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Chapter One: Introduction

1.1. Introduction
Environmental regulation of volatile organic compounds, VOCs, has forced manufacturers

to develop water-based systems to replace solvent borne systems.1,2  Included among these

are the adhesive, sealant, ceramics, paint, and coatings industries, all of which utilize metal

oxide particles as a filler in aqueous media.  While the loading level and application of the

systems vary, the quality of dispersion, in all cases, affects the final performance properties

of the manufactured products.

In the case of adhesives, sealants and coatings, some systems require the use of inorganic

fillers, commonly metal oxides, which are dispersed in alcohol or in aqueous media with

polyelectrolytes.  These fillers serve as crosslinking agents, rheology modifiers,

performance enhancers, pigments, and also serve to reduce cost.3-13 For example,

Nargiello and Bush evaluated SiO2, Al2O3, ZnO, and mixtures of these oxides in neoprene,

EVA, and urethane latex adhesive.  They found the fillers improved peel strength while

reducing the set-to-touch time of the adhesives.3  Metal oxide particles are much more

difficult to disperse in water than are polymer latex particles because they experience

much higher attractive van der Waals forces.14

Zinc oxide serves as an acid scavenger and crosslinking agent for polychloroprene latex

adhesives.  A well-studied system, the zinc oxide has been observed to be effective due to

its ability to take part in degradation reactions.4,7,8,12  While originally designed as a solvent

system, the emphasis on environmentally friendly systems has led to the development of

water-based and hot-melt technology.  Dispersion of the metal oxide is critical in both

types of systems.9,10,13  In the hot-melt adhesives, the metal oxide may promote phase

separation,10 while in the water-based system the quality of the dispersion may yield more

homogeneous cross-linking.   Work performed at Virginia Tech on a commercial water-
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based polychloroprene adhesive system used in the manufacturing of laminated desktops

has shown that a loss of dispersion stability results in a decrease in T-peel strength, as

shown in Table 1.1.1.  The T-peel test, detailed in Appendix A, is commonly used to

evaluate laminating adhesives and adhesives used in applications where flexible substrates

are bonded together.  In this system, the zinc oxide is dispersed with a polyelectrolyte.  It

is feasible that the use of a steric stabilizer, rather than a polyelectrolyte would eliminate

the variation in dispersion quality observed in this adhesive system.

Acid-base interactions are known to be important to the bond strength of an adhesive and

to the corrosion process at the interfacial level.15-29  The same types of interactions are

believed to govern the adsorption of a water-soluble steric stabilizer on a filler particle.29

It is therefore reasonable to assume that an improved understanding of the adsorption

mechanism of a steric stabilizer onto metal oxide particles would lead to a better

understanding of how adhesive bonds are formed on corresponding metal substrates.

Next generation ceramics require defect or void free components to avoid dielectric

breakdowns at high voltages and to minimize scattering in optical microelectronic

applications.30,31  The key to manufacturing such components lies in controlling the

colloidal stability of the ceramic suspensions used in casting processes.30 - 35  Dispersed

suspensions must be formed rapidly, within hours, from dry powders for economic

viability, and at high particle volume fractions,   0.55-0.70, to minimize shrinkage in

green body formation.1  Control of suspension viscosity, which is sensitive to particle

dispersion, is critical for casting operations.  In addition, ceramic suspensions should

maintain their stability to the highest possible particle volume fraction during dewatering

because dispersed particles pack densely into a green body whereas strongly flocculated

aggregates result in voids. 30,32,36  In turn, very dense green bodies sinter to form low void

content ceramics at relatively low temperatures and in short times.33,37  There is great

interest in developing the technology to perform these forming operations with aqueous

suspensions.
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 Table 1.1.1. Formulation Compositions for Polychloroprene Latex Samples.

Component Formulation #1 Formulation #2

Polychloroprene Latex

Zinc Oxide #1

Zinc Oxide #2

Wt. Polyelectrolyte
Stabilizer

pH

Average T-Peel

Dispersion Stability

  100.00 g

    4.50 g

    0.00 g

   10.95g

   11.88

   4528 g/in

    good

         100.00 g

           0.00 g

           4.50 g

           10.95g

           11.58

           3907 g/in

          medium
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State of the art ceramic processing in organic solvents uses sterically stabilized ceramic

particles, such as Al2O3, Si3N4 or BaTiO3 with typical diameters of 0.1-1 m, dispersed in

methyl ethyl ketone, cyclohexane, and toluene.38-42  Attractive dispersion forces between

such particles in non-polar solvents are significantly smaller than in water,14,43 i.e. smaller

Hamaker constants, making the structural requirements for stabilizers in organic solvents

less demanding than for water.  This means that the adsorbed stabilizing layer can be

thinner.  Steric stabilizers used for these suspensions in organic solvents include

poly(methylmethacrylate)39 and poly(vinyl acetate-co-vinyl alcohol) random copolymers.42

42  However, there are no steric stabilizers which provide adequate ceramic processing in

aqueous suspensions.  The requirements of water solubility and sufficient polymer

adsorption to overcome dispersion forces have not been met by homopolymers or random

copolymers.  This point will be reviewed in more detail in Chapter 2.

1.2. Background
1.2.1 Suspension Rheology and Relation to Stability
Valuable qualitative insight into the effect of dispersion on an aqueous suspension can be

gained by considering the simpler case of a suspension of monodisperse spheres of solids

volume fraction .  The viscosity, , can be modeled with the semi-empirical Krieger

equation:34

                       / solvent = [1 - eff/ max]-[ ] 
max       [1.2.1]

where max is the maximum packing volume fraction, typically in the range 0.55-0.7, and

[ ] is the intrinsic viscosity.   For suspended particles coated with adsorbed steric

stabilizer layers, the effective volume fraction, eff, is related to the particle volume

fraction, , by:
14

               eff = [1 + /a]3            [1.2.2]
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where  is the hydrodynamic layer thickness of the adsorbed polymer layer.  It is desirable

to work at high solids levels,   0.5-0.7, where suspension viscosity becomes very high,

as seen in Figure 1.2.1.  Figure 1.2.1 shows curves for several important cases of colloidal

dispersions.  It is apparent from this plot of equation [1.2.1], that higher particle volume

fractions are achieved with steric stabilization than with electrostatic stabilization.  In

addition, at equivalent particle loadings, lower suspension viscosities are achieved for the

suspension, which is sterically stabilized.

The adsorbed stabilizer layers generate repulsive forces due to entropic and enthalpic

effects, which can prevent particle aggregation.14,44 The thickness, , must be large enough

to overcome the attractive van der Waals forces while remaining small enough to minimize

eff and the viscosity, hence optimizing processability.   Values of  in the range 5-20 nm

are needed to stabilize submicron metal oxide particles based on calculations using the

modified DLVO theory for colloid stability discussed below.14

In the classical DLVO theory, the potential energy of a colloidal system is a summation of

the attractive van der Waals forces and the repulsive electrostatic force, as shown in

equation [1.2.3].

         V h V h V hd e( ) ( ) ( )      [1.2.3]

where V(h) is the total potential energy, a function of h, the distance between particle

surfaces.  Vd(h) is the attractive van der Waals energy, and Ve(h) is the repulsive

electrostatic energy.14,45,46,47  Figure 1.2.2 shows representative potential energy curves for

several colloidal systems.  Figure 1.2.2 (a) illustrates the curve for a stable dispersion.  A

large energy barrier to coagulation, called the primary maximum, is typically 10kT or

larger, and insures a stable system to fluctuations in thermal energy, that is Brownian

Motion, which is  1-2kT.  When the primary maximum is reduced or eliminated, such as

due to a fluctuation in pH, coagulation is irreversible.  This situation is illustrated in Figure

1.2.2 (b), where the van der Waals forces are dominant.14,45,46,47
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Figure 1.2.1.  Effect of particle interactions on the zero shear viscosity of a
suspension relative to that of the solvent as a function of the effective volume
fraction.  Adapted from (ref. 34).
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Figure 1.2.2.  Potential energy versus distance between particles, r-2a,
where r is defined as the distance between particle centers and a is the
radius of the particles.  (a) colloidally stable system, (b) coagulated system,
(c) weakly flocculated and sterically stable system, (d) weakly flocculated
in a secondary minimum.  (ref. 34).
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In the modified DLVO theory, a steric energy contribution is included.  Thus, equation

[1.2.4] is rewritten as:

V h V h V h V hd e s( ) ( ) ( ) ( )      [1.2.4]

     

where Vs(h) is the repulsive steric energy contribution.  Figure 1.2.2 (c) and (d) show the

potential energy curves for a sterically stabilized dispersion.  The significant feature is the

presence of a secondary minimum at separations greater than the primary maximum.  The

weak flocculation of a shallow secondary minimum is reversible, and provides a barrier to

irreversible floculation.14,45,46,47  From the tethered chain model of adsorption, Russell et al.

have shown that designing the secondary minimum to be  -2kT provides maximum

stabilization.  At -2kT, the weakly flocculated particles are easily redispersed by

mechanical agitation, such as stirring, or by a slight increase in thermal energy.14

1.2.2. Stabilization Approaches
Conventional surfactants used in stabilizing latex particles generate hydrodynamic layer

thicknesses of 2-3 nm.  This is considerably smaller than the necessary 5-20 nm needed for

stabilizing metal oxide particles in aqueous media.  Recently, a new class of commercially

available nonionic surfactants has been developed which are said to stabilize TiO2 in water.

Alkyl glycoside oligomers, these new surfactants resemble ethoxylated non-ionic

surfactants, and while low viscosities were obtained, 1-2 % by weight of the surfactant

was needed to stabilize a 75% by weight dispersion of TiO2.  This is a large amount of

surfactant, and no mention was made of the dispersion's sensitivity to pH, ionic

contamination, or variations in temperature.  In addition, the dispersed TiO2 was modified

with SiO2 to lower the isoelectric point, i.e.p., from 6 to 3.2.48

Block copolymers are among the most efficient steric stabilizers.49  Unlike a homopolymer

that has multiple adsorption configurations, a nonionic diblock copolymer stabilizer has an

anchor block that adsorbs strongly onto a surface while the tail block
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Figure 1.2.3.  Homopolymer adsorption versus diblock copolymer adsorption.
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remains solvated, as shown in Figure 1.2.3. Mutual repulsion between tethered tail

segments lead to tail extension thus generating a well-ordered brush layer with thickness

.44,50,51  The scaling theory of Marques and Joanny for a non-adsorbing tail block with a

soluble anchor block provides guidance in designing a diblock copolymer for use as a

steric stabilizer.  The theory predicts a maximum value of brush extension and hence

maximum steric stabilization when

                                                  anchor
anchor

tail N
N
N 5

6
)(                   [1.2.5]

where Ntail and Nanchor are the tail and anchor block degrees of polymerization,

respectively, and  is called the asymmetry ratio.52  In such a case,  
N

N
tail

anchor

1
3

 .44

Regardless of the precise architecture of the copolymer, be it a diblock, triblock, graft, or

dendritic polymer, it is essential that  be related to polymer stabilizer structure to develop

a copolymer for optimum steric stabilization of aqueous metal oxide dispersions.  At

present there are no water-soluble steric stabilizers commercially available that stabilize

submicron metal oxide particles in aqueous media in which both the anchor and tail blocks

are wholly nonionic.

Electrostatic stabilization using polyelectrolytes, e.g., salts of polymethacrylic acid29,44,49,52

and pH control53-57 have been used to disperse and process metal oxides in aqueous

systems, but suffer from significant problems.  This sensitivity jeopardizes product

reproducibility and reliability in a production environment and/or application.

Polyelectrolyte adsorption and, hence, stabilization, depends strongly on both electrolyte

concentration and pH.  Many important ceramics such as Al2O3, Si3N4, and Y2O3 contain

ionic impurities, such as Na+, Cl-, and F-, which readily leach into the water. The presence

of the impurities reduces the magnitude and range of the repulsive electrostatic forces,

resulting in the agglomeration of particles.  Since impurity levels vary from batch to batch,

the process reproducibility is jeopardized.42,57
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The dependence of polyelectrolyte adsorption on pH is a serious limitation that does not

accommodate inorganic particle mixtures containing impurities.  For example, salts of

poly(methacrylic acid) adsorb very little on Al2O3 and provide no stabilization if the pH is

above the i.e.p.32  In processes where the pH of an Al2O3 suspension is initially below the

i.e.p., the presence of impurities may shift the pH above the i.e.p..  The poly(methacrylic

acid) stabilizer would then be repulsed from the surface of the particles, resulting in

destabilization of the suspension.  Multicomponent ceramics, where each component has a

different i.e.p., are particularly difficult to stabilize with polyelectrolytes.  Stabilization

using pH control without polyelectrolytes is also severely limited in practice by leachable

ionic impurities.53  A properly designed water-soluble block copolymer steric stabilizer can

readily form adsorbed layers of the required thickness for optimum stability and

rheology.44,49

1.2.3. Adsorption of PEOX Homopolymer
Chen et al. found that poly(2-ethyl-2-oxazoline), PEOX, homopolymer adsorbed

preferentially over poly(ethylene oxide), PEO, homopolymer on SiO2 from aqueous media.

Further investigation revealed that PEO was somewhat more soluble,   0.41, than

PEOX,   0.48, where  is the Flory-Huggins solubility parameter.58,59  PEOX is of

interest as a component of a copolymer steric stabilizer for several reasons.  It may be

incorporated into well defined diblock copolymers, as demonstrated by Liu et al.,60,61 and

has a cloud point, the temperature at which the polymer solution will phase separate,

around 56oC.62  Thus, it may be possible to promote adsorption of PEOX onto metal

oxide particles by increasing the temperature of the system.  Figures 1.2.4 and 1.2.5 show

the structure of the PEOX and PEO homopolymers and other polymers of interest to this

research.

The results obtained by Chen et al.58,59 prompted the building of a streaming potential

instrument for determining the hydrodynamic layer thickness of PEOX and PEO on SiO2.
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Figure 1.2.4 Chemical structures of polymers.

Poly(2-ethyl-2-oxazoline), PEOX

( CH2-CH2-N )
        
    C = O

    CH2-CH3

Poly(ethylene imine), PEI

( CH2-CH2-NH )

Poly(vinyl alcohol), PVOH

Poly(ethylene oxide), PEO

( CH2-CH2- O )

( CH2-CH )

          OH

( CH2-CH )

          OCOCH3
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( CH2        CH2      NR )n

(1)   CH2        CH      CH2       OH

 OH

(2)      ( CH2 )
11

    CH3

Figure 1.2.5. Structure of PEI and modified PEI homopolymers for adsorption isotherm
experiments.  R = H gives PEI homopolymer.  R= (1) gives water-soluble hydroxyl
modified PEI homopolymer.  When endcapped with one unit of (2), a hydrophobic
substituent, R = (1) modified PEI resembles PVOH and remains water-soluble.
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The streaming potential is a measure of the change in the zeta potential of a given flow

channel, in the present study a fused silica capillary, due to fluid flow and the adsorption

of macromolecules on the silica surface.  The adsorption of the macromolecule shifts the

location of the shear plane further away from the surface of the capillary.  This method

yields values of  accurate to ±1 nm in the range 2-20 nm.63-65   The streaming potential

experiments are conducted by measuring an initial potential, Vso, for a dilute buffer

solution, commonly 10-3 or 10-4 molar NaCl.  The potential for the same buffer solution

containing a diblock copolymer, Vs, is then measured.  These potentials are related to 

by:

            = -1ln(Vso/Vs)      [1.2.6]

where  -1 is the Debye screening length.  The thickness, , can be determined as a

function of time, thus the kinetics of polymer adsorption may be obtained.  This is

important information for producing stable dispersions in the shortest possible time after

mixing.  Such information cannot be obtained from dynamic light scattering experiments,

which have also been used to measure  on colloidal particles.66

Adsorption isotherm studies67 of PEOX on Al2O3, SiO2, and TiO2 were completed in the

present work.  The metal oxides were chosen such that the i.e.p. was varied from a low

value of 2 for SiO2, an acidic surface, to a high value of  9 for Al2O3, a basic surface.

TiO2, with an i.e.p. of 6, provides a relatively neutral or mixed acid-base material.  PEOX

was observed to adsorb on the acidic SiO2 surface, while no appreciable adsorption on the

TiO2 particles or the more basic Al2O3 surface was observed.  These experiments highlight

the importance of repeat unit structure to polymer adsorption.

Chen et al. proposed that PEOX adsorbs on silica due to hydrogen-bonding of the

carbonyl carbon with the surface hydroxyls.59  Hydrogen-bonding is a form of acid-base

interaction.  The above adsorption isotherm results suggest that polymer adsorption in

water is controlled by acid-base interactions.  This would therefore suggest designing the



15

anchor block of a copolymer to have acidic or basic groups to interact with a basic or

acidic surface, respectively.

The mechanism of interaction between a nonionic polymer and a metal oxide particle in

aqueous media is an important issue, since the factors influencing the adsorption are not as

well understood as those for adsorption from organic solvents.  In organic solvents,

polymer insolubility drives polymer adsorption, as well as acid-base mechanisms.  Figure

1.2.6 illustrates the results of studies by Killman et al.68 and Malmsten et al.69 with a

commercial triblock copolymer used to disperse latex particles in organic solvents and

water.  In water, the insoluble poly(propylene oxide), PPO, block adsorbed onto the latex

particles while the soluble PEO chains extended into the solution forming a thick steric

barrier or brush structure.  For an SiO2 surface, the water-soluble PEO segments adsorbed

rather than the PPO segments.  A thin polymer layer was formed since the insoluble PPO

segments did not extend into solution, and the particles were not well dispersed.  Thus,

insolubility of a polymer is not a sufficient driving force for adsorption on metal oxides in

water.

1.3. Objectives
The long-range goal of this project is to design polymeric steric stabilizers, which exceed

the current technology for dispersing metal oxide particles into aqueous media.  The goal

will be accomplished by combining adsorption theories for block copolymers with

adsorption experiments to design the polymers.  Sedimentation and rheology experiments

will ultimately be performed to confirm the level of stability of a dispersion of metal oxide

particles.  In addition to block copolymers, an architecture study will be performed to

determine the effect of chain architecture on adsorption.  In accomplishing this goal, the

following objectives will be met in this work:

1) Investigate the range of repeat unit structures necessary for adsorption on metal oxide

surfaces in water.  The structures that adsorb are candidates for anchor blocks, and those

which do not adsorb and which are water-soluble, are candidates for tail blocks.  From

adsorption isotherm measurements for homopolymers containing acidic and basic
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Water-insoluble
 PPO anchor

Extended PEO
 tail

Hydrophobic latex surface in water
(Killman et.al. ‘88)

Hydrophilic silica surface in water
(Malmsten, et.al.‘92)

No PEO brush layer

Figure 1.2.6.  Adsorption behavior of commercial nonionic polymeric
surfactant on latex and SiO2 particles.



17

functional groups on acidic, basic, and neutral metal oxides, the nature of the polymer

surface interaction may be determined.  SiO2, TiO2, and Al2O3 will be used as in the PEOX

homopolymer adsorption study.  The i.e.p. of the metal oxides and solution pH may be

used to determine electrostatic interactions.

2) Construct a streaming potential instrument for use in determining the hydrodynamic

layer thickness of the adsorbed polymers.  Currently, these measurements may be made on

silica only due to the unavailability of other capillary materials.  For polymers adsorbing on

silica, the layer thickness and adsorption kinetics will be obtained by this technique.

3) Establish the effect of chain architecture on the adsorption properties of copolymers on

metal oxide particles.  By comparing the adsorption properties of linear and dendritic

polymer analogs on the same series of metal oxides used in completing objective 1), the

effect of chain architecture will be established.  No study of this type has been performed

to date.

4) Employ the tethered chain model of polymer adsorption14 to determine the necessary

layer thickness for stabilizing metal oxide particles in aqueous media.  The tethered chain

theory has been used by Russell to estimate the necessary layer thickness for a nonionic

steric stabilizer by assuming the system to be at the theta-state with a surface coverage of

one monolayer.  Using the estimated layer thickness calculated from the tethered chain

model, the size of the anchor and tail blocks of a diblock copolymer steric stabilizer can be

calculated from the scaling theory of Marques and Joanny.50

5) Determine the utility of using the cloud point of the polymer to promote adsorption.

By studying the adsorption of PEOX on Al2O3 as a function of temperature as the cloud

point is approached, the ability to use the solvent goodness, that is the polymer solubility,

to promote adsorption will be determined.

In this study, the chemical design of the steric stabilizer is approached from the
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assumption that the polymer-surface interactions are acid-base interactions.  Very little is

known about the rules for systematically designing nonionic polymer repeat units to

adsorb or not to adsorb on a given metal oxide surface in water.  When combined with the

theory for polymer adsorption of Russell et al.14 and Marques and Joanny,50 a design

criteria for synthesizing a polymeric steric stabilizer for any particle type is developed.

This thesis is organized in the following manner.  In Chapter 2, a review of factors that

affect colloid stability in aqueous suspensions is presented.  Electrostatic and steric

stabilization techniques will be discussed with an emphasis on the use of polymer

stabilizers with well-defined structures to provide improved stabilization.  This discussion

will be followed by a discussion of the current theories on polymer adsorption, in

particular, the mean-field lattice theory of Scheutjens and Fleer,67 the tethered chain

model,14 and the scaling theory of Marques and Joanny.50  The chapter will conclude with

a discussion of acid-base interactions and their importance in adsorption and adhesion.  In

Chapters 3-6, the experiments, a description of the polymers required to complete the

objectives detailed in section 1.3, and the results of the experiments will be presented.

These experiments are a necessary step towards illustrate the utility of combining the

tethered chain adsorption model and scaling theory for designing steric stabilizers for

dispersing metal oxides in aqueous media, as well as the feasibility of using a polymer’s

solubility to promote adsorption in aqueous media.
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