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ABSTRACT 
 
 
 

The goal of this research was to produce ceramic alumina microstructures with 

controlled porosity attained through the exploitation of polymeric phase separation.  In 

order to accomplish this goal, a fundamental understanding of the aqueous colloidal 

behavior and sintering of alumina were required.  The ability to manipulate the polymeric 

phase separation process was necessary in order to tailor porosity.  For this reason, 

background information regarding the phase separation process and the parameters 

associated with its thermodynamic and kinetic properties were essential. 

The dispersion of aqueous suspensions of two α-aluminas (APA-0.5 and A-16 

S.G.), were investigated.  APA-0.5 was a high purity powder, and A-16 S.G. had MgO 

added as a sintering aid and contained relatively high levels of other impurities, most 

notably Na2O.  The APA-0.5 was used as a standard alumina, while the A-16 S.G. 

represented a common industrial powder. 

Acids (HCl and H2SO4) and bases (NaOH and NH4OH) were used to adjust 

suspension pH.  HCl was the only electrostatic dispersant found to substantially alter 

suspension viscosity.  The ζ -potential and critical coagulation concentration (CCC) of 

electrostatically dispersed with HCl suspensions were measured.  A correlation was 

found between the CCC and the inability of H2SO4, NaOH, and NH4OH to disperse 

alumina. 

The inorganic anionic polyelectrolytes examined included sodium silicate, sodium 

hexa-metaphosphate, and sodium carbonate.  Comparisons were made between plots of 

the different polyelectrolytes (viscosity as a function of dispersant level), as well as 
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between the two aluminas.  Rheological phenomena correlated with ζ -potential 

measurements, the dissociation behavior of the polyelectrolytes, and the powder surface 

chemistry. 

The organic anionic polyelectrolytes examined include the sodium and 

ammonium salts of poly(methacrylic acid) and poly(acrylic acid), and neutralized citric 

acid.  Comparisons were made between dispersants (viscosity as a function of dispersant 

level), including effectiveness and general rheological trends.  Rheological phenomena 

were correlated with ζ -potential measurements, the dissociation behavior of the polymers 

and the powder surface chemistry. 

HCl and NH4-poly(acrylic acid), PAA, were used to stabilize alumina 

suspensions.  A dual minima was found in the PAA dispersed suspensions containing 

MgO.  The dispersant level of the first minima was a function of the concentration of 

sodium, shifting to lower dispersant levels for higher sodium concentrations.  The second 

minima corresponded to the PAA dispersion of alumina. 

The critical coagulation concentration was measured for suspensions stabilized to 

a minimum in viscosity via electrostatic (HCl), inorganic electrosteric (sodium silicate 

and sodium hexa-metaphosphate), or organic electrosteric (NH4- and Na-

polymethacrylates, NH4- and Na-polyacrylates, and citric acid) dispersants.  The salts 

investigated were the chlorides and sulfates of sodium, magnesium, and calcium.  The 

thickness of the electrical double layer (d) around an alumina particle was calculated as a 

function of the electrolyte concentration and valence of the counter-ion, using a 

capacitance model.  All of the suspensions coagulated at the same critical d value (~0.96 
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nm).  Estimations of critical coagulation concentration using the critical d values 

obtained from MgCl2 additions agreed with rheological observations. 

The dependence of microstructure development on the type of dispersant used in 

the processing of alumina was investigated.  Bulk density, and percent linear shrinkage 

measurements were used to evaluate the “green” density of pellets slip cast then calcined 

to 1000°C.  Firing temperatures of 1200°C, 1400°C, and 1600°C were used to evaluate 

the densification process using bulk density and shrinkage measurements.  SEM 

micrographs of pellets fired to 1400°C, polished, then thermally etched, display 

variations in morphology and grain size.  The addition of Na+ ions to the suspensions 

resulted in abnormal grain growth, the organic component inhibited grain growth, and the 

inorganic dispersants severely inhibited grain growth. 

 Binary-polymer/solvent and ternary-polymer/solvent interactions were observed 

using optical microscopy and light scattering (turbidity).  The polymers investigated were 

poly(methacrylic acid) (PMAA), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) 

(PEG).  A ternary mixture design was used to evaluate the dependence of turbidity on 

polymer concentration.  An increase in the degree of polymeric interaction was correlated 

with an increase in turbidity.  The effects of pH, background electrolyte, electrolyte 

concentration, and temperature on the maximum in turbidity was evaluated using a 

statistical experimental design.  The polymer concentrations, and the ratio of one polymer 

to another, were found to have the most profound effect on increasing turbidity.  The 

solution pH and electrolyte conditions played important roles in the complexation of 

PMAA with PVA and PEG.  An increase in the solution temperature decreased the 
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turbidity of PMAA-PEG solutions, and increased the turbidity of PVA-PEG and PMAA-

PVA solutions. 

Based upon the information gathered, the microstructures developed when 

dextran sulfate and PEG were added to an aqueous alumina suspension, were the result of 

polymeric phase separation; the pores of which were thermodynamically stable.  Using 

the knowledge gained from the investigations, a suspension can be processed outside the 

phase separating region by manipulating the thermodynamic properties of the polymer 

system.  Phase separation can then be induced by changes in the suspension pH, 

electrolyte level, and temperature.  The size, shape and connectivity of the pores can be 

controlled through kinetics.  Although only demonstrated for alumina, the approach could 

be extended to other systems, providing an easily fabricated sample with tailored 

porosity. 
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I.  INTRODUCTION 

 

1.0 Goal 

 The goal of this research was to produce ceramic microstructures with controlled 

porosity attained through the exploitation of polymeric phase separation. Alumina was 

used as a model system.  A basic understanding of the colloidal behavior of alumina and 

the microstructural evolution during sintering were required to confirm the unique 

microstructures obtained in what was considered a phase separated system.  The phase 

separation process itself required investigation to confirm earlier findings.  A series of 

polymers commonly used in the processing of ceramics were evaluated as potential 

systems of phase separation.  Early findings pointed towards polymeric interactions as 

the cause of binder migration in spray drying applications. 

 

 

2.0 Background 

Phase separation of polymers has been used for the partitioning of cells and 

macromolecules in the fields of biochemistry and cell biology for some time.1  It has not, 

however, been used to any extent in the field of ceramics.  In fact, it has been considered 

a detrimental side effect to the use of polymers in processing.  Controlled porosity is a 

necessity for many manufacturing processes.  The range of industries that could benefit 

from economical, easily fabricated porous products encompasses filters, membranes, 

electronics, biomaterials, refractories, molds, capacitors, electrodes, gas separators, gas 

sensors, cells, grinding wheels, and catalyst supports.2 
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 Currently, porous ceramics are manufactured using such techniques as sol-gel 

processing, leaching, and the burnout of organic materials.  Each process has its own 

drawbacks.  For example, chemical leaching involves numerous time consuming 

processing steps and expensive, caustic materials.  The pore sizes achievable during 

chemical leaching fall within a narrow range (0.1 to 8.0 µm).3  Sol-gel processing is a 

much more controllable process, but lacks the ability to orient the pores.3  Presently, 

organic materials are added as a second phase solid, such as a sponge or spheres.  This 

presents numerous processing problems, especially in terms of rheology.  The burnout of 

organic material like that used in the manufacture of reticulated ceramics does not allow 

easy control of pore sizes and requires a continuous network.2   

What makes the phase separation process an attractive procedure, is the ease with 

which it can be manipulated.  Polymer-polymer interactions can be controlled by 

adjusting the pH, electrolyte type and concentration, polymer molecular weight, and 

polymer concentration.  The onset of phase separation is often sensitive to temperature, 

therefore a ceramic suspension can be made using conventional methods.  The 

temperature can then be changed to insure phase separation.  The degree of separation 

can be controlled by the time-temperature profile.  The process should allow the creation 

of a controlled and complex pore structure, ranging from discrete pores to a continuous 

network.  The size and shape of the pores could also be manipulated, from nano-pores to 

macro-pores. 
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3.0 Preliminary Findings 

Prior to the completion of this thesis, the concept of phase separation was used to 

verify production of macroporous ceramics by firing ceramic-polymer composites 

prepared by casting suspensions containing cellulose acetate, water, and alumina or 

silica.4, 5  This process required manipulation of the silica ceramic surface to promote 

polymer adsorption.  Thin tape cast layers were the only products produced and the pore 

size had a limited range. 

After reviewing the literature, the dextran sulfate/poly(ethylene glycol)/water 

system was chosen for preliminary investigations of the phase separation phenomena.  

This decision was based upon the considerable amount of work performed on the dextran 

sulfate/poly(ethylene glycol)/water phase equlibria in the biomedical field.6-12  The 

sodium salt of dextran sulfate was also chosen for its reported ability to stabilize aqueous 

suspensions of alumina.13  Also relevant to the decision was the knowledge previously 

obtained for poly(ethylene glycol) and alumina14-17  

 

 

4.0 Phase Separation of Dextran Sulfate/PEG/Water 

The phase equilibria of the dextran sulfate/PEG/water system has been 

demonstrated recently by George.18  The initial work in phase separation was performed 

to confirm his findings. 

Dextran is a biological polysaccharide produced by the bacterium Leuconostoc 

mesenteroides.  The sodium salt of dextran sulfate is synthesized from native dextran by 

mild acid hydrolysis with sulfuric acid, resulting in complete substitution of the dextrose 
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monomers with sulfates.13  The mer structure of the sodium salt of dextran sulfate (Sigma 

Chemical Co., St. Louis, MO) is schematically illustrated in Figure 1.  A 5,000 g/mol 

molecular weight dextran sulfate sodium salt (DS) was used for the purpose of this 

investigation.  The poly(ethylene glycol), PEG, investigated had a molecular weight 

(MW) of 8,000 g/mol (PEG-8000, Union Carbide Chemicals and Plastics Co., Inc., 

Danbury, CT).  The PEG structure is illustrated in Figure 2. 

 

 

Figure I-1.  Schematic illustration of the dextran sulfate mer. 

 

CH 2 CH 2 OOH

n

Poly(ethylene glycol)
MW = 8,000

 

Figure I-2.  Schematic illustration of the poly(ethylene glycol) mer structure. 
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A simplex-centroid mixture design (Design-Expert Version 5.0.9, Stat-Ease, Inc., 

Minneapolis, MN) was used to evaluate the effects of polymer concentration.  Polymer 

solutions of 25 wt% were mixed with distilled water to obtain the desired polymer 

concentrations.  A turbidimeter (Model 2100AN Laboratory Turbidimeter, Hach, 

Loveland, CO) was used to measure the amount of light scattered from a focused 

tungsten light source by the polymer solution.  The intensity of the scattered light was 

compared to a set of Formazin silt standard solutions (Hach, Loveland, CO).  The relative 

intensity of the scattered light compared to that of the standard is presented in 

Nephlometric turbidity units (NTUs).  An increase in turbidity was correlated to a 

polymeric interaction by visual inspection of the test tubes and optical microscopy. 

The region of phase separation can be discerned for the DS/PEG/water system 

from Figure 3.  Polymer-polymer interactions occurred at high total polymer 

concentration, 15 to 25 wt%.  Optical microscopy displays spheres of various sizes 

dispersed in a continuous matrix of the second phase.  A distinct phase separation of the 

DS/PEG/water system was repeatable and controllable based upon the results of other 

researchers and initial findings of this research.18 

 

 

5.0 Dispersion with Dextran Sulfate  

Graff demonstrated that the stabilization behavior of DS in alumina suspensions 

was comparable to that of poly(acrylic acid).13  Furthermore, DS remained completely 

dissociated over a pH range of 2-10, without showing the pH-sensitive conformational 

changes of poly(methacrylic acid).13  Based on this information, DS should be an 
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excellent candidate for an alumina dispersant which phase separates in the presence of 

PEG. 
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Figure I-3.  DS/PEG/Water phase diagram.  Phase separation occurred at the 

concentrations designated with (? ), whereas no phase separation was measurable 

at the (? ) concentrations.  The image displays the morphology of the polymer-

polymer interaction, as seen using phase contrast optical microscopy. 

 

Initial lab work was performed to verify the findings of Graff.13  Two aluminas 

were investigated: APA-0.5 (Ceralox Corp., Tucson, AZ) and A-16 S.G. (Alcoa, 

Pittsburgh, PA).  The APA-0.5 powder was a high purity powder with a specific surface 

area of 7.8 m2/g and a mean particle size of 0.5 µm.  A-16 S.G. had MgO added by the 

manufacturer as a sintering aid, and contained a higher level of impurities, in particular 

Na2O (0.12 wt%).  The properties of the A-16 S.G. include a specific surface area of 8.9 

m2/g and a mean particle size of 0.5 µm.  In addition to DS, the sodium salt of 
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poly(methacrylic acid), Na-PMAA, (R. T. Vanderbilt Co., Inc., Norwalk, CT) was used 

to disperse a separate series of suspensions for comparison. 

Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water.  A suspension containing excess dispersant was 

blended with a suspension containing no dispersant to produce 40 ml samples of varying 

amounts of dispersant (0.1 mg/m2 increments).  All samples were allowed to mix for 

approximately one hour, followed by ultrasonication for two minutes to ensure complete 

break-up of agglomerates. 

Viscosity measurements were performed using a stress-controlled rheometer 

(Dynamic Stress Rheometer 200, Rheometric Scientific, Inc., Piscataway, NJ) and 

software (RSI Orchestrator Version V6.4.3, Rheometric Scientific, Inc., Piscataway, NJ).  

A steady state stress sweep from high to low rates with either a 25 mm (for high viscosity 

suspensions) or 40 mm diameter (for low viscosity suspensions) parallel plate 

configuration was used for all viscosity measurements.  A constant temperature of 

25°C±0.005 was set using a circulating bath and hot stage. 

Figure 4 illustrates the apparent viscosity at 1.0 s-1 of the DS and Na-PMAA, as a 

function of dispersant level.  From the figure it can be seen that DS was unable to 

disperse APA-0.5 and A-16 S.G. to the same degree as Na-PMAA.  The three orders of 

magnitude decrease in apparent viscosity was only obtainable by the addition of HCl, 

thus reducing the pH of the suspension to 5.6 or 5.9, for APA-0.5 and A-16 S.G., 

respectively.  As will be demonstrated later in this thesis, a 35 vol% suspension 

electrostatically dispersed with HCl achieves a similar viscosity as those seen here.  
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Based on the data obtained, it was concluded that DS was a poor choice for the dispersion 

of alumina. 
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Figure I-4.  Apparent viscosity as a function of dispersant level; (? ) APA-0.5 

dispersed with DS, (? ) A-16 S.G. dispersed with DS, (¦) APA-0.5 dispersed 

with Na-PMAA.  pH adjustments of the DS dispersed system was accomplished 

by the addition of HCl. 

 

6.0 Microstructural Evaluation 

Variations in sintering behavior and microstructural development were observed 

among a dispersed suspension (0.4 mg/m2 Na-PMAA, 35 vol% Al2O3), a flocculated 

suspension (35 vol% Al2O3) and a "phase separated" suspension (5 wt% DS and 15 wt% 

PEG, 35 vol% Al2O3).  The microstructural differences were evident from pellets fired to 
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1000°C, 1250°C, 1500°C, and 1600°C via bulk density (Figure 5) and SEM micrographs 

(Figure 6).   

The dispersed suspension produced a uniform, near fully dense microstructure.  

Grains from the flocculated suspension are much smaller than in the dispersed case, and 

there was evidence of pores at the grain boundaries.  From the density measurements and 

micrographs, stable, uniformly distributed pores can be seen in the phase-separated case.  

This clearly demonstrates the ability to produce porous ceramics by polymeric phase 

separation. 
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Figure I-5.  Percent of the theoretical bulk density of pellets cast and fired at 

various temperatures for one hour; (? ) dispersed, (? ) flocculated, and (? ) “phase 

separated.”  Densities were measured using a modified version of ASTM standard 

C-20 (modification involved a one hour boil and a smaller sample size).19 
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a.

 

b.

 

c.

 

Figure I-6.  Microstructure of pellets cast from: a.) a 55 vol% dispersed 

suspension, b.) a 35 vol% flocculated suspension , and c.) a 55 vol% Dextran-

PEG phase separated suspension and fired at 1500°C for 1 hour. Pellets were 

polished to 0.1 µm with diamond paste, followed by thermal etching at 1400°C 

for 30 minutes. 
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7.0 Preliminary Summary 

 Phase separation of the DS/PEG/water system was demonstrated using turbidity 

measurements and optical microscopy.  The dispersant capabilities of DS were found to 

be lacking, in comparison to established electrostatic and electrosteric means.  A 

thermodynamically stable porous microstructure was produced from an alumina 

suspension containing DS and PEG, in amounts corresponding to phase separation of the 

DS/PEG/water system. 

Several possibilities for the establishment of a porous microstructure remained.  First, 

the porosity could be the result of DS/PEG phase separation.  Microstructure 

abnormalities could also be the result of the sodium or sulfate ions contributed by the DS.  

Sodium and SO4
2- have a high affinity for the surface of alumina.  Preferential adsorption 

may have resulted in grain growth inhibition.  The concentration of polymeric additives 

was high, in comparison to the dispersed alumina case.  A thick polymeric coating of the 

alumina particles might be the mechanism responsible for the microstructure observed. 

  

 

8.0 Colloidal Behavior and Sintering of Alumina 

In order to control the microstructure of alumina, the colloidal properties and 

rheological behavior of the system must be understood.  Much work has been done in the 

field of colloidal stability of alumina, but no global examination has been performed of 

the effects of excess polymer or electrolyte concentrations on rheology.  A series of 

experiments encompassing a broader range of polymeric dispersant levels than typically 

encountered, was required.  The effect of ionic concentration on the rheological effects 
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also needed to be evaluated in order to determine whether adjustment of the electrolyte 

concentration would be an acceptable means of manipulating polymer-polymer 

interactions.  Besides being a poor dispersant of alumina, the cost of DS is incompatible 

with large operations.  For these reasons, alternative phase-separating polymers would be 

required.  The Na- and NH4-poly(acrylic acid) and poly(methacrylic acid) were chosen as 

a starting point. 

Electrostatic dispersants were also evaluated for their rheological behavior as well 

as their effect on microstructure development.  The electrostatic dispersants contribute 

only electrolyte ions to the system, therefore the effects of the ionic contribution to the 

microstructure development could be identified by eliminating the polymeric constituent.  

This was particularly important in terms of answering questions concerning the role of 

sulfates in sintering. 

 

 

9.0 Polymeric Interactions 

The thermodynamics of polymer-polymer mixtures is one of the most important 

fundamental elements to consider, because it plays a major role in the molecular state of 

dispersion, the morphology of two phase mixtures, the adhesion between phases, and 

consequently influences most properties of the ceramic-polymer system.  The properties 

of interest; polymer diffusion, polymer-polymer interactions, and polymer-ceramic 

interactions (i.e., surface adsorption), will be dictated by thermodynamics, but limited by 

kinetics.  The thermodynamics and kinetics must be understood before the modeling of a 
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multi-polymer/ceramic system can be performed, which culminates with the ability to 

predict and dictate system behavior. 

An in-depth study pertaining to the interactions between polymers and between 

polymers and ceramic powders in multi-polymer systems were attempted.  The goal of 

these investigations was to add to the present data on binary and ternary polymer 

interactions.  The polymeric interactions were then applied to a polymer-ceramic system.  

Models of the interactions were created to assist in predicting interactions.  An 

understanding of the processes by which polymers and ceramic powder interact allows 

the development of new polymer-ceramic systems, or tailored polymers, specific to a 

ceramic system and manufacturing process (i.e., pre-processing prediction). 

 

 

10.0 Alternative Reasons for Polymeric Study 

The addition of polymeric materials to ceramic systems to control their processing 

is commonplace.  Problems can occur, however, during the addition of several different 

polymers to a ceramic system.  Evidence of this can be seen in forming processes, such as 

dry pressing and injection molding, which require larger amounts of additives.  Examples 

of common polymeric additives include; dispersants to control rheological properties, 

anti-foaming agents to decrease the occurrence of bubbles, binders for added green 

strength, and plasticizers to soften the binder in the dry or nearly dry state, thus 

increasing flexibility.20, 21 

The resulting problems are due to polymer-polymer interactions or interactions 

between the polymers and the ceramic powder.  With each additional additive, the system 
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becomes more complicated and the potential for an adverse interaction is heightened.  

Three scenarios are prevalent: the formation of an associated complex between two or 

more of the polymers, an incompatibility resulting in phase separation of the polymers or 

polymer blends, or no interactions.  Interactions between polymers in ceramic systems 

are seldom considered.  Multiple interactions in polymer-polymer-ceramic systems are 

poorly understood and even harder to observe and discern. 

Polymeric interactions may be responsible for detrimental effects in ceramic 

systems.  One such case is believed to be binder migration and case hardening of spray-

dried granules.22-29  On first glance it is easy to discredit this argument by quoting the 

concentrations at which interactions are observed and the concentrations at which spray-

drying is carried out.  However, the removal of water during the spray drying process 

alters the relative concentrations of polymer, moving the mixture into regions of the 

phase diagram in which interactions can take place. 

Polymeric interactions can be either beneficial or problematic, depending on the 

process conditions and desired performance.  In particular, these interactions can result in 

varying product and process quality and consistency.  Therefore, it is necessary to better 

understand these types of interactions in order to maximize the effectiveness of the 

polymeric additives and product quality. 

 

 

11.0 Outline of the Research 

Electrostatic dispersion mechanisms are evaluated in Chapter II.  The dispersants 

were chosen based upon their ionic contribution to the system (i.e., Cl-, SO4
2-, Na+, and 
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NH4
+).  In Chapter III, inorganic polyelectrolytes (or polyions) are investigated for their 

dispersion capabilities.  Chapter IV examines organic polyelectrolytes, which contribute 

electrolyte ions and a polymer carbon-backbone to the system.  Chapter V looks at the 

variations between the two aluminas investigated, with emphasis being placed on the 

effects of the MgO sintering aid and impurities of sodium.  The effect of electrolyte 

concentration on viscosity is discussed in Chapter VI.  Sintering and microstructure 

evolution is explored in Chapter VIII.  Research concerning polymeric interactions is 

discussed in Chapters IX and X.  Chapter IX concerns screening several polymer systems 

for their potential of interaction, as well as means of identifying the interactions.  In 

Chapter X, the PMAA-PVA-PEG phase equilibria is altered by adjusting the pH, 

electrolyte and electrolyte concentration, as well as solution temperature. 
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II.  ELECTROSTATIC STABILIZATION 

 

 

1.0 Introduction 

Although electrostatic stabilization of alumina is seldom used in a manufacturing 

environment because of aging problems, a basis for the evaluation of polyelectrolytes 

must be established.  As will be shown in Chapters III and IV, the main stabilization 

mechanism of the polyelectrolytes is electrostatic, with steric hindrance taking effect only 

after coagulation has eliminated electrostatic repulsion.  The electrostatic dispersants 

were chosen based upon their ion type.  Each dispersant contributes a counter-ion that 

must be evaluated for its effect on microstructure evolution (Chapter VII).  This will 

allow the ionic effect on microstructure development to be extracted from the polymeric 

contribution of the polyelectrolytes. 

To electrostatically stabilize a suspension the charge on the particle surface must 

be significantly positive or negative, thus producing a coulombic repulsive force.1, 2  

Metal oxide powders, such as alumina, when placed in an aqueous medium incur surface 

reactions by which surface hydroxyls form, due to surface hydration.  The hydroxyl 

formation is followed by ionization of the hydroxyls groups to yield a positively or 

negatively charged surface, depending on the pH of the suspension.  It is by the 

adjustment of the suspension pH that the charge and charge density can be altered.1, 3-5 

Surface charge formation can also be influenced by the concentration of 

electrolyte in solution.  Electrolyte ions complex with surface sites; that is counter-ions 

associate with ionized surface sites at a small but finite distance from the surface.3, 5  For 



20 
 

example, the addition of Na+ to a metal oxide system at pH levels above the point of zero 

charge (net negatively charged surface) has the overall effect of increasing the surface 

charge while decreasing the Stern layer and ζ -potentials.  A more comprehensive review 

of the theories can be found in the literature.1, 2, 6-10 

 

 

2.0 Experimental Procedure 

2.1 Materials Characterization 

2.1.1 Powders 

 Two powders were used in this investigation, APA-0.5 and A-16 S.G.  Table I 

lists the chemical composition and physical properties of each powder.  Inductively 

coupled plasma (ICP) spectrophotmetric analyses of the powders revealed Na+ and Mg2+ 

as the primary impurity ions.  Surface area measurements were obtained via Brunauer,  

Emmett, and Teller (BET) theory of nitrogen adsorption.  All powders investigated had 

similar particle size distributions, with a mean particle size of 0.5 µm.   

 

Table II-I.  Chemical analysis* and physical properties of the alumina powders. 

Powder Al2O3 MgO CaO Na2O SiO2 LOI Mean 
Particle 
Size† 

Surface 
Area‡ 

 wt% wt% wt% wt% wt% wt% µm m2/g 
A-16 S.G.a 98.64 0.07 0.01 0.12 0.03 0.9 0.5 8.9 
APA-0.5b 99.40 0.03 0.01 <0.01 <0.02 0.3 0.5 7.8 

a Alcoa, Pittsburgh, PA 
b Ceralox Corp., Tucson, AZ 
* Acme Analytical Laboratories Ltd., Vancouver, BC, Canada 
† LA-920, Horiba Instruments Inc., Irvine, CA 
‡ Gemini 2375, Micromeritics, Norcross, GA 
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2.1.2 Dispersants 

Two acids (HCl, 12.1 N and H2SO4, 36.0 N) and two bases (NaOH, 3.2 N and 

NH4OH, 14.8 N) (Fisher Scientific, Pittsburgh, PA) were used to adjust pH via titration.  

The pH probes used during this investigation were calibrated with standards of pH 4.0, 

7.0, and 10.0 (Fisher Scientific, Pittsburgh, PA).  Thus, some of the points measured are 

outside the range of calibration. 

 

2.2 Suspension Preparation 

 Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water (initial pH of distilled water was 5.4).  The pH was 

varied by titrating acid or base into 200 ml suspensions.  After every 0.1 ml of acid or 

base was titrated, the suspensions were allowed to equilibrate for approximately one 

hour, then the pH was measured and 20 ml of suspension removed.   

 

2.3 Suspension Characterization 

2.3.1 Viscosity 

Viscosity measurements were made using a stress-controlled rheometer (Dynamic 

Stress Rheometer 200, Rheometric Scientific, Inc., Piscataway, NJ) and software (RSI 

Orchestrator Version V6.4.3, Rheometric Scientific, Inc., Piscataway, NJ).  A steady state 

stress sweep from high to low rates with either a 25 mm (high viscosity) or 40 mm 

diameter (low viscosity) parallel plate configuration was used for all viscosity 

measurements.  A constant temperature of 25°C±0.005 was set using a circulating bath 

and hot stage.  Shear stress and strain rates were calculated via:11 
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where M  is the moment of inertia, cG  is the gravitational constant, R  is the radius of 

the plates, θ&  is the actual rate of angular displacement of the motor in radians, and h  is 

the gap between the plates.  The apparent viscosity ( )η  was then calculated: 
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All of the suspensions investigated displayed shear-thinning behavior.  The Cross-

equation is widely used to predict the flow curve of shear-thinning suspensions:11 
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( )( )m
o Kγ+

=
η−η
η−η

∞

∞

&1
1 ,            (6) 

where oη  and ∞η  refer to asymptotic values of viscosity at low and high shear rates 

respectively, K  is a constant parameter with the dimensions of time and m  is a 

dimensionless constant.  For oη<<η  and ∞η>>η , the Cross model reduces to:11 

1
0.1

−γη=η n& ,              (7) 

which is the Power-Law, with n  being the Power-Law index and 0.1η  the ‘consistency’ 

(with units of Pa·sn).  The Power-Law model fits the experimental results over three-to-

four decades of shear rate (see Figure 1), but fails at high shear rates, where the viscosity 

ultimately approaches ∞η .  The Power Law works well over the area of interest in these 

experiments (i.e., 10-0.1 s-1), and therefore, it was used to fit all viscosity data.  The 

curves were then extrapolated to a shear rate ( γ&) of 1.0 s-1 ( 0.1η ) for comparative 

purposes. 

 

2.3.2 ζ -Potential 

The ζ -potentials were obtained through electroacoustic means (ESA-8000 

AcoustoSizer, Matec Applied Sciences, Hopkinton, MA) on 5 vol% suspensions with 10 

mM KCl background electrolyte concentrations.  The instrument assumed spherical 

particles with a narrow particle-size range.  All pH adjustments were made using the 

automatic titration system accompanying the AcoustoSizer. 
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2.3.3 Critical Coagulation Concentration 

Critical coagulation concentrations were obtained for stable 35 vol% APA-0.5 

suspensions, electrostatically dispersed via HCl (pH=3.9-4.4).  The salts evaluated were 

chlorides and sulfates of sodium, magnesium, and calcium (Fisher Scientific, Pittsburgh, 

PA).  Saturated solutions of each salt were made using distilled water.  Samples of each 

saturated solution were analyzed for their exact electrolyte concentration (Acme 

Analytical Laboratories Ltd., Vancouver, BC, Canada).  A suspension of high salt 

concentration was blended with a suspension containing no salt to make 40 ml 

suspensions of the intermediate salt concentrations.  All suspensions were allowed to mix 

for at least one hour prior to viscosity measurements. 
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Figure II-1.  All viscosity curves were fit with the Power Law.  The curves were 

then extrapolated to a shear rate ( γ&) of 1.0 s-1 for comparative purposes. 
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2.3.4 Potentiometric Titration 

Potentiometric titrations (ABU900, Radiometer, Cleveland, OH) of dilute 100 ml 

alumina suspensions (total alumina surface area of ~5 m2) were carried out in the basic 

direction by the addition of analytical grade NaOH (3 N) to a pH of 11.5.  Analytical 

grade HCl (3 N) was used for titrating to a pH of 2.0.  A 10 mM KCl electrolyte was used 

as a background.  An equilibration time of one minute was allowed after each titrant 

addition. 

 

 

3.0 Results and Discussion 

 Two acids and two bases were evaluated for their ability to disperse A-16 S.G. 

and APA-0.5.  Figure 2 displays the pH of the A-16 S.G. suspensions as a function of 

acid/base addition.  Acid and base additions were normalized to milli-equivalents/gram 

(meq/g) of powder to allow direct comparison of acid and base efficiency.  From the data 

it is obvious that both HCl and H2SO4 have equal ability at pH adjustment (pH 9.7? 1).  

NH4OH had little effect on the pH (pH 9.7? 10), while the NaOH adjusted suspensions 

quickly reached a pH of 9.7? 12.0. 

 The apparent viscosity as a function of shear rate ( γ&) was measured for each acid 

and base addition, with apparent viscosity values extrapolated to γ&=1.0s-1 for comparison 

(see Figure 3).  The suspensions dispersed with HCl showed a significant decrease in 

viscosity (over three orders of magnitude).  Although the H2SO4 displayed similar pH 
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behavior, the suspension viscosity was unaffected.  Neither base substantially altered the 

suspension viscosity, changing it by less than one order of magnitude. 
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Figure II-2.  The pH of 35 vol% A-16 S.G. suspensions as a function of acid/base 

addition; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH. 

 

 The APA-0.5 suspension pH as a function of acid or base addition is presented in 

Figure 4.  Similar trends were seen for APA-0.5 (initial pH 8.5) suspensions as were seen 

in the A-16 S.G. suspensions, with the acids leveling off at a pH of 1, NH4OH at 11, and 

NaOH at 12.  Apparent viscosity measurements of the suspensions disclosed a difference 

in the HCl plots (compare Figures 3 and 5).  The viscosity of the A-16 S.G. suspension 

dispersed with HCl reduces rapidly at a pH of 6 to ~1.0 Pa·s.  The APA-0.5 suspension 

has a more gradual change in apparent viscosity, with a minimum of 0.01 Pa·s occurring 

at a pH of 3.5.  Also, the initial pH of the A-16 S.G. suspensions was higher than that of 

the APA-0.5 (i.e., 9.8 for A-16 S.G. versus 8.5 for APA-0.5).  Again, no significant 
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change in viscosity (less than an order of magnitude) was seen for the H2SO4, NaOH and 

NH4OH dispersed suspensions. 
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Figure II-3.  Apparent viscosity of 35 vol% A-16 S.G. suspensions measured at 

γ&=1.0 s-1, as a function of pH; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH.  The 

insert more clearly displays the viscosity of the NaOH and NH4OH suspensions. 

 
The ζ -potential measurements were performed on APA-0.5 suspensions for each 

of the dispersants (see Figure 6).  According to Figure 6, the net surface charge on HCl 

and H2SO4 dispersed alumina particles is positive, while that on NaOH and NH4OH 

dispersed alumina particles is negative.  HCl dispersed samples increase in potential to 

~73 mV, while the H2SO4 samples increase to a maximum potential of 24 mV then 

decline toward 0 mV.  Rao,12 Wang, and others,13 and Kim and others14 found similar 

results for HCl dispersed suspensions.   Both bases decreased in ζ -potential then begin to 

level off at ~42 mV.   
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Figure II-4.  The pH of 35 vol% APA-0.5 suspensions as a function of acid/base 

addition; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH. 

 

pH
0 1 2 3 4 5 6 7 8 9 10 11 12

A
pp

ar
en

t V
is

co
si

ty
 (P

a·
s;

 1
.0

 s
-1

)

10-2

10-1

100

101

102

103

35 vol% APA-0.5
Surface Area=7.8 m2/g

 

Figure II-5.  Apparent viscosity of 35 vol% APA-0.5 suspensions measured at 

γ&=1.0 s-1, as a function of pH; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH. 
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Figure II-6.  Electroacoustic determination of ζ -potential of 5 vol% APA-0.5 

suspensions, as a function of acid/base addition; (? ) HCl, (? ) H2SO4, (? ) NaOH, 

(?) NH4OH. 

 

Table II contains results of theoretical calculations of the repulsive potential 

energy term (1/kT) for each absolute maximum ζ -potential.  The potential energy ( rV ) 

calculations are based upon DLVO theory:1, 2, 7, 15, 16 
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which reduces to: 
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in which a  is the diameter of the particle, ε  is the absolute permittivity of the solvent, κ 

is the Debye-Hückel parameter, H  is the inter-particle separation distance, Z  the 

counter-ion valence, c  the concentration of ions, and ζ  is the zeta-potential.5, 6   

All calculations were performed for a 1:1 electrolyte at a temperature of 25°C, a 

particle size of 0.5 µm, and an inter-particle separation distance of 33 nm.  The inter-

particle separation distance of a 35 vol% suspension (φ= 0.35) was calculated using the 

formula derived by Woodcock:11, 17 
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Table II-II.  Maximum ζ -potential, in magnitude, achieved by each dispersant, 

and the corresponding potential energies. 

Acid/Base ζ -Potential Potential Energy 
 mV J/kT (T=25°C) 

HCl 73 42 
H2SO4 24 4 
NaOH -44 15 

NH4OH -41 13 
Minimum Required 

For Dispersion 40 10 
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For an attractive potential of 10kT, the calculations indicate a ζ -potential of ~40 

mV would be required to stabilize the suspension.  Thus, of the dispersants evaluated, 

HCl, NaOH, and NH4OH impart a large enough potential to achieve stability.  Viscosity 

measurements demonstrate HCl was the only stable suspension.  NaOH and NH4OH fall 

along the cut-off for stability/instability. 

Adding increasing amounts of acid or base increases the electrolyte concentration, 

which can ultimately lead to compression of the potential double layer.  At the critical 

coagulation concentration (CCC), the further addition of ions to a suspension compresses 

the double layer to the point at which short range attractive forces dominate, allowing 

particles to interact.  The interaction leads to an increasing viscosity, up to a maximum 

concentration where further ionic additions have no effect on the viscosity.18  To 

determine the actual concentration of electrolyte required to coagulate an electrostatically 

dispersed suspension, chloride and sulfate salts were added to HCl dispersed suspensions 

at a minimum in viscosity.  In the case of the HCl dispersed suspensions, the counter-ions 

are the anions (Cl-).  Figure 7 displays the apparent viscosity as a function of NaCl and 

Na2SO4 salt additions to a HCl dispersed suspension.  The CCC is obtained by taking the 

first derivative of the log viscosity vs. salt concentration plot.  The first derivative 

maximum or CCC of the salts investigated can be found in Table III.  No CCC was 

obtained for the CaSO4 because the solubility limit of the salt in water at 25°C is low 

(~19 mM).  As indicated by the plots and table, the CCC of monovalent ions (chlorides) 

occurs at ~208 mM and divalent ions (sulfates) at ~17 mM. 
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Figure II-7.  Apparent viscosity of a HCl dispersed 35 vol% APA-0.5 suspension 

with NaCl (?) and Na2SO4 (? ) additions.  The maximum in the first derivative of 

each plot corresponds to the CCC. 

 

 

 

Table II-III.  Critical coagulation concentrations of 35 vol% APA-0.5 suspensions 

dispersed with HCl. 

Cation Chlorides Sulfates 
 mM mM 

Na+ 207 16 
Mg2+ 204 18 
Ca2+ 214 NA 
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The ionic concentrations of 35 vol% suspensions were calculated for each of the 

acid/base additions.  The results are represented in Figure 8.  These calculations indicate 

the first addition of H2SO4 contributes enough divalent counter-ions to the suspension to 

exceed the CCC.  For monovalent ions, the CCC correlates to 0.2 meq/g of HCl and a pH 

of 2.  This HCl addition level corresponds with an increase in apparent viscosity below a 

pH of ~3.  Although Cl- ions are considered an “inert” electrolyte, sufficient 

concentrations, ~200 mM, will result in the formation of ion-pairs.  These pairs form 

between electrolyte ions in solution and surface sites on the particles.10, 19, 20  Other 

investigators have shown that the concentration of Al3+ in suspension is ~0.1 mM.  Based 

on the results of nuclear magnetic resonance studies, the researchers were able to 

conclude that H+ and Cl- ions can be regarded as the major ionic species in solution 

because the concentration of ionic Al species below a pH of 4 is lower than that of H+ 

and the presence of non-ionic [Al(OH)3]0 above a pH of 4 reduces the ionic concentration 

of Al3+ ions even further.14, 20  Based on these studies, the Al3+ ion concentration was 

considered insignificant for the scope of this study. 

The rheological behavior observed for the bases could best be summarized by 

analyzing each of the ionic species Na+, NH4
+, and OH- ions, individually.  First, surface 

reactions of OH- ions increase the surface and ζ -potentials, inducing a degree of 

repulsion.  At the same time the counter-ions (Na+ and NH4
+ ions) compress the double 

layer and decrease the ζ -potential, in effect “countering” the repulsion produced by the 

OH- ions.  The result is a minimal change in the apparent viscosity at a shear rate of 1.0 s-

1 with increasing base additions.18  Similar results have been seen by Nikumbh, and 

others.21 
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Figure II-8.  Counter-ion concentration of various acid/base additions, for a 35 

vol% suspension: (? ) SO4
2- and (? ) Cl-.  Divalent ions exceed the critical 

coagulation concentration (CCC) with the initial H2SO4 addition. 

 

The chemical variations between the aluminas are consistent with those of 

previous researchers and help explain their rheological behavior.22  As was seen in Table 

I, the sodium and MgO levels in the A-16 S.G. powder are higher than that of the APA-

0.5.  Ion exchange between Na+ impurity ions on the particle surface and H+ ions in 

suspension has been reported to change the suspension pH and particle mobility.23  

Potentiometric titrations of as-received A-16 S.G. and APA-0.5 reveal a higher number 

of active acid (negative) sites on the APA-0.5 powder (see Figure 9).24, 25  When the A-16 

S.G. powder is washed both Na+ and Mg2+ are seen in the supernatant (see Table IV).  

After three consecutive washings, the Na+ level in A-16 S.G. supernatant decreases 

substantially from 23.5 mM to 1.5 mM.  Titration of the washed A-16 S.G. powder shows 
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an increase in the number of active acid sites, making its surface charge closer to that of 

the APA-0.5 powder.26  HCl additions to alumina suspensions react with negative 

domains on the alumina, leaving an overall positively charged surface.  Powders with less 

negative surface sites initially, take less acid to neutralize the negative sites.  This is 

indicated in the viscosity plot for A-16 S.G., in which the viscosity decreases more 

rapidly and at a higher pH. 

 

Table II-IV.  Supernatant taken from three consecutive washings of the as-

received powder were analyzed* for their chemical composition. 

Element A-16 S.G.  APA-0.5 
(mM) Wash 1 Wash 2 Wash 3   Wash 1  Wash 2 Wash 3 

Mg 1.7 3.4 3.1  0.3 0.1 0.1 
Na 23.5 4.4 1.5  0.7 0.3 0.1 

  * Acme Analytical Laboratories Ltd., Vancouver, BC, Canada) 
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Figure II-9.  Titration curves of APA-0.5 (?), A-16 S.G. (? ), and washed A-16 

S.G. (? ) powders reveal variations in surface charge/characteristics. 
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MgO is strongly basic in nature, exhibiting a very high isoelectric point 

(pH=10.5-12).  To compound this behavior, MgO has a high solubility in water over a 

broad pH (2? 9).27  Chemical analyses of the A-16 S.G. wash supernatant reveal MgO 

dissolution to a constant level (~3 mM/wash).  All of these contributing factors of MgO 

influence the pH and surface chemistry of the A-16 S.G. suspensions.28  The 

contributions of Na+ and Mg2+ ions explain the difference in the initial pH of the two 

aluminas.  Besides the ionic contribution of the dissolved Mg2+ ions, surface chemistry of 

the MgO must also be taken into consideration.  For lower pH values, the opposite signs 

of surface charge of the two oxides or an insufficient negative charge density on MgO 

particles can lead to hetero-coagulation.  MgO additive reactions explain the order of 

magnitude higher viscosity in the minima of HCl dispersed suspensions for the A-16 S.G. 

suspension, compared to that of the APA-0.5.29 

 

 

4.0 Conclusions 

 Of the acids and bases used to disperse the two aluminas investigated, HCl was 

the most effective, reducing the apparent viscosity at a shear rate of 1.0 s-1 by three orders 

of magnitude.  The valence of the counter-ions was found to have a profound effect on 

the ability of the acid to disperse a suspension.  Coagulation by H2SO4 prevented 

dispersion of the alumina suspensions.  The concentration and valence of ions in solution 

influences the size of the diffuse double layer.  High concentrations cause compression of 

the double layer and subsequently, coagulation.  The CCC of a HCl dispersed system was 

~208 mM for monovalent ions and ~17 mM for divalent ions.  The measured CCC’s, 
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coupled with calculation of the ionic concentration contributed by the dispersants, 

correlated with the inability of the H2SO4 and the bases to stabilize the suspensions.  The 

ζ -potential measurements of APA-0.5 suspensions affirmed the viscosity and CCC data.  

The increase in viscosity below a pH of 3, in the HCl dispersed case, was also linked to 

the ionic concentration.  Variations in surface chemistry (i.e., sodium and MgO levels) 

explain the differences in rheological behavior seen between the two aluminas.  These 

differences include a much more abrupt decrease in the viscosity of HCl dispersed 

suspensions and an order of magnitude lower viscosity minimum for APA-0.5 

suspensions. 
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III.  ELECTROSTERIC STABILIZATION VIA INORGANIC 

POLYELECTROLYTES 

 

1.0 Introduction 

 Because of inorganic polyelectrolyte stability during milling, 

aging/decomposition of the polyelectrolyte, as well as sintering issues (i.e., abnormal 

grain growth), little work has been done to establish the stabilization of alumina with 

inorganic polyelectrolytes.1-3  This particular investigation deals with three inorganic 

polyelectrolytes; sodium silicate, sodium hexa-metaphosphate, and sodium carbonate.  

Sodium silicate and sodium hexa-metaphosphate are used extensively in the traditional 

ceramics industry (e.g. whiteware industry).  Sodium carbonate is also used as a 

dispersant in other ceramic systems.  Here it was used to demonstrate why a simple 

cation-anion species does not function well as a dispersant.  The aim of this investigation 

was to gain a better understanding of the mechanisms by which inorganic dispersants act, 

as well as the resultant rheological profile. 

Sodium silicate (SS) solutions are complex mixtures of silicate polyanions, with 

varying degrees of polymerization, in dynamic equilibrium and consisting mainly of ions 

of (HO)2SiO2
2-.4, 5  As the ratio of SiO2:Na2O increases (>2.0), the occurrence of higher 

order ring, cyclic, and even octamer structures increases.5, 6  The SS structure is highly 

dependent upon the concentration and pH of the solution, with higher order structures 

occurring more frequently at high concentrations and low pH levels.7, 8 

To disperse a suspension of colloidal particles, a long-range repulsive force must 

be provided.  The long-range force must be at least as strong as, and comparable in range 
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to, that of the van der Waals attractive forces.  Several different means may be used to 

overcome the long-range van der Waals attractive forces.  Electrosteric stabilization 

provides both a steric (physical barrier) and an electrostatic (potential gradient) 

contribution.  The electrostatic portion is derived from either a charge on the particle 

surface and/or charges associated with the adsorbed polymer.  At low ionic strength and 

high degrees of ionization, electrostatic stabilization would prevail, while at high ionic 

strengths and/or low degrees of ionization, steric hindrance would provide the majority of 

the stabilization mechanism.9 

 

 

2.0 Experimental Procedure 

2.1 Materials Characterization 

2.1.1 Powders 

 Two powders were used in this investigation, APA-0.5 and A-16 S.G.  For a full 

chemical analysis and physical properties of the alumina powders, see Table I, Chapter II. 

 

2.1.2 Dispersants 

The inorganic anionic polyelectrolyte dispersants evaluated were sodium silicate 

(SS), sodium hexa-metaphosphate (SHMP), and a saturated solution of sodium carbonate 

(SC).  Information reported by the manufacturers can be found in Table II.  The SHMP 

polyelectrolyte exists in a chain-like structure, with an average chain length of 13 mer 

units.1-3 The SS used during this investigation had a SiO2:Na2O ratio of 2.35:1. 
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Table III-I. Reported information for dispersants used during this investigation. 

 
Property 

Sodium 
Silicate* 

Sodium Hexa-
metaphosphate* 

Sodium 
Carbonate* 

Nominal Chemical 
Formula Na2SiO3 (NaPO3)6 Na2CO3 

Abbreviation SS SHMP SC 
Number Repeat Units (n) 3-4 13 1 

Reported MWave 122 118 106 
% Active Solids 37 40 16 

 * Fisher Scientific, Pittsburgh, PA 

 

2.2 Suspension Preparation 

Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water (initial pH of 5.4).  Dispersant levels were based upon 

the surface area of the powders, with the polyelectrolyte additions normalized to milli-

grams/square meter (mg/m2) of powder surface area to allow direct comparison of 

polyelectrolyte efficiency.  A suspension containing 2.0 mg/m2 polyelectrolyte was 

blended with a suspension containing no dispersant to produce 40 ml samples of varying 

amounts of dispersant (0.1 mg/m2 increments).  All samples were allowed to mix for 

approximately one hour, followed by ultrasonication for two minutes to ensure complete 

break-up of agglomerates. 

 

2.3 Suspension Characterization 

A full description of the procedures used to both produce the suspensions and 

measure their properties can be found in Chapter II: Electrostatic Stabilization. 
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3.0 Results and Discussion 

 Inorganic dispersants of SS, SHMP, and SC were evaluated for their effectiveness 

in dispersing the two aluminas.  Plots of the apparent viscosity as a function of dispersant 

level are displayed in Figures 1 and 2.  The pH of each suspension was measured, but not 

adjusted during these experiments.  In the case of SS and SC, the pH increased with 

increasing amounts of dispersant, to 11.2 and 10.5, respectively (APA-0.5 suspension).  

SHMP dispersant additions decreased the suspension pH to ~6.5 from the initial pH of 

~9.7. 

 The apparent viscosity as a function of shear rate ( γ&) was measured for each 

polyelectrolyte level, with apparent viscosity values extrapolated to γ&=1.0 s-1 for 

comparison.  Dispersion of A-16 S.G. via SS and SHMP additives (Figure 2) resulted in a 

decrease in viscosity to minima of 0.30 Pa·s (at 0.5 mg/m2) and 0.09 Pa·s (at 0.3 mg/m2), 

respectively.  Further polyelectrolyte additions caused an increase in viscosity, finally 

leveling off to a plateau viscosity. 

Similar trends were observed for plots of apparent viscosity for the APA-0.5 

suspensions, Figure 1.  Attempts to disperse APA-0.5 with SC resulted in no significant 

decrease in viscosity.  Dispersion with SS resulted in a minimum viscosity of 0.02 Pa·s 

(at 0.3 mg/m2).  The SHMP dispersant also required 0.3 mg/m2 to achieve a minimum in 

viscosity of 0.03 Pa·s. 
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Figure III-1.  Apparent viscosity of APA-0.5 suspensions as a function of 

dispersant level: (? ,? ) SS, (? ,? ) SHMP, and (? ,¦) SC.  The open symbols 

represent the apparent viscosity and the solid symbols the suspension pH. 
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Figure III-2.  Apparent viscosity of A-16 S.G. suspensions as a function of 

dispersant level: (? ,? ) SS, and (? ,? ) SHMP.  The open symbols represent the 

apparent viscosity and the solid symbols the suspension pH. 



46 
 

Zeta potential measurements were performed on APA-0.5 suspensions for each of 

the polyelectrolytes.  Figure 3 presents the results of the ζ -potential measurements as a 

function of the dispersant level.  Each dispersant causes a negative potential to develop at 

the shear plane.  The magnitude of the potential varies among the dispersants, with SC 

achieving a potential of ~32 mV, SHMP ~50 mV, and SS ~53 mV.  An increase in 

electrolyte concentration should cause a decrease in the magnitude of the ζ -potential.  No 

decrease is seen because the suspension solids loading is low, and therefore the addition 

of excess dispersant and the corresponding ionic species, produces a small change in the 

overall electrolyte concentration of the suspension. 
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Figure III-3.  ζ -potential of polyelectrolyte dispersed APA-0.5 suspensions as a 

function of dispersant level; (? ) SS, (? ) SHMP, and (¦) SC. 
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 The ζ -potential of each dispersant was also measured as a function of pH.  The 

dispersant level chosen for each correlated to the minimum in the apparent viscosity as a 

function of dispersant level plots (see Figure 2).  As can be seen in Figure 4, SS and 

SHMP have the same potential as a function of pH, each passing through the isoelectric 

point at pH levels of approximately 5.5 and 5.0, respectively.  At a pH of 10, the SS 

sample begins to drop in ζ -potential much more dramatically, leveling off at a potential 

of –139 mV.  The SC ζ -potential decreased through an isoelectric point at a pH of 8.0.  

All three dispersants demonstrated a shift in the isoelectric point from a pH of 8.7 

towards lower pH levels.  In the pH region in which viscosity measurements were made 

(7-10), the magnitude of the ζ -potential for the SS and SHMP dispersants are ~50-60 

mV, whereas the SC dispersant is ~10-20 mV. 

 The shift in isoelectric point to lower pH values indicates specific adsorption of 

anionic species.  In the case of SS and SHMP, the dissociation of Na+ from the 

polyelectrolyte results in specific adsorption.  The carbonate ion specifically adsorbs to 

alumina when SC dissociates, resulting in a small shift in the isoelectric point. 

Theoretical calculations were performed to obtain the ζ -potential required to 

disperse a suspension similar to those under investigation.  The ζ -potential calculations 

are based upon DLVO theory.10-12  All calculations were performed for a 1:1 electrolyte 

at a temperature of 25°C, a particle size of 0.5 µm, and an inter-particle separation 

distance of 33 nm.  For an attractive potential of 10kT, the calculations indicate a ζ -

potential of ~40 mV would be required to stabilize the suspension (for a more detailed 

description of the calculations see Chapter II: Electrostatic Stabilization).  Therefore, of 
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the dispersants measured, only SS and SHMP impart large enough potentials to achieve a 

stable suspension. 

Potentiometric titrations were performed to determine the degree of polymeric 

dissociation.  SS and SHMP are anionic polyelectrolytes.  The ease by which an acid 

group dissociates from a polyelectrolyte decreases as the fraction of dissociated acid 

groups increase, due to electrical interactions between the charged sites.13  In the case of 

SS, full dissociation was not achieved, prior to a pH level of 11.5.  The SHMP does fully 

dissociate, as is indicated by the second inflection point in Figure 5. 
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Figure III-4.  ζ -potential of polyelectrolyte dispersed APA-0.5 suspensions as a 

function of pH; (? ) 0.4 mg/m2 SS, (? ) 0.3 mg/m2 SHMP, (¦) 0.4 mg/m2 SC, 

(? )electrostatically dispersed (HCl and NaOH). 
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SC is a polyanion (i.e., it does not form a polymeric chain).  The sodium ions 

associated with each polyanion will have two different dissociation constants.  

Dissociation of the first sodium from the polyanion is demonstrated by the first and 

second inflection point.  Full dissociation of all the secondary sodium ions from each 

polyanion is never achieved.  The fraction of polyelectrolyte dissociated as a function of 

pH is indicated in Figure 6.  The graph illustrates the lack of dissociation on the part of 

the SC. 
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Figure III-5.  Potentiometric titrations of the polyelectrolytes reveal information 

regarding their dissociation behavior;  (? ) SS, (? ) SHMP, and (¦) SC. 
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Figure III-6.  Potentiometric titrations of the polyelectrolytes can be used to 

calculate the fraction dissociated (α) as a function of pH; (? ) SS, (? ) SHMP, and 

(¦) SC. 

 

Adding increasing amounts of dispersant to a suspension also increases the 

counter-ion concentration, causing compression of the double layer.  Compression of the 

double layer increases viscosity, up to a maximum ionic concentration where further 

ionic additions have no effect on the viscosity.14  To determine the actual concentration 

of electrolyte required to coagulate an electrosterically dispersed suspension, chlorides of 

sodium, magnesium and calcium were added to SS and SHMP suspensions at their 

minimum in viscosity.  Figure 7 represents the apparent viscosity as a function of NaCl 

salt additions to a SHMP dispersed suspension.  The CCC is obtained by taking the first 

derivative of the log viscosity versus salt concentration plot.  Table III lists the CCC 

values obtained for each of the salts investigated.  In the case of SS and SHMP dispersed 

APA-0.5 suspensions, the CCC for monovalent ions is ~40 mM and ~9 mM for divalent 
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ions.  The CCC values for the inorganic polyelectrolytes are a factor of five less than the 

CCC’s seen in the electrostatically dispersed case.  The magnitude of the measured ζ -

potentials indicates a higher value for the electrostatically dispersed APA-0.5. Overbeek 

and Shaw have shown that CCC depends on the surface potential. [Overbeek, 1952 #42; 

Shaw, 1992 #31] 

The concentration of ions contributed by the polyelectrolytes to a 35 vol% 

suspension of alumina, having a specific surface area of 9.0 m2/g, was calculated for each 

of the polyelectrolyte addition.  The results are presented in Figure 8.  These calculations 

indicate the polyelectrolytes contribute enough counter-ions to the suspension to achieve 

the CCC.  For monovalent ions, the CCC correlates to 0.4 mg/m2 of dispersant.  This 

dispersant level corresponds with the increasing of the apparent viscosity.7, 15, 16  The 

polyelectrolyte ionic contribution corresponds to an increase in viscosity after the 

minimum is achieved, and indicates why a plateau region develops with additional 

dispersant.  This is definitively shown in Figure 7.  Eventually, if enough dispersant is 

added to the suspension the inherent viscosity of the dispersing medium would increase, 

causing a second increase in viscosity. 

The mechanism of dispersion for polyphosphate dispersants, in this case SHMP, 

varies depending upon the character of the suspension.  The polyphosphates can readily 

sequester multivalent ions (e.g., Mg2+ and Ca2+ ions) preventing them from compressing 

the double layer and reducing the particle surface potential.  Phosphate anion chains are 

absorbed on positively charged surface sites, thus extending the counter-ion layer.1, 2 

SS, at low concentrations, does not directly interact with the divalent ions in 

solution.  They have been found to reduce the pH at which Mg(OH)2 precipitates from 
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solution through surface complex formation with deprotonated silica.4  The actual 

controlling factor was not confirmed.  A significant contribution to Mg2+ ions 

compensation is not believed to occur at the pH levels investigated. 

ICP spectrophotometry of supernatant obtained by washing the as-received 

powders indicated both Mg2+ and Na+ ions present in the A-16 S.G. samples (see Table 

IV).  If a dispersant could tie-up ions in solution, and at the same time prevent hetero-

coagulation, then an alumina system with MgO, and one without, could both display 

similar rheological behavior.  This is the case in SHMP dispersion of A-16 S.G. and 

APA-0.5. 
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Figure III-7.  The apparent viscosity was plotted as a function of the concentration 

of Na+; SHMP dispersed (? ), 0.2 mg/m2 SHMP with NaCl additions (? ).  When 

the amount of Na+ contributed by 0.2 mg/m2 of SHMP was added to (? ) and re-

plotted (¦), it becomes apparent the increase in viscosity was due to the ionic 

concentration. 
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Table III-II.  Concentration of ions causing coagulation of a 35 vol% APA-0.5 

suspension, dispersed to a minimum viscosity. 

 Critical Coagulation 
Concentration (mM) 

Ion SS SHMP 
Na+ 37 51 

Mg2+ 7 11 
Ca2+ 7 9 
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Figure III-8.  Contribution of each polyelectrolyte to the ionic concentration of a 

suspension; (? ) SS, (? ) SHMP, and (¦) SC.  Dispersant levels were based upon 

an alumina with a specific surface area of 9.0 m2/g and suspension solids loading 

of 35 vol%. 

 

 Some attempts have been made to argue for a steric mechanism allowing better 

dispersion of the A-16 S.G. suspension.3, 17  The length of the SS chain/ring/octamer is 
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smaller than the SHMP chain.  However, upcoming chapters will discuss, organic 

polyelectrolytes with molecular weights on the order of 10,000-15,000 still lead to 

rheological variations between the two aluminas.  It is the SHMP’s ability to both 

sequester divalent ions in solution and adsorb to the particle surface that provides the 

“added” degree of stabilization in the A-16 S.G. suspensions. 

 

Table III-III.  Supernatant taken from three consecutive washings of the as-

received powders were analyzed for their chemical composition. 

Element A-16 S.G.  APA-0.5 
(mM) Wash 1 Wash 2 Wash 3   Wash 1  Wash 2 Wash 3 

Mg 1.7 3.4 3.1  0.3 0.1 0.1 
Na 23.5 4.4 1.5  0.7 0.3 0.1 

 

 

4.0 Conclusions 

 The rheological behavior of alumina suspensions dispersed with inorganic 

polyelectrolytes depends upon the chemistry of the alumina powder and the 

polyelectrolyte.  Potentiometric titrations and ζ -potential measurements reveal a lower 

charge density on the SC polyelectrolyte.  The result is a lack of dispersion on the part of 

the SC.  Calculation of the minimum ζ -potential required to disperse an alumina 

suspension (~40 mV) revealed SS and SHMP imparted a sufficient potential on the 

particle surface, ~50-60 mV. 

Although SS and SHMP display similar ζ -potentials, the resulting apparent 

viscosities vary.  For the A-16 S.G. dispersed samples more SS than SHMP was required 

to achieve a minimum in viscosity.  Of interest was the fact that the SHMP displayed 
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similar dispersion capabilities for both the APA-0.5 and A-16 S.G. powders.  Higher 

levels of sodium and MgO in the A-16 S.G. samples were indicative of the order of 

magnitude increase in the minimum viscosity of the A-16 S.G. powder, compared to that 

of the APA-0.5. 

The mechanism of dispersion for the SHMP dispersant sheds light on its ability to 

disperse both powders equally.  The SHMP traps Mg2+ in solution, preventing it from 

interacting with the alumina surface and compressing the double layer.  At the same time, 

SHMP attaches to the surface of the particle, increasing the double layer thickness and 

providing a steric barrier to particle-particle contacts. 

The shape of the dispersion curve can be explained through the contribution of the 

ions in solution.  The polyelectrolytes themselves contribute ions to solution as they 

dissociate.  At a particular dispersant level, the concentration of ions in solution is enough 

to cause compression of the double layer and thus coagulation of the suspension.  

Experiments indicate a CCC of ~40 mM of monovalent ions and ~9 mM divalent ions, 

for the SS and SHMP dispersed samples.  Calculations of the concentration of ions 

contributed by the polyelectrolytes indicate the CCC is achieved by the addition of ~0.4 

mg/m2 of dispersant. 
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IV.  ELECTROSTERIC STABILIZATION VIA ORGANIC 

POLYELECTROLYTES 

 

1.0 Introduction 

Organic polyelectrolytes are commonly used industrially as dispersants of 

alumina.  Questions remain as to the mechanisms by which they act, especially under 

high electrolyte conditions and situations involving excess dispersant.  Also of concern is 

the role of the electrolyte ions after dissociation.  This investigation deals with several 

polyelectrolytes, over a wide range of dispersant levels. 

To disperse a suspension of colloidal particles, a long-range repulsive force must 

be provided.  The long-range force must be at least as strong as, and comparable in range 

to, that of the Van der Waals attractive forces.  Electrosteric stabilization provides both a 

steric (physical barrier) and an electrostatic (potential gradient) contribution.  The 

electrostatic portion is derived from either a charge on the particle surface and/or charges 

associated with adsorbed polymer.  At low ionic strength and high degrees of ionization, 

electrostatic stabilization prevails. 1 

In the case of a dominating electrostatic mechanism, a charge on the 

particle/polyelectrolyte surface must be provided which is significantly positive or 

negative, thus producing a coulombic repulsive force.2, 3  The introduction of a 

polyelectrolyte to an aqueous medium results in dissociation of the electrolyte from the 

polymer, leaving a charged polymer chain.  The degree of dissociation is heavily 

dependent upon the pH of the solution, with an anionic polyelectrolyte becoming fully 
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dissociated at basic pH levels.  A more comprehensive review of the theories can be 

found in the literature.2-8 

 

 

2.0 Experimental Procedure 

2.1 Materials Characterization 

2.1.1 Powders 

 Two powders were used in this investigation, APA-0.5 and A-16 S.G.  For a full 

chemical analysis and physical properties of the alumina powders, see Table I, Chapter II. 

 

2.1.2 Dispersants 

Polymeric dispersants included the sodium and ammonium salts of both 

poly(methacrylic acid) (Na or NH4-PMAA) and poly(acrylic acid) (Na or NH4-PAA), and 

citric acid (CA).  The citric acid was neutralized to a pH of ~9.0 with NH4OH to diminish 

its effect on the pH of the suspension, and thus the surface charge on the alumina 

particles.  The dispersant capability then depends upon the dissociated molecule.  

Information regarding the reported values can be found in Table I.  The mer structure of 

the polyelectrolytes can be seen in Figure 1. 

 

2.2 Suspension Preparation 

Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water (initial pH of 5.4).  A suspension containing 2.0 

mg/m2 polyelectrolyte was blended with a suspension containing no dispersant to 
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produce 40 ml samples of varying amounts of dispersant (0.1 mg/m2 increments).  All 

samples were allowed to mix for approximately one hour, followed by ultrasonication for 

two minutes to ensure complete break-up of agglomerates. 

 

Table IV-I.  Reported information for dispersants used during this investigation. 

 Poly(methacrylic acid)  Poly(acrylic acid)  Citric Acid** 
Property Darvan C* Darvan 7*  Darvan 821A* Darvan 811*   

Chemical Name  NH4-PMAA Na-PMAA  NH4-PAA Na-PAA  H3C6H5O7 
Reported MW 10-16,000 10-16,000  6,000 3,500-6,000  NA 
Measured MW† 23,000 19,500  9,500 8,930  NA 
Polydispersity (Mw/Mn) † 1.9 1.9  1.6 1.5  NA 
% Active Solids 25 25  40 43  20 
* R. T. Vanderbilt Co., Inc., Norwalk CT 
** Fisher Scientific, Pittsburgh, PA 
† Hampshire Chemical Corporation9 

 

2.3 Suspension Characterization 

A full description of the procedures used to both produce the samples and 

measure their properties can be found in Chapter II: Electrostatic Stabilization. 
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Figure IV-1.  Schematic illustrating the organic polyelectrolytes investigated. 
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3.0 Results and Discussion 

 Polyelectrolyte dispersant levels are represented in mg/m2.  The apparent 

viscosity as a function of shear rate ( γ&) was measured for each polyelectrolyte addition, 

and the apparent viscosity extrapolated to γ&=1.0 s-1 for comparison.  The pH of each 

suspension was measured but not adjusted during these experiments.  Polyelectrolyte 

additions to the alumina suspensions altered pH levels by less than one pH unit; APA-0.5 

pH ranged from 8.36-8.48 and A-16 S.G. pH ranged from 9.62-9.88.  The pH of the 

suspension is important in terms of both electrostatic potentials and the configuration of 

the polyelectrolytes, as has been demonstrated previously.10, 11  The polyacrylates 

undergo pH-dependent hydrolysis which influences their configuration (coiled versus 

stretched), orientation (flat versus dangling), and their degree of adsorption at the solid-

liquid interface.12, 13  Above a pH of 5, deprotonation of the carboxylic groups results in 

the polymer chain becoming negatively charged.  Consequently, the chains take on a 

stretched configuration. 

Figure 2 presents the results of polyelectrolyte additions to APA-0.5 suspensions.  

All of the polyelectrolytes were found to significantly reduce the apparent viscosity.  Na-

PMAA and Na-PAA displayed minima of ~0.05 Pa·s near 0.3 mg/m2 of dispersant.  NH4-

PMAA also had a viscosity minimum of ~0.05 Pa·s, but a higher concentration of 

dispersant was required (0.4 mg/m2).  The viscosity minimum obtained with NH4-PAA 

was 0.08 Pa·s at a dispersant level of 0.6 mg/m2.  Citric acid required the least amount of 

dispersant (~0.15 mg/m2) to achieve a minimum apparent viscosity of ~0.03 Pa·s.  A 

definite shift of the minimum to lower dispersant levels can be observed with the Na-
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polyelectrolytes, compared to the NH4-polyelectrolytes. Further polyelectrolyte additions 

caused an increase in viscosity, finally leveling off to a plateau viscosity. 
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Figure IV-2.  Apparent viscosity of APA-0.5 suspensions as a function of 

dispersant level; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, (? ) Na-PAA, 

and (¦) CA. 

 
The suspensions prepared with A-16 S.G. (see Figure 3) displayed similar results 

to the APA-0.5, with two major exceptions.  The first exception is the degree of 

dispersion.  The apparent viscosity of the minima were a factor of five greater for the A-

16 S.G. suspensions (0.10-0.50 Pa·s).  The second deviation involves the presence of two 

minima in plots for Na-PMAA, Na-PAA, and NH4-PAA (see Figure 3).  Na-PMAA 

achieved a minimum in apparent viscosity of ~0.07 Pa·s (0.4 mg/m2) and Na-PAA a 

minimum of ~0.2 Pa·s at 0.5 mg/m2.  NH4-PMAA was at a minimum of ~0.14 Pa·s at 0.4 
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mg/m2, while NH4-PAA required 0.6 mg/m2 to reach a minimum of ~0.14 Pa·s.  The 

neutralized citric acid had a minimum in viscosity of ~0.08 Pa·s near 0.2 mg/m2. 
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Figure IV-3.  Apparent viscosity of A-16 S.G. suspensions as a function of 

dispersant level; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, (? ) Na-PAA, 

and (¦) CA. 

 
Zeta-potential measurements were performed on APA-0.5 suspensions for each of 

the polyelectrolytes.  Figure 4 presents the results of the ζ -potential measurements as a 

function of dispersant level.  As indicated by the plots, the initial ζ -potential of an APA-

0.5 alumina suspension with no dispersant is 20 mV.  Adding dispersant causes a 

negative potential to develop at the shear plane.  The ζ -potential reaches a constant value 

with increasing amounts of dispersant.  The point at which the ζ -potentials plateau, as 

indicated in the literature, corresponds to the point at which the surface of the powder has 
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achieved an equilibrium adsorption density with the dispersant.10  A particular adsorption 

density corresponds to a given solution condition.  After the surface has achieved an 

equilibrium adsorption density, the mobilities depend solely on the electrical properties of 

the polyelectrolytes.10, 14, 15  The magnitude of the ζ -potential varied among the 

dispersants.  Factors determining the ζ -potential were the degree of surface coverage by a 

dispersant and the dispersant charge density.  The values achieved by each 

polyelectrolyte can be found in Table II.  An increase in electrolyte concentration would 

be expected to cause a decrease in the magnitude of the ζ -potential.  This decrease was 

not observed because the suspension solids loading was low, therefore the addition of 

excess dispersant and the corresponding ionic species, produced a small change in the 

overall electrolyte concentration of the suspension. 

The ζ -potential of APA-0.5 suspensions was also measured as a function of pH 

(see Figure 5).  The dispersant levels chosen correlated to the minimum in the apparent 

viscosity as a function of dispersant level (see Figure 2).  All of the dispersants 

demonstrated a shift in the isoelectric point from a pH of 8.7 towards lower pH levels.  

The isoelectric point shift is due to the hydroxyl groups of the titrant reacting with the 

carboxylic groups of the polyelectrolytes.16  In the pH region in which viscosity 

measurements were made (pH ~8.5), the magnitude of the polyacrylate potentials ranged 

from 65 mV to 77 mV, and the citric acid displayed a potential of ~50 mV.  Two 

observations worth noting are the trends between the PMAAs and PAAs.  In both cases 

(Na and NH4) the PAA isoelectric point falls at a lower pH than the corresponding 

PMAA.  In addition, the NH4-polyelectolytes have lower isoelectric points than the Na-

polyelectrolytes. 
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Figure IV-4.  APA-0.5 ζ -potentials as a function of polyelectrolyte dispersant 

level; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, (? ) Na-PAA, and (¦) 

CA. 

 

Calculations were performed to obtain the ζ -potential required to disperse a 

suspension similar to those under investigation.  The ζ -potential calculations were based 

upon DLVO theory.2, 3, 5  All calculations were performed for a 1:1 electrolyte at a 

temperature of 25°C, monosized 0.5 µm particles, and an inter-particle separation 

distance of 33 nm.  For an attractive potential of 10kT, the calculations indicate a ζ -

potential of ~40 mV is required to stabilize the suspension.  For a more detailed 

description of the calculations, refer to Chapter II: Electrostatic Stabilization.  Based on 

these calculations, all of the polyelectrolytes impart a large enough potential to achieve a 

stable suspension. 
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Table IV-II.  ζ -potential values and the dispersant levels for each polyelectrolyte. 

Dispersant ζ -Potential Dispersant Level 
 (mV) (mg/m2) 

NH4-PMAA -60 0.4 
Na-PMAA -52 0.3 
NH4-PAA -63 0.5 
Na-PAA -65 0.3 

Citric Acid -46 0.3 
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Figure IV-5.  ζ -potential of polyelectrolyte dispersed APA-0.5 suspensions as a 

function of pH; (? ) 0.4 mg/m2 NH4-PMAA, (? ) 0.3 mg/m2 Na-PMAA, (? ) 0.6 

mg/m2 NH4-PAA, (? ) 0.3 mg/m2 Na-PAA, and (¦) 0.2 mg/m2 CA. 
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Potentiometric titrations were performed to discern the degree of polymeric 

dissociation.  All of the polyelectrolytes investigated were anionic polyelectrolytes thus, 

each acid group on the polymer chain has its own dissociation constant.  The ease by 

which an acid group dissociates decreases as the fraction of dissociated acid groups 

increases due to electrical interactions between the charged sites.10  The fraction of 

polymer dissociated can be calculated using techniques outlined by Arnold and 

Overbeek.17  Figure 6 demonstrates the dissociation behavior of each dispersant.  At pHs 

greater than 8.3, all of the polyelectrolytes are more than 95% dissociated, with the 

exception of Na-PMAA (~90%).  The results are similar to those of Cesarano, and 

others.18  If the number of possible charge sites is considered for a particular dispersant 

level (Figure 7), the PAAs have the greatest capacity for charge development, on a mg/m2 

basis.  In addition, the Na-polyelectrolytes have a higher possible number of charged sites 

than the NH4-polyelectrolytes.  These trends mimic those of the ζ -potentials and give an 

indication as to why it takes less Na-polyelectrolyte to achieve a minimum in viscosity 

than the NH4-polyelectrolytes. 

The adsorption and degree of surface coverage of a polyelectrolyte will have a 

large affect on the stability of a suspension.18  Besides providing an increased 

electrostatic potential and a steric barrier (adsorbed polymer), free polymer in solution 

can cause flocculation through depletion effects.10, 19  At the pH levels under 

investigation, the adsorption of polyelectrolytes is of the high-affinity type because the 

polymer and the particle are oppositely charged.12  Factors that influence the adsorption 

affinity include; pH, ionic strength, temperature, and the particle and polymer types.  As 

mentioned previously, the pH determines the degree of polyelectrolyte dissociation and 
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the net charge on the particles.  A general trend to denote priority in adsorption affinity is 

the higher the affinity for adsorption, the greater the coverage required to stabilize the 

suspension.11, 18, 20  Because the difference in possible charge sites between Na- and NH4-

polyelectrolytes is small, another mechanism must be responsible for the smaller amount 

of Na-polyelectrolyte needed to achieve a minimum in viscosity.  If the lytropic series is 

taken into consideration, the Na+ ion has a higher affinity for the surface of alumina than 

the NH4
+ ion.21  It is proposed that Na+ ions associating with negative sites on the 

polymer or alumina surface could in effect, decrease the potential barrier that the 

polyelectrolyte needs to overcome in order to attach to the surface.  Studies have shown 

that calcium will increase the adsorption of PAA on alumina, at a pH of 9.22  The 

phenomenon is explained based on electrical interaction forces.23  Incorvati, and others 

used diffuse reflectance infrared Fourier-transform spectroscopy to correlate dispersion 

with the structure of the surface hydrate.  They found Na+ impurities formed dawsonite 

[NaAl(OH)2CO3] on the surface of alumina.  The reaction inhibited the adsorption of 

stretched NH4-PMAA by inhibiting loop formation through association with the 

carboxylate groups of the polyelectrolyte and increasing the net number of positively 

charged surface sites.  Thus, less polyelectrolyte is required to disperse the system 

because the polymer takes on a stretched configuration.24 

Steric hindrance plays a limited role in the dispersion mechanism.  Steric 

mechanisms are primarily dependent upon overlapping of the polymer chains adsorbed 

on different particles.  The polyacrylate conformation is in the stretched mode at the pH 

levels investigated, but they have been observed to adopt a flat conformation on the 

surface of particle, further limiting the extent of steric repulsion.11, 12, 17, 18, 25  Itoh, and 
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others were able to correlate adsorbed polymer conformation to the rheology of alumina 

suspensions.  They found that for PAA of molecular weight less than 10,000 g/mol, the 

adsorbed molecules can distribute in the adsorption layer, keeping their natural extension 

size.  Larger molecular weight PAAs (MW>20,000 g/mol) were sufficiently bulky 

compared to the adsorbed water layer, even in the assumed folded form.26  Based on this 

information, the dominating contribution to the stability of the suspensions under study 

comes from electrostatic mechanism.11, 18, 20 
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Figure IV-6.  Potentiometric titrations reveal the fraction of polyelectrolyte 

dissociated as a function of the pH; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-

PAA, (? ) Na-PAA, and (¦) CA. 
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Citric acid specifically adsorbs to the alumina surface.  The molecule has four 

functional groups, consisting of three carboxyl groups and one hydroxyl group.  All three 

carboxylic functional groups were 100% deprotonated in water at pH > 7.  The 

adsorption process results in the coordination of two, of the three, carboxylate groups 

with the surface.27  Hidber, and others have shown, through comparison of citric acid 

with tricarballylic acid, the hydroxyl group of the citric acid molecule contributes to both 

adsorption and surface charge development.28  The contribution of the hydroxyl group to 

adsorption is especially evident in the neutral and basic pH ranges.27, 28  The charge 

density of the citric acid is higher than that of the other polyacrylates, therefore the 

minimum in viscosity occurs at a lower dispersant level. 
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Figure IV-7.  The possible charge density as a function of the dispersant level; 

(? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, and (? ) Na-PAA. 
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It has been suggested in the past that the increase in viscosity, with increasing 

amounts of polyelectrolyte, was associated with depletion effects.20, 29  Another 

possibility, and the one chosen here, is a critical coagulation effect.  Adding increasing 

amounts of polyelectrolyte to a suspension also increases the ionic concentration, which 

can ultimately lead to compression of the double layer.  At the critical coagulation 

concentration (CCC), the further addition of ions to a suspension compresses the double 

layer to the point at which short range attractive forces dominate, allowing particles to 

interact.  The interaction leads to an increasing viscosity, up to a maximum concentration 

where further additions have no effect on the viscosity.30  The main factor determining 

the CCC is the valence of the ion and the number of ions opposite in charge to the 

particle.2, 4, 5  To determine the concentration of electrolyte required for the coagulation of 

an electrosterically-dispersed suspension chlorides of sodium, magnesium, and calcium 

were added to polyelectrolyte suspensions dispersed to their minimum in apparent 

viscosity.  Figure 8 presents the apparent viscosity curve for NaCl salt additions to a Na-

PAA dispersed suspension.  The CCC is obtained by taking the first derivative of the log 

viscosity versus salt concentration plot.  Table III depicts the CCC values obtained for 

each of the salts investigated.  In the case of polyelectrolyte dispersed APA-0.5 

suspensions, the CCC’s for monovalent ions ranged from 65-209 mM and the divalent 

ions ranged from 9-28 mM. 

The concentration of ions contributed by the polyelectrolytes to a 35 vol% 

suspension of alumina, having a specific surface area of 9.0 m2/g, was calculated for each 

of the polyelectrolyte additions.  The results can be seen in Figure 9.  These calculations 

indicate the polyelectrolytes contribute enough counter-ions to the suspension to achieve 
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the CCC.  For monovalent ions, the CCC correlates to a range from 0.8-1.0 mg/m2 of 

dispersant.  These dispersant levels correspond with the leveling-off of the apparent 

viscosity.8, 31, 32  The polyelectrolyte ionic contribution explains the increase after the 

minimum in viscosity and explains why a plateau region develops with additional 

dispersant (Figure 8).  Eventually, if enough dispersant is added to the suspension the 

inherent viscosity of the dispersing medium would increase, causing a second increase in 

viscosity. 
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Figure IV-8. The apparent viscosity plotted as a function of the concentration of 

Na+; Na-PAA dispersed (? ), 0.2 mg/m2 Na-PAA with NaCl additions (? ).  When 

the amount of Na+ contributed by 0.2 mg/m2 of Na-PAA is added to (? ) and re-

plotted (¦), it becomes apparent the increase in viscosity is due to the ionic 

concentration. (¦, Combination). 
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Table IV-III.  Concentration of ions causing coagulation of a 35vol% APA-0.5 

suspension, initially dispersed to the minimum viscosity. 

 Critical Coagulation Concentration 
(mM) 

Dispersant Na+ Mg2+ Ca2+ 
Citric Acid 78 18 9 
NH4-PMAA 209 21 28 
Na-PMAA 65 9 8 
NH4-PAA 204 23 24 
Na-PAA 102 11 23 

 

 The difference seen between the CCC viscosity of the suspension with added 

NaCl and that of increasing polyelectrolyte additions results from steric hindrance.  

Leong and others found when PAA was adsorbed to a ZrO2 surface a reduction in the 

yield stress could be attributed to a steric barrier between the particles.15, 33  The steric 

repulsive force was calculated to be on the order of 10 Å.  Using an AFM technique, 

Khan and others were able to establish the presence of a short range repulsive force at a 

pH of 3 for NH4-PMAA on a sapphire alumina substrate.16  As indicated previously, 

NH4-PMAA is undissociated at a pH of 3, thus they concluded the repulsive force must 

be steric in nature.  Much the same case would be present in a system containing a higher 

electrolyte concentration, or post CCC.  Other evidence to support steric hindrance in the 

plateau viscosity region is the relation between molecular weight and plateau viscosity 

values.  Both the APA-0.5 and A-16 S.G. suspensions have plateau viscosities that follow 

the following trend, from highest to lowest viscosity: CA, Na-PAA, NH4-PAA, NH4-

PMAA, and Na-PMAA.  The series follows closely to that of the inverse of the average 

molecular weight, as listed by the manufacturer and measured by Dow Analytical Labs.9  

Thus, an increase in the molecular weight provides a larger steric hindrance. 
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Figure IV-9. Contribution of each polyelectrolyte to the ionic concentration of a 

35 vol% suspension; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, and (?) 

Na-PAA. 

 

 

4.0 Conclusions 

 All of the polyelectrolytes investigated significantly reduced the viscosity of 

aqueous alumina suspensions.  A decrease in viscosity with increasing dispersant levels 

was observed, followed by an increase to a viscosity plateau.  The increase in viscosity 

was linked to an ionic contribution of the polyelectrolyte.  Coagulation of the suspension 

resulted in the plateau viscosity.  The CCC was achieved at a dispersant level of 0.8-1.0 

mg/m2.  The minimum in viscosity was seen to shift to lower dispersant levels for the Na-

polyelectrolytes, compared to the NH4-polyelectrolytes due to dissociation of the 

polyelectrolytes.  Steric mechanisms were limited in the role of dispersion, not taking 
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affect until after CCC had been achieved.  Steric hindrance does explain the difference in 

viscosity between the suspension with no dispersant and the suspension with dispersant 

levels exceeding the CCC. 

 The ζ -potential measurements, as a function of dispersant level, stabilized at the 

same level as the viscosity minima occurred.  Based on these results and that of previous 

researchers, full surface coverage of the particle occurs at this point.  The magnitude of 

the ζ -potential was sufficient for the provision of an electrostatic repulsive force in 

excess of the van der Waals attractive forces, in all cases.  Addition of dispersant to the 

alumina suspension resulted in a shift of the isoelectric point to lower pH levels.  In both 

Na and NH4 electrolyte cases, the PAA polyelectrolyte displayed a lower isoelectric point 

than the PMAA.  Indicating the PAAs have the highest capacity for charge development, 

on a mg/m2 basis 

 Citric acid required the smallest addition to obtain a minimum in viscosity.  The 

rheological behavior is indicative of a higher charge density and better adsorption of the 

polyelectrolyte to the particle surface.  Other investigators have observed similar results, 

in which they link the phenomena to the citric acid hydroxyl group. 
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V.  RHEOLOGICAL VARIATIONS IN ALUMINA SUSPENSIONS DUE 

TO SINTERING AIDS AND IMPURITIES 

 

 

1.0 Introduction 

 Most ceramic processing necessitates the complete dispersion of the raw materials 

in a medium to obtain a high degree of homogeneity within the system.  Stability of 

concentrated suspensions is required to obtain dense, uniform, green microstructures that 

can be easily sintered.  The surface chemistry of a ceramic powder can influence the 

processing dramatically.  In the case of alumina, the surface chemistry can be altered by 

the addition of sintering aids, such as MgO, and by impurities in the original raw 

materials or introduced during processing, such as sodium.  These variations reveal 

themselves in the rheological behavior of suspensions. 

 The purpose of this study was to determine the effects on viscosity of MgO 

additions to an alumina suspension.  The sodium level in each suspension was monitored 

to determine its effect on suspension chemistry and rheology.  The study demonstrates 

how subtle changes in suspension chemistry can result in rheological variability and 

explain the observed viscosity in terms of surface chemistry. 
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2.0 Experimental Procedure 

2.1 Materials Characterization 

2.1.1 Powders 

 Two powders were used in this investigation, APA-0.5 and A-16 S.G.  Table I 

lists the chemical composition of each powder.  ICP spectrophotmetric analyses of the 

powders revealed Na+ and Mg2+ ions as the primary impurity ions.  Surface area 

measurements were obtained via BET nitrogen adsorption.  All powders investigated had 

similar particle size distributions, with a mean particle size of 0.5 µm. 

 

Table V-I.  Chemical analysis* and physical properties of the alumina powders. 

Powder Al2O3 MgO CaO Na2O SiO2 LOI Mean Particle 
Size† 

Surface 
Area‡ 

 wt% wt% wt% wt% wt% wt% µm m2/g 
A-16 S.G.a 98.64 0.07 0.01 0.12 0.03 0.9 0.5 8.9 
APA-0.5b 99.40 0.03 0.01 <0.01 <0.02 0.3 0.5 7.8 
A-16 S.G. Washed 98.66 0.07 0.02 0.07 0.04 0.7 0.5 9.4 
APA-0.5 with MgO 99.38 0.06 0.01 <0.01 <0.02 0.4 0.5 8.4 
a Alcoa, Pittsburgh, PA 
b Ceralox Corp., Tucson, AZ 
* Acme Analytical Laboratories Ltd., Vancouver, BC, Canada 
† LA-920, Horiba Instruments Inc., Irvine, CA 
‡ Gemini 2375, Micromeritics, Norcross, GA 
 

 

The APA-0.5 MgO level was adjusted by adding 0.7 wt% calcined magnesia 

(Fisher Scientific, Pittsburgh, PA).  The materials were ball-milled for 24 hours.  

Analysis of the milled powder showed a MgO level of 0.6 wt% and an increase in surface 

area (Table I). 

Washing of the as-received powders was performed to remove soluble impurities, 

such as sodium and magnesium.  The process involved mixing 500 g of powder for two 
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hours in 3,500 ml of distilled water.  After the powder had settled, the supernatant was 

removed.  The procedure was repeated twice (i.e., three washings).  Water samples were 

taken from each wash and chemical analyses performed (Table II). 

 

Table V-II.  Supernatant taken from three consecutive washings of the as-received 

powder were analyzed for their chemical composition. 

Element A-16 S.G.  APA-0.5 
(mM) Wash 1 Wash 2 Wash 3   Wash 1  Wash 2 Wash 3 

Mg 1.7 3.4 3.1  0.3 0.1 0.1 
Na 23.5 4.4 1.5  0.7 0.3 0.1 

 

 

2.1.2 Dispersants 

HCl (12.1 N) (Fisher Scientific, Pittsburgh, PA) was used to adjust suspension pH 

via titration.  The pH probes used during this investigation were calibrated with standards 

of pH 4.0, 7.0, and 10.0 (Fisher Scientific, Pittsburgh, PA).  Thus, some of the points 

measured are outside the range of calibration.  The polyelectrolyte dispersant was an 

ammonium salt of poly(acrylic acid), NH4-PAA (Darvan 821A, R. T. Vanderbilt Co., 

Inc., Norwalk, CT).  The polyelectrolyte was a solution of 40 wt% solids loading, with an 

average molecular weight of 9,500 g/mol.1 

 

2.2 Suspension Preparation 

Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water (original pH of 5.4).  For the electrostatically 

dispersed suspensions, the pH was varied by titrating acid into 200 ml suspensions.  After 

every 0.1 ml of acid titrated, the suspensions were allowed to equilibrate for 
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approximately one hour, the pH measured, and 20 ml of suspension removed for 

viscosity measurement.  A suspension containing 2.0 mg/m2 NH4-PAA was blended with 

a suspension containing no dispersant to produce 40 ml samples of varying amounts of 

dispersant (0.1 mg/m2 increments).  All samples were allowed to mix for approximately 

one hour, followed by ultrasonication for two minutes to ensure complete break-up of 

agglomerates.  For the aging study, samples of varying dispersant level were aged in 

sealed Nalgene containers (Nalge Nunc International, Rochester, NY) for 0, 24, and 72 

hours.  The apparent viscosity was measured at each time interval. 

 

2.3 Suspension Characterization 

2.3.1 Viscosity 

Viscosity measurements were made using a stress-controlled rheometer (Dynamic 

Stress Rheometer 200, Rheometric Scientific, Inc., Piscataway, NJ) and software (RSI 

Orchestrator Version V6.4.3, Rheometric Scientific, Inc., Piscataway, NJ).  A steady state 

stress sweep from high to low rates with either a 25 mm (for high viscosity suspensions) 

or 40 mm diameter (for low viscosity suspensions) parallel plate configuration was used 

for all viscosity measurements.  A constant temperature of 25°C±0.005 was set using a 

circulating bath and hot stage.  Curves were fit with the Power law model, and then 

extrapolated to a shear rate ( γ&) of 1.0 s-1 for comparative purposes.2 

 

2.3.2 Potentiometric Titration 

Potentiometric titrations (ABU900, Radiometer, Cleveland, OH) of dilute 100 ml 

solutions (~5 m2 of powder) were carried out in the basic direction by the addition of 
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certified 3 N NaOH (Fisher Scientific, Pittsburgh, PA) to a pH of 11.5.  Certified 3 N 

HCl (Fisher Scientific, Pittsburgh, PA) was used for acidic titrations to a pH of 2.0.  A 

background KCl electrolyte concentration of 10 mM was used for titration of the 

powders.  The background electrolyte was prepared from a saturated solution of KCl 

(Fisher Scientific, Pittsburgh, PA), the actual concentration was obtained through ICP 

spectrophotometry (Acme Analytical Laboratories Ltd., Vancouver, BC, Canada).  An 

equilibration time of one minute was allowed after each titrant addition.  The surface 

charge was calculated from titration data using the technique described by Anderson and 

Rubin.3 

 

 

3.0 Results and Discussion 

3.1 Electrostatic Dispersion 

The suspensions dispersed with HCl showed a significant decrease in apparent 

viscosity, over three orders of magnitude (Figure 1).  Apparent viscosity measurements of 

the suspensions disclosed two differences between the powders.  The apparent viscosity 

of the A-16 S.G. suspension reduces rapidly at a pH of 6 to ~1.0 Pa·s, where as the APA-

0.5 suspension had a more gradual change in apparent viscosity, with a minimum of 0.01 

Pa·s occurring at a pH of 3.5.  Also, the initial pH of the A-16 S.G. suspensions was 

higher than that of the APA-0.5 (i.e., 9.8 for A-16 S.G. versus 8.5 for APA-0.5). 
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3.2 NH4-PAA Dispersed 

For NH4-PAA dispersed suspensions, those prepared with A-16 S.G. displayed 

similar results to the APA-0.5, with one major exception (Figure 2).  The deviation 

involves the presence of two minima in the A-16 S.G. plot.  Dual minima were seen with 

other dispersants, including Na-PMAA, Na-PAA, and NH4-PMAA (see Chapter IV: 

Electrosteric Stabilization via Organic Polyelectrolytes).  After the first minimum in 

apparent viscosity, the A-16 S.G. suspension goes through a second minimum, which 

correlates with the minimum in the APA-0.5 plot.  The dual minima in the A-16 S.G. 

suspension is the major focus of this paper. 
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Figure V-1.  Apparent viscosity of HCl dispersed, 35 vol% suspensions; A-16 

S.G. (? ) and APA-0.5 (? ). 

 

3.3 MgO Additive 

Analysis of the supernatant from the as-received powders showed both Na+ and 

Mg2+ ions in samples of A-16 S.G.  Observations of ion exchange between Na+ impurity 
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ions on the particle surface and hydronium ions, (H3O)+, in suspension change the 

suspension pH and alter particle mobility.4  MgO is strongly basic in nature, exhibiting a 

very high isoelectric point (pH=10.5-12).5  MgO also has a high solubility in water, 

especially in the pH range of 3? 9.6  In this investigation, MgO was found to have a 

constant dissolution rate of ~3 mM/wash.  All of these contributing factors of Na+ and 

Mg2+ ions influence the pH and surface chemistry of the A-16 S.G. suspensions.7  The 

dissolution of Na+ and Mg2+ ions explain the difference in the initial pH of the two 

aluminas.   
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Figure V-2.  Apparent viscosity of an NH4-PAA dispersed A-16 S.G. (? ) and 

APA-0.5 (? ) suspensions as a function of dispersant level. 
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Besides the ionic contribution of the dissolved Mg2+ ions to the rheological 

behavior, the surface chemistry of the MgO must also be evaluated.  For lower pH values, 

the opposite signs of surface charge of the two oxides or an insufficient negative charge 

density on MgO particles can lead to hetero-coagulation.  While the alumina becomes 

more positively charged, the MgO becomes negatively charged, thus limiting the degree 

of dispersion.  MgO/A-16 S.G. surface chemistry explain the order of magnitude 

difference in the apparent viscosity minimum between the two aluminas.5 

 

3.4 Potentiometric Titrations 

The chemical variations seen between the aluminas were consistent with those of 

previous researchers and aid in explaining their rheological behavior.8  Potentiometric 

titrations of as-received A-16 S.G. and APA-0.5 reveal a higher number of active acid 

(negative) sites on the APA-0.5 powder (see Figure 3).9, 10  When the A-16 S.G. powder 

was washed significant amounts of both Na+ and Mg2+ ions were found in the supernatant 

(see Table II).  After three consecutive washings, the Na+ level in A-16 S.G. supernatant 

decreases substantially from 23.5 mM to 1.5 mM.  Titration of the washed A-16 S.G. 

powder showed an increase in the number of active acid sites with washing.11  HCl 

additions to alumina suspensions compensate for acid sites, leaving a net positive surface 

charge.  Powders with less negative surface sites initially, require less hydronium ions to 

compensate the negative domains.  This is indicated in the viscosity plot for A-16 S.G. 

(see Figure 1), in which the viscosity decreases more rapidly and at a higher pH. 
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Figure V-3.  Titration curves of APA-0.5 (?), and the as received (? ) and washed 

(? ) A-16 S.G. powders exhibit variations in surface charge/characteristics. 

 

3.5 Aging Study 

An aging study on a series of A-16 S.G. suspensions was undertaken to determine 

whether the initial minimum in apparent viscosity of NH4-PAA dispersed suspensions 

was related to the dissolution of MgO.  Figure 4 presents the data obtained and 

demonstrates aging did occur.  In the zero-hour samples a minimum in apparent viscosity 

was observed at 0.6 mg/m2.  After 24 hours two minima appear, the first at 0.3 mg/m2 

and the second at 0.6 mg/m2.  Continued aging for 72 hours results in the reduction of the 

first minimum and the smoothing out of the apparent viscosity plot.  However, the fact 

that the first minimum remains requires additional examination. 
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3.6 Washed A-16 S.G. 

As previously discussed, the A-16 S.G. powder has both a MgO additive as a 

sintering aid and a higher sodium impurity content, compared to APA-0.5.  To determine 

the effects of MgO and Na+ on the rheological behavior, the A-16 S.G. powder was 

washed and MgO was added to the APA-0.5 powder.  The modifications provided four 

different powders; A-16 S.G. (with MgO and high Na2O impurities), A-16 S.G. washed 

(with MgO and moderate Na2O impurities), APA-0.5 with MgO (with MgO and low 

Na2O impurities), and APA-0.5 (low MgO and low Na2O impurities). 
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Figure V-4. Apparent viscosity at 1.0 s-1 for an A-16 S.G. suspension.  The NH4-

PAA dispersed suspension was allowed to age for 0 hours (? ), 24 hours (? ), and 

72 hours (¦). 
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Figure 5 compares the apparent viscosity as a function of dispersant level, for the 

three powders containing approximately the same amount of MgO.  All measurements 

were made after aging the samples in sealed containers for 24 hours.  The three curves 

display the dual minima phenomena.  The initial minimum shifts, corresponding to the 

concentration of sodium; the higher the concentration of sodium, the lower the amount of 

dispersant before the minimum occurs.  Therefore, the first minimum correlates with the 

MgO addition, while the position of the first minimum is a function of the Na2O 

concentration. 

 

3.7 Initial Minimum Shift 

 A higher concentration of sodium could cause a shift in the initial minimum via 

several mechanisms; pH alteration, alter fraction of polyelectrolyte dissociated, or 

compression of the double layer.  The concentration of sodium can change the pH of the 

suspension, altering the particle potential and viscosity.  Altering pH will also change the 

fraction of the polyelectrolyte dissociated.  In this case, the pH change is minimal (pH = 

9.5? 9.8).  At the pH levels investigated, the polymers are over 95% dissociated and the 

surface charge is constant.  If compression of the double layer were occurring, a decrease 

in viscosity would not be observed.  Several investigators have found the concentration of 

electrolyte to influence the fraction of polyelectrolyte dissociated, with the pH at which 

95% of the polyelectrolyte was dissociated shifting to lower pH levels with increasing 

electrolyte concentration.9  Since the polyelectrolyte is fully dissociated at the pH levels 

investigated, none of the documented phenomena can account for the shift in the 

viscosity minimum with increasing sodium concentration. 
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In a separate investigation, concerning the apparent viscosity of APA-0.5 

suspensions, a shift to lower dispersant levels was seen for Na-polyelectrolytes compared 

to NH4-polyelectrolyes (see Chapter IV).  Evaluation of the dissociation behavior and 

charge density of the polyelectrolytes did not reveal an explanation as to the mechanism 

causing the shift in the first minimum.  Because the difference in possible charge sites 

between Na- and NH4-polyelectrolytes is small, another mechanism was proposed.  If the 

lytropic series is taken into consideration, the Na+ ion has a higher affinity for the surface 

of alumina than the NH4
+ ion.12  In this case, Na+ ions associating with negative sites on 

the alumina surface could decrease the potential barrier that the polyelectrolyte needs to 

overcome in order to attach to the surface.  Because each alumina investigated had its 

own sodium concentration, each would require a different amount of polyelectrolyte for it 

to be dispersed.  Dupont, and others observed an increase in the adsorption of PAA onto 

alumina in the presence of calcium ions.13  The addition of calcium increased the 

adsorption by a factor of 5 at a pH of 9.  In a separate study, Incorvati, and others used 

diffuse reflectance infrared Fourier-transform spectroscopy to correlate dispersion with 

the structure of the surface hydrate.  They found Na+ ion impurities formed dawsonite 

[NaAl(OH)2CO3] on the surface of alumina.  The dawsonite reaction inhibited the 

adsorption of uncoiled NH4-PMAA by inhibiting loop formation through association with 

the carboxylate groups of the polyelectrolyte and increasing the net number of positively 

charged surface sites.8  The adsorption of PMAA and PAA onto the surface of alumina 

has been evaluated with diffuse reflectance infrared Fourier transform (DRIFT) 

spectroscopy.  It was found that the NH4-PAA adsorbs differently than Na-PAA.  Their 
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results indicated the NH4-PAA adsorbed in a more coiled configuration, and bonds more 

ionically to the to alumina surface than Na-PAA.14  
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Figure V-5.  Apparent viscosity at 1.0 s-1 for three alumina suspensions aged for 

24 hours; (? ) A-16 S.G., (? ) A-16 S.G. Washed, and (¦) APA-0.5 with 0.7 wt% 

MgO.  The concentration of Na2O measured in each powder is indicated.  NH4-

PAA was used to disperse all three suspensions. 

 

 

4.0 Conclusions 

 Electrostatic dispersion of APA-0.5 and A-16 S.G. with HCl resulted in different 

viscosity profiles.  The A-16 S.G. suspension had a higher initial pH than the APA-0.5.  

Mg2+ and Na+ cause variations in solution chemistry that raise the pH.  The minimum in 

apparent viscosity was an order of magnitude higher in the case of the A-16 S.G. 

suspensions, consistent with the observations of previous investigators.  A sharper 



 
 

92 
 

decrease in viscosity to a minimum and a shift of the minimum to a higher pH for the A-

16 S.G. suspension was also linked to the MgO additive. 

 Electrosteric stabilization with NH4-PAA also displayed rheological variations 

between the two aluminas.  Dual minima were observed for both clean (low sodium 

concentration) and impure (high sodium concentration) suspensions containing MgO.  

The first minimum was linked to the MgO additive, while the second correlated to 

alumina stabilization with NH4-PAA.  A shift in the initial viscosity minimum to lower 

dispersant levels was consistent with increasing sodium levels.  It is proposed that Na+ 

ions have a high affinity for the alumina surface.  The association of Na+ ions with 

negative sites on the alumina surface promotes the adsorption of polyelectrolyte, which in 

turn results in lower polyelectrolyte requirements for dispersion. 
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VI.  IONIC STRENGTH EFFECTS 

 

 

1.0 Introduction 

 In most cases, the dominating mechanism of dispersion is electrostatic.1, 2  Some 

steric hindrance may be associated with polyelectrolytes, but the component is small at 

low dispersant levels (Chapters III and IV).  The most widely accepted theory explaining 

particle-particle interactions is the Deryaquin-Landau-Verwey-Overbeek (DLVO) 

theory.3, 4  In the DLVO theory on the stability of lyophobic colloids, the total particle-

particle interaction is taken as the sum of the repulsive and attractive potentials.  The 

theory provides a quantitative account of the stability/instability behavior of suspensions, 

where repulsion is due to double layer interactions.5-8 

 Overlap of double layer potentials between particles provides the stabilizing force 

in electrostatically stabilized suspensions.  The higher the potential, the larger the double 

layer thickness, the greater the repulsive force, the more stable the suspension.  The 

double layer thickness is dictated by the ionic strength of a suspension (i.e., the 

concentration and charge of ions in solution), apart from the surface potential.  The 

Debye-Hückel approximation is a simplification that has been used to predict the double 

layer thickness:9 
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where e is the fundamental charge, ni is the number of ions of each type, zi is the valence 

of each ion, ε is the permittivity, k is Boltzmann’s constant, T is the absolute temperature, 
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εo is the permittivity of a vacuum, εr is the dielectric constant of the suspended media, R 

is the universal gas constant, F is Faraday’s constant, and ci is the molar concentration of 

the solution. 

From the equation, it can be seen that the Debye-Hückel parameter is solely 

dependent upon the ionic concentration.  The double layer thickness at 25°C, L, is the 

inverse of the Debye-Hückel parameter, κ:9 
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Increasing the ionic strength results in compression of the double layer and 

coagulation of the suspension.  Here coagulation is defined as destabilization of a 

dispersed suspension caused by compression of the double layer.  Electrolyte solutions 

have been used to control electrostatic interaction potentials and there-by control 

colloidal suspension properties, including dispersion stability,10, 11 flow behavior,12-17 and 

consolidation densities.15-20 

 The critical coagulation concentration (CCC) of an indifferent electrolyte has 

traditionally been defined as the concentration of the electrolyte, which is sufficient to 

coagulate a lyophobic sol to an arbitrarily defined extent in an arbitrarily chosen time.1, 9, 

21  This definition can result in large variability in CCC values.  The viscosity of a highly 

loaded suspension will increase dramatically over a very short range of ionic 

concentration.  After coagulation has occurred, further addition of ions has no effect on 

the rheological behavior of a suspension.12  Using viscosity as a measure of suspension 

stability is a much more repeatable means of measuring the coagulation concentration of 

a suspension. 
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 This chapter examines the critical coagulation concentration of alumina.  The 

apparent viscosity at 1.0 s-1 was used as a measure of a highly loaded suspensions 

stability, and thus the CCC.  Attempts are made to relate the ζ -potential of dispersed 

suspension to measured CCC values.  Theoretical calculations of the double layer 

thickness using a capacitance model correlate experimental observations with theory. 

 

 

2.0 Theory 

For a given concentration of electrolyte the Debye length is the same for both 1-2 

and 2-1 type electrolytes, contrary to the observed rheological behavior.  Second, the 

Debye length is insensitive to the initial surface charge.  In the present work, a 

capacitance model for the electrical double layer was used.  The thickness of the double 

layer was calculated as a function of the initial surface potential and the valance and 

concentration of counter-ions. 

The local space charge density σ(r) (charge per unit area) contained within a 

sphere of radius r and centered at the center of a particle in an electrolyte solution, can be 

expressed as:22 

  ( ) ( ) ( )++
∞

−−−+
∞

++ ν−π−ν+πν−=σ ∫∫ ndrrezndrreznr
rr

)4()(4)( 22        (3) 

where ν± are the local concentrations of the ions, n± are the concentrations of the ions far 

from the particle, z± are their valences, and e is the fundamental charge.  The positive 

sign indicates a co-ion and the negative sign indicates a counter-ion.  At thermodynamic 

equilibrium, ±ν  can be expressed as; 
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 ψ=ν ±

±± kT
ez

mexpn             (4) 

Because the solution far from the particle is electrically neutral, 

   
1000
cNnznz == −−++              (5) 

where c is the concentration of the electrolyte in equivalents/liter and N is Avogadro's 

number.  Since the system consisting of the particle and its surroundings is electrically 

neutral, any sphere of radius r cuts the double layer into two shells carrying equal and 

opposite charges.  Therefore, the electrical double layer around a colloidal particle can be 

viewed as an equivalent spherical capacitor.  The particle surface is one plate of the 

capacitor and an imaginary sphere, concentric to the particle, is the second plate.  The 

radius of the imaginary sphere is the sum of the radius of the particle, a, and the thickness 

of the electrical double layer, d.  The double layer thickness is taken as the distance from 

the surface of the particle to the point where the effect of the particle surface charge is 

negligibly small.  The capacitance per unit area, Cequi, of the equivalent capacitor will be: 

   
a

a
ψ
σ= )(Cequi               (6) 

where ψ a is the potential difference across the equivalent capacitor, which is equal to the 

potential at the particle surface.  σ(a) is the surface charge per unit area on the particle.  

From the geometry of a spherical capacitor the capacitance can be obtained by the 

equation: 

   
ad

da
π
+ε=

4
)(Cequi              (7) 

where ε is the dielectric constant of the solution between the plates (i.e., the electrolyte 

solution).   
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Leob22 and others used reduced variables to obtain a numerical solution to the 

Poisson-Boltzmann equation for an isolated colloidal particle.  According to their 

approach the reduced potential, y, and the reduced distance, q, are defined in the 

following way; 

   
kT

)r(y ψ= e               (8) 

and 

   
λ

= rq κ               (9) 

where k is Boltzmann's constant and T the absolute temperature.  The two variables, κ  

and λ, can be defined as; 

   
kT1000

)(4 2
2

ε
+π= −+ zzcNeκ           (10) 

and 
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2 .            (11) 

From equations (8), (9) and (10) the reduced distance can be expressed as; 

   r
kT1000

Ncz8
q

2/12







ε

π= −e
.           (12) 

Equation (3) can now be modified in terms of the reduced variables to: 

   )(
4
kT)( qI

e
q

λπ
ε=σ κ            (13) 

where 
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In terms of the reduced variables, if equations (6) and (7) are solved for d then: 

   
ooo

o

yIq
ay

−
=d             (15) 

where 

   
kT

a
o

e
y

ψ= ,            (16) 

   
λ
κ= aqo ,            (17) 

and 

   ( )oqqo II == .            (18) 

Using equations (15) through (18) and numerical solutions to yo and Io for a 

number of values of qo, the thickness of the double layer for several systems were 

estimated. 

 

 

 

3.0 Experimental Procedure 

3.1 Raw Materials  

Information regarding the properties and characteristics of the powders and 

dispersants was presented elsewhere (Chapters II, III, and IV). 
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3.2 Viscosity 

Viscosity measurements were made using a stress-controlled rheometer (DSR 200 

Rheometric Scientific, Inc., Piscataway, NJ).  A steady state stress sweep from high to 

low rates with either a 25 mm (for high viscosity suspensions) or 40 mm diameter (for 

low viscosity suspensions) parallel plate configuration was used for all viscosity 

measurements.  A constant temperature of 25±0.005°C was set using a water bath and hot 

stage. 

 

3.3 Critical Coagulation Concentration 

Critical coagulation concentrations (CCC) were obtained for stable 35 vol% APA-

0.5 suspensions, dispersed via HCl (pH~3.5), organic polyelectrolytes, or inorganic 

polyelectrolytes.  The CCC’s of the polyelectrolytes were obtained for dispersant levels 

at which plots of apparent viscosity as a function of dispersant level showed a minimum 

(Chapters III and IV).  The salts evaluated were chlorides and sulfates of sodium, 

magnesium, and calcium (Fisher Scientific, Pittsburgh, PA).  Saturated solutions of each 

salt were made using distilled water.  Samples of each saturated solution were analyzed 

for their exact electrolyte concentration (Acme Analytical Laboratories Ltd., Vancouver, 

BC, Canada).  A suspension of high ionic concentration was blended with a suspension 

containing no ionic additions to make 40 ml suspensions of the intermediate electrolyte 

concentrations.  All suspensions were allowed to mix for approximately one hour prior to 

viscosity measurements.   

A sigmoidal fit was applied to plots of the apparent viscosity vs. counter-ion 

concentration.  The CCC was taken as the point of inflection of the viscosity vs. 
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concentration curve on a log scale (Figure 1).  The inflection point/extreme of the first 

derivative corresponds to the CCC.  Thus, the CCC is considered as the ionic 

concentration at which the apparent viscosity changes abruptly.  It will be shown that this 

point also correlates to a critical double layer thickness (d), which corresponds to the 

point at which the electrostatic repulsive forces go to zero. 
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Figure VI-1.  Apparent viscosity (? ) and the first derivative of the apparent 

viscosity (? ), as a function of the concentration of NaCl.  The critical coagulation 

concentration was defined as the inflection point of the fitted curves.  The values 

were taken as the maximum of the first derivative. 
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3.4 ζ -Potential 

The ζ -potentials were obtained through electroacoustic means (ESA-8000 

AcoustoSizer, Matec Applied Sciences, Hopkinton, MA) on 5 vol% suspensions with 10 

mM KCl background electrolyte concentrations.  All pH adjustments were made using 

the automatic titration system accompanying the AcoustoSizer. 

 

 

4.0 Results and Discussion 

4.1 Experimental 

Other investigators have shown that the concentration of Al3+ ions in suspension 

is ~0.1 mM. 23, 24  Based on the results of nuclear magnetic resonance studies, the 

researchers were able to conclude that H+ and Cl- ions can be regarded as the major ionic 

species in an HCl dispersed solution because the concentration of Al ionic species below 

a pH of 4 is lower than that of H+ and the presence of non-ionic Al(OH)3 above a pH of 4 

reduces the ionic concentration of Al3+ ions.23, 24  Based on these studies, the Al3+ ion 

concentration was considered insignificant for the scope of the present study. 

In the case of the HCl dispersed suspensions, the counter-ions from the salt 

additions are the anions (Cl- and SO4
2-).  Figure 2 displays the apparent viscosity as a 

function of chloride additions to suspensions dispersed with HCl to a pH of ~3.5.  Figure 

3 presents the apparent viscosity of HCl dispersed suspensions as a function of the sulfate 

concentration.  All of the plots show a consistent trend, an almost constant apparent 

viscosity up to ionic concentrations below the CCC followed by an abrupt increase and 

plateau.  The CCC’s obtained for each electrolyte investigated were presented in Table I.  
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A critical coagulation point could not be reached with CaSO4 solution because of its low 

solubility in water (~19 mM at 25°C).  Consistently, monovalent ions required 

approximately an order of magnitude larger concentration than did those of divalent ions. 
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Figure VI-2.  Apparent viscosity as a function of counter-ion concentration for a 

35 vol% APA-0.5 suspension dispersed to a pH of 3.5 with HCl; NaCl (? ), 

MgCl2 (? ), and CaCl2 (¦).  The solid lines represent sigmoid curve fits. 
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Table VI-I .  Critical coagulation concentrations of each dispersant for all of the counter-ions invetigated.  The dispersant level 

corresponds to a minimum in viscosity (apparent viscosity vs. dispersant level plots). 

 
Dispersant 

Dispersant 
Level 

Ions 
Contributed 

 
ζ -Potential 

Critical Coagulation Concentration (mM) 

 (mg/m2) (mM) mV NaCl MgCl  2 CaCl  2  Na  2SO  4 MgSO  4 CaSO
    (a) (b) (a) (b) (a) (b)  (a) (b) (a) (b) (a) 

HCl pH=3.5 257 73 207 225 204* 214 214* 204  16 18 18 18 NA
                
NH4-PMAA 0.4 75 -77 209 240 21 21 28 21  204* 219 19 21 NA
Na-PMAA 0.3 54 -65 65 65 9 9 8 9  112* 64 9 9 NA
NH4-PAA 0.6 124 -70 204 198 23 23 24 23  NA 180 4 23 NA
Na-PAA 0.3 62 -72 102 101 11 11 23 11  NA 92 19 11 NA
CA 0.15 32 -50 78 81 18 18 9 18  38* 72 8 18 NA
                
SS 0.3 47 -58 37 40 7 7 7 7  23* 38 7 7 NA
SHMP 0.2 49 -55 51 58 11 11 9 11  NA 58 8 11 NA

 * CCC of counter-ion 
NA-Not Available 
(a) Measured CCC 
(b) Calculated CCC from d of MgCl2 
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Figure VI-3.  Apparent viscosity as a function of counter-ion concentration for a 

35 vol% APA-0.5 suspension dispersed to a pH of 3.5 with HCl; Na2SO4 (? ), 

MgSO4 (? ), and CaSO4 (¦).  The solid lines represent sigmoid curve fits. 

 

Plots of apparent viscosity as a function of counter-ion concentration are shown 

for the NH4-PMAA dispersed suspensions.  Figure 4 displays the curves obtained for the 

chlorides and Figure 5 the sulfates.  These graphs are representative of all the dispersants 

evaluated.  Figures for all of the dispersants investigated can be found in Appendix A.  

All of the polyelectrolytes investigated were anionic, thus they induce a negative charge 

on the particle surface through specific adsorption.  Therefore, the counter-ions are the 

cations.  Figure 6 compares the apparent viscosity of NaCl and MgCl2 to Na2SO4 and 

MgSO4, as a function of the counter-ion concentration.  As can be seen, there is a shift to 

lower counter-ion concentrations for the divalent counter-ions, consistent with theory the 

divalent counter-ions are more effective at coagulating a suspension. 
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Figure VI-4.  Apparent viscosity and pH as a function of counter-ion 

concentration for a 35 vol% APA-0.5 suspension dispersed with 0.4 mg/m2 NH4-

PMAA; NaCl (? , ? ), MgCl2 (? , ? ), and CaCl2 (¦, ? ).  The solid symbols 

represent the apparent viscosity, the open symbols the pH, and lines represent 

sigmoid curve fits of the apparent viscosity data. 

 

 

 

 

 



108 
 

 

 

 

Counter-ion Concentration (mM)
10-1 100 101 102 103 104

A
pp

ar
en

t V
is

co
si

ty
 (P

a·
s;

 1
.0

 s
-1
)

10-2

10-1

100

101

102

103

pH

6

7

8

9

10

11

 

Figure VI-5.  Apparent viscosity as a function of counter-ion concentration for a 

35 vol% APA-0.5 suspension dispersed 0.4 mg/m2 NH4-PMAA; Na2SO4 (? , ? ), 

MgSO4 (? , ? ), and CaSO4 (¦, ? ).  The solid symbols represent the apparent 

viscosity, the open symbols the pH, and lines represent sigmoid curve fits of the 

apparent viscosity data. 
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Figure VI-6.  Apparent viscosity as a function of counter-ion concentration for a 

35 vol% APA-0.5 suspension dispersed 0.4 mg/m2 NH4-PMAA; NaCl (? ), 

Na2SO4 (?), MgCl2 (? ), and MgSO4 (? ).  The solid lines represent sigmoid curve 

fits. 

 

The pH of each suspension was measured as a function of the counter-ion 

concentration (open symbols, Figures 2-5).  In all cases, the pH decreased as a function of 

electrolyte addition.  The pH was not adjusted during these experiments.  Investigation of 

the pH plots did not reveal major changes in pH until the CCC was achieved.  All CCC 

values occurred in the pH range of 6-9.  The ζ -potential measurements of each dispersant 

as a function of pH, Figures 7 and 8, show insignificant changes in potential over the pH 

range investigated. 
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Figure VI-7.  Zeta-potential of polyelectrolyte dispersed APA-0.5 suspensions as 

a function of pH: (? ) 0.4 mg/m2 NH4-PMAA, (? ) 0.3 mg/m2 Na-PMAA, (? ) 0.6 

mg/m2 NH4-PAA, (? ) 0.3 mg/m2 Na-PAA, and (¦) 0.2 mg/m2 CA. 
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Figure VI-8.  Zeta-potential of APA-0.5 suspensions as a function of pH; (? ) 0.4 

mg/m2 SS, (? ) 0.3 mg/m2 SHMP, and (¦) electrostatically dispersed (HCl and 

NaOH). 
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When plots of apparent viscosity as a function of dispersant level were analyzed, 

it was found that increasing dispersant levels resulted initially in a decrease in apparent 

viscosity to a minimum, followed by an increase in viscosity.  The increasing viscosity 

occurred as a result of ions introduced by the dispersants (see Chapters III and IV).  At 

higher dispersant levels, the dispersants themselves contributed enough ions to the 

suspension to achieve a CCC.  At the dispersant levels investigated, the concentration of 

ions contributed by the dispersants is small compared to the concentration added.  

Therefore, the concentration of ions contributed by the dispersants was not compensated-

for during these experiments.  The additional ions make no difference in the observations 

made between electrolytes, and on a ζ -potential basis, should not interfere with 

comparisons between dispersants.  The actual concentrations introduced at the dispersant 

levels used are listed in Table I. 

 Although Cl- ions are considered an “inert” electrolyte, high enough 

concentrations will result in the formation of ion-pairs.  These pairs form between 

electrolyte ions in solution and surface sites on the particles.24-26  As indicated by the 

plots and table, the CCC of Cl- ions occurs at ~200 mM.  Shaw9 quotes numbers obtained 

by Overbeek,4 in which the concentration of monovalent counter-ions required to 

coagulate a dispersed suspension with a “strongly negative” ζ -potential to be 126-165 

mM.  This is a factor of 1.4 less than the values obtained in these experiments.  Similar 

results are seen with the polyelectrolytes and the divalent counter-ions, with the 

difference being greater in this case, a factor of 7.5.  The discrepancy requires 

examination to determine whether the variability is due to experimental differences or a 
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breakdown of the accepted theory.  To interpret the results, theoretical calculations were 

used to calculate the double layer thickness at coagulation for a particular ζ -potential. 

 

4.2 Comparison of Theory to Experimental 

The results from the alumina suspensions indicated several trends.  First, the 

rheology of a suspension strongly depends upon the valance and concentration of the 

counter ions, with multivalent counter ions more effectively coagulating the suspension.  

Second, the effect of 1-2 and 2-1 electrolytes on suspension rheology are different, and 

third, the CCC does not appear to be greatly affected by increasing surface charge, for the 

range measured.  Therefore, irrespective of the initial surface potential and the electrolyte 

used, the system coagulates once the electrostatic potential reduces to a particular value.  

The potential that coagulation takes place corresponds to the Hamaker constant.  

Conventionally the Debye length has been used as the thickness of the double layer.  This 

approach has several limitations.   

The double layer thickness values (d) were calculated for alumina particles 

dispersed in aqueous medium using equation (15).  Numerical solutions for the Poisson-

Boltzmann distribution were performed and used.  The ζ -potentials of dilute, dispersed 

suspensions at the pH of the concentrated suspension, (see Figures 7 and 8, Table I) were 

used in the calculations as the initial surface potential.  Although the actual surface 

potentials may slightly offset estimated values, the trends remain unaffected.  The d 

values were estimated for 1-1, 2-1, 1-2 and 2-2 electrolytes over a wide range of 

concentrations (see Figure 9).  In the m-n type electrolyte, the m represents the valence of 

the co-ion and the n represents the valance of the counter-ion.   The calculations were 



113 
 

preformed for an initial surface potential of 60 mV.  From the graph, it can be easily seen 

that the 1-1 type electrolyte compresses the double layer to the same extent as that of the 

2-1 electrolyte.  Similarly, the 1-2 and the 2-2 type electrolytes show the same trend.  

This indicates that the counter-ions dictate the net electrostatic potential between the 

colloidal particles.  This behavior was in good agreement with the experimental results.  

It should also be noted that divalent counter-ions more effectively compress the double 

layer, than monovalent counter-ions.  Contrary to both experimental observations and 

calculations in the present work, the Debye-Hückel relationship results in exactly the 

same Debye length for both 1-2 and 2-1 electrolytes. 
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Figure VI-9.  The double layer thickness (d) decreases with increasing electrolyte 

concentration.  The type of electrolyte determines the effectiveness of the 

electrolyte at compressing the d; 1-1 type electrolyte (? ), 2-1 type (? ), 1-2 type 

(? ), and 2-2 type (? ). 
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 To find a correlation between the observed rheological behavior of alumina 

suspensions and the compression of the double layer, d values were calculated for all 

apparent viscosity measurements.  Independent of the type and charge on the counter ion, 

an abrupt increase in the apparent viscosity is observed at a particular value of d (Figure 

10) for a given surface potential.  The abrupt increase is similar to the one observed in 

plots of apparent viscosity versus counter-ion concentration (Figures 2 through 6).  The d 

value was independent of the initial surface potential, over the range measured.  There 

was no significant change in the van der Waals potential due to the presence of the 

electrolyte ions in suspension, indicating the electrostatic repulsive potential required to 

balance the van der Waals potential was the same in all cases.  This implies that once the 

double layer is compressed to a particular level the system coagulates regardless of the 

valance or counter-ions used to compress the double layer. 

From the observed CCC value of MgCl2, d was estimated.  Using this as a 

reference thickness of coagulation, CCC values for other electrolytes were estimated.  

These values along with the measured values are presented in Table I.  Calculated 

monovalent CCC values were much larger than divalent counter-ion CCC values.  The 

ratio of monovalent to divalent concentration for the calculated CCC’s ranged from 5 to 

11.  The corresponding ratio with the measured values ranged from 5 to 10. 
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Figure VI-10.  The apparent viscosity at 1.0 s-1 changes rapidly at a critical d 

value.  The critical d value is the same for all counter-ions; NaCl (? ), Na2SO4 

(? ), MgCl2 (? ), MgSO4 (? ), CaCl2 (¦), and CaSO4 (? ).  Using the inflection 

point of the fitted curve, the critical d value is ~0.96 nm. 

 

It has been argued that, in general, the CCC values for mono and multivalent 

counter-ions follow the Schultz-Hardy rule.9  According to the Schultz-Hardy rule the 

ratio of the CCC with divalent counter-ions to that with monovalent ions is ~60.  This 

value was obtained with an initial surface potential of ~100 mV.  Overbeek4 and Shaw9 

have shown that for a given charge on the counter-ion the CCC depends on the surface 

potential.  Their data showed the CCC varies as z 6−
−  at higher surface potentials and at 

low potentials it varies as z 2−
− , where z −  is the valance of the counter-ion.  This implies 

that the ratio of the CCC with divalent to monovalent counter-ions should be 



116 
 

approximately 64 and 4, for high and low surface potentials.  Theoretical CCC curves as 

a function of ζ -potential, can be calculated from:9 

626
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in which A is the Hamaker constant and dψ  is the ζ -potential.  The Hamaker constant 

used (4.57x10-20 J) was calculated using the Tabor-Winteron Approach for the dynamic 

part and the static portion added.27  Plots for monovalent and divalent counter-ions are 

shown in Figure 11.  Comparison of the theoretical curve to experimental and calculated 

data shows a fairly good correlation between surface/ζ -potential and the concentration of 

electrolyte required to coagulate a system.  The ratio bewteen the monovalent and 

divalent ions begins to deviate much more in the region measured.  The relationship 

demonstrates that simplification of equation (19) would result in discrepancies between 

calculated and measured values. 
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Figure VI-11.  The theoretical CCC is dependent upon the ζ -potential, with 

divalent counter-ions (? ) coagulating the system more effectively than 

monovalent counter-ions (? ).  Experimental data was also plotted; monovalent 

CCC (? ), divalent CCC (? ).  The ratio of monovalent to divalent counter-ions, 

R, increases as a function of surface/ζ -potential. 

 

 

5.0 Conclusions 

A procedure for measuring the CCC of a highly loaded suspension was 

developed, using the apparent viscosity as a measure of suspension stability.  The CCC is 

indicated by the inflection point of the apparent viscosity versus the counter-ion 

concentration.  Experimental observations found the rheology of a suspension strongly 

depends upon the concentration of the counter-ions, with multivalent counter-ions more 

effectively coagulating the suspension.  The effect of 1-2 and 2-1 electrolytes on 
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suspension rheology were found to differ, indicating a dependence of the CCC on the 

valence of the counter-ion.  The CCC did not appear to be greatly affected by increasing 

surface charge, for the range measured. 

The thickness (d) of the electrical double layer around an alumina particle was 

estimated as a function of the electrolyte concentration and valance of the counter ion, 

using a capacitance model.  The CCC of MgCl2 coagulated suspensions was used to 

obtain a critical d value.  The d value was then used to calculate the CCC of the other 

counter-ions investigated.  These values correlated well with the experimental viscosity 

and ζ -potential data. 
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VII.  SINTERING 

 

 

1.0 Introduction 

 The use of dispersants to control the rheology of a suspension involves the 

introduction of carbon-based polymers, inorganic polyanions, and/or electrolytes.  Any of 

these additives could play an important role in the microstructure that develops.  The 

focus of this investigation was to eliminate the role of rheology in the consolidation step 

by adjusting solids loading (i.e., all suspensions had similar viscosities).  The role of the 

polymers, and the electrolytes, was evaluated for their effect on the microstructure 

development of a commercial grade alumina doped with MgO and on an undoped 

alumina with low impurity concentration. 

Engineering properties of ceramics strongly depend upon the materials’ 

microstructure.  Usually the desired microstructure will have a high density, a small grain 

size, and be homogenous.  Features of most importance are: a) size and shape of the 

grains, b) amount of porosity, c) pore size, d) distribution of pores within the material, 

and e) the nature and distribution of second phases.1, 2  Microstructures of fabricated 

pieces are influenced to a significant extent by the structure of the consolidated powder 

form, which, in turn, is dependent upon the powder form and the consolidation method.3 

Two types of grain growth are generally observed, normal and abnormal.  In 

normal grain growth the grain sizes and shapes fall within a narrow range and the grain 

size distributions are similar for different firing times (i.e., normal grain growth has the 

property of scaling or self-similarity).  Abnormal growth, also referred to as exaggerated 
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grain growth or discontinuous grain growth, is characterized by rapid growth of a few 

large grains at the expense of smaller ones.  Abnormal grain growth gives rise to a 

bimodal distribution of grains.  Eventually the large grains will impinge on themselves 

and reach a normal distribution again.1, 2 

Impurities can influence both the kinetics and thermodynamic factors in sintering.  

They can alter the defect chemistry, therefore changing the diffusion coefficient of the 

transport ions through the lattice.  Segregation of the dopant can alter the structure and 

composition of the surface and interfaces, thus altering the grain boundary, surface, and 

liquid and vapor phase diffusion coefficients.  Segregation could also be responsible for 

alterations to interfacial energies (e.g., solid-vapor interfacial energy, γsv, and the grain 

boundary interfacial energy, γgb).  In turn, this could affect the intrinsic grain boundary 

mobility.1, 2, 4 

Numerous studies on sintering alumina have been performed.  Several of these 

studies have used various analysis techniques to show impurities and dopants segregate to 

the grain boundaries during sintering.4-14  The segregated impurities have been shown to 

increase the rate of grain growth during the final stages of sintering.9, 10, 15, 16  

Observations of an amorphous phase at the grain boundaries have been made by several 

investigators.5, 6, 9, 11, 17  Even trace amounts of impurities can result in the development of 

a glassy phase at the grain boundaries of alumina.5, 6  Kaysser, and others9 have shown by 

introducing an intergranular liquid phase of anorthite (CaO·Al2O3·2SiO2) that basal 

faceting can occur, leading to abnormal grain growth.  The liquid phase lowered the 

kinetics of grain growth along the <0001> and basal facets form.9  Abnormal grain 

growth is not an intrinsic property of pure alumina, but rather an extrinsic property 
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controlled by minor constituents introduced during powder synthesis, processing stages, 

and the sintering.  

 

 

2.0 Experimental Procedure 

2.1 Materials Characterization 

 Two powders were used in this investigation, APA-0.5 and A-16 S.G.  For a full 

chemical analysis and physical properties of the alumina powders, see Table I, Chapter II. 

 

2.2 Suspension Preparation 

 Aqueous suspensions of 35 vol% solids loading were prepared by mixing the 

alumina powders in distilled water (initial pH of 5.4).  For the acid/base-dispersed 

suspensions, the pH was varied by titrating into 200 ml suspensions.  A minimum in 

viscosity was measured for all of the dispersants investigated, Chapters II, III, and IV.  A 

suspension of 200 ml was made for each dispersant at the minimum dispersant level.  The 

dispersant levels used for the “minimum” samples are listed in Table I.  A second set of 

samples was prepared for a dispersant level of 1.25 mg/m2.  These samples were 

considered “over” dispersed.  All samples were allowed to mix for approximately one 

hour, followed by ultrasonication for two minutes to ensure complete break-up of 

agglomerates. 
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2.3 Viscosity 

The viscosities were measured using a stress-controlled rheometer (Dynamic 

Stress Rheometer 200, Rheometric Scientific, Inc., Piscataway, NJ) and software (RSI 

Orchestrator Version V6.4.3, Rheometric Scientific, Inc., Piscataway, NJ).  A steady state 

stress sweep from high to low rates with either a 25 mm (for high viscosity suspensions) 

or 40 mm diameter (for low viscosity suspensions) parallel plate configuration was used 

for all viscosity measurements.  A constant temperature of 25±0.005°C was set using a 

water bath and hot stage.  The Power Law was used to fit all viscosity data.  The curves 

were then extrapolated to a shear rate ( γ&) of 1.0 s-1 for comparative purposes.   

The solids loading of all suspensions were adjusted to within a narrow range of 

viscosity values.  If the viscosity at 1.0 s-1 was within the range of 10-1 to 10-2 Pa·s, the 

suspensions were cast.  If the measured viscosity was higher than the allowed range, then 

distilled water was added.  The samples were allowed to mix for approximately one hour 

and ultrasonicated a second time before the viscosity was measured.  The procedure was 

repeated until all of the suspensions fell within the indicated range, eliminating effects of 

consolidation on microstructure evolution. 
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Table VII-I.  Chemical analyses of the dispersants examined normalized to the actual concentration, based upon a 35 vol% 

suspension. 

Dispersant Minimum Over 
 Level Level 

Ca 
(mmoles) 

K 
(mmoles) 

Mg 
(mmoles) 

Na 
(mmoles) 

 (mg/m2) (mg/m2) minimum over minimum over minimum over minimum over minimum
NH4-PMAA 0.4 1.25 0.56 1.75 0.53 1.66 0.11 0.35 4.47 14.0 2.40
Na-PMAA 0.3 1.25 0.05 0.22 555 2,311 0.03 0.13 6,320 26,340 0.38
NH4-PAA 0.6 1.25 0.52 2.32 0.14 0.61 0.06 0.27 2.33 10.5 0.96
Na-PAA 0.3 1.25 0.66 1.27 3.64 7.04 0.10 0.19 9,578 18,542 1.50
Citric Acid 0.15 1.25 0.05 0.41 0.08 0.68 BDL BDL 0.20 1.64 0.05

           
SS* 0.3 1.25 20.3 84.5 10.6 44.0 1.93 8.04 14,772 61,593 EUL
SHMP** 0.2 1.25 19.6 123 104 652 2.42 15.16 313 1,958 6.40
* Sodium silicate: Na2SiO3 
** Sodium Hexa-metaphosphate: (NaPO3)6 
BDL – below detection limits of the instrument 
EUL – exceeded upper limits of the instrument 
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2.4 Pellets 

2.4.1 Pellet Preparation 

Pellets were cast in 1.27 mm thick Lexan® molds on gypsum blocks.  Following 

drying overnight in air at room temperature, the pellets were sintered in an electric 

furnace (Thermolyne model F46200 High Temperature Furnace heated with Super 

Kanthal 33 Molybdenum disilicide elements, Barnstead Thermolyne, Dubuque, IA).  The 

furnace was raised to a calcination temperature of 1000°C at a rate of 1.7°C/min, and 

held for one hour.  The furnace was cooled to room temperature at a programmed rate of 

5°C/min.   

A series of pellets were cast from suspensions of similar viscosity (10-1 to 10-2 

Pa·s; at 1 s-1).  Because these pellets would be fired to temperatures in excess of the 

eutectic temperature of glassy phases formed by impurities, and the possibility of the 

gypsum supplying impurities (e.g., Ca), the portion of each pellet in contact with the 

mold was removed using 200 grit SiC paper (~0.2 mm of a 1.27 mm thick pellet).  These 

pellets were fired to 1200°C, 1400°C, and 1600°C using the same schedule as the 

calcined pellets. 

 

2.4.2 Pellet Characterization 

Diametric shrinkage and bulk density measurements were performed.  Bulk 

densities were based upon a modified ASTM standard C20-87.18  The modification was 

in the form of the boiling time (one hour was used instead of six) and a smaller sample 

size. 
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Specimens were cut and polished, with a series of diamond pastes, down to a final 

polish of 1 µm.  Polished samples were etched thermally at 1350°C for a half-hour in air.  

Polished and etched surfaces were examined and images taken using an SEM (Philips 

SEM 515, Philips Electron Optics, Holland).  All samples were coated with 

gold/palladium.  The average grain size, G , of the polished and etched samples was 

obtained using the linear-intercept method.  G  is equal to L5.1 , where L  is the average 

intercept length.  At least 400 grains were measured for each sample.19 

 

 

3.0 Results and Discussion 

3.1 “Green” Pellets 

Bulk density and shrinkage measurements were performed on “green” samples 

calcined to 1000°C to prevent disintegration of the pellets in water.  Bulk densities are 

represented as a % of the theoretical, based upon a theoretical density for α-alumina of 

3.98 g/cm3.  Plots of “green” bulk density as a function of pH for APA-0.5 (see Figure 1) 

and A-16 S.G. (see Figure 2) show a significant increase in bulk density for HCl 

dispersed cases only.  The H2SO4, NaOH, and NH4OH dispersed suspensions produced 

pellets with an average of 55% of the theoretical bulk density.  HCl dispersed cases 

showed bulk densities of 67% of the theoretical.  The bulk density data correlate with the 

viscosity evaluations, in which the HCl suspensions displayed a large decrease in 

apparent viscosity, compared to the other acid/base dispersants (see Chapter II).  The 

bulk density increases sharply in the A-16 S.G. samples, which is in contrast to a more 

gradual increase in the APA-0.5 samples.  A minimum in bulk density is seen at the 
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isoelectric point for both powders.  Shrinkage data indicates less than 1.0% linear 

shrinkage from the green diameter measurement.  Average values for the APA-0.5 and 

A-16 S.G. samples were 0.82% and 0.53%, respectively.  Assuming isotropic shrinkage 

of a right cylinder, the volumetric shrinkage between dried and calcined samples results 

in overestimation of the green density by ~1.2% and ~0.77%, for the APA-0.5 and A-16 

S.G. calcined samples, respectively.   
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Figure VII-1.  Bulk density of pellets cast from 35 vol% APA-0.5 suspensions as 

a function of pH; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH.  The pellets were 

fired to 1000°C at a rate of 1.7°C/min and held at temperature for a dwell time of 

one hour. 
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Figure VII-2.  Bulk density of pellets cast from 35 vol% A-16 S.G. suspensions as 

a function of pH; (? ) HCl, (? ) H2SO4, (? ) NaOH, (?) NH4OH.  The pellets were 

fired to 1000°C at a rate of 1.7°C/min and held at temperature for a dwell time of 

one hour. 

 

Shrinkage and bulk density measurements were also performed on the 

polyelectrolyte-dispersed samples.  Figures 3 and 4 represent bulk density plots of pellets 

cast from suspensions of APA-0.5 for the organic and inorganic polyelectrolytes, 

respectively.  The bulk density varied between samples (~55-63% of the theoretical bulk 

density).  An increase in density, ~5-6%, is observed for the organic polyelectrolytes, 

before leveling off.  The inorganic polyelectrolytes displayed a constant percent 

theoretical bulk density, over the range measured.  Linear shrinkage in all cases was 

small (<1.0 %). 
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Figure VII-3.  Bulk density of APA-0.5 pellets as a function of dispersant level; 

(? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, (? ) Na-PAA, and (¦) Citric 

Acid.  The pellets were fired to 1000°C at 1.7°C/min and held for one hour. 
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Figure VII-4.  Bulk density of APA-0.5 pellets as a function of dispersant level; 

(? ) SS, (? ) SHMP, and (¦) SC.  The pellets were fired to 1000°C at 1.7°C/min 

and held for one hour. 
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The bulk densities of pellets cast from suspensions of A-16 S.G. are plotted in 

Figure 5 (organic polyelectrolytes) and Figure 6 (inorganic polyelectrolytes).  Like the 

APA-0.5 samples, the A-16 S.G. samples varied over the dispersant range investigated, 

~51-60% of the theoretical bulk density.  The organic polyelectrolytes portrayed ~5-6% 

of the theoretical bulk density increase, similar to the APA-0.5 samples.  The inorganic 

polyelectrolytes displayed no increase in density and at higher dispersant concentrations 

resulted in a decrease in the percent theoretical bulk density. 
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Figure VII-5. Bulk density of 35 vol% A-16 S.G. suspensions as a function of 

dispersant level; (? ) NH4-PMAA, (? ) Na-PMAA, (? ) NH4-PAA, (? ) Na-PAA, 

and (¦) Citric Acid. The pellets were fired to 1000°C at a rate of 100°C/hour and 

held for one hour. 
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Figure VII-6. Bulk density of 35 vol% A-16 S.G. suspensions as a function of 

dispersant level; (? ) SS, (? ) SHMP, and (¦) SC.  The pellets were fired to 

1000°C at a rate of 1.7°C/min and held for hour. 

 

 

3.2 Sintered Pellets 

Pellets made from the APA-0.5 suspensions of similar viscosity were sintered to 

1200°C, 1400°C, and 1600°C to evaluate the densification process.  MgO is known to 

have a profound effect on the sintering of alumina.11, 17, 20-23  Sintering pellets without 

MgO additions accentuates the effect of impurities present in the “as-received” powder 

and those introduced during processing.  For this reason the APA-0.5 powder was chosen 

over the A-16 S.G. for this study. 

Both bulk density and shrinkage increased as a function of firing temperature, for 

all dispersants investigated.  Figure 7a presents plots for the acid, base, and un-dispersed 

samples.  Samples dispersed with HCl achieved a bulk density of 80% of the theoretical, 
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15% higher than the other acids, bases, and un-dispersed samples.  By 1600°C all of the 

samples had achieved 98-99% of the theoretical bulk density.  The percent linear 

shrinkage increased with increasing temperature.  The HCl samples plateau at ~13%, 

where as the other samples plateau at 15-16%. 

All of the organic polyelectrolyte dispersed pellets achieved 99% theoretical bulk 

density (see Figure 7b).  Samples with 1.25 mg/m2 dispersant, over dispersed, had a 

lower bulk density at 1200°C and 1400°C.  No major differences between sample could 

be seen in the shrinkage data.  All of the samples plateaued near 13%. 

The inorganic polyelectrolyte dispersed pellets never achieved theoretical density 

(see Figure 7c).  Sodium silicate dispersed suspensions, over and minimum dispersant 

levels, produced pellets that when sintered to 1600°C achieved a bulk density 96% of the 

theoretical.  Sodium hexa-metaphosphate samples only reached a bulk density of ~90% 

for minimum dispersed samples, and ~80% for over dispersed pellets.  All of the density 

plots for the inorganic dispersants are linear in nature, unlike the acid/base and organic 

polyelectrolyte dispersed pellets.  The shrinkage measured for the inorganic 

polyelectrolytes was ~10-12% at 1600°C. 
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Figure VII-7.  Bulk density and linear shrinkage of pellets cast from s APA-0.5 

suspensions of similar viscosity.  The pellets were fired to temperature at a rate of 

1.7°C/min and held for one hour.  
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3.3 Microstructures and Grain Size 

SEM images of the pellets fired to 1400°C reveal three types of microstructure.  

Image (a), of Figure 10, is a typically observed equiaxed grain microstructure.  

Specimens exhibiting type (a) microstructures were; HCl, H2SO4, NaOH, NH4OH, no 

dispersant, citric acid, NH4-PMAA, and NH4-PAA.  The second type of microstructure 

observed contained some elongated grains, the images were typical of Na-PMAA and 

Na-PAA.  An example of this can be seen in Figure 10, image (b).  The inorganic 

polyelectrolytes displayed high porosity with minimal consolidation of the primary 

particles.  This is evident from Figure 10, image (c).  The SEM micrographs correlate 

well with the bulk density measurements, lower densities corresponding to samples with 

higher porosity. 

 The average grain sizes of all specimens investigated are listed in Table II.  For 

the NH4-polyelectrolytes and citric acid, an increase in the dispersant concentration 

results in a decrease in the average grain size (Figure 11).  The Na-polyelectrolytes 

display an increase in average grain size with increasing dispersant level (Figure 12).  

The microstructures from the inorganic dispersants exhibited no increase in grain size.  

The addition of a dispersant resulted in a decrease in the average grain size, as 

demonstrated in Figure 13, except for the addition HCl. 
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a.

b.

c.

1.0 µm

1.0 µm

1.0 µm
 

Figure VII-8. SEM images were obtained at a magnification of 10,000x.  The bar 

scales to 1 µm.  Three types of microstructure are represented; a.) is a typically 

observed equiaxed grain microstructure, b.) contains some elongated grains, and 

c. displays microstructure of the inorganic polyelectrolytes (i.e., high porosity 

with minimal consolidation of the primary particles). 
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Figure VII-9.  The pellets fabricated from suspensions dispersed with 0.15 mg/m2 

of citric acid (? ) display a larger average grain size than pellets from suspensions 

dispersed with 1.25 mg/m2 citric acid (? ). 
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Figure VII-10.  The pellets fabricated from suspensions dispersed with 1.25 

mg/m2 of Na-PAA (? ) display a larger average grain size than pellets from 

suspensions dispersed with 0.30 mg/m2 Na-PAA (? ). 
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Figure VII-11.  Comparison of the grain size distributions of an un-dispersed (? ), 

NH4-PMAA dispersed (? ), and sodium hexa-metaphosphate dispersed (¦) 

microstructures. 
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Table VII-II.  Average grain size of pellets fired to 1400°C at a rate of 1.7°C/min and a dwell time of one hour.  The dispersant le
correspond to a “minimum” in viscosity at a function of dispersant level and “over” dispersed to a level of 1.25 mg/m

 Grain Size (µm) 
Level/Dispersant HCl H2SO4 NaOH NH4OH None  NH4-PMAA Na-PMAA NH4-PAA Na-PAA Citric Acid

minimum  0.892 0.761 0.925 0.808 0.774
over 

1.120 0.862 0.793 0.813 0.717 
 0.821 0.819 0.786 0.897 0.662
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3.4 Discussion 

Dispersants influence the sintering of alumina differently based on their 

chemistry.  The major issues that need to be resolved from this work are the effects of 

different dispersants on the sintering of alumina.  Table I presents the chemical analysis 

of the dispersants.  The acids and bases are reagent grade.  Of interest in their case are the 

effects of Na+, NH4
+, and SO4

2- on sintering.  From the data obtained, NH4
+ and SO4

2- 

ions can not be attributed to any alteration to the microstructure development in spite of 

the demonstrated affinity of the SO4
2- for the surface of alumina and high dissociation 

temperature.  The Na+ ions will play a role if the concentration is such that a liquid phase 

forms at the grain boundaries. 

Song and Coble10 concluded that plate-like grains would be observed only in co-

doped samples of alumina for which charge neutrality and strain energy conditions at the 

interface have been met.  Two conditions are necessary: one cation must have a valence 

lower than Al3+ ions and the other a valence higher than Al3+ ions, and one cation must 

have a smaller ionic radius than Al3+ ions and the other a larger ionic radius than Al3+ 

ions.  These conditions are encountered in systems containing CaO+SiO2 and 

Na2O+SiO2, all of which are common impurities in alumina powders.10, 24  The eutectic 

temperature of the CaO·Al2O3·SiO2 system occurs around 1380°C, and the eutectic 

temperature of the Na2O·Al2O3·SiO2 system occurs at approximately 1270°C.  

MgO·Al2O3·SiO2 will not liquefy before 1460°C and K2O·Al2O3·SiO2 before 1556°C, 

therefore, any glassy phase formed during the 1400°C sinter will involve CaO or Na2O.  

CaO was not present in the powders in a substantial amount, compared to the Na2O.  

Therefore, sodium would be the major contributor to alterations in grain growth.  In the 
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Na-polyelectrolytes (organic and inorganic), there is a large supply of Na+ ions.  SiO2 is 

present in much lower concentrations.  No major variations were observed in the organic 

polyelectrolyte (NH4- vs Na-) densification process.  Some localized abnormal grain 

growth, in the form of elongated grains, can be explained by the higher Na+ levels in the 

Na-polyelectrolytes.  Sodium silicate and sodium hexa-metaphosphate displayed 

inhibited sintering, therefore a liquid phase mechanism can be ruled out. 

 The issue of the organic portion of the additives must also be addressed.  It has 

been shown that tape cast alumina will undergo a significantly larger amount of dilation 

(shrinkage and expansion), if it contains high concentrations of organic additives.25  

Expansion in the later stages of binder burnout was seen by Gheo and Palmour.25  The 

lower temperature expansions were linked to the inhibition of sintering at intermediate 

temperatures (1200°C-1400°C).  The organic polyelectrolytes of the present study 

displayed similar densification schemes.  Those pellets with 1.25 mg/m2 dispersant had 

lower bulk densities at 1200°C and 1400°C than the pellets cast from suspensions at 

dispersant levels corresponding to a minimum in viscosity.  At higher sintering 

temperatures, the high and low organic concentrations display common features.  This 

type of additive-induced sintering inhibition can be attributed to a deterioration of 

particle-particle contacts during processing and binder burnout.  

 The inorganic dispersants resulted in a much different microstructure than the 

organic polyelectrolytes or the acid/base dispersants (Figure 10C).  The mechanism by 

which the sodium silicate and sodium hexa-metaphosphate microstructures developed 

were similar--grain growth inhibition through second phase formation at the grain 

boundaries.  The addition of sodium silicate to a suspension should provide the necessary 
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conditions for liquid phase development and subsequent abnormal grain growth, as 

outlined by Song and Coble.  The formation of beta-alumina is a possible mechanism for 

sodium silicate sintering inhibition.   

 In the case of the sodium hexa-metaphospate dispersed samples, the lack of 

sintering can be attributed to the phosphate.  Numerous studies in the refractories field 

have investigated the formation of aluminum phosphate phases.26-30  In all of the cases a 

hydrated aluminum phosphate transformed upon heating into aluminum orthophosphate.  

Aluminum orthophosphate is polymorphic with thermal transitions resembling those of 

the SiO2 system.31  The three crystalline phases are berlinite (B-AlPO4), tridymite (T-

AlPO4), and cristobalite (C-AlPO4).  In several instances an amorphous phase was 

formed at low temperatures, followed by crystallization at higher temperature.25-28  The 

presence of phosphates in the system should initially accelerate sintering and 

densification with the formation of a liquid phase.  At higher temperatures, crystallization 

of an alumino-phosphate would inhibit grain growth.25  A decrease in “green” density 

with increasing dispersant concentration may be the result of the formation of a glassy 

phase.  The lack of densification and grain growth at higher temperatures is indicative of 

a crystalline phase forming at the grain boundaries, thus inhibiting sintering. 

 

 

4.0 Conclusions 

 The dispersant used in the processing of a ceramic system, in particular alumina, 

will have an affect on the sintering and microstructure development.  Small amounts of 

impurities introduced to the system, such as sodium and silica, have been shown to 
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influence grain growth.  This most likely occurs through the formation of a liquid phase 

at the grain boundaries, which in turn results in abnormal grain growth.   

 The concentration of organic materials can affect the early stages of sintering, in 

the form of reducing the number of particle-particle contacts.  Higher temperatures and/or 

longer sintering times are then required to obtain the same density as systems dispersed 

with an optimum concentration of dispersant. 

 Neither of the inorganic dispersants investigated resulted in dense 

microstructures.  The inhibition of sintering was proposed as second phase formation at 

the grain boundaries.  In the case of sodium silicate, the second phase is most likely a 

beta-aluminate, where as in the sodium hexa-metaphosphate system, the second phase is 

an alumino-phosphate. 

 Homogeneous, fine-grained, equiaxed microstructures were obtainable in systems 

containing no dispersant.  Sulfates did not affect sintering. 
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VIII. PROCESSING ADDITIVE INTERACTIONS 
 

 

1.0 Introduction 

Polymeric additives are used extensively to aid in the processing of ceramic bodies.  

In most instances, several different types of polymers are used in the same body for a 

variety of purposes.  Typical uses include dispersants, temporary binders, plasticizers, and 

anti-foaming agents.1  Usually interactions among these polymeric systems are considered 

negligible.  However, in many cases interactions between polymers occur which can affect 

product performance. 

Interactions between polymers can occur in several ways.  Two of the most 

common types of polymer-polymer interactions are complex formation and phase 

separation.  Complex formation occurs between polymers that contain specific chemical 

groups that can interact through associative methods, such as hydrogen bonding.  In these 

cases, the complex formed is much like a new polymer, with its own properties.  When 

interactions are non-associative or repulsive, albeit in a liquid or solid phase, phase 

separation can occur.2  These types of interactions can be either beneficial or problematic, 

depending on the process conditions and desired performance.  In particular, these 

interactions can result in varying product and process quality and consistency.1, 3  

Therefore, it is necessary to better understand these types of interactions in order to 

maximize the effectiveness of the polymeric additives and product quality. 

There were three types of polymeric interactions considered in this study: ideal, 

positive, and negative.  The first situation is one in which the polymers behave separately, 
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as if there were no other materials in the system.  However, this is rarely, if ever, the case.  

Most polymers are influenced in some way by the presence of other materials in the 

solution.  In ceramic systems, these materials can include salts, inorganic particles, and 

other polymers.  When interactions occur between polymers they can be “positive” in the 

sense that the polymers can complex together to form a new material with properties 

much different from the separate, individual polymer chains.  These complexes are often 

the result of strong associative bonding, such as hydrogen bonding.  Interactions between 

polymers can also be “negative.”  Negative interactions between polymers are the result of 

strong repulsive forces occurring due to differences in chemical structure.  This is very 

similar to when oil and water are mixed.  These negative interactions then result in a 

separation of the polymer systems.  The phase separation of different polymer systems is 

the most common type of interaction.  Although only interactions between the individual 

polymers and water are considered in this paper, it must be realized that ceramic system 

formulations can contain a number of different components, any of which may influence 

the interactions between polymers.2, 4, 5 

Using the definitions just presented for the various polymeric interactions in 

solution, ternary phase diagrams can be constructed (i.e., polymer-polymer-solvent).  

Flory and Huggins developed a comprehensive model for phase separation in polymer 

solutions.2  Problems with the model occur if pH fluctuations are to be incorporated, the 

salt/ionic concentration changes, different MW polymers are used, or the process is taking 

place at elevated temperatures.  The main reason behind the inadequacy of the model 

revolves around the effect each of these changes has on the conformation of the polymer 

structure in solution.  Although calculations of the phase diagrams are possible, their 
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accuracy is questionable in a manufacturing situation where many different and often 

uncontrollable variables exist.  For this reason, a semi-quantitative means of monitoring 

the degree of polymeric interactions was preferred. 

This investigation focuses on several commercial dispersants, binders, and 

plasticizers, used in spray-drying/dry-pressing applications.  Interactions between these 

materials were evaluated using visual techniques and infrared analysis.  These initial 

experiments are aimed at developing a basis to effectively use existing polymers and to set 

parameters for the development of new polymers, for enhanced performance in the 

manufacture of ceramic products. 

 

 

2.0 Procedures 

2.1 The Additives 

There are many different polymeric additives used commercially for ceramic 

processing.  Those additives involved in the manufacture of spray-dried/dry-press 

granules, specifically those used for the manufacture of hotel china, were chosen for this 

study.  The list includes the sodium salts of poly(methyl acrylic acid) [PMMA-Na] and 

poly(acrylic acid) [PAA-Na], and lignosulfonate [LS] as dispersants, poly(vinyl alcohol) 

[PVA] as the binder, and poly(ethylene glycol) [PEG] and glycerine as plasticizers.  

Different molecular weight (MW) PEGs were investigated for their effect on polymeric 

interactions.  PEG-400 has a reported average MW of 400 g/mol and PEG-8000, 8000 

g/mol. 
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Figure VIII-1.  Polymeric additives commonly used during spray drying of 

powders for the production of hotel china.  All polymers are categorized according 

to their role as an additive and are represented in their monomer form. 
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Figure VIII-2.  Polymeric interactions can either be phase separating or 

complexing.  In the case of phase separation, the interactions are non-associative 

repulsion.  During complexation associations, such as hydrogen bonding occurs 

between the polymers.  Variations in composition can be seen in polarized optical 

micrographs of PEG and the polyacrylates. 

 

2.2 Determination of Polymeric Interactions 

Several techniques were used to evaluate different types of polymeric interactions, 

including turbidity measurements, optical microscopy, Fourier Transformed Infrared 

spectroscopy (FTIR), and Dynamic Mechanical Analysis (DMA). 

 

2.2.1 Turbidity 

Turbidity, a technique generally used to monitor water quality, was used to 

monitor polymeric reactions in which no macroscopic phase separation occurred.  The 

turbidimeter (Model 2100AN Laboratory Turbidimeter, Hach, Loveland, CO) measures 

the amount of light scattered from a focused tungsten light source by a solution.  During 
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complexation, a nucleation center or dissimilar region will be formed.  This region will 

reflect or scatter light, much like a particle in suspension.  Phase separation will provide 

scattering centers wherever there is an interface between two phases.  Differences in 

refractive index change the path of the light, much like that of a prism.  The intensity of 

the scattered light was compared to a set of Formazin silt standard solutions (Hach, 

Loveland, CO).  The relative intensity of the scattered light compared to that of the 

standard is presented in Nephelometric turbidity units (NTUs). 

 

2.2.2 FTIR 

FTIR spectroscopy (Impact 400 Infrared Spectrometer equipped with OMNIC 

software, Nicolet Analytical Instruments, Madison, WI) was used in the identification of 

the polymer-polymer mixtures.6  The technique is based on the absorption of IR light as it 

passes through a sample.  In this case, the samples were allowed to completely separate 

(i.e., the complex was allowed to settle to the bottom of the test tube or the phase 

separation created to two completely identifiable layers, visible with the naked eye).  

Samples were taken from the upper and lower region of each test tube, dried in thin films, 

and spectra measured.  Individual bands were identified using spectra of the pure 

polymers. 

 

2.2.3 Dynamic Mechanical Analysis (DMA) 

DMA (RSA II solids Analyzer using thin films in tension at 1 hz, Rheometrics, 

Inc., Piscataway, NJ) can be used to examine the mechanical properties of a binder film.  
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Specifically, it is used to measure both storage (E') and loss modulus (E") of polymer 

films, as a function of temperature.  The ratio of the loss and storage moduli is tan δ. 
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Figure VIII-3.  Phase separation and complexation both result in inhomogenities 

within the solution.  The inhomogenities are sources for light scattering, measured 

as turbidity.  A measure of the relative intensity of light scattering provides a 

means of quantitatively monitoring the degree of interaction between the polymers.  

An interaction field is defined as the “non-zero” turbidity region. 

 

 

3.0 Results 

Turbidity measurements revealed interactions when PVA was mixed with the 

polyacrylates and PEGs.  Interactions were also seen between PEG 8000 and the 

polyacrylates.  No interactions were detectable for the lignosulfonate series tested.  An 
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increase in PEG MW increased the size of the composition field in which polymeric 

interactions take place, and the magnitude of the turbidity of the solution. 

 

Table VIII-I.  Observed interactions between several commercial dispersants, 

binders, and plasitcizers. 

P1/P2 PMAA PAA LS Glycerine PEG 400 PEG 8000 
PVA       

PEG 8000       
PEG 400       
Glycerine       

LS       
PAA       

       
       
 Interaction      
 Not 
Tested 

     

 No Interaction     
 

 

Samples allowed to reside in test tubes for one week provide visual evidence of the 

interactions taking place.  Solutions of PVA and the polyacrylates became cloudy, much 

like that of the PVA-PEG system.  Mixtures of PMAA and PEG remained clear, but two 

definitive levels formed. 
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A. B.

 
 

Figure VIII-4.  Test tubes left undisturbed for an extended period can be used to 

visually inspect polymeric interactions.  A) Interactions between PVA-PMAA in 

solution.  B) Interactions between PVA-PEG 8000 in solution. 

 

FTIR spectroscopy of the samples indicated similar results to those previously 

presented in the literature.  It is reported that both PVA and PEG form an associated 

complex with the polyacrylates.  For the PVA/polyacrylate systems, hydrogen bonding 

occurs between the carboxyl groups of the polyacrylic acid and the hydroxyl groups on 

PVA.  In extreme cases or under very basic conditions coupled with high temperatures, 

the hydroxyl groups on the PVA may react with the acid group on the polyacrylate to 

form an ester linkage, which will covalently bond the two polymers together.7-9  These 

conditions were not present in the current investigations.  In the PEG-polyacrylate system, 

hydrogen bonds form between ether oxygen of the PEG and the carboxyl groups of the 

polyacrylates.10, 11  Variations between the use of PMAA or PAA concern the degree of 

the association formed -- PMAA forms a stronger association. 
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Figure VIII-5. FTIR spectra of the pure polymers can be used to determine the 

polymers present in the different layers of solution allowed to completely “settle 

out” or phase separate.  IR spectra of associated PVA-PMAA are plotted here.  

The band centered on 1569 cm-1 was associated with the asymmetric C-O 

stretching modes of carboxylate groups.  This band was used to identify the 

presence of PMAA.  The presence of PVA was identified by the band centered on 

1737 cm-1 corresponding to C-O stretching modes of the PVA hydroxyls. 
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A peak in tan δ represents a transition from one mechanical state to another (i.e., 

the glass transition point, Tg, of the system).  Differences in the effectiveness of various 

plasticizers can be seen in plots of tan δ versus temperature, and can be related to the 

chemical compatibility of the polymer with PVA.  For the PVA/PEG systems phase 

separation at elevated temperatures is indicated by; the large breadth of the tan δ peak and 

overlap of the peaks in the region where PVA alone shows a glass transition.12 
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Figure VIII-6.  Dynamic Mechanical Analysis (DMA) can be used to examine the 

mechanical properties of a binder film.  A peak in tan δ represents a transition from 

one mechanical state to another (i.e., the Tg values of the system).  Differences in 

the effectiveness of various plasticizers can be seen in the plots and can be related 

to the chemical compatibility of the polymer with PVA.  The broad peak in the 

PEG-400 and PVA plot indicates phase separation.  Peaks: 1 free glycerine, 2 

PVA-glycerine, 3 free PEG, 4 PVA-PEG, 5 PVA containing regions with acetate 

groups present, 6 tightly hydrogen bonded PVA, 7 PVA rich (no shift). 
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4.0 Discussion 

An argument against phase separation or complexation in whiteware systems 

would be logically based on the polymer concentrations commonly used.  The actual 

weight percent of polymer during batching is small compared to the overall amount of 

water in the system.  However, during the drying stage, the water content decreases 

increasing the polymer:water ratio.  The change is substantial and the composition of the 

liquid phase can eventually intercept the phase separating or complexation composition 

field.  Kinetics then becomes the limiting factor.  For instance, in a spray-drying situation, 

it is feasible that the granules can be dried rapidly enough such that polymer diffusion is 

virtually eliminated. 

If the process of complexation or separation is feasible, then the question arises as 

to whether or not the reaction is problematic, or whether it can be used to an advantage.  

Again, in the case of spray-drying/dry-pressing, polymeric reactions appear to result in 

defective ware.3  In such a case, complexation might be better suited than phase 

separation.  During complexation, the polymer forms a network structure.  The 

intertwining of this structure may prevent migration of the binder to the surface.  PEG and 

PVA complex readily at room temperature, but phase separation at higher temperatures is 

apparent from DMA runs.  In the case of PVA or PEG and the polyacrylates, an 

associated complex is the norm.  Although PVA, PEG, and the polyacrylates can all 

adsorb on the surface of particles with hydrolyzed surfaces, competition between the 

dispersant, PVA and PEG for surface sites effectively eliminates any chance of binder or 

plasticizer adsorption.  Furthermore, many active sites on the polyacrylates will be 

associated with the surface of the particle, rather than readily available for complexation.  
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This may lead to “negative” polymeric interaction potentials, resulting in the binder and/or 

plasticizer restricting their configuration to minimize contact between themselves and the 

adsorbed dispersant.  Phase separation of the different polymers can ensue.  Phase 

separation then is not only the facilitator, but also the driving force behind polymer 

migration in ceramic systems (e.g., binder migration). 
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Figure VIII-7.  During the drying process, the removal of water leads to an 

increase in the relative concentration of the polymers.  As can be seen in the phase 

diagram for PVA-PMAA, a typical spray drying slurry composition will intersect 

the interaction field during the spray drying process.  If kinetics allow, the result 

can be phase separation or complexation.  For the PVA-PMAA system, 

complexation occurs at low temperature and phase separation at higher 

temperatures. 
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Figure VIII-8.  Two drying paths for a spray-dried granule can occur.  In the 

schematic, the ideal drying behavior is represented on the right.  Binder migration 

occurs on the left, subsequently, leading to case hardened granules.  Polymeric 

interactions that result in phase separation are believed to facilitate binder 

migration. 

 

This work was performed in distilled water.  When the ionic concentration of the 

process water, as well as that leached from the raw materials, is taken into consideration, 

the field of separation or complexation may shift.  Elevated temperatures can shift the 
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interaction field.  The temperatures obtained during the mixing of raw materials and during 

the drying process are in the range of 80°C. 

 

 

5.0 Conclusions 

Polymeric interactions were seen between PMAA and PEG 8000, PMAA and 

PVA, PVA and PEG 400, and between PEG 8000.  In all cases, the room temperature 

interactions resulted in complexation.  DMA indicated phase separation of PMAA and 

PVA at higher temperatures (>50°C). 

An examination of commercially available polymers, such as those typically used in 

the manufacture of hotel china, was undertaken.  Interactions resulting in both 

complexation and phase separation were encountered.  These interactions could be the 

root cause of some common ceramic defects; in particular, binder migration and case 

hardening of spray-dried granules was given as an example.  Future studies need to be 

conducted to determine the types of reactions occurring within ceramic suspensions.  

These experiments should be aimed at developing a basis to effectively use existing 

polymers or to develop new polymers for enhanced performance in the manufacture of 

ceramic products. 
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IX.  EFFECTS OF PH, BACKGROUND ELECTROLYTE, AND 

TEMPERATURE 

 

 
1.0 Introduction 

Interactions between polymers can occur in several ways.  Two of the most 

common types of polymer-polymer interactions are complex formation and phase 

separation.  Complex formation occurs between polymers that contain specific chemical 

groups that can interact through associative methods, such as hydrogen bonding.  When 

interactions are non-associative or repulsive, or when the two polymer types differ in 

their affinity towards the solvent, phase separation can occur.1-5  The theories behind 

phase separation and complexation can be found in the literature.4-7 

During complexation, a nucleation center or dissimilar region will be formed.  

This region will reflect or scatter light, much like a particle in suspension.  Phase 

separation will provide scattering centers wherever there is an interface between two 

phases.  Differences in refractive index change the path of the light, much like that of a 

prism.  Therefore, turbidity can be used as a means of monitoring polymer interactions. 

This investigation focuses on evaluating the effects of pH, background electrolyte, 

electrolyte concentration, and temperature on the turbidity of PMAA, PVA, and PEG 

solutions and their mixtures.  These experiments are aimed at determining the factors that 

influence polymeric interactions for some typical polymers used in ceramic processing. 
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2.0 Procedures 

2.1 Polymers 

The polymers investigated include the sodium salt of poly(methyl acrylic acid), 

PMMA, poly(vinyl alcohol), PVA, and poly(ethylene glycol), PEG.  Information 

regarding the polymers can be found in Figure 1, which schematically illustrates the mer 

structure of the polymers. 

 

CH 2 CH

OH

CH 2x CH 2

O

C O

CH 3

y

x is 88 mol% and y is 12 mol%
Poly(vinyl alcohol) [Airvol 205]

Air Products and Chemicals, Inc., Allentown, PA
88% Hydrolyzed, MWave = 31-50,000

C CH 2

COO - Na +

CH 3

n

CH 2 CH 2 OH O H
n

Poly(ethylene glycol)
Union Carbide Chemicals and Plastics Co.,

Inc., Danbury, CT
MWave = 8,000

Poly(methyl acrylic acid) [Darvan 7]
R. T. Vanderbilt Co., Inc., Norwalk, CT

MWave = 19,500

 

Figure IX-1.  Schematic illustrations of the polymers investigated. 

 

2.2 Experimental Design 

A three component simplex-centroid mixture design (Design-Expert Version 

5.0.9, Stat-Ease, Inc., Minneapolis, MN) was used to evaluate the effects of polymer 



 

166 
 

concentration (Figure 2).  A two level factorial design allowed the screening of several 

factors.  The levels of each factor are summarized in Table I. 

Polymer 2

85.0 87.5 90.0 92.5 95.0 97.5 100.0 H2O or Polymer 3
0.0
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15.0

Polymer 1

0.0
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5.0

7.5

10.0

12.5

15.0

 

Figure IX-2.  Ternary mixture design displaying the polymer compositions 

evaluated (? ) and repeated (? ). 

 

Table IX-I.  Variables investigated. 

 Levels 
Variables Low  High 

[Polymer] 1,2,3 0 wt%  15 wt% 
pH 5  9.5 

Background 
Electrolyte KCl  MgCl2 

[Background 
Electrolyte] 10 mM  100 mM 

Temperature 25°C 40°C 60°C 

 

2.3 Solution Preparation 

Polymer solutions ranging from 0? 15 wt% polymer concentration were made by 

adding each polymer to an appropriate amount of background electrolyte.  The 

background electrolytes were dilutions of saturated solutions of KCl and MgCl2 (Fisher 
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Scientific, Pittsburgh, PA).  The saturated solutions were analyzed using ICP 

spectroscopy to determine the actual electrolyte concentration (Acme Analytical 

Laboratories Ltd., Vancouver, BC, Canada).  The pH of each mixture was adjusted using 

0.1, 0.5, and 1.0 N analytical grade NaOH or HCl (Fisher Scientific, Pittsburgh, PA).  

The solutions were allowed to mix for approximately one hour before final pH 

adjustment and turbidity measurements were made.  After room temperature turbidity 

measurements, each sample was allowed to equilibrate overnight in an oven, at 

temperatures of 40°C and 60°C.  Prior to the higher temperature measurements, the 

solutions were shaken until they appeared homogeneous. 

 

2.4 Solution Characterization 

2.4.1 Turbidity 

A turbidimeter (Model 2100AN Laboratory Turbidimeter, Hach, Loveland, CO) 

was used to measure the amount of light scattered from a focused tungsten light source 

by a polymer solution.  The intensity of the scattered light was compared to a set of 

Formazin silt standard solutions (Hach, Loveland, CO).  The relative intensity of the 

scattered light compared to that of the standard is presented in Nephlometric turbidity 

units (NTUs). 

 

2.4.2 Optical Microscopy 

Optical observations were made using a phase contrast light microscope (ME-

POL, BIO-POL Laboratory Polarizing Microscope, Unitron, Inc., Bohemia, NY).  
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Images were captured using a digital camera and software (Pixera Professional, Pixera 

Corporation, Los Gatos, CA). 

 

2.5 Data Analysis 

The data obtained were analyzed using Design-Expert (Version 5.0.9, Stat-Ease, 

Inc., Minneapolis, MN).  A base 10 log transformation was performed on the data.  A 

cubic model was forced fit the data and factors with the smallest F-value removed using a 

backward elimination.  The backward elimination progressed until the p-value of the next 

factor out-satisfied the specified alpha value of 0.05 (or a 95% confidence).  This 

procedure allowed a semi-quantitative analysis of the effects of each factor on the ternary 

diagram (i.e., how the interaction field shifted) because the models could not be 

translated into actual units.  To be translated into actual units a model must be 

hierarchical.  Since the models were not hierarchical, they were not scale dependent. 

 

 

3.0 Results 

Using Design Expert the factors influencing turbidity were evaluated.  A typical 

ternary mixture diagram with turbidity on the z-axis is shown in Figure 3.  The 

“interaction field” represents the concentrations of polymer for which a higher turbidity 

was recorded.  Table II lists the factors that dictated the turbidity.  In all cases, the 

concentration of polymer played the most important role in determining the turbidity.  

The turbidity was dictated by the total polymer/water concentration.  The data 

demonstrates the dependence of the complexation between PMAA and PEG or PVA on 
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pH.  Decreasing the pH resulted in a higher turbidity.  The addition of salt also had an 

effect on turbidity.  This was most prevalent in the PMAA-PEG and PVA-PEG systems.  

When all three polymers are combined in one mixture, the polymer concentration alone 

dictated turbidity.  The models fit to each polymer system for three different temperatures 

are presented in Table III.  Although the models are in terms of coded factors, they still 

provide the trends observed for the factors controlling the turbidity, as well as any 

interactions between factors. 

In the case of the PMAA-PVA system, a small increase in turbidity was observed 

for an increase in temperature.  The PMAA-PEG system decreased in turbidity with 

increasing temperature.  The PVA-PEG system also decreased in turbidity with 

increasing temperature.  The mixture of all three polymers results in a much more 

complicated system.  At room temperature, the complexation of PVA with PEG 

dominates the turbidity.  As the temperature increases, the interaction between PMAA 

and PVA dominate.  This phenomenon is exemplified in Figure 4. 

Phase contrast optical microscopy allowed observation of the structures formed 

during polymeric interactions.  Figure 5 displays three images, representing typically 

observed structures for the three binary polymer systems.  In Figure 5 (a), the interaction 

between PVA and PEG formed stable globules.  Figure 5 (b) and (c) represent PMAA-

PVA and PMAA-PEG systems.  The structures formed in these systems were much 

closer in appearance to the continuous phase.  The spherical regions in (b) and (c) 

coalesced with time into one large region. 
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Figure IX-3.  Typical ternary mixture diagram with turbidity on the z-axis.  The 

concentrations of polymer for which there are interactions, is represented by the 

increase in turbidity, and by the interaction field. 

 
 

Table IX-II.  List of factors dictating the turbidity of each polymer system at 

different temperatures.  Arrows indicate the direction the factors need be changed 

to cause the turbidity to increase.  For salt type, a ? indicates KCl and an 

?indicates MgCl2. 

 Factors Dictating Turbidity 
Polymer System 25°C 40°C 60°C 

H2O-PMAA-PVA ↓  pH, ↓ salt, ↓ [H2O], 
↑ [PMAA], ↑ [PVA] 

↓ pH, ↓ [H2O],  
↑ [PMAA], ↑ [PVA] 

↓ pH, ↓ salt, ↓ [H2O],  
↑ [PMAA], ↑ [PVA] 

    
H2O-PMAA-PEG ↓  pH, ↓ salt, ↓ [H2O],  

↑ [PVA] 
↓  salt, ↑ [salt], ? [H2O],  

↑ [PMAA], ↑ [PVA] 
↓ salt, ↑ [salt], ↓ [H2O], 

↑ [PMAA], ↑ [PVA] 
    

H2O-PVA-PEG ↑ [salt], ↓ [H2O],  
↑ [PVA], ↑ [PEG] 

↓ salt, ↑ [salt], ↓ [H2O], 
 ↑ [PVA], ↑ [PEG] 

↓ salt, ↑ [salt], ↓ [H2O],  
↑ [PVA], ↑ [PEG] 

    
PMAA-PVA-PEG ↓ pH, ↑ [PMAA], 

 ↑ [PVA], ↑ [PEG] 
↑ [PMAA], ↑ [PVA],  

↑ [PEG] 
↑ [PMAA], ↑ [PVA],  

↑ [PEG] 
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Table IX-III.  Results of statistical analysis of each polymer system at each 

temperature investigated.  The Log10 (Turbidity) is in terms of coded factors; A is 

the [total polymer or polymer 3], B the [polymer 1], C the [polymer 2], D the pH, 

E the background electrolyte, F the [background electrolyte] 

Polymer System Log10(Turbidity) = 
 25°C 40°C 60°C 

PMAA-PVA -255  -981  -1146  
 22.6  * D -706  * A -883  * A 
 -15.8  * E -1178  * B -1395  * B 
 -425.8  * A2 23.2  * D 19.5  * D 
 426  * B2 -557  * A2 -19.3  * E 
 457  * C2 1444  * C2 -618  * A2 
 39.8  * A * E 226  * A3 1710  * C2 
 174  * A3 10.0  * B3 47.7  * A * E 
 175  * B3 595  * C3 256  * A3 
 201  * C3 25.3  * A2 * D 11.0  * B3 
 23.8  * A2 * D -23.4  * B2 * D 703  * C3 
 -24.8  * A2 * E -24.7  * C2 * D 21.8  * A2 * D 
 -22.7  * B2 * D   -28.9  * A2 * E 
 -23.5  * C2 * D   -20.1  * B2 * D 
     -20.8  * C2 * D 

PMAA-PEG -4.46  -4.10  2.42  
 -2.91  * A2 22.4  * C2 -18.2  * E 
 27.8  * C2 1.33  * A * F -10.0  * F 
 2.73  * A * E -1.80  * A3 -1.19  * B2 
 21.7  * C3 17.8  * C3 47.5  * A * E 
 1.67  * A2 * D -1.73  * A2 * E 25.1  * A * F 
 -1.28  * C2 * D -1.76  * A2 * F 1.95  * C3 
 -2.31  * C2 * E 1.77  * B2 * E -30.0  * A2 * E 
   0.08  * C2 * F -15.4  * A2 * F 

PVA-PEG 487  581  622  
 874  * B 523  * A 918  * B 
 414  * A2 1288  * B 11.0  * E 
 662  * B2 12.5  * E 624  * A2 
 -393  * C2 945  * B2 507  * B2 
 1.40  * A * F -595  * C2 -593  * C2 
 -161  * A3 -31.6  * A * E -29.8  * A * E 
 278  * B3 1.28  * A * F 1.06  * A * F 
 -142  * C3 390  * B3 -246  * A3 
 -1.79  * A2 * F -220  * C3 216  * B3 
   20.0  * A2 * E -219  * C3 
   -1.66  * A2 * F 18.7  * A2 * E 
     -1.33  * A2 * F 
     0.98  * B2 * E 

PMAA-PVA-PEG 970  1355  1524  
 928  * A 1289  * A 1511  * A 
 1871  * B 2672  * B 2929  * B 
 16.2  * D 1656  * B2 1704  * B2 
 1127  * B2 -1608  * C2 -1871  * C2 
 -11676  * C2 24.6  * A3 24.0  * A3 
 22.9  * A3 678  * B3 699  * B3 
 467  * B3 -635  * C3 -738  * C3 
 -458  * C3     
 17.3  * A2 * D     
 -16.9  * B2 * D     
 -16.3  * C2 * D     
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4.0 Discussion 

4.1 Complex Formation (General) 

Each of the polymers investigated was completely soluble in water at 25°C, at the 

concentrations investigated.  All of the complexes formed, at least in part, involve the 

formation of a hydrogen bond through intermolecular interaction between electron-

deficient hydrogen and a region of high electron density.  In order for the complexation to 

take place, one polymer must be a proton-donator and the other a proton-acceptor. 

 The process of the formation of the complex between polymer A and polymer B 

can be described by the following.  First, each polymer must go through desolvation.  

This step may be endothermic; the absolute value of the enthalpy is related to the strength 

of the interaction between the solvent and each polymer.  Desolvation is followed by 

complexation, during which hydrogen bonds form between polymers.  The final step 

involves conformational changes of the formed complex.2, 4 

 The solvent (water) can interact with the polymer via hydrogen bonding.  The 

dielectric constant of water decreases with increasing temperature.  The kinetic energy of 

a polymer chain and the hydrophobic interactions increase with increasing temperature.  

The hydrophobic interactions may be stronger on the hydrogen bond containing complex 

than on the stabilization of the complex.  Therefore, complexes break down as the 

temperature increases.3  

The addition of salts to a polymer-polymer-water solution destroys the structure 

of the water, thus increasing the mobility of the molecules.  Therefore, a higher 

concentration of polymer would be required for phase separation to occur, up to a certain 

concentration of salt.3, 8  
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Figure IX-4.  PMAA-PVA-PEG mixture diagrams at a pH of 5 in 100 mM KCl.  

Turbidity on the z-axis shows both an increase and a shift in the peak turbidity, 

with increasing temperature. 
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a.) b.)

c.)

100 µm

 

Figure IX-5.  Typical polymeric interactions observed using optical phase contrast 

spectroscopy; a.) 7.5 wt% PVA and 7.5 wt% PEG at a pH of 5 in 10 mM MgCl2, 

b) 7.5 wt% PMAA and 7.5 wt% PVA at a pH of 5 in 10 mM MgCl2, c.) 7.5 wt% 

PMAA and 7.5 wt% PEG at a pH of 5 in 10 mM MgCl2. 

 

 

4.2 PMAA-PEG 

The increase in turbidity of the PMAA-PEG system can be attributed to hydrogen 

bond complexation between ether oxygen of PEG and carboxyl groups of PMAA, which 

functions as the proton donors.9-11  A high degree of ionization of PMAA inhibits 

complexation of PMAA with PEG.10-12  Although, partially dissociated PMAA has also 

been found to form intermacromolecular complexes with PEG.  Bailey and others 
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attributed the behavior to ion-dipole interactions between carboxylic anions of PMAA 

and the ether oxygen atom of PEG.11  

The complexation of PMAA with PEG is highly dependent upon the pH (i.e., the 

degree of polyelectrolyte dissociation).  The point at which dissociation initiates is 

termed the “critical pH.”  The critical pH corresponds to a critical PMAA chain length.  

Dissociated carboxyl groups are influenced by complexation and re-associate by the 

removal of protons from solution, into the vicinity of the polymers.  At higher pH levels, 

the enthalpy provided by hydrogen bonding can not be compensated by the decrease in 

entropy.2, 11  The result is a reduction in the complexation of PMAA with PEG.  The 

addition of salt to a solution of PMAA reduces the number of dissociated carboxyl 

groups.10  Therefore, PMAA and PEG complexation increases with increasing salt 

concentration.   

The pH and electrolyte concentration can also affect the behavior of PEG in 

solution.  Precipitation of pure PEG from solution can be accomplished by the addition of 

alkali metal salts, Li+ and Na+, which readily form crystalline complexes with PEG, while 

large ions, such as K+ do not.13  The effectiveness of an electrolyte at salting out PEG 

decreases with increasing valence and is reflected in the collapse of the polymer coil.14  

The pH of a PEG solution determines the temperature of precipitation, with a decrease in 

pH decreasing the precipitation temperature.14  No precipitation of PEG was observed 

during this investigation.  The low pH conditions and increasing temperatures may have 

decreased the interaction potential between PEG and PMAA or PVA. 

 

 



 

176 
 

4.3 PMAA-PVA 

 The poly(carboxylic acid)-PVA systems have been observed to complex at 

moderate concentrations upon mixing by several groups.15-19  FTIR analysis of PMAA-

PVA films showed a correlation between complex formation and hydrogen bonding 

between PVA hydroxyl and carboxylic groups on the PMAA.18  Zhang and others used 

NMR to examine the complexation of PMAA-PVA.  They were able to conclude that 

hydrogen bonding was the primary interaction between the two polymers.  At higher 

temperatures, the hydrogen bonds broke down.20, 21  As temperature increases, the 

hydrogen-bonding interaction weakens, while the effect of free volume becomes stronger.  

When the effect of free volume overcomes the hydrogen-bonding interaction, the 

complex breaks down and phase separation occurs.21  

 

4.4 PVA-PEG 

The complexation of PVA and PEG through hydrogen bonding of the hydroxyl 

group of PVA and the PEG ether oxygen has been observed by several investigators.22-26  

The degree of saponification of the PVA has a large effect on the complexation of PVA 

with PEG, as the degree of saponification increases, phase separation decreases.25  When 

a highly saponified sample of PVA was investigated, a weak repulsive interaction 

between PVA and PEG was detected.24  The PVA investigated was 88% saponified, so 

repulsive forces were assumed to be insignificant.  DMA results (Chapter VIII) indicated 

phase separation of PVA-PEG at higher temperatures. 
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4.5 PMAA-PVA-PEG 

 The cooperative and concerted interactions of each active site play an important 

role in complex formation.  These phenomena result in selective intermacromolecular 

complexation.  Selective inter-chain complexation is described by the following:2 

( )complexPPPP 2121 −→+             (1) 

( )complexPPPP 2323 −→+             (2) 

( ) 321321 PPPPPP complex +−→++            (3) 

P1 and P3 can interact with P2 individually to form intermacromolecular complexes.  

When three polymers coexist under suitable conditions, only P1 preferentially forms a 

complex with P2.  In the case of PMAA-PVA-PEG, PMAA and PEG have been found to 

preferentially complex when the pH of the solution is low (~2).  There are two reasons 

for this.  PVA is hydrophobic, therefore it has the tendency to aggregate itself, the 

aggregates of which must be broken down in order for complexation with PMAA to take 

place.  The second reason behind selectivity is the ability of PMAA and PEG to bond 

through both hydrogen bonds and through ion-dipole interactions.2   

This was not the case in this investigation.  PVA and PEG preferentially complex 

at room temperature.  Increasing the temperature broke down the weak hydrogen bonding 

between PVA and PEG, as well as decreased the tendency for PMAA and PEG to form a 

hydrogen bond.  At 60°C the major interaction occurred between PMAA and PVA.  At 

60°C PMAA and PVA tend to phase separate. 
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5.0 Conclusions 

 Hydrogen bonding is the major contributing factor in the complexation of the 

polymers investigated.  The interactions between polymers in water can be manipulated 

through the alteration of polymer concentration, solution pH, background electrolyte and 

concentration, and temperature.  When one of the polymers in solution is a 

polyelectrolyte, such as PMAA, the system is highly pH dependent.  Decreasing the pH 

prevents dissociation of the polyelectrolyte and promotes hydrogen bonding.  Adding 

salts to solution will provide a similar situation, increasing the concentration of salt also 

prevents dissociation and promotes hydrogen bonding.  Temperature has an effect of 

decreasing the hydrophobicity of the polymers and increasing the enthalpy of the system.  

The increase in enthalpy promotes the break down of complexes.  This was seen in the 

PMAA-PEG, PVA-PEG systems.  An increase in temperature resulted in an increase in 

turbidity for the PMAA-PVA system, due to phase separation dominating over 

complexation or neutrality.  The ternary polymer system displayed selective 

intermolecular complexation.  Initially, PVA and PEG complexation dominated the 

turbidity measurements.  Increases in temperature shifted the phase field towards PMAA-

PVA phase separation. 
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X.  SUMMARY 
 

 

The results of this investigation provided vital information required for the 

development, and more importantly, the understanding of polymer-polymer phase 

separation as related to ceramic systems.  The concept of tailoring ceramic 

microstructures by exploiting the phase separation phenomenon was demonstrated for the 

DS/PEG/water system in alumina (see Figure I-6). 

To insure the porosity in the DS/PEG system was due to phase separation rather 

than other rheological or sintering phenomenon, several studies were undertaken.  The 

viscosity of a suspension is an important suspension property in terms of processing.  The 

rheology of a dispersed alumina suspension was dictated by ionic strength effects.  Initial 

additions of dispersant caused a decrease to a viscosity minimum, after which the 

viscosity increased (see Figures II-2 and 3, III-1 and 2, IV-2 and 3).  The increase in 

viscosity was attributed to ionic effects, in particular the ions associated with the 

polyelectrolytes (see Figures III-6 and IV-7).  The CCC of alumina suspensions was 

determined.  The results suggest the use of salts to invoke polymeric interactions may be 

inappropriate.  The rheology of the overall system, and therefore processing will be 

dictated by the ionic strength (see Figures VI-2 through VI-6).  For the dispersant levels 

investigated, the concentration of polymer after the minimum in viscosity had little effect 

on the suspension viscosity.  A strictly steric hindrance of the polyelectrolytes in 

coagulated suspensions provided a decrease in viscosity of approximately two orders of 

magnitude (see Figures III-1 and 2, IV-2 and 3). 
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The SEM images obtained using pellets cast from suspensions with each of the 

dispersants provided insight into the effects of particular ions and polyions, as well as the 

organic polymer, on microstructure development (see Figure VII-8).  No discernable 

affect on microstructure development was found for SO4
2- ions.  However, the presence 

of Na+ ions increased the average grain size (see Figure VII-10).  Incorporation of the 

polyelectrolyte carbon-backbone into the ceramic pellets decreased the grain growth (see 

Figures VII-9 and 11).  The inorganic systems evaluated both displayed grain growth 

inhibitions (see Figure VII-7). 

Based on the microstructural evidence the DS-PEG phase separation process 

appears to be a thermodynamically stable means of incorporating controlled porosity into 

a ceramic system.  Unfortunately, DS was not suitable as a dispersing agent and its cost 

prohibits it from being used in industry.  The phase behavior of the PMAA-PVA-PEG 

system was illustrated. 

The effects of pH, electrolyte type and concentration, and temperature were 

evaluated (see Table IX-II).  PMAA interactions with PVA and PEG were dependent 

upon the state of dissociation of the PMAA.  Therefore, the pH and electrolyte 

concentration had the largest impact on the phase behavior of these systems.  The PEG 

conformation can be altered through association with added electrolytes, therefore the 

PVA-PEG and PMAA-PEG system are dependent upon the type and concentration of the 

electrolyte. 

An increase in temperature resulted in the break down of complexes in several 

polymer systems, including the PMAA-PEG and the PVA-PEG (see Figure IX-5).  

Increasing the temperature of the PMAA-PVA system resulted in an increase in turbidity, 
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which through FTIR (see Figure VIII-5) and DMA (see Figure VIII-6) was attributed to 

phase separation.  Thus, a phase separating system controllable through pH, ionic 

concentration, and temperature was identified.  

Polymeric interactions do take place in polymeric system presently used in 

ceramic processing.  The interactions, in particular phase separation of PMAA or PAA 

and PVA, could be the mechanism for binder migration during spray drying.   
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XI.  CONCLUSIONS 

 

 

1.0 Colloidal Behavior 

The viscosity of alumina suspensions is dictated by ionic strength.  A decrease in 

viscosity with increasing dispersant levels was observed, followed by an increase to a 

viscosity plateau.  The decrease in viscosity was the result of electrostatic repulsion, 

induced by the specific adsorption of polyelectrolyte to the alumina.  The increase in 

viscosity was linked to an ionic contribution of the polyelectrolyte to the suspension, 

upon dissociation.  The concentration required to coagulate the suspensions correlated to 

the concentration of ions contributed by the polyelectrolytes.  An increase in viscosity at 

pH levels below 3 of electrostatically HCl dispersed alumina suspensions, was attributed 

to an increase in the concentration of Cl- ions.  Coagulation of the suspension resulted in 

the plateau viscosity.  Incremental additions of electrolyte to suspensions, at a minimum 

in viscosity, also resulted in an increase in viscosity. A steric hindrance mechanism took 

affect after CCC had been achieved, resulting in a lower viscosity for suspensions with 

dispersant levels exceeding the CCC, compared to suspensions with no dispersant. 

 

2.0 MgO Additive 

 When compared to a high purity alumina, the addition of MgO as a sintering aide 

can cause deviations in viscosity.  Mg2+ ions cause variations in solution chemistry that 

raise the pH.  The order of magnitude higher minimum in apparent viscosity for A-16 

S.G. suspensions has been linked to heterocoagulation of the MgO and alumina.  Dual 
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minima were observed for both clean (low sodium concentration) and impure (high 

sodium concentration) suspensions containing MgO.  The first minimum was linked to 

the MgO additive, while the second correlated to alumina stabilization with NH4-PAA.  

A shift in the initial minimum to lower dispersant levels was seen with increasing sodium 

levels. 

 

3.0 The Role of Sodium in an Alumina Suspension 

The presence of Na+ in a suspension plays an important role in polyelectrolyte 

adsorption to the surface of alumina.  The minimum in viscosity shifted to lower 

dispersant levels for the Na-polyelectrolytes compared to the NH4-polyelectrolyes.  

Based on the results obtained in the investigation into rheological variations due to 

sintering aids and impurities, and the shift seen between the Na- and NH4-

polyelectrolytes; it is proposed that Na+ ions associates with negative sites on the alumina 

surface promoting polyelectrolyte adsorption. 

 

4.0 Inorganic Dispersants 

SS and SHMP were both excellent dispersants of alumina.  SHMP functioned via 

a dual dispersion mechanism making it equally effective at dispersing APA-0.5 and A-16 

S.G.  The SHMP traps Mg2+ ions in solution, preventing it from interacting with the 

alumina surface and potentially compressing the electrostatic double layer.  At the same 

time, the SHMP also attaches to the surface of the powder, increasing the electrostatic 

potential and providing a steric barrier to particle-particle contacts.  Problems arose 
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during the sintering of inorganically dispersed systems, in the form of extreme grain 

growth inhibition.  Both the SS and SHMP inhibited grain growth at 1400°C. 

 

5.0 Definition of Critical Coagulation Concentration 

The CCC was defined as the point at which electrostatic repulsion tends to zero.  

A procedure for measuring the CCC of a highly loaded suspension was developed, using 

the apparent viscosity as a measure of suspension stability.  The CCC is indicated by the 

inflection point of the apparent viscosity versus the counter-ion concentration.  The 

thickness (d) of the electrical double layer around an alumina particle was estimated as a 

function of the electrolyte concentration and valance of the counter ion, using a 

capacitance model.  The CCC of MgCl2-coagulated suspensions was used to obtain a 

critical d value, which correlates to the point at which the net electrostatic repulsion 

equals zero.  The critical d value was then used to calculate the CCC of the other counter-

ions investigated.  These values correlated with the experimental viscosity and ζ -potential 

data.   

 

6.0 Microstructure Development 

 Modifications to microstructure evolution were confirmed when species such as 

Na and SiO2, or a polyelectrolyte carbon-backbone were added to suspension.  The 

addition of Na-polyelectrolytes as a dispersant resulted in abnormal grain growth at 

1400°C.  Formation of a liquid phase at the grain boundaries was the proposed grain 

growth mechanism.  The concentration of organic materials can affect the early stages of 

sintering, by reducing the number of particle-particle contacts.  Neither of the inorganic 
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dispersants investigated resulted in dense microstructures.  The inhibition of sintering 

was attributed to the formation of a second phase at the grain boundaries.  In the case of 

sodium silicate, the second phase is presumed to be a beta-aluminate, whereas in the 

sodium hexa-metaphosphate system, the second phase is an alumino-phosphate. 

 

7.0 Polymeric Interactions 

 Polymers used in the ceramic industry interact.  These interactions may be the 

root cause of such phenomenon as binder migration.  Hydrogen bonding is the major 

contributing factor in the complexation of the polymers investigated.  The state of 

dissociation of PMAA, and therefore the pH and electrolyte concentration, was found to 

have an effect on the association of PMAA with PVA and PEG.  The increase in enthalpy 

corresponding to an increase in temperature promotes the break down of associated 

complexes.  An increase in the temperature of the PMAA-PEG, PVA-PEG system 

resulted in a decrease in turbidity.  An increase in turbidity was observed in the PMAA-

PVA system with increasing temperature, due to phase separation dominating over 

complexation or neutrality. 

  

8.0 Summary 

Based upon the information gathered, the microstructures developed when DS 

and PEG are added to an aqueous alumina suspension are the result of polymeric phase 

separation.  The microstructures are thermodynamically stable.  Using the knowledge 

gained from the investigations, tailored microstructures can be produced by phase 

separation of polymeric additives.  A suspension can be processed outside the phase 
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separating region by manipulating the thermodynamic properties of the polymer system.  

Phase separation can then be induced by changes in the suspension pH, electrolyte level, 

and temperature.  The size, shape and connectivity can be controlled through kinetics.  

The result is an easily fabricated sample with tailored porosity. 
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APPENDIX B: GRAIN SIZE DISTRIBUTIONS 
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Figure B-1.  Comparison of grains size distributions of the organic NH4-

polyelectrolyes; (? ) 0.15 mg/m2 citric acid, (? ) 1.25 mg/m2 citric acid, (? ) 0.4 

mg/m2 NH4-PMAA, (? ) 1.25 mg/m2 NH4-PMAA, (¦) 0.60 mg/m2 NH4-PAA, 

and (? ) 1.25 mg/m2 NH4-PAA. 
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Figure B-2.  Comparison of grains size distributions of the organic Na-

polyelectrolyes; (? ) 0.3 mg/m2 Na-PMAA, (? ) 1.25 mg/m2 Na-PMAA, (? ) 0.3 

mg/m2 Na-PAA, and (? ) 1.25 mg/m2 Na-PAA. 



198 
 

Grain Size (µm)
0.2 0.4 0.6 0.80.1 1

Fr
ac

tio
n 

of
 G

ra
in

s

0.0

0.1

0.2

0.3

0.4

0.5

 

Figure B-3. Comparison of grains size distributions of the inorganic 

polyelectrolyes; (? ) 0.3 mg/m2 SS, (? ) 1.25 mg/m2 SS, (? ) 0.2 mg/m2 SHMP, 

and (? ) 1.25 mg/m2 SHMP. 
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Figure B-4. Comparison of grains size distributions of the acids, bases, and 

undispersed samples; (? ) HCl, (? ) H2SO4, (¦) NaOH, (? ) NH4OH, and (? ) 

None. 




