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Abstract

Aggregation and gelation processes constitute the core of colloidal science and are of para¬

mount importance in many industrial processes for producing aggregates of desired size and

structure. Understanding the kinetics of these processes and providing models that are ca¬

pable of predicting the aggregate growth and gel formation quantitatively are therefore of

great importance both with respect to fundamentals and to applications. The colloidal sys¬

tems studied in this work consist of aqueous non-sheared dispersions of spherical primary

particles in the submicron size range. The modeling framework for the kinetic description

of aggregation and gelation are population balance equations supplied with suitable aggre¬

gation kinetics models based on the assumption that the formed aggregates exhibit fractal

geometry. Experimentally, light scattering techniques are used to characterize the aggre¬

gate structure and the aggregation kinetics, and small amplitude oscillatory shear rheology

is applied to monitor the gel formation. The thesis is divided in two parts.

The first part deals with aggregation and gelation in rather dilute systems. An original

methodology is developed to discriminate between various aggregation kernels based on

quantities measurable by light scattering. In this context the models needed to character¬

ize the aggregate diffusion coefficient based on the light scattering measurements have been

extended in order to account for internal cluster dynamics, which is particularly important

in diffusion-limited cluster aggregation (DLCA). The classical reaction limited aggregation

regime (RLCA) has been carefully analyzed and it has been found that crossover from RLCA

to DLCAplays a very important role. In particular, in analyzing a set of literature experimen¬

tal data it has been shown that the identified universal behavior, i.e. the so called aggregation

master curves, arises from a temporary balance between crossover and sedimentation. Only

in the absence of both such processes the universal behavior obtained for DLCAis found

also for RLCA. Finally, the kinetics of gel formation in dilute DLCAconditions is analyzed

with a suitable aggregation model and it has been shown that the concept of mathematical

gelation previously introduced in the literature does not reproduce the experimental data.

In this context a simple model to predict gelation times is developed and experimentally

validated.

The second part of this thesis describes a combined experimental and modeling study on

aggregation and gel formation in moderately concentrated colloidal systems (less than 10%

in volume) of a fluorinated polymer and a polystyrene colloid. In particular, it is shown that

the population balance models are applicable even in these rather concentrated conditions
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and, if made dimensionless, predict master curves for the aggregation kinetics. These master

curves depend on two parameters only, namely the fractal dimension of the aggregates and

the exponent of the aggregation rate constant. For both colloidal systems these parameters

are determined and the existence of the predicted master curves is demonstrated experimen¬

tally. In addition, it is found that master curves exist also for the gelation kinetics. This

indicates that second order, mean-field rate equations for describing the aggregation kinet¬

ics can be used up to the formation of the gel phase - a result probably unexpected based

on the existing speculations in the literature. Wedemonstrate that the value of the aggre¬

gation kernel exponent which parameterizes the aggregation master curves and apparently

also the gelation master curves, is strongly dependent on the particular surface chemistry of

the colloidal primary particles. Finally, a detailed dynamic light scattering study using the

3D-cross-correlation scheme is reported that focusses on the crossover from aggregation to

gelation and shows how this crossover occurs. This technique together with the shear rheol¬

ogy allows the comparison between the macroscopic properties measured with rheology and

the microscopic ones detected with light scattering. In particular, this has been used to show

that the gelation point measured by the two techniques, i.e. the occurrence of a non-zero

elastic modulus and the loss of ergodicity of the scattering signal, are actually coincident.
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Zusammenfassung

Aggregations- und Gelationsprozesse nehmen eine zentrale Stellung in der Kolloidwissen¬

schaft ein und sind zudem ein wesentlicher Prozess in der industriellen Herstellung von

Aggregaten bestimmter Grösse und Struktur. Es ist daher im Hinblick auf fundamentale

und anwendungsbezogene Aspekte von grosser Bedeutung, die Aggregationskinetik und die

der Gelbildung besser zu verstehen und quantitativ modellieren zu können. In dieser Ar¬

beit werden kolloide Systeme untersucht, deren kugelförmige Partikel einen Durchmesser

von weniger als einem Mikrometer haben und in wässrigen, ungerührten Suspension vor¬

liegen. Die kinetische Modellierung der Aggregation und Gelbildung erfolgt mit Hilfe von

Populationsbilanzen, wobei die kinetischen Modelle auf der Annahme beruhen, dass die

gebildeten Aggregate eine fraktale Geometrie besitzen. Im experimentellen Teil der Ar¬

beit werden Lichtstreutechniken benutzt, um die Struktur der Aggregate und ihre Kinetik

zu charakterisieren. Die Messung der Gelationskinetik wird mit Hilfe von dynamischer

Schwingungsrheologie bei geringen Amplituden durchgeführt. Die Arbeit ist in zwei Teile

gegliedert.

Der erste Teil behandelt Aggregation und Gelation in verdünnten Suspensionen. Umdie

Vorhersagen verschiedener Aggregationskonstanten voneinander unterscheidbar zu machen

wird eine neue Vorgehens weise vorgeschlagen, die auf der genauen Berechnung verschie¬

dener mittels Lichtstreuung messbarer Grössen beruht. Ein Modell zur Interpretation der

dynamischen Lichtstreuung, welches die Berechnung von effektiven Diffusionskoeffizien¬

ten ermöglicht, wird zudem weiterentwickelt umden Effekt der internen Aggregatdynamik

flexibler Aggregatstrukturen zu berücksichtigen. Dies ist im besonderen wichtig für die

diffusions-limitierte Cluster Aggregation (DLCA). Die klassische reaktions-limitierte Clus¬

ter Aggregation (RLCA) wird im weiteren sorgfältig untersucht und es wird gezeigt, dass

der Übergang von RLCAzu DLCAeine wichtige Rolle spielt. Insbesondere die Analyse

von Literaturdaten, bei denen ein universelles Verhalten aufgezeigt wurde, welches sich in

generell gültigen Aggregationskurven wiederspiegelt, zeigt, dass dieses generelle Verhalten

auf eine temporäre Kompensation des Übergangs von RLCAzu DLCAdurch Sedimenta¬

tion zurückzuführen ist. Nur wenn die beiden letzteren Effekte ausgeschlossen werden, ex¬

istieren universelle Kurven nicht nur für DLCAsondern auch für RLCA. Im weiteren wird

die Kinetik der Gelbildung in verdünnten Suspensionen für DLCAmit einem geeigneten

kinetischen Modell untersucht und es wird im Vergleich mit eigenen experimentellen Daten

gezeigt, dass das Konzept der mathematischen Gelation, welches in der Literatur vorge-
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schlagen wurde, nicht anwendbar ist. In diesem Zusammenhang wird ein einfaches Modell

entwickelt und durch den Vergleich mit den experimentellen Ergebnissen validiert.

Der zweite Teil der Arbeit berichtet über eine teils experimentelle, teils modellierende Studie

der Aggregations und Gelbildungskinetik zweier relativ konzentrierter Suspensionen (we¬

niger als 10 Volumenprozent), von denen die eine aus fluorinierten Polymerpartikeln und

die andere aus Polystyrolpartikeln besteht. Insbesondere von Bedeutung ist, dass die Pop¬

ulationsbilanzmodelle in diesen konzentrierten Suspensionen anwendbar sind und generell

gültige Aggregationskurven vorhersagen, nachdem sie dimensionslos gemacht wurden. Diese

generellen Aggregationskurven hängen interessanterweise nur von zwei Parametern ab, zum

einen der fraktalen Dimension der Aggregate und zum anderen dem Exponenten der Aggre¬

gationskonstanten. Diese Parameter werden für beide experimentellen Systeme bestimmt

und die Existenz der vorhergesagten generellen Aggregationskurven kann bestätigt werden.

Darüber hinaus wird gezeigt, dass derartige generelle Kurven auch für die Gelbildungsk¬

inetik existieren. Dies deutet darauf hin, dass die Aggregationsbilanzgleichungen zweiter

Ordnung aus der mittleren Feldtheorie bis hin zur Bildung einer Gelphase anwendbar sind -

ein Ergebnis, welches im Hinblick auf Spekulationen in der Literatur als überraschend be¬

zeichnet werden kann. Die Ergebnisse lassen darüber hinaus die Schlussfolgerung zu, dass

der Wert des Exponenten der Aggregationskonstante, welcher die generellen Aggregations¬

und Gelationskurven parametrisiert, stark von der Oberflächenchemie der kolloiden Poly¬

merpartikel abhängt. Im letzten Abschnitt der Arbeit wird über eine detaillierte experi¬

mentelle Studie des Übergangs von der Aggregations- zur Gelationskinetik berichtet, in

der die dreidimensionale Kreuz-Korrelations Spektroskopie auf Basis der dynamischen Licht¬

streuung angewendet wird umMehrfachstreuung zu unterdrücken, und es wird gezeigt, wie

dieser Übergang, zumindest für das betreffende Kolloid, abläuft. Die Ergebnisse der Licht¬

streuanalyse bezüglich der mikroskopischen, und die der dynamischen Schwingungsrheolo¬

gie bezüglich der makroskopischen Eigenschaften der Suspension erlauben einen Vergleich

der mittels dieser beiden Methoden bestimmten Zeitpunkte der Gelbildung. Im Vergleich

zeigt sich, dass die Zeitpunkte der Gelbildung, die in der Suspension einerseits durch das

Auftreten einer messbaren Elastizität in der Rheologie und andererseits durch den Verlust

der Ergodizität des Signals in der Lichtstreuung gekennzeichnet sind, nahezu identisch sind.
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Chapter 1

Introduction

1.1 Colloidal systems

Colloidal systems are one of the most common, yet one of the most unnoticed components

of daily life. The coffee for breakfast involves processing of particles of a wide variety of

sizes, a significant fraction of which is smaller than 1 micrometer. Other examples are lo¬

tions used to protect the skin against the sun, where oil and aqueous media are mixed to

produce very fine dispersed droplets of one component in the other; or the bright colors of

magazines, where several colloidal systems are combined, starting from the inorganic pig¬

ment particles providing the color to the coating made from polymeric particles protecting

it. In the food industry such systems include yogurt, cheese, and whipped cream made from

milk processing, involving the transformation of a liquid, milk, into products that behave

rather solid-like. In other applications, colloidal particles have to be removed from the liq¬

uid medium they are immersed in, e.g. in cleaning water, or in the processing of polymers

where the polymer particles need to be separated from the liquid phase (post processing in

emulsion polymerization). Also the formulation of drugs to be taken in in solid form in¬

volves during their processing colloidal aspects. Obviously, colloids can be found in many

more applications but this list shall suffice to provide the reader with a feeling for the broad

range of colloidal applications [1,2].

Colloidal science has advanced to great extend over the last forty years being inspired by

and inspiring applications. The large variety of colloidal systems that can be prepared or

found in nature provide rich possibilities to gain insight into phenomena and processes of in-
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2 1. Introduction

terest to physicists, chemists, biologists, material and environmental scientists, and (among

others, chemical) engineers. This explains the broad spectrum of papers published on the

various aspects of colloidal science: for example, phase transitions in colloids can be stud¬

ied under the theoretical premise of fundamental physics or under the applied one of, e.g.,

food science. The type of colloidal system investigated is then related to the purpose of

study: physicists try to keep the system as simple as possible in order to test theories that

themselves are demandingly complex; we mention Brownian motion [3], the colloidal glass

transition [4], percolation [5,6] and the mentioned phase transitions [7]. Food scientists are

facing the opposite situation: these systems are typically too complex to be describable with

current theories and therefore a significant amount of empiricism is often involved [8,9]. The

numerous publications in the various areas, however, make it difficult or at least demanding

to identify unifying concepts and to develop tools that can significantly rationalize the often

detailed understanding of the various disciplines, in order to provide a framework that can

be used in designing applications, particularly for engineering purposes.

Making the above statement we have identified the overall goal of this thesis, which is to

provide a framework useful for the better general understanding, but also for the rational

design of the processes dealt with in the following, namely the kinetics of aggregation and

gelation of spherical colloidal particles.

1.2 Colloidal aggregation

The kinetics of aggregation has been a topic of scientific efforts since the pioneering work

of Marian von Smoluchowski at the beginning of the previous century [10]. He derived the

first aggregation rate constants for systems where only Brownian forces cause the motion of

the particles and the collisions between them. He considered the case, where the particles

are completely destabilized and their interactions are dominated only by attractive forces,

resulting in the formation of a new cluster upon any collision between two particles. This

constitutes the fastest aggregation rate possible. The aggregation kinetics of particles that are

not fully destabilized but retain some repulsive forces in addition to the attractive ones, has

been described by Fuchs almost 20 years later [11]. He introduced the concept of a relative

aggregation rate, given as the ratio of the fastest aggregation rate derived by Smoluchowski

to the one observed in only partially destabilized systems. This important parameter for

colloidal science is called the Fuchs stability ratio.
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From their work originated the concept of population balance equations which has been used

in many applications to model distributed particulate populations and the changes these are

undergoing as a function of time or other system variables [12]. The population balance

equations for aggregation form the basis of the investigations presented in this thesis.

As indicated, the colloidal stability of a particle plays a crucial role in its aggregation behav¬

ior. The colloidal stability is determined by the various interaction forces between primary

particles including attractive depletion and dispersion, electrostatic repulsive and attractive

or repulsive steric forces [1,7]. The magnitudes of these forces have a strong influence on

the stability and phase behavior. Therefore, the aggregation rate of the particles depends

sensitively on the composition of the liquid phase like the ionic strength and the amount of

adsorbing surfactant or non-adsorbing polymer macromolecules. Consequently, the aggre¬

gation time scales in colloids can be adjusted in a very broad range from seconds to years.

These various time scales need to be rationalized in a way allowing an easy assessment of

the kinetics to be actually expected, if a quantitative description is to be successful. This can

be done fairly well by following the work of Fuchs mentioned above and making use of the

theory of colloidal stability developed later, and known as the DLVOtheory, which has been

overly successful in providing a qualitative and to some extent even quantitative framework

to calculate the stability ratio [13-15].

Besides the colloidal stability, the structure of aggregates evolving in colloidal dispersions

of small particles has long puzzled scientists due to its seemingly complex nature. Man¬

delbrot [16] with his breakthrough concept of fractal geometry sparked renewed interest in

colloidal aggregation by providing a framework which allowed to characterize the random

structure of an aggregate in an average way by a simple power-law relation between its mass

and radius, i ~ Rdf, where i is the number of particles in a cluster and R its radius [17,18].

The exponent df, the fractal dimension, can be used to describe, how open or dense a certain

aggregate is. This exponents takes values smaller than three and therefore fractal aggregates

are characterized by a density decreasing with increasing number of particles in the cluster.

Later, in a series of hallmark papers, Lin et al. [19-22] have shown by using dynamic and

static light scattering that colloidal aggregation exhibits two universal limits: these are dif¬

fusion limited colloid aggregation (DLCA), characterized through complete destabilization

of the colloidal particles with aggregation taking place upon every collision, and reaction

limited colloid aggregation (RLCA), where some remaining repulsive electrostatic forces

allow only a small fraction of collisions to result in the formation of a new aggregate. The



4 1. Introduction

structure of the aggregates in DLCA is rather open and fractal dimensions of df ~ 1.8

have been found both in experiments and computer simulations [22]. Depending on which

aggregation model is used to simulate DLCA, two kind of shapes of the cluster mass dis¬

tribution (CMD) are predicted. When using a constant aggregation kernel, the predicted

CMDis rather flat [22]. However, when properly accounting for the size dependence of the

aggregation rate constant, the predicted CMDexhibits a bell shape, which differs from the

previous one in the smaller aggregate size region [23]. Both these CMDsin DLCAhave a

sharp cutoff at a certain mass, which itself grows with a power law behavior in time [22].

The lower sticking probability in RLCAresults in denser aggregates with df ~ 2.1, which

was also confirmed in experiments and computer simulations [21]. The CMDin RLCAis

characterized by a power law shape with an exponent rc = 1.5 and a sharp cutoff. Here, the

cutoff mass grows exponentially in time [21]. Importantly, Lin et al. demonstrated that these

regimes exist for different colloidal systems (gold, silica and polystyrene).

Since then, the aggregation kinetics of several different colloidal particle systems has been

studied in dilute conditions. Among these systems, charge stabilized polystyrene latexes

in aqueous solution play an important role as model systems. In particular, the stability

behavior of polystyrene spheres with different charged functional groups as a function of

electrolyte concentration, pH and the amount of additional charged and/or steric surfactant

has been analyzed in detail [24-30]. The aggregation kinetics of polystyrene, where large

clusters were formed, has been further investigated in the DLCAregime and the general fea¬

tures discussed in the previous paragraph have been confirmed using light scattering tech¬

niques [31]. In addition, studies on the intermediate regime between RLCAand DLCAhave

been reported [32-34]. In other work, sedimentation effects in polystyrene systems have

been addressed by adjusting the liquid phase density with heavy water [31,32,35]. Work of

particular interest to this thesis has analyzed the cluster-cluster aggregation of polystyrene

with different functional groups covalently bond to, and different surfactant molecules ad¬

sorbed on the polymer surface [36-42]. It was shown that different growth mechanisms and

aggregate structures were obtained as a function of the varying surface composition of the

polymer particles. Indeed, also for gold colloids a similar dependency of the structure on

the adsorbed amount of a particular surfactant has been observed [43]. Although DLCA

seems to be a well defined process in most colloidal systems [19,44], the detailed growth

mechanism and the aggregate structure in slower aggregation regimes obviously depends

not only on the slow aggregation rate but also on the detailed surface composition of the
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particles. Even reversible aggregation processes can be achieved by proper control of the

polymer particles composition and surface groups [45]. Besides the studies on aqueous col¬

loidal dispersions, the aggregation of polymeric colloidal particles immersed in an organic

solvent has attracted considerable interest [7,46-50]. The advantage in these systems is that

the interaction potential can be easily adjusted ranging from hard-sphere behavior (no aggre¬

gation) to purely attractive potentials through the addition of small non-adsorbing polymer

coils [51,52]. Note that also biological systems like globular proteins or milk are often an¬

alyzed in the framework of aggregation discussed above [53,54]. The aggregation behavior

observed in all of these systems is often compared to the classification given by the limiting

regimes, i.e. DLCAand RLCA.

The conclusion of the foregoing discussion is that various aggregation mechanisms and clus¬

ter structures have been observed in a variety of colloidal systems. However, albeit an

original, though rather qualitative classification scheme of solutions of the Smoluchowski

aggregation equation has been provided by van Dongen and Ernst [55,56], a general and

flexible framework based on PBE with suitable aggregation rate constants has not been

demonstrated to be quantitatively capable to model the various aggregation processes dis¬

cussed above. Actually, the aggregation rate constants (kernels) are the most important input

into any PBE model. Above we have discussed that for primary particles the aggregation

rate constant can be evaluated based on the framework of colloidal stability [24, 29, 57].

However, the situation becomes more complex when we consider random aggregates consti¬

tuted of primary particles and therefore characterized by a certain internal structure. Kernels

for cluster aggregation under various conditions have been presented [58-67] but generally

valid expressions have not yet been developed and rigorously tested in comparison to exper¬

imental data. Although the collision rate and aggregation efficiency in various conditions

has often been qualitatively understood, the detailed form of this dependence as well as the

role of the internal aggregate structure remains an open question. Furthermore, a systematic

comparison of the corresponding CMDobtained by solving the PBE, with an appropriate

experimental characterization of the CMD, is still missing. This experimental characteriza¬

tion of aggregation in the sub-micron size range relies primarily on static and dynamic light

scattering techniques [21,22,68], which consequently requires a detailed model for light

scattering to calculate these quantities from the PBE.

Such a framework is of interest particularly for engineering purposes, since the process¬

ing of colloidal suspensions, like polymeric latexes, inorganic oxides or complex biological
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Systems, is an important step in the production of particulate materials for numerous tech¬

nological applications. Such materials often need to be prepared in the form of powders

or slurries in order to undergo further processing, such as extrusion, molding, casting or

coating. The application properties of the powders or slurries can be controlled through the

aggregation processing step, wherein the primary particles, typically smaller than IQQnm,

are arranged into aggregates with sizes ranging from few microns up to few millimeters.

The structure, shape and mechanical properties of the aggregates impact greatly the quality

of the final powder and slurry and are determined to a considerable extent by the process¬

ing conditions, in particular the solid volume fraction and the amount of destabilizer added.

As the discussion on the various aggregation mechanisms and the aggregate structure has

shown, the aggregates of solid primary particles are rather open structures. In any process,

it is important to monitor, predict and control the mass and structure of the aggregates as

they evolve in time during their processing. The final cluster mass distribution (CMD) and

aggregate size distribution, which obviously depend crucially on the processing conditions,

are in fact the key properties that determine the product quality.

1.3 Colloidal gelation

Gelation is the process during which a viscous liquid is transformed into a viscoelastic solid.

The kinetics of gel formation, the second topic of this thesis, and in the first place gelation

itself, has long been studied in polymer science, especially polymer physics, with the focus

on theories like percolation in order to describe this critical phenomenon [5,6,69]. Ref. [6]

provides a very good review on the experimental observations and theoretical concepts used

to describe the rheology of the liquid-solid transition in polymer systems. More applied, sol-

gel processes have gained significant interest for the production of new porous materials used

in a wide variety of applications including insulators and high surface area materials [70].

Compared to the field of polymer gelation, the area of colloidal gelation is rather young,

although significant progress has been made in the last 15 years.

Colloidal particles can form disordered solids in several seemingly disparate ways. At very

high volume fractions, crowding of non-interacting, or hard-sphere particles results in a

colloidal glass, whose solid-like properties originate from the permanent trapping of parti¬

cles within cages formed by nearest neighbors [4,71-73]. By contrast, at very low volume

fractions, inducing strong attraction between the particles results in the formation of frac-
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tal clusters, which ultimately form space-filling networks, whose connectivity determines

the solid-like properties of the system [74-77]. At volume fractions intermediate between

these two extremes, colloidal particles can still form disordered solids, with a transition from

liquid-like to solid-like behavior that depends on both the strength of the interparticle attrac¬

tion, U, and the solid volume fraction of particles, 4>0. A continuous boundary describing the

onset of disordered solid states connects the high-density repulsive glasses to the low-density

space-spanning systems with highly attractive potentials. Figure 1.1 shows a schematic of

such a state diagram, based on results obtained for systems with short-range attractive po¬

tentials [49,78-80]. The two extremes of the state diagram are the hard sphere colloidal

glasses at high 0O and low U, and the strongly attractive colloidal gels at low 0O and high U.

All disordered solid states described within this state diagram are defined by their arrested

dynamics and elasticity. Below the boundary, particles aggregate into clusters which how¬

ever do not grow sufficiently to form gels and therefore remain fluid-like. One can invoke

the picture that these clusters at small U aggregate until they reach their kinetic equilibrium

size. If this size is insufficient to form a connected gel, a fluid-like sample is the result. For

some larger values of 4>0 or U, the kinetics to reach the corresponding equilibrium cluster

size gets arrested when the system gels. The clusters can not grow anymore but form an

interconnected gel.

A question that recently attracted considerable interest in colloidal physics has been whether

colloidal gels and glasses can be described within a single framework [50,73,79-86]. Two

quite different frameworks have been invoked. One approach is mode coupling theory

(MCT), which focuses on density fluctuations and the formation of cages or traps leading to

structural arrest of the transport of particles [87]. A second approach, which to date is still

only conceptual, is jamming, which infers stress-bearing networks underlying the solid-like

properties in a variety of disordered solids [88,89].

The first of the two concepts, the MCTapproach, is based on equilibrium theories and pre¬

dicts at what solid volume fractions and attractive interactions a colloid falls out of parti¬

cle transport equilibrium, so that particles cannot relax independently of others and conse¬

quently might form a gel. The second concept, jamming, is purely conceptual as it tries to

establish the boundaries where colloidal gels are formed as a function of three variables, i.e.

the solid volume fraction, the attractive interaction strength, and the applied load or stress,

respectively. Both frameworks however do not make predictions about the kinetics leading

to the arrested gelled state, which is the topic of this work. The diagram in Figure 1.1, in
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k(4)

non-equilibrium
fluidstates

Figure 1.1. State diagram of colloidal particles with short-range potentials, based on results given in

refs. [49,78-80]. The solid line represents the boundary of disordered solids, below which clusters

reach a kinetic equilibrium (size) and do not grow further to become arrested in a gel. The dashed

line is the boundary between particle transport equilibrium and non-equilibrium behavior, indicating

whether particles are free or trapped in cages or bonds (line originating from MCT, see also text).

The grey area at low volume fractions and large interaction potentials denotes the region, where gels

are typically formed. Elasticity is determined by connectivity and can be understood as the ratio of

a characteristic spring constant, k(£), to the characteristic elastic correlation length of the system,

£. The grey area at large volume fractions and low interaction potentials denotes the region where

glasses are typically formed. The elasticity is determined by the constraint of the particle, which is

unable to move out of a cage formed by its nearest neighbors; this is due to crowding and bonding.

The elasticity here is of entropie origin and is best understood as the ratio of energy to a characteristic

volume, which is the volume of the characteristic structural length of the system, Ru; at large volume

fractions, this is the particle size. The area in the upper left quarter is of interest in this work. Adapted

fromref. [90].

which the state boundary has been observed at relatively small, purely attractive interaction

potentials (attractive hard spheres) is based on experimental systems [46-50,78-80,91-95],

in which the depletion mechanism is used to adjust the attractive potential. The depletion

mechanism is based on the addition of a small polymer to a large colloid [51,52]. Because

the center of mass of the smaller species S can not exist within a shell around the colloid

C, there is a net gain in the free volume available to the smaller species when the colloids
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approach each other such that their excluded volumes overlap; this results in a net osmotic

force exerted on the large particles by the small ones, and leads to an effective attraction

between the large particles. The systems above are based on organic solvents often chosen

to approximately match the refractive index of colloid in order to facilitate light scattering

studies and to minimize the attractive forces.

In aqueous based colloidal systems, depletion interactions have been studied to investigate

thermodynamic phase transitions [96]. Besides these colloidal systems with small attrac¬

tive interactions that fall in the lower half of the state diagram shown in Figure 1.1, many

colloidal dispersions important in applications are characterized through more complex in¬

teraction potentials [44,75,77,97-102]. These potentials often exhibit very deep primary

attractive minima dictated by the lyophobic character of the colloid, which result in ag¬

gregate bonds that are practically irreversible once they are formed. In order to prevent

these fhermodynamically unstable colloids from aggregation, which is often required, e.g.

in emulsion polymerization processes, an ionic or steric surfactant is used to provide kinetic

stability. The aggregation and gelation kinetics of these systems is certainly not describable

by the MCTequilibrium theory or jamming concept discussed above, at least momentarily.

For the very strong attractions, the elastic and diffusive properties of gels observed exper¬

imentally are in good agreement with theories that treat colloidal gels as space spanning

structures of fractal aggregates. The gel structure is therefore controlled by the irreversible

aggregation process and is set by its kinetics. In particular, the plateau elastic modulus is

found [77] to increase as G' = B(f>l 2
as expected for kinetic aggregation and in agreement

with fractal structure models. The dynamics of these systems as measured with dynamic

light scattering typically exhibit subdiffusive behavior at short times and arrested dynamics

at longer times [75,76,101,103]. This behavior can be accurately described by a hierarchy

of internal elastic modes within the fractal clusters, where the largest fluctuation is quan¬

titatively related to the elastic modulus of the system [75,76]. Elasticity and non-ergodic

dynamics of strongly attractive systems are clearly related to their underlying network. Fur¬

ther work on the rheology of concentrated colloidal systems has been reported albeit often

for only moderately strong interaction potentials [104-109]. Most of this work however does

not focuss on the underlying kinetics of the processes.

Any meaningful attempt to describe the fluid-solid transitions at large attractive interaction

potentials must include conditions, which lead to space-filling structures. Such models have

been discussed for irreversible fractal aggregation above, where it is the kinetics that deter-
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mines the mechanism of formation of space filling structures [103,110-113]. Starting from

a fully dispersed system that aggregates either in DLCAor RLCA, any aggregation process

at sufficiently high solid volume fractions and not influenced by sedimentation will form a

gel. If the time scale for bond formation is larger than the one for bond breaking and for

any other competing processes like sedimentation, the kinetics of the process will govern

the gel formation. Such systems quench gradually deeper and deeper into non-equilibrium

states and more and more particles get arrested in the clusters till the clusters fill the whole

space and start to connect to form the gel; this leads to a kinetic arrest of the structure, which

generally is fractal and thus space filling [114-116].

Aggregation and gelation processes characterized through such fractal structures can occur

in a variety of emulsions [117], inorganic [97-100] and polymeric [75,77,101,102] colloids,

such as those involved in food [8,118] and biological [53,119-121] processes and are there¬

fore of wider interest. One basic feature commonto these gels is the formation of a network

structure able to support externally applied stresses [80].

The available literature studies on the quantitative modeling of the kinetics of aggregation

and gel formation are more scarce. This is in part due to the fact that no general agreement

exists about suitable tools to simulate these process kinetics. Monte-Carlo [112,113,122—

124] or Brownian dynamics [8,125-132,132-137] simulations are in fact more appropriate

to better understand details of the gel transition concerning structure and connectivity rather

than to simulate the kinetics of the system for the purpose of applications. The most detailed

information can in principle be obtained from the Brownian dynamics simulations on gel

formation and gel network structure. Some results about the different appearance of gels

formed under DLCAand RLCAconditions have been obtained [131,133,134] using DLVO-

type interaction potentials, i.e. the frozen-in, more homogeneous structure in DLCAand the

more segregated structure with large pores in RLCA. However, no information about elastic

properties is reported. Other studies have reported predictions of elastic properties of the

gels from the interparticle interaction potentials using either Lennard-Jones type potentials

[128-130,132] or the Asakura-Oosawa potential [126,127,135].

The Monte-Carlo simulations carried out in order to analyze aggregation and gelation have

provided a good understanding of the structure of aggregates and gels and have investigated

different kinetic regimes, including DLCAand RLCA, sedimentation effects and percolation

[23, 58, 112,113,122,123,138,139]. In particular, it is found that after an initial regime

dominated by aggregation, the process of cluster growth crosses over to a percolation regime
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which results in gel formation [6,112,122,126]. The relative importance of aggregation,

crossover and percolation depends on the solid volume fraction and shifts to the latter for

higher solid volume fractions. The concept of percolation has been extensively used in the

first studies on gel formation in silica dispersions [98,140]. Although the progress in this

direction is very promising, it is not yet possible to deduce from these results quantitative

models that allow a detailed kinetic modeling able to predict gelation times.

Indeed, only a limited number of publications have addressed the kinetics at concentrated

volume fractions, which are of interest for many practical and industrial applications [102].

There is a lack of quantitative studies trying to understand when the transition occurs and

how the kinetics of the transition can be described. The latter is particularly true for the

aggregation kinetics at larger solid volume fractions preceding the gel formation, as well as

for the kinetic description of the gel formation itself, and experimentally validated kinetic

models have not been reported so far. In applications it is clearly important to understand

whether such a gel transition takes place at all and, if it does, at what time.

1.4 Aim of this work

The many industrial and practical applications (and theoretical studies) involving aggrega¬

tion and gelation show that a quantitative and preferably even predictive kinetic modeling of

aggregation and gelation (with the actual gelation time) is desirable. A better understand¬

ing of the kinetic pathways of aggregation and gelation will certainly aid progress towards

the more general and rather challenging problem of gelation being a complex liquid-solid

transition [81,90].

A general engineering perspective of the kinetics of gelation provides us with a clear objec¬

tive. Werequire a framework that allows to describe gelation as a function of real time and

that conceptually allows to make predictions about the gel time. Most of the theories used to

describe gelation discussed above, however, do not make predictions about the quantitative

kinetics of aggregation and gel formation and therefore do not estimate the gelation time.

However, in order to understand gelation which is primarily found in relatively concen¬

trated systems, we have to extend the aggregation studies in section 1.2, which were con¬

ducted mainly in dilute conditions, to more concentrated ones, which are currently only

investigated to a limited extent. This is partly because of technical reasons concerning the

main experimental tool for such studies, i.e. light scattering, where in concentrated systems
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multiple scattering has to be avoided or different methodologies to monitor the aggregation

process are required; partly, more conceptual reasons are put forward, which are often con¬

cerned with the applicability and validity of PBEmodels of the aggregation kinetics (like the

Smoluchowski aggregation equation) in concentrated colloidal dispersions.

Although PBEmodels are able for certain aggregation rate constants to predict the so-called

mathematical gelation transition, it is not obvious whether these concepts can be applied

to colloidal gelation [55,56]. They have actually not been tested against experiments yet.

The first aim of this work is to validate quantitatively PBEmodels in dilute dispersions with

suitable experimental data. The second aim in the following is to test, whether PBEmodels

are applicable in more concentrated dispersions and can provide a quantitative framework

for the modeling of the kinetics of gel formation. These models are ultimately to be validated

through their ability to describe the experimental data and not through a priori considerations

about their applicability and validity.

Finally we note that the colloidal systems investigated experimentally are polymeric col¬

loids, so called latexes. Aggregation (and gelation) of latexes has a significant industrial

importance in the production of polymers from emulsion polymerization processes.

1.5 Experimental techniques

Scattering techniques, involving radiation sources like neutrons, x-rays and light, are prob¬

ably the experimental techniques most widely used to characterize colloidal systems and

soft condensed matter in general [141]. The particular application used in this work is light

scattering, which is the most commonone of the above techniques due to the availability of

relatively low-cost lasers, detectors and fast correlators controlled by computers.

As a simple example of light scattering relevant in this work we consider a particle immersed

in a liquid medium of a refractive index different from the one of the particle. The light

waves from the laser, directed onto such a sample, are sensitive to changes in the refractive

index, thus to the changes in the polarizability between the liquid and the particle. They

induce a dipole in the material (particle) which itself emits radiation of the same frequency

in all directions. Alternatively, one can understand light as photons, which are scattered in

all directions when hitting the particle.

More general, light scattering is due to the interactions of electromagnetic waves with mat¬

ter, in particular its dielectric properties and any detailed calculation starts from Maxwell's
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Figure 1.2. Schematic of a scattering experiment, (a) side view, (b) top view. Taken from [143].

equations [142]. This treatment allows to handle the general scattering problem including

situations, where light is scattered many times before reaching the detectors, but is rather too

complex for typical applications. An important development in the theory of light scattering,

greatly simplifying its analysis and applicability, is the Rayleigh-Debye-Gans theory [141].

This RDGtheory however is limited to single scattering and assumes that the incoming light

is greatly unaffected by the scattering particles. The conditions for which the RDGtheory is

applicable are

(47TiyA0)|^-l|«l,
ns

where Rp is the radius of a particle, A0 the wavelength of the incident light and np and ns

the refractive indices of the particle and the solvent, respectively. If these conditions do not

hold, one has the possibility to use the however more complex Mie theory [142].

In a typical light scattering experiment, a monochromatic laser is directed onto the center

of a sample and the light scattered in the horizontal plane is collected as a function of the

angle formed with the direction of the primary beam, as depicted schematically in Figure

1.2. Two different experiments can be performed with this set-up. In a static light scattering

experiment (SLS), the time averaged scattered intensity is measured as a function of the

scattering angle and provides useful information about the spatial structure of the sample

under investigation. In the case of aggregates of colloidal primary particles we can learn,

how these particles are distributed within the clusters. However, it is important to note that

SLS always provides an average information, i.e. the signal obtained is an average over all

the different shapes and sizes of the particles and clusters present in the sample. This is

the reason, why an interpretation of SLS data requires considerable care and in most cases

additionally a detailed model.

The same holds true for the second technique, dynamic light scattering (DLS), in which the

temporal fluctuation of the scattered intensity is analyzed with correlation schemes [144,
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Figure 1.3. Schematic of DLS: (a) intensity fluctuations detected. Bars denote certain delay times t*

for which all over the duration of the experiment a correlation value is calculated, (b) The obtained

correlation function as a function of the delay time t*.

145]. In this analysis the fluctuations at a certain time t are correlated to a time shifted by

a certain delay time constant t*, so that t + t*. If the signal at these two times is correlated,

which means that it for example corresponds to almost the same spatial configuration of

particles in the sample, a certain nonzero value is obtained for this delay time interval t*. If

particles have not moved at all in this time interval, the correlation value is one. In case the

particles have moved significantly and have erased all correlations between their positions at

the initial time and the delay time, a value of zero is obtained. This is shown schematically

in Figure 1.3. Conceptually, DLS measures how fast a particle (or another object of interest)

diffuses away from its original position. This can be related to an effective diffusion coef¬

ficient and also to an effective hydrodynamic radius. As in SLS, in DLS we always obtain

values which are averages over all particle sizes and shapes. Further details relevant for this

work will be given in the respective chapters and sections. For a more general and detailed

introduction to dynamic and static light scattering the reader is referred to the following

literature [141,143-148].

The second technique, which in this work has been mainly used to investigate the gel for¬

mation kinetics, is small amplitude oscillatory shear rheology. This technique has a wide

range of applications and numerous experimental setups are possible [118,149]. Applied

to monitor the gel formation in colloidal dispersions, which is a liquid-solid transition, one

measures the evolution of the viscoelasticity of the dispersion. This can be quantified, e.g.

by the elastic modulus, G', and the loss modulus, G", as schematically shown in Figure

1.4. Alternatively, the complex conjugate pair of the moduli, the complex viscosities, can

be measured. In any case, a typical latex is initially characterized through its dominantly

viscous behavior, but soon after aggregation has been initiated and at suitable solid volume
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Figure 1.4. Schematic of the time evolution of the elastic and loss modulus for the gel formation.

Conceptually taken from [6].

fractions, the dispersion develops a measurable elasticity, which gives rise to the complex

viscoelastic, solid-like behavior typical of colloidal gels. Again, the rheological measure¬

ments will be discussed in the respective chapters were needed and for further reading we

refer to the literature [6,118,149].

1.6 Outline of the present work

Conceptually, many of the phenomena in colloidal dispersions have been understood in col¬

loidal physics and chemistry. The main objective of this work is to provide a quantitative

framework for understanding and modeling of the kinetics of aggregation and gelation in

stagnant (non-sheared) colloidal dispersions.

In chapter 2 we report the general framework of PBEto calculate cluster mass distributions

(CMD), its numerical solution, and how the quantities that can be measured by light scat¬

tering are calculated from the CMD. Wepresent several functional forms of the aggregation

rate constants, which form the basic input into PBE. By using the calculated quantities also

measured with light scattering, we present a methodology that can be used to discriminate

between these functional forms. Weidentify such aggregation rate constants that are suitable

for modeling aggregation.

Chapter 3 elaborates on the analysis of aggregation rate constants in dilute conditions. We

develop a simple model that accounts for the contribution of internal dynamics of fractal

"Gel point"
G'M

/
"' G"M

..j
v '
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clusters to the first cumulant of the correlation function measured with DLS and validate this

model with suitable experimental data. The universal colloidal aggregation regimes reported

in the literature [19] are analyzed with the detailed PBE and light scattering models and

conditions (sedimentation and crossover from RLCAto DLCA) are identified, where these

universality concepts break down.

In chapter 4 experiments are reported in order to investigate the gelation kinetics in dilute

dispersions of a polystyrene colloid. In addition, a simple model, based on the PBE, to

predict the gelation times in the DLCAregime is presented and the concept of mathematical

gelation is analyzed.

In chapter 5 the PBE and the light scattering model are made dimensionless in order to

identify the existence of master curves within these equations and the parameters influencing

these master curves (kinetic scaling).

In chapter 6 the PBEmodel and its dimensionless form are used to analyze the aggregation

and gelation behavior of a moderately concentrated polystyrene colloid and experimental

master curves for aggregation and gelation are identified. In addition, the dependence of

a certain important kernel parameter on the detailed surface chemistry of the polystyrene

colloid is discussed.

Similarly, in chapter 7 the same models is used to analyze aggregation and gelation of a

different colloid, MFA®, and again experimental master curves for aggregation and gelation

are identified, albeit characterized through a further, different kernel parameter than the ones

identified for polystyrene. Wealso discuss the optical anisotropy of the MFA®particles,

which influence the light scattering analysis, and analyze the colloidal stability of the colloid

within the DLVOtheory.

Finally, in chapter 8 the aggregation and gelation process of the MFA®colloid is further

investigated. A detailed light scattering analysis using cross-correlation schemes in order

to suppress multiple scattering is presented and the gelation times obtained from light scat¬

tering and rheology are compared. The experimental dynamic structure factor (correlation

function) measured online during aggregation and gelation is interpreted with a model and

allows to analyze the crossover from aggregation to gelation.



Chapter 2

Modeling Structure Effects on

Aggregation Kinetics

The purpose of this chapter is twofold: first we connect the framework of the population

balance equations (PBE) to the light scattering (LS) theory in order to calculate the mea¬

surable quantities of LS from the cluster mass distribution (CMD), which is the solution

obtained from PBE. These quantities are the average hydrodynamic radius (Rh, measured

by dynamic light scattering (DLS)) and the average radius of gyration (Rg, measured by

static light scattering (SLS)), each one representing a different non-integer moment of the

CMD.

Second, we develop a procedure to distinguish between the functional forms of the aggre¬

gation kernels, based on the available experimental information about the CMD, namely Rh

and Rg in the sub-micron range. By solving the PBE for various kernels suggested in the

literature, we demonstrate that using data on the evolution of both Rh and Rg compared

to using just one of them, allows a significantly improved discrimination among different

kernels, since by considering two different averages of the distribution we actually include

information about the distribution width and shape. The discrimination procedure is illus¬

trated for the DLCAand RLCAregimes in quiescent liquids, where unsuitable aggregation

kernels can be excluded by comparing calculation results to experimental data on both Rh

and Rg.

17
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2.1 Aggregation kinetics in colloidal systems

2.1.1 Population balance equation

Population balances (PBE) are general conservation laws applicable to a variety of partic¬

ulate systems [12]. Aggregation in homogeneously mixed colloidal dispersions can con¬

veniently be described by PBE, where we use mass as internal coordinate for representing

aggregates undergoing birth and death events. These events lead to the formation and disap¬

pearance of aggregates of mass mand indicating with fx (m, t) the first order product density

function of aggregates of mass mat time t we obtain the following form of the population

balance:

dh(m,t) _l
dt 2 ,/0

K(m —m! ,m')fi(m —m' ,t) fi(m' ,t)dm'
(2.1)

K(m,m')fi(m,t)fi(m',t)dm',

where the two terms on the right-hand side represent the rate of birth and death of units of

mass mper unit volume, respectively. The first one represents the production of aggregates

of mass mby aggregation of two smaller aggregates of mass m—m' and m', while the

second considers the loss of particles of mass mdue to aggregation with any other aggregate

of mass m'. The aggregation frequency function K(m, m') accounts for two physical factors,

which constitute the aggregation process: the collision frequency between two particles and

the corresponding sticking efficiency.

The validity of the PBE in the form of equation (2.1) relies on several assumptions. In

particular, in concentrated systems it can be expected that more than two particles undergo

aggregation simultaneously and that the presence of surrounding particles influences the two

aggregating ones. On the other hand, in equation (2.1) only binary aggregation events are

considered and the pair probability function /2(^, to', t), which accounts for the probabil¬

ity of finding two particles undergoing aggregation at the same spatial location in the time

interval At, is computed by assuming an independent probability of finding each of the two

involved aggregates in the system, i.e. /^(to, m!, t) = /i(m', t)fi(m, t). This assumption is

known as the closure hypothesis and has been discussed in the literature [150].

At the other extreme of diluted systems, where the population is constituted by only a few

particles, it has been shown [151] that the PBE (2.1) fails and single statistical events be¬

come important. This is due to the fact that in diluted systems the few particles present are
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correlated, meaning that the relation /2(to, m',t) = fi(m', t)fi(m, t) fails and higher order

product density functions /2(to, m', t), fz(m, m', m", t),..., fnixn, m', m",..., mM, t) have

to be used in addition to the first-order functions used in equation (2.1).

No attempt is made in the following to a priori determine the upper and lower concentra¬

tion bounds, where the aggregation PBE in the form of equation (2.1) is accurate. This

would not be a straightforward task and therefore we ultimately rely on the comparison with

experimental data.

2.1.2 Numerical solution and reconstruction of the CMD

The description of aggregation phenomena in the framework of population balances requires

the coverage of several order of magnitudes in aggregate size. Primary particles in colloidal

dispersions usually are in the size range of 5 —bOOnm. Aggregation of these particles

frequently results in clusters up to the size of 300/xm. Under certain operating conditions the

formation of coagulum can occur, the radius of which can attain values up to 1 —100mm.

Accordingly, in order to describe the evolution of the CMDover the whole range of particle

and aggregate sizes, in particular cases up to 13 orders of magnitude using mass as internal

coordinate have to be covered. Obviously, a simple linear discretization technique would

result in a number of coupled ODE's not solvable in reasonable computer time. Thus, the

application of a geometric or other expanding grids for the representation of particle sizes is

indispensable for computational efficiency. In particular, the discretization method recently

developed by Kumar and Ramkrishna [152] (subsequently referred to as the KRmethod) has

been adopted in this work.

According to the KRmethod the entire size range of interest is discretized into intervals and

the particles and aggregates inside each interval are assigned to the boundaries (pivots) of the

intervals themselves. This means that a cluster with mass min the size range {rrik, rrik+i}

is split by two assigning fractions g(m, rrik) and h(m, rrik+i) to the pivot populations at rrik

and rrik+i, respectively. By properly selecting such assigning functions it is possible to con¬

serve two general properties, usually two moments, of the original distribution. The detailed

description of the method is provided in the original paper [152]. Vanni [153] recently tested

various discretization techniques including the KR method in terms of accuracy, ability to

produce error estimates, ease of implementation and computational speed and concluded

that the KRmethod is the most versatile and accurate one among those tested.
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Figure 2.1. Comparison between the analytical (Eq. 2.2) and the numerical KRsolution for equation

(2.1) with the constant kernel K(m,m') = KB. (a) Discretized analytical solution (x),KR numerical

solution (solid line); (b) continuous analytical solution (x) and reconstructed numerical KR solution

(solid line). The geometric grid factor is Ff = 1.07, the number of grid points is 300.

One important aspect which is often neglected is the reconstruction of the continuous distri¬

bution from the discretized one obtained from the numerical method [154]. To illustrate this

point we consider the PBE (2.1) with a constant aggregation kernel, i.e. K(m,m') = KB,

for which an analytical solution exists:

Nt (t) = N0(KBN0ty-l(l + KBN0t)-1-1. (2.2)

where Ni denotes the number of clusters of a certain dimensionless mass i = rrii/mi, where

rrii is the mass of a cluster with i primary particles and rrii is the primary particle mass. In

Figure 2.1(a) the discretized solution obtained with the KR method is compared with the

corresponding values obtained using the analytical solution (2.2). Note that these latter val¬

ues are obtained by considering each one of the intervals Am= rrik+i —rrik defined by the

KR method and summing up the numbers of aggregates having mass rrii lying between rrik

and rrik+i. It is seen that the obtained values are in satisfactory agreement, thus indicating

that the numerical KRmethod provides reliable results. The next point is to reconstruct from

the discretized results in Figure 2.1(a) the complete solution, that is the continuous solution

given by equation (2.2). This is done by assuming Ni constant in each discretization interval.

The obtained results are compared in Figure 2.1(b) and again the agreement is satisfactory,

thus indicating that, although very simple, this reconstruction procedure provides reliable re-
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suits, at least in the case under examination. It should be noted however that the distributions

in Figure 2.1(a,b) are significantly different, as they in fact should be, since they represent

different quantities. Care must therefore be taken in considering numerical solutions before

and after reconstruction.

For the computations reported in this work we use a geometric grid factor Ff = mk+i/mk =

1.07 and a number of M= 300 grid points, resulting in a upper bound of the grid equal to

tom/toi = 6 x 108. The computation time for the above runs on a HP-3000 unix workstation

is 3mmfor a simulated time of 1000mm.

Another relevant point in computing CMDsnumerically is that the size range for the prob¬

lem on hand has to be specified a priori by an upper and a lower bound, here conveniently

denoted in terms of aggregate mass rrii and rriu, where Mdenotes the number of pivots in

the discretized interval of aggregate mass. It should be noted that if the aggregates grow to

such an extent that they reach the upper bound, and this is allowed to undergo further ag¬

gregation, the generated aggregates would be lost since they would exit the discretized size

range and consequently the mass of the dispersed phase would not be conserved. To avoid

this, we have to close the boundary by a collective pivot (i.e. the largest size mM), which

includes all aggregates larger than mMand is excluded from the aggregation process. By

properly applying this closure procedure, it is possible to satisfy the mass balance, which is

particularly useful when dealing with systems that can produce aggregates of very large size,

as in the case of polymer or colloidal gelation [76,154]. However in all computations shown

in this work this situation does not occur and the last pivot always contains a negligible mass.

2.1.3 Relevant characteristics of aggregate populations

In many applications one is interested in the size of the aggregates, expressed in terms of vol¬

ume or radius. Since the PBEdiscussed above provides a cluster mass distribution (CMD),

the question arises how the mass of an aggregate can be related to its size. In the case of

coalescing particles this is straightforward since the spherical shape is conserved upon aggre¬

gation. In the case of aggregates constituted of primary particles, that rigidly adhere at their

surface contacting points, we obtain randomly shaped aggregates that are usually described

through the fractal scaling relation [68]:

• m*
/ fRaAdf ni\

,=^=*'Uv
- a3)
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where df is the fractal dimension, rrii and Rp denote the mass and radius of a primary

particle, while m%and Rg>l those of an aggregate. The prefactor kf is a constant of the order

of unity [155]. The radius of gyration Rg>l in equation (2.3) is connected to the hydrodynamic

radius Rh>l by a factor ß%, typically of the order of one in dependence of the fractal dimension

df [21,22,156].

A = §*• (2.4)

Having set a fractal dimension value, equations (2.3) and (2.4) provide the average aggregate

radii Rg>l and Rh>l as a function of the corresponding mass m%.

In selecting a quantity to define the size of an aggregate it is convenient to adhere to quan¬

tities that can be measured experimentally. The accessible average size of the aggregate

population is the radius of gyration ({R2}), when using static light scattering (SLS), and the

mean hydrodynamic radius ((Rh,eff)), when using dynamic light scattering (DLS). In order

to compare these experimental values with the cluster mass distribution Nt, obtained from

equation (2.1), we need to relate the averages (R2) and (Rhteff) of the entire cluster mass

distribution to the corresponding radii of the individual aggregates of mass i, given by Rg>l

and Rh,t. In the case of the radius of gyration, which relates to the mass distribution inside

the aggregate, such a relation is simply given by [157]

In the case of the hydrodynamic radius, which actually reflects the mobility of the aggre¬

gate, the corresponding relation is more complex since it has to account for the effect of

the measurement angle, the aggregate structure and the complex diffusion processes of the

aggregates [21,22,157]:

{rth,eff) -

^ -2ATQ f \T?
~' *• '

2^ l2NtSt (q) Rh,t,eff

where St (q) represents the structure factor of the aggregates of mass i and Rh,i,eff the effec¬

tive hydrodynamic radius including the effect of rotational diffusion.

A third average of interest in this thesis is the average structure factor, measured by static

light scattering, which is obtained by intensity weighted averaging of the individual cluster

structure factors St(q) by

<Sfa,t)) = ££Mfo>, (2.7)
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Among the various possibilities for computing the structure factors of individual aggregates

[158] we have chosen the Fisher-Burford relation not only for its simplicity but also because

it has been shown to be quite accurate for aggregates having fractal dimensions equal to

about 2 [68]. This is given by

/
2 \ ~dfl2

Sl(q)={l + ^(qR9,)2) , (2.8)

where q denotes the scattering wave vector, given by the relation:

q = —an^-j; (2.9)

n is the refractive index of the liquid medium, A0 the wavelength of the used light and 6

the scattering angle. The effective hydrodynamic radius of a single aggregate, including the

influence of rotational diffusion, can be expressed as [159]:

Rh,z,eff M\ \ o(qRgtt) J

Substituting now in equations (2.5) and (2.6) the expressions of the aggregates gyration

and hydrodynamic radii, Rg>l and Rh)%, given by equations (2.3) and (2.4), we obtain the

following expressions:

E» Kf
W=

^ ZmT
. (2-lD

,o v_ Zti2NtSt(q)
{Rh,eff} 7 7

. _i\ \ > (IAI>

and

Rh,t \ ' wi \ V 3df

which allow us to compute the experimentally accessible radii, (R2g) and (Rhteff), from the

cluster mass distribution, obtained by solving the PBE (2.1). Note that equations (2.11) and

(2.12) apply once the fractal nature of the aggregates formed during aggregation is estab¬

lished and thus they do not reproduce the initial stages of aggregation, when mainly dimers

and trimers are present. It is worth noting that the gyration and hydrodynamic radii repre¬

sent different non-integer moments of the CMD, and therefore provide information not only

on the average value but also on the polydispersity of the CMD. Accordingly, comparing

calculated with experimental values of both (R2) and (Rh,eff) is a challenging test for the

reliability of an aggregation kernel, and therefore provides the possibility of discriminating

among different kernels with respect to various aggregation conditions.
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In order to compute (R2) and (Rhteff) from the equations above we need to know the fractal

dimension, df. In principle this quantity is also measurable [21,22], although it is exposed

to some uncertainty in the early stages of aggregation and it is anyway difficult to measure

in more concentrated systems [160,161]. This point will be investigated later, where we

examine the dependence of (R2) and (Rhteff) on the fractal dimension.

2.2 Forms of the aggregation kernel

In this section we discuss kernel equations for diffusion limited (DLCA) and reaction limited

(RLCA) cluster aggregation that have been presented earlier in the literature. Note that

the influence of gravitational forces on the initially stable colloidal dispersions becomes

important when aggregates reach sizes of approximately \\irri, depending on particle density.

The direct application of settling kernels to the PBEis not feasible in the context of equation

(2.1) since one should introduce an additional external coordinate in the vertical direction

to account for the disappearance of settled aggregates [162]. Therefore, in the following we

neglect the influence of gravitational settling and do not elaborate this issue any further. We

should also point out, that internal restructuring of clusters is not considered in this chapter.

Internal restructuring of aggregates changing the fractal dimension of the clusters during

aggregation can be caused mainly by two mechanisms. The first occurs during reversible

aggregation, where the interaction forces between the particles are so weak (of the order

of few kBT) that thermal fluctuations can take the structure apart. This is not the case

in the systems under consideration, where the aggregates are relatively strong being the

interparticle attraction forces are sufficiently large. The second mechanism could occur in

irreversible aggregation, when the aggregates are susceptible to restructering by shear forces.

Since no shear forces are present here, we can exclude also this restructuring mechanism, in

accordance with Lin et al. [163].

2.2.1 DLCA-kernel

In the diffusion limited aggregation regime every collision between aggregates or primary

particles is successful. The first and basic aggregation kernel for DLCAhas been derived by

Smoluchowski [10], accounting for the diffusive mobility (Vl + Vj) and the collision cross

section (R% + R3) of aggregates. The diffusion coefficient V can be related to the radius
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of an equivalent sphere by the Stokes-Einstein relation (Vx = kBT/(%nr]Rp)). Using these

relations and neglecting the size dependence of the aggregation rate by assuming equal sized

particles, one obtains the constant aggregation kernel:

KB = ^. (2.13)

To incorporate aggregate structure using the fractal concept, the aggregate size is assumed

to scale with its mass according to equation (2.3). An equivalent scaling is assumed for the

diffusion coefficient [164], given by Vl/V1 = (i)~l f. From these relations we obtain

Kl3 = KBBl3 with

1 / L L\ / J_ J_\ (2.14)

Bt3 = -(i df +i df) (idf +Jdf),
where B%3 is the matrix representing the collision cross section and the mobility of the two

colliding aggregates. This kernel has been found to properly describe experimental data in

DLCA[23].

2.2.2 RLCA-kernel

In reaction limited aggregation only a fraction of collisions is successful in forming a new

aggregate, due to the incomplete screening of the repulsive forces between particles. Con¬

sidering primary particles, the reduced sticking efficiency due to repulsive forces and hydro-

dynamic interactions can be expressed by the Fuchs stability ratio [57],

where G(h) accounts for squeezing of the fluid between two approaching primary particles,

h is the center to center distance and V is the particle interaction potential. This expression of

the stability ratio applies only for primary particles and not for aggregates, that are composed

of many primary particles. It has in fact been verified experimentally, that the reactivity of

aggregates increases with their mass [21,165], and therefore an additional factor Pv has

been introduced in equation (2.14), leading to the following general RLCAkernel:

K%3 = KBW~XB%3P%3. (2.16)

Let us review in the following the various RLCAkernels reported in the literature and recast

them in the form introduced above.
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Using theoretical scaling arguments Ball et al. [61] concluded that the efficiency of aggre¬

gation is determined by the larger of the two aggregating clusters through a power A. This

parameter accounts for the increased aggregation efficiency of larger clusters due to a larger

number of contact possibilities on their surface and it has been shown to be in the range

A G [1,1.1]. The resulting kernel can be written in terms of Pl3 in equation (2.16) as follows:

Ai = K

(2.17)
k = max{i,j}.

Note that in this special case, according to the original work [61], the matrix Bv is not

used, i.e. it is replaced by the identity matrix in equation (2.16). For all the other following

expressions of Pl3, the expression (2.14) has been used for the matrix B%3 in equation (2.16).

Other authors [67] used the product kernel, given by

P%] = (Ü)A (2-18)

to simulate the CMDby a Monte-Carlo technique in the RLCAregime. They compared the

obtained results with those given by the dynamic scaling theory, where the CMDobtained

by Monte-Carlo simulations is represented by a dynamic scaling form. Relating these results

to the Smoluchowski equation and using equation (2.18) they a found non-trivial behavior.

In a study using a stochastic simulation method [166] and comparing the results to dynamic

scaling theory as well as to experimental data [165], several values of A have been tested.

There it has been pointed out that the asymptotic expressions of the dynamic scaling theory

might not provide the exponent A sufficiently accurately. In RLCAexperiments using silica

[167], it has been found, that the value of A can vary in the range [0.36, 0.495], depending

upon the solution ionic strength. These two studies suggest that, although the parameter A

determines how fast the reactivity of clusters grows with size and therefore strongly affects

the resulting CMD, its proper evaluation remains an open issue.

Schmitt et al. [66] proposed to relate the reactivity of a fractal aggregate in the DLCAregime

to the number of primary particles located in its outer shell. Applying this idea to RLCA,

we first compute the number of primary particles in the shell of an aggregate, having a

thickness equal to the diameter of a primary particle. The number of particles is calculated

by subtracting the number of particles in the core of the aggregate (without the shell) from

the number of particles in the whole aggregate, using in both cases the fractal scaling relation

i = kf(Rg/Rp)df [66]. Weobtain that the number of primary particles in an aggregate of
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mass i is given by P% = i —(il/df —l) /. Consequently, the aggregation efficiency of two

aggregates i and j is given by

PtJ = PtP3 =(i- (^ - l)^ (j - ^ - l)^ . (2.19)

In order to investigate the scaling behavior of P%, let us expand the equation in a Taylor

series. First we rewrite P%in the form P% = i{\ —(l —(l/z)1/*^ ) /}. Expanding the second

factor in a Taylor series for (1/i) —0, we get that as i —oo, P% —(îy f~1'' f, which is

identical to the product kernel (2.18) with an exponent A ~ (df —l)/df of the order of 0.5.

Another kernel previously used to model RLCA [59,60] is the sum kernel. Such a kernel

can be derived by extending the concept of the stability ratio (2.15), originally applied to the

interaction potentials between primary particles, to the interaction potentials between aggre¬

gates. The stability ratio in equation (2.15) for strong repulsive interaction potentials in the

RLCAlimit can be approximated as W= k exp(Vmax/kBT) [168], where k is a function

of primary particle size and Vmax is the maximum potential at the distance hmax between

centers of two approaching particles. Now let us apply the stability ratio in equation (2.15)

also to aggregates with radii Rt and R3 and use the same Vmax and hmax as for primary par¬

ticles, since these are the contact points between aggregates. Further we assume a vanishing

influence of G(r, 1) for larger aggregates and fold k into W. Then the stability ratio for two

aggregates W%3can be expressed as follows

W%3= (R% + R3) exp(Vmax/kBT)/hmax =

-3—• (2.20)
\rii \ 1X3 ~r Smax)

where we substitute the maximum distance hmax by (Rt + R3 + smax), the sum of the

radii of the clusters and the distance smax of the maximum interaction energy between two

approaching aggregates. Since smax is very small compared to the aggregate size Rt, we can

simplify equation (2.20) (Rt + R3 + smax ~ Rt + R3). Then by using equation (2.3) we can

rewrite it in terms of equation (2.16) as W%3= W/Pl3, where

Pv = \(i^+j^), (2.21)

so that the aggregation efficiency is proportional to the sum of the aggregate sizes.

It is worth noting that for all kernels, since DLCArepresents the upper limit of the cluster

aggregation rate [67], we empirically correct the matrix P%3 by restricting its values to the

range P%3 G [1; W]. This corresponds to the experimentally observed transition from RLCA

to DLCAwhich occurs as the aggregate size increases in time [21,33].
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An extension of the product kernel has recently been proposed [58], that accounts intrinsi¬

cally for the RLCAto DLCAtransition mentioned above. Rewritten in terms of equation

(2.16) this kernel is given by:

%] 1 7 n V\~' \L.LL)

(l + w-^AMü) -i))

It can be seen that as the aggregate masses increase from very low to very large values, the

expression above predicts a smooth transition of the value of W~lPl3 from the RLCAlimit

W~lMn (ij) ,
i.e. the product kernel, to the value of one predicted for the DLCAregime

by equation (2.14). Note that Mu has been estimated by Odriozola et al. to have the value

6.1. Whencomparing the stability ratio used herein to the one used for different kernels the

apparent W~l has to be corrected by the factor A/n.

2.3 Experimental results

In this section we introduce our own experimental data as well as others taken from the

literature on aggregation in the DLCAand RLCAregime. These data have been selected in

order to provide evidence for the behavior of both gyration and hydrodynamic radii and to

allow discrimination among different kernels.

First we discuss briefly the experimental measurement of (R2) and (Rhteff) which for

brevity we refer to in the remainder of only this chapter as Rg and Rh, respectively. In a

static light scattering experiment the time averaged scattered intensity I is measured as a

function of the scattering angle, and therefore of the scattering wave vector q, in a typical

angular range of 10° to 150°. The average structure factor S(q) of all aggregates is defined

as S(q)P(q) = I(q)/I(0), where P(q) is the form factor of primary particles [148]. From

the reciprocal of the product S(q)P(q) measured experimentally we can estimate directly

the average Rg using the Zimm-plot [147]: l/(S(q)P(q)) = 1 + (l/3)q2R2. The average

hydrodynamic radius Rh is obtained from a dynamic light scattering experiment at a partic¬

ular scattering angle, in which the intensity weighted time averaged autocorrelation function

is measured. From this function the dynamic structure factor is calculated using the Siegert

relation [21, 22,169], which is then fitted to estimate the effective diffusion coefficient of

the aggregates. From this last quantity the average effective hydrodynamic radius Rh is then

computed using the Stokes-Einstein relation.
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Figure 2.2. (a) Time evolution of Rä and Rh during DLCAfor titania aerosol [170] (Rg (D), Rh(0))-

(b) Ratio Rg/Rh ( v) for the same data as in (a), (c) Time evolution of Rh during RLCAfor silica

aggregation in dispersion [21].

In Figure 2.2(a) are shown as a function of time the radii Rg and Rh of the aggregates

formed from Ti02 aerosols with a mean radius of 35wb [170]. In the original work a fractal

dimension of df = 1.75 has been measured, suggesting a DLCA-type regime. As it can be

seen in Figure 2.2(b), the ratio Rg/Rh remains substantially constant in time, suggesting an

underlying CMDwhich does not change its shape during aggregation. In Figure 2.2(c) are

shown Rh data for the silica system [21], which exhibit the exponential growth typical of the

RLCAregime. In this case, the primary particles had a size Rp = 3.5nm and a concentration

4>o = 1 x 10~5, corresponding to very dilute conditions.

The data shown in Figure 2.3(a,b) have been obtained in this chapter using latexes of MFA®

(Ausimont SpA, Italy), produced by emulsion copolymerization of tetrafluoroethylene and

perfluoromefhylvinylefher. This polymer has a refractive index equal to 1.35, which is very
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Figure 2.3. (a) and (b) Time evolution of aggregate size during RLCAfor MFAlatexes at <fio =0.02

and [Ca(N03)2] = 0.002mol/liter. (ES(D), Rh(A), Rg/Rh(Q)).

close to that of water (1.33), thus leading to water dispersions of low turbidity, which can

then be well characterized using light scattering techniques even at relatively large particle

volume fractions. The primary particles used in the experiments have an average radius of

37.5wb (polydispersity~ 0.08), determined by DLS. The original latexes are diluted to the

desired particle volume fraction using Milli-Q (Millipore) deionized water. The experiment

has been performed using a final latex volume fraction of 0O = 0.02, and inducing aggrega¬

tion by a final salt [Ca(N03)2] solution concentration of Q.QQ2mol/liter. The time required

to complete the experiments was about 33h.

The aggregating samples were prepared starting from a latex obtained by diluting the origi¬

nal concentrated latex with deionized water in order to obtain a particle volume fraction of

0o = 0.04. Next, an appropriate aqueous solution of Ca(N03)2 was prepared, such as to

reach the desired final salt concentration after addition of the latex solution. The aggregating

system was prepared by pouring the latex in the salt solution, without mechanical mixing,

since shear stress affects the aggregation process. This procedure was designed in order to

avoid local excess concentrations of either salt or latex. Each solution was prepared in large

amounts (200cc) in order to minimize experimental errors and each aggregating sample was

taken from the same solution, and analyzed immediately after preparation. The light scatter¬

ing measurements (both static and dynamic) have been taken using a BI-200SM instrument

(Brookhaven), using Argon laser (Lexel 95 —2) light (wavelength A0 = 514.5wb), with

angular range of the goniometer from 8° to 150°. Thanks to the low turbidity of the solu-
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Figure 2.4. (a). Time evolution of Rh for DLCAfor various colloids, symbols are experimental

data [22] and lines are calculations: gold (£),—), silica (+,—) and polystyrene(*,— ), at angle 0°.

Arrows indicate adjustments of the model as discussed in the text. (b). Effect of measurement angle

on the Rh time evolution [22] for experiments and calculations: 0° angle (Q,—), 42° angle (D,—).

tion, SLS measurements were performed directly on the original aggregating solution. On

the other hand, DLS measurements required proper dilution of the samples in order to avoid

particle and aggregate interactions and to stop the aggregation process. As mentioned earlier,

these are rather strong aggregates so that we do not expect any change in CMDor aggregate

structure upon dilution.

2.4 Results and discussion

2.4.1 DLCA

In the following we first present calculations performed for the DLCAprocess and compare

them to the experimental data for gold, silica and polystyrene colloids [22]. The time evolu¬

tion of the hydrodynamic radius for an angle of 0° and the fractal dimension for each of the

three systems have been measured experimentally. Consequently, the Rh calculations using

the DLCAkernel (2.14) are free of any fitting parameter. The results for the three different

colloids are shown in Figure 2.4(a). The agreement between the experimental data and the

theoretical predictions for gold is very good. In the case of silica an over- and in case of

polystyrene an underprediction is found.
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and measurement angles calculated using the FDLCA-kernel (2.14). For the angle of 90° the lines
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This discrepancy can have several reasons. First, for silica, Lin et al. apply a solution pH

above 11, where the silica particles are actually dissolving. The rate of this process is not

known, but the thermodynamics [171] clearly indicates that eventually silica will completely

dissolve for the volume fraction used in these experiments. This observation suggests that

it is reasonable to choose a smaller initial particle size, while keeping the initial number of

particles constant, so as to take the silica dissolution into account. By directly fitting the

experimental data a value for the initial radius of Rp = 7.5nm, compared to the reported one

of Rp = llnm, has been obtained (the corresponding calculated results are shown in Figure

2.4(a) by the lower and upper broken curves, respectively). Second, for polystyrene, the

observed underprediction is surprising since the aggregation rate calculated with the DLCA

kernel has to be the fastest possible. This discrepancy may be due to small differences in

the primary particle size or in the volume fraction, maybe in the sense of local concentra¬

tion peaks due to mixing effects. In addition, we might have the effect of hydrodynamic

interaction forces, which have been reported to change the aggregation rate in DLCAby a

factor up to 2 [172]. However, it has to be noted that the slope of the Rh evolution in time

is predicted correctly in all cases including the last one, thus confirming the reliability of the

DLCA-kernel given by equation (2.14). It can be shown in fact, that this slope is not affected
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by neither the primary particle size nor the volume fraction, (p0.

The sensitivity of the results to the DLS measurement angle, indicated in section 2.1, is

demonstrated in Figure 2.4(b), where the experimental data taken at 42° [22] (their Figure 6),

along with the previous one extrapolated to 0°, are compared with the model predictions. It is

found that the slopes of the corresponding Rh time evolutions, experimental and calculated,

are in good agreement and decrease as the measurement angle increases.

In Figure 2.5 is shown the ratio Rg/Rh as a function of time calculated using the DLCA

kernel (2.14) with df = 1.8 for various initial conditions in terms of volume fractions, <f)0,

and initial radii, Rp, and for two measurement angles, i.e. 0° and 90°, as indicated in the

caption of the figure. It is seen that, as time increases, the ratio Rg/Rh, predicted for all

volume fractions, and initial radii, converges to the same value, which depends only on

the measurement angle. This shows that the evolution of the CMDin time in the DLCA

regime exhibits scaling properties, meaning that basic parameters of the CMD, such as the

Rg/Rh ratio, do not change in time, at least after a certain transient behavior. Such invariant

characteristics of the CMDare attained the earlier in time, the faster the DLCAprocess is,

depending on the initial conditions. Also the data shown in Figure 2.2(b) [170] exhibit a

constant value for the ratio of Rg/Rh, again indicating scaling properties of the CMD. In

this case the experimental data were obtained at angles in the range between 20° and 50°.

The value for the ratio Rg/Rh should therefore lie in between those computed for the angles

0° and 90° in Figure 2.5, as in fact it does.

2.4.2 RLCA

Let us first consider the experimental conditions in the RLCAregime adopted in getting

the data for silica dispersions shown in Figure 2.2(c) [21]. In Figure 2.6(a) are shown the

Rh time evolutions predicted by the different RLCAkernels that is kernel (2.17) [61], the

product kernel (2.18) and its special case (2.19), the sum kernel (2.21) and (2.22). In all

cases the same stability ratio W= 9.5 x 105, and the same values for the other involved

parameter have been used as summarized in Table 2.1 unless specifically noted. It is seen

that the different kernels predict well distinguishable Rh time evolutions, thus confirming

the strong effect of the functional form of the P%3-matrix. This means that one could easily

discriminate among these different kernels, if an independent measurement of the stability

ratio, W, was available. Although this is in principle possible since Wrefers only to primary
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Figure 2.6. Time evolution of _R/j at 0° predicted by various RLCA-kernels. (a). SameW= 9.5 x 105

for all kernels, (b). Wvalues adjusted for each kernel to predict the experimental Rh after three hours

(see Figure 2.2(c)) as reported in Table 2.2. Lines: thick solid line Eq.(2.17), thin solid line Eq.(2.18),

dashed-dotted Eq.(2.22), dashed Eq.(2.19), dotted Eq.(2.21).

Table 2.1. RLCAkernel parameters used in all calculations unless indicated differently.

Eq. df

(2-17) 1.0 2.12

(2.18) 0.5 2.12

(2-19) — 2.12

(2.21) — 2.12

(2.22) 0.5 2.12

Mi

6.1

particles, such measurements are not available for the systems under consideration.

Therefore, in order to compare at least qualitatively the calculated data with the experimental

values, in Figure 2.6(b) we modified the value of the stability ratio for each kernel as reported

in Table 2.2 so as to obtain approximately the same experimental value Rh = lOOnm as in

Figure 2.2(c) after three hours. It appears that after this rescaling of the stability ratio, three

kernels, i.e. those given by equations (2.17), (2.18) and (2.22), are able to reproduce the

substantially linear growth of Rh in time exhibited by the experimental data in Figure 2.2(c).

Among these kernels a further distinction can be made by looking at the ratio Rg/Rh shown
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Table 2.2. Stability ratios adjusted to obtain same Rh or Rg for all kernels.

Eq. Win Figures 2.6(b) and 2.7 Win Figure 2.8

(2.17) 4.0 x 105

(2.18) 9.5 x 105

(2.19) 2.8 x 106

(2.22) 5.5 x 106*

(2.21) 9.0 x 104

*
= WMu

in Figure 2.7(a,b) for two different angles, i.e. 90° and 0°. The values of the ratio Rg/Rh

predicted by equations (2.17), (2.18) and (2.22) are initially very similar but significant dif¬

ferences occur at later times. In particular, the time evolution of the ratio Rg/Rh for the

kernel (2.17) is distinguishable from the remaining two, which are actually identical until

the transition from RLCAto DLCA takes place. This is clearly due to the fact that the

two kernels are identical except that this transition is continuous for the kernel (2.22). The

conclusion is that three kernels, i.e. equations (2.17), (2.18) and (2.22), are capable to well

reproduce the experimental trends in terms of Rh [21]. Most likely a distinction also among

these three kernels could be made if data also on the Rg time evolution were available.

The examination of the five RLCAkernels in the case of the MFAlatexes aggregation is

shown in Figure 2.8, where the time evolution of Rg and of the ratio Rg/Rh predicted by

each of these kernels is shown for the experimental system described in the context of Figure

2.3(a,b). The stability ratio Whas been adjusted for each kernel in order to approximately

reproduce the Rg values observed experimentally in Figure 2.3(a,b) after 1000mm (Rg =

300wb). The obtained values of Ware reported in Table 2.2.

In Figure 2.8 it is seen that four kernels, i.e. equations (2.17), (2.18), (2.22) and (2.19),

exhibit a similar Rg evolution in time. The additional examination of the ratio Rg/Rh reveals

a distinctly different behavior of the kernel (2.19). However, it also appears that none of these

kernels seems capable to reproduce the behavior of the experimental data exactly.

In Figure 2.9 are shown, for the same conditions considered in Figure 2.8, the values of the

ratio Rg/Rh, with Rh computed at 0°, as a function of time. It is seen that the obtained time

evolution is distinctly different from the one at 90° shown in Figure 2.8(b). The results for an

7.5 x 106

1.75 x 107

4.3 x 107

1.1 x 108*

5.5 x 106
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Figure 2.7. Time evolution of the ratio Rg/Rh for the same conditions as in Figure 2.6(b). (a):

Rh at angle 90°. (b): Rh at angle 0°. Lines: thick solid line Eq.(2.17), thin solid line Eq.(2.18),

dashed-dotted Eq.(2.22), dashed Eq.(2.19), dotted Eq.(2.21).

angle of 0° can be compared qualitatively to experimental data reported on silica aggregation

in the RLCAregime [156,157], where the Rh and Rg time evolution extrapolated to an angle

of 0° were measured and a value of Rg/Rh =1.39 was obtained. Whenconsidering that the

experimental system is different, we can conclude that this value is in reasonable agreement

with the calculations shown in Figure 2.9 for at least four kernels.

The conclusion of this analysis is that in order to discriminate among the different RLCA

kernels it would be convenient to use experimental values of not only one average size, but

of two or more of them, such as Rh and Rg. It is worth here to point out that data on Rh at

different scattering angles also contribute to better discriminating among the kernels, since

they actually correspond to different averages of the CMD. Based on the currently available

experimental data, the best qualitative reproduction of the data is given by the kernels (2.17),

(2.18) and (2.22), although a satisfactory agreement could not be achieved for all the systems

considered. For the latter two a significant improvement can be expected by operating on

the additional adjustable parameter, A, as discussed in the next section.

2.4.3 Influence of À and dj on the ratio Rg/Rh

In this section only kernel (2.22) has been considered, since kernel (2.18) gives substantially

the same results, except for small deviations in the neighborhood of the transition from
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Figure 2.8. Time evolution of Rg, (a), and the ratio Rg/Rh for Rh at 90°, (b), predicted by various

RLCAkernels. Wvalues adjusted for each kernel to predict the experimental Rg at 1000mm(see

Figure 2.3(a,b)) as reported in Table 2.2. Lines: thick solid line Eq.(2.17), thin solid line Eq.(2.18),

dashed-dotted Eq.(2.22), dashed Eq.(2.19), dotted Eq.(2.21).

,.
1000

.

time/mm

2000

Figure 2.9. Time evolution of the ratio Rg/Rh with Rh at 0°. Same conditions as in Figure 2.8.

Lines: thick solid line Eq.(2.17), thin solid line Eq.(2.18), dashed-dotted Eq.(2.22), dashed Eq.(2.19),

dotted Eq.(2.21).

RLCAto DLCA. The effect of the parameter A on the qualitative behavior of the values of

Rg and of the ratio Rg/Rh as a function of time is demonstrated in Figure 2.10(a,b). As

pointed out in section 2.2 when introducing the kernels, there is no general agreement about

the value A should take. Actually, there is not a well developed physical model behind the
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Figure 2.10. Influence of Wand A on the time evolution of (a) Rg and (b) Rg/Rh, according to kernel

(2.22) with all other parameters fixed. Parameter combinations in direction of arrows: W= 5.5xl06

and A = 0.5; W= 1.6 x 106 and A = 0.3; W= 7.5 x 105 and A = 0.2; W= 3.25 x 105 and

A = 0.1; W= 2.1x 105 and A = 0.05; W= 1.5 x 105 and A = 0.01.

product kernel which can provide a solid foundation for its evaluation and therefore we have

to regard it at the moment as an adjustable parameter. In this context we note that the results

shown in Figure 2.10(a,b) indicate that A can have profound effects on the evolution of the

CMD. In particular in Figure 2.10(a), following the arrow and considering the structure of

kernel (2.22), we see that at short times Rg increases as Wdecreases thus overtaking the

effect of A that decreases; on the other hand at later times, Rg decreases as A decreases

although Wincreases. This evidences that Wgoverns the initial aggregation rate, where the

interactions between primary particles dominate. The exponent A however governs the later

stages of aggregation, when larger clusters are present and describes, how the reactivity of

the aggregates changes with the aggregate size.

Another parameter that has to be taken into consideration when trying to obtain kinetic

information from the time evolution of Rg and Rh is the fractal dimension appearing in

equations (2.11) and (2.12). In order to illustrate the effect of this parameter, in Figure 2.11

are shown the calculated values of the ratio Rg/Rh as a function of time using kernel (2.22)

for various values of the fractal dimension, ranging from df = 2.0 to 2.2. This range is

representative of the RLCAregime, with the lower limit crossing over to DLCA. Note that

the effect of the fractal dimension is both on the expression of the kernel (2.22) as well as on

the evaluation ofRg and Rh from the CMDthrough equations (2.11) and (2.12). In principle,
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Figure 2.11. Influence of df on the Rg/Rh time evolution according to kernel (2.22) with all other

parameters fixed. W= 5.5 x 106, A = 0.5. The changes in fractal dimension in direction of arrow:

df = 2.0; df = 2.05; df = 2.1; df = 2.15; df = 2.2.

this parameter should, and to a certain extent can, be estimated experimentally independently

of the CMD. This would allow to decrease the number of adjustable parameters and therefore

to attain a more physically sound interpretation of the CMDdata. However, the estimation

of the fractal dimension from aggregates and gels is still an area of active research [160,161].

2.5 Conclusions

In this chapter we have assessed the validity of modeling the aggregation kinetics of colloidal

systems in quiescent liquids using population balance equations and appropriate kernels. For

this, several typical sets of experimental data, taken from the literature and our own, have

been considered. Since the early stages of the aggregation process in colloid systems occur

in the sub-micron range, the measurement technique of choice is light scattering. From light

scattering measurements, two quantities are obtained as measures of aggregate size, namely

the radius of gyration and the hydrodynamic radius, where the latter further depends on the

adopted scattering angle. Each of these quantities provides an independent information on

the CMD, and therefore their combination provides a significant test for the reliability of

the simulation models. In order to perform such tests, we report appropriate equations for

calculating the hydrodynamic radius and the radius of gyration from a given CMD.

Although the available experimental information is somehow limited, it is confirmed once

200 300 400

time/ min
600
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again that in the DLCAregime the kernel (2.14) is sufficiently reliable, while for the RLCA

regime the problem remains open. However, we conclude that only the product kernels

(2.18) or (2.22), and within the limitation of having no free parameter also the kernel (2.17),

are capable to reproduce at least qualitatively the observed experimental data, provided that

some tuning is accepted on the exponent A, and possibly on the fractal dimension, df.

It was demonstrated that a more definite conclusion about the reliability of this kernel can be

achieved if more specific experimental measurements are available. These include, on one

side, a more detailed information on the shape of the CMD,which could be obtained through

measurements of the ratio Rg/Rh, using various scattering angles for Rh. On the other side,

one could measure independently the stability ratio, W, which in the context of these kernels

relates only to primary particles and, although experimentally more demanding, the fractal

dimension of the aggregates, df.

In summary, a procedure was developed that allows more rigorous discrimination among

aggregation kernels, providing valuable information about kernel expressions appropriate

for various processing conditions. The concept has been demonstrated on stagnant systems,

although it can easily be applied to aggregation under shear or turbulence.

It is worth mentioning that the procedure developed in this chapter has been used in subse¬

quent work [173] to perform a detailed discrimination among various kernels. It has been

found that the kernels (2.22) and (2.18) are indeed the only ones capable to account for the

experimental data collected for both the radius of gyration and the hydrodynamic radius on

a particular polymeric colloid. In chapters 6 and 7 these kernels are used in order to analyze

and describe the aggregation behavior of two different colloidal systems.



Chapter 3

Further Insights into the Universality of

Colloidal Aggregation

3.1 Introduction

This chapter elaborates on the detailed quantitative modeling of aggregation in dilute dis¬

persions and develops further the analysis presented in the previous chapter, where we have

analyzed several types of kernels that have been proposed in the literature for aggregation

under stagnant conditions. The comparison of light scattering measurements with the cor¬

responding quantities computed from the calculated CMD, while properly accounting for

the aggregate structure, has allowed to identify kernels suitable for the detailed modeling of

aggregation processes.

In particular, the purpose of this chapter is twofold. First, we introduce a simple model

for the effect of internal cluster dynamics on the effective diffusion coefficient measured by

dynamic light scattering. The reliability of the developed model has been checked through

comparison with previously published DLCAdata [19,22]. In particular, it was speculated in

Ref. [19] that internal cluster dynamics could be responsible for the reported discrepancy be¬

tween the light scattering model and the experimental measurements. This is now confirmed

by showing that the developed model is quantitatively capable of accurately reproducing the

full experimental data.

Second, we consider the fact that in RLCAthe aggregation kinetics crosses over to DLCA

41
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when the aggregates grow sufficiently large [32,34,58,67,138,174,175], and that this affects

the CMDand thus the corresponding DLS measurements. Through a detailed comparison

of the model results with previously published experimental data [21] we found that a sat¬

isfactory agreement can only be obtained by simultaneously accounting for the presence of

crossover as well as for the effect of gravitational settling on the CMDand of the internal

cluster dynamics on the DLS measurements. None of these effects have been considered in

previous modeling work of these data [21].

3.2 Cluster mass distribution and light scattering model

3.2.1 Aggregate structure

The structure of the aggregates is characterized in the frame of fractal geometry using the

equations introduced in the previous chapter. In particular, the dimensionless mass i of an

aggregate is assumed to scale with the radius of gyration Rg>l by a power law with an ex¬

ponent defined as the fractal dimension df as shown in equation (2.3). The parameters kf

and df in that equation can most conveniently be obtained from Monte-Carlo simulations of

cluster structures through the direct calculation of Rg>l as a function of i. The so obtained

values are fc/ = 1.117 and 0.94, while df = 1.85 and 2.05, in DLCAand RLCA, respec¬

tively [176]. The second important relation in the context of dynamic light scattering is the

hydrodynamic radius Rh>l, which is typically related to Rg>l by equation (2.4) [21,22,177].

The value of ß% has been obtained using the calculated values of Rg>l mentioned above [176]

and the Rh)% values estimated by combining the Kirkwood-Riseman theory [178] for the fric¬

tion factor of clusters with a detailed model for the cluster structure [177]. It is found that ß%

shows a weak aggregate mass dependence with an asymptotic behavior for large aggregates,

both in DLCAand RLCA[177]. In the literature [21,22], ß% has often been assumed to be

constant, which is only valid for sufficiently large fractal clusters.

The third relation, which has also been obtained from Monte Carlo generated clusters [176]

allows to calculate the smallest sphere enclosing the aggregate RC>1,

RCtt = l.65Rgtt. (3.1)

which is used to calculate the collision cross section of the aggregates.
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3.2.2 Aggregation kinetics

Aggregation of a monodisperse colloidal dispersion results typically in a distribution of clus¬

ter masses (CMD) due to the randomness of the combination of different aggregate sizes.

The rate equation (population balance equation (PBE) or Smoluchowski aggregation equa¬

tion) describing the formation and disappearance of aggregates of mass k due to aggregation

events is given by

^ = \ Y, Kt3Nt(t)N3(t) - £^Ä*W), (3.2)

i-\-3=k i

which is equation (2.1) in discrete formulation. K%3 is the matrix of the aggregation rate

constants accounting for all physical, chemical and statistical phenomena relevant to the

aggregation process [12]. Here, the same solution procedure as in chapter 2 has been used.

The aggregation rate constant K%3, capable of accurately describing experimental data in

DLCAand RLCA, as identified in the previous chapter, is summarized by the following

equations:

K%3 =KBW~lBl3Pl3

where

KB =8kBT/(3V)

1
_! _!

(3-3)
BV =4 (Rh,t + Rh,3) (Rc,i + Rc,3)

W-1(l+W-1(ATii(tj)A-l))

with A = 0 in DLCAand A = 0.45 in RLCA.

KB accounts for the diffusive Brownian motion of the particles induced by the random colli¬

sions with the solvent molecules, kB is the Boltzmann constant, T the absolute temperature

and r] the dynamic viscosity of the solvent. The stability ratio Wis introduced to account

for the primary particle interactions. In principle, Wcan be calculated within the DLVO

theory from the total interaction potential including the hydrodynamic interactions [29,57].

In the case of DLCA, Wdescribes solely the hydrodynamic interactions that occur upon

aggregate collision and takes values in the interval [0.5; 2] [172]. In RLCA, Wdescribes the
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ratio of the DLCAaggregation rate constant KB to the reduced aggregation rate of partially

destabilized primary particles Ku [173]. The accuracy of the DLVOtheory to calculate W

for highly charged systems is not satisfactory [24] and therefore we rather rely on the direct

measurement of W[173]. The matrix B%3 denotes the size dependence of the diffusion co¬

efficient and the collision cross section of fractal aggregates and applies to both DLCAand

RLCA. The experimentally observed increasing reactivity of larger aggregates in RLCAcan

quantitatively be described by the matrix P%3 [167,173,179]. The first expression for this

matrix in equation (3.3) is the product kernel [67] and needs to be empirically corrected by

restricting its values to Pl3 G [1; W], so that K%3 < K^LCA, since DLCAis expected to

represent the upper limit of the absolute cluster aggregation rate. The second expression is

based on probabilistic arguments and can be directly applied without corrections as it ac¬

counts for the smooth transition from RLCAto DLCA[58]. A/n is a factor accounting for

the number of encounters between the same two aggregates once they come in close vicinity.

In the following it has been set to unity. The exponent A characterizes how fast the reactivity

of aggregates grows with their mass and for the RLCAprocesses considered in this work

takes values in the interval [0.4; 0.5] [179].

3.2.3 Dynamic light scattering

Multi angle dynamic light scattering has been proven to be a powerful tool for the experimen¬

tal investigation of colloidal aggregation [21,22]. In a dynamic light scattering experiment

the intensity weighted time averaged autocorrelation function is measured:

Here, q = (Airn/Xo) sin(0/2) is the scattering wave vector, n is the refractive index of the

solvent, A0 is the wavelength of the incident light, and 6 the scattering angle. In the case of an

ergodic sample the measured time averaged autocorrelation function is equal to the desired

ensemble averaged autocorrelation function [169] giving the identity gT (q,t) = gE (q,t).

Then, the Siegert-relation can be applied to the time averaged autocorrelation function and

the dynamic structure factor f(q, t) is obtained [169]:

g^(q,t) = l + Cl[f(q,t)]2 (3.5)

The data for gyT '(q, t) are typically analyzed with the cumulant analysis method, where the

logarithm of the dynamic structure factor (ln[f(q, t)}) is plotted versus t. The autocorrelation
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function is analyzed by fitting the following equation (3.6) to the experimental data [22]:

ln[f(q, t)] = l- Tlt + 0.5r2t2 - (l/6)r3t3, (3.6)

The so called first cumulant Ti, given by

rl = -[dln[f(q,t)]/dt]\t^0. (3.7)

and is related to the ensemble averaged effective diffusion coefficient of the aggregate or

particle population and to its effective hydrodynamic radius through the following relations

^ = (Deff) =

R
k,f ., (3.8)

where the Stokes-Einstein relation has been used. An alternative way of analyzing the initial

decay of the autocorrelation function is to use a single exponential with an effective diffusion

coefficient characterizing the decay rate:

f(q,t) = eM-Q2{Deff)t}. (3.9)

From the estimated value of (Deff) the effective ensemble averaged hydrodynamic radius

(Rh,eff) can be obtained using again the Stokes-Einstein relation.

3.2.4 Role of CMD, rotational diffusion and structure factors

The ensemble average hydrodynamic radius (Rh,eff), which is measured through DLS as

discussed in the previous section, can be computed using equation (2.6), introduced in chap¬

ter 2. A slightly modified version of equation (2.10) accounting for the influence of rotational

diffusion [20,159], is given by

A,e//
=

Rh,
=

_J_ ( 3d\nSl(q)\
(% im

a R^,eff m?\ d(qR9,f )
• {i-m

The calculations in equations (2.6) and (3.10) require the structure factor St (q) of the single

aggregates, which describes how particles are arranged in the average cluster of i primary

particles. Several expressions have been proposed in the literature and have been recently

reviewed by Sorensen [68].

Probably the most simple one, which we already introduced in equation (2.8), is the Fisher-

Burford (FB) structure factor [68].
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Table 3.1. Values of the parameters d, e, / and mto be used in Eq. (3.13), to compute the parameters

of the particle-particle correlation function: Nnn, a, b and 7, as a function of the number of particles

per cluster for both df = 1.85 and df =2.05. [176]

F% Aggregation d e f m

mechanism

NT'

%

df = 1.85

df = 2.05

df = 1.85

df = 2.05

df = 1.85

df = 2.05

df = 1.85

df = 2.05

"'"

if
=

1.00 ana % < 1 or wmi a/

2.0342 1.1477 0.9997 1

2.0415 1.1511 1.0086 1

0.0095 4.1292 0.1997 2

0.0138 2.7544 4.1792 2

0.6425 6.2352 5.1747 1

0.4857 9.6836 11.6665 1

2.1976 3.8377 -0.1784 1

2.16 0.1966 -3.5926 2

* bt = 0 for clusters with
df

=

1.85 and i < 7 or

with df
= 2.05 and i < 10.

Lin et al. [22] obtained expressions for the structure factor by fitting cluster structures simu¬

lated by Monte-Carlo techniques. They distinguished between aggregates obtained in DLCA

and RLCAand the relevant equations are given by

st(q)=(i + Y,c.
(qRa,)

-df/8
2s

<^s (Q^g,t)

s=l

(3.11)

for DLCA: df < 2.0,

Ci = -^- C2 = 2.50 C3 = -1.52 C4 = 1.02;
3df

for RLCA: df > 2.0,

d = -4- C2 = 3.13 C3 = -2.58 C4 = 0.95.

3df

An alternative expression has been derived more recently, using again Monte-Carlo simu¬

lations [176]. In this case the positions of all particles in clusters of a certain mass were

obtained from the simulations and were used to construct the corresponding particle-particle

correlation function g(r). The obtained results were interpolated using the following empir-
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Table 3.2. Expressions for the structure factor, St(Q) with Q = qRp, the radius of gyration, Rg>%/Rp,

and the hydrodynamic radius, Rh,i/Rp, of primary particles, dimers, trimers, and tetramers. The

values of r%3 are given in Table 3.3.

Cluster St{Q) f^g,i/ f^p Rh,i/Rp

Monomer 1

Dimer 0.5(1 sin(2Q) -

2Q -

Trimer I(3 + 4^^ +-gfi)
£ = 2^2-2 008(103°)

Tetramer ^ (4 + 6^^ + 2-sin(r2sQ)
2Q »"23<3

...2 sin(r24Q) I 0sin(r34Q) -

?2aQ ^34 Q

|1
8

107-40 cos( 103°)
45

•3
, 12+r|3+r|4+r|4

5
'

16

1.38

1.89

w-sd+^+^+ià)

ical relation covering all cluster sizes of mass i larger than tetramers

Nnn

g(r) = <

4tt(2Bp)

I
I

„

?6 (r - 2RP)

r:
K+3 '

I

if r < 2Rp,

if r = 2i?p,

if 2i?p < r < 4i?p,

if r > 4i?„,

(3.12)

where Nyn, a%, b% and %are empirical functions of the cluster mass i that can be calculated

through the general relation:

(i - e)m
Ft = d (3.13)

(i-e)m + f

using the values for the parameters d,e,m and / reported in Table 3.1 for the cases of DLCA

and RLCA.

The constant ct in equation (3.12) is instead given by

i —i —]\fnn —

47ra*
. (4_h+3 _ 2^+3>

àz(&.\fT(± i - r,

(3.14)

-v\R/ \-v/\ 1FIC \ \ p

The cutoff length ^ in equation (3.12), which characterizes the finite size of the cluster, can



48 3. Further Insights into the Universality of Colloidal Aggregation

df = 1.85 df = 2.05

1 1

1 1

1 1

1.3942 1.3756

1.6798 1.6625

2.0614 2.0347

Table 3.3. Values of the average normalized inter-particle distances rl3/clRv for tetramers, in the case

of df = 2.05 and df = 1.85. [176]

rn/2Rp

ri3/2Rp

ru/2Rp

T23/2Rp

r2i/2Rp

rM/2Rp

be calculated through the following relation

& = A--Rp&, (3.15)
kdf

Kf

where the constant z is equal to 0.957 and 0.91 for DLCAand RLCA, respectively. With

equation (3.12) we can compute numerically the desired structure factor as the Fourier trans¬

form of g(r):

SJq) = -
( 1 + 4vr r° r2g(r)S-^-tdr)

. (3.16)
« V Jo qr J

It is worth noting that the above equations are not accurate for small aggregates. Accord¬

ingly, explicit forms for the structure factors of doublets and trimers are reported in Table

3.2. On the other hand, the average configuration of tetramers has been determined using

Monte-Carlo simulations through an analysis of all the inter-particle distances (in total six)

in a large number of generated tetramers. The results are given in Tab. 3.3, for further details

see [176].

The calculation of (Rh,eff) from equations (2.6) and (3.10) requires the derivative of the

logarithm of the structure factor. For the structure factors in equations (2.8) and (3.11) this

quantity can be calculated analytically, while for the structure factor in equation (3.16) the

following relation has to be used:

d^St(q) 4tt r°
2 f qr cos(qr) - sm(qr)\

d(qR^)2 2qRlSt(q)i J0 ^ q2r ) *> ^
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Table 3.4. Values of the parameters d, e, / and mto be used in equation (3.13), to compute the ratio

between the rotational hydrodynamic radius and the translational hydrodynamic radius, Rh,r/Rh, as

a function of the number of particles per cluster for both DLCAand RLCA. [180]

Ft Aggregation d

mechanism

e / m

Rh,r
Rh

df = 1.85 1.2355

df = 2.05 1.227

0.4558

0.2324

0.8815

0.9172

1

1

where the integral is computed numerically for the different intervals defined in equation

(3.12).

The factor l/(2(ß*)2) deserves some comments as well. This in fact involves the effect of

the translational and rotational hydrodynamic radii and of the radius of gyration as follows

[64,180]:

ß: = ßty^t] (3'18)

where ß% = Rh,%/Rg,% as defined by equation (2.4) and where Rh,r,% has been explicitly

calculated from clusters generated by Monte-Carlo simulations and using the Kirkwood-

Riseman theory for the cluster friction coefficient [180]. The ratio Rh,r,%/Rh,% as a function

of the aggregate mass can be calculated using equation (3.13) with the parameters given in

Table 3.4. Obviously,

a* = a (3.i9)

once the hydrodynamic rotational and translational radii are assumed equal, i.e. Rh,r,% =

Rh,i-

Note that equation (3.10) is an approximation of the more accurate determination of Rh,i,eff

discussed by Lindsay et al. [181], which we have used because of its simplicity. Lindsay et

al. [181] employed numerical values for the multipoles of the structure factor, which they

obtained from extensive Monte-Carlo simulations. Their equation for the evaluation of the

contribution of rotational diffusion is given by [21,22]

A,e//
=

Rh,
= x

3Et*(* + l)fl,.(g)
A Rh,t,eff ±{ß*%qRg,t? St{q)

'
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where Si>t (q) is the expansion into multipoles of the overall structure factor St (q), repre¬

senting the influence of the cluster anisotropy on the dynamic light scattering measurement.

Its computation requires computer generated clusters (MC-simulations) and is cumbersome.

Therefore, in the following we test equations (2.6), (3.10) and (3.20) in the context of the

experimental data [21,22].

3.2.5 Internal cluster dynamics

One important aspect to be taken into account when considering dynamic light scattering

of large aggregates is the effect of internal cluster dynamics. Therefore, at this point, we

distinguish between three causes of density fluctuations in large, freely diffusing clusters:

(a) translational diffusion, (b) rotational diffusion and (c) internal dynamics due to cluster

flexibility. These three effects are intrinsically coupled in a complex way. In order to make

the problem more tractable, Lin et al. [159,181] proposed, as mentioned above, to consider

the translational and rotational diffusion to be uncoupled, which for objects with an aspect

ratio of less than two was shown to be a good approximation. Here, we make the additional

assumption that also internal dynamics is independent of translational and rotational diffu¬

sion. This assumption is motivated by noting that for the large clusters and large scattering

wave vectors of interest here, the internal dynamics should be significantly faster than the

translational motion and even faster than rotational diffusion. Such different relaxation times

for the three processes justify a treatment where the effects are decoupled. Consequently,

the approach is to still use a simple expression like equation (3.10) and try to account for the

influence of the internal dynamics on the first cumulant of the correlation function defined

in equation (3.7).

To proceed, we first present and analyze a simple model for the internal dynamics without

accounting for rotational and translational diffusion in order to evaluate its influence on the

first cumulant separately. This is done by following ideas presented by Krall and Weitz

[75,76] for internal dynamics of colloidal gels. In particular, we use the more recent of the

two models [76], but note that both of them yield essentially the same result for our purposes.

Dynamic light scattering measurements probe length scales within the fractal clusters of

order e ~ q~l and generally measure the mean square displacement (Aer2(t)) of the corre¬

sponding structures through the decay of the autocorrelation function which can be expressed
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as [76]

/(g,t) = exp{-g2(Ar2(t))/6}. (3.21)

This approximation treats the displacement relative to the center of a cluster over distances

t ~ q~l. Each movement at the length scale e ~ q~l in a cluster of size Rc is constrained by

the attached units of the same cluster and is the result of the coupling of the elastic modes of

all particle-particle bonds [76]. These modes are overdamped by the viscous liquid, localized

to length s and therefore contribute to such local mode by [76]:

<Ar2(t)>, =
-^f- (l - exp ( *—))

, (3.22)
n(s)K,(s) \ \ TR(s)J J

where k(s) is the spring constant of this mode and determines its amplitude, tr(s) is the

time scale for the exponential return to equilibrium and n(s) is the number of regions of size

s in the cluster. The spring constant is size dependent for a fractal object and follows the

scaling k(s) = k0(Rp/s)u, where k0 and Rp are the spring constant of the bond between

primary particles and their radius, respectively [74]. The constant v is related to the fractal

backbone dimension of the cluster, db ~ 1.1, which is therefore treated in analogy to a

network structure, in this case of the cluster, and is given by v = 2 + db. The amplitude

of the fluctuation is determined by equipartition of energy, but it is reduced by the density

of such modes in a cluster n(s) = Nc(Rp/s)df, where Nc is the number of particles in the

cluster. Viscous relaxation determines the time scale as tr(s) = Girrjs/^s), which scales

with size as tr(s) = r0(s/Rp)u+l, where r0 = GirrjRp/Ko is the time scale of relaxation for

a primary particle bond, while the longest relaxation time is that of the cluster itself, given

by Tci = Tç,(Rc/RpY+l. Considering the density of modes, —dn(s)/ds, integration over all

modes yields the final equation of Krall and Weitz [76]:

(Ar2(t)} = 2dfkBT [
C

-^- (l
- exp

( *—))
, (3.23)

Jq-i sk(s) \ \ tr(s)J J

The integration from q~l implies that all modes at smaller length scales do not contribute.

However, the structure factor S(q) through its power law behavior for fractal aggregates

constituted of small particles (Rp < 15nm) as considered here, indicates that also modes on

smaller length scales might influence the motion of subunits of length scales from q~l to Rc.

Anyway, we neglect these presumably small contributions in the following.

Weare interested in the short time behavior of equation (3.23) to obtain its influence on the

initial decay of the autocorrelation function. The exponential in the integral can be expanded
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in series exp(z) = 1 + z/\\ + ...
to obtain after simplification and rearrangement

(A =

2ä,kBTRrt t*- äs
(3 24)

^OTO Jg-l S2

Performing the integral and after rearrangement of the constants, where we have used c\ =

Rg/Rc, we obtain

Wi
= m,,Vc|), (3.25)

6t 3koTqRcci

which is divided by D0, the real translational diffusion coefficient, to yield

6tD0 D0 /Jo
ô

where 5 = dfkBTRp/3K0ToRg and has the dimension of a diffusivity coefficient. Equa¬

tion (3.26) describes the contribution of internal dynamics only treating the clusters as a

translational and rotationally invariant object.

It is worth noting that equation (3.23) was originally derived for colloidal gels, which are

percolated network structures. However, the model does not make an a priori assumption

about the structure of clusters or their underlying cluster mass distribution, whether perco¬

lated or not, except that they can be described through the fractal concept. This is certainly

true for large diffusing fractal clusters. The main difference in applying equation (3.23) and

(3.26) to colloidal gels as compared to diffusing fractal clusters, is the upper limit of the

integration, which is given by infinity for colloidal gels, while it is equal to the cluster size

for diffusing clusters.

The basic assumption of our approach is that internal dynamics is acting independently of

the rotational and translational diffusion as discussed above and that we can simply sum their

contributions. Thus, rewriting equation (3.10) incorporating the effect of internal dynamics

yields

Rh,*
! ,

1 A
,

ZdlnSt(q)\ 5

-r
= l + ^77^

l +
o, p ^

+ TT (A* " ci) • (3.27)
Rh,t,eff 4aU V o(qRgyl) J D0

In order to apply equation (3.27) we use the ratio of the internal dynamics diffusivity 5 to the

translational diffusion coefficient D0 as a fitting parameter c* to describe the experimental

data.

Although the additivity assumption in equation (3.27) is ad hoc, it is important to note that it

predicts correctly the limiting cases of totally rigid and fully flexible clusters. This is because

the ratio c* = 8/D0 describes the relative importance of the density fluctuations caused by
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the internal modes to those caused by translational diffusion. For perfectly rigid bodies

this influence vanishes (c* —0), whereas for completely flexible structures the maximal

influence might be of the order of the translational diffusion coefficient (c* —1). The

constant c\ is of order unity and thus we set c\ = 1 in equation (3.27). Weverified that

moderate variations (±0.3) in this constant have no effect on the values predicted by equation

(3.27). Note that a physically realistic estimate of c* would have to account for the fact that

for small clusters and scattering wave vectors the influence of internal dynamics vanishes

while for intermediate sizes it is dominated by rotational diffusion [22].

3.3 Literature experimental results

3.3.1 Experimental colloidal systems

Two sets of experimental light scattering data [21, 22,182] were used in order to test the

results of the model presented in section 3.2. These data provide the most complete ex¬

perimental analysis of the behavior of the hydrodynamic radius of various colloids during

aggregation in the two limiting regimes, DLCAand RLCA, currently available in the litera¬

ture. In particular, three colloidal systems were considered: gold, silica and polystyrene with

primary particle radii Rp = 7.brim, llnm and 19nm, respectively. The solid volume frac¬

tions in DLCAwere (f)0 = 2.8 x 10"6 (gold), 1.7 x 10"6 (silica) and 8 x 10"7 (polystyrene),

and in RLCA(p0 = 2.8 x 10"6 (gold), 1.0 x 10"3 or 1.0 x 10"5 (silica with Rp = 3.5nm

in RLCA) and 6.7 x 10~6 (polystyrene). The fractal dimensions measured with static light

scattering were df = 1.86 for gold, df = 1.85 for silica, df = 1.82 for polystyrene in DLCA

and df = 2.14, 2.07 and 2.09, respectively, in RLCA. All experiments were performed at

22°C [183]. The light scattering measurements were taken with an argon ion laser at a wave¬

length Ao = 488ram with scattering angles ~ 19, 22, 26, 30, 35, 41, 48, 57, 67, 79, 93,110 and

130. In the following, we focus on the gold system, since in this case the authors were able

to quench the system at fixed times and perform detailed multiangle experiments. The mea¬

surements have been reported in Figure 8 in ref. [182] for DLCAand in Figure 7 in ref. [21]

for RLCAin the form of the effective diffusion coefficient at given aggregation times as a

function of the scattering wave vector.
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Figure 3.1. (a) Experimental values (symbols) of (Rh,eff) measured at various angles and the scaling

parameter Rh (+) compared with the model calculations (continuous lines) of Lin et al. [22] as a

function of time, (b) Comparison between the experimental master curve for DLCA(symbols), the

one calculated by Lin et al. [22] (solid circles) and the one calculated with equations (2.6), (3.10),

(3.11) and (2.2) (continuous lines).

3.3.2 Construction of the experimental master curves

Lin et al. [21, 22] developed a procedure for the construction of the aggregation master

curve for both DLCAand RLCA, which is now briefly summarized. The experimentally

obtained effective hydrodynamic radius (Rh,eff) (which are related to the effective diffusion

coefficient by the Stokes-Einstein relation (-De//) = C/{Rh,eff), where ( = kBT/(%nrj) is

the friction factor) is shown in Figure 3.1(a) for 13 angles as a function of time in the case of

DLCA. It is obvious that different values of (Rh,eff) are measured at the same aggregation

time, depending on the scattering angle. In order to construct the aggregation master curve,

we need to determine a scaling parameter at a given time, which represents the true average

hydrodynamic radius Rh of the clusters (which would ideally be measured at an angle of 0°).

The measured (A//) is then scaled by the real translational diffusion coefficient D0 = (/Rh

(where ( = kBT/(%nr]) is the same friction factor as above) and the scattering wave vector

q is scaled by the corresponding Rh. This procedure yields the experimental master curve

(symbols except solid circles) shown in Figure 3.1(b). The values of the scaling parameter

Rh used in this procedure are shown by the crosses (uppermost data set) in Figure 3.1(a).
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3.4 Results and discussion

3.4.1 Diffusion-limited aggregation

Modeling of the master curve

In order to interpret the above data, Lin et al. [21,22] used equations (2.6) and (3.20), with

the CMDcomputed through equation (2.2), introduced in chapter 2, which represents the

analytical solution of equation (3.2) in the case of a constant aggregation kernel, K%3 = KB

[22]. In equation (3.20) the expansion into multipoles Sitl (q) is used to represent the overall

structure factor St (q). The value of ß* was found by fitting the experimental master curve

to be 0.93 [22]. The corresponding calculated master curve is shown in Figure 3.1(b) (filled

circles). It is seen that for qRh < 15 this model provides excellent results, while significant

discrepancies with the experimental data appear at larger qRh values.

In order to connect our analysis to the original one of Lin et al. [21, 22], we have first

reproduced their results with the simplified model presented in section 3.2.4. In particular,

equation (3.20) has been replaced by equation (3.10) in order to compute Rh,i,eff, while the

structure factor in equation (3.11) has been used instead of the multipole expansion. It is

found that a small change in the value of ß*, i.e. ß* = 0.85, is sufficient to make the result

of this model to fully superimpose (continuous curve) to the more rigorous model as shown

in Figure 3.1(b). Wecan conclude that the two models are substantially equivalent, at least

for the systems under consideration.

In Figure 3.1(a) the calculated values of (Rhteff) are compared with the corresponding ex¬

perimental data as a function of time for several angles including the 0° scaling parameter

Rh. Although the scaling parameter and the short time behavior of (Rh,eff) are well repro¬

duced, at longer times the same discrepancies already seen for the master curve are again

apparent. In particular, the model does not resolve the angle dependence of the experimen¬

tal data at long times. Three possible sources for this discrepancy can be indicated and

are investigated in detail in the following: differential settling due to gravity, the constant

kernel approximation when using equation (2.2) to compute the CMDand internal cluster

dynamics.
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Figure 3.2. Comparison between the DLCAexperimental master curve (symbols) and the one cal¬

culated accounting for the effect of internal dynamics (continuous line), (a) equations (2.6), (3.27),

(2.2) and (2.8), with ß* = 0.95 and c* = 0.015. (b) equations (2.6), (3.27), (2.2) and (3.11), with

ß* = 0.93 and c* = 0.014.

Internal cluster dynamics

In the following we analyze the effect of internal cluster dynamics in interpreting the ex¬

perimental master curve. In this context, we also evaluate the different expressions for the

structure factor. Westart with the Fisher-Burford structure factor (2.8), in combination with

equations (2.6), (2.2) and (3.27). Using ß* and c* as the only adjustable parameters, the best

fit of the experimental data has been obtained for a constant ß* = 0.95 and c* = 0.015 as

shown in Figure 3.2(a). With this fitting, a good representation of the large qRh range is pos¬

sible, but in the small qRh range a clear overestimation of the effective diffusion coefficient

is apparent. Therefore, modeling the aggregate structure with the Fisher-Burford structure

factor in equation (3.27) does not provide satisfactory results.

In Figure 3.2(b) the structure factor (3.11) is used together with equations (2.2), (2.6) and

(3.27), where the best fit is obtained with c* = 0.014 and ß* = 0.93, leading to satisfactory

results in most of the range of qRh values, except for qRh < 0.6, where the model predicts

values smaller than one, which is unphysical. This is due to the fact that when using the

structure factor (3.11) in equation (3.27), the derivative of the polynomial oscillates for small

qRh values leading to (Rh,eff) values smaller than one. Therefore, we conclude that also

this choice for the structure factor is not satisfactory, although significantly better results are
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Figure 3.3. (a) Comparison between the DLCAexperimental master curve (symbols) and the one

computed accounting for the effect of internal dynamics (continuous line), equations (2.6), (3.12),

(3.16), (2.2), (3.18), (3.27) with c* = 0.016. (b) Experimental values of (Rh,eff) (symbols) at

various angles compared with the calculations (continuous lines) obtained with the same equations

as in Figure 3.3(a), as a function of time.

obtained than with the Fisher-Burford structure factor. It is worth noting that in both cases

the correction factor for the internal cluster dynamics proves very useful for the large qRh

range. In addition, the values of c* used with the two structure factors are consistent.

The third model of the structure factor given by equations (3.12) and (3.16), in combination

with the model for the internal cluster dynamics (3.27) is examined in Figure 3.3(a). In

this case the value of ß* has been computed through equation (3.18), thus accounting for

its aggregate mass dependence and using for the ratio ß% = Rh,%/Rg,% the explicit equations

reported in [177] and for the ratio Rh,r,%/Rh,% the one reported in Table 3.4 and in [180].

Only the parameter c* = 0.016 has been adjusted in order to fit the experimental master

curve. The agreement between experimental data and model calculations is satisfactory.

The small qRh range is well reproduced and Deff/D0 —1 as qRh —0. To further confirm

the accuracy of this approach, we compare in Figure 3.3(b) the time evolution of (Rh,eff)

measured at multiple angles with the corresponding model calculations. When comparing

Figures 3.1(a) with 3.3(b) the importance of accounting for the internal cluster dynamics

is evident as it allows an accurate modeling of the experimental data throughout the whole

aggregation process, where the clusters reach radii in the micrometer range, with a good

resolution of the effect of the scattering angle.
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Figure 3.4. (a) CMDsas a function of time computed using a constant (solid line) or the DLCA

kernel given by equation (3.3) with W= 1 and A = 0 (dashed line), (b) Comparison between the

master curves computed with the CMDsin Figure 3.4(a) using the structure model in (2.6) (3.12),

(3.16), (3.18), (3.27) with c* = 0.016.

Constant versus size dependent kernel

Let us now consider the size dependent kernel in equation (3.3) where, being in DLCA

conditions, we have set W= 1 and A = 0. The corresponding solution of the PBE (3.2) is

compared in Figure 3.4(a) (dashed lines) with the analytical solution (2.2) obtained with the

constant kernel K%3 = KB/W(continuous line) for various time values. Note that in order to

obtain comparable aggregation rates in both cases, in the latter we have set W= 0.45. It is

seen that the two CMDsare significantly different in the range of small aggregates, where the

constant kernel approximation exhibits a significant tail. However, this does not affect the

master curves calculated from the two CMDsas shown in Figure 3.4(b), where they actually

overlap indistinguishably. This indicates not only that the constant kernel approximation is

not responsible for the mismatch between experimental and modeling results in Figure 3.1,

but also that with multi angle dynamic light scattering no discrimination between these two

kernels can be made.

Gravitational settling

The aggregation kernel in equation (3.3) does not account for gravitational forces that, in

certain conditions, can alter significantly the aggregation mechanism. Sedimentation can en-
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Figure 3.5. (a) Comparison of the time evolution of the experimental (Rh,eff), measured at several

angles, with the model calculations in the presence of gravitational settling, with equations (2.6),

(3.10), (3.11) and (3.28). (b) Comparison of the DLCAexperimental master curve (symbols) with

the master curves calculated accounting for the effect of gravitational settling. The arrow indicates

how the calculated master curve evolves in time (solid lines).

hance the aggregation kinetics, especially when the density of the colloid is much larger than

that of the liquid phase as it is the case for gold particles with a density of ps = I9g/cm3.

Although primary particles of nanometer size are hardly influenced by gravitation, their ag¬

gregates in the micron size range are. Gravitational settling changes the CMDand thus alters

also the shape of the master curve. In order to investigate the possibility that gravitational

settling is the source of the discrepancy between the experimental and modeling results in

Figure 3.1, we use a simplified sedimentation kernel and assume additivity of the rate con¬

stants for aggregation driven by diffusion and by gravitational forces. Our aim here is not

to develop an accurate model of aggregation in the presence of sedimentation, but only to

investigate qualitatively the effect of gravitational settling on the aggregation master curve.

Accordingly, the following aggregation kernel including gravitational settling has been used.

K%3 = KBW~lBl3 + g:;m, (3.28)

where G\3 is the matrix representing the contribution of gravitational settling and is given

by [184]

G:f = c7r(Rs, + RSt3)2\vt-v3 (3.29)
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where RS>1 is the collision cross section, vt the settling velocity of an aggregate with mass

i and c is an empirical constant used to fit the experimental data. The settling velocity is

calculated as follows [21,139,185]

vt = ^i(p8-Pl)RiR£. (3.30)

where ps is the density of the solid, pi that of the liquid and g is the gravitational acceleration.

Wand P%3 are set equal to 1 in DLCA.

In order to simulate the time evolution of the CMDin the presence of gravitational settling,

the PBE(3.2) is solved using the above kernel (3.28). The resulting CMDis used to compute

the master curve using the same structure model as in Figure 3.1, that is equations (2.6),

(3.10) and (3.11) with ß* = 0.85. The constant c in kernel (3.28) determines at what times

gravitational settling starts to play a role in the process.

Its value c = 0.1 has been fitted in order to reproduce the experimental data in Figure

3.5(a). It is seen that the quality of the agreement with the experimental data is substantially

equivalent to that shown in Figure 3.1(a). However, through a more careful comparison, we

see that the model calculations in Figure 3.5(a) begin to show some significant acceleration

at later times (practically the Rh value at 9 = 0°). This is obviously due to the onset of

sedimentation and in fact for the values of c > 0.1 this acceleration becomes much stronger

and occurs earlier in time leading to unacceptable deviations from the experimental data.

This means that we can exclude values of c larger than 0.1. (see also section 3.4.3 for a

discussion on c). From the model calculations in Figure 3.5(a), the master curve shown in

Figure 3.5(b) is obtained. Similarly as in Figure 3.1(b) this shows a plateau for large qRh

that is simply shifted vertically in the direction of the arrow due to the effect of gravitational

settling. This behavior not only disagrees with the experimental data, but it would indicate

the loss of the existence of the master curve. Wecan therefore conclude that sedimentation

cannot explain the deviations from the experimental results discussed in the context of Figure

3.1, which implies that the value of c is smaller than 0.1. This result is not contradicted by

the few quantitative results of aggregation kinetics in the presence of sedimentation available

in the literature, which indicate c to be roughly of this order of magnitude, as discussed in

detail in section 3.4.3. The time evolution of (Rh,eff) shown in Figure 3.5(b) confirms this

conclusion.
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Figure 3.6. (a) Comparison of the RLCAexperimental master curve (symbols) with the one cal¬

culated by Lin et al. with equations (2.6), (3.20) and (3.31) (solid circles) and that calculated with

equations (2.6), (3.10), (3.11) and (3.31) (continuous line), (b) CMDscomputed from equation (3.2)

using the aggregation kernel (3.3) for RLCAwith Pv = (ij)x with A = 0.45 and W= 2.8 x 104

with no crossover to DLCA(continuous lines) and the scaling solution (3.31) with rc = 1.5 (x).

3.4.2 Reaction-limited aggregation

Modeling of the master curve

Lin et al. [21] have used the same equations (2.6) and (3.20) (where again the structure

factor is computed through the multipole expansion) to compute the master curve in RLCA

conditions. In this case the following scaling solution of the PBE (3.2) has been used [21].

Nt(t)
NpiTr2

r(2 - rc)
i Tc

exp (-i/ic), (3.31)

where ic is the cutoff-mass of the distribution which grows exponentially in time for RLCA

and rc is a power-law exponent describing the shape of the CMD. They found that rc = 1.5

and ß* = 1.0 gives the best agreement with the experimental master curve as shown in

Figure 3.6(a) (solid circles).

Wereproduce this master curve using equations (2.6) and (3.10) with the structure factor

(3.11) and the above scaling solution (3.31). In Figure 3.6(a) is shown that a satisfactory

agreement with the model and experimental results of Lin et al. [21] (the behavior at small

qRh is discussed later) is obtained by fitting the only parameter ß* = 1.0. The same result

is obtained if we replace the scaling solution (3.31) with the numerical solution of the PBE
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Figure 3.7. (a) Comparison of the RLCAexperimental master curve with the one computed with

different scattering models. Solid circles are the solution of Lin et al. as in Figure 3.6(a). (a) equations

(2.6), (3.10), (2.8), (3.31) and ß* = 1.0. (b) equations (3.12), (3.16), (2.6), (3.10), (3.18) and (3.31).

(3.2) with the RLCAkernel given by equation (3.3). In particular, in this comparison we used

P%3 = (ij)x with no restriction on the growth of P%3 due to the occurrence of the crossover to

DLCA. This unphysical assumption, to which we will come back later, is required in order

to reproduce the CMDpredicted by the full scaling solution (3.31). In particular, when using

A = 0.45 and W= 2.8 x 104 the numerical solution of the PBEreproduces very well the

scaling solution (3.31) with rc = 1.5, as shown in Figure 3.6(b).

Before proceeding to investigate the effect of the crossover from RLCA to DLCA, it is

convenient to analyze the role played by the different expressions of the structure factor. In

Figure 3.6(a) it is shown that the structure factor (3.11) gives a good agreement with the

experimental data, although some deviation at small qRh values are apparent, due to the

occurrence of numerical oscillations in the derivative of St(q), which we already discussed

in section 3.4.1 in the context of DLCA.

The results of the same calculations but using the Fisher-Burford structure factor (2.8) are

shown in Figure 3.7(a), where the fitting of the data led to ß* = 1.0 (solid line). In this case

significant deviations from the experimental data are found. The master curve calculated

with the model for St(q) given by equations (3.12) and (3.16) is shown in Figure 3.7(b). The

small qRh range is predicted accurately, whereas for large qRh a slight underestimation of

the experimental master curve is obtained. It is worth noting that in this case no fitting of

the experimental data has been performed. The value of ß* as a function of aggregate mass
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Figure 3.8. Comparison of the time evolution of the experimental (Rh,eff) at several scattering

angles with the model calculations corresponding to the case in Figure 3.7(b).

is computed using equation (3.18) and the explicit expressions for the ratios ß% = Rh,%/Rg,%

and Rh,r,i/Rh,i reported in [177] and Table 3.4, respectively. Note the explicit calculation of

Rh,r,t [180], which is instead assumed equal to Rh,% in the models used in [21,22].

Using the last scattering model, i.e. equations (3.12) and (3.16), the calculations of the time

evolution of (Rhteff) are compared to the experimental data at various scattering angles in

Figure 3.8. The results are equivalent to those obtained using the structure factor (3.11),

which are not shown for conciseness. The early time experimental data at t = l.lhr are not

captured by any of the models even when refitting the value of the stability ratio. The value

of A is not free and has to be fixed to 0.45 in order to reproduce a CMDwith rc = 1.5. We

attribute this rather large average aggregate size at early times to mixing inhomogeneities

during sample preparation. However, the major part of the experimental data is correctly

described.

Crossover from RLCAto DLCA

Lin et al. [21] used the scaling solution (3.31) with rc = 1.5 of the PBE (3.2) in order to

simulate the CMD. As mentioned above, this is consistent with the numerical solution of the

PBE(3.2) using the RLCAkernel (3.3) with P%3 = (ij)x and with no restriction to the growth

of P%3 with the aggregate mass. However, when PnW~l > 1, the corresponding aggregates

grow faster than in DLCAconditions. Since this is not acceptable on physical grounds in

dilute systems (we do not consider gelation here, where faster kinetics than DLCAmight be
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Figure 3.9. Comparison of the RLCAexperimental master curve with the one computed by ac¬

counting for crossover to DLCA. The aggregation kernel is given by equation (3.3) for RLCAwith

W= 2.8 x 104 and P%3 limited to [1; VF]. The arrows indicate the time evolution of the master curve.

Scattering model given by equations (3.12), (3.16), (2.6), (3.10) and (3.18). (a) Product kernel with

P%3 [1; W\. (b) Probabilistic kernel developed by Odriozola et al. [58].

possible), we assume that the RLCAaggregation rate crosses over to the DLCAaggregation

rate when the increase in reactivity due to the aggregate size balances the lower sticking

probability of primary particles, i.e. (ij)x = W. The crossover from RLCAto DLCAfor

large clusters has been justified based on theoretical considerations [34,58,67,186] and has

been observed in Monte Carlo simulations [58,138,186] (see also, cf. [21,32-34,76,77,

174,175]).

In order to investigate the effect of crossover on the construction of the multi angle master

curve we use a CMDcomputed from the PBE (3.2) with a kernel that accounts for the

occurrence of crossover from RLCAto DLCAwhen P%3 œW. This can be done by either

using P%3 = (ij)x in equation (3.3) and imposing simply that P%3 cannot be larger than

W(product kernel) or using the kernel developed by Odriozola et al [58] that intrinsically

accounts for this transition in a smoother way (probabilistic kernel). The so obtained CMDs

are then used in the light scattering model (3.12), (3.16), (3.10) and (2.6), with ß* from

equation (3.18) to predict the time evolution of (Rh,eff) at different scattering angles and the

corresponding master curve.

The master curves computed from the CMDobtained using the product kernel are shown

in Figure 3.9(a) for various increasing times as indicated by the arrow. It is seen that due
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Figure 3.10. (a) Comparison of the time evolution of the experimental (Rh,eff) values at various

scattering angles with the calculations obtained with the CMDcomputed using the probabilistic ker¬

nel and equations (3.12), (3.16), (2.6), (3.10) and (3.18). (b) Comparison between the scaling CMD

given by equation (3.31) (x) and the CMDscomputed from the PBE(3.2) using the product (dashed

line) and the probabilistic (solid line) kernel.

to crossover the calculated Deff/D0 values deviate from the experimental values at later

times. In addition the existence itself of the master curve is questioned since different curves

are obtained for different times. The same calculations, but using the probabilistic kernel

in equation (3.3), are shown in Figure 3.9(b), where it appears that the crossover and then

the deviation from the experimental data occurs earlier in time or, equivalently, for smaller

aggregates than in the previous case.

The time evolution of (Rh,eff) predicted by the probabilistic kernel [58] is compared in

Figure 3.10(a) with the experimental measurements at various scattering angles. As can be

seen in comparison with Figure 3.8, where the scaling solution (3.31) has been used, the

quality of the obtained agreement with the experimental data is comparable. However, the

slowdown of the aggregation process for long times is evident, particularly when considering

the effective hydrodynamic radius at zero scattering angle (the scaling parameter), indicated

by the crosses in both figures. Since this smaller spread of the values of the hydrodynamic

radius measured at different scattering angles is a consequence of the reduced polydispersity

of the CMDcomputed in the presence of crossover to DLCA, it is convenient to compare

the different CMDsin more detail. Figure 3.10(b) shows the two CMDscalculated for

two subsequent aggregation times using the product (dashed curve) and the probabilistic
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Figure 3.11. (a) Comparison of the experimental master curve with the one computed using the

probabilistic kernel and accounting for the internal cluster dynamics, i.e. equations (3.12), (3.16),

(2.6), (3.27) and (3.18). (b) Comparison of the time evolution of the experimental (Rh,eff) at various

scattering angles with the calculations obtained with the model in Figure 3.11(a).

(solid curve) kernels, together with the scaling CMDfrom equation (3.31), which does not

account for crossover to DLCAand has rc = 1.5 (crosses). For shorter times, the CMDof

the scaling solution agrees well with the product kernel prediction as the crossover is not

yet effective. On the other hand, the CMDcalculated with the probabilistic kernel predicts

slightly larger aggregates. This is also clearly seen from the predicted time evolution of

(Rh,eff) at 9 = 0° (the scaling parameter) in Figure 3.10(a), where the persisting exponential

behavior, which is apparent in Figure 3.8 computed with the scaling solution (3.31) is not

any longer evident. At longer times, when the crossover starts to be effective, the CMDgiven

by the scaling solution predicts the largest aggregates, followed first by the CMDcomputed

using the product kernel (dashed line) and then by that using the probabilistic kernel (solid

line). This is again consistent with the behavior of the master curves corresponding to these

kernels shown in Figure 3.9, where the probabilistic kernel crossed over to DLCAearlier

than the product kernel.

It is remarkable that, although the effect of crossover to DLCA seems to be marginal in

terms of the CMD, it is clearly evident in the master curve representation. The occurrence of

crossover to DLCAindeed causes a loss of a master curve, since, as already shown in Figure

3.9, the scaled Deff/D0 values are not any longer a unique function of the only scaling

dimension qRh. This result is due to the fact that crossover to DLCAinduces the loss of



3.4 Results and discussion 67

the scaling of the CMDgiven by equation (3.31) - a fact which however is well founded

on physical grounds. It is worth noting that the results in Figure 3.9 have been obtained

using as a scaling parameter the zero angle hydrodynamic radius Rh given by the scattering

model. On the other hand, we could treat Rh as a fitting parameter and then obtain a master

curve with approximately the same shape as that in Figure 3.6(a), although slightly broader.

However, we consider this procedure as unappropriate since this parameter can be directly

obtained from the CMDin consistence with the adopted scattering model.

Note that the crossover to DLCA is expected to change also the structure of aggregates,

possibly gradually lowering the fractal dimension df of the clusters [32]. This effect is not

accounted for in the adopted aggregation and light scattering models. Weexpect such an

effect to be however negligible for the considered gold colloid as the crossover occurs at

rather late times.

Internal dynamics

Wehave shown that the internal cluster dynamics play a significant role in the interpretation

of DLS measurements on aggregate distributions produced in DLCAconditions and it is

therefore reasonable to expect some effect also for aggregates produced in RLCAconditions.

Using the CMDcomputed with the probabilistic kernel and equation (3.27) for the internal

dynamics, together with equations (3.12), (3.16), (2.6) and (3.18) for the remaining relevant

quantities, the master curve shown in Figure 3.11(a) has been calculated. The value c* =

0.015 has been selected, as determined earlier for DLCA. Since the aggregate structure in

DLCAis more open and tenuous than in RLCA, this choice represents an upper limit for the

influence of internal dynamics in RLCA. In any case, a fitting of the c* value does not lead

to significant improvements of the agreement with the experimental data.

Whencomparing the results shown in Figure 3.11(a) with those in Figure 3.9(b), which do

not account for the influence of internal cluster dynamics, we notice a slight increase of

the Deff/D0 values at large qRh values. However, compared to the experimental master

curve, there is still a significant underestimation of the Deff/D0 ratio at longer times. The

marginal improvement through the internal dynamics can also be seen by comparing the

time evolution of (Rh,eff) at various scattering angles shown in Figure 3.11(b) with Figure

3.10(a). It is seen that the spread in the (Rh,eff) values as a function of the scattering angle at

long times is better, although not satisfactorily, captured when including internal dynamics.

Wenote for completeness that qualitatively the same results are obtained, when the product



68 3. Further Insights into the Universality of Colloidal Aggregation

5i ^— ' ' ' ' ' ' ' ' '

0 2 05 1 2 nR 5 10 20 50 100 0 1 2 3 4 5 6 7 8

qHh time/hr

Figure 3.12. Comparison of experimental values with model calculations accounting for crossover

to DLCA, internal cluster dynamics and gravitational settling, i.e. using the CMDcomputed from

the PBE (3.2) with kernel (3.32) together with equations (3.12), (3.16), (2.6), (3.27) and (3.18). (a)

master curve, (b) time evolution of (Rh,eff) for various scattering angles.

kernel is used instead of the probabilistic kernel in computing the CMD(not shown).

Gravitational settling

In the RLCAexperiments of Lin et al. [21], which lasted several hours, sediment forma¬

tion was avoided by inverting the sample every 15mmto achieve zero gravity average and

by using a long cuvette. In their Figure 13 it is shown that by non inverting the cuvette

rather different results were obtained, which they ascribed to the occurrence of gravitational

settling. It is clear that this procedure prevents sediment formation and therefore the loss

of large aggregates from the sample and the volume element probed by light scattering.

However, the motion of sufficiently large clusters is controlled more by gravitation than by

diffusion after an inertial time induced by the sample inversion. It is easy to see that such

an inertial time is significantly shorter than the 15mminversion time. Therefore, no loss

of aggregates due to sediment formation occurs, but differential settling certainly affects the

relative movement of the aggregates and therefore is certainly important in determining the

aggregation kernel. Accordingly, the relevant CMDfor these experiments can be computed

from the PBE(3.2), which neglects the loss of aggregates due to gravitational settling, using

the following kernel

Kl3 = KBW~lBl3Pl3 + GtfW-1Pt3, (3.32)
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where we assume additivity of diffusion and gravitational settling on the aggregation rate and

Gif* is given by equation (3.29). Wand P%3 appear in the contribution of both Brownian

motion and gravitational settling. Recently, Monte-Carlo simulations of combined diffusion

and sedimentation processes were used to analyze the effect of the cluster sticking probabil¬

ity on the aggregation kinetics [139,185,187,188]. It was found that for small aggregates

diffusion and sticking probability control the aggregation rate, but as the cluster size in¬

creases gravitational settling prevails while the sticking probability plays a minor role. This

observation is captured qualitatively in equation (3.32) as large settling aggregates due to

their fractal irregular structure would sweep nearly all smaller aggregates on their trajec¬

tory. In any case, we have verified that the results shown in this work are not influenced by

whether the term W~lPl3 appears in the gravitational contribution of the kernel (3.32) or not.

When applying only W~l without Pl3 the importance of gravitational settling simply shifts

to larger aggregate sizes and thus has only minor importance when fitting the experimental

data.

The master curve computed using the CMDcalculated with equations (3.32) and (3.29),

with the fitted value of c = 0.093 and the probabilistic kernel for the matrix Pv, is shown in

Figure 3.12(a). In addition, equations (3.12), (3.16), (2.6), (3.27) and (3.18) with c* = 0.015

have been used for the light scattering model. By comparison with the results in Figure

3.9 it is seen that the effect of crossover to DLCAis now balanced by the effect of gravi¬

tational settling to the extent that all the values computed at different times fall on a single,

although relatively broad, line, which reproduces the master curve measured experimentally

sufficiently well. This is indicated with the arrows in Figure 3.12(a). The solid arrow shows

the effect of crossover on the master curve, while the dashed arrow indicates the effect of

gravitational settling. As a result the deviation of the calculated master curves from the

experimental one increases still at longer times but to a much smaller extent. The compen¬

sating effect of crossover and gravitational settling is more obvious in Figure 3.12(b), where

the time evolution of (Rh,eff) is compared with the experimental data. Particularly evident is

the behavior of the scaling parameter Rh (thick solid line), which exhibits first the slowdown

typical of crossover and later accelerates due to gravitational settling.

It is worth noting that the effect of crossover to DLCA and gravitational settling on the

CMDare apparently much smaller. From the results shown in Figure 3.13 we see that the

CMDcomputed by accounting for both crossover and sedimentation (solid line) is closer

to the scaling solution (3.31) than the CMDcalculated by accounting only for crossover
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Figure 3.13. Comparison of the CMDcomputed using the aggregation kernel (3.32) with W=

2.8 x 104 and c = 0.093 (continuous lines) and the scaling solution (3.31) with rc = 1.5 (x).

shown in Figure 3.10. Slight discrepancies appear that are significant only at sufficiently

long times where both gravitational settling and crossover are important. For completeness

we note that the calculations shown above for the probabilistic kernel were also carried out

for the product kernel and qualitatively the same results were obtained. The main difference

between these kernels is that crossover to DLCAoccurs later for the product kernel and

therefore the extend of gravitational settling required to balance crossover is smaller. This is

reflected by the smaller fitted value of the gravitational settling parameter in equation (3.29),

that is c= 0.06.

Note that also the influence of gravitational settling is expected to change the structure of

aggregates, possibly gradually increasing the fractal dimension df of the clusters [188]. This

effect is not accounted for in the adopted aggregation and light scattering models. However,

also in this case we expect such an effect to be negligible for the considered gold colloid

since the settling occurs at very late times.

It is worth pointing out that the fitted value of the parameter c is important for the reliability

of the analysis reported above. Contrary to the previous case of DLCA, smaller but also

larger values of c would in fact lead to large deviations from the experimental data. For this,

a detailed analysis of the few literature kinetic data of aggregation driven by sedimentation

is reported in section 3.4.3. This shows that the value obtained above falls in the expected

range of values for this parameter.

On the whole, we can conclude that when accounting for all three effects due to crossover
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to DLCA, internal cluster dynamics and gravitational settling, which are not considered in

the analysis of Lin et al. [21], a rather satisfactory agreement with the experimental data

is obtained. It is remarkable that such an agreement is comparable to that obtained by ne¬

glecting all three such effects, as it clearly appears by comparing Figures 3.6(a) and 3.12(a).

This has been attributed to a peculiar compensation effect probably facilitated by the double

logarithmic scale. It is interesting to note that the analysis above indicates that crossover to

DLCAand gravitational settling causes the loss of the intrinsic existence of a master curve.

However, at least for the specific gold colloidal particles considered in this work these two

effects balance each other thus leading to the persistence of the master curve.

Comment on polystyrene and silica

Wehave shown in the previous section that the crossover from RLCAto DLCAcauses the

loss of the existence of the master curve for RLCAconditions. However, in the considered

case of gold, this effect is compensated by differential settling which induces an acceleration

of the aggregation rate. The question is then, whether these effects have also an influence

on the master curve for multiangle light scattering in RLCA for the other colloids. Let

us consider the colloidal systems silica and polystyrene, for which Lin et al. [21] have re¬

ported an experimental master curve, identical to that of gold. For the silica system we have

shown [179] that due to the larger size of primary particles and the smaller size of the final

aggregates, crossover does not occur within the experimentally reported time and size range.

Furthermore, due to the much smaller density of silica compared to that of gold, the effect of

gravitational settling is also expected to be much less important. A similar conclusion holds

true for polystyrene, since the final aggregate to primary particle size ratio indicates that

crossover did not occur and the density difference between polystyrene and water suggests

that gravitational settling plays a negligible role. It is worth pointing out that the polystyrene

colloid exhibits a kind of two stage growth [21] that we have observed also in our own ex¬

periments, which is currently difficult to explain. Nevertheless, we can conclude that the

analysis developed in this work to explain the aggregation behavior of colloidal gold is com¬

pletely consistent with the other reported experimental data relating to silica and polystyrene

colloids.
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Figure 3.14. Experimental values of the average mass [32] compared as a function of time with the

model results (3.2), (3.28), (3.29) and (3.33) with various values of the parameter c. Isopycnic (•)

and nonisopycnic () conditions. Data as in Table 3.5. The thick dashed curve corresponds to c = 0.

3.4.3 The aggregation kernel in the presence of gravitational settling

The aim of this section is to analyze the contribution of gravitational settling to the aggre¬

gation kinetics, and in particular the value of the constant c appearing in the corresponding

kernel (3.29). The literature on aggregation kinetics in the presence of gravitational settling

is scarce [153,189,190] and only in very few instances a comparison of model results with

experimental data is reported [190]. In purely modeling analysis using PBEs with the kernel

(3.29) it is generally assumed that c = 1. Wehave introduced such a constant in a previ¬

ous work [35] in order to fit the experimentally observed onset of gravitational settling. In

particular, a polystyrene colloid of Rp = libnrn was considered with various degrees of

density matching through the addition of D20. The obtained value was c = 1.5, thus of the

order of one. This deviates significantly from the values estimated in this work, i.e. c = 0.1

in DLCAand c ~ 0.07 in RLCA, depending on the kernel used.

In order to analyze this difference, we compared literature experimental data [31,32] on

DLCAof a polystyrene latex with Rp = 65nm at various solid volume fractions with the

corresponding simulations using equations (3.2), (3.28) and (3.29). The data are in the form

of the mean radius of gyration (Rg) and the mass weighted average mass (Mw) as a function

of time. In order to compute these quantities from the CMD, we use equation (2.5) for (R2),

where Rg% can be calculated from equation (2.3) due to the large size of the aggregates,
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Figure 3.15. Experimental values of the average radius of gyration [31] compared as a function of

time with the model results (3.2), (3.28), (3.29) and (2.5) with various values of the parameter c under

non-isopycnic conditions, (a) 0O = 1.15 x 10"5 (b) 0O = 4.60 x 10"6. (c) 0O = 1.15 x 10"6. Data

as in Table 3.5. The thick dashed curves correspond to c = 0.

and [173,179],

{Mw) =

E» Nti?
(3.33)

E* Nti
•

The volume fraction, the measured fractal dimension and the estimated values of Wand c

are summarized in Table 3.5 for each of the considered experimental runs. The comparison

between modeling and experimental results is shown in Figures 3.14 and 3.15(a-c). In Figure

3.14 two runs, one with (isopycnic) and the other without density matching (nonisopycnic) of

polystyrene, are considered in terms of average mass as a function of time. In Figure 3.15(a-

c) three not density matched runs, at three different solid volume fractions, are considered in

terms of the average radius of gyration as a function of time.
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Table 3.5. Parameter values used in Figures 3.14 and 3.15(a-c). Volume fractions and fractal di¬

mensions taken from Ref. [31, 32] and the stability ratio and constant c obtained from the model

calculation.

0o [31,32] df [31,32] W c

Figure 3.14 5.75 x 10"5 1.68 1.8 0.2

Figure 3.15(a) 1.15 xlO"5 1.7 1.8 < 0.06

Figure 3.15(b) 4.60 x 10"6 1.73 1.6 0.1

Figure 3.15(c) 1.15 xlO"6 1.83 1.1 0.4

In each run the initial portion of the aggregation kinetics was first fitted using the stability

ratio Was an adjustable parameter and setting c = 0, i.e. no gravitational settling. The so

obtained thick dashed curves shown in Figures 3.14 and 3.15(a-c) provide a good represen¬

tation of the experimental data and the corresponding Wvalues, listed in Table 3.5, are in all

cases in good agreement with DLCAconditions. Next, the value of c has been estimated in

order to force the model to predict correctly the point of onset of gravitational settling, which

corresponds to the point where the experimental data deviate from the thick dashed curves.

It is seen that, after the onset of gravitational settling the model predicts a much faster aggre¬

gation than the one observed experimentally. This indicates that some more work is needed

in order to improve the gravitational settling kernel (3.29), at least for DLCAconditions.

Nevertheless, the reported comparison allows a good estimation of the value of c, which is

reported in Table 3.5 for each experimental run. It can be seen that all the estimated values

are below one and definitely in the same range of the values found in this work for the gold

colloid. This supports the reliability of the analysis reported above.

It is difficult to comment on the sources of the observed variability of the parameter c. As

shown by the data in Figures 3.14 and 3.15(a-c) the aggregation kernel (3.29) itself is in fact

not reliable. Nevertheless, we may note that the primary particle sizes were indeed differ¬

ent in the various systems considered, i.e. Rp = 7.5nm for the gold colloid, Rp = 65nm

for the polystyrene colloid in [31,32] and libnrn in [35], which may lead to aggregates

of comparable size exhibiting different porosities. In addition, the strength of the primary

particle-particle bonds is expected to decrease with increasing particle size due to weaker

van-der-Waals interactions. This, in turn, contributes to an increased flexibility of the clus-
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ters with increasing primary particle size which could have a profound effect on the sedi¬

mentation process.

3.5 Conclusions

In this work we have directly connected the quantities measured by dynamic light scatter¬

ing, i.e. the angle dependent hydrodynamic radii, to the cluster mass distribution (CMD)

computed through the numerical solution of the relevant population balance equations. The

scattering model has been extended to account for the influence of internal cluster dynamics.

Wehave shown that this extension allows to describe previously unexplained data [22] in

diffusion limited aggregation. In addition we have confirmed that gravitational settling plays

a marginal role and therefore cannot explain such data.

In the case of RLCAthe situation is more complex due to the occurrence of crossover from

RLCAto DLCAfor sufficiently large aggregates. This has a major effect on the calculated

values of the hydrodynamic radius, and in particular it is found that the existence itself of

the master curve measured experimentally is broken. However, when incorporating internal

dynamics and particularly gravitational settling, a good agreement with the experimental

data is again obtained.

It is remarkable that such an agreement is similar to that obtained by Lin et al. [21] with their

original model, where these three effects were neglected. This is a case of compensation,

particularly between the effect of crossover to DLCAand that of gravitational settling, which

obviously does not necessarily occur in all colloidal systems.

A side result of the analysis reported in this work is the comparison of various possible

relations for the calculation of the aggregate structure factors which indicated as the most

accurate the one recently proposed, based on a model of the structure of fractal aggregates

[176]. The structure factors by Lin et al. [21,22] provide good results as well, although

this model is slightly underestimating the measured effective diffusion coefficients for small

aggregate sizes and small wave vectors. By including the effect of internal dynamics, the

calculation of the measurable light scattering quantities from the CMDappears now as a

complete and reliable tool for the analysis of aggregation kernels.





Chapter 4

Kinetics of Gelation in Dilute Dispersions

with Strong Attractive Interactions

4.1 Introduction

After having discussed in detail the aggregation kinetics in dilute dispersions of colloidal

particles in the previous chapters 2 and 3 we turn now to the kinetics of gel formation.

While freely diffusing fractal aggregates are obtained at very low volume fractions (0O —0)

[19, 21, 22], at moderate to high solid volume fractions (<f)0 > 10~4) colloidal gels can

form [50,75-77,112,114,115,124,191,192]. In this chapter, we still focus on relatively

dilute solid volume fractions, where the aggregation process takes a significant time and is

followed by gelation.

From the technological viewpoint, colloidal gelation is a key process in polymer, pharma¬

ceutical and food industries (i.e. [8,9]). In particular, the absolute gelation time is a crucial

process variable, as most industrial aggregation processes are performed under diffusion

limited cluster-cluster aggregation (DLCA) conditions at high solid volume fractions, where

gelation is ubiquitous. Surprisingly, we are aware of only one [110,111], though not experi¬

mentally validated kinetic model, which is able to predict absolute gelation times in colloidal

dispersions.

In this chapter we describe the non-equilibrium kinetics of aggregation and gelation in col¬

loidal systems under diffusion limited cluster-cluster aggregation conditions (DLCA), where

77
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Stable colloidal dispersion Randomaggregation Caged clusters

Figure 4.1. Schematic of the free aggregation process in a colloidal dispersion until the clusters

become caged.

strong attractive interactions cause particles to stick on contact. Weshow that when using

a physically sound kernel in the Smoluchowski aggregation equation it is not possible to

predict the formation of a gel starting from a colloidal dispersion within a single step.

Accordingly, we propose a two step mechanism for the gel formation process, that con¬

sists of an aggregation process followed by an interconnection process, during which the

gel itself forms. In the aggregation step the clusters diffuse freely and the Smoluchowski

equation is an appropriate model for the process kinetics [112]. The end of the aggregation

step occurs when the aggregation process is arrested because spatial restrictions caused by

the filling of the available space [112] do not allow aggregates to freely diffuse and combine

randomly [193]. Consequently clusters become caged and they do not change anymore their

relative positions significantly (see Figure 4.1). This is the starting point for the intercon¬

nection step, where the gel is formed by diffusive motion of the caged clusters or subunits

thereof over short length scales, through which they interconnect to form a particle network,

spanning the entire system volume. Weestimate the corresponding length scales and the

diffusion coefficients of the connecting clusters to obtain the characteristic time (tt) for the

interconnection step. The gelation time (tg) representing the time needed to complete the

overall gelation process can be calculated as the sum of the arrest time (ta), which is esti¬

mated as the duration of the aggregation process and the interconnection time (tß, mentioned

above. For colloidal dispersions with low volume fractions we obtain experimental estimates

for both the arrest and the interconnection time, and compare them to the model calculations.

Using the model in the high volume fraction range, which is difficult to access experimen¬

tally, we predict how these characteristic times depend on the solid volume fraction and
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compare our findings with previous Monte-Carlo simulations [112,124]. In the following,

we describe the models for both aggregation and gelation in section 4.2, while in section

4.3 we report the experimental investigations. Finally, in section 4.4 the obtained results are

critically discussed and compared in order to validate the proposed two step mechanism of

gel formation.

4.2 Kinetic modeling of gelation and aggregation

4.2.1 Smoluchowski rate equation

The first step of the gel formation process outlined in the previous section is the aggregation

process starting with the de stabilization of the primary particles and ending at the arrest time.

This process can be described through the Smoluchowski aggregation equation introduced

in equation (3.2) in the previous chapter 3. In order to model the aggregation process we

need to specify the aggregation rate constant, K%3. For certain forms of aggregation ker¬

nels analytical solutions as well as scaling solutions of equation (3.2) are available [55,56].

However, in the general case only numerical solutions can be obtained. These are, as in the

previous chapters, obtained through the method developed by Kumar and Ramkrishna [152].

Smoluchowski [10] derived the rate constant K%3 for the case of diffusion limited cluster-

cluster aggregation as the product between the collision cross section R%+ R3 (the sum of

the collision radii) of the aggregates and their relative mobility D%+ D3 (the sum of their

diffusion coefficients) as follows:

Kt3 = 47r(RhC + R3,c)(Dt + D3). (4.1)

This equation can be extended to account for the fractal structure of the growing aggregates

as shown in chapter 2. The value of the fractal dimension in DLCAis typically between 1.70

and 1.86. [21,22,75,76,112,114,124]. The aggregation rate constant for fractal aggregates

consisting of i and j primary particles is then given by

K%3 = KB/{AW) (i~l/df + rl/df) (il/df + ]l/df) , (4.2)

where KB = 8kBT/(3rj). The notation is identical to the one reported in the context of

equation (3.3), although in this chapter we have used the dimensionless mass i instead of

the detailed expressions for the hydrodynamic and collision radii introduced in the previous
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chapter 2. This is a simplification, which however provides even quantitatively the same

results, because the differences can be lumped without loss of accuracy into the stability

ratio W. This is defined as the ratio between the ideal Brownian aggregation rate constant,

KB, and the actual aggregation rate constant, Kn, for the aggregation between primary

particles. In DLCAWdepends on dispersion forces and hydrodynamic interactions when

primary particles collide and typically takes values between 0.5 and 2 [172]. As discussed

in previous chapters, the other terms in equation (4.2) denote the size dependence of the

relative diffusion coefficients and the collision cross sections of the aggregates. In the case

of aggregation under DLCAconditions this kernel has been validated by comparison with

experimental data for various colloidal systems in chapters 2 and 3 [23,179].

4.2.2 Properties of the cluster mass distribution

Average hydrodynamic radius

The CMDcalculated from PBE is used as in the previous chapters to compute relevant

characteristic properties of the aggregating system as a function of time. The first is the

average hydrodynamic radius (Rhteff), given by equations (2.6) and (2.10), which can also

be accessed experimentally through dynamic light scattering (DLS) [21,22,159]. The radius

of gyration of the cluster is computed through equation (2.3), where the constant kf has

been set equal to unity [68]. The parameter ß% = Rh,%/Rg,% represents the ratio between

the hydrodynamic radius and the radius of gyration of the aggregate and is a function of the

dimensionless mass i of the aggregate and of its fractal dimension df. Since the value of ß%

has however a limited variability, typically between 0.67 and 1.3 [194], in this chapter it has

been set equal to one, which implies that Rh>l = Rg>l. In both equations (2.6) and (2.10)

an expression for the structure factor St(q) of the fractal aggregate is required. Here, we

employ the structure factor St(q) for DLCAaggregates obtained by Lin et al. [21,22], which

has been reported in equation (3.11).

Volume occupied by aggregating clusters

The arrest time is estimated from the calculated CMDby computing the fraction of volume

effectively occupied by the aggregates, 0 [21,22,112,195]. This quantity is computed as the

sum of the volumes occupied by each individual aggregate multiplied by the number of such
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aggregates per unit volume:

0 = ^(4/3)^,^,, (4.3)

%

where R%)C is the radius of the smallest sphere enclosing an individual cluster of mass i. The

corresponding radius RC)% can be computed using the relation [196]

RC>1 = RgJ^df/(df + 2). (4.4)

The aggregates volume fraction (f) increases during the aggregation process until they are

in so close proximity to each other to become caged, which means that the corresponding

smallest spheres touch each other. The time where the volume fraction of the aggregates

reach such a critical value, i.e. 4> = 4>*, is defined as the arrest time. Values of (f>* in the range

of 0.4 —0.5 were reported by Gimel et al. [112], who performed 3D Monte-Carlo simulations

of DLCA, to indicate space filling or maximum packing conditions. A comparable value of

0.494 has been obtained for the freezing transition for hard sphere particles [197]. In this

work we choose (f>* = 0.5 to represent the maximum packing density that fractal aggregates

take upon space filling at the arrest time.

Interconnecting clusters: length- and timescales

After the arrest time, equation (3.2) cannot be used in its original form to describe the inter¬

connection process since clusters are caged among their neighbors and thus their positions

are highly correlated [112]. Wepostulate that the interconnection step under DLCAcon¬

ditions is a process driven by rotational and translational diffusive motions of clusters or

their subunits over the short distances available for their movement in the caged state. At

the arrest time in fact, although the enclosing spheres around the clusters are in contact (see

Figure 4.1), the clusters need not to be connected yet. The length scale £ over which a cluster

has to move to connect to a neighboring cluster is given by the average distance between the

surfaces of two primary particles in the contact area of the two clusters. The simplest way to

estimate the distance £ at the arrest time ta is based on the assumption of a uniform distribu¬

tion of the primary particles inside the aggregates. Considering this, on average the volume

surrounding each particle in the aggregates, i.e. (£ + 2RP)3, is given by the ratio between the

aggregate volume fraction at arrest, (f)*, and the total number of primary particles per unit

volume, which for convenience we represent as N0 = 4>o/ iA/3nR^), where 0O refers to the
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primary particles volume fraction before starting aggregation, and thus

,<+^ =
»A

= i.. (4,)
Ao 00/^0

This is equivalent to the statement that all primary particles are now confined in the ag¬

gregates and that the volume outside the aggregates is free of primary particles. The inter

particle distance, £, at the arrest time is then simply given by

£={((47r/3)070o)1/3-2}iV (4.6)

Taking (f>* = 0.5, the expression above can be approximated to give

£~[(2/(Po)1/3-2]Rp, (4.7)

which, as expected, indicates that the distance £ that a cluster has to diffuse in order to

interconnect becomes shorter when the aggregation starts with more concentrated latexes,

i.e. larger 0O values. It is worth mentioning that the rough approximation of the average

density inside the clusters turns out to be in fact quite accurate as indicated by detailed

Monte-Carlo simulations of cluster densities [194].

According to its derivation, the above calculation of £ could be used in combination with

any cluster mass distribution. However, it does not take into account that aggregates of very

different size could interpenetrate substantially and reduce the volume that is effectively oc¬

cupied by the aggregates. Therefore, the estimation of £ should be used only for relative

monodisperse populations of clusters and it is important to note that the distributions pro¬

duced by DLCAare indeed rather monodisperse [75,76,114].

The characteristic time for interconnection can now be estimated by using the average trans¬

lational diffusion coefficient (D) of aggregates at the arrest time and the characteristic length

scale £, as follows

U = £2/(D). (4.8)

Wecan estimate the diffusion coefficient (D) at arrest time using the Stokes-Einstein relation

(D) = kBT/ (%nr](Rhtef f)), where (Rhteff) is the average hydrodynamic radius of a cluster

moving as a rigid body [21,22], given by equations (2.6) and (2.10) and computed at q —0.

However, it has to be noted that in order for the interconnection to occur it is sufficient

that a portion of an aggregate moves and not necessarily that the entire cluster behaves as

a rigid body. Therefore equation (4.8) provides an upper limit of the interconnection time.
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Figure 4.2. Diagonal of the aggregation kernel, K%%as a function of dimensionless aggregate mass,

i. Dashed and dashed-dotted lines correspond to kernel (4.9) with A = 1 and 0.5, respectively, solid

line corresponds to the DLCAkernel (4.2).

Moreover, the interconnection process leading to the formation of a gel requires many such

clusters to cluster connection events, which however occur all simultaneously, so that we

can approximate the total time for the interconnection step to be the time required for the

connection of a single average cluster to the network. Therefore by summing the times ta

and t% we obtain the total gelation time tg.

It has been reported [112,122,198,199] that gelling systems can exhibit a power-law CMD

with exponent rc = 2.19 (with certain cutoff functions). In the frame of the gelation mech¬

anism proposed above, the CMDat the beginning of the interconnection step has a differ¬

ent shape since it results from a DLCAprocess. This however is not necessarily a contra¬

diction since it is possible that the gelation mechanism (possibly a percolation mechanism

(cf. [112])) profoundly changes the shape of the CMDduring the interconnection step. In

this work we do not aim to describe this transformation in detail, but limit ourselves to the

macroscopic timescale of the interconnection process.

4.2.3 Mathematical gelation in the Smoluchowski equation

An alternative to the two-step gelation mechanism described above could be a single step

mechanism where gelation is predicted directly by the Smoluchowski equation (3.2). Certain

type of kernels have been identified in the literature [55,56,165], which predict at a finite time
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Figure 4.3. Comparison between the values of the average hydrodynamic radius, (Rh,eff), predicted

as a function of time by the DLCAkernel (4.2) (solid lines) and kernel (4.9) with A = 0.5 (dashed

lines) at 9 = 0° and 9 = 90°.

the divergence of the second and all higher moments of the CMD, Mra>2. This corresponds

to the formation of a very large cluster, which can be considered as an infinite network or

gel. Therefore such kernels predict gelation in a single step and this is usually referred to as

mathematical gelation. A typical mathematically gelling kernel is given by [55,56]

K%3 = KB (i3)x . (4.9)

The values of K%3 predicted by this equation are compared with the DLCAkernel (4.2)

in Figure 4.2 for the case where i = j. It is seen that the DLCAkernel Kn does not

depend on the aggregate size i, while kernel (4.9) predicts aggregation rate constants which

increase with the aggregate size to an extent that depends on the value of the exponent

A. It is found that only if this growth is substantial, i.e. A > 0.5 [55, 56], these kernels

predict gelation, i.e. the divergence of the second and larger moments of the CMD. However,

this leads to infinitely increasing rate constants, which overtake the physical upper bound

imposed by diffusion limitation and therefore make these kernels unphysical in describing

colloidal aggregation.

This is further confirmed in Figure 4.3, where we compare simulations of aggregation for

an initial volume fraction of 0O = 1 x 10~4 and a primary particle radius Rp = 35nm,

using both the product kernel (4.9) and the DLCAkernel (4.2). In particular, we show in

Figure 4.3 the evolution of (Rhteff) for two angles, i.e. 9 = 0° and 9 = 90°. It is seen that
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the evolution of (Rh>eff) predicted by the product kernel (dashed lines) with an exponent

value A = 0.5 leads to an aggregation process faster than that controlled purely by diffusion,

which is clearly not acceptable on physical grounds. It is worth mentioning that this system

has also been investigated experimentally in section 4.3.3 and it was found that the gelation

time is about 58mm, in good agreement with the predictions of the DLCAkernel. On the

other hand, kernel (4.9) with A > 0.5 predicts a much faster gelation, in that the divergence

of the second and higher moments of the CMDoccurs at times lower than 0. lmm.

4.3 Experiments and results

4.3.1 Colloidal system

In order to investigate the gel formation process, we have estimated experimentally the ar¬

rest time, the interconnection time and the gelation time in colloidal dispersions under DLCA

conditions. In our experiments, spherical polystyrene primary particles with hydrodynamic

radius Rp = 35nm and stabilized by an anionic surfactant (SDS) have been used. The solid

volume fractions are in the range 10~5 < 4>o
_

10~3, where the gelation time is at least

one minute. These volume fractions were chosen in order to make the mixing time negli¬

gible with respect to the aggregation time [75,76,101] and then to reduce the experimental

error. Since gels at these low solid volume fractions are very weak, buoyancy matching (in

a D2OIH20 mixture) is necessary to prevent rupture of the gel and sedimentation during

its formation. Aggregation was initiated by MgCl2 at the final concentration of 0.1M, well

above the critical coagulation concentration (as shown below), by adding 1 part of concen¬

trated salt solution to 5 parts of colloidal dispersion.

4.3.2 Static light scattering: fractal dimension

The light scattering measurements (both static and dynamic) reported in this chapter have

been performed using a BI-200SM instrument (Brookhaven), equipped with an Argon laser

(Lexel 95 —2) light source (wavelength A0 = 514.5nm), a goniometer with angular range

from 8° to 150°, and a BI-9000 AT digital autocorrelator. The static light scattering measure¬

ments have been used to estimate the fractal dimension df of the aggregates [21,22]. The

measured scattered intensity I(q) is divided by the form factor of primary particles given
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Figure 4.4. Static light scattering data (O) of the structure factor (S(q)). compared with the fitting

curve given by equation (4.11) with df = 1.7.

by [200]

P(q) = 3
sin (qRp) —qRp cos (qRp)

{qRpf
(4.10)

so as to obtain the structure factor S(q) which is related to the fractal dimension df as

follows [68]

(S{q)) Q
~df for qRg > qr > qR

VI (4.11)
I(0)P(q)

where r is the length scale probed in the SLS experiment. In Figure 4.4 a typical experimen¬

tal measurement of {S(q)} is compared with equation (4.11), leading to a fractal dimension

estimation of df = 1.7. This is a reasonable value since in DLCAprocesses df is typically

in the range 1.7 to 1.86 [21, 22, 31,112, 114, 124, 201]. Note, that the experiments were

performed after the aggregation kinetics had slowed down substantially (aggregation time

> Ih), so that no significant change in the sample could occur while taking the static light

scattering measurement.

4.3.3 Dynamic light scattering: arrest and interconnection time

Dynamic light scattering measurements have been discussed in section 3.2.3 of the previous

chapter. To recapitulate, we measure the intensity weighted time averaged autocorrelation

function given by equation (3.4), which, in the case of an ergodic sample, is equal to the

ensemble averaged autocorrelation function [169], and the Siegert relation in equation (3.5)
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Figure 4.5. Comparison between experimental values of the average hydrodynamic radius, (Rh,eff)

from DLS at 90° (D) and the curve predicted by the Smoluchowski equation (3.2) with kernel (4.2),

W= 0.5 and df = 1.7.

can be applied in order to obtain the dynamic structure factor f(q, t). By fitting the dynamic

structure factor f(q, t) with a polynomial, we can calculate the first cumulant rl5 which is

related to the average effective diffusion coefficient of the aggregates and to their average

effective hydrodynamic radius by equation (3.8) [21,22]. It is important to note that all our

samples, including the gels, exhibit ergodic behavior [75,76]. The experimentally measured

autocorrelation function did not exhibit any indication of nonergodicity, so that the use of

equation (3.5) is legitimate. This is due to the internal dynamics of large clusters, that signif¬

icantly contribute to the decay of the dynamic structure factor [21,22,75,76]. The dynamic

light scattering (DLS) experiments have been performed at angles 9 between 20° and 90°.

In order to quantitatively verify that the aggregation process under consideration is in the

DLCAregime, the experimental (Rhteff) values, obtained from the first cumulant of the dy¬

namic structure factor, are compared in Figure 4.5 with the corresponding values computed

using equations (3.2), (2.6), (2.10), and (3.11) (solid line) with W= 0.5 and df = 1.7 at

4>o = 10~5. Note that Wis the only fitting parameter in this comparison and has a value

consistent with previous literature observations [172]. Both the experimental data and the

calculated curve exhibit the power law growth typical of DLCA, whereas, in contrast, RLCA

would exhibit an exponential growth [21,22]. This confirms that the system under exami¬

nation is in the DLCAregime, and further supports the inadequacy of the mathematically

gelling kernels to describe this system as dicussed in section 4.2.3.
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Figure 4.6. Dynamic structure factors f(q, t) measured at 9 = 20° for various times during the

aggregation step. The solid symbols indicate values of f(q, t) unchanging in time.

It is possible to estimate the arrest time from DLS data following the approach of Krall et

al. [75,76]. In Figure 4.6 the dynamic structure factor at 0O = 10~4 is shown for various

times. It is seen that after an initial transient the dynamic structure factor remains essentially

unchanged for times longer than 1 hour. Since we expect the aggregate growth by free cluster

diffusion and combination to lead to a shift of the decay of the dynamic structure factor to

longer delay times t, we can conclude that the time value after which the dynamic structure

factor does not move any longer can be regarded as a lower bound of the arrest time ta.

Cipelletti et al. [75,76] have shown that the decay of the dynamic structure factor f(q,t)

shifts to even longer correlation times t due to aging and syneresis of the gel. However, this

process occurs on a much longer time scale (days) compared to our measurements.

The arrest time values ta (yX estimated through this procedure, are compared in Figure 4.8

with the model predictions (dashed line). These have been obtained by solving equations

(3.2) and (4.2) to get the CMDand then using equations (4.3), (2.3) and (4.4) to compute the

time t = ta at which (f>* = 0.5 is reached. The calculated arrest times are in good agreement

with the experimental values.

About the characteristic interconnection time, t%, no direct experimental measurements are

currently available. On the other hand, as mentioned above in the context of equation (4.8),

since the cluster size at the end of the aggregation step exceeds Ipm, the cluster will not

behave as a rigid body, but rather exhibit internal dynamics [21,22,75,76], which can lead to

interconnection times shorter than those predicted by equation (4.8) due to greater diffusion
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Figure 4.7. Fitting of the dynamic structure factors shown in Figure 4.6 with a stretched exponential:

f(q, t) = exp{—g2Dptp}. Stretching parameters, p, are p = 0.79 for t = h&min and p = 0.72 for

t = 97mvn.

coefficients. The diffusion coefficient of such sub-cluster units can be estimated using the

model of Krall et al. [75,76] for the internal dynamics of fractal gels. Accordingly, we can

determine the effective diffusion coefficient Dp = 52/tr of the sub-clusters by fitting the

dynamic structure factor with a stretched exponential function having the form

/ (q,t) = exp{-gV[l - exp ((-t/rR)p)]}, (4.12)

where Dp turns out to be only marginally dependent on the g-vector. As shown in Figure

4.7, using dynamic structure factors measured during aggregation with 0O = 10~4 at the

onset of the structural arrest of clusters and 40mmlater, we find the stretching parameters

p = 0.79 at t = 58mmand p = 0.72 at t = 97min. The first value indicates that actually

already short before gelation the large clusters exhibit internal dynamics according to the

model of Krall et al. [75,76]. The latter stretching parameter is in good agreement with the

value p = 0.71, reported for DLCAgels [75,76]. Note that the so obtained value of Dp

has been further compared with that estimated from the short time (t <i tr) behavior of

the dynamic structure factor [75,76], (/ (q, t) ~

exp (—Dpq2tp)), describing the short time

diffusion processes and very similar values for Dp have been found.

Using the values for Dp measured as described above and the length scales £ estimated

through equation (4.6), we obtain so-called experimental estimates of the upper bound of
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the characteristic interconnection times

which are shown in Figure 4.8 as squares and are compared to the model (4.8) predictions

shown by the dash-dotted line. As expected, it is seen that the experimental times are shorter

than those estimated by the model for rigid clusters, due to the internal cluster dynamics. The

agreement between experimental and calculated effective diffusion coefficients, and there¬

fore interconnection times, is expected to improve with increasing volume fraction, since the

caged clusters are smaller and therefore are expected to behave more rigid. Nevertheless, as

noted above, equation (4.8) provides the upper bound for the interconnection time.

4.3.4 Gelation time

An independent experimental estimation of the gelation time was performed by careful vi¬

sual examination of the gelling samples. During aggregation and gelation such diluted la¬

texes increase only slightly in turbidity and the occurrence of gelation cannot be easily iden¬

tified. However, when gently moving the sample, the presence of a gel can be determined

either through the collective motion of interconnected volumes of length of at least 10mm

or through the appearance of cracks, which lead to the disruption of the gel structure.

The so estimated gelation times are shown in Figure 4.8 (O) and they appear to be close to

the arrest times, thus indicating that the interconnection step is fast compared to the aggre¬

gation step, at least in the case of the low volume fraction gels considered in this work. With

respect to modeling, the gelation time tg is calculated as the sum of the two characteristic

times ta and t% and the obtained values are shown in Figure 4.8 (solid line) to be in good

agreement with the experimental observations.

4.4 Discussion

Since we have shown that for DLCAat low volume fractions 0O < 10~3 the overall gelation

time is dominated by the aggregation process (ta ^> U), it is reasonable to expect that the

final gel structure is very similar to that at the end of the aggregation process. In other words,

the interconnection step does not last long enough to significantly change the gel structure

below the length scale of cluster size at arrest time. This view is supported by the small
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Figure 4.8. Dependence of gel, (tg), arrest, (ta) and interconnection, (tt) times on the solid volume

fraction of primary particles. Model calculations: gelation (—), arrest ( ) and interconnection time

(—•); experimental: arrest (DLS) (y), interconnection (D) and gelation time (CO-

angle SLS measurements during aggregation and gelation under DLCAconditions reported

in [75,76,110,114], which indicate the presence of a peak of the structure factor at a finite

q vector. This corresponds to a CMDcentered around a well defined cluster size in the gel

and therefore similar to the CMDobtained during DLCA. Using the operating conditions

reported in that work [114] (i.e. (p0 = 2.96 x 10~4, Rp = 9.5nm and df = 1.9), we compute

using equations (3.2) to (3.11) at (p* = 0.5 a value of the cluster radius of gyration of 8pm,

which is, as it should, of the same order of magnitude of the reported length scale of the peak

of the scattering vector (l/qm = 28.6pm).

About the dependence of the arrest and gelation times on the primary particle volume frac¬

tion (f)0 we have found as seen in Figure 4.8 that this is given by a straight line in a logarithmic

plot, that is a power law dependence with an exponent equal to —2.39. Weare aware of only

one experimentally determined dependency of tg on (p0 [202], albeit for a different process,

that is gelation preceded by reaction limited aggregation of silica colloidal particles, where

exponents ranging from 2.4 to 5.2 have been measured depending upon the container size

and whether a catalyst had been used. However, a comparison can be made with 3D Monte-

Carlo simulation results. In particular, Gimel et al. [112] used on-lattice Monte-Carlo sim¬

ulations and found a slope of —2.45 ± 0.05 for the dependence of both the arrest and the

gelation time. It is worth noting that they distinguished between the aggregation process and

a subsequent step that they identified as a percolation process. Note also that these Monte-
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Figure 4.9. Dependence of gel, (tg), arrest, (ta) and interconnection, (tt) times on the solid volume

fraction of primary particles. Model calculations: gelation (—), arrest ( ) and interconnection time

(—). (a) Enclosing spheres of the clusters do not overlap; (b) enclosing spheres overlap.

Carlo simulations where performed for volume fractions in the range 0.04 < (p0 < 0.1,

which are larger than those considered in this work. Hasmy et al. [124] used 3D off-lattice

Monte-Carlo simulations in the same range of (p0 values and found for the overall gelation

time an exponent of —1.75, which is substantially smaller than the previous ones. Indeed

the problem of evaluating the gelation time at these high volume fractions is complex and

cannot be exhausted in this paper. However, a few remarks can be made by applying our

analysis to higher initial volume fractions, as discussed in the following.

In Figure 4.9(a) we show the volume fraction dependence of the gelation, arrest and inter¬

connection times for 1 x 10~3 < (p0 < 1 x 10_1 computed with the model developed in

this work. In this range of initial volume fractions, the two steps have comparable time

scales. The exponent of the gelation time dependence on (p0 in the range of volume fraction

0.04 < (po < 0.1 changes between —2.39 and —2.15, while it remains constant and equal

to —2.39 for the lower volume fractions, i.e. (p0 < 1 x 10~3. Therefore, the values reported

by both Gimel et al. [112] (-2.45 ± 0.05) and Hasmy et al. [124] (-1.75) now bracket our

predictions.

One possible source of the discrepancy among the Monte-Carlo simulations is the selection

of the lattice and the step size for the cluster movement. Using equation (4.6) we can in

fact see that in the interconnection step at (p0 = 1 x 10~2 the caged aggregates diffuse

over short length scales £, comparable to a primary particle diameter 2a. Therefore the
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unit step size 2a used in Monte-Carlo simulations might be too coarse to describe such

movement with sufficient accuracy. Another possible source of error is that in off-lattice

Monte-Carlo simulations the aggregation regime can crossover from diffusive to ballistic

aggregation when the system becomes sufficiently crowded while the step size is not small

enough. This does not occur in on-lattice Monte-Carlo simulations and could explain the

discrepancies in the estimated exponent reported above [203].

On the other hand, with respect to the model developed in this work, we should reconsider

the estimation of the length scale £ in the outer part (shell) of interconnecting clusters given

by equation (4.6). First, touching but not overlapping between the enclosing spheres of the

two neighboring clusters is considered in Figure 4.9(a), as it is schematically depicted in Fig¬

ure 4.1. This is the case already discussed earlier and the relevant concentration of primary

particles in equation (4.6) is counted once. On the other hand, if we consider partial overlap

between the outer shells of the enclosing spheres of the clusters, i.e. clusters interpénétration,

where doubling of the concentration of primary particles is assumed in the overlap region,

we obtain the gelation time dependence on (p0 shown in Figure 4.9(b). Wesee that while in

Figure 4.9(a) the arrest and interconnection time become comparable at larger (p0 values, in

Figure 4.9(b) this does not occur and the interconnection time remains negligible for all (p0

values. This demonstrates that at higher volume fractions, i.e. (p0 > 1 x 10~3, the gelation

time values predicted by the model developed in this work can be very sensitive to the length

scale over which the clusters diffuse to interconnect.

Finally, we point out that at sufficiently high volume fractions hydrodynamic interactions

between aggregating clusters can be relevant. Therefore for a complete analysis of gelation

for these volume fractions one should incorporate these effects as well. Nevertheless, for the

above comparison between the model predictions and the Monte-Carlo simulations this is

not relevant as neither approach takes hydrodynamic interactions into account.

Finally, in order to have a general view of the gelation time under DLCAconditions, we

have computed, using the model, the arrest time as a function of the particle volume fraction

(po and primary particle diameter d0 = 2RP, and the results are shown in Figure 4.10. It can

be seen that small primary particles and large particle volume fractions lead to very small

arrest times, which explains the impossibility of performing detailed kinetic measurements

at large particle volume fractions under DLCAconditions [204].
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Figure 4.10. Calculation of the time (in minutes) in takes in DLCAconditions to reach <b* = 0.5.

The times are shown as contour lines as a function of the primary particle diameter do and of the

particle volume fraction <b.

4.5 Summary and conclusions

In this paper we have introduced a two-step model to describe the kinetics of gel formation

in colloidal dispersions, consisting of an aggregation and an interconnection step. The kinet¬

ics of the aggregation step has been described using the Smoluchowski aggregation equation

with the DLCAkernel (4.2) and this part of the model has been validated independently by

comparison with experimental data. This equation has been used to compute the volume

occupied by the aggregates in order to determine the arrest time, that is the time when the

clusters are caged and therefore the aggregation process is completed. The predicted ar¬

rest times have been compared to experimental estimates. Further, for the interconnection

step, a simple scaling model has been developed to predict the interconnection time and the

obtained values have been compared to experimental estimates obtained by DLS. Indepen¬

dently, we experimentally estimated the overall gelation time and compared the obtained

values to the gelation time calculated by summing the arrest and the interconnection times.

On the whole, the good agreement found between calculated and measured values suggests

that for the relatively low volume fractions considered, the kinetics of the gel formation pro¬

cess is governed by the aggregation process. The calculations of the arrest time shown in

Figure 4.10 have been discussed in more detail in publications making use of the gelation

model presented in this chapter [204-206].
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Finally, some considerations have been reported about the difficulty of extending the devel¬

oped model to larger values of the primary particle volume fraction, specifically in connec¬

tion with previous Monte-Carlo simulation results.





Chapter 5

Master Curves for Aggregation and

Gelation

In this chapter we transform the PBE and the light scattering model, which have been in¬

troduced in the previous chapter 3, into a dimensionless form in order to identify scaling

features and master curves inherent in the model equations.

5.1 Dimensionless structure and properties of single aggre¬

gates

The dimensionless radius of gyration, Qg>l, of a fractal cluster is related to its dimensionless

mass i through the fractal exponent df.

l = kf^R~)df = kf (Qg,ßdf, (5.1)

where Rp is the primary particle radius, and kf the fractal prefactor. However, the aggregates

produced in concentrated systems are relatively small and contain less than 100 primary

particles. In this case the applicability of equation (5.1) and of the general concept of fractal

geometry has to be questioned. For example, it has been shown in the context of colloidal

gels [207] obtained at (p0 > 0.01 that the non-fractal part, due to the smaller aggregates,

influences significantly the apparent fractal dimension estimated from the average structure

97
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factor {S(q)} measured by static light scattering. Since in this work we use light scattering

measurements to characterize the mass distribution of the aggregate as well as their structure,

we need to properly account for the deviations from the fractal behavior exhibited by the

smaller clusters.

Explicit dimensionless expressions for the individual cluster structure factor, the radius of

gyration (Qg>l = Rg}t/Rp) and the hydrodynamic radius (Qh,% = Rh,t/RP) for aggregates

composed of less than five particles, have been summarized in Tables 3.2 and 3.3 [173].

A detailed account of the structure of aggregates containing five or more primary particles,

can be obtained from the particle-particle correlation function g(r). A semi-empirical model

for g(r) has been discussed in chapter 3. Its dimensionless form is given by

Tgtl(s,df) = {Rlg(r)) = <

0 if s < 2,

^(Rp)25(s-2) ifs = 2,

atsbt if 2 < s < 4,

c,s^"3exp (- (p) J if s > 4.

(5.2)

where s = r/Rp is the dimensionless distance, while Ny"n, a%, b% and %are empirical di¬

mensionless functions of the cluster mass i and are calculated through the following general

relation

F* = d- c^'âlf (5-3)
(i - e)m + /

where the values of the parameters d, e, mand / [176] are reported in Table 3.1 for fractal

dimensions of df = 1.85 and 2.05, respectively. The dimensionless constant ct in equation

(5.2) is given by

%
1

_

/V
—

4 (Ab+:i
—

9b+3\
1

lynn 6+3 V^
L

I
c =

; ,. n /+ ,, n -y ^ (5.4)

(e)d/r(^)(i-rmc((
The dimensionless cutoff length £* in equations (5.2) and (5.4) characterizing the finite size

of the cluster can be calculated by

(5.5)

where the constant z has been consistently obtained within this approach to be equal to 0.957

and 0.91 for fractal dimensions of 1.85 and 2.05, respectively.
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The structure factor of an aggregate of dimensionless mass i can be calculated as the Fourier

transform of Tg}t(s, df) in dimensionless form as follows

St(Q,df) = \ (l + 4vr J"' s2Tg,(s)df)^^d^\ . (5.6)

where Q is the dimensionless scattering wave vector, given by

4tt/7
Q = Rpq = Rp—sm{e/2), (5.7)

Ao

and n is the refractive index of the solvent, A0 the wavelength of the incident light, and

9 the scattering angle. Two further properties of the aggregates are relevant to compute

characteristics of the aggregate distribution that can be estimated from the light scattering

measurements. The first one is the radius of gyration which is computed in dimensionless

form using Tg>l(s, df) as follows

R2 Iff00 \
^/) = ^ = 1 + ^(v1 + 47r/o s4Fg>t(s,df)ds), (5.8)

where Rg>p is the primary particle radius of gyration [176]. The second property is the hy¬

drodynamic radius, which can be computed using a simplified theory for the hydrodynamic

drag [208], assuming that the total drag is the sum of all the drag forces acting on the indi¬

vidual particles in the aggregate [177]. The model allows to provide an explicit equation for

the hydrodynamic radius of an aggregate with a structure described by Tg,i(s, df), which is

given by
D / POO \ "I

Qh,%{df) = -^ = i( l + 4vr / sTgtt{s,df)ds\ , (5.9)

where Rp is the hydrodynamic radius of primary particles. Analytical equations for both

Qg,i(df) and Qh,i{df) can be obtained when substituting equation (5.2) into equations (5.8),

and (5.9), respectively, and are reported elsewhere [176,177]. A further quantity, also ob¬

tained from Monte-Carlo simulation data [176] allows to calculate the dimensionless radius

of the smallest sphere enclosing the aggregate and is given by

Qci(df) = 1.65 J-Qg>t(df). (5.10)

This relation is valid for aggregates including more than four particles.
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5.2 Dimensionless aggregation kinetics

The time evolution of the cluster mass distribution (CMD) can be described by a set of

second order rate equations, the so called population balance equations (PBE), which have

been presented in dimensional form in equation (3.2). The matrix of aggregation rate con¬

stants K%3 has been reported in equation (3.3). As a reminder, the general expression K%3 =

KBW~lBvPv has been used, where KB = 8kBT/(3n) represents the collision rate con¬

stant of primary particles due to Brownian motion, kB being the Boltzmann constant, T

the absolute temperature and r\ the dynamic viscosity of the solvent. The primary particle

interactions are summarized in the stability ratio W, which is the ratio between KB and

the actual rate of aggregation between primary particles. In DLCAWis a function only

of the hydrodynamic interactions that occur upon aggregate collision and takes values in

the interval [0.5; 2] [172]. In RLCA, Whas to be estimated using suitable techniques from

experimental data [173,209]. The matrix B%3 denotes the size dependence of the diffusion

coefficient and the collision cross section of the aggregates and applies to both DLCAand

RLCA, respectively. The experimentally observed increasing reactivity of larger aggregates

in RLCA is quantitatively described by the matrix Pv [67, 173, 179], which is given by

the product of the masses of two colliding aggregates to the power of A. This expression

needs to be empirically corrected by restricting its values to the range Ph3 G [l;W] so that

Kl3 < KDLCA, since the DLCArate represents the upper limit of the cluster aggregation

rate at least sufficiently far from the gelation point. The exponent A characterizes how fast

the reactivity of aggregates grows with their mass and takes typically values in the inter¬

val [0.25; 0.5] for RLCA [21, 173, 179, 206]. In contrast, in the case of DLCAwe have

A = 0 [22]. Intermediate values of the exponent have been found for various aggregation

processes [36,38,40,42,47,48,173].

By introducing the following dimensionless time and number density of aggregates of mass

k

and

Nk
Xk =

-y: (5.12)
iVo

where A^ represents the initial number density of primary particles, the PBE (3.2) reduces
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to

dXk \ Y, B%3P%3X%{t)X3{t) - Y,B*PMt)X%{t) (5.13)
dr 2

i-\-3=k i

which can easily seen to be independent of the initial solid volume fraction (p0 and the sta¬

bility ratio W. In particular, by rewriting the term B%3P%3in dimensionless form we get

B%3P%3=
4

{Qhl + Qh]) {Qc,i + Qc,3) (Ü)A (5-14)

where the dimensionless hydrodynamic radius, Qh,% = Rh,%/Rv and the smallest enclos¬

ing sphere radius, gC}t = Rc,i/RP can be shown using equations (5.2), (5.8), (5.9), and

(5.10) to be functions only of the values of the parameters df and A (and of course of the

dimensionless mass). In other words, the solution Xk(r) of equation (5.13) provides the

aggregation kinetics for any value of the stability ratio, Wand of the initial primary par¬

ticle solid volume fraction (p0 (or equivalently their initial number concentration N0, i.e.

(po = v0N0 = (An/3)RpNo), as long as df and A are fixed. Werefer to such a solution in the

following as the master aggregation curve for fixed values of df and A.

5.3 Dimensionless averages of the CMD

The calculated time dependent CMD, i.e. Xt(r), is used to compute several dimensionless

ensemble averaged quantities that are experimentally measured using dynamic and static

light scattering. First, the dimensionless average structure factor is obtained by intensity

weighted averaging of the individual cluster structure factors given by equation (5.6)

/q(nr\j\\
Y,%^2Xl(T,X,df)Sl(Q,df)

(ô(Q,T,À,df))
= ———

, (5.15)
22ti2xt(T,\,df)

where we have explicitly indicated the parameters affecting the average structure factor.

Similarly, the dimensionless average radius of gyration is given by:

2,, , „ (Rg) EtZ X%{T,\df)Q2g>t{df)
?al' f,T))

R2,p E^xt(r,x,df)
(£ (^ df,r)) =

^-f
= ^''L'r;'* (5-16)

where q9)% is the dimensionless radius of gyration of an aggregate of i primary particles

given by equation (5.8). The dimensionless hydrodynamic radius (Qh,eff) is a more complex

average and depends on the shape of the CMD, the scattering wave vector, the rotational
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diffusion, the structure of the aggregates, and their internal dynamics (chapter 3). These

effects can be accounted for by the following equations [20-22,159]:

(Qh,eff(X,df,T,Q)) =

(Rh,eff)
Rn

Y,%i2Xt{T,\df)St{Q,df)

E, i*Xt{r, A, d,)St{Q, d,)Q£fftt{Q, df)
(5.17)

toÛffMdf) =

R, h,i

Rh,i,eff

1

2(A* (df))'

\

V

3dln St(Q,df)

d(yJ\QQaAdf))A )
dfQh,',
3q.

(5.18)

{QQg,% ~ l)
9,1

In the second equation the derivative of the logarithm of the structure factor needs to be

calculated and is given by

d\n.S(Q,i,df) 47T

d[JlQQg(t,df)
lQ2Qg(i,df)S(Q,i,df)i

x / s Tg(s}i}df)
'o

Qscos(A/fQs) - sin(WfQs)

IQ«
ds,

(5.19)

where the integral is performed numerically for the different parts in equation (5.2). The

factor (ß*)2 in equation (5.18) also deserves some comments. This in fact includes the effect

of the dimensionless translational and rotational hydrodynamic radii and the dimensionless

radius of gyration as follows [64,180]:

ißt (df))'
Qh,r,i(df)

Q9Àdf)QhAdfï
(5.20)

The dimensionless rotational hydrodynamic radius Qh,r,t(df) = Rh,r,t/RP has been explic¬

itly calculated from clusters generated by Monte-Carlo simulations using the Kirkwood-

Riseman theory for the cluster friction coefficient [180]. In particular, we used the expres¬

sion for F% = Qh,r,il'Qh,i in equation (5.3) with the parameters in Table 3.4. Qg>l and Qh,% are

computed as discussed in the context of equations (5.8) and (5.9).

It is worth noting that these different radii, including the dimensionless hydrodynamic radius

measured at different angles, can be regarded as different moments of the CMDand therefore

provide information on its polydispersity. In addition, by substituting the aggregation master
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distribution Xk(r) in equations (5.15), (5.16) and (5.17) it is readily seen that master curves

(i.e. independent of Wand (p0 or Ao), exist also for these radii. That is for a given aggregation

mechanism with fixed A and df, the average radius of gyration and the hydrodynamic radius

for a given Q = qRp are functions only of the dimensionless time r.

In addition to the above averages, three different types of effective volume fractions occupied

by the aggregating clusters can be computed from the CMD, similar to the one introduced

in equation (4.3). These quantities are defined as the sum of the volumes occupied by each

individual aggregate multiplied by the number of such aggregates per unit volume:

(px(r,X,df,(po) = (po ^2xt(T,X,df)Qltt(df), (5.21)

where, depending on the occupied volume of interest in equation (5.21), either the dimen¬

sionless radius of the enclosing sphere Qc,i(df) (5.10), the dimensionless radius of gyration

Qg,i(df) (5.8), or the dimensionless hydrodynamic radius Qh,i(df) (5-9) has been used in

equation (5.21) to compute the aggregate volume fraction. The volume fraction (bc is use¬

ful in quantifying when the increasing crowding brings clusters in close vicinity to each

other so that overlap and interpénétration among clusters starts. On the other hand, (bg char¬

acterizes when the centers of the aggregates, where most of the cluster mass is located,

come into closer vicinity and thus accounts for the crowding and packing of the system in

terms of the denser cores of the fractal aggregates. Finally, <bh can be helpful in evaluating

whether the increasing crowding in the system has an influence on the diffusive proper¬

ties of the clusters. At time t = 0, since only primary particles are present, the hydrody¬

namic and enclosing sphere radius coincide with the radius of the primary particles so that

(pc = (ph = (po = A^RpNo/3, whereas the volume fraction for the radius of gyration is

slightly smaller, i.e. (pg = (3/5)3/2(p0.

It is worth noting from equations (5.21) and (5.11) that these average volume fractions are

extensive quantities of the aggregating system and explicitly depend on (p0, although not on

W. The relevance of (p0 as an extensive coordinate for the aggregation process is illustrated

by the fact that at (p0 —0 aggregated colloidal systems are fluid-like, whereas at (p0 > 0.01

they typically undergo gelation.
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5.4 Conclusions

For homogeneous aggregation processes describable through the aggregation rate constants

in equation (5.14), aggregation master curves exist in form of the dimensionless CMD, X%.

In terms of the measurable radii master curves for the radius of gyration exist which only

depend on the parameters A and df. The hydrodynamic radius, on the other hand, depends

additionally on the dimensionless scattering wave vector Q = qRp. This makes an analysis

for different particle sizes more cumbersome as the product qRp has to be kept constant.

Master curves for the average structure factor as a function of Q will not result in a single

curve through its additional dependence on r. However, representation of (S(Q,T,X,df))

as a function of Q(gg (A, df,r)) eliminates the dependence on r. It is important to note

that the crossover from RLCAto DLCApredicted by the kernel (5.14) adds an additional

dependence to the parameters A and df, i.e. the stability ratio W, which determines, at what

dimensionless aggregate size the crossover occurs. As shown in chapter 3, gravitational

settling also influences significantly the predicted master curves. In conclusion, the latter

two mechanisms conceptually do not permit scaling of the aggregation kinetics on master

curves which depend on A and df only.



Chapter 6

Kinetic Master Curves for a Polystyrene

Colloid

The purpose of this chapter is to report and analyze various experiments performed in order

to rationalize the kinetics of aggregation and gelation at rather concentrated solid volume

fractions in the range of (0.004 < (p0 < 0.1), using a typical polystyrene colloid. Light

scattering and oscillatory shear measurements are used to characterize the progress of ag¬

gregation and gelation. The model analysis of the aggregation process is conducted using

the detailed population balance equation model presented in the previous chapter and the

computed averages are compared with the light scattering measurements. In particular, it is

tested whether an experimental master curve exists.

6.1 Experimental section

6.1.1 Light scattering

The light scattering measurements (both static and dynamic) reported in this chapter were

performed using a BI-200SM instrument (Brookhaven) with an Argon laser (Lexel 95 —2)

(wavelength A0 = 514.4nm), with an angular range of the goniometer from 8° to 150° and

a BI-9000 AT digital autocorrelator. The incident light is vertically polarized and a vertical

polarizer is mounted in front of the detector.

105
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In a static light scattering experiment we measure the average intensity, I(q), as a function of

the scattering wave vector q given by equation (2.9). The angular distribution of the scattered

light contains information about the structure of the colloidal system, in this case primary

particles and clusters. The structural information concerning the shape of the primary par¬

ticles is described by the form factor, P(q), [141,144], discussed in equation (4.10). The

structural information concerning the clusters is described by the average structure factor,

(S(q)), which for fractal aggregates often shows a power-law dependence on the scattering

wave vector q [21,22]. The measured scattered intensity as a function of the wave vector is

related to the form and average structure factor [141,144,210] by equation (4.11). In addi¬

tion to the average structure factor we obtain from the static light scattering data the average

radius of gyration (Rg) by using the Zimm plot [147]:

jsiàm = 1+lg2{R^ <61)

where the inverse of the measured intensity is plotted versus the square of the scattering wave

vector. The calculation of (S(q)) and (Rg) from the aggregation model has been shown in

chapters 2 and 5.

The analysis of a dynamic light scattering experiment has been discussed in chapters 3 and

4. The obtained scattering wave vector dependent effective hydrodynamic radius (Rh,eff(q))

is calculated from the aggregation model as discussed in chapter 3 and for the dimensionless

form in chapter 5.

6.1.2 Colloidal system and experimental protocols

Preparation of the polystyrene colloid

The polystyrene latex was prepared by emulsion polymerization [211] in our laboratory. The

procedure has been described in more detail elsewhere [26] and a typical batch polymeriza¬

tion recipe is composed of Ag of sodium dodecyl sulfate (CuH^SO^Na, SDS, Fluka) dis¬

solved in 480<jf of distilled water to which 120<jr of styrene monomer (Fluka) was added. The

resulting emulsion was stirred at 500rpm, stripped by nitrogen to remove oxygen and further

kept under a nitrogen atmosphere. The reaction temperature of the batch was set at 70°C and

polymerization was initiated by adding 0.6<jr of sodium peroxydisulfate (Na2S208, Fluka),

dissolved in a small amount of distilled water. The polymerization was monitored through
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Table 6.1. Reactions of the chain termination unit originated from a persulfate initiator in water [212].

(M)n - OS07 + H20 —-(M)n -OH + H2S04

(M)n -OH + 2S2028- + H20 -^ •(M)(ra_05) - COOH+ AHS07

temperature control of the cooling jacket of the reactor (exothermic reaction). The obtained

latex was stripped with nitrogen in order to eliminate any residual monomer.

The mean particle hydrodynamic radius was Rh,p = 33nm, measured with dynamic light

scattering (DLS) at an angle of 90°. The density of the particles is the typical one for

polystyrene with pp = 1.05kg/l, so that in aggregation experiments buoyancy matching

is possible through the use of heavy water (D20) [35, 77, 103]. A stock dispersion of

polystyrene latex with a solid volume fraction (p0 = 0.18, referred to as PS-SDS in the

following, has been used for all the experiments. This value has been calculated from the

weight fraction, determined from the dried solid mass (including polymer, initiator and sur¬

factant), through the knowledge of the respective densities. No further cleaning or dialysis

of the latex has been performed.

An important aspect with respect to the colloidal stability of this latex is the pFt [24,212]. In

Figure 6.1 is shown the pH of the latex measured as a function of the solid volume fraction,

where the same stock latex has been diluted with deionized water (milli-Q (Millipore)). This

acidic pH values can be explained by considering that the sulfate groups on the polymer

surface can react in the presence of a strong oxidizer, i.e. the initiator sodium peroxydisulfate,

with water [212,213] leading to sulfuric acid and to hydroxy and carboxylated groups on the

polymer surface, as reported in Table 6.1. Weconfirmed in separate experiments that the

acidity originates from the peroxydisulfate initiator.

Aggregation experiments

The aggregation experiments were performed at solid volume fractions of (p0 = 0.09, 0.05,

0.01, and 0.005. The sodium chloride concentrations used to destabilize the latex in order

to initiate aggregation were in the range 0.24 —0.5mo//7. The latex stock ((p0 = 0.18) has

been, where necessary, diluted to twice the volume fraction desired for the experiments. All

dilutions were done with deionized water (milli-Q (Millipore)). A concentration of twice

the desired salt solution concentration has been prepared in heavy water, so that the final
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Figure 6.1. pH measured as a function of the solid volume fraction, (po upon dilution of the original

stock latex. The line is a fit based on a linear relation between (po and the activity aH+ = 10_pH.

batch for aggregation was reasonably well density matched. In any case, for the cluster sizes

and volume fractions investigated in this work, the effect of sedimentation can be safely

neglected [173].

The aggregation experiments have been performed as follows. After the necessary pre-

dilution steps, equal amounts (1 : 1) of colloid and salt solution are mixed to obtain the

intended volume fraction (p0. The salt concentrations were selected so as to lead to aggrega¬

tion rates sufficiently slow to be monitored within 10h.

At chosen sampling times, samples of 0.1ml were taken from the aggregating dispersion.

The sampling was very carefully done with a pipette in order to minimize shear during

withdrawl. The samples were first diluted into 20ml deionized water and, in a second dilution

step, 0.5ml were again diluted into 10 —20ml deionized water. The exact protocol depended

on the initial (p0 and aggregation extent, and the dilution factors were chosen in order to

result in transparent dispersions suitable for light scattering measurements. The aim of this

dilution was also to stop the aggregation progress and in fact no change in the measured

values was detected over several weeks. It is worth mentioning that this dilution procedure

can change the CMDif the aggregation process is reversible. In particular, a decrease of the

effective aggregate size upon dilution would be expected. In order to check this point the

dilution procedure has been repeated with different dilution factors in the range from 10 to

1000, and the hydrodynamic radius at an angle of 90° has been measured in each case. No

change in the average aggregate size was observed thus indicating the irreversibility of the

0 05 01 015 02
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aggregation process under examination.

Modification of the polystyrene colloid

In order to investigate the effect of colloidal stability and in particular a different surface

chemistry on the aggregation/gelation process a second latex, in the following referred to

as PS-SDS-Triton, has been prepared by adding to the original latex a non-ionic surfactant,

i.e. Triton X-100 (Mw = 624.225g/mol). This was purchased chromatography grade from

Merck and used as received. The surfactant solution has been pre-diluted in deionized water.

Specific amounts of this solution were added to the original latex, resulting in a SDS-Triton

X-100 polystyrene latex, whose stability depends on the amount of Triton added. Large

amounts stabilize the latex against almost any amount of sodium chloride added to promote

aggregation, whereas small amounts have no measurable effect on the stability or aggrega¬

tion behavior of the latex [27-30]. Wefound that an aqueous Triton X-100 solution with a

Triton mole fraction of XTnton = 0.00298mol/mol, added to the polystyrene colloid to give

a mass fraction of w = 0.0756 and a polymer volume fraction of (p0 = 0.10, provides a

suitable overall stability behavior for the aggregation experiments. The so modified latex

was kept 12h to let Triton X-100 adsorb to the polystyrene surface. Thereafter, aggregation

was initiated by mixing equal amounts of a salt solution and the modified latex following

the usual dilution and quenching protocol of the aggregation experiments described above.

Note that also in these aggregation experiments different dilution factors did not result in a

decrease of the measured hydrodynamic radius at an angle of 90°. Therefore, at least under

these conditions, also the modified polystyrene aggregates irreversibly.

Small amplitude oscillatory shearing

In order to monitor the gel formation and estimate the gelation point, some aggregation

experiments have been performed inside a rheometer so as to take in-situ linear viscoelastic

measurements. A strain controlled rheometer (ARES Advanced Rheometric Expansion Sys¬

tem) from Rheometric Scientific has been used to perform the different measurements on

the latexes and gels. A couette geometry with the outer cylinder actuated by a motor and the

inner suspended by a torsion wire has been used. The gap between the bob and the outer

cylinder is 1mmand the bob length is 34mm. The rotating cylinder is temperature con¬

trolled at T = 25 ± 0.1°C in all the experiments. To prevent evaporation a soaked solvent
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trap has been attached on the outer rotating cylinder. For very long experiments we have

covered this trap with moistened towels to reduce solvent evaporation. The obtained data

are analyzed in terms of the elastic (G'(uj, t)) and the loss (G"(uj, t)) modulus as a function

of time. Since the measurement time is much shorter than the process characteristic time,

these measurements can be regarded as instantaneous. The samples were externally mixed

to equal amounts of salt solution and latex as in the aggregation experiment and then poured

into the couette cup. It is worth noting that extreme care must be taken in lowering the bob in

order to minimize shearing. With this precaution the measured time evolution of G'(uj, t) is

well reproducible within 5% variance. Additionally, we measured the frequency and strain

dependence of the elastic modulus of the final gels.

6.2 Results

6.2.1 Aggregation and gelation behavior of PS-SDS latexes

In this section, we discuss polystyrene latexes stabilized with SDS. We first analyze the

aggregation behavior of a particular aggregation experiment, performed at (p0 = 0.05 and

[NaCl] = 0.26mol/l. In Figure 6.2(a) the experimental average radius of gyration and

hydrodynamic radii, the latter measured at two angles, 9 = 30° and 90°, are shown as a

function of time. Note that in this figure and in the following we show the data of the average

radii not made dimensionless with the radius of the primary particles, which is a constant

anyway, for better readability of the dimensions of the aggregates. The aggregation model

contains three a priori unknown parameters: the fractal dimension df, the kernel exponent

A, and the stability ratio W. In Figure 6.2(a) four model calculations, corresponding to four

choices of the fractal dimension, i.e. df = 2.1 ( ), 1.95 (—), 1.8 (), and 1.7 (—), are

compared with the experimental data. In each case the best pair of values for the parameters

A and Whas been determined by fitting the time evolution of the radius of gyration. It

is seen that the obtained fits are hardly distinguishable. On the other hand the computed

average hydrodynamic radii exhibit some differences. In particular, we see that for larger

fractal dimensions the fit for both angles is good whereas for smaller fractal dimensions the

agreement with the data at an angle of 90° becomes better, and at 30°, worse.

From these results it can be concluded that for each given value of df one combination of A

and Wexists that can produce a substantially equivalent fit of the (Rg) and (Rheff) exper-
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Figure 6.2. Comparison of the experimental (symbols) average radii as a function of time at (bo =

0.05 and [NaCl] = 0.26mol/l with the model calculations for various fractal dimensions (lines):

(—) df = 2.1; (-•) df = 1.95; () df = 1.8; (-) df = 1.7. See Table 6.2 for further details of

the computations.

Table 6.2. RMSerror calculated with equation (6.2) for several optimal triplets of the parameters df,

A, and W, corresponding to the data in Figure 6.2.

df A W RMS

2.1 0.225 3.5 x 106 0.2229

1.95 0.200 3.3 x 106 0.2053

1.8 0.163 3.3 x 106 0.1931

1.7 0.140 3.4 x 106 0.1872

imental data. These results are summarized in Table 6.2, where for each given value of df,

the corresponding fitted pair of A and Wvalues is reported together with the corresponding

value of the percentage squared error defined by

rms =

\ i=i

(R9)rd - (Rg) exp

(Ro) mod
i = 1...ÏI, (6.2)

where n is the number of experimental points. Note that the calculated rms values confirm

that these data do not allow to determine the correct fractal dimension.

For this we have to consider the comparison between the experimental and calculated av-
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Figure 6.3. Comparison of the experimental average structure factors (symbols) with the model

calculations as a function of q for various aggregation times corresponding to the data in Fig. 6.2. (a)

(—) df = 2.1; (b) (—) df = 1.95; (c) ()df = 1.8; (d) (-) df = 1.7.

erage structure factors shown in Figure 6.3(a-d) for the four fractal dimensions considered

above. It is seen that the agreement between model and experimental data is best for the

fractal dimension df = 1.8. Wecan therefore conclude that the SDS stabilized polystyrene

particles at (p0 = 0.05 and [NaCl] = 0.26mol/l aggregate into clusters with a rather small

fractal dimension considering that the aggregation proceeds under relatively slow RLCA

conditions with a stability ratio ofW/ = 3.3xl06 and a kernel exponent A = 0.19.

Role of solid volume fraction and salt concentration

The modeling analysis described in the previous section has been repeated for aggregation

experiments performed at different salt concentrations, i.e. [NaCl] = 0.24mol/l,0.28mol/l,

0.30mol/l, and 0.32mol/l, and at the same solid volume fraction (p0 = 0.05. In all cases it
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Figure 6.4. Comparison of the experimental (symbols) average radii as a function of time with

the model calculations for df = 1.8 at <po = 0.05 and various salt concentrations, (a) [NaCl] =

0.24mol/l; (b) 0.28mol/l; (c) 0.30mol/l; (d) 0.32mol/l.

was found that the best fit was obtained using df = 1.8. The results for the average radii

are shown in Figure 6.4(a-d) and for the corresponding average static structure factors as

a function of q in Figure 6.5(a-d). It is seen that a good fitting of the experimental data is

obtained in each case. The corresponding pairs of Wand A are reported in Figure 6.8.

The measured time evolutions of the average radii measured at a larger solid volume fraction

(po = 0.09 for [NaCl] = 0.24mo//7 and 0.26mol/l, are compared in Figure 6.6(a) and (b),

respectively, with the model calculations obtained again by fixing df = 1.8 and fitting W

and A. The corresponding comparisons for the average structure factor are shown in Figure

6.6(c,d). The corresponding pairs of Wand A are reported in Figure 6.8.

Finally, two aggregation experiments have been performed at smaller solid volume fractions,

i.e. (po = 0.01 ([NaCl] = 0.32mol/l) and 0.005 (0.28mo///). The obtained experimental
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Figure 6.5. Comparison of the experimental (symbols) average structure factor as a function of q for

various aggregation times with the model calculations for df = 1.8 at <po = 0.05 and various salt

concentrations, (a) [NaCl] = 0.24mol/l; (b) 0.28mol/l; (c) 0.S0mol/l; (d) 0.32mol/l.

results are compared with the model calculations with df = 1.8 in Figure 6.7(a,b) for the av¬

erage radii and in Figure 6.7(c,d) for the average structure factors. The comparison between

model calculations and experimental data is in all cases satisfactory. The fitted values for the

parameters Wand A are shown in Figure 6.8(a) and 6.8(b), respectively as a function of the

salt concentration for different values of the solid volume fraction. It is seen that the varia¬

tion of the parameter A is modest and shows no trend with an average value equal to 0.182.

The stability ratio instead increases with decreasing solid volume fraction and shows, at least

for the data at (p0 = 0.05, a clear dependence on salt concentration following a power-law,

i.e. W« [NaCl]~x, with x = 13.14.
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Figure 6.6. Comparison of the experimental (symbols) average radii as a function of time with the

model calculations for df = 1.8 at <po = 0.09 and salt concentrations: (a) [NaCl] = 0.24mol/l;

(b) 0.26mol/l. Comparison of the experimental (symbols) average structure factor as a function of

q for various aggregation times with the model calculations for df = 1.8 at <po = 0.09 and salt

concentrations: (c) [NaCl] = 0.24mol/l; (d) 0.26mol/l.

Scaling - master curve for aggregation kinetics

Based on the developed aggregation model, as discussed in section 5.3, we expect to obtain

aggregation master curves for the average radii as a function of r, once the fractal dimension

and the kernel parameter A are constant. Wehave shown above that df = 1.8 is constant for

all the experimental conditions investigated. On the other hand, we can take also A constant

and equal to its average value A = 0.182, if we neglect the scattered variations with (p0 and

[NaCl] shown in Figure 6.8(a).

With this pair of A and Wvalues we can compute the master curve for the average radii as

a function of r. If a master curve exists, we should then be able to scale all the various ex-
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Figure 6.7. Comparison of the experimental (symbols) average radii as a function of time with the

model calculations for df = 1.8 and the volume fractions and salt concentrations: (a) <po = 0.01,

[NaCl] = 0.32mol/l; (b) 0.005, 0.28mol/l. Comparison of the experimental (symbols) average

structure factor as a function of q for various aggregation times with the model calculations for df =

1.8 and the volume fractions and salt concentrations: (c) <po = 0.01, [NaCl] = 0.32mol/l; (d) 0.005,

0.28mo//^.

perimental data considered above for the average radii on this master curve by selecting for

each experiment a proper value of the stability ratio, W. This is indeed possible, as shown

in Figure 6.9, and the obtained stability ratios are shown in Figure 6.8 (filled symbols). The

agreement between the stability ratios estimated from the direct fitting of the experimen¬

tal radii as a function of time and from master curve scaling is good, thus confirming the

consistency of the developed analysis.
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Figure 6.8. (a) Kernel parameter A as a function of salt concentration obtained by fitting the ex¬

perimental (Rg) values in Figs. 6.2, 6.4, 6.6(a,b) and 6.7(a,b) at various solid volume fractions: (o)

(bo = 0.05, (V) 0.09, (o) 0.01 (D) 0.005. (b) Stability ratio as a function of salt concentration at

various solid volume fractions: (o) <p0 = 0.05, (v) 0.09, (o) 0.01 (D) 0.005, (—) power law fit, from

fitting of the aggregation radii; (•) <po = 0.05, () 0.09, () 0.01 () 0.005, from the aggregation

master curve scaling; (+) <po = 0.05, (x) 0.09, from the gelation master curve scaling.

10 12 14 16

Figure 6.9. Aggregation master curve computed with df = 1.8 and A = 0.182 compared with ex¬

perimental data at various salt concentrations and solid volume fractions: ( V) [NaCl] = 0.24mol/l,

(bo = 0.05; (A) 0.26, 0.05; (o) 0.28, 0.05; (o) 0.30, 0.05; (D) 0.32, 0.05; () 0.24, 0.09; (•) 0.26,

0.09; (+) 0.32, 0.01; (x) 0.28, 0.005. The stability ratios used are reported in Fig. 6.8(b).

Colloidal stability

In the section above we have seen that using the stability ratios reported in Figure 6.8(b), all

the experimental data collapse on the aggregation master curve predicted by the model. In
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order to support further the reliability of this result, we have now to check the consistency of

the so obtained stability ratio values. It is seen from Figure 6.8 that the latex becomes more

stable upon dilution with deionized water. The stability ratio Wincreases approximately by

a factor of 3 when decreasing the solid volume fraction from (p0 = 0.09 to 0.05 at [NaCl] =

0.26mol/l. Through dilution with deionized water we might expect to desorb a presumably

small fraction of the SDS molecules adsorbed on the particle surface and consequently to

reduce the charge of the particles, thus decreasing their stability ratio. However, the contrary

is observed experimentally and the explanation is related to the hydrolysis reactions of the

sulfate group of the initiator discussed in section 6.1.2. Considering the reactions listed in

Table 6.1, we can expect the particle surface to be covered partly by sulfate and carboxyl

groups. In this case the charge of the particle, a, can be related to the surface potential tpo by

the following equation assuming additivity of the charges coming from the sulfate and the

carboxylgroups [24,26]

(T = -[ eiVc
. + eiTs(l-ac)\ , (6.3)

yi + 10-PHexp(-g!)/10-P* J

where Tc is the number density of chargeable carboxyl sites and Ts that of sulfate groups,

originating either from the initiator or from the surfactant, et is the elementary charge, ac de¬

scribes the degree of counterion binding [26] for the sulfate groups and K is the dissociation

constant of the carboxyl groups.

The electro-neutrality condition leads to the further constraint [1]:

o = -2et°KkBT[sinh(eirp0/(2kBT)) + -|- taiüi(e^0/(4fcBT))], (6.4)
ei kRp

where n~l = ^ee0kBT/(2Nac2Is) is the Debye length, Is = 1/2 J2k z\ck the ionic strength,

zk the valency of the ion and Ck its concentration, and ee0 is the total permittivity of the so¬

lution.

Equations (6.3), and (6.4) can be solved simultaneously for the surface charge, a and the

surface potential, tpo as a function of the site densities Ys and Yc, and pH and pK.

Within the DLVOtheory the total interaction potential can be approximated by

Vtot(h) = VA(h) + VER(h), (6.5)

where Va(Ii) is the attractive van der Waals potential,

t, ^
A ( 2 2

! f(2 + h/Rp)2-A\\
VÂh)

=

-j\(2 + li/Rp)2-A
+

(2 + h/Rp)2+ln{ (2 + h/Rp)2 ))
' (6'6)
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VEr is the electrostatic repulsive potential, for which we use the linearized form of the

Poisson-Boltzmann equation, i.e. the Debye-Hückel equation [24] in the case of constant

surface potential,

VER(li) = 2nRptto(tpo)2 In (1 + exp(-refr)) , (6.7)

W= 2RP J
,„„

Y/, dh, (6.8)

The stability ratio can be calculated from the above total interaction potential Vtot as follows

[24,29]

G(h)e^{Vtot(h)/(kBT)}

/o (2RP + h)2

where h is the surface to surface distance while G(h) accounts for the hydrodynamic effects

arising when particles come in close contact [214], and is given by

_

6(h/Rp)2 + I3(h/Rp) + 2

U{n)
6(h/Rp)2 + A(h/Rp)

' {°y)

Drawing on previous work [24,26,29,212,213,215] we have estimated the parameters re¬

quired in equations (6.3) to (6.7) in order to compute the stability ratio. The ratio of the

number density of carboxyl chargeable sites and the number density for the sulfate sites

from the surfactant and the initiator has been estimated from the recipe composition to be

approximately 0.08. Two parameters, i.e. the total charge density of sulfate groups and the

pK, were fitted in order to reproduce the stability ratios measured in Figure 6.8(b). The

values of the parameters are summarized in Table 6.3, and have been used in the model

calculations together with the pH values measured at the volume fractions (p0 = 0.09 and

0.05, i.e. 2.991 and 3.214, respectively. The so obtained values of the corresponding stability

ratios are equal to 1.1479 x 106 and 3.0525 x 106, in reasonable agreement with the data. It

is worth noting that due to the strong sensitivity of the stability ratio to the various parame¬

ters involved in its calculation, this simple model is meant only to support qualitatively the

observed values of the stability ratios and not to attempt their quantitative prediction.

Scaling - master curve for gelation kinetics

The gel formation kinetics for solid volume fractions (p0 = 0.05 and 0.09 and various salt

concentrations has been investigated using in-situ small strain oscillatory shear measure¬

ments. In particular, the elastic modulus G'(u>) has been monitored as a function of time

at a frequency of u = I00rad/sec as shown in Figure 6.10(a). It is seen that the gelation

time, defined as the measurable onset of a non-zero elasticity value, ranges from tg = 5min
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Table 6.3. Values of the parameters used in the stability model in equations (6.3) and (6.4).

Value Source

78.54 ref. [2]

8.854 x 10"12C2/J/m ref. [1,216]

1.38048 x 10"23 J/K ref. [216]

298. 15Ä" experimentally set

1.602 x 10"19C ref. [216]

6.023 x lO^mor1 ref. [216]

1.6 x 10"21J ref. [1,29]

3.2 fitted

0.855 x 1018m"2 fitted

0.0684 x 1018m"2 0.08 x Ys §

0.75 ref. [26]

Fig. 6.1 measured

§ estimated from polymerization recipe

to 8h, depending on the experimental conditions. Following the results reported above on

the aggregation master curve, also the elastic modulus data have been plotted as a function

of the dimensionless time, r in Figure 6.10(b). However, master curves for gelation, sim¬

ilar to the ones in Figure 6.10(b), can be obtained using several sets of stability ratios in

the definition of r. Therefore, the fitting procedure used to find reliable values of Wstarts

by adopting as the initial guess the interpolated values of Wobtained from the aggregation

master curve, shown in Figure 6.8(b). In order to improve the quality of the resulting master

curve, some stability ratios were readjusted to obtain the master curves for gelation shown

in Figure 6.10(b). The fitted stability ratios are compared in Figure 6.8(b) with the ones

obtained from the aggregation experiments and it is seen that they are in good agreement.

From the results in Figure 6.10(b) it is therefore seen that a master curve is obtained also for

the gelation kinetics.

It is worth noting that for the gelation kinetics two different master curves are obtained for

the two different values of the solid volume fraction. In particular, the dimensionless gel

time, Tg depends on the solid volume fraction <b0, and shorter dimensionless gel times are

found for larger (p0 values, but it is independent of the salt concentration or stability ratio.

eo

kB

T

ca

NA

A

pK

Ys

Yc

Ctc

pH
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Figure 6.10. (a) Measured values of the elastic modulus as a function of time, (b) Experimental

gelation master curve for various values of the salt concentration and the solid volume fraction: (o)

[NaCl] = 0.35mol/l, (bo = 0.05; (*) 0.32, 0.05; (+) 0.30, 0.05; (x) 0.28, 0.05; (o) 0.25, 0.05; ()

0.24, 0.09; () 0.26, 0.09. The stability ratios used are reported in Fig. 6.8(b). The same symbols

are used in (a) and (b).

0 2 4 6

Figure 6.11. Comparison between the different calculated cumulative occupied volume fractions

defined by (equation (4.3)) as a function of dimensionless time r for volume fractions at <po = 0.05:

(-) <j>8; ( ) </>g; () <bh\ and at 0o = 0.09: (-+) <j>8; (- - +) <j>g; (•••+) 0fc.

This is consistent with our previous observation that the cumulative occupied volume frac¬

tion defined by equation (4.3), when expressed as a function of the dimensionless time,

depends explicitly on (p0 but not on W. This is confirmed by the values of the respective cu-
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mulative volume fractions, (px shown in Figure 6.11 as a function of the dimensionless time

for the two solid volume fractions considered. It is seen that the occupied volume fractions at

(po = 0.09 grow faster as a function of the dimensionless time than those at (p0 = 0.05. Since

this growth represents the increase in the crowding of the system that eventually leads to

gelation, it is reasonable to expect that the gelation point occurs earlier, as indeed indicated

by the experimental data in Figure 6.10(b).

6.2.2 Aggregation and gelation behavior of PS-SDS-Triton latexes

In the following we consider the aggregation behavior of PS-SDS-Triton latex, which is the

same PS-SDS latex considered above but further stabilized through the addition of Triton X-

100. The values of the average radii measured in two independent experimental runs at a salt

concentration of [NaCl] = 0.5mol/l and a solid volume fraction of (p0 = 0.05 are shown as

a function of time in Figure 6.12(a). The corresponding experimental structure factors are

shown in Figure 6.12(b) and (c). Following the same fitting procedure described above, the

following model parameter values have been found: df = 1.75, A = 0 and W= 1.75 x 106.

From the comparison of the model results with the experimental data, shown in the same

Figure 6.12, it can be seen that the agreement is again satisfactory although probably not as

good as for the PS-SDS latexes.

Aggregation and gelation master curves for PS-SDS-Triton

The same values of the average radii are shown in Figure 6.13 as a function of the dimen¬

sionless time, r. A comparison with the aggregation master curve of the PS-SDS latex shows

clearly that the addition of Triton has strongly changed the aggregation behavior of the sys¬

tem and specifically that the shape of the master curve is bending down compared to the

bending up observed for PS-SDS.

This together with the value of A = 0 confirms for a slow RLCA process with a large

stability ratio and an aggregation mechanism with a clear power-law growth typically found

for DLCA.

To examine this behavior further in comparison to the one found for PS-SDS in Figure 6.9,

we show in Figure 6.14 a comparison between the cumulative aggregate volume fractions

for the PS-SDS and the PS-SDS-Triton latex as a function of dimensionless time, r. These

calculations correspond to the experimental and model conditions considered in Figures 6.9
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Figure 6.12. Comparison of the experimental (symbols) (a) average radii as a function of time and

(b) and (c) the average structure factors as a function of q with the model calculations with df = 1.75,

W= 1.75 x 106 and A = 0. PS-SDS-Triton latex at (p0 = 0.05 and [NaCl] = 0.5mol/l.

and 6.12, and both are for a solid volume fraction (p0 = 0.05. The results in Figure 6.14

indicate that we can expect a larger dimensionless gelation time for the PS-SDS-Triton latex

due to the slower crowding of the formed aggregates.

This is confirmed by the experimental values of the elastic modulus G' shown in Figure

6.15 for two repeated gelation experiments conducted at the same operating conditions, i.e.

[NaCl] = 0.5mol/l and (p0 = 0.05, as a function of the dimensionless time r. The same

stability ratio W= 1.75 x 106 obtained from the aggregation experiment has been used

to scale the rheological data. Indeed, as expected, the dimensionless gelation time for the

PS-SDS-Triton latex is significantly larger than the one found earlier for the PS-SDS latex.
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Figure 6.13. Master aggregation curve for the model calculations for df = 1.75 and A = 0 and the

experimental data in Fig. 6.12 (symbols are the same).

Colloidal stability of PS-SDS-Triton

With respect to the stabilization effect of the addition of Triton X-100, we have seen in the

previous section that this exhibits at (p0 = 0.05 and [NaCl] = 0.5mol/l a stability ratio

equal to 1.75 x 106. A similar value of W, for the same (p0 is exhibited by the PS-SDS

latex at [NaCl] = 0.26mol/l (see Figure 6.8). Such a change in the salt concentration re¬

quired to achieve a given stability ratio is in good qualitative agreement with literature studies

on the additionally stabilizing effect of Triton X-100 on polystyrene colloids (although the

polystyrene used therein is initially stabilized differently) [28-30].

6.2.3 Presence and loss of strain hardening

The gels produced in the aggregation experiments described above have been further inves¬

tigated by testing the frequency and strain dependence of the elastic modulus. The elastic

and loss modulus of the gels exhibited no sensible frequency dependence and behaved as

expected for elastic solids. The results were similar to the ones reported in Figure 1 of

ref [77].

In Figure 6.16 are shown the elastic moduli normalized with respect to their approximated

zero strain value as a function of the applied strain 7 at a frequency of u = I0rad/s, mea¬

sured in an oscillatory shear experiment. The three independent gel samples prepared using

the PS-SDS latex at [NaCl] = 0.28, 0.30, and 0.32mol/l, are shown to exhibit strain hard-
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Figure 6.14. Comparison of calculated cumulative occupied volume fractions defined by equation

(4.3) as a function of dimensionless time r at <bo = 0.05 for PS-SDS and PS-SDS-Triton latexes.

PS-SDS: (-) (bs; (—) (ba; () <t>h; and PS-SDS-Triton: (-.) </>,; (- - .) </>fl; (••••) fa.

ening. This behavior was observed for all gels prepared from PS-SDS latexes. In the same

figure are shown two measurements performed on the PS-SDS-Triton gels. Obviously, the

additional adsorption of Triton X-100 on the polystyrene surface has changed the bonding

force between the particles in the gel network, resulting in a different resistance to shear,

including the loss of the strain hardening effect. This is confirmed by the different elastic

moduli for the two systems, i.e. G'(^ —0) = 2600dyn/cm2 for PS-SDS and 800dyn/cm2

for PS-SDS-Triton.

This latter finding can be explained by the effect of steric stabilization on the particle-particle

separation distance within an aggregate or gel [36,40,43,104-107]. Particles stabilized by

electrostatic forces as in the PS-SDS system aggregate in the deep primary minimum set by

the attractive dispersion forces and thus exhibit a strong bond strength. A steric contribution

in the form of an adsorbed or grafted non-ionic surfactant prevents a close approach of the

particle surfaces, and therefore leads to a weaker interparticle bond and to a smaller elastic

modulus.

Justifying the loss of strain hardening is more complex. Strain hardening [77] is related to

the properties of the gel backbone, its connectivity and the strength of the bonds among pri¬

mary particles. An applied strain stretches the contorted backbone of the gel and lengthens

it. This results in an increased rigidity of the modified stress bearing path. This increased
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120

Figure 6.15. Elastic modulus values as a function of dimensionless time r for a PS-SDS-Triton latex

at <bo = 0.05 and [NaCl] = O.hmol/l. The stability ratio is the same as in the aggregation master

curve in Fig. 6.12, i.e. W= 1.75 x 106. (D) and (Q) are repetitions.

rigidity is measurable as an increased elastic modulus until the stretched bonds break and the

gel collapses. If the bonds are weaker and do not resist bending and sliding as can be reason¬

ably expected when steric layers are present on the particle surface, the network is less stiff

and accommodates the stress by subtle rearrangement until the bonds are overstretched and

break. Thus we expect that both gels will show approximately the same yield strain above

which they both collapse. This is indeed observed in Figure 6.16. The surface modifica¬

tion with a non-ionic surfactant therefore not only changes the aggregation behavior but also

directly affects the final rheology of the gels formed at the end of the aggregation process.

This underlines the importance of the interaction potential for the kinetics of the processes

but also for the structure of the resulting aggregates and gels and for the related mechanical

properties.

6.3 Discussion

Some general comments concerning the comparison of the model calculations with the ex¬

perimental data are in order. The calculation of the average properties in equations (2.7),

(2.5), and (2.6), as described in section 5.3 for a given CMD, is valid for dilute conditions

only, where direct and hydrodynamic interactions among clusters are absent (except when

directly undergoing aggregation). The light scattering of aggregation processes at concen-
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Figure 6.16. Normalized elastic modulus G'('y) / G'('y —> 0) as a function of strain, 7 for PS-

SDS gels ((*),(x),(+)) at [NaCl] = 0.28, 0.30, 0.32mol/l and PS-SDS-Triton ((D), (O)) at

[NaCl] = 0.hmol/l. The average elastic modulus is G'(^ —> 0) = 2605dyn/cm2 for PS-SDS and

800dyn/cm2 for PS-SDS-Triton.

trated solid volume fractions can therefore not directly be analyzed with the present model.

In order to avoid the presence of these interactions for a particular measurement at a given

aggregation time, the various calculated averages have to be compared with experimental

data measured after diluting the concentrated sample. Consequently, sampling and diluting

from the concentrated conditions at which the experiment is performed is crucial for the

comparison to the calculated values. In addition, the CMDand the aggregate structure must

not change upon dilution for this approach to be applicable. These requirements have been

checked and confirmed for the aggregated samples investigated in this study. To be clear,

the computed CMDis the one for the solid volume fraction identical to the experimental

one. Only the averaging of the CMDis performed with the equations (2.7), (2.5), and (2.6)

valid for dilute conditions which corresponds to the quenched and diluted sampling proce¬

dure. The applied experimental procedure however is sound and allows the analysis of the

aggregation kinetics up to solid volume fractions up to (p0 = 0.09, as demonstrated in this

work.



128 6. Kinetic Master Curves for a Polystyrene Colloid

6.3.1 The cluster mass distribution

The analysis reported above has shown that the model provides a good representation of the

aggregation process in terms of the three different average radii of the CMD. This implies

that the model reproduces not only the behavior of one average of the CMDbut also of

its polydispersity. The fact that the existence of an aggregation master curve, predicted by

the model, has been verified experimentally further supports the reliability of the developed

model. Considering the relatively large solid volume fractions investigated in this work we

should expect the presence of correlations among particles and clusters, which are often

used as an argument against the applicability and validity of the PBE(5.13). Although these

correlations are definitely present, they do not influence the overall aggregation behavior at

least in the conditions examined in this work. Three-body, or even many-body interactions

have apparently no significant effect on the aggregation event itself.

The probably most unexpected result is the existence of also a gelation master curve, based

on the same dimensionless time used for the aggregation master curve, which implies that the

developed kinetic aggregation model remains valid, at least within a certain approximation

factor, up to the gelation point, i.e. to conditions where the system is so crowded that the

simple second order aggregation kinetics would be expected to fail.

On the other hand the experiments performed with the PS-SDS and PS-SDS-Triton latex

indicate that the above conclusion and particularly the existence of kinetic master curves is

subjected to the conditions of having constant surface chemistry. The introduction of a steric

surfactant in the original latex drastically changed its aggregation behavior, starting from the

value of the kernel parameter A.

6.3.2 Aggregate structure and aggregation behavior

The analysis of the average aggregate structure factor in Figures 6.3, 6.5, 6.6, and 6.7 re¬

veals that the aggregates formed at various salt concentrations and volume fractions exhibit

a similar structure. The slope of the logarithm of the average structure factor as a function

of the logarithm of q evolves from values below unity to approximately 1.6 —1.7, depend¬

ing on when the last set of data for a particular run were taken. These data have been well

reproduced by the developed model which uses a constant value of the fractal dimension

and properly accounts for the polydispersity of the CMDevolving in time, and for the non-

fractal behavior exhibited by the smaller aggregates. The latter is especially relevant in the
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investigated q vector range where the length scales of small aggregates is important.

The low fractal dimension df = 1.8 estimated by comparing model and experimental results

is however surprising. In DLCAa fractal dimension between df = 1.7 to 1.8 is expected to

originate from the high reactivity of the clusters that aggregate upon every collision. This

prevents the aggregates to interpenetrate significantly thus resulting in open structures. In

RLCAthe relatively small reactivity of clusters is expected to allow them to interpenetrate

to a much larger extent than in DLCAthus resulting in larger fractal dimension such as df =

2.1. The aggregation process analyzed in this work is in the slow, RLCA-like, aggregation

regime, clearly proven by the large values of the stability ratio. However, the estimated value

of the fractal dimension was 1.8, i.e. significantly smaller than the one expected in RLCA.

This may be due to the fact that the aggregates considered in this work may exhibit a signif¬

icantly reduced ability to interpenetrate each other with respect to the classical RLCAcase.

One possible explanation of this behavior is based on the realistic observation that aggre¬

gates of polymeric primary particles are rather flexible objects. This means that the exterior,

extended parts of a reference aggregate, where interpénétration is supposed to take place,

can be envisioned as excluded volumes for the branches of other aggregates in its proxim¬

ity which is caused by a significant relative movement of various branches of the reference

aggregate. This wavy motion prevents other clusters from interpénétration and restricts the

aggregation attempts to the outer surface of the clusters, resulting in relatively small fractal

dimensions.

The parameter A of the aggregation kernel characterizes how strongly the reactivity of an

aggregate depends on its dimensionless mass i. In this work the product kernel expression

Pl3 = (ij)x has been used to describe the reactivity dependence of the kernel on the mass i.

In this respective a classification scheme for homogeneous kernels in terms of the structure

of the kernel has been provided by van Dongen and Ernst [56]. Their classification scheme

makes use of an exponent Xde which is related to the A in the matrix P%3 through A = Xde/2

[56]. This last relation connects our kernel parameter A to other results in the literature where

the classification scheme of van Dongen and Ernst has been used directly [36-40].

The PS-SDS and the PS-SDS-Triton latexes studied in this chapter exhibited, although ag¬

gregating in the slow RLCAregime, surprisingly small fractal dimensions equal to 1.8 and

1.75, and kernel parameter values of A = 0.182 and 0, respectively.

Wehave investigated in chapter 4 the same PS-SDS latex but in the DLCAregime and found

that the aggregate growth is characterized through the parameter values A = 0 and df = 1.7,
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which are typical for DLCA.

This is in agreement with a literature study [37] of polystyrene colloids of various sizes in

the DLCAregime, where it was shown that two bare polystyrene colloids with Rp = 92

and I2lnm exhibited fractal dimensions and kernel parameters expected for DLCA, i.e.

XDE = 0.05 with df = 1.79, and XDE = 0.03 with df = 1.74. On the other hand, a latex

with a smaller radius, Rp = 20nm, additionally stabilized with SDS, exhibited in DLCA

a surprisingly large fractal dimension equal to 2.41, although Xde remained small and was

equal to 0.06.

In a further study the same authors [36] investigated again polystyrene colloids of vari¬

ous sizes and showed that for bare particles with Rp = I20nm the DLCAregime with

Xde = 0.03 and df = 1.74 and the RLCAregime with XDe = 0.85 and df = 2.0 was

confirmed. Further results on an SDS stabilized polystyrene with Rp = 20nm showed a

decrease of the fractal dimension from 2.75 to 2.32 as a function of the increasing salt con¬

centration. A fractal dimension typical of DLCAwas however not observed, even at the

highest salt concentrations. The values of the parameter XDe were instead for high elec¬

trolyte concentrations typical for DLCA, i.e. close to zero, and took at lower electrolyte

concentrations a value of A = 0.6.

Another recent study [40] in dilute conditions (0O ~ 8 x 10~6) using bare polystyrene par¬

ticles with Rp = 50nm showed the expected decrease of the parameter XDe with increasing

electrolyte concentration (the change from RLCAto DLCAwhen increasing the salt con¬

centration). It is worth noting that the slowest aggregation kinetics for bare polystyrene was

characterized through Xde ~ 0.5, which corresponds to a A ~ 0.25, in good agreement with

our results at significantly higher solid volume fractions.

In addition they investigated this polystyrene at high electrolyte concentrations (DLCA) at

various degrees of coverage with a protein molecule and demonstrated a dependence of the

parameter Xde on the degree of surface coverage. Although the value of A was changed

through adsorption of a presumably neutral polymer in their study and in ours, the opposite

trend was observed. In our case of high solid volume fractions in RLCA-type conditions a

decrease of A has been observed upon increasing the coverage with Triton X-100, whereas

their study in DLCA-type conditions revealed a increase of A with increasing coverage.

The results in these literature studies [36-40] in dilute conditions (fa œ1 x 10~5) together

with our results at much higher solid volume fractions raise the question whether universal

DLCAand RLCAregimes for polymeric particles actually exist and how and to what ex-
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tent the aggregation behavior depends on the particular surface chemistry and the respective

preparation of the latex. More experiments are needed in order to understand this complex

interplay of the surface chemistry of aggregating particles, their kinetic aggregation behavior

(A) and their structure, at various solid volume fractions.

6.4 Conclusions

In this chapter we developed a model based on PBEin dimensionless form for the aggrega¬

tion of colloidal dispersions in non-sheared conditions. Wereported a set of data at relatively

large solid volume fractions (fa < 0.1), well characterized in terms of various moments of

the CMDmeasured by LS, i.e. the gyration and hydrodynamic radii and the average struc¬

ture factor, and rheological measurements, where the gelation point has been estimated as

the point of onset of a nonzero elastic modulus. The good agreement of the experimental and

model results prove the existence of an aggregation master curve that describes the average

radii as a function of the dimensionless time, r for various Wand fa values, as long as A and

df, which are the parameters describing the aggregation kernel and aggregate structure, are

fixed. In addition to the aggregation master curve it is found that using the same dimension¬

less time a normalized curve is obtained also for the gelation kinetics. This indicates that,

at least for the examined conditions, the developed model based on PBE can be extended

up to the formation of a gel phase. Further experimental runs conducted with a differently

stabilized polystyrene latex indicated that surface chemistry plays a fundamental role in de¬

termining not only the stability ratio, Wbut also the aggregation kinetics through the value

of A as well as the intrinsic structure of the aggregates. This is for example demonstrated by

the disappearance of the strain hardening effect upon addition of a further steric stabilization

of the polymer latex.





Chapter 7

Kinetic Master Curves for a Fluorinated

Polymer Colloid

This chapter continues the kinetic analysis of aggregation and gel formation in colloidal dis¬

persions started in the previous chapter using a different polymeric colloid. In a previous

related work we investigated the kinetics of aggregation for this colloid in moderately con¬

centrated systems using light scattering [173]. In this chapter we extend this analysis to more

concentrated systems and include gel formation. In particular, independent estimates of the

gel formation times have been obtained by small amplitude oscillatory shear experiments,

and compared to the aggregation kinetics investigated by light scattering.

7.1 Experimental section

7.1.1 Colloidal system

The colloidal system used in this work is a fluorinated polymer latex (polytetra-fluoroethyl-

fluoromefhyl ether, MFA®)produced by emulsion copolymerization by Solexis S.p.A., Italy.

The spherical particles are practically monodisperse with a mean hydrodynamic radius of

Rp = 37.5nm. They are stabilized by a surfactant mixture of a non-ionic surfactant (CnFmOs)

and an ionic surfactant (CnFmOs NH^), both with an average molecular weight of Mw~

500g/mol. The fluorinated particles have a refractive index (1.35) close to that of water

133
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(1.33), which allows light scattering studies at relatively high solid volume fractions without

concerns about multiple scattering. The density of the particles is (as typical for fluorinated

polymers) rather high with p = 2.14kg/l so that caution has to be taken about sedimentation

effects [173]. A further important feature is the partial crystallinity of the fluorinated parti¬

cles giving rise to a measurable intrinsic optical anisotropy. A stock solution of MFA®latex

with fa = 0.15 has been used for all experiments. Its volume fraction has been calculated

from the weight fraction after determining the dried solid mass of the latex, and knowing the

respective densities.

7.1.2 Aggregation experiment

Before starting each aggregation experiment the stock solution mentioned above was diluted

to reach twice the desired solid volume fraction value, fa. For this we used pure water

(milli-Q (Millipore) deionized water) or the liquid phase of the stock solution itself (mother

liquor, ML). The latter was obtained by centrifuging the colloid at 21000rpm and decanting

the supernatant. Weconfirmed by light scattering that the mother liquor contained no de¬

tectable traces of polymer particles. These different dilution media have an important effect

on the surface chemistry and then on the stability of the primary particles as discussed in the

following sections. Finally, the obtained latex is mixed (1:1) with a suitable salt solution

in order to obtain the desired solid volume fraction fa and the desired salt concentration.

Sodium chloride concentrations ranging from 0.0107mol/l to 0.017mol/l have been used,

which lead to aggregation rates that can be well monitored within 10h. A summary of the

experimental conditions is given in Table 7.1.

At fixed times, samples of 0.1ml were taken out from the aggregating dispersion. Sampling

was carefully done with a pipette in order to minimize shear during withdrawl. The samples

were diluted into 10 —20 ml deionized water, depending on the initial fa, resulting in trans¬

parent dispersions. The aggregates formed are rather strong so that we do not expect any

changes in the CMDor aggregate structure upon dilution [163]. Moreover, this procedure

stops aggregation and in fact no change in the measured values was detected over several

weeks. Therefore, all light scattering measurements can be performed on the same sample.

The applied dilution procedure could in principle change the CMDif the aggregation pro¬

cess is reversible. In this case, a decrease of the effective aggregate size would have to be

observed upon dilution, since thermodynamic equilibrium would drive the average radius to
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Table 7.1. Operating conditions for the aggregation and gelation experimental runs.

No. fa [NaCl]lmoW dilution W

with

1» 0.09 0.0129 H20 1.70 x 10

2» 0.09 0.0110 H20 1.0 x 106

t ML=mother liquor

0 Aggregation experiment

§ Gelation experiment

5

3» 0.05 0.0156 H20 1.2 x 105

4» 0.05 0.0133 H20 6.5 x 105

5» 0.05 0.0131 H20 1.2 x 106

6» 0.05 0.0127 H2O 1.525 x 106

7» 0.006 0.0151 ML+ 7.9 x 105

8» 0.004 0.0151 ML+ 9.25 x 105

9§ 0.09 0.0130 H20 1.20 x 105

10§ 0.09 0.0111 H20 8.70 xlO5

11§ 0.09 0.0107 H20 1.68 x10e

12§ 0.05 0.0170 H20 4.02 x 104

13§ 0.05 0.0160 H20 8.55 x 104

14§ 0.05 0.0150 H20 1.91 x 105

15§ 0.05 0.0140 H20 4.51 x 105

16§ 0.05 0.0125 H20 2.10 x 106

smaller sizes due to reverse aggregation. This however, has not been observed in any of our

samples. The reproducibility of the runs has been checked.

7.1.3 Light scattering

The light scattering measurements (both static and dynamic) were performed, as in the previ¬

ous chapters, using the BI-200SM instrument (Brookhaven) with Argon laser (Lexel 95 —2)

(wavelength 514.5nm), with an angular range of the goniometer from 8° to 150° and a BI-
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9000 AT digital autocorrelator. The incident light is vertically polarized and a vertical or

horizontal polarizer is mounted in front of the detector. Therefore we can measure both the

vertical-vertical as well as the vertical-horizontal polarized scattered intensities.

Static light scattering

Since for similar, although not identical fluorinated polymer colloids, the issue of anisotropic

scattering has been found to play a role [210,217,218], in the following we include this

aspect in treating our scattering data. In particular, the static light scattering of anisotropic

particles, with the incident light vertically polarized and the detected light either vertically

or horizontally polarized, can be described as follows, where we approximate the particles

as point scatterers whose spatial arrangement is described with a structure factor (S(q)):

[144,210]

Ivv(q) = N [a2(S(q))P(q) + (4/45)(2] , (7.1)

IVH(q) = (1/15)N(2, (7.2)

where IVv is the vertical-vertical and IVh the vertical-horizontal polarized scattered in¬

tensity, N is the number of scatterers of volume V, a is the excess polarizability of the

particles with respect to the solvent (the refractive index difference is Anr œ0.02) and (

is the anisotropy of the particle polarizability. Equations (7.1) and (7.2) can be rewritten

as [144,210]

Ivv(q) = Lso(q) + (A/3)IVH(q), (7.3)

which allows to compute the isotropic scattering intensity Ilso. Since Ilso(q) = Na2 (S(q))P(q)

we can extract the structure factor (S(q)), which is the quantity calculated by the model

described in chapter 5. In order to extract (S(q)) we rewrite Ilso in the common form

[145,148,173]

w§ = MMp®> (7-4)

The form factor for particles of Rp = 37.5nm is given by the usual equation (4.10). Besides

the structure factor we extract from the SLS data also the average radius of gyration (Rg) by

using equation (6.1) (the Zimm plot analysis [147]). For this equation it is of course equally

crucial to extract the isotropic part of the scattering intensity when analyzing the data.
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Dynamic light scattering

Similar to the case of SLS, we have to account for the particle anisotropy in DLS as well.

The relevant equations for the autocorrelation function for the isotropic part and the vertical-

vertical and vertical-horizontal polarization parts are given by

\Ivv(q,t)\ = \It80(q,t)\ + (A/3)\IVH(q,t)\, (7.5)

with the notation \I(q, t)\ = (I(q, 0)1 (q, t))T and where [218]

\Iiso(q, t) I oc m2a2S(q) exp (-Deffq2t) , (7.6)

\IVH(q,t)\ oc m(2exp (-Deffq2t) exp (-60e//£) , (7.7)

and mis the mass of a particle or cluster and 6e// its effective rotational diffusion coeffi¬

cient. For a distribution of clusters as considered in this work, the full correlation function

is of course the sum over all cluster sizes. However, the equations above allow to isolate

the relevant features for our purposes, which is the evaluation of the average effective dif¬

fusion coefficient (Deff) of the CMDwhich is related to the isotropic correlation function

\hso(q,t)\- Importantly, the contributions of isotropic and anisotropic scattering are differ¬

ently weighted in equations (7.6) and (7.7): in \Ilso(q, t)\ the total amplitude depends on the

square of the mass and the optical mismatch between solvent and particle refractive index;

\IvH(q, t)\, however, depends only on mand the optical anisotropy of the particles. It can

therefore be shown, whether the anisotropic scattering in \IVH(q, t)\ contributes to the scat¬

tering signal or not by simply subtracting the separately measured anisotropic correlation

function \IVH(q,t)\ from the total correlation function \Ivv(q,t)\ measured with vertical-

vertical polarization. If the signal is dominated by the optical excess polarizability a and the

weighting with the square of mass from the isotropic scattering, it would then be possible to

neglect the effect of the anisotropic scattering.

After obtaining the isotropic correlation function we use the cumulant procedure that we

have discussed in the previous chapter 3. Note, that in order to apply the cumulant analy¬

sis we have to first normalize the above correlation function with the baseline to obtain the

normalized intensity weighted time averaged autocorrelation function. The subsequent pro¬

cedure to obtain the first cumulant Ti is identical. Ti is then related to the effective diffusion

coefficient of the aggregate or particle population and to its effective hydrodynamic radius

by equation (3.8). Note that without isolating the isotropic part the interpretation is not
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straightforward as the first cumulant for vertical-vertical and vertical-horizontal scattering,

respectively, is given by

Yiyv = (Deff)q2 + 6[l/(l + H)]{eeff), (7.8)

where H is the ratio between the amplitudes of the correlation functions (VV and VH), and

YiyH = {Deff)q2 + 6{Qeff). (7.9)

7.1.4 Small amplitude oscillatory shearing

In order to monitor the gel formation and to determine an estimate of the gel point, linear

viscoelastic measurements have been performed simultaneously to the aggregation experi¬

ments as already discussed in the previous chapter, section 6.1.2. Also in these experiments,

to prevent evaporation a soaked solvent trap has been attached on the outer rotating cylin¬

der. For very long experiments we have covered this trap with moistened towels to reduce

solvent evaporation. The data analysis is identical to the one in section 6.1.2. The samples

were externally mixed as described in the aggregation experiment and then poured into the

couette cup. Similar to the experiments with polystyrene, the measured time evolution of

G'(u),t) is reproducible within 5% variance. Also for MFA®we measured the frequency

and strain dependence of the elastic modulus of the final gels.

7.2 Results and discussion

7.2.1 Anisotropy of MFA®particles

As mentioned above, anisotropic scattering has been found to play a significant role for flu¬

orinated latexes similar to those considered in this work [210,217,218]. For this, since all

the model equations described in section 5 are based on models for isotropic scattering, it

is first necessary to estimate the influence of particle anisotropy on the measured scattered

intensities. Consequently, samples of a typical aggregation experiment at (p0 = 0.006 have

been analyzed first with VV and subsequently with VHpolarization. The corresponding in¬

tensities of the static isotropic scattering as a function of q have been obtained using equation

(7.3). It was found that the Ivv signal was much larger than the Ivh one for all the aggre¬

gation times considered. This is seen in Figure 7.1, where the ratio of the vertical-vertical
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Figure 7.1. Ratio of the vertical-vertical polarized light to the isotropically scattered light intensity

as a function of the scattering wave vector q for various samples taken at different aggregation times.

(—) average values.

polarized to the isotropic scattered intensities as a function of q is shown for various aggre¬

gation times. It appears that the contribution of the anisotropic scattering (Ivh) is always

below 8%and moreover that all the data fall on the same curve. This finding can be used to

simplify the analysis of the SLS data by measuring only the Ivv(q) signal and then correct¬

ing it for anisotropic scattering using the curve in Figure 7.1 as a function of q. From the

so obtained isotropic scattering intensities one can then extract the average structure factor

(S(q)) and the average radius of gyration (Rg) using equations (7.4) to (6.1). Wefound

that when considering all the scattering data reported in this work, independently of the av¬

erage aggregate size (or aggregation time), the (Rg) values obtained without correcting for

anisotropic scattering were overestimated by about 5%. It is worth noting that this procedure

is valid as long as all the examined samples have approximately the same volume fraction

after dilution, which is indeed the case for the quenched samples considered in this work.

In DLS we can subtract the vertical-horizontal polarized intensity correlation function from

the vertical-vertical polarized one in order to obtain the isotropic intensity correlation func¬

tion, as shown by equation (7.5). Wecan then estimate the importance of anisotropic scat¬

tering by computing the first cumulant Yi(q) separately from \Ivv(q, t)\ and \IÏSO(q, t)\, and

then using equation (3.8) to calculate in both cases the apparent diffusion coefficient. In

Figure 7.2 we show the so obtained apparent diffusion coefficients as a function of q for

one typical sample (aggregation time t = 414min). Since we have seen in Figure 7.1 that

+ t=5 mm

v t=61 mm

* t=162min

A t=260 mm

t=323 mm

o t=414mm

x t=560 mm

—

average
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Figure 7.2. Effective diffusion coefficient as a function of q. (Deff) values estimated from the

isotropic correlation function are compared to those obtained from the total vertical-vertical polarized

correlation function.

all the samples at different aggregation times exhibit the same ratio of Ivv(q) to Ivii(q) in

SLS and since no measurable difference can be evidenced in Figure 7.2, in the following

we considered only the \Ivv(q,t)\ intensity correlation function, thus avoiding the tedious

procedure of measuring both polarized and depolarized autocorrelation functions.

7.2.2 Aggregation irreversibility and strain hardening

In order to check the presence of reversible aggregation, several experiments have been per¬

formed by diluting various aggregated samples by factors varying from 50 to 1000 and mea¬

suring the hydrodynamic radius after one hour and one day. A small increase was found in

the measured values as a function of dilution which however exhibited a maximum variation

of 6%, contrary to what expected in the presence of reversible aggregation. Accordingly,

we ruled out the presence of reversible aggregation in all the experiments described in this

work.

Another test of the irreversibility of aggregation is the rheological behavior of the final gels.

In Figure 7.3 the normalized elastic modulus G'^/G'^ —0) is shown as a function of

the strain 7 at a frequency of u = I0rad/sec for three gel samples prepared at fa = 0.05.

It appears that MFA®gels exhibit strain hardening [77], which is typically found only in

strongly aggregated polymer colloids (surfactant free polystyrene) [77] and is not observed

in relatively weakly aggregated samples (polystyrene with a steric polymer layer) [104]. This
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Figure 7.3. Strain hardening behavior of the MFA®gels at fa = 0.05. The data show the normalized

elastic modulus G"(7)/G"(7 —>0) as a function of the strain, 7, for three different gels prepared at a

salt concentration of [NaCl] = 0.0127mol/l (average G'(j - 0) = 1188Myn/cm2).

is a further support for the irreversibility of the aggregation process of the MFA®particles

and the corresponding strong bonds between primary particles.

7.2.3 Aggregation behavior

In order to best analyze the aggregation kinetics, let us first consider in detail the model

interpretation of the experimental run at a solid volume fraction fa = 0.05 and salt concen¬

tration [NaCl] = 0.0131mol/l, i.e. run 5 in Table 7.1. The time evolutions of the average

(Rg) and the averages (Rh,eff) measured at two different scattering angles 9 = 90° and 30°

are shown in Figure 7.4 (symbols). Note that here and in the following we show the data

of the average radii not made dimensionless with the radius of the primary particles (which

is the same in all the experiments considered in this work) for better readability of the di¬

mension of the aggregates. The time evolutions of the corresponding static structure factors

are shown in Figure 7.5 (symbols). From these data we have, at each aggregation time con¬

sidered, four independent averages of the CMDwhich we can now use to estimate the three

unknown parameters appearing in the aggregation model, i.e. df, X and W. For this, we first

set df = 2.05, which is the typical value of the fractal dimension for slow RLCAaggrega¬

tion processes, and fit the values of A and W. The best result obtained is represented by the

dashed curves in Figure 7.4, which correspond to A = 0.11 and W= 9.3 x 105. The solid

o

6

O Ô
x

5,
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Figure 7.4. Experimental average radius of gyration, (Rg) and average hydrodynamic radius

(Rh,eff) measured at two different angles 6 = 90° and 6 = 30° as a function of time. The aggrega¬

tion experiment is run 5 in Table 7.1. The lines are model calculations: (—): df = 1.7, A = 0.08 and

W= l.2x 106. ( ): df = 2.05, A = 0.11 and W= 9.3 x 105.

curves in the same figure are instead computed by fixing df = 1.7 and again fitting A = 0.08

and W= 1.2 x 106 to obtain the best possible representation of the experimental data. It is

seen that the fit of the (Rg) values is equally good in the two cases. On the other hand, in the

first case both (Rh>eff) values are reasonably well reproduced, while in the second case the

agreement is better for the data at 9 = 90° but poorer for those at 9 = 30°. The conclusion

of this exercise is that, for every given value of df between 1.7 to 2.1, there exists a unique

pair of A and Wvalues which provide an equally good fit of the experimental data in Figure

7.4. Note that all the values of Wfitted with this procedure fall within a narrow interval

and it would be difficult to discriminate reliably among them even with ad-hoc experiments

designed to measure W.

In order to resolve this ambiguity and identify the right set of parameters we consider the

measured structure factors in Figure 7.5. A comparison of the structure factors computed

with the two model parameter sets reported above, i.e. df = 1.7, A = 0.08 and W= 1.2 x 106

and df = 2.05, A = 0.11 and W= 9.3 x 105, with the experimental data is shown in Figures

7.5(a) and 7.5(b), respectively. Note that the measured structure factors are in the Gunnier

regime and therefore the slope of log((S(q, t))) versus log(q) does not represent the fractal

dimension. Additionally, this slope is influenced by the evolution of the CMDat the early

aggregation times and the non-fractal behavior of small aggregates [207]. It is apparent
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Figure 7.5. Experimental average structure factor, (S(q)), at various aggregation times (symbols)

for the same aggregation experiment considered in Figure 7.4. The model calculations correspond to

two different parameter sets: (a) df = 1.7, A = 0.08 and W= 1.2 x 106. (b): df = 2.05, A = 0.11

and W= 9.3x 105.

that a better agreement between model and experiments is obtained when the lower fractal

dimension df = 1.7 is used in the computations. Actually, this set of model parameter values

provides the best fit of all the data in Figures 7.4 and 7.5 when considering the however small

differences in the rms-error between experimental and model results.

It is worth noting that the aggregation process investigated above exhibits two unusual fea¬

tures. First, although the aggregation process is significantly slower than in a fully desta¬

bilized system, the time evolution of the average radii in Figure 7.4 follows a power-law

kinetics, which is typical of DLCA, rather than the exponential kinetics typical of RLCA.

Second, this slow aggregation process exhibits an unusually low fractal dimension df = 1.7.

7.2.4 Scaling - master curves for aggregation

By analyzing the model equations in section 5 we have demonstrated the existence of master

curves representing the dimensionless average radii (q9(t, A, df)) and (Qh(Q, t, A, df)), and

the structure factors (S(Q,r,X,df)) as a function of the dimensionless time, r, for a fixed

set of values for the parameters Q = qRp, X, and df. Wecan now check experimentally the

existence of such an experimental master curve. For this we first calculate the master curves

for the different radii predicted by the model using the values of the adjustable parameters
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Figure 7.6. Master curve for the average radius of gyration, (Rg) and average hydrodynamic radius

(Rh,eff) measured at two different angles 6 = 90° and 30° as a function of the dimensionless time r

for runs 1-8 summarized in Table 7.1 at various solid volume fractions and salt concentrations: (xj):

fa = 0.05, [NaCl] = 0.0131mol/l; (A): 0.05, 0.0156; (D): 0.05, 0.0134; (o): 0.05, 0.0127; (o)

(repetition): 0.05, 0.0127; (•): 0.09, 0.011; (): 0.09, 0.0129; (<): 0.006, 0.01508; (): 0.004,

0.01508.

determined in the previous section, i.e. df = 1.7, A = 0.08, and W= 1.2 x 106. The so

obtained master curves are shown in Figure 7.6 (solid lines). Next we consider the aggre¬

gation experiments No. 1-8 in Table 7.1, performed at various solid volume fractions and

salt concentrations, and for each of them we estimate the value of Wsuch that the curve of

the experimental radii as a function of the dimensionless time, r, superimposes to the calcu¬

lated master curve. The obtained values of Ware listed for each experimental run in the last

column of Table 7.1. The good scaling obtained for all the experimental data in Figure 7.6

confirms the applicability of the model, although one could expect that other pairs of values

for A and df would lead to comparable results.

To deepen this point we turn again to the analysis of the static structure factors of the ex¬

periments No. 1-8 in Table 7.1 as shown in Figure 7.7. From the model analysis in sec¬

tion 5 we have seen that a master curve for the average static structure factor as a function

of r is obtained by scaling the scattering wave vector Q = qRp. In order to eliminate

the dimensionless time dependence of (S), we scale Q with the dimensionless average

radius of gyration {gg(T,X,df)). This is verified experimentally in Figure 7.7 where the

measured (S(Q,r,X,df)) are reported as a function of Q(gg(T,X,df)), using the exper-
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Figure 7.7. Master curves for the experimental dimensionless average structure factor,

(S(Q, t, A, df)), for the runs 1-8 in Table 7.1. The dimensionless Q vector is scaled with the di¬

mensionless average radius of gyration, (qq(t, A, df)), shown in Figure 7.6 in order to obtain a time

independent master curve.

imental (Rg(r,X,df))/Rp values in Figure 7.6. It is obvious from the master curve for

(S(Q, t, A, df)) that besides the kinetic behavior also the structure of the aggregates is pre¬

served independently of the experimental conditions. Similar to the case of run 5 above,

also in this case we found that the pair of values leading to the best agreement between

experiment and calculated structure factors is df = 1.7 and A = 0.08.

In order to further support the reliability of this analysis we have to analyze the physico-

chemical consistency of the estimated values of the stability ratios reported in Table 7.1.

This is done in the next section.

7.2.5 Interpretation of the measured stability ratios

As shown in the previous section, all the considered experimental data fall on a single mas¬

ter curve, shown in Figure 7.6, obtained by scaling time with the number concentration of

particles N0 = fa/v0 and the stability ratio Waccording to equation (5.11). The values of

the stability ratios estimated for the aggregation experiments 1 to 6 in Table 7.1 are shown

in Figure 7.8 for solid volume fractions fa = 0.05 and 0.09 as a function of the salt concen¬

tration. It is seen that the data sets at both volume fractions can be described by a power-law

dependence on the salt concentration exhibiting an exponent of about —12.4, which is shown
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Figure 7.8. Stability ratios for the scaling of the aggregation kinetics in Figure 7.6 and for the gelation

kinetics in Figure 7.13 as a function of salt concentration (runs 1-6 in Table 7.1). For aggregation

kinetics: : fa = 0.05; D: fa = 0.09. For gelation kinetics: •: fa = 0.05; o: fa = 0.09. Solid

lines are power law fits to the data with W~ c-12 45. Dashed lines are calculations of Wusing the

stability model in equations (7.10) to (7.14) with the parameters in Table 7.2.

by the solid lines in the same figure. One important result, which needs to be explained, is

that the stability ratios for a given salt concentration are significantly different for the two

solid volume fractions. Since in all the experiments in Figure 7.8 dilution was done using

deionized water, one could expect some surfactant desorption to occur upon dilution. This

would lead to latexes less stable upon dilution, and therefore to stability ratio values decreas¬

ing as the solid volume fraction decreases, which is the opposite of what observed in Figure

7.8.

In order to understand this result, we have to consider more closely the behavior of the

stabilizing surfactant mixture. As mentioned in section 7.1.1, this involves a carboxylated

surfactant whose charging behavior is pH-sensitive, meaning that the charge of the latex

is determined by the deprotonation equilibria of the carboxylic surfactant hydrophylic end-

groups [24]. Since upon dilution with distilled water we change the pH of the colloidal

system, we expect this to change also the surface charge of the particles. To clarify this point

we measured the pH of the MFA®colloid upon dilution with distilled water and the results

are shown in Figure 7.9. It is seen that indeed the pH changes upon dilution and thus also

the surface charge of the colloid.
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Figure 7.9. pH measured as a function of solid volume fraction of the MFA®colloid (). The line

is a fit based on a simple relation between latex dilution and the activity (fa = x a#+ = x 10_pH).

(D) are the interpolated data for the two volume fractions considered in this work.

To quantify this, we use a model for the colloidal stability based on the DLVOtheory [24,29].

Within this model, the charging can be described by a relation between the surface charge

a, the pH and the pK. Considering the dissociation of the surface carboxylic groups at

equilibrium, with K being the dissociation constant (pK = —log10 K), the equation for the

surface charge is given by

1 + asH/K

where et is the elementary charge, Ytot the surface coverage of chargeable sites and asH is

the surface activity of protons. This can be related through the so called diffuse layer model

(DLM) [24] to the surface potential ip0 by

aH = aHexp(——-), (7.11)
kBT

where a# is directly related to the pH = —log10 an- In addition, for electro-neutrality we

have that equation (6.4) applies [1]. Solving equations (7.10), (7.11) and (6.4) simultane¬

ously determines the value of the surface charge and the surface potential as a function of

Ytot, pH and pK.

The total interaction potential between two particles can be calculated within the DLVO

theory as the sum of the attractive and repulsive contributions. In the case of a surfactant

mixture containing an ionic and a steric surfactant the total interaction potential Vtot(h) at a
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Table 7.2. Values of the parameters used in the model for the stability ratio (7.10) to (7.14).

Parameter Value Source

Pp 2.14 x 103kg/m3 ref. [219]

Rp 37.5 x 10"9m measured, DLS

e 78.54 ref. [2]

eo 8.854 x 10"12C2/J/m ref. [1,216]

i) 0.8909 x 10-3kg/m/s ref. [216]

kB 1.38048 x W'23 J/K ref. [216]

T 298.15K experimentally set

ca 1.602 x 10"19C ref. [216]

NA 6.023 x lO^mor1 ref. [216]

A 3.0 x 10"21J ref. [2,220]

pK 3.1 fitting

pH Figure 7.9 measured

Ytot 0.0452 x 1018m"2 fitting

Mw 500 x 10-3kg/mol ref. [219]

Vi 18.0683 x W-6m3/mol ref. [219] calculated

<j>f 0.085 fitting

X 0.47 ref. [29], estimated

is 1.0 x 10"9m ref. [29], estimated

Pf 1.9 x 103kg/m3 ref. [219], estimated

surface to surface distance h can be computed as follows [29]

Vtot(h) = VA(h) + VER(h) + VElas(li) + V0sm(h), (7.12)

where Va(Ii) is the attractive van der Waals potential given by equation (6.6), and Ver is

the electrostatic repulsive potential, for which we use the Debye-Hückel approximation in

the case of a constant surface potential upon approach of the two particle surfaces, given by

equation (6.7) [24].

The osmotic interaction potential Vosm is due to the steric surfactant present on the surface

of the particles. Once the surfactant macromolecules overlap upon approach of the surfaces,

the osmotic pressure rises due to the locally increased polymer concentration. This leads to
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an osmotic potential given by [29,221]

'o if2£s<h,

V0sm(h) = I 4^^2(0.5 - x)(£s ~ |)2 if is <h< 2£s, (7.13)

*^BTNAm5-x)(&-i-M&) xh<es,

where x is the Flory-Huggins interaction parameter determining whether the potential is

attractive or repulsive, £s is the thickness of the steric surfactant layer, (pf is the volume

fraction of the steric surfactant on the particle surface and V\ its molar volume. Whenh < £s

the surfactant molecules start to compress giving rise to a repulsive elastic potential, given

by

Jo if £s < h,
VElas\il) =

\
„ „ „2, m ,

.. oA q A

|2^s^,f,fJVA(,ln(,(3-^)2) _ g^^ + 3(l _ ,)} ifh< ^

(7.14)

where p/ is the density of the surfactant molecules and Mwits molecular weight.

The stability ratio can be calculated using the total interaction potential (7.12) by equation

(6.8) [24,29], where the G(h) function describing the hydrodynamic effects once particles

come in close contact [214] is again given by equation (6.9).

It is worth noticing that in the analysis above many approximations have been introduced

starting from the additivity assumption in equation (7.12) [15]. Although the a priori calcu¬

lation of the stability ratio is not feasible, we are interested here in providing some quanti¬

tative support to the values of Wobtained in Figure 7.8, for which we use the rather simple

DLVOtheory.

All the parameters used in these calculations have been evaluated independently as summa¬

rized in Table 7.2, where the corresponding literature sources are also indicated. The only

exceptions are the carboxylic groups dissociation constant, K (pK), and surface molecular

density, Ytot, as well as the surface fraction of the steric surfactant (pf. These have been

estimated as to fit the values of the stability ratio in Figure 7.8 leading to the dashed curves

shown in the same figure. The experimentally measured pH values (shown in Figure 7.9)

have been used for the two solid volume fractions. It is to be noted that the values estimated

for the three fitting parameters above are realistic when considering the original recipe of the

polymerization.

Considering the intrinsic limitations of these computations we can conclude that the stability

ratios estimated in Figure 7.8 are physically consistent with the change in the stability of the
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Figure 7.10. Scaling of the average radius of gyration, (Rg) and the average hydrodynamic radius

(Rh,eff) measured at an angle 6 = 90° and reported in ref. [173] onto the master curve determined

in Figure 7.6 as a function of the dimensionless time r. The various solid volume fractions and salt

concentrations are reported in Table 7.3: (A): run A; (+): run B; (y): run C; (o): run D; (D): run

E; (*): runF.

colloid upon dilution due to pH variations. This supports the reliability of the kinetic model

of the aggregation process reported above which led to the identification of the aggregation

master curves shown in Figure 7.8.

7.2.6 Role of surface chemistry

The aggregation behavior of the MFA®particles has been studied in our previous work

[173,206] as a function of fa in the range below fa < 0.05. It was found that for dilute vol¬

ume fractions, i.e. fa < 0.006, the aggregation kinetics could be modelled with a constant

A = 0.25 and df = 2.1. The latter value however was not obtained from static light scattering

experiments but chosen as a value typical for RLCA. Between 0.006 < fa < 0.015 interme¬

diate values of A were needed while at even higher volume fractions, i.e. 0.05 > fa > 0.02,

a constant A = 0.05 was again obtained always with the same df = 2.1 [206]. This latter

value of the fractal dimension is probably chosen too high considering the low fractal dimen¬

sions found in this work, in particular for the aggregation kinetics at fa = 0.05, investigated

in both studies. Therefore we reanalyze the data of our previous work [173] using the mas¬

ter curve for the average radii obtained in this work, i.e. with the parameters A = 0.08 and
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Table 7.3. Operating conditions for the aggregation experimental runs in ref. [173,206], where the

colloidal system was modified with SDSand diluted with deionized water.

No. (po [NaCl]/moW WW W^

A 0.0008 0.50 2.67 x 105 3.8 x 105

B 0.0020 0.50 9.50 x 105 1.3 x 106

C 0.0060 0.50 2.00 x 106 2.7 x 106

D 0.0150 0.50 1.04 x 106 2.2 x 106

E 0.0200 0.48 1.94 x 106 5.3 x 106

F 0.0500 0.15 4.41 x 106 9.9 x 106

11 value measured in ref. [173]

§ value estimated from master curve

df = 1.7. In Figure 7.10 is shown the master curve predicted with these parameters and the

data scaled on the master curves by estimating a suitable stability ratio for each solid vol¬

ume fraction. In Table 7.3 the experimental conditions together with the measured stability

ratio of our previous work [173] are reported and the latter is compared to the stability ratios

estimated from scaling the data on the master curves. It is seen that at short dimensionless

times r < 2 all the experimental data can be scaled on the master curves. Only the two runs

D and F in Figure 7.10 contain data for longer dimensionless times. For these, rather small

discrepancies with the master curve are observed for run F but stronger ones for run D. All

the measured stability ratios are smaller than the ones estimated from the master curve in

Table 7.3 by at most a factor of 3. This is probably slightly larger than the experimental er¬

ror inherent to the technique used [173,222]. It is therefore difficult to conclude whether our

previous data are describable through the master curves calculated in this work. In particu¬

lar, the analysis suggests that there is indeed some dependence on the solid volume fraction,

which has been described in our previous work through a solid volume fraction dependent

value of A.

This different behavior can be explained by considering that in those experiments, in the

attempt of preventing emulsifier desorption upon dilution, additional amounts of sodium

dodecyl sulfate (SDS) surfactant were added to the stock solution. This probably had a

significant effect on the surface chemistry of the polymer particles, involving the complex
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competitive adsorption of two ionic and some steric surfactant [30]. Indeed, a cleaner sys¬

tem has been considered in this work where only deionized water has been used to dilute

the samples. In order to verify the presence of an effect of dilution due to changes in the

surface chemistry of the particles, two aggregation experiments have been performed (7 and

8 in Table 7.1) where dilution was made with the emulsion mother liquor so as to maintain

unchanged the liquid, and therefore also the polymer surface composition. In particular, two

samples at solid volume fractions fa = 0.006 and 0.004, where different values of A were

obtained in our previous work, have been considered. It was found that the measured time

evolution of (Rg) and (Rh,eff) can be scaled well on the aggregation master curve in Figure

7.6 and the structure factors on the respective master curve in Figure 7.7 using a stability

ratio of W= 9.25 x 105 for fa = 0.004 and W= 7.9 x 105 for fa = 0.006, but the same

value of A and df. The two estimated stability ratios should ideally take the same value since

they correspond to the presumably same liquid phase composition. Indeed, only a small dif¬

ference is observed, which can be explained by the strong sensitivity of the latex to possible

small changes in pH or salt concentration upon dilution.

This allows us to conclude that the previously observed dependence of A on fa was due to

major changes in the liquid phase composition upon dilution which induce changes in the

polymer surface chemistry as to profoundly effect the aggregation kinetics to the extent that

this deviates from the master curve behavior identified for the other experimental runs. This

indicates that limitations exist to the validity of these master curves, where boundaries need

to be further investigated.

7.2.7 Scaling - master curve for gelation

The aggregation experiments at fa = 0.05 and fa = 0.09 led to the formation of gels,

which exhibit significant elastic moduli as shown in Figure 7.3 (average elastic modulus

at fa = 0.05 is G'(7 —0) = ll88.0dyn/cm2). During aggregation towards gelation

the volume fraction occupied by the clusters increases over time due to their open (fractal)

structure [103,112]. It is therefore instructive to examine the time evolution of the various

cumulative occupied volume fractions defined in equation (5.21) in order to extract useful

information concerning the crowding and the dynamic and kinetic arrest of the system. One

issue that we want to address specifically is how far the master curve behavior observed

above for the first part of the aggregation process extends towards the formation of a gel.
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Figure 7.11. Cumulative occupied volumes fractions, <bx, defined by equation (5.21) as a function of

the dimensionless time for fa = 0.05 and 0.09.
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Figure 7.12. The elastic modulus as a function of time for two initial volume fractions and various

salt concentrations (runs 9-16 in Table 7.1). (•): run 9; (): run 10; (): run 11; (v): run 12; (x):

run 13; (D): run 14; (*): run 15; (o): run 16.

The evolution of the three cumulative occupied volume fractions calculated by the model

validated above as a function of the dimensionless time r is shown in Figure 7.11 for the two

solid volume fractions for which gel formation was observed. The range of dimensionless

times covered in these computations is the same as the one considered for the experimental

data and modeling results shown in Figure 7.6. It can be seen that, as discussed above in the

context of equation (5.21), the evolution of (px is independent of W, but not of fa. In partie-

if
y t
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ular, for higher volume fractions the system evolves faster towards a significantly crowded

state. By comparison with the data in Figure 7.6, it can be seen that, for dimensionless times

where the aggregation kinetics can still be measured, values of (pc significantly larger than

one are obtained, which indicate states characterized by a significant overlapping between

clusters. The corresponding values of (pg are smaller than one, indicating that the centers

of mass, expressed through Rg>l of the individual clusters, do not yet approach overlap con¬

ditions. On the other hand the even smaller values of fa suggest, that the hydrodynamic

properties of the individual clusters are not yet significantly influenced by the increasingly

crowded dispersion.

Considering the different evolution of (px as a function of r for the two initial solid volume

fractions, one would expect faster gelation for the more concentrated system. To analyze

this, the evolution of the elastic modulus G' as a function of time is shown in Figure 7.12 for

the experimental runs 9-16 in Table 7.1. From these curves the gelation time, tg, has been

estimated as a first approximation as the time value at which G' first takes non zero values

and the obtained values are reported in Figure 7.13. However, the conclusion of the analysis

that follows are not affected by the specific definition used for estimating tg. As expected

it is seen that the gelation time decreases significantly as Wdecreases and fa increases,

covering about two orders of magnitude. It is now interesting to see if the G' curves exhibit

the same kind of scaling found for the average radii and the structure factor of the CMD

during aggregation. Since, as discussed in the context of Figure 7.11, the crowding of the

system depends on fa, it is expected that also the dimensionless gel time, rg, is affected

by fa and therefore the scaling of the G' curves as a function of r is shown separately for

fa = 0.05 and fa = 0.09 in Figure 7.13(a) and (b). The value of Wused in the computation

of the dimensionless time, r, with equation (5.11) to scale the data on the master curves

should ideally be given by the solid line in Figure 7.8. It appears that the G' curves collapse

significantly by using values of Wshown as circles in Figure 7.8, in very good agreement

with the predictions from the aggregation experiment. This leads roughly to the same value

of dimensionless gelation times, rg, which is approximately 25 and 50 for fa = 0.05 and

0.09, respectively.

This result provides further support to the reliability of the kinetic aggregation model devel¬

oped in this work. In particular, it is worth noting that the mean-field approach of the PBE

model used in this work provides, at least in the conditions investigated in this work, reliable

results of the aggregation kinetics in colloidal dispersions up to the formation of a gel phase
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Figure 7.13. The elastic modulus as a function of dimensionless time for two initial volume fractions

and various salt concentrations (runs 9-16 in Table 7.1). (a) fa = 0.05 and (b) fa = 0.09.

- a result to a certain extent unexpected for mean-field approaches.

7.3 General discussion and concluding remarks

In this article we have investigated the aggregation and gelation kinetics of a particular poly¬

meric colloid, i.e. MFA®. It has been found that, at least for the investigated operating

conditions with solid volume fractions fa < 0.1, the same aggregation behavior described

by a single master curve, which is predicted by the kinetic model using a single pair of values

df = 1.7 and A = 0.08, is obtained for any value of Wand fa. However, significant devi¬

ations from such a kinetic master curve, corresponding to different values of df and A, are

observed if the liquid phase is significantly changed, leading to different surface composition

and therefore stability characteristics of the polymer colloid. More detailed investigations

are required to quantitatively define the entity of such changes. In this connection care has

to be taken since in the experiments a change in solid volume fraction often goes along with

a significant change in the liquid phase composition and then in the surface chemistry of

the polymer particles which may result in changes in the aggregation behavior that can be

misinterpreted as caused by changes in fa.

It is worth pointing out that the developed kinetic aggregation model, constituted by a set

of population balance equations based on second order aggregation kinetics, has been vali¬

dated for several operating conditions using different moments of the CMD, i.e. the average



156 7. Kinetic Master Curves for a Fluorinated Polymer Colloid

gyration and hydrodynamic radii, the average structure factor as well as the gelation time.

It should be pointed out that the experimental investigations of the aggregation behavior

using the light scattering model in section 5 at such high concentration values (fa < 0.1)

has been made possible through the carefully validated dilution procedures described in sec¬

tion 7.1.2, which allow to directly compare the experimental data to the model results. This

is because the light scattering model equations are developed for dilute conditions and do

not account for direct cluster interactions which influence the light scattering measurements

at solid volume fractions larger than fa > 0.01. The reliability of the model predictions,

which should be confirmed using other aggregation systems, is remarkable, since in these

conditions one might expect any mean-field approach to fail due to correlations between ag¬

gregates. The dimensionless time based on second order kinetics can be successfully used to

scale gelation kinetics for various conditions onto volume fraction dependent master curves

for gelation. This finding supports the applicability of PBEeven for relatively crowded sus¬

pensions, such as those at the gelation point, although no information about the detailed

mechanism of gel formation and growth has been provided here.

In terms of important technical details, we have shown that the optical anisotropy of the

colloidal particles reported in the literature for a similar fluorinated polymer [210,217,218]

does not influence our light scattering analysis of the process. In addition, although the

particles exhibit a low refractive index (1.35), the bonds between particles are strong and

result in irreversible aggregation and even the formation of gels exhibiting strain harden¬

ing. The analysis of the light scattering data with the detailed aggregation model revealed

two unusual characteristics of the aggregation process. First, a power-law behavior of the

time evolution of (Rg) and (Rh,eff) has been observed, typically related to fast DLCAki¬

netics. Since the experiments reported are definitely operated in the slow RLCAregime,

this reveals an aggregation behavior somehow different from the classical DLCAor RLCA

regimes. This is confirmed by the low fractal dimension df = 1.7, which is again more typi¬

cal of DLCAkinetics. The aggregation mechanism leading to such a peculiar behavior could

be related to the presence of a non-ionic surfactant. A similar behavior for sterically stabi¬

lized polystyrene has been reported by Zhu and Napper [42]. Although difficult to interpret,

this result could be of interest in applications since it indicates the possibility of realizing

materials based on colloidal aggregates with different structures.

In this work we have aimed to identify general features of the kinetics of aggregation and

gelation of a rather particular polymer colloid, MFA®. Although we do not expect the details
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of the kinetic mechanism and the structure of the clusters, i.e. the small fractal dimension

and the aggregation kinetics with an exponent A = 0.08, to be general, especially in light of

the influence that the particular colloid and its surface chemical composition has, we argue

that the scaling features of the kinetics of aggregation and gel formation can be general.

This means it is described by a single pair of values for A and df, which might still be

different from the one determined here for this particular system. However, the scaling of

the aggregation kinetics and also the gelation kinetics are substantially independent of such

details and therefore should be generally valid. Depending on the particular colloidal system

and the volume fraction, different dimensionless gelation times than the ones reported in this

work might be found, but the inherent scaling should be preserved.





Chapter 8

Crossover from Aggregation to Gelation

8.1 Introduction

This chapter describes a detailed experimental dynamic light scattering study of aggregation

and gelation of the MFA®colloid investigated in chapter 7. The light scattering experiments

are performed at the solid volume fraction of the aggregation process without dilution (on¬

line at fa = 0.05). Three-dimensional cross-correlation dynamic light scattering (3DDLS)

is used to overcome the problem of multiple scattering at these relatively high solid vol¬

ume fractions. Weconnect the 3DDLS results to small amplitude oscillatory shear rheology

(SAOSR) and to conventional DLS measurements performed after dilution from the aggre¬

gation bath. The experimental results are linked throughout the chapter to the PBE model

developed to describe the aggregation kinetics quantitatively (Eq. (5.13)). The aim of the

chapter is to provide a better understanding of the crossover from the aggregation to the

gelation mechanism for colloidal systems.

It has been shown in chapter 4 that in the dilute DLCAregime the interconnection and gela¬

tion step following the aggregation process is very fast, at least compared to the duration

of the aggregation process. The extension of this analysis to relatively high solid volume

fractions in chapters 6 and 7 for RLCAhas shown that in more concentrated systems aggre¬

gation is not followed instantaneously by the gel formation. At these solid volume fractions

gelation has been detected through the appearance of a nonzero elasticity measured with rhe¬

ology. Indeed, there exists an interval between the time, at which dilution from the sample

159
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and the study of the aggregation process was not possible anymore, and the time, when the

gels elasticity was first detected. This intermediate regime has therefore not been analyzed

with the aggregation model nor through the scaling of the gelation times reported in chapters

6 and 7.

In the literature this intermediate regime, specifically its detailed description, has not re¬

ceived much attention, except for some detailed Monte-Carlo simulation studies [112,113,

122]. It has been argued, that a broad crossover between aggregation and the gel transi¬

tion exists, where the latter is identified as a percolation process [112], and that the kinetics

of aggregation actually speed up, at least for DLCA, during this crossover before the gel

point [113,193]. In particular, though by now even complex aggregation processes are un¬

derstood quite well [21,22,35,103,173,187,223,224], the precise mechanism of crossover

from aggregation to gelation is still rather unknown [112], and whether such a crossover

process can be described with PBEmodels is still an open question.

The function P%3 in the aggregation rate constant K%3 in equation (5.14) describes the increas¬

ing reactivity of larger aggregates, which is given by the product of the masses of the two

considered aggregates to the power of A. This expression needs to be empirically corrected

for aggregation in dilute systems by restricting its values to the range Ph3 G [1; W], so that

Kl3 < KDLCA, since the DLCArate represents the upper limit of the cluster aggregation

rate, at least sufficiently far from the gelation point. In dilute conditions the exponent A takes

typically values in the interval [0.25; 0.5] for RLCA[21,173,179,206], whereas in the case

of DLCAwe have A = 0 [22]. Intermediate values of the exponent have been found for var¬

ious aggregation processes [36,38,40,42,47,48,173]. Values of A in the range 0.5 < A < 1

predict gelation within the PBE (5.13) and the formation of an infinitely large cluster [56].

Gelation in the PBE model defined by the divergence of the second moment of the cluster

mass distribution [5,6,55,225,226] is physically consistent with the occurrence of a cluster

that spans over the whole system. As discussed above, values of A < 0.5 provide accurate

descriptions of the aggregation process preceding gelation, whereas values of A > 0.5 are

required in order to predict a gelation transition in the PBE model. This crossover from

aggregation to gelation has so far been mainly investigated by the Monte-Carlo simulations

mentioned above [112,122]. These computational studies indicated that the crossover be¬

tween these two regimes is rather smooth. Experimental studies of aggregation [98-100] or

polymerization [140,225,227-229] processes followed by gelation also suggest a continuous

evolution towards the gel point.
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In order to be consistent with these findings, a crossover from the small values of A found

for aggregation to larger ones of at least 0.5, necessary for the observation of the divergence

of the second moment, is required. Besides the crossover of A also the fractal dimension

df of the structure might rise from the values typically found for aggregation, i.e. df = 1.8

for DLCAand df = 2.1 for RLCA, to values typical for percolating structures, i.e. df =

2.5. The latter is however connected to percolation theory and thus applies only in case of

its validity for colloidal gelation. On the other hand, the change in A is independent of a

particular theory but necessary for the formation of an infinite cluster if a PBEmodel is to

be used.

For gelling colloidal systems of spherical primary particles only limited experimental stud¬

ies are available [50,80,97,101,102,230]. Sometimes no sharp discrimination can be made

between colloidal aggregation and polymerization, e.g. for silica gels made from tetram-

ethoxysilicon [98]. However, most of the studies on colloidal aggregation and gelation focus

more on the fundamental aspects than on a quantitative kinetic description employing PBE

models.

Most of the experimental studies on colloidal aggregation make use of dynamic and static

light scattering techniques (DLS, SLS) due to the well developed theory for the scattering of

fractal clusters [21,22]. Except for studies, where the colloidal particles are dispersed in a

(mostly organic) solvent with a refractive index close to that of the colloid [50], the signifi¬

cant turbidity of aqueous colloidal systems causes difficulties concerning the interpretation

of light scattering techniques (multiple scattering). This might explain the relative shortcom¬

ing of experimental studies on the quantitative kinetic aspects of aggregation and gelation in

aqueous colloids at solid volume fractions of (p0 > 0.01. Another light scattering technique,

which has been successfully used to investigate aggregation and gelation [101] is diffusive

wave spectroscopy (DWS), which however does not provide the spatial (angular) resolution

which is the strength of DLS.

8.2 Experimental section

8.2.1 Colloidal system

In this chapter we use the same fluorinated polymer latex as in chapter 7. The fluorinated

particles have a refractive index (1.35) close to that of water (1.33), which allows light scat-
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tering studies at rather high solid volume fractions (fa = 0.05), while ensuring a sufficiently

strong attractive primary minimum for particle bonds to be irreversible. Furthermore, this

refractive index difference is well suited for the 3D-cross-correlation scheme used in this

work in order to suppress multiple scattering. A further important feature is the partial crys-

tallinity of the fluorinated particles giving rise to a measurable intrinsic optical anisotropy.

For all experiments reported here, a stock solution of MFA®latex of fa = 0.10 has been

used. Its volume fraction has been calculated from the weight fraction after determining the

dried solid mass of the latex, and knowing the respective densities.

8.2.2 Light scattering

The light scattering measurements were performed on two different instruments. For stan¬

dard light scattering, a BI-200SM instrument (Brookhaven) with an Argon laser (Lexel

95 —2) (wavelength A0 = 514.4nm), with an angular range of the goniometer from 8° to

150° and a BI-9000 AT digital autocorrelator has been used. The incident light is vertically

polarized and a vertical or horizontal polarizer is mounted in front of the detector. Three-

dimensional cross-correlation dynamic light scattering has been performed on the 3DDLS

equipment (LS instruments, Fribourg) described in more detail elsewhere [143,231,232].

The laser wavelength used in the experiments was A0 = 680.4nm.

Static Dynamic light scattering

The static and dynamic light scattering experiments have been performed and analyzed as

described in chapters 3 and 6. In addition to the scattering wave vector in equation (2.9) we

define a dimensionless scattering wave vector

Q = qRp,

normalized by the primary particle radius Rp.

Cross-correlation dynamic light scattering

The cross-correlation scheme in dynamic light scattering has been developed in order to

suppress multiple scattering in turbid samples [143,231-234]. This technique allows to ex¬

tract the dynamic structure factor and facilitates the same data analysis as in conventional

DLS [143,235]. In the 3DDLS scheme used in this work [231], two simultaneous light
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scattering experiments are performed on the same scattering volume, but are spatially sepa¬

rated. The scattering wave vector is the same for both experiments and, therefore, by cross-

correlating the two fluctuating intensities a correlation function of only the singly scattered

light is obtained. All multiply scattered light exhibits random, uncorrelated fluctuations and

thus only contributes to the total scattered intensity. The measured cross-correlation function

is given by the following expression:

g$(q,t) « IlI2 + ßl2IllIl2 | f(q,t) |2, (8.1)

where \2 refers to the cross-correlation of the two separate experiments 1 and 2, and 1 refers

to singly scattered light. The two different scattering experiments on the same volume el¬

ement produce four contributions of the scattered intensity at the detectors resulting in an

maximum intercept of the autocorrelation function of ß\2)%deai = 0.25. The actual value for

singly scattered light depends on the alignment of the two laser beams in the scattering vol¬

ume and takes in the present case the value ßf2 = 0.17, determined in separate experiments.

The so obtained cross-correlation function and the dynamic structure factor can be analyzed

as described in section 3.2.3.

The intercept ß\2 measured in the dynamic cross-correlation experiment can be used together

with the value of ß\2 to compute the time averaged singly scattered static intensity using the

expression

I(q) = ylllWKQ) = ^Jh(q)h(q){ßi2/ßi2), (8.2)

where I1 is the singly scattered intensity typically measured in conventional static light scat¬

tering. Here, I1 is obtained for multiply scattering samples through the cross-correlation

scheme. I\(q) and I2(q) are the time averaged total light scattering intensity including the

contributions from multiple scattering.

8.2.3 Aggregation and gelation experiment

For all experiments the initial latex stock solution (fa = 0.10) is mixed (1 : 1) with a

suitable salt solution in order to obtain the desired solid volume fraction, fa and salt concen¬

tration. Sodium chloride concentrations ([NaCl]) ranging from 0.0156mol/l to 0.0125mol/l

have been used, which lead to aggregation rates that can be well monitored within 16h. A

summary of the experimental conditions is given in Table 8.1.
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Table 8.1. Experimental runs at fa = 0.05 and [NaCl] = 0M27mol/l, i.e. (If = 1.6 x 106)

(exceptions noted).

No. Technique Experimental details

1-3 3DDLS* q = 0.0174W77,"1

4-6 3DDLS* q = 0.0064WB-1

7,8 3DDLS* q = 0.0226WB"1

9,10 DLS» q = 0.0084WB-1 and 0.0230nm"1

11 DLS» q = 0.0064nm_1 and 0.0174nm_1

12-14 SAOSR§ uj = 1 rad/sec and 7 = 0.01%

15-17 SAOSR§ uj = 100 rad/sec and 7 = 0.01%

18,19 3DDLS* q = 0.0174WB"1, [NaCl] = 0.0l3lmol/l

20,21 3DDLS* q = 0.0174WB"1, [NaCl] = 0.0l38mol/l

22-26 SAOSR§ uj = 100 rad/sec and 7 = 0.01%

22-26 (cont.) [NaCl] = 0.0125mo///, 0.014, 0.015, 0.0]

* 3DDLS=3 dimensional cross-correlation dynamic light scattering

0 DLS=conventional auto-correlation dynamic light scattering

§ SAOSR=small amplitude oscillatory shear rheology

For the 3DDLS experiments the latex and salt solution have been mixed in a separate vessel

and then carefully transferred to the scattering cuvette (8mm inner diameter). The measure¬

ment protocol has been started after placing the cuvette in the scattering cell. The cross-

correlation functions have been collected for lOmin and then the sample cuvette had been

rotated automatically to another position for a further collection period. For a given aggrega¬

tion and gelation run the scattering angle had been kept constant and the scattering intensity

adjusted to obtain a good signal. A constant angle has been used in order not to overload the

detectors due to the strong angular distribution of the scattering intensity at later aggregation

stages. The scattering angles were 9 = 30°, 90° and 134°, corresponding to scattering wave

vectors of q = 0.0064m77~1, 0.0174nm_1, and 0.0226nm~l, respectively. Each run lasted

approximately 10 ft,. All experiments have been repeated at least twice as reported in Table

8.1.

In order to perform experiments on samples diluted from the aggregation bath, at fixed times

samples of 0.1ml were withdrawn from the aggregating dispersion. Sampling was carefully
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done with a pipette in order to minimize shearing. The samples were diluted into 20ml deion¬

ized water, resulting in a 200-fold dilution to a solid volume fraction of fa = 2.5 x 10~4,

so that the dispersions were transparent and accessible with conventional DLS. The mea¬

surements were taken at four angles, i.e. 9 = 22.7°, 30°, 64.8°, and 90°, corresponding to

q = 0.0064nm_1, 0.0084nm_1, 0.0174nm_1, and 0.0230nm~l, respectively. The aggre¬

gates formed are rather strong so that we do not expect any changes in the CMDor aggre¬

gate structure upon dilution [163]. Moreover, this procedure stops aggregation and in fact

no change in the measured values was detected over several weeks. Therefore, all light scat¬

tering measurements can be performed on the same sample. The applied dilution procedure

could in principle change the CMDif the aggregation process were reversible. This should

result in a decrease of the effective aggregate size upon further dilution. This has not been

observed in any of our samples. The measured size was constant for dilution factors in the

range 50 - 1000.

The rheological experiments have been performed as described in section 7.1.4. The samples

measured with small amplitude oscillatory shear rheology were taken from the same latex

stock that we used for the light scattering study. The samples were externally mixed and

carefully transferred into the couette cup. Wefind it crucial to lower the bob extremely slow

in order to minimize shearing. With this procedure the measured time evolution of G'(uj, t)

is well reproducible within 5%variance.

8.3 Results

8.3.1 General observations

Before starting to present the experimental results of this dynamic light scattering study

we briefly summarize the findings of the previous chapter, which are of relevance here. In

particular, the anisotropy of the partially crystalline colloidal particles can add an undesired

contribution to the measured correlation function due to the depolarization of the incident

laser light resulting from rotational diffusion of the particles. Wehave however demonstrated

in chapter 7 that no measurable influence of this decay mechanism can be detected for DLS

and have validated this for the experimental conditions investigated in this chapter.

Further it is important to note that the relatively high density (pp = 2.14kg/l) of the fluo¬

rinated colloid does not influence the aggregation process at the investigated solid volume
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Figure 8.1. Intercept of the cross-correlation function obtained from 3DDLS at three different scat¬

tering wave vectors (q/nm~l) as indicated in the figure for runs 1-8 in Table 8.1.

fractions [173]. In addition, we did not observe any effect of sedimentation for the gels

formed in this study. In particular, the gels were stable against collapse or even shrinkage

for several month. Comparison of the scattered light intensity at different vertical positions

of the sample furthermore confirmed the homogeneity of the gels.

More important is however the finding that the aggregation and gelation process when de¬

scribed with the dimensionless PBEmodel (5.13) exhibits kinetic and structural scaling onto

aggregation master curves independent of the particular solid volume fraction and salt con¬

centration. Such a scaling has indeed been observed experimentally for the MFA®col¬

loid. The values of the two parameters, describing the aggregation master curves (5.13), are

A = 0.08 and df = 1.7 (see chapter 7). This kinetic scaling also applies to the onset of a

measurable elastic modulus as a function of the dimensionless time r during the gel forma¬

tion process for various salt concentrations. This allows us to restrict our current detailed

dynamic light scattering analysis to one particular solid volume fraction and salt concen¬

tration noting that the same behavior will be observed also for different initial conditions

(fa,[NaCl]) of the aggregation and gelation process. The scaling features and the results in

chapter 7 allow us to estimate the value of the stability ratio for the particular salt concentra¬

tion and solid volume fraction used in this work to be W= 1.6 x 106. With this value of W

we can plot all results as a function of the dimensionless time, r defined in equation (5.11)

and therefore show effectively master curves of the measurable quantities.
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Figure 8.2. (a) Singly scattered intensity as a function of dimensionless time, r at three different

products of scattering wave vectors and primary particle radius (qRp) for runs 1-8 in Table 8.1. The

data at qRp = 0.24 are averages of runs 1-3, the ones at qRp = 0.65 of runs 4-6, and at qRp = 0.85

of runs 7,8 in Table 8.1. (b) Elastic modulus C as a function of the dimensionless time, r for two

different frequencies. Each data set is an average of three runs (runs 12-14 and 15-17 in Table 8.1).

Wenow describe the general observations concerning the aggregation and gelation experi¬

ments in runs 1-8 in Table 8.1. In Figure 8.1 is shown the measured intercept ßi2 of the cross-

correlation function as a function of r. Comparing to the maximum value of ß\2 = 0.17 we

see from the slightly reduced intercept that indeed multiple scattering effects the measure¬

ments. However, the intercept is still rather large allowing for a reliable analysis of the

cross-correlation function g[2 (q,t).

The onset of a severe scattering at values of r « 45 indicates that the terminal relaxation

time of the colloidal system approaches the longest correlation time of the particular exper¬

imental setup and can be related to the onset of nonergodic behavior of the sample. This

means that the reproducibility of an individual measurement of the time averaged correla¬

tion function disappears. The intercept has approximately the same value for the different

scattering wave vectors although it appears slightly larger for the smallest q investigated.

The data furthermore confirm the good reproducibility of several individual runs performed

at each q.

Applying equation (8.2) we can compute for the same runs (1-8 in Table 8.1) the singly

scattered intensity as a function of r. In Figure 8.2(a) is shown this quantity averaged over

the individual runs for each of the three scattering wave vectors investigated. It can be
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Figure 8.3. Comparison between onset of elasticity determined by SAOSRand the nonergodicity

transition determined by 3DDLSas a function of the salt concentration.

seen that the onset of nonergodicity appears earlier for smaller scattering wave vectors, or

equivalently, for larger length scales, q~l, within the sample. This onset of nonergodicity

is a microscopic measure of the gel transition, characterizing the time, when the structural

relaxation time becomes longer than the longest delay times of the correlation function in the

DLS experiment. In Figure 8.2(b) is shown the elastic modulus measured at two different

frequencies as a function of r for runs 12-17 in Table 8.1. It is seen that the onset of a

measurable elastic modulus occurs for both frequencies at about the same dimensionless

time, though slightly earlier for the larger frequency. The onset of elasticity is connected to

the occurrence of a system spanning cluster or network which can support macroscopically

stress. It is worth mentioning that at about the time of the appearance of elasticity separately

prepared samples can be tilted and do not flow anymore, i.e. it has become effectively a

solid. This is to be compared to the light scattering data in Figure 8.2(a) and a very good

agreement between the onset of nonergodicity at the two larger scattering wave vectors and

the onset of a measurable elasticity is found.

This good agreement between macroscopic elasticity and appearance of nonergodicity for

scattering wave vectors of q > O.Olwn-1 is corroborated in Figure 8.3, where the results of

the additional runs 18-26 (Table 8.1) are summarized and the times of the onset of elasticity

and the ones for the onset of nonergodicity are shown as a function of salt concentration. In

this figure, the strong dependence of the gelation time on the salt concentration is worth to
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Figure 8.4. Comparison of the effective hydrodynamic radii measured with DLS after dilution (fac¬

tor 200) (open symbols) and with 3DDLS online at fa = 0.05 (filled symbols) as a function of

dimensionless time, r. : q = 0.0064nm_1, •: q = 0.0174nm_1, : q = 0.0226nm_1; D:
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be mentioned, exhibiting a power-law behavior with an exponent of —12.

8.3.2 Effective hydrodynamic radii

After having discussed the general observations we compare the effective hydrodynamic

radii, which are calculated from the first cumulants, measured in the reaction bath and after

200-fold dilution. As shown in Figure 8.4, dilution from the reaction bath is possible up

to dimensionless times r « 20 —25. This depended to some extent on the particular run

and is related also to the sampling procedure with the pipette, where not fully reproducible,

though small shear rates are unavoidable. In any case, dilution was not possible anymore

significantly before the onset of nonergodicity is observed at the smallest values of q in

Figure 8.2(a). This indicates that even minimal shear forces easily drive the gelling system

into an arrested gel state and can be taken as the lowest estimate of the gelation time, even

before the system shows any signature of nonergodicity. Indeed, conceptually, this method

has been applied in several studies on the gelation of silica in order to determine the gel point

by attempting to dilute aliquots [140,236].

Comparing the effective hydrodynamic radius estimated in the aggregation bath (filled sym¬

bols) with the ones at the same scattering vector q after dilution (open symbols) reveals that
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for dimensionless times, r < 8, the diluted (Rh>eff) is larger than the corresponding one

measured on the reaction bath. This is reasonable since the particles still exhibit a, though

partially suppressed, repulsive potential which is known to decrease the apparently measured

(Rh,eff) upon increasing solid volume fraction. Since the aggregates are small at these early

stages their structure does not change these effects caused by the interaction potential. At

dimensionless times, r > 10, the diluted (Rh,eff) becomes progressively smaller than the

corresponding one measured on the reaction bath. This is the case for all the values of q

shown in Figure 8.4. It is worth noting that for the calculation of the effective hydrodynamic

radius from the first cumulant we have used in both cases, i.e. undiluted and diluted, the

viscosity of the solvent, water, uncorrected for any changes in the macroscopic viscosity of

the reaction bath. Therefore, the differences in the value of (Rh,eff) are a measure of the

complex cluster interactions once the reaction bath becomes more and more crowded, which

is in contrast to the values measured on the diluted samples were we can neglect any such in¬

fluence. In other words, with increasing cluster size and increasing occupancy of the system,

the short time diffusive motion of the clusters becomes smaller but still is comparable to the

one measured for the freely diffusing clusters in the diluted sample. It is interesting to note

that, although the value of (Rh,eff) is larger for the undiluted measurement at large values

of r and all q, the ratio of the values measured at different values of q appears to be con¬

stant. This indicates that the cluster mass distribution is identical for both measurements (as

already implicitly assumed when comparing these measurements on diluted and undiluted

samples) and that the different values of (Rh,eff) measured on diluted and undiluted sam¬

ples at the same value of q are indeed due to the effects of crowding and hindered diffusion

processes.

In order to further analyze the growth of the clusters and the increasingly crowded state of the

aggregating colloid, we can compute from the dimensionless CMD, X%, obtained in equation

(5.13), the three different cumulative volume fractions discussed in section 5.3, equation

(5.21). Depending on the cumulative volume fraction of interest in equation (5.21), either

the dimensionless radius of the enclosing sphere gc = Rc/Rp, the dimensionless radius of

gyration gg = Rg/Rp or the dimensionless hydrodynamic radius gh = Rh/Rp can be used

in equation (5.21). The dimensionless CMDhas been computed using the two parameters

A = 0.08 and df = 1.7 that have been determined in chapter 7. The results of this calculation

are shown in Figure 8.5. The values of fa > 1 already obtained early in the process indicate

that the aggregates are strongly overlapping, although this does not influence to a measurable
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Figure 8.5. Cumulative volume fraction (<bc, <pg, fa) as a function of dimensionless time, r.

extend the short time diffusive motion of the clusters, as seen when analyzing Figure 8.4 in

this respective. Indeed, the small values of fa < 0.2 at early times already suggested that

only a mild influence on the hydrodynamic properties of the clusters is to be expected. In

addition, the values of (pg < 1 confirm that gelation might not yet be expected, although the

clusters are already strongly overlapping.

In order to gain further insight into the diffusion processes of the aggregates formed in the

reaction bath and after dilution we note that at different scattering wave vectors different dif¬

fusion mechanisms dominate the dynamic light scattering signal. For the more simple case

of hard spheres [237,238] the wave vector dependent diffusion coefficient (or the hydrody¬

namic radius, respectively), is a well defined quantity and can be calculated as a function of

the solid volume fraction. Ds is the short-time self-diffusion coefficient, defined in the long

wave vector limit, and is given by

Do

Rn

R,
1- 1.73(p + 0.88(p2 Dx

h,s

lim D(q),
q—>oo

(8.3)

The collective short-time diffusion coefficient, defined in the short wave vector limit, is

calculated by

Dc

Do

R„

R, h,c

'l + 1.56(p + 0.91(p2 Dr ]im D(q), (8.4)

Thus, collectively, hard spheres appear to diffuse faster upon increase in volume fraction,

whereas the short-time self-diffusion decreases upon increasing density. The diffusion coef-
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ficient at intermediate wave vectors can be calculated by significantly more complex equa¬

tions [238]. It is found that for wave vectors and solid volume fractions of interest in this

work, i.e. qRp < 1, the effective diffusion coefficient is larger than the diffusion coefficient

in the dilute limit.

Due to aggregation of the primary particles and the formation of larger clusters the product

of the scattering wave vector and the average hydrodynamic radius, q(Rh), continuously

shifts to larger values. It is however difficult to estimate how this shift will influence the

diffusive properties of the clusters that in time occupy an increasing volume fraction of the

dispersion. Due to this complex coupling we simply note at this point that we can expect

both cooperative and self-diffusion to influence the shape of the dynamic structure factor

as a function of the delay time at the normalized scattering wave vectors of interest, i.e.

qRp = 0.24, 0.65, and 0.85, and at various dimensionless aggregation times.

8.3.3 Dynamic structure factor

After having investigated the behavior of the first cumulant and the corresponding hydrody¬

namic radius we turn to the dynamic structure factor itself. The cross-correlation functions

measured at the three scattering wave vectors are first analyzed with a stretched exponential

form given by

f(q,t) = eM-(t/rRn (8-5)

where tr is the relaxation time of the colloidal system and p is the stretch parameter. The

correlation functions and the corresponding fits are shown for the three scattering wave vec¬

tors in Figure 8.6(a-c) as a function of the delay time for several subsequent aggregation

times. It is seen that the simple expression (8.5) provides a reasonable description of the ex¬

perimental data. However, the quality of the fits strongly depends on the range of delay times

considered in the procedure. This fact is illustrated in Figure 8.6(d), where the parameter p

of the stretched exponential form is plotted as a function of the dimensionless time. An upper

and lower limit of this parameter is shown for each of the three scattering wave vectors and

reflects the sensitivity to the particular data set. The lower bound to p (closed symbols) is

obtained by taking the longest delay time of the correlation function into account, for which

the stretched exponential fit was still judged satisfactory. The open symbols correspond to

the fits shown in Figure 8.6(a-c).

The so obtained values show a decreasing trend from average initial values of approximately
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Figure 8.6. Dynamic structure factor for various aggregation times prior to the onset of nonergodicity.

(a) q = 0.0064nm_1, (b) q = 0.0174nm_1, (c) q = 0.0226nm_1. The lines are fits to a stretched

exponential function f(q,t) = exp[—(£/tr)p]. The parameter p is given in (d) as a function of

dimensionless time; the filled symbols mark lower estimates.

0.9 to values in the range 0.7 to 0.8, depending on the scattering wave vector. Dilute [76,103]

and also concentrated [101] colloidal fractal gels show a stretched exponential parameter of

about 0.70
,
which is slightly smaller than the value observed here close to the nonergodicity

transition. It is worth noting that the particular value of 0.7 has been measured for dilute gels

after the gel formation was completed and for more concentrated samples at and beyond the

gel transition. Wefound the parameter p for our gels to decrease further after the nonergod¬

icity transition to approximately the expected value, given the uncertainty in its estimation

due to the nonergodicity of the gels and its inherent sensitivity to the particular range of the

delay times used. Importantly, the measured evolution of p as a function of the dimensionless

time appears to be continuous and not sharp. This suggests that any aggregation kernel able
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Figure 8.7. Dynamic structure factor as a function of correlation time scaled by the first cumulant,

Yi(q) -t,atq = 0.0064nm_1, i.e. qRp = 0.24, measured on the reaction bath. Symbols at various

dimensionless times: (<) - r = 6, (>) - r = 10.7, (v) - r = 15.5, (A) - r = 20.5, (o) - r = 25,

(D) - r = 29, (x) - r = 34, (*): r = 36, (+) - r = 38. (a) and (b) are repetitions.

to predict the crossover from aggregation to gelation has to guarantee a smooth transition as

observed for the parameter p.

In order to investigate the long delay time behavior of the dynamic structure factor we draw

on analysis methods used extensively in polymer physics [239,240]. For this we determine

the first cumulant given by equation (3.7) and use it to scale the delay time in order to

obtain the dimensionless delay time, Yi(q)t. For ideal dilute spherical particles subject to

Brownian motion the resulting correlation function should be a straight line with slope —1.

Deviations from this behavior have been found for various branched and linear polymer

macromolecules in, e.g., the semi-dilute regime and have been explained by hydrodynamic

interactions between chains, excluded volume effects, etc [239].

The analysis of a colloidal system undergoing aggregation and gelation in this way is suitable

in order to clearly isolate the direct and excluded volume interactions between particles and

clusters at relaxation times significantly longer than those captured by the first cumulant.

In Figures 8.7, 8.8, and 8.9 are shown the results of this scaling procedure for the three

scattering wave vectors investigated, i.e. q = 0.0064nm_1, 0.0174nm_1, and 0.0226nm~1,

respectively. Each figure consists of two parts showing independent repetitions at the same

conditions in order to demonstrate the reproducibility of the results. It is seen that with

increasing dimensionless aggregation time the shape of f(q,t) shows stronger and stronger
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Figure 8.9. Dynamic structure factor as a function of correlation time scaled by the first cumulant,

Yi(q) -t,atq = 0.0226nm_1, i.e. qRp = 0.85, measured on the reaction bath. Symbols at various
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deviations from the ideal single exponential behavior indicated through the straight line in

the figures.

In conjunction with the behavior of the stretched exponential parameter p above we note that

increasingly strong deviations from the single exponential behavior occur continuously and a
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Figure 8.10. Dynamic structure factor as a function of correlation time scaled by the first cumulant,

Yi(q) t, at (a) q = 0.0064nm_1 and (b) q = 0.0174nm_1, measured after 200-fold dilution from

the reaction bath. Symbols for the different dimensionless times are shown in the inset.

well defined sequence of dynamic structure factors is obtained. The deviation from the single

exponential behavior at short dimensionless times is strongest for the smallest scattering

vector, q = 0.0064nm_1, indicating that density fluctuations relax more slowly at long

length scales at early times. The different behavior of f(q, t) at the two larger wave vectors

is in agreement with the behavior of the effective hydrodynamic radii shown in Figure 8.4,

where the values of the two larger q vectors are similar but very different from the values at

q = 0.0064WB-1.

In order to compare these observations to the diluted samples, in Figure 8.10 are shown

dynamic structure factors as a function of the dimensionless delay time, Yi(q)t, taken on

the samples diluted 200 times from the reaction bath. These data scatter more strongly

and do not show the clear trends as a function of dimensionless aggregation time, r that

was observed for the undiluted samples. In any case, for both scattering wave vectors, the

effect of dilution on the shape of the dynamic structure factor confirms a reduced influence of

cluster interactions. The direct and hydrodynamic interactions among clusters in the reaction

bath result in significantly increased and longer lasting correlations compared to the diluted,

quenched samples.

Some studies have investigated the time evolution of the dynamic structure factor in the re¬

action bath prior to gelation [98,102,140], identifying a power-law behavior of the dynamic

structure factor at the gel point. Before this critical behavior at the gel point is observed, the
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dynamic structure factor is crossing over from a dominantly exponential behavior, typical

for colloidal particles and clusters in dilute conditions, to a strongly stretched exponential

form. It is interesting to note that for dilute fractal colloidal gels such a stretched exponen¬

tial form has been shown to provide a very good description of the dynamic structure factor

without drawing on power-law forms [76]. In contrast to the literature results we find that

for all the dynamic structure factors analyzed in this work, no clearly identifiable power-law

behavior has been observed. This difference to previous work might be explained by the

larger solid volume fractions at which these studies have been performed [98,102,140]. For

larger solid volume fractions the aggregation process becomes unimportant and the gelation

process dominates the cluster growth, giving rise to the observed power-law behavior.

In the next section the dynamic structure factors will be analyzed in detail in order to extract

useful information concerning the kinetic modeling of aggregation and gelation with PBE.

8.4 Calculation of the dynamic structure factor

8.4.1 Model for the dynamic structure factor

In the following we calculate and analyze the dynamic structure factors shown in Figures

8.7, 8.8, and 8.9, which were measured with 3DDLS on the reaction bath prior to gelation.

The dynamic structure factor can be calculated for a distribution of fractal clusters by [22]

f(n f)
E^^2N^S^(q)ew(-q2D^,efft)

Mt)-
^JNSM) ' (8-6)

where Dl>eff is an effective diffusion coefficient. In dilute conditions [22], Dl>eff accounts

for both the influences of translational and rotational diffusive motion of the clusters and is

calculated by

= ^ = ^ = 1 + «M1+ ^)- <8'7)

where ß* is the ratio of the hydrodynamic and gyration radius and is set equal to 0.93 in

this work [22]. The structure factor St(q) required in equations (8.6) and (8.7) is expressed

through equation (3.11) [22], where the parameter valid for fractal dimensions smaller than

2 have been used. This St(q) is therefore well suited to describe the aggregates of the

MFA®colloid formed under the experimental conditions in this work which exhibit a frac¬

tal dimension of « 1.7. Small clusters constituted of less than five particles can not be
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described by equation (3.11) and have to be modelled by more explicit equations for the

structure factor which are given in Tables 3.2 and 3.3 [173]. The diffusion coefficient of

the clusters, D%, needed in equation (8.7), is calculated through the Stokes-Einstein relation

D% = kBT/(6nr]Rhti). For clusters larger than tetramers, fractal scaling of the diffusion

coefficient with cluster mass is valid and given by

Mir'
where kh is the hydrodynamic fractal prefactor and is equal to 2.37, which is valid for small

fractal dimensions (df < 2) [177].

The cluster mass distribution, Nt in equation (8.6) can be well approximated by the flexible

form for a variety of power-law distributions that has been introduced in equation (3.31).

The CMDcalculated with the value of A = 0.08, which is valid for the aggregation process

of MFA®prior to crossover to gelation, can be very well approximated with rc = 0.35. It

is worth noting that for systems undergoing gelation accompanied by the formation of an

infinite cluster values of rc > 2 have been predicted [56].

Equation (8.6) does not take into account several relaxation mechanisms that effect the dy¬

namic structure factor in concentrated or even gelling systems. First, for short delay times,

depending on the scattering wave vector, effects of the collective and self diffusion coeffi¬

cient reported in equations (8.4) and (8.3) have to be taken into account. These contributions

are a function of the increasingly occupied volume fraction (p and we account for these by

using the cumulative volume fraction fa shown in Figure 8.5. fa is used since it accounts

in the best possible way for the hydrodynamic sizes of the distribution of clusters. For the

gelling silica system mentioned earlier [98], it has been pointed out that the fast short time

relaxations observed were presumably due to collective diffusion of the caged clusters. This

suggests that also for the colloidal system investigated in this work collective diffusion pro¬

cesses are more significant at short delay times than self diffusion.

Another influence contributing to the long relaxation times of the dynamic structure fac¬

tor in Figure 8.7, 8.8, and 8.9, is the increasing overlap of clusters and thus their strong

entanglement. This has been pointed out for silica gels prepared from TMOSthrough hy¬

drolysis [98,140]. The broad distribution of self-similar clusters packed rather closely in

the increasingly crowded dispersion causes a length scale dependent viscosity. A reference

cluster experiences smaller clusters and primary particles as a fluid of a certain viscosity,

because all these units have already relaxed. On the other hand, all larger clusters appear
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Figure 8.11. Average static structure factor as a function of the dimensionless scattering wave vector,

Q = qRp, at various dimensionless aggregation times indicated in the inset. The data are measured

after 200-fold dilution from the reaction bath and normalized by the scattered intensity measured at

the largest value of Q. The vertical lines indicate the two smaller scattering wave vectors at which

the 3DDLSexperiments were taken.

stationary, as their characteristic relaxation time is longer than the one of the reference clus¬

ter. This effect can be represented through a length scale dependent viscosity r\% [98] which

is given by
T7. / Ru

.
\ ß

(8.9)^
= k

Rn
V \ ^P

where r\ is the solvent viscosity and the similarity to equation (5.1) is obvious. The prefactor

k has been set equal to one in the following. The exponent p has the limiting values 0 for

completely unscreened and 1.5 for completely screened hydrodynamic interactions between

clusters [98]. In order to use equation (8.9) in equation (8.6) we calculate the ratio of the

effective diffusion coefficient influenced by the length scale dependent viscosity and the

regular diffusion coefficient by
A,e//

=
JJ_

D,
(8.10)

It is worth noting that the calculation of f(q, t) in ref. [98] has been performed by weighting

equation (8.6) only by the mass, not i2. It was argued that the scattering of a single cluster

is screened under the experimental conditions of that work. In our case, the scattering of

single clusters is however not screened, as evidenced in Figure 8.2, where a strong angular

dependence of the scattered light in the reaction bath is obvious. The relative magnitude of
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this scattering wave vector dependent signal is in good agreement with the normalized static

structure factor for the 200-fold diluted samples shown in Figure 8.11.

Finally, the full dynamic structure factor incorporating the effects of the CMD, translational

and rotational diffusion, collective diffusion and the caging of the clusters is given by

f( ^
_

E, i2N%S%(q) exp (-q2DlFl(q)(l + 1.56^ + 0.91^) (y/Vt) t)
Mt)-

Zti*NtSt(q)
' (8-U)

The a priori unknown parameters of this expression are the exponent p in equation (8.9)

describing the effect of caging, together with the cutoff mass ic and the power-law exponent

rc in equation (3.31). It is seen from equation (8.11) that the collective diffusion contribution

mainly effects the first cumulant, whereas the strongest influence on the shape of the dynamic

structure factor, giving rise to long relaxation times, is the length scale dependent viscosity.

In preliminary calculations we found that only by setting the parameter p = 1.5 we are able

to reproduce the experimentally observed shape of f(q,t). Note that rotational diffusion

and possible internal cluster dynamics are typically fast processes and do not produce long

correlations. In equation (8.11) we have used the collective diffusion coefficient discussed

in equation (8.4), which was found to be required for a good quantitative agreement to the

data. Such agreement was not possible with the self diffusion coefficient in equation (8.3).

This is consistent with the results on silica gelation discussed above [98].

In order to concisely test whether this model is capable to explain quantitatively the exper¬

imental data, we report in Figure 8.12 the evolution of the wave vector dependent effective

hydrodynamic radius as a function of the dimensionless time. This has been determined

from the experimental f(q,t) with the equations shown in section 3.2.3. The same fitting

procedure will be applied to the one calculated through equation (8.11). Therefore, together

with the short time behavior expressed through (Rh,eff(q)), the dynamic structure factors

shown in Figures 8.7, 8.8, and 8.9 are experimentally completely defined.

8.4.2 Calculations and results

The only two parameters used to reproduce the experimental data in in Figures 8.7, 8.8, 8.9,

and 8.12 are the dimensionless cutoff mass ic and the power-law exponent rc of the CMD.

Weknow from the experimental and modeling results on the diluted samples, that at least at

early dimensionless times r < 10 the CMDis characterized through an exponent rc = 0.35.

With this starting point we adopt the following procedure. At r = 5 we fix rc = 0.35 and fit
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3DDLS at fa = 0.05 during aggregation as a function of dimensionless time r up to the onset of
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Figure 8.13. Calculated dynamic structure factors as a function of the dimensionless relaxation time

Yi(q)t. Dashed lines: q = 0.0064nm_1; solid lines: q = 0.0174nm_1. Symbols indicate the

dimensionless aggregation time: (o): r = 5, (D): 10, (o): 15, (v): 20, (*): 25, (A): 30, (>): 35,

(+): 40.

the effective hydrodynamic radius by only adjusting ic to reproduce the values of (Rh,eff) at

the two scattering wave vectors q = 0.0064nm_1 and 0.0174nm_1. The next dimensionless

time considered, r = 10, is first analyzed with the value of the power-law exponent rc valid
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Figure 8.14. (a) Dimensionless cutoff mass () and second moment (o), and, (b), power-law expo¬

nent of the CMDas a function of the dimensionless time r.

at the earlier dimensionless time, r = 5. It is found that the previous value of rc is not capa¬

ble in combination with any ic to reproduce the data at both q. The value of rc has then been

gradually (in units of 0.1) increased until any value of ic was found suitable to reproduce the

values of (Rh,eff) at both q. This procedure has been continued for all subsequent dimen¬

sionless times up to r = 40. On the way, the value of fa in equation (8.11) has been updated

according to Figure 8.5. The values of (Rh,eff), calculated by this procedure are shown as

the closed symbols in Figure 8.12. The agreement between the experimental data and the

calculated values is satisfactory. Moreover, examining the calculated full dynamic structure

factor shown in Figure 8.13, we realize that the experimentally measured shape shown in

Figures 8.7, 8.8, and 8.9 is reproduced well. Note that the computation of (Rh,eff) for the

largest q = 0.0226nm_1 does not result in an equivalently good agreement with the exper¬

imental data; in particular values smaller than the experimental data are calculated. This is

not surprising given the fact that we have used the volume fraction dependence of the collec¬

tive diffusion coefficient in equation (8.4) which decreases the first cumulant significantly.

The assumption of the dominance of collective modes, which has been shown to be nec¬

essary for the two smaller values of q, becomes less appropriate for larger scattering wave

vectors, were substantially self-diffusive motion is probed. However, the detailed quantifi¬

cation of this effect is hard and not attempted in this work. The shape of the full f(q, t) at

q = 0.0226W77-1 is however in good agreement with the experimental data in Figure 8.9.

The adjustable parameters ic and rc are shown in Figure 8.14 as a function of the dimension-
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less time r. In addition to both parameters also the second moment of the CMD, defined in

equation (3.33), is shown in Figure 8.14(a). Note that the actual values have to be treated

as lumped parameters because they account for all the assumptions made in the model for

f(q,t), among which the constant fractal dimension and the function for the collective dif¬

fusivity (equation (8.4)) are most important and open to criticism. It is however not easy

to evaluate the wave vector dependent diffusivity for fractal aggregates undergoing gelation

and to estimate how the fractal dimension evolves as a function of time in the vicinity of the

gel point. Indeed, the obtained results are meant to underline and demonstrate that there is a

broad, continuous crossover from aggregation to gelation, which, however, still seems to fol¬

low second order rate kinetics. Consequently, we have shown in this work that the crossover

is not abrupt and evolves relatively smooth from the CMDcharacteristic for aggregation to

one more typical for gelation (note however the 'jump' in the values of rc in Figure 8.14

at early times). Irrespective of how the detailed crossover takes place, we have shown that

the cluster mass distribution found for aggregation does not prevail up to the gel point but

undergoes continuously a significant broadening which ultimately will lead to the formation

of an infinite cluster. Further work should clarify, whether a physically founded crossover

function can be derived which would allow to develop the PBE into a model framework

capable to predict absolute gel times.

8.5 Conclusions

Wehave studied experimentally by 3D and conventional dynamic light scattering as well

as small amplitude oscillatory shearing the aggregation and gel formation kinetics for an

aqueous polymeric colloid of spherical primary particles. Multiple scattering is suppressed

in this moderately concentrated but slightly turbid colloid of a fluorinated polymer by cross-

correlation schemes allowing the accurate determination of the first cumulant and the full

dynamic structure factor. Wehave observed that the macroscopic gelation time determined

from the small amplitude oscillatory shear experiment is in good agreement with the noner¬

godicity transition observed with 3DDLS. Importantly, the nonergodicity transition occurs

earlier at small scattering wave vectors, i.e. the gelling colloid relaxes much slower at larger

length scales, which might be expected from percolation theory where a (infinite) cluster

with a divergent relaxation time is formed. On smaller length scales, however, cooperative

diffusive modes still relax the colloid and thus nonergodicity is observed at later times. Com-
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paring the measurements to a simple model for the dynamic scattering of a mass distribution

of fractal clusters undergoing gelation we are able to extract characteristic parameters of this

CMDwhich show that the crossover from aggregation to gelation is rather continuous. The

results also suggest that it is possible to construct aggregation rate constants to be used in

PBEthat are capable to describe quantitatively the crossover and ultimately the gel formation

time, defined as the divergence of the second moment of the cluster mass distribution.



Chapter 9

Conclusions

The quantitative modeling of the aggregation and gelation kinetics by means of population

balance equations (PBE) in non-sheared dispersions was addressed in this work. This was

combined with an extensive experimental investigation using mainly light scattering and

also rheological techniques. The population balance equations were combined with light

scattering theory in order to compute various experimentally measured quantities.

The first part (chapters 2-3) has focussed on diluted systems were the applicability of the

PBE is widely accepted in the literature. The detailed comparison of the quantities com¬

puted from the PBEwith the light scattering measurements allowed to identify aggregation

rate constants suitable for the description of the aggregation kinetics. A model to compute

the contribution of internal cluster dynamics to the apparent hydrodynamic radius measured

in dynamic light scattering (DLS) has been presented and successfully applied to interpret

experimental data. It has been shown, for which experimental conditions universal aggre¬

gation master curves exist for this apparent hydrodynamic radius and for which conditions

such master curve scaling disappears.

The second part (chapters 4-8) starts with an analysis of the kinetics of gelation in dilute

diffusion-limited aggregation (DLCA) conditions and shows that the concept of mathemat¬

ical gelation that might be used to model gelation, is not suitable to describe the process.

Instead a simple model, which describes aggregation and subsequent gelation as a two step-

process, has been proposed and experimentally validated. By approximately calculating the

gel times with this model for a range of solid volume fractions and primary particles sizes,

185
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it is shown that gelation experiments in the DLCAregime at high solid volume fractions

with small primary particles are not realizable. In order to analyze aggregation and gelation

processes at various solid volume fractions and salt concentrations, a dimensionless PBE

model is presented which depends only on two parameters, the fractal dimension df and an

exponent of the aggregation rate constant, A. This model is then validated on experimental

results in the reaction limited aggregation regime at rather high solid volume fractions for

two different polymeric colloidal dispersions. It is demonstrated that the PBE are applica¬

ble at these solid volume fractions and that the aggregation processes for the two colloids

exhibit kinetic scaling. The kernel parameter A is shown to depend strongly on the surface

chemistry of the colloidal particles but not on the solid volume fraction of the salt concentra¬

tion, as long as aggregation is operated in RLCA. In addition, the kinetics of gel formation,

measured with oscillatory shear rheology, can be scaled on master curves with the same pa¬

rameters valid for aggregation. This scaling demonstrates that, surprisingly, the mean-field

approach of PBEis applicable even up to gel formation. However, the previous analysis does

not allow conclusions about how the aggregation process evolves in detail towards the gel

formation. Consequently, this crossover from aggregation to gelation has been studied by us¬

ing a special light scattering technique (three-dimensional cross-correlation DLS). Through

a detailed analysis the parameters characterizing the crossover in terms of the underlying

cluster mass distribution have been obtained.

Further investigations are required that use this experimental and modeling information to

develop physically sound aggregation rate constants able to predict gelation times in col¬

loidal dispersions.
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capital letters

A = Hamaker constant

Bl3 = Part of matrix of aggregation rate constant

ct = Constants in the structure factor of Lin et al.

V = Diffusion coefficient

A = Diffusion coefficient for aggregates of mass i

F>i,eff = Effective diffusion coefficient for aggregates of mass i

Do = Diffusion coefficient of primary particle
Ft = Function in the pair correlation function model

f*(q) = Function for influence of rotational diffusion (Ch. 8)

Ff = Geometric grid factor

F = Faraday constant

T
J

9,1
= Dimensionless pair-correlation function

G(h) = Hydrodynamic interaction function

(~isett
= Kernel for gravitational settling

Cp = Elastic modulus (Introduction)

G' = Elastic modulus

G" = Loss modulus

1(d) = Intensity of scattered light

I\<1) = Intensity of singly scattered light
Is = Ionic strength
K = Dissoziation constant

KB = Brownian aggregation rate constant

KtJ, K(m,m') = Matrix of aggregation rate constants

Kn = Primary particle aggregation rate constants

M = Number of discretized grid points
Mw = Average molecular weight
Mt = Moment of CMD

N = Number density of scatterers

Nc = Number of particles in a cluster

N = Number density of aggregates and particles
Ajnn

i
= g(r) parameter

NA = Avogadro's constant

No = Initial number of primary particles per unit volume

Mi = Number of collisions per encounter

p
1

V
= Part of matrix of aggregation rate constant

P(q) = Primary particle form factor

Q = qRP = Dimensionless scattering wave vector

ttg,i = Radius of gyration of mass i
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Rh,i = Hydrodynamic radius of mass i

J^c,t = Collision Radius of mass i

î^h,r,i = Rotational hydrodynamic radius of mass i

Rp = Primary particle radius

^P,9 = Primary particle radius of gyration

Sl,i(0) == Multipole of structure factor of aggregates of mass i

St(q) == Structure factor of aggregates of mass i

St(q) = Average structure factor of population
st = Dimensionless structure factor

T = Absolute temperature

U = Interaction potential (introduction)

*max
= Maximum of total interaction potential

Vtot,V = Total interaction potential
VA = Attractive interaction potential
Ver -- = Electrostatic interaction potential

Vêlas = Elastic interaction potential

*osm
= Osmotic interaction potential

W = Stability ratio

wv == Concept of stability ratio of clusters

xt = Dimensionless number density

Romanletters

at = g(r) model parameter

an, an+,asH = Activity of hydrogen atom in water

bt = g(r) model parameter

c = Fitting constant of gravitational settling kernel

C\ = Constant in elasticity model (Ch. 3)

c* = Constant in elasticity model (Ch. 3)

Q = Experimental constant for LS equipment

c% = g(r) model parameter

Ck = Concentration of ion k

d = g(r) model parameter

do = Diameter of primary particles

df = Fractal scaling exponent (fractal dimension)

e = g(r) model parameter

ei = Electron charge

f = g(r) model parameter

f(qß) = Dynamic structure factor

h(m,t) = First order density function

f2(m,m',t) = Second order density function

9t\<IJ) = Time averaged autocorrelation function

9{E\Q,t) = Ensemble averaged autocorrelation function
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g = Gravitational acceleration

g(r) = Pair correlation function

g,h = Assigning fractions in KRmethod (Ch. 2)
h = Surface to surface distance

hmax = Separation distance of interaction potential maximum

/ = g(r) model parameter

i,j,k = Dimensionless aggregate mass

kB = Boltzmann constant

kg = Prefactor in fractal scaling relation

kf = Prefactor in fractal scaling relation

kh = Prefactor in fractal scaling relation (hydrodynamic properties
k = Prefactor in fractal scaling relation

£ = Center-center distance between particles in the contact area of clusters

£s = Thickness of surfactant layer

mt = Mass of aggregate counting i primary particles
m = Aggregate mass

m = g(r) model parameter

mr = g(r) model parameter

n,ni,ns = Liquid refractive index

nr = Relative refractive index

np = Particle refractive index

n(s) = length scale dependent number density in cluster (Ch. 3)

p = Stretching parameter in elasticity model

q = Scattering wave vector

r = Length scale inside fractal aggregates

r%3 = Length scales inside tetramer

s = Dimensionless distance s = r/Rp
s = length scale in elasticity model (Ch. 3)

s = Inter-aggregate distance in kernel (Ch. 2)

t = Time

t* = Correlation time in DLS

tg = Gelation time

ta = Arrest time

t% = Interconnection time

Vq = Volume of primary particles

vt = Settling velocity of aggregate with mass i

V\ = Molar volume of surfactant

x = Mole fraction

w = weight fraction

z = Parameter in fractal relation for cutoff length of fractals

zk = Valency of ion k
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Greek capital letters

Ti = First cumulant of correlation function

T2 = Second cumulant of correlation function

T3 = Third cumulant of correlation function

Ytot = Total surface density of chargeable sites

Y
g

= Total surface density of sulfate sites

Tc = Total surface density of chargeable carboxylated sites

Y(x) = Gammafunction

Ymc(x) = Incomplete gammafunction

6 = Rotational diffusion constant

A = Interval width

^h,i,eff = Dimensionless effective hydrodynamic radius

Greek letters

a = Polarizability of particles

ac = Counter-ion binding constant

ß% = Ratio of hydrodynamic and gyration radius

ß* = Extended ratio of various radii

ßi2 = Theoretical intercept of cross correlation function

ßi2 = Intercept of cross correlation function

y% = Pair correlation function parameter-exponent

7 = Strain in rheology
5 = Delta function

5 = Displacement variable in the model of Krall et al.

e = Length scale of density fluctuations

ee0 = Permittivity of vacuum times Relative permittivity

( = Anisotropy of the particle polarizability

r] = Solvent dynamic viscosity

r\% = Length scale dependent dynamic viscosity
9 = Scattering angle

kz,k(s),k(Ç),ko = Elastic constant

k = Inverse of Debye length
A = Aggregation kernel exponent

A0 = Wavelength of light
\DE = van Dongen/Ernst homogeneity kernel parameter [56]

p = Exponent of viscosity scaling
v = Exponent in elasticity model (Ch. 3)

£î = Pair correlation function parameter-cutoff size

4* = Dimensionless cutoff size
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7T = Constant

Pp,ps,p = Density of polymer, solid

Pf = Density of surfactant

pi = Density of liquid phase

Qh = Dimensionless hydrodynamic radius

Qg = Dimensionless radius of gyration

Qc = Dimensionless collision radius

a = Surface charge
r = Dimensionless time

rc = Power-law exponent of CMD

tr = Relaxation time in DLS

to,tz, Tci = Relaxation times in elasticity model (Ch. 3)

fa = Solid volume fraction

fa, (p = Cumulative volume fraction

fa = Occupied volume fraction at arrest time (= 0.5)
(pf = Surface fraction of steric surfactant

X = Flory interaction parameter

tpo = Surface potential
uj = Frequency

General indices

VV = Vertical vertical polarization
VH = Vertical horizontal polirazation

i,j, k = Counter

eff
= Effective, average value

%so
= Isotropic value

Special symbols

() = Ensemble or time average

[NaCl] = Sodium chloride concentration

PS - SDS = Polystyrene stabilized with SDS

PS —SDSTriton = Polystyrene stabilized with SDS and Triton-XlOO

pH = Logarithm of proton activity

pK = Logarithm of dissociation constant K

SDS = sodium dodecyl sulfate (Ci2H25S04Na)

rms = root mean square error
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