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Summary

Controlling the behavior of concentrated colloidal suspensions and gels is

important in many areas. For instance the production of products such as paper,

paint, pharmaceuticals, composites, or ceramics is often based on colloidal

processing. Due to their rich phase behavior and their complex rheological and

structural properties, colloidal suspensions and gels are also very interesting from a

scientific point of view.

At low particle volume fractions, the network structures that develop in a colloidal

suspension during aggregation can generally be well described as fractal, where the

fractal dimension depends on the kinetics of aggregation. Theoretical models based

on the fractal description of network structures are successful at linking the

mechanical behavior to the microstructure of these systems.

For highly concentrated colloids, however, our knowledge on the relations between

structural and mechanical properties is rather limited. This is partly due to the

considerable difficulties involved in experimentally characterizing the

microstructure of highly concentrated systems. More important however is the fact

that conventional destabilization techniques do not allow the controlled formation

of particle gels with significantly different microstructures at high volume fractions.

This problem is solved by a new destabilization method originally developed for the

processing of high—performance ceramics. The method is based on enzyme-

catalyzed chemical reactions, that can be controlled by both enzyme concentration

and temperature. It allows the formation of gels of highly concentrated particles
without disturbing the microstructures that develop during the gelation process. In

addition, these gels can be produced by two different destabilization mechanisms:

Either the pH of the suspensions is shifted towards their isoelectric point

(ApH-method), or the ionic strength of the suspensions is increased at a constant

pH (AI-method).

In this study we use such particle gels as model systems to investigate the relations

between the kinetics of the destabilization process, the dynamics of particles, the

evolving microstructure, and the resulting mechanical behavior.

The dynamics of particles during the aggregation process is followed by using

Diffusing-Wave Spectroscopy (DWS). This light scattering technique allows to

derive quantitative information about the dynamics of particles in very turbid

suspensions. While in conventional light scattering experiments the samples have
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to be highly diluted, DWS extends traditional dynamic light scattering to media

with strong multiple scattering by treating the transport of light as a diffusion

process. We derive quantitative information about the sol-gel transition and the

viscoelastic properties of the gels, as well as a characterization of changes in the

microstructure. Al-gels show stronger elastic moduli and exhibit a less

homogeneous microstructure than ApH-gels.

To further characterize the dynamics of the destabilization process as well as the

evolving microstructures, we perform static light scattering measurements on

suspensions of concentrated silica particles. Problems due to multiple scattering are

avoided by using a very thin sample thickness. In addition, the refractive index

difference between the aqueous phase and the particles is reduced by adding sucrose

to the liquid phase of the suspensions. While during the ApH-destabilization, the

scattering curve shows significant changes only after some characteristic delay time,

it changes continuously during the AI-destabilization. This behavior is attributed

to the formation of a weak pre-gel structure in the suspensions, as a shallow

secondary minimum appears in the interparticle potential.

The real-space structure of concentrated gels is characterized by combining

high-pressure freezing with Cryo-SEM. By using the high-pressure freezing

technique, formation and growth of ice-crystals is adequately reduced.

Microstructures can thus be examined on fracture surfaces of high-pressure frozen

particle gels. Structural differences between the systems can be visualized and even a

quantitative characterization of the structures is obtained by a combination of

image-analysis and statistics. Results again show a less homogeneous structure for

Al-gels, with inhomogeneities on the length scale of a few particle diameters.

The viscoelastic behavior of concentrated ApH- and Al-gels is characterized by

using standard macroscopic rheological measurements. Again, we find noteable

differences in the rheological behavior of the two systems. For Al-gels, significantly

higher yield stresses and elastic moduli are observed. An analysis of the scaling
behavior of yield strains suggests a fundamental difference in the stress-bearing
mechanism of the two systems, with stresses supported by a bond-bending
mechanism for ApH-gels and a bond-stretching mechanism for Al-gels.

All our results consistently demonstrate a significant increase of elastic and yield

properties of concentrated particle gels with decreasing homogeneity of their

microstructures. This surprising behavior is explained in terms of a simple model

description and discussed with respect to effects observed in dry granular materials

and in diluted colloidal gels.

page 10



Zusammenfassung

Die Kontrolle der Eigenschaften von kolloidalen Suspensionen und Gelen ist in

vielen Anwendungen von zentraler Bedeutung. Beispiele finden sich in der

Herstellung von Farben, Kosmetika, Nahrungsmitteln, Papier, sowie in der

pharmazeutischen Industrie.

Aufgrund der Vielfalt ihres mechanischen und strukturellen Verhaltens sind

kolloidale Suspensionen und Gele aber auch wissenschaftlich äusserst interessant.

Die Strukturen, welche bei der Aggregation von Teilchen in verdünnten

Suspensionen entstehen, können gut als Fraktale beschrieben werden. Deren

fraktale Dimension ist dabei von der Kinetik der Aggregation abhänging.

Ausgehend von dieser fraktalen Beschreibung der Struktur von Aggregaten erlauben

es theoretische Modelle in diesem Fall, eine Verbindung zwischen der

Mikrostruktur und den mechanischen Eigenschaften kolloidaler Gele herzustellen.

Für hochkonzentrierte kolloidale Gele sind diese Zusammenhänge jedoch

weitgehend unbekannt. Dies liegt teilweise in der Tatsache begründet, dass es

äusserst schwierig ist die Mikrostruktur dieser Systeme experimentell zugänglich zu

machen. Ausserdem können mit herkömmlichen Destabilisierungsmethoden keine

Gele von signifikant unterschiedlicher Mikrostruktur in reproduzierbarer Weise

erzeugt werden.

Durch die Verwendung einer neuen Destabilisierungmethode, welche ursprünglich
für die Herstellung von Hochleistungs-Keramiken entwickelt wurde, kann dieses

Problem gelöst werden. Die Methode basiert auf enzymatisch katalysierten
chemischen Reaktionen, welche sowohl durch die Enzymkonzentration als auch

durch die Temperatur kontrolliert werden können. Sie erlaubt die Herstellung von
hochkonzentrierten kolloidalen Gelen, ohne Störung des Aggregationsprozesses.
Ausserdem können zwei unterschiedliche Mechanismen verwendet werden, welche

zu markanten Unterschieden sowohl in der Mikrostruktur als auch in den

mechanischen Eigenschaften führen. Die Destabilisierung erfolgt dabei entweder

durch die Verschiebung des pH zum isoelektrischen Punkt der Teilchen

(ApH-Methode), oder aber durch eine Erhöhung der Ionenstärke bei konstantem

pH (AI-Methode).

In dieser Arbeit benutzen wir diese Destabilisierungsmethoden, um die

Zusammenhänge zwischen der Kinetik der Aggregation, der Dynamik von Teilchen
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während des Aggregationsprozesses, der sich ausbildenden Mikrostruktur und des

mechanischen Verhaltens zu untersuchen.

Die Dynamik der Teilchen während des Aggregationsprozesses wird mit Hilfe von

Diffusing-Wave Spectroscopy (DWS) verfolgt. Diese Lichtstreu-Methode erlaubt

es, quantitative Informationen über die Dynamik von Teilchen in optisch sehr

trüben Suspensionen zu erhalten, wobei konventionelle Lichtstreu-Techniken dies

üblicherweise nur in hochverdünnten Systemen erlauben. DWS erweitert die

Anwendungsmöglichkeit von dynamischer Lichtstreuung auf Systeme mit starker

Mehrfachstreuung, indem die Lichtausbreitung im Medium als Diffusionsprozess
beschrieben wird. Die Methode erlaubt es, die Dynamik der Teilchen, sowie die

viskoelastischen Eigenschaften und die Mikrostruktur der Systeme während des

Destabilisierungsprozesses zu charakterisieren. Es stellt sich heraus, dass AI-Gele

eine bedeutend höhere Elastizität, sowie eine weniger homogene Struktur aufweisen

als ApH-Gele.

Ausserdem untersuchen wir die Kinetik des Destabilisierungsprozesses, sowie die

sich ausbildenden Mikrostrukturen mit Hilfe von statischer Lichtstreuung. Das

Problem der Merhfachstreuung wird hier vermieden, indem wir die Dicke der

Proben äusserst klein halten. Durch Zugabe von Sucrose zur Flüssigphase wird

ausserdem der optische Kontrast reduziert. Der gemessene Strukturfaktor ändert

sich bei einer ApH-Destabilisierung erst nach einer charakteristischen Zeit,

während er sich bei der AI-Destabilisierung kontinuierlich entwickelt. Letzteres

wird der Ausbildung einer schwachen Pre-Gel-Struktur zugeschrieben, die durch

ein schwaches sekundäres Minimum im Interaktionspotential entsteht.

Die Charakterisierung der Mikrostrukturen von konzentrierten Partikel-Gelen wird

durch eine Kombination von Hochdruck-Gefrieren mit Cryo-

Raster-Elektronenmikroskopie ermöglicht. Durch die Verwendung der Hochdruck-

Gefrier-Technik kann die Bildung und das Wachstum von Eiskristallen in der

Flüssigphase dermassen reduziert werden, dass während des Gefrierens keine

wesentliche Verschiebung der Partikelpositionen stattfindet. Dadurch sind wir in

der Lage, die Mikrostruktur direkt anhand von Bruchflächen der gefrorenen Gele

zu visualisieren. Eine Kombination von Bildanalyse und Statistik ermöglicht eine

quantitative Charakterisierung der Mikrostrukturen, ausgedrückt durch deren

radiale Paarkorrelationsfunktion. Die Resultate zeigen wiederum, dass AI-Gele

Inhomogenitäten in ihrer Mikrostruktur aufweisen, während bei ApH-Gelen die

Struktur sehr homogen ist, und derjenigen einer stabilen Suspension ähnelt.

Das viskoelastische Verhalten der konzierten Partikel-Gele wird durch rheologische

Messungen charakterisiert. Wir stellen wiederum grosse Unterschiede zwischen
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ApH- und AI-Gelen fest. Für AI-Gele erhalten wir markant höhere Fliessgrenzen

(yield stress) und Speichermodule als für ApH-Gele. Die Analyse des

Skalierverhaltens dieser Grössen mit dem Volumengehalt der Partikel für die

beiden Systeme deutet auf fundamentale Unterschiede in der Übertragung von

Spannungen hin. In dieser Interpretation würden Spannungen im ApH-Gel durch

das Verbiegen der Bindungen zwischen zwei Teilchen aufgebaut werden, während

sie bei einem AI-Gel durch ein Strecken der Bindungen entstehen würden.

Zusammenfassend zeigen unsere Resultate eine systematische Erhöhung der

mechanischen Eigenschaften von konzentrierten Partikel-Gelen bei Erhöhung der

Inhomogenitäten in deren Mikrostruktur. Dieses erstaunliche Verhalten wird

anhand einer einfachen Modellbeschreibung erläutert, sowie in Zusammenhang zu

dem Verhalten von granulären Materialien und von verdünnten kolloidalen

Suspensionen diskutiert.
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Chapter 1

General Introduction

Colloidal suspensions show a wide range of mechanical and structural behavior.

They can exhibit both fluid-like and solid-like behavior with the transition between

the two taking a variety of different forms. Many industrial applications make use

of colloidal suspensions and of the possibility to change and control their behavior.

Their mechanical behavior depends on the size and shape of the particles, the

interparticle forces, the solid loading, and the spatial arrangement of the particles (or

the microstructure of a particle network). The structural, mechanical and dynamic

properties of a colloidal suspension can change drastically, when one or several of

these parameters are varied. From a scientific point of view, it is very interesting to

study colloidal systems and the mechanisms that govern their complex behavior. Of

particular interest is the influence of microstructure on the mechanical behavior of

particle gels. At low solid loadings, theoretical models based on the fractal

description of network structures are successful at linking the structural to the

mechanical behavior (see Section 1.1.2). These models are in good agreement to

results from experiments and from computer simulations.

For highly concentrated colloids, however, our knowledge on the relations between

structural and mechanical properties is rather limited. We identify two main

problems, which make it difficult to establish a relation between network structure

and mechanical behavior in concentrated colloidal gels.

Firstly, the reproducible formation of a colloidal gel at high volume fractions cannot

be performed as easily as in a diluted system. The direct addition of salt or acid/base

to stable suspensions will lead to colloidal gels of irreproducible microstructures.

Due to the elevated aggregation rates in concentrated suspensions, the system will
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generally aggregate locally before the salt or acid/base is homogeneously distributed.

In rheological studies of concentrated gels, a high shear rate is usually applied prior
to the measurements in order to set reproducible starting conditions [1-3].

However, in this case the microstructures of the resulting gel networks are

determined mainly by the shearing process, and not by the initial aggregation

process itself. As a consequence, the formation of different concentrated gels of

significantly different microstructure will be difficult to achieve if a high shear rate

has to be applied.

Secondly, the characterization of microstructures in concentrated colloids proves

difficult, as the standard methods used for the characterization of diluted colloidal

suspensions cannot be easily applied to highly concentrated systems. For example,
static light scattering, the standard method for the characterization of structure in

colloidal gels, fails for systems which exhibit strong multiple scattering.

The first problem is overcome by inducing aggregation in electrostatically stabilized

suspensions without disturbance. To achieve this, we use Direct Coagulation

Casting (DCC), a method developed for the processing of high-performance
ceramics ([4,5], see Section 1.1.4). It is an in situ method, based entirely on a

direct, continuous change of the interparticle potential from repulsive to attractive.

The method is based on enzyme-catalyzed internal chemical reactions, such as the

hydrolysis of urea, catalyzed by the enzyme urease. The formed reaction products
lead to an increase of ionic strength in the suspension (Al-method) and/or a shift in

pH towards the buffer pH of the reaction products (ApH-method). It turned out

that the DDC-method is an ideal tool not only for the production of

high-performance ceramics, but also for a general study of aggregating colloids.

Using this method, it is possible to produce in situ destabilized gels from

electrostatically stabilized suspensions at very high volume fractions. The

microstructure of the produced gels is controlled by the destabilization mechanism

alone and not, as is the case for conventional methods to produce highly
concentrated gels, by the shearing history of the sample. The structural and

mechanical properties of these concentrated gels are thus directly linked to the

dynamics of the destabilization process.

An important part of this study is to address the second problem, the

characterization of microstructures in dense suspensions and gels. Once this

problem is overcome, we have the unique opportunity to study the relations

between the kinetics of the aggregation process, the particle dynamics during and

after aggregation, the evolving microstructures, and the resulting mechanical behavior

of dense colloidal supensions and gels.
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1.1 Aggregation of Colloids

1.1.1 Attractive and repulsiveforces between colloids

In most cases, the interactions between colloids in aqueous suspension are

adequately described by taking only two kinds of interactions into account:

repulsive electrostatic forces and attractive van-der-Waals forces. This way to

describe the interaction between colloids was put forward by Derjaguin and

Landau [6], and Verwey and Overbeek [7] in the so-called DLVO-Theory. The

interparticle DLVO-potential can thus be written as [8-11]

V(s) = VR(s) + U(s) Eq.[l]

where VR(s) and U(s) are the electrostatic repulsion potential and the van-der-Waals

attraction potential, respectively, and s is the surface to surface distance between the

particles. For spherical particles, the van-der-Waals attraction U(s) can be

approximated as

TT, .
A ( 2R2 2R2

.

/ s2 + 4Rs \\
U^ =

-?
'

h +
~2 2

+ lnh 2
Eq-[2]

0
\s +4Rs s +4Rs + 4R \s + 4Rs + 4RJ )

where R is the radius of the particles and A the Hamaker constant. Using the

Derjaguin approximation[12], with s«R, the electrostatic interaction potential

VR(s) can be written, as [13]

VR(s) = 2jT80ewi?Ç2-ln(l + e-K'*) Eq. [3]

where t, is the Zeta-Potential of the particles, e0 is the permittivity in vacuum, and

K is the inverse of the screening length of the Debye-Hückel approximation [14]

k = —e-r-; • yv z2 Eq. [4]

where kB is the Boltzmann constant, T the temperature, n, and z, the number

density and charge of the ith species of ions in the solution.

The DLVO-theory describes the interactions between colloids accurately for many

colloidal systems, and predictions are often in excellent agreement with

experimental data. However, at short separation distances or at high ionic strength
the DLVO-theory fails to accurately describe the interaction potentials. This is

because the DLVO-theory breaks down at low separations, where the continuum
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approach is not appropriate any more, and additional forces come into play. For a

detailed description of interparticle forces, see [8-11]. The DLVO-theory is useful

in predicting the general behavior of colloidal suspensions. In this work the

DLVO-theory according to Eq. [1 - 4] is used as a comparison to experimental data

in Chapters [Referenz auf Kapitel]. In section 1.1.4 we plot DLVO-potentials to

illustrate characteristic differences between two different methods for the in situ

destabilization of colloidal gels.

1.1.2 Fractal Colloidal gels
If the interaction between colloidal particles is attractive, a colloidal system will

form aggregates.

At low volume fractions, the structure of such aggregates is accurately described as

fractal [15,16]. This means that the number of particles contained in an aggregate

scales with its size as a power law

N ~ Rdt Eq [5]

where the exponent d{, called the fractal dimension, is smaller than the euclidian

dimension d. This implies, because the density of the fractal clusters thus decreases

as their size increases, that upon formation of fractal aggregates in a suspension, the

system will ultimately form a volume-filling gel. The values of the fractal dimension

d{ for different aggregation mechanisms are well established from computer

simulations as well as from experiments.

FIG. 1. Fractal clusters formed by the aggregation of aqueous gold colloids.

a) Diffusion limited aggregation mechanism [15].

b) Reaction limited aggregation mechanism [16].
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Aggregation mechanisms can be divided into two different categories: Diffusion

limited cluster aggregation (DLCA) and reaction limited cluster

aggregation (RLCA). In diffusion limited aggregation, each collision between

particles during aggregation leads to an irreversible bond, whereas in reaction

limited aggregation, particles can escape from a bond-site and penetrate deeper into

the aggregated structures. Therefore, aggregates formed by RLCA are denser and

have a higher fractal dimension than DLCA-aggregates (see Fig. [1]).

As a result of the fractal nature of the microstructure, the mechanical properties of

fractal aggregates will also scale with their size as a power-law. The size of floes in a

fractal gel-network follows directly from the condition that the density (|)c of the

fractal clusters will decrease during aggregation until, when the volume of the floes

fills all space, it reaches the volume fraction (|) of particles in the overall suspension.

Thus, the characteristic size Rc of fractal clusters scales as

l/(ds-d)
Rc ~ <|> Eq. [6]

The elastic constant of kt of a cluster depends on the mechanism for bearing stress.

Kantor and Webman [17] showed that in the case of both central and noncentral

interactions, the latter dominate for long particle chains. They find the elastic

constant kt of a particle chain to scale as:

£e J Eq- [7]

where RL is the radius of gyration of the chain projected on the plane perpendicular
to the line connecting the ends of the chain and N& the number of particles in the

chain. The parameter RL can be expressed as [18,19]

R± ~ Rc& Eq. [8]

The parameter 8, with 0 < e < 1, then indicates the stress-bearing mechanism of the

chain. The case 8 = 0 applies to a straight chain, where the stress is transmitted by
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bond-stretching. The case 8=1 describes a purely isotropic chain, where stress

transmission through a bond-bending mechanism dominates.

straight chain isotropic chain

> >

^

Is

Flo

•

<^3

à
J^L

Fti

Fti ~ const. R± ~ Rc

R,

In the following, a cluster is described only by the properties of its backbone - a

single chain of particles through which an external stress is transmitted. The

distance between the end-points of such a chain is identified with Rc. Furthermore,

the structure of the chain is characterized by writing the number of particles N& in

the chain as [20]

^ch~*c Eq. [9]

The exponent db is called bond dimension or chemical dimension and must be at

least 1 to provide a closed path. The upper bound of db is given by min[4, 5/3], the

value 5/3 pertaining to a self-avoiding chain. Computer simulations have suggested
that db « 1.35 for a three-dimensional (3D) percolation network [21]. The

exponents 8 and db are coupled in some way, e.g., for straight
chains (bond-stretching) one has 8 = 0 and db = 1.

Now the shear modulus G'is given by the Rc dependence:

G~R~Rc Eq. [10]

For a fractal structure, with Eq. [6], one finally obtains

(l+2e + db)/(d-d{) mx
G ~(p = q) Eq. [11]

Through similar scaling arguments, de Rooij et al. derive an expression for the

scaling behavior of the yield stress Oy of a particle network [19]. Writing down the

critical energy per skeleton chain, thus assuming only one chain is loaded, they
obtain

U-N
ch

/,
ext

Ai? ke Air Eq. [12]
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where U is the bending energy needed to break one bond between two primary

particles, fat is an external force, and AR is the deformation of the chain. With

Eq. [7] and Eq. [8] ,
one finds

which yields

/ext = jK-U-Nch~RfE , Eq.[13]

/ext
D -(2 + e) (2 + e)/(d-d!) m2

°y~—i~Rc ~§ =§ E1-t14]
R„

For isotropic chains (i.e., 8=1), Wessel and Ball [22] derived a similar expression for

Gy in a different way.

The scaling laws for the storage modulus G' and the yield stress Oy are linked to the

stress-bearing mechanism via the parameter 8:

For a bond-stretching mechanism (e = 0):

m1 = (1 + (f)l(d- 4) and m2 = 2/(d- 4)

For the case of bond-bending (e = 1):

m1 = (3 + (f)l(d- 4) and m2 = 3/(d- d^).

The values of the exponents m1 and m2 are directly linked to the fractal dimension df
of the aggregates. Low values for the exponents indicate anisotropic aggregate

structures, whereas higher values indicate more isotropic aggregate structures or

higher fractal dimension [18,19].

At low volume fractions, the fractal description of the network structure and the

above scaling concepts provide a relation between structural and mechanical

properties of particle networks. However, for highly concentrated colloidal gels, the

fractal description of network structure is no longer appropriate. Nevertheless, the

scaling concepts summarized in this section might be useful in describing the

behavior of highly concentrated systems as well.

1.1.3 Stress transmission in granular materials

We can expect that at very high concentrations, the behavior of a colloidal gel will

be close to that of a granular material such as sand or soil. Recent reasearch in this

area has revealed the highly inhomogeneous nature of stress transmission in these

systems. The stress distribution in a granular material can be characterized by using

particles or disks that show a stress-induced birefringence. When observed between

crossed polarizers, the distrubution of stresses can then be directly observed [23,24].
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Results show that the distribution of stress is highly inhomogeneous and only a

small fraction of the particles is included in the main stress-bearing structure [25],

in good agreement to computer simulations of granular media [26] (see Fig. [2]).

FIG. 2. Force chains in a 2D granular material as calculated from contact

dynamics simulations [26].

The stresses are concentrated along a network of "force-chains" [25-28], which

form due to a local jamming of particles upon an applied external stress. This

inhomogeneous nature of stress-transmission in granular media makes these systems

very sensitive to small changes in network configuration, i.e. microstructure. For

instance, Cates et al. predict the transmission of stress in a sandpile to depend

strongly on its construction history [29], which has been confirmed by

experiment [30]. This also indicates a dependence of mechanical behavior upon the

microstructure of granular media.

1.1.4Direct Coagulation Casting (DCC)

Direct Coagulation Casting (DCC) [4,5] is one of the few methods that allow a true

in situ destabilization of colloidal suspensions by a direct change of the interparticle

potential. Electrostatically stabilized suspensions are destabilized by shifting the pH
of the suspensions towards their isoelectric point or by increasing the ionic strength
in the system. This is achieved by the use of time-delayed internal chemical

reactions, such as enzyme-catalyzed hydrolysis reactions, or hydrolysis reactions

induced by elevated temperatures. In this study, we used the hydrolysis of urea,

page 22



CO(NH2)2 + 2H20 -» NHj + NH3 + HCO"3 Eq. [15]

catalyzed by the enzyme urease. The pH of a suspension is shifted due to the

products of this reaction to the buffer pH of 9 in the presence of the enzyme urease.

Furthermore, the ionic strength in a suspension can be increased homogeneously
and continuously at the buffer pH = 9 by the products of Eq. [15]. The DCC-

technique allows for in situ destabilization of the suspensions, without disturbing
the gel-formation. The onset and speed of the reaction is controlled by both

temperature and enzyme concentration.

ApH- and AI-methods

At low ionic strength and at pH values far from the isoelectric point (IEP) the

suspension is electrostatically stabilized. This is shown in the schematic stability

diagram in Fig. [3]. Thus, the suspension is destabilized by either shifting the pH
towards the isoelectric point or by inreasing the ionic strength to high values. We

refer to the two different destabilization pathways as ApH-destabilization and

Al-destabilization, respectively.

A

destabilized
(b)

stable
*a'

stable

IEP "EFT
FIG. 3. Schematic stability diagram for a colloidal suspension. At low ionic

strength and at pH values far from the isoelectric point (IEP) the

suspension is electrostatically stabilized. Moving the pH towards the

isoelectric point (pathway (a); ApH-destabilization) or increasing the

ionic strength to high values (pathway (b); Al-destabilization) leads

to aggregation of the suspension as the surface charge or the Debye

screening length , respectively, is reduced.

For the two different methods, the evolution of DLVO-potentials shows

characteristic differences. DLVO-potentials calculated according to section 1.1.1,

using parameters typical for our ceramic suspensions, are plotted in Fig. [4]. A
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secondary minimum in the DLVO-potential appears during the Al-destabilization,

whereas for the case of ApH-destabilization, no secondary minimum is observed.
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FIG. 4. Evolution of DLVO-potentials for the two destabilization

mechanisms. A Hamaker constant of AH = 5-10'20 J and a particle
radius of 200 nm is used.

a) Decrase of surface charge at a constant ionic strength of

7=0.001 mol/1 (ApH-destabilization). Zeta potential values in the

curves are Ç = 60 mV (i), 30 mV (ii), 20 mV (iii), 10 mV (iv), and

0 mV (v).

b) Al-destabilization: Increase of ionic strength at constant surface

charge (The Zeta potential is kept constant at t, = 60 mV). Ionic

strength values in the curves are I = 0.001 mol/1 (i), 0.02 mol/1 (ii),
0.1 mol/1 (iii), 0.2 mol/1 (iv), 1.0 mol/1 (v).

1.2 Aim of the Study

The aim of this study is to get a better understanding of the relations between the

microstructure and the mechanical behavior of highly concentrated particle gels as

they are used in the colloidal processing of ceramics. In this context, the dynamics
of particles during the destabilization process should be characterized, as they
determine the microstructure of the final particle network. Most of the standard

methods used for the study of diluted colloidal systems are not suitable for highly
concentrated ceramic suspensions. New methods for the characterization of

microstructure and dynamics in dense suspensions are thus required. Finally, the

influence of different microstructures on the mechanical properties of concentrated

gels should be investigated.
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Chapter 2

Diffusing-Wave Spectroscopy in Concentrated

Alumina Suspensions during Gelation

Hans M. Wyss, Sara Romer, Frank Scheffold, Peter Schurtenberger, and Ludwig J. Gauckler

Journal ofColloid and Interface Science 24\, 89-97 (2001)

Abstract

Using Diffusing-Wave Spectroscopy we followed the aggregation and gelation of

concentrated (30 vol%) alumina suspensions. The suspensions were destabilized by
either shifting the pH to the isoelectric point or by increasing the ionic-strength.
Both effects can be achieved continuously and homogeneously by using an enzyme-

catalyzed internal chemical reaction. Based on the light scattering data we could

derive quantitative information about the sol-gel transition and the viscoelastic

properties of the gels, as well as a characterization of changes in the microstructure.

The elastic moduli determined from light scattering are found in good agreement

with rheological measurements.

2.1 Introduction

Controlled destabilization of highly concentrated suspensions is a successful

method in ceramic processing. Ceramic green bodies can be formed by casting

suspensions of high solids loadings and then coagulating them in situ with an

enzyme-catalyzed hydrolysis reaction. This forming process was recently introduced

as Direct Coagulation Casting (DCC) [1,2]. It is a near net shape forming-method
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that is suitable for complex shaped parts. Aqueous electrostatically stabilized

suspensions are coagulated in situ by shifting the pH to the isoelectric point

(hereafter referred to as ApH-destabilization) or by increasing the ionic strength at

the buffer pH of the internal time-delayed reaction (referred to as AI-

destabilization). In this work, for destabilization we use the urease catalyzed

decomposition of urea with a buffer pH of 9 according to:

CO(NH2)2 + 2H20 -» NH+4 + NH3 + HCO'3 (pH -» 9) Eq. [1]

In the ApH-method the suspension is first acid stabilized at pH 4 and then

destabilized after casting by continuously changing the pH to the buffer pH of the

reactants (pH 9). This pH-shift neutralizes the surface charge of the alumina

particles [3]. In the A/-method the particle system is first stabilized at pH 9 with

specifically adsorbed diammoniumcitrate (DAC) on the alumina surface which acts

as a surfactant and shifts the isoelectric point of the alumina suspension to 3.5. The

suspension is then destabilized by the hydrolysis products ammonium and

hydrogen carbonate (Eq. [1]), which increase the ionic strength and thereby

compress the electrical double layer. The dynamics of the destabilization process is

in both cases determined by the rate of the chemical reaction of Eq. [1] and is set to

about 30 minutes in our experiments (from the onset of destabilization in the

suspension to the point where a gel is formed). In general the time evolution of the

process can be tuned with the enzyme concentration and the temperature [2]. The

DCC-technique allows for in situ destabilization of the suspensions, without

disturbing the gel-formation.

A better understanding of the sol-gel transition and its link to both the mechanical

properties and the structure of the resulting gel-networks is important for the

application of DCC in ceramic processing and is also interesting from a scientific

point of view. Of particular interest is the comparison of differences in the

developing microstructure and the resulting mechanical properties between

suspensions destabilized by increasing the ionic strength (AI) and those destabilized

by shifting the pH to the isoelectric point (ApH). The mechanical properties of wet

green bodies produced from these two systems appear to be completely different. It

has been shown [4] that the yield stress and the viscoelastic moduli for AI-

destabilized systems are an order of magnitude higher than those of ApH-systems at

the same solids loading. A possible explanation for this significant difference might
be caused by differences in the resulting microstructures of the two systems.

However, the exact physical origin remains unclear, as microstructural differences

in submicron granular systems are difficult to characterize by direct methods such

as microscopy.
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We therefore addressed some of these questions concerning microstructural

developments using Diffusing-Wave Spectroscopy (DWS) [5-7]. Laser light

scattering techniques are ideal tools for the characterization of particle dispersions
with typical length scales from nanometers to several micrometers. Dynamic Light

Scattering (DLS) techniques analyze the fluctuations of the scattered laser light

intensity / due to the particle motion. While in conventional light scattering

experiments the samples have to be highly diluted, DWS extends traditional DLS

to media with strong multiple scattering by treating the transport of light as a

diffusion process (Fig. [1(a)]).

a)

Light

b)

Laser (532 nm) VÀ
r Polariser

_
I ^Fibers

XA
Gelling and Ergodic Samples

FIG. 1. a) Schematic representation of a DWS experiment in transmission

geometry. Due to the multiple scattering the propagation of light in

the sample can be described by a diffusion equation using a

characteristic length /*; b) The double-cell set-up. The first cell is

filled with the gelling sample and the second is filled with an ergodic
system.

Analogous to DLS one can then calculate the time averaged auto-correlation

function of the intensity fluctuations g2(x) - 1 = <I(t)I(t + x)>/<|/(^)|2> over a broad
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range of correlation times T. For a DWS experiment the intensity autocorrelation

function is given by:

100
9

with k the wave vector of the light in the medium1. P(s) is the distribution of the

path lengths of the photons in the sample and it can be calculated within the

diffusion-model taking into account the experiment geometry which determines

the boundary condition for the photon diffusion process. /* is the so-called

transport mean free path. In DWS the photons are treated as random walkers and

in this approximation the microscopic parameter /* is the distance that the photons
must travel to randomize their direction. For scatterer sizes close to or larger than

the photon wavelength, the random walk step /* is larger than the mean distance

between scattering events. From Eq. [2] it is then possible to numerically calculate

the particle mean square displacement <Ar2(x)> from the measured autocorrelation

function g,(r) and therefore obtain valuable information about the particle motion

on length scales much smaller than the particle diameter.

However, when light scattering techniques are used to characterize solid-like

samples, such as gels, the non-ergodicity of the samples complicates the

interpretation of the experimental data. Due to the spatially limited motion of the

particles in the gel network, the measured time-averaged intensity correlation

function is usually different from the theoretical ensemble-averaged correlation

function [8,9]. Recently a new DWS technique based on a sandwich of two

scattering cells has been developed, which allows the problem of nonergodicity in

turbid, solid-like systems to be overcome [10]2. Using this two-cell technique, we

were able to cover the whole sol-gel transition in alumina suspensions in a single

experiment and to obtain quantitative information about their microscopic

dynamics.

1 We note that in the case of relatively small particles (k0-d** 1) structural correlations S(^) and hydrody-
namic interactions h(q) have to be taken into account if present. This complicates a quantitative determi¬

nation of the particle mean square displacement significantly. For details see [7].
2 A patent application for the two-cell technique has been filed with the Swiss Institute of Intellectual Prop¬

erty on 27 February 2000 under number 200 0335/00

Eq. [2]
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2.2 Experimental: Materials and Methods

2.2.1 Preparation of the Suspensions for ApH- and AI-

Destabilization

We used a-alumina powder (Ceralox HPA-0.5 w/MgO, Condea Vista Company,
Ceralox Division, Tucson, USA). The average particle diameter (volume averaged)
was 364 nm (with a standard deviation of 100%) as measured with a disc centrifuge
(BI-XDCW, Brookhaven Instruments, Holtsville, New York). This value is in good

agreement with DWS-backscattering experiments of a moderately concentrated

sample (2 vol%), where we found a mean diameter of 315 nm [7]. In the first step,

a mother slurry containing 40 vol% of a-alumina in pure water

(resistivity > 20 Mfi-cm) and urea was prepared. Deagglomeration was performed

by an ultrasonic treatment lasting 10 minutes (Ultrasonicator UPS 200s, Dr.

Hielscher GmbH, Stuttgart, Germany; 2 cm horn, cycle 0.5, amplitude 100%).

The destabilization process was started just before the measurement by adding the

enzyme urease in water to the mother slurry, resulting in a final solids content of 30

vol%. Enzyme and urea concentrations for the two systems (AI and ApH) were

chosen such that the sol-gel transition occurred approximately 30 min after starting
the destabilization process.

Suspensionsfor ApH-Destabilization

The suspensions destabilized by pH-shift contained 0.091 mol/1 of urea (urea

SigmaUltra, Sigma Aldrich Chemie GmbH, Steinheim, Germany) in the liquid

phase. The urease content (69200 units/g, Urease S, Lyo. SQ, Roche Diagnostics
GmbH, Mannheim, Germany) was 0.5 units per gram of alumina. Hydrochloric
acid was used to adjust the pH of the suspensions to between pH 4 and pH 4.5 at

the beginning of the destabilization process.

Suspensionsfor AI-Destabilization

Suspensions destabilized by increasing the ionic strength contained significantly

higher amounts of urea (2.1 mol/1 in the liquid phase). This gives an ionic strength
of around 1 mol/mol, when hydrolyzed at room temperature by the enzyme urease.

Citric acid (di-ammonium hydrogen citrate, purum p.a., Sigma Aldrich Chemie

GmbH, Steinheim, Germany) was used as a surfactant [11,12], shifting the

isoelectric point (IEP) of the system from pH 9 to pH 3.5. The alumina particles in

the resulting suspension are then negatively charged and the system is

electrostatically stabilized at a pH of around 9, which is the buffer pH of a
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hydrolyzed urea-solution. As a consequence, the system can be destabilized by the

reaction of Eq. [1]. This increases the ionic-strength without changing the pH of

the suspension. The suspensions contained 4.67-104 mol/1 of citric acid in the

liquid phase. The urease content was 75 units per gram of alumina.

2.2.2 Diffusing Wave Spectroscopy (DWS) Setup

Our DWS experiments have been carried out in a transmission geometry with a

solid state laser (diode pumped Nd:YV04 solid state laser, 2 W at X = 532 nm,

"Verdi" from Coherent). The multiply scattered light from the sample is collected

in transmission with a single mode fiber after a polarizer, which is perpendicular to

the incident beam polarization. This ensures that only multiply scattered light will

be detected. Because of possible after-pulsing effects of the detector the signal is

split and fed into two photomultipliers (Hamamatsu). A digital correlator (ALV-

5000E, ALV) finally performs a pseudo-cross-correlation measurement. The

measurements are performed time-dependent and start from the liquid suspension

up to the solid gel. The urease was added at a temperature T = 3-5°C where its

activity is sufficiently reduced. After increasing the temperature to 25°C, the data

were collected in multiple runs (each run with a duration of 30 s). The samples are

placed in a double-cell to overcome the problem of non-ergodicity. On its way

from the laser to the detector the light passes through two sample cells (see

Fig. [1(b)]). The first cell (path length I = 1.16 mm) is filled with the destabilizing
alumina suspension. The second cell (path length 1=1 mm) is used only to

properly average the signal from the gel. It is filled with an ergodic system showing
slow internal dynamics and moderate turbidity. In our case this was a 1.5 vol%

suspension of polystyrene spheres (diameter 850 nm) in a mixture (40:60) of water

and glycerol (t « 470 ^im from Mie theory). In this set-up we isolate the signal of

the gelling system by calculating the ratio between the total measured correlation

function and the function corresponding to the isolated second layer. Indeed it can

be shown that if the optical density of the second layer is low, the intensity auto¬

correlation function of the light scattered through the double-cell set-up can be

related to the auto-correlation functions of the individual cells by a simple

multiplication [9,10]:

[S2(t) " lLelll = [glW " IL/L^t) " l]cell2 % [3]

In addition during aggregation and gelation we also monitored the static

transmission T of the light through the samples and compared it to a reference
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sample of known /*ref. This allowed us to determine changes of the transport mean

free path /* for the gelling samples from:

T~l*/L Eq. [4]

with I the cell thickness. For our experiments we used as reference sample an

aqueous 8 vol% polystyrene suspension (/*ref = 33 \im).

2.2.3 Rheological measurements

In order to compare the microscopic dynamics of the gels to their macroscopic
viscoelastic properties we have performed rheological measurements. A stress

controlled rheometer equipped with a vane tool (CS-50, Bohlin Instruments,

Gloucestershire, England) was used. Measurements were conducted in oscillation

mode at a frequency of 1 Hz and a target strain of 0.001.

2.3 Results and Discussion

2.3.1 Autocorrelation functions

ApH-systems

Fig. [2(a)] shows the time evolution of the DWS auto-correlation functions [g2(t)-

l]ceU1 for the ApH-system. As long as the pH is low the suspension is stable and the

DWS signal is constant. It shows a nearly exponential decay, typical for a system

that undergoes diffusion due to Brownian motion. The change in pH from 4

towards 9 reduces the repulsive forces between the particles and the suspension

begins to coagulate. At this stage, the decay of the correlation function shifts to

longer correlation times due to the slower motion of the clusters formed during

aggregation. The sol-gel transition occurs when a volume filling particle network is

formed. After the gel point the correlation functions no longer decay to zero but

remain finite, showing a plateau over several time decades. In fact, in solid-like

media such as gels, the scatterers are only able to make limited Brownian excursions

around their average position. This leads to the persistence of some correlations for

infinite time, far out of the time window covered by our experiments. As will be

shown later, for the pH-sample the appearance of a plateau is directly related to the

gel point.
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Al-systems

The time behavior for the ionic-strength destabilized system is shown in Fig. [2(b)]

during the first 26 minutes. The results obtained are completely different from

those of the ApH-systems. Aggregation starts immediately, and already long before

the gel point the particle dynamics becomes very slow, leading to a non-exponential

decay of the DWS signal. Finally after around 30 minutes we can no longer detect

the signal from our sample in the first cell due to the forced decay arising from the

second cell. In order to study slow motions at long times, one would have to use a

different approach such as multi-speckle correlation analysis with a CCD camera

[13].

page 36



KT8 10"7 10"6 10"

t[s]

lO-4 10" io-

FIG. 2. Intensity-autocorrelation functions \g2(x) - l]celll calculated from the

total signal of the double-cell during aggregation and gelation; (a)
time evolution for the ApH-system at t = 4.5, 24, 26.5, 34, 49, 127,

379 and 1100 min. The full symbols represent curves before the gel
point and open symbols after the gel point (see text); (b) time

evolution for the ionic-strength destabilized system at t = 6.5, 9, 10,

11, 12, 13, 14, 15, 18, and 26 min. After 26 min we can not detect

gel fluctuations any more.

2.3.2 The static transmission during aggregation andgelation

During the destabilization process the static transmission properties and therefore /*

change. The transport mean free path t is a measure for the sample microstructure
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since it depends on the individual particle properties (size, shape, refractive index)

but also on interparticle correlations and local density [7].

-x-

*^ 1.3

-x-

FIG. 3.

0.9

0 40 80 120

Time [min]
a) Time evolution of the transport mean free path /* during the pH

(points) and the ionic-strength destabilization (open circles). In order

to quantitatively characterize the changes the static transmission for

the A/-destabilization has been performed with a lower urease

content (10 units per gram of alumina) than in the dynamic
measurements. This allowed us to follow the whole process, from the

stable suspension to the gel. ; (b) normalized transport mean free path
/* / /*„, where /*„ is the value for the stable system.

For the two destabilization methods a different time evolution and increase of /*

was observed during aggregation (see Fig. [3]). In a first step we have characterized

the stable suspensions. We found /*„ = 4.32 (Am for the ApH-system and

/* = 5.13 jxm for the A/-system. This difference is only due to a contrast difference,

that is due to a difference in the index of refraction nhq of the solvents, which

according to the sample preparations contain different amounts of urea. It is
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important to note in this context that the scattering contrast will in fact change

during the sol-gel transition due to the internal chemical reaction used to either

shift the pH or the ionic strength. The change of the solvent's index of refraction

during the urea decomposition is shown in Fig. [4]. We have taken this effect into

account in our discussion by using a corrected value /*corr (footnote 3 )which then

reflects the change in t due to structural changes only.

1.37

1.35

0 40 80 120 160 200

Time [min]

FIG. 4. Time evolution of the refractive index for a 2.1 M urea solution

containing 250 units / ml urease (urease added at t=0). The

refractive index increases due to the hydrolysis of urea in the system

(Eq. [1]). In the ApH-suspension the refractive index remains

constant (n « 1.331) due to its small urea content.

We obtained an increase in /*corr of about 5% for the ApH-destabilization and of

approximately 26% for the A/-destabilization. This indicates that for the A/-sample
there is a significant difference in structure and homogeneity between the stable

and the coagulated sample. In contrast, the overall structure of the destabilized

ApH-sample still resembles the structure of the stable suspension.

We have corrected for the independently determined index of refraction of the liquid nh and the corre¬

sponding variation of the scattering cross section Os using the following expression derived from Rayleigh
scattering theory (see. [14]) where m = n

dc
I nh denotes the ratio of refractive index of the particle and

the liquid phase before (mQ) and after destabilization (mt) as a function of time t. Since I* - 1 / Os (see.

[7]) we find:

I*
1

CI

Numerical evaluations confirm the validity of this expression in the Mie scattering regime over the range

of parameters considered.

l*-[(m20 + 2)/(m2t+2)]2-[(m2t-l)/(m20-l)]2
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However, in both cases /*corr already attains its end-value after a short time. This

suggests that the local microstructure becomes arrested during the early stages of the

aggregation process. Recent small-angle neutron scattering experiments on model

systems of gelling polystyrene samples support this finding [15,16].

For a more quantitative analysis of the gel microstructure we consider the following

simplified picture of a strongly heterogeneous gel: In such a gel a certain part of the

volume (l-x) consists of voids (filled with water) much larger than the typical

interparticle distance, i.e. of micron size. Consequently other parts x of the ceramic

exhibit a higher particle density <&Jx, here O0 denotes the volume fraction of the

stable suspension. In a random two-component system the optical density of the

system can be written as a sum of the individual components [7]. We can thus

express the bulk optical density of the sample as follows:

1 /bulk \* /solid \* 'void \* /solid

Eq. [5]

In the most simple approximation we can assume that the transport mean free path
/* is only a function of the volume fraction /*(0).

4

x-\ Eq. [6]
^"7 solid W» /*(<*>«/*)

with O = $>Jx as described above. Hence we can write for the bulk optical density:

±1 ' '

Wbulk
=

x'Uw^ e*[71

Since the transport mean free path of a turbid medium t is a non-linear function of

the volume fraction, such large scale heterogeneities lead to a modified optical

density of the sample. If /*(0) is known, it is possible to obtain a good estimate for

the volume fraction l-x occupied by voids. To determine the functional form of

/*(0) we have measured the static transmission (relative to a sample of known t)

through a slab of thickness 200 (Am over the whole accessible range from 10-60%

volume fraction. As shown in Fig. [5], the optical density displays a maximum at

around 35% and decreases again for higher solid contents. From the experimentally
determined function l//*(0) we obtain l-x =0.23 by numerical evaluation of

Note that the influence of a distinct structure factor S(q) on 1//*, which plays a major role in monodis-

perse particle systems, is expected to be very small in our case due to the large size and shape polydisper-

sity of the sample.
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Eq. [7] (with /*corr / /*„ = 1.26)5. The same analysis for the ApH-gel (with

/*corr / l*Q= 1.05) leads to a much smaller value l-x = 0.05.

3

e

FIG. 5.

<& [%]
Concentration dependence of the optical density 1//" of

alumina/water suspensions (solid line - polynomial fit to the data).
Inset: Graphical analysis of Eq. [7]. With increasing volume fraction

in the solid parts of the heterogeneous material the value of /*//"„ is

increasing (solid line, right-hand side of Eq. [7] using /*(<&) from the

polynomial fit). The intersection with the experimental result 1.26

(dashed line) yields the volume fraction in the solid parts <&0/x and

consequently the volume fraction ofthe voids l-x can be determined.

The simple transmission measurements thus allow us to unambiguously detect the

presence of water voids in a coagulated sample. For the A/-gel these voids represent

around 20% of the total volume. This is an important finding in view of its

consequences for the properties of the final ceramic material. The influence of these

inhomogeneities on the mechanical strength of the sintered ceramic material

remains to be investigated. Moreover, local inhomogeneities might be the starting

point for an explanation of the significant differences in mechanical behavior of wet

green bodies produced by the two destabilization methods. However, a theoretical

5
Throughout the further analysis we use only relative values of/* in order to avoid errors introduced by the

differences in refractive index.
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model which descibes the connection between structure and mechanical behavior of

wet green bodies made from suspensions of high solids loadings is still lacking.

2.3.3 Mean-Square Displacement and Sol-Gel Transition

For a quantitative investigation of the microscopic dynamics we use the particle

mean-square displacements <Af(x)> extracted by numerically inverting the

autocorrelation functions [g2(t) - l]celll (Eq. [2]), where the value of/*is taken from

the static measurements.

ApH-systems

Fig. [6(a)] shows the single particle dynamics extracted from the pH-shift
functions. Initially we observe a classical Brownian diffusion of the aggregating

particles over the whole accessible time range which is manifested by the linear

dependence of the mean-square displacement on the correlation times, i.e.

<Af(x)> = 6Dx
,
where D is the particle diffusion coefficient (full symbol). As the

destabilization goes on, the clusters grow up to the gel point where a network is

filling the entire sample volume. At the sol-gel transition and within our time

resolution we observe an abrupt change of the particle motion (open symbols). The

short-time behavior of the mean-square displacement <Af(x)> - Tp changes from a

diffusive (sloped = 1) to a subdiffusive motion (p = 0.7±0.05) (see Fig. [6(a)]). In

the gel state the mean-square displacement is then well described by a stretched

exponential with exponent^? = 0.7:

(Ar2(T)) = ô2-(l-e-(X/Xc)°7) Eq.[8]

where ô2 is the maximal particle displacement in the network and Tc is a

characteristic time. This is shown in the inset of Fig. [6(a)] where we obtain a

mastercurve by normalizing the mean-square displacements <Af(x)> with ô2 and

the time T with the characteristic time Tc. For dilute polystyrene gels, Krall and

Weitz have found the same functional form for the mean-square displacement.
With increasing time the plateau regime starts at shorter times and the height of the

plateau value is lower, which shows that the gel is getting more compact. Using
fractal arguments the authors have proposed a model for the internal gel dynamics
which is based on a hierarchy of excited elastic modes within the cluster [17].

Recently it has been shown that this model can be extended to moderate and high
concentrations [10,18].
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FIG. 6.

T[S]

a) Mean-square displacement <Ar2(x)> at diffèrent stages t = 24, 29,

34, 49, 127, 379 and 1100 min of the gelation process for the ApH-

system (full symbols before the gel point and open symbols after the

gel point); Inset: mastercurve for <Ar2(x)> in the gel state. The

particle dynamics is well described by a stretched exponential; b)

Mean-square displacement < Ar2(x)> at diffèrent stages t = 6.5, 9, 10,

11, 12, 13, 14, 15, 18 min. of the gelation process for the ionic-

strength destabilized system (full symbols before the gel point and

open symbols near or after the gel point).

The change of the dynamics from diffusion to sub-diffusion is directly related to

the gel point. The abrupt change in the parameter p from 1 to 0.7 as well as the

minimal change in t (Fig. [3]) suggests that the particle network resembles a

"frozen-in" (or glassy) structure similar to that of the stable suspension. Moreover it
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indicates that close to the sol-gel transition almost all particles are already connected

to the gel network. Fig. [7(a)] shows the time evolution of the exponent p during

coagulation for the ApH-system.
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Comparison between the microscopic dynamics and the macroscopic
viscoelastic properties of the network for the ApH-system; a) A

qualitative change of the particle dynamics is observed at the gel
point (dashed line, 28 minutes) changing from free diffusion (p = 1)

to a subdiffusive motion (p = 0.7+-0.05); b) The sol-gel transition as

determined from the rheological measurements also takes place at

about the same time; Inset: comparison between plateau modulus

from the classical rheology (open circles) and from the light scattering
(open squares).
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Time-resolved rheological measurements have been carried out on the same system,

as shown in Fig. [7(b)]. In the first stages of the aggregation the storage modulus G'

is at the limit of the sensitivity of the rheometer. After a delay of 20-25 minutes G'

increases suddenly by more than three orders of magnitude and becomes larger than

the loss modulus G", as it is expected for a gelling sample. This sudden increase of

G'coincides with the drop in the parameter^?. The dashed lines in Fig. [7(a)&(b)]

demonstrate that the two techniques monitor the sol-gel transition in a microscopic
and macroscopic way, respectively. The gel point as determined from the

rheological measurements as well as from the DWS experiments is reached after

about 28 minutes. This corresponds also to the time where we observed the

appearance of a plateau in the correlation functions.

Al-systems

Analogous measurements for the case of ionic strength shift are shown in

Fig. [6(b)]. Within the accuracy of our setup we could not detect unambiguously a

drop of the parameter^? from 1 to 0.7. Near the sol-gel transition, we lose the DWS

signal from the first cell and therefore we are no longer able to analyze the data.

The macroscopic rheological measurements (see Fig. [8]) show that the gel point is

reached after 15-30 minutes (marked by the two dashed lines). An exact

determination of the gel point in the rheometer is not possible since the mechanical

disturbance can break the initially fragile network. It is important to note that

already at the beginning of the macroscopic measurements G' is two orders of

magnitude higher than the value determined for the stable sample and those found

for the ApH-system in the first minutes of destabilization.

2.3.4Elastic properties ofthe networks

Leaving the sample undisturbed during destabilization and gelation we have

performed macroscopic rheological measurements on the fully destabilized gels

(delay time £=18 hours). For the ApH-gel we found a plateau modulus

G"0pHeip = 8.1-103Pa and for the A/-gel G'Q M = 7-104 Pa which is about ten times

higher than for the ApH-gel (see Fig. [8]). This shows that the gel-network formed

by changing the pH is less rigid than the gel obtained from A/-destabilization.

However, for many applications it would be suitable to obtain the same

macroscopic information in a completely non-invasive way. The model proposed

by Krall and Weitz allows to calculate the plateau modulus of the gels from light

scattering data [17]:
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G'0 = ^ Eq.[9]

with r\ the fluid viscosity. By fitting the mean-square displacement with Eq. [8] one

can obtain the parameters Tc and ô2. For the ApH-gel we obtain Tc = 1.65-10 s
s and

ô2 = 3.22-107 ^im2. Using Eq. [9] the modulus is then G'0pH « 3.3-103 Pa. Since we

can not detect gel fluctuations for the ionic destabilization, we expect a stiffer

network which acts on our measurement window as a turbid, static sample with

G'0 A/
> G'0 pH. Taking into account the resolution of our measurements it is possible

to derive a lower limit for the modulus. For a maximal displacement ô2 < 5T09 ^m2

(This corresponds to a decay of the correlation function from 1 to 0.99)6 and/or a

time Tc < 107 s the signal from the first sample cell can not be detected any more

and we obtain therefore G'odJ> 105 Pa. If we consider the crude approximations
which have been used, the theoretically determined values compare well with the

experiments and reproduce the differences in the mechanical properties as well as

the time evolution of G0 (see inset of Fig. [7(b)] and Fig. [8])

For long correlation times X » Xc the correlation function g2{x) - 1 reaches a plateau.
g2(x) -1« expl-k1 (Z//*)2S2/3]. The lowest plateau value which can be experimentally detected in our set¬

up is 0.01 and the highest 0.99. This corresponds for our samples to ô2 » 3 10 7 \xm2 and ô2 » 5 10 9 \xm2,

respectively. Thus in general the observation of a plateau in DWS correlation functions is not directly
connected with the gel point. If the cell thickness is big enough and/or if the maximum allowed excursion

is not smaller than the averaged scattering vector, the signal becomes "apparently" ergodic, leading to a

complete decay of the correlation function even for a gel.
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FIG. 8. The rheology for the ionic-strength destabilized system. The

macroscopic rheological measurement show the gel point between

15-30 minutes (range between the dashed lines). After 1100 minutes

we compare the two systems (circles for the A/-system and squares for

the ApH-system) and data from classical rheology (open symbols)
and DWS (full symbols)

2.3.5A theoretical model

We can try to explain the distinct differences between the static and dynamic

properties of the gels prepared via the two different routes with the findings from

recent investigations of the aggregation kinetics in dilute colloidal suspensions. In

these studies the so-called stability ratio Was a measure of the stability of a colloidal

suspension has been investigated as a function of ionic strength and surface charge

density (or pH) for carboxyl polystyrene particles [19]. The stability ratio is defined

as W= K / Kfast where K is the actual rate constant for the initial doublet formation at

a given ionic strength and pH, and Kfast corresponds to the fast aggregation limit

found in purely Brownian or diffusion limited aggregation, i.e., at high ionic

strength. These experiments clearly showed that the classical DLVO theory of

colloidal stability indeed holds quantitatively at low ionic strengths, i.e., one finds

the predicted extremely steep pH dependence of W. However, at higher ionic

strength enormous discrepancies between experiments and DLVO theory were

observed. The suspensions showed a much more gradual increase in stability upon
an increase in pH than theoretically expected, leading to measurable aggregation
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even quite far away from the isoelectric point (IEP) and a much more extended

regime of slow or reaction limited aggregation than predicted by DLVO theory.

a)

b)

FIG. 9.
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a) Stable (liquid) and unstable (gel) regions for an alumina

suspension without surfactant (top) and with citric acid (bottom).
For a better overview, lines are plotted between liquid- and gel-like
regions. ; b) Stability ratio W^for low and high ionic concentration

(schematic). Arrow 1: fast aggregation, arrows 2 and 3: slow

aggregation.

We can now try to use these results in order to explain our data. This is

schematically shown in Fig. [9], where we make an attempt to transfer the
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aggregation kinetics observed in dilute systems to the situation encountered in our

experiments with the different destabilization routes. Arrow 1 describes the

destabilization path followed by the ApH-system, whereas arrow 3 corresponds to

the A/-system. Arrow 2 depicts a ApH-destabilization at higher ionic strength
which was also investigated in the experiments with dilute suspensions. At low ionic

strength, the stability ratio Wdepends very strongly upon the pH, and an extremely

steep increase of W by several orders of magnitude already close to the isoelectric

point was found (schematically shown in Fig. [9(b)]). This means that the

suspension will be very stable for a ApH-destabilization process until the pH almost

approaches the IEP. The aggregation kinetics then switches from reaction to

diffusion limited aggregation within a narrow pH range, and the cluster formation

and sol-gel transition would occur mainly in the diffusion limited regime. For our

experiments, where the pH shift is caused by the internal chemical reaction with its

associated rather slow reaction kinetics, this would then lead to a significant lag
time where hardly any aggregation can be observed, followed by a rapid cluster

formation and subsequent abrupt sol-gel transition. The situation encountered in

the A/-system is quite different. Under these conditions we find a much lower value

of W at any given value of the pH below the IEP which can deviate by several

orders of magnitude from the corresponding W values measured at low ionic

strength. This leads to a significant destabilization already at salt concentrations far

below the critical coagulation concentration, which marks the boundary between

stable and unstable solutions and gels in Fig. [9(a)]. Moreover, as the aggregation

proceeds mostly via a reaction limited aggregation process, this leads to the

formation of more compact clusters and correspondingly larger inhomogeneities in

the final gel.

These two scenarios have in fact also been observed in recent Brownian dynamics
simulations [20]. The simulations showed that slow aggregation leads to more

compact structures and larger inhomogeneities when compared to fast aggregation
at the same solid content. Fig. [9] thus provides an intuitive understanding for the

different time dependences of the mean square displacement and of t observed for

the two different destabilization processes.

2.4 Conclusions

We have demonstrated that DWS of concentrated particle suspensions and gels

opens up new and very promising possibilities to obtain the macroscopic
mechanical properties of complex colloidal systems in a completely non-destructive

way through the time-resolved measurements of the microscopic particle dynamics.
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We have followed aggregation and gelation processes in concentrated alumina

dispersions which have been destabilized by either shifting the pH to the isoelectric

point or by increasing the ionic strength. A comparison of the ApH- and the AI-

samples displays significant differences in the dynamics of the destabilization

process. For the ApH-sample we detect an abrupt change of t after a delay time,

while for the A/-sample t changes continuously. Moreover, for the A/-sample we

find a much more drastic decrease of the sample's turbidity (111*), suggesting a

more inhomogeneous microstructure. These differences in the local microstructure

are also reflected in the macroscopic elastic properties of the resulting gels, which

exhibit a much higher plateau modulus for the A/-destabilized suspensions. The

rheological values derived from the light scattering data are in agreement with

macroscopic measurements. It was found that the plateau modulus is more than ten

times higher for A/-destabilized suspensions than for the ApH-systems. This study
thus clearly demonstrates that the optical micro-rheology approach is not limited to

idealized particle gels, but can also be applied to much more complex systems such

as used for example in ceramic processing, food technology or cosmetics. This

opens up a completely new field of applications of non-invasive light scattering

techniques for the characterization of complex systems or process control in various

areas.
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Chapter 3

Reentrant Behavior in the Continuous

Destabilization of Charged Colloids

Hans M. Wyss, Hugo Bissig, Véronique Trappe, Ludwig J. Gauckler

to be submitted

Abstract

We report on an unusual development in the rheological and dynamical properties
of a concentrated alumina suspension as the ionic strength in the liquid phase

gradually increases from 0.035 mol/L to 2 mol/L. During this process, the

development of the elastic as well as the dynamic properties provides evidence for a

solidification - fluidification - solidification mechanism.

A tentative interpretation suggests that the properties of the suspension at moderate

ionic strength is dominated by the appearance and development of a secondary
minimum in the inter-particle potential. To account for the initial solidification-

fluidification mechanism we postulate a competitive effect between the increasing

depth of the secondary minimum and the decreasing separation of the secondary
minimum to the particle surface. The final solidification behavior is clearly
correlated to aggregation into the primary minimum.
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3.1 Introduction

The aggregation behavior of colloids at low volume fractions has been the subject of

abundant research. At low enough volume fractions, aggregating colloids tend to

form fractal clusters [1], where the fractal dimension generally depends on the

kinetics of aggregation. For strong attraction, each collision between particles leads

to the formation of an irreversible bond and the kinetics is solely determined by
diffusion (diffusion limited cluster aggregation DLCA). For potentials that exhibit

an energy barrier the formation of irreversible bonds depends on the probability to

overcome the energy barrier and the kinetics is determined by a reaction probability

(reaction limited cluster aggregation RLCA). The aggregation rates in dilute

suspensions are generally sufficiently low to allow for a time resolved measurement

of the aggregation process. At high concentrations, however, aggregation rates are

so high that all particles are bound in a gel network after typically a few

milliseconds. Because of these high aggregation rates, the typical destabilization

technique of adding a salt-solution to the suspension fails to generate reproducible

gels at high concentrations; the salt-solution can not be mixed in quickly enough to

prevent a local gel-formation. Recent developments in in situ destabilization

techniques provide now for the first time the means to homogeneously destabilize

suspensions of charged particles at high volume fractions [2,3]. These techniques
are based on enzyme-catalyzed chemical reactions that can be controlled by both

enzyme concentration and temperature. They allow for homogeneous mixing and

subsequent start of the hydrolysis, which leads to a continuous and homogeneous
increase of ionic concentration. The suspension is in an equilibrium situation

during the whole reaction, as the time between inter-particle collisions is orders of

magnitude shorter compared to any time interval, where the ionic strength changes

significantly. We thus have the opportunity to study aggregation processes in highly
concentrated suspensions, for a whole spectrum of interaction potentials - from

repulsive to strongly attractive.

3.2 Experimental

We use commercial a-alumina powder with a volume-weighted average diameter

of d0 « 240 nm. The volume-weighted particle size distribution determined by

following the sedimentation of suspensions in a disc centrifuge is well described as a

log-normal distribution:

f (a) = a e
, Eq. [1]
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where D « 0.8. The shape of the particles is isotropic, but not spherical, as seen in

Fig. [1].

non-spherical shape and their size distribution is broad.

Aqueous suspensions of these particles are prepared at a volume fraction of 30 vol%

with 2 mol/L of urea in the liquid phase. Additionally, we mix di-ammonium

hydrogen citrate (DAC) at a ratio of DAC / alumina powder = 0.45 / 100 by

weight to the suspension. DAC adsorbs on the surface of the alumina particles and

leads to a shift of the isoelectric point (IEP) of the suspensions from pH 9 to

around pH 3.5 [4]. At the buffer pH of a hydrolyzed urea solution, pH = 9, the

particles are negatively charged, and the particles are electrostatically stabilized. The

Zeta-potential t,, determined by measuring the colloid vibration potential generated

by a sound wave [5,6], is found to remain constant at t, = -55 + 5 mV, for a range

ofpH8-10.

The gradual destabilization of the suspension is induced by the slow hydrolysis of

urea, which is starts upon addition of the enzyme urease. The speed of the reaction

is controlled by the urease concentration and by temperature. In our main

experiment, we use a urease concentration of 68 units/mL in the liquid phase. To

suppress the hydrolysis of urea prior to measurement the suspensions are cooled in

ice. For all measurements, the temperature is kept constant at 25 °C. In the course

of the reaction process, the ionic strength in the suspension continuously and

homogeneously increases, which we follow by performing conductivity

measurements, as shown in the inset of Fig. [2]. In the initial stage, before addition

of the enzyme urease, we find the conductivity to be a « 0.3 S/m, which is due to

the presence of citric acid and possibly to some unknown impurities introduced by
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the powder. We estimate the corresponding background ionic strength as /= 0.035

mol/L (for details, see Appendix). The increase in ionic strength due to the

hydrolysis of urea is determined using a calibration curve, which is established from

the conductivity obtained for a series of solutions with different concentrations of

fully hydrolyzed urea.
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FIG. 2. Increase of the ionic strength in an alumina suspension during the

urease-catalyzed hydrolysis of urea. The volume fraction of alumina

particles is (|) = 30 %, the urease concentration is 68 units/mL, and

the urea concentration is 2 mol/L. The dotted line corresponds to an

estimate of the ionic strength in the stable suspension.
The increase in ionic strength during the hydrolysis reaction is

estimated from the conductivity measurement shown in the inset,

using a calibration curve, as obtained by measuring the conductivities

of a series of suspensions with different concentrations of fully
hydrolyzed urea.

Oscillatory strain experiments are performed with a commercial stress-strain

rheometer, using a Mooney-Eward cony cylinder. Tests to determine the limits of

the linear viscoelastic regime are performed in independent experiments for various

extents of reaction. The storage G' and the loss modulus G" are determined as a

function of time at fixed frequencies of v = 0.1, 1, 10 Hz, where we choose to

continuously decrease the applied strain, thereby ensuring a sufficiently high torque

to allow for the determination of G'and G", while the applied strain still remains in

the linear viscoelastic regime.
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The dynamics of the aggregating systems are probed by diffusing wave spectroscopy

[7-9]. The measurements are performed in transmission using a setup similar to

that described by Viasnoff et al. [10]. The sample is illuminated using a solid state

laser, operating at a wavelength of "k = 532 nm. The multiply scattered light is split
to allow for simultaneous measurements of the intensity correlation function g2(x)
with a charged coupled device (CCD) camera and a photomultiplier (PM) tube.

The combination of both detection schemes enables us to determine g2(x) for a wide

range of time delays T. To ensure that our PM experiments are not corrupted by

non-ergodic effects we use the double cell technique [11,12]. The absolute values of

the correlation functions obtained from the CCD measurements are matched to

overlay the PM data at corresponding time delays. We find that the factor used

depends on the extent of reaction, which we can qualitatively explain considering
the finite integration time T = 0.4 ms used for the CCD measurements. It is known

[13] that the degree of correlation is a strong function of FT for r7"> 1, with T

being the initial decay of the correlation function. Indeed, in our CCD

measurements TT" is always greater than one. More importantly, it varies

significantly over the course of the experiments, decreasing continuously as

aggregation proceeds, which leads to the large variation in the correction factors

observed.

3.3 Results and Discussion

We investigate the change in the mechanical behavior of the alumina suspensions as

the ionic strength varies in the course of the urease-catalyzed hydrolysis of urea.

Typical measurements of the time dependent behavior of the storage and loss

modulus are shown in Fig. [3] for a frequency of v = 1 Hz. At the initial condition

of/= 0.035 mol/L the suspension exhibits all the characteristics of a Newtonian

fluid, with G'= 0 and G"= 0.16 Pa. A variation in the ionic strength leads to a

dramatic change in the rheological properties, as seen in the inset of Fig. [3] where

the time dependent behavior of G' and G" is shown for the very slow hydrolysis
conditions of 14 units/mL. Within a range of/= 0.035 mol/L to /= 0.055 mol/L

the system changes from a clearly fluid system governed solely by the loss modulus,

to a system exhibiting solid-like features as G' starts to dominate G". The

indications of the ionic strength on the top axis should be regarded as

approximations rather than as absolute values; they correspond to those obtained in

independent conductivity measurements as discussed in the experimental section.

In the main plot of Fig. [3] the time dependent behavior of G'smd G"'is shown for

the hydrolysis conditions of 68 units/mL. Clearly, the change in ionic strength does

not only lead to a simple sol-gel transition. Both moduli increase in the early stages

page 57



of the reaction to reach a maximum at /«0.09 mol/L, but then decrease before

increasing again, reaching a final stage after a reaction time of around

lO'OOO seconds, i.e. /« 1.0 mol/L. While we expect the system to develop from a

fluid-like to a solid-like state in the course of destabilization, the appearance of an

apparent refluidization at some characteristic ionic strength is surprising.

FIG. 3.
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Storage (black, solid circles) and loss modulus (grey, open circles) as a

function of reaction time (bottom axis) and estimated ionic strength
(top axis). The frequency is kept constant at 1 Hz. Plots in the main

graph and in the inset correspond to two different reaction speeds,
determined by urease concentrations of 68 units/mL and

14 units/mL, respectively. The dotted line corresponds to G"

(v = 1 Hz) of the stable suspension. G' equals G" at an ionic strength
of/= 0.055 ±0.002 mol/L.

To further explore this unusual behavior, we characterize the dynamics of the

system by means of diffusing wave spectroscopy (DWS). Plots of the intensity auto-
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correlation function obtained in the course of aggregation are displayed in Fig. [4].

Evidently, destabilization has a strong effect on the short length scale motion of the

particles as well. In the initial stage we find g2(x) - 1 to decay exponentially,

reflecting the free diffusion of the particles. After initiating the reaction we observe

the development of a broad intermediate plateau regime, where g2(x) - 1 is

essentially independent of T, followed by a final decay occurring in a time range of

T = 0.1 - 10 s. While the intermediate plateau increases continuously with time, we

find the final relaxation process to first slow down then to speed up to finally slow

down again. By contrast, the short time relaxation process slows down

continuously.

FIG. 4. Composite intensity autocorrelation functions obtained from

simultaneous measurements with a photomultiplier (PM) and with a

Charge-Coupled Device (CCD) camera. The CCD-curves are shifted

to match with the plateau values of the photomultiplier
measurements. The correlation functions from both measurements

are averaged over the same reaction time periods. The speed of the

hydrolysis is set by the urease concentration of 68 units/mL. The

curves displayed correspond to the reaction times: 0 s (dots), 270 s

(diamonds), 450 s (grey squares), 630 s (black, downward triangles),
993 s (grey, upward triangles), 1265 s (open squares), 1537 s (grey,
open circles), 1718 s (black, solid squares), 1900 s (circles with dots),
2170 s (crossmarks).

We extract from both relaxation processes a characteristic time by fitting the short

time relaxation with a single exponential and the long time relaxation with a

stretched exponential and report the results in Fig. [5]. The development of the
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final relaxation time Tslow displays a behavior strongly reminiscent of the behavior

observed in rheology. We find a minimum in Tslow at reaction times similar to those

where a minimum in G' and G" is observed. Both relaxation times Tfast and Tslow

finally rise at a reaction time of around 2000 s, corresponding to an ionic strength
of/« 0.33 mol/L, where we also find G'smd G"to increase again.
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FIG. 5. Fast (full symbols, left axis) and slow (open symbols, right axis)
relaxation times as a function of reaction time (bottom axis) and

estimated ionic strength (top axis). The speed of the hydrolysis is set

by the urease concentration of 68 units/mL. Fast relaxation times are

obtained by single exponential fits to g2(x)-\; slow relaxation times

are obtained by stretched exponential fits to g2(x)-\. The dashed line

corresponds to the fast relaxation time of the stable suspension.

The striking similarity in the ionic strength dependence of Tslow, G', and G" suggests

that the dynamics on the microscopic and macroscopic level is governed by the

page 60



same process. We note that the time dependent experiments in rheology are

performed at fixed frequencies, which are within the range of 1 / Tslow. The similarity

may well reflect a variation in the final relaxation process alone and not in the

actual elastic properties of the system. Tests performed to determine the frequency

dependence of G' and G" at different extents of reaction, however, reveal that both

moduli are nearly frequency independent in the investigated range of

v = 0.1 - 10 Hz and exhibit the general trend observed in Fig. [3]. This implies that

the elastic properties themselves evolve from a solid-like to a fluid-like to a solid¬

like behavior.

In a first attempt to describe the observed behavior, we calculate the

DLVO-potentials, assuming monodisperse spheres and using the Zeta potential,
the size and the Hamaker constant of the alumina particles. We emphasize, that

this approach is somewhat arbitrary, since the alumina particles are non-spherical
and have a broad size distribution. We do not expect such calculations to

quantitatively describe the behavior of our "real world" system; they are intended to

gain a better understanding of the mechanisms occurring during the destabilization

process. The DLVO-potentials for various values of the ionic strength are shown in

Fig. [6(a)]. The interaction potential changes significantly in the range of ionic

strengths covered by our experiments. At the starting conditions of 7=0.035

mol/L, it exhibits a shallow secondary minimum with a depth of around 6 kT. We

presume that particles are only temporarily trapped in this minimum and that the

suspension thus remains kinetically stable. As the ionic strength increases, the

secondary minimum becomes gradually deeper and shifts to lower separations,
while the energy barrier to the primary minimum decreases continuously. At an

ionic concentration of around 0.3 mol/L, which corresponds to a reaction time of

approximately 1700 s in our main experiment (68 units/mL), the energy barrier

reaches values that no longer prevent aggregation into the primary minimum. This

is the same stage of the reaction process, where we observe a drastic increase in Tslow,

xfast, G'and G".
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difference between the potential at the secondary minimum and the

potential at the maximum. Aggregation into the primary minimum is

greatly inhibited for AE > 10 kT.
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Based on the DLVO curves, we presume that it is the secondary minimum in the

interaction potential that governs the aggregation behavior of our suspensions at

reaction times below 1700 s (7< 0.3 mol/L). How can we account for the

subsequent solification-fluidification behavior occurring in the range of

7=0.035-0.2 mol/L?

We propose that a weak transient network is formed in early stages of the reaction.

With increasing ionic strength the average life-time of bonds increases, thereby

leading to an increase in elasticity. However, the increase in ionic strength also leads

to a significant decrease of the distance between the secondary minimum and the

particle surface. Thus, the free volume, where particles can diffuse freely, increases

continuously. This leads to a decrease of the average number of particles, which are

part of the network and potentially leads to a decrease in elasticity. We could

conceive that there is a competition between the increase in the trapping time Tb,

due to the increasing depth of the potential well and the increase in the traveling
time xd, due to the increase in free volume. The fraction /of particles trapped at a

given moment will depend on both, as /»Tb/ (xb+xX If at some stage in the

reaction xd develops much faster than Tb the system will become weaker. Such a

development may explain our experimental findings. However, an exact numerical

evaluation of this model is yet missing.

The above interpretation is based on the binding behavior of single particles. We

could alternatively envisage that the solidification-fluidification behavior originates
from the growth behavior of aggregates. For weak interactions, the size of

aggregates is determined by a balance between thermal fluctuations and the

strength of inter-particle bonds. As the depth of the secondary minimum increases,

the size of the aggregates will increase and become more space-filling. Thus, the

hydrodynamic effective volume fraction increases and will eventually exceed a

critical volume fraction, above which the clusters are trapped in a cage of

neighboring clusters. This results in the formation of a glass of clusters, exhibiting
elastic properties. As the secondary minimum shifts towards the particle surface, the

particle-particle distance decreases, the clusters shrink, and the hydrodynamic
effective volume fraction decreases again, thereby leading to a decrease in elasticity.
This would be again consistent with our experimental findings. In similarity to our

first interpretation, this scenario is based on a competition between the increase of

the depth of the interaction potential and the decrease of the separation between

the secondary minimum and the particle surface.

In conclusion, we have found an intriguing solidification-fluidification-

solidification effect during the destabilization of a charge stabilized colloidal system.

We qualitatively can account for the initial solidification-fluidification transition
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equating the depth and the separation of the secondary minimum. The final

solidification can be clearly attributed to the onset of aggregation into the primary
minimum of the interaction potential. The in situ destabilization method enables us

to continuously vary the interaction between particles, thereby exploring a whole

spectrum of colloidal states within a single experiment. Although we are aware that

the behavior of the system at a given ionic strength could be influenced by the

previous states, we can conceive at least for the initial low ionic strength conditions

that each state represents an equilibrium state, which is independent of the previous

history. Thus, the observed reentrant behavior may be an inherent property of

charged colloidal systems at moderate ionic strength, which to our knowledge has

never been observed before.
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Chapter 4

Small Angle Static Light Scattering of

Concentrated Silica Suspensions during In Situ

Destabilization

Hans M. Wyss, Josef Innerlohinger, Lorenz P. Meier, Ludwig J. Gauckler, Otto Glatter

to be submitted to Journal ofColloid and Interface Science

Abstract:

The aggregation of concentrated aqueous silica suspensions is characterized by
means of static light scattering. We use an in situ destabilization mechanism based

on the enzyme-catalyzed hydrolysis of urea. This method enables us to

continuously and homogeneously change the interparticle potential from repulsive
to attractive without disturbing the aggregation process. Moreover, our

electrostatically stabilized suspensions can be destabilized by two different methods.

In the first method, the pH is shifted towards the isoelectric point of the particles

(ApH-method), thereby leading to a decrease of their surface charge. In the second

method, the ionic strength is continuously increased at constant pH (AI-method),

leading to a compression of the electrical double layer around the charged particles.

A laboratory built flat cell light scattering instrument is used, which allows a fast

data acquisition and an adjustment of the sample cell thickness. To circumvent

multiple scattering effects, we use a very small sample thickness («13pm). In

addition, the refractive index difference between the aqueous phase and the

particles is reduced by adding sucrose to the liquid phase of our suspensions. We

are able to characterize the structural changes at the very early stages of the
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destabilization process, where no significant effects are yet detected in macroscopic

rheological measurements. While during the ApH-destabilization, the scattering
curve shows significant changes only after some characteristic delay time, it changes

continuously during the Al-destabilization. The latter is attributed to the formation

of a weak pre-gel structure in the suspensions, as a shallow secondary minimum

appears in the interparticle potential.

Data are evaluated by using a HMSA square well structure factor model. Results are

in good agreement with those predicted from DLVO-theory.

4.1 Introduction

The microstructure of stable as well as gelated suspensions of low solid loadings has

been extensively studied by various researchers using static light scattering and a

variety of other experimental methods. Generally, the microstructures of diluted

colloidal gels are well described as fractal [1-3]. Both, computer simulations as well

as theoretical models are in good agreement with the results from experimental
studies. Scaling theories allow a link between the structural properties of fractal gel
networks and their elastic and yield behavior [4-9].

However, the fractal description of the network structures as well as most

experimental techniques are limited to the low solids loading regime. When

interested in the structure of highly concentrated destabilized suspensions, two

main problems arise. Firstly, the destabilization process itself cannot be initiated as

easily as in systems of low solid loading, as the aggregation rates are much higher.
For example, an in situ destabilization in concentrated systems cannot be achieved

simply by the direct addition of salt or acid/base, as the system would already

aggregate before the salt can be homogeneously distributed. Secondly, due to the

high turbidity of concentrated suspensions, the investigation of structures proves

rather difficult.

The first problem is solved by an in situ destabilization method, which was recently

developed for the processing of high-performance ceramics [10,11]. It allows for an

in situ change of the interaction-potential from repulsive to attractive by the use of

enzyme-catalyzed internal chemical reactions. We are thus able to produce in situ

destabilized gels from electrostatically stabilized suspensions at very high volume

fractions.

In this work, we address the second problem. We report on the use of static light

scattering for the determination of structures in our concentrated systems. We are

able to follow the development of the scattering curves during the in situ
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destabilization process from repulsive to attractive. In order to circumvent multiple

scattering effects, we use a very thin sample cell («13 urn) in our scattering

experiments. In addition, the refractive index mismatch is reduced by using sucrose

solutions instead of pure water for the liquid phase.

The data are evaluated using the generalized indirect Fourier transformation

(GIFT) method, which is capable of determining the form factor (information

about shape and size) and the structure factor (information about interaction)

simultaneously from the scattering curve. For this problem we have implemented a

new routine for attractive interactions (HMSA) into the GIFT software.

4.2 Experimental: Materials and Methods

4.2.1 In Situ Destabilization ofConcentrated Colloids

A novel destabilization technique, Direct Coagulation Casting (DCC), was recently

developed for the processing of ceramics. The method is based on enzyme-catalyzed
internal chemical reactions. It allows the in situ destabilization of highly
concentrated suspensions and thus the production of homogeneous wet green

bodies; an important step in the production of high-performance ceramics [10,11].

It turned out that this method is not only useful in the production of ceramics; it is

an ideal tool for the study of aggregation and gel-formation in highly concentrated

colloidal suspensions. Without disturbance, colloidal gels are formed at very high
volume fractions. In addition, we are able to produce these particle networks by
two different destabilization methods. In the first method, the pH of a suspension
is shifted towards the isoelectric point (IEP), thereby neutralizing surface charge
and minimizing the electrostatic repulsion in the systems (ApH-method). In the

second method, the ionic strength is increased at constant pH, resulting in the

compression of the ionic double layer (AI-method). Both methods change the

interparticle potential from repulsive to attractive in a continuous and

homogeneous way. Finally, irreversible aggregation occurs when the van-der-Waals

attraction becomes dominant compared to the repulsive electrostatic forces.

In this work, we use the hydrolysis of urea catalyzed by the enzyme urease as a

destabilization mechanism:

CO(NH2)2 + 2H20 -» NHj + NH3 + HCO"3 Eq. [1]

The reaction allows to shift the pH from acidic (pH « 4) towards pH 9, the buffer

pH of the reaction products. For suspensions of particles with an isoelectric point
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(IEP) at around pH 9, this mechanism thus allows the destabilization of

suspensions by reducing the surface charge (ApH-method). Suspensions with an

IEP far from pH 9 can be destabilized by inreasing the ionic strength in the liquid

phase. Starting at pH 9, the reaction leads to a continuous increase of ionic strength
at constant pH. For suspensions that are electrostatically stabilized at pH 9, this

results in a destabilization by compression of the ionic double layer (AI-method).

4.2.2 Materials andpreparation ofsuspensions

Silica particles

We use commercial silica particles with a very narrow size distribution and spherical

shape (Monosphere M500, Merck, Germany). These particles are produced by a

modified Stöber process [12], as described in the patent of Unger et al. [13]. The

real part of the refractive index of the particles is specified by the manufacturer as

n\ = 1.417, in agreement with the value we obtain by matching the density of the

liquid phase for maximum translucency of the suspension. The average particle size

is determined from electron microscopy images as 525 nm with a polydispersity
below 7%. Fig. [1] shows an SEM image of the dry silica particles. The particle size

distribution observed in the SEM-images is in good agreement with our static light

scattering measurements in highly diluted suspensions, where we find an average

radius of 256 nm (intensity weighted).

The density of the particles is determined as 2.0 g/cm3 from mercury intrusion

porosimetry of the dry powder (where micropores below 10 nm diameter are

regarded part of the solid phase), in agreement with the specifications of the

manufacturer.
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FIG. 1. SEM-image of untreated (dry) silica particles, as they are used in our

Al-destabilization experiments (white bar is 1 urn). The average

diameter is determined to be 525 nm with a standard deviation of

below 7%.

Coating ofsilica particles to be usedfor ApH-destabilization

The silica particles are coated with a layer of Boehmite according to a procedure

adapted from Shih et. al. [14]. First, the particles are heated to 450°C in order to

obtain a perfectly clean surface without organics. After grinding the particles in

order to break up strong agglomerates, a 6 vol% aqueous suspension («70 ml) is

prepared and stabilized at a pH of 9 by adding a small amount (three drops) of

ammonium-solution. The suspension is then deagglomerated by an ultrasonic

treatment (ultrasonicator 200W, Dr. Hielscher GmbH, Germany, amplitude:
100% (200 W), duration: 5 min). After heating the solution to above 85°C, we add

12.5 g of aluminum ^c-butoxide. The temperature is kept at 85-90°C for 90

minutes, and the suspension is stirred with a magnetic stirrer during the whole

procedure. Afterwards, the suspension is kept under continuous stirring until it is

cooled down to below 40°C. We then adjust the pH to 3 by adding hydrochloric
acid. Immediately afterwards, the suspension is ultrasonicated under cooling in ice-

water. The powder is washed by dilution and subsequent centrifugation. After

removal of the supernatant, the particles are dried in a drying oven at 120°C.

Finally, a heat treatment is applied to the particles at 300°C for three hours1.
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The Zeta potential of the silica particles is characterized using an acoustic

spectrometer (DT-1200, Dispersion Technology Inc., USA). Suspensions are

prepared in the electrostatically stabilized pH-region at a volume fraction of

2 vol%. Fig. [2] shows the Zeta Potential as measured during titration towards the

isoelectric point for suspensions of both untreated and coated particles.

The untreated silica particles are negatively charged at pH values above 3. The Zeta

potential is around -70 mV at pH 9. This system can thus be destabilized by

increasing the ionic strength using the urea/urease system (AI-method).

For the coated silica particles, we find an isoelectric point at around pH 9. A

suspension of these particles can therefore be destabilized by shifting the pH
towards the buffer pH of the urea/urease system, which is in this case at the

isoelectric point of the particles (ApH-method).
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FIG. 2. Zeta-potential curves for both untreated silica powder (diamonds)
and coated silica powder (open squares). For the coated powder, an

isoelectric point at pH 9 is obtained.

Preparation ofsuspensionsfor ApH-destabilization

Silica particles coated with aluminum-hydrous-oxide are used for the suspensions to

be destabilized by the ApH-method. The aqueous phase of the suspensions consists

of deionized water, urea and sucrose. The urea content is chosen as 6.4 wt% of the

The coating is found to be more stable when applying this additional heat treatment step. Electron

microscopy of coated silica shows that the coating on some of the particles flakes off after extensive ultra-

sonication. For the heat-treated particles, we do not observe this behavior.
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liquid phase. This amount is sufficient to shift the pH to 9, the isoelectric point of

the suspensions, by the enzyme-catalyzed hydrolysis reaction. Sucrose is used for

contrast variation as a means to reduce the turbidity of our samples and sufficiently
reduce multiple scattering effects. We use 40wt% of sucrose in the liquid phase,
which increases the real part of the refractive index to n' = 1.3905.

Deagglomeration is performed in two steps. First, the suspensions are

ultrasonicated in a water bath ultrasonicator (Merck Eurolab USR18, 60 W) for

10 minutes. Then a high-intensity ultrasonic treatment, lasting 16 minutes, is

applied (Vibra Cell 400 W, Sonics & Materials Inc., 35% amplitude, 1 s/1 s pulse).
The suspensions are degassed using a water jet vacuum pump. We prepare for the

destabilization by the addition of a well dispersed aqueous solution of the enzyme

urease at low temperature (« 0°C). The destabilization process is finally initiated by

raising the temperature to 24°C. The total urease concentration is chosen as 5

units/ml in the liquid phase2. The final solid loading, after addition of the enzyme,

is 30 vol%.

Preparation ofsuspensionsfor Al-destabilization

The suspensions for the Al-method are prepared using untreated silica particles.
The aqueous phase consists of deionized water, urea and sucrose. A higher urea

content is needed for the Al-destabilization compared to the ApH-destabilization.
We use a urea concentration of 1.65 mol/L (=10wt%) in the liquid phase, which

results in a final ionic concentration of around 1.65 mol/L when the urea is

completely hydrolyzed. The higher urea concentration increases the real part of the

refractive index of the liquid phase to n',= 1.3480. Thus, a lower amount of

sucrose is needed for contrast variation. 30 wt% of sucrose in the liquid phase result

in a refractive index of n = 1.3985, which sufficiently reduces the turbidity of the

suspensions.

Deagglomeration and initiation of the destabilization are performed analogously to

the ApH-destabilization. After addition of the enzyme, the solid loading of the

suspensions is 30 vol%. As the Al-method requires higher amounts of hydrolyzed
urea for a complete destabilization, we use a higher urease concentration of

50 units/ml (in the liquid phase).

One unit is defined as the amount of enzyme necessary to release 1 umol of reaction product per minute

from the substrate at 24°C and at the pH of maximum enzymatic activity in water.
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4.2.3 Static Light Scattering

In static light scattering the intensity of light, scattered by the particles, is measured

as a function of the scattering angle q. The magnitude of the scattering vector q is

defined as

<Z =

^
• srn(-) , Eq.12]

where n' is the real part of the refractive index of the solvent and X0 is the

wavelength of the incident beam in vacuum and 6 is the scattering angle.

Static light scattering by particles in the regime of several hundred nanometers is

usually described by the Lorenz Mie (LM) theory. However, the simpler Rayleigh

Debye Gans (RDG) theory can be used if the following requirement is fulfilled:

2a • (m' - 1) « 1
, Eq. [3]

where a = 2kR I X is a size parameter and m
'

is the ratio of the real parts of the

refractive indices of the particles and the solvent:

<
m' = -^ Eq. [4]

Because of the low absorption of the particles and of the solvents, the imaginary

part of the refractive indices can be neglected (m « m). The value of m' can be

reduced by contrast variation and the scattering is shifted from the LM to the RDG

regime.

Another benefit of decreasing m' (by increasing n') is the reduction of multiple

scattering. In static light scattering, the contribution of multiple scattering to the

scattered intensity can already be essential at moderate concentrations, even before

particle interactions affect the scattering curve. At higher concentrations the

contribution of multiple scattering to the total scattering curve overlaps that of the

particle interactions. Thus, an evaluation of this scattering data with respect to the

particle interactions would not be possible even in the RDG regime. Partial

contrast match (m close to 1) would not be enough for a reduction of multiple

scattering to a negligible amount. This goal is finally reached by using extremely
thin sample cells (see below).
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4.2.4 Static Light Scattering Setup

We characterize the aggregation of our destabilizing suspensions by means of static

light scattering using a laboratory built flat cell light scattering instrument (FCLSI)

[15]. This instrument simultaneously detects the scattering curve from 1° to 60° via

an array consisting of 160 photodiodes. Thus short measuring times can be

achieved (down to 1 s /curve), which is very important for the study of our

continously destabilizing systems. We choose an integration time of 20 s per curve

as a compromise between measuring speed and data quality. The first curves are

measured 60 to 100 s after addition of the enzyme. We use a 10 mW HeNe laser

with random polarization and a wavelength of 632.8 nm.

The second advantage of the FCLSI, besides the short measurement times, is that it

allows using very thin sample cells. The thickness of the flat sample cell can be

adjusted to different fixed values and has a minimum of 13 urn, the thickness used

for the measurements in this study.

Multiple scattering is further reduced by performing contrast variation, using
sucrose. The liquid phase of our samples contains 30 w% (Al-destabilization) and

40 w% (ApH-destabilization) of sucrose. The increase of the refractive index of the

aqueous phase lowers the m'-value and allows using the RDG-theory for data

evaluation. The urea present in the solutions further increases the refractive index of

the aqueous phase. Because it is hydrolyzed during the destabilization, the

transmission during the destabilization also slightly changes. As we combine a thin

sample cell with contrast variation, the transmission of the measured samples is

always higher than 0.9 for the Al-samples and higher than 0.8 for the

ApH-samples.

The thin sample cell and the low optical contrast reduce multiple scattering to a

negligible amount and thus allow the measurement of concentrated, turbid systems.

Prior to the data evaluation, we subtract the background scattering curve (as

measured in a cell filled with sucrose solution) and we convert the data to the

^-scale.

4.2.5 Data evaluation

The total scattering intensity I(q) for monodisperse homogeneous spherical particles
in the limit of the RDG regime can be expressed as [16]

I(q) = n-S(q)-P(q) Eq. [5]
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where n is the particle density (NI V), and S(q) is the effective structure factor,

which gives information on the spatial arrangement of the particles. P (q) is the

ensemble averaged form factor, containing information on the size and shape of

the particles. The GIFT method [17,18] allows the simultaneous determination of

the form factor P (q) and the structure factor S(q) from scattering data in the RDG

limit. The form factor is calculated completely model free by applying the indirect

Fourier transformation technique [19]. Only the maximum dimension of the

particles has to be estimated. For the structure factor, different kinds of models can

be used (Perçus-Yewick (PY) [20], Rogers-Young (RY) [21], hypernetted
chain (HNC) (see [16]). The algorithm used to search for the optimum solution

(fitting the data best) is a Boltzmann simplex simulated annealing (BSSA) [22,23].

The transmission measured for the destabilizing samples already indicates an

observable contribution of multiple scattering. In a previous study [24] it was

shown that a transmission higher than 0.7 is needed in order to obtain meaningful
solutions. As the transmission exceeds this value for all our scattering data, the

effect of multiple scattering can be neglected for our systems.

To evaluate the data obtained from the destabilizations, a new structure factor

model is implemented into the GIFT software. The HMSA closure relation [25,26]

using a square well potential allows the calculation of structure factors for

attractively interacting systems. The HMSA closure equation interpolates

continuously between the soft core, mean-spherical approximation (SMSA) at short

interparticle distances and the hypernetted chain (HNC) closure at larger

interparticle distances (therefore the abbreviation HMSA). In this model, the

structure factor is defined by volume fraction, interaction radius, well width and

well depth (or reduced temperature).

To reduce computing time, the possibility to fix the form factor for the GIFT

calculation was implemented in the software. This is justified for silica particles, as

they do not change their shape or size during the destabilization process. The form

factor is taken from the scattering curves of highly diluted systems, where the

structure factor equals one for the whole ^-range. From these diluted solutions we

also calculated the size distributions of the different samples by using the Lorenz

Mie theory.

Upper and lower bounds to the S (^-parameters are usually set in the

BSSA-algorithm. This allows limiting the search for the optimum solution to a

physically meaningful range. If the HMSA structure factor is used, the

BSSA-algorithm does not converge to the correct solution unless the S (q)-
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parameters are limited to a narrow range. It is thus necessary to calculate some

structure factors in advance to find a rough estimate for the parameters.

Nevertheless the evaluation of a scattering curve using the HMSA closure relation is

very time consuming even for light scattering data where no smearing effects have

to be calculated. For a detailed report on the evaluation technique see [27].

DLVO Potentials

In most cases, the interactions between colloids in aqueous suspension are

adequately described by taking only two kinds of interactions into account:

repulsive electrostatic forces and attractive van-der-Waals forces. This way to

describe the interaction between colloids was put forward by Derjaguin and Landau

[28], and Verwey and Overbeek [29] in the so-called DLVO-Theory. The

interparticle DLVO-potential can thus be written as [30-33]

V(s) = VR(s) + U(s) , Eq. [6]

where VR(s) and U(s) are the electrostatic repulsion potential and the van-der-Waals

attraction potential, respectively, and s is the surface to surface distance between the

particles. For spherical particles, the van-der-Waals attraction U(s) can be

approximated as [32]

Ui^ = ~fi"h +
~2 2+lnN 2

' E*[7]
0

\s +4Rs s +4Rs + 4R \s + 4Rs + 4R) )

where R is the radius of the particles and A the Hamaker constant, which can be

estimated using the Tabor-Winterton approximation [34] :

A = 3/4 -kBT
8-8

w

£ + £w-

2 2 2

+ 3/16-^-- ^—
, Eq.

FÎ
I

2 2\3/2
VZ

(n +n)

where 8 and ew are the static dielectric constants of the particles and of the liquid

phase, respectively, n and nw are the corresponding refractive indices, and w is the

relaxation frequency of the dielectric function.

Using the Derjaguin approximation[35], with s« R, the electrostatic interaction

potential VR(s) can be written, as [36]

VR(s) = 2jT808wi?Ç2-ln(l+e-K'*) , Eq. [9]

page 77



where t, is the Zeta-Potential of the particles, e0 is the permittivity in vacuum, and

K is the inverse of the screening length of the Debye-Hiickel approximation [37]

k =
—e—— \ nt z] , Eq. [10]

where kB is the Boltzmann constant, T the temperature, n, and z, the number

density and charge of the i th species of ions in the solution.

The DLVO-theory is useful in predicting the general behavior of colloidal

suspensions. It describes the interactions between colloids accurately for many

colloidal systems, and predictions are often in excellent agreement with

experimental data. However, at short separation distances or at high ionic strength
the DLVO-theory fails to accurately describe the interaction potentials. This is

because the DLVO-theory breaks down at low separations, where the continuum

approach is no longer appropriate, and additional forces come into play. For a

detailed description of interparticle forces, see [30-33].

4.3 Results and Discussion

4.3.1 Results

Sample Characterization

The size distributions calculated from the scattering curves of diluted silica

suspensions in Fig. [3] show a monomodal distribution for the uncoated sample.
For the coated particles a second population of bigger particles is clearly visible in

the intensity weighted distribution (insert of Fig. [3]). In the volume weighted
distribution this population is almost not visible in the plot. This shows that only a

very small number of big aggregates is present in the sample, but their contribution

to the scattering signal is still considerably high. This is due to the fact that the

scattering power of a particle increases significantly with its size (^R6 for compact

spheres). The observed small population of bigger particles (or aggregates) is clearly
related to the coating procedure. It could not be removed by ultrasonication and

filtration of the suspensions. Similar size distributions are measured for different

batches of coated silica.
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FIG. 3. Size distributions of the Silica particles determined with static light
scattering on diluted suspensions. Shown are the volume weighted
and the intensity weighted (insert) distributions of both untreated

and coated Silica.

light Scattering Results

The scattering curves measured during the destabilizations are shown in Fig. [4(a)]

for the Al-method and in Fig. [4(b)] for the ApH-method. The speed of the

reaction, or the consequences on the change of the scattering curve, are different for

the two destabilization methods. The Al-system progresses very fast in the earliest

stages of the destabilization process, as a shallow secondary minimum develops in

the interaction potential right at the beginning, when the ionic concentration is

only slightly increased. The first measured curve thus differs significantly from the

scattering curve of the stable suspension, measured separately. For the ApH

method, however, the first measured curve is nearly identical to that of a stable

suspension. For both series of measurements the scattering curves develop in a

monotone sequence over time. The AI series shows a steady increase of the

scattering intensity at low ^-values with ongoing destabilization, a clear first sign for

increasing attractive interaction. The ApH series does not develop as fast as the AI

series at low ^-values, but it shows stronger changes in the overall scattering curve.

For both destabilizations, the scattering curves remain constant after some

characteristic reaction time (« 400 s for AI and « 4000 s for ApH). The resolution
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limit of our instrument is obviously reached at this point, as the destabilization

process itself is not yet finished and further changes in microstructure are expected
at later stages as well. Reference samples in a beaker are still liquid and not yet

coagulated to a stiff network, when the limit of the scattering curves is reached. Our

experiments reveal structural changes in the very early stages of the destabilization

process, whereas macroscopic rheological measurements still show significant effects

at a much later stage.
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FIG. 4. Measured scattering curves

a) AI method (30 vol% untreated silica, 30 wt% sucrose, 1.65 mol /L

urea, 50 units /ml urease).

b) ApH method (30 vol% coated silica, 40 wt% sucrose, 1.07 mol /L

urea, 0.5 units /ml urease).
The curve of the stable suspensions were measured separately.

Development ofionic strength andpH

To allow a comparison of our light scattering data to DLVO-theory, we measure

ionic strength and pH as a function of reaction time. Combining these results with

the pH dependent measurements of the Zeta potential, we are thus able to estimate
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DLVO interaction potentials as a function of reaction time. This also allows an

estimation of the stages of the reaction process that we are able to characterize with

our static light scattering measurements. The ionic strength as a function of time,

shown in Fig. [5(a)], is estimated from a conductivity measurement (inset of

Fig. [5(a)]) during a destabilization performed under the same conditions as used in

the light scattering experiments on Al-systems. In Fig. [5(b)], we plot pH versus

time, measured under the same conditions used in the corresponding light

scattering measurements on ApH-suspensions.
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a) Plot of ionic strength versus time recorded under the same

conditions as used for the AI method (30 vol% untreated silica,

30 wt% sucrose, 1.65 mol /L urea, 50 units /ml urease).

b) Plot ofpH versus time recorded under the same conditions as used

for the ApH method (30 vol% coated silica, 40 wt% sucrose,

1.07 mol /L urea, 0.5 units /ml urease).

Rheological measurements

Rheological measurements during destabilization are performed in oscillation at a

fixed frequency of 1 Hz. We use a Bohlin stress-controlled rheometer (Model CS-

50, Bohlin Instruments, Sweden) equipped with a measuring tool of cone/plate

geometry. Fig. [6(a)] and Fig. [6(b)] show the storage modulus G' and the loss
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modulus G" as a function of reaction time for the Al-destabilization and the

ApH-destabilization, respectively.

In the Al-system the storage modulus G' exceeds the loss modulus Cz'Trom the very

beginning of the destabilization process. The moduli increase continuously with

ongoing reaction time. However, only the very first stages of this process are

covered by our light scattering measurements. At a reaction time of around 2000 s

we observe a strong increase of the viscoelastic properties indicating the formation

of a percolating network throughout the sample. The scattering curves from the

corresponing light scattering experiments remain constant already at an earlier stage

of the destabilization process due to the resolution limit of around 15 um.

In the ApH-system the viscoelastic moduli remain essentially constant in the first

1000 s of the destabilization process. At this point the moduli start to increase, but

the storage modulus G' still remains lower than the loss modulus G". At a later

stage, a strong increase of the viscoelastic moduli is observed as an elastic particle
network is formed (with G'> G"). Again, this development is not detected in our

light scattering experiments. After reaction times of around 4000 s we observe no

more changes in the scattering curves.

The rheological data thus indicate that our light scattering measurements monitor

the structural changes at a very early stage of the destabilization process. The

viscoelastic moduli increase strongly at reaction times where we no longer observe

any significant changes in the scattering curves.
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FIG. 6. Storage modulus G' (black circles) and loss modulus G" (grey
diamonds) as a function of destabilization time (measured in

oscillation at a constant frequency of 1 Hz). Suspensions are prepared
under the same conditions as used for the light scattering
experiments. Results for the stable suspensions are represented as

straight lines (G': black, G": grey)
a) Al-method

b) ApH-method

Evaluation ofStatic light Scattering Data

Fig. [6(a)] and Fig. [6(b)] show the structure factors as calculated from the

measured scattering curves applying GIFT and using the HMSA model. For

comparison, the structure factors of the stable suspensions are also depicted. They
are calculated by using a PY hard sphere repulsive structure factor model. The

scattering curves at the very beginning of both destabilizations could not be
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evaluated - neither by using the HMSA routine nor with a repulsive interaction

model. The system is in an intermediate state between repulsive and attractive. The

overall potential is still repulsive, but there already is some attractive contribution.

Only after some time the attraction is strong enough and its contribution tot the

scattering curve is sufficient to use an attractive structure factor model for the

evaluation.

The structure factors for the Al-series are all calculated with a fixed form factor,

which we obtain from the measurement and evaluation of a diluted sample.

Allowing both the form and the structure factor to vary does not lead to acceptable
solutions, as often the obtained form factors (and, as a consequence, also the p(r)-

functions) are not physically reasonable and are completely different from those

obtained from either a dilute suspension or a concentrated stable suspension.
Because there is no reason to expect the silica particles to change their size and

shape (and thereby the form factor) during the destabilization, we decide to fix the

form factor for the calculations. Thus, only the structure factor is varied and the

form factor is merely adjusted in magnitude. This procedure generally leads to

reasonable structure factors.

This coincides with other findings indicating that the separation into a completely
free form factor and a structure factor for attractive interaction is not always

possible.

page 86



a)

FIG. 7.

stable

200 s

220 s

240 s

260 s

280 s

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Q[nm"1]

b)

0.012 0.014

Q[nm ]

Structure factors calculated from the corresponding scattering curves

in Fig. [4] applying the Generalized Indirect Fourier transformation

technique and using the HMSA model (except stable suspensions:
Perçus Yevick hard sphere model).

a) AI method

b) ApH method
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FIG. 8. Typical fits of the scattering curves resulting from the GIFT

calculation to the measured curves.

a) AI method - note the misfit in the peak region.
b) ApH method

The ionic strength dependent development of the calculated structure factors and

of the corresponding square well parameters Table [IV-1] is, however, regular. The

well depth increases and the well width decreases with ongoing destabilization. As

expected, the other two parameters determining the structure factor, radius and

volume fraction, show no significant trend. The volume fraction is always slightly

higher than 0.27 and the interaction radius is around 280 nm (+ 6 nm).
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A typical fit for the ionic strength destabilization is shown in Fig. [8(a)]. For all

scattering curves from the Al-series, the problem arises that the peak region cannot

be perfectly fitted. In all cases the peak in the calculated scattering curve is shifted

towards higher ^-values compared to the original data. This misfit seems to be

systematic. It was not possible to move the peak in the calculated curve to lower q-

values and to obtain a better fit by varying the HMSA parameters.

The small fraction of big aggregates present in the ApH sample changes the form

factor. We measured a diluted suspension of coated silica and calculated the p(r)
function. Both the scattering curve (= form factor) and the p(r) were clearly
different from those of a monodisperse suspension as a result of the aggregates

present in the suspension. As we are not able to reduce the amount of these

aggregates even by strong ultrasonication, we do not expect them to disappear

during the destabilization process. It would therefore be reasonable to fix the form

factor in the calculations, using the form factor as measured in a diluted suspension.
But if we do so, the algorithm does not converge to a solution in many cases.

However, if the form factor is not fixed and varied together with the structure

factor, a solution can be obtained in most cases. The calculated p(r) functions (and

with them the form factors) are all very similar to those measured on the diluted

sample.

Al-destabilization ApH-destabilization

time

[s]

well

width

[nm]

well

depth
[kBT]

DLVO

well

depth
[kBT]

time

[s]

well

width

[nm]

well

depth
[kBT\

DLVO

well

depth
[kBT]

200 120 -0.78 -0.80 980 112 -1.47 -0.25

220 118 -0.91 -0.85 1260 109 -1.52 -0.30

240 106 -1.10 -0.89 1860 103 -1.58 -0.43

260 95 -1.31 -0.93 2700 94 -1.71 -0.59

280 80 -1.47 -0.96 3930 86 -1.91 -0.81

360 75 -1.63 -1.10 - - - -

Table IV-1: Square well parameters calculated from the scattering curves (Fig. [4])

using a HMSA structure factor model. As a comparison, well depths
obtained from DLVO-theory (see Fig. [9]) are given.

Fig. [8(b)] shows a typical fit for the ApH series, which is noticeably better than

that for the AI series. Again the sequence of the calculated structure factors and the
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corresponding square well parameters (shown in Table [IV-1]) develop in a regular

way. Only minor changes in interaction radius and volume fraction are observed,

and they show no trend. The volume fraction remains at around 0.28 and the

interaction radius at 295 nm (+ 6 nm). Even though the form factor used is the

measured one which has some contributions from some stable small aggregates and

not only from monodisperse spheres, the calculated structure factors are still

reasonable. The last scattering curve evaluated (3930 s) is very close to the limits of

the used HMSA routine. For square wells only a little bit deeper («-2 kBT) the

routine is no longer able to calculate correct structure factors.

At first sight, when comparing the calculated well parameters of the AI and the

ApH destabilization, we see no tremendous differences. But the corresponding
structure factors still reveal a major difference. The structure factors of the ApH
series rise to much higher values at low q. The parameter of major importance is the

well depth. A small change in this value leads to large changes in the resulting
structure factor - mostly at low ^-values.

DLVO-potentials are calculated for the parameters corresponding to the measured

and evaluated scattering curves. The ionic strength and pH were obtained from the

measurements in Fig. [5(a)] and Fig. [5(b)]. The calculated DLVO potentials

(according to Eq. [6 - 10]) are depicted in Fig. [9]. In Table [IV-1] we show both

the square well parameters calculated from the scattering curves and the depth of

the corresponding DLVO-potentials. The depths are in the same order of

magnitude and in good agreement.
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Values of Zeta potential and ionic strength as a fonction of

destabilization time are estimated from time-dependent
measurements of pH (Fig. [5(b)]) and conductivity (Fig. [5(a)]),

respectively. Hamaker constants are estimated using the

Tabor-Winterton approximation (Eq. [8]).

a) Al-destabilization.

b) ApH-destabilization.
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4.4 Discussion

Combining a thin sample cell with contrast variation allows us to measure highly
concentrated ceramic suspensions with negligible multiple scattering. The short

sample times of the FCLSI also make a time resolved measurement possible. For

both destabilization methods the measured scattering curves could be evaluated and

reasonable results were obtained.

The scattering curves at the beginning of the destabilization cannot be evaluated.

This is most likely due to the fact that at the beginning of the destabilization the

overall potential still is mainly repulsive, as the enzyme-catalyzed reaction is set to a

rather slow speed. It takes some time until the attractive potential is strong enough
and its contribution to the scattering curve is big enough for an evaluation using an

attractive structure factor. At the other end of the destabilization regime, that we

could measure, we come very close to the limits of the used routine (for ApH). If

the square well gets too deep («-2 kBT ion our system), the routine will produce

obviously wrong structure factors or no results at all.

Usually GIFT varies both structure and form factor simultaneously. First test

calculations for the AI series showed that in most cases no solution could be found

using the standard GIFT procedure. We therefore decide to fix the form factor in

the calculations. Only the magnitude is adjusted by the BSSA, because of the

different scattering intensities of the samples. Again we want to emphasize that this

is justified for silica particles. There is no reason why they should change their

shape or size during this destabilization process, so the form factor is also constant.

Of course this would not be valid for e. g. micellar systems formed by surfactants,

which can change their shape and/or size with temperature and concentration.

The calculated results for the AI series fit less well to the measured scattering curves

than those for the ApH series. They all show the same systematic mismatch - the fit

of the peak region is shifted to higher q-values. This fit could not be improved,
even when some of the parameters were manually adjusted, thereby forcing the

solution in a certain direction. This indicates that the square well model is not

perfectly suited for the potential that develops during the ionic strength
destabilization. After the DLVO-model, this potential consists of a primary
minimum close to the particle, which can not be reached by other particles, because

it is shielded by a high primary maximum. The effective attractive part is the rather

shallow secondary minimum. So the potential for the AI method has a rather

complex shape, which might be the reason that our box function model can not fit

the scattering curve without systematic deviations.
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From the potentials that develop during the ionic strength destabilization we can

only find the secondary minimum, which is responsible for the attractive

interaction - as stated above. The repulsive primary maximum is so high that it will

be visible in our data just as an increased interaction radius. This also partially

explains the larger radii obtained from the structure factor calculations compared to

the ones obtained from the diluted systems and from the SEM images. An

additional reason why the GIFT calculations lead to increased radii is that this

system is charged. The box function model we use does not take charges into

account. When evaluating a charged system with a structure factor model that

doesn't include charge, this will show up as an increased radius. Determined from

the structure factor is in fact the interaction radius between the particles and not

the actual hard core radius of one particle.

The same effect is observed for the ApH series. Again, the GIFT calculations result

in higher values for the radii than are obtained from SEM images and from diluted

samples. The fits for the ApH series are better than for the Al-series, all calculated

scattering curves fit well to the measured curves. This might be due to the simpler

shape of the potentials that develop during the ApH-destabilization. The main

problem in the evaluation of scattering curves from the ApH series is not the fitting

procedure, but the composition of the sample itself. A small amount of larger

aggregates is already present in the diluted sample. Those aggregates, which most

probably originate from the coating process, change the form factor of the

scattering curves. The p(r) function obtained from the scattering curve is thus no

longer that of monodisperse spheres, but in addition there is a small contribution

from some aggregates. For the evaluation of the data from the ApH series we

therefore decide not to fix the form factor in the calculations. Nevertheless, we

obtain nearly identical p(r) functions, and therefore also identical form factors, for

all the evaluated measured curves. This leads to the conclusion that it is possible to

obtain correct solutions for the structure factor even if the used form factor

contains contributions from additional small aggregates.

The match between potentials obtained from light scattering and from DLVO

calculations is satisfactory. Well depth and well width from the evaluation of the

scattering curves are close to those obtained from the DLVO calculations.

Considering the various approximations used in the square well structure factor

model as well as in the DLVO calculations, the agreement between experiment
and calculation is good.

page 93



4.5 Conclusions

We are able to follow the change of microstructure in a highly concentrated silica

suspension in real time during a continuous destabilization via static light

scattering. In the early stages of the destabilization process, our data can be

evaluated using an attractive square well potential (HMSA) and the obtained results

match the corresponding DLVO potentials. Our results show that already at a very

early stage of the destabilization process, significant changes of the microstructure

occur. At a later stage, even before the macroscopic sol-gel transition is detected by

rheological measurements, no further changes of the scattering curve are observed

in the grange covered by our experiments. While, during the ApH-destabilization
the scattering curve shows significant changes only after some characteristic delay
time, it changes continuously during the Al-destabilization. The latter is attributed

to the formation of a weak pre-gel structure in the Al-system, due to the formation

of a shallow secondary minimum in the interparticle potential.
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Chapter 5

Quantification of Microstructure in Stable and

Gelated Suspensions from Cryo-SEM

Hans M. Wyss, Markus Hütter, Martin Müller, Lorenz P. Meier, and Ludwig J. Gauckler

Journal ofColloid and Interface Science 24%, 340-346 (2002)

Abstract

It is shown that the microstructures of concentrated suspensions can be analyzed in

a quantitative way from Cryo-SEM images of high-pressure frozen samples, both in

the electrostatically stabilized as well as in the flocculated state. Suspensions of

spherical silica particles (40 vol%) in an aqueous solution were used. The average

particle radius was 525 nm with a polydispersity of below 7%. The suspensions
were high-pressure frozen, which resulted in a quenching of the configuration
without apparent change in volume or crack formation. After fracturing the

samples at liquid nitrogen temperature, the fracture surface was etched by
controlled sublimation of the frozen aqueous phase, coated with 8 nm of platinum
and examined by Stereo-Cryo-SEM. The 3-dimensional positions of all the visible

particles were determined from the SEM-images. Assuming an isotropic particle

configuration in the sample before cracking, it is possible to extract the 3-

dimensional pair correlation function from the particle positions on the fracture

surface. A comparison to recent results from Brownian Dynamics simulations

shows good agreement between our experiments and the simulations.
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5.1 Introduction

Concentrated particle suspensions are of major importance in the production of

ceramics. Several ceramic processing methods based on the control of such

suspensions have been developed in recent years (reviewed in [1]). Concentrated

suspensions are of importance not only for the processing of high performance
ceramics but also for food, paint, and other industrial products. Obtaining
information on their microstructures is interesting from a scientific as well as from a

technological point of view. On the one hand, the relations between interparticle
forces, developing microstructures and mechanical properties in concentrated

colloidal suspensions are rather unusual and not yet well understood. On the other

hand, knowing these mechanisms could help to control the processing steps and to

improve the products obtained.

For low solids loading (<10vol%), experimental techniques such as static light

scattering [2,3] or TEM [4,5] have been used to characterize the structure of floes

formed during destabilization. The results obtained for these systems are in good

agreement with computer simulations and they suggest a fractal description of the

obtained structures. However, for aqueous ceramic suspensions with their typical

range of particle size (a few hundred nanometers), refractive index difference

(«îiqmd «* 1.33, nsoM > 1.44), and solids loading (>30 vol%), the standard scattering

techniques are not suitable for a quantitative determination of microstructures.

Light scattering techniques fail because multiple scattering occurs and consequently
no direct information about the structure is obtained. Multiple scattering effects

can be avoided to some extent by using the recently developed 3D-cross-correlation

technique [6]. Nevertheless, the technique fails for systems which exhibit strong

multiple scattering as is the case in our ceramic suspensions.

In the highly multiple scattering regime, however, the recently developed Diffusing
Wave spectroscopy (DWS) [7,8] can be used to characterize the dynamics of the

systems. This technique is an ideal tool for the characterization of concentrated

suspensions, giving valuable information on both, dynamics of cluster-growth as

well as mechanical properties [9]. In a recent article, we have used DWS to follow

the aggregation and gelation of aqueous alumina suspensions. Information on

microstructures was estimated from the change of the static transmission during the

aggregation process [10].

Other scattering methods such as SANS or SAXS are usually limited in the Q-range
to a minimum of around 0.001 A1, whereas for our system interesting parts of the

structure factor should be found at lower Q-values.
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In systems with a low refractive index difference between particles and solvent,

confocal microscopy can be used to study the microstructure even in concentrated

suspensions [11]. However, in aqueous ceramic suspensions this approach is

difficult or even impossible to realize without extensive index-matching.

Freeze-fracture techniques in combination with TEM [12,13] or Cryo-
SEM [13,14] have been used to study the microstructure of concentrated ceramic

suspensions. In these studies, freezing procedures were applied which are likely to

produce large ice-crystals [15].

The aim of our work was to develop a method suitable for the characterization and

quantification of the undisturbed microstructures in concentrated ceramic

suspensions and gels, which are not accessible by standard experimental techniques.

By using the high-pressure freezing technique, formation and growth of ice-crystals
can be adequately reduced [16]. Cryo-SEM in combination with high-pressure

freezing thus offers the possibility to directly image the undisturbed real-space
structure of concentrated suspensions on the micron-scale. Structural differences

between the systems can be visualized and even a quantitative characterization of

the structures is obtained by a combination of image-analysis and statistics, as

shown in this paper.

We used silica particles of spherical shape and uniform size distribution (diameter:

525 nm, polydispersity below 7%) as a model system. Due to the uniform particle
size, the results can be compared to those from numerical simulations where

monosized particles are generally used.

To destabilize the suspensions, Direct Coagulation Casting (DCC) was used [17].

The DCC method allows continuous and homogeneous changes of the

interparticle forces in the system. This makes the method an ideal tool for the study
of sol-gel transitions in colloidal suspensions, since the formation of the gel is not

disturbed during the process.

The organization of this article is as follows: The DCC-method and sample

preparation procedures are described in the first two parts of Section 5.2. The

following parts report on the high-pressure freezing technique, Stereo Cryo-SEM

investigation, as well as on the methods used for the quantitative data analysis.

Finally, a short description of the Brownian Dynamics simulation technique is

given. In Section 5.3, we present results for stable as well as ionic-strength
destabilized suspensions and compare them to results from Brownian Dynamics
simulations on simulated colloidal suspensions (recently published by one of

us [18,19]). A qualitative description of the microstructures (SEM-images) as well
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as a quantitative description, in terms of the radial pair correlation function, is

presented.

5.2 Experimental: Materials and Methods

5.2.1 DCC-method: Destabilization by time-delayed chemical

reactions

Direct Coagulation Casting (DCC) is a forming method for ceramic green-

bodies [17]. In DCC, electrostatically stabilized suspensions are destabilized by

shifting the pH of the suspensions towards their isoelectric point or by increasing
the ionic strength in the system. This is achieved by the use of time-delayed internal

chemical reactions, such as enzyme-catalyzed hydrolysis reactions or hydrolysis
reactions induced by increased temperature. In this study, we used the hydrolysis of

urea catalyzed by the enzyme urease:

CO(NH2)2 + 2H20 -» NH+4 + NH3 + HCO~3 Eq. [1]

The pH of a suspension is shifted due to the products of this reaction to the buffer

pH of 9 in the presence of the enzyme urease. Furthermore, the ionic strength in a

suspension can be increased homogeneously and continuously at the buffer pH = 9

by the products of Eq. [1].

5.2.2 Preparation ofthe Suspensions

We used a commercial silica powder with a low polydispersity (Monosphere M500,

Merck, Germany: average diameter 525 nm, polydispersity below 7%). These

particles have been produced by a modified Stöber-process [20], described in the

patent of Unger et. al. [21]. In our work, we chose a solids loading (|) = 40 vol% for

both stable and destabilized suspensions. In order to convert from weight fractions

to solids loadings, we used the density of the particles as 2.00 g / cm3. This value

was determined from mercury intrusion porosimetry of the dry powder (where

micropores below 10 nm diameter were regarded part of the solid phase), in

agreement with the specifications of the manufacturer. Fig. [1] shows the Zeta

potential of the silica particles, measured at 1 vol% in water, on a DT-1200

Acustosizer (Dispersion Technology, Mount Kisco, NY, USA). At pH 9 the

suspension is electrostatically stabilized (Zeta potential of around -70 mV). The

suspension can thus be destabilized by increasing the ionic strength at a constant

pH of 9 (see section 5.2.1).
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Stable and destabilized suspensions were prepared as described below. Both samples
contained urea, which is needed for the destabilization after the DCC method [17].

Apart from the enzyme content, we thus compared samples of identical

composition.

0
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n
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FIG. 1. Zeta potential curve for untreated silica powder (M500 Monosphere,
Merck) measured at 1 vol% in water. At pH 9, the particles are

negatively charged, with a Zeta potential t, « -70 mV.

Stable suspensions

The stable suspensions were prepared by mixing the silica powder with water

containing 2.1 mol/1 of urea. Deagglomeration was performed with an ultrasonic

horn (200 Watt-Ultrasonicator UPS 200s, Dr. Hielscher GmbH, Stuttgart,

Germany; 0.7 cm horn, cycle 0.5, amplitude 100%, time: 10 minutes). After

deagglomeration, the pH was around 8. The suspension is thus electrostatically
stabilized, with a Zeta potential of Ç« -60 mV (see Fig. [1]).

Destabilized Suspensions

The suspensions were destabilized by increasing the ionic strength in the aqueous

phase at a pH of around 9. First we prepared a stable suspension as described above.

After deagglomeration, the suspensions were destabilized by adding urease (69200

units/g, Urease S, Lyo. SQ, Roche Diagnostics GmbH, Mannheim, Germany)
dissolved in water. The final solids loading was again 40 vol%, and the urease

content was 20 units per gram of silica. The hydrolysis of urea, catalyzed by urease,

resulted in a destabilization of the suspension by increasing the ionic strength (see

section 5.2.1). Samples were examined in the Cryo-SEM three days after initiation
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of the destabilization process. It has been shown previously [22] that the gel
formation is completed after this time, though aging effects can still induce minor

changes in the microstructure.

5.2.3 High-Pressure Freezing

Crystallization of water can be reduced by rapid cooling. In the center of thicker

aqueous layers (e.g. 200 urn), sufficient cooling rates cannot be achieved due to the

thermal properties of ice and water [23], but under a pressure of 2100 bar adequate

suppression of formation and growth of ice-crystals can be achieved [16].

The samples were high-pressure frozen in 200 urn layers, sandwiched between two

aluminum planchettes [24]. A Bal-Tec HPM 010 (Bal-Tec, Balzers, Liechtenstein)

as characterized in [25] was used.

Cryosectioning and electron diffraction, the only conclusive techniques to detect

the state of the frozen water, cannot be applied to the present systems due to the

hardness of the silica spheres. However, as our samples have a low water content

(<60 vol%) and a high ionic concentration, we expect that the freezing step does

not alter the microstructure of the suspensions.

5.2.4Stereo Cryo-SEM investigation

The high-pressure frozen samples were fractured under liquid nitrogen and

mounted onto the cryo-holder (model 613-0500, Gatan Inc., Pleasanton,

California) for the „in-lens" scanning electron microscope (SEM) (Hitachi S-900).

The cryo-holder was then transferred into a modified [26] Bal-Tec MED-010

high-vacuum sputter coater. Controlled freeze-drying of the fractured surface was

performed for 30 minutes at a temperature of-85 °C and at a pressure of p < 10

6 mbar. The sample was then coated with 8 nm of platinum, removed from the

coating unit and transferred under liquid nitrogen to the SEM. Micrographs were

taken at an acceleration voltage of 5 kV. Stereo pairs were acquired under angles of

+6° and -6°, respectively. The focal length of the probe forming lens was kept
constant for both images. Focussing and positioning during tilting were achieved

mechanically.

5.2.5 Data analysis
The positions of all particles in the stereo-image were determined, where the

Z-components were calculated from the shifts Ay of the apparent particle positions
in the (+6°)-image compared to the (-6°)-image using:
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Ay

2-tan(6°)
Eq. [2]

The set of these particle positions x, (1 <i <N) is the basis for the quantitative

analysis discussed below.

Histograms

From each particle position x1 the distances dlt to the other particle positions x,

(1 <]< N,'i *)) were calculated. In order to avoid boundary effects in the statistics,

only distances with the position x, of the first particle in a minimum distance b

(boundary distance) from the border of the image were recorded (below, we refer to

the total number of these starting particles as N,ama). Consequently, no boundary
effects are present in the resulting distribution of distances for separations r lower

than the boundary distance b. Histogram functions h(r) of the distribution of

particles are normalized by the number of starting particles N,attmg:

Vr G [r{ ,ri+1], with r{ = rQ + i • Ar : Eq. [3]

# distances in interval \r- ,
r-, -, 1

Mr) =

N
starting

where Ar is the radial resolution.

Radialpair correlation functions

In order to make a quantitative comparison to data from computer simulations, the

histograms are converted into radial distribution functions g(r). For a given radius

r, this function gives the ratio of the number of positions found in a shell-volume

of thickness Ar and radius r to the corresponding number expected for a totally
random distribution of the positions.

For converting the histograms to pair correlation functions, we assume that the 3-

dimensional particle positions are located within a layer volume of thickness Az,

and that within this layer we are able to detect all the particles present in the

configuration. For the histograms we count the number of particles contained in a

spherical shell volume of radius r and thickness Ar (according to Fig. [2]).

Consequently, the counted particle positions for each starting point are contained

only in the volume Vmte„ect, given by the intersection between the spherical shell

volume and the layer of thickness Az.
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layer of thickness Az spherical shell volume intersecting volume

FIG. 2. Cross section (perpendicular to the layer of thickness Az) through the

center Xj of a particle.

If we write the relation between the histogram function h(r) and the corresponding
radial pair correlation function g(r) as

g(r)
h(r)

y(r)
Eq. [4]

then the correction function y(r) is given by:

Y(r) = V,
intersect(r)"

6-(|)
ß

JT •

Un

Eq. [5]

where (|) is the solids loading in the suspension and d0 is the average diameter of the

particles. Vmte„ect is the volume of intersection between the layer of thickness Az and

the spherical shell from radius (r-Ar/2) to (r+Ar/2) (see Fig. [2]). For separations r

with (r > Ali and r > Az2) (see Fig. [2]), Vmtersect has a ring-like shape and is given by:

yintersect(r) = 2jt • Ar • AZ •

r Eq. [6]
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From the number of visible particles N and the area L2 of an image we can estimate

the thickness Az of our idealized layer as

3
it-N-dn,

AZ = % Eq. [7]

6 • (j) • L

where (|) is the solids loading of the suspension and d0 is the average diameter of the

particles. The thickness Az was derived from Eq. [7] to be around one particle
diameter (Az^fiQ for all our images (see Table 5). As a consequence, we have

regarded the cases where r < Azi and/or r < Az2 to be negligible. We thus used the

following expression for the correction function y(r):

, ,
12 • d> • Ar • Az 2n N Ar

y(r) = ï-g
•

r =
•

r Eq. [8]

d0 L

as derived from Eq. [5], Eq. [6] and Eq. [7]. The radial pair correlation function

g(r) is then given by:

8{r) =

2,-N-Ar-r
' Hr) ^ [9]

5.2.6Brownian Dynamics simulation technique
Brownian Dynamics (BD) simulation is a widely used technique to study

cooperative many-particle phenomena of colloidal particles, both in the stable as

well as in the coagulated state. Typical examples are the shear thinning of stable

suspensions, or the coagulation of diluted and even concentrated systems. As far as

the coagulation of non-diluted colloidal suspensions is concerned, the formation of

the particle network structure, to which we will refer in the next section of this

article, is the focus of intense research [18,27-30]. One might be interested to

establish a link between the equations of motion of the colloidal particles (including

potential interaction, Brownian and friction forces) on the one hand and the

coagulation behavior of a whole suspension on the other hand. Due to the large
number of particles involved in the formation of a particle network, this is a rather

formidable task. One possible way to circumvent this problem is to solve the

evolution equations numerically in terms of BD. In this respect, the comparison of

the pair correlation functions determined from experimental data with those from

the BD simulations helps to get an understanding of the coagulation in microscopic
"mechanistic" terms. In this paper, we compare our results from Cryo-SEM
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experiments to those obtained from BD simulations, recently published by one of

us. For a detailed description of these simulations, we refer to [18,19].

5.3 Results and Discussion

A typical Cryo-SEM image of a high-pressure frozen silica suspension is shown in

Fig. [3]. The resolution achieved allows for a reliable determination of the

individual particle positions. At high urea concentrations, small filaments are

formed between particles.

In the following, microstructures obtained from Cryo-SEM of stable as well as of

destabilized suspensions are presented. The qualitative (SEM-images, section 5.3.1)

as well as the quantitative results (section 5.3.2) are discussed and compared to

those obtained from BD simulations.

page 108



FIG. 3. Cryo-SEM image of a high-pressure frozen, stable silica suspension at

a solids loading of 40 vol%. The small filaments between particles are

attributed to the high urea concentration in the liquid phase.

5.3.1 SEM images

Fig. [4(a)] and Fig. [4(b)] show Cryo-SEM images of the stable and ionic strength
destabilized suspensions, respectively. Qualitative differences in microstructure

between the stable and the destabilized case are clearly observed. The stable

suspension shows a regular, almost ordered structure with separated particles,
whereas the microstructure of the destabilized suspension is rather inhomogeneous
with voids between areas of densely packed particles. The length scale of these

inhomogeneities is in the order of a few particle diameters.
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FIG. 4. Comparison between experiments and simulations.

a), b) Cryo-SEM images of silica suspensions at 40 vol% solids

loading (White bars: 1 [im). Stable suspension (a) ,
and suspension

destabilized by increasing ionic strength (b).

c), d) Visualization of the results obtained from Brownian Dynamics
simulations at 40 vol% solids loading. Stable system (c), after slow

coagulation (d). For details, see [18].

In comparison, visualizations of the results from Brownian Dynamics simulations

are shown in Fig. [4(c)] and Fig. [4(d)]. They are qualitatively in very good

agreement with the Cryo-SEM images. Similarly, voids in the structure of the

destabilized suspension are found, surrounded by a network of densely packed
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particles. The stable suspension shows the same homogeneous structure as observed

in the Cryo-SEM images.

The human eye is very powerful in detecting differences and similarities between

images. However, we cannot quantify these differences by just looking at the

images. A quantification is possible by combining numerical image analysis with

statistics, as shown below.

5.3.2 Histograms and radialpair correlation functions

Fig- [5] shows the histograms of particle distances derived from images of stable and

ionic-strength destabilized suspensions. The radial resolution was chosen as

Ar = 0.1 • d0 (see section 5.2.5), which is in the same order as the estimated error in

the determination of particle positions. It does therefore not make sense to use a

lower value for the radial resolution Ar.
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FIG. 5. Histograms of distances between particles (see Eq. [3]) for stable

(dark curve) and destabilized (light curve) suspensions. The data was

taken from stereo-images of a square-shaped area (L2 = (10.8 [im)2 (a)

or L1 = (21.6 [im)2 (b). The separation distance r is normalized by
the average particle diameter d0, which was derived from the same

images. Values ofthe average particle diameter d0, the boundary value

b and the number of starting particles N,amag are listed in Table 5. The

smooth curves are drawn to guide the eye (cubic spline fit to the

data).
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As expected (see section 5.2.5), an overall linear behavior was found. The histogram
curves in Fig. [5(a)] {Fig. [5(b)]} were obtained from stereo images with an area of

L2 = (10.8 \xm)2 {L2 = (21.6 ^im)2}-

On the one hand, images taken at higher resolution (L2 = (10.8 \im)2) allow for a

more accurate determination of particle positions which is manifested in a lower

width of peaks in the pair correlation curves. On the other hand, in the images of

lower resolution (L2 = (21.6 \im)2) we get better statistics as illustrated by a

comparison of the fluctuations in the histogram curves in Fig. [5]. However, the

curves obtained from images of different resolution are found to be in good

agreement. For the further analysis, we will use the images of higher resolution

(L2 = (10.8^im)2).

Table 5: Stereo images: Results and parameters

Image area L2 = (10.8 ^xm)2 L2 = (21.6 ^xm)2

State of suspension stable destabilized stable destabilized

Average diameter d0 525.0 nm 524.6 nm 528.9 nm 526.8 nm

Standard deviation of

d0

6.0 % 4.3 % 5.4 % 5.7 %

Number of particles A^

(Starting particles
N )
A *

starting /

340

(233)

307

(209)

1297

(774)

1203

(707)

Az/ do (fromEq. [7]) 1.052 0.948 1.018 0.906

Boundary distance b b = 2 da b = 2 do b = 5 d0 b = 5 d0

Histograms displayed
in:

Fig. [5(a)] Fig. [5(a)] Fig. [5(b)] Fig. [5(b)]

Pair correlation func¬

tions displayed in:

Fig. [6(a)] Fig. [6(b)] - -

We obtain radial pair correlation functions from the experimental data by

correcting the histogram data by a linear curve (see section 5.2.5). Fig. [6] shows

the experimentally determined pair-correlation functions (solid curves) obtained

from the histogram curves in Fig. [5(a)] (using Eq. [9]) and, as a comparison, those

obtained from Brownian Dynamics simulations (dotted curves). The radial

resolution was Ar = 0.1 • d0; the average diameters d0 and layer thicknesses Az are

listed in Table 5.
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Radial pair correlation functions g(r) derived from Cryo-SEM images
of silica suspensions at a solids loading of 40 vol%, image area

L2 = (10.8 ^im)2 (dark, smooth curve: fit to the corrected histogram
curve derived from the particle positions). The dotted curves show

pair correlation functions derived from Brownian Dynamics
simulations [18] (for two stages of the coagulation process: Jtb = 0.2

and Jtb = 0.4).

a) Stable Suspension.
b) Suspension Destabilized by Increasing Ionic Strength
(experiment)/after slow coagulation (simulation).

Comparing the curves from simulations with those from the Cryo-SEM

experiment, we observe a fair agreement. The position of the peaks from simulated
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and experimental curves coincide for the stable suspension up to around 3 particle
diameters. This agreement supports the validity of the presented Cryo-SEM
method, as, for the stable system, the interaction potential is held constant for both

simulation and experiment. We thus expect the simulation to accurately reproduce
the experimental situation. For the destabilized system, in contrast, the interaction

potential was continuously changed in the experiment by the increase of ionic

strength, whereas in the simulations the potential was kept constant. However, in

an early stage of the aggregation process we expect the experimental interaction

potential to be similar to that used in the simulations, with a shallow secondary
minimum and an energy barrier of a few kBT. In a later stage, at higher ionic

strength, the energy barrier vanishes and the interaction potential turns purely
attractive.

Curves for the pair correlation functions of the destabilized suspension obtained

from the simulations are plotted in Fig. [6(b)] for both an early stage (jtb = 0.2) and

a late stage (jtb = 0.4) of the aggregation process. The parameter jtb is the normalized

average coordination number, describing the number of bonds (in primary

minimum) in the system (jtb = 1 corresponds to the case, where each particle has the

geometric maximum of twelve attached neighbors).

Comparing the curves from experiment and simulation in Fig. [6(b)], we find the

experimentally derived pair correlation function to be close to the two curves

observed at different stages (jtb = 0.2 and Jtb = 0.4) of aggregation in the simulation.

For separations higher than 2.5 particle diameters the experimental curve first

remains constant at g(r) = 1, in agreement with the simulation-curves. Then, the

curve drops below the value of 1, which is explained by boundary effects (see

section 5.2.5, the boundary value for this image was b = 2-d0). The difference

between the two curves from the simulation (jtb = 0.2 and Jtb = 0.4) is in the same

order as the error in the experiment. We can therefore not decide which simulated

curve is in better agreement with our experiment.

For both the stable and the destabilized case we observe lower and broader peaks in

the experimental curves, compared to those from the simulations. This can be

attributed to the following three factors: Firstly, the particles used in the experiment
are not ideally monodispersed (polydispersity of around 6%), whereas the

simulation was performed on a system of equally sized particles. Secondly, some

error in the determination of particle positions cannot be avoided in the

experiment. We estimate the error to be in the order of 10% of a particle diameter

for the 3-dimensional position of a particle (mainly due to the error in the

Z-dimension, as derived from Eq. [2]). Thirdly, alterations of the microstructure

due to ice-recrystallization during freeze drying at -85°C cannot be excluded.
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All three factors lead to a broadening and flattening of the peaks in the obtained

pair correlation functions. The obtained curves are expected to be closer to a

"random" pair correlation curve (g(r) = l), as it is observed in our curves.

Considering these limitations, the agreement between our experimental curves and

those from the simulations is rather good.

5.4 Conclusions

Cryo-SEM techniques are commonly used for the characterization of biological

systems. We have applied the high-pressure freezing technique in combination with

Cryo-SEM to the investigation of microstructure in highly concentrated particle

suspensions. The method described in this paper (consisting of a high-pressure

freezing procedure, Cryo-SEM of fracture surfaces and a statistical analysis of

distances between particles) reveals the real-space structure of highly concentrated

suspensions and even allows for a quantitative characterization of their

microstructures, which has not been achieved before for concentrated ceramic

suspensions. The agreement between our experiments and recent Brownian

Dynamics simulations [18] is rather good, considering the limitations and

approximations inherent in both techniques. However, further studies are needed

to prove the general applicability of the proposed methodologies.

We consider the presented method capable of revealing characteristic differences

between microstructures of concentrated colloidal suspensions and gels. This opens

up new possibilities for the study of microstructures in these important systems.

Little is known for instance about the relation between microstructure and

mechanical behavior in highly concentrated suspensions and gels. The presented
method allows a description of the microstructure in such systems, which is usually
not accessible by other techniques.

Future studies are necessary to elucidate the influences of different pathways of

destabilization and of organic additives upon the microstructures of concentrated

ceramic suspensions.
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Chapter 6

Relation between Microstructure and

Mechanical Behavior of Concentrated Silica Gels

Hans M. Wyss, Elena Tervoort, Lorenz P. Meier, Martin Müller, Ludwig J. Gauckler

to be submitted to Journal ofColloid and Interface Science

Abstract

We produce concentrated (40 vol%) gels of monodispersed silica particles by an in

situ process, based on the enzyme-catalyzed hydrolysis of urea in the liquid phase of

electrostatically stabilized suspensions. Two different methods are used: Either the

pH of the suspensions is shifted towards the isoelectric point of the

particles (ApH-method), or the ionic strength is continuously increased at constant

pH (Al-method). We compare the two kinds of gels in terms of elastic and yield
behavior as well as microstructure by using rheological measurements in oscillation

and high pressure freezing in combination with Cryo-SEM, respectively. Results

suggest a strong increase of elastic and yield properties in concentrated particle gels
with decreasing homogeneity of their microstructures.
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6.1 Introduction

Generally, for colloidal gels of low solid loading the relation between

microstructure and mechanical behavior is successfully described by scaling models,

based on the fractal description of the aggregate structure [1-6].

For highly concentrated colloids, however, our knowledge of the relations between

structure and mechanics is rather limited. We identify two main problems, which

make it difficult to establish a relation between network structure and mechanical

behavior in concentrated colloidal gels.

Firstly, the reproducible formation of a colloidal gel at high volume fractions cannot

be performed as easily as in a diluted system. The direct addition of salt or acid/base

to stable suspensions will lead to colloidal gels of irreproducible microstructures.

Due to the elevated aggregation rates in concentrated suspensions, the system will

generally aggregate locally before the salt or acid/base is homogeneously distributed.

In rheological studies of concentrated gels, a high shear rate is usually applied prior
to the measurements in order to set reproducible starting conditions [7-9].

However, in this case the microstructures of the resulting gel networks are

determined mainly by the shearing process, and not by the initial aggregation

process itself. As a consequence, the formation of different concentrated gels of

significantly different microstructure will be difficult to achieve if a high shear rate

has to be applied.

Secondly, the characterization of microstructures in concentrated colloids proves

difficult, as the standard methods used for the characterization of diluted colloidal

suspensions cannot be easily applied to highly concentrated systems. For example,
static light scattering, the standard method for the characterization of structure in

colloidal gels, fails for systems which exhibit strong multiple scattering.

To be able to study the relations between microstructure and mechanics, an

appropriate model system is thus needed. Such a model system should allow the

undisturbed and reproducible formation of concentrated colloidal gels with the

possibility to produce different kinds of gels of significantly different

microstructure. Moreover, the model system should permit the experimental access

to both the mechanical behavior and the microstructures of the resulting colloidal

gels.

A model system of monodispersed silica particles is used in this work. We form gels
of these particles by using the Direct Coagulation Casting (DCC)

technique [10,11]. This method allows the undisturbed formation of concentrated

colloidal gels from electrostatically stabilized suspensions. It is based on
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enzyme-catalyzed hydrolysis reactions, which result in a homogeneous and

continuous production of ions in the liquid phase. This process leads to gelation by
either a shift of the pH towards the isoelectric point (IEP) of the particles

(ApH-method), or by an increase of ionic strength at the buffer pH of the reaction

products (Al-method). By using these two different methods for the destabilization,

we are able to form gels that show significantly different properties both in terms of

rheology [12,13] as well as microstructure [14].

In an earlier article [15], we have shown that the microstructure of stable and

gelated silica suspensions can be quantified by using high-pressure freezing in

combination with Cryo-SEM. By using high-pressure freezing, the formation of

ice-crystals in our concentrated suspensions and gels is adequately suppressed. We

are thus able to characterize their microstructure by investigating a fracture surface

using Cryo-SEM.

In this work, we report on both the real-space structure and the rheological
behavior for two different kinds of concentrated silica gels. The relation between

microstructure and mechanical behavior is discussed in terms of a simple model

description.

6.2 Experimental: Materials and Methods

6.2.1 DCC-method: in situ destabilization ofsuspensions
Direct Coagulation Casting (DCC) was introduced as a forming method for

ceramic green bodies [10,11]. The technique is based on the use of

enzyme-catalyzed hydrolysis reactions in the liquid phase of charge stabilized

aqueous suspensions. Using such reactions, the interparticle potential in a

suspension can be continuously changed from repulsive to attractive, without

disturbing the gelation process. In this study, we use the hydrolysis of urea,

catalyzed by the enzyme urease:

CO(NH2)2 + 2H20 -» NH+4 + NH3 + HCO'3 Eq. [1]

The onset and speed of the reaction is controlled by both enzyme concentration

and temperature.

ApH- and Al-methods

The products of the reaction in Eq. [1] form a buffer system at pH 9. We are thus

able to shift the pH of a suspension from the acidic region towards pH 9. For
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particles with an isoelectric point at pH 9, an electrostatically stabilized suspension
can thus be prepared at pH 4 and destabilization can be induced by shifting the pH
towards the isoelectric point, thereby decreasing the surface charge of the

particles (ApH-method). At the buffer pH, the reaction of Eq. [1] leads to a

continuous increase of ionic strength in the suspension until all urea is hydrolyzed.
For suspensions with an isoelectric point in the acidic pH-region, destabilization

can thus be performed by increasing the ionic strength in the suspension at a

constant pH of 9 (Al-method).

6.2.2 Preparation ofsuspensions

Highly monodispersed silica particles can be obtained by using the method of

Stöber et. al. [16]. We use commercial silica powder (Monosphere M500, Merck,

Germany, nominal average diameter: 525nm, polydispersity below 7%), produced

by a modified Stöber process as described in the patent of Unger et. al. [17]. The

density of the particles is determined as 2.0 g/cm3 from mercury intrusion

porosimetry of the dry powder (where micropores below 10 nm diameter are

regarded part of the solid phase), in agreement with the specifications of the

manufacturer.

Boehmite-coating ofparticlesfor ApH-destabilization

The silica particles are coated with a layer of Boehmite according to a procedure

adapted from Shih et. al. [18,19]. First, the particles are heated to 450 °C in order

to obtain a perfectly clean surface without organics. After a grinding treatment in

order to disperse the particles, a 6 vol% aqueous suspension (« 70 ml) is prepared
and stabilized at pH « 9 by adding a small amount (three drops) of ammonium-

solution. The suspension is then deagglomerated by an ultrasonic treatment

(Ultrasonicator 200 W, Dr. Hielscher GmbH, Germany, 0.7 cm horn,

amplitude: 100%) lasting 5 minutes. After heating the solution to above 85 °C, we

add 12.5 g of aluminum ^c-butoxide. The temperature is kept at 85 - 90°C for

120 minutes, and during the whole procedure, the suspension is stirred with a

magnetic stirrer. The suspension is left under stirring until it is cooled down to

below 40 °C. The pH is then adjusted to 3 by adding hydrochloric acid.

Immediately afterwards, the suspension is ultrasonicated under cooling in ice-water.

The powder is washed by dilution and subsequent centrifugation. After removal of

the supernatant, the particles are dried in a drying oven at 120 °C. Finally, a heat

treatment is applied to the particles at 300 °C for three hours. The coating is found

to be more stable when applying this additional heat treatment. Electron

microscopy of coated silica shows that the coating on some of the particles flakes off
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after extensive ultrasonication. For the heat-treated particles, we do not observe this

behavior. Fig. [1] shows a typical SEM-image of dry, coated silica particles. The

coating appears homogeneous and does not flake off. The thickness of the coating

layer is estimated as around 4 nm from an evaluation of SEM images of silica

particles with and without Boehmite coating.

FIG. 1. SEM-image of dry, Boehmite-coated silica particles. The coating
procedure was adapted from [19].

We use a DT-1200 Acoustousizer (Dispersion Technology, Mount Kisco, NY,

USA) to measure the Zeta-potential of the silica particles as a function of pH.

Fig. [2] shows the Zeta-potential for both untreated and coated silica particles. The

untreated silica particles are negatively charged at pH values above 3. The Zeta

potential is around -70 mV at pH 9. This system can thus be destabilized by

increasing the ionic strength using the urea/urease system. The isoelectric point of

the coated particles is found at around pH 9 (see Fig. [2]). A suspension of these

particles can therefore be destabilized by shifting the pH towards the buffer pH of

the urea/urease system, which is in this case at the isoelectric point of the particles.
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Preparation ofsuspensions

For the ApH-suspensions, we use the silica particles coated with Boehmite, and for

the Al-suspensions, we use untreated silica particles. First, a base-suspension with

only urea in the liquid phase is prepared. The suspension is then deagglomerated by
an ultrasonic treatment (Ultrasonicator 200 W, amplitude: 100%, 0.7 cm horn,

amplitude: 100%) lasting 10 minutes. Finally, we add a well dispersed solution of

the enzyme urease to the base suspensions at a temperature of below 5 °C, where

the enzyme's activity is lowered. The liquid phase of the final suspensions then

contains 1.4 mol/L or 2.1 mol/L of urea in the liquid phase for ApH- and

Al-suspensions, respectively. The urease concentration is 20 units per gram of silica

for the ApH-suspensions, and 150 units per gram for the Al-suspensions. The

destabilization process speeds up when the temperature of the sample rises to room

temperature.

page 126



6.2.3 High-pressurefreezing and Cryo-SEM investigation

Both a qualitative and a quantitative description of microstructures in concentrated

suspensions and gels can be obtained by a combination of high-pressure freezing
and Cryo-SEM. For details, we refer to [15].

High-pressurefreezing

Crystallization of water can be reduced by rapid cooling. In the center of thicker

aqueous layers (e.g. 200 urn), sufficient cooling rates cannot be achieved due to the

thermal properties of ice and water [20], but under a pressure of 2100 bar adequate

suppression of formation and growth of ice-crystals can be achieved [21].

Samples are high-pressure frozen in 200 urn layers, sandwiched between two

aluminum planchettes [22]. A Bal-Tec HPM 010 (Bal-Tec, Balzers, Liechtenstein)

as characterized in [23] is used.

Cryosectioning and electron diffraction, the only conclusive techniques to detect

the state of the frozen water, cannot be applied to the present systems due to the

hardness of the silica spheres. However, as our samples have a low water content

(<60 vol%) and a high ionic concentration, we expect that the freezing step does

not alter the microstructure of the suspensions.

Stereo Cryo-SEM investigation

The high-pressure frozen samples are fractured under liquid nitrogen and mounted

onto the cryo-holder (model 613-0500, Gatan Inc., Pleasanton, California) for the

„in-lens" scanning electron microscope (SEM) (Hitachi S-900). The cryo-holder is

then transferred into a modified [24] Bal-Tec MED-010 high-vacuum sputter

coater. Controlled freeze-drying of the fractured surface is performed for

30 minutes at a temperature of -85 °C and at a pressure of p < 106 mbar. The

sample is then coated with 8 nm of platinum, removed from the coating unit and

transferred under liquid nitrogen to the SEM. Micrographs are taken at an

acceleration voltage of 5 kV. Stereo pairs are acquired under angles of +6° and -6°,

respectively. The focal length of the probe forming lens is kept constant for both

images.

Quantitative analysis ofSEM-images

In an earlier paper we have described in detail the quantitative analysis of stereo

images of high-pressure frozen suspensions and gels [15]. Radial pair correlation

functions g(r) are obtained based on the assumption that we are able to identify all
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particle positions in a layer of thickness Az within our sample. The radial pair
correlation function g(r) can then be approximated as

8{r) =

2,-JV-Ar-r
" h{r) ' ^ [2]

where I2 is the area of the SEM-image, N is the number of visible particles, and

h(r) is the histogram describing the distribution of distances between particles with

radial resolution Ar. For details see [15].

6.2.4Rheological measurements

Viscoelastic properties of the suspensions are investigated by rheological
measurements using a Bohlin stress-controlled rheometer (Model CS-50, Bohlin

Instruments, Sweden) equipped with a measuring tool of plate/plate geometry

(rough surface, 25 mm plate diameter). The temperature of the sample is controlled

by a thermostat water bath and is kept constant at 25 °C. Evaporation of water is

minimized by using a cylindrical cover above the sample (Bohlin Instruments,

Sweden).

Rheological measurements are performed as stress amplitude sweeps in oscillation at

a frequency of 1 Hz. The inset of Fig. [5] shows the method used for evalutation of

both the plateau storage modulus, as well as the yield stress from an ampitude

sweep test. The yield strain is defined by extrapolation of the linearly decreasing

part of the storage modulus curve to the level of the plateau modulus (after Yanez et

al. [25]).

6.3 Results

6.3.1 Microstructure

The microstructure of the silica gels is characterized by Cryo-SEM on fracture

surfaces of high-pressure frozen samples. In Fig. [3] we show results for a stable

suspension (a) and for two gels formed by the ApH- (b) and the Al-method (c),

respectively. The particle volume fraction is 40 vol% for all three cases.

Although the particles in the ApH-system are in contact and form an

interconnected network, the microstructure is very homogeneous. It is similar to

the structure of the stable suspension (Fig. [3(a)]), indicating a freezing-in of the

microstructure upon destabilization with no large rearrangement of particles. For

the Al-system, however, inhomogeneities on the length scale of a few particle
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diameters are observed. The inhomogeneous microstructure is attributed to the

development of a shallow secondary minimum in the interparticle potential. This

allows the formation of a week pre-gel structure, where the rearrangement of

particles towards locally denser packing is possible.

FIG. 3. Cryo-SEM images of stable and gelated silica suspensions at 40 vol%

solid loading. Stable suspension (a), ApH-destabilized gel (b),
AI-destabilized gel (c).
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A very similar behavior was observed in recent Brownian-Dynamics
simulations [26,27]. Slow aggregation (corresponding to Al-destabilization in our

case) was simulated by applying an interaction potential with a shallow secondary
minimum and an energy barrier of a few kBT, whereas for fast aggregation

(corresponding to ApH-destabilization in our case), a purely attractive

van-der-Waals potential was used. In agreement to our experiments, the simulation

predicts a less homogeneous structure for the case of slow aggregation.

From stereo-pairs of Cryo-SEM images we obtain the three-dimensional position of

all visible particles. These positions are used to calculate the radial pair correlation

functions as a characterization of microstructure, according to Eq. [2]. In Fig. [4]

we plot the radial pair correlation functions g(r) as calculated from the particle

positions of a stable suspension, a suspension destabilized by the ApH-method,
and a suspension destabilized by the Al-method.

Stable suspension

The first peak in the pair correlation function for the stable suspension is in good

agreement with the following simple estimation of a characteristic distance As

between neighbouring particles in a stable suspension. Assuming that the radius of

particles in a random-close packed structure at volume fraction (|)rcp is decreased

whereas the particle positions remain unchanged, we obtain a homogeneous

packing of particles at volume fraction (|). The characteristic distance As can then be

written as

i

A" = Mtp)3, Eq'[3]

where &> is the diameter of the particles, (|) is the volume fraction of the suspension
and (|)rcp « 0.63 is the volume fraction for a random close-packed system. With

(|) = 0.4, an average distance of As = 1.16 • &> is obtained.

ApH- and Al-gels

Although qualitative differences are clearly observed between the micrographs

displayed in Fig. [3(b)] and Fig. [3(c)], only small differences result in the

corresponding pair correlation functions g(r) of the ApH- and the Al-gels (Fig. [4]).

The first peak in g(r) is slightly higher for the Al-systems, indicating a locally denser

structure with a higher average coordination number. Moreover, a difference between the

two ^^-curves is observed at distances of r I dQ « 1.4 ± 0.05 and at r I dQ>=* 1.6 ± 0.05,

where the g(r)-curve of the Al-system shows a local maximum. Corresponding
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characteristic peaks are found in a hexagonal packing at r I d0 = Jl and at r I d0 = 1.633

(twice the height of a tetrahedron of side length d0). We argue that the occurence of these

peaks can be attributed to the formation of densely packed areas. On length scales larger
than these areas, this will result in inhomogeneities in the gel microstructure, as the

overall volume fraction remains unchanged.
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FIG. 4. Radial pair correlation functions g(r) derived from stereo pairs of

Cryo-SEM images of silica suspensions at a solid loading of 40 vol%.

Smooth curves are cubic spline fits to the corrected histogram curves,

as derived from the particle positions (using Eq. [2]). Stable

suspension (grey curve), ApH-destabilized gel (black curve),
AI-destabilized gel (dark grey, dotted curve).

6.3.2 Elastic andyield behavior

The result of typical amplitude sweep tests are shown in Fig. [5] for gels produced

by the two different methods. Both the plateau storage modulus and the yield stress

are significantly higher for the Al-gels than for the ApH-gels. For both kinds of

gels, three independent measurements are performed. The resulting average values
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and standard deviations of the plateau storage modulus and the yield stress are

summarized in Table [1].

The plateau storage modulus is an order of magnitude higher for Al-gels than for

ApH-gels, and the yield stress is even two orders of magnitude higher for the

Al-gels.

The plateau storage modulus and yield stress of a particle gel are determined by the

particle volume fraction, the size and shape of the particles, the interparticle forces,

as well as the microstructure of the particle network.

One could argue that the significant differences found between ApH- and Al-gels
can be attributed to weaker interparticle forces in the ApH-gels, due to the coating
of these particles. However, even though it is difficult to estimate Hamaker

constants for the coated particles, we have no reason to assume weaker

van-der-Waals forces for these particles. On the contrary, the van-der-Waals forces

are expected to be stronger for the ApH-gels. The Hamaker constant for

alumina-water-alumina is in the order of 5TO"20 J, whereas for silica-water-silica it is

typically an order of magnitude lower [28].

We thus attribute the significantly higher plateau storage modulus and yield
stress (Fig. [5] and Table [1]) to the observed differences in

microstructure (Fig. [3]).

This interpretation is also in accord with results from previous studies performed
on alumina gels. For Al-alumina gels, we found higher values of yield stress and

plateau storage modulus than for the corresponding ApH-gels [12,14]. In a recent

light scattering study, we estimated the homogeneity of the network structures from

changes of the static transmission during destabilization [14]. In agreement to the

present results on silica gels, we found a homogeneous structure for ApH-gels and

an inhomogeneous structure for Al-gels.

Our results thus suggest an increase of elastic and yield properties in concentrated

alumina gels and silica gels with decreasing homogeneity of their microstructures.

Table 1:

C7[kPa] ay [Pa]

ApH, (|) = 40 vol% 293 ± 52 56.8 ± 24.8

AI, (|) = 40 vol% 2986 ± 798 6770 ± 3590
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FIG. 5. Rheological tests performed as a stress ramp in oscillation at a

frequency of 1 Hz. Both measurements are performed on fully
destabilized samples, where all urea has been hydrolyzed. The solid

loading is 40 vol% and both ApH- and AI-system are measured after

completion of the enzyme-catalyzed hydrolysis reaction. The plateau

storage modulus as well as the yield stress is significantly higher for

the AI-system.
The inset shows the definition of the yield strain yy according to

Yanez et al. [29]. The yield stress ay is then defined as the product of

the plateau storage modulus and the yield strain.

6.3.3 A simple model

The results of the present study and of previous studies [12,14] suggest, at high
solid loadings, stronger elastic and yield properties for inhomogeneous particle gels

compared to homogeneous gels. This finding seems, at first sight, to contradict our
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intuition. In the following, we try to explain such a behavior by a simple, semi-

empirical model description.

We describe a concentrated, inhomogeneous gel of solid loading (|) as a two-

component system, where phase 1 consists entirely of larger pores (filled with

water) and phase 2 consists of a gel with a solid loading (|)2 higher than (|), namely

<>2 = ^ Eq. [4]

where x is the volume fraction of phase 1 in our two-component system. The

overall solid loading (|) of our two component system is thus kept constant and the

inhomogeneity of the structure is described by the parameter X-

(a) (b)

FIG. 6. Schematic 2D-representations of homogeneous (a) and

inhomogeneous (b) gel-structure. The overall solid loading (|) is

identical in both cases. In our model, the inhomogeneous gel is

described as a two component system, consisting of large pores

(phase 1, dark grey) and of a particle gel with a solid loading §2 > §.

Thus, with decreasing the homogeneity of the network, the volume fraction (|)2 in

phase 2 increases. In the following, this phase is treated as a continuos bulk

material. Consequently, the overall system is described as a porous body of porosity

X- We assume a simple power-law behavior for the elastic modulus of the bulk

material Fbuik as a function of solid loading. With Eq. [4], we obtain

/ 1 \m
£buik(x) = e0 •

(—-,) E*[5]
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where E0 is the elastic modulus of a homogeneous network (x = 0). In our simple

picture, the elastic modulus E of the overall two component system is determined

by both the modulus Ebuik of the bulk material and the porosity X-

A variety of models exist which predict the mechanical properties of porous

materials from the properties of the bulk material and from the porosity. The

introduction of pores into a continuous medium will always lead to a decrease in

elastic modulus as not only is the load-bearing area of a material reduced by the

pores but also the stress becomes "concentrated" near the pores. Exact solutions

exist for bodies containing a dilute suspension of pores. For a body containing a

low concentration of spherical pores, the MacKenzie solution [30] for the Young's
modulus of a porous body is described by,

^MacKenzie = £bulk " ( 1 ~ A '

X + B • %) Eq. [6]

where Ebulk is the elastic modulus of the bulk material, x is the porosity, and A and B

are constants of the order 1.9 and 0.9 respectively. Combining Eq. [5] and Eq. [6],

we thus obtain for the elastic modulus E of the overall two component system:

E = E0 (1 - A x + B x2) • [y^m Eq. [7]

In Fig. [7], we plot the resulting modulus E of the inhomogeneous two component

system, relative to the modulus E0 of the homogeneous system as a function of the

parameter x and for different values of the power-law exponent m. In a recent light

scattering study [14] we have estimated the volume fraction of larger pores as

X «0.2 for Al-destabilized alumina gel-networks. If we assume a power-law

exponent of m = 5 for the behavior of the "bulk"-material, we obtain a factor of

around 2 for the increase in modulus upon decreasing homogeneity.
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Porosity %

FIG. 7. Elastic modulus of the inhomogeneous two component systems as a

function of the volume fraction x of large pores (see Eq. [7]), plotted
using different values for the power-law exponent m. The overall

solid loading (|) is constant for all values of X- E0 is the elastic modulus

of the corresponding homogeneous gel-network (x = 0). For the

40 vol% silica gels examined in this study, we find a ratio between

the plateau storage moduli of the inhomogeneous system (AI) to that

of the homogeneous system (ApH) of G'Al I G'ApH « 10.

Our simple estimation illustrates that inhomogeneous colloidal gel-networks might
indeed show increased mechanical stability. However, we do not expect exact values

for the increase of modulus from such a simple model. In particular, we did not

take into account the unusual nature of stress transmission in concentrated particle
networks, as observed in dry granular materials and expected to occur for highly
concentrated colloidal gels as well. We note that the behavior of highly
concentrated particle gels, as they are examined in this study, might be much closer

to that of granular materials such as sand or soil than to the behavior of a fractal

particle network at low solid loadings.

In a granular material the distribution of stress is highly inhomogeneous and only a

small fraction of the particles is included in the main stress-bearing structure. The

stresses are concentrated along a network of "force-chains" [31-33], which form due

to a local jamming of particles upon an applied external stress. This inhomogeneous
nature of stress-transmission in granular media makes these systems very sensitive to
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small changes in network configuration, i.e. microstructure. For instance, Cates et

al. predict the transmission of stress in a sandpile to depend strongly on its

construction history [34], which has been confirmed by experiment [35].

We suggest that the microstructural differences observed for our highly
concentrated gels will lead to similarly dramatic effects on the mechanical behavior.

A further qualitative argument might be the following gedanken experiment:

We take a homogeneous network of particles and apply a compressive or shear

stress to it. A highly inhomogeneous stress distribution will result. Step by step, we

then remove particles where the stress is lowest. It is reasonable to assume that the

evolution of microstructure in the course of such a procedure will adapt itself to the

inhomogeneity of stress transmission in the system. Such a structure would thus get

more inhomogeneous, as particles are removed. Moreover, the imagined procedure
can be looked upon as an optimization process, where the solid loading of the

particle network is reduced, while minimizing or even avoiding a reduction of the

mechanical stability. We thus envisage that the imagined procedure leads to

inhomogeneous gel-networks exhibiting optimized elastic and yield properties, in

magnitude much higher than those of homogeneous structures at the same solid

loading.

6.4 Conclusions

We have studied both the microstructure and the mechanical behavior of

concentrated gels of uniformly sized silica particles.

Gels produced by two different in situ destabilization mechanisms show

significantly different microstructures. Gels formed by shifting the pH towards the

isoelectric point (IEP) of the particles (ApH-method) appear very homogeneous,
while gels formed by increasing the ionic concentration at a pH far from the

IEP (Al-method) show inhomogeneities on length scales of a few particle diameters.

In addition, these inhomogeneous gels exhibit much higher elastic and yield

properties than homogeneous gels produced at the same solid loading by the

ApH-method. This demonstrates the large influence of microstructure on the

mechanical properties of concentrated particle gels.
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Chapter 7

Influence of Microstructure on the Elastic and

Yield Behavior of Concentrated Particle Gels

Hans M. Wyss, Aylin Deliormanli, Elena Tervoort, Ludwig J. Gauckler

to be submitted to Journal ofthe American Institute ofChemical Engineers

Abstract

Rheological measurements are performed on highly concentrated alumina gels. By

using an in situ mechanism based on enzyme catalyzed internal reactions, we are

able to form gels of highly concentrated particles without disturbing the

microstructures that develop during the gelation process. These gels are produced

by two different destabilization mechanisms: Either the pH of the suspension is

shifted towards the isoelectric point (ApH-method), or the ionic strength of the

suspension is increased at a constant pH (Al-method). The two destabilization

mechanisms lead to gels of significantly different microstructure. We find notable

differences in the rheological behavior of the two systems, suggesting a

bond-bending mechanism for stress transmission in the case of ApH-gels and a

bond-stretching mechanism in the case of Al-gels. In addition, for both kinds of

gels we compare the in situ properties to those obtained after altering the

microstructure by shearing. Results suggest an increase in elastic and yield

properties of concentrated particle gels with decreasing homogeneity of their

microstructures.
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7.1 Introduction

Controlling the rheological behavior of concentrated particle suspensions and gels is

a key issue in the production of various products, such as food, paint, concrete or

ceramics. It is determined by the interparticle forces, the size and shape of the

particles, the particle volume fraction, as well as the microstructure.

For particle gels formed at low volume fractions, the dependence of the rheology on
these parameters is reasonably well established. The structure of these gels is

accurately described as fractal [1]: the mass m, of aggregates scales with their size Rc

as a power law mc - Rc ,
with df < 3 the fractal dimension.

Accordingly, the density pc of the clusters scales as pc - Rc f"3. When pc equals the

volume fraction of the particles, an interconnected network of fractal clusters is

formed. The size Rc of the clusters in a gel thus scales with (|) as a power law

Rc -c))1
; {df'3). Based on a theoretical description of the size-dependent elasticity of a

single fractal cluster [2], one can show that the rheological properties of a fractal gel
network will then also scale with the particle volume fraction [3-5]. This theoretical

description is in good agreement with various experiments and computer

simulations, and provides a well-defined relation between microstructure and

mechanical behavior of diluted gel networks.

For highly concentrated gels, however, much less is known on the influence of

microstructure on the mechanical behavior. This is partly due to the considerable

difficulties involved in experimentally characterizing microstructures of highly
concentrated systems. More important however is the fact that conventional

destabilization techniques do not allow the controlled formation of particle gels
with significantly different microstructures at high volume fractions.

In a standard rheological experiment performed on a particle gel, the formation of

the gel is achieved by directly adding salt or acid/base to the liquid phase of a stable

suspension. The mechanical properties of both stable particle suspensions [6] and

gel-networks [7-9] have been extensively studied in recent years. However, for

highly concentrated suspensions it is generally not possible to achieve an

undisturbed gelation by the conventional addition of salt or acid/base, due to the

elevated aggregation rates in these systems. Strong aggregation already takes place
before the salt or acid/base can be homogeneously distributed by diffusion or

mixing. The microstructure of the resulting particle gels is therefore highly

inhomogeneous and irreproducible. In rheological measurements, reproducible
results are usually not achieved unless the samples are strongly sheared before

conducting the measurements. It is reasonable to assume that the microstructure of
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the resulting gels will in this case be governed to a large extent by the mixing

process, and not by the gelation process itself.

Thus, in situ destabilization techniques which allow for the formation and

characterization of undisturbed particle gels are required.

Direct Coagulation Casting (DCC) [10,11], which was developed for the

processing of ceramics, offers the possibility to change pH and/or ionic strength in

a homogeneous and continuous way. Thus electrostatically stabilized suspensions
can be destabilized in situ by either shifting the pH to the isoelectric point

(ApH-method) or by increasing the ionic strength / (Al-method) without

disturbing the colloid history. This is achieved by the use of an enzyme-catalyzed
internal chemical reaction, as for instance the hydrolysis of urea, catalyzed by the

enzyme urease. The reaction is time-delayed and the speed of the reaction is

controlled by both enzyme concentration and temperature.

In this study, we use the DCC-technique to achieve a true in situ destabilization of

the suspensions, resulting in the undisturbed formation of particle gels, exhibiting

reproducible microstructures. Reproducible results are obtained in rheological
measurements on these systems, even when they are not subjected to shear prior to

measurement.

Previous studies on highly concentrated wet green bodies formed by DCC show

that the chemical pathway of destabilization (i.e. ApH or AI) has a strong influence

upon both structure and mechanics of these systems. More than 10 times higher

yield stress and elastic modulus values were found for AI- compared to

ApH-destabilized systems in compression tests on highly concentrated particle

gels [12]. This finding is rather surprising, as the interparticle forces in the final

state are expected to be stronger for ApH-destabilized systems compared to

AI-systems [13].

In a parallel study, we have examined the microstructure of concentrated particle

gels by using high-pressure freezing in combination with Cryo-SEM on model

systems of monodispersed silica spheres [14,15]. We found an inhomogeneous
microstructure for Al-destabilized gels and a very homogeneous structure for

ApH-destabilized gels. This difference in microstructure was also found in a recent

light scattering study, where we estimated the degree of inhomogeneity in

concentrated alumina gels from changes in the static transmission during the

destabilization process [16].

Using our destabilization technique, we thus have the unique opportunity to

directly compare the rheological behavior of undisturbed particle gels of

significantly different microstructure, produced by the ApH- and the Al-method,
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respectively. In addition, we are able to compare the in situ properties to those

obtained after altering the microstructure by shearing for both kinds of gels. As the

chemical composition and thus also the interparticle forces do not change during

shearing, we obtain information on the influence of microstructure upon the

mechanical properties of concentrated particle networks.

7.2 Experimental: Materials and Methods

7.2.1 In Situ Destabilization ofConcentrated Colloids

Direct Coagulation Casting (DCC) [10,11] is one of the few methods that allow a

true in situ destabilization of charge stabilized colloidal suspensions. It is based on

time-delayed internal chemical reactions, such as enzyme-catalyzed hydrolysis
reactions, or hydrolysis reactions induced by elevated temperatures. In this study,
we use the hydrolysis of urea,

CO(NH2)2 + 2H20 -» NHj + NH3 + HCO"3 Eq. [1]

catalyzed by the enzyme urease, where the onset and speed of the reaction is

controlled by both temperature and enzyme concentration. The products of this

reaction form a buffer system at pH 9. As the reaction proceeds, the suspension's

pH is shifted towards the buffer pH. At pH 9, the ionic strength in the suspension
then increases homogeneously and continuously.

As the isoelectric point (IEP) of alumina is found at around pH 9 as well, the

reaction of Eq. [1] can be used to destabilize alumina suspensions by shifting their

pH from low values towards the IEP (ApH-method). For particles with an IEP far

from pH 9 the urea-urease reaction leads to destabilization by an increase of ionic

concentration at a constant pH of 9 (Al-method). In the present study, the

isoelectric point of alumina particles used for destabilization by the Al-method is

changed by adding di-ammonium citrate as a surfactant (see section 7.2.3). We are

thus able to destabilize alumina suspensions by either the ApH-method or the

Al-method using the urea-urease reaction in both cases.

7.2.2 Materials

For the suspensions we use high purity a-Al203 powder (Ceralox, HPA, 0.5 w%

MgO, Condea Vista Co., Ceralox Division, Tucson, AZ) with an average particle
diameter, d30, of 360 nm, a specific surface area of 8 m2/g and a density of

3.98 g/cm3. Zeta potential measurements performed with an acoustic spectrometer
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(DT-1200, Dispersion Technology Inc.) yield an isoelectric point at around pH 9

for untreated alumina powders.

Other chemicals used in our experiments are hydrochloric acid (Merck, Darmstadt,

Germany), di-ammonium citrate (Alfa Aesar, Johnson Matthey GmbH, Germany),
urea (Sigma U-0631, Sigma-Aldrich Chemicals, Germany), urease (62000 units/g \

Roche Diagnostics GmbH, Germany) and deionized water (resistivity > 18

MQcm).

7.2.3 Suspension Preparation

Gels are prepared at various particle volume fractions (|) ranging between

4> = 25 vol% and (|) = 59 vol%. Two different destabilization mechanisms are used,

the ApH- and the AI-methods.

Suspensionsfor ApH-Destabilization

Deionized water is mixed with alumina powder and urea (0.32 weight%) using a

mechanical mixer. The pH of the suspension is then adjusted to pH-4 using

hydrochloric acid (2 mol/1). Suspensions are subsequently dispersed by an

ultrasonic treatment lasting 10 minutes (Ultrasonicator, UPS 200s (200 Watts),

Dr. Hielscher GmbH, Germany, cycle 0.5, amplitude 70%). The enzyme

concentration is chosen as 1 unit per gram of alumina, which results in a shift of

pH to the isoelectric point within less than two hours. Before adding urease, the

slurry is cooled to below 5°C in ice-water. At this temperature, the

enzyme-catalyzed hydrolysis reaction is very slow, which avoids any significant

aggregation. Immediately after addition of the enzyme, the slurry is placed in the

rheometer. As the temperature of the destabilized slurry increases, the speed of the

enzymatic reaction is increased, which leads to an increase of pH and ultimately
results in gelation. The samples are left undisturbed in the rheometer for 2.5 hours

prior to measurement.

Suspensionsfor AI-Destabilization

For the case of ionic strength destabilization, higher amounts of urea are needed in

order to achieve a destabilization of the system.

For the sample preparation, alumina powder, water, urea and di-ammonium-citrate

(DAC) are mixed and then stirred for 15 minutes. DAC absorbs on the surface of

the particles and leads to a shift of the isoelectric point of the alumina particles

1 One unit (U) of urease is defined as the amount needed to hydrolyze 1 umol of substrate per minute at

pH 7.6 and at a temperature of 25°C.
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from pH 9 to pH « 3.5 [17]. At low ionic strength, before the hydrolysis of urea is

initiated, the suspension is thus electrostatically stabilized at a pH of 9, the buffer

pH of the products of Eq. [1]. Relative to the weight of the alumina powder, we

used 0.45 weight% of DAC in all our AI-samples.

Dispersion is achieved by an ultrasonic treatment lasting 10 minutes (cycle: 0.5,

amplitude: 70%). After addition of 75 units of urease per gram of alumina to the

cooled slurry, the suspension is placed into the rheometer. Prior to measurement,

samples are left undisturbed for around 16 hours.

7.2.4Rheological measurements

Viscoelastic properties of the suspensions are investigated by rheological
measurements using a Bohlin stress-controlled rheometer (Model CS-50, Bohlin

Instruments, Sweden) equipped with a measuring tool of plate/plate geometry

(rough surface, 25 mm plate diameter). The temperature of the sample is controlled

by a thermostat water bath and is kept constant at 25 °C. Evaporation of water is

minimized by using a cylindrical cover above the sample (Bohlin Instruments,

Sweden).
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Oscillatory measurements are performed at a fixed frequency of 1 Hz, varying the

applied strain amplitude. From such an amplitude sweep curve, we evaluate the

storage modulus G' in the linear viscoelastic regime, as well as the yield stress Oy,

formally defined as the minimum applied stress required to initiate rupture or flow

in the system. In practice, the exact definition of the yield stress from a measured

curve is more difficult and different methods have been proposed by various

authors [19-21]. The yield stress is often defined as the critical stress where the

phase angle reaches 45° (i.e. G'= G") in a stress ramp applied on an elastic

network. Here, we use a method proposed by Yanez et al. [18]. They define the

yield stress Oy as the product of the storage modulus G' in the linear viscoelastic

regime and the yield strain yy : Oy= G'-yy. The yield strain is determined as the

intersection point of the regression line obtained in the linearly decreasing part of

the storage modulus curve and the one obtained in the linear viscoelastic regime, as

demonstrated in Fig. [1]. Our systems generally do not exhibit any significant

frequency dependence of the storage modulus. We therefore identify the storage

modulus, as measured at a frequency of 1 Hz in the linear viscoelastic regime, as the

plateau modulus G\, which is usually determined by extrapolating (j'(cd) to zero

frequency. Our amplitude sweep experiments are conducted with a gap of 1 mm

between the parallel plates. Two different kinds of measurement are performed on a

destabilized sample:

(i) In Situ

In the in situ measurements, samples are placed directly inside the rheometer

immediately after the addition of the enzyme urease. They are left undisturbed

during the whole destabilization process. The rheological measurement is then

directly started as a stress ramp, without applying any pre-shear.

(ii) In Situ, presheared

Samples prepared and measured under in situ conditions are subjected to a second

measurement. These samples have thus already been presheared, and their

microstructure has been altered. In order to set reproducible starting conditions, we

apply an additional preshear to the samples. In all measurements reported here, we

apply a shear rate of 1 s"1 during 60 seconds. Samples are then allowed to rest for 60

more seconds. In measurements with different shear rates or resting times, we

observe no significant changes in the resulting viscoelastic properties.
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In addition to methods (i) and (ii), which are based on the hydrolysis of urea, we

also produce gels ex situ by the conventional addition of base (NaOH) or salt

(HH4C1).

7.3 Results and Discussion

7.3.1 In Situ measurements

In Fig. [2] we show the plateau modulus Gf and the yield stress Gy for in situ

destabilized ApH- and AI-systems. We find that Al-gels generally exhibit a

significantly larger plateau modulus than those formed by the Al-method. The

dependence of the plateau modulus Gp
'

as a function of volume fraction (|) can be

approximated by a power-law Gp'~ fym for both, the ApH- and the Al-suspensions,
as indicated by the fitted curves plotted in Fig. [2(a)]. Both systems show a

comparable scaling behavior of the plateau modulus with very high power-law

exponents m of around 6. However, the scaling behavior of the yield strain is very

different for the two systems. The yield strain of Al-gels shows no dependence on

volume fraction, whereas for ApH-gels it decreases strongly with increasing volume

fraction, as shown in Fig. [2(b)]. This contrast in the yield behavior indicates a

difference in the load bearing mechanism of the two systems, as will be discussed

below.

The inset of Fig. [2] shows the yield stress for the two in situ systems as a function

ofvolume fraction. We observe a crossover of the two curves at a volume fraction of

around 30 vol%. At lower volume fractions, the Al-gels show a lower yield stress

than ApH-gels, whereas for highly concentrated gels their yield stresses exceed those

of ApH-gels. The transition occurs at a volume fraction of around 30 vol%.

Highly concentrated Al-gels thus show a higher plateau modulus and a higher yield
stress compared to the corresponding ApH-gels. The same general behavior was

observed in an earlier study on alumina wet green bodies [21], where the elastic and

yield behavior in compression was measured at volume fractions above 50 vol%.
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Al-method (solid symbols).
a) Plateau modulus versus particle volume fraction.

b) Yield strain versus particle volume fraction.

Inset: Yield stress versus particle volume fraction.

The lines are power-law fits to the measured data.

Scaling behavior

We note that the scaling arguments given below should be handled with care for

our highly concentrated gels. Firstly, the range of volume fractions considered in

this study cover merely half a decade. The accuracy of the exponents is therefore

much lower than for studies on diluted gels which can be studied over a very broad
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range of volume fractions. Secondly, the fractal description of network structures is

generally believed to be no longer appropriate for highly concentrated gels. The size

range where self-similar features can possibly be present is narrowed down

dramatically with increasing volume fraction.

To account for the significant change in the yield strain dependence on volume

fraction, we consider the scaling arguments introduced for fractal colloidal gels.
Kantor and Webman [2] showed that in the case of both central and noncentral

interactions, the latter dominate for long particle chains. They find the elastic

constant kt of a particle chain to scale as:

K~
Nch K

Eq. [2]

where RL is the radius of gyration of the chain projected on the plane perpendicular
to the line connecting the ends of the chain and N& the number of particles in the

chain. The parameter RL can be expressed as [22,23]

R±~K Eq. [3]

The parameter 8, with 0 < e < 1, then indicates the stress-bearing mechanism of the

chain. The case 8 = 0 applies to a straight chain, where the stress is transmitted by

bond-stretching. The case 8=1 describes a purely isotropic chain, where stress

transmission through a bond-bending mechanism dominates.

straight chain isotropic chain

R,

R± ~ const.

Using Eq. [2], the external forced on a particle chain can be written as [23]

/,
ext K-^C

i

2e + d}
¥*. Eq. [4]

R„
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where the parameter du. is called the bond dimension or chemical dimension. It

describes the scaling of the number of particles N& in the chain with Rc as N^ - Rfh.

We assume that a bond breaks if the forced on it exceeds a critical value. The yield
strain will thus scale as

2e + dh - 1

Yy~*c Eq.[5]

So far, a scaling behavior has only been assumed for the geometry of the particle
chains within a network supporting the stress. Assuming a fractal structure, the size

of aggregates Rc scales as Rc - c|) d['3, and thus the yield strain scales with volume

fraction as

(l-2e-db)/(3-df)

Yy
~ 4> Eq. [6]

Even if a different scaling behavior of Rc with volume fraction would apply for our

concentrated structures, we can argue that the yield strain can only be independent
of volume fraction if 8 « 0 and eh « 1, i.e. for straight, rigid chains, where stresses

are transmitted by a bond-stretching mechanism.

Accordingly, we attribute the stress-bearing mechanism of our Al-gels to

bond-stretching, whereas for ApH-gels we attribute it to a bond-bending
mechanism. In order to explain the very high exponents that we obtain for the

scaling of the plateau modulus G\ within a fractal scenario, we would have to

assume unrealistically high values for the fractal dimension d{.

7.3.2 Measurements after Disturbing the Microstructure

In the following, we compare the elastic and yield behavior of our gels before and

after altering the microstructure by applying a large shear deformation.

ApH-gels

Curves for the ApH-gels are shown in Fig. [3]. After preshearing, our ApH-gels no

longer show the strong dependence of the yield strain on the volume fraction, as

shown in Fig. [3(b)]. Their yield strains are found at much lower values of around

2-10"4, independent on volume fraction. This behavior indicates a fundamental

change in the stress bearing mechanism of the gels. We suggest that the network

changes from a homogeneous gel with a tortuous stress-bearing backbone to a less

homogeneous gel, where stresses are transmitted through a bond stretching
mechanism. As a result of the stress-bearing mechanism changing from
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bond-bending to bond-stretching, we would then expect higher plateau moduli for

the presheared gels. This is indeed what we find for our ApH-gels. The plateau
moduli of presheared ApH-gels are significantly higher than for gels measured

in situ, as shown in Fig. [3(a)]. In a fractal scenario, this would imply that the

density of clusters increases and the homogeneity of the gel microstructure is

reduced upon preshearing.

Al-gels

Curves for the ApH-gels are shown in Fig. [4]. The yield strain of presheared

Al-gels is lower than for the corresponding in situ gels, as shown in Fig. [4(b)]. It

shows a power law dependence on volume fraction c|) with an exponent of m « -0.6,

indicating a less rigid stress-bearing structure. Accordingly, both the plateau
moduli (Fig. [4(a)] and the yield stresses (inset of Fig. [4]) are lower for the

presheared gels than for the in situ gels.

ApH-gels versus Al-gels, presheared

Finally, in Fig. [5] we compare the properties of presheared gels produced by the

ApH- and the Al-method, respectively. In significant contrast to the case of in situ

gels, the presheared ApH-gels show both higher plateau modulus and higher yield
stress than the corresponding Al-gels at all explored volume fractions. The scaling
behavior of both kinds of gels is in accord with a stress-bearing mechanism

governed by bond stretching. Only a weak dependence of yield strain on volume

fraction is observed for both ApH- and Al-gels.

Suspensions destabilized ex situ by a conventional addition of acid/base or salt show

an elastic and yield behavior comparable to that of presheared samples. Results for

suspensions prepared by the addition of base (NaOH) or salt (NH4C1) are shown as

single points in Fig. [5].

Our results on the presheared gels are in good agreement to those obtained by
Yanez et al. on alumina gels produced by the conventional addition of base or

salt [18]. They find a significantly higher plateau modulus and yield stress for gels
formed at the isoelectric point (IEP) than for gels produced far from the IEP by the

addition of salt.

Presuming a comparable microstructure, we attribute the differences in the

magnitude of plateau modulus and yield stress of the presheared gels to stronger

interparticle forces for ApH-destabilized gels.
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The lines are power-law fits to the measured data.
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7.4 Summary and Conclusions

Our results illustrate the major influence of microstructure upon the mechanical

properties of particle gels. After in situ destabilization at high volume fractions,

AI-samples show a significantly higher plateau modulus compared to ApH-samples.
However, after altering the microstructure of both kinds of gels by applying a large
shear deformation, the elastic and yield properties change dramatically. We observe

a strong increase of elastic properties for the ApH-gels. Moreover, after preshearing,
the yield strain of ApH-gels shows only a very weak dependence on volume

fraction, indicating a change of the stress bearing mechanism from bond-bending
to bond-stretching. For the Al-destabilization, elastic and yield properties are

decreased upon preshearing. The stress bearing mechanism in the Al-gels is

attributed to bond-stretching before and after applying a large shear deformation.

The microstructure of concentrated particle gels strongly influences their

mechanical behavior. Our results suggest that the in situ ApH-destabilization is able

to produce a homogeneous gel-network, where the stress bearing backbone consists

of convoluted chains of single particles, which are able to support stresses

predominantly by a bond-bending mechanism. Upon preshearing the ApH-gels,
their stress bearing mechanism is then irreversibly changed to bond stretching,
which dramatically increases the elastic properties of the gels. Al-gels respond to an

external stress by bond stretching before and after altering their microstructures by

shearing.

This interpretation is in agreement with results from previous studies [14-16],

indicating significant differences in microstructure for gels formed by the two

different destabilization mechanisms. Combined with these findings, our results

suggest a strong increase of elastic and yield properties of highly concentrated

particle gels with decreasing homogeneity of their microstructures.
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Chapter 8

General Conclusions and Outlook

The goal of this thesis was to gain a better understanding of the relations between

the microstructure and the mechanical behavior of highly concentrated particle

gels. This chapter gives an overview of results and conclusions of the study,

summarizing the findings presented in the previous chapters.

A variety of experimental techniques has been used to elucidate the interplay
between the kinetics of destabilization of concentrated colloidal suspensions, the

dynamics of particles during destabilization, the resulting gel microstructures, and

the mechanical behavior of these gels. Our results reveal the large influence of

microstructure on the mechanical behavior of concentrated particle gels.

Two different model systems, alumina powder and spherical, monodispersed silica

particles are used. For both kinds of systems, we find the same general behavior in

terms of the relation between microstructure and elastic and yield behavior.

Inhomogeneous particle gels exhibit significantly higher yield stresses and plateau

storage moduli than homogeneous gels at the same solid loading. As observed in the

case of diluted colloids, the dynamics of the aggregation process determines the

microstructure of the resulting particle networks. The mechanical behavior of these

gels then strongly depends on the homogeneity of the network microstructure.

8.1 General Conclusions

A schematic representation of the dependencies between the kinetics of

destabilization, the dynamics of particles, the resulting microstructure, and the

mechanical behavior of concentrated particle gels is shown in Fig. [1].

Experimental methods used for the characterization of these properties and the

chapters of the thesis where they are described are indicated. In the following, we
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present a short summary of the results for each of the three categories indicated in

Fig. [1].

Kinetics

Evolution of interparticle potentials
Two pathways: ApH and Al-methods

Microstructures

- Change of static transmission (Chapter 2)
- Cryo-SEM (Chapters 5 and 6)
- Static Light Scattering (Chapter 4)

Dynamics

Dynamics of particles

- Diffusing-Wave Spectroscopy

(Chapter 2 and 3)
- Static Light Scattering

(Chapter 4)

Mechanical Behavior

- Standard macroscopic rheology (Chapters 3, 6 and 7)
DWS (Chapters 2 and 3)

- Compressive testing (Appendix)

FIG. 1. Dynamics of destabilization, microstructure, and mechanical

behavior. Experimental methods used to study the formation and the

properties of concentrated gel networks.

Kinetics ofdestabilization

The properties of a colloidal suspension undergo drastic changes when the

interparticle potential is continuously changed from repulsive to attractive. An

important result of this study is the observation that the dynamics of destabilization

is of major importance. The pathway of destabilization determines the dynamics of

particles during the aggregation process, and microstructures formed in the early

stages of aggregation persist during later stages. The state of the colloidal system is

therefore not determined solely by a momentary interaction potential, but rather by
the whole spectrum of interaction potentials that were present in earlier stages of

the destabilization process. This leads to the situation that two colloidal gels can
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exhibit significantly different microstructures and mechanical behavior even though

interparticle forces are comparable in both systems.

During ApH-destabilization, the interaction changes rather abruptly from repulsive
to attractive, whereas during Al-destabilization it changes smoothly and a shallow

secondary minimum is expected to appear in the interaction potential, which gets

continuously deeper and shifts towards the particle surface. Our results suggest that

this difference in the development of the interaction potentials leads to significant
differences in the microstructure and in the mechanical behavior of the two

systems.

Dynamics

Using Diffusing-Wave Spectroscopy, we are able to follow the dynamics of the

particles during the destabilization process (Chapters 2 and 3, [1,2]). For ApH-

samples we detect an abrupt change of the particle dynamics from diffusive to

subdiffusive at the sol-gel transition. The minimal change of the static transmission

at the gel point indicates that a freezing-in of the microstructure occurs, with only
minor rearrangement of particles taking place. Accordingly, we find the

microstructure of ApH-gels to be very homogeneous and close to that of stable

suspensions.

For the case of Al-destabilization, our results indicate that in the early stages of the

destabilization process, reversible aggregation takes place in a shallow secondary
minimum of the interaction potential. A weak pre-gel structure is formed, and

rearrangement towards locally higher packing occurs. Our static light scattering
results on concentrated silica gels show that the most significant changes of the

microstructure occur only in these very early stages of the destabilization process. At

later stages, we no longer detect any significant changes of the structure factor

(Chapter 4, [3]).

Microstructures

We characterize the homogeneity of concentrated alumina gels by following the

change of the static transmission during destabilization (Chapter 3, [1]). In a simple
model description, we suggest that the drastic changes of the static transmission in

the AI-system are due to the development of a inhomogeneous microstructure,

whereas for the ApH-system the microstructure remains close to that of the stable

suspensions, with only minor rearrangements taking place.

The microstructure of silica gels is characterized by combining High-Pressure

Freezing with Cryo-SEM (Chapter 5, [4]). While ApH-gels have a very
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homogeneous microstructure close to that of a liquid suspension, Al-gels show

inhomogeneities in their network structure on the length scale of a few particle
diameters (Chapter 6). This results are in good agreement to recent Brownian

Dynamics simulations of aggregation in concentrated suspensions [5-7]. Results

show a less homogeneous structure if an interparticle potential with a secondary
minimum and a small energy barrier is used (slow aggregation) than for a purely
attractive interparticle potential (fast aggregation).

Mechanical Behavior

Our results show that the microstructure to a large extent determines the

mechanical behavior of the gels. The inhomogeneous Al-gels exhibit significantly

higher elastic and yield properties than the homogeneous ApH-gels at the same

solid loading (Chapters 6 and 7, [8,9]). We show that this result is not due to a

difference in interparticle forces but can be clearly attributed to the differences in

microstructure. Interparticle forces are even expected to be stronger for

ApH-systems. If both, the homogeneous ApH-gel as well as the inhomogeneous

AI-gel are subjected to a large shear deformation before measuring their elastic and

yield behavior in the rheometer, then the plateau storage modulus as well as the

yield stress is higher for ApH-gels than for Al-gels. Thus, without a change of the

interaction potential, the mechanical properties change drastically as the

microstructure is varied.

We provide a qualitative explanation for the observed strong dependence of elastic

and yield properties on the microstructure of the particle networks in terms of a

simple two-phase model (Chapter 6). In addition, the scaling behavior of the elastic

and yield behavior of alumina gels is evaluated (Chapter 7). Results suggest the

bond bearing mechanism to depend strongly on the microstructure of the particle
network.

8.2 Outlook

The results presented in this study demonstrate the strong dependence of the

mechanical behavior of concentrated particle gels on their microstructure. By using
a true in situ method for the formation of concentrated colloidal gels, we are able to

control their microstructure and their mechanical behavior. We characterize the

microstructue of these gels and investigate their rheological properties. Results show

that inhomogenous gels show higher elastic moduli and yield stresses than

homogeneous gels. Concentrated suspensions and gels show a very complex
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behavior and some of their properties are hard to characterize in experiments.
Several open questions still remain, which could be addressed in future studies.

In Chapter 6, we have mentioned that the behavior of highly concentrated particle

gels might be much closer to that of granular materials, such as sand or soil than to

the behavior of a fractal particle network at low solid loadings. It would be

interesting to investigate the influence of structural inhomogeneities upon the

mechanical behavior of dry granular materials. For instance, one could introduce

pores into the material by adding "soft" spacer particles. In mechanical tests, the

influence of these inhomogeneities could then be characterized. Moreover, the

influence of inhomogeneities in the microstructure upon the stress bearing structure

could be investigated.

The solidification-fluidification-solidification effect observed in Chapter 3 should

be reproduced on a simple model system. A theoretical description of such an effect

in well-defined model system should then be easier to establish and could be able to

describe the effect in a quantitative manner. It could be investigated whether the

observed reentrant behavior is indeed an inherent property of charged colloidal

systems at moderate ionic strength. We should therefore test if this effect in the

early stages of aggregation would also occur when adding salt to stable suspensions
instead of continuously changing the the ionic concentration in the samples.
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Appendix A

Evolution of Ionic Strength during
Al-destabilization

In Chapters 3 and 4 an estimation of the development of ionic strength as a

function of reaction time was used in order to calculate DLVO-potentials as a

function of destabilization time. In this appendix, experimental procedures and

results on the development of conductivity and ionic strength during the

enzyme-catalyzed hydrolysis of urea are presented in more detail.

1. Experimental

In order to characterize the development of ionic strength during the

enzyme-catalyzed hydrolysis of urea in the liquid phase of a particle supension, we

perform measurements of electrical conductivity during the reaction process. To

elucidate the effect of particles on the speed of the hydrolysis reaction, we compare

conductivity curves measured in 30 vol% suspensions to those measured in urea

solutions without particles. All measurements are performed in a thermostat water

bath at a temperature of 25 °C. A conductometer equipped with a datalogger allows

for the automatic recording of conductivity values at a fixed series of reaction time

intervals.

In order to be able to convert the measured conductivity values to realistic values of

ionic strength we rely on a calibration curve rather than calculations based on the

mobility of the different ionic species involved. Such a calibration curve is

established by measuring the conductivity of solutions and suspensions containing
different concentrations of urea that has been previously fully hydrolyzed by the

urease-catalyzed hydrolysis reaction.
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2. Results

2.1 Calibration curves

Conductivities offully hydrolyzed urea solutions

All urea in the solutions is fully hydrolyzed by adding -66 units/ml of urease and

waiting. The urea concentration is varied between 0.001 mol/1 and 2.9 mol/1.

Results are shown in Fig. [1]. The conductivity of a solution of -66 units/ml of

urease in pure water is measured as 0.056 S/m. By subtracting this value from the

obtained conductivities of the hydrolyzed urea solutions, we obtain the

conductivities due to hydrolyzed urea only. These conductivities as a function of

urea concentration can be well approximated by a power-law as seen in Fig. [1].

100

E

CO

M

>

10

1

o

o
c

o 01
o

0.01

o

G

©--
9-

O.

£-''

&
-J»

.©«#

®-

(*>-

^

0.001 0.01 0.1 1

urea concentration [mol/l]

FIG. 1. Conductivity of aqueous solutions of fully hydrolyzed urea as a

function of the concentration of hydrolyzed urea. Conductivity of

urea solutions hydrolyzed by -66 units/ml of the enzyme

urease (open symbols). Corrected by subtracting the conductivity of a

solution of -66 units/ml urease in pure water (full symbols). The

dotted line is a power-law fit to the corrected values.

Conductivities ofsuspensions ofparticles in fully hydrolyzed urea solutions

We prepare a series of suspensions containing different amounts of hydrolyzed urea.

-66 units/ml of the enzyme urease are used to hydrolize the urea in the suspensions.
All suspensions contain 0.45w% of di-ammonium-citrate relative to the weight of

the alumina powder. At zero urea concentration we obtain a conductivity of
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0.301 S/m. By subtracting this background conductivity we obtain a curve which

can be well fitted to a power-law, as seen in Fig. [2].

0.01

0.001 0.01 0.1 1

urea concentration [mol/l]

FIG. 2. Conductivity of 30 vol% alumina suspensions as a function of urea-

concentration (open circles). -66 units/ml of the enzyme urease were

used to hydrolize the urea in the suspensions. All suspensions contain

0.45w% of di-ammonium-citrate relative to the weight of the

alumina powder. At zero urea concentration we obtain a conductivity
of 0.301 S/m. Values obtained by subtracting this background
conductivity (closed circles) can be well fitted to a power-law (dotted

line).

The obtained power-law curve has the same slope as the power-law curve obtained

for the measurements in the liquid phase only. The difference between the

conductivities in the suspension and in the liquid phase is thus given by a constant

factor not dependent on salt concentration. Torquato and Kim have predicted the

effective electrical conductivity Ge of suspension of insulating, spherical particles
relative to the conductivity of the liquid phase [1-3]. For 30vol% suspensions they
obtain a value of Ge « 0.6 • G0, where G0 is the conductivity of the liquid phase (35

vol%: Ge « 0.55 • G„, 40 vol%: Ge « 0.49 • G„ ). These values can be regarded as

upper bounds for the effective conductivity of real systems.

In our case, we obtain Gsuspmslon / Gk<imdpbait « 0.5 for the ratio between the conductivity
of the suspension and the conductivity of the liquid phase only (background
subtracted, so we compare the conductivities due to hydrolyzed urea only). Fig. [3]

shows the conductivities as a function of the concentration of hydrolyzed urea (with

background subtracted) for both, liquid phase and 30vol% suspension. By
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multiplying the values obtained for the suspensions with a factor of 2, the two

power-law curves are perfectly matched.

100

0.001

FIG. 3.

0.01 0.1

urea concentration [mol/l]

Comparison of the conductivities (background subtracted) of

30vol% suspensions (solid circles) and hydrolyzed urea solutions

(triangles) as a function of the concentration of hydrolyzed urea. The

solid line is a power-law fit to the data obtained for the 30vol%

suspensions. Shifting this curve up by a factor of 2 results in a perfect
match to the data from the hydrolyzed urea solutions. The two

power-law fits (dotted lines) cannot be distinguished.

2.2 Development ofconductivity during hydrolysis ofurea

Urea solutions

We measure the conductivity of an aqueous solution of urea during the

enzyme-catalyzed hydrolysis of urea. The solution contains 2 mol/L of urea and

68 units/mL of urease. Results are plotted in Fig. [4]. By subtracting the

conductivity of a 68 units/ml urease solution in pure water (o « 0.056 S/m), we

obtain the conductivity due to hydrolyzed urea only. This corrected conductivity as

a function of reaction time can be well approximated as a power-law. After around

8 hours, the conductivity does not increase any more, as all urea is hydrolyzed.
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FIG. 4. Conductivity of a urea solution (2 mol/1 urea, 68 units/ml urease)

versus reaction time (open cirlces) and values with background
conductivity1 subtracted (solid circles). After around 8 hours, the

conductivity does not increase any more, as all urea is hydrolyzed.

Suspension ofparticles in a urea solution

We measure the conductivity of a suspension of alumina particles in aqueous

solutions of urea during the enzyme-catalyzed hydrolysis of urea. The suspensions
contain 2 mol/L of urea and 68 units/mL of urease in the liquid phase. Results are

plotted in Fig. [4]. Subtracting the background conductivity in the suspension 2, we

obtain the conductivity due to hydrolyzed urea only (solid circles). This corrected

conductivity as a function of reaction time can be well approximated as a

power-law. Again, after around 8 hours, the conductivity does not increase any

more, as all urea is hydrolyzed.

Conductivity of ^66 units/ml urease solution in pure water: 0.056 S/m

Solution: 0.0552 S/m (conductivity of 68 units/ml urease in pure water) is subtracted.

Suspension: half the value of the urease solution (0.0276 S/m) and the conductivity of a 30vol% suspen¬

sion (2 mol/1) without any urease (0.285 S/m) are subtracted.
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Conductivity of a 30 vol% suspension during enzyme-catalyzed
hydrolysis of urea versus reaction time (Open circles). The

suspension contains 2 mol/1 of urea and 68 units/ml of urease in the

liquid phase. Subtracting the background conductivity in the

suspension 2, we obtain the conductivity due to hydrolyzed urea only
(solid circles).

A comparison of conductivities due to hydrolyzed urea versus reaction time

(background subtracted) shows no apparent influence of the presence of alumina

particles upon the speed of the urease-catalyzed hydrolysis reaction (see Fig. [6]).

The urea concentration in the liquid phase is 2 mol/1 cases and the urease

concentration is 68 units/ml in both cases. Again, the two curves differ by a factor
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of two. The suspension conductivities shifted up by a factor of 2 overlap rather

nicely with the conductivities of the liquid phase only.
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FIG. 6. Comparison of conductivities due to hydrolyzed urea versus reaction

time (backgrounds subtracted2) in a urea solution (grey squares) and

in a 30 vol% suspension (circles). The urea concentration in the

liquid phase is 2 mol/1 in both cases, and the urease concentration is

68 units/ml. Again, the two curves differ by a factor of two. The

suspension conductivities shifted up by a factor of 2 (triangles)
overlap rather nicely with the conductivities of the liquid phase only.

2.3 Estimation of ionic strength as a function of reaction time

From the curves in Fig. [6] and Fig. [3] we obtain the concentration of hydrolyzed
urea as a function of time. The ionic strength due to hydrolyzed urea is then

approximated with sufficient accuracy by the concentration of hydrolyzed urea. To

obtain the total ionic strength as a function of time, we have to include the

background salt, present already before the hydrolysis of urea is initiated. In the

supernatant of a suspension (or paste) of pure alumina without any citrate and

without urease, we measure a conductivity of only 0.015 S/m, which shows that the

powder itself has no significant ionic impurities. For a solution of 68 units/ml of

urease we measure a conductivity of around 0.055 S/m. It is thus reasonable to

assume that the main contribution to the measured background conductivity
(around 0.3 S/m in suspension, around 0.48 S/m in supernatant of suspension) in

the suspensions is due to di-ammonium citrate. From an estimated molar

equivalent conductivity of 7 (S/m)/(mol/l) for both NH4+ and 1/3-citrate3 3 and the

measured background conductivity of 0.48 S/m, we estimate the total

concentration of ionic charges in the liquid phase as 0.069 mol/1.
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The stability of colloids is dependent mainly on the valency of counter-ions, the

valency of co-ions is less important [4]. We therefore use for the DLVO

calculations an estimated background ionic strength of 0.035 mol/1, assuming a 1:1

electrolyte.

By combining data from Fig. [1] and from Fig. [4], we obtain the concentration of

hydrolyzed urea as a function of reaction time. By adding the estimated background
ionic strength to these values, we obtain an estimation for the total ionic strength in

the liquid phase of the destabilizing suspension as a function of reaction time

(Fig. [7]).

estimated
ionic

strength
[mol/1

o o

o

P

1 1 1 II I I I in I I I I I I M i 11 n

:

6

6

6

6

6

:

ô

0 1()0 10

reaction t

00

ime [s]

KD4 1(

FIG. 7. Estimation of ionic concentration in a 30vol% alumina suspension as

a function of reaction time (Urea: 2 mol/1 in liquid phase, urease:

68 units/ml in liquid phase; di-ammonium-citrate: 0.45 w% to

alumina). Estimated total ionic strength (solid circles) and ionic

concentration due to hydrolyzed urea only (small diamonds).
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Appendix B

Compression tests on highly concentrated

alumina gels

In the main part of the thesis, results from rheological measurements on silica and

alumina gels are presented. At the highest volume fractions, however, it is also

possible to characterize the behavior of these gels in a simple compressive test. Here,

we present results from such compressive measurements, performed on alumina

bodies of solid loadings higher than 40 vol%. At lower solid loadings, these bodies

generally cannot support their own weight and therefore their mechanical behavior

in compression cannot be characterized in a simple compressive test. Results are in

good agreement to those from the rheological measurements presented in

Chapter 7.

1. Experimental

1.1 Suspension Preparation

To prepare the suspensions for ApH- and Al-destabilization, we use the same

procedures as those described in Chapter 7. We use a-alumina powder (Ceralox

HPA-0.5 w/MgO, Condea Vista Company, Ceralox Division, Tucson, USA) with

a broad size distribution and an average diameter of around 240 nm, as derived

from sedimentation measurements in a disc centrifuge equipped with an X-ray
detector (BI-XDCW, Brookhaven Instruments, Holtsville, New York). The

compressive tests reported below include various earlier tests (performed by Beate

Balzer, Elena Tervoort, and Daniela Hesselbarth) performed on gels formed from

different batches of the Ceralox-powder (partly reported in [1], and [2]). However,

although the size distribution varies from batch to batch, we observe no significant
influence on the compressive strength or the yield strain of the wet bodies.
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Immediately after addition of the enzyme urease, the slurries are cast into

cylindrical molds with an inner diameter of 20 mm. The height of the samples is

between 40 and 50 mm. Samples are left undisturbed in the molds during 24 hours

prior to measurement.

1.2 Compressive testing

Uniaxial compression is performed in a servo-hydraulic mechanical testing machine

(Instron, Model 8562, Shenck AG, Nänikon, Switzerland). Samples are carefully
demolded and placed in the testing machine. The cross-head speed is set to

2 mm/min. From the measured stress-strain curves, we then extract the compressive

strength of the samples, the yield strain, as well as the compressive modulus in the

elastic regime. For details, see [1].

2. Results

2.1 Compressive strength

Typical stress-strain curves measured in compression are shown for two different

solid loadings, and for ApH- and AI-bodies, respectively. The value of the yield
strain does not strongly depend on volume fraction or on the destabilization

method. This is consistent with the rheological measurements reported in
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Chapter 7, where we find no large differences in the shear yield strains at the

highest volume fractions.
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Compressive test in the low strain regime, at 55 vol% and 59 vol%

for suspensions destabilized by ApH and by AI, respectively. Values

of compressive strength and yield strain are indicated for each curve

in the graph.

Fig. [2] shows the compressive strength, or the compressive yield stress, determined

from the measured stress strain-curves, as a function of solid loading. In agreement

to the rheological measurements presented in Chapter 7, AI-bodies show an

increased compressive strength compared to ApH-bodies, the difference being

largest at the highest volume fractions. Again, we observe a power-law behavior of

the compressive strength with volume fraction. In agreement to the rheological
measurements, we find an unusually high power-law exponent of 8.1 for the

AI-system. The points shown in the graph correspond to average values from

measurements on at least 3 different samples.
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exponent of 8.1; for the ApH-system we find a power-law exponent

of 4.1 (dashed line).

2.2 Bodies after compression

Photographs of dried samples after compressive testing are shown in

Fig. [3]. Shear bands appear during the compressive tests when stresses

are beyond the elastic regime. ApH-samples show only a few shear

bands, whereas in the Al-samples more and smaller cracks appear. This

difference in the cracking behavior might be related to a difference in the

distribution of stresses inside the samples, which might stem from the
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differences in microstructure. Further studies are necessary to investigate
these effects in detail.

FIG. 3. Dried samples after compressive testing. Shear bands appear during
the compressive tests when stresses are beyond the elastic regime.
ApH-samples of 55 vol% solid loading (a); AI, 55 vol% (b); ApH,
59 vol% (c); AI, 59 vol% (d). ApH-samples show only a few shear

bands, whereas in the Al-samples more and smaller cracks appear.
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