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STELLINGEN
-ïBlokcopolymeren met twee wateroplosbare blokken kunnen uitstekende sterische
stabilisatoren zijn.
Ditproefschrift - Hoofdstuk6.
-2Het overbrengen van arbeidsintensieve produktie naar landen met lage loonkosten kan
gezien worden als een vorm van ontwikkelingssamenwerking.
-3Elke vorm van volledige subsidiëring of verzekering houdt het gevaar in van grenzeloos
en zorgeloos gebruik.
-4De fractionering in moleculairgewicht bij adsorptie van polyelektrolyten hangt van hun
moleculairgewichtsverdeling af.
Ditproefschrift - Hoofdstuk4.
-5Lastenverlaging bij laagbetaalde arbeid is een eerste stap naar het legaliseren van zwart
werk.
•6-

Muziek met een hoog geluidsniveau werkt eerder sfeerverlagend dan -verhogend.
-7Het opvoeden van kinderen heeft ook een corrigerende werking op het gedrag van de
ouders.
(P.N.Kuin)
-8Het zoeken naar een pure vloeistof als dispersiemiddel voor keramische poeders heeft
geen praktische betekenis.
5. Mizuta, M. Parish and H.K. Bowen, Ceram.Internat. 10 (1984) 43
-9De bewering van Esumi c.s. dat de adsorptie van polyvinylpyrrolidon op A1203 en Ti0 2
de dispersiestabiliteit verbetert is niet in overeenstemming met hun experimentele
resultaten.
K. Esumi, K. Takamine,M. Ono, T. Osadaand S.Ichikawa,
J. ColloidInterface Sei., 161(1993)321
-10Gedetineerden zouden niet automatisch strafkorting moeten krijgen, maar zouden die
moeten verdienen door sociale of maatschappelijke taken te verrichten.
-11De verkeersveiligheid kan verder vergroot worden als het nog in te voeren derde
remlicht van auto's automatisch gaat knipperen boven een bepaalde remvertraging.
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CHAPTER 1
Introduction

1.1

CERAMICS

Ceramic products are common in everyday life. Ceramic vases and tableware
are probably the best-known examples, having existed for many centuries.
Technological applications of ceramics began to appear only in the last
century. Electrical ceramics like steatite porcelains were among the first
applications [1].In the period after World War 2 many new ceramic
materials were developed. At present the electronics industry uses large
quantities of ceramic insulators, capacitors, piezoelectric and magnetic
products [2].
The production of a ceramic product often starts with a dry powder. This dry
powder must be processed into a so-called green product, which is a powder
compact whose shape is dictated by the final product. Organic binders are
frequently used to bind the powder particles in the green product in order to
obtain sufficient strength [3].Subsequently, the organic materials are burned
out and a sintering process at high temperature is executed. The actual
temperature needed for sintering depends on the type of ceramic. The driving
force for sintering is the decrease in the total surface energy of the particles
by reduction of the solid-gas surface area [4].
High-quality electronic ceramics require a high density and purity, and a
uniform microstructure. Therefore, the products are manufactured by the socalled solid-state sintering process, without the presence of a liquid phase. In
this sintering process, solid material is transported to the areas of contact
between the particles by grain-boundary diffusion, solid-state diffusion and
creep. As the necks between the particles grow, a significant shrinkage
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occurs. The smaller the particles are, the higher their surface energy is and
the faster the sintering process proceeds. Due to residual pores, the final
density is often slightly below the theoretical value for the crystalline
material. Pores with a diameter smaller than half the particle size can usually
be removed during sintering [5].However, large pores will remain, while
intermediate ones may even grow in size due to pore coalescence. Large
pores have a highly negative effect on the performance of the ceramic
product [6].For example, fracture often starts at a hole, and electrical
properties, such as insulation, are also strongly affected by the presence of
voids. In some cases sintering is performed under high pressure in order to
remove the voids and increase the density [7].Such methods are very
expensive, and therefore not very attractive for large-scale manufacturing.
The manufacturing of high-quality ceramic products requires powders with a
sufficiently small size, with a controlled particle size distribution, and with a
controlled, preferably spherical, shape [8].If such particles, with a uniform
and high curvature, are shaped into a homogeneously packed green body, the
sintering process proceeds quickly and without local differences.
Homogeneous shrinkage without defects is possible. The presence of hard
agglomerates (very stable, often highly porous particle structures) is highly
detrimental. Unfortunately, ceramic powders often contain such hard
agglomerates, which cause large pores in the final product.

1.2

COLLOID CHEMISTRY

Colloid chemistry studies the behaviour of materials which are distributed as
very small entities in another material [9].Typically, the size of these entities
is between 0.01 mm and 0.00001 mm. Such a distribution of small entities in
a continuous phase is called a dispersion; the small entities are denoted as
the dispersed phase, and the continuous phase is known as the dispersion
medium.
Familiar examples are paints, in which the colour pigments are present as
small particles in a liquid; smokes, consisting of small solid particles in air;
foams, which have finely divided gas bubbles in a liquid; and milk, which
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has small fat globules distributed in an aqueous protein solution. Blood could
also be considered as a colloidal system with the red blood cells (typical size
7 urn) acting as the colloidal particles dispersed in the plasm.
For the present purpose, we shall restrict the discussion to colloidal systems
in which the dispersed phase is a solid and the continuous phase a liquid.
Particles of equal composition dispersed in a liquid always attract each other
due to the universal Van der Waals force [10]. If the Van der Waals force is
the only force present between the particles, a dispersion initially containing
only single particles will eventually contain only large clumps of particles
[11].
The terminology related to this process of particles sticking together is
somewhat confusing. According to the IUPAC definitions [12],the terms
aggregation, flocculation and coagulation can be used interchangeably. In
ceramic technology the term agglomeration is often used. As this thesis deals
with the application of colloid chemistry in ceramic technology, the term
agglomeration will be used in conjunction with the IUPAC list. The clumps
of particles may then be called floes, aggregates or agglomerates.
The agglomerates usually have an open, porous structure. Upon settling, such
a flocculating dispersion forms a loose, open sediment. In order to prevent
the flocculation it is necessary that repulsive forces act between the particles
in the liquid. If these repulsive forces are strong enough, the particles remain
as separate entities in the liquid. If, for large particles, sedimentation of such
a stable dispersion occurs, the repulsive particles in the sediment roll over
each other until the lowest available position is reached, resulting in a
compact sediment.
Roughly speaking, the colloid chemist has two possibilities for introducing
repulsive forces between particles. If all the particles are provided with a
sufficiently high electrical charge of the same sign, they will repel each other
[13]. Such electrical charging can be realised by the adsorption of ions, ionic
surfactants or charged polymers from the liquid phase onto the surface of the
particles. The second possibility is the adsorption of (uncharged) polymers
on the particles, which may lead to so-called steric stabilisation [14].
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Polymer adsorption and the mechanism of steric stabilisation willbe
discussed in somemore detail in the next section.

1.3

POLYMERS AND THEIR EFFECTS ON
COLLOIDAL STABILITY

1.3.1 Polymers
Polymers are very long molecules with arepetitive structure.Life producesa
wide variety of bio-polymers with very complex compositions andstructures.
Familiar examples are:gelatin, starch, cellulose and DNA.Synthetic linear
polymers have a simpler composition which can be visualised easily [15].
The polymer chains may consist of identical units called segments.
Sometimes, alimited number of segment types with adifferent chemical
composition is present. The simplest example of apolymer ispolyethylene,
~t-ri2—^•-•"•2—

2—

2 — ^ 2 —^**o —

or alternatively, in the segment notation:
(-CH2-)n, where n isthe number of segments present inthechain.Polymer
chains usually do not have auniform length. Often a widedistribution in
chain lengths (i.e., in n) is found.
Apolymer consisting of only onetypeof segment is called a homopolymer.
If segments of different chemical composition areused, the polymer is
denoted as acopolymer. Afurther classification of copolymers may bemade
according tothe distribution of thedifferent segments within thechain.In
the simplest case with two segment types, Aand B,at least three copolymer
types can bedistinguished. In a random copolymer the Aand B segmentsare
distributed randomly over thechain:
•AABABBAAABIndividual polymer molecules of a random copolymer will then differ inthe
sequence of the Aand B segments along the polymerchain.
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Block copolymers have the segments of each type clustered:
•AAAAAAABBBBBB•
Such block copolymers may be denoted as: A„-b-Bm.
Finally, so-called graft copolymers have a backbone of one segment type and
side chains of the other type:
•AAAAAAAAAAAAAA•
B
B
B
B
B
B
B
B

A separate class of polymers are polyelectrolytes, in which the segments
carry an electrical charge in solution. Strong and weak polyelectrolytes can
be distinguished, similar to salts. In strong polyelectrolytes the dissociation
of the segments is independent of the pH. Examples are sulphate (-S04~) and
quaternised amine (-N(CH3)3+) groups attached to the polymer chain. Weak
polyelectrolytes, however, carry an electrical charge which depends on the
pH. Polymers with carboxylic acid groups (-COOH) and amine groups
(-NH2) are familiar examples. In polymers with carboxylic acid groups, the
fraction of these groups which is dissociated, increases with pH. Above a
certain pH, all the groups are dissociated and the polymer behaves as a
strong polyelectrolyte in that pH range.
Several polymers are used in the experiments described in this thesis.
Polyvinyl alcohol (PVA) is a copolymer which consists of vinyl alcohol and
vinyl acetate segments [16]:
(-CH2-CH-)n(-CH2-CH-)m
OH

0-C=0
CH3

6

Chapter1

Although PVA isbasically arandom copolymer, there is adegreeof
blockiness, asmany of thevinyl acetate segments occur in short blocks [16].
Polyacrylic acid (PAA) orits salt (PAAS),where Sstandsfor a salt ionlike
Na+ orNH4+, is apolyelectrolyte with arelatively simple composition [17],
which for aPAASwith NH4+ asthecounterion is:
(-CH2-CH-)n

C=0
NH4+

Block copolymers of PAAS andPVAand,in addition,PVAbased
copolymers with randomly distributed COO-groups were alsoused inour
experiments.
In solution, the chains of anuncharged, flexible, linear polymer adopta
random coil conformation, according tothe random flight statistics.Fora
sequence of acertain number of segments (often below 10)thecorrelation in
orientation islost. The sizeof arandomcoil depends not only onthechain
length,but alsoonthe chain flexibility and onthedegree of swelling bythe
interaction between segments and solvent molecules.
The charged chains of apolyelectrolyte adopt a much more extended
conformation in solution than anuncharged chain, duetotheelectrostatic
repulsion between the segments.This repulsion also causes the chains tobe
locally stiffer. Asthe saltconcentration of the solution is raised, the charges
onthe chain are increasingly screened andthe chains gradually adopt
conformations which are morecomparable tothose of uncharged polymers.

1.3.2 Adsorption of polymers
Adsorption of polymers from solution will occur if the adsorption energy is
high enough to compensate for the loss of entropy [18,19].An isolated,
uncharged homopolymer chain adsorbed on a surface will adopt a flat
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conformation. This situation only occurs at extremely low solution
concentrations, however. In a realistic situation many chains adsorb and
compete for the available surface sites. The adsorbed layer thickness
increases as loops and tails develop (Fig. 1).

Figure 1

The conformation of adsorbed polymer
chains in a crowded layer.

A sequence of polymer segments in contact with the surface is called a train.
A loop is a part of the chain which protrudes into the solution, but ends on
both sides in a train. Tails have only one end adsorbed on the surface. The
extension of the tails determines the hydrodynamic adsorbed layer thickness,
a parameter which is very important for steric stabilisation as will be
discussed in the next section. The maximum tail length is related to the chain
length of the adsorbed polymer.
In adsorption from a polydisperse polymer solution a fractionation effect is
found; from dilute solutions the longest chains adsorb preferentially. This is
due to the difference in the loss of translational entropy, which is smaller for
the longer chains per unit of of mass.
Absorbed polymers can be displaced from the surface by other polymers or
by small molecules with a higher surface affinity than the displaced polymer
[20-22]. If the adsorption is done from a mixture of polymers, competition
between chemically different chains for the surface sites occurs. Often, only
one type adsorbs. Such studies may lead to the design of block copolymers
with only one adsorbing block. A completely different adsorbed layer
conformation is found with such block copolymers (Fig. 2).
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Figure 2

The conformation of adsorbed block
copolymers in a crowded layer; grey,
adsorbing block; black, non-adsorbing
block.

The conformation of the adsorbed block is similar to the situation with
homopolymers. However, the non-adsorbing block protrudes far from the
surface as a tail which can be highly stretched, depending on the ratio in
length between the adsorbing and non-adsorbing blocks and the surface
coverage. Very thick adsorbed layers are possible.
In the adsorption of polyelectrolytes, charge effects are very important. The
situation is rather complicated as the solid surface often carries an electrical
charge too. In case of adsorption of a strong polyelectrolyte on an oppositely
charged surface, the adsorbed amount is related to the value of the surface
charge in most cases. If a non-electrostatic surface affinity is present, a slight
overcompensation of the surface charge is found. Due to the repulsion
between the chains, the polyelectrolyte chains adopt a rather flat
conformation, unless the salt concentration is very high. Adsorption on a
surface of the same charge sign is only possible if the non-electrostatic
adsorption energy is high enough.
We continue the discussion on polymer adsorption by considering the
kinetics of the adsorption process. Three steps are usually distinguished. The
first step is the transport of the chains in solution towards the surface. In the
next step, the chains must attach to the surface. Finally, the attached chains
change their conformation to allow more segments to adsorb on the surface.
Several stages can be distinguished in the adsorption process. In the initial
stage, starting from a bare surface, the adsorbed amount increases fast. The
transport of the chains towards the surface is then usually the rate-limiting
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step. As the surface becomes increasingly covered by chains, the rate of
adsorption slows down because attachment of arriving chains to the surface
becomes rate limiting. Although reconformation of the adsorbed chains starts
immediately, it may take quite some time before the final conformation is
reached, especially if the adsorbed amount is high.
Again, additional charge effects have to be considered with polyelectrolytes.
If the surface and the polyelectrolyte have opposite charges, faster adsorption
can be expected because of the electrostatic attraction. On the other hand,
with equal charges, an electrostatic repulsion is present which will slow
down the adsorption process. Chains already adsorbed on the surface will
repel newly arriving ones.

1.3.3 Colloidal stabilisation
Several effects may occur upon mixing a polymer solution with a dispersion.
Flocculation due to bridging (adsorption of a polymer chain on more
particles) may occur, but this is not considered for the present purpose. Often
an enhanced colloidal stability is found which is due to the loops and trains
of an uncharged polymer which protrude into the solvent surrounding the
particles (Fig. 1). Napper [14] distinguishes two effects if two particles with
such adsorbed polymer layers approach and hit. The first contact is between
the outer parts of the adsorbed layers which, in the case of a homopolymer,
have a relatively low segment density. In the contact area, the local segment
density increases, causing a higher free energy. The osmotic pressure
difference between this contact area and the surrounding liquid will suck in
liquid, causing the particles to move apart. This contribution to the repulsion
is the so-called mixing or osmotic free energy.
An additional effect occurs when the particles approach to distances smaller
than the thickness of the adsorbed polymer layer. Then, the adsorbed
polymer layer will be compressed. This is the elastic or volume restriction
free energy contribution which is due to loss of configurational entropy of
the adsorbed chains.
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Block copolymers often have ahigher segment density inthe outer region of
the adsorbed layer duetocrowding and stretching of the chains.In sucha
situation the elastic contribution already becomes significant ata lowdegree
ofoverlap.
In all casesthe repulsion starts at theparticle separation wherethe first
contact between the adsorbed layers occurs.Accordingly, the hydrodynamic
adsorbed layerthickness isthe main parameter in steric stabilisation. If the
adsorbed layer istoothin,the repulsion starts at adistance wheretheVan
derWaals attraction is already significant (Fig. 3,curved).
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Figure 3

The effect of the adsorbed layer thickness
on the particle interaction; a, van der
Waals attraction; b, steric repulsion from
thin adsorbed layer; c, steric repulsion from
thick adsorbed layer; d, sum of a and b.

In such a situation there is anet attraction andthe particles will flocculate
into the minimum inthe interaction curve. Steric stabilisation can only be
achieved with thick enough adsorbed layers.Asexplained in section 1.3.2,
thick layers can be obtained with high molecular weight homopolymers or,
moreeasily, with block copolymers.
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Once again, polyelectrolytes deviate in their effects on colloidal stability. If
the salt concentration is not too high, the adsorbed layer is thin and a strong
steric effect is not expected. Usually, an electrostatic effect is present because
the surface charge of the particles is slightly overcompensated upon
adsorption. If the adsorbed layer is thicker (e.g. at high salt concentration),
combined effects may occur, which sometimes lead to the so-called
electrosteric stabilisation.

1.3.4 Depletion flocculation
In many practical formulations a certain amount of non-adsorbed polymer is
required. In ceramic technology, the strength of the green product is directly
related to the amount of non-adsorbed polymer in the dispersion.
Unfortunately, the concentration of free polymer influences the dispersion
stability [14,19]. Often, flocculation occurs over a certain polymer
concentration range.
Depletion flocculation is related to the concentration fluctuations which occur
in polymer solutions. Therefore, these will be discussed first. At a
sufficiently low polymer concentration, single coils occur in the solution. The
concentration fluctuates in space; it has a finite value in a coil, but is zero
between coils. This is the so-called dilute concentration regime. Polymer
coils start to overlap at a concentration where the total volume of the coils
equals the volume of the solution. At this concentration the semi-dilute
regime is entered. The polymer concentration is still very low in the region
where the coils touch and reaches a maximum inside the coils. If the
concentration is increased further, the coils are forced to overlap more and
more. The volume (Ç) in which only segments of one chain are found (often
denoted as a "blob") decreases gradually. The parameter ^ is called the
correlation length. Note that 2;equals the radius of the coil in the dilute
regime. The concentration fluctuations decrease in magnitude and size with
increasing concentration. Above a certain concentration the strong
concentration fluctuations typical for the semi-dilute regime have disappeared
and the so-called marginal regime is entered.
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To discuss depletion flocculation, particles in a solution of non-adsorbing
polymer are considered. Generally, polymer coils resist deformation because
of entropie reasons. Therefore, the centre of mass of a coil cannot come
closer to the surface of a particle than a distance comparable to the
correlation length. A depletion layer with a lower polymer concentration
exists close to the surface of a particle.
If two particles in a dilute solution have approached closer than the size of a
coil, a polymer-free zone between the particles will be present. Due to the
osmotic pressure difference between the overlap region and the surrounding
polymer solution, the liquid between the particles is sucked into the
surrounding solution. This is tantamount to an attraction between the
particles. Note that this effect is the reverse of the steric stabilisation
mechanism. The magnitude of the flocculation effect is related to the size of
the overlap area of the depletion layers and the osmotic pressure difference.
With increasing polymer concentration the osmotic pressure increases but the
thickness of the depletion layer decreases. The attraction free energy goes
through a maximum and the effect vanishes at higher polymer concentration
[23].
If the particles have an adsorbed polymer layer, the depletion zone is
different and the attraction is weaker [24].

1.4

COLLOIDAL PROCESSING IN CERAMIC
TECHNOLOGY

In the discussion on ceramics (Section 1.1) it was explained that the quality
of the ceramic products is often decreased by the presence of
inhomogeneities such as large holes or pores in the product. As the sintering
process cannot remove large inhomogeneities present in the green phase [25],
the quality of the ceramic powder and the processing to shape the green
body are crucial. Defects are caused by the presence of hard agglomerates in
the starting powder or by inadequate processing of the powder. Intensive
milling, often in a liquid, is employed to break down hard agglomerates. By
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dispersing the particles in a liquid, control over the particle interactions in
the green processing stage is obtained [26].
Ceramicists and colloid chemists have discovered each other in the last few
decades [27].This cooperation resulted in a more controlled processing of
ceramic powder dispersions [28].With methods known in colloid chemistry,
ceramic particles can be packed in a dense structure free of large voids.
Traditionally, ceramicists used dispersants for stabilising ceramic dispersions
and used binders for obtaining sufficient green strength. In many cases,
however, the compatibility between these additives is not sufficient, which
results in some degree of flocculation or in a relatively low green strength.
By designing compatible systems of dispersants and binders, or by using
additives which act as both dispersant and binder, improved properties can
be achieved [29].
By optimising the experimental conditions, the repulsive forces between the
ceramic particles can be maximised [30].Highly concentrated (up to
60 vol%) dispersions of ceramic particles can be made which, nevertheless,
have a relatively low viscosity. Such a high particle concentration has proven
to be beneficial for making a homogeneous green structure.
Initially it was thought that the use of monodisperse particles would result in
a very homogeneous green structure, which can then be sintered to give
high-density and high-quality ceramics. Synthetic methods to make such
monodisperse particles have become available and colloidal processing
methods could pack them into highly structured green bodies with a nearly
crystalline packing. Unfortunately, the ever-present defects between the
different domains of cubic closed-packed regions remained intact in the
sintered product [31]. By using a narrow distribution of particles sizes
instead and with sterically stabilised dispersions, dense green bodies with
random packing can be made [32]. The overall packing density is then
slightly below that corresponding to cubic close-packing, but the material is
much more homogeneous and without defects. At present this packing
method is believed to be the best one to produce ceramic products with a
high degree of homogeneity in the structure.
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Over the last decade there has been a growing interest in the use of very
small, nanometer-sized, particles [33]. Low sintering temperatures and
improved properties of the ceramic product can be obtained with such
particles. This interest by the ceramicists will certainly stimulate colloid
chemists to develop new stabilisers and processing methods suitable for these
particles.

1.5

OUTLINE OFTHETHESIS

BaTi0 3 is an important material for electronic ceramic components such as
ceramic capacitors and ceramic resistors with a positive temperature
coefficient (the resistance increases decades over a small temperature range)
[34]. This is the reason that we chose this material for the present
investigation.
BaTi0 3 particles can be colloidally stabilised in aqueous systems by
adsorption of polyelectrolytes comparable to PAAS [35].Probably, the
particles are electrostatically stabilised. We experienced that flocculation of
such dispersions occurs upon addition of PVA, a polymer which is
frequently used as a binder in ceramic processing technology [36]. Steric
stabilisation may offer an alternative way to prepare stable BaTi0 3
dispersions. Compatibility problems in the formulation can be avoided if the
polymer used for steric stabilisation can also be used as a binder.
The main subject of this thesis is the investigation of the possibilities of
making sterically stabilised dispersions of BaTi0 3 with PVA-based
copolymers. Adsorption experiments with PVA and PAAS are included. The
amounts adsorbed and the molecular weight fractionation upon adsorption of
both PVA and PAAS are evaluated with Size Exclusion Chromatography
(SEC). SEC is based on a size-dependent retention relative to the mobile
phase, due to diffusion of the polymer molecules into pores of various sizes
in the stationary phase. Huisman et al. [37] used SEC for the quantitative
analysis of adsorption phenomena in their organic solvent-based magnetic
tape formulations. Although the development of the SEC method for our
water-based systems is not a principal subject of the present investigations,
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SEC became increasingly more important during the course of the
experiments. Important results were obtained by its application. Therefore,
the principles of SEC and the development of this analytical tool for and
during this study are summarised in Chapter 2.
Block copolymers can be suitable for steric stabilisation if only one block
adsorbs. The composition of potentially suitable block copolymers can be
derived from adsorption experiments with the separate homopolymers
making up the block copolymer of interest. As polyelectrolytes similar to
PAAS [35] adsorb on BaTi0 3 and PVA is a well-known binder in ceramic
technology, these polymers are chosen for the present investigations. The
amounts adsorbed and the molecular weight fractionation upon adsorption
onto BaTi0 3 are determined not only for the separate polymers, but also for
adsorption from mixtures and for sequential addition of the polymers. Results
are given in Chapter 3.
In the adsorption experiments with PAAS we were confronted with a very
peculiar molecular weight fractionation; preferential adsorption was found for
an intermediate molecular weight fraction. We decided to study this
fascinating effect in more detail, even though it is not of direct relevance to
the steric stabilisation of BaTi0 3 . This is the topic of Chapters 4 and 5. To
exclude the possibility of an artifact, PAAS with different molecular weights
are included in the study of the fractionation upon adsorption. The effect of
the salt concentration on the fractionation is also evaluated in Chapter 4. We
arrived at the conclusion that the fractionation can be explained from kinetic
arguments. Therefore, it was decided to study the kinetics in more detail for
two of the PAAS samples. In Chapter 5 results are given for changes with
time in the amount adsorbed and the molecular weight fractionation over a
period of several weeks.
In Chapter 6 experiments to obtain sterically stabilised BaTi0 3 dispersions
are described. One of the results obtained in Chapter 3 is that PVA does not
adsorb from mixtures with a sufficient amount of PAAS to cover the surface
of the BaTi0 3 . Therefore, block copolymers of PAAS and PVA are
potentially suitable steric stabilisers for BaTi0 3 . In addition to such block
copolymers, random copolymers of PVA with acrylic acid are also included
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in the evaluation of the colloidal stability. All the block copolymers proved
to be effective stabilisers, whereas only some of the random copolymers are
suitable. The stabilising mechanism of both block and random copolymers is
evaluated. Flocculation effects, occurring with an excess of polymer added as
a binder, were also investigated.

The reason for the differences in behaviour of the random copolymers are
studied in Chapter 7. One of the block copolymers is included for
comparison. The chemical compositions are determined by IR spectroscopy.
SEC is used to compare the molecular weights of the polymers and to
compare the adsorption behaviour on B a T i 0 3 . The most probable reason for
the ineffectiveness of the random copolymers studied is their low molecular
weight.

In thesis it is shown that the design of powerful steric stabilisers can be
based successfully on adsorption experiments.
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CHAPTER 2
Size exclusion chromatography

2.1

INTRODUCTION

In the research described in this thesis, Size Exclusion Chromatography
(SEC) was used extensively for evaluating polymer adsorption phenomena.
In this chapter an overview will be given of the principles of SEC, and of its
possibilities and limitations. The modifications introduced in our method and
equipment in the course of the investigation will be mentioned.
Fractionation of polymers upon adsorption was studied qualitatively with
SEC for both uncharged polymers [1] and polyelectrolytes [2].The amount
of adsorbed polymer can also be measured with SEC, as demonstrated by
Huisman et al. [3] in their study of organic solvent-based lacquers for
magnetic recording media.

2.2

PRINCIPLEOFOPERATION

In any chromatographic technique, the separation of a mixture of components
is achieved by differences in the partitioning between a mobile and a
stagnant (stationary) phase. Several properties can be used to realise the
separation. In SEC the differences in the size of the solutes are used [4].
The mobile phase is pumped through a packed column of porous particles.
The pore size distribution of the particles is chosen in relation to the size
distribution of the dissolved molecules to be separated. The scanning electron
micrograph in Fig. 1 shows the nature of the PW3000 material used in our
experiments. Further details will be given in Chapter 2.3.
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Figure 2

Scanning electron micrographs of PW3000 material at
two magnifications; top,particles; bottom, porous
surface structure.

Sizeexclusion chromatography

The sample is injected as a narrow band in the mobile phase which
transports the mixture through the column.
A molecule of a certain size can diffuse into the fraction of pores which are
wide enough. The larger the molecule is, the less pores can be penetrated. If
a molecule diffuses into a pore, it is not transported in the length direction of
the column and, accordingly delayed with respect to the mobile phase. Large
molecules, which can enter only a small fraction of the total pore volume,
are eluted first. The smaller molecules leave the column at a higher elution
volume. Molecules that cannot enter any pores are eluted at the so-called
'total exclusion limit', whereas small ones which can enter all the pores are
eluted at the 'total permeation limit'.
The quality of the separation for a certain combination of column material
and sample depends on parameters related to diffusion and transport such as
the column length, the solvent velocity and the temperature. The sample
injection volume and concentration also have an influence. At large injection
volumes, the sample is spread out over a certain length of the column, which
results in peak broadening. At a high concentration, the diffusion of the
solutes into the pores is affected. Pores large enough in size can be
unavailable for a certain solute molecule because they are already occupied
by another one. These experimental conditions need to be optimised carefully
for each sample.

2.3

COLUMN MATERIALS AND MOBILE PHASES

Originally, 'soft' polysaccharide gels were used for protein separation in
biochemical investigations [5].Columns with these gels had a low efficiency
and were not very suitable for Molecular Weight Distribution (MWD)
evaluations. Moreover, these gels were very sensitive to the applied liquid
pressure. In the mid-sixties, semi-rigid porous styrene-divinylbenzene resins
were introduced which appeared to be very suitable for solvent-based SEC
separations. Around 1980, high-efficiency columns for aqueous SEC were
commercialised. At present a variety of column materials is available such as
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crosslinked synthetic hydrophilic polymer gels and porous silica materials
with a choice of chemical surface modifications [6].
The porous particles in the columns must be packed as densely as possible to
reduce the interstitial volume. The best columns which are commercially
available have an interstitial volume fraction of 0.30 to 0.35. High-efficiency
columns contain small particles, typically 5 - 10 um in diameter. Often,
columns with particles of different pore size distributions are combined to
obtain a suitable size range for the analysis.
Ideally, the separation is purely a geometrical effect. All other effects, such
as adsorption, must be avoided. Therefore, the column material and the
mobile phase must be carefully selected with respect to the chemical
composition of the polymer to be analysed. Due to this subtle balance,
porous silica-based columns with a variety of surface modifications have
been developed and commercialised. The proper selection for a given type of
polymer may take a lot of effort.
Compared with non-aqueous solvents, charge effects are much more
pronounced in an aqueous environment and such charge effects may interfere
in aqueous SEC [5,7]. Both the particles in the column packing and the
dissolved polymer may carry an electrical charge. Crosslinked polymer gels
may show a salt-concentration dependent swelling, resulting in variations in
pore sizes. Polyelectrolytes with a charge opposite to the column packing
will adsorb on the column. Clearly, this must be avoided. In the case of
charges of the same sign, the electrostatic repulsion between the
polyelectrolyte and the column particles may prevent the diffusion of the
polyelectrolyte into the pores, which would inhibit separation. Therefore, salt
is added to the mobile phase to screen the charges. In many cases a buffer
solution is used to fix the pH. This buffer serves to avoid changes in the
charge on weak polyelectrolytes, and possibly also on the column packing,
upon a drift in pH. Too high salt concentrations, however, may stimulate
adsorption. A suitable balance between screening and adsorption must be
found. Sometimes organic modifiers such as acrylonitrile, methanol or
dimethylsulfoxide are added to prevent adsorption.

Sizeexclusion chromatography

The porous particles of the PW type synthetic polymer gel columns (Toyo
Soda Manufacturing Co, Tokyo, Japan) have only a low number of charged
surface groups [8],which is beneficial for polyelectrolyte separations.
Separations with uncharged polymers at different salt concentrations proved
that the porosity of the PW material is independent of the salt concentration
[9]. These columns proved to be suitable for the analysis of both polyvinyl
alcohol (PVA) and polyacrylic acid salts (PAAS) (see Chapter 3). No
adsorption of PVA or PAAS was found under our experimental conditions.
In the experiments described in chapter 7 we used 0.05 M NaN0 3 as the
eluent for the PVA samples. In all the other experiments a 0.06 M potassium
phosphate buffer with a pH of 6.8 was employed.

2.4

MOLECULAR WEIGHT DETERMINATION

With SEC, the polydisperse polymer solution is separated according to the
size of the molecules. In order to obtain the molecular weight M of the
fraction eluted at a certain moment (or volume), several methods are
available. Calibration of the columns under the chosen experimental
conditions can be done with a set of monodisperse polymer standards. A
linear relation between log(M) and the elution volume is obtained in the
working range of the column. The example given in Fig. 2 is the calibration
of a set of PW columns with polyethylene oxide standards as determined in
our experiments. The retention time (at constant flow rate) is used instead of
the elution volume.
Deviations from linearity are found at the extremes of the separation range.
At the total exclusion limit, the curve turns upwards almost vertically
because all molecules above the corresponding size collect there. A more
gradual deviation is found at the total permeation limit. By this calibration
method, an absolute molecular weight value for the sample fractions is
obtained only if the calibration standard has the same chemical composition
as the sample to be analysed.
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1E+07

1E+02

retentiontime(min)

Figure 2

Calibration of a set of two PW columns (PW3000 + PW4000)
with polyethylene oxide standards.

The swelling of polymer coils in solution depends on their interaction with
the solvent molecules. Accordingly, polymers with a different chemical
composition but with the same molecular weight, may have a different size
in a certain solvent. Therefore, if the standard used for calibration differs in
chemical composition from the sample studied, this calibration results only in
a relative value.
Absolute calibrations are possible if the size of the polymer molecules with
different chemical compositions is taken into account. Benoit et al. [10] used
the intrinsic viscosities [T|] of polymer solutions to make a 'universal
calibration curve'. The intrinsic viscosity is defined as:
[TlHim

(r|/Ti0-l)/c

where T|is the viscosity of the polymer solution, T|0that of the solvent and c
is the polymer concentration.

Sizeexclusion chromatography

According to the Einstein viscosity law:
[il] = a*N*Vh/M
where a is a shape factor (ot=2.5 for spheres), N is Avogadro's number and
Vh is the hydrodynamic volume of the polymer chain in solution. Hence, the
product of [rj] and M is related to the hydrodynamic volume which, as
discussed above, is the separation parameter for SEC. A universal calibration
curve for all polymer - mobile phase combinations is then obtained by
plotting log([T|]*M) against the elution volume. The relation between M and
[T|] of a polymer in solution is given by the Mark-Houwink relation
[T|] = K*Ma. If the constants K and a are known, the log([T|]*M) axis can be
directly converted to log(K*Ma+1) for a certain polymer - mobile phase
combination, from which M values for each fraction are easily calculated.
Alternatively, the intrinsic viscosity [r|] can be measured for each fraction
eluted with an on-line differential viscometer detector in combination with a
refractive index detector [11]. The differential viscometer detector determines
the value of (T|/T| 0 ), and the polymer concentration is obtained from the
refractive index detector. The quotient of these values approaches [î|] at the
low polymer concentrations used in SEC.
Absolute molecular weights can also be determined with detectors based on
light scattering, such as low angle laser light scattering (LALLS) [12] and
multiangle laser light scattering (MALLS) [13]. With these methods the
molecular weights are measured directly and calibration of the column is not
necessary. In addition, the multiangle analysis with MALLS provides
conformational information.
In this thesis, relative calibration with polyethylene oxide standards for both
PVA and PAAS was used. A refractive index and a ultraviolet detector were
used to monitor the amount of polymer eluted.

25

26

2.5

Chapter2

QUANTITATIVE MEASUREMENTS

To obtain quantitative information from SEC, care must be taken to keep the
experimental conditions, such as temperature and mobile phase velocity,
constant. The detector sensitivity and linearity in the concentration range
studied must be determined. The shape of the peak should be independent of
the amount of polymer injected. According to our experience, an automatic
injector is a prerequisite to obtain a sufficiently constant and accurate
injection volume of the sample. Two different approaches for the injected
amount can be employed. By estimating the concentration in the sample and
by adjusting the injection volume, the load on the column can be kept
constant. This procedure is used for the experiments described in Chapter 7.
At low concentrations the injection volume becomes too high, which causes
a shift of the chromatogram over the retention volume axes leading to
erroneous molecular weights (Chapter 7).
Alternatively, the injection volume can be kept constant so that the peak area
becomes variable. This set-up can be employed if the peak shape is
independent of the concentration in the sample. The latter, more practical
method, is used in the experiments presented in the other chapters.
For all the measurements, the samples were injected in triplicate. After each
injection the column was carefully reconditioned by eluent flow. Between
samples, a reference solution was injected to check the system and the
detector sensitivity. A reproducibility of 3% could be obtained in this way.
Mixtures of two different polymers can also be analysed, even if incomplete
separation occurs. The use of two detectors with different sensitivities for the
polymers in the mixture allows the calculation of the separate chromatograms
[14,15]. At a certain elution volume the signal of each detector is the sum of
the contributions of both polymers, resulting in two equations with the two
concentrations as the unknowns. Applying the method on incremental elution
volumes (slicing) reveals the chromatograms of each of the polymers. Of
course, the polymers in the mixture should be compatible. As our old
software system did not allow slicing of the chromatograms, we could only
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obtain total amounts of each polymer by analysing the total peak area
(chapter 3). An accuracy of about 4 % was obtained.
The experimental setup for analysis (including mixtures) is displayed in
Fig. 3.
columnoven
auto
injector

Figure 3

UVdetector

Rldetector

L

Experimental SEC setup.

In the experiments described in chapters 3 and 7 the SEC system was controlled by Nelson (Perkin Elmer, USA) software running on a HP 8916
computer. Detection was done with an Optilab 5902 interferometric refractive
index (RI) detector (Tecator, Sweden) and a PU4020 ultraviolet (UV)
detector (Pye Unicam, Cambridge UK) in series. The UV detection was
carried out at a wavelength of 200 nm. Columns were kept at ambient
temperature in a thermostatted room.
For the later experiments with PAAS (Chapters 4 and 5) we modernised the
computer system and software and installed new detectors. Detection was
now performed with a Waters 410 Refractive Index detector (Millipore Corp,
Waters Chromatography Div., Milford, MA, USA) placed in series with a
Waters 484 Ultraviolet detector set at 200 nm. System control and data
analysis were done with Waters Baseline and Waters GPC software. The
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Wisp 712B Autoinjector (Waters) was used throughout. The columns were at
30 °C in a column oven. With the new setup an improved temperature
stability and data analysis were achieved.
The molecular weight fractionation upon adsorption was evaluated by
comparing the chromatograms of the solution before and after adsorption.
The adsorbed amounts were calculated from the difference in the total peak
areas.

2.6

CONCLUSIONS

A reliable SEC analysis is possible, but several conditions must be fulfilled.
In some cases the selection of a suitable column and mobile phase
composition for the polymer to be analysed requires a considerable effort.
Adsorption of the polymer on the column particles is often a serious
problem. During analysis a careful control of the experimental conditions is
needed to obtain reliable data.
If these requirements are fulfilled a powerful tool is obtained for the analysis
of polymer adsorption experiments. Both the adsorbed amounts and the
molecular weight fractionation can be evaluated. Moreover, the MWDs of
the separate compounds in a binary polymer mixture can be calculated from
the readings of two different detectors, even if the chromatograms overlap.
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