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ABSTRACT

The flocculation process induced by polymeric addg has been studied
extensively and is well reported in the literatudawever, from the point of view of the
papermaking process, still few studies relate fidetion behaviour and flocs
characteristics with retention, drainage and shieemation under various process
conditions and for different retention aid systeifftsis correlation is of great importance in
order to understand, predict and optimize retentiod drainage performance and thus,
sheet formation and quality.

In this study, a strategy that allows obtainingomiation about flocculation
kinetics, flocs characteristics, flocs resistanod eeflocculation capacity in a single test
and in turbulent conditions was developed. Thetldifiraction scattering technique (LDS)
was used to monitor the flocculation process duestadvanced capabilities that allow one
to extract information on both the particle sizstdlbution and the fractal dimension of the
flocs.

Monitorization of the flocculation of precipitatezhlcium carbonate particles with
new cationic polyacrylamides allowed assessing ttwvpolymer characteristics, namely
the charge density and the degree of branchingtaffecculation, flocs characteristics,
flocs resistance and reflocculation capacity inilkksl and in industrial water.

It was shown that the optimum flocculant dosageebses and flocs produced are
smaller, denser and more resistant as the polyinarge density increases. However,
independently of the charge density, the flocangfite decreases as the flocs size increases.
Furthermore, when flocculation takes place by briggflocs restructuring occurs during
flocculation. When branched polymers are used,ctitation is slower and the flocs
produced are larger and have a more open struetuga comparing with linear polymers.
Reflocculation is very small or practically inexst for all the polymers studied with the
exception of the linear polymer of high charge dgnthat produces flocs that partially
reflocculate. The structure of the reflocculateoc$ is more compact than before flocs
break up and more open as the charge density deste@he use, simultaneously, of a
microparticle retention aid improved significantlye reflocculation process and, in this
case, the reflocculated flocs have a more opertsiel than reflocculated flocs without
microparticles. However, the action of the micradigées is reduced as the charge density
of the polymer decreases and as the degree oftbrgnaf the polymer increases.

The high cationic content of the industrial wateh&nces the flocculation kinetics.
Nevertheless, the optimum flocculant dosage becdmgger in industrial water than in
distilled water. Flocculation kinetics and flocsacacteristics are less affected by the
cationic content of the water when highly branchelymers are used.

The effect of the degree of polymer branching oteron and drainage
performance of flocculated kraft pulp fibre suspens containing precipitated calcium
carbonate (PCC) was investigated in the dynamimage analyser (DDA) and the results
have been correlated with flocs properties obtaibgdLDS. The results show that
polymers of medium charge density are more adedoabe used as retention aids. The
results also demonstrate that it is possible toetate the flocculation process evaluated by
LDS with the flocculant’s performance in the drajedest.

The effects of the chemical flocculation on thealbgical behaviour of the pulp
suspension have been studied correlating flocaulatlata obtained by LDS with the
rheological behaviour obtained with the rotatiomacometer developed by UCM. It was



shown that the choice of the flocculants is impurfar reducing the power consumption
in papermaking. Flocculants with high charge dgnaitd without branches seem to be
those that more reduce the resistance of the pisipesision to shearing.

As a whole, LDS and DDA results have shown thatiomaccharge density highly
branched polymers can be promising additives fpepaaking. They offer good retention
and drainage with low flocculant dosage and withtieely fast flocculation kinetics due
to the formation of small flocs with an open stwret mainly at the secondary aggregates
level. Furthermore, highly branched polymers args laffected by the water cationic
content in all the flocculation stages (flocculatiand break up) leading to similar flocs
properties independently of the suspending medium.

A population balance model for the flocculation &CC particles with
polyelectrolytes of very high molecular weight amédium charge density is presented.
The model describes successfully the flocculatioretics of both linear and branched
polymers. Correlations of the optimized parameteraximum collision efficiency, kinetic
parameter for flocs restructuring and parameterffagmentation rate) with flocculation
data show well the effects of flocculant concedrgt flocs structure and polymer
structure on these parameters as well as on tbeuflation kinetics and flocs restructuring.



RESUMO

O processo de floculacdo induzido por aditivos méticos tem sido
extensivamente estudado e divulgado na litera@wmatudo, do ponto de vista do processo
de fabrico do papel, ainda poucos estudos relagioaacinética da floculacdo e as
caracteristicas dos flocos com a retengéo, drenagémnmacéo da folha sob diferentes
condicOes processuais e para diferentes agentedahedo. Esta correlacdo é de grande
importancia para perceber, prever e optimizar emeenho da retencdo e da drenagem e
por conseguinte a formacao e a qualidade da folha.

Neste estudo foi desenvolvida uma estratégia queitgeobter informacgéo sobre a
cinética da floculacdo, as caracteristicas e atéawiia dos flocos e a capacidade de
refloculagdo num Unico teste e em condi¢des tunbate A técnica de espectroscopia de
difraccao de luz (LDS) foi usada para monitorizgrocesso de floculacdo devido as suas
capacidades avancadas que permitem extrair inféwnagobre a distribuicdo
granulométrica dos flocos mas também sobre a so@ngdido fractal.

A monitorizagdo da floculagédo de particulas de@aako de calcio precipitado com
novas poliacrilamidas catidénicas permitiu percetieno as caracteristicas do polimero,
nomeadamente a sua densidade de carga e o sadegi@mificacdo afectam a floculagao,
bem como as caracteristicas e a resisténcia dossfl® a capacidade de refloculacdo em
agua destilada e industrial.

Demonstrou-se que a dosagem o6ptima de floculantadi e os flocos produzidos
sao mais pequenos, mais densos e mais resistemes aumento da densidade de carga
do polimero. Contudo, independentemente da deresidadarga, a resisténcia dos flocos
diminui com o aumento do tamanho dos flocos. Aléssal quando o processo de
floculacdo ocorre por formacdo de pontes, existstreturacdo dos flocos durante a
floculacdo. A floculagdo € mais lenta e os flocasdpzidos sédo maiores e mais abertos
quando se usam polimeros ramificados. A reflocal@;Bhaixa ou praticamente inexistente
para todos os polimeros estudados excepto pardimepo linear de alta densidade de
carga que produz flocos que refloculam parcialmehtestrutura dos flocos refloculados é
mais compacta do que antes da quebra e mais aoenta diminuicdo da densidade de
carga. O uso simultaneo de microparticulas com entag de retencdo melhora
significativamente o processo de refloculacéo steneaso, os flocos refloculados sdo mais
abertos que os flocos refloculados sem micropdaticuContudo, a accdo das
microparticulas baixa com a diminuicdo da densidiearga e com o0 aumento do grau
de ramificacdo do polimero.

O elevado conteudo catidnico da agua industrianpke a cinética de floculacéo.
Todavia, a dosagem Optima de floculante torna-eseadlh em agua industrial. A cinética
de floculacdo e as caracteristicas dos flocos s@twosnafectados pela cationicidade da
agua quando se usam polimeros ramificados.

O efeito do grau de ramificacdo do polimero no ohgmmho da retencdo e da
drenagem de suspensodes floculadas de fibra de kra$tacontendo carbonato de calcio
precipitado (PCC) foi investigado no “dynamic deage analyser” (DDA). Os resultados
foram correlacionados com as propriedades dos Slattidas por LDS. Os resultados
mostram que o0s polimeros de média densidade da samgmais adequados para serem
usados como agentes de retencdo. Os resultadosnsteano também que € possivel
correlacionar o processo de floculagao avaliadop® com o desempenho do floculante
no teste de drenagem.



O efeito da floculacé&o quimica na reologia das ensies de fibra de pasta kraft foi
avaliado correlacionando os dados de floculaga@bOf® com o comportamento reoldgico
obtido no viscosimetro rotacional desenvolvido gé@M. Mostrou-se que a escolha do
floculante é importante para reduzir o consumo g&t@mo no fabrico do papel. Os
floculantes de elevada densidade de carga e Imesi@ aqueles que mais reduzem a
resisténcia da suspenséao de pasta & velocidadetde ¢

No geral, os resultados de LDS e DDA mostraram @gigolimeros altamente
ramificados de média densidade de carga podendi®moa promissores para a industria
do papel. Estes polimeros oferecem uma retencamae drenagem eficaz com baixa
dosagem de floculante e com uma cinética de flgéolaelativamente rapida devido a
formacdo de flocos pequenos com uma estruturaagbessencialmente ao nivel dos
agregados secundarios. Além disso, os polimer@snetite ramificados sdo menos
afectados pelo conteudo catiénico da agua em qerldas etapas do processo de
floculacdo (floculagdo e quebra) originando prapeses dos flocos similares
independentemente do meio.

Propbs-se um modelo baseado num balango de popupsga a descricdo da
floculacdo das particulas de PCC com polielect®lde alto peso molecular e de média
densidade de carga. O modelo descreve com sucess@tra de floculacdo com os
polimeros lineares e ramificados. As correlacoes parametros Optimos do modelo
(eficiéncia de colisdo maxima, parametro cinéti@apa reestruturacdo dos flocos e
parametro para a velocidade de fragmentacao) codadas experimentais da floculagéo
mostram bem os efeitos da concentracdo de floeylatda estrutura dos flocos e da
estrutura do polimero, nestes parametros, bem ceaneinética de floculacdo e na
reestruturacao dos flocos.



RESUME

Le procédé de la floculation induit par des adslitipolymériques a étée
considérablement étudié et divulgué dans la liitkéea Toutefois, du point de vue de la
fabrication du papier, encore peu d’études étadiisan lien entre le comportement de la
floculation et les caractéristiques des floconscdaerétention, le drainage et la formation
de la feuille sous différentes conditions procelissieet pour différents systemes d’aide a
la rétention. Cette corrélation est de trés grangmrtance afin de comprendre, prévoir et
optimiser la performance de la rétention et durdrge et donc la formation et la qualité de
la feuille de papier.

Dans cette étude, une stratégie, qui permet d'obwes informations sur la
cinétique de la floculation, les caractéristiques flocons, leur résistance et leur capacité
de refloculation en un simple teste et dans deslitons turbulentes, a été établie. La
technique de spectroscopie de diffraction de laiduen(LDS) a été utilisée pour suivre le
procédé de la floculation grace a ses capacitéacéea qui permettent d’extraire des
informations & la fois sur la distribution granuketmque des flocons et sur leur dimension
fractale.

Le suivi de la floculation de particules de carldende calcium précipité avec de
nouvelles polyacrylamides cationiques a permisaligr comment les caractéristiques du
polymére, a savoir la densité de charge et le dégmamification, affectent la floculation,
les caracteéristiques des flocons, leur résistandeue capacité de refloculation en eau
distillée et industrielle.

On a démontré que le dosage optimum de floculaningdie et les flocons produits
sont plus petits et plus résistants quand la derddt charge du polymere augmente.
Cependant, indépendamment de la densité de chargésistance des flocons diminue
avec l'augmentation de la taille des flocons. Héewas, quand la floculation a lieu par
pontage, il y a une réorganisation des flocons @ehld floculation. Quand les polyméres
ramifiés sont utilisés, la floculation est plustieet les flocons produits sont plus larges et
ont une structure plus ouverte que les flocons ytedavec les polymeres lin€aires. La
refloculation est tres faible ou pratiquement is&xite avec tous les floculants étudiés sauf
pour le polymere linéaire de trés haute densitéhdege qui partiellement reflocule. La
structure des flocons refloculés est plus compagtecelle des flocons avant leur rupture
et plus ouverte a mesure que la densité de chang@wk. L'utilisation simultanée de
microparticules avec I'agent de rétention amélisignificativement la refloculation et,
dans ce cas, les flocons refloculés ont une streigilus ouverte que ceux refloculés sans
les microparticules. Cependant, I'action des miarbpules baisse avec la diminution de la
densité de charge et 'augmentation du degré ddication du polymeére.

La haute teneur en cations de I'eau industrielleorige la cinétique de la
floculation. Le dosage optimum de floculant devieWdanmoins plus élevé en eau
industrielle. La cinétique de la floculation et lesractéristiques des flocons sont moins
affectées par la teneur en cations de I'eau quesyddlymeres trés ramifiés sont utilisés.

L'effet du degré de ramification du polymeére supkrformance de la rétention et
du drainage d’'une suspension de pate kraft fibreosgenant du carbonate de calcium
précipité (PCC) a été évalué avec le “dynamic cgénanalyser” (DDA). Les résultats ont
été corrélés avec les propriétés des flocons obteavec le LDS. Les résultats montrent
aussi que les polyméres de densité de charge meysm plus adaptés pour étre utilisés



comme agents de rétention. De plus, le procédé fledulation évalué par LDS peut étre
corrélé avec la performance du floculant obtenugéste de drainage.

Les effets de la floculation chimique sur la rh@idode la suspension de pate
fibreuse ont été étudiés en corrélant les donnéés fioculation obtenues par LDS avec la
rhéologie obtenue avec le viscosimétre rotatif tapfe par UCM. Il a été démontré que le
choix du floculant est important afin de réduire dansommation énergétiqgue de la
fabrication du papier. Les floculants de densitéctlarge élevée et sans ramifications
semblent étre ceux qui réduisent le plus la résistale la suspension fibreuse a la vitesse
de cisaillement.

Dans I'ensemble, les résultats de LDS et de DDAmritré que les polymeres tres
ramifiés de densité de charge moyenne peuvent ddse additifs prometteurs pour
I'industrie papetiére. lls offrent une rétentionuet drainage efficaces avec un bas dosage
de floculant et une cinétique de floculation relathent rapide grace a la formation de
petits flocons de structure ouverte, essentielleraamiveau des agrégats secondaires. De
plus, les polymeéres tres ramifiés sont moins aéfeqtar la teneur cationique de I'eau au
niveau de toutes les étapes du procédé de la doonl (floculation et rupture) ce qui
origine des flocons de propriétés similaires indél@enment du milieu.

Un modéle de balance de population pour la floauades particules de PCC avec
des polyelectrolytes de poids moléculaire tresé&letvde densité de charge moyenne est
présenté. Le modele décrit avec succes la cinétigua floculation aussi bien pour les
polyméres linéaires que pour ceux ramifiés. Lesatations entre les parametres optimisés
(efficience de collision maximale, parametre cigédéi pour la réorganisation des flocons et
parametre pour la vitesse de fragmentation) edldemées expérimentales de la floculation
montrent bien les effets de la concentration deuflnt, de la structure des flocons et de la
structure du polymere, sur ces parametres, bienmeosur la cinétique de la floculation et
la réorganisation des flocons.
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t time (s)
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DDJ dynamic drainage jar
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LDS laser diffraction spectroscopy
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CHAPTER 1 - LITERATURE REVIEW

1.1 - OVERVIEW OF THE WET-END CHEMISTRY IN PAPERMAK ING

A paper machine is usually divided into six seaioheadbox, forming, press,
drying and surface treatment sections and reelr€if).1 shows a schematic representation
of a Fourdrinier paper machine where the sectiefesrred above can be identified. The
wet-end part of the machine consists of the headtiexforming or wire section and the
press section where the wet sheets are formednantich water is present. In the drying
and surface treatment sections, that are also nanyeeind part, the wet sheets formed in
the wet-end stage are dried and various surfaagents are applied to the paper (Fardim,
2002).
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Figure 1. 1.Schematics of a Fourdrinier paper machine (US E®A2).

Briefly, the papermaking process consists of theestlormation starting with a
dilute suspension containing cellulosic fibredefg and additives (Roberts, 1991; Smook,
1992; Blancoet al, 1995). Papermaking additives can be categorizbereas process
additives or as functional additives. Process adwit are materials that improve the
operation of the paper machine, such as retentidndaainage aids, biocides, dispersants
and defoamers. Functional additives are materies énhance or alter specific properties
of the paper product, such as fillers, sizing agjetyes, optical brighteners, and wet- and
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dry- strength additives. Process additives are gaé@ddahe wet-end of the paper machine
whereas functional additives may be added inteyrmalko the surface of the sheet (Kek
al., 1998). Trends observed in papermaking follow,general, the evolution of the
chemical additives. Initially, paper was usuallydaan an acidic environment due to the
use of rosin and aluminium sulphate for sizing. lde®r, since 1970s the acidic systems
moved away rapidly towards neutral and even alkasiystems. The use of an alkaline
system reduces corrosion, allows high filler additand energy savings associated with
the easier drying of filled paper. This change had a profound effect on the whole wet-
end chemistry (Roberts, 1991). For example, theafigesin and sulphate aluminium in
acidic systems as sizing agents were replacedKenyl succinic anhydrides (ASA) and
alkyl ketene dimmers (AKD) which operate more difgddy at high pH. Trends observed
in papermaking, such as increase of machine spe@dased used of fillers and increased
use of recycled paper, resulted in the growth enube of retention aids. Initially, cationic,
neutral and anionic polymers are used either singly combination but they are rapidly
replaced by cationic polyelectrolytes such as polglamides and polyethyleneimines and
subsequently in combination with colloidal silid@operts, 1991).

The pulp suspension goes from the headbox to thes seiction where a significant
amount of water is removed (see Figure 1.1). Tlaenedge is improved by the application
of vacuum in the wire section. In this way, themarssion consistency that was initially
around 0.2 to 1.5% in the headbox increases to P8% at the end of forming section. In
the press section, the suspension consistencyae&hto 50%. After the dry-end stage,
the sheet has a consistency of approximately 95%6 (Blanco, 1994).

The paper structure is mainly determined in the-eviet section. Therefore, after
this stage it is very difficult to modify the shedtaracteristics. Indeed, in the wet-end
stage many physico-chemical phenomena take platweebr fibres, fines, fillers and
additives which are related with the desired pagwaracteristics (Blancet al, 1995;
Fardim, 2002). Flocculation is the most importamépomena of the wet-end stage since it
affects process efficiency (e.g. retention, dragnagd runnability) and the quality of the
final product (e.g. formation, strength and pongsi{Eklund and Lindstrom, 1991;
Unbehend, 1992).

The flocculation process consists in the formatdrflocs of fibres, fines, fillers
and additives which compose the furnish suspensitmtculation of fibres is done by a
mechanical entanglement between fibres, and tiresfcan be easily retained in the wire

(Blancoet al, 1995). However, since the holes in the wire argdr than the fine particles,
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significant mechanical retention of the small pdes on the wire can not be achieved
(Allen, 1985; Luukko and Paulapuro, 1999; Nosdlal, 1999; Stén, 1999; Pruden, 2005).
Additionally, the unflocculated fine fraction ofdtstock suspension can increase drainage
resistance (Allen, 1985; Luukko and Paulapuro, 1#9@den, 2005). In fact, some authors
(Britt et al, 1986; Wildfonget al, 2000a, 2000b; Hubbe, 2002; Paragtial. 2002) have
described that the unattached fine particles, whahmove freely through the web during
dewatering, have a high tendency to block the cblarthrough which the water is able to
flow as described in Figure 1.2. In this way, rétemof fines and fillers has to be achieved

chemically by chemical additives as in Figure 1.2.
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Figure 1. 2.Schematic effect of the choke-point mechanism angdgsed effect of bridging bonds by

polyelectrolytes on reducing choke-point mechanjsimbbe and Heitmann, 2007).

Studies on the wet-end chemistry have establisliféetaht retention/flocculation
mechanisms. These mechanisms, that will be deskctdier in section 1.2.1, depend on
several factors, namely on flocculants’ charadiessand dosage, pH, temperature, water
conductivity, fines and fillers characteristics am@&chine conditions such as residence
time and shear forces (Eklund and Lindstrom, 19%thfield, 1994; Norellet al, 1999).
The flocculation evaluation is of great importartoecontrol the wet-end stage because
retention and drainage performance and the finalityuof the product depend on the
flocculation degree and on the flocs charactess(lanco, 1994; Blancet al, 2005;
Cadotteet al, 2007).

Moreover, nowadays, the optimal wet-end controbécoming more and more
important because most of the strategies adoptegapermakers to maintain their
competitiveness will have an influence on wet-efle increase of the speed of paper
machines and the tendency to increase white wataculation are examples of measures
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adopted in order to increase productivity and redcmsts (Blanc@t al. 2002; Nurmiet
al., 2004). On the one hand, the high turbulence ghlspeed machines, leading to
increased productivity, stress the importance efkimetics, flocs structure and strength,
and the reflocculation ability (Noreét al, 1999). Indeed, these characteristics are now
important for the efficiency of the retention syste because the time allowed for
interaction is in the order of seconds to millised® (Norellet al, 1999) and because flocs
properties depend a lot on shear forces (Smited, 1998; Blancecet al, 2005; Jarviset
al., 2005). On the other hand, the improvement ofrenvinental performance by reducing
water consumption will increase the amount of dissh and colloidal material present in
the process water (Hulkko and Deng, 1999; Nuetal, 2004; Cadotteet al, 2007).
These contaminants will affect the retention aigstesms, and thus, may change
flocculation kinetics and flocs properties. Sinbese modifications in the paper machine
affect the performance of the wet-end chemistrys iessential to further understand the
flocculation mechanisms and the resulting flocspprtoes, especially from the point of
view of how they may change over time dependinghenprocess conditions in order to
increase productivity and reduce costs, but s@intaining quality product.

The main objective of the optimal control of thetwead stage is to improve the
performance of the retention and drainage additwi#isout damaging sheet formation, in
order to have the best retention and dewaterinfpqmeance and a sheet with a good

formation, printing and optical properties.

1.2. - RETENTION AND DRAINAGE IN PAPERMAKING

1.2.1—- CHEMICAL ASPECTS OF RETENTION

The basis for a more fundamental understandingn@fperformances of retention
and drainage additives in papermaking is suppligdchemical interactions. In fact,
flocculation in the furnish can be caused by bagies of interactions such as electrostatic
interactions, hydrogen bonding, hydrophobic andcsteteractions.

When two phases are in contact (e.g. solid-liquildg, dissolved ions associated
with the liquid phase are redistributed into thetegn in a structured way to form the
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electrical double layer, around the particle, wharpotential difference arises across the
solid-liquid interface as represented in Figure(EBund and Lindstrom, 1991).
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Figure 1. 3.Schematic representation of a negatively chargetitein a suspension.

In the double layer the surface, Stern and zetanpals can be identified.
However, since the surface and stern potentialsatr&nown for many colloidal systems,
electrical properties of the particles are indisedetermined by the measurement of the
zeta potential that represents in this way the mad®e and the sign of the charged
particles (Norelkt al, 1999).

A system is considered stable if aggregation doats accur. The stability of
colloidal systems due to electrostatic interactiamsdescribed by the DLVO theory
developed by Derjaguin and Landau (1969) and VeravelOverbeek (1948) which states
that the interaction between two particles is then f the attractive and the repulsive
forces (Hiemenz and Rajagopalan, 1997). FigureshaWws the total energy interaction
curve resulting of the attraction and repulsioneptitls as a function of the distance
between two charged particles. When two chargeticfes approach each other, there is
an electrostatic repulsion due to the similar chargf the particles but, at the same time,

there is an intrinsic attraction due to van der \W#arces.
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Figure 1. 4.Total interaction energy showing curve showingaative van der Waals and repulsive

potentials.

The steric stabilization is also a mechanism foe #tabilization of colloidal
particles. Steric stability occurs when polymerinbkaadsorb at the particle surface. The
polymer chains extend beyond the electrical doldnfer avoiding particles to approach
each other, and thus, reducing the effect of vaweals forces (Blanco, 1994).

Aggregation occurs if the particles in the systema destabilized. One way to
achieve aggregation is to diminish the repulsiaicds by adding ions in order to reduce
the electrical double layer thickness or reduce dlextrokinetic potential causing the
coagulation of the particles. Another way is to pséymeric additives that form bonds
between the particles, and thus, causes flocculafithe system (Blanco, 1994).

Since a papermaking furnish has got many negatighbrged surfaces (fibres,
fines and fillers), there is a high negative swefpotential of the system resulting in a high
affinity of adsorption for cationic additives thadn cause system destabilization (Noegll
al., 1999). Improvement of fines and fillers retentionthe wet-end section of the paper
machine is thus achieved through the use of retersid systems that act by several

flocculation mechanisms. In the case of papermaKklagculation mechanisms can also be

called retention mechanism.
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1.2.2—FLOCCULATION MECHANISMS

Based on the chemical interactions described befibre destabilization of a
suspension or the aggregation of the particlesocanr by coagulation or by flocculation.
During aggregation, various processes take planaul&neously: adsorption of the
polymer molecules at the particles surface; rergeanent (or reconformation) of the
adsorbed polymeric chains; collisions between dédstad particles to form new
aggregates and break-up of the aggregates (Gret®8p; Berlin and Kislenko, 1995;
Biggs et al, 2000). The importance and the kinetics of eaabcgss depend on the
flocculant characteristics (structure, moleculaighe charge density and concentration);
on the characteristics of the suspended partickeze (and charge density); on the
characteristics of the suspending medium (pH, cotidty and ionic charge); on the
contact time and turbulence intensity, among otfigeslin and Kislenko, 1995; Berliat
al., 1997; Bremmeeét al, 1998; Blanceet al, 2002).

Many studies allowed establishing that, dependinghe retention aids systems
used, aggregation of the particles can occur bygehaeutralization, patching, bridging or
complex flocculation mechanism (Eklund and Lindstrd991; Cadottet al, 2007). This

section discusses the aforementioned retention améxrns showing how they operate.

1.2.2.1 — Charge neutralization

Charge neutralization is a coagulation mechanisroesaggregation occurs due to
the reduction of the repulsive forces between gadi The addition of an electrolyte salt
or very low molecular weight polyelectrolyte comgses the electrical double layer
enough so that repulsion between particles is deléd and van der Waals attractive
forces can induce coagulation between particleshef same electrostatic charge. The
optimal dosage corresponds to reaching the isomalcpoint. Beyond that the particles
are redispersed. Polyvalent cations, polyethylem&sm (PEI), poly-
diallyldimethylammonium chloride (poly-DADMAC), pgamines and polyamideamine
epichlorohydrine (PAE) are common retention aidd #tt based on charge neutralization
mechanism (Norekt al, 1999; Cadottet al, 2007).
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1.2.2.2 — Patch model

The patch model is also based on an electrostaahamism but is different from
the charge neutralization theory. It is based @nftinmation of cationic sites or “patches”
of the cationic polyelectrolyte on the anionic &bor filler surfaces as Figure 1.5 shows.
The polymer is absorbed in cationic patches on rtegative surface of the particle.
Flocculation will then take place by electrostdticces between the oppositely charged

sites on the particles.

Figure 1. 5.Schematic of the patching mechanism (Scott, 1996).

The degree of attraction depends on the chargetgemsl on the surface coverage
by the polymer. Polyelectrolytes of low and mediomalecular weight (<19 and of high
charge density are necessary for the patching meshato occur. Polyethyleneimine,
polyacrylamide (PAM) of low molecular weight andlysmines are examples of retention
aids following this mechanism (Cado#gal, 2007).

A surface coverage of about 50% or less gives aptinfiocculation (Eklund and
Lindstrom, 1991). However, in this case, the pagamest be thicker than the electrostatic
double layer. If not, the polymer adsorbed onlpwB neutralizing the system.

Flocs formed via patch model, also called “soft#§ are sensitive to shearing, i.e.,
aggregates break-up easily. Nevertheless, whenutttellence decreases, the particles
partially reflocculate (Spiceat al, 1998; Blanceet al, 2002) (see section 1.2.3).

1.2.2.3 — Bridging

Flocculation of particles induced by polyelectrelytof very high molecular weight
(>10°) occurs by the bridging mechanism. This mechanig firstly proposed by studies
carried out by La Mer and Healy (1963). These astladso referred that a maximum in
the flocculation rate takes place when the polysugface coverage is 50%.
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The polymer adsorbs on the particle surface in sualay that tails and loops are
extended far beyond the surface. In some caséss ttan also be found as in Figure 1.6
that illustrates an example of the polymer confdromaat the particle surface. In this way,
the particle can interact with other particles tirepbridges between particles, and thus,

allowing aggregation as described in Figure 1.7.

tail

Figure 1. 6.Schematic of adsorbed polymer chain with traints tand loops.

Fleer and Scheutjens (1993) described the bridgiechanism as the result of three
consecutive steps: polymer adsorption, bridgingaepuletion.

The configuration of the polymer at the particlaface and, thus the polymer
thickness and the bridging performance, dependd®mpolymer characteristics (Bremmel
et al, 1998; Blanceet al, 2005). The suspending medium characteristicsiafgence the
bridging flocculation since many studies have shdhat they affect the retention aid
performance (Hulkko and Deng, 1999; Stemeteal, 1999; Nystromet al, 2004) (see
section 1.2.3).

Figure 1. 7.Schematic of the bridging mechanism. (Scott, 1996).
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Very high molecular weight polyacrylamides or pelylylene oxides) are examples
of retention aids widely studied and used for fldaton by bridging mechanism (Cadotte
et al, 2007).

Additionally, aggregates formed by bridging meckamiare relatively strong.
Although, if shearing is too high, the flocs, alsalled “hard flocs”, will break-up
originating polymer degradation. When the sheacdsrdecrease thereafter the possibility
of reflocculation by bridging is low and reflocctian takes place rather through the patch
mechanism (Norekt al, 1999; Blancat al, 2005) (see section 1.2.3).

1.2.2.4 — Complex flocculation

More recently, studies about new retentions aiddesys are being conducted in
order to improve retention and drainage. Thesentiete aids systems exhibit a more
complex flocculation mechanism than those descril@dre. We can distinguish the dual
polymer flocculation, the microparticle flocculatioand the network flocculation

mechanisms.

A dual polymer system is a combination of a catiorpolymer (alum,
polyethyleneimine, poly-DADMAC or cationic starctjth an anionic polymer (anionic
polyacrylamide). The cationic polymer, which is ayadded first, flocculates the anionic
particles. The anionic polymer is then added ineortb reflocculate, by a bridging
mechanism, flocs that were broken up during a sbieae (Yu and Somasundaran, 1993;
Fan et al, 2000). Some studies have shown that a dual polyystems improve
dewaterability and flocs strength and exhibit higreflocculation capacity than the single
systems (Lee and Liu, 2001; Yoon and Deng, 2004).

The microparticle system is a type of dual systeamwihich highly anionic
submicron particles (montmorillonite or colloiddlic) are used along with a cationic
polymer such as polyacrylamide or starch. The opatiflocculant is generally added first
causing particles’ aggregation. Then, the flocented are broken during a shear stage and
the microparticles are added afterwards to indusfeoaculation of the system. The
reflocculated flocs formed are smaller and denban tthe original ones as described in
Figure 1.8 (Sweriret al, 1993; Asselman and Garnier, 2001; Brouillettel, 2005). The
advantages of the microparticle system are numeemas well reported in literature.
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Swerin et al. (1993, 1996a) demonstrated the reflocculation c&paf microparticle
systems significantly improve fines and filler m#ien induced by cationic
polyacrylamides. In the same way, other authorsehdemonstrated that these systems
improve simultaneously retention and drainage withoverflocculation (formation of

large flocs) which can damage sheet formation (Misfai and Shigeru, 1997).

anionic
microparticle
_
shear
forces l"‘l dispersed

Figure 1. 8.Schematic representation of a complex flocculatith microparticles (Norelét al,
1999).

The network flocculation happens when a polyethgteide (PEO) is used in
association with a phenolic resin. When used aléte) does not adsorb on calcium
carbonate or bleached Kraft fibres. Therefores tecessary to use another compound that
makes the interaction possible. The compounds ntyymsed have aromatic cycles as in
the phenol formaldehyde resin (PFR) (Lindstrom &idd-Nordmark, 1984). Since the
polymer is able to form hydrogen bonds with othieceon acceptor compounds, it has
been proposed that the flocculation mechanism sedan the formation of non-soluble
complexes between PEO and PFR (Lindstrom and Gtadiark, 1984; Negret al,
2005). However, several other theories have beepoged by many authors to describe
the flocculation mechanism induced by this retentaad system. Lindstrém and Glad-
Nordmark (1984) believe that the PEO and the phenesin form a transient and unstable
network which encloses the fillers and fines p&tic More recently, van de Ven and
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Alince (1996a) proposed that flocculation occursasgociation-induced bridges, i.e., the
complex formed by the PEO and the phenolic resimé$obridges between the particles
promoting their aggregation. Studies carried ouXigo et al. (1996), have also proposed
a complex bridging model to explain the retentioechmnism. This model has been
confirmed by Negret al. (2005) that additionally proved that the compleaduces a fast

flocculation of the suspension forming unstablecdloi.e., flocs that reflocculate easily

upon shearing decrease.

1.2.3—FACTORS THAT INFLUENCE RETENTION MECHANISMS

As described in the section 1.2.1, there are vaieticomplex factors affecting the
wet-end chemistry that have to be controlled ireotd obtain a good final product quality.
In this section, some of these factors that infbgetihe retention mechanisms, and thus, the
flocs properties, will be discussed in more detagslymer charge density, polymer
concentration, polymer structure, shear forces @edtrolytes and anionic trash in the

suspending medium.

1.2.3.1 — Polymer charge density

The charge density of the polyelectrolyte determines conformation when
adsorbed on the particle surface, and, therefoeeptedominant flocculation mechanism
(Bremmelet al, 1998; Blanccet al, 2005). In general, if molecular weight is highdan
charge density is low the polymer adsorbs on thiéga surface in such a way that tails
and loops are extended far beyond the surface amthteract with other particles — in this
case the flocculation process is dominated by brgigonds (Bigg®t al, 2000; Blanccet
al., 2002) (see section 1.2.2.3). Additionally, thenfoomation of the adsorbed polymer
depends on its cationicity: at low cationicity oribils and loops are found and, as the
cationicity increases, trains can also be foundufeé 1.6 in the previous section). As a
consequence, when the charge density is high, rilgitog capability is reduced because
there is a tendency for the polymer chains to adofdtter conformation on the particle
surface, which results in the formation of catiopatches that attract the polymer free
surfaces of other particles (Swemn al, 1997; Blancoet al, 2002). In this case, the
adsorption rate becomes slower and the polymehesathe final conformation earlier, i.e.,

the conformation rate becomes faster as the catadarge of the polymer increases.
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1.2.3.2 — Polymer concentration

The concentration of the flocculant is also a keyameter, since the rate of
adsorption depends on the amount of polymer addopdme unit area of the particle
surface. Tadros (2005) proposed the “diffusion-cmled adsorption kinetics model”,
stating that adsorption dominates when the surfaoeentration of polymer is lower than
the equilibrium concentration, whereas desorptisnthie ruling phenomena when the
surface concentration is higher than the equiliboriconcentration. La Mer and Healy
(1963) have shown that when flocculation occurs thg bridging mechanism, the
equilibrium concentration was reached when the mpely surface coverage is 50%.
Moreover, the flocculant concentration also affeitis conformation rate: polymers re-
arrangement is relatively fast at low surface cabregion but rather slowly on crowded
surfaces, since neighbouring molecules interfeté e re-arrangement (van de Ven and
Alince, 1996b; Bigg®t al, 2000).

Flocculant overdosage is a problem that can occupapermaking since it is
difficult to control the optimal flocculant dosage real time. This excess of flocculant
represents not only an increase of the costs batadfects the flocculation process and the
flocs properties. Blanco and co-workers (2005) gmésd a study about the effect of C-
PAM (cationic polyacrylamide) overdosage on PCCe¢itated calcium carbonate)
flocculation kinetics and flocs properties and tlveycluded that the excess of flocculant
originates an increase of the repulsive forces éetwparticles, which besides contributing
to the decrease of the flocculation rate, does ialsibit the reflocculation of the particles.

However, a moderate excess improves strength abditst of the flocs.

1.2.3.3 — Polymer structure

As referred in the section 1.2.2, not only the gkadensity of the polymer affects
the flocculation mechanism. In fact, the conformatof the polymer at the particle surface
also depends on its molecular weight. When the mpetymolecular weight is low, the
polymer adsorbs at the particle surface in a ftetf@rmation allowing aggregation by the
patching mechanism. When the polymer molecular eig very high, the polymer
adsorbs in a more extended configuration allowing tormation of bridges between
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particles. In this case, the configuration andtthekness of the adsorbed polymer layer at
the particles surface depend on the charge demsatyon the concentration of the polymer.

The polymer branching is also a parameter thatribescthe polymer structure.
Since the thickness of the adsorbed polymer layénea particle surface depends on the
tails and loops formed, the polymer structure affeadlso the flocculation performance.
Few studies have been performed to analyse themgolxonformation at the particle
surface  when branched polymers are used. Nicke emdavorkers (1992) have
demonstrated the use of a novel branched copolyroear diallyldimethyl-ammonium
chloride (DADMAC) and approximately 1.5% by weigbt triallyimethylammonium
chloride, as an attractive flocculant for the pajpelustry. In the same way, Shin and co-
workers (1997a) compared the flocculation of grogalgium carbonate induced by highly
branched cationic polyacrylamides of low molecwaight and low cationic charge with
conventional linear polyacrylamides of high molecuveight. They concluded that the
highly branched polymer produces small flocs witleay shear resistance and, when
associated with microparticles, the flocs size eases. Additionally, the highly branched
polymer seems to be a potential retention aid implex microparticulate retention
systems. The addition of microparticles to the akxfulated suspension improves
significantly the reflocculation capacity. Aftervds; the same authors have studied the
potential of the highly branched polymer as a rid@naid for microparticulate systems by
performing retention tests (Shet al, 1997b). The results have shown that the branched
polymer exhibits better retention efficiency thdre tlinear polyelectrolytes. Handsheets
formation tests also allowed the authors to coreltisht when the highly branched
polymer is used in conjunction with micropartickess®em, it produces sheets with good
formation even if the amount of filler in the shéehigher. Indeed, the strength properties
of handsheets usually decrease with an increadélen retention. Nevertheless, they
sustain that this type of polymer is promising gsapermaking retention aid where small
flocs, resistant to shear and with high retentiopprties are required to have
simultaneously high retention and good formation.

More recently, Brouillettest al. (2004, 2005) have also studied the performance of
branched C-PAM of high molecular weight in conjuoctwith a microparticle system on
retention, drainage and sheet formation but undgr turbulence conditions. As in earlier
studies, they found that this retention aid systaproves filler retention as compared with
the conventional ones. Nevertheless, this improvene particularly significant as the

turbulence level increases. Despite the fillermita of all polymers decreasing with the
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increase of the turbulence level (Brouilleieal, 2005), the branched polymers are less
affected by the shearing, and thus, give the bifsiemcy. The same happens with the
drainage time which increases with the turbulemsellincrease for all the polymers, but
giving the best results for the branched polymiersiddition, the polymer dosage required
to obtain a good retention decreases with the asereof the shearing for the branched
polymer, just as opposed to what was observedhi®rihear one. This polymer dosage
reduction could result in savings in chemical co3tse branching did not affect sheet
formation which was good with both the linear ahd branched flocculants. As a general
conclusion, branched polymers are expected to éxbetter performance on faster paper
machines, where a high turbulence level is gengrathan the traditional linear

flocculants.

1.2.3.4 — Shear forces

As mentioned in the section 1.1, high speed pamahimes are used in modern
papermaking in order to be more competitive. Tloreefthe need to develop retention aid
systems that are able to produce stronger floo$ sucial importance because the flocs
properties (size, structure and strength) haveeatgmpact on the wet-end performance.
Studies have to be performed in two ways, sincéh@npaper machine headbox, where
flocculation occurs, a very high turbulence leveinduced, while in the forming section
this turbulence decreases significantly. Underhtigé shear conditions in the headbox the
initial flocs are usually broken up, but the suspen partially reflocculates when the shear
forces decrease in the forming zone (Yoon and Det@f)4). However, both the
flocculation process and the dynamics and degrakeofeflocculation process depend on
the polymer characteristics. In fact, initial flpooperties, mainly size and structure, which
are conditioned by the course of aggregation, playucial role in the reflocculation stage
(Hermawanet al, 2003). Hence, since the final reflocculation stadetermines the
performance of the wet-end section, it is fundamletat understand both the flocculation
and reflocculation processes.

In the flocculation process, shearing is an impdrtey parameter. In reality, in
addition to destabilization, mixing is essential goomote flocculation since polymer
molecules have to collide with the fine particlesorder to be adsorbed, and the polymer-
coated particles have also to collide with eacleof{lGregory, 1985). Therefore, as the

shearing increases, the collision frequency betvpeeticles increases resulting in a higher
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flocculation rate (Norelet al, 1999). However, as the flocs become larger furginewth

is restricted by the applied shear that erodeseskds down the flocs, depending on their
size (Parkeet al, 1972; Spicer and Pratsinis, 1996a; Thoreasl, 1999). In fact, the
shearing forces that tend to disrupt the flocs bextarger as their size increases and this
reduces the collision efficiency of the particl&serefore, there is a limiting size for flocs
growth, determined by the balance between aggmyatnd breakage (Gregory, 1985;
Spiceret al, 1998; Yukselen and Gregory; 2004). In generas, lpture of a floc is
classified as either “surface erosion” or “largedsc fragmentation”. Erosion is the
separation of small particles from the floc surfastereas fragmentation refers to the
break up of flocs into pieces of smaller and corapl size. Theoretical models in the
literature have considered particle erosion asltiegufrom shearing stresses on the floc
surface, while fragmentation is thought to be cdusepressure gradients across the entire
body (Figure 1.9) (Yeung and Pelton, 1996; Jaevial, 2005).
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Figure 1. 9.Proposed mechanisms for the flocs breakage unfferedit shear conditions (Jangsal,2005).

Flocs break-up for a given shear condition alsceddp on the flocs strength that is
directly related to flocs structure, and thus,he tloc formation process dependent on the
polymer characteristics (Janas al, 2005). Many authors (Parker al, 1972, Tanget al,
2001) found that the mechanical strength of the fiepends on both the interparticle
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forces and on how the particles are packed witienaiggregate. The stronger the bonding
forces between the particles the higher the floenggth. Similarly, the more compact the
floc structure is, the higher the number of intetiple bonds, and thus, stronger flocs are
obtained (Hermawaet al, 2003; Jarvigt al, 2005).

Subsequently, the limiting size of the aggregatgsedds on both the applied shear
rate and the strength of the flocs. Parkeal. (1972) suggested an empirical expression to

correlate the maximum floc size with the shear saig the floc strength (Equation 1.1).

d=CG” (1.1)

whered is the floc diameterC is the floc strength coefficienG is the average
velocity gradient and/is an exponent related to the stable floc sizas Elguation that
takes into account the effect of the shear ratéhenflocculation process is used on the
population balance models that will be describeerlen Chapter 6.

Many studies have shown that, when polyelectrolytge used to induce
aggregation of a suspension, the flocs strengthtlamdeflocculation capacity depend on
the predominant flocculation process as referredipusly (Sweriret al, 1997; Spiceet
al., 1998; Biggset al, 2000; Blancoet al, 2005). In fact, flocs formed using
polyelectrolytes are reformed after being brokerbupdo not regain their original size and
structure except if neutralisation is the main éldation mechanism (Spicet al, 1998;
Blancoet al, 2002). This is due, for example, to the detachinoémpolymer chains from
particles resulting in polymer degradation andémonformation. Thus, the original bonds
are not able to reform to their previous extentuoily the efficiency of aggregation
between fragments of flocs. Since flocs break ugucat the weakest point in the floc
structure, this results normally in more compagragates, though smaller than the initial
flocs. That is, when the flocs reform partiallyethew structure is compacted to denser
forms by shear-induced reorganization (Speteal, 1998).

Moreover, “hard flocs” are stronger than “soft #8dut the stronger the flocs
initially are the more difficult is reflocculatiowhen the aggregate breaks (Nosilal,
1999). In fact, when the shear force increasesdigeand loops of high molecular weight
polymers are broken and, therefore, when the sli@ae decreases thereafter the
possibility of reflocculation by bridging decreasasd reflocculation takes place rather
through the patch mechanism (Noretlal, 1999; Blanceaet al, 2005). When patching is
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the aggregation mechanism, the effect of sheae$oon the polymer degradation is lower
but if the polymer is re-conformed within the dski layer the interactions with other
particles will decrease. Hence, reflocculation,utjfio easier, may be also lower than the
original flocculation degree (Blana al, 2002).

In papermaking, it is essential to produce flocsstant to the high shear forces
present in the paper machine, because too smedl flan reduce the retention of fines and
filler particles and the dewatering ability. To uveg the effect of shear on flocs size,
microparticle retention systems have been widelgdusn papermaking since the
microparticles help reflocculation of the suspensi@hese effects were shown by
Brouillette and co-workers (2005).

1.2.3.5 — Electrolytes and anionic trash in thepguialing medium

One of the current trends in papermaking is to cedthe water consumption.
However, the increase of the closure of the prowessr circuits results in a significant
increase of inorganic salts in the water. Many issidlemonstrated that the presence of
electrolytes can affect the performance of thentesa aid, and thus, the wet-end
performance (Shubin and Linse, 1997; Hulkko andd)d®99; Stemmet al, 1999; Stoll
and Chodanowski, 2002; Solberg and Wagberg, 2098tréimet al, 2004). For example,
Hulkko and Deng (1999) found that single C-PAM ews$ and microparticle retention
aids systems were significantly affected by theéease of electrolyte concentration due to
the salting-out effect. The presence of dissohadts generally leads to the decrease in the
solubility of organic compounds and this proces&newn as salting out effect. Studies
performed by Stemme and co-workers (1999) haveialioated that the increase of the
ionic strength affects the performance of the nparticle retention aids systems. More
recently, Stoll and Chodanowski (2002) have showe influence of the ionic
concentration on the polymer chain stiffness andhef ionic concentration on polymer
adsorption by using Monte Carlo simulations. Theynid that better adsorption of the
polymer was promoted by decreasing the chain ss88nor by decreasing the ionic
concentration. High concentrations of dissolvedrganic compounds may affect the
conformation of the polymer chain due to the sghout effect thus reducing the
polymer’s bridging capability as shown in FigurelQ.(Hulkko and Deng, 1999).
Consequently, these changes in polymer conformatsalt in alterations on the flocs
characteristics and on the flocculation kineticgldiionally, it was observed that the

36



Chapter 1 — Literature Review

impurities of the water (anionic trash) affect theface charge of the Precipitated Calcium
Carbonate (PCC). These impurities can adsorb dr#d”CC surface that becomes more
negative, and thus, a higher amount of polymereisessary to neutralize those charges.
(Vanereket al, 2000).

+ R + + /j_ > :

Low ionic strength High ionic strength

Figure 1. 10.Polymer chain conformation as a function of thadaoncentration.

1.2.4— DRAINAGE MECHANISMS

If the retention performance is of great importarfice the wet-end efficiency,
removal of water is also a key parameter to achikeealesired paper properties, increasing
productivity and reducing costs.

Water is removed from the fibre suspension, arel lom the fibre web, in three
basic sections of a paper machine: in the formimg¢he press and in the drying sections. In
the forming and wet pressing sections, water isorad mechanically, whereas in the
drying section it is removed by evaporation.

Most of the free water in a paper web can be reghaneghe forming and in the
press sections (see Figure 1.1). The remainingrisatenderstood to be held in very small
capillary spaces either within fibres or betweeenth Such water can be removed only in
the dryer section (Scott, 1996).

Two major mechanisms for dewatering in the papechim@ can be identified:
thickening and filtration (Parker, 1972). Filtratioccurs when the suspension is at such a
low concentration that the fibres and other suspdndomponents are free to move
independently of each other. The result is a susperof constant consistency over a fibre
web of increasing thickness as the filtration pesges. Filtration tends to form a fibre web
in which the fibres are significantly in the plapiethe sheet, as if formed in infinitely thin
layers. Filtration dewatering is also characteribgda sheet which is relatively consistent.
Thickening occurs when the fibres and other suspeésolids are somewhat immobilized

in a network, such that they do not behave indepettyl during dewatering. Thickening
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tends to form a sheet with some fibres orientedobytiane, or even perpendicular to the
plane of the web. Since the fibres are in the fofra network, the sheet may appear less
homogeneous. In practise, the drainage mechanisrc@nbination of the filtration and
thickening mechanisms in a high speed of the paparhine (Smook, 1992). The sheet
forming process is a balance between oriented sirehturbulence patterns. Parker (1972)
proposed that both oriented shear and turbulereye pgnificant roles during drainage of
the wet web. Turbulence will prevent the developnadra dense, relatively impermeable
web of fibres adjacent to the forming fabric, thkeeping the sheet open for drainage.
Oriented shear is expected to influence the netwtiticture by dispersing the fibres in the
direction of the major force (Figure 1.11).

4P

Drainage Oriented shear Turbulence

Figure 1. 11.Flow patterns on the wire of a paper machine (Sma682).

Since in the majority of the paper machines thesvgiection is divided into two
zones, the forming zone and the suction zone, ywest of dewatering can be identified.
Dewatering in the forming zone occurs by thickenifiigration or both, depending on the
paper machine type (Norett al, 1999). Whereas in the suction zone, where a wyacuu
assisted dewatering occurs, the vacuum forcesoamompress the sheet and to remove
water. Unbehend (1992) showed that dewatering ® WhAcuum-assisted zone was
governed by compression. The subsequent densiircaif the wet web is the major
mechanism of water removal, since a denser welkekaspace for free water.

As described previously for retention, flocculati@ifects also the drainage
performance. In fact, Unbehend (1992) showed thatet are many similarities between
the two processes, and thus, improvements in retensually result in improvements in
drainage. Flocculation influences drainage by tle¢ention of fines and colloidal
substances at the fibre surfaces and by increabigree volume for water removal.
However, a high degree of flocculation, resultindarge flocs, reduces drainage because it

is difficult to remove the interstitial water frothe very large flocs. When a vacuum-

38



Chapter 1 — Literature Review

assisted dewatering occurs, the use of polyelgté®l can cause less vacuum-zone
drainage due to an increase in the porosity ofstieet or bad formation as a result of
increased fines retention (Scott, 1996). Watewiskdy replaced by air when air is able to
leak through channels of low basis weight areab@ivet web.

In papermaking, the choice of the retention aidstesys has to be made with
caution since they have to simultaneously increastion of raw materials and decrease

drainage time without damaging sheet formation.

1.2.5—-RETENTION AND DRAINAGE MEASUREMENT DEVICES

1.2.5.1 — Direct methods

A number of devices have been developed for labpratetention and drainage
studies in the past few decades. Some types alilowltaneously determination of the
drainage rate and of the sheet properties. Somtheofexisting methods to evaluate
retention and drainage will be described below.

The Canadian Standard Freeness (CFS) test and [gohR@gler (SR) test are the
most common methods for the determination of freenEreeness is relative to the ease of
water flow from a fibre suspension. These testauassl to measure the drainage time of a
specific volume of water from a given quantity aflp suspension. The disadvantage of
using a freeness tester has been that the testyissensitive to the quantity of fines in the
wet mat. Furthermore, since tests are carried atliowt stirring, the web tends to have
high resistance to flow, compared to dewateringgsabbserved in paper machines
(Krogerus, 1999; Hubbe, 2003). With the CFS testriess is reported as mL of free water
drained while with SR test, it is reported as degre

The Britt jar or the dynamic drainage jar (DDJ) wasoduced in 1973 and remains
one of the most widely used tests for screeningi@ntion aids. It allows to measure in an
excellent and easy way the retention of fine fibeewl fillers under real dynamic
conditions. Figure 1.12 is a schematic represemadi a DDJ. Moreover, the DDJ has
been also used to evaluate drainage by measumndréiined volume during a fixed time
(Krogerus, 1999; Hubbe 2003).

Because in paper machines vacuum is also usedme sections to promote the
release of water, some laboratory devices have degaloped, where dewatering of a

sample of pre-agitated papermaking furnish oveoraning screen is carried out using
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vacuum to withdraw the filtrate through the screéhe Moving Belt Drainage Tester
(MBDT), the Gess/Weyerhauser (G/W) system and tly@pabnhic Drainage Analyser

(DDA) are examples of dynamic drainage apparatus.
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Figure 1. 12.Schematic representation of a Dynamic DrainagéHialobe, 2003).

The MBDT, introduced in 1992 by Raisénen, Paulapamal Karrila (1995),
simulates drainage and pulsation on the wire. Tdeaiym profile and pulsation frequency
are adjustable to real paper machine conditione White water can be constantly
removed and analysed qualitatively and quantitbtiv&irst pass retention or wire
retention can be determined while a sheet for ®tracanalysis is being formed. The
authors concluded that at a higher pulse frequémeyetention was poorer.

The G/W system introduced in 1983 is mainly useddtermine the drainage rate
under a constant volumetric rate of pumping of Wdaeuum pump. The change in the
vacuum applied to a furnish as it drains on a screeneasured as a function of time. This
gives a drainage curve that is characteristic efftinnish, i.e., with four zones as shown in
Figure 1.13: “web forming” from start to point Acdmpacting zone” from point A to
point B, “free water removal” from point B to poi6tand “pressing zone” from point C to
the end (Trepanier, 1992). Point A is related with “wet line” whereas the point B is
associated with the “dry line”.
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——» VACUUM

» TIME

Figure 1. 13.Typical G/W drainage curve (Trepanier, 1992).

The DDA, introduced by Forsberg and Bengtsson i8019vas built to measure
drainage but can simultaneously give informationowbretention and wet sheet
permeability for the same sample (DDA manual, 20@lgonsists of a drainage unit and a
microprocessor that controls the vacuum, the shedrthe chemical addition during the

test. Figure 1.14 is a schematic representati@n@DA.

Chemical dosing

units H% Stirrer
=

Reaction vess Vacuum vess:

Pistor

Figure 1. 14.Schematic illustration of a DDA (The DDA manual 049).

During the experiment the volumetric rate of pungpof the vacuum pump is
maintained constant, the vacuum and the time amorded and stored by the
microprocessor. Similar to the G/W system, a dgenaurve can be obtained with the
DDA. Figure 1.15 illustrates a typical drainagevaupbtained with the DDA. The sharp
drop in vacuum starting at zero time is associatiga the initial rapid flow of white water
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through the forming wire, i.e., free drainage tlglouhe screen. It seems likely that point
“A” in the curve is related to the point where thige has effectively become covered with
a layer of pulp. The rise in vacuum, going frommdA” to point “B” appears to coincide
with the build-up of the fibre mat. Point “B” is sxciated with the “dry line”, just before
the breakthrough of air. The vacuum at the rightehlamit of the curve (point “C”) can be
used as a measure of the permeability of the wesdtdb air.

——Screen | Dry line (air breaks through)

is just

covered by
E fibres
= =
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Figure 1. 15.Typical vacuum curve obtained with the DDA (HubB@03).

The air permeability expressed in pressure unitgsfbis related to the sheet
porosity. Forsberg and Bengtsson (1990) showedathmbre porous sheet gives a higher
drainage rate. Moreover, the sheet permeabilityams indication of the degree of
flocculation of the formed wet web. A low permedlili.e., low porosity, indicates an
undesirable high degree of flocculation, resulimd¢arge flocs that would not easily allow
the release of interstitial water. This type otcflwould not easily dewater in the press and
drying sections of a paper machine. A high degfd®oculation could also result in poor
formation. Good formation is necessary to obtaum#orm distribution of ink and coating
but also, to prevent breaks on fast paper maclisea result, a lower drainage time in
combination with higher sheet permeability is thesiced response to have good
dewaterability without bad formation.

The wet sheet formed can also be used to deterfimes and filler retention by
conventional analytical methods as gravimetric rm@shor calcinations, and/or submitted
to further analysis to evaluate sheet propertigsefcample the formation index, the

brightness or the resistance.
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1.2.5.2 — Indirect methods

However, to control and better predict the wet-stae, it is necessary to know
and understand how chemical additives act durirgg fibcculation process. Indeed, as
mentioned before, both retention and drainage pedoce depend mainly on the
flocculation kinetics, flocculant dosage and aggteg properties. Since measurement of
retention and drainage does not give informatiooualflocculation behaviour and flocs
properties others methods have been developed.

Firstly, methods such as titration, zeta poterdigtermination and turbidity, were
used to determine the optimum flocculant dosagein@mn flocculant dosage by titration
and zeta potential determination is based on thé@theory which relates the optimum
flocculant dosage to the zero zeta potential (lescteic point”). This theory is valid when
flocculation occurs by charge neutralization bueslnot fit when medium or high
molecular weight polymers are used and the bridgingatching mechanisms dominate
(Blanco et al, 1996; Bremmekt al, 1998; Claessoet al, 2005; Negroet al, 2005).
Consequently, the methods based on electrokinati@npeters or polyelectrolytes titration
should be used with great caution.

Nevertheless, zeta potential is an important patamie flocculation studies. On
the one hand, the decrease in this parameter ponds to a decay of the surface charge
during the flocculation process as a result oftthasition from the bridging to the charge
neutralization mechanism and it is an indicationpofymer conformation (Koethe and
Scott, 1993; Miyanishi, 1995; Yan and Deng, 200@pbk, 2004). On the other hand,
many authors used this parameter to evaluate tfeeteffor example, of flocculant
concentration, pH and ionic strength on the partsirface charge (Vanerek al, 2000;
Yan and Deng, 2000; Blancat al, 2005) which is of course related with flocculatio
kinetics.

Turbidity is also used to determine the flocculatiability. The presence of
colloidal substances is evaluated by measuringvthiee water turbidity (Krogerus, 1999;
Yan and Deng, 2000). Another traditional technicioe assess the performance of
flocculants is based on settling tests in the ateser turbulence, monitored by different
means, which can supply indirect information orcé§l@verage size and structure namely
the mass fractal dimension (Glowaral, 2000; Liaoet al, 2005; Heatlet al, 2006a) for
the conditions prevailing in a sedimentation systétfowever, these traditional methods
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that were used to investigate flocculation mechasi®f colloidal particles were mostly
based on the evaluation of final stage of the fldetton process that is the flocs
characteristics at the end of flocculation.

In this way, more recent studies have been focasetlocculation monitoring to
evaluate flocculation kinetics and flocs structuraser, dynamic light scattering and static
light scattering techniques are examples of methaqgsdied to monitor the flocs size
evolution in the aggregation process.

Blanco (1994) was the first to use a non-imagingneg microscope as an
alternative method to optimize flocculation dosdagsed on monitoring the growth of the
particle aggregates during flocculation: the melat Size increases when polymer is
added, but when the total added dosage is higlaer ttre optimum no more aggregation
takes place and the mean size can even decrease@odsieric stabilization and/or
electrostatic repulsion (Blancet al, 1994, 1996). To measure the particle size of the
aggregates, a focused beam reflectance measuroige piFBRM) was used to get
information about the average chord of the aggesgathe weight of each size class is
determined by the number of counts. Afterwardseo#uthors have published different
applications of this technique namely to study dldation mechanisms of retention aid
systems, flocs resistance and reflocculation (Adfah al, 1999; Lumpeet al, 2001,
Blancoet al, 2002).

Recently, static light scattering techniques, saglsmall-angle laser light scattering
(SALLS) has been extensively employed in acquirinfprmation on the aggregates
structure in terms of the mass fractal dimensigno@& et al, 1998; Biggset al, 2000;
Gloveret al, 2000; Stonet al, 2002; Bushell, 2005; Liaet al, 2005) in friendly and fast
way. Other studies have also shown that SALLS (atedled laser diffraction
spectroscopy-LDS) is a useful technique to monit@ dynamics of flocculation and to
evaluate the influence of the flocculant charastes and dosage (Rastergbal, 2007).
LDS not only allows the determination of the aggtegmean size and size distribution,
but gives also the mass fractal dimension of thesflas a function of time (Biggs al,
2000; Bushell; 2005; Liaet al, 2005; Rasteiret al, 2007).

In addition, the traditional technique of image lggsis can also be used to
determine the floc size and the floc structure @lguating the fractal number (Bushetl
al., 2002; Chakrabortt al, 2003; Liacet al, 2005).

Since the strength of the aggregates is related thé# aggregate structure, some

authors have studied flocculation mechanisms avas fftrength using AFM (atomic force
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microscope) that gives directly the interactioncebetween the particle surface and the
polyelectrolytes (Bremmegt al, 1998; Claessost al, 2005). Bremmel and co-workers
(1998) showed that these measurements allow toidedbe conformation of the polymer
at the particle surface, and thus, to identifyftbeculation mechanisms.

Glover et al. (2000), Bushellet al. (2002) and Liacet al. (2005) estimated and
compared the mass fractal dimension of the aggeedmat various methods: settling, image
analysis, 3D imaging technique using confocal stantaser microscope, light scattering
and light obscuration. They suggested that fordrapi-line analysis of aggregate structure
the light scattering technique should be the pretemethod for process monitoring. In
fact, the other techniques present sampling ditiesi besides being, in general, quite time
consuming.

The FBRM, LDS and image analysis techniques wiltllseussed in more detail in

section 1.3.
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1.3 - FLOCCULATION EVALUATION

As seen in the previous section, most of the methaded to understand
flocculation mechanisms, and thus, to control thet-end stage, are based on
measurements of the particles and aggregates fiespetherefore, this section will
describe common aggregates properties used toatgdahe flocculation performance, and
thus, the wet-end efficiency. Moreover, some teghes that measure these properties will
be addressed.

1.3.1- AGGREGATES PROPERTIES

1.3.1.1 — Size distribution

Particles are three-dimensional objects for whiuled¢ parameters are required in
order to provide a complete description. Consedyeittis not possible to describe a
particle using a single number that can be assutitat the particle size. Therefore, most
sizing methods assume that the material being megss spherical since a sphere is the
only shape that can be described solely by its eiam This approximation is useful
because it simplifies the way for the particle sirgributions to be represented, although,
this means that different sizing techniques cardgpee different results when measuring
non-spherical particles. Figure 1.16 reports thieegpal equivalent diameters measured
using different techniques depending on the phi/picperty measured. The choice of the
spherical equivalent diameter will be dependentwdrat is most relevant for a given
process (surface, volume, etc.) (Kippax, 2005).

The size distributions can be expressed based emuamber, volume, mass or
surface area and are generally plotted as theidradt distribution or cumulative
distribution versus the size intervals. The siztriiution is usually described by statistical
parameters such as the mean, the median, the chg@@&ddg.

The median ods is the value of the particle size which divides gopulation into
exactly two equal parts, i.e., 50% of the partides larger and 50% are smaller than the
median.

The mode is the most common value of the frequeimtyibution, i.e., the highest

point of the frequency curve.
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dio represents the value of the particle size for Whi@% of the material has a size
lower than or equal to this value whitl, is the value of size for which 90% of the

material has a size lower than or equal to thisezal
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Figure 1. 16.Equivalent sphere representation for an irregulsinigped particle (Rawle, 2000).

The mean is the weighted arithmetic average of ghdicle sizes. However,
depending on the particle physical property thatmeasured, several means can be
calculated. In fact, as seen, the diameter carabedoon the number, surface area, volume,
mass, etc. that will depend on the sizing techniggexl. Hence, it is possible to distinguish
among others, the arithmetic mean diameters weddiyenumberd[1,0], by surface area,
d[3,2] (Sauter mean diameter) and by voluid,3]. Moreover, the mean has also to take
into consideration the property being measured, tfieaning that the mean diameter can
be calculated based for instance on an averadgedample volume, sample sedimentation
velocity or sample cross section area, which vald to different expressions for the
particle size distribution mean. Equation 1.2 is tfeneral expression to calculate the
particle size distribution mean (Rawle, 2000; AJI&B90).

2 fedd

d[p.q] {M} " withpzq (1.2)
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f. is the percentage of particles in tb size classd,) and q refers to the order of
distribution while (p-q) represents the order @& groperty being measured.
Scattering techniques generally generate a meanfreim a mass or volume size

distribution, while (p-q) is usually consideredae either 1 or 2.

1.3.1.2 - Structure

Aggregate structure is of great interest in pap&mgga Indeed, we have shown that
flocs strength and flocs density, which are relataith the flocs structure, are parameters
that determine the retention and the dewaterinigyafsection 1.2.3 and section 1.2.4).

The fractal concept, that was introduced in 1982viandelbrot, has been widely
used for the quantitative characterization of aggte structure. The mass fractal
dimensiondg, provides a mean of expressing the degree to wiriahmary particles fill the
space within the nominal volume occupied by an egate and is, therefore, a convenient
parameter to characterize the density of the fl{@skrabortiet al, 2003). Aggregates of
colloidal particles have been shown to be fraatahature (Gloveet al, 2000). For any
mass fractal aggregate, the masgR) of the aggregate is directly proportional to its

radius,R, raised to a power equal dp, according to Equation 1.3.
m(R) O R* (1.3)

Furthermore, the fractal dimension can be useth&oacterize changes in aggregate

mass densityp(R), through Equation 1.4.
p(R) O R¥* 3 (1.4)

This relationship implies that as the floc sigp icreases, the floc density is in fact
decreasing. Hence, a large floc will have a loneamsity than a smaller floc with similar
structure. Therefore, the mass fractal dimensimesya good indication of the structural
compactness of the aggregate, withd48 in the three-dimensional Euclidean space.
Small fractal dimension values indicate very spreatl tenuous and stringy structures
while larger values indicate structures mechanycattonger and quite dense (Bushell,
2005).
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Many techniques exist to determine the mass fratitaension of aggregates of
fine particles. One of the most common technigueshie light scattering technique
(Teixeira, 1988; Bushekt al, 2002). In any light scattering study, the scatientensity
is measured as a function of the magnitude of thétexing wave vecton. q is given by

Equation 1.5.

q :“:]’—”Osin(e/z) (1.5)

0

In this equationny is the refractive index of the dispersing mediufhis the
scattering angle ang is the incident light wavelength vacuo

It has been shown that for a mass fractal aggrebatesatisfies the conditions for
the Rayleigh-Gans-Debye (RGD) theory Equation a6 lze used to correlate the scattered
light intensity () with the scattering wave vectar)( The RGD theory is most appropriate
for small aggregates of sub-micron spherical pasievith relatively low refractive index
(Fariaset al, 1996).

| (q) O S(a)P(a) (1.6)

The form factorP(q) describes the scattered intensity function fronsirzgle
primary particle, and the structure fac®{q) describes the additional scattered intensity
due to the spatial correlation between particlethéaggregate (Bushet al, 2002).P(q)
is effectively constant at small values g@f(large particles), whileé5(q) is effectively
constant at large values qf(small particles), so that the overall variationintensity at
small g values is entirely due to aggregate structuraatsf while the overall variation at
largeq values is that of the primary particles (Buskeg¢ll, 2002).

Therefore, Equation 1.7 is classically used to rieitee the mass fractal dimension
from the negative slope of the linear region ofltigelog plot ofl vsq (Figure 1.17).

1(a)Og™ (1.7)
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Figure 1. 17.Scattering diagram for aggregates of monodispguiserial particles showing the Guinier,

fractal and Porod scattering regimes (Buségdl, 2002).

This q % dependence on the scattered intensity is validinviimits of length

scales much larger than the primary particles andhnsmaller than the floc as described

in Equation 1.8. This regime is recognized as taetél regime.

<< Q<< 1.8
= q (1.8)

aggregate particle

Nevertheless, this technique of evaluating flowmtires based on their fractal
dimension should be employed with caution, sincaeyreggregates do not exhibit fractal
characteristics, and the applicability of RGD the@ limited (Fariaset al, 1996). The
slope in the fractal regime should be constantudfinout the length of an aggregate when
its structure shows a fractal-scaling behaviouysaslly found in colloidal flocs formed in
the absence of shear (Lat al, 1990). However, restructuring may occur whenftbes
are exposed to shear, resulting in a more compracttsre. Restructuring would take place
at the larger length scales first, since the flwergyth decreases while the hydrodynamic
forces experienced by aggregates are higher aszbencreases (Parket al, 1972; Lin
et al, 1990). Consequently, the slope of a restructagggtegate will be higher at low
(large length scale) compared to that at highas observed in Figure 1.18 (Let al,
1990). In other words, the structure as a uniforassnscaling with aggregate length scale
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is not observed. However, information regardingldrge scale floc structures can still be
acquired, while the configurations at small lenggthales usually remain intact. The slope of
scattering patterns at log (large length scale) is therefore referred tohes dcattering
exponent $B), on account of both the restructuring effects #reduncertainty involved in
using the RGD approximation. The scattering expbsaould still provide an indication
about the compactness of the aggregates (Seloraula 2002) and is usually higher than
d- (Liao et al, 2005). In addition, Biggst al. (2000) indicate that scattering patterns at
small length scale refer to the scattered lightnfrprimary aggregates whereas at large
length scale correspond to the scattered light fsencondary aggregates that resulted from

the aggregation of the primary ones.
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Figure 1. 18.Scattering diagram of a restructured aggregate(8gdyaet al, 2002).

1.3.2— MEASUREMENT OF AGGREGATE PROPERTIES

1.3.2.1 — Image analysis

Imaging is probably one of the oldest particle elstgrisation techniques and one
of the most versatile. In fact, it not only measurgggregates size but gives also
information about particle morphology by direct givag of the aggregates, whereas other
technigues measure size and structure, in a diragt on basis of some existing theories.
Images of aggregates have been obtained from wamstruments including transmission
electron microscopes, optical microscopes iansitu microscopes. Thim situ microscope

is preferred to determine flocs morphology sincen@ang and sample preparation for
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microscopic examination can modify the aggregatesctsires. To quantify the fractal

dimension of the aggregate from 2D images, analygisedures such as box counting,
sand box and mass-radius methods are used withithef image processing software
(Bushellet al, 2002).

Bushell and co-workers (2002) reported that imagalysis works best with
particles that are large and of high contrast, fognstructures of low fractal
dimensionality. The existing methods to obtain tahdnformation from images give
results with reasonable confidence but there af@culiies associated with image
processing and poor statistics due to the fact ith&d a particle counting technique.
However, a benefit should be credited to this tespm since examination of aggregates on
a one-by-one basis gives information about the abéily of aggregate structure,
something that is not observable from the lightttecamg techniques. Additionally,
impurities can be excluded from the analysis elating, to a large extent, the problem
that light scattering has with dust contamination.

Confocal scanning laser microscopy (CSLM) is thé& aechnique that can avoid
the problem of projecting a three-dimensional strreconto a plane. With this 3D imaging
technigue the fractal dimension is easily deterchibg any of the techniques applicable to
2D images. However, in practise, CLSM is limitedrbiatively low resolution because of
its optical technology. Problems associated withtiple scattering also exist (Busheit
al., 2002).

1.3.2.2 — Non-scanning laser microscopy

Recently, the number of optical techniques avadlabl monitor the flocculation
behaviour and dynamics in papermaking has beenneepaby employing non-imaging
scanning laser microscopy also called focused besflectance microscopy, FBRM.
Figure 1.19 is an example of a LasefitEBRM.

The FBRM operates by scanning a highly focusedrlasam at a fixed speed
across particles in suspension. When the beameaeg@sgarticle or an aggregate, some of
the light is reflected back into the probe and gmaitted to a photodiode detector. The
temporal duration of the reflection from each detior aggregate multiplied by the
velocity of the scanning laser results in a chamstic measurement of the particle
geometry known as the chord length. Thousands ofdchength measurements are
collected per second, producing a histogram in wvthe number of the observed counts is
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sorted in several chord length bins over the rdh§eo 1000 or 200Qm. From the data,
total counts, counts in specific size regions (pafan), mean chord length, and other
statistical parameters can be easily calculatedaaadysed through the FBRM software
(Blancoet al, 2002).

Studies showed that this technique is well suitedinvestigate flocculation
mechanisms of retention aids systems, optimizecti@nt dosage and evaluate flocs
strength and reflocculation capacity (Alfaabal, 1999; Blanceet al, 2002).
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Figure 1. 19.Schematic illustration of the M500LF FBRM (Blanebal, 2002).

1.3.2.3 — Light scattering

Light scattering relies on the fact that particieterfering with a laser beam will
scatter light at an angle that is directly relatedheir size. As particle size decreases, the
observed scattering angle increases logarithmic8lbattering intensity is also dependent
on particle size, diminishing with particle voluniherefore large particles scatter light at
narrow angles with high intensity, whereas smaitigias scatter at wider angles but with
low intensity (ISO 13320-1, 1999).

There is a range of instruments based on the digditering that use this property to
determine patrticle size. A typical system (see FdLi20) consists of a laser, to provide a
source of coherent, intense light of fixed wavetbng series of detectors to measure the
light pattern produced over a wide range of anghest some kind of sample presentation

system to ensure that the material under test pass®ugh the laser beam as a
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homogeneous stream of particles in a known andodeible state of dispersion. The
wavelength of light used for the measurementssg mhportant, with smaller wavelengths

(e.g., blue light sources) providing improved sgwisy to sub-micron particles.
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Backscatter Sample detection system

detection system

Figure 1. 20.Schematic representation of a light scatteringrieple.

In laser diffraction equipment, particle size disitions are calculated by
comparing the scattering pattern of a material waihh appropriate optical model.
Traditionally, two different models are used: th@unhofer approximation and the Mie
Theory. The Fraunhofer approximation was used iryediffraction instruments. It
assumes that the particles being measured are @@aguthat the light scattering is only
due to the interference of the laser beam withctiv@our of the particle. As a result, it is
only applicable to large particles and will give iaoorrect assessment of the fine particle
fraction. The Mie Theory provides a more rigorootugon for the calculation of particle
size distributions from light scattering data. hegicts scattering intensities for all the
particles, small or large, transparent or opaque BDeret al, 1987; ISO 13320-1, 1999).
The Mie Theory takes into account primary scattefiom the surface of the particle, with
the intensity predicted by the refractive indexfatiénce between the particle and the
dispersion medium. It also predicts the secondanttering caused by light refraction
within the particle — this is especially importdéot particles below 50 microns in diameter,
as stated in the international standard for las#madtion measurements (ISO 13320-1,
1999). As described in the previous section, Iggdttering techniques are a good tool to

supply information on the aggregate structure basedhe scattering pattern. However,
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Bushell and co-workers (2002) alerted to the fdwt tthe complicated theories of
scattering, required to accurately predicting ligbattering for particles of different sizes
and optical properties, can render difficult theéerpretation of the scattered intensity
pattern.

Light scattering techniques can be either statdymamic. In the case of static light
scattering techniques particle size informatioexgacted from intensity characteristics of
the scattering pattern at various angles. With dyoaight scattering, particle size is
determined by correlating variations in light inéég with the Brownian motion of the
particles. Values obtained by the latter techniqueey widely depending on the
concentration and condition of the sample, as a®lbn environmental factors. In the case

of flocculation monitoring only static light scatiteg techniques are of interest.

55



Chapter 1 — Literature Review

1.4 - RHEOLOGICAL PROPERTIES OF FLOCCULATED SUSPENSIONS

Cellulosic fibres in suspension form three-dimenalonetworks that exhibit
viscoelastic properties (Wahren, 1964; Kere&eal, 1985). This behaviour has practical
implications in many stages of the papermaking @gscsuch as during pumping of fibre
suspensions and the forming of paper (Swerin, 1988hren (1964) was the first to study
theoretically and experimentally the viscoelastiopgerties of fibre suspensions. He
concluded that a three-dimensional network fornmgesifibres change their direction in
turbulent shear and are constrained in a netwankctsire as they try to regain their
original shape. This mechanical flocculation deend pulp consistency, fibre length,
electrostatic charge of the fibre surface, hydr@ahyit forces and ionic strength and pH of
the suspending medium (Kerelatsal, 1985).

However, during paper manufacture, chemical floaetd are added to flocculate
fine fibres and fillers onto fibre surfaces, andghretain them in the web. This chemical
flocculation is also a factor that affects the naubal flocculation of the fibre suspension,
and thus, the rheological behaviour of the wholgpsusion (Swerin, 1998). Therefore, it
is of real interest to study flow behaviour of ftodated suspensions by chemical additives.
Studies that have been performed until now suggesthe effect of chemical flocculation
on rheological behaviour of pulp suspensions issignificant when the pulp consistency
is high (3% or over) because the fibre network ngtle is already too high to be
significantly enhanced by the flocculant (Sweeinal, 1992). Nevertheless, it has been
shown that the flocculation induced by cationic ypoérs in low consistency fibre
suspensions increases the strength of the formeebrie(Li and Odberg, 1996; Swerin,
1998).

As seen, the flocculation mechanism determinesptioperties of the flocs and
therefore the rheological behaviour of the susmemdilowever, only few studies relate the
flocculation mechanism with the rheological behaviof the flocculated fibre suspension
(Swerin, 1998; Negreet al, 2006). Consequently, the flow behaviour of fldeted
suspension is not clearly understood yet. One ef dbnstraints to the study of the
rheological behaviour of fibre suspension comesnfrthe fact that the commercial
equipment available is not adequate for the charaetion of this type of suspensions,
namely due to aggregation effects that prevailthe work of Negroet al. (2006) a
rheometer with a completely different geometry besn used, as will be described later.

56



Chapter 1 — Literature Review

All fluids for which the viscosity varies with sheete are non-Newtonian fluids.
This is the case for the pulp fibre suspensionghiithe non-Newtonian fluids several
behaviours can be found. In the case of the psdastapbehaviour the apparent viscosity
decreases with the increasing shear rate. Psewtiopiaids typically obey a power law
model described by Equation 1.9 (Cheng and Heywd®84; Blanco, 1994).

r=my" (1.9)

r is the shear stress) is the consistency indeyis the shear rate amdis the behaviour
index.

In the case of the Bingham behaviour, a finitessirealled yield stress is required
before continuous deformation occurs. After, thédflexhibits a Newtonian behaviour.
Bingham fluids behaviour is described the Equalidi® (Cheng and Heywood, 1984).

T=Tg+ Uy (1.10)

ris the shear stresg; is the Bingham yield stresg, is the plastic viscosity angis the
shear rate.

The model of Herschel-Bulkley takes into accounthbfeatures exhibited by
pseudoplastic and Bingham fluids and is describgdBoguation 1.11 (Cheng and
Heywood, 1984).

r=r,+my (1.11)

ris the shear stressyis the consistency indey;is the shear rat@,is the behaviour index
andry is the yield stress.

Some authors have used the Herschel-Bulkley maddescribe the flow of fibre
suspensions (Schuster and Friedrich, 1997; Seamaisvianson, 1999; Servaisal, 2002;
Venturaet al, 2007)

For the rheological characterisation of fibre surspens, which will depend on the
fibre type, consistency and effect of additivesjscometer has to be used. Traditionally,
rotating viscometers have been used. (Duffy andcch&ner, 1975; Gullichsen and

Harkénen, 1981; Chas al, 1989; Benningtoet al, 1990) However, as referred, normal
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commercial viscometers do not provide enough mixtog maintain uniform fibre
distribution, which cause the measurements to @gbrdhe viscosity of the pure water
(Blancoet al, 1995). Therefore, to study the rheological propsrof the pulp suspensions
it is necessary to use non-commercial viscometehageet al, 1989; Benningtoret al,
1991; Blancoet al, 1995). One of these non-commercial viscometers prasented by
Blanco and co-workers (1995). This rotational vieeter designed by UCM (Universidad
Complutense of Madrid) maintains a uniform disttibn in heterogeneous fibre
suspensions and avoids the formation of a fibre fdlatween the measuring elements.
Moreover, because it uses a large enough samplevéll suited for the characterization of
industrial suspensions which sometimes present dosbterogeneities. Figure 1.21 is a

schematic representation of this rotational visdeme
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Figure 1. 21.Schematic illustration of the rotational viscomedereloped by UCM (Negret al, 2006).

Negro and co-workers (2006), by using this rotaloniscometer, demonstrated
that low consistencies pulp suspensionsEatalyptus Globuluglong fibres) show a
pseudoplastic behaviour. For higher consistenciberoauthors (Hammarstrom, 2004;
Venturaet al, 2007) have found that the Herschel-Bulkley mode$cribed better the
rheological behaviour of the suspension. Negro @navorkers (2006) were the firsts to
study the effect of the flocculation mechanism twe trheological behaviour of pulp
suspensions. They found that the flocculant additiecreases the shear stress and the

consistency index of the pulp and increases coraditie the flow behaviour indexn).
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Therefore the pseudoplastic behaviour of the fibugpension decreases and becomes
closer to the Newtonian behaviour. They proved thatsize of the flocs, their resistance
and their reflocculation capacity were the mairtdesthat affect the rheological behaviour

index of the pulp.

1.5 - MODELLING OF FLOCCULATION PROCESSES

The characterisation and the control of the agdesg@roperties are of great
importance since size, shape and structure ofltts &re related with the final quality of
the product and with the process efficiency. Asnseefore, this is the case of the
papermaking process where the flocs structure @rel depend namely on flocculant
concentration, polymer characteristics and mixiatg.r Hence, it is necessary to monitor
and manipulate adequately these parameters tootdioirs size and structure during the
flocculation process.

In this way, to understand, predict and controldggregation process, guantitative
models which are able to describe flocculation undgious processing conditions need to
be developed. The common modelling approach isdbasepopulation balance equations
(PBE).

The mathematical modelling of flocculation usuatlyakes use of the classic
Smoluchowski approach (1917) that described treeahirreversible aggregation between
flocs containing andj number particles, respectively, to form aggregatils k particles

wherek=i + j (Equation 1.12).
aij:Bij nn; _nkzaik i Y (1.12)
-1 i=1

ni andn; are number concentrationy and S; are the collision efficiency and frequency
respectively.

Since the solution of this equation is not immesli&@moluchowski made a number
of simplifying assumptions. He assumed that evesljison is successful &;=1) the
particles are of same size and both particles ajgtegates are spherical in shape. In

addition, binary collision between particles ocodue to laminar fluid motion and no flocs
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breakage is considered (Thometsal, 1999). However, the analytical solution of this
classical approach is significantly constrainedhmse assumptions and deviates from the
real systems.

In this way, many authors proposed modificationthte equation and considerable
progress has been made in using numerical techsitpueodel the growth of particles by
aggregation (Thomast al, 1999). For instance, a sectional method, whichdds the
whole particle-size range of concern into a conmennumber of size sections, has been
developed to solve the coagulation kinetic equatitor the time evolution of the size
distribution (Hounslowet al, 1988). Attempts also have been made to incorpaditzd
breakage process into flocculation models. In gndyevork of Fair and Gemmell (1964),
aggregate breakage was included in a simple nuatestady of flocculation, and the
authors demonstrated the important role of breakage flocculating system. In recent
developments, the numerical approach has beenefuithproved, using the sectional
approximation in combination with simplified brega functions to simulate particle
flocculation, accounting for both aggregation anéalkage (Cohen, 1992; Spicer and
Pratsinis, 1996b; Kostogloet al, 1997). It has been demonstrated that the parizie
distribution reaches a stable state in a batcltéllation system.

More recently, the effects of turbulent shear rdtecculant dosage, primary
particle size and solid fraction have been incaajpeat into PBEs that simultaneously
account for aggregation and breakage (Heathl, 2006b). As stated by Thomas and co-
workers (1999), the knowledge of the fractal dimemss useful to make flocculation
modelling more applicable to real systems. In W&, some authors have introduced the
fractal dimension into PBEs to model the shear-teduflocculation of porous aggregates
(Serra and Casamitjana, 1998; Flesttal, 1999). However, these attempts have usually
been conducted by assuming a constant structurallffiocs during the process. In fact,
Selomulya and co-workers (2003) have shown thatsflstructure changes considerably
during flocculation. The flocs restructuring wasonporated into the PBEs by the fractal
dimension (referred as the scattering exponentjatwan during flocculation time
(Equation 1.13)c;, ¢, andcs are fitted parametersl and dy are the floc and primary

particle diameters respectively atithaxis the maximum value af- observed.

dde =Hdij +c3AB]x(dF,max—dF) (1.13)
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Moreover, since the collision efficiency decreaaeshe aggregate size increases,
Kusters et al. (1997) proposed a model where the collision edficy decreased
exponentially with increasing dimensionless flozesas described in Equation 1.14. Its

value approaches zero when the size ratio of thieliog aggregates is 0.1.

a. = xa, (1.14)

i andj indicate the size sections where colliding aggegare locatedymax is the upper
limit of & (O<ama=1), X andy are fitting parameters. The collision efficiencstimated
usingx=y=0.1 andama=1 is shown in Figure 1.22. As seen in Figure 1a2¥alues are

higher for smaller flocs of similar sizex).
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Figure 1. 22.Collision efficiency estimated with x=y=0.1 ang,,=1 (Selomulyzet al, 2003)

Soos and co-workers (2006) used Selometyal. (2003) results but in this case,

they considered that.x is an adjustable parameter, since as observedimqueally,
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Omax 1S lower than one. Furthermore, they used a marglstic model to describe
aggregate restructuring during flocculation, thiodlge mass fractal dimension variation,
that gives also good results. The change of fradiaension with time is given by

Equation 1.15 whergis a time constant (Bonanoet al, 2004).

dd,
dt

= y(dF,max _dF) (115)

Furthermore, the collision efficiency factor notlypdepends on the flocs size but
also on the flocculant characteristics. Swerin emvorkers (1996b) have considered that
the flocculation efficiency factor is proportiortal the product of the fraction of the surface
covered with adsorbed polymer on one particle amagovered fraction on the second

particle, as in Equation 1.16.
a=6(1-6) (1.16)

@is the degree of surface coverage. In this wirk authors described three models for the
collision efficiency determination depending on flecculant used. When the flocculant
acts by the bridging mechanism, the polymer lay@cknhess affects the collision
efficiency. Hence, the collision efficiency facisrdescribed by the bridging action related
to coverage and by the layer extension that enhanllisions. The resulting collision

efficiency factor for a flocculant that acts bydging is given by Equation 1.17.
a = 26(1- 8)+ a(1- exp(- bb)) (1.17)

a and b are constants and can be determined experimentaiy data for the
hydrodynamic layer thickness of the flocculant amtigles.

Heath and co-workers (2003, 2006b) have proposethanway to implement the
decrease in the flocs size during flocculation itie model. They considered that the
decrease in the flocs size is due to polymer degi@uas a consequence of flocs break-up.
In the first study (2003), this breakage irrevaigibwas introduced into the model by
making the particle collision efficiency term de&se during flocculation time. In Equation

1.18,C is the initial collision efficiency anB is a parameter for the rate of decrease in the
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collision efficiency with time.C and D are fitted parameters and should probably

dependent on other variables like polymer concaotrar polymer characteristics.
a=Ce"° (1.18)
In the second study (2006), the polymer degradatas incorporated into the
model by introducing Equation 1.19 in the breakkgmel. © is the degree of flocculant

degradation in the range [0,1}js the solid volume fraction angd is the effective volume

fraction that includes aggregate porositys a constant that includes system properties.

Y3
d_eza[l_@(%ﬁj J (1.19)
dt @

The discretized population balance equation prapdseHounslowet al. (1988)

and Spicer and Pratsinis (1996b) has been widdg ts describe flocculation in terms of
aggregation and breakage. The particle size intevaa discretized doubling the particle

or floc volume ;) after each interval{1=2v;) which results in Equation 1.20.

dNi — < j-i+l 1 2
E‘ZZ ai—l,jﬂi—l,jNi—le +Eai—],i—118i—l,i—lNi—l
j=1

(1.20)

i-1 i 0 0
-NY.27a, BN, =N a, BN, ~SN, +>'T SN,
j=1 j=i j=i

N;i is the number concentration of flocs containiﬁﬁ Particles. In this casd\; is the
number concentration of primary particles. Thetfivgo terms of Equation 1.20 describe
the formation of flocs in the intervalresulting from the collisions of flocs from smaille
size ranges. The third and fourth terms represenlkoss of flocs in the intervadue to the
aggregation of flocs from sectianwith those from other size intervals. The fifthinte
accounts for the loss of flocs in the intervdhrough its fragmentation, and the last term
denotes the gain of flocs in sectibby fragmentation of larger flocs. The parametass
and 3, are the collision efficiency and frequency, respety, between flocs in and]j

sections. The paramet8ris the fragmentation rate of flocs in the intenvakhereas’; is
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the breakage distribution function for the break-ofpflocs in the intervalj, which
generates fragments of sizes that fall in the vatier

In chapter 6 the population balance model exprebgdfiquation 1.20, which will
be used in this work in combination with Equatiad5], will be described in more detail
showing the relation with operating conditions amndlevant physicochemical
characteristics of the primary particles.
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Many attempts have been made by papermaking inésisto maintain their
competitiveness. The main trend is to increase ymibdty and reduce costs without
decreasing products quality and even try to imprio\{8lancoet al. 2002; Nurmiet al,
2004). Moreover, nowadays, in achieving these gdlésenvironmental impact has to be
taken into account for the sustainability of theqasses (Hulkko and Deng, 1999; Nurmi
et al, 2004; Cadottet al, 2007).

On the one hand, the increase of the productivity the reduction of production
costs are achieved by maximising the speed of thehme, which can originate an
increase of breaks of the paper web (Nuetral, 2004; Cadottet al, 2007). On the other
hand, attempts to improve the environmental perémee by reducing the water
consumption will increase the amount of dissolvad aolloidal materials present in the
process water (Hulkko and Deng, 1999; Numhial, 2004). In addition to mill water
closure, the increased use of the recycled fitwembther source of contamination of the
furnish (Hulkko and Deng, 1999). These contaminahest amplify production difficulties
such as increased deposits, foaming, biologicaligctcorrosion, decreased retention and
paper strength, will affect the performance ofwet-end stage, and thus, the final product
quality (Hulkko and Deng, 1999; Nurret al, 2004; Cadottet al, 2007). Consequently,
to prevent the effect of the water closure anditicecase of the paper machine speed, the
addition of more efficient chemical additives ane tmain tools to improve the retention
and the sheet properties, which increase the ptivitycand maintain a cleaner system
(Nurmi et al. 2004). In addition, new additives are also intrmetlito improve the paper
guality. These additives such as sizing agentgateérs, dyes, retention and drainage aids
and biocides, increase the complexity of the wet-e@memistry (Hulkko and Deng, 1999).
Furthermore, additives that are not retained in gheet will accumulate in the process
water and may cause environmental problems.

Several problems associated to the trends obsdrvgshpermaking industries
remain to be solved. A very important objectivehs reduction of wet-end breaks and of
the contaminants in the recycled water. One wawdbieve that is by increasing the
additives performance. Since breaks of the papércaa be due to the destabilisation of

retention and drainage stages and, on the othet, lchemical additives have got a great
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impact on the retention and drainage performanck emnsequently, on the presence of
contaminants on the recycled water and on the firaduct quality, a deeper knowledge of
flocculated pulp suspensions behaviour is necesdaryact, flocculation is the most
important phenomena of the wet-end stage closéfyeck to one of the most important
strategic focuses of papermakers which is the @ptocontrol of the wet-end stage. The
optimization of the retention chemicals use reauiferther understanding of the
flocculation mechanisms and how these mechanisnyscmange over the time, and also
how they depend on the process conditions, the plracteristics and the polymeric
system added.

The flocculation processes promoted by polymeriditacts have been studied
extensively and are well reported in the literat(@egory, 1985; Sweriet al, 1993;
Berlin and Kislenko, 1995; van de Ven and Alinc&@&; Miyanishi and Shigeru, 1997;
Bremmelet al, 1998; Spiceet al, 1998; Hulkko and Deng, 1999; Stemeteal, 1999;
Biggset al, 2000; Asselman and Garnier, 2001; Blaetal, 2002; Nystromnet al, 2004;
Brouillette et al, 2005; Negreet al, 2005; Cadottet al, 2007). However, concerning the
papermaking process, only few studies relate flamn dynamics and flocs
characteristics with retention, drainage and sheemation under various process
conditions and for different retention aids systéiigano et al, 1999; Shiret al, 1997a,
1997b; Dunhamet al, 2002; Fuenteet al, 2003; Cadotteet al, 2007). For instance,
Alfano and co-workers (1999) detected an inversgetation of the scanning laser
microscopy peak mean chord length with the DDJakét turbidity. Dunhanet al. (2002)
performed flocculation measurements using FBRMdtemnine the relationship between
cellulosic fibre aggregation and drainages ratehenDDA. Moreover, they evaluated the
effect of the polyelectrolytes on the dissolved antloidal substances (DCS) distribution
and its impact on drainage rates. They concludatittie presence of DCS is detrimental
on both flocculation and drainage with CPAM. Howewhe flocculation is improved if
DADMAC was added to neutralize the DCS. The same nmad observed with the drainage
and the authors attributed this to the formationsofme particulate complexes that
effectively retard drainage. The correlation betwd®cs characteristics and retention,
drainage and sheet formation is of great importancerder to understand, predict and
optimize retention and drainage performance, aund, ttheet formation and quality.

Since flocculation mechanisms and flocs charadtesisdepend mainly on the
polymer characteristics, the choice of the retentads systems is an important key to

achieve papermaking industry objectives in-linehviite most recent trends. The main goal
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of the use of retention aids is the aggregatiofing/s and additives to the larger fibres in
order to maximize the retention of the particle® ithe paper sheet and simultaneously to
maximize the drainage rate. The optimization ofwilet-end stage leads to the decrease of
contaminants in the water closure and to the is&rezf the paper machine speed. The
kinetics, the flocs structure and strength andréflecculation capacity are characteristics
that describe the retention aid systems efficienidyese characteristics are important
because of the high speed and turbulence veriftedhe paper machine. In fact,
flocculation kinetics need to be fast becauseithe allowed for interaction is in the order
of seconds to milliseconds (Noreli al, 1999). On the other hand, the flocs produced need
to be resistant and with a high reflocculation cayadue to the high turbulence observed
in the paper machine (Noredit al, 1999). Moreover, flocs properties are essental t
improve the drainage. Flocs size cannot be toceléerause voluminous flocs are very
difficult to dewater (Norelkt al, 1999). The flocculation reversibility is a preuvesjte for
good dewatering. Lindstromt al. (1989) and Sweriet al. (1993) showed that the use of
microparticles systems improves significantly telacculation that originates smaller and
denser flocs. This contributes to increase retardiod drainage efficiency. Furthermore,
small and uniform flocs structures are essentialmiprove dewatering when vacuum
dewatering is used (Scott, 1996).

Recently, some studies have shown that branchegelpotrolytes offer a
promising alternative as papermaking retention.dm$eed, Shin and co-workers (1997a,
1997b) have shown that branched polymers produedl fiots with great shear resistance
and, when associated with microparticles, the cefitation ability is improved. In
addition, when compared with traditional linearypoérs, the branched polymers lead to
better retention efficiency, though the formed she®perties are not affected by the
increase of the filler content in the sheet. Othethors (Brouilletteet al, 2004, 2005)
showed that the efficiency of the branched polymecseases with the increase of the
turbulence level, i.e., the retention increases @maghage time decreases as the shearing
increases. This property of the branched polymeudcbe useful on faster paper machines
where high turbulence levels are encountered dyrapger formation. They also found that
the use of branched polymers does not affect thetdbrmation performance and that the
required polymer dosage decreases as the sheacdrmases in comparison with the use of
the traditional linear polymers. Hence, by usingnmhed polymers it is possible to

increase filler retention without affecting thedlrproduct quality and, simultaneously, to
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save production costs and to decrease problemsciatsb with the increase of
contaminants on the process water.

Considering the information that already existsuahibe wet-end chemistry and the
way that papermaking industry is evolving, there aisneed to further understand
flocculation mechanisms with branched polyelectedy under different processing
conditions. Moreover, flocculation with branchedlymoers has to be correlated with
retention, drainage and formation performance depoto predict and control the wet-end
stage.

In addition, the study of the rheological flow beilwaur of flocculated suspensions
with chemical additives can be also interestingdptimising the power consumption in
papermaking since the chemical flocculation affetes mechanical flocculation of the
fibre suspension. The evaluation of the rheologmalperties of the pulp suspension is
important because the flow behaviour has practicgilications on the papermaking
process, namely on the pumping of the pulp suspenand on the forming of paper
(Swerin, 1998). However, only few studies consither effect of the chemical flocculation
on the flow behaviour of the pulp suspensions (id &dberg, 1996; Swerin, 1998; Negro
et al, 2006) indicating the necessity of further invgations on this field

Finally, since flocculation behaviour is so impattaduring the wet-end stage,
affecting the retention and the drainage perforreaiicis most essential to be able to
define, a priori, the operating conditions and tlees characteristics that conduct to a
desired performance. Hence, to understand, pradottcontrol the flocculation process by
polyelectrolytes, a quantitative model which iseatd describe flocculation under various
processing conditions, not restricted just to oypetof additive, is of most importance.
This model will constitute a valuable piece for thedelling of the wet-end of the paper

machine.

Therefore, the main objectives of this thesis were:

- to develop a strategy that allows obtaining infation about flocculation kinetics,
flocs characteristics (size distribution and stuoe}, flocs resistance and reflocculation
capacity in a single test and in turbulent condgio

- to assess how polyelectrolytes characteristiameaty the charge density and the
degree of branching, affect flocculation dynamiits¢cs characteristics, flocs resistance

and reflocculation capacity.
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- to evaluate the influence of the water charasties on the flocculation,
deflocculation and reflocculation processes, namtipse promoted by branched
polyelectrolytes.

- to investigate how microparticle retention aigteyns can be used to improve the
performance of the polymers, in particular of thanched polymers.

- to correlate information on the flocculation pess and flocs characteristics (size
and structure) with retention and drainage resanltgder to further understand and control
the wet-end stage.

- to evaluate and understand the flow behaviouflazfculated suspensions and
correlate rheological data with flocculation infaation.

- to implement a model that is able to describeflieculation process and which
can predict the aggregates’ characteristics faedfimperating conditions or, on the other

hand, determine the operating conditions that teaddesired performance.

The thesis is divided in seven Chapters. Chapwgivds a first introduction to the
subject of the thesis and chapter 2 states the wigictives. The remaining chapters,
which start by presenting the methodology adopdestuss the results obtained. Chapter 3
deals with the evaluation of flocculation when @rént retention aids systems are used in
distilled and in industrial water. The retentiondadrainage evaluation is described in
Chapter 4 whereas rheological data are present&hapter 5. Chapter 6 deals with the
modelling of the flocculation process. Results ima@ters 4, 5 and 6 are correlated with
results presented previously in Chapter 3. FinallyChapter 7, final conclusions and

recommendations for future work are summarized.
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CHAPTER 3 — FLOCCULATION EVALUATION

3.1 - INTRODUCTION

After a preliminary analysis of the techniques &lde to follow flocculation
processes, it was decided, in the present studgelect the LDS technique to monitor
flocculation. In fact, the results obtained prokiattLDS possesses the capability to allow
an integrated evaluation of flocculants performanbg supplying, simultaneously,
information on flocs size distribution, averageesiand mass fractal dimension, in a
continuous way, as time elapses, if the equipmepre-programmed for continuous data
acquisition. Moreover, flocculation can be processethe equipment dispersion unit in
controlled turbulent conditions that can simulateequately what is happening in the
process itself.

Because of the importance of filler retention irp@anaking the flocculation of
precipitated calcium carbonate (commonly used ber fin the papermaking process),
under turbulent conditions, has been studied asnibdel of flocculation process. Results
obtained in order to assess the flocculation mashawf eight different high molecular
weight cationic polyacrylamides (C-PAMs) with difémt charge density and degree of
branching, are presented and discussed in thidehap

In a first stage, the effects of the flocculantrgeadensity, degree of branching and
concentration on the flocs size and structure andthe flocculation process itself,
including flocculation kinetics and mechanism, wieneestigated. Moreover, zeta potential
measurements have been conducted as flocculatagrgssed. Optical microscopy with
image analysis was also used, initially, to vialithe flocs shape, at the end of the
flocculation process, in order to validate the hssobtained by LDS.

Then, the use of the LDS technique was extendearder to evaluate the
deflocculation and reflocculation processes, wHeosfare submitted either to sonication
with different frequencies (mechanical forces) @mah increase of the shear forces in the
recirculation tubes of the test equipment (hydr@agit shearing) by increasing the pump

speed. An assessment of flocs resistance and cafddon capacity was carried out for all
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the C-PAMs tested to evaluate the influence ofpiblgelectrolyte characteristics on those
parameters.

It is important to note that initially, during thf@st stage of adapting the LDS
technique to monitor flocculation processes, fléaton, deflocculation and reflocculation
were first performed with three of the C-PAMs sadli(Al1++, BHMW and E1+) for a
solid concentration of 0.02% (w/w). These prelinnjneesults have been discussed in two
papers (Rasteiret al, 2008a, 2008b) and will not be presented hereeOpheliminary
results have also originated a third paper (Antwted, 2008) where the effect of the PCC
characteristics on the flocculation kinetics waaleated.

After this initial stage the flocculation, deflodation and reflocculation processes
were investigated for a solid concentration of @0&v/w) in order to approach the PCC
suspension concentration to the one usually foarhper industry. A solid concentration
of 0.05% (w/w) in the LDS technique correspondsutound 70% obscuration. This level
of obscuration was relatively higher than the rangemally used in the equipment to
ensure a good signal quality (5%-20%). Howeversipossible to increase the PCC
concentration in the equipment because during litecdlation process the obscuration
rapidly decreases due to the growth of aggregaee bi this case, 70% obscuration is the
maximum value that guarantees that at the endeoflticculation process obscuration is
kept within the range normally used in the equipteranalyse the sample.

Results have shown that flocculant properties &fiacthe same manner the
flocculation, deflocculation and reflocculation pesses for the two PCC concentrations
tested. Since flocculants of medium charge dersaty shown more adequate behaviours
to papermaking process (confirmed by Gray and RifcR006), the polymers of high
charge density were abandoned (Al1++ and BHMW).rAib@ was then focused on the six
polymers of medium charge density and of low chatgesity (E1, E1+, E1++++, G1,
G1+ and G1l++++).

Afterwards, the effect of the water ionic contemt ftocculation, flocs resistance
and reflocculation capacity was investigated. Fat,ttests were performed in industrial
white water using the LDS technique and the samiadelogy was applied to evaluate
flocculation in distilled water including zeta potel measurements. In addition, the
effects of the polymer concentration and of theyp@r branching are also discussed. In
this case, results for industrial water are comgbavih those obtained in distilled water.
These tests were conducted only with C-PAMs of mmadcharge density (E1, E1+ and
El++++) since, on the one hand, flocculation expents in white water for polymers of
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high charge density gave many problems of runrtgbii the LDS equipment and, on the
other hand, the concentrations required for thedbarge density polymers were too high.

Additionally, two of the C-PAMs of medium chargendéy and two of the C-
PAMs of low charge density were used with complexcraparticulate systems.
Flocculation in distilled water was monitored usthg LDS technique and after breaking
up the flocs, by sonication or by increasing thenpuspeed, the microparticles (bentonite)
were added. The reflocculation capacity of thostesys was investigated.

Moreover, we have compared the ability of the L@Shhique to monitor the
flocculation process with the FBRM technique alseatkscribed in the literature to
monitor the flocculation of papermaking fillers. Ahe Universidad Complutense of
Madrid, flocculation of PCC with both the Els an@isGolymer series was performed in
the FBRM equipment. Moreover, flocs resistance ia@ifldcculation capacity of the flocs
formed were investigated, as well as the reflodaadacapacity of flocs produced with
complex microparticulate systems. These resultewafterwards, compared with those
obtained by the LDS technique.

3.2 - EXPERIMENTAL STRATEGY

3.2.1-MATERIALS

3.2.1.1 — Precipitated Calcium Carbonate (PCC)

In order to perform the flocculation tests, a conuia scalenohedral PCC
suspension was used in this study. Before usesupglied original PCC particles were
suspended in distilled water and the suspensiakatbduring several days as an attempt
to remove most of the additives used in the PCQlymtion, that are present at the
particles’ surface. Then, the water was removedthed®CC dried to obtain a dry powder.
This procedure was required to obtain a stable B@pension that did not change during
the tests. The PCC suspensions were prepared dindv@pin distilled water and, in order
to obtain a good dispersion of the particles, tigpsnsions were first magnetically stirred
for 20 minutes and then submitted to sonicatiobGakHz during 15 minutes. The PCC

suspensions were prepared daily.

73



Chapter 3 — Flocculation Evaluation

After this treatment, the median size of the phaticas obtained by LDS, was
approximately 0.5um and the suspension pH 7.5. The zeta potentidleoparticles was -

30 mV in distilled water. Figure 3.1 shows the simgribution of the PCC particles.

Volume (%)
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Figure 3. 1.Size distribution of the PCC particles.

3.2.1.2 — Flocculants

Eight new cationic polyacrylamide (C-PAM) emulsiook very high molecular
weight, developed and supplied by AQUA+TECH, wesediin this study. The main
characteristics of the polyelectrolytes used armrsarized in Table 3.1. The main
difference between the polyelectrolytes tested is amarge density and degree of
branching. The polymer content of the emulsions wapgroximately 40% (w/w). The
cationic monomer in all the polymers is dimethylamethyl acrylate. Flocculant solutions
were prepared with distilled water at 0.1% (w/w) order to guarantee the effectiveness of

the flocculants, the diluted solutions have to teppred everyday.
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Table 3. 1.Alpine-Floc™ properties.

Alpine-Floc™ | Intr.insic Molecular Charge density Number of
Viscosity (mL/g) weight (g/mol) (%) Branches
G1 1200 4.6x10° Linear
G1+ 1210 4.7x10° 20 1
Gl++++ 1151 4.4x10° 4
E1 2560 1.2x10° Linear
El+ 2720 1.3x10’ 50 1
El++++ 2515 1.2x10’ 4
BHMW 1720 7.2x10° 80 Linear
Al++ 1790 7.6x10° 90 2

3.2.2— FLOCCULATION MONITORING

3.2.2.1 — LDS technique

PCC flocculation was monitored by measuring theraggtes sizes by light
diffraction scattering (LDS) using a Malvern Magiser 2000 (Malvern Instruments) (see
section 1.3.2.3). The PCC suspension was added@onmL of distilled water in the
equipment dispersion unit until 70% obscurationeage PCC concentration around
0.05% (w/w)) and the tests were carried out setfiegpump speed to 1400 rpm (319.s
Obscuration was always kept above 5% to assureod gignal quality (Rasteiret al,
2007). Ideally, obscuration should be below 20%wEler, as obscuration decreases
during the flocculation test, due to floc growthe ttests are initiated with an obscuration of
70% to guarantee that, at the end of flocculatdascuration is always higher than 5%.

Both flocculants were tested for a range of comeg¢iohs close to the optimum
dosage. This optimum was previously determinedvalig the methodology developed
by Blanco and co-workers (1996). For that, thedidant solution was progressively added
to the PCC suspension as flocculation occurs. Whertotal added dosage is higher than
the optimal one, no more aggregation takes plalserefore, the mean aggregate size stops
increasing and can even start decreasing due tic st&abilization or electrostatic
repulsion. This test only gives an estimation of tptimum flocculant dosage range
because the flocculant was added progressivelyngluhe test. It is, thus, necessary to
found the effective optimum flocculant dosage. Foat, flocculation tests where the
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flocculant was added at once to the suspension wemged out for several flocculant
dosages close to the optimum found by the testldpeed by Blanco and co-workers.

For each flocculation test, the particle size ofCP@as always measured before
adding the flocculant to the suspension. After ttaatfixed predetermined amount of
flocculant was added at once to the suspensionhenfiiocs size distribution was measured
every minute during 14 minutes, i.e., till the 8ogize seemed to stabilize.

The mass fractal dimension of the flocs during ftbeculation process and at the
end of reflocculation was also computed offlineniradhe scattering pattern used to
determine particle size. The individual particlesuld be considered to follow the
Rayleigh-Gans-Debye approximation (particles smahan 1.0um and refractive index
1.572) (Liaoet al, 2005). Since secondary aggregates resulting tlemaggregation of
primary aggregates can be formed, the so calletlesice exponent (Liaet al, 2005),
corresponding to the region of the larger scatteeggregates (lower diffraction angles),
was also computed from the scattering patterngseton 1.3.1.2).

The zeta potential (] of the flocs was measured as well in the courbe o
flocculation, using the Zetasizer NanoZS equipm@vilvern Instruments), at three
moments: one minute after the addition of the fldant, 7 minutes after the addition of the
flocculant and at the end of flocculation (14 mas)jt

Moreover, the distilled water conductivity was aotied between 5 and @S/cm,
since significant variations of this parameter iy affect the flocculation process. The
flocculation tests were repeated at least four gifioe each flocculant concentration.

For the optimal flocculant dosage, optical micrgscowith image analysis
(Olympus BH-2 microscope with analysSIS 2.11) wssduto visualize the flocs shape, at
the end of the flocculation process, in order tbdede the results obtained by LDS. The

mean flocs sizes were measured until 95% of confidevas reached.

3.2.2.2 — FBRM technique

Before performing flocculation tests, the optimuitoctulant dosage was also
determined using the Blanco’s methodology (Blaatal, 1996) as described previously
but, this time, in the FBRM M500LF manufacturedlasentec (see section 1.3.2.2).

Flocculation tests were then performed for flocotileoncentrations close to the
optimum flocculant dosage. For that, 30 mL of tl@&CPsuspension at 1 % was added to
120 mL of distilled water in the equipment beakavefage PCC concentration around
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0.2% (w/w)). The stirring speed was set to 250 rphe flocculant was added at once after
measuring the PCC particle size. Flocs sizes werasored every 10 seconds during 4

minutes.

3.2.3—FLOCS RESISTANCE AND THEIR REFLOCCULATION CAPACITY

The floc resistance evaluation was performed usivig different types of shear
forces. The first approach was to submit the flocsonication at two different frequencies
during 30 seconds: 10 kHz and 20 kHz. This meclahsicear force was directly applied
to the suspension in the LDS dispersion unit, aftecculation. The second method
involved the application of different hydrodynansbear forces during one minute by
increasing the recirculating peristaltic pump sp&ed 1400 rpm first to 1800 rpm and
then to 2200 rpm, which corresponds to increadimgshear rate from 3120 488 &
and to 708 3, respectively. After both shearing tests, the sli@@e was restored to the
initial value to allow the reflocculation processtake place, which was monitored during
5 minutes.

Moreover, the mass fractal dimension and the geaagteexponent of the

reflocculated flocs were calculated at the enchefreflocculation process.

3.2.4—FLOCCULATION IN WHITE WATER

The industrial water used for this study is a whiieter from the industrial plant.
The water was withdrawn from the factory alwayshi@ same conditions and for the same
paper production to avoid significant variability the water characteristics. Before use,
biocide was added to the white water and the sadidshe water were removed by
microfiltration. The main quantifiable differencestiveen the two waters is their ionic
content and consequently, the value of the condtic{isee Table 3.2). The ionic content
of the two waters was determined by Atomic AbsamptSpectroscopy (AAS) and by ion
chromatography. In addition, the industrial watem ceventually contain other non-
quantifiable materials such as colloidal materials.

The PCC suspension was prepared in the same masneéescribed in section
3.2.1.1 but, in this case, industrial water waslusedispersing medium. The zeta potential

of the particles in white water was -37 mV.
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Table 3. 2.Characterization of distilled and industrial waters

lonic content (mg/g) Conductivity
Water Na' Ca®* Mg* AI** K' CI' SO& Br (uS/cm) PH
Distiled 0.27 0.27 0.027 - 0.27 - - - 4-8 6.4
Industrial 87 23 54 01829 62 17 38 569 7.7

The same methodology described in previous sectwars adopted to monitor
flocculation, deflocculation and reflocculationimdustrial water using the LDS technique.
However, flocs resistance was only evaluated sulmgifiocs to sonication at 20 kHz and
to an increase of the pump speed from 1400 rpn2®0 2pm.

3.2.5— COMPLEX FLOCCULATION WITH A MICROPARTICLE SYSTEM

Flocculation tests were performed also with a nparticle systems composed by a
polyelectrolyte and bentonite. The median sizeneflientonite particles is 5um and the
bentonite suspension was prepared at 2% (w/w)gtilldd water. Bentonite was added to
the PCC suspension in a concentration of 2.5 mglg bentonite/g PCC) (based on

industrial plant information).

3.2.5.1 — LDS technique

When flocculation was monitored by the LDS techeigbentonite was added to
the flocculated suspension after breaking up thesfeither by sonication or by increasing
the pump speed as described in section 3.2.3.

Flocs were broken up after 30 seconds of the flaticun process and the bentonite
was added after the initial shearing being restoReflocculation takes place, after that,
during 15 minutes and was continuously monitoredhduthat period.

Additionally, flocculation with the microparticukatsystem was also performed for
flocs broken up at the end of the flocculation g (14 minutes). The bentonite was
added after the initial shearing being restoredldReulation takes place, after that, during

7 minutes being continuously monitored during thexiod.
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3.2.5.2 — FBRM technique

In this case, the flocs were broken up 30 secondslaminute after the flocculant
addition, during 1 minute and for two differentrstig speeds (450 and 650 rpm). The
bentonite was added at the same time as the instialing speed was restored.
Reflocculation takes place, after that, during 3wiés and was continuously monitored
during that period.

The reflocculation process was also carried ouhaut the bentonite addition to
compare with the reflocculation process with mienigles.

3.3 —RESULTS AND DISCUSSION

3.3.1-FLOCCULATION PROCESS

3.3.1.1 — Optimum flocculant dosage

Figures 3.2 to 3.4 show, for the eight flocculastisdied, thed,io and the median
(dpso) equivalent spherical diameters of the flocs dsration of the amount of polymer
added to the PCC suspension (expressed in termg aff polymer/g of PCC). These tests
enabled the selection of a range of flocculant eatrations for the subsequent
experiments in the following section 3.3.1.2. Cdesing the maximum values ;o and
dpso curves, it was possible to define for each floantia range of concentration where the
optimum flocculant dosage can be reached or cardse to. Depending on the flocculant,
sometimes, there is a maximum for bdgky andd,10 which are reached simultaneously. In
other cases théyso reaches a plateau but thgo exhibits a clear maximum. In these
situations the optimum is associated with the maxmin thed,s,. In fact, a decrease of
the dy10 is an indication of the deflocculation of flocsathproduces smaller flocs.
Flocculants dosage ranges as determined by Blammethiodology are summarized in
Table 3.3. The effective optimum flocculant dosageresponds to the optimum flocculant
dosage determined by LDS when a fixed predetermameount of flocculant was added at
once to the suspension.
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Figure 3. 2.0ptimum flocculant dosage for A1++ and BHMW.
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Figure 3. 3.0ptimum flocculant dosage for E1, E1+ and E1++++.
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Figure 3. 4.0ptimum flocculant dosage for G1, G1+ and G1++++.
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Table 3. 3.Flocculant dosage range and effective optimum fitanet dosage.

Al++ BHMW El El+ El++++ Gl Gl+ Gl++++

Dosage range

(mg/g)

3-5 6-10 4-6 10-16 4-7 4-7 15-20 20-25

Effective optimum
6 4 12 8 10 30 30
dosage (mg/qg)

From the results of Table 3.3, it can be seen ttatoptimum flocculant dosage
will be dependent on the charge density and omégeee of branching of the polymer.

3.3.1.2 — Flocculant dosage effect

Considering the flocculant concentration rangesndef in the previous section,
several flocculation tests were carried out to tbthe effective optimum flocculant dosage
for each polyelectrolyte following the methodologgscribed in section 3.2.2.1. The
optimum flocculant dosage in this study was taketha dosage that gives the largest flocs
with fast flocculation kinetics. After defining thegptimum flocculant dosage (Table 3.3),
flocculation was monitored for this flocculant dgeaand also for a lower and a higher
flocculant concentration. However, for Al++ and BMM flocculation was only
monitored for the optimum and for a higher floceul@alosage since, after preliminary
studies in a PCC suspension with a concentratiob@#% (w/w), it was concluded that
these flocculants are not adequate to papermaliigyires 3.5 to 3.12 illustrate the
flocculation process carried out for the eight dokants, in terms of the evolution of the
floc median size with time, as a function of polynwncentration. In addition, the
deflocculation and reflocculation processes are alesented since the LDS technique
allows evaluating simultaneously, in a single tdst, three processes. Flocs resistance and

reflocculation will be discussed in sections 3802 3.3.3.
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Figure 3. 12.Flocculation, deflocculation and reflocculation kvie1++++ when flocs are submitted to
sonication at a) 10 kHz, b) 20 kHz and increastn@fpump speed to ¢) 1800 rpm, d) 2200 rpm.

As expected, flocculation rate decreases as tleedlant concentration increases,
above the optimum, for all the polymers. Since shiging speed is the same for all the
tests, this decrease can be explained by the wifftontrolled adsorption kinetics model,
in such a way that the higher the amount of polyrier lower the polymer adsorption rate
on the particle surface (Tadros, 2005). Thereftire, equilibrium point is reached more
rapidly when the flocculant concentration is lovegrd, as a consequence, the final flocs
size is reached earlier. At high dosages, floc sizeeases very slowly due to the excess of
polymer dosage that increases the repulsive fdreggeen particles.

If the amount of flocculant added is lower than dpimum flocculant dosage the
flocs sizes are smaller because the efficiencyhefgrimary particles collisions is lower

reducing the flocs size. When the polymer is iness¢ flocs size is also smaller than at the
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optimum flocculant dosage but, in this case, duesteric stabilization or electrostatic
repulsion.

Moreover, the shapes of the kinetics curves obdgemerigures 3.5 to 3.12 are
different. In fact, the flocculation kinetics dejgenn the flocculants characteristics and this
will be discussed in more details in the followisgctions. In the case of the medium and
low charge density polymers the flocs size deceadter reaching a maximum due to
polymer reconformation (see section 3.3.1.3) amrddibgree of polymer reconformation is
also conditioned by the polymer concentration dtlve referred later in the next section
3.3.1.3. Indeed, at high flocculant concentratipolymers re-arrange slowly on crowded
surfaces because neighbouring molecules interféte the re-arrangement (van de Ven
and Alince, 1996b; Biggst al, 2000), and thus, the degree of polymer confoionais

lower.

3.3.1.3 — Flocculant charge density effect

The flocculant charge density affects mainly trecdulation mechanism. In fact,
from Figures 3.5 to 3.12, two flocculation trendsncbe identified. For the BHMW
polymer, the flocs grow progressively until reachan steady-state, whereas for the Al1++
polymer and the E1 and G1 polymer series, the $i@ae increases with time up to a
maximum and decreases, thereafter, due to aggregsttecturing and/or to break up of
the flocs formed. The first behaviour is typicaltbé flocculation induced by polymers of
high charge density as it is the case of BHMW. Wttenpolymer charge density is high
there is a tendency for the polymer chains to addjsdtter reconformation on the particle
surface. As the charge density decreases, the polghain adsorbs at the particle surfaces
forming tails and loops that extend far beyond sh&face and interact easily with other
particles. In this case, flocculation occurs by bhmiglging mechanism. After aggregation,
the polymer chains can rearrange at the particttasel This reconformation process
results in flocs restructuring that is identifiegddflocs size decrease during flocculation as
in Figures 3.7 to 3.12, and most certainly a compacmf the flocs as will be discussed
later. Hence, the E1 and G1 polymers series, wénielpolymers of medium to low charge
density, flocculate the particles by bridging meubms. This effect is more pronounced

when charge density decreases.
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The decrease of the zeta potential values desciibddgures 3.13b and 3.13c
confirms that reconformation of the polymer chamasurs during flocculation. However,
Al++ is a polymer of high charge density with actialation trend similar to the one of the
medium charge density. This is due to the fact, timathis case, the polymer has got a
branched structure that reduces its capabilitydmpa a flat conformation on the particle
surface and, because it has a very high molecutgghty the capacity to form patching
bonds is reduced. The intermediate configuratiomthefpolymer in this case, allows the
polymer chains to rearrange on the particle surtageto a lower degree, in agreement
with the low decrease of the flocs size in Figui® &d the decrease of the zeta potential
in Figure 3.13a during the flocculation process.
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Figure 3. 13.Zeta potential at different stages of the flocdalaprocess for the optimum dosage a) Al++,
BHMW, b) E1, E1+, E1++++and c) G1, G1+, G1++++.

Moreover, the zeta potential values for BHMW polynadso slightly decrease
during flocculation (Figure 3.13a) indicating thakespite this polymer having a high
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charge density, reconformation does also occurotmes extent. Here, the very high
molecular weight of the polymer has to be considénegthe same manner again as for the
Al++ polymer. Indeed, the patching mechanism ndsmatcurs when polymers have
both high charge density and a low molecular weiblence, for the BHMW polymer, the
capacity to form patching bonds can be affected uéhe molecular weight but that
reduction is small enough so that it does not arite the flocculation kinetics. For the
Al++ and BHMW polymers, patching and bridging bondese probably present

simultaneously during flocculation process duehtrtvery high molecular weight.

From Table 3.3, the optimum flocculant dosage # alependent on the charge
density. There is a tendency for the optimum flémoti dosage to increase with the
decrease of the polymer charge density. This agwébshe flocculation mechanisms that
occur. Indeed, as the charge density increasegpdhgner chain can adopt a flatter
conformation at the particle surface, and thushgedymer molecule covers a larger area
of the particle surface. Consequently, for polymaréigh charge density the amount of
polymer to reach the optimum surface coverage weto This is confirmed by the zeta
potential measurements (Figure 3.13) where it camliserved that at the beginning of
flocculation (just one minute after flocculant dituh), the zeta potential decreases as the
charge density of the polymer decreases. In faet,RCC particles, initially negatively
charged (-30 mV), become positively charged with #adition of flocculant due to the
cationic character of the polyelectrolytes.

However, for the flocculants studied, this parametnnot be used to determine
the optimum flocculant dosage since it does nowatissessing neither the mechanism nor
the kinetics of the flocculation process.

It can be also observed that the polymer chargesiggfemot only affects the
flocculation kinetics but also the flocs propertiemmely the flocs size and the flocs
structure. Table 3.4 summarizes the median flamsssat the maximum in the kinetic curve
(if it exists) and at the end of the flocculatiorogess, for the optimum flocculant dosage

and for all the polymers studied.

90



Chapter 3 — Flocculation Evaluation

Table 3. 4.Median flocs size at the maximum and at the enflbetulation kinetics curve for the optimum

flocculant dosage.

dpso (LM)
Alpine-Floc™  Max. of kinetic curve  End of flocculation  Restructiring (%)

Al++ 113 80 29

BHMW - 55 -
El 65 47 28
El+ 228 99 57
El++++ 165 83 49
Gl 370 147 60
G1l+ 427 145 66
Gl++++ 332 129 61

There is a tendency to produce larger flocs apdigner charge density decreases.
In fact, the polymer conformation at the particleface mainly depends on the charge
density. If the polymer adopts a flat configuratianthe particle surface, the distance
between particles in the aggregate will be smathan if the polymer adsorbs at the
particle surfaces forming tails and loops that edtéar beyond the surface. On the other
hand, a polymer chain that extends far beyond #necpe surface can adsorb more easily
at the surface of other particles when collisioours. As a result, the distance between the
particles is higher and, additionally, the aggregatontain a larger number of single
particles when polymers of low to medium chargestgrare used.

Furthermore, mass fractal dimension and scattexpgnent were calculated at the
maximum and at the end of flocculation kineticsveuirom the light scattering patterns for
all the experiments. Those values are presentethbte 3.5. The scattering exponents
were calculated because, as discussed before, thesstructuring of the flocs due to
polymer rearrangement during flocculation, and tleesondary flocs are formed from the
aggregation of primary flocs as described in thengxes of Figure 3.14. This implies that
the Rayleigh-Gans-Debye theory is no longer vatid, dherefore, the scattering exponent
rather than the fractal dimension has to be catledléo describe the fractal nature of the
aggregates, as discussed in section 1.3.1.2.

The flocs size distribution was determined using kie theory and a very good

agreement of the fitting of data with the opticabdel was found, as can be seen in the
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example of Figure 3.15. This agreement confirmsatt@uracy of the LDS technique and
of the scattering model used.

Table 3. 5.Mass fractal dimension and scattering exponeniooff*

_ w Dosage Max. of kinetic curve End of flocculation
Alpine-Floc

(mgl/g) dr SE (03 SE

AL+ 4 1.34 2.27 1.32 2.32
10 - - 1.60 2.22

BHMW 6 - - 1.36 2.56
14 - - 1.46 2.43
1.45 2.19 1.54 2.55

El 4 1.33 2.36 1.54 2.47
1.48 2.48 151 2.55
8 1.36 2.05 1.59 251

E1l+ 12 1.13 1.37 1.54 2.56
16 1.12 1.48 1.49 2.39
1.53 1.74 1.57 2.45

El++++ 8 1.46 1.61 1.52 2.33
10 1.31 1.97 1.49 2.37
6 1.62 1.72 1.48 2.59

Gl 10 1.52 1.50 1.19 2.44
14 1.44 2.12 1.21 2.58
20 1.65 1.67 1.62 2.49

G1l+ 30 1.57 1.51 1.35 2.43
40 1.34 1.93 1.21 2.46
20 1.62 1.47 1.62 2.49

Gl++++ 30 1.63 1.34 1.42 2.43
40 1.34 2.06 1.29 2.58

* grey lines refer to the optimum flocculant dosage
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Figure 3. 14.Flocs size distribution evolution during floccutatifor the optimum flocculant dosage of a)
Al++, b) BHMW, c) E1, d) E1+, e) E1++++, f) G1,@)L+and h) G1++++,
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Figure 3. 15.Scattering pattern data and fitting curve basetherMie theory at the end of flocculation for 4

mg/g of E1.

In addition, Figure 3.14 shows that, effectivellie tdecrease in the flocs sizes
during flocculation is mainly due to the reconfotioa of the polymer at the particles
surface even if a small amount of flocs are brakemluring this phase.

In general, bothd: and SE values decrease as the flocculant dosage increases
mainly at the end of the flocculation process. Tihdicates that the flocs become more
open with the increase of the flocculant concemmnatindeed, at low concentration,
polymers rearrange relatively fast but, on the @yt rather slowly on crowded surfaces,
since neighbouring molecules interfere with thernsmegement (van de Ven and Alince,
1996b; Biggset al, 2000). Hence, at high flocculant concentratidihe,degree of polymer
reconformation is lower, the distance between #@ntigles increasing, and thus, producing
more porous flocs.

Comparingd: andSEresults obtained for the optimum flocculant dos@gédicated
by the grey background in the Table 3.5), the Elympers series produces, in general,
flocs denser than those obtained with the G1 poignseries. Hence, as the flocculant
charge density increases the flocs become densws. agrees with the fact that the
distance between particles increases as the chdegsity decreases as discussed
previously. However, for the Al1++ polymer, this belour is not followed. In this case,
despite the polymer having a high charge dendigsfproduced are open probably due to
the presence of the branches that inhibits thenpetyadsorption in a flat configuration.

Moreover, in general, flocs are less comp&t i€ smaller) at the maximum in the
kinetic curve where flocs produced are larger. A& end of flocculation, flocs are more
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compact §E is higher) than at the maximum in the kinetic @udue to restructuring of
polymer chains. This is more notorious for the seleoy aggregates.

3.3.1.4 — Flocculant branching effect

As seen in the previous section, the branches of+Apolymer affect the
flocculation kinetics and the flocs structure. Té@me happens with the G1 and E1
polymers series where the degree of branches vémes zero to four. Regarding
flocculation results obtained only for the E1 andl &eries, several effects of polymer
branching can be identified.

Comparing results obtained for the E1 polymer serieconformation is less
evident in the cases of both the linear (E1) ardhighly branched polymer (E1++++) (see
Table 3.4). In fact, for the linear polymer, flotation kinetics was faster. Moreover, the
amount of polymer necessary to perform flocculaticas lower (see Table 3.3). During
the first seconds of the flocculation the polymdsabed at the particle surface in a flat
configuration and, under these conditions, the pely chain has got less space for
reconformation than in the case of the branchegnpeis. For the highly branched
polymer (E1++++), the radius of gyration of the ysokr (hydrodynamic size of the
polymer chain) is smaller than in the linear oned eeconformation becomes also more
difficult (Huanget al, 2000). In fact, for a constant molecular weigid,the number of
branches increases, the polymer radius of gyralemneases (Huarej al., 2000).

Furthermore, the polymer structure also affectdlthes size at the maximum in the
flocculation curve as described in Table 3.4. Téugeér flocs were produced by the low
branched polymer (E1+). A linear relationship betwehe flocs size and the polymers
branching degree does not exist probably due toghsons explained before (kinetics and
polymer conformation). It is reasonable to assuha flocs size and polymer structure
must be related. Therefore, since the linear potyadsorbs in a flatter configuration at the
particle surface, the space between particles &lsnd smaller flocs are obtained. In the
case of the highly branched polymer, the spacedmtwparticles is also small but now due
to the smaller polymer radius of gyration. Thattiere are different factors related with
the polymer characteristics that condition thedlsize.

The trends detected in Table 3.5 reinforce the losian that the degree of
branching of the polymer affects the flocculatialmgess and the flocs structure. Indeed,
comparing results obtained for the optimum flocauldosage and for the E1 polymer
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series, both the mass fractal dimension and ss@texponent at the maximum in the
kinetic curve indicate that flocs produced with &id E1++++ have a denser structure.
This agrees with what was observed before in aelatiith flocs size. Moreover, the larger
El++++ flocs have got a more open structure thacsfproduced with Eld¢ andSE are
lower for E1++++ than for E1).

At the end of flocculation, the differences in thevalues are small probably due to
flocs restructuring. However, comparing results tioee optimum flocculant dosage, the
scattering exponent value is higher for flocs pomtl with E1+ and lower for flocs
produced with E1++++. Furthermore, the increasd&-iandSEduring flocculation is small
for both E1 and E1++++ confirming that the polymmeconformation is less extensive.
Thus, extensive polymer reconformation can leadetaser flocs even if those flocs were,
in the initial stages of flocculation, more operedo the type of aggregation mechanism
prevailing (mainly bridging). Additionally, in thease of E1++++ the flocs structure is
much more open at the maximum in the kinetics ctima@ for E1 and, thus, the degree of
flocculant reconformation was not enough to redxehsdame degree of compactness at the
end of flocculation, as that obtained with E1.

Regarding the different values for the optimal @ncation for the three polymers,
the larger difference can be found between thaliaad the branched polyelectrolytes. In
fact, as mentioned before, the linear polymer tendscquire a flatter configuration on the
particles surface, and thus, coverage is obtaindd avsmaller dosage of polymer. In the
case of both E1+ and E1++++ the dosage necessaighsr, being smaller for E1++++
than for E1+. The higher number of branches irctieen of E1++++, though giving rise to
a lower radius of gyration, can also lead to a meren distribution of the charges and
therefore an easier attachment of the polymer ¢opirticles. This is why the dosage is
slightly lower than the one of E1+. Even thoughdbgmg being also the predominant
mechanism in the case of E1++++, polymer chainshaoprotrude so much from the
particle surface and, because of what was justregfewill tend to have again a flatter
configuration on the particle surface than the ooeurring with E1+. This agrees with the
more open structure of the E1+ aggregates, at thenmmum of the kinetics curve as
discussed above.

Concerning the results obtained for the G1 polyswies, it is more difficult to
identify the same trend observed with the E1 polyseries. In fact, the effect of the
branching degree on the flocs structure and sifssnotorious as described in Tables 3.4

and 3.5. Since the polymer chain with a low chatgesity is attached to the particles in
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few sites, the space between particles is probagly enough for branching not affecting
flocculation kinetics and flocs characteristicsll She main difference is on the optimum

dosage which is lower for the linear polymer (sabl& 3.3).

3.3.1.5 — Validation of the LDS technique usingithege analysis technique

As referred before selecting LDS to monitor thedlalation process, a preliminary
with optical microscopy was performed. From Tahkii8may be concluded that LDS and
optical microscopy with image analysis, althougingelifferent techniques, give similar
results for the median size of the flocs. Howevieshould be emphasized that, besides
being laborious and time consuming image analysisiders just a few particles (between
100 and 120 for the samples analysed) and, thassample is always less representative
than the one tested in LDS. Moreover, it does Hotvaus obtaining kinetics curves.

Table 3. 6.Median flocs size calculated from LDS and imagdyamistechniques.

Alpine-Floc™  dpso by LDS (m)  dyso by image analysis jgm)

Al++ 70 68
BHMW 53 51
El+ 103 98
El++++ 76 75

3.3.1.6 — Comparison with the FBRM technique

Figure 3.16 shows, for the E1, E1+ and El++++ pelgnthe weighted mean
square diameters of the flocs as a function ofam®unt of polymer added to the PCC
suspension in the FBRM equipment in order to defalso the optimal polymer
concentration range. The weighted mean square &asted from all the parameters that
the FBRM supplies because these values, calcuktedrding to Equation 3.1, are the
closest to the values calculated by the LDS tealngjnce, as in LDS, it is the area of the
particle or aggregate that is taken in considenatin Equation 3.1n; is the number of
counts in the size classny is the total number of counts in all the size emgnd is the
mean chord length in the size clas#\s for LDS, these tests enabled the selectioa of

range of flocculant concentrations for the subsegfiecculation experiments.
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Figure 3. 16.0ptimum flocculant dosage for E1, E1+ and E1+++thulie FBRM technique.

FBRM measurements were also performed for G1, Ghe &l++++ but,
unfortunately, they can not be presented. Indeetth twese flocculants many problems
appeared, namely problems of result reproducibilty seen with the LDS results, the
polymers of low charge density produce large flamsd require high flocculant
concentrations. Since in the FBRM equipment theceotration of the PCC suspension is
higher than in the LDS equipment, the adhesiorhefflocs to the wall beaker and to the
window of the equipment is much more pronouncedltieg in a drastic decrease of the
signal quality. Moreover, when flocs are submittedthe increase of the stirring speed,
flocs break up is very small and flocs size camewerease. This is an indication of the
detachment of the flocs from the wall of the beakenich leads to an increase of the
signal quality, and thus, the flocs size measuseldrger instead of being smaller during
the break up stage.

Figure 3.16 indicates that the optimum flocculaosabe is lower for E1 than for
El+ and El++++ that exhibit an optimum flocculamisage very similar. Hence, the
optimum flocculant dosage for E1 will be close tand/g and for E1+ and E1++++ close
to 6 mg/g. Then, flocculation tests were performraenound these flocculants concentration
to define the effective optimum flocculant dosalgethis way, the optimum dosage found
for E1 was 4 mg/g, for E1+ was 10 mg/g and for Ed#+as 8 mg/g. These results agree
well with the results obtained by LDS (Table 3I18deed, the optimum flocculant dosages
found by FBRM are close to the ones found by LD&isTndicates that the concentration
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of the PCC suspension has only a minor effect an dptimum flocculant dosage.
Moreover, the optimum flocculant dosage was lovegrthe linear polymer than for the
branched polymers On the other hand, despite thatseobtained for the G1 polymer
series not being represented, the high flocculantentration necessary to flocculate the
suspension confirms that polymers of low chargesigflocculate for higher dosages than
polymers of medium charge density agreeing with tBSults.

Figure 3.17a shows the comparison of the flocauhakinetics curve obtained for
the E1, E1+ and E1++++ polymers in terms of themrszpuare for the optimum flocculant
dosage. As noted by LDS, flocculation kinetics tloe linear polymers (E1) is faster than
for the branched polymers. However, FBRM measurésneid not allow verifying
differences on the flocs size between the flocdslased. Hence, FBRM measurements do
not allow, in this case, detecting the influencehaf polymer structure on the flocculation
process. In fact, in the FBRM equipment, the tughak and the concentration of the
suspension is higher than in the LDS equipmentsTthe collision between particles is
very high and reconformation of the polymer is véagt. As a result, aggregation and
aggregates reorganization due to polymer reconfitomaare very fast, and thus, flocs
stabilize earlier than in the LDS equipment. Irstbase, flocs reach a stable structure for
times lower than one minute while with LDS this ¢éins higher than two minutes.

300 - b)
250 +
g 200 -
(%' 150
150 { | —e—4mg/g E1 8 100 - —e—2mglg E1
100 7 —o—10 mg/g E1+ = { —o—4 mg/g E1+
50 4 —a—8 mg/g E1++++ 50 —a—4 mg/g E1++++
0 T T T T 1 O T T T T 1
0 1 2 3 4 0 1 2 3 4
Time (min) Time (min)

Figure 3. 17.Flocculation process in the FBRM studied for E1+Bhd E1++++ for a) the optimum

flocculant dosage and b) lower flocculant dosage.

Figure 3.17b illustrates the flocculation kinetidsr the lowest flocculant
concentration studied. Tests were performed foorcentration of 4 mg/g except for E1
for which flocculation was performed for 2 mg/g @@n the optimum flocculant
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concentration for this flocculant is 4 mg/g. As egfed the flocs size is smaller when the
flocculant concentration is lower than the optimone and flocculation kinetics is slower.
Figure 3.18 is an example of the evolution of treasured number of counts in the
FBRM during the flocculation process. Comparing ttuirve with the flocculation kinetics
observed in Figure 3.17, just after adding the dlb@nt an increase in the flocs size
corresponds to an increase of the number of colihts.is contradictory since an increase
in the flocs size indicates the aggregation ofRIXC particles, and thus, a decrease of the
number of counts. As measured by the LDS technitjue, median size of the PCC
particles is about 0.fim. The FBRM technique is not able to detect thellem&CC
particles because the limit of detection of theigopent is 0.5um and, therefore, the
number of counts increases, initially, when moreiglas become visible to the FBRM
detector by forming aggregates larger than |rd In fact, comparing the particle size
distribution of the PCC particles obtained in LOF¥gUre 3.1) with that obtained by FBRM
(Figure 3.19), the median size of the PCC partibleshe FBRM is much larger than that
measured by LDS. Consequently, the signal, and thesmeasurements of the first points

of the kinetics curve can not be considered reptatige and accurate.
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Figure 3. 18.Evolution of the number of counts per seconds dutfire flocculation process.

100



Chapter 3 — Flocculation Evaluation

Sqr Wt (%)

o [l N w b 4] (o)) ~
| | | | | | )

0,01 0,1
Size (um)

Figure 3. 19.Square weighted size distribution of the PCC platicneasured by FBRM.

3.3.2—FLOCS RESISTANCE

Using the LDS technique, when the flocs are suleahitb sonication, their size
rapidly decreases as shown in Figures 3.5 to Bi€akage of flocs indicates that the
polymer chains detach from the particles surfasalt@g on rupture of bonds between the
particles in the aggregate.

Flocs break-up described in Figures 3.5 to 3.1Zanemarized in Table 3.7 for the
eight polymers studied and when flocs are submtitiesbnication and to an increase of the
pump speed. The percentage of flocs break-up vadcalated as the ratio of the difference
between the initial and final flocs size after sirepand the size of the flocs at the end of
flocculation.

Table 3.7 shows that break-up of flocs is highethasapplied sonication frequency
increases, since the shear forces increase. Mareibve observed that, in general, when
the polymer is in excess the flocs break up deeseasnfirming again that flocs strength
can increase if the polymer dosage is higher tharoptimum one. As described by Negro
and co-workers (2005), in this case, the numbgrobfmer bonds between the particles is
higher resulting on particles stronger attachetthénaggregate.

With regard to the effect of the polymer chargesitgnit seems that as the charge
density increases the flocs resistance increaseskbup percentages decreases). This
agrees with the configuration that the polymer asl@p the particle surface. In fact, in this
case, as the charge density decreases the flagemtfon capability is reduced, and thus,

the polymer is more weakly attached to the pagicéad thus, flocs break up easier. This
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is confirmed by the flocs structure presented ibld@&.5, where it can be seen that flocs

have a more open structure as the polymer charggtgdelecreases.

Table 3. 7.Flocs break up percentages for all the flocculatuidied.*

Alpine-Floc™ Dosage Break up (%)
(mg/g) 10 kHz 20 kHz 1800 rpm 2200 rpm

ALt 4 - 68 - 18
10 - 41 - 5

BHMW 6 - 45 - 16
14 - 46 - 15
9 25 9 19

El 4 20 39 7 17
26 43 7 17
8 - 67 - 20

E1l+ 12 - 78 - 17
16 - 76 - 17
6 44 68 8 19

El++++ 8 54 77 9 19
10 27 65 7 18
6 67 79 9 20

Gl 10 70 82 7 21
14 37 55 S 10
20 69 74 8 17

Gl+ 30 64 78 8 16
40 43 54 8 15
20 66 73 9 15

Gl++++ 30 45 72 9 17
40 32 47 6 14

* grey lines refer to the optimum flocculant dosage

However, the Al++ polymer continues to be an exoapsince despite having a
high charge density, the flocs are open and aseréssstant due to the presence of the two
branches. In fact, the branched polymers, in génampair the flocs resistance. Flocs
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produced with the branched polymers (Al++, E1+, €4 G1l+, Gl++++) are less
resistant than flocs produced with E1 and BHMW.sTlaict does not correlate well with
the d= and SE values calculated at the end of the flocculatioocpss (Table 3.5). Size
seems to be the factor that most affects the esmist to breakage, since the main
difference between the flocs produced with the eddht polymers, at the end of
flocculation, is on the flocs sizes (Table 3.4).n€equently, as the flocs size increases,
flocs resistance decreases. This is confirmed IgyrEi 3.20 where the flocs resistance
when they are submitted to sonication at 20 kHa &snction of the median flocs size at
the end of flocculation and for the optimum floantl dosage has been presented.

The results of Table 3.7 show also that the resist®f the aggregates submitted to
increasing hydrodynamic shearing forces follows 8@me trend as detected when
sonication was applied. Nevertheless, the decreasiee flocs size under hydrodynamic
shearing was less notorious than under sonicakuKes 3.5 to 3.12). This is due to the
way how the shearing force was applied. When thesflvere submitted to sonication the
stresses were applied to the entire floc resultimgupture by fragmentation, while the
increase of the pump speed corresponded to a stieas applied at the flocs surface only

and, thus, flocs rupture occurred by erosion.
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Figure 3. 20.Flocs break up as function of the median flocs &zé¢he optimum flocculant dosage.

Additionally, neither the branching and flocculamisage nor the flocs size seem to
affect flocs resistance when hydrodynamic sheasrapplied, since rupture by erosion is
not much dependant on the type of bonds establiahddneither on flocs structure. In
reality, what happens is that flocs reach anotlygiliebrium state where aggregation and

fragmentation rates are the same.
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3.3.3— REFLOCCULATION CAPACITY

From Figures 3.5 to 3.12 (LDS technique), it isdewt that the reflocculation
degree of the flocs is very small or practicallgxistent for all the polymers studied with
the exception of the BHMW polymer. As seen bef@&dMW acts mainly by the patching
mechanism. This bond type is only partially affectey the shear stress and, thus, these
bonds are more easily restored, resulting in adrigéflocculation percentage compared to
the other polymers that act mainly by bridging magbm. If flocs formed by bridging
mechanism break up, the polymer degrades and tloeaelation process becomes more
difficult (Tanakaet al, 1992; Norellet al, 1999; Alfanoet al, 2000; Blanceet al, 2005).
As described in the literature, the original polyrbends are not able to reform to their
previous extent, and, moreover, the polymer chainshe particle surface reconform,
increasing coverage of the surface and inhibitiefjocculation with fresh polymer
(Tanakaet al, 1992; Norellet al, 1999; Alfancet al, 2000; Blancaet al, 2005).

Mass fractal dimension and scattering exponentegatii the reflocculated flocs are
summarized in Table 3.8. The mass fractal dimengadnes of the reflocculated flocs are
slightly higher than before breakage (compare Widtble 3.5). This indicates a more
compact structure of the reflocculated flocs sitimerestructuring of particles due to shear
forces originates flocs which are more compact. $tnacture of the reflocculated flocs
produced by the E1 polymers series follows the saeral as described before for flocs
structure at the end of flocculation, i.e., floegsguced with the highly branched polymer
are less compact. The reflocculated flocs struotdren G1, G1+ and G1++++ were used
have, in general, a more open structure when cangpavith the respective medium
charge density polymer (E1, E1+ and El++++). Moegpvthe variation of the
reflocculated flocs structure with the degree @nahing is not so notorious as in the case
of the E1 series, following the trend described explained previously for flocs at the end
of flocculation (see section 3.3.1). Furthermorbew the hydrodynamically sheared flocs
are reflocculated the changedp (before and after breakage) is not so pronounsedra
the sonicated ones. This can be explained by tbetlat shearing led only to surface

erosion, and thus, restructuring did not occur.
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Table 3. 8.Mass fractal dimension and scattering exponent &ftainutes of reflocculation.*

_ v Dosage 10 kHz 20 kHz 1800 rpm 2200 rpm
Alpine-Floc
(mg/g) dr SE (03 SE (02 SE (02 SE
4 - - 158 257 - - 1.35 2.32
Al++
10 - - 1.62 1.89 - - 1.61 2.23
6 - - 153 244 - - 1.44 2.55
BHMW
14 - - 145 2.39 - - 142 2.47
152 255 154 257 159 251 161 247
El 4 1.63 242 165 248 169 244 161 237
164 245 165 251 158 260 159 251
- - 1.62 243 - - 1.66 2.53
El+ 12 - - 1.60 255 - - 1.62 2.56
16 - - 152 2.58 - - 155 254
6 168 234 169 231 160 234 161 243
El++++ 8 168 230 175 228 161 232 157 2.29
10 159 237 162 226 156 235 159 240
6 155 258 154 261 155 257 152 256
G1 10 1.60 236 160 246 117 254 127 2.56

14 154 235 157 241 127 259 127 2.65

20 162 247 160 247 165 251 168 249
Gl+ 30 158 248 158 249 142 244 145 244
40 150 234 152 238 126 246 128 243

20 162 244 160 244 163 243 165 243
Gl++++ 30 159 242 160 243 147 233 145 233
40 156 227 158 228 139 247 141 254

* grey lines refer to the optimum flocculant dosage

3.3.4— EFFECT OF MICROPARTICLES ON THE REFLOCCULATION PROCESS

Reflocculation tests with bentonite addition werenducted using the LDS
technique for E1, E1++++, G1 and G1++++ polymersflétculation with bentonite was
evaluated for the optimum flocculant dosage obthiawed for the lower flocculant dosage
studied and presented in the section 3.3.1. Thes fleere broken up by sonication (20

105



median size ( pm)

Chapter 3 — Flocculation Evaluation

kHz) or by increasing the pump speed (2200 rpm) taedbentonite was added after the
initial shearing being restored (see section 3.2.5)

Figures 3.21 to 3.24 describe reflocculation ressulhen bentonite is added after
breaking up flocs produced with E1, E1++++, G1 @id-+++ polymers respectively. The
respective kinetic curves without the addition ehtonite are also represented in the same
figures (points filled in black). For G1 and G1++s®éme kinetic curves, after break up,
are not complete due to the larger flocs obtairied originate sticky problems in the

equipment windows and obscuration values below 5%.
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Figure 3. 21.Reflocculation with bentonite after flocs breakatm) 20kHz and b) 2200 rpm for E1.
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Figure 3. 22.Reflocculation with bentonite after flocs breakatm) 20kHz and b) 2200 rpm for E1++++.
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Figure 3. 23.Reflocculation with bentonite after flocs breakatm) 20kHz and b) 2200 rpm for G1.
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Figure 3. 24.Reflocculation with bentonite after flocs breakatpm) 20kHz and b) 2200 rpm for G1++++.

Reflocculation percentages with bentonite obtaitgdthe LDS technique are

summarized in Table 3.9. Situation 1 correspondsheo reflocculation percentages of

reflocculated flocs with bentonite when flocs arelden up at the maximum in the kinetics

curve whereas Situation 2 corresponds to the maflation percentages of the

reflocculated flocs with bentonite when flocs areken up at the end of flocculation.
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Table 3. 9.Reflocculation percentages with bentonite of floosken up in the LDS equipment.*

Reflocculation of flocs for Reflocculation of flocs for
Dosage

Alpine-Floc™ (maa) situation 1 (%) situation 2 (%)
ma/g
20 kHz 2200 rpm 20 kHz 2200 rpm
£1 2 192 167 348 288
4 163 104 631 390
6 210 106 531 186
El++++
8 185 57 820 242
6 - - 500 -
Gl
10 0 - 690 -
20 62 31 559 -
Gl++++
30 26 23 538 138

* grey lines refer to the optimum flocculant dosage

For the four flocculants studied, bentonite additimproves significantly the
reflocculation capacity of the flocs after beingken up comparing with results obtained
without bentonite addition. When flocs are brokegm at the maximum in the kinetic
curves, reflocculation occurs with flocs restrustgrsince flocs size decreases during the
reflocculation process. Indeed, at this time fletrsicture is not fully stabilized yet. Flocs
are weaker (they break up easier) but polymer dedgi@n is lower. As a result, the
polymer is able to reconforme and the bentoniteads less effective than when flocs are
broken up at the end of the flocculation processnFFigures 3.21 to 3.24 and Table 3.9,
it can be seen that reflocculation capacity is nsigeificant when bentonite is added after
breaking up the flocs at the end of flocculatiam.this case, flocs restructuring does not
occur during reflocculation. Moreover, when flogg &#roken up at the maximum in the
kinetic curve, the bentonite action is more siguaifit when a lower flocculant dosage is
used. In this case, flocs produced with less amofiritocculant are weaker than those
produced with the optimum dosage. The same doesawoir when flocs are broken up at
the end of the flocculation process because atpibiist the flocs structure is more similar
to the flocs structure observed for the optimumades

In addition, reflocculation degree is higher whiat$ are broken up by sonication.
In fact, despite the reflocculated flocs size besngilar independently of the applied
shear, since flocs break up is higher when floessabmitted to sonication, the resulted

reflocculation degree is higher. The results of Ttable 3.7 confirm that the bentonite
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action depends mainly on the flocs resistance. eleas the flocs break up increases the
bentonite effect is more pronounced.

The charge density seems to affect the bentoniteradndeed, for the polymers of
low charge density G1 and G1++++ reflocculationtvidentonite is less significant mainly
when the flocs are broken up at the maximum inkihetic curve (Situation 1) than for
Situation 2. As seen before, when the flocs brgaktuthe maximum in the kinetic curve
the polymer degradation is low. Reflocculation withntonite becomes more difficult as
the polymer charge density decreases because thmgrochains that are not degraded
adsorb at the particle surface in a much extendmdfiguration. The reflocculation
mechanism with bentonite presented in Figure k8tien 1.2.2.4) is not feasible.

The microparticulate system also affects the stinecof the reflocculated flocs. In
Tables 3.10 and 3.11, mass fractal dimension amdtesing exponent values of the
reflocculated flocs with and without bentonite atempared when either flocs are
submitted to sonication or to an increase of thenpwspeed, respectively. Situation 1
corresponds to the structure of reflocculated flwih bentonite when flocs are broken up
at the maximum in the kinetics curve whereas Siina2 corresponds to the structure of
the reflocculated flocs with bentonite when floecs Aroken up at the end of flocculation.
Data are not available for G1 since for this polyna¢ the end of reflocculation, the results

are out of the quality range.

Table 3. 10.Mass fractal dimension and scattering exponenthefreflocculated flocs with and without

bentonite after breaking up flocs at 20 kHz.*

without bentonite Situation 1 Situation 2
_ v Dosage
Alpine-Floc dr SE (0 SE (0 SE
(mg/g)
- 2 1.54 2.57 1.29 2.52 1.23 2.52
4 1.65 2.48 1.34 2.55 1.20 2.61
6 1.69 2.31 1.25 2.45 1.25 2.49
El++++
8 1.75 2.28 1.29 2.48 1.22 2.37
6 1.54 2.61 - - - -
G1
10 1.60 2.46 - - - -
20 1.60 2.44 1.30 2.33 1.48 2.13
Gl++++

30 1.60 2.43 1.32 2.36 1.48 2.08

* grey lines refer to the optimum flocculant dosage
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Table 3. 11.Mass fractal dimension and scattering exponenthefreflocculated flocs with and without

bentonite after breaking up flocs at 2200 rpm.*

without bentonite Situation 1 Situation 2
_ ™ Dosage
Alpine-Floc dr SE (0 SE (0 SE
(mg/g)
£1 2 1.61 2.47 1.21 2.53 1.21 2.56
4 1.61 2.37 1.37 2.47 1.17 2.54
6 1.61 2.43 1.22 2.47 1.21 2.49
El++++
8 1.57 2.29 1.27 2.49 1.18 2.40
6 1.52 2.56 - - - -
Gl
10 1.27 2.56 - - - -
20 1.65 2.43 1.28 2.32 1.30 2.32
Gl++++
30 1.45 2.33 1.34 2.33 1.37 2.10

* grey lines refer to the optimum flocculant dosage

Reflocculated flocs with bentonite have, in genesalmore open structure when
comparing with that obtained without bentonite maias far as the primary flocs are
consideredd values). In fact, when bentonite is used, theocefllation is very high, and
thus, the reflocculated flocs with bentonite angéa and more open than those produced
without bentonite. Furthermore, the flocs structibeeomes much more open when flocs
were broken up at the end of flocculation (Situat®). In this situation, as seen before, the
reflocculation capacity is higher since the bertmiction is more significant, and thus,
flocs produced are larger and more open than thecoalated flocs in Situation 1. The
flocs produced with E1++++ and with bentonite coné to have a more open structure
when comparing with those produced with the lineae E1. The polymer of low charge
density (G1++++) used with bentonite produces agmrexpected, flocs with a more open
structure. There are not significant differencedhe structure of the reflocculated flocs

with bentonite when flocs are submitted to sonaratr to an increase of the pump speed.

Figures 3.25 to 3.27 illustrate the reflocculatimmocesses with bentonite carried
out in the FBRM equipment for E1, E1+ and El+++ecflulants respectively, in terms of
the evolution of the floc mean square size withetifor the optimum flocculant dosage.

Furthermore, reflocculation without bentonite aumtdit (full symbols) as well as the
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complete flocculation process without breakage tfooous line) are also described, in

order to evaluate the effect of the bentonite anldion the reflocculation process. In the

FBRM equipment, the flocs were broken up 30 secamdisone minute after the flocculant

addition. As for the LDS experiments, one minuteregponds to the time where the flocs

have a stable structure and 30 seconds correspondgneral, to the maximum of the

kinetics curve obtained by FBRM. Bentonite was glsvadded after flocs break up, and

two different stirring speeds (450 and 650 rpm)emvesed for the break up of the flocs.

Figures 3.28 to 3.30 present the same resultobtité lower flocculation dosage studied.
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Figure 3. 25.Resistance of flocs produced with 4 mg/g of E1Gg &1d b) 1 min after the flocculant

addition and reflocculation with bentonite.
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Figure 3. 27.Resistance of flocs produced with 8 mg/g of E1+&}80s and b) 1 min after the flocculant

addition and reflocculation with bentonite.
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Figure 3. 28.Resistance of flocs produced with 2 mg/g of E1Gg &1d b) 1 min after the flocculant

addition and reflocculation with bentonite.
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Figure 3. 29.Resistance of flocs produced with 4 mg/g of E18@8 and b) 1 min after the flocculant

addition and reflocculation with bentonite.
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Figure 3. 30.Resistance of flocs produced with 4 mg/g of E1+&}80s and b) 1 min after the flocculant

addition and reflocculation with bentonite.

From the results of Figures 3.25 to 3.30, the brgakercentages, when flocs are
broken up 30 seconds and one minute after floctaldaition, were calculated in the same
manner as for the break up percentages presentédble 3.7 and are summarized in
Table 3.12.

Table 3. 12.Flocs break up percentages for E1, E1+ and E1++si#iguhe FBRM technique.*

Dosage Break up after 30s (%) Break up after 1min (%)
(mg/qg) 450 rpm 650 rpm 450 rpm 650 rpm

Alpine-Floc™

2 35 39 29 43
El
4 23 41 19 37
4 27 28 31 36
El+
10 3 25 16 25
4 24 30 14 23
El++++
8 15 28 8 22

* grey lines refer to the optimum flocculant dosage

As verified with LDS measurements, as the shedonges increase, the flocs break
up increases. Moreover, with FBRM measurementsvémeh comparing results obtained
for the optimum flocculant dosage, it is possildeconclude that flocs produced after one
minute of the flocculant addition are, in genenadre resistant than flocs that are produced
30 seconds after flocculant addition. In fact, asthe LDS results, at 30 seconds of the
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flocculation process, the flocs structure is ndiyfatabilized yet, and thus, polymer chains
are weakly attached to the particles. Moreovertherlower shearing rate, flocs resistance
is higher for the optimum flocculant dosage. Fob dm, no significant differences on the
flocs resistance as concentration changes weretddteAdditionally, the effect of the
shear force intensity is not significant on floesdk up when the amount of the flocculant
used is lower than the optimum one. On the othadhsince the flocs size is very similar
between the flocculants used, no significant déifere on flocs resistance for the different
flocculants tested could be detected by FBRM, nyaanl650 rpm. Indeed, the Figure 3.31
that represents the break up percentages as aolundtthe flocs size before the break up
with 650 rpm confirms that the breakage dependsiyan the flocs size. As verified also

by the LDS measurements, the flocs break up inesecas the flocs size increases.
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Figure 3. 31.Flocs break up percentages as a function of tleeddithe flocs before breakage and produced

with E1, E1+ and E1++++ for the optimum flocculdasage.

Reflocculation percentages with bentonite obtaingd FBRM measurements
(Figures 3.25 to 3.30) are summarized in Table.3Th& results from Table 3.13 and the
observation of the curves in Figures 3.25 to 3rificate that, in general, the bentonite
addition improves significantly the reflocculatigorocess. As detected in the LDS
measurements, this improvement increases as tlws thoeak up increases. In fact,
reflocculation percentages are higher as the sigpaaie used to break the flocs increases.
In the same way, since flocs produced with a smaheount of flocculant are weaker than
those produced with the optimum flocculant dosagble 3.12), the bentonite action is
more significant in that case. For the results ioleth with E1+ these effects are quite
evident. Indeed, on Table 3.12, for this flocculahe flocs break up is very low at 450

rpm and in this case, the bentonite does not hayeetiect on the reflocculation process
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(Table 3.13). Furthermore, for the optimum flocauldosage break up is much lower, and
thus, reflocculation with bentonite is also lowktoreover, comparing the reflocculation
degree obtained for the optimum dosage of E1 and-Et, values are very similar since,
as seen before (Figures 3.25 to 3.30), the flamssspbtained by FBRM are, in this case,
very similar.

The trends detected for the reflocculation withtbare using the FBRM technique
agree well with the results obtained by LDS whegatbnite was added after flocs break
up at the maximum in the kinetic curve (Table 39pwever, in the LDS equipment

reflocculation was even more intense because hngddy sonication is more effective.

Table 3. 13.Reflocculation percentages with bentonite of floosken up in the FBRM.*

5 Reflocculation of flocs Reflocculation of flocs
osage
Alpine-Floc™ ( /g) broken up after 30s (%) broken up after 1min (%)
mg/g
450 rpm 650 rpm 450 rpm 650 rpm
67 94 82 118
El
39 67 35 80
4 88 109 100 111
El+
10 0 19 0 16
4 27 39 32 40
El++++
8 37 87 36 70

* grey lines refer to the optimum flocculant dosage

3.3.5—EFFECT OF WATER CATIONIC CONTENT ON FLOCCULATION PROCESS

Similar flocculation tests were conducted in theS.Bquipment using industrial
water as the suspending medium for the E1, E1+Ednek++ polymers. Figures 3.32 to
3.34 compare flocculation, deflocculation and refldation kinetics obtained in industrial
water with those obtained in distilled water foe thptimum flocculant dosage in each case
and for a lower concentration. The kinetics of tleeculation process in industrial water
follow a pattern that is similar to the patterntbé flocculation in distilled water, though
slightly faster in the industrial white water. lact, it is known that the thickness of the
double layer surrounding the particle surface ddpampon the concentration of ions in
solution and can be calculated from the ionic gitlerof the medium: the higher the ionic
strength, the more compressed the double layemiesxoTherefore, the thickness of the
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double layer of the PCC particles was reduced duleg high cationic content of the white
water and this contributed to the faster floccolatof the PCC particles. Flocculation,
though being mainly due to bridging, is facilitateg the decrease of the repulsive forces

and this is why velocity is slightly higher.

a) —a— 4 mg/g (distilled water) b) —a—4 mg/g (distilled water)
200 - —e— 8 mg/g (distilled water) 200 - —e— 8 mg/g(distilled water)
- —— 8 mg/g (industrial water) . —a— 8 mg/g (industrial water)
%_ 150 1 —o— 20 mg/g (industrial water) E:_ 150 4 —o— 20 mg/g (industrial water)
@ B v =
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time (min) time (min)
Figure 3. 32.Flocculation, deflocculation and reflocculation vl in distilled and industrial water when
flocs are submitted to a) sonication at 20 kHz bhihcrease of the pump speed to 2200 rpm.
250 - a) —a— 12 mg/g (distilled water) o
25 mg/g (distilled water) 250 - —a— 12 mg/g (d!st!lled water)
200 1 —a— 25 mg/g (industrial water) +—25mg/g (Fj'SI'IIeC_i water)
o) > 35 mg/g (industrial water) 200 - —a— 25 mg/g (industrial water)
= % —o— 35 mg/g (industrial water)
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[)) | — i |
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Figure 3. 33.Flocculation, deflocculation and reflocculation viE1+ in distilled and industrial water when

flocs are submitted to a) sonication at 20 kHz lhohcrease of the pump speed to 2200 rpm.
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Figure 3. 34.Flocculation, deflocculation and reflocculation kvE1++++ in distilled and industrial water

when flocs are submitted to a) sonication at 20 &hid b) increase of the pump speed to 2200 rpm.

Moreover, with industrial water, restructuring wass effective when using E1+
and E1++++ since the flocs size decreased less ddn be explained by a salting-out
effect caused by the high cationic content of tgustrial water; the polymer adopts a
more coiled structure and, thus, the capabilityremonformation is reduced (Shubin and
Linse, 1997; Hulkko and Deng, 1999; Greenwood amadéll, 2000). In fact, the zeta
potential does not decrease during flocculationcas be observed in Figure 3.35,
therefore, the reduction of the polymer reconforamatcapability is confirmed. The
polymer chain of E1 is also affected by the saltig) effect but the flocs size decrease
during flocculation is more pronounced than initlest water (Figure 3.32). Considering
that the polymer chain adopts a more coiled strecio the presence of salts, a flat
adsorption on the particle surface is no longesitds, and thus, chains of E1 in industrial
water have a similar behaviour as E1+ in distilleder, i.e., becomes more flexible.

Moreover, before the maximum in the kinetic curdhee to the very fast adsorption
of this polymer at particle surface, particles dat have enough time to reach stable
positions. As a result, there is enough spaceestructuring of the polymer chain to occur
afterwards, with the consequent decrease in floos &s observed in Figure 3.32. The
slight decrease of the zeta potential during fléettoon in industrial water is an indication

that reconformation of the E1 polymer exists (Feg8r35).
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Figure 3. 35.Zeta potential at different stages of the flocdalaprocess in industrial water for the optimum

dosage of E1, E1+ and E1++++.

For flocculation in industrial water, higher polymeosages are, in general,
required, in agreement with the lower zeta potémtiahe initial PCC particles (Figure
3.35). In fact, since the industrial water contaim@re contaminants, the surface charge of
the PCC patrticles in industrial water is more negathan in distilled water, and thus, a
higher amount of polymer is necessary to neutrahnse charges. Studies have shown that
polymer adsorption is promoted by decreasing thiecemcentration (Shubin and Linse,
1997; Stoll and Chodanowski, 2002). Consequentlyndustrial water, a larger amount of
polyelectrolyte was needed to obtain the samegbadurface coverage with the polymer.

Nevertheless, the optimum flocculant dosage for Edrtinued to be higher than
for E1++++ and again the lowest value was obtaifoedEl (35 mg/g, 30 mg/g and 20
mg/g, respectively). It is interesting to note tlsame tests conducted with “simulated
industrial water” (distilled water to which exacttile same cations as in the industrial
water were added) do not show the same trendsthghw real industrial water. Therefore,
in fact, the higher negative charge of the PCCiglae#t in the white water is a determinant
factor for the results.

The high cationic content of the industrial watdsoaalters the effect of the
branching of the polymer in flocculation. The floobtained in distilled water with E1+
are, in general, larger while in industrial watee topposite happens. E1++++ is less
affected by the salting-out effect than E1+ duégsmaller gyration radius (Huarmg al,
2000). Concerning E1, the polymer which now hasoaencoiled structure, flocs where the
distance between particles is higher are obtaire=iilting in larger flocs than in distilled

water, which are more similar to the ones prodwegid E1++++, also in industrial water.
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These effects are also reflected in the fractaledision and scattering exponent
values shown in Table 3.14. For the optimum come#inhs, the structure of flocs
produced by E1+ and E1++++, at the maximum in thetic curve, is denser in industrial
water than in distilled water (Table 3.5) as a ltesithe more coiled structure adopted by
the polymers. Furthermore, these differences aagndgss pronounced for E1++++. For
E1, the high decrease of tB& value from distilled to industrial water indicatémt flocs
structure becomes more open in industrial watetedd, as explained before, the salting-
out effect allows an increase of the polymer chribility, and thus, produces larger
flocs with a more open structure than in distileater. This difference is more evident for
the secondary aggregates (by comparison oSthealues) since secondary aggregates are
still very loose at the maximum in the kinetic ceirdue to the very fast kinetics in

industrial water.

Table 3. 14.Mass fractal dimension and scattering exponenpesfin industrial water.*

Alpine-Floc™ Dosage Max. of kinetic curve End of flocculation
(mg/g) de SE o SE
8 1.51 2.47 1.48 2.66
El 20 1.40 1.45 1.37 2.64
25 1.42 1.66 1.17 2.62
25 1.47 2.12 1.38 2.61
E1l+ 35 1.45 1.98 1.27 2.60
40 1.29 1.84 1.06 2.57
10 1.44 2.45 1.43 2.60
El++++ 30 1.53 1.75 1.30 2.57
35 1.33 2.26 1.23 2.58

* grey lines refer to the optimum flocculant dosage

At the end of flocculation, the behaviour is verjfatent from that observed in
distilled water. Indeed, in distilled water bothrmpary and secondary flocs have a denser
structure at the end of flocculation than at theximam in the kinetic curve, due to flocs
restructuring. In industrial water, the secondaygragates are effectively denser at the end
of flocculation but primary aggregates become #$ljghess compact. Reconformation
occurs mainly at the secondary aggregates levelusecprimary aggregates were already

guite compact at the maximum of the kinetic curve.
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Despite these differences in the flocs structune, same trend is observed in
distilled and in industrial water, relatively toetflocculant concentration. As the flocculant
concentration increases the mass fractal dimerasionthe scattering exponent, at the end
of flocculation, decrease.

The effect of sonication and of pump speed on ftessstance in industrial water is
similar to the one observed in distilled water (Feps 3.7 to 3.9 and Figures 3.32 to 3.34).
The results in Tables 3.7 and 3.15 show that thisteasce of flocs produced with E1 and
El++++ is similar in both waters when comparingueal obtained for the optimum
dosages. However, for the optimum dosage, the flomduced with E1+ are more resistant
in industrial water than in distilled water. Hergam, the flocculant branching seems to
have little effect on flocs resistance becausdltus structure at the end of flocculation is
similar. As in distilled water, it is the flocs sizhat most affects the flocs resistance. This
explains the higher resistance of flocs producetth \Eil+, in industrial water, which are
smaller in size.

Flocs produced in industrial water become generallye compact after breakage
than those produced in distilled water, mainly whesakage occurs by sonication (Tables
3.9 and 3.16). These differences are more notorotlee secondary flocSEvalues). The
secondary aggregates are more compact in industaalin distilled water (Tables 3.9 and
3.16). When the breakage resulted from hydrodynaiéaring (erosion mechanism) the

densification is almost negligible.

Table 3. 15.Flocs break up percentages for the flocculantsestiid industrial water.*

Dosage Break up (%
Alpine-Floc™ J P )
(mg/g) 20 kHz 2200 rpm
8 40 16
E1l
20 55 5
25 31 17
El+
35 40 9
10 36 18
El++++
30 60 12

* grey lines refer to the optimum flocculant dosage
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Table 3. 16.Mass fractal dimension and scattering exponent &ftenin of reflocculation in industrial

water.*
Dosage 20 kHz 2200 rpm
Alpine-Floc™ J P
(mg/g) de SE (03 SE
E1 8 1.50 2.66 1.52 2.66
20 1.45 2.65 1.37 2.69
25 1.46 2.62 1.41 2.68
El+
35 1.45 2.59 1.23 2.65
10 151 2.63 1.48 2.62
El++++
30 1.49 2.59 1.30 2.64

* grey lines refer to the optimum flocculant dosage

3.4 - CONCLUSIONS

Firstly, the results obtained in this chapter destiated the advantage of using the
LDS technique to evaluate and understand the flaton process and to determine the
flocs characteristics. The developed experimentathodology allows, in a single
integrated test, the acquisition of information tre evolution with time of flocs
dimensions and structure and also the evaluatiofloot resistance and flocculation
kinetics. This led to the definition of the optimufiocculant dosage and to the
understanding of the flocculation mechanisms inedl¥hat could be correlated with the
mass fractal dimension and the scattering expooketite flocs. With this method, it was
possible to study the influence of polyelectrolgtearge density and degree of branching
and polymer concentration on the flocculation psscef PCC, used in papermaking, and
on flocs properties.

Thus, it is legitimate to conclude that LDS is aluable tool to assess the
performance of polymeric flocculants, being patacly suited to study flocculation in a
turbulent environment. The results obtained by ienagalysis confirmed the validity of
the LDS results. Furthermore, it was demonstratedl the LDS technique is a better tool
to determine flocs characteristics than other il techniques like image analysis.

The comparison of flocculation tests induced byheigolymers with high

molecular weight shows that polymer charge denpityymer structure and dosage affect
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the flocculation mechanism and the flocs structuks. the flocculant concentration
increases, the flocculation rate decreases and $livacture becomes more open.

Moreover, flocculants of low and medium charge dgnact by the bridging
mechanism whereas flocculants of high charge defisicculate mainly by the patching
mechanism. However, the capacity to form patchioigds is reduced due to the very high
molecular weight of the polymers of high chargesiignstudied. The optimum flocculant
dosage decreases as the polymer charge densiBases. As a result, as the polymer
charge density decreases flocs produced are langehave a more open structure.

When flocculation takes place by bridging, flocsstrecturing occurs during
flocculation. This was confirmed by the zeta panimeasurements that indicate the
existence of polymer reconformation during the dldation process. However, these
measurements do not allow obtaining information uabthe optimal dosage, the
flocculation mechanism or the flocculation kinetics

Furthermore, branching of the polymer of high cleadgnsity also reduced the
capacity to form patching bonds. For the polymdrmedium charge density studied, the
optimum flocculant dosage increases when going fadmear to a branched structure but,
for the very high branched polymer the optimum desslightly decreases. Flocculation is
faster when linear polymers are used. Moreovecsfl@structuring is less notorious when
linear and highly branched polymers are used. i fifst case, flocs restructuring is
reduced due to the high speed of the flocculatioocess. In the second case, flocs
restructuring is reduced because polymer reconfitomaecomes more difficult due to the
more coiled structure of this polymer. Consequerntigse polymers produce smaller and
denser flocs when comparing with the low branchelyrpers, the linear polymer being
the one that produces the smallest and densed. fladditionally, the effect of the
branching degree on the flocs structure and sizesss significant when polymers of low

charge density are used.

LDS was also successfully applied to study defltatean and reflocculation
processes when flocs were submitted either to atiait or to an increase of the
hydrodynamic shearing, in the same test carriedmsiiudy the flocculation stage.

Despite the decrease in the flocs size under hyd@dic shearing being less
notorious than under sonication, the same trerelsletected. When flocs were submitted
to sonication the rupture occurs by fragmentatidmient occurs by erosion when flocs are

submitted to the increase of the pump speed. It shasvn that when the polymer is in
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excess, flocs strength can increase. On the othed,has the polymer charge density
increases the flocs resistance increases. HowenEpendently of the charge density, the
presence of the polymer branches reduces flocstaese but this reduction of the flocs
strength is mainly due the flocs size. As the fl@tse increases the flocs strength
decreases.
Reflocculation is very small or practically inexast for all the polymers studied,

with the exception of the linear polymer of highaolee density that produces flocs that
partially reflocculate. The structure of the reftatated flocs is always more compact than

before flocs break up and continues to be more agdhe charge density decreases.

The LDS technique was, in the same way, used teshate, with success, the
effect of the microparticles on the reflocculatiprocess and the influence of the water
cationic content on flocculation, deflocculationdareflocculation processes and on flocs
properties.

Reflocculation of flocs produced with polymers oM and medium charge density
combined with microparticulate systems was sigaiftty improved. As the flocs strength
decreases the effect of the microparticles on cetltation increases. However, the charge
density of the polymers affects the action of theraparticles during reflocculation. The
action of the micropatrticles is reduced as the gdaensity decreases. Reflocculated flocs

without microparticles have a denser structure tieflocculated flocs with micropatrticles.

Additionally, FBRM, a particle size measuremenhtgque that has been reported
in the literature as a tool to monitor flocculationpapermaking was also applied in this
study. The FBRM measurements performed agree willthose obtained by the LDS for
the flocculants of medium charge density, and teumsilar conclusions could be extracted
about the effect of the polymer structure on thenapm flocculant dosage, on flocculation
kinetics, deflocculation and reflocculation proeassHowever, this technique does not
allow evaluating, for the flocculants studied, #ifgect of the polymer properties on the
flocs characteristics (size and structure) becafsthe experimental conditions in the
FBRM. Indeed, the high concentration of the susipenand the high shear rate needed to
perform flocculation tests using FBRM, result irywéast flocculation kinetics (occurring
in less than 1 minute) and in similar flocs sizéependently of the degree of the polymer
branching. Moreover, FBRM could not be used wheh ltoncentrations of polymer were

required, or when very large flocs were obtainagk tb adhesion problems, as was the
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case with the G1 series. Adhesion made it alsaocdlff to study, in some cases,
reflocculation induced by microparticles. Furthermodue to test limitations to induce
flocs break up, it is also more difficult to stuflycs resistance if the FBRM technique is
used. Another difficulty experienced with the FBRfdchnique had to do with the
uncertainty of the first points in the flocculatidinetics curves, due to the fact that
particles smaller than 5 pum can not be detectdedBRM. Hence, to study the effect of the
polymer properties on the flocculation, defloccidatand reflocculation processes and on
the flocs characteristic, the LDS technique protetbe more adequate. Furthermore, the
LDS technique allows estimating the flocs structuyehe fractal dimension calculation.
Despite the flocculation processes monitored by MBReasurements being closer
to the industrial scale processes, the LDS teclenigan be a good tool to screen
flocculants performance for these industrial preessindeed, it was proved that doubling
the particles concentration did not alter the fldaton process. Moreover, the results
obtained by LDS can be extrapolated to the indaisttale since the main conclusions
obtained with the FBRM measurements are similathiose obtained with the LDS

measurements.

Finally, having in mind water closure in industrialants, flocculation was also
performed in industrial water (white water). Thehicationic content of the industrial
water enhances the flocculation kinetics. Nevee$®l the optimum flocculant dosage
becomes higher in industrial water due to the ncorked conformation of the polymer and
the presence of contaminants which increases tlielpaeta potential. Flocs restructuring
is less notorious and this was confirmed by zet@mi@l measurements. The branched
flocculant is less affected by the cationic conteinthe water. For the linear polymer, the
more coiled configuration of the polymer in indistrwater results in larger and less
compact flocs than in distilled water. The effetsonication and of pump speed on flocs
resistance when industrial water is used is simdathe one observed in distilled water.
Moreover, since flocculation occurred by the bnugi mechanism, reflocculation
capability of the flocs is very low in industrialater and the reflocculated flocs become,
generally, more compact than those produced iilddivater.

It can be concluded that highly branched floccidaare less affected by the water
cationic content in all the stages, flocculatiord dameak up, thus leading to similar flocs

structures independently of the suspending medium.
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CHAPTER 4 — RETENTION AND DRAINAGE
EVALUATION IN THE DYNAMIC DRAINAGE ANALYSER

4.1 - INTRODUCTION

In papermaking, chemical flocculation is fundaméritet achieving both a high
retention and a high drainage rate simultaneouwysperg and Strom, 1994; Whipple and
Maltesh, 2002, Cadotiet al, 2007). However, the choice of the retention gstems has
to be made with caution since retention, drainage sheet formation depend on several
factors for example on flocculants characteristind dosage or residence time (Nostl|
al., 1999).

The branched polymers are expected to exhibit bpgeformance than the linear
ones on fast paper machine, and thus, have aisamtifpotential as papermaking retention
aids (Shinet al, 1997a, 1997b; Brouillettet al, 2004, 2005). However, the few studies
presented so far have always been based on reteariob drainage performance of these
polymers in microparticulate systems. Hence, ibfiggreat interest to study these new
polymers in single component system in order toewstdnd better the mechanisms
involved.

Therefore, the objective of this study is to evtduthe effect of the degree of
polymer branching on retention and drainage perdmice and, simultaneously, to correlate
the results with flocculation kinetics and floceusture making use of the flocculation tests
presented in Chapter 3. Additionally, the effectsflocculant concentration, flocculant
charge density and flocculant contact time withftiraish were investigated.

Drainage tests were performed in a Dynamic Drairfagalyser which was kindly
provided by the Paper and Forest Research InsiRAtg (Portugal).

The pulp suspension at 1% of consistency and wig »f PCC was flocculated
with seven of the flocculants used in Chapter 3NBM, E1, E1+, E1++++, G1, G1+ and
G1++++). Flocculation was performed varying thecfiolant dosage. The optimum
flocculant dosage found by LDS technique (Chapjen&s always tested. Moreover, two

different flocculant contact times were tested.

125



Chapter 4 — Retention and Drainage Evaluation ie DDA

4.2 - EXPERIMENTAL STRATEGY

4.2.1- MATERIALS

In all experiments a eucalyptus bleached kraft pudg used. The length weight of
the fibres was 0.582 mm. The pulp suspension, gdfito 32° SR, was diluted to a
consistency of 1% in distilled water.

The PCC suspension and the flocculant solutiong wegpared in distilled water in

the same manner as described in section 3.2.1.

4.2.2— DRAINAGE EVALUATION

Drainage tests were carried out using the dynamamadge analyser (DDA, AB
Akribi Kemikonsulter) which is able to come as do® papermaking conditions as
possible (see section 1.2.5.1).

The pulp suspension was prepared by mixing 500 fthe fibre suspension and
100 mL of the PCC suspension (20% (w/w of fibr&)e mixture was added to the DDA
vessel equipped with a 3%0n square openings wire. In this way, a solid cotregion
(fibore + PCC) of 10 g/L was reached. The vacuum wasntained at 30 kPa and the
stirring speed in the vessel was 800 rpm. The sisspe of fibore and PCC was stirred
during 2 minutes before the addition of the floezulin an adequate concentration. For
each experiment, the flocculant contact time vafredh 30s to 90s and a drainage test

without flocculant (blank) was performed daily.

4.2.3— RETENTION EVALUATION

The wet sheets obtained from the drainage testeiDDA were used to determine
fines and filler retention. The residues collectegte dried at 105°C to calculate the total
solid retention. Afterwards, the samples were bdira¢ 600°C during 16 hours to
determine the PCC retention degree (Fermiia. 2005).
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4.3 — RESULTS AND DISCUSSION

4.3.1—- RETENTION AND DRAINAGE

4.3.1.1 — Drainage results

Drainage tests were performed for the optimum flkexat dosage found by LDS
and for a common flocculant dosage, 6 mg/g (mgladculant/g of PCC) for all the
flocculant used. Moreover, for G1+ and G1l++++, dage tests were performed for 20
mg/g and for E1 and E1+, flocculant dosages of 2gnagd 16 mg/g, respectively, were
also tested. For the BHMW polymer, drainage testsewalso performed for 2 mg/g.
Flocculant dosages tested in the DDA are summaiizdable 4.1 for all the flocculants
used. As an example, Figure 4.1 shows the draicagess obtained for E1 when the

flocculant contact time was 90s.

Table 4. 1.Flocculants dosages tested in the DDA.

Alpine-Floc™ Gl Gl+ Gl++++ E1  E1+ El++++ BHMW
Optimum dosage
10 30 30 4 12 8 6
found by LDS (mg/qg)
Others dosages (mg/g) 6 6, 20 6, 20 2,6 6,16 6 2

Vacuum (kPa)

Time (s)

Figure 4. 1.Drainage curves obtained for several E1 dosagefoar®d seconds of contact time.
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The main results obtained from the drainage tesksir(age time, sheet
permeability, total solid retention and PCC retem}tiin the DDA are summarized in
Tables 4.2 and 4.3.

Table 4. 2.Drainage tests results for 30 seconds of contan. ti

_ _ Final vacuum  Total solid PCC
Alpine- Dosage Drainage _ _
™ ) through the sheet retention retention
Floc (mg/g) time ()
(kPa) (%) (%)
Blank - 5.10 16.8 84.3 11.5
o1 6 3.81 14.4 94.1 73.1
10 3.78 14.2 94.7 76.3
6 4.96 16.7 89.7 41.9
G1+ 20 5.14 16.2 94.7 72.2
30 5.34 16.1 95.8 78.6
6 4.82 16.2 86.0 24.9
Gl++++ 20 4.70 16.0 94.0 73.4
30 4.68 16.0 94.7 77.7
4.27 15.8 92.6 59.8
El 4 3.73 14.9 95.5 76.9
3.42 14.4 96.6 83.5
6 4.05 15.2 96.0 78.9
El+ 12 3.48 14.5 96.0 78.8
16 4.16 14.9 96.0 78.9
6 3.78 14.6 95.4 76.5
El++++
8 3.56 14.2 95.4 76.2
2 591 18.0 93.8 72
BHMW
6 4.92 17.0 94.0 73.3

* grey lines refer to the optimum flocculant dosage
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Table 4. 3.Drainage tests results for 90 seconds of contant. i

_ _ Final vacuum  Total solid PCC
Alpine- Dosage Drainage . .
™ _ through the sheet retention retention
Floc (mg/qg) time (s)
(kPa) (%) (%)
Blank - 5.10 16.8 84.3 115
o1 6 3.76 14.7 94.6 75.8
10 3.78 13.7 95.9 83.9
6 4.93 16.7 89.6 41.5
Gil+ 20 4.98 16.2 95.0 73.5
30 4.93 16.2 95.7 77.6
6 4.67 16.5 88.4 39.2
Gl++++ 20 4.62 15.9 94.8 78.0
30 4.45 16.1 96.7 89.4
4.89 16.6 94.6 71.7
El 4 4.39 16.1 95.6 77.4
4.01 16.0 96.0 79.9
6 4.02 15.3 96.6 82.1
El+ 12 3.49 14.5 96.5 81.7
16 3.64 14.7 95.6 76.1
6 3.99 15.4 94.8 72.3
El++++
8 3.67 14.8 95.2 75.1
2 6.65 18.3 93.9 72.6
BHMW
6 5.90 18.4 93.8 72.4

* grey lines refer to the optimum flocculant dosage

In order to compare drainage results, the norméldrainage times were calculated
relatively to the drainage time of the blank t83$te normalized drainage times for 30 and
90 seconds of contact time are represented in €gdr2 and 4.3 as a function of
flocculant dosage, for all the flocculants test@tie average drainage time for blank
experiments is 5.1 seconds(.5s).

The addition of G1+ and G1++++ does not improvedranage time relatively to

the blank. For the high flocculant concentraticios, which G1+ and G1++++ reach the
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optimum flocculant dosage, the amount of flocculanio high leading to an increase of
the suspending medium viscosity, and thus, to arease of the drainage time. On the
contrary, when dosed at a lower level of 6 mg/g,dbagree of flocculation is low, far from
the optimum flocculant dosage (30 mg/g) resultingai drainage time close to the one
observed for the blank unflocculated suspensiore $&ime occurs when 2 mg/g of the
BHMW polymer is used resulting in a higher drainéigee when comparing with what is
observed for the unflocculated suspension.

For the other polymers, all the flocculated susmerssexhibit a lower drainage
time than the unflocculated one. As the flocculaohcentration becomes close to the
optimum dosage, lower drainage times are obserexce, despite the flocculation results
being related only with the flocculation of PCC peission and the operating conditions
being different in the DDA and in the LDS, it isgsible to observe a good correlation
between the flocculation tests (performed in theS)nd the drainage tests performed in
the DDA. In fact, it is observed that a lower deaje time (DDA) corresponds to the
optimum flocculant dosage determined by LDS. Tlais be explained by the fact that in a
composite furnish containing refined fibres, fireewd filler particles, the polymer adsorbs
preferentially on the filler and flocculates it (\@ghle and Maltesh, 2002). Thus, LDS and
DDA tests can be regarded as complementary tecésitppre-screen flocculants for use

in papermaking.

Contact time: 30 sec
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Figure 4. 2.Normalized drainage time as function of flocculemncentration for 30s of contact time.; —

optimum dosage).
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In the case of E1+, if the flocculant concentratiocreases too much, the drainage
time increases again. When the flocculant is inesgcthe flocculation progresses at a
lower rate as shown by LDS and, thus, for the flidexet contact time used in these studies
the flocs are still too small (low flocculation) cathe sheet structure is relatively close to
the blank and so is the drainage time.

The flocculant contact time is also an importantapeeter. For the E1 series and
for the BHMW polymer, the increase in the contadotet results in an increase in the
drainage time while for the G1 series the increadbe contact time results in a decrease
in the drainage time. However, the highest drairntage variations with the contact time
are observed for the linear polymers BHMW, E1 arid e trend of the drainage time
with flocculant contact time observed for the Etlieseand the BHMW polymer agrees
with the work of Forsberg and Strom (1994). Theyndastrated that the increase of the
drainage time with the contact time is due to tlodymer configuration at the particle
surface. At the first stage of the flocculation ggss the polymer has an extended
conformation at the particle surface but as the tintreases the flocs become smaller and
more compact due to the polymer reconformationdeygtadation. In this case, it becomes
more difficult to remove the interstitial water fncthis type of flocs, and thus, the drainage
time increases. However, when the polymer E1+ isxitess (16 mg/g), the drainage time
decreases as the contact time increases: for sasayed the flocculation degree is higher at
90 s than at 30 s resulting in the improvemenhefdrainage time.

Nevertheless, the G1 series does not follow thimbeur. LDS results have shown
that flocs produced with the G1 series is muchdarian those produced with the E1
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series and the BHMW polymer due to the very lowrghadensity, therefore resulting in
overflocculation and producing too large flocs theduce the drainage performance. In
this case, the decrease of the flocs size withcilation time due to polymer
reconformation and degradation reduces the effietttecoverflocculation, and thus, results
in drainage time decrease with flocculant contaeg tincrease.

Figures 4.4 and 4.5 summarize the final vacuum abred relatively to the final
vacuum obtained in the blank tests, through thenéar sheet, as a function of the
flocculant concentration. A low final vacuum compesds to a high sheet permeability, i.e.,
to high sheet porosity. The final vacuum averageugh the sheet for the unflocculated
suspension is 16.8 kPa (0.6 kPa). The same trend observed for the draitiage is
verified for the sheet permeability when the fldect dosage varies. In fact, lower
drainage times correspond to higher sheet pernitgabithat correspond to lower final
vacuums through the sheet (Forsberg and Bengt48@0). Figures 4.6 and 4.7 confirm

the linear correlation between the drainage tintethe sheet porosity.
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From these first results, it is possible to conelubat the behaviour of the E1
polymers series corresponds to the most adequatatisn for modern papermaking
production, since the fast paper machines requad glewaterability with low contact
time. Moreover, for this series of polymers, a gigant improvement of the drainage time
can be achieved with the low flocculant dosage. fighly branched polymer, E1++++,
exhibits the best result in a compromise betweenflbcculant dosage and the drainage

time.

4.3.1.2 — Retention results

The PCC retentions, normalized relatively to theCP@tention obtained for the
blank tests, are plotted for the seven polymersnagghe polymer dosage in Figures 4.8
and 4.9. The total solid retention is not plottetehsince the change in total retention is
mainly caused by filler retention as referred byl@teet al. (2007) (see Tables 4.2 and
4.3). This fact confirms also that the polymer 8olates the filler preferentially. The total
solid retention and the PCC retention averagesi®iunflocculated suspension are 84.3%
(£0.5%) and 11.5%+1%) respectively.
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Figure 4. 8.Normalized PCC retention as function of flocculeancentration for 30s of contact tim€..;

optimum dosage).
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In general, for all the polymers tested, the maxmin the PCC retention
corresponds to the optimum flocculant dosage. Heweas flocculant dosage increases
further, retention tends to reach a plateau. Heib@® possible to find a flocculant dosage
range where a low drainage time and a high PCCntiete can be achieved
simultaneously. In this study, this range is 5-1§/grof PCC for all the polymers, except
for the G1+ and G1l++++ polymers. At the lowest ¢l@ant concentration, G1+ and
G1++++ not only impair drainage but also preseatwtiorst results for PCC retention. Low
flocculation results in a low drainage rate andilow PCC retention because the poorly
flocculated suspension behaviour is close to the ohserved for the unflocculated
suspension. At higher dosages of G1+ and G1l+++e-PBC retention is similar to the
ones observed for the other polymers. In this ragde offers the best PCC retention and
BHMW the lowest PCC retention.

As for drainage, the increase in the contact timpairs the PCC retention for the
E1l series as opposed to the G1 series that impretestion, though the differences, as far
as retention is considered, are small. As a comsemy the E1 series is again more
adequate as a retention aid for papermaking.

Drainage and retention results have shown thatchexh flocculants of medium
charge density give the best results as retentiwh grainage agents. However, it is
important to stress that E1++++ is probably the tmadequate polymer to improve
retention and drainage simultaneously. Indeed, with polymer the retention degree is
high despite of being slightly smaller than with+£4nd, most important, the drainages
times are the lowest with a low flocculant dosaljlareover, in section 3.3.5 of the
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Chapter 3, it was shown that this polymer is Idéscted by the changes in the cationic
content of the suspending medium due to its brahchafiguration.

It can be concluded, based on the results presehtedhe advantages of the use of
highly branched polymers for improving retentiordairainage of pulp fibre suspensions
suggest that these types of flocculants have aifisigmt potential as retention aid in
papermaking.

4.3.2— CORRELATION WITH FLOCS PROPERTIES

Since the best results for both retention and dggrare obtained close to or for the
optimum flocculant dosage, the effect of flocs sirel structure on the drainage time is

investigated for the optimum flocculant dosage mieteh by LDS (Figures 4.10 and 4.11).
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Figure 4. 10.Normalized drainage time as function of mean fliae $or the optimum flocculant dosage.
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Figure 4. 11.Flocs structure and normalized drainage for optinfiocculant dosage.
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The normalized drainage time corresponding to thnmaum flocculant dosage is
represented in Figure 4.10 as a function of theageeflocs size. The results correspond to
a flocculation time of 30 and 90 seconds, for tis Bnd BHMW polymers and for the
G1s polymers respectively, for which both drainagel retention give best results. The
drainage time decreases with the decrease in tlos 8ize. The E1 series produces the
smallest flocs. Additionally, E1++++ is the flocenk that produces the smallest flocs and
gives the lowest drainage time. Thus, it can beclemied that it is possible to have fast
dewatering and high filler retention with small d& However, the BHMW polymer
produces also smaller flocs but, in this case, dioiss not correspond to a fast drainage
rate. It will next discuss if this behaviour is semow related with flocs structure.

Larger flocs reduce the drainage rate as confirfioedhe G1 series, since they
retain much more interstitial water that is difficto remove. So, overflocculation (very
large flocs) results in low drainage despite retenbeing not significantly affected.

The drainage time is plotted as a function of fleesf structure, quantified by the
mass fractal dimension and by the scattering expofe the optimum flocculant dosage,
in Figure 4.11. The mass fractal dimensidg, gives indication about the structure of the
primary flocs while the scattering expone8E, gives information about the structure of
secondary flocs that result from the aggregatiorthef primary ones. The mass fractal
dimension and the scattering exponent are repreddot the maximum in the flocculation
kinetic curve as reported in Chapter 3. Primargdlproduced with E1 are open (snd)
while the secondary flocs are compact (higB. Both primary and secondary flocs
produced with E1+ are open (smailandSE) when comparing with the E1 flocs. Besides,
the configuration of flocs produced with E1++++ mseto be the most adequate to easily
remove the water from the flocs, since the primitogs are slightly more compact than
with E1+, while secondary flocs are open compawith E1 and E1+.

However, the structure of the flocs produced with G1 series is similar to the
structure of the E1++++ flocs. In this case, thairthge time is mainly affected by the
larger floc size (overflocculation).

Moreover, despite the flocs produced with the BHMldymer being small, as
observed in Figure 4.10, their structure is quitéeent from the one produced with the
El+ and E1++++ polymersl{ is small andSEis high). Thus, the drainage time is much
higher for flocs produced with the BHMW polymer. fict, the BHMW polymer has a
very high charge density, and thus, it adsorbbeeparticle surface in flatter configuration.

Consequently, flocs produced with the BHMW polynaee simultaneously smaller and
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more compact than flocs produced with the E1 polgmseries. The very compact
secondary aggregates make drainage more diffindlttherefore, drainage time is higher.

4.4 - CONCLUSIONS

As expected, the polymer characteristics namelychaege density and the number
of branches affect the drainage and the reten#gofopnance in papermaking.

Flocculants either of low charge density and of togh charge density do not
improve drainage time compared to the unflocculategpbension but offer very high filler
retention. In the case of polymers of low chargesidy, an increase of the flocculant
contact time can slightly decrease the drainage tand increase filler retention. For
polymers of very high charge density, the oppomsteerified, due to the very compact
structure of the flocs obtained as flocculationgeeds.

Polymers with medium charge density offer simultarsty low drainage times and
very high filler retentions at low flocculant dogagnd at low flocculant contact time.

The lowest drainage times are obtained for thenmopn flocculant dosage
determined by the LDS technique. A low flocculataggree also results in a low drainage
rate and, mainly, in poor filler retention. Thubgetoptimization of the polymer dosage
performed using the LDS technique is important whealysing retention and drainage
performance.

Polymers of medium charge density and with a bradcktructure improve
significantly the drainage rate and filler retenticomparing with the linear ones. In this
case, the improvement in the drainage time is dukd formation of small flocs sizes with
an open structure, mainly at the secondary aggeedavel. The increase of the drainage
time for the linear polymers with medium and higiaxge density is due to the more
compact structure of the small flocs formed.

To summarize, it can be stated that polymers ofimmectharge density are more
suitable to be used as retention aid because laiwalye time and very high filler retention
are obtained simultaneously, with low flocculantiaxt time and low flocculant dosage.
Moreover, highly branched polymers can be consitlere adequate choice because the
balance between flocculant dosage, drainage tindefiler retention is the best. Thus,

these polymers represent a promising additive &mepmaking.
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CHAPTER 5 - RHEOLOGICAL BEHAVIOUR OF
FLOCCULATED SUSPENSIONS

5.1 - INTRODUCTION

Since the paper industry relies on the transpopiud in aqueous media, it is of
real interest to evaluate and understand the rhmalb behaviour of flocculated pulp
suspension. In this way, rheological measuremeaxe been performed in the rotational
viscometer developed by UCM (Blane&b al, 1995) which were afterwards correlated
with flocculation results from Chapter 3.

In all experiments the same eucalyptus bleachefl grdp used in drainage tests
presented in Chapter 4 are used. The pulp suspewsio 20% (w/w of fibre) of PCC was
flocculated with four of the polyelectrolytes usedChapter 3 (A1++, BHMW, E1+ and
E1l++++). Flocculation was performed at 1% of pubmsistency for a common flocculant
concentration (6 mg/g) and for the optimum flocatldosage found by LDS for each

flocculant (Chapter 3).

5.2 - EXPERIMENTAL STRATEGY

5.2.1-MATERIALS

The fibres, the PCC and the flocculants materisdssanilar and were prepared in

the same manner of those used in Chapter 4.

5.2.3— RHEOLOGICAL TESTS

The pulp suspension was prepared daily at a coratemt of 10 grams of fibres per
litre and with 20% (w/w of fibre) of PCC. The pudpspension obtained (6.5 L) was stirred

during 2 minutes before adding the flocculant ia Huequate dosage. Flocculation takes

139
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place during 5 minutes. After that the flocculagegpension was transferred to the vessel
of the viscometer developed by UCM (see sectioip THe rotational speed of the rotor of
the viscometer was increased gradually from O tordd/s in steps of 5 rad/s. All
experiments were carried out at room temperatupeoapnately 23°C. A test was carried

out in the same way but without flocculant. Rheaabtests were repeated at least once.

5.3 — RESULTS AND DISCUSSION

The rheograms for the unflocculated and flocculafdp suspensions are
represented in Figures 5.1 to 5.2 for the optimilonclant dosage and for 6 mg/g. The
optimum dosage for BHMW is 6 mg/g, for Al1++ is 4 fggfor E1+ is 12 mg/g and for

El++++ is 8 mg/g as presented in Chapter 3.
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Figure 5. 1.Rheograms for the unflocculated and flocculateg gulspensions for the optimum flocculant

dosage.
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Figure 5. 2.Rheograms for the unflocculated and flocculateg gulspensions for 6 mg/g of polymer.
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For the Al++ and BHMW polymers and for both 6 mgid for the optimum
flocculant dosage, the flocculant addition decrsatbe shear stress indicating that the
presence of the aggregates decreases the efféa obntinuous fibre network. In the case
of E1+ and E1++++, at 6 mg/g the flocculant additesfectively decreases the shear stress
of the suspension, although, at the optimum fleaeudosage, rheological behaviour is
similar to the unflocculated suspension. In orderuhderstand what is happening, the
rheograms were fitted to the Herschel-Bulkley matkscribed by Equation 1.11 (Chapter
1). The correlation coefficient obtained by fittittge experimental results to the model are
always higher than 0.99 indicating that this modebhdequate for describing the flow
behaviour of the pulp suspensions. From thesethtspehaviour indexes, (+ 0.01), are
obtained for all the rheological tests and areetated with the median flocs size at the end
of the flocculation process acquired by LDS (Cha@be Figure 5.3 shows results for the

optimum flocculant dosage and Figure 5.4 for adildant dosage of 6 mg/g.
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Figure 5. 3.Median flocs size and behaviour index for the optimflocculant dosage.
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For each rheological test presented in Figuresahd 5.2, the yield stresses
obtained are always lower than 1 N/mConsequently, the flow behaviour of the
suspensions can be considered to be pseudoplastefeared by Negro and co-workers
(2006).

The behaviour indexn, quantifies the deviation from Newtonian behavjcamd
thus, a closer behaviour index to the unity indisat rheological behaviour closer to
Newtonian. From Figures 5.3 and 5.4, the flocs seems to affect the behaviour index,
and consequently, the rheological behaviour. Ini, feor the optimum flocculant dosage
(Figure 5.3), as the flocs size increases the hetavndex decreases indicating that
smaller flocs correspond to a rheological behavidoser to the Newtonian one. The
higher behaviour index obtained for the suspenfiamtulated with BHMW can be related
with the Newtonian flowr{=1). In fact, a behaviour index closer to unityioades a higher
stiffness of the aggregates. In this case, thineis of the flocs produced with BHMW is
higher than for the other polymers studied and anig due to the polymer configuration
at the particle surface. On the other hand, comgatte results for E1+ for which the
decrease of the flocs size is more notorious with ftocculant dosage (Figures 5.3 and
5.4), the behaviour index increases with the deered the flocculant dosage since smaller
flocs are obtained with the lower dosage. Howewsspite the Al++ and El++++
polymers producing flocs of similar size, the bebawindex is very different (Figure 5.3).
This indicates that the behaviour index also depamdthe flocculant characteristics that
affect namely the flocs size and structure and tlesistance as seen in Chapter 3.

Moreover, as referred by Negro and co-workers (20@6en a pulp suspension is
submitted to hydrodynamic forces, the break uphefftocs can be by erosion or/and by
fragmentation. For a pseudoplastic suspensionetbsion of the aggregates reduces the
behaviour index while their fragmentation increage#n addition, as seen in Chapter 3,
the flocs resistance depends essentially on tles ize and as the flocs size increases the
flocs resistance decreases. So, in this case, #iecbehaviour index decreases with the
decrease of the flocs resistance (increase oflties &ize), flocs break up must occur by
erosion.

The behaviour index can also be related with thignper configuration on the
particle surface which is known to affect the floesistance. In Chapter 3, it was shown
that flocs produced with the BHMW polymer are smialind the flocs are stronger due to
the flat configuration that the polymer adoptedhat particle surface. This agrees with the

rheological results where, for the BHMW polymer theaximum behaviour index is
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reached indicating that flocs erosion is less not@: In the case of Al++ and E1++++,
the first one has a higher charge density thus,piblgmer chains are more strongly
attached to the particles than the polymer chairisle-+++ and erosion of flocs is more
difficult with A1++ (highern for Al++) despite the flocs produced with bothymoérs
being similar in size (Figure 5.3). This fact isniomed by flocs resistance results
presented in Chapter 3 where, in Table 3.7, thetAdalymer produces stronger flocs than
El1++++.

Rheological results confirm that polymer branchimgairs the flocs resistance, as
seen in Chapter 3, since the behaviour index doesnorease with the decrease of the
flocs size. Indeed, in Figure 5.3, despite the dl@ze produced with E1++++ being
smaller than flocs produced with E1+, the behavindex is not significantly improved.

As referred in the work presented by Negrb al. (2006), the reflocculation
capacity of the flocs is also a factor that affaetisological behaviour. The reflocculation
capability of the flocs mitigates the effect of teeosion on the suspension behaviour
resulting in an increase of the behaviour indexniresults presented in Chapter 3, the
BHMW and eventually the Al++ polymers are the paysthat produce flocs that can
partially reflocculate after breaking up. This aplain the fact that for these flocculants
the behaviour index is higher.

From the rheological study it has been demonstrdted, effectively, flocs
resistance and reflocculation capacity are keyofactor determining the flocculated pulp
suspension behaviour. However, it must be stretissddespite the flocs size being the
main factor that affects the flocs resistance,dh@ge density and the polymer branching
have to be taken into account since they also enfte the flocs resistance and the
reflocculation capability. In fact, it was demomgéd in Chapter 3 that charge density and
polymer branching are the key parameters that ffiecflocculation mechanism, and thus,

the flocs characteristics.

5.4 — CONCLUSIONS

The effect of chemical flocculation on the rheot@ji behaviour of a pulp
suspension has been studied correlating flocculagsults obtained by the LDS technique
with the rheological behaviour measured with thtatronal device developed by UCM.
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For the consistency tested, both the unflocculatetiflocculated pulp suspensions
exhibit a pseudoplastic behaviour and, in gendtsad, flocculant addition reduces the
resistance of the continuous fibre network to shear

The flocs properties, namely the flocs resistanmuk the reflocculation capacity as
measured during the flocculation studies (Chaptgr a&3e well correlated with the
rheological behaviour of the flocculated pulp sumspens. The rheological behaviour can
be also related with the charge density and theegegf branching of the flocculants since,
as demonstrated in Chapter 3, these parameters héfth the flocculation mechanism and
the flocs size, and thus, the flocs resistancetlamdeflocculation capacity.

The choice of the flocculants is important for reidg the power consumption in
papermaking. Flocculants with high charge density without branches seem to be those
that more reduce the resistance of the pulp suspens shearing. However, this is not
enough to optimise the papermaking process. Indeedeen in Chapter 4, linear polymers
of high charge density do not improve and even imqgention and drainage in the wet-
end stage. Furthermore, since the differences leeivilee rheological behaviour of the
unflocculated and flocculated pulp suspensionssarall, attention has to be focused on
the improvements that can be reached on retentidrdeainage performance as a function
of the polymer characteristics. It is this lastqass that will be crucial for the choice of the
flocculant to be used. Combining the rheologicall @imainage information, the highly
branched polymer appears again as a promising lplitysas a papermaking additive,
since it maximises retention and drainage, withmaking the pulp suspension highly non-

Newtonian.
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6.1 — INTRODUCTION

As for many other industrial processes, in paperntpkhe properties of the flocs
formed will affect the process efficiency and thheaf product quality. In fact, as seen in
the previous chapters, flocs characteristics imibgethe fines and filler retention, the water
drainage and the sheet formation during the wetstagle. Moreover, it was observed that
the flocs structure and size depend on flocculantentration and polymer characteristics.
Hence, it is necessary to monitor and manipulaexjadtely these parameters to control
flocs size and structure during the flocculatioogass.

In this way, to understand, predict and control tleeculation process of PCC
particles by polyelectrolytes, development of amdiiative model which is able to describe
flocculation under various processing conditiongfistmost importance.

In this Chapter, it will be given more attentionthe flocculation process induced
by the three C-PAMs of medium charge density use@hapter 3 (E1, E1+ and E1++++).
As seen, flocculation induced by these polymersuscby bridging mechanism and flocs
restructuring occurs due to polymer chain reconédrom at the particles surfaces. This
effect can not be neglected and has to be implexdet the model. In addition,
modelization was performed also for G1++++ in orttereinforce the validation of the
model proposed.

The common modelling approach is based on populabalance equations.
Population balance models are of great importanaescribe the dynamics of particulate
systems. In fact, in many applications, the patwize distribution is considered as the
most relevant property that describes the proc&ssce variations on the particle
population originate variations on the system proge the particles need to be count. So
the aim of this study is to implement a populatiaance model that is able to describe the
flocculation process of PCC particles by bridgingaimanism using the Matl&tsoftware.

In this study, the discretized population balangeation expressed by Equation 1.20 and
proposed by Hounslowt al. (1988) and Spicer and Pratsinis (1996b) has besed tp
describe flocculation in terms of aggregation arebkage.
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Additionally, model parameters will be correlatedhathe polymer characteristics
(concentration and branching) in order to obtaim@del that can predict the aggregates
characteristics (size and structure) or the opegatonditions that produce aggregates with

the characteristics required for a predefined perémce.

6.2 - POPULATION BALANCE MODEL DESCRIPTION

6.2.1— COLLISION EFFICIENCY

The model developed by Kusters (1997) and descripedquation 1.14 was
introduced in the model of the Equation 1.20 teetako account the effect of particles size

on the collision efficiency factor (see section)1.5

a; = — xa,

max

(1.14)

In this study, we have considergey=0.1 as in the work of Selomulyat al.
(2003) and Soo%t al. (2006). The maximum collision efficiency valuengy) is an

adjustable parameter as in the work of Seitcsl. (2006).
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6.2.2— COLLISION FREQUENCY

As stated by Smoluchowski (1917), the collisiorgtrency between two particles is
the result of the collision frequency due to Brosmimotion and the collision frequency
due to orthokinetic aggregation as described inaiqn 6.1.

:Bij = ﬁperikinetb + ﬂorthokinetc (6 1)

The collision frequency for Brownian motion is giveby Equation 6.2
(Smoluchowski, 1917) whereg; is the Boltzmann constari, is the absolute temperature
andu s the viscosity of the fluid.

:Bij , perikinetic = (ZkBTJ (R:| * R;j )2 (62)

3u RiR;

The collision frequency for orthokinetic aggregatis given by Equation 6.3
(Saffman and Turner, 1956) whegds the average energy dissipation rate and the
kinematic viscosity of the fluid.

V2
ﬁij,orthokinetc = 129‘(5) (R:| + R;j)3 (6.3)

In Equations 6.2 and 6.B; is the effective capture radius for the two specend
j and, for fractal aggregates, is calculated acogrth Equation 6.4 wherrg is the primary
particle radiusN is the number of primary particles in aggregétas a constant close to
unity anddg is the mass fractal dimension of the aggregates.nidiss fractal dimension is
a way of quantifying the aggregate structure, With-<3 (Chakrabortet al, 2003). Small
fractal dimension values indicate very extended tendous structures while larger values
indicate structures mechanically stronger and gietese (Bushell, 2005).

Yde
R, = r(kﬂ] (6.4)
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6.2.3— FRAGMENTATION RATE

The fragmentation rate§ is given by the semi-empirical relation proposed b
Kusters (1997) (Equation 6.5). In Equation 645, corresponds to the critical energy

dissipation rate that causes break-up of flocs.

_( 4 eV ~&hi
s=() (7 o2 R

The critical energy dissipation rate can be relatéd the aggregate size using the
relation observed experimentally by Francois (19&&fuation 6.6). Equation 6.6 shows
that the energy dissipation necessary for breat@gecur is smaller for larger aggregates
and, thus, larger flocs break-up easier. Moreotrer,fragmentation rate increases as the

shear rate @ = (¢/v)*) increases.
Ep = — (6.6)

B will be a fitting parameter which allows to defiaewhich size clasisthe flocs starts to

break up and with what intensity breakage occuthigsize classfor a given shear rate.

6.2.4— BREAKAGE DISTRIBUTION FUNCTION

There are many ways to define the breakage disimib@iinction. In this study, the
binary breakage distribution function is used siitds simple to implement and it gives
simultaneously good results (Spicer and Pratsiri86b). In this case, we assume that the
floc is divided into two flocs of the same size,described by Equation 6.7, whergis

the volume of the primary particle.

V. o
r.=—- for j=i+1
V

V=27,

r =0 for j£i+1 where .
V, =2V,

(6.7)
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6.2.5—FLOCS RESTRUCTURING

When restructuring of flocs occurs, the fractal @ision that quantifies the flocs
structure varies with flocculation time. Hence, tnedel proposed by Bonanorat al.
(2004) and described in Equation 1.15 (see sectl®nWas introduced into the population
balance model to take into account the decreas¢éhenflocs size due to polymer

conformation.

dd,
dt

= W{de e — e ) (1.15)

In Equation 1.15,y is a fitting parameter andgr max IS the maximum fractal
dimension value. Fractal dimension values are nibyroatained experimentally by using
techniques as microscopy or light scattering. Hawewhen light scattering techniques
are used and when aggregate restructuring océwesnass fractal dimension is replaced
by the scattering exponer8g (Lin et al, 1990; Selomulyat al, 2002). In fact, when
restructuring occurs, we can no longer assume ftoche primary aggregates. The
restructured flocs have to be considered as secpragdpgregates which then have to be
described by the empirical scattering exponent.

In a second part of this study, since the decredisthe flocs size during the
flocculation process is not only due to the floestructuring but also to the polymer
degradation, we have implemented the equation geapby Heath and co-workers in their
first study (2003). Hence, the breakage irrevelisjbivas introduced into the model by
making the particle collision efficiency term dezse during flocculation time by using
Equation 1.18 (see section 1.5).

a=Ce"" (1.18)

6.2.6—FLOCS SIZE DETERMINATION

Flocculation kinetics is normally monitored by thariation of the mean flocs size
with flocculation time. Thus, in the population bata equation of the model (Equation
1.20) which describes the evolution of the numbgyasticles in each size class with time,

it is necessary to transform the aggregate numireentration in each clas$o a scale of
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size. In this study, the volume mean siijd,3] was calculated from the aggregate number
distribution using Equation 6.8.

d[43]= 2 ND! (6.8)

In equation 6.8N; is the number of flocs in clagsand D; is the characteristic
diameter of the class calculated from Equation 6.9. In Equation 6, is the

characteristics diameter for the cl#s8.

D, = (22’;}1@ (6.9)

6.2.7— SOLUTION OF THE MODEL EQUATIONS

The model proposed was numerically solved using dihdinary differential
equation solver in Matldb(see Appendix A). The maximum number of intervalsdiwas
30 (max=30) to guarantee that all the aggregates sizeprament and the initial particle
diameter was set to Quin which is the smallest size of the primary PCQiglas.

The shear rate@) was constant and equal to 312 whereas the scattering
exponent $B at time t=0, was assumed equal to 1.65. The dla¢arin the Mastersizer
2000 beaker was determined by CFD modelling usimy €OMSOL Multiphysics
software (Bouaninet al, 2006) (see Appendix B). In fact, it was not pbksito use the
power curves from Holland and Chapman (1966), toutate the shear rate from the
power number, assuming a normal propeller, becdlnseshape of the shaft is very
different from the common ones, and thus, the rieadake use of a CFD description of
the flow in the beaker.

The maximum scattering exponent comes, in each trase experimental data for
t= tmax The parametera, B, ) estimation was done by minimising the sum of sgsia
errors between the model and the experimentalteefar the change in the volume mean
diameter. The objective function used for paramegtimation is described by Equation

6.10 and it was implemented in the Maflaimulation.
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mln w = > (d[4’3]expt - d[zl"'?’]model)2 (610)

QAmax: B,y =0

The experimental data used refer to flocculationlissipresented in Chapter 3 for
the four C-PAMs of very high molecular weight anddium charge density (E1, E1+ and
El++++) and low charge density (G1++++). For eadtdulation time, the volumetric
flocs size distribution and the flocs structu8E  were supplied by the LDS technique as
described previously.

Additionally, the total solid volume was monitoréat each flocculation time to
ensure that the mass is not lost during simulat@aiculations stop if the loss of volume is
higher than 1%.

6.3 — RESULTS AND DISCUSSION

6.3.1- COMPARISON WITH EXPERIMENTAL DATA

For each experiment presented in Figure 6.1, thpulption balance model
proposed was applied. The outputs from the modeltlze optimized fitting parameters
values, the mean flocs size evolution, the scatjeexponent evolution and, for each
flocculation time, the number flocs size distriloati The simulation time with these three

parameters is in average of 12 hours.
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Figure 6. 1.Experimental and modelled flocculation kinetics diifferent flocculant concentrations: a) E1,
b) E1+, c) E1++++ and d) G1++++,

The optimized fitting parameters that have origidatee modelled results are
resumed in Table 6.1. In order to quantify the degré the model fit to experimental
results, a “goodness of fit” was calculated (Biggsl Lant, 2002). The “goodness of fit” is

calculated from Equation 6.11.

d 4!3 expt Sterror

d| 4,3|expt

GoF =

(6.11)

In Equation 6.11str iS the standard error calculated from Equation &h&ren

is the number of measured points. In Equation 6tz is divided by n-3 that

corresponds to the number of degrees of freedonm Wtiieg three model parameters.
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t=Linay

z (d[4’3]expt - d[4’3]model )2

Styor = |- p— (6.12)

The “goodness of fit” calculated in this manner d¢dered that for values higher
than 90% the model offers a good approximationc&im our case all the “goodness of
fit” values obtained are higher than 90%, it is foomed that the model proposed can be

used to predict flocculation of the systems studied

Table 6. 1.0Optimum fitting parameters for E1, E1+, E1++++ &hith+++.

Flocculant dosage (mg/g)  Omax B Yy GoF*
2 0.8897 17.7867 0.6020 91%
El 4 0.9830 19.7897 0.7592 93%
8 0.3596 21.2228 0.2480 92%
8 0.5237 38.7485 0.4015 94%
E1+ 12 0.4164 51.7346 0.3357 96%
16 0.2616 40.2421 0.2306 95%
0.5250 29.7027 0.4083 94%
El++++ 8 0.4331 31.4321 0.3945 94%
10 0.3121 26.1265 0.2810 95%
20 0.4575 51.6744 0.4054 93%
Gl++++ 30 0.3742 60.7544 0.3799 95%
40 0.2897 49.1072 0.2897 95%

* GoF — “Goodness of fit”

In Figure 6.2, the experimental variation of thatsering exponent is compared
with the scattering exponent variation calculatedmf Equation 1.15 for the four
flocculants and for three different flocculant centrations. In general, the modelled
scattering exponent variations describe quite vtk experimental flocs structure
variations allowing in this manner, to obtain thec€ulation kinetic profiles of Figure 6.1.
In Figure 6.1, the experimental flocculation kiestiare compared with the modelled

flocculation kinetics for both the four flocculargnd for each flocculant concentration.
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Figure 6. 2.Experimental and modelled structure variation fiffiecent flocculant concentrations: a) E1, b)
El+, c) E1++++ and d) G1++++,

The model is capable of simulating the same flo¢mratrends observed
experimentally, i.e., the flocs size reaches rgpaimaximum and then starts to decrease
due to flocs restructuring. Hence, these resultmatestrate that for these flocculation
systems, the flocs structure information can natdglected.

The number size distributions obtained directly frahe model have been
converted to volume size distributions, since tSLltechnique gives the size distribution
based on volume. In Figure 6.3, some examples effldts size distributions obtained
from the model are represented for two differentes: the time corresponding to the
maximum of the kinetics curve and for the end & tlocculation process. These results
are then compared with the corresponding experiaheldta. The modelled results show
that the modelled particle size distributions appéa the same size range as the

experimental distributions, the same trends bebggved, i.e., flocs size decreases during
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flocculation after reaching a maximum size in tireekics curve, due to flocs restructuring.
Nevertheless, some deviations are clear betweenmibéelled and the experimental
distributions, mainly due to the wider nature of #xperimental particle size distribution.
This must be due to the limitations of the numerita&thodology, namely as far as the

number and width of the size classes selectedgtdattoy the computational limitations.
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Figure 6. 3.Flocs size distributions from experimental and ntiederesults for a) 4 mg/g of E1, b) 12 mg/g
of E1+, ¢) 8mg/g of E1++++ and d) 30mg/g of G1++++,

6.3.2— EFFECT OF POLYMER CHARACTERISTICS

The parameters values of Table 6.1 were correlatéld palymer properties and
polymer concentration. Figure 6.4 represents thearpeters values as a function of

polymer concentration for the four polymers studied
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Figure 6. 4.an.candyas a function of flocculant concentration for 4) B) E1+, ¢) E1++++ and d)

Gl++++.

Figure 6.4 shows that an increase in the maximuiisiom efficiency factor ¢may

corresponds always to an increase of the kinetiarpater for flocs restructuring)( This

indicates that the faster the flocculation kinetite faster the flocs restructuring rate will

be. Since flocculation kinetics becomes slowerhasflocculant concentration above the

optimum dosage increases (Figure 6.1 and Chaptér Bas expected that these two

parameters would decrease with the flocculant dosagrease, as can be observed in
Figure 6.4. In fact, the flocculation kinetics bews slower as the flocculant dosage
increases because there is a higher competitiomeket polymer chains. On the other
hand, it will be also more difficult for the adsetbpolymer chains to reconforme resulting
in a slow restructuring rate (see Chapter 3).

Figures 6.5 and 6.6 represent the three fittingapaters dmax ) and B) as a

function of flocs sizes and degree of restructyrirespectively, for the four polymers
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studied and for the optimum flocculant concentrataf each polymer. The optimum
flocculant dosage corresponds to the intermediatetdlant concentration modelled.
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Figure 6. 5.Fitting parameters as a function of mean flocs atze=14 min and for the optimum flocculant

dosage.

In Figure 6.5, the maximum collision efficiency facand the kinetic parameter for
flocs restructuring are higher for the linear pogm{El). Indeed, as seen in Chapter 3,
flocculation kinetics and flocs restructuring raie the fastest for the linear polymer. The
flocs size produced with E1 stabilizes earlier. Henthe branched polymer structure
impairs the velocity of the flocculation process.eTinfluence of charge density on the
kinetics and flocs restructuring rate is not verpnounced when the highly branched
polymers are compared (E1++++ and G1++++) althobghtivo parameters are slightly
lower for the lower charge density, as would beeexgd.

Moreover, the parameter related with fragmentatiate, B, increases with the
increase of the flocs size. This was expected fisdbe paramet®& increases, flocs break
up occurs for higher size classes thus, the fleodyzed will be larger. Furthermore, an
increase in the paramet®rcorresponds to a decrease in the other parametars, larger
flocs are obtained from lower flocculation rate dader restructuring rate. This agrees
with the parameters variation with the degree o€dl restructuring (Figure 6.6). In fact,
flocs restructuring is more notorious when the ndoomation of the polymer chains on the
particle surface is more difficult. Thus, the flotzke longer to reach the final, stable
configuration and restructuring is more visible d&gxe it occurs more slowly. In this case,

the branched polymer structure impairs again thectilation process.
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Figure 6. 6.Fitting parameters as a function of degree of fles$ructuring for the optimum flocculant

dosage.

From Figures 6.5 and 6.6, it can be also stredsadthhe parameted varies with
the charge density of the polymer (comparison betw&l++++ and Gl++++). In
accordance to results obtained in ChapteB &)creases as the flocs size increases. The
flocs produced with G1++++ are larger and thus,ttuglel delivers a higher value fBr
Moreover, the largeB value for G1++++ corresponds also to a higher eéegf flocs
reorganization (Figure 6.6) because as the polyharge density decreases the polymer
adopts a more extended configuration at the part®lirface, and thus, polymer
reconformation becomes more significant.

Furthermore, Figure 6.7 shows that as the paranket@icreases the scattering
exponent at the maximum in the kinetics curve desms, i.e., that the flocs structure
becomes more open, as expected. This agrees withdhthatB increases as the flocs size

increases. Indeed, it was shown in Chapter 3 #inget flocs exhibit a more open structure.
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Figure 6. 7.Fitting parameteB as a function of the scattering exponent at theimmam in the kinetics

curve.
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It is known that the radius of gyratioRy, is influenced by the number of polymer
branches. In fact, for a constant molecular weightthe number of branches increases, the
polymer radius of gyration must decrease (Huanh@l, 2000). It is expected that &g
decreases both the restructuring and the flocauattes decrease. This is confirmed by
Figure 6.8 where the fitting parameters are repteseas a function of the polymers
branching, the variation observed in these parasdttiows the trend expected f&.
Indeed, the polymer layer thickness at the pagicigrface decreases when the polymer
radius of gyration decreases. Consequently, coflisietween particles is more difficult
(lower a). On the other hand, the configuration that thé/mper adopts when branches
exist makes the polymer reconformation at the gagisurface more difficult as referred

previously (lowery).
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Figure 6. 8. amaxandyas a function of polymer branching aRglfor the optimum flocculant dosage.

6.3.3— EFFECT OF POLYMER DEGRADATION

In addition to the study already presented, theeadse with time of the collision
efficiency factor given by Equation 1.18, was impéstted in the model. This decrease in
the collision efficiency factor will take into acaot the decrease on the flocs size during
flocculation due to polymer degradation. In thisseathe model had four fitting
parameters: the parameter related with the fragaientrate B), the kinetic parameter of
restructuring rate)f, the maximum collision efficiency factor at t=0)(and the parameter
for the rate of decrease of the collision efficigmgth time O).

Simulations were only performed for E1 and El++++ypuwrs. Table 6.2

summarises the optimum fitting parameters obtafoeall experiments. Comparing with
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the results of Table 6.1, we can say that the simgdfovement of adjustment between
experimental and model data does not justify utiilggmore elaborated model to simulate
the flocculation process for the system studiedfabt, the “goodness of fit” just slightly
increases if the decrease of the collision efficyefactor during flocculation is considered.
The difference between the computational time tdoper simulations with three and four
parameters is also a reason not to have proceedbdihis last model. For one more

parameter, the simulation time was multiplied byrenihan four.

Table 6. 2.0ptimum fitting parameters for E1 and E1++++.

Flocculant dosage (mg/qg) C B Y D GoF*
2 0.8813 19.8017 0.6220 12.7836 93%
El 4 1.0674 21.3172 0.7764 17.0668 96%
8 0.6362 22.0567 0.2447 43.3737 92%
6 0.4552 31.4000 0.4266 25.3086 96%
El++++ 8 0.9782 31.7630 0.3935 97.3123 98%

10 0.3312 26.0433 0.2798 91.1589 96%

* GoF — “Goodness of fit”

It is nevertheless, interesting to represent thgimam collision efficiency factor
decrease during the flocculation process (Figug hdeed, the collision efficiency factor
slightly decreases for the higher flocculant dosagécating that polymer degradation is
insignificant but also that an excess of flocculatibws producing stronger flocs as
verified by Blanco and co-workers (2005) and in gtka 3. When comparing the two
flocculants, the decrease of the collision efficieactor is much more notorious for the
linear polymer. This indicates that the polymer degtion is more important for flocs
produced with the linear polymer. As seen befooe tlie linear polymer the restructuring
rate is fast, and thus, the flocs size reacheskiyu@ steady-state. Consequently, the
decrease of the flocs size during flocculation &nty due to flocs break up which leads to
polymer degradation, while for the branched polyitner decrease is mainly due to flocs

restructuring (collision efficiency remains moreless constant).
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Figure 6. 9.Variation of the modelled maximum collision effinigy factor with flocculation time for a) E1
and b) E1++++.

6.4 — CONCLUSIONS

Flocculation of precipitated calcium carbonate wi@PAMs of very high
molecular weight and low and medium charge dengay successfully described using the
population balance model proposed by Hounslow (1888 Spicer and Pratsinis (1996b)
where the flocs’ restructuring was taken into actolt was demonstrated that for the
flocculation system presented in this work, thecslostructure information can not be
neglected.

The fitting parameters correlate well with the effetthe flocculant concentration,
charge density and the degree of polymer branchetooculation kinetics and on flocs
characteristics (size and structure).

The possibility of using a model with four fittinga@meters was abandoned since
only minor improvements in the fitting were obtainevhile the computation time
increased dramatically.

It is important to stress that the model proposetdamly predicts in advance the
flocs characteristics and the flocculation kinefimsa given process, but it will also allow
to chose operating conditions and the flocculamtt thriginate aggregates with given
characteristics and consequently a given performaht the case of the papermaking
process, this capacity of the model is of greatartgnce to define the conditions that lead

to a balance between additives retention and dyain&the water during sheet formation.
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CHAPTER 7 — FINAL CONCLUSIONS  AND
RECOMMENDATIONS FOR FUTURE WORK

The present study demonstrates the capacity of it diffraction scattering
technique (LDS) to evaluate and understand thestilation process and to determine the
flocs characteristics. The developed experimentathodology allows, in a single
integrated test, the acquisition of information tive evolution, with time, of flocs
dimensions and structure and also the evaluatioffloot resistance and flocculation
kinetics which represent a clear advantage of tbchnique compared to traditional
techniques to evaluate flocculation processes sischtration, image analysis, hindered
settling or turbidity measurements. This developnhehto the assessment of the optimum
flocculant dosage and to the understanding ofltdezdilation mechanisms involved which
could be correlated with the mass fractal dimersiofithe flocs. Moreover, the LDS
technique allows one to study the flocculation pescin a turbulent environment, in
conditions similar to the ones prevailing in seVémdustrial processes, as for instance in
papermaking.

Accordingly, in this work, the LDS technique hasebesuccessfully applied to
study, in the same single test, the flocculatiaflatculation and reflocculation processes
of a precipitated calcium carbonate (PCC) suspansiben flocs were submitted either to
sonication or to an increase of the hydrodynamieashg. These two tests supply
information on flocs resistance in two differentuations that can be found in process
equipment: (i) sonication gives information on imsic flocs resistance, important when
the flocs are submitted to highly turbulent enviremts, and (i) the hydrodynamic
shearing evaluates superficial flocs resistancppmant when flocs are conveyed in pipes
and ducts. Both tests can be very useful to ewalflats resistance. The first one is
important, for instance, to predict flocs behaviaurhighly turbulent environments like
mixing tanks or the headbox of a paper machine.sHwend one supplies information on
flocs resistance in conditions similar to thosevping when a flocculated suspension is

conveyed in a pipe.
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Dual retention aids have also been evaluated wvhdh EDS technique. The
flocculants performance in combination with micrdjgdes has been studied successfully
using the methodology developed in this dissematio

Thus, it is legitimate to conclude that LDS is auadlle tool to assess the
performance of polymeric flocculants on flocculatiprocesses, in single or complex
systems. Furthermore, it was demonstrated thatLi® technique is a better tool to
determine flocs characteristics than other trad#iotechniques like image analysis or
hindered settling.

As a final comment about the methodology presemiethis dissertation, it is
important to refer that this methodology can belgagplied to other flocculation systems
to evaluate and predict flocculants performance. lae limitation of this methodology
lies in the maximum solids concentration that can used. This maximum particles
concentration can be far from the solids conceintiatencountered at the industrial scale.
Nevertheless, in the present case, comparison battire LDS and the FBRM techniques
results has shown that the information obtainedLBys could be extrapolated to the
industrial scale.

The same methodology was adopted to study the ndki@f the water cationic
content on flocculation, deflocculation and reflolation processes and on the flocs
properties. The results obtained allow one to sttbss when screening flocculants
performance and optimizing flocculant dosage folustrial purposes, it is essential to take
into account the characteristics of the suspendiegium. So, the common practice of
using distilled water for the screening tests neaglto erroneous conclusions.

The overall study of the flocculation process of P@€rformed using the LDS
technique, confirms that the flocculant charactiegsare an important parameter to take
into account when flocs with a given size, struetand resistance are needed to increase
the performance of a process. In this study, treectllants tested were cationic
polyacrylamides of very high molecular weight. Thectulants studied can be divided
into three categories: low charge density, mediharge density and high charge density.
In each level of charge density, the polymer stmectalso varies from linear to highly
branched. From all the flocculants studied, thentinad polymers, presented, so far, only
in few studies in the literature, either in digtdlor industrial water, have shown a distinct
behaviour compared to the linear ones that canrbadvantage for some industrial
processes. For example, in the case of the higtdpdhed polymer of medium charge

density, the flocs produced are larger but have cmenopen structure than the flocs
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produced with the linear one. Moreover, highly lofaed flocculants are less affected by
the water cationic content in all the stages, flbatton and break up, thus, leading to

similar flocs structures independently of the susiireg medium.

In the second part of the dissertation, the pobtedéytes performance on retention
and drainage of a pulp suspension with PCC is tigeged. The drainage tests performed
in the Dynamic Drainage Analyser (DDA) allow studlyithe effect of the polymer
characteristics on retention and drainage. In auditit was demonstrated that the
flocculation tests help to understand the drainagelts, and thus, that the LDS is a useful
tool to be used in combination with the DDA. The sampplies to the interpretation of the
rheological tests performed in the viscometer dgyell by UCM. Indeed, results from
both techniques confirm that the flocculants’ pmies influence the retention and the
drainage performance and the flow behaviour ofpi@ suspension, since they affect the
flocculation process. Thus, in the case of the papking process, the combinations of
these techniques (LDS, DDA and viscometery) camidsful to optimise the flocculation
process.

Furthermore, correlations made between flocculadinh drainage tests have shown
that polymers of medium charge density are moréalslé to be used as retention aid
because low drainage time and very high fillermgte are obtained simultaneously, with
low flocculant contact time and low flocculant dgeaMoreover, the branched polymers
of medium charge density have a significant potéras retention aids in papermaking,
since they significantly improve simultaneouslyergton and drainage with low flocculant
dosage and relatively fast flocculation kineticsedo the formation of small flocs with an
open structure, mainly at the secondary aggredetes. Additionally these polymers are

less affected by the changes in the cationic comtethe suspending medium.

Finally, the model presented in this dissertatiam ©e a good starting point to
describe the flocculation processes induced by gbetyrolytes. A population balance
model was developed to describe the flocculatioR@EC particles with polyelectrolytes of
very high molecular weight and low and medium cbkadgnsity. The model proposed
describes successfully and simultaneously aggmgdtreakage and flocs restructuring as
well as the flocs size distribution. The flocs resturing process has to be taken into
account since flocs restructuring is normally foundthese flocculation systems where

flocculation occurs by the bridging mechanism. Theximum collision efficiency factor,
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a parameter related with the fragmentation rateatithe constant for flocs restructuring
have been taken as fitting parameters. The optinpaeameters were then correlated with
flocculant concentration, charge density and thgreke of polymer branches which
influence flocculation kinetics and the flocs cluesistics (size and structure). The
correlations obtained show well the effects of Hloeculants’ characteristics and of the
flocs’ properties on the flocculation kinetics aftolcs restructuring as described by the
model.

Nevertheless, the system modelled is still too #&mp comparison with the
complex systems found in industry. In fact, theypwr configuration at the particle
surface not only depends on the polymer charatiteriénolecular weight, charge density,
structure) but also on the suspending medium ctersiics (pH, conductivity,
temperature...). Thus, these effects have to be inmgaiead in the model in order to better

describe the industrial processes.

For future work, it could be interesting to stutig effect of the temperature on the
flocculant performance since many industrial preessoccur for temperatures different
from the room temperature. In fact, studies havawshthat the polymer adsorption is
influenced by the temperature (Nedelcheva and K&toil 1978; Jonssoet al, 1998;
Nystromet al, 2003).

On the other hand, the retention and drainagenmdtion presented here should be
complemented with retention and drainage tests ladc@ilated pulp suspensions in
industrial water or, still, using as retention agmicroparticles system. Furthermore, it is
necessary to investigate the effect of these fllacts on paper sheet formation to
complement the retention and drainage informatiooesgood paper sheet formation is
also essential to achieve product quality and m®aficiency. It is also important to
extend this study to other systems, that is tcedsiffit types of furnish and fibres; namely
considering the differences in the anionic chargeell Regarding the rheological
measurements, it is necessary to deepen the sitidptier flocculants. In fact, little time
has been spent with these measurements, and tlous, rireological tests are needed to
generalize the conclusions. Moreover, for bothrdrge and rheological measurements, it
could be interesting to study, in more detail, ¢ffect of the flocculant contact time with
the suspension, since it is an important parametezonsider for the optimisation of

flocculation processes in papermaking.
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Finally, it would be important to start implemergim the model, in a quantitative
way, the influence of the polymer concentration ahdhe polymer structure, in order to
obtain a predictive model that will be able to pcethe performance, on flocculation, of a
polymer with pre-defined characteristics. One gdubsi is to use Equation 1.17 that takes
into account the configuration and the thicknessth& polymer layer at the particle
surface. In fact, the configuration and the thidsef the polymer layer at the particle
surface depend on the flocculant concentration andthe polymer characteristics
(molecular weight, charge density and branchinggl, taus, they influence the flocculation
kinetics and the flocs properties. Moreover, if gudymer is characterized by its radius of
gyration or by the hydrodynamic radius, this pareanshould be easily correlated with the
degree of coverage included in the collision efiicy parameter and also with the
polymer layer thickness, referred above, enablivegexplicit introduction of the polymer
characteristics in the model. Moreover, introduttd the polymer degradative function in
the breakage kernel, when bridging is the prewvgilmechanism, would be another

important step.
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APPENDIX A

MATLAB ® PROGRAM FOR SOLVING THE POPULATION BALANCE MODEL

%script file for commands to call FM NSEARCH optini zer

%%%%%%% %% %% %% %% %% %% %% % %% %% % %% %% %% %9

%Input
%imax - number of size class i
%tmax - maximum flocculation time
%no - number distribution of primary particles
%do - particles size in size class i=1
%G - shear rate
%dFo - mass fractal dimension for t=0
%dFmax - maximum mass fractal dimension for t=t
%X,y - fitting parameters for alpha estimation

%Fitting parameters
%amax - maximum collision efficiency factor
%B - fitting parameter for fragmentation rate
%gama - fitting parameter for restructuring rat

%Output

%time - time vector of size(tmax,1)

%number - matrix with particles number in each
size(tmax,imax)

%VMD - volume mean diameter vector calculated a
size(tmax,1)

%dF - fractal dimension vector at each time t o

%Resolution using ode23 of dY/dt=[dNdt ddFdt] where
%dF=dFcurrent+ddF/dt*dt

%initial guesses of the unknown parameters for opti
1 vector

B=25.8;
amax=0.315;
gama=0.28;
teta=[amax B gama];

%the sampling instants data for the fitting: sampli
measured d43
texp=[00.51.42.33.34.25.166.97.88.89.71
14.3];

dexp=[0.38 14.61 31.132 76.621 91.602 84.82 80.225
70.869 69.561 68.673 67.33 66.225 65.062 64.155];
data=[texp' dexpT;
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%initial value for ODE solver
G=312;%s-1
imax=30;%maximum size interval
dFo=1.65;

dFmax=2.37;

do=100;%nm

x=0.1;

y=0.1;

%0O0riginal number distribution, #/cm3

a=[4.60e8 6.31e9 1.24e9 2.89e6 4.24e7 8.77e6 5.79e5
1.89e3];

sizea=size(a,2);

sizeb=imax-sizea;

b=zeros(1,sizeb);

no=[a,b];%size(no)=1ximax

%Time span
t=0;
tmax=14;%min

Totalvoll=solvol(no,do);%Reference for total volume

dcurrent=convertVMD(no,dFo,do);
%output printout

time(1)=t;

number(1,:)=no;
VMD(1)=dcurrent*le-3;%VMDin microns
dF(1)=dFo;

%normalization of no
nref=zeros(1,imax);

for i=1:imax
if no(1,i)==0;
nref(1,i)=1;
else
nref(1,i)=no(1,i);
end
end
nonorm=no./nref;%size 1ximax
dFref=dFo;

dFnorm=dFo./dFref;

%call the optimizer:
teta_opt=fminsearch(@mylsq,teta,[],nonorm,dFnorm,G,
,dFref,imax,x,y,data);

%ODE solver called once more, to get the optimized
amax=teta_opt(1);

B=teta_opt(2);

gama=teta_opt(3);

%estimate Alpha based on alpha(i,j)=exp(-x*(1-i/j)*
[Alpha]=alphaest(x,y,imax,amax);

i=1;
while t<tmax,
if i==1
ti=t+0.5;
tspan=t:0.5:ti;
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else
ti=t+0.92;
tspan=t:0.92:ti;
end

Yo=[nonorm dFnorm];%size(Yo0)=1x(imax+1)
options=odeset('AbsTol',1e-4,'OutputFcn’,'odepr int");

[tf,Yf]l=ode23(@aggregationdF,tspan,Yo,options,Alpha ,B,G,dcurrent,dFmax,do
,nref,dFref,constant,imax);
tfrow=size(tf,1);
[Yfrow,Yfcol]=size(Yf);%Yfrow=tfrow,Yfcol=imax+ 1
=1
while j<=(Yfcol-1),
if Yf(Yfrow,j)<0
Yf(Yfrow,j)=0;
else
Yf(Yfrow,j)=Yf(Yfrow,j);
end
Fi+L
end
nonorm=Yf(Yfrow,1:(Yfcol-1));
no=nonorm.*nref;
Totalvol2=solvol(no,do);
dTotalvol=((abs(Totalvol2-Totalvol1))/(Totalvol 1))*100;
if dTotalvol>1
error('calculation terminated");
else
nonorm=Yf(Yfrow,1:(Yfcol-1));
dFnorm=Yf(Yfrow,Yfcol);
no=nonorm.*nref;
t=tf(tfrow);
i=i+1;
dFo=dFnorm.*dFref;
dcurrent=convertVMD(no,dFo,do);%dcurrent in nm
time(i)=t;
number(i,:)=no;
dF(i)=dFo;
VMD(i)=dcurrent*1e-3;%VMD in micron
dFref=dFo;
dFnorm=dFo./dFref;
for k=1:imax
if number(i,k)==0;
nref(1,k)=1;
else
nref(1,k)=number(i,k);
end
end
nonorm=no./nref;
end
end

timeprint=time";
VMDprint=VMD";
dFprint=dF"

%plot the data vs solution
plot(texp,dexp,'o’,time,VMD)
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%al cul ate total solid volune of aggregates

%%%%%%% %% %% %% %% % %% %% %% %% %% % %% %% %% %%

%%%%%

function [TotalVol]=solvol(Y,do)

%calculate total solid volume for lumped discrete p opulation balance
%lower limit,ie. 4 for i=3, 8 for i=4 etc

%vi=2"\(i-1)*vo

ro=(do/2)*1e-9;%in m

ul=4/3*pi*ro*3;%in m3

[m,jmax]=size(Y);

for j=1:jmax,
u=ul*(27(j-1));%m3
vo(j,1)=u;
Fi+L

end

vi(:;,1)=vo;

Vol=vi;

Y=Y
Totalvoli=zeros(jmax,m);

for i=1:m;
Totalvoli(:,i)=Y(:,i).*Vol,
Sumvoli(i,1)=sum(Totalvoli(:,i));
i=i+1;

end

TotalVol=Sumvoli;

%Cal cul ate vol unme nmean di ameter of aggregates

%%%% %% %% %% % %% %% % %% %% %% % %% %% %% %% % %% %484686088608800860800020084¢ 80%%%%%

function [VMDm]=convertVMD(N,dF,do)

%Calculating volume mean diameter (VMD) from number concentration of
flocs of size i (Ni) and characteristic floc diamet er (Di)

dl=do*1le-7; %primary particle diameter,cm
n=length(N);

%Di: characteristic floc diameter
%Di=2"((i-1)/dF)*d1
%VMD)sum(Ni*Di*4)/sum(Ni*Di*3)
Di=0;
for i=1:n,

Di(i)=(27((i-1)/dF))*d1;

i=i+1;
end
D=Di;

%col=n (section i)

TopVMDI=0;

BotVMDi=0;

for col=1:n,
TopVMDi(col)=N(1,col)*D(col)"4;
BotVMDi(col)=N(1,col)*D(col)"3;
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col=col+1;
end
TopVMD=sum(TopVMDi);
BotVMD=sum(BotVMDi);
VMD=TopVMD/BotVMD;
VMDm=VMD*1e7; %in nm

%ile that describe the objective function used in optinzer.m

%%%%%%% %% %% %% %% % %% %% %% %% %% % %% %% %% %%

%%%%%

Function[lsg]=mylsq(teta,nonorm,dFnorm,G,dcurrent,d Fmax,do,nref,dFref,ima
X,X,y,data);

t=0;

tmax=9;

y_obs=data(;,2)";
y_cal(1)=dcurrent*le-3;%VMDin microns

amax=teta(1);
B=teta(2);
gama=teta(3);

%no concentration, no/cm3

a=[4.60e8 6.31e9 1.24e9 2.89e6 4.24e7 8.77e6 5.79e5 1.34e5 2.32e4
1.89e3];

sizea=size(a,2);

sizeb=imax-sizea;

b=zeros(1,sizeb);

no=[a,b];%size(no)=1ximax

Totalvoll=solvol(no,do);%Reference for total volume of solid

%estimate Alpha based on alpha(i,j)=exp(-x*(1-i/j)* 2)/(i*j™y for i>=j
[Alpha]=alphaest(x,y,imax,amax);

%call the ODE solver to get the states VMD

i=1;
while t<tmax,
if i==1
ti=t+0.5;
tspan=t:0.5:ti;
else
ti=t+0.92;
tspan=t:0.92:ti;
end

Yo=[nonorm dFnorm];%size(Yo)=1x(imax+1)
options=odeset('AbsTol',1e-4,'OutputFcn’,'odepr int");

[tf,Yf]l=ode23(@aggregationdF,tspan,Yo,options,Alpha ,B,G,dcurrent,dFmax,do
,nref,dFref,constant,imax);
tfrow=size(tf,1);
[Yfrow,Yfcol]=size(Yf);%Yfrow=tfrow,Yfcol=imax+ 1
=L
while j<=(Yfcol-1),
if Yf(Yfrow,j)<0
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Yf(Yfrow,j)=0;
else
Yf(Yfrow,j)=Yf(Yfrow,j);
end
=+,
end
nonorm=Yf(Yfrow,1:(Yfcol-1));
no=nonorm.*nref;
dFnorm=Yf(Yfrow,Yfcol);
t=tf(tfrow);
i=i+1;
dFo=dFnorm.*dFref;
dcurrent=convertVMD(no,dFo,do);%dcurrent in nm
time(i)=t;
number(i,:)=no;
dF(i)=dFo;
y_cal(i)=dcurrent*1e-3;%VMD in micron
dFref=dFo;
dFnorm=dFo./dFref;
for k=1:imax
if number(i,k)==0;
nref(1,k)=1;
else
nref(1,k)=number(i,k);
end
end
nonorm=no./nref;
end

%compute the expression to be minimized:

Isqg=sum((y_obs-y_cal).”2);

%al cul ate collision efficiency between aggregates

%%%%%% %% %% % %% %% % %% %% %% %% % %% %% %% %% % %846462686088008400800800620084¢ 80%%%%%

function [alpha]=alphaest(x,y,imax,amax)

%estimate alpha from alphaf(i,j)=[exp(-x*[1-(i/j)]*2 G A
%X,y are constants

%i>=j

alpha=zeros(imax,imax);
for i=1:imax,
for j=1:imax;
h=[i,];
hmin=min(h); %pick smaller from i and j
hmax=max(h); %pick larger from i and j
alpha(i,j)=(exp(-x*(1-(hmax/hmin))"2)/(hmax *hmin)*y)*amax;
=i+
end
i=i+1;
end
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oCal cul ate dN dt

%%%%%% %% %% % %% %% % %% %% %% %% %% % %% %% %% %%

Function[dYdt]=aggregationdF(t,Y,Alpha,B,G,dcurrent

ama,imax)

%Y=[N dF]is a row vector
%dYdt=[dNdt;ddFdt] return a column vector

dYdt=zeros(imax+1,1);%a column vector of size (imax

%dNdt

v=1e-2;%kinematic viscosity,cm2/s

e=G"2*v; %energy dissipation rate,cm2/s3
temp=296;%absolute temperature,K
kb=1.380622e-23; %Boltzman's constant,J/K
miu=1e-3;%viscosity of surrounding medium,Pa.s
Nref=nref’;

N=Y(1:imax,1).*Nref;%size(N)=imax x1
dFcurrent=Y(imax+1,1).*dFref;

%Calculate collision radius for classe i
[Rc]=radius(do,imax,dFcurrent);

dNdt=zeros(imax,1);
dNnormdt=zeros(imax,1);
for i=1:imax,

%first term: birth in interval i due to collisi
in
%intervales i-1 and 1 to i-2
%j=1 to j=i-2:27(j-1+1)*Alpha*Betal[i-1,j]*N[i-1
if (i-2)>=1
first=zeros(i,1);
for j=1:(i-2);
Betala=1.294*G*(Rc(i-1)+Rc(j))"3;%shear
Betalb=((2*kb*temp)/(3*miu)*((1/(Rc(i-1
2)))*((Re(i-1)*1e-2)+(Rc(j)*1e-2)))*1e6;%Brownian k
Betal=Betala+Betalb;
first(j)=2~(j-i+1)*Alpha(i-1,j))*Betal*N
=+
end
sumfirst=sum(first);
else
sumfirst=0;
end

%2nd term: birth in interval i due to collision
%intervales i-1 and i-1 (the no of particles av
%1/2*Alpha*Beta]i-1,i-1]*N[i-1]*2

if (i-1)==0;
second=0;
else

Beta2a=1.294*G*(Rc(i-1)+Rc(i-1))"3;%shear k
Beta2b=((2*kb*temp)/(3*miu)*((1/(Rc(i-1)*1e
2))*((Re(i-1)*1e-2)+(Rce(i-1)*1e-2)))*1e6;%Brownian
Beta2=Beta2a+Beta2b;
second=(1/2)*Alpha(i-1,i-1)*Beta2*((N(i-1))
end
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%3rd term: death by aggregation in intervale i
%particles in intervales i and 1 to i-1
%j=1 to j=i-1:Ni*sum(Alpha*Beta]i,j]*N[j])
if (i-1)>=1
third=zeros(i,1);
for j=1:(i-1),
Beta3a=1.294*G*(Rc(i)+Rc(j))"3;%shear k
Beta3b=((2*kb*temp)/(3*miu)*((1/(Rc(i)*
2))*((Re(i)*1e-2)+(Rc(j)*1e-2)))*1e6;%Brownian ker
Beta3=Beta3a+Beta3b;
third(j)=27(-i)*Alpha(i,j)*Beta3*N(j);
=i+
end
sumthird=(sum(third))*N(i);
else
sumthird=0;
end

%fourth term: death by aggregation of particles
to
%imax
%j=i to j=imax: Ni*sum(Alpha*Beta[i,j]*N[j])
fourth=zeros(imax,1);
=5
p=1;
if j<imax
for j=i:imax,
Betad4a=1.294*G*(Rc(i)+Rc(j))"3;%shear ke
Betadb=((2*kb*temp)/(3*miu)*((1/(Rc(i)*1
2)))*((Re(i)*1e-2)+(Rc(j)*1e-2)))*1e6;%Brownian ker
Beta4=Betada+Beta4b;
fourth(p)=Alpha(i,j)*Betad*N(j);
=i+
p=p+1;
end
sumfourth=sum(fourth)*N(i);
else
sumfourth=0;
end

%5th term: death by fragmentation of flocs in i
%Si*Ni
if i>1
ebi=B/(Rc(i));
Si=(4/(15*(22/7)))M1/2)*G*exp(-ebile);
fifth=Si*N(i);
else
fifth=0;
end

%6th term: breakage of flocs greater than i int
%binary breakage: R(i,j)=V(i) for j=i+1, and R(
if i<imax
R=2; %V(i+1)/V(i)
ebi=B/(Rc(i+1));
Si=(4/(15*(22/7)))N(1/2)*G*exp(-ebi/e);
Sixth=R*Si*N(i+1);
else
sixth=0;
end
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agg(i,1)=sumfirst+second-sumthird-sumfourth;
frag(i,1)=-fifth+sixth;
dNdt(i,1)=(agg(i,1)+frag(i,1))*60;
dNnormdt(i,1)=dNdt(i,1)./Nref(i,1);
i=i+1;

end

dydt(l:imax,1)=dNnormdt;

ddFdt=gama*(dFmax-dFcurrent);
ddFnormdt=ddFdt./dFref;

dydt(imax+1,1)=ddFnormdt;

%Cal cul ate collision radius of aggregates

%%%%%% %% %% % %% % %% %% %% %% % %% %% %% %% % %%

%%%%%
function [Rc]=radius(do,jmax,dF)

%do:diameter of primary particles,nm

%u:characteristic solid volume =ul*2”(i-1),cm3

%rm=characteristic solid floc radius=(u/((4/3*pi))" (1/3),cm

%ro: primary particle radius,cm

%ul: primary particle volume,cm3

%Npo: number of primary particle comprising a floc of size i=27\(i-1)
%Rc: maximum collision radius=ro*(Np/k)*(1/dF)

%dF= fractal dimension

ro=do/2*1e-7;%in cm
ul=4/3*pi*ro*3;%in cm3
ke=1;
rco=zeros(jmax,1);
for j=1:jmax,
u=ul*2”(j-1);%in cm3
rm=((u/(4/3*pi))*(1/3))*1e4; %radius of i in mi cron
npo=(2”(j-1)); Y%eCharacteristic number of partic les in section i
if j<=2
rco(j,1)=rm/le4;
else
rco(j,1)=ro*((npo/kc)(1/dF));
end
=L
end

%print Rc (maximum collision radius,cm)
Rc=rco(;,1);
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% Pl ot size distribution for a given flocculation tinme

%%%%%%% %% %% %% %% %% %% % %% %% %% %% %6 %% % %6 %% %%%%%
Ntest=load('number.m");

dotest=380;

dFtest=load('dF.m";

timeplot=1,

[Dres,Vol,Numcalc]=convnumberdF(dotest,Ntest,dFtest [timeplot);

%l ot nunber distribution of aggregates

%%%%%%%%%%% %% % %% %% %% %% %% % %% %% %% % %% %%840648068608800800860040064¢ 0%%%%%

function [D,Vol,Numcalc]=convnumberdF(do,N,dF,timep lot);

[m,n]=size(N);
dl=do*1le-7; %diameter of primary particle,cm

Di=zeros(m,n);
%Di: characteristic floc collision diameter
%Di=(2"((i-1)/dF))*d1
%row=m (time)
%col=n (section i)
TotalN=zeros(m,1);
Nest=zeros(m,n);
for row=1:m,
for col=1:n,
Nest(row,col)=N(row,col)*2*(col-1);
col=col+1;
end
TotalN(row)=sum(Nest(row,:));
row=row+1;
end
Ni=zeros(m,n);
Vi=zeros(m,n);
vi=zeros(m,n);
TotalV=zeros(m,1);
for row=1:m,
dFrow=dF(row);
for col=1:n,
Ni(row,col)=Nest(row,col)./TotalN(row);
Di(row,col)=(2"((col-1)/dFrow))*d1;
vi(row,col)=(4*3.14/3)*((Di(row,col)/2)"3);
Vi(row,col)=N(row,col)*vi(row,col);
col=col+1;
end
TotalV(row)=sum(Vi(row,:));
row=row-+1;
end
for row=1:m,
for col=1:n,
Volume(row,col)=Vi(row,col)./TotalV(row);
col=col+1;
end
row=row+1;
end

Numcalc=Ni*100;
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Vol=Volume*100; %volumetrica
D=[Di].*1e4; %in micron

Dplot=D(timeplot,:);

Numplot=Vol(timeplot,:);
semilogx(Dplot,Numplot,'k.-";
xlabel('Aggregate collision diameter, micron');
ylabel('%Volume");

hold;
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APPENDIX B

ESTIMATION OF THE SHEAR RATE IN THE MASTERSIZER 200 0 BEAKER
WITH COMSOL MULTIPHYSICS ©

COMSOL Multiphysics is a powerful interactive eronment for modelling and
solving all kinds of scientific and engineering piems based on partial differential
equations (PDEs). To solve the PDEs, COMSOL Multiptg/sises the finite element
method (FEM). The software runs the finite elemenalysis together with adaptive
meshing and error control using a variety of nuoarsolvers (COMSOL Multiphysics
3.3 User’s Guide, 2006).

With COMSOL Multiphysics it is possible to extendnwentional models for one
type of physics into multiphysics models that sateepled physics phenomena, and do so
simultaneously. On the other hand, it is possibléuild models by defining the relevant
physical quantities, such as material propert@ag$, constraints, sources and fluxes rather
than by defining the underlying equations. Morepvke COMSOL Multiphysics can be
used standalone through a flexible graphical usterfiace, or by script programming in the
COMSOL Script language or in the MATLAB languageQK2SOL Multiphysics 3.3
User’s Guide, 2006).

The modelling procedure consists of five basic stepslraw the device, to define
the physics where the material properties and bawyncbnditions are specified, to create a
mesh, to select and run a solver and finally, tstr@cess the results.

The COMSOL Multiphysics contains an easy-to-use Gad@ to draw the device.

3D GEOMETRY OF THE IMPELLER AND SHAFT OF THMASTERSIZER2000

In this study, to estimate the shear rate in thetbtaizer 2000 beaker, the impeller
and the shaft of the equipment was drawn in 3Dgusire CAD tool of the COMSOL
Multiphysics (Figure B.1). The geometry of FigurelBvas firstly created in 2D work

planes in which projections were drawn, then exddudnd revolved to create a 3D object.
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Figure B.1.3D geometry of the mastersizer 2000 stirrer.

MODEL DEFINITON

The Swirl Flow application mode is an extension leé incompressible Navier-
Stokes application mode for axially symmetric getras. The basic Navier-Stokes
application mode assumes that the radial velagjtin a 2D axisymmetric model is zero,
while the Swirl Flow application mode only assuntleat flow in the radial direction is

constant.

For a system in cylindrical coordinates, under dlssumption that!dg =0, the
flow is described by:
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In an axisymmetric geometry, COMSOL Multiphysics@ames the symmetry axis
to be ar = 0.

The swirl flow application was combined with thes turbulence model. This
model introduces two additional transport equatiansl two dependent variables: the
turbulence kinetic energyk, and the dissipation rate of turbulence energylurbulent

viscosity is modelled by:

n = pC,Jk— (B-5)
£

whereC, is a model constant.
The transport equation fércan be derived by analogy with the equations fier t

Reynolds stresses:

ok T 1 T
pE—DEE(q +Z—JDK}+,0U DDk=E/7T(DU +(0U) )2—,05 (B-6)

An equation fore can be derived in a similar manner. That equasoimowever,
impossible to model on a term-by-term basis. Irtedl terms that do not have an

equivalent term in thk equation are discarded. The resulting equatiotistea

2

p% -1 EE(’? +Z_—TJD£} +pUJ [Me =%Cﬂfm [ou +(@ou)f —ngz% (B-7)

ot )
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The model constants in the above equations arendieted from experimental data
(Wilcox, 1998); their values are listed in the ¢olling Table B.1.

Table B.1.Model constants in Equations B-5, B-6 and B-7.

Constant Value
Cu 0.09
Ce1 1.44
Ce 1.92
Ok 1.0
O¢ 1.3

2D GEOMETRY WITH AXIAL SYMMETRY

The 3D geometry of the Mastersizer 2000 stirrer agsoximated to the following
2D geometry, assuming axial symmetry, in orderitopsify the simulation, and thus, to

get an approximated value for the shear rate invtastersizer 2000 beaker when water is
used.

1.04 -0.03 -0.02 -0.01 o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Figure B.2.2D geometry of the mastersizer 2000 stirrer wiialssymmetry.
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RESULTS

The solution was computed for three different iotal speeds of the impeller:
1400 rpm, 1800 rpm and 2200 rpm. The average shess obtained from the calculations
are summarized in Table B.2. We assumed the shéss that describe the flow in the
equipment beaker as the average shear rate beaaussen in Figures B.3 to B.5, that
show the velocity field in the fluid for the thre&rring speeds used, the magnitude of the
shear rate in the beaker only differs in a smajiae very close to the stirrer baffles. In this
region the shear rate reaches the highest valuesdmoparing to the extension of the
region in blue, it is adequate to assume the staarfor the flocculation process as the

average shear rate in the beaker.

Table B.2.Average shear rates computed for stirring speétteedampeller of 1400, 1800 and 2200 rpm .

Stirring speed 1400 rpm 1800 rpm 2200 rpm
y(sh 312 488 708
-1400 rpm

fact(11)=1 Surface: Turbulent dissipation rate [m?/s?] Streamine: Velocity field = Max:zz.zaa
0.095 Z|

Min; 6,7248-5

Figure B.3. Results for 1400 rpm.
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- 1800 rpm

e Tt e R ]

Fack(11)=1 Sirface: Turbulent dissipation rate [m?/s%] Streamine: Yelacity field Ma=: 7,351
e I

M
”H k]

\

I
0.03 'H|"
S
\

0,008

-0.04 0,03 -0.02 -0.01 0 0,01 0.0z 0,03 0.04 .05 0,06 0,07 .08 0,09
1Min: 1.25%2-4

Figure B.4. Results for 1800 rpm.

Fack{11}=1 Surface: Turbulent dissipation rate [m2fs%] Streamline: Welocity Field Max: 17,908

[<I I |
0,095 =]

-0.005

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Min: 2.178e-4

Figure B.5.Results for 2200 rpm.
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The flocculation process induced by polymeric addit ives has been studied
extensively and is well reported in the literature. However, from the point of view of
the papermaking process, still few studies relate f  locculation behaviour and flocs
characteristics with retention, drainage and sheet formation under various process
conditions and for different retention aid systems. This correlation is of great
importance in order to understand, predict and opti mize retention and drainage
performance and thus, sheet formation and quality.

In this study, a strategy that allows obtaining inf ormation about flocculation
kinetics, flocs characteristics, flocs resistance a nd reflocculation capacity in a single

test and in turbulent conditions was developed. The light diffraction scattering
technique (LDS) was used to monitor the flocculatio n process due to its advanced
capabilities that allow one to extract information on both the particle size distribution

and the fractal dimension of the flocs.

Monitorization of the flocculation of precipitated calcium carbonate (PCC)
particles with new cationic polyacrylamides allowed assessing how the polymer
characteristics, namely the charge density and the degree of branching affect
flocculation, flocs characteristics, flocs resistan ce and reflocculation capacity in

distilled and in industrial water.

Furthermore, the effect of the degree of polymer br  anching on retention and
drainage performance of flocculated kraft pulp fibr e suspensions containing PCC
was investigated in the dynamic drainage analyser ( DDA) and the results have been
correlated with flocs properties obtained by LDS.

Moreover, the effects of the chemical flocculation on the rheological behaviour
of the pulp suspension have been studied correlatin g flocculation data obtained by
LDS with the rheological behaviour obtained with th e rotational viscometer
developed by the Universidad Complutense of Madrid.

Finally, a population balance model for the floccul ation of PCC particles with
the polyelectrolytes used is presented. Model param eters were correlated with the
polymer characteristics in order to obtain a model that can predict the aggregates
characteristics (size and structure) or the operati ng conditions that produce
aggregates with the characteristics required for a predefined performance.



