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ABSTRACT

Higher paper machine speed. effieieney and paper quality like opaeity. ean be

attained by inercasing the first-pass retention. Adding polyethylene oxide (PEO) at the wet

end ofa paper machine. ean rcsult in an inercase in retention of the fine particlcs. However.

eontroversy is still surrounding the meehanism by whieh PEO hclps to retain the eolloidal

particles. The rcsults obtained with PEO and the cofactors (SNS. MPR. and CAR). are

diseussed in tenns of the assoeiation-indueed polymer bridging mechanism.

Dynamie Light S;:attcring (OLS) ofpolymer solutions revea1ed that caeh ofthe three

eofaetors are fonning complexes wiLi PEO. CAR radically inercased the apparent diameter

of the PEO ehains. and MPR seems 10 decrease it In latex suspensions. the SNS was found

very efficient in the sequence latex-polymer-cofaetor (LPC). inereasing the PEO

hydrodynamie layer thiekncss (HLT). A thennodynamie equilibriurn seems to take place at

a HLT ofabout 40 nm.

Floceulation experiments with the help ofa Photometrie Dispersion Analyser (PDA).

with PEO only (no eofaetor) suggested that the fines are eomposed of more than one

eomponent SNS was found to make ail the fines alike by adsorbing on them. Adding the

PEO after SNS gave homoflocculation. As a resuit, the specific surface of fines, caIculated

by PEO adsorption was found to be 0.223 m'/g.

The asspciation-induced polymer bridging mecbanisrn can happen in three different

manners depending ifthe cofaetor and the polyrner are adsorbing onto fines. When neither

of PEO nor cofactor adsorb ante the coIIector, the PEO/cofactor association-complexes

bridge the particles (van de Ven and AIince (1996». When the cofactor (e.g. SNS) and the

polyrner adsorb ante the fines, in the sequence fines-cofactor-polyrner (FCP), with a
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chcmical ratio cofactor . PEO of 3 1. adsorption of the PEO chains onto cofaetor-eoated

fines is likcly to occur at the beginning followed by the llocculation of the linl'~;. In the

sequence fines-pol)mer-cofactor (FPeJ. when the polymer adsorbs mU" the lines and the

cofactor adsorbs (e.g. $1'1$) or not (e.g. MPRJ. a reenforcement of the bondstrength W;\S

noticed. This could be caused by the bridging of PEO-coatcd fines by the cofactor.
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RÉSU:\IÉ

L'augmentation de la vitesse d'une machine à papier, son efficacité ct l'opacité du

papier peuvent être augmentés en améliorant la rétention de première passe. L'addition de

l'oxide de polyéthylène (OPE) au bout humide de la machine peut permettre la rétention des

fines particules. Cependant, le mécanisme par lequel l'OPE floeeule la matière eolloidale

est toujours un ~üjet d'actualité. Les résultats obtenus avec l'OPE et les cofacteurs (SNS,

MPR ct CAR) sont discutés d'après le mécanisme de pontage polymérique induit par un

phénomène d'association,

La techn;que de la diffusion dynamique de la lumière (DLS) nous a permis d'étudier

des solutions de polymère, Ces études ont révélées que les trois cofacteurs créent des

complcxes avec rOPF. CAR a radicalement augmenter le diamètre apparent des chaînes

d'OPE et MPR semble pour sa part le diminuer. Quand SNS est introduit dans une

suspension de latex, suivant la séquence d'addition latex-polymère-eofacteur (LPC), la

couche hydrodynamique (HLn de polymère est plus épaisse, Un équilibre

thermodynamique semble s'établir à une HLT d'environ 40 nm,

Des tests de f1occulation a raide de l'analyseur photométrique de dispersion (PDA),

avec l'OPE (sans cof.lcteur) ont suggérés que les fines n'ont pas toute les mêmes

caracté'ristiques. Le SNS a la propriété de les rendre identiques en s'adsorbant à leur surface.

Ajoutant l'OPE par la suite résulte en une hOl:lofiocculation d'où la surface spécifique des

fines a pu être calculée (0 ??3 m:tg),

Le mécar.isme de pontage induit par association, peut se produire de trois diff"erentes

m;:;'lières dépendant de l'affinité du cofacteur et de l'OPE pour les fines ou tout autre

collecteur. Quand ni le cofacteurni l'OPE n'adsorbent sur le collecteur, la floccuIation peut



• être initiêe par les complexes OPE. cofacteur (van de Ven ct Alince (1996)). Quand le

cofactcur (e.g. SNS) ct Ic polymèrc pcuvcnt adsorber sur les fines. que la séquence lines

cofactcur-polymèrc (FCf') est utilisée ct que le ratio chimique colàcteuriOPE est de 3/1. il

semble que les chaîncs d'OPE adsorbent sur les fines qui sont déjà couverlent par le

cofacteur. suivi d'une llocculation de ces mêmes fines. Dans la séquence fines-pol)<mèrc

cofactcur (FPC). si le pol)<mèrc adsorbc sur les fines mais quc lc cofacteur adorbc ou non r'a

pas d'importance. un renforcement des liens entre les particules semble survenir par l'action

des molecules de cofacteurs rcliant les chcines de pol)<mèrc.
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1.0 INTRODUCTION

The Paper Industry is in constant evoIution. secking for higher papcr machinc specd.

efficiency and paper quality (like opacity). These threc factors c:m be attained by incrcasing

the first-pass retention. A Iower consistency of the white watcr is the resuIt of highcr

retention. alIowing faster drainage and consequentIy. a higher specd ofthc paper machine.

The efficiency ofa paper machine is defined as the ratio of the total production. over thc

theoretical production if no break of the shect and no reject occurred. The paper quality

improvement, which is revealed by the higher efficiency, can often be achieved by retaining

the smalI particles in the forming shect SmalI particles can be either fines (very smalI wood

fibers) or filIers Iike calcium carbonate, clay or titanium dioxide. One oftheir roIes is to fiIl

the cavities (or voids) between the big·fibers, increasing the opacity ofthe shect.

The problem is that, due to external forces, the finer particIes are hanily captured by

the sheet ofpaper during its formation. Hydrodynamic forces are very important at the wet

end ofa paper machine. The consistency ofthe pulp suspension passes from about 1% to

20%. This means that approximateIy 95 tons of water must be removed within a few

seconds for each ton ofpaperproduced [1]. This is achieved by filtering the pulp suspension

on a synthetic polymer fabric. Two mechanisms are operating in retention: filtration and

adsorption. Filtration is more important for fibers, big fines and aggregates while adsorption

occurs for smallerparticles Iike sma11 fines and filIers (coIloidal particIes). Typically, pulp

fibers have a Iength ofa few mi11imeter, while the fines and colloidal substances range from

a fraction ofone Jl.IIl up to 150 Jl.IIl.

Adding retention aids Iike neutral polymers or polyeIectrolytes (cbarged poIymers),

at the wet end ofa paper machine can resu1t in an increase ofthe fiIler retention from near
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zero to 50 or 60 percent [1]. This ean only be aehieved only if the physieoehemieal

conditions arc significantly changed [2]. Among the polymers of commercial interests,

polyethylene oxide (PEO) is widely used for newsprint and groundwood specialties. PEO

has gaincd wide aeceptance in the industry for its perfonnance and low cost. In addition of

rctaining the fines and fiIlers, it is rctaining the wood resins in the fonning sheet, decreasing

the frcquency ofproblems related to piteh deposition.

However, controversy is still surrounding the meehanism by which PEO retains the

eolloidal particles [3]. The bridging mechanism was first proposed. PEO was found less

sensitive to the anionic contaminants found in a pulp suspension than the usual cationic

polyelectrolytes, and was thought to bridge fillers and fibers together. Experiments proved

that PEO often works in systems where it does neither adsorb on fibers nor on fillers. Pelton

and al. [4] found that PEO often needs a second component to be efficient and it was

suggested that dissolved lignin contributes to a synergistic adsorption. This second

component is referred to as a cofaetor or enhaneer. Later, Lindstrôm and G1ad-Nordmark

[5] proposed the network mechanism where there is no adsorption on fibers nor on fillers.

Rather, a three-dimension network is formed in which the filler particles are captured and

then swept up by the big fibers. Van de Ven and Alinee [3] argued against this network

mechanism for weak hydrodynarnic and thermodynarnic foundations, and instead proposed

the mechanism of association-indueed polymer bridging. The prineiple is that a freely

dissolved PEO molecule is more easily adsorbed onto a collector wben its configuration bas

been modified by a cofaetor. The proposed mecbanism can happen either if a cofactor

adsorbs or not onto the eollector (fibers). Depending on the type of cofactor used, the

PEO/cofactor complex bas been found to vary the flocculation efficiency.
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The objective of the present study is to investigate the mechanisms by whieh the

PEO/cofactor association can rctain thc fincs during thc papcr formation process and to

expIain these diffcrences in efficiency. Three diffcrcnt classes of cofactors were sclectcd:

carbamidc (CAR), sodium naphthalenc sulphonate (SNS), and modificd phcnolic rcsin

(MPR). The hypothesis investigated is that a pulp suspension is flocculatcd by

PEO/cofactor association via the association-induccd polyrner bridging mechanism [3]. A

series ofPEO/cofactor properties should be elucidated to charactcrize a particular cofactor.

The strategy (Figure 1) selected combines two techniques: the dynamic light

scattering (DLS) and photometrie dispersion analysis (PDA). The former technique was

used to follow the change in PEO chain configuration as a cofactor is addcd to a polyrncr

solution. Other experiments on adsorption ofPEO onto latex particles gave a hydrodynamic

layer thickness as a function the cofactor type, cofactorlPEO ratio. and timc. Latex

s~spensions were chosen for their well known surîace properties and spherical shape.

Moreover their surface charge is similar to that ofwood fibers. The second technique (PDA)

can best measure the stability ofwood fines suspensions in the presence ofPEO/cofactor

associations. This system was closer to and industrial application by using a wood

suspension with comparable shear rate and electrolyte concentration. The stability was

measured as a function ofPEO concentration, the sequence ofaddition (cofactor prior to

PEO or the inverse,) and the cofactorlPEO ratio. A better understanding ofthe mechanisms

can lead to significant improvement of fines and fillers retentiop during papermaking.

This Introduction chapter (chapter 1) presents the basic theory and summarizes the

literature overview that is necessary to understand the more specifie
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Hypothesis

Strategy

PEO configurations Fines suspensions

Figure 1: Strategy plan ofexperimental work.

subjects of the two subsequent experimental chapters. The work begins in describing the

Brownian motion to calculate the diffusion coefficient ofa coIloidal particle. The Brownian

motion is one of the extemal forces that bring particles together to destabilize a coIloidal

suspension. The stability ofcoIloidal suspensions is the subject ofthe foIlowing section,

where it is question ofparticles interactions, and polymerchemistry and physics. A literature

review is a1so presented at the forth section. It is question ofPEO behavior in solution, and

in suspensions oflatex parti.cles or wood pulp fibers. The ernphasis is put on the interaction

ofPEO and cofactor and the lastiy proposed flocculation mechanisms. Finally, the last part

is concemed with the light scattering theory to introduce light as the probe for the

experimentation ofthat research project.
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2.0 BROWNIAN MOTION

2.1 General concept

Optical microscopic obscrvations of small particlcs dispcrscd in water rcycal a

constant statc ofrandom motion. Thc discoycry ofthc phcnomenon is attributed to Robert

Brown (1828). He observed the perpetuai motion of plant pollcns undcr a microscope and

thought that thesc particles were "aliYc:' Controycrsy pcrsistcd until Gouy (1888) rulcd out

cxtraneous causes and focused attention on molecular agitation. In 1910 Pcrrin concludt:::1

that the particles seem to moye indepcndently with no effect of density or cQmposition.

although the amplitude of the motion is greater for smaller particles, with less viscous fiuid

and higher temperatures. According to van de Ven [6], thc Brownian motion can bc

describcd as the perpetuai motion executcd by small suspendcd particles due to fluctuations

in the force exerted on them by the molecules of the suspended fiuid. Under normal

conditions a Brownian particIe will suffer about 10" collisions per second with fiuid

molecules, leading to the chaotic motion of the particle.

The Brownian motion cao be quantificd by finding the diffusion cocfficient, D, ofthe

suspendcd particles. This is the result of the deyelopment shown below. The Brownian

motion is fust characterizcd in terms of the length ofone single step and the time taken by

a particle to travel such a distance. The random walk analogy is derivcd to obtain the root

mean square (R.M.S.) distance trayelcd by a particle as a function oftime. The last of the

Brownian motion sections is the application of the diffusion laws to obtain the diffusion

coefficient, D.

There are two kinds of Brownian motion: translational and rotational. Spherieal

particles show translational motion (Figure 2) and non-spherieal particles illustrate
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(b)

(a)

Figure 2: Translational Brownian motion from point a to point b. ofa non
interacting particle.

y

11

x

Figure 3: Rotational Brownian motion leading to a change in orientation of
a rod shaped particle.
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translationa! and rotational motion (Figure 3).

The length ofa single step in translation or the angle change in rotation. depends on

the rapidity of the observer. Il can be cxp1ained by measuring the contour ofan island on

maps ofdiffcrent sca1cs. The details of the contour are more visible on a 1:20000 scale map

than on al :100000 scale. In the sarne \Vay ofthinking. if the stochastic motion ofa particle

is filmed, the apparent distance a particle travcls depends on the time frame used in

observing the particle (6]. This is called a self-similar phenomenon.

(a) (b)

Figure 4: Self-sunilarphenomenon ofBrownian motion. Enlargement ofa
portion of(a) is presented in (h). Qualitatively sunilar fonn ofthe trajectories
is shown.

Therefore, the velocity ofa partiele al a given position is meaningless. More useful

is the relation ofthe approximated displaeement and orientation. Stokes law descnDes the

drag force, Fbat' experieneed by a particle moving in a fluid.
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(1)

The variable Il is the particle velocity. The friction coefficicntj= 61t.ua being the Stokes-

Einstein equation in which Il is the fluid viscosity and a is the particlc radius. Combining

the drag force with Newton's second law,

F=ma

where 111 is the mass and a, the acceleration, we gel.

ma=-fu

•
Equation 3 can be rewritten for a one-dimensional displacement as,

where ~=j/m. The solution to this differential equation is,

(2)

(3)

(4)

(5)

where u. is the initial velocity, and ~ is regarded as a characteristic relaxation time, or the

time taken by the particle for a single jump ofthe particle. The length, J, ofa single step can

be calculated from equation (5) for t-oo,
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(6)

where CI" is evaluated From the equipartition ofencrgy for a particlc in thcrmal cquilibrium

with thc medium [6]. The final result is.

(7)

in which kT is the thermal energy. For example. a particle ofone micromctcr in watcr at

25°C, has a calculated characteristic rela"<ation time, p-', of2.5x 10.7 s, and a single stcp

length, l, of0.25 nm (aftervan de Ven [6]).

2.2 Random walk

The Brownian motion can be defined as a series ofjumps ofirregular magnitudes and

in arbitrary directions. To describe the displacement ofa particle in space, wc can consider

a one-dimensional system (frame ofreferenee). Lets assume that eachjump is ofthe same

size and has an equal probability ofbeing in the forward direction. The probability, w, of

finding the particle at a position, x, at a time, t, is:

(8)

which is the nOIIIlal distribution funetion, where 1'\ represents the number ofsteps. This well-

known bell eurve is flattening with rime because the particle is quitting its initial position.
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Even if the average displaeement IS zero. the important result is the mean-square

displacement. <x'>:

(9)

The random walk is a good approximation ofthe Brownian motion. However the solution

is not exact and without going into details. the correct result is derived from the equation of

Langcvin [6. 7).

(10)

Equivalently, for the rotational Brownian motion, <âlp'>, ofa rod shaped particIe,

(11)

in whichIr is the rotary friction coefficient The generalization ofthe random walk for an

ensemble ofparticles is descn"bed by the Brownian diffusion in the next section.

2.3 Diffusion

The diffusion of colloidal particles can be either explained by a driving force

resulting from a gradient in the chemical potential through the suspension, or by the

stochastic movements ofeach partide. Imagine a box initially separated in two parts like the

one ofFigure 5.
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Figure 5: Box initially scparatcd in half. At time equal 10 zero.
concentrations ofboth sides 1and II are to equilibratc by Browni:m diffusion.

lnitially, the concentration ni is greater than nu' The one-dimcnsional chemically driven

force, g-dO is,

dll,
g-=-

d dx
(12)

where Ili is the chemical potential. As long as a chemical potential gradient exist through

the volume, a driving force will equalize the particle concentration by diffusion. Statistical

analysis leads to the same resuIt: each particle is likely to move to the left or to the right due

to its chaotic Brownian motion. Since there are more particles in the container 1than in II,

there will be a net movement ofparticles towards the latter side.

The flux ofmaterial, J, is proportionai to the concentration gradient given by Fick's

first law ofdiffusion,
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(13)

in which. D. is the coefficient of diffusion of a partiele. The definition of the diffusion

coefficient is:

D=kT

f
(14)

It is one of the many important equations attributed to Einstein [6, 8-11]. The diffusion

coefficients for translation and rotary Brownian motion are given in Table 1 for spherical

partieles. Diffusion coefficients can aIso be derived for non-spherical particles and

aggregates [6, 9].

The first Fick's law ofdiffusion describes steady-state only. In a transient process,

without convection, and where Dis a constant, the Fick's second law ofdiffusion is,

The solution ofthis equation for a point source at the origin (in x-direction) is,

u(x,t) = 1 e -z'l4Dt

2(1tDt)lJ2

(15)

(16)

Comparing equation (16) with equation (8), the random waIk can be regarded as a diffusion
?'

process \Vith D= y, nl'. Equation 9 then becomes,
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Similarly derived for rotary Brownian motion.

\S

(17)

(18)

The theoretical diffusion coefficicnts can then be calculated for a givcn particlc sizc.

Table 1: Calculated values ofdiffusion coefficients (translation and rotation).
for various sized spheres in waler al 25°C (after van de Ven [6]).

a(um) o (m's") o (s")

0.001 2.2 x 10-\0 1.7 x 10'

0.01 2.2 x 10-1\ 1.7 x 10'

0.1 22 x 10-" 1.7 x 10'

1 22 X 10-13 1.7 X 10-\

10 2.2 X 10-" 1.7 x 10"

These values are for non-interacting particles at low concentration. The particles experience

collisions during Brownian motion. These collisions may lead to coagulation or f1occu1ation,

it is then worthwhi1e to develop on the topic ofthe stability ofcolloidal suspensions.

3.0 STABILITY OF COLLOIDAL SUSPENSIONS

The ability to apply colloidal science to technical problems fascinated Faraday 140

years ago [10], and is still a challenge nowadays. Typical colloidal systems are

heterogeneous, thermodynamically and aggregately unstable owing an interface between
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particIcs and the dispersion medium [12]. Fennel Evans (10] gives an example ofa stable

co110id suspension that we sec every day, the milk. Milk is a suspension ofproteins (casein)

and fat globules. This suspension is remarkably stable up until the pH is changed. Adding

acid like lemon juice, or letting the milk at ambient temperature for too long will give the

same result In the latter case, microbial activity results in the production c.f lactic acid and

will also change the pH ofthe suspension. This change in pH neutralizes the charges ofthe

proteins and induces coagulation. There, you know how to make yoghourt!

In the absence ofpolymers and polyelectrolytes, there are traditionally two types of

interactions operative in a colloidal system: the van der Waals and the electrostatic (double

layer) interactions. These forces are presented in the next sections followed by the DLva

theory (Derjaguin, Landau, Verway, and Overbeek). ather forces like hydrodynamic

conditions are also important and whether deposition takes place or not depends on the net

interaction energy betWeen the particles and the collector [13]. A brief description ofthe

effect ofadding polymers to a suspension is also given.

3.1 Van der Waals dispersion forces

The van der Waals forces are attractive for identical substances and can be either

attractive or repulsive for different substances. Arising from electromagnetic interactions,

they are of three types: London, Keesom and Debye. The tirst type, London, descnoes

interactions between two neutral molecules; the second type, Keesom, represents the

interactions between molecules with permanent dipoles; and thirdly, Debye interactions

occur between polar and neutral molecules. AIl three types are called dispersion forces and

their combination, written in terms ofthe dissipation energy, V", is:
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(19)

in which, À, is a constant depending on thc nature of the material and r is thc distance

between two molecules. For two colloidal partic1es consisting of a large quantity of

molecules, the dispersion energy is obtained by adding the contribution ofeach one. For two

identica1 spheres interaeting with eaeh other [6], the dissipation energy is:

(20)

In which, A, is the Hamaker eonstant, and h. is the distanee separating them. This result is

a good approximation but is not exact because ofthe retardation effects, and the influence

ofthe neighbonng molecules were neglected. However the present development is suffieient

for the present study but the interested reader is referred to the theory ofLifshitz and co-

workers [6,10).

3.2 Eleetrostatic double-layer interactions

In most cases, colloidal particles possess electrostatic charges, creating a double-

layer. The electrostatic force of interaction between two particles is derived below. The

principle of electroneutrality establishes that the net charge in the dispersion medium is

equal, but opposite in sign to that ofthe particles. The counterions in the dispersion medium

give rise to the e1ectrica1 double layer that surround the colloidal particles [14]. One ofthe

mos! important equation ofstatistica1 physics, is the Poisson-Boltzman equation, since it is
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the basis ofour undcrstanding ofelcctrolyte solution, eleetrode processes, colIoid interaction,

membrane transport, nerve conduction, transistor behaviors, and even plasma physics [8].

..." l "'. ( -z,elj1)v-Ij1=--~ n, z,e exp --
E.E, kT

(21)

in which lj1 is the potential; E. and tt are the permittivity of free space and the dielectric

constant ofthe medium respeetively; ni' is the bulk concentration ofions oftype i; Zi is the

valency ofthe salt; and e, is the charge ofa proton. The equation (21) gives the profile of

the potential as a function of the ion concentration. The Poisson-Boltzman equation is

aceurate in its representation of the diffuse double-layer potentia! [8]. From the Debye-

HOekel approximation ofthe above equation, carne an important pararnetercalled the Debye-

HOekel pararneter, K,

(
'" . 2) 112

K= e2~~z, (22)

in whieh E=t:.E.. The extent ofthe double layer surrounding a eolloid is measured by the

pararneter K", the region of variable potential. AIso called the Debye length, 1l: can be

varied by ebanging the concentration and the valency ofan eleetrolyte. Typica11y, KI varies

from about 100 nm at 10-5 M to less than 1 nm at 10.1 M [6,14].

When two partieles are brougbt together, their doub!e-layers overlap. The resulting

effeet is that the ions and potential distribution are no longer symmetrical around the

particles. Surfilee forces beeome relatively important at that lime. Dexjaguin (1934) made
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infinitesimally thin eylinders [6]. The result is valid for relativc1y large panicles with

constant surface charge. This is known as the DeIjaguin approximation.

B1ta
F =- exp( -Kil)

E Je

(
:e1J1 )y =tanb -_.

• kT

(23)

(24)

(25)

In which FE is the force (repulsive for identically charged particles) exerted by the electrical

double-layer, and 1J1. is the surface potential.

The knowledge ofboth ofthe dispersion and electrostatic interactions, equations (20)

and (23) respectively, leads to the DLVO theory presented thereafter.

3.3 Total potential energy interaction and classical DLVO theory

The stability ofcolloidal suspensions can be described by the sum ofthe interaction

energies. DeIjaguin and Landau (1941) and Verway and Overbeck (1948) (DLVO),

combined the van der Waals dispersion forces with the electrostatic double-layer forces to

explain the stability of lyophobic colloids. The free energy of interaction between the

particles is related to the force by,
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Interaction potentials have the character of free energies and contain energetic and entropic

contributions. For the case of two identicaI spherical particles the total free energy is

approximated by,

Aa
V =---+c exp(-Kh)

T 12h

where c is an integration constant.

(27)

The van der Waals attractions dominate at smalI and large distances. Very close to

the wall, VE approaches a finite magnitude, whereas Vd goes to sorne very low values,

attracting particles into deep intimate contact. This weil, called primary minimum, is not

infinitely deep. Very short range energy repulsion arises between the atoms on each surface.

This is cal1ed the Born repulsion. Hunter [8] introduced the so-called solvent-structural term,

VS' in which the Born repulsion is included. Observation ofstable colloidal suspensions even

at very high electrolyte concentration have lead to this extra term in the total energy

interaction equation.

(28)

The secondary minimum, which occurs at larger distances (-7 1\:"), is aise important in

colloidal suspensions. Coagulation into the primary minimum is sometirnes irreversible or

very difficult to redisperse. Flocculation occurs when particles are entrapped into the



• secondary minimum. Application ofmcchanical cncrgy can casily brcak thc latcr t1ocs. Thc

height of the cnergy banier in Figure 6. dctermines the stability of the suspension. A lypieal

value of the énergy banier for a stable suspension is greater than about 10 kT. The height

ofthe banier ean be varied by ionic strength or surface potential. For example. At high ionie

strength and where DLva applies. the energy banier disappears and fast coagulation OCCUIS.

---------". ..... vd

V//
1

1
1

h

Figure 6: Total potential energy of interaction VT=Vd+VE+Vs where V, is
the potential energy due to solvent layers (after Hunter [8]).

The addition ofmacromolecu1es like polymers cao completely transform the behavior

of a colloidal suspension by changing the nature ofthe interactions between the particles.

The nex! section is concerned with that phenomenon.

3.4 Addition of polymers in colloidal suspensions

Polymersare used to stabilize or destabilize a colloidal suspension when one cannot

change the electrolyte concentration or the surface properties of the particles. General
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fcatures about ncutral polyrner bchavior in solution arc givcn in thc next section, comprising

thc radius of gyration, and whethcr or not the polyrncr chains adsorb onto a surface.

The IWO most widely used molccular weight averages are the number-average, MN'

and weight-average, Mw [15].

(29)

(30)

In which, Di' is the number ofmolecules having the molecular weight, M j. M NIM 0 is the

number-average degree of polymerization, where Mo is the molecular weight of the

monomer. The Mw is a1ways greater than MN because longer polymers contribute more to

the weight !han to the number average value. Other averages arc a1s0 used and the reader is

referred to [15] for more details. The polydispersity (or the ratio ofweight average over

number average) is an indicator ofthe width ofthe size distribution. It is usually varying

from one to three and a value oftwo is obtained for a purely random termination reaction

[10].

The conformation of polymer molecules is critical in the stability of colloidal

suspensions. The number ofconformations accessible to a normal carbon backbone polymer

in a very dilute solution is oforder 2b
, where b is the number ofbonds in the polymer. Some

biopolymers have a relative1y fixed conformation blee a rigid rod ofa Iength, L, scaling as



• 26

the degree ofpolyrnerization, N. On the other hand, compact globules have a radius, a- N°"

[10]. Synthetic polyrners tend to adopt a more flexible conformation. where the radius of

gyration R.- N°, and O.5<a< 1 [10]. The value of a depend on conformaI restrictions like

valencyangles. One parameter to spccify the sizc ofa Iincar polyrncr molecule is the root-

mean-square end-to-end distance, <1>/1:. This quantity is somctimes ambiguous. espcciàIly

for branched polyrners [14]. One more commonly uscd measure ofthc polyrncr size is the

RMS radius ofgyration, ~:

(31)

(32)

where, Ilj, is the number ofconformations, Si is the radius ofgyration ofthe ilb conformation,

~j is the mass ofthejlb element in the i lb conformation, and q ij is the distance ofthej lb

element from the center of mass in the ilb conformation. ~ corresponds to an avcragcd

radius ofpolymer chains [14, 16], and ean be mcasurcd by light scattering, or viscosity.

Attached polymer chains on surfaces

Free polymcrs in solution can either adsorb onto a surface or stay in solution,

depending on severa! parametcrs like the quality of the solvcnt and the aflinity of the

polymer for the surface. Homopolymcrs adopt special conformations whcn adsorbcd on

surfaces. Figure 7 illustrates a homopolymcr adsorbcd on a colloidal particle with tails,

loops and trains. A polymer can adsorb on the surface ofa colloidal particle via four types
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ofintcractions: Coulombic (chargc-chargc). dipolc intcractions. hydrogen bounding. or van

dcr Waals dispcrsion forccs.

Tail

Figure 7: Schematic diagram of a polymer adsorbed on a surface (after
Hunter [8]).

The carly makers ofinks and paints were weIl aware ofthe value ofcertain natura! gums in

promoting the stability [8]. The surface ofthe lyophobic colloidal particle was covered with

a lyophilic polymer from which tails and loops were extending into the solution. In that

case, the interactions between lyophiIic polymer cbains impart stabiIity. Depending on the

amount of a neutraI polymer added to a coIloidal suspension, flocculation or stenc

stabiIization may occur. Steric stabiIization is ofgreat importance in colloid science. Two

conditions are required for stearic stabiIization: full coverage ofthe particles surface by the

polymerand an adsorbed polymer layer thickness extending over the electrical double-layer

range. For example, Tablen illustrates the importance ofthe polymer extent (RMS end-to-
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end distance) into solvent compared with the double layer thickness (Je0'). The spatial

extension a of neutral polymer is function of its moleeular weight. and the double layer

thickness is a function of the electrolyte concentration.

Table II: Theoretical C21eulations of the spatial extent of polyrners of
different moleeular w",igh: and. the extent of the electrical double layer at
different salt concentrations (after Hunter [8]).

1:1 electrolyte Double-layer Polyrner molecular Spatial extension
concentration thickness (nm), Je,I weight (nm)

(molli)

10" 100 10· 60

10'" 30 10' 20

1003 10 10' 6

10~ 3 103 2

10" 1

These numbers clearly show that polyrners ofa relatively low molecular weight will extend

in space over distances where van der Waals attractions are effective.

Flory-Huggins (1941) came with a theory based on free energy ofmixing to explain

the interactions between adsorbed polymers on approaching colloidal particles. Extensive

work has been done by Napper (1983) in stearic stabilization.

Ifthe first condition for steric stability fails by means ofinsufficient polymer chains

to cover the colloids surface, but the second condition regarding the spatial extension is met,

flocculation may occur when two colloidal particles collide. During such a collision, the

adsorbed polymer molecule on one particle can adsorb on the bare surface of the other,

creating a bridge between them. Ruehrwein and Ward (1952) were the first to propose this
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bridging mcchanism. The theory predicts that the maximum f1occulation efficiency is

rcachcd at half covcrage of the suspended particles by the polymer [17]. How fast this

f1occulation occurs is the subject of the following lines.

De Gennes [18] has greatly contributed to the understanding ofthe thennodynamic

equilibrium ofadsorbed polymers on a single surface or bridging two surfaces. However,

most of the adsorption processes are kinetically controlled over a very long period oftime,

like days, months or even longer (after van de Ven [19]). The deposition and detachment

kinetics ofpolymers and fillers can rather be modelled by a modified Langmuir equation [2,

19,20],

d8
- = 1: (l" -8)(1-8)-1: 8dt .n.... dei (33)

where, 8, is the fractional coverage ofpulp fibers by the colloids or the polymer chains; k.tt

is the deposition rate constant;~ is the detachment rate constant; and ç 0 is the initial

concentration ofpolymer, co' divided by the maximum amount that can deposit in a unit

volume ofthe suspension, containing 1 g ofpulp fibers.

(34)

Here c. is the initial polymer concentration expressed in grams ofpolymer per gram ofpulp

fiber. r_~ is the maximum amount that can deposit in the same u1lÏts (zig). The deposition

rate constant is defined as,
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(35)

Where, 0:. is the deposition efficiency bet\veen t\vo particles. and varies from 0 to 1. k,,,,, is

dependant on hydrodynamic forces. The detachment rate constant is.

(36)

This detachment rate depends on two factors, the hydrodynamic conditions c.> and the depth

of the energy minimum E (from DLVO theory). E depends on the chemical nature of the

bonding between two particles. A retention aid is added to a papermaking suspension to

change and obtain the desired values ofo:cr, 0:", E"r and~ , where "c" refers to colloids and

"f' refers to fibers. Kinetics ofpolymerbridging ofparticles are always coupled to slower

kinetics ofpolymer adsorption.

Free polymers in solution

Free polymers, which are often present in biological dispersions or in a drying paint

film for example, cao also induce flocculation without adsorbing to any surface. This

phenomenon is called Depletion Flocculation, and happens when two colloid particles

approach so closely that polymer chains are excluded from the inter-particle region. The

pure solvent being in the gap will have a tendency to escape, eqnalizing the chemical

potential with the bulk solution, and creating an osmotic pressure favorable to flocculation

process.

4.0 LlTERATURE REVIEW ON THE POLYETHYLENE OXIDE

The fact that polyethylene oxide (PEO) is the simplest structure ofwater soluble

polymer and its wide range ofapplications, bas made it one ofthe most extensively studied.
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General propertics of the polymer and its interactions with othcr chemicals or coIIoids are

reviewed. The PEO was tirst used as a single component in retention aid systems. and

thercafter other chemical compounds wcre added for their synergistic effects in combination

with PEO. ln this section. fiocculation mechanisms are discussed from the c1assical bridging

to the association-induced polymer bridging.

4.1 Polyethylene oxide ebaraeteristics

The synthesis ofhigh molecular weight PEO is made by helerogeneously catalysed

polymerization ofethylene oxide [21]. However, the molecular weight distribution is very

wide (MwlMN = 20) and narrow-range samples require fractionation. The problem is that the

bulk polymer is highly crystalline al ambient temperature (T" = 66°C) so that sophisticated

separation methods should be used. The glass transition. TG = -55°C. The density at 25°C,

can vary from 1.13 to 1.23 glcm3 for amorphous and crysta1line states respectively. The PEO

is a nonionic polymer: the molecules do not carry charges. It is aIse a homopolymer: a

molecule of PEO cO:lSists of only one monomer unit repeated N limes. The fol1owing

chemicaI fonnula represents a PEO molecule:

-(-CH -CH -0 -) -
2 2 N (37)

The molecular weight of the monomer is 44.05 and the degree ofpolymcrization can be

greater !ban six million.

The absence of double-bonds (except for chain tenninations) and its linear (not

branched) constitution aIlow the PEO chain to be very flexible and to fonn a random coiI

confonnation. The ether oxygens are though to create hydrogen bonding with other

substances [22-25], enhancing the PEO solubiIity, and its abiIity to create association-
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to the adsorption of the molecules ont... hydrophobie surlàecs. PEO docs not adsorb onlo

pure eelIulose [28. 29]. but docs adsorb onto the rcsiduallignin sites on libers or tincs [30].

Lignin residues are hydrophobie. The polyether oxygens of PEO and aeidie protons of

phenol groups of substances present in pulp suspensions. arc responsible for hydrogen

bonding. Then. a PEO chain ean adsorb onto residual lignin patehes by both of its

hydrophobicity and its ability to sharc electrons from the ether oxygen. Thermal analysis

experiments (differential scanning calorimetry) brought thc evidcnce ofhydrogen bonding

between PEO and a celIulose model (2.3-di-O-methyleelIulose) [31]. but this interaction is

not strong enough to be notified in flocculation processes. Degradation of the PEO chains

in solution has been reported in presence of oxygen and light [21]. The PEO seems to

undergo autoxidation reactions (characteristic ofethers) and is catalyzed by traces ofmetal

ions. This may be prevented by adding antioxidants such as hindered phenols. The presence

ofthese anticxidants may affect the conformational size ofthe polyrncr in solution. Anothcr

study coneluded that the primary reason for long term instability is relatcd to the presence

of small quantities ofhydroperoxides or related substa:lces in the initial polyrncr [21. 32].

It was also found that chains scission occurred at high shear [33]. In most ofthesc studics,

the degradation is evidenced by a loss in solution viscosity in time.

High molecular weight PEO is hardly dissolved in watcr. It is believcd that a fresh,
..... ::::::-

clear solution contains entanglcd PEO moleculcs, clustcrs and free coils. At equihbrium.

above a critical self-association concentration, only the c1ustcrs and free coils coexist in a
r-:-

thermodynamic equihbrium [34]. The disappcarance of the entanglcd molecules may

contribute to the loss in viscosity. The clustcrs contain a few hundred polyrner c:bains. and
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thc diarnctcr was found to bc about 400 nm, independently of the molecular weighl. Such

a PEO solution is to be added to a pulp suspension.

Wood libers have bcen extensively studied and found to have a porous rough surface

[35]. Thc polymcr molccules can penetrate into the fibers through these pores [36, 37].

Furthcrmore, pulp fibers and fines are very different in terms ofsurface properties, size, and

shape. A rather simpler model, such as latex partic1es, is therefore ideal to characterize the

adsorption and configuration of PEO chains. The adsorption steps, the equilibrium

hydrodynamic layer thickness of adsorbed polymers [38, 39], the stability of latex

suspensions in presence ofneutral polymer [17, 40], as weIl as the latcx characteristics [41],

are variables ofdirect interest in papermaking.

When a polymer solution is added to a wood pulp suspension, many situations may

happcn depending on which surface is coated with polymer [42]. Considering that fibres are

the solid surface and the fines or fillers are the particles, the possibilities are: (i) polymer

coz.ted particles and a bare solid surface, (ii), the particles and the soIid surface coated with

polymer, and (iii), bare particles and a polymer-coated surface. The polymer can aIso be in

excess or not, resuiting in 6 possibilities. A seventh possibility arise from the distinct

character ofPEO. It is known to fIoccuiate pulp suspension even ifit adsorbs neither on the

particles nor onto the soIid surface (see section 4.3).

4.2 Polyethylene onde in papermaking

The use ofPEO as a retentionaid forpapermaking started in the 1950s [43]. The

application became important in the 1970s and the classical bridging mechanism was though

to be the explanation for the PEO effectiveness [4, 28, 29, 44]. Lat::r, it was found that

fIoccuiation ofpuIp suspension by PEO was significantly enhanced by adding a second
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chemical referred to as a cofactor or enhanccr. In 1978. C~rrard and Pummer [45] \Vere

a\Varded a patent on the use 01 ;"EO and phenol-formaldehyde resin. Later results on krall

lignin. being inexpensive and improving significantly the retention \Vith PEO. lead to an

other patent issued in 1982 by Pelton et al. [46]. Several other patents on the combination

ofPEO and cofactors \Vere also issued but are less \Videly used.

Makedown procedures ofPEO stock solutions are crucial in retention efficiency [47].

It \Vas concluded that running at 10\V makedown PEO concentration and minimizing the use

offilters on the feeùing line, prevent important viscosity drop. This might be related to the

presence of entangled molecules in a fresly dissolved PEO solutions (section 4.1).

Minimizing the shear in the filters by 10\Vering the PEO concentration may decrease the

entanglements break up.

One requirement for the effc:ctiveness ofPEO in flocculating pulp suspensions is that

the molecular \Veight should be greatcr than 4'10· [4, 28, 44, 48]. When adsorbed onto a

particle, shorter chains may not extent far enough into the bulk solution to overcomc thc

clectrostatic interactions.

Prior to the 1980's, PEO was most often used as a single component. Conventional

polyclectrolytes were found ineffectivc in pulp suspensions characterized by very high

amounts ofdissolved and colloidal materials. Conversely, the retention aid system with PEO

was more effective in that case [4, 22, 48-50]. Indeed, the materials detrimental for

polyelectrolytes were enhancing the efIiciency ofPEO. The retention efIiciency was varying

considerably depending on the species ofthe beneficial contaminants.

Then the addition of a cofactor started. PEO was already known for long lime te

fOIm complexes with small:'.nolecules structures [21). Analysis of puIpsûSpCnsions
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contaminants aIse contributed to elaborate cofactors to be used in combination \Vith PEO.

The synergism between PEO and other compounds is explained to be caused by hydrogen

bonding and hydrophobie interaction, as explained in the precedent section. One ofthe tirst

cofaetor addition was done in a mineraI flottation study [26]. Hydrophilie minerais like

copper were treated with different types of surface moditiers to rend the mineraIs more

hydrophobie. The f1occulation ofthe suspension with PEO was then successful. Here, both

ofhydrogen bonding from the oxygen and the hydrophobicity from the ethergroups ofPEO,

are thought to eontribute to the f1oeeulation proeess [26,29].

Adding cofactors was found to be more effective in pulp suspensions as weil as in

minerai suspensions. In sorne cases, the use ofcofactors is essentiaI to the f1occulation: it

was aIso found that even with a very high degrce ofpolymerization ofPEO, poor retention

ofTiOzpigments was achieved since the polymer was not adsorbing both ante cellulose and

pigments [28].

Other cofactors were aIso tested for interaction with the PEO chains: tannic acid [51,

52]; sulfonated [23] and non-sulfonated phenolic resins [22, 24, 43, 50, 62]; lignin

derivatives [3,23,43,53]; black Iiquor [25]; pectin [25]; carboxymethylcellulose [23]; acidic

componds [43]; and aIum [4, 43, 48, 49, 54]. Association of PEO with bentonite [49]

activated fillers [50], and clay [55, 56) were tried. The flocculation efficiency was measured

as a function ofseveraI parameters: zeta-potentiaI [48]; temperature [4, 44]; pH [4, 48] as

well as shear rate [24, 44, 47].

OfaIl the cofactors used, the phenolic resin (PR) compounds are very efficient in

improving retion with PEO and seems to be the most widely used. The PEOIPR association

has been studied in more details [57-58].
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4.3 FIoccuIation mechanisms

Despite severaI lindings on the synereism between PEO and various eofactors. the

detaiIed mechanism involved has still not becn fully cstablished. As mentioned previously.

the simple bridging mechanism. where two colloids arc bridged by polymer moleeules. was

lirst proposed. This mechanism is unlikeIy to happen sinee in sorne systems. the PEO docs

not adsorb on the libers or on fiIIers. For example deposition ofclay :>articles onto libers

happens when PEO and suIphonated kraft Iignin are added to the suspension. while none of

these components adsorbs onto libers [3]. The bridging mechanism was discussed again in

1987 by Leung and Goddard [43]. but retention with PEO was found more effective when

the puIp fibers were pretrcated with ahuninum specics. They proposed a modilied bridging

mechanism where the aluminum species create a bridge between the libers and the eofaetor

that is initially not adsorbing onto the libers.

Lindstrèim and Glad-Nordmark [5, 52], in 1984, argued that bridging mechanism was

impossible and proposed instead the formation ofa transient network. Latex removal from

the bulk solution in a pulp liber suspension was achieved. Again the simple bridging

mechanism was unlikely to happen sinee neither PEO nor PR were adsorbing onto fibers.

How removal of latex partieles from bulk solution was then possible? They proposed a

mechanism where the latex particles were intercepted in a three-dimensional hydrogen

bonded network formed by interaction between PEO and PR. There is a synergistic effect

between PEO, PR and fibres for a critical order ofaddition. It is happening immediately

after PEO and PR are mixed together. Polymer networks formed at low polymer concen

trations are unstable. The transient nature (flocs break up) ofthis network requires the

presence ofcellulose fibers (coUectors) at the formation to achieve latex removal. The role
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of the libers is to sweep the transient network, eol1eeting the particles before the network

breaks apart. Also a fractionation eITeet was found on a latex suspension equal1y eomposed

of 0.945 /lm and 0.085 /lm (in diameter). Close to the total amount of smaller particles

stayed in the suspension while the bigger were entrapped in the proposed network.

Van de Ven and Alince argued against the network meehanism, and instead proposed

the meehanisrn ofassociation-induced polymer bridging [3]. The most compelling eITeet for

the network mechanism is the fractionation ofthe latexes. In colloidal suspensions, larger

particles are preferentially deposited cnte a surface. Dynamic Iight scattering experiments

suggested that sulphonated kraft lignin (KL), an other cofactor, is rending the PEO more

soluble by deereasing the clusters size, giving no evidence for network formation. Two

experimcnts are resumed here to iIIustrate the association-induced !,olymer bridging

meehanisrn.

The adsorption ofprecipitated calcium carbonate (PCC) on fibres was tested. PCC

carnes positive charges and readily adsorbs on fibres which are negatively charged. When

KL was added to the PCC suspension, the stability increased (no flocculation). This is

caused by the negative KL moleeules adsorbed on the PCC particles causing electrostatic

repulsion. When the same experiment is performed in the presence of PEO and large

concentration ofKL, the deposition and flocculation làneties are maximum at a PEO addition

of5 mglg ofPCC. Thisco~nds to 50% coverage ofthe PCC particles by the PEO. At

KL concentration greater than a critical value, association-induced polymer adsorption and

bridging occurs, and at very high PEO concentration, steric stabilisation happen.

The second set ofexperiments, on clay retentiolJ, gave the following results. Clay

particles cany negative charges and do not adsorb onto fibres. When PEO is added to a clay-
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fibre suspension, a transient flocculation appears. This suggests that PEO bridges the clay

particles and fibres under the condition l'ô>!. 1'" is Debye length and Ô is thc thickness of

the adsorbd polyrner layer. But PEO itselfdoes not adsorb onto fibres, apparcntly rcfuting

the bridging meehanism. FiIIer-induccd polyrncr bridging is evokcd as an explanation in this

case. The transient behaviour is explaincd by flattening of the polyrner chains. If KL is

addcd prior to PEO, the flocculation beeomes permanent. This is explaincd by the stiffening

ofPEO chains by KL, preventing or minimising flattening.

The results ofthese experiments are based on the following theory. Adsorption of

a cofactor on a polyrner chain has a stiffening effeet. For flexible water-soluble molccules.

adsorption on a surface occurs when the energy of adsorption per polyrner segment, x."

exceeds a critica1 value, 'Xsml which is about 0.3 kT units [3]. For stiffer polyrners the critica1

adsorption energy is less. The reason is that stiffpolyrners loose less entropy on adsorption

than flexible ones, since they have fewer polyrner configurations available to them. An

infinitely stiffchain behaves as a rigid rod and no changes in entropy occurs on adsorption.

For stiffpolyrners, 'Xsml typica1ly dccreases to about 0.1 kT. The stiffer a polymer molccule

is, the lower the energy requircd for adsorption. The synergistic effeet of PEO/cofactor

adsorbing onto a surface is ca1led associlltio~llced polyrner adsorption. When the

modified PEO chains bridge two particles, this is ca1led association-induced polymer

bridging.

The two proposed ways a cofactor can induce polyrner adsorption and bridging arc

presented in Figure 8. The first schematic iIIustrates a flexible chain that does not adsorb

onto fibers. The second is a stiffened chain by association, adsorption and bridging can

occur. The same result can be obained when a cofactor is contracting a PEO chain instcad
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ofsti/Tcning il ln that case, the number ofconfigurations available to the PEO chain is a1so

Jess, and the same theory for association-induced polymer adsorption and bridging applies.

An cxampJe ofsuch a cofactor is the modified phenolic resin (MPR,) presented in chapter

Ii.

(a) 1
PEO (b)

cofactor

(c)

Figure 8: Schematics ofassociation-induced polymer bridging. (a) Flexible
polymer chain not adsorbing onto fibers. tb) Stiffened chain by a cofactor
can adsorb onto a surface and bridge two fibers. (c) The polymer chain is
bridged to the fibers surface by the already adsorbed cofactors, leading to a
bridging ofthe fibers.

The third schematic represents association-induced polymer bridging when a PEO chain is

linked to a surface by the cofactor. In that particular case, the cofactor should adsorb onto

the fibers and is then acting as a dispersant From the overview of PEO properties, mill

applications, and the proposed mechanisms, this polymer seems to behave very differently

depending on which cofactor or pulp constituant is in contact with. However, the
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association-induced polymer bridging is the more general. includes the e.xccptions. and

possesses better thermodynamic and hydrodynamic fundations. To elucidate the possible

mechanisms with cofactors that have not been studied yet, two apparatus using light as a

probe were used. The light scattering theory is presented thereafter.

5.0 Ligbt seattering

Electromagnetie radiation is one ofthe most important probes to the structure and

dynamics ofmatter [59]. These radiations are basically described by Ma.'l:Well's equations.

Light is hardly ever observed direetiy from its source. When looking at an object, a house

for example, one sees scattered sunlight. Extinction or the lost in intensity ofan incident

light beam passing through matter. This is caused by scattering and absorption [60].

EJ:tinction =scattering+absorprion (38)

If light passes through a perfectiy homogeneous medium, no scattering occurs. But, of

course inhomogeneities are always present, and depending on the scale ofthese defects, light

is more or less scattered. In tbis section, the general theory (Mie theory) about a spherical

particle of any size is presented. Also two samplified models, Rayleigh and Rayleigh-

Debye-Gans, are presented for their useful results.

Lets first define a system where light is scattered by an object In Figure 9, the light

beam is heading in the positive direction ofthe z-axÏS. Iov and IoH are the incident vertically .,
:::

and horizontal1y polarized light intensities respectively. The scatterer is located al the origin

ofthe vertical xy-plane, and the scattered light impinges the observer located al an angle e
from the beam trajectory in the horizontal yz-plane.

The exact solution of the scattering of an electromagnetic wave by an isotropic,
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homogeneous sphere of arbitrary size. was formu1ated by Mie in 1908. The demonstration

of the solution is quite laborious. On1y the scanered intensity. Iv. from an incident vertically

polarized wave is shown (61):

x

Bearn trajectory

••

IScal1

'1observer

e Z

Figure 9: Diagram of scanered light to an observer from a given beam
trajectory.

(39)

where Ào is the indident wavelength in vacuum.1Il: is the refractive index ofthe medium. r

is the distance between the scatterer and the observer, and iv is called the intensity function
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for the verticaIly polarized light [61]:

and.

""' "0+\ ( )Sv = L....I - a 1t cose+b 't cose
0(0+1) • • • •

(40)

(41)

where 1t. and 'ta are Legendre functions and a" and b. are scattering coefficients which are

functions ofthe partic1e size. The reader is referred to Kerker [61] for more details. The

result is somewhat hard to interpret, and two simplifications of this important result are

easier to visualise.

Prior to Mie, Rayleigh contributOO to a simpler theory. It applies when the molecules

or partic1es are of negligible size compared to the wavelength. The criteria is a«À"f111:l'

Depending of the polarization of the incident beam (horizontal, H, or vertical, V), the

scattered intensity is differing [61]. An unpolarized incident wave cao be seen as the

combination ofthe two incoherent linearly polarizOO components. vertical and horizontal.

The scattered light, lu, from an unpolarizOO beam is,

(42)

where a is the radius of the particle; m is the relative refractive index, ml/~; À is the

wavelenght in the medium. It should be notOO that the intensity goes as the sixth power of

the partic1e radius and it falls as the square ofthe distance to the observer. Intensities ofthe
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incident wave arc shown for vertical and horizontal polarization. The scattered intensity is

schematically depicted in the Figure 10 as a function of the observer position. e. in the

horizontal plane. This pattern can be rotated to obtain a body ofrevolution. The Rayleigh

scattering theory predicts the complete polarization ofan unpolarized incident wave. Iuo' at

90 degrees.

Figure 10: Radiations diagram for Rayleigh scanering. The circle represents
scattered intensity from vertically (V) polarized light. The inner curve is for
horizontally (H) polarized and outer one for unpc larized (tJ) light beam.

Another method was derived for particle sizes comparable to the wavdength of the

latter probe. This is the Rayleigh-Debye-Gans seattering theory. The present case applies

to. a«I."I(21tII1:(m~-I», for a particle ofarbitrary shape, subdivided into volume elements.
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The total contribution. Ir- ofthcse scallcrers (volume clements) equals to [61].

\V11ere P(8) is called the form factor. which for spheres is dcfined bclow.

P(8)=( :3 (sin u - u cos u>f

\V11ere u is defined as.

u=2(Sin( ~)

(43)

(44)

(45)

(46)

The important resuIt from this form factor is thal il weights the smaller particles more al

large sCl'.rtering angles. The reverse is righl for larger particles.

Light scattering is a very efficient probe for colloidal suspensions. The elaborated

theory for a spherieai partiele exists but simplified versions are useful for a bctter

understanding of the particle size and scattering effcets.
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6.0 CONCLUDING REMARKS

Fines are difficuilly introduced in the paper web. \Valer soluble polymers referred

10 as relention aids. are therefore necessary 10 achieve this lask. The stability ofa suspension

is onen pel1urbed by adding polymers. Polymer characlerislics such as molecular weight.

radius ofgyration, and spatial eXlention ofan adsorbed polymer chain are described. Their

adsorption onlo colloids can bc explained via thrce concepts: hydrogen bonding, DLVO

thcory and &cc energy change. A modified Langmuir isotherrn equation best iIlustrates the

importance ofthe hydrodynamic conditions, and physicochemical properties ofthe colloids

or polymers.

Polyethylene oxide (PEO) is a most effective retention aid widely used in

papermaking. This neutraI polymer is less sensitive than polyelectrolytes. However, in spite

ofyears ofindustrial use, the mechanism by which PEO retains the colloidal particles onto

the pulp fibers is still poorly understood. It is the objective ofthe present thesis to elucidale

the synergistic adsorption mechanism ofthe system PEO/cofactor.

The hypothesis investigated is that flocculation happens via the association-induced

polymcr bridging mechanism. This mechanism is based on the principle that a freely

dissolved PEO molecule is more easily adsorbed onto a collector when its configuration has

bcen modified by a cofaclor. However this mechanism is very generaI and properties ofPEO

in presence of a cofactor should be found for cach cofactor. The following chapters are

concemed with fundamentais such as: cao PEO and cofactor adsorb onto the particles (latex

and fines)? Are the PEO chains modified by the cofactor? 15 the cofactor adsorb onto the

particles or the PEO chains fusl?
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1.0 INTRODUCTION

Our primary motivation to sludy the cofactors (sodium naphthalene sulphonate,

carbamidc, and modificd phcnolic resin) effects on polyethylene oxidc (PEO) with the

dynamic light scattering technique, was to sec whether they change PEO chain

configurations or not [1 J. This technique might be usefui to understand why the

cofactors, used in retaining colloidal matter on a paper machine fabric, have different

efficicncies.

The PEO has been extensively studied in the pasto A great amount ofliterature on

the interaction of PEO with other chemicals called eofaetors was found. Notably on

eompounds like carbamide and phenolie resins. Most ofresearchers agree on a hydrogen

bonding between a cofactor molecule and a PEO chain, but controversy about the

flocculation mechanism is still existing.

The technique ofdynamic light scattering (OLS) has been proved efficient in

measuring the layer ofpolymer adsorption onto latex particles as weIl as measuring the

free coil Stokes diameter ofpolymers. Therefore, the change in PEO characteristics due

to the addition ofa second component, a cofactor, can be measured.

In other words, adding a cofactor to PEO in solutions or suspensions, will bring

the results to deviate, giving sorne indices on the f1occulation mechanism.

The development ofthis chapter starts with a detailed section ofthe cxperimentai

part ofthe project. The preparation ofthe solutions and sm;pensions, with the chemicals

and the latex particles, is described. A deScription ofthe apparatus (photon correlation

spectroseopy), is given as weIl as the procedures followed to take the measurements.

The results and discussion section starts with the PEO solution as a one or two-
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componcnt systcm. This section was donc to sce if the cofactors were interacting with

PEO. The last section was donc on a two or three-component system: the latex partic1es.

the PEO. and the cofactors. Completing the precedent part. these cxpcriments were also

simulating a pulp suspension where the wood libers were represented by latex spheres.

2.0 EXPERIMENTAL

2.1 Materials

The polymer and cofactors \Vere provided by E.QU.I.P. International Ine. (Baie

d'Urfé, Québec, Canada). The neutra1 polymer uscd is a polyethylene oxide ofa number

average rnolecular weight. MN' of 2 millions with a polydispcrsity of about 3.5, giving a

weight-average molecularweight, Mw, of7 millions. The cofactors uscd were ofthrce types:

the tirst one contains a reactive called sodium naphthalene sulphonate. and will subsequently

be called SNS; the second one contains carbamide, CAR; and the third one is a moditicd

phenol-fonnaldehyde resin, callcd MPR.

The latex uscd was one ofthe sample, L-3, described in [2] by Polverari and van de

Ven. It was obtained from BASF Corporation (Sarnia, Ontario, Canada). It is made of 1000lu

styrene with sot functional surface acid groups.

2.2 Solutions and suspensions preparation

Freshly distilled, deionized, tiltered waterwas uscd to prepare aqueous PEO solutions

and suspensions. A chromatographie filter of0.2 llITl was used in filtration. Ali glassware

was eleaned with potassium diehromate acid solution, followed by rinsing in distilled, de

ionized, filtered water. Fresh PEO stock solutions were prepared al a concentration of2 gIL,

previously to each experiment The PEO solutions were stirred for 24 hours to completely

dissolve the polymer and then put aside for another 24 hours without stirring beforc using
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il.

The solid content of the latex stock suspension was 0.00254% for a particle

concentration of 1.1'1 010 particIcslmL for a total available surface for adsorption of 9.1 0'1 0'

m'/mL.

Cofactors stock solutions of 6 gIL were freshly prepared previously to cach

experiment from aqueous commercial sarnplcs. These commercial samples \Vere highly

concentrated (nearly 50% consisteney). To make up the sarnples to be measured by photon

correlation spectroscopy (PCS,) the ehemicals were diluted to the desired concentration into

a scaUerillg eell of 1.2 cm in diameter. The dilution water was always added before the

ehemicals. All stock solutions and dilution water were filtered again through a 0.2 !lm

chromatographie filter, and the latex stock suspension through a 0.45 !lm filter. Between

caeh chemical addition, the sarnple cell was gently shaken and ultrasonicated for 15 seconds.

The ehemical ratio (weight ofcommercial solution 1weight ofdry PEO (glg),) was varied.

The sequence ofehemical addition has also been varied and found to be very important in

sorne cases. The prepared sarnple eell was introduced in the temperature eontrolled bath of

the goniometer. Measurements were taken 15 minutes afler the addition ofthe last chemical

(defined as sarnple agiog lime).

2.3 Instrumentation and analysis

Dynamie light scauering [3-7] experiments were made using a vertically polarised

He-Ne laser manufactured by SpectraPhysics, with a light beam ofa wavelength of632.8

om. A photon correlation spectrometer (Brookhaven Instruments BI-2030) with a (64 + 8)

channel, 6 bit autocorrelator was used with its original integrated optics to measure the

scattered light at 90°. Only scattered light was allowed to impinge on the photomulliplier
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tube (homodyne dctcction). A rcmctive index matching bath of filtcred (0.2 /lm) decalin

surroundcd the scanering ccli. and its temperaturc was controllcd to 25:1:0.1 oC. A description

of the appanilus and basic thcory is given in appendix A.

2.3.1 Polymer solutions measurements

Before any experimental measurement. it is possible to calculate thcorctical polyrner

dimensions in solution. The RMS end-to-end distance. < r' >"'. for a non interacting PEO

chain molecule can be calculated [8]. This so called unperturbcd dimcnsion represents the

short range interactions such as bond angle restrictions and steric hindrances to internai

rotation.

<r2;.112 (nm) = (750 :1: 30) . 10" • M l12 (1)

where M is the molecular weight, assurning a polydispersity of 1. A value of 106 nm is

obtaincd for a MN of7'10". An important relation between the RMS end-to-end distance and

the radius ofgyration. Ra, is given in [9]:

R =s (2)

which is equal to 43.3 nrn in the present case. Assurning Gaussian distribution in molecular

weight, for a polydisperse polyrner sample, the theoretical Stokes radius, Rg, is given by [10]:

(3)

where Mw and MN are the weight and nurnber-average molecular weights rcspectively. A
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Stokes radius of47 nrn was obtained, giving a polyrner free coil diameter of94 nrn.

Once the sample ceU introduced in the goniometer, measurements were taken. The

frec coil hydrodynamic diameter (Stokes diameter) was detennined using the cumulant

method (eq. 5). This method was .::hosen duc to the polydispersity of the industrial PEO.

For polydisperse systems, the average linewith, r, is given by:

r = rr G(I) dr
J

(4)

where G(r) is the nonnalized distribution in r values. The nonnalised homodyne

autocorrelation for a polydisperse suspension is then expressed as:

- 1 1 -' 2g(2)("t) = 1+ e -2I't ( 1+ - 11
2
r - - 11

3
,+...)

2 6
(5)

where Il; is the ilh moment ofthe distribution and 't is the sample time. The linewidth r, is:

(6)

where the diffusion coefficient is:

(7)

The average particle radius,a, can be calculated by introducing the thermal energy, kT, and

the viscosity, 11, orthe solvent into equation (7). The definition orthe scattering vector, q,

is:
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(8)

where r.1: is the index ofrefraction of the suspending medium. À" is the wavelength of the

incident beam in vacuum. and 8 is the scattering angle.

In Dynamic Light Scattering. it is very important to know if the particles in

suspension are highly interacting. A simple calculation to quantifY this is derived here.

Different concentration regimes must be distinguishcd te describe a polymer solution:

concentrated, semidilute and dilute state [Il]. The crossover between dilute and semi-dilute

can be taken as when the volume ofall polymer coils together is equalto the volume ofthe

solution. The volume ofa single polymer coil is:

4 3
V con =-1tR

3 &
(9)

Using this equation, the volume ofa coil (at R.. = 43.3 nm), is equal to 340'10.24 m3
• A total

of2.94·10'8 coils are rcquircd to fil1 one litre. The crossover happens at 9.8 gIL for a MN of

2'106
• AlI the solutions studicd were at 250 mgIL. The system was thus always in the dilute

regime.

2.3.2 Latex particles suspension measurements

A:n other set ofexperiments was done to find the thickness ofadsorbcd polymer layer

onto a collcctor which is in the present case, latex particles. The cumulant method was used

to obtain the average diameter ofthe particles in the sample cells. The hydrodynamic layer

thickness, ôH , was calculatcd in the fol1owing way:
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(10)

where a".~ and a,.co arc the hydrodynamic radius of the bare and PEO-coated latex particles

respeetivcly. The sequence ofaddition was found to be eritieal when a eofactor and PEO

were introdueed into a latex suspension.

(a) (b)

Figure 2.1: The hydrodynarnie layer thiekness, (HLT), is the thiekness of the

adsorbed polymer onto a latex particle. The radius ofthe bare latex partieles,

(a), is rneasured prior to the PEO-coated latex partieles (b).

2.3.3 Relative concentrations

The arnount of PEO required to coat a latex particle was deterrnined after the

cxperirnentallayerthickness plateau obtained by Polverari and van de Ven [2]. For a filtered

PEO sample ofM., 5.72,1OS, the plateau was reached at a relative concentration of 1000 mg

ofPEO/rn: oflatex. The chosen relative concentration was of 1250 mg ofPEO/m~ of latex.

Full coverage ofthe latex particles is attained ahead ofthe plateau. The specific adsorption
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is usually of the order of 1 mg PEO/m'.

It is also relevant to calculate the approximative amount ofeofaetor (on a drY basis.)

added to the latex suspension. In the case of a high atTtnity between the cofactor and the

latex particIcs. the specifie adsorption for thc cofactors is expeeted to be of the order of 0.1

mg/m'of latex. Table I. suggests that if a cofactor is to adsorb onto latex particles. full

eoverage will happen. even at a ehemieal ratio (eofaetor / PEO) of 1 to I.

Table 1: Approximative amount ofdry eofaetor pcr square mctcr oflatex. as

a funetion of the chemical ratio. for [PEO] = 250 mgiL.

Ratio (Cofactor / PEO)" Dry mass** ofcofactor(mg)/m' latex

III 625

3/1 ISSO

5/1 3120

10/1 6250

* The ratIO IS the relative volume (ml) ofthe concentrated commercIal samplc

to the weight (g) ofthe dry PEO.

** Approximative value based on 50% solids.

3.0 RESULTS AND DISCUSSION

3.1 Polyethylene oxide solutions with and without a cofactor

This experiment was done to characterize the PEO used. and to find out if the

cofactors are interacting with PEO chains and how these interactions are taking place. As

described previously. PEO concentration was alwa)'s held at 250 mgIL. When a cofactor

was added to PEO solution, a chemical ratio (cofactorIPEO) of 3/1 was applied. The

apparent diameter. the scattering intensity of the solution and the P-factor were taken
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simultaneously. The P-factor is a measure of the polydispersity of the sarnple. calculated

from thc cumulant method (cq. 2) as folIows:

112P-factor =

wherc J.l, and r are the second moment and the avernged linewith of equation (5).

(11)

The results of the PEO solutions are presented as bar charts in figures 2 and 3.

Mcasurements were first done on PEO solutions when no cofaclor was added. The value of

129 nm is higher than the theoretical Slokes diarneler of94 nrn precedently caIculated. The

sarnple standard deviation, STOS, was of 19.1 nm on the first measurements. Polverari and

van de Ven have aIso found that the average givcn by the cumulant method was bigger than

the theorctieaI value, duc 10 the presence ofreforming C!ustel's [10]. Although the sample

were filtered with a 02 llIll chromatographie tiller, some eluster might have been introdueed

in the sample ccll, and then eontributed to the scattering oflight.

The apparent diameter measurement on the sixth day (d-6) was not signiticantly

different from the one taken at fifteen minutes (d-O), ofsample aging.

On the other hand, the intensity changcd significantly more than its samp!e standard

deviation (STOS = 6.15%). The contribution ofthe darkeounts and the dilution water, to the

photocounts were removed. No significant change in P-faetor was observed. The magnitude

of the standard deviations, for the apparent diameter and the intensity, are attributed to the

polydispersity of the industriaI PEO sample. The intensity increased by aImos! two fold

between the two series (d-O and d-6) from 3.0 to 5.8 respectively.
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This incrcasc is likely due to the reformation of clusters as proposed by Polverari and van

de Ven [IO]. The samples being filtered already contain a small quantity of clusters that

continue to grow in number and size with time to reach a thermodynamic equilibrium. PEO

solutions were found to be left with two particle fractions, the free coils and the clusters. The

bigger diameter is the one oiclusters that was found in [10] after a period of6 days. It was

450 nm and found to l.e independent ofthe polymer molecular weight. Schumacher and van

de Ven [12] used the normalized heterodyne autocorrelation for a well defined bimoàal

dispersion oflatex spheres ofdifferent sizes, aA and aB. Il was found in that the PCS data can

be fitted to give two different particle sizes instead ofan apparent diameter which is neit!ler

the one ofthe smaller nor of the bi3ger particles. The bimodal autocorrelation is:

(12)

where lA and ~ are the scattered intensities for the smallest and biggest sized particle

fractions respectively. This equation is derived in appendix A. The four unkncwns in the

present case are aA and as. 1A and 1Il" In the present case, the smaller diameter is the fret: coil

which is taken as the measurement immediately after PEO solution was made, 129:!: 19 nm,

and 450 nm for the c\usters. The particle size ratio 129 nm over 450 is very close to 0.291

which has been studied by Schumacher and van de Ven [12]. lA is taken as the intensity

measured at d-O making the hypothesis ofno clusters in the fust halfhoUT after filtration.

lB is taken as the difference in intensity from d-O to the intensity at d-6. The decrease in 1A

intensity due to the lower conc...'"lltration of free coils at d-6 bas been neglected. The value

oflog(IJIJ was calculated and reported in figure i b) of[12]. A value of 1.8 was found for
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the dependant variable r,/ r. The sought linewith r" is the one of the free coils only. On

the other hand. the force fit r. is the one called apparent. from which the apparent diametcrs

in figure 2 were calculated. The calculated frcc coil r" \Vas then used to obtain a new Stokes

diameter, 2a", of72 nm. The difference between the apparent diameter at d-O (129 nm) and

the calculated value at d-6 is significant. Polverari and van de Ven found a coil diametcr of

60 nm for a PEO Mw 5'10'. The value of 72 nm seems to be low for its high molecular

weight (by extrapolation,) but it ean be due to a segregation of the shortest and longest

chains. The longest ones are probably entrapped into C!usters.

Addition ofSNS

The addition of SNS to fresh PEO sample was studied. Both of the apparent

diameters (SNS d-O and d-6) did not ehange significantly from the value ofPEO d-O (within

the STDS range of 19.1 nm). Thus, SNS does not have an effect on the apparent diametcr,

even over a six day period. But the P-faetor (polydispersity factor,) had increased slightly

from PEO, indicating that complexes or clusters, might be present. A complex is formed

when a cofaetor associates with PEO, but the PEO chains are still single. Further association

between PEO/eofactor complexes, or between PEO molecules a1one, leads to clusters

formation. The biggest measured effect of adding this cofactor is scen in :he scattered

intensities ofthe solution. The contributions to the photocounts by the darkcounts, dilution

water, an.:! the cofactors, when it was added, were subtracted from both of d-O and d-6

measurements. An apparent diameter of15 nm was IÎi=ttred from SNS solutions (no PEO).

The SNS is then probably present in a polymerie form. Napper [9] has given an

approximation equation for many carbon backbone polymers. This can give us an idca ofthe

molecular weight ofthe SNS. The end-to-end distance, <';>1/1, is given by,
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(13)

Using the equations (2) and (3), and assuming a polydispersity of 1, SNS molecular weight

is approximately 2·10'.

Compared to the PEO aIone, the tirst series ofmeasurements, (d-O), are 2 fold higher

in intensity. This is evidence that not only complexes are formed but clusters of these

complexes are aIso forming. The time (from d-O to d-6) had contributed to a further increase

in intens:ty by a factor of2.2, most likely due to an increase in the number ofc\usters. The

relative growth in time, from d-O to d-6, is comparable to the case ofPEO aIone, 2.2 fold

eompared to 2 fold for PEO aIone.

Addition ofMPR

Measurements on MPR (aIone) solutions have reveaied a low intensity and no

measurable particle diameter. The MPR could be a polymer [13] but it seems to be ofa low

molecular weight For MPR+PEO solutions there is a signiticant decrease in both apparent

diameters (d-O and d-é). The time taken between the two measurements is contributing

further to the decrease in the apparent diameter from d-O. An explanation for the smaller

apparent diameter could be that the biggest chains are entrapped into the clusters and the

apparent diameter is the one ofthe smaIlest free chains. The clusters being too big to be

detected by the PCS al the given sample time. The other explanation is that the PEOIMPR

complexes formed are taking a more and more compact configuration, giving a smaller

apparent diameter. The intensity ofMPR d-O, is slightly higher!han PEO d-o by only 7%.

This might be an evidence!hat the formation of clusters is low. The freshly PEOIMPR

solutions might be main1y constituted ofPEOIMPR complexes and only a few clusters.
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After 6 days. the intensity was at the highest valuc ofall experiments. It is 5 fold higher than

at d-O. The intensity inerease is again a sign ofclustcr formation. From thc dccrcasc in thc

p-factor, il is also evident that the clusters ancl complexes arc ofsmall diameter. Xiao and

Pelton [14]. had confirmed the association ofPEO and phenolic resins. Another study on

the association ofphenolic resins and PEO, done by Stack et al. [13]. mentioned that somc

types ofphenolic resins have the ability to contract the coils ofPEO.

Addition of CAR

Shown in Figure 3, an enormous change in the apparent diameter ofPEO is found

immediately after addition ofCAR which bccame larger with time. An apparent diameter

of more than 2 !1l1l gives no doubt about PEOIMPR complexes and clusters formation.

Literature was also found about the formation ofcomplexes between CAR and PEO [15-19].

Intensities at d-O and d-6 are both lower than the intensity ofPEO d-O. Like for thc

other cofactors, the scattered intensity from the CAR solution (without PEO), was subtracted

from the mixture value. A relatively high intensity (7.3 a.u.) was measured for a fresh CAR

solution. That is one reason why the intensities ofCAR d-O and d-6 are both lower than PEO

d-O. An apparent diarneter of lOS nrn was measured and found to deerease with timc. Also

from visual observation, the commercial stock solution showed suspension behaviour, by

scattering light The CAR cofactor thus appears to behave more like a colloidal suspension

[17], than a polyrner solution. A heterofloccuiation between the CAR and PEO is likely to

happen, but it is difficuit to know ifthe PEO chains and clusters are fIocculated by CAR or

if the CAR aggregates are fIoccuiated by PEO chains. However, those low intcnsities and

big apparent diarneters cao be due to a bridging ofCAR colloids in a very loose structure.
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The P-factor becomes remarkably high after a period of6 days. A segregation \VouId

have had the same effe.;t if the longest PEO chains are entrapped into the c\usters. leaving

the smallest ones in solution [16]. An othcrpossibility is that the cofactor \Vas composed of

more than one compound.. thus ereating two or more types ofcomplexes after a long period

oftime.

3.2 The latex suspensions

PEO is known to adsorb onto latex partic\es. Adding a third component (cofactor)

to the binary system latex-PEO may change the conformation of the PEO chains or the

surface (active sites,) of the latex particles. The following section investigates these

possibilities. The hydrodynamic layer thickness (HLT) of polymer adsorbed onto latex

particles were measured. One of the tirst experiment made on latex suspension is shown in

table II.

Table II: Hydrodynamic layerthickness (HLT) ofPEO adsorbed onto latex

particles, with and without eofactors. [PEO] = 250 mgll, chemical ratio =

3/1. Sequence ofaddition, latex-cofactor-PEO (Lep).

HLT(nm) STOS HLT (nm) P-factor

Latex(L) 0 2.7 0.2

L+PEO 73.8 4.9 0.22*

L+PEO+SNS 42.5 3.4 0.23

L+PEO+CAR 4.6 5.4 0.28

L+PEO+MPR 297.8 12.5 0.35

* STOS=0.û3

The latex particles diameter was measured (172 ± 2.7 nm,) and found (0 be in

agreement with the previous value (169 nm) given by Pclverari and van de Ven [2]. A PEO
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layer thickness of73.8 nm is obtained for an incrcase ofonly 0.02 in the P-factor as a sign

ofno flocculation. In the work /Tom Polverari and van de Ven [2J, for the latex L-3 in figure

5, extrapolation to a Mw of7'1 O· gives a HLT of114 nm. This value is of the same order of

magnitude as the mcasurcd 73.8 nm, and is sufliciently close for such an extrapolation. The

HLT value of73.8 nm is higher than the ones obtaincd for lower Mw [2, 21 J.

The addition ofa cofactor prior to the addition ofPEO will change the surfaee ofthe

latex particles if it does adsorb onto it. Following that the eofaetors are known to interact

with PEO (fig 2 and 3), association-induced polymer bridging ean happen via two

meehanisms: PEO/cofactor complexes, bridging two bare particles (when the cofactor does

not adsorb onto the particles,) and PEO moleeules bridging two cofactor-coatcd particles [1J.

The figure 8 ofchapter 1dcpicts the difference between the two meehanisms. As previously

discussed in table l, at a 3/1 chemical ratio, an excess ofC"factor is likely to happen, keeping

a great amount in solution.

Addition ofSNS

Addition ofSNS to the latex suspension had the effeet of inhibiting the buildup of

the layer ofPEO to only 42.5 nm. The P-faetor did not change significantly indicating that

no flocculation occurrcd and the system is still relatively monodisperse. Does the SNS

adsorb onto the latex particles or not? If the cofactor is adsorbing, the cofactor-coatcd

particle may have less adsorption sites left for PEO chains. Also, SNS-coatcd latex particles

may be more attractive for PEO and polymer ilattening might oceur at a higher degree or

rate, preventing further adsorption ofPEO chains.

:. As soon as the PEO is introduced into the sample celI, most ofthe adsorption sites

on PEO moleeules may beeome occupied by the cofactor moleeules hefore assoeiation-
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induced polyrner adsorption onto latex particles occurs. If the latex particles are already

eoated by SNS. an eleetrostatie rcpulsion might happen. kecping the layer thickness thinner.

That could be an exception to the stiffening effeet explained in [I].

Addition of CAR

When CAR was added to the suspension. no signifieant adsorption of PEO was

found. The P-factor had increased slightiy indicating that the system was less homogencous.

One possible explanation is that when the PEO is added, the PEO/CAR complexes stay in

solution, giving no layer of adsorption. In reference [15], the combination of PEO with

CAR, giving complexes, was found an excellent detergent in washing artificially soiled

eotton. Then it might not be surprising that no significant PEO HLT on latex partieles is

found. The increase in P-factorcao be dueto the mixture oflatex particles (172 nm) and big

PEO/CAR complexes and clusters (735 nm,) mcasured in solution.

Addition ofMPR

The third component, MPR, had increased the layer thickness and also the P-factor.

MPR does change the configuration of the PEO chains, as secn in figure 2. The chains are

thought to shrink in size. Since three layers ofunmodified PEO ehains on top of the other

are required to obtain and equivalent HLT to the present one, more than that are likely

required in the case ofPEOIMPR complexes. Thus, clusters ofPEOIMPR complexes might

be formed in solution and then deposited on latex particles or simply formed at the surface

of the particles. An other possible explanation for the thick HLT, cao be that a slight

flocculation occurred. In all cases, the P-factor is inereased due to inhomogeneities in the

adsorption process.
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3.2.1 Sequence of addition

The variation ofthe sequence ofaddition ofthe chemicals has aIso been studied. The

three sequences arc LCP (Iatex-cofactor-PEO,) LPC (Iatex-PEO-cofaetor,) and PCL (pEO

cofactor-latex). The results are presented in figure 4. The usuaI sequence of chemieaI

addition secn in paper mills applications is LCP. ln the sequence (LPC) two scenarios can

happen depending on whether the cofactor does adsorb onto the latex partic1es or not ln the

former case, the polymer added last will interaet with eofaetor-coated latex particles and

cofaetor molecules in solution. In the other case (no adsorption of the cofactor onto the

particles,) aIl the cofactor will stay in solution. If the chemicals are added in the sequence

LPC, the cofactor is forced to interact with the PEO chains which are coating the latex

particles. The third sequence (PCL) was done in mixing the polymer and the cofactor prior

to the addition of the latex suspension. Therefore they had more time to interact with cach

other.

Addition ofSNS

No significant difference in HLT was found between the sequence LCP and PCL.

The P-factor is somewhat increased in the latîer sequence, indicating a system less

monodisperse. ln the latter sequence, the PEO/SNS clusters had more time to forro before

they were in contact with latex particles. Thus, they are probably the cause ofthe increasing

in P-factor. The other sequence, LPC, gave rise to a very thick layer ofadsorption. Almost

3 times thicker than HLT ofPEO aIonc. It is even greater then the Stokes diameter ofa PEO

chain. The association of the PEO chains coating the latex particles with PEO/SNS

complexes or clusters may gives multilayer of adsorption onto latex particles. A slight

flocculation of the latex particles might also happen. But still this flocculation is not very
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important because the P-factor is not very high.

Addition of CAR

Two sequences, LCP and LPC. have been investigated with CAR. In the first

sequence, the HLT is negligible. A thicker HLT is obtained in the sequence LPC. but is still

having a detrimental eITect on PEO adsorption. This thicker apparent HLT can be due to

particle-eomplex interactions. The PEO/CAR complexes sccrns to not adsorb onto latex but

it takes time to dcsorb the initially adsorbed PEO chains. The P-faetor is high for both ofthe

sequences. The more important remark is that in both ofthe sequences, the adsorption of

PEO chains is decrcased when CAR is added.

3.2.2 EITect of the chemical ratio

The eITect ofvarying the ehemieal ratio has been studied (figure 5). The chemical

ratio is the relative arnount of cofactor to PEO. This ratio is of primary importance in

retention aid applications. The cofaetor adsorbs onto PEO ehains, inereasing their entropy

leveI. Sueh a modified PEO chain is more easily adsorbed onto a collector surface [1]. A

minimum relative concentration (ehemical ratio) is rcquired for that to happen. From

literature., the ehemical ratio is often expressed as the number ofcofaetor molecules per PEO

monomer unit [17-18]. The number of active sites, steric hindrance, and the molecular

weig~t are also taken into aeeount for phenolic resin eompounds [13]. Having no precise

charaett-risties about the eofaetors, these quantitative characterisations were not possible.

Addition ofSNS

SNS is the only eofaetor that have been added in the second sequence, LPC. No

significant increase is found from the ratio of0 to 1. The critical concentration at whieh the

adsorption happened is betwccn the ratios of 1 and 5.
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The optimum for a maximum layer thickness is anained at a ratio of 5. A decrease in HLT

from the ratio of 5 to 10 oeeurrcd. An explanation for this decrease, if significant. could be

that PEO chains becamc coated by a grcater quantity ofSNS ~omplexesor c1usters. This

may have the effect of a decrease in the adsorption effieiency. The P-factor had steadily

increased with the ratio but without indication of an important flocculation of the latex

particles.

Addition of CAR

Addition ofCAR changed signifieantly the layer thickness even at a ratio of 1 to 1.

No signifieant adsorption for ratios of5 and 10 was found. The P-factor is only slightly

inercasing, indicating that no flocculation happened. The more CAR is added, the less

affinity bctween PEO and latex particles.

Addition of MPR

This case have already becn àiscussed in table II, but we can aIso sec that MPR was

more effective then the two other eotàctors, even aL a relatively low chemicaI ratio.

3.2.3 The effect oftime on the hydrodynamic layer thickness

Once the polymers got adsorbed onto the collector surface, rearrangement of the

molecules will star! and usually leads to the flattening of the PEO chains onto the surtàce.

This process can have major effects on the stability of a !".olloidal suspension if the layer

thickness of the polymer becomes thinner than the distance over which the electrical double

layer is effective. Another reason for a change in the layer thickness, with time, cao happen

when a competitive adsorption between two or more added chemicals occurs.



• 7-1

0.40 -

•
0.35 - Â... •0-0 0.30 - • •ctl

U.
1a..

0.25 - • •
0.20

,.
1 1 1-E 1 1 1 1

C- 300 - ... SNS (LPC) •al
al

"-CD CAR (LPC) •c 250 - "-..:.:
.E "- MPR (LCP) ...oC "-1- 200 -.. •• "-
CD "->-
III 150 - "--1

.E .... "-
E 100 - '"

'" "-
III '" ••••• "-c .....

"->.
50 -

'" '"
"C

.........•
0 "-..

IIL. __-.-----.. ----..."C
>. 0-
~

1 1 T 1 1 1

-1 0 1 2 3 4 5 6

Aging time of sampie ( log (time (hr» )

Figure 6: Effect of the sample aging rime on the hydrodynamic layer

thickness. The hydrodynamic layer thiclmess and P-factor values are

presented in the lower and upper gtaphs respectively. The values for PEO

and PEO/cofactors are presented. [PEO]=250 mglL. [SNS]/[PEO] =

[CAR]/[PEO] = 10/1. [MPR]I[PEO] = 3/1. Unes are simply showing the

tendencies.



• ï5

Addition of SNS

A four-fold dcc=e is found on the layer thiekncss within a period 01'48 houl'$. The

HLT at 48 hour sample aging is ,"cry similar to the HLT obtaincd in the sequence Lep and

peL ShO"l1 in figure 4. This suggcst that the system tends to a thermodj11amie equilibrium

whieh is readily anained when the cofactor is added prior to the PEO. The SNS is then

possibly displacing the adsorbed PEO ehains from the latex particlcs. decrcasing the HLT.

As a mIe ofthumb. the HLT (4S nm) mcasured onto a latex particlcs. Sl'".alcs with hall'of the

polymer Stokes diameter (65 nm). A delloccularion ofthe coated particles. or desorption of

PEO/SNS clusters. with rime. can also e.xplain the decrcase in HLT value.

Addition ofCAR

From the beginning. the HLT is low and keep this average over the rime. The p.

factor starts high, and has a tendency to decrcase with time. That coula be due to a slight.

transient floccularion of the late.x particles.

Addition of MPR

MPR has shown the greatest decrcase in HLT with rime, from 297 to 17 nm. A

significant decrcase in P-factor is also observed. A contraction ofthe PEO molecules migllt

be the cause ofthe PEO flattening. In that case, electrostatic interactions may overcome the

PEOIMPR l:qerthickness, and deflocculation ofthe slight flocculation (ifprcsent) occurred.

Analogously to SNS, the final HLT of 17 nm scales with 32 nm for halfthe Stokes diameter

ofthe PEOISNS offigure 2.
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4.0 CONCLlJDlNG REMARKS

The effeets ofthree cofactors (SNS. MPR. and CAR) on a polyethylene oxide ofa

molecular weight of7'10' \Vere studiea \Vith the use of Dynamie Light Seattering. The

polyrner free c.liJ d;arneter \Vas found to oe in agreement with the literature [10). Addition

ofcach of the t!lre;: cofactors to PEe solutions \Vas found to create complexes. SNS did not

change the apparent diarneter significantly. but the CAR radically incrcased it. The

PEO/CAR c1usters are thought to be composed of CAR colloids. The MPR seems to

deercase the size of the PEO chains.

The latex suspensions WCTC aI~o use<! to elucidate the behaviour ofthe eofactors. The

HLT ofPEO aIone was in agreement with the literature [20). In aIl experiments, CAR has

shown dcactivation of the late."<. p.micles for PEO. The SNS has becn found very efficient

in the sequenee LPC, in mcrcasing the PEO HLT. A thermodynamie equiIiôrium seems to

take place at a HLT ofabout 40 nrr.. The mechanism by which the HLT is decrcasing is

thought to be due to a competitive adsorption betwecn the eofactor and the PEO ehains, or

a rearrangement ofthe PEO/SNS compleXes and clusters at the surface ofthe latex.

The MPR is the more efficient cofactor, i.'l agreement with findings in literature. This

is aIso the one from which the greatest difference in HLT with rime was found. Because of

the shrinking ofPEO apparent diameter, rearrangement and flattening orthe PEO chains is

thought to be the cause ofthe decrcase in HLT.
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1.0/:'IiTRODUCTlO;-';

ln chaptcr Il. the three cofaclors. earbamide (CAR). sodium naphthalene sulphonate

(SNS). and modificd phenolie resin (MPR) were found to associate with PEO. The results

from the DLS expcriments. combincd with the knowlcdge ofthe propcrties ofPEO solutions

arc eertainly very rclevantto clucidate the meehanism of floeeulalion of the PEO/eofaetor

systems. However. sinee the time frame of the adsorption and ofthe floeeulation phenomena

on modcl latex particles can be very difTerentthan on wood fibers. and cannot be directly

applicd to jlapcrmaking process. To link the model to the applications. flocculation kinetics

expcriments are perforrned on wood fines suspensions.

Flocculation Idneties provides a direct measurement ofthe efficiency ofthe collisions

between the particles present in a reactor. The rate ofcoIlision is initially the same if the

particle number and hydrodynamic conditions are kept constant. The parameter left is the

coIlision efficiency.leading to flocculation, that can be changed by adding PEO and different

cofactors (change in physicochemical properties). The objectives of this chapter are to

quantify the flocculation behaviour of PEO with different cofactors, and to elucidate the

mechanisms.

Segregation offines from a thermomechanica1 pulp (TMP) is described followed by

-a description ofthe experimental montage and the basic theory ofthe photometrie dispersion

analyser (PDA). The specifie adsorption ofthe cofactor is discussed. Stability graphs as a

function ofPEO concentration, sequence ofaddition and chemica1 ratio (cofactorIPEO) are

presented.
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2.0 EXPERI:\tE:"TAL

2.1 Materials

The pol~mer and cofactors were provided 11y E.QU.l.P. Intcrnationallnc. The neutr.!1

pol)mer is a PEO of a weight-average moleclllar weight (Mw \ of i millions with a

polydispersity ranging between thrcc and four. The cofactors arc ofthrcc types: the first one

contains sodium naphthalene sulphonatc. and wiII subsequently be callcd SNS; the second

one contains carbamidc. CAR; and the third one is a modificd phenol-formaldehyde resin.

called MPR. The PEO was providcd as a solid while the eofactors werc commercial

concentrated solutions (ncarly 50% consistcncy).

Potassium chloride of analytical reagent grade was addcd to thc dilution watcr to

reproduee in laboratory thc salt concentration of the whitc water found in a paper miII. To

achieve this. the distilled-deionised water was salted with KCl. and the conductance was

adjusted to 1.89 mS/cm. this gave a KCI concentration of 1O" M.

The thermomechanical (TMP) pulp used was provided by Stone Consolidated Inc.

Belgo division. The pulp was taken from the mixing chest and was at a eonsistency of2.5%.

The white water was collected from the Buffer ches!, a1so called the dilution white water

chest. The pulp was segregated and only the tiner fraction (<200 mesh) was kept.

2.2 Segregation of the TMP pulp into two fractions: the fibers and the fines

The apparatus used to measure the stability orthe wood fibers suspensions was based

orthe transmittance orthe light passing through the flowing pulp suspension. A restriction

on the path length orthe light beam into the pulp suspension was to be taken into account.

Because the wood fibers are rel:itively big, only the finer fiber fraction orthe pulp suspension

was then possible to flow through the chosen tubing (sec section 2.42).
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A segregation of the wood pulp libers was then required. The first apparatus used

was a Bauer Mc:"ell. weil known to eharacterize the mcchanical pulps. The fraction pa.5sing

the 200 mesh filter was eollected in ïO L containers. The standard procedure for liber

c1assilieation is described in ~he Tappi test method [1 J. The limitation was on the quantity.

only 3 grarns of lines \Vere collected at a time. The second option \Vas to use an apparatus

callcd Float Wash locatcd in the mcchanical pulp section. Paprican. Pointe-Claire. Québec.

The Figure 1 dcpicts the apparatus.

3

Figure 1: Schematic ofthe F10lit Wash apparatus composed ofa mixing tank

(1). the impinging cell (2), the suction cell (3), and the collector container (4).

Fines are coIIected in (4) and fibers in (1).

The wc'Od pulp (400 g. o.d.) was introduced in the mixing tank (1). Filtered tap water ofa

conductance of297 ilS/cm was added to the mixing tank for dilution to get the operating

consistency. Thepulp was circulated to the impinging cell (2). Thejet ofpulp impinged the
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tiller separating this cell from the suction ccII (3). The ehosen tiller was of 200 m~'Sh in size

(ï~ nm openings). What is not passing the tilter is falling down the cell (2) and is

recirculatcd to the mixing tank. A negativc pressure was imposcd to the ccli (3) to collcct thl'

tiltrate. The liItrate was dircctcd to ïO L containers (~). and concentrated by gravity for a

pcriod of24 hours. The supematant was decanted to kecp the bOllom fraction (the tines) at

a consistency of 0.6%. This fraction \Vas kcpt to study the llocculation kinetics.

2.3 Solutions and suspensions preparation

Frcshly disti1lcd. deionizcd \Vater \Vas uscd to prepare aqucous tincs suspensions. Ali

the glass\Vare used for chemicals make up and dilution \Vasircated as in the chaptcr II. Thc

reaetor \Vas \Vashed \Vith soap and rinsed \Vith disti1led dcionised \Vater bct\Vecn cach

chemical addition. PEO stock solutions \Vere prep~red at a concentration of2 gIL prior to

each experiment. The PEO solutions \Vere stirred for 24 hours to completely dissolvc the

polymer and then put aside for another 24 hours without stirring before using it.

The cofactors stock solutions of 6 gIL were freshly prepared previously to each

experiment from aqueous commercial samples.

A new fines suspension was always prepared betwecn each chemical addition. The

disti1led deionised salted waterwas addOO f01l0wOO by the required amount ofthe 0.6% fines

pulp to get 0.05% consistency in the reactor. The PDA was set before the chemicals were

addOO. Depending on the desired effect, the cofactor or the PEO was addOO prior to the

other. Fifteen seconds were separating the addition time ofeach chemical to ensure good

mixing. The concentration ofthe chetnicals (PEO or cofaetors) is expn:ssOO in ppm (IO"g

ofchetnicallg offines).
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2.4 Instrumentation and analysis

2.4.1 Specifie adsorption of eofaetors onto wood fines

An experiment was perforrncd to clucidate wether or not the cofactors are adsorbing

onto the wood fines. Such knowledge is critical for interpretation of the results. For a

cofactor which is adsorbing onto the fines particies. a very different behaviour can be found

if it is addcd cefore or after the polymer. A cofactor adsorbing onto fines will initially cover

the fines surface and will be present in the bulk solution only ifexcess is added. However

a cofactor whieh do ml adsorb onto the fines surface will remain in the bulk solution. These

differcnces might influence the mechanism of flocculation.

Since two ofthe cofactors ofinterest contain phenyl groups absorbing high on the

uv range (280 nm), a UV-spectrophotometer is the instrument ofchoice to measure the

specifie adsorption (S.A.) ofthe cofactors. A UV-visible spectrophotometer Varian Cary lE

equippcd with quartz cuvettes (pathlength of 1 cm) \Vas therefore selected.

Only the supematant from the pulp suspension was to be analysed by spectroscopy.

The samples had to be prepared to meet a chosen relative weight of cofactor to the weight

of fines. Two constraints complicated the experiment: the required relatively hi~l cofactor

concentration to be detected by the spectrophotometer and the difficu1ty to manipulate a

medium consistency wood fines pulp. The cofactors were added to suspensions at

concentrations of 100 and 200 ppm. A Sorval1 RC-5B, refrigerated superspeed centrifuge,

from DuPont Instruments was used to get the desired pulp consistency. The originalfines

suspension (0.6% consistency) was salted to 1.89 mS/cm and then thicken to 3% for the 200
.

ppm e..~periment and to 4.7 % for the 100 ppm one. A set ofsample cells was prepared with

the fines pulp, in which the cofactors were added. The samples were stirred and centrifuged



•

•

at 12 000 RP~I for 20 minutes. The supernatant was coIlccted and analyse'li to deternline the

rcsidual cofactor in the bulk solution. Blank sanlples. in which no cofactor were add,·J. \Vere

aiso made foIlo\Ving the exact sarne procedure to make the basdine for concentr.nion

dewrmination.

2.4.2 Stabilil)' of suspensions of fines

When a suspension bccomes unstable. the partiek size is inereasing or dccrcasing.

A photometrie dispersion analyser (PDA-2000). from Rank Brothers LTD. \Vas used to

mcasurc the flocculation rate constants by quantifying the change in thc relativc particlc sizc

[2-5]. The details of the PDA apparatus are prcsented in Figure 2. It consist ofa rcactor (1)

ofa capaeity of 1 L. The inside dianleterofthe reaetor is 10 cm. Thc suspension \Vas stirrcd

at 100 RPM by a RPM-display stirrer (2) with a single blade paddle of 8x3 cm. The

suspension \Vas flo\Ving through a 1.6 mm id. Tygon tubing (3). The tube length between

. the reactor and the light probe (6) \Vas 37 cm. Such a small tubing dianleter is allowing us

to assume the lanlinar flo\V theory at the flowrate used [3]. The suspension was flowed

through cIosed circuit by a micropump (4), at 50 mUmin with the help ofa flowmeter (5).

The light probe (7) is eonstituted ofa narrow b= ofIigi:t passing transversely through the

tube [2]. The source light is a light-emitting diode ofO.1 mm wide with a wavelength of820

om.

The basic theory is resumed here. The intensity, 1. of the light transmined through

a particle suspension is [2],

1=I.exp(-IIKI)

where 1. is the emined light intensity, Il is the particle concentration, K is the average

(1)
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Figure 2: Flocculation testing montage comprising the IL reactor (1). the

stirrer(2). the 1.6 mm id. tubing (3). the gearpump (4). the flowmeter(5). the

transmittance cel1 (6). and the chan recorder (7).

86



• scallering. cross-section oi the particles and.!. is the opli.:al palh kn~lh, One ShOllld he

aware lhat the followin~ devclopment is valid only if a smalllr.letion of the li~ht is s.:alten....I.

so that 1,'1" ~ 1 and IIKI « 1. The inlensity ll11cluations arise from r.Jndom varialio'1s in lhe

numbcr ofparticles in the beam. Dr:

(2)

where A is the bcam cross-section arca. The light intensitics arc mcasun:d as \'oltag~"S.

Since the RMS value of the number fluctuations is Dr' , (assuming Poisson distribution.) the

RMS voltage. Vm,,' is.

(3)

Two ofthe variables. n. and K. change when fiocculation happen. Keeping low the particles

concentration in the reactor minimises the variation in n. value. The transmittance is

simultaneously monitored as Vâ:' The transmined intensity should then not vary more than

a few percent during the flocculation process. The scanering cross-section. K. can he

described as.

(4)

and is proportional to the square ofthe particles radius for thc::ideal case ofspherieal ones.

To minirnisp. the effect ofthe variation in partic1e concentration, 1or V6C' the change in RMS

ofthe intensity, V_ was combined with the former one to give a ratio R (= V...JV.J. The

rate ofchange ofthis ratio R. is monitored with a chart recorder and is taken as the rate of
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f1occuiation constant. k,. that can bc comparcd fi"cm onc cxpcrimcnt to anothcr.

PEO

J
SIope =k

Time

Figure 3: Schematic ofthe recorded response on the chart recorder. Ris the

ratio Vrm/Vdc as a function oftime. The slope represents the rate ofchange

ofthe size ofthe partic1es. The f1occulation occurs shortly after the polymer

is added.

The stability ratio, Wi, is defined as the ratio ofthe fastest f1occuiation rate constant,

klu" over the given f1occulation rate constant ofone experiment, k/:

KI'"W =-
1 K

1

(5)

Two 1imiting cases are ofinterest, the logarithm ofa stable suspension (when the chemica1s

do not perturb the system), is equal to infinity, and the logarithm ofthe less stable suspension
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is equal to zero.

3.0 RESULTS AND DISCUSSION

The Figures 4. i and 10 show the results obtained on the destabilisation of

suspensions of fines by the aid of the PEO-eofaetor dual retention-aid system. while

schematics rcpresenting the proposed mcchanisms arc illustrated with Figures 5. S and 9.

The addition of PEO alone (without adding any eofactor.) the effect of the sequence of

addition of the cofaetor and the polymer. as well as the variation of the ehemieal ratio

(cofaetor/PEO) are discussed in terms of fines 110cculation.

3.1 Relative concentrations

It is useful to have an idea ofthe relative amount ofchemicals to the wood quantity

in the reaetor. From rough estimations, it is possible to know ifa chemicaI. PEO or cofactor•

is fully eoating the fines. It should be mentioned here that this can happen only if a given

chemical adsorbs onto the fines.

A nurnber average Stokes diameter of 19 J,lm for the fines. was found using a

centrifugai particle sizer, the BI-OPC from Brookhaven Instruments Co. The fines density

\Vas assurned to be 1.36 g/ec. A specifie surface was calcula!ed assurning the fines to bc

spherical. The rcsult is 0.223 m'Ig of o.d. fines. If the same method to approximate the

specifie surface of clay particles is used, a differenee of 10% is made if compared to the

value determined by nitrogen adsorption [6]. The reactor contains IL ofa 0.05% consistency

fines suspension for a total of 0.5 g o.d. This gives a surface of 0.111 m'. A.~ a rule of

thurnb, the specifie adsorption for the eofaetors and the PEO arc 0.1 and 1 mg/m'

respectively. These quantities arc in mg solids, and the consisteney ofthe cofactors in the

commercial solutions arc roughly 50%. From ail these assumptions and approximations, an
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Figure 4: Stability graph ofsuspensions offines in the sequence ofaddition

fmes-cotàctor-PEO (FCP). Ratio [cofactor]/[pEO] =311, [KCl] = lO,zM.
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The fines particles arc thoughtto be dissimilar in three aspects: in size. shape. and in surface

propcrties. The last one is causing the heteroflocculation behaviour and is likcly to be duc

to the differences in lignin content of the fines structure. Several studies confirrncd that

lignin content in fines May vary with the particle size or the type of fines [9-10). The present

case can be modellcd with two types of fines: one being eompletely eovercd with lignin. type

A, and the other eonsisting of pure cellulose. type B. PEO is known to adsorb onto

hydrophobie particles [11-12), but not onto hydrophilie eellulosie fibers. The number of

collisions, f, lcading to coagulation per unit volume per unit time is,

(6)

where n is the partide concentration, kAB is the collision rate constant and the subserip:S

hold for the fines types A and B rcspectively. The particle concentration being the same

from one experiment to the other, a constant stability ratio is obtaincd. The fastest

f1oeeulation rate is attaincd at roll eoverage oftype A fines, and sterie stabilisation will never

oeeur (8). Sueh a model involving two types of fines can explain the behaviour of the PEO

plot shown in Figure 4. The type A, the hydrophobie one, is alrcady fully eoatcd at a PEO

concentration of 50 ppm (Fig. 5 (a}). The Iignin-coat.:d partieles are thought to act as a

eofaetor [8, 13]. _Once PEO is adsorbcd onto the surface, the degree of frecdom of PEO

chains is rcdueed, rending possible their adsorption onto the type B.- Bridging of the two

partiele types is then possible.
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Figure 5: Heteroflocculation of fines by PEO. (a) Type A fines becomes

ful1y coated at 50 ppm of PEO, but the type B remains uncoated at any

concentration. During adsorption, the PEO chains adopt a rnodified

configuration and undergo an entropy gain. The type A fines is acting as a

cofactor. (b) The adsorbed PEO onto type A can adsorb on the type B by

association-induced polymer adsorption. The required loss in dltropy for

adsorption ofthe modified PEO chains onto the type B is less and bridging

occ·urs.

3.3 Specifie adsorption ofSNS and MPR

The calibration CUIVes for SNS and MPR were established. The values of 150 and

26.9 Ug were found as the coefficients for the absorbency by SNS and MPR respectively.

The CAR was not detectable by the UV-spectrophotorneter and then not tested.

The results frorn the spectrophotometerrevealed specific adsorptions ofthe COfactoIS

on the wood fines of68.2 and 7.7 J1g1g o.cl. for SNS and MPR respectively. The SNS does

adsorb onto the fines but the value for the MPR was not significant and then giving no proof

ofits adsorption onto wood fines.
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3.4 Effeet of the sequence ofaddition of the ehemieals on the stabilil;)' of suspension of

fines

The ord(;r of addition of the ehemieals cao makc a diffcrcncc in thc flocculation

mechanism. That happened for SNS and MPR. Flocculation proccss is usually diffusion

controlled [5, 14]. Even in sheared suspensions, perikinctic (diffusion) adsorption is morc

important for relativcly smal particles or molecules likc PEO and cofactors. Bccausc thc

suspension is continuously stirred, fines-fines cC'!!::ions will be morc frequent than PEO

fines or cofactor-fines collisions. Orthokinetjc f1occulation cao be important for relativcly

big particles like fines in sheared suspensions. Al:ro depending on the nature ofthe cofactor,

the collision efficiency, Ct, ofthe cofactor-fines interactions will be different from zero, only

if it cao adsorb onto the fines.

Two different sequences ofaddition are presented in figures 4 and 7, fines-cofactor

polymer (FCP) and fines-polymer-cofactor (FPC) respectively. The former one was made

by preparing the fines suspension, F. Th~reafter, the cofactor, C, was addOO to the

suspension prior to the polymer, P. In the second sequence (Fig. 7), the cofactor was addOO

last.

It should be notOO that the baseline from which the relative particle size Ois compared

(single or aggregated particles) was different for the two cases. In the sequence FCP, no

f1occulation was found prior to the addition ofPEO, and that for any cofactor concentration

(Fig.3). The baseline was the one ofthe origina1ly stable fines suspension. In the second

sequence, FPC, floeculation oecurred after the addition ofthe PEO. The baseline was then

the fines suspension flocculated to a certain degree (Fig. 6). Therefore, the floeculation rate

(ifoecurred) was measured on the second sharp increase in relative particle size. The relative
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effieiency of one sequence to the other can not be compared.

0:::

PEO

J

Time

Siope = k

Cofactor

Figure 6: Rate ofchange ofthe ratio R in the sequence fines-PEO-cofactor.

The first f1occulation occurs after the addition of PEO. A subsequent

f1occulation oceurs when the cofactor is added. The f1occulation rate

constant is calculated from the second increase in relative particle size.

'"
Addition of CAR

"In the sequence FCP (Fig. 4), the results are fol1owing the sarne trend as when PEO

was added a1one. This is an evidence that the addition of the CAR prior to PEO neither

change the surface properties ofthe fines nor enhance the PEO adsorption. The formation

ofPEO/CAR complexes (proposed in chapter 11,) did not influence the flocculation process.

In the other sequence (FPC), complete stability was observed (Fig. 7). Referring to the

Figure 6, no f1occulation was found after the addition ofthe cofactor. The sarne conclusion

as in thc former sequence is brought The two CAR plots are showing the sarne trend.
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Figure 7: Stability graph ofsuspensions of fines in the fines-PEO-cofaclor

(FPC) sequence ofaddition. Chemic:ù ratio =3/1, [KCI] = 10.2 M.
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Addition ofSl'ïS

From the SNS plot in Figure 4. a suspension of fines is alrcady destabiliscd at a PEO

concentration of 12.5 ppm. An optimum in the flocculation rate was observed at a PEO

concentration of200 ppm. On the other hand. in Figure i. the SNS was addcd alter the PEO.

and the more PEO was added. the faster was the floeculation in the range ofconcentration

studied. No optimum was found.

The forrncrbehaviourofSNS in Figure 4 is lypical ofhomoflocculation. Il happens

whcn ail the particles arc aIike in surface properties. An optimum in the floccu1ation rate is

found at about halfcoverage ofthe particles by the polymer [8. 15]. At lowcr concentration,

thc electrosi.ltic repulsion decrcases the collision efficiency while the steric repulsion yields

thc same cffect at highcr concentration. The SNS does adsorb onto fines surface. and full

coverage by the cofactor is to occur at about 12 ppm ofPEO in Figure 4 and 7 (calculated

ftom S.A. of68 J.lglg of fines). This has the effect ofmaking aIl the particles aIike. When

the PEO is added to a suspension ofSNS-coated fines, the PEO chains adsorb onto aIl types

of particles. Because full coverage of the fines particles occurs at very low SNS

concentration, one cannot distinguish between the two following possibilities: 1) the PEO

chains bridge SNS-coated particles or ii) PEO/SNS complexes bridge bare particles.

In the sequence FPC from the Figure 7, the situation is diffcrent. The PEO being

intro<!uced prior to the cofactor. the flocculation rate constant is taken from an aIready

heterofiocculated pulp suspension (figure 8 (a». At any PEO concentration above 50 ppm,

when the cofactor is added, the PEO is aIready adsorbed onto the fines and is aIso present

in the bulk solution. At approximately 50 ppm of PEO, heteroflocs are present and

subsequently added SNS covers the agregated particles to increase the bondstrength and give



bigger flocs. The SNS could decrcase the dctachment rate constant [16]. TIlUS. the noe size

can get bigger in the same hydrod}l1amic conditions.

The following mechanisms arc proposed. In the sequence Fep at PEO

concentrations lower than 50 ppm. bridging ofSNS-coated particles might happen. At ail

other PEO concentrations. a combination of the former mechanism and bridging ofbare and

SNS-coated fines particles by PEO/SNS complexes may happen.

(a)

0
_',- ,- .- .. .' B !

". A .
.'

(lD
.' '00· :I?.~ A :

. A .' ... .." ... ,.. .. .',.' .
· B '• •• •, .

(b) '",.'

Figure 8: Sequence FPC. Increase in bondstrength by SNS at low PEO

concentration (around 50 ppm). (a) Heteroflocculation by PEO alone. (b)

SNS (doned lines) can adsorb onto ail types ofparticles, coating the bare and

PE0-coated surfaces. The time required to detach a particle from a floc has

increased due to the presence ofSNS but the hydrodynamic conditions being

the same, the time required for a particle to deposit cnte a floc remains the

same. Consequently, the floc size bas increased.
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Addition of MPR

Thc same flocculation behaviour is observed irrespectivcly of the sequence of

addition when thc modificd phenolic resin (MPR) is uscd as cofactor (Fig. 4 and 7). The

more concentratcd the chemicals are, the higher the flocculation rate. As explaincd for SNS,

the absolutc values cannot be comparcd from the FCP to the FPC plots.

Lets star! by the MPR plot in Figure 7. The same trend as SNS is found but with a

much higher efficiency at low concentration. The same mechanism as for SNS, regarding

the possible decrease in the detachment rate constant is proposed. The differcnce is that in

the sequence FPc, at PEO concentration lower than SO ppm, the cofactor adsorbs onto PEe

coatcd (type A) particles only (Fig. 9). The MPR modified PEQ-coated particles t!1en

become more sticky which allow further flocculation to occur. At high concentration,

formation ofPEOIMPR complexes is probablybecoming the mos! abundant species and then

association-induced polymer bridging occurs.

In the figure 4, wherc the MPRwas added prior to PEO, no deposition ofthe cofactor

onto the fines is to occur since no significant specific adsorption was found by spectroscopy.

The cofactor is free in the bulk solution instead ofcoating the fines as SNS does. When the

polymer is added to the suspension of fines and MPR (not adsorbing on each other) two

cases might happen: the cofactor molecules can adsorb onto the PEO molecules, or the PEO

molecules can adsorb onto the fines. The adsorption lime for each ofthese mecbanisms can

be estimated from the Smoluchowski theory. Assuming!hat the particle concentration, nI'

and the rate constant, kj, remain constant, the lime, t"", required to adsorb a fi:action,f, ofthe
-.

added polymeronto the fines orthe cofactormolecules is [5]:



= -10(1 -fJ
tan

where indices 1 and 2 represent the PEO. and fines or cofactor respectivc1y.

Figure 9: Adsorption ofthe MPR (dotted lines) onto a heterofloc created by

adding PEO prior to the MPR. MPR adsorb only onto PEO chains.
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(7)

As mentioned previously, adsorption and flocculation can occur via perikinetic or

orthokinetic processes, depending on the size ofthe particles or molecules. The f1occulation

rate constant forperilànetic adsorption is:

(8)

where kT is the thermal energy, Il is the viscosity, and a is the particle or molecule radius.

The flocculation rate constant for orthokinetic adsorption is:
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(9)

whcre G is the shcar rate in s·'. One can determine the relative importance between the

pcrikinetic and orthokinetic processes for a set oftwo particles by dividing t{'<nlton.' t{'<ri is

t."after substitution ofequation (8) into it Equation (9) has been substituted in (7) to obtain

t.n•. The resulting equation for water at 25°C.::nd a shear rate of 1.4'10' s" is:

t
1'<" = 584'1018 a "-(a +8:)

t 1. 1
0".

(10)

The Stokes radius ofPEO is about 50 nm (a,) and the cofactor radius is taken as 7.5 nm

(a,) as found in section 3.1 of chapter II. A ratio of 12'1003 is calculated indicating a

diffusion.controlled process. When a, is taken as the radius ofthe fines (9.5 llIIl), we obtain

2.6'10' indicating a shear-induced transport process. The relative importance of the

pcrikinetic to the orthokinetic processes can be evaluated by deriving a similar equation as

number (10): the PEO+Cofactor interaction being at the numerator and the PEO-fines being

at the denominator. The PEO.cofactor interaction is of 4 orders of magnitudes longer,

suggesting that the PEO is adsorbing cnte the fines first and then the cofactor molecules are

adsorbing onto the PEO+Coated fines. Equation (10) requires the hypothesis that the total

surface area orthe cofactor (spherical shape assumed) is equal to the total surface area orthe

fines.

That could explain the similar shape ofthe plots in Figures 4 and 7 where adding the

cofactor before or after the PEO 1eads to the same mechanism.
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This study was perfonncd in the sequence Fep lor a constant PEO concentr.ltion

(200 ppm) where the half co\'erage is assumed from the prcvious SNS discl1ssion. The

results are presented in Figure 10.

Addition of CAR

Again. the addition of CAR was not successful at any chcmical ratio. The samc

stability as when PEO is added alone at 200 ppm \Vas mcasurcd.

Addition of SNS

The higher the SNS concentration. the greater the llocculation rate. Full covcrage

of fines occurs at about the lowest ratio mcasurcd. Consequently. SNS W3S present in the

bulk solution for most of the range studied. and the fonnation of PEO/SNS comple.xes is

likely to happen. At very high chemical ratio. PEO chains should be fully coated by SNS

and stene repulsion between SNS-coated PEO ehains and SNS-coated fines is expected to

restrict the flocculation. In the range of ratio studied. it is possible that the SNS

concentration W3S not high enough to significantly cover the PEO chains before they collide

with the fines. Then the optimum is probably located at a higher chemical ratio where stene

repulsion starts to inhibit the flocculation process.

Addition ofMPR

An optimum is found at a chemical ratio of lOto 1. At the chemical ratio used in

papermalàng applications (between 1 and 10,) the MPR W3S more efficient than SNS. The

MPR molecules stay in bulk solution, never acting as a dispersanL The fact that a

suspension is more stable when a relatively high chemical ratio (100 and 1000) is applied can

be explained by the occupation ofail the active sites on PEO by the MPR molecules [17].
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Figure 10: Stability graph of fines suspensions in the fines-cofactor-PEO

(FCP) sequence ofaddition. [PEO) = 200 ppm. [KCl) = 10': M.
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The PEO molecules are probably having more collisions \\;th the fines than MPR molccules.

Ho\Vever. since the successful collisions only happen \Vith the fines of type A. then PEO

MPR collisions have more time to occur • This might explain the lower (relatively to SNS)

chemical ratio needed for the optimum to occur. The MPR moleeules anchored onto the

PEO ehains may inerease the electrostatie rcpulsion bet\Veen barc fines and MPR-coatcd

polymers, leading to stable suspension.

4.0 CONCLUDING REMARKS

Floeeulatioh kinetics studies \Vere performed on suspensions of \Vood fines. A

polyethylene oxide (PEO, Mw of7 millions) \Vas used in eombination with three different

eofaetors: SNS, CAR, and MPR.

The specific adsorption ofthe eofactors onto the fines was also studied. SNS was

found to adsorb (682 llglg o.d. offines) onto the fines whereas MPR did not. The stability

of the fines suspension was measured with a photometric dispersion analyser. The

technique, based on the measurement ofthe variations ofthe transmitted Iight, quantifies the

floeculation rate constant. The floeeulation behaviour of fines with PEO alone is fully

supported by the mechanism ofasymmetric heterofloeculation involving two different types

of fines. We therefore propose the fines fraction to be made of two components: Iignin

coated fines (on which PEO asdsorbs), and cellulose fines (no PEO adsorption).

CAR was found to create complexes with PEO in chapter n. Hydrogen bounding is

thought to be ope::ative between a PEO and a CAR molecule. However this seems to be

insufficient to flocculate a pulp suspension, and other cofactors containing phenolic groups

like SNS and MPR are much more efficient.

SNS can adsorb onto ail the fines making them alike. Adding the PEO after SNS
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gavc homoflocculation, whcrc thc half coverage was assumed to happen at the fastest

flocculation ratc. The spccific surfacc of fines, calculated by PEO adsorption was found to

bc 0.223 m2/g. Whcn thc PEO was addcd prior to thc SNS, a decrease in the detachrnent rate

constant is likcly to happen. The particIes are thought to become more sticky with the

addition ofthe cofactors. The sarne mechanism occurcd for MPR when addcd after the PEO.

In the other addition sequence ( fep), no difference was found in the mechanism of

flocculation when MPR is uscd. Because the MPR does not adsorb onto the fines, and that

thc flocculation process is diffusion controIIed (PEO-cofactor interaction is slower than

PEO-fines), hctcroflocculation of the fines is likely to happen before the bondstrength is

increased by the MPR.

The PEO alone can certainly flocculate a suspension of fines. However adding

cofactors such as SNS and MPR significantly decrease the stability ratio by a few orders of

magnitude.
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General conclusion and summary

The effeets of three eofaetors. sodium naphthalene sulphonate (SNS). moditied

phenolie resin (MPR). and earbamide (CAR). on a polyethylene oxide ofa molccular weight

of 7'10· \Vere studied \Vith the use of Dynamie Light Seattering (DLS) and Photometrie

Dispersion Analyser (PDA).

DLS of polymer solutions revealed that the polymer free eoil diameter \Vas in

agreement \Vith the literature. 129 nm for a freshly filtered solution and 72 nm for a solution

eontaining elusters. Addition ofeaeh of the three eofaetors to PEO solutions \Vas found to

ereate complexes: SNS did not change the apparent diameter signifieantly; CAR radiea11y

inereased it; and MPR seems to deerease the size of the PEO ehains.

The latex suspensions \Vere also studied by DLS to elueidate the behaviour of the

eofaetors. In ail experiments, CAR has shown dcaetivation ofthe latex partieles for PEO.

The SNS has been found very efficient in the sequence latex-polymer-eofaetor (LPC), in

inereasing the PEO HLT. A thermodynamie equilibrium seems to take place at a HLT of

about 40 nm. The meehanism by whieh the HLT is deereasing is thought to be duc to a

competitive adsorption between the cofaetor moleeules and the PEO chains, or a

rearrangement ofthe PEO/SNS complexes and clusters at the surface ofthe latex. The MPR

is the more efficient eofactor, in agreement with findings in literature. This is also the one

from which the greatest difference in HLT with time was found. Becausc of the shrinking

ofPEO apparent diameter, rearrangement and f1attening ofthe PEO chains is though to be

the cause ofthe deerease in HLT.

The use of PDA provided information on the f1occulation kineties of wood fines.

UV-spectroscopy revealed that SNS adsorbs onto the fines whereas MPR does not.
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Flocculation expctiments with PEO only (no cofactor) suggestcd that the fines arc composed

of more than one componen!, and asymmettic heteroflocculation was proposed as the

flocculation mechanism. A model of fully lignin-coated and pure cellulose fines is proposcd

to explain the situation.

Addition of CAR with PEO did not enhanee the flocculation of fines. CAR was

found to create complexes with PEO in chapter II. Hydrogen bonding is thought to be

operative between a PEO and a CAR moleeule. However this seems to not be sufficient to

flocculate a pulp suspension, and other eompounds containing phenolie groups Iike SNS and

MPR are a lot more efficient.

SNS was found to make ail the fines alike by adsorbing on them. Adding the PEO

after SNS gave homofloeeulation, where haIfeoverage was assumed to happen at the fastest

floeculation rate. The speeifie surfaee of fines, calculated by PEO adsorption was found to

be 0.223 m~/g. When PEO was added ptior to SNS, a deercase in the detaehment rate

constant happened. The particles are thought to beeome more sticky with the addition ofthe

cofactors. The same mechanism is proposed for MPR when added after the PEO. In the

other sequence, fines-cofactor-polymer (FCP), the PEO might partia1ly heteroflocculate the

fines prior to its complexation with MPR (this cofaetor does not adsorb onto bare fines).

This hypothesis is based on the significantly large value of the ratio tp.c / ~.F' the lime

required for the cofactor molecules to adsorb on a fraction ofthe PEO molecules over the

lime required for the same fraction ofPEO to adsorb onto the fines respectively.

The association-induced polymer bridging mechanism can happen in three different

manners depending ifthe cofactor and the polymer are adsorbing onto fines. When neither

of PEO nor cofactor adsorb onto the collector, the PEO/cofactor association-complexes
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bridge the partic1es (van de Ven and Alinee (1996)). \Vhen the eofaetor and the polymer

adsorb onto the fines. in the sequence fines-eofaetor-polymer (Fep), wilh a ehemieal ratio

eofaetor / PEO of3 / 1. adsorption of the PEO ehains onto eofaetor-eoated fines is likely 10

oeeur at the beginning followed by the floeeulation of the fines. In the sequence fines

polymer-cofactor (FPC), when the polymer adsorbs onto the fines and the eofaelor adsorbs

or not, a reenforcement of the bondstrength was noticed. This eould be caused by the

bridging ofPEO-coated fines by the cofactor.

In both cases of MPR and SNS, it is difficuIt 10 distinguish between the thrce

mechanisms because of the fast floecuIation kinetics. and one shouId consider all

possibiIities for any type of eofactor. As seen in the Iiterature review and in this researeh,

the behaviour ofPEO is aIways varying depending on the type ofcofactor used. Cofactors

shouId aIways been studied regarding severaI aspects to diseover their properties and the best

way they shouId be applied in papermaIdng.
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RecommendatioDS for future work

It would have becn intercsting to try MPR in the sequence LPC in DLS experiments

to confirm if its mechanism is different from the one ofSNS. The pure polymer solution

wcrc also studied with the bimodal mode!. This work has not been finished and would be

intcrcsting to continue to determine the size of the PEO cIusters ofsuch a high molecular

weight. From the same mode!. the determination of the size changes due to the addition of

a cofactor might be possible. Another suggestion to find out the effect ofthe cofactor on the

single PEO chains is to mix the !wo chemicals together and filter them through a 0.2 Jllll

chromatographie filter. Ifmeasurements are taken immediately after filtration. it could be

possible to sce if the chains (no clusters) have increased or decreased in diameter.
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I.OTHEORY

Colloidal pmicles or polymcr molccules are in perpetual movement due to Brownian

forces (Chaptcr 1). Light scattcring occurs when a light beam is directed to such a colloidal

suspension. The average and variations in scattered intensity are characteristic of the

suspendcd particles. In dynamic light scattcring (OLS). the intensity fluctuatio~ are studied

rather then the averaged intensity. The fluctuation analysis gives an autocorrelation between

I(t) and I(t-"l:). When"l: is l::rge I(t) and I(t-"l:) becomes independent while they are closely

rclatd if"l: is small. The autocorrelation limction is a measure ofthe probability ofa particle

moving a given distance in a time"l:. The fluctuating intensity signal is converted to ils

characteristic autocorrelation limction, which for homodyne detection is,

G (2)("1:) =-<1(0)1("1:) >-

This autocorrelation limction for a monodisperse dispersion is given by,

where 1 is the averaged amount oflight reaching the detector per unit lime,

I=-<I(t)>-

and r is the linewith distribution defined as,

r=Dq 2

where D is the diffusion coefficient and q is the scattering vector.

(1)

(2)

(3)

(4)



kT
0=-

61t1"\a
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(5)

kT is the thermal energy. 1"\ is the viscosity and a is the particle radius. The scaltering vector

is defined as.

41tm~ . ( e)q=-- sm :;-
Ào -

(6)

where m~ is the index ofrefraction of the suspending medium.!." is the wave1ength of the

incident beam. and eis the scaltering angle.

The normalised homodyne autocorrelation for a monodisperse dispersion is.

(7)

For a bimodal colIoidai dispersion, heterodyne detection gives an other

autocorrelation,

(8)

where A and B are for smaller and bigger sizes respectively. In the presence ofB » A and

B is stilI moving folIowing Brownian motion, The scattered intensity wilI fol1ow quasi-

heterodyning. Using the Siegert relationship we obtain,

(9)

For a polydisperse dispersion the cumulant method is used,



G (1) (_) _~N 1 (-r.t)
poly 10 -Li-} i e

whcrc the subscript 1is for a givcn size ofparticles. The normalized equarion is.

where r is the average value ofr.

2.0 INSTRUMENTATION
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(10)

(11)

A Brookhaven BI-2030AT photon correlator/goniometerequipped with a 50 mW He-

Ne laser (À" = 632.8 nm) was used. The autocorrelarion function in the BI-2030AT consists

of 72 data channels cach separated from the previous one by a rime â't', the sample rime,

which can be varied depending on the rime scale ofthe experimental decay, r.

The actua1 measured homodyne autocorrelariohn function for scanered Iight from a

monodispersc colloidal dispersion is,

G (2)('t') = B(I + b e-~

where B is the baseline which is given by,

and the total intensity for one experiment is given by,

~ = 1 Dur

(12)

(13)

(14)

where Dur is the duration ofone experiment N. is the number ofsamples in one experiment,



N 0 Dur,

where Il1: is often referred as the sample lime,

11(l

(15)

Figure 1 depicts the global view of the apparalus whereas Figure 2 is a closer ,'ie\\'

of the goniomeler.



Figure 1: View ofthe BI-2030AT photon correlator/goniometer, comprising

the correlator (1), the AT (80-286 processor) computer (2), the XT (80-86

processor) computer (3), the printer (4), the He-Ne laser (5), and the

goniometer (6). The original AT-computer (2) controls the correlator. The

XT-eomputer (3) controls the AT-computer and offers advantages ofthe use

ofhomemade programs.
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Figure 2: View ofthe goniometer. The samples to be impinged by the light

beam are introduced in the cell assembly (1). The photomultiplier tube and

its optics (2) can be moved at different angles from the beam trajectory. Two

set of apertures (3 and 4) are used to adjust the light intensity. The cell

assembly was kept at a constant ternperature with a ternperature controller

(5). A peristaltic pump (6) was used to filter the index-matching Iiquid

surrounding the sample cell.
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