibers [5]. Introducing kraft fines in paper results in increased tensile strength

and decreased light scattering in both chemical and mechanical fiber networks. On the other

hand, TMP fines incorporated into a network of either kraft fibers or TMP fibers will

increase both the tensile strength and the light scattering. However, when TMP fines are

divided inta two fractions, one eonsisting predominantly of fibrillar material and the other

of flake-like material, a distinctly different effeet on sheet properties is observed [3]. The

fibrils are responsible for improving strength while the flakes improve the optical properties.

This suggests that fractionated TMP fines eould be used as an additive to control specifie

properties.
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The objective ofthe present work is to investigate the etIect oftwo fractions ofTMP

fines with ditIerent proportions offibrillated and flake-like material. Two other model fines

representing either fibrils or granules are microfibrillated cellulose and microcrystalline

cellulose. Their effect on mechanical and optical properties ofhandsheets fonned from either

chemical or mechanical fibers is the main focus of this investigation.

2. Experimental

2.1. Materials

Fibers

Thennomechanical and unbeaten kraft fibers without fines were used. Fines were

removed using a float-wash fractionator equipped with a 100 mesh screen. The amount of

TMP fines passing the 100 mesh screen was 27%.

Fines

Two types ofTMP fines fractionated in a small hydrocyclone [6] were used. The

fraction of fines ofhigh specifie surface (HSF) containing pieces of fiber, fibrillar material

and pieces of fiber wall ofvarious sizes down to less than 0.5 J.U11 represents 57% ofthe total

mass of fines. The fraction of fines of low specifie surface (LSF) containing mostly ray cells

and intact pieces offiber lOto 200 flIIl in length represents 21% ofthe total fines. The specifie

surface was detennined by turbidimetry [7].

Two model fines representing fibrillar and granular portions were used.

Microfibrillated cellulose KY 100S (supplied by Daicel Chemical Industries, Japan) with

average length 0.5 mm and diameter 0.01-0.1 flIIl (MFC), and microcrystalline cellulose

(pMe Corporation) with average particle sizes 6 J.Ull (MeC) and 100 J.U11 (MCC-l00).

Filler

Precipitated calcium carbonate PCC (Specialty MineraIs) with average size of 1.6 Jllll

was used.
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2.2. Methods

Handsheets from mixtures of either TMP or softwood bleached kraft (SBK) long

tibers and fines were prepared in a British Sheet Machine according to the standard method

(CPPA C.4) and tested for tensile strength and optical properties. Handsheet consisted of 1

g of long tibers and different amounts of fines. No retention aid was used (to prevent the

effect of flocculation) and consequently to achieve high content of fines, considerable

amounts were used (up to 0.75 g, 1 g, and 5 g of fines, MCC and tiller, respectively).

The amounts of retained fines, MeC and MFC were determined from the dried

sample assuming that 1 g of fibers was always retained. The amount of retained calcium

carbonate was determined by ashing the sample at 500°C.

3. Results and discussion

When dealing with the relation between tensile strength and opacity it is reasonable

to consider the role of the surface area of fibers. In a random assembly of fibers, part of a

tiber surface is in contact with another fiber at the point where they cross. Within this area

hydrogen bonds between fibers can form. The number of interfiber bonds detennines how

strongly the fibers stick to each other and consequently the tensile strength increases with

bonded area. The fiber surface outside the bonded area is in contact with air and thus presents

an interface where scattering of light takes place. In the absence of light absorption (weIl

bleached fibers) the light scattering is directiy related to opacity.

The relation between bonded and unbonded area is sufficient to explain the effects

caused by beating, tiller and fines introduction The inverse relation between tensile strength

and opacity (which for white fibers is a function of light-scattering) is weil known for

chemical pulp fibers subjected to different levels of beating. Beating results in increased

bonded areas due to better confonnability and plasticity of the fiber wall and its fibrillation.

This means that less of the fiber surface is available for scattering the light and thus the

opacity decreases while tensile strength increases.

The effect of pigments incorporated iuto paper can be also viewt:id as a relation

between bonded and unbonded area. Pigment contributes an additional interface for light

scattering and therefore the opacity increases. However, the pigment particles prevent
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interfiber bonding and consequently tensile strength decreases. The result is again an inverse

relatioo between tensile strength and opacity.

Chemical fines predominantly increase tensile strength. The chemical fines are

mostly fibrillar with a high surface area. However, upon drying they collapse on the fiber

surface and therefore they do not represent an additional interface for light scattering. Their

collapse, though, enables them to form bridges between fiber surfaces, which will happen

most likelyaround the points of fiber crossing where the surfaces are close. The result is then

increased interfiber bonding but without a considerable decrease ofunbonded fiber surface.

Mechanical fmes perform differently due to the presence of both the collapsible

fibrils and noncollapsible flakes. They increase both the interfiber bonding and the area for

light scattering, thus tensile strength and opacity improve simultaneously. The effect of

pigments, chemical fines and mechanical fines introduced into an assembly of fibers is

shown schematically in Figure 1.

In order to demonstrate the contribution of fibrils and flakes separately, two model

fmes were used - microfibrillated cellulose (MFC) and microcrystalline cellulose (MCC).

Their perfonnance is observed by introducing them ioto long kraft and TMP fibers and

compared with TMP fines c1assified into fractions ofdifferent specific surface [6]. Fractions

ofhigh surface (HS) and low surface (LS) area were used. From the micrographs shown in

Figure 2 it is apparent that the LS fraction ofTMP fines contains mostly ray ceUs and intact

pieces of fiber. The HS fraction contains fiber wall fragments and more of the fibrillated

material.

In Figure 3 the tensile strength is shown as a function of fines content in handsheets

fonned from TIv1P long fibers and unbeaten long kraft fibers. The results are consistent with

the assomption that fibrils contribute to bonding between fibers and consequently tensile

strength, as shown in the case of MFC. On the other hand, the granular particles of MCC

interfere with interfiber bonding and tensile strength decreases. The efIect ofHSF and LSF

ofTMP is between the two extremes. For comparison, the tensile strength ofnonfractionated

original TMP containing 0.35 g fines per gram of fiber is included as a single point.

In Figure 4 is shown the Iight scattering behavior of the handsheets. Again, the trend

is obvious. The MCC acts as a pigment by increasing the solid-air interface white the
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coIIapsible MFC affects the interface only marginaIly. The HSF contain small particles with

considerable surface area and therefore their contribution to light scattering is high, and when

incorporated into kraft fibers it even matches that ofMCC. On the other band, the particles

in LSF are large and therefore their low surface contributes little to the total.

The contributions ofsmall and large particles can be demonstrated by comparing the

effect of two MCCs having an average particle size of 6 J1IIl and 100 J.lID, and shown for

TIv1P bandsheets in Figure 4. The calculated SPecific surface area ofcellulose spheres, 6 J1Ill

in diameter, is 15 times the area ofspheres 100 J1Ill in diameter. This means that the increase

oftotal surface area by large MeC is insignificant in comparison to the smaller ones. The

light scattering for original TMP containing 0.35 g fines per gram of fiber is aIso shawn. In

generaI, the outstanding performance of HSF, particularly the ability to improve tensile

strength and light scattering simultaneously, derives from the presence ofboth the collapsible

fibrils and the granules small enough to possess a considerable surface.

By considering the performance of fines in kraft and TMP handsheets in Figure 4,

one may conclude that although sunHar in trend, there is a difference. Without a more

detailed analysis it is difficult to explain why the LSF are more effective in kraft handsbeets

where the difference between LSF and MFC is obviaus while in TMP bandsheets it is not.

AIso, why the MFC in kraft handsheets bas little effect on light scattering while in TMP

handsheets the presence ofMFC results in increased light scattering is not entirely clear. One

can speculate that this is due to different characteristics of the libers, particularly their

flexibility, stiffuess, confonnability and other factors that may detennine how the fines and

their fractions may be accommodated in the fiber network.

The relation between tensile strength and light scattering is ofpractical signiticance

ifboth properties are important. This relation aIlows, for example in filled papers, to select

a pigment which for a gjven improvement in optical properties causes the least drop in

tensile strength.

In Figure 5 is shown the tensile strength versus light scattering for handsheets from

kraft and TMP fibers. In the kraft handsheets the MFC perfonns as expected by increasing

tensile strength accompanied by a small decrease in light scattering. The MCC acts as a

pigment - increases light scattering and decreases tensile strength. However, it is the different
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performance ofHSF and LSF which is ofinterest. It indicates that the LSF introduced into

kraft fibers are detrimental to tensile strength while the improvement in scattering is not

great. Their introduction into TMP fibers results in rather small improvements in light

scattering and tensile strength. On the other hand, the HSF in kraft tibers are effective in

light scattering but the tensile strength is not impaired. Their positive effect is even more

pronounced in TMP handsheets where both the light scattering and tensile strength improve

considerably. This observation naturally leads to the conclusion that it would be heneticial

to separate fines from TMP pulp, remove the LSF fraction and then combine the remaining

HSF fraction with the long fibers. The relation for original TMP shown as a single point is

similar to that ofHSF but it should be realized that the handsheet from unfractionated TMP

contains 0.35 g fines per gram of fiber, while it is enough to add about 0.15 g HSF to one

gram of long TMP fibers to reach similar values.

Because the HSF fraction acts also as tiller by increasing the light scattering, it is of

interest to compare its performance with that ofa conventional tiller - precipitated calcium

carbonate (PCC). Figure 6 shows the tensile strength of handsheets from kraft and TIvIP

fibers as a function ofPCe and HSF. Figure 7 shows the Iight scattering coefficient for the

same handsheets. Figure 8 shows the plot oftensile strength against light scattering which

indicates that HSF are superior to PCC because with increasing light scattering there is no

loss of tensile strength. However, it has to be realized that for obtaining the same value of

light scattering, say 60 m2/kg, which is about the maximum reached with HSF in kraft

handsheets it would be necessary to incorporate 0.6 g HSF as opposed to about 0.12 g PCC

per gram tiber (Figure 7). The superior performance of HSF is even more pronounced in

handsheets fonned from TMP fibers. Besides the increased light scattering there is a

considerable improvement in tensile strength. Although the same applies as above, i.e. more

HSF are required to reach a given value of light scattering, HSF improve tensile strength at

the same time. However tempting it is to suggest that HSF can be used instead of mineraI

pigments, one drawback is rather serious and becomes obvious from considering the opacity

as shown in Figure 9 and light scattering shown in Figure 7. Although the HSF are less

effective in light scattering, the opacity is similar to that produced by PCC. This is due to the

fact that besides scattering the light, the TMP fines also absorb the light. Therefore, the
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brightness of TMP handsheets containing fines does not improve contrary to handsheets

filled with PCC, as shown in Figure 10. In the case ofkraft fibers containing TMP fines, the

brightness decreases considerably. In principle, this difficulty could be overcome in

bleaching the HSF separately, but as a consequence the opacity will suffer.

4. Conclusions

Fines in the fonn of microfibrils are responsible for improving bonding between

fibers. Fines in the form ofmicrogranules improve Iight scattering because they introduce

additional solid-air interface. In order to be effective they must be small and thus possess

large surface areas.

TMP fmes are a mixture of fibrillated and granular particles and thus contribute to

improvement ofboth the tensile strength and the scattering oflight. However, for optimum

perfonnance it is heneficial to separate the TMP fines into a fraction of high surface area,

which contains mostly the microtibrils and small granules. This HSF fraction is superior to

calcium carbonate tiller because it can increase opacity to similar values, and simultaneously

also improve tensile strength, however at the cost ofreducing brightness in kraft papers.
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CHAPTERIV

LIGHT SCATTERING AND MICROPOROSITY

OFPAPER
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Abstract

In a sheet of paper, the scattering of light takes place at the air-solid interface.

Provided that the paper is composed from components of similar refractive index, then

the totallight scattering should be a function of the aÎr-solid interface, and consequently,

the porosity.

Handsheets ofdifferent microstructures were made from TMP fibers, a variety of

fines, and fillers to test this assumption. No correlation was found between the specific

light scattering coefficient and the total porosity or the total surface area detennined by

mercury porosimetry. However, when only the surface within the optically effective

pores is considered, a direct relation is observed regardless of the components forming

the paper. Thus, the optical performance can be regulated by affecting the microstructure,

particularly through the formation ofpores having an optimum size.
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1. Introduction

In an assembly of randomly oriented fibers scattering of light takes place at the

interface of fiber surface and air. Therefore, the total amount of scattered light per unit

mass will depend on the extent of such an interface. An example of this dependency is

provided by the well-known inverse relation between light scattering and tensile strength,

because both are functions of the fiber surface. By increasing the fraction of surface in

contact (interfiber bonded area), either by beating or pressing, the tensile strength

increases, but less of the surface becomes available for scattering and thus the opacity

decreases. The introduction of tiller results in an increase in opacity simply because of an

additionallight-scattering interface.

Fraction of light reflected at the interface of two media having different refractive

indices R at normal incidence is given by Fresnel equation:

where Dr =nl/n2, and n and n are the refractive indices of the two adjacent materials. The

total amount of scattered light S is proportional to the product of reflectance and the

reflecting area A

S ex: RA

This relation has been verified on model glass fibers and a number of pulp fibers by

plotting the surface area detennined by nitrogen adsorption versus the specifie light

scattering coefficient [1-3]. A good correlation between the specifie light scattering

coefficient and the specifie surface area of pores larger than 0.2 Jlrn, determined by

Mercury porosimetry, was reported in the case of filied papers [4] and mechanical papers

[5].

It is of interest to test this relation with more complex structures composed of

fibers, fines and pigments, and to verify if it is generally applicable. The mutual

arrangement of these components May result in different microstructures, depending on

the uniformity of the distribution, the state of flocculation of individual components or
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coflocculation among them. This means that even using the same composition, the

surface in contact with air could differ.

It bas aIready been suggested [6] that, from an optical point of view, a highly

filled paper can he treated as a microporous system, as is done with a pigmented coating.

In conventional paper coatings fonnulated with low refractive index pigments, such as

clay and calcium carbonate, the scattering sites are the numerous microvoids, which are

occluded within the continuous pigment-binder matrix. ft bas been shown [7] that the

increased specifie light scattering is directly proportional to the increased porosity of

coating, which aIso means that the total interface for light scattering increases with the

number ofvoids. Ifpaper is also viewed as a continuous matrix ofsolid components, then

its porosity and the internai surface associated with the pores would determine the light

scattering efficiency.

For the purpose of verifying uns concept, a variety of structures were fonnulated

using TMP fibers, different types of fines and fillers (CaC03 and clay) treated with

different polyelectrolytes in order to either disperse or ta flocculate the tiller particles. Ali

the components have a sunHar refractive index and therefore the fraction of light

reflected at the interface with air is also suniIar. Thus, the total amount of scattered light

should be proportional ta the reflecting area.

The total porosity and surface area, as weIl as the distribution of pore size and the

internai surface associated with a pore of given size, were eValuated by the method of

mercury intrusion.

2. Experimental

2.1. Materials

Fibers and fines

Thermomechanical pulp was separated into long fiber fraction (LF) and fine

fraction. To obtain larger quantities of fines, a float-wash fractionator equipped with a

lOO-mesh screen was used.

The fines were fractionated in a small hydrocyclone [8]. Two types of fines were

used for our experiments: high and low specifie surface area (HSF, LSF). The material of

LSF is mostly ray cells and intact pieces offiber, 10 to 200 f.1ID in length. The material of
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HSF is pieces of fiber with well-developed surfaces~ fibrillar material~ and pieces of liber

wall of varions sizes, down to less than 0.5 J.1111. The micrographs of HSF and LSF are

shown in Figure 1.

MicrocrystaUine cellulose (MCC)

Obtained from FMC Corporation, the average particle size is 6 J.lffi. Refractive

index n = 1.55.

MicrofibriUated cellulose KY 1008 (MFC)

Supplied by Daicel Chemical Industries Ltd., the average leogili is 0.5 mm and

the average diameter is 0.01-0.1 J.1D1. Refractive index n = 1.55.

Fillers

Two types of precipitated calcium carbonate (PCC) Hydrocarb HO and LO from

Specialty Minerais were used. The average equivalent spherical diameter determined

using a centrifuge photosedimentometer B I-DCP (Brookhaven), is 1.3 Jlm for HO and

2.5 Ilm for LO. The refractive index n = 1.56. Filler clay BN from English China Clay

with an average equivaient spherical diameter 2.3 Jlffi and refractive index n = 1.56. The

fHIers were treated with either polyethylenimine (pEI) or polyacrylamide (PAM). PEI

provides positively charged and dispersed fillers, while PAM caused flocculation

resulting in increased sizes ofCaC03 to 3-5 Jlm.

2.2. Metbods

A variety of paper structures were prepared using thennomechanical pulp - long

fiber fraction and different material - dispersed fillers, flocculated fillers, fractionated

fines, model fines: granulated (MCC) and fibrillated (MFC). The handsheets were made

in a standard British machine, restrained between drying rings and dried at a standard

temperature. The optical properties of the dry paper samples were determined using

Technibrite Micro TB-lC (Technidyne Corporation). The porosity and the area of pores

were determined by Mercury porosimetry using PoreSizer 9320 (Micromeritics).



• •

A

c

B

D

Figure 1. Micrographs: A - microcrystalline cellulose, B - high specifie surface area fines, C - low specifie surface area fines,
D - microfihrillated cellulose. 0\

o.-.J



•

•

68

3. Results and discussion

The direct relation between the surface area detennined by nitrogen adsorption

and the specific light scattering bas been reported for a number offibers [1-3]. However,

when the total surface area determined by mercury intrusion is plotted against the light

scattering coefficient (LSC) for a variety of structures, as shown in Figure 2, there is a

considerable deviation from linearity.

Since the relation in Figure 2 is of questionable value, let us compare the LSC

with porosity, which bas been shown to be directly related in the case ofpigment coating

[7]. In Figure 3, the introduction of fines show that although the porosities are not much

different, the LSC differs considerably. Actually, the trend is opposite to what is expected

because the LSC increases while the porosity decreases. The same is observed in the case

of handsheets filled with CaCO] or clay treated either with PAM or PEI, shown in Figure

4. The LSC increases from around 30 m2/kg, to almost 100 m2lkg while porosities remain

similar. The micrographs of sorne of the samples are shown in Figure 5 and their cross­

sections in Figure 6. Figure 7 shows the LSC versus porosity for samples formed from

TMP and microfibrils. Here, the porosity changes while the LSC remains sunïlar.

In view of the data presented, the obvious question is whether it is reasonable to

expect any relation between porosity and the light scattering efficiency in the case of

composites formed from a number of components having a similar index of refraction. In

other words, can we treat the paper similarly to the pigmented coatings, Le., as a

continuous matrix of solids containing voids which are responsible for scattering the

light?

The answer would require recognizing that not all voids are equal. ft has been

shown theoretically [9] as weil as experimentally [10] that optically effective are only

such voids the size ofwhich is in the proximity ofwavelength of visible light. As seen in

Figure 8, the light scattering coefficient of model coating formulated from spherical

polystyrene latex particles of different sizes is a function of void size. Voids having an

equivalent spherical diameter of less than 0.1 J.Ull are not effective in scattering the light.

This means that the opposite au.-solid interfaces within the voids, where the scattering of

light takes place, are too close to he optically effective. With increasing void size the
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A 100 microns

•
B 100 microns

Figure S. Micrographs of handsheets formed fram long fibres (LF) and calcium
carbonate treated with polyacrylamide or polyethylenimine. A - 44% CaC03/PAM, B ­
32% CaCQyPEI.
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A 100 microns

B 100 microns

•
Figure 6. Micrographs of cross-sections of handsheets formed from long fibres (LF)
and calcium carbonate treated with polyacrylamide and polyethylenimine. A - 44%
CaC03/PAM, B - 32% CaC03/PEI.
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Figure 10. Light scattering coefficient ofhandsheets formed from long fibres (LF)
and different components as a function ofpores area, for diameters larger than 0.2 J.1m.
MFC - microfibrillated cellulose, LSF - low specifie surface area fines, HSF - high
specifie surface area fines, MCC - microcrystalline cellulose.
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light scattering efficiency increases reaching a maximum around 0.2-0.3 Jlm (at 460 nm

wavelength).

In order to analyze the relation between LSC and air-solid interfaces it is.,

therefore., necessary to exclude the surface area within the pores too small to be optically

effective. This is done in Figure 9 where the surface area of pores larger than 0.1 J.lm of

equivalent spherical pore diameter is plotted against the LSC of handsheets fonnulated

from a variety of components. Now., the direct relation between light scattering and pore

area is obvious. The correlation is better when the surface area of pores larger than the

optically most effective ones., i.e.., 0.2 Jlm., is considered., as shown in Figure 10.

4. Conclusions

From an optical point of view., paper., composed of a variety of components

having similar refractive indices., can be treated as a matrix containing a variety of pores.

The aÏr-solid interface in pores smaller than 0.1 flm does not contribute to the scattering

of light. However., the light-scattering efficiency is directly related to the extent of the

surface area associated with optically effective pores. Therefore., the paper can be

considered as a continuous solid phase containing air voids that are the scattering

elements.

s. Aclmowledgemeots

This work was financially supported by the Mechanical Wood-Pulps Network of

Centres ofExcellence. Thanks are due to S. Sbirnamoto from Daicel Chemical Industries.,

Ltd. for providing the microfibrillated cellulose., J. Wood, X. Zhang and T. Thompson for

help with fines fractionation., and E. Walker for the SEM.

6. References

1. HASELTON, W.R.., "Gas Adsorption by Wood., Pulp, and Paper. II. The Application

ofGas Adsorption Techniques to the Study of the Area and Structure of Pulps and the

Unbonded and Bonded Area ofPaper", Tappi J. 38(12):716-723 (1955).



•

•

79

2. HARTLER, N., RENNEL, J., "Opacity in Relation to Strength Properties ofPulps. ll.

Light-Scattering Coefficient and Surface Area of Unbonded Pulp Fibers", Svensk

Papperstidning 72(1):9-13 (1969).

3. RENNEL, J., "Opacity in Relation to Strength Properties of Pulps. m. Light

Scattering Coefficient ofSheets ofModel Fibers", Tappi J. 52(10):1943-1947 (1969).

4. FINEMAN, 1., BERGENBALD, H., and PAULER, N., '1Jeeinflussung der

Porenstruktur von Papier durch FüIIstoffe", Das Papier 44, Heft 10A:V56-V62

(1990).

5. RUNDLÔF, M., HOGLUND, H., HTUN, M., and WAGBERG, L., "Effect of Fines

Quality on Paper Properties" IntI. Mech. Pulping Conf, Ottawa, 109-117 (1995).

6. LEPOUTRE, P., PAULER, N., ALINCE, B., and RIGDAHL, M., "The Light

Scattering Efficiency of Microvoids in Paper Coatings and Filled Papers", J. Pulp

Paper Sei. 15(5):JI83-JI85 (1989).

7. ALINCE, B., LEPOUTRE, P., "Porosity and Optical Properties of Clay Coatings", J.

Colloid Interface Sei. 76(2):439-444 (1980).

8. WOOD, J.R., GRONDIN, M., KARNIS, A., "Characterization of Mechanical Pulp

Fines with a SmaIl Hydrocyclone. Part 1: The Principle and Nature of the Separation",

J. Pulp PaperSci. 17(1): JI-J5 (1991).

9. KERIŒR, M., COOKE, 0.0., and ROSS, W.O., "Pigmented Microvoid Coatings",

J. Paint TechnoJ. 47(603):33 (1975).

10. ALINCE, B. and LEPaUTRE, P., "Light Scattering of Coatings Formed from

Polystyrene Pigment Particles", J. Col/oid Interface Sei. 76(1):182-187 (1980).



•

•

CHAPTERV

SUMMARY AND CONCLUSIONS

80



•

•

81

The objectives ofthis work were to study the flocculation behavior of fines, fillers

and their mixtures, to prepare papers with different structures in order to see the effect of

fines and fillers on paper properties, to characterize the microstructure of TMP papers by

scanning electron microscopy, and elucidate the relationship between the microstructure and

properties ofpapers.

Flocculation behavior of fines, fillers and their mixtures is described in Chapter II.

Two polymers, polyacrylamide and polyethylenimine, were used to change the rate of

flocculation offines (MeC and TIvIP fines) and fHIers (clay). Measurements confinned that

it was possible to homoflocculate aIl materials separately as weil as to heterotlocculate them.

This knowledge was applied in Chapter IV, where different structures ofpapers were formed.

In Cbapter ID, two types of model fines and two types of thermomechanical fines

were used to investigate their effect on the mechanical and optical properties of

thermomechanical and kraft papers. It was shown that the shape and the degree of fibrillation

play an important role in tensile strength and Iight scattering. High specifie surface area fines

were shown to be very effective in improving tensile strength and light scattering

simultaneously.

In Chapter IV, different structures of thermomechanical papers were prepared by

introducing different types of fines, fillers or their mixtures in different fonns (dispersed or

flocculated). The microstructure ofthese papers was characterized by SEM. The assumption,

that the total light scattering is a function of the air-solid interface was tested. A direct

relation was observed between the optical perfonnance ofpaper and pores ofdifferent sizes.

Only optically active pores (above 0.1 Ilm) contribute to the light scattering. The most

effective pores were found to be those having sizes 0.2-0.3 J.1m.
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1. Polyeleetrolyte titration•

The polyelectrolyte titration method is based on the fonnation ofcomplexes between

polycations (such as polyethylenimine (PEI) and polyanions (snch as potassium poly(vinyl

sulfate) (PVSK» and on detennination ofthe equivalent point (endpoint) by the adsorption

of a dye onto a chromotrope polyelectrolyte. The detection limit for ethylenimine-type

substances is 50 ppb. The method ofcolloidal titration can be applied in wastewater analysis,

papennill whitewater analysis, or detennination ofthe state ofadsorption ofpolyelectrolytes.

PEI is a highly branched water-soluble polymer of variable molecular weight. It

contains primary, secondary, and tertiary amino groups. The charge ofPEI depends on pH,

because amino groups become protonated at low pH. Point ofzero charge is at pH close to

Il. Thus, PEI is positively charged at lower pHs, which corresponds, to papennaking

conditions. PEI bas strong affinity for anionic materials. Positively charged PEI adsorbs on

oppositely charged surfaces in a flat configuration. It is a very effective flocculant.

PEI Polymin P was used as a cationic polyelectrolyte. The concentration ofa stock

solution was 0.1 gIL. PVSK was used as an anionic polyelectrolyte. Orthotoluidine blue

(Blue 0) was used as an indicator/buffer. Solution ofbuffer ofpH 4 was prepared containing

potassium acid phtalate (KHCSH40 4) and indicator Blue O. The buffer maintained constant

pH throughout the titration. Also, low pH provides a good environment for PEI to be highly

protonated, thus allowing easy complex-formation.

An automatic polyelectrolyte titrator designed and constructed by BASF was used.

It is connected to a chart recorder which permits the observation of the endpoint oftitration.

At the endpoint of the titration, an excess of PVSK is fust added to the solution and it is

identified by a change ofcolor (from blue to pink). The method is based on measuring the

light transmittance ofred light, relative to green light (when the isobestic point is related, i.e.

forthat wavelength no changes occurwhen the PVSKlBlue 0 complex is fonned) [1].

2. Photometrie dispersion analyzer (PDA)

The principle ofPDA is based on monitoring the fluctuations in the intensity of light

transmitted through a flowing suspension. The light intensity is monitored by a sensitive

photodiode, and the output is converted to a voltage proportional to the intensity. The output
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voltage has a large dc component corresponding to the average transmitted light intensity

(related to the turbidity of the suspension) and much smalIer ac component due to the

random variations in particle numbers. The ac component is separated from the dc

component and amplified. What is actually measured is the ratio R ofRMS to the dc output

R=RMS/DC (1)

The root mean square (RMS) value of the fluctuations is sensitive to changes in particle

aggregation, the smaller the average number ofparticles, the larger RMS amplitude of the

ac signal. Thus, the RMS value increases as particles aggregate. Conversely, dispersion

causes a substantial decrease in the RMS value [2].

The experimental setup is shown in Figure 1. The suspension of fines or fillers is

mixed in a beaker and pumped to the PDA. Changes - either flocculation or dispersion, are

monitored, and the suspension is returned to the beaker.

3. Ligbt scattering

When light strikes a paper surface, four processes can occur: reflection, transmission,

scattering and absorption. The most important result, with regard to brightness and opacity,

is scattering. Scattering of light by paper is a combination of multiple reflection and

refraction as light rays pass from air into cellulosic fibres and fillers [3]. The scattering

coefficient was originally defined by Kubelka and Munie [4]. The following equations are

used in the instrument Technibrite Micro TB-le software to compute the scattering

coefficient S:

where SW is the scattering power, and W is the basis weight ofpaper in glm2
• The scattering

power is defined as:

•

S = 1000 (SWIW)

SW = [0.51b] ln[(x+l)/(x-l)]

(2)

(3)
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Figure 1. Experimental setup for stability measurements. 1- beaker with suspension, 2 - stirrer, 3 - pump, 4 - photometrie

dispersion analyzer, 5 - recorder.
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VaIues b and x are based on retlectance measurements:

b = 0.5 [lIRa - Rml
x = [1-aRo]/[bRol

(4)

(5)

where Rn is the reflectance value obtained with multiple sheet backing,~ is the reflectance

vaIue obtained with zero reflectance backing, also caIled retlectivity, and a is calculated as

fol1ows:

a = 0.5 [lIRa + Re] (6)

•

The optical system ofthe Technibrite Micro TB-le is based on a large integrating sphere of

150 mm diameter which is coated with a high refIectance barium sulphate paint. Two quartz

tungsten halogen lamps direct beams of light through the holes on each side of the sphere.

Highly diffuse illumination of the sample, which covers a 34 mm diameter opening, is

produced by multiple reflections from the sphere wall. The light reflecting from the sample

is viewed by the photocell. A selected tilter is inserted into the light beam [5]. Reflectance

and reflectivity values are measured. Other optical parameters can he calculated using the

Kubelka-Munk equations.

4. Tensile strength

Tensile strength is a measure of sheet resistance to stress produced by tension. It is

detined as a maximum stress developed before the sheet ruptures. Typical stress-straïn

behavior ofpaper is shown on Figure 2. Load and elongation can be measured by a constant

rate of elongation tester [6]. A tensile testing machine model T2001 (JI Instruments) was

used. The tensile tester is capable ofapplying a force of2000 N. A load cell with a maximum

force 200 N was sufficient to test the paper. A testing speed of 15 mm/min was chosen. The

strips ofpaper 10 mm wide and minimum 12 cm long were tested between a fixed base-plate

and vertically moving crosshead [7]. The jaws ofthe tensile tester were adjusted 100 mm
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• Figure 2. Typical stress-strain behavior ofpaper [6].
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apart. The maximum Joad is measured by an electronic strain gauge type cell. AIso,

extension is measured. Tensile strength TS (kN/m) is calculated from the fonnula:

TS = P/(IOOOw) (7)

where P is tensile load in N, w is width of sample in m. Tensile index TI (Nmlg) can be

calculated from the tensile strength TS and basis weight ofpaper W (g1m~:

TI = (1000 TS)/W (8)

5. Porosimetry

Porosity is the ratio of pore volume to total volume.

The porosity and the area ofpores in papers was detennined by Mercury porosimetry

using a PoreSizer 9320 (Micromeritics). The Mercury intrusion method is commonly used

to characterize a porous material. A porosimeter is a device capable ofgenerating suitably

high pressures and measuring the volume ofMercury taken up by the pores. A Mercury atom

is about 3.14 A in diameter. The detectable size ofpores depends on the pressure used to

force Mercury into the pores of the sample and on penetrometer defonnation under high

pressures [8]. A pressure of 30,000 psi was used for our samples, which corresponds to a

0.02 J.1Il1 diameter pores accounting for the deformation of penetrometers.

The method is based on the capillary law goveming liquid penetration iote small

pores. This law can he expressed by the Laplace equation:

D = -(lIP) 41 COs<p (9)

•

where D is pore diameter, P is the applied pressure, '"( is the surface tension, and <p is the

contact angle. The volume of Mercury V penetrating the pores is measured directly as a

fonction ofapplied pressure. The surface tension ofMercury varies with purity. A value of

480 mN/m was used. The contact angle between Mercury and the solid depends on sample

composition. For a cellulose-mercury system the contact angle cp =140°.
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It is bard to evaluate the shape ofpores. Pores are rarely eylindrieal. The equation (9)

represents a generally aeeepted model [9]. From the pore volume V and the pore diameter

D, the surface area of the pores, A, cao be found from

A=4VID (10)

•

6. References

1. HORN, D., "Polyethylenimine - Physieoehemical Properties and Applieations7t

,

Polymerie Amines and Ammonium Salts, Goethals, E.J., Ed., Pergamon Press, Oxford

(1980).

2. "Photometrie Dispersion Analyzer PDA 2000 Operating Manual", Rank Brothers Ltd.,

England.

3. '~easurement and Control ofthe Optical Properties ofPaper", 2nd edition, Technidyne

Corporation, (1996).

4. ROBINSON, J.V., "A Summary of Reflectance Equations for Application of the

Kubelka-Munk Theory to Optical Properties ofPaper", Tappi 58(10):152-153 (1975).

5. "Teehnibrite Miero TB-IC", Laboratory Manual, Technidyne Corporation (1996).

6. GURNAGUL, N., GRAY, D., "Strueture and Properties ofPaper", Course Notes 302­

630T (1999).

7. ''Tensile Testing Machines", Service Manual, JI Instruments (1987).

8. ROOTARE, M.R., "A Review of Mercury Porosimetry", Reprinted from: Advanced

Experimental Techniques in Powder Metallurgy, Plenum Press, 225-252 (1970).

9. ''PoreSizer 9320", Laboratory Manual, Micromeritics (1989).


