Scaling relations between structure and
rheology of ageing casein particle gels

Michel Mellema



Promotoren:

Co-promotoren:

dr. ir. P. Walstra
emeritus hoogleraar in de Zuivelkunde

dr. E. van der Linden
hoogleraar in de Fysica en fysische chemie van
levensmiddelen

dr. ir. T. van Vliet
universitair hoofddocent bij Levensmiddelenleer,
department Agrotechnologie en voedingswetenschappen

dr. J. H. J. van Opheusden
universitair docent bij de sectie Wiskunde



NNOQZO} , Zggg:/

Scaling relations between structure and
rheology of ageing casein particle gels

Michel Mellema

Proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
dr. ir. L. Speelman,

in het openbaar te verdedigen

op vrijdag 10 november 2000
des namiddags om half twee in de Aula

v ABL Loy



The study presented in this thesis was part of the European Union project FAIR
CT96-1216, on ‘Structure, Rheology and Physical Stability of Aggregated Particle
Systems containing Proteins and Lipids’ and was performed at Wageningen
University, Food Physics Group, which participates in the Graduate School Food
Technology, Agrobiotechnology, Nutrition and Health Sciences (VLAG), accredited
by the Royal Netherlands Academy of Arts and Sciences (KNAW).

WAGENINGEN UNIVERSITY

The {Irudrurte Sohionst

Mellema, M., *Scaling relations between structure and rheology of ageing casein
particle gels’, PhD Thesis, Wageningen University, 2000

(‘Schalingsrelaties tussen structuur en reologie van verouderende caseine-
deeltjesgelen’, proefschrift, Wageningen Universiteit)

140 + 12 pages, references by chapter, English and Dutch summaries

Keywords: colloid / structure / rheclogy / casein / rennet / gel / fractal / scaling /
simulation / microscopy

ISBN 90-5808-302-0

- %‘Iﬁuﬂ“_ﬂ.‘:{:ﬁ( '
¢ ARTROUWUNIVEE e
T WAGENIMGEN

Cover art; S. Mellema-Manschot
Sponsored by: ir. J. J. Manschot
Printed by: Universal Press, Veenendaal



“N OA)?O '\ 2?3;

Stellingen behorende bij het proefschrift ‘Schalingsrelaties tussen
structuur en reologie van verouderende caseine-deeltjesgelen’, Michel
Mellema, Wageningen Universiteit, 10 november 2000.

1. Op basis van het werk van Fuchs is de geschiktheid van de naar
hem genoemde parameter met betrekking tot de voorspelbaarheid
van de fractale structuur van deeltjesgelen, verassend.

* Fuchs, N.A.: Z Phys 89, 736 (1934)
= dit proefschrift, hoofdstuk 2

2. Bos heeft onvoldoende aandacht besteed aan het belang van de
keuze van de grijswaarde-drempel voor de waarde van de fractale
structuurparameters afgeleid uit confocale microscopie-plaatjes.

« Bos, M.T.A.: PhD Thesis, WAU (1997)
« Thill, A. et al.: J Colf Interf Sci 204, 357 (1998)
» dit proefschrift, hoofdstuk 3

3. Hoewel de afleidingen van de schalingsrelaties van Shih er al. en
Bremer verschillen, is het resultaat identiek.

» Shih, W, H. er al,, Phys Rev A 42, 4772 (1990)
= Bremer, L. G. B.: PhD Thesis, WAU (1992)
« dit proefschrift, hoofdstuk 4

4. Het stadium van veroudering van met leb gestremde caseinegelen is
gerelateerd aan de gemiddelde grootte van de compacte bouwstenen
van het gel.

+ dit proefschrift, hoofdstuk 5

5. De veelvuldig gebruikte ‘verklaring” voor het aggregeren van para-
caseinemicellen in termen van het opheffen van repulsie, is geen
verklaring.

6. Het gebrek aan algemeen aanvaarde definities van de begrippen
‘gelpunt’ en ‘zwichten” werkt remmend op het ontwikkelen van
reologische inzichten.

7. De populariteit van het gebruik van fractale modellen voor de
beschrijving van de relatie structuur-reologie van deeltjesgelen
wordt mede veroorzaakt door de afwezigheid van alternatieven.



8. De interpretatie van grensvlakreologische metingen is moeilijker
dan die van bulkreologische.

9. De dimensionaliteit van de weg die een persoon aflegt in een
drukke winkelstraat, is gerelateerd aan zijn/haar persoonlijkheid en
niet aan fysische wetten.

10. Besturen om te besturen levert niet de beste sturing.

11. Een ultieme consequentie van het doel om steeds meer water en
lucht in levensmiddelen te verwerken, is het 'vluchtig toetje'.



Abstract

The relation between (colloidal) interactions, structure and rheology
of particle gels is discussed, with emphasis on the properties and the
spontaneous ageing behavior of rennet-induced casein(ate) or skim milk gels.

Methods involved were Brownian dynamics simulations, confocal
microscopy, permeametry and rheometry (large- and small deformations). A
categorization of relevant (fractal) scaling models and types of structural
rearrangements (particularly those affecting the rheological properties) for
particle gels has been made, and applied to experimental data of rennet-
induced casein gels.

Using Brownian dynamics simulations, the relation between colloidal
particle interactions and gel structure was obtained. The simulation model
used, included a repulsive barrier between the particles; the bonds formed
were irreversible. The aggregation was delayed by a long-range repulsive
barrier, and a high fractal dimensionality of the gels (2.4-2.5) resulted. This
value was independent of the details of the interactions and volume fraction of
particles in the range of 3-10 vol% particles. The simulation results agreed
well with experimental results on rennet-induced aggregation and gelation in
skim milk.

The (fractal) structure of rennet-induced casein gels, as studied by
confocal scanning laser microscopy and permeametry was monitored during
aging, at various pH values (5.3-6.65) and temperatures (20-30°C). At low
pH, a gradual coarsening of the structure was observed; the size of the pores
and compact structures increased. This was reflected in a decrease in apparent
fractal dimensionality (from 2.4 to 1.7), and in an increase in pore size and
lower cut-off length of the fractal regime (from 0.5 to 1.5 pum).

A scaling model was developed for the rheological behaviour of
particle gels as a function of structure and particle volume fraction. The main
structural parameters are the fractal dimensionality, the size of the compact
building blocks and two parameters describing the number of deformable
links in the strands and the dominating type of deformation of these links.
Application to rheological data (storage modulus, maximum linear strain,
yield stress) as a function of volume fraction (5-9 vol%) showed that rennet-
induced casein gels contain straight, elastic strands.

Application of the model to results of measurements of the storage
modulus during ageing, showed that at low pH rearrangements induce a
dramatic increase in compact building block size and early disappearence of
the fractal structure. It is concluded that the main types of rearrangements in
rennet-induced casein gels after gelation, are particle fusion and stretching
and breaking of strands.
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No single thing abides; but all things flow.
Fragment to fragment clings - the things must grow
Until we know and name them. By degrees

They melt, and are no more the things we know.

Titus Lucretius Carus (Roman Poet, 99/94-55 BC)
translated by W.H. Mallock, 1900
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Chapter 1

1.1 Aim of this study

Structure and rheological properties of complex gel systems, which
are found e.g. in foods, paints and sludges, are well described. However, the
understanding of the relationship between these two and their changes in time
(ageing), is insufficient. The main complicating factor is that several
parameters, like pH, temperature, and concentration of salts, enzymes and
other agents, affect the structure and rheological properties at a wide range of
length and time scales.

In the case of food gels, understanding of the relationship between
structural and rheological properties and their changes in time, may help to
control texture. Texture is considered here to include both perceivable
inhomogeneities as well as rheological and fracture properties. It relates
primarily to eating characteristics, and affects manufacture, eating properties
and physical ageing (shelf-life).

In this thesis, relations between structure and rheology of ageing
rennet-induced casein particle gels are discussed. The reason for chosing
casein gels is that they serve as a model example of complex particle gels,
which are important for the food industry. These gels are studied as a function
of pH, temperature and volume fraction of casein. Their rheology is
determined by properties of structural elements at a range of length scales,
from the macroscopic length scales down to the internal {molecular) structure
of the particles (i.e. the ‘casein micelles’) themselves.

The structure-rheology relations obtained can in principle help to
improve manufacture and quality of dairy products like cheese and quarg.
Moreover, a major part of the conclusions are of a generic nature.

The thesis contains four main chapters. Figure 1.1 gives a general
overview of the whole thesis in terms of the main aspects studied (particle-
particle interactions, aggregate and gel matrix structure, and macroscopic
rheology) and the main tools to study these aspects as a function of time
(rheometry, confocal microscopy, computer simulations and scaling theory).

In sections 1.4-1.7 an introduction to the subject of each of the above
chapters is given. First a short introduction is given to the experimental
system (1.2) and to the concept of fractal aggregation (1.3), which is often
used in this thesis.
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Rheometry (Chapter 5)

l V

Interactions €<—> Structure <——> Rheology
A\

Microscopy (Chapter 3)

Simulations (Chapter 2) Scaling theory (Chapter 4)

Figure 1.1. General overview of the thesis in terms of its main aspects (bold)
and tools used.

1.2 Casein gels

This section gives an introduction on (the formation of) rennet-
induced casein particle gels.

The fact that casein in milk is not present in solution but in micelles
has important consequences for the properties of milk and any products
derived from milk. For overviews more specifically centred on the properties
of casein micelles, see Walstra (1990), Dalgleish (1998), Holt and Home
(1996). Almost all casecinate in fresh uncooled milk is present in
approximately spherical particles of 40-300 nm in diameter (Note: the term
‘caseinate’ means ‘casein in the ionic form’, i.e. including counterions. From
now on, the term ‘casein’ will be used for both casein and caseinate). On
average, the micelles comprise approximately 10" casein molecules, of which
k-casein mainly resides at the surface. The casein micelles also contain
inorganic matter, mainly micellar or colloidal calcium phosphate (MCP or
CCP). The CCP plays an important part in the internal stability of the
micelles. The micelles are voluminous, holding approximately 60% water.
The surface has a negative charge. This, combined with the hairy layer formed
by the C-terminal parts of the x-casein molecules, makes the micelles
electrostatically and sterically protected against aggregation.
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In the first stages of cheese making, the main component of the
rennet, chymosin, cuts off the C-terminal part of the x-casein, thereby
removing the protective hairy layer (‘brush’) on the casein micelles (rennet
activity: stage 1). Casein micelles after renneting are called para-casein
micelles. As a result, attractive interactions cause these micelles to aggregate
(aggregation: stage 2). As the aggregates grow, they will ultimately touch, a
network of particles fills all space available and a gel is formed (gelation:
stage 3). The structure of the aggregates and the gel network may change in
time (rearrangements: stage 4), until eventually the gel matrix shrinks and
liquid is expelled (syneresis: stage S5). A schematic representation of the
stages is shown in figure 1.2.

™~
= Rennet enzyme
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Figure 1.2. Model sequence of events during gelation. (1) Cutting off ‘hairs’
— electrostatic and steric repulsion decreases, (2) aggregation, (3) full
gelation as large clusters form a continuous network, {4) microstructural
rearrangements and (5) syneresis. The hairs are not drawn to scale: in reality
they are much smaller and are present at a much higher number density.

The structural changes as a result of rearrangements (stage 4) are
mostly unknown. Stage 4 is the one this thesis will mainly deal with.

The early stages or processes shown in figure 1.2, are illustrated in
figure 1.3.
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Figure 1.3. Scheme of events taking place during the renneting (0.02 vol%)
of an average sample of skim milk at 30°C and pH = 6.65. Shown are the
storage modulus G’, dynamic viscosity 73 and % of x-casein cut. Taken from
Mellema et al. (1999). For explanation of numbers, see figure 1.2.

With respect to stage 2, van Hooydonk and Walstra (1987) showed
that considerable repulsive forces remain present even after complete cutting
of the hairs. This results in slow aggregation.

Besides by cutting the hairs using rennet, aggregation can also be
induced by adding acid (which decreases the electrostatic potential of the
particles, causing a collapse of the hairy layer) or ethanol (which decreases
solvent quality, presumably leading to a collapse of the hairy layer). The
attractive forces during aggregation probably result from caicium (Walstra
(1990)), and casein (Mellema er al. (1999)) mediated bridging, and
hydrophobic interactions. Van der Waals forces are insufficient to account for
the attraction during aggregation (Payens (1979)).
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1.3 Fractal aggregation

The particle aggregates that are formed during the aggregation of
colloidal particles, can be considered fractal if the geometry is scale-invariant,
which implies that the structure is similar when viewed at a reasonably large
range of magnifications. Best known are the so-called deterministic fractals,
i.e. fractals that can be described using a constant algorithm. Such very
regular structures are rarily found in real life. Particle gels, like casein gels,
can have stochastic fractal features over a certain range of length scales.
These features are a product of the random Brownian motion invelved in the
aggregation. Scaling relations apply to both types of fractals. In the present
case, the ‘fractal scaling regime’ holds approximately over a length scale
between the size of the particles (a) and the size of the cluster (R). The
following equation applies:

Dy
Nz[ﬁ) , (1)

where N is the number of particles in the aggregate and Dy is the fractal
dimensionality.

Fractal aggregation in relation to particle gels in general, and to casein
dispersions in particular, has been thoroughly discussed by e.g. Bremer {1992)
and Bos (1997) and references therein. Bremer et al. (1989) were the first to
point to the formation of fractal (hence tenuous) aggregates, as a prerequisite
for the formation of a space-spanning network.

The fractal nature of casein particle gels allows application of so
called scaling theory. This thesis discusses the consequences and limitations
of such scaling analyses.

1.4 Simulations

Chapter 2 deals with the results of Brownian dynamics (BD)
simulations of aggregation. The effect of colloidal particle interactions on
aggregate structure during formation of the gels was studied. The simulations
were tuned to give an accurate description of fresh casein particle gels, taking
the fairly high fractal dimensionalities and slow aggregation rates found for
this system into account.

Pioneering work on the subject of fractal aggregation studied by
simulation was performed by Meakin (1988). He fully discussed the
differences between various types of simulation algorithms (ballistic,
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diffusion-limited, reaction-limited, cluster<cluster types of simulations). The
applicability of a combination of fractal concepts and simulations for
engineers was discussed by Dickinson (1990). He also developed a (2D)
Brownian dynamics simulation model to study the effect of interactions on
aggregate structure (see e.g. Dickinson (1994)). A similar simulation model in
three dimensions was tested for various types of interactions by Bijsterbosch
et al. (1995) and Bos (1997).

The state-of-the-art in simulating particle gels was recently discussed
by Dickinson (2000). In the near future, most progress on the subject of
(fractal) aggregation and formation of particle gels can be expected from
computer simulations. Scientists are especially looking forward to realistic
simulations of the rheological properties of particle gels and suspensions, of
which those by Whittle and Dickinson (1997) and Lodge and Heyes (1999)
are a first attempt.

1.5 Microscopy

In Chapter 3 structural changes of rennet-induced casein gels during
aging, as observed by confocal scanning laser microscopy (CSLM) and
permeametry, are discussed. A fractal approximation was applied to the
results, Parameters varied include pH and temperature. The structural aging
effects as given in this chapter, are related to changes in e.g. storage modulus
and maximum linear strain in chapter 5.

Microscopy is the most direct and therefore an obvious technique for
studying particle gels. Transmission electron microscopy was applied to
rennet—induced casein gels by Knoop and Peters (1975). The high resolution
of this technique, allowed direct visualization of the (aggregated state) of the
paracasein micelles. Scanning electron microscopy gives a more complete
impression of the 3D structure of a gel matrix. Recent examples include a
study on acid casein gels by Lagoueyte er @l (1994). In these electron
microscopy studies, particle fusion effects have been observed.

At the end of the 1980s, confocal scanning laser microscopy (CSLM)
was introduced. Even though the optical aspects of this technique were
already known for decades, the full development was made possible by
computer-directed laser beams and computer-mediated image analysis. The
first CSLM on casein gels was performed by Bremer (1992), who showed that
these gels have a fractal structure with relatively high dimensionality. Bos
(1997) developed a deconvolution scheme to obtain a higher resolution of
confocal images. This is especially important if the fractal structures of
interest are small. Thill er al. (1998) showed that the choice of gray scale
threshold is also very important in determining fractal parameters. Bremer
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(1992) and Auty et al. (1999) were among the first to study the ageing of
casein gel structures using CSLM.

1.6 Scaling theory

In chapter 4 a simplified version of existing scaling models is
presented which relates the structure of particle gels to their rheology. In the
model, the gels contain stress-carrying strands with a certain flexibility and
curvature, A variety of possible scaling exponents is categorized. During
aging of a gel, the appropriate scaling exponent can change. In this way, a
scaling model can be a helpful tool in determining structural rearrangements,
which is done in chapter 5.

Scaling modeling of the rheological properties of particle gels is not
widely used among food engineers. One reason for this is the high complexity
of the gel structures found in e.g. foods and paints. The other reason has to do
with the relatively high complexity of the models presented in the literature.

One of the first scaling models suitable for describing the rheclogy of
particle gels was given by Kantor and Webman (1984). They identified a
relation between the structure of a random chain of elements and its elasticity
and conductivity. Later, Shih ef al. (1990) showed that practical systems can
be found that obey the scaling laws incorporating two extreme values of the
scaling exponents. At this point, fractal scaling was explicitly incorporated
into the Kantor and Webman model. Recent applications of this model to
complex protein gels include those by Ikeda et al. (1999).

At about the same time, Bremer (1989, 1992) developed an
alternative fractal scaling model, that showed the existence of two
intermediate scaling exponents that were considered relevant for casein gels.

1.7 Rheometry

In Chapter 5 the results of rheometry are presented. By combination
of the experimental data with structural data from chapter 3 and the scaling
model of chapter 4, information can be obtained on rearrangements taking
place during aging of rennet-induced casein gels. A systematic overview or
categorization of types of rearrangements is made, which accounts for the
large diversity of rearrangements involved in the aging of particle gels in
general. Emphasis is placed on rearrangements after gelation.

Although the importance of the dynamic nature of the structure of
particle gels has fully been recognized for decades now, quantitative studies
of the non-equilibrium or transient structure of particle gels are still rather
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difficult. This is mainly because of the large number of parameters that are
involved.

‘Transient’ (see a review by Poon (1998)) is a term mainly used for
gel structures that are (temporarily) formed by reversible aggregation. The
same thermodynamical considerations cannot be used to describe the
breakdown of gels formed by irreversible aggregation. These gels do not
change their structure by reversibility of particle-particle junctions, but by
flexibility of these junctions or by deformation of the particles themselves.
We use the term ‘rearrangements* for all types of changes that lead to distinct
changes in the structure and rheology of aging particle gels, including those
formed by irreversible aggregation.

For most particle gels, the final consequence of (coarsening)
rearrangements is endogenous syneresis, i.e. the spontaneous separation of
liquid due to shrinkage of the gel matrix. For casein gels, relations have been
identified between changes in pore size (van Dijk and Walstra (1986)) and
rheological properties like tan & (van Vliet er al. (1991)) with the rate of
syneresis.

An interesting theoretical approach to the transient behavior or
‘collapse’ of particle {or emulsion) gels is given by Tanaka (1999). He
introduces a simple mathematical desciption of the lifetime of a gel in terms
of the competition between cluster growth and phase separation.

Knowledge obtained on the exact nature of the rearrangements will
allow a more direct ‘tuning’ of the rearrangements. For casein gels, tuning can
be achieved e.g. by adding certain agents to the milk, like carrageenan,
calcium, formic acid, EDTA etc. A recent example of such tuning is the
addition of crosslinking enzymes to milk prior to yogurt formation, by
Lorenzen et al. (1999). Action of microbial transglutaminase was shown to
increase gel firmness and reduce syneresis. Another option is a special
pretreatment of the milk. High pressure- or heat-treatment of milk prior to
rennet addition, increases gel firmness.
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Chapter 2

Relating colloidal particle interactions to gel structure
using Brownian dynamics simulations
and the Fuchs stability ratio*

2.1 Summary

Brownian dynamics simulations of aggregation of hard-sphere
dispersions at intermediate volume fractions (¢ ~3-10 vol%) have been
performed. A long-range activation energy for aggregation was incorporated.
The bonds formed were irreversible and flexible. Cluster growth rate and
fractal properties of the gel matrix could be related to particle interactions by
using a Fuchs stability ratio Ws. Although this approach is expected to apply
only to the very carly stages of gelation, Wz was shown to be a useful
parameter, especially for predicting gel matrix parameters like the fractal
dimensionality D¢ (which is a measure of the 'compactness’ of the clusters in
the intermediate or fractal length scale regime) and the correlation length &
(which is a measure of the average gel pore size). The number of aggregates,
N,ge, was found to be a convenient measure of the stage of aggregation for the
range of volume fractions and interactions studied. For high values of W%, the
value of Dy was more generic (i.e. less dependent on W or ¢). In addition, the
fractal parameters were less dependent on Wy at higher @. These observations
can be explained by the limited formation of (diffusion-kinetics type)
depletion zones in the presence of repulsive barriers compared to purely
attractive systems.

*J Chem Phys 111, 13, 6129 (1999)
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Chapter 2

2.2 Intreduction

In recent years, several Brownian Dynamics (BD) simulation studies
have been published on the formation and properties of particle gels [1-8].
The various studies differ with respect to the interaction potential used, the
freedom for rearrangement, volume fraction efc. Here we present a study on
aggregation and gelation of spherical particles at intermediate volume
fractions (around 3-10 vol%), using a BD simulation model with short-range
irreversible bonding and intermediate-range repulsive: pair-interactions. We
will focus on the effect of delayed aggregation due to an incorporated
repulsive barrier for aggregation on the evolution of the fractal structure [3,9]
of the aggregates and gel matrix, at different volume fractions. Even though in
practical systems, e.g. casein gels, often a repulsive barrier at intermediate
distances is present during aggregation, this aspect has not been thoroughly
studied before.

The simulation results are compared to rennet-induced gelation of
skim milk. In milk, casein particles are present which are protected against
aggregation by a hairy layer comprising of the C-terminal ends of x-casein
molecules. The hairs can be ‘removed’ by rennet enzymes [10], and attractive
forces become operative.

A gel is only obtained if the aggregation is irreversible or above a
certain percolation threshold volume fraction [11]. For casein micelle gelation
no threshold value can be found [12], hence the aggregation is probably
largely irreversible. Aggregation rates found in casein dispersions and milk
are low, probably because a ‘hairy layer’ remains even after renneting [13-
15]. Subsequently the gel fractal dimensionalities are relatively high [16,9,17)
(even higher than expected for reaction-limited aggregation [18]). It may thus
be illustrative to incorporate (high) repulsive barriers in the simulations.

We will show that the Fuchs stability ratio [19] can be a useful
parameter in predicting the fractal characteristics of the simulated gels. The
relevant characteristics of the particle interactions can be approximated by this
‘stickiness’ parameter if only limited rearrangements are allowed.
Furthermore, by pointing out some differences between results from the
simulations and from experiments on milk gels, we will show the importance
of gel matrix rearrangements.
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Simulation of particle gel formation

2.3 Theory

2.3.1 Brownian dynamics model

The BD model is based on a Langevin-type equation of motion for each
of the macroscopic particles with a fluctuating random force added to account
for the thermal collisions of the solvent molecules with the particle. The solvent
is considered as a continuum. We keep track of ¥ hard-core spheres in a cubic
box with edges set equal to R, using periodic boundary conditions. All
parameters corresponding to sizes or distances are normalised to the radivs of
one spherical particle and all parameters corresponding to energies are
normalised to units of k7.

The resulting force on a particle i, F,, is given by the Langevin
equation [20]

2

d
Fres=m_d?r:‘ =ZEj(nj)+Ri+h(: 2.1)
i

where ¢ is the time, F; is the net force of interaction between the pair of particles
i and j, R; is the random {Brownian) force, H; is the Stokes friction force acting
on particle i and r; is the position of particle i and r; is the relative position of
particle i to particle j.

The particle pair-interactions (represented by F};) are described using a
potential u(r). The force F; is taken to be constant over a centre-to-centre
distance 2.1 <r<D

0 rzD
w(r)=\F,(r- D) D, 4 <r<D 22)
0 2<r< Dy,

where Dygng is the bonding distance (always set to 2.1) and D is the maximum
interaction distance (ranging from 2.1 to 3.3). In this study, the parameter F;
ranges from 0 to -25, implying the interactions are repulsive. Note that the hard
core repulsion implies x(r) = oo that for » < 2.

Once a bond is formed it is irreversible. The points at which the bonds
are attached to the particle surfaces are fixed and the angles between all bond
attach-points on the same particle are fixed too. The relative particle motion is
restricted such that the surface-to-surface bond length does not exceed the
maximum specified bond length Dy = 0.1, but it can be less also, which gives
a certain bond ‘flexibility’ (see ref. [8] or the appendix).
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Chapter 2

The liquid drag force, H,, is proportional to the particle velocity

H—ﬂ 2.3
i dt}’ (')

where ¥ (= 6z TJD) is the Stokes drag and 7 is the solvent shear viscosity. Note

that the particle radius ¢ = 1. Many-body hydrodynamic interactions are
neglected.

Equation (2.1) is solved numerically to extract the movement of the
particles, using a constant timestep Az, We chose this Brownian timestep much
larger than the relaxation time of the particle velocity, but small enough to
ensure that the interaction forces do not change significantly during one
timestep. Using the Euler forward method [20] to solve the remaining first-
order differential equation, we arrive at

Ar,(t+ Af) = %[ZE, ()+R, (:)J (2.4)
J

The effect of the random force R; is a translational displacement which,
on the average, obeys Einstein’s law for an isolated particle. For instance in the
x-direction this gives us

Axt(t+ Aty= N_\J6D,Af (2.5)

where D, (=1/9) is the diffusion coefficient, which is normalised to 1. The
parameter N; is a uniform random number on (-1,1), so its variance is 1/3. The
dimensionless root-mean-square displacement in the absence of interactions is
<|AxR> = V(2D.At ). For all simulations we fixed Y(2D,A?) at 0.004, which is
small enough also for the steeper potentials. If the number of particles is ¥, in
one timestep 3N numbers corresponding to all three directions (X.,y.z), are
drawn. This means that we have uncorrelated distributions (i.e. no
hydrodynamic interactions between the particles) for F;; = 0. The number of
steps which the simulation has passed, is given by Ny. The parameter Ny, is a
direct measure of time.

Apart from the translational diffusion the individual particles also
undergo rotational diffusion. The rotational motion is governed by a diffusion
coefficient Dy. (particle radius a= 1, kT = 1)
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Simulation of particle gel formation

3D,
D, =— (2.6)

The implementation of the rotational diffusion is quite similar to that of
translational diffusion, with small uniformly random rotations of each particle
as to satisfy equation (2.6). Rotational diffusion of the clusters is generated by
the different translations of the individual particles combined with the
constraints. These constraints, both the hard core repulsion and the finite
length strings, which may be violated by the particle displacements, are
satisfied by a SHAKE-like procedure [20], iteratively running over all
violated constraints, and removing these by moving and rotating the involved
particles.

2.3.2 Aggregation Kkinetics*

Meakin [21] defined two types of aggregation which differ with respect
to the ‘probability of bonding’ due to different particle interactions. In
Diffusion-Limited Cluster Aggregation [22] (DLCA) each particle (or cluster)
encounter leads to bonding. For Reaction-Limited Cluster Aggrepation [18]
(RLCA), there is a low chance of bonding (upon particle encounter) so on
average a large number of particle encounters are needed for bonding.

A higher degree of reaction-limitation causes a delay in the aggregation
process and the structures formed are usually more compact, i.e. have higher
fractal dimensionality [23]. In order to quantify the relation between particle
interactions and fractal gel structure, we introduce the Smoluchowski [24] and
Fuchs [19] concept of the stability ratio W, which measures the effectiveness of
a potential barrier in preventing colloidal particles from aggregating. The basic
definition of # is given by Smoluchowski (for repulsive hard spheres)

average time for bonding withrepulsion
" averagetime for bonding without repulsion

(2.7)

The reciprocal of W (= 1/W) is the sticking probability of the
encountering particles. For our simulations, this theory can only be expected to
apply to the first few aggregation steps or, equivalently, to a few times the time
required for the number of separate particles to be reduced to half of the initial
value. After this ‘Smoluchowski-regime’ the shape and dimensions of the
aggregates formed will influence the rate of the ongoing aggregation.

*see also the appendix
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According to Smoluchowski [24,25], the particle flux for dimerisation
of a single pair of identical hard spheres equals

Jo =2aD.¢ (2.8)

where ¢ is the particle bulk volume fraction. According to Fuchs [19,25], the
particle flux for a single pair of identical spheres with a potential force between
the particles equals

Do

== (2.9)
,[T e /"Tdr
2a F

where r is the particle distance. The probability of bonding, which Fuchs
originally called x;, equals J./;, We now introduce a Fuchs stability ratio
We=1l/x

Tl un
W, =2a [—e Vir gy (2.10)
Zar

The integral can be approximated numerically for any shape of the repulsive
barrier u(r), defined by the value of the parameters F; and D (see ref. [8] or the
appendix). In our case (equation (2.2)) the interaction force (¥,) and range (D)
are the important parameters, the bond length (Dyong) has only minor
influence. This ‘theoretical’ Wy will be related to ‘experimental’ fractal
parameters obtained from the simulations.

2.3.3 Power-law behavior

For an ideal fractal aggregate, the following scaling relation can be
written [26,16]

D;-3
@, = (E} 2.11)

a

where ¢, is the density or volume fraction inside the aggregate of size R and Dy
is the fractal dimensionality. A 3D homogeneous object would give D = 3,
which means that ¢ is independent of cluster size. For Dy< 3 the density drops
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with increasing cluster size. At the ‘gel point’ £, we assume @ = @ and define R
= R Rewriting equation (2.11) leads to

]
R, =agqp™” (2.12)

where a is a prefactor equal to an effective particle radius [12].

In experiments £, is roughly defined at the point at which the storage
modulus G’ is systematically larger than the loss modulus G”. The change of
the actual Ry with the bulk volume fraction g is a central subject in the fractal
analysis of rheological and permeability data [16,27].

The mass distribution of an object or an image of the object can be
probed by evaluating a pair correlation function g»{(r). In computer simulations
all particle positions are known, so gx(7) is exactly defined. For estimating an
effective Dy from the simulations, it is convenient to smooth out short-range
oscillations in g,(r) by integration, leading to [3,9]

Dy
nocﬁ(é') ; 2asr<é (2.13)

where n is the average number of particles within range  of another particle and
£ is the correlation length. The correlation length £ is an important parameter
because at 7, it should equal R,. The prefactor 7 is defined as the effective
average number of particles at » = 2a. The procedure of the linear fitting
according to equation (2.13) is shown in figure 2.3, which is a plot of log(n)
versus log(r) and shows how Dy, /i and £ are derived.

The gel matrix is only fractal over a limited range of length scales. The
parameter & is the upper cut-off length of the fractal regime (or the lower cut-off
length of the homogeneous regime at large length scales; D¢= 3). In a dispersion
of separate particle clusters & corresponds to the average cluster separation. In a
gel matrix & corresponds to the average radius of the gel pores. The values of #
gives information on the compaciness of the gel matrix at small length scales.

Scaling laws can also be applied to quantify the kinetics of the cluster
growth. The kinetics of aggregation can be described by a simple scaling
relation between the average rad