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Abstract 

Dry pressing has been shown to be an efficient and cost effective method 

of manufacturing ceramic ware.  Dry pressed parts are typically manufactured 

with a low moisture content which has the further advantage of eliminating the 

drying step that is necessary for plastic formed ware, i.e., jiggered or ram 

pressed.  Problems associated with the use of dry pressing in an industrial 

setting involve the high loss rate during the bisque firing process and the poor 

surface finish of the green (unfired) ware.  It was the goal of this research to 

improve the surface finish of dry pressed ware to a level that is satisfactory for 

decorating of the bisque fired ware.  The current surface finish of the dry pressed 

ware resulted in a decoration that was not aesthetically pleasing. 

The adsorption of organic additives, specifically dispersants, on the 

surface of particles is an important aspect of ceramic processing.  The 

interactions between organic additives, specifically sodium poly[acrylic acid] and 

poly[vinyl alcohol], have been demonstrated to result in phase separation into 

distinct domains during the spray-drying process.  This phase separation leads to 

a poly[vinyl alcohol]-rich film on the surface of the granulate which will increase 

the P1 value, the pressure at the onset of granule deformation, of the granulate.  

This negative interaction between the organics increases the surface roughness 

of the dry pressed ware.   

The presence of naturally-occurring organics, specifically humic acid and 

fulvic acid, interfered with the adsorption of poly[acrylic acid] on the surface of 

clay particles.  The competitive adsorption between the naturally-occurring 

organics in clay and poly[acrylic acid] lead to a tertiary blend of organics in 

solution which will further aggravate the phase separation of the additives.  

Furthermore the presence of these organics in solution interfered with the 

titration method used to determine the amount of polymer which adsorbed on the 

particle surface.   

The amount of polymer dispersant which adsorbed on the surface of a 

kaolinite particle was predicted by a model based upon the mineralogy of the 

kaolinite platelet.  Preliminary adsorption studies with commercial clays found a 
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significant deviation from the predicted levels.  Work with source clay minerals 

confirmed the model for adsorption.  Washing and beneficiation by sedimentation 

of commercial clays was determined to improve the adsorption levels of 

poly[acrylic acid] to the predicted levels.   

The presence of digested lignite in a commercial clay, added by the 

supplier to improve plasticity, was found to not significantly effect the plasticity as 

determine by the HPASC.  Instead the presence of sodium chloride, a byproduct 

of the process used to fraction the organics, was found to change the shear 

rheology of the clay.  The digested lignite was prepared by treating lignite in hot 

sodium hydroxide.  The result was a low molecular weight species that was 

observed to improve the rheology of a 30 volume percent clay suspension, but 

there was no significant improvement in the measured cohesion of a commercial 

kaolin clay. 

The roughness of the industrially prepared ware was determined using an 

optical interferometer to set a baseline for improvements in the surface finish of 

the dry pressed ware.  Two routes were investigated to reduce the measured 

surface roughness of the dry pressed ware.  The first involved the blending of 

dried granulate with different P1 values.  The second involved the study of 

alternative binder systems to replace plasticized poly[vinyl alcohol] (pPVA) which 

has been demonstrated to undergo phase separation in the presence of 

poly[acrylic acid] (PAA) and poly[methacrylic acid] (PMAA) which are commonly 

used dispersants in the ceramic industry.   

Blending of dried granulate was determined to significantly improve the 

surface finish of the ware.  The role of moisture content, controlled by the relative 

humidity, and granule size were determined.  Moisture content was observed to 

have a significant role in compaction and storage of dried granulate at 90% 

relative humidity was observed to restore the attributes (P1, compact density, 

and green strength) of the granulate to those of the as-received material.  

Granule size was observed to be insignificant provided that the extreme fines, 

sub-230 mesh, were not tested.   
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A reduction in the granule size distribution was observed to significantly 

reduce the measured RMS roughness of dry pressed ware.  Granulate prepared 

at Alfred University had a significantly smaller mean diameter relative to the 

industrially prepared granulate.  The result was an overall reduction in the depth 

of the features between compacted granules at the sample surface.  This lead to 

a significant reduction in the surface roughness of the dry pressed ware. 

Alternative binders to replace a plasticized poly[vinyl alcohol] were 

observed to show improvements in the surface finish of the ware dry pressed in a 

semi-isostatic die.  Blends of granulate prepared with alternative binders, 

selected on a basis of a normalized P1 value, were not observed to have a 

significant reduce the measured P1 value.  Instead the change in the P1 value of 

the blended granulate was observed to be strongly correlated to the moisture 

content of the granulate.  The measured RMS roughness was observed to 

slightly decrease with an increase in the moisture content of the granulate. 

The combination of shear and uniaxial pressure were observed to 

significantly decrease the P1 value of the granulate.  The role of moisture content 

during uniaxial compaction was again observed.  Above 3 wt% moisture plateaus 

were observed in the uniaxial P1 value, the compact density, green strength, and 

the RMS roughness.  The P1 value in shear was observed to be nearly 

independent of moisture content and more than an order of magnitude lower than 

the uniaxial P1 value. 

The effects of organic binders on the plasticity of a granulated porcelain 

body were determined using the HPASC as a function of moisture content.  

Relative to the granulate with no organic binder system the addition of a 

plasticized poly[vinyl alcohol] and poly[ethylene glycol] were observed to 

decrease the maximum cohesion of the body and increase the pressure 

dependence at the maximum cohesion.  The addition of lignosulphonate was 

observed to significantly increase the maximum cohesion, as well as increase the 

area under the curve in the shear rheology map, of the body and decrease the 

pressure dependence of the system.  Based upon the criteria set forth in this 

thesis the addition of plasticized poly[vinyl alcohol] or poly[ethylene glycol] were 
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determined to be detrimental to the plasticity of the clay body while the addition 

of lignosulphonate was observed to be beneficial to the plasticity.  These 

changes in plasticity were related to the adsorption of lignosulphonate and the 

change in the surface tension of the water in the samples due to the organic 

additives. 

The results from a dynamic mechanical analyzer to determine the glass-

transition temperature, indicated that the plasticizer used in this study, supplied 

by Buffalo China from their process line, is not an effective plasticizer for 

poly[vinyl alcohol].  Concentrated solutions of the two organics were observed to 

phase separate into distinct domains.  Furthermore two peaks were observed in 

the Tan δ, the ratio of the loss modulus to the storage modulus, curves from the 

dynamic mechanical analyzer.  Each peak corresponded to a glass transition 

temperature of an organic component in the test film, prepared using a glass 

fiber cloth as a substrate.  An effective plasticizer would result in a shift of the 

glass-transition temperature of the organic.  No shift was observed in the glass-

transition temperature of the poly[vinyl alcohol] indicating that there was no 

associated complex between the organics.  Comparison with a poly[vinyl alcohol] 

and glycerin mixture showed that glycerin is an effective plasticizer for poly[vinyl 

alcohol] resulting in the glass-transition temperature shifting to lower 

temperatures. 

In summary the most important aspect to improving the surface finish of 

dry pressed ware, i.e. facilitating compaction, is the selection of the organic 

additives.  Additives which are observed to have a negative interaction, i.e. to 

phase separate into distinct domains, will result in an organic rich film at the 

surface of the granule thus increasing the P1 value of the granulate.  The 

presence of water in the granulate can counteract this effect by plasticizing the 

organic.  A suitable moisture content of the granulate is crucial to compaction.  

With little moisture, the binder will be hard and difficult to deform.  Excess 

moisture results in poor flowability and the pressed part sticking to the die.  The 

use of a binder which created an organic gelatin was observed to significantly 

improve the compaction of blended granule systems since the water which was 

 xxxvii



 

trapped in the gelatin structure was available to plasticize the second organic 

binder.  The highest green strength observed in this study resulted from a 50-50 

weight percent blend of an agar binder system and a lignosulphonate binder 

system.  Excessive amount of an organic which creates a gelatin will result in a 

reduction in the flowability of the granulate and sticking of the ware to the 

membrane surface after compaction. 
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1. Introduction 

The adsorption of organics on the surface of ceramic particulate is an 

aspect of ceramic processing which is often ignored.  Polymeric surfactants, 

specifically dispersants, are assumed to adsorb to the particle surface creating a 

steric or electrosteric barrier to agglomeration.  The interaction between the 

particle surface and the dispersant are assumed to result in strong adsorption; 

little attention is given to the charged nature of the particle surface or the 

polyelectrolyte, a polymeric additive with an ionizable species on each 

monomeric building block. 

 Less attention is given to interactions between the organic species that 

are commonly used in the processing of ceramics, e.g., dispersants, binders, 

plasticizers, thickeners, anti-foams, etc.  For the purposes of this thesis the 

interactions of organic additives will be classified into three groups: 1) no 

interaction, 2) a negative interaction, and 3) a positive interaction.  A negative 

interaction is observed when the additives phase separate into distinct domains.  

A positive interaction is observed when the additives form an associated 

complex, e.g., by hydrogen bonding, to form a new “hybrid” organic species.  In 

the case of no interaction the organic additives remain in a homogeneous 

solution, but no associated complex is formed, i.e., each polymeric additive 

retains its individual attributes. 

This thesis investigates the adsorption of poly[acrylic acid] on the surface 

of various ceramic substrates, including alumina, crystalline silica, and various 

silicate minerals.  The affinity of the poly[acrylic acid] dispersant for the powder 

surface was quantified using a potentiometric titration technique to determine the 

concentration of polymer remaining in the supernatant of the suspension after 

adsorption.  The interactions between polymeric additives and the resulting 

consequences for the deformation of spray-dried granulate were determined by 

generating compaction diagrams and relating the P1 value, the pressure at the 

onset of granule deformation, to the measured surface roughness.  The primary 

goal of this research was to reduce the measured surface roughness of dry-

pressed dinnerware from an industrial process. 
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The remainder of this thesis is divided into nine chapters: 

Chapter 2 reports the results of an adsorption study investigating the 

effects of polymer molecular weight on the adsorption plateau value for an 

alumina and a ball clay substrate.  The affinity of Darvan™ 811, a sodium 

poly[acrylic acid] with a molecular weight of approximately 3500 Daltons, for 

silica and well characterized silicate minerals (purchased from the Source Clay 

repository) was also determined. 

Chapter 3 investigates the effects of a washing and beneficiation process 

to remove organic and inorganic impurities from commercial kaolinitic clays.  The 

adsorption plateau value for the beneficiated clay fractions was determined using 

the potentiometric titration technique from Chapter 2. 

Chapter 4 investigates the effects of competitive adsorption between 

naturally-occurring organics, present in commercial kaolinitic clays, and 

Darvan™ 811.  Incremental doses of Darvan™ 811 were added to the kaolinitic 

clays to gradually remove the adsorbed natural organics from the clay surface.  

The molecular weight of the naturally occurring organics which were removed 

from the kaolinite surface due to competitive adsorption was determined using 

gel permeation chromatography. 

Chapter 5 studies the effects of naturally-occurring organics on the 

plasticity of a relatively non-plastic commercial kaolin clay. 

Chapter 6 reports the results from a baseline study to characterize the 

surface roughness of commercially manufactured dinnerware from industrial dry 

pressing, jiggering, ram pressing, and pressure-casting operations.   

Chapter 7 summarizes the studies to improve the surface roughness of 

the dry-pressed dinnerware.  The benefits of blending samples of dried granulate 

prepared with different organic binder systems is reported in Chapter 7.2.  The 

effects of moisture content and granule size on deformation are reported in 

Chapter 7.3.  Alternative binder systems to replace a plasticized poly[vinyl 

alcohol] binder system are investigated in Chapter  7.4. 
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Chapter 8 reports the results from a study to investigate the benefits of 

applying shear during the compaction process as opposed to applying only a 

uniaxial load.  The effects of moisture content on the compaction of a granulated 

porcelain body in uniaxial and shear compaction were investigated.  The 

plasticity of a granulated porcelain body prepared with various organic binder 

systems is also reported. 

Chapter 9 investigates the plasticizer supplied by Buffalo China for this 

research.  The change in the glass-transition temperature as plasticizer is added 

to a sample of poly[vinyl alcohol] was determined by dynamic mechanical 

analysis. 

Chapter 10 is an overall summary and conclusions. 
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2.  Adsorption of Sodium Poly[acrylic acid] on 
Alumina and Clay Surfaces 

2.1 Introduction 

It is proposed that the phase separation of polymeric additives used in the 

spray drying process results in the poor surface finish of dry-pressed dinnerware 

manufactured using a semi-isostatic press.  Polymeric additives are used to 

control the rheology of the clay-water system, the deformation of the dried 

granulate, and the properties of the pressed green body.  Polymeric dispersants 

are used to control the particle – particle interactions in the clay-water system by 

either steric (the polymer acts as a physical barrier to flocculation) or electrosteric 

(a charged polymer, a polyelectrolyte, is used to create both an electrostatic and 

a physical barrier to flocculation) repulsion.  It is traditionally assumed that the 

dispersant exhibits strong chemisorption on the surface of the particle to create 

electrosteric repulsion between the particles. 

When other polymeric additives, i.e., binders, plasticizers, anti-foaming 

agents, etc., are added to the system to either control the rheological properties 

or the properties of the green body later in the process, the additives can interact 

in one of three ways: 1) there can be no interaction between the additives, 2) a 

positive interaction where an associated complex is formed by hydrogen or van 

der Waals bonding and 3) a negative interaction, where the additives phase 

separate into distinct domains.  Since the dispersant is strongly adsorbed to the 

surface of the particulate, a negative interaction will result in the other additives 

migrating to the surface to minimize the interaction between the two phases.  To 

understand the affinity of dispersants for the surface of the particulate, adsorption 

studies using sodium poly[acrylic acid] (Na-PAA) dispersants of various 

molecular weight have been performed using alumina and ball clay as an 

adsorbent. 

2.2 Literature Review 

The driving force for adsorption of polymers on the surface of particles is 

not clearly understood.  It is accepted that polymer adsorption results in a 

reduction in Gibb’s free energy (G) of the system.1,2  An overly simplified way to 
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understand the reduction in free energy is to consider a polymer in solution 

exchanging places with adsorbed monomeric species (including ions or lower 

molecular weight species) on the surface of a particle.  The polymer in solution 

has three degrees of translational freedom of the system, and energy is required, 

in the form of enthalpy (H), to adsorb the polymer on the particle surface.  By 

exchanging the polymer with a group of monomeric species, equal to the number 

of adsorption sites between the polymer and the particle surface, the entropy (S) 

of the system is increased since each of the monomeric species will have three 

degrees of translational freedom.  Thus the Gibb’s free energy is reduced since: 

∆G = ∆H - T∆S          (1) 

Therefore, in this simplified model for adsorption, the free energy of the system is 

reduced by replacing monomeric species on the particle surface with a polymeric 

species and there should be a driving force for the adsorption of larger molecular 

weight polymers on the particle surface. 

This simplified description for polymer adsorption has proven accurate for 

non-ionic polymeric additives, e.g., PVA.  Koopal investigated the adsorption of 

PVA on the surface of silver iodide, a hydrophobic surface, and oxidized carbon 

black, a hydrophilic surface.3  Koopal identified several criteria that need to be 

considered when studying the adsorption of polymers on a surface.  These are: 
- the absorbance on (nonporous) adsorbents usually increases with time over 
extended periods 
- from an ordinary polymer sample preferential adsorption of the larger molecules 
over smaller ones occurs, the extent of which depends on the adsorption 
conditions 
- due to this preference, the molecular weight dependence of adsorption cannot 
be directly obtained from isotherms of various samples differing in molecular 
weight 
- the adsorbent content (i.e., the surface area to volume ratio, S/V) may affect the 
amount of polymer adsorbed per unit area 
- desorption upon dilution is seldom achieved, but the addition of competitive 
adsorbates or a change in the solvent power can induce (partial) desorption, so 
that it is not clear if equilibrium has been obtained. 

- Koopal3 

The concentration of PVA remaining in the supernatant after equilibration for 

various periods of time was determined using a spectrophotometric technique.  

The results indicate that initially the lower molecular weight fractions in a sample 
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of PVA (polydispersity of the samples was 2.41, 3.49, and 5.83) adsorb and with 

time the adsorbed species are replaced by a higher molecular weight chain of 

PVA.  These results are explained by the diffusion rate and reconformation of the 

higher molecular weight species.  This adsorption behavior is typical for weak 

adsorption; PVA is a non-ionic polymeric additive. 

Adsorption of polyelectrolytes, e.g., PAA, show a different behavior 

compared to non-ionic surfactants.  Ramachandran and Somasundaran 

investigated the adsorption of sodium poly[styrene sulphonate], Mw of 4,000 and 

1,200,000, on the surface of hematite.4  The concentration of polymer adsorbed 

was determined using a depletion technique and the molecular weights of the 

species remaining in the supernatant were characterized using size exclusion 

chromatography (SEC).  They determined that in the absence of an electrolyte 

the lower molecular weight additive adsorbed more quickly and at a higher 

surface coverage (measured in mg/m2) compared to the 1,200,000 molecular 

weight sample.  In conditions where competitive adsorption was a factor, i.e., 

samples where both molecular weights were added, the lower molecular weight 

sample was preferentially adsorbed on the surface.  The adsorption plateau was 

observed to be consistent with the individual adsorption isotherms.  Upon the 

addition of an electrolyte to the system, 0.1 M NaCl, the adsorption isotherms are 

shifted to a higher concentration of adsorbed polyelectrolyte.  Furthermore the 

1,200,000 molecular weight polymer is observed to be preferentially adsorbed 

and, with time, the higher molecular weight polymer will replace the lower 

molecular weight polymer on the surface of the particle.  This was explained by a 

change in the conformation of the polymer in the salt solution, i.e., the presence 

of dissolved cations resulted in a coiled conformation. 

De Laat and van den Heuvel investigated the competitive adsorption of 

poly[acrylic acid] (PAA) on the surface of BaTiO3.5  Their study investigated the 

competitive and displacive adsorption of poly[vinyl alcohol] (PVA) and PAA using 

SEC, calibrated with poly[ethylene oxide] standards, to determine the 

concentration and molecular weight of the polymeric species remaining in the 

supernatant after equilibration.  Their results indicate that both PVA and PAA 
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adsorb on the surface of BaTiO3 and that a plateau is reached after the surface is 

covered, corresponding to 0.19 mg/m2 for the PVA and 0.40 mg/m2 for the PAA, 

no equilibration time was indicated.  Upon adsorption from solution there was no 

apparent change in the molecular weight distribution of the PVA sample.  The 

PAA sample showed a preferential adsorption for the high molecular weight 

fractions, when insufficient polymer was available to cover the surface, and an 

intermediate molecular weight from the distribution when excess polymer was 

present in solution.  Adsorption of PVA and NH4-PAA, added simultaneously, 

showed that when insufficient PAA was present PVA, added at a concentration 

above the surface saturation limit, adsorbed on the BaTiO3 surface.  As the 

concentration of the PAA was increased and the PVA concentration held 

constant in the solution, the amount of PVA adsorbed decreased as the 

concentration of PAA adsorbed increased.  Once the surface was saturated with 

PAA, no PVA was adsorbed from solution.  When the PVA was allowed to 

adsorb prior to the addition of PAA it was observed that the PVA was not 

displaced from the BaTiO3 surface and an adsorption isotherm was generated for 

PAA in the presence of a PVA covered surface. 

De Laat and van den Heuvel investigated the molecular weight 

fractionation of PAA salts, the cationic species on the polymer chain were not 

identified, on a BaTiO3 surface.6  Their results indicate that for low molecular 

weight PAA samples there was preferential adsorption of an intermediate 

molecular weight species.  For PAA samples that only have molecular weight 

fractions above this critical size, the molecular weight was not indicated since it 

was only a relative measure determined using the PEO standards, the lower 

molecular weight fractions were preferentially adsorbed.  They indicated that 

initially adsorption was dictated by the diffusion rate of the polymer fractions to 

the positively charged surface of the particle.  As the surface of the particle was 

covered with the negatively charged polymer an electrostatic barrier was created 

preventing further adsorption.  They indicated that longer polymer chains had a 

greater charge, i.e., more functional groups on the chain, and this resulted in a 

greater electrostatic barrier to adsorption.  As previously discussed there is a 

thermodynamic driving force to adsorb the longest polymer chains from solution 
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and therefore the shorter polymer chains were replaced by the intermediate 

length chains, the electrostatic barrier was too great to allow adsorption of the 

longest polymer chains.  The addition of an electrolyte to the system resulted in 

the preferential adsorption of the longest chains from solution.  As the 

concentration of electrolyte, a 10,000 Dalton PAA salt in the presence of KNO3 

was used in this study, was increased the longest chains were preferentially 

adsorbed leaving the shortest chains in solution.  In the presence of a 0.2 M 

KNO3 solution the longest chains of PAA were removed from solution shifting the 

chromatogram to the lower molecular weight fractions.  This change in the 

fraction that was preferentially adsorbed was explained by the cations shielding 

the negative charges on the adsorbed polymer chains.  This allowed the longer 

chains to adsorb on the surface thus further reducing the free energy of the 

system. 

De Laat, van der Heuvel, and Bohmer studied the kinetics of PAA 

adsorption on BaTiO3.7  Adsorption experiments were performed over a period of 

15 minutes to several weeks.  Two PAA molecular weights, determined using 

PEO references, were tested in this study, 10,400 and 47,600; the 10,400 Dalton 

sample fell near the critical molecular weight indicated in the article mentioned 

previously and the 47,600 Dalton sample had a higher molecular weight than the 

critical size.  Initially the lower molecular weight fraction was observed to adsorb 

on the surface, but with increasing equilibration time up to 24 days the higher 

molecular weight fractions were observed to displace the lower molecular 

species.  The effect was enhanced in the presence of 0.03 M KNO3, where after 

24 days the higher molecular weight fractions were completely adsorbed on the 

surface and the only species remaining in solution were of lower molecular 

weight.  The 47,600 Dalton sample showed a similar behavior, but the effects 

were less dramatic with the chromatograms showing a shift to adsorption of the 

higher molecular weights.  The presence of KNO3 in solution was observed to 

enhance the adsorption of PAA on the surface of BaTiO3 due to changes in the 

conformation of the polymer.   
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Ceserano and Aksay investigated the adsorption of poly[methacrylic acid] 

(PMAA) on the surface of submicrometer alumina.8  Adsorption isotherms were 

generated using a potentiometric titration technique which determined the 

concentration of polymer remaining in the supernatant after adsorption from 

solution.  Higher concentrations of polymer were added until the surface was fully 

covered.  The effects of pH on the concentration of adsorbed polymer were also 

determined.  Their results indicated that more PMAA is adsorbed as the pH is 

reduced due to a change in the conformation.   

As the pH of an aqueous solution of PMAA is adjusted the conformation of 

the polymer changes as the functional groups on the polymer chain are 

protonated or deprotonated.  The structure of PMAA is shown schematically in 

Figure 2-1.  Above pH 9.5 the functional groups are de-protonated resulting in a 

fully open, or dissociated, conformation due to the negative charge on the 

functional groups.  As the pH is decreased the functional groups gradually 

become protonated and at an approximate pH of 3 the functional groups are fully 

protonated.  The result is a coiled conformation for the polymer chain since there 

is no net charge on the polymer; the polymer is more hydrophobic when fully 

protonated.  Due to the change in conformation of the polymer chain, more 

organic is necessary at lower pH values to fully cover the particle surface, all 

polymer concentrations are normalized for the particle surface area on a mg/m2 

basis.  The addition of soluble salts to the polymer solution serves to satisfy the 

negative charge on the functional groups of the polymer chain.  These 

electrolytes therefore change the conformation of the polymer and compress the 

dissociation curve to higher pH values; the polymer is fully dissociated at a pH of 

9.5, but in the presence of salts the polymer’s functional groups are associated 

with a cation at a higher pH.  Furthermore the addition of divalent or trivalent 

cations to the polymer solution can result in the precipitation of the polymer from 

solution since these species will chelate the organic.9-13 
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Figure 2-1. Schematic drawing of a protonated poly[methacrylic acid] where n 
represents the degree of polymerization.   

 

Cesarano and Aksay investigated the benefits of using polyelectrolytes to 

stabilize highly concentrated suspensions of alumina.14  The polyelectrolytes 

selected for the study were PMAA and poly[acrylic acid] (PAA), the structure of 

PAA is shown in Figure 2-2.  The effects of polyelectrolyte additions were studied 

as a function of pH, solids loading, and molecular weight.  The results indicated 

that PMAA and PAA were both effective dispersants for processing of alumina 

suspensions and that both additives behave in a similar manner in aqueous 

solutions. 
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Figure 2-2. Schematic drawing of a protonated poly[acrylic acid] where n 
represents the degree of polymerization.  The sodium salt of PAA was used in 
this study, i.e., the proton on the carboxylic acid group is replaced by a sodium 
ion. 
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PMAA and PAA are well known dispersants for alumina.8,14  The 

isoelectric point, the pH at which there is no net charge on the particle surface, of 

alumina is approximately 9.0 to 9.5.  This corresponds to the pH where PMAA 

and PAA are fully dissociated.  Therefore the pH where alumina is flocculated, 

resulting in high viscosity, is also the pH where the organic dispersant is most 

effective at covering the particle surface.  Thus the adsorption of the negatively 

charged polymer on the alumina surface results in a negative charge on the 

particle surface creating an electrostatic barrier to aggregation. 

As the pH is adjusted away from the isoelectric point (iep) charges 

develop on the particle surface due to protonation and deprotonation of active 

sites on the surface.  Above pH 9.5 the alumina particle has a net negative 

surface charge and there is little affinity between the negative polymer and the 

negative particle surface, i.e., there is little adsorption.  Below pH 9.5 the alumina 

particle has a net positive charge and there is an electrostatic attraction between 

the polymer and the particle surface.15 

Carty proposed a model for the adsorption of PAA or PMAA on the 

surface of a kaolinite platelet.16  The model considered the mineralogy of the 

kaolinite platelet, which consists of a gibbsite layer, considered to be alumina-

like, and a silica-like layer, shown schematically in Figure 2-3.  Since the 

isoelectric point of silica is approximately 2-2.5 the silica-like surface is negatively 

charged across most of the pH range, therefore little adsorption of PMAA or PAA, 

which has a negative charge when dissociated, will occur on the silica-like 

surface.  Therefore adsorption can only occur on the alumina-like basal plane 

and, possibly, the platelet edge.  By measuring the dimensions of clay platelets, 

using a scanning electron microscope, it was determined that the ratio of the 

point-to-point distance for the basal plane to the platelet thickness, referred to as 

2L:h, was approximately 10:1. 

Based upon these dimensions the expected adsorption on the only the 

alumina-like basal plane would be approximately 41% of that expected for 

alumina, normalized for the surface area on a mg/m2 basis.  For the alumina-like 

basal plane plus the platelet edge the predicted adsorption level would be 
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approximately 59% of the alumina adsorption.  The predicted adsorption level on 

the kaolinite platelet as a function of the 2L:h ratio is plotted in Figure 2-4, slight 

deviations from the average 2L:h ratio will result in fluctuations in the measured 

adsorption plateau. 
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Figure 2-3.  Sketch of the kaolinite platelet that was used as a basis for the 
model for adsorption of Na-PAA on the clay surface.  Polymer is assumed to 
adsorb on the alumina-like basal plane and possibly the platelet edge.  Based 
upon the 2L:h ratio of the platelet the amount of polymer adsorbed on the clay 
surface can be predicted as a percentage of the polymer adsorbed on an 
alumina surface, normalized on a mg/m2 basis to account for the difference in 
specific surface area (adapted from Carty16). 

 

2.3 Experimental Procedure 

Seven Na-PAA dispersants of different molecular weight were evaluated 

to determine their affinity for the surface of alumina (APA-0.5, Ceralox, Tucson, 

AZ), and clay (Huntingdon ball clay, United Clays, Brentwood, TN).  The 

dispersants that were evaluated are listed in Table 2-I, along with the molecular 
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weight and polydispersity, a measure of the distribution of molecular weight of 

the polymeric chain.   
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Figure 2-4. Plot of the effect of the 2L:h ratio on the predicted adsorption levels 
for kaolinite.  Plotted is the predicted adsorption level for the alumina-like basal 
plane and the alumina-like basal plane with the edge (adapted from Carty16). 

 
 

Table 2-I. List of the Polymers Used in the Adsorption Study. 

Polymer Molecular Weight 
(Daltons) 

Polydispersity 
Index* 

Solids 
Concentration 

Acumer™ 1010 † 2000 1.27 – 1.30 0.44 

Acumer™ 1510 † 55000 1.27 – 1.30 0.27 

Acumer™ 9400 † 3600 1.27 – 1.30 0.42 

Acusol™ 410 N † 10000 1.27 – 1.30 0.40 

Acusol™ 445 N † 4500 1.27 – 1.30 0.45 

Acusol™ 448 N † 3200 1.27 – 1.30 0.46 

Darvan™ 811 ‡ ~ 3500 1.50 0.43 
* The polydispersity index is a measure of the distribution of the polymer molecular weight, 
measured as the ratio of Mw/Mn, the molecular weight average and the molecular number 
average respectively. 
† Rohm and Haas, Philadelphia, PA 
‡ R.T. Vanderbilt, Norwalk, CT 
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Suspensions were prepared at 15 volume percent (v/o) solids and 

increasing amounts of polymer, based upon the surface area of the powder, were 

added to the samples.  Two sets of samples were prepared one at pH 9.0 and 

the other at pH 6.0, to determine the effects of pH on the adsorption of the 

polymer.  The pH was adjusted to within ±0.2 of the target value.  These pH 

values were selected since pH 9 is near the iep of alumina and pH 6 is near the 

expected iep of kaolinite, kaolinite iep is determined based upon the mineralogy 

and the iep of alumina (9-9.5) and silica (2-3).  Recent evidence has indicated 

that the iep of kaolinite is closer to 7-7.5.17  The samples were agitated on a 

shaker table for a period of 24 hours prior to centrifuging the samples.  The 

supernatant was removed from the samples and 40 mL of the supernatant was 

diluted, using distilled water, to a volume of 85 mL.  The pH of the supernatant 

was adjusted above 10.5 so that the polymer was fully dissociated.  The samples 

were titrated using 0.25 M HCl to determine the amount of polymer remaining in 

the supernatant.  The volume of HCl necessary to saturate the active sites on the 

polymer chain was determined as the volume of titrant between the two inflection 

points.  The inflection points in the curve were determined using the first 

derivative of the titration curve, shown in Figure 2-5.  The concentration of 

polymer remaining in solution was determined using a calibration curve.  The 

calibration curve for Acumer™ 1510 and a sample calculation to determine the 

concentration of polymer in solution are shown in Appendix A. 

To validate the proposed model for polymer adsorption on the surface of 

kaolinite, clay samples from the Source Clays Repository [The Source Clays 

Repository, The Clay Minerals Society, Purdue University, West Lafayette, IN] 

were purchased for evaluation.  Three samples were purchased: 1) KGa-2 (a 

poorly-crystallized-Georgia kaolin which is nearly pure), 2) STx-1 (a Ca-

montmorillonite which was predicted to be non-swelling), and 3) SWy-2 (a Na-

montmorillonite which was predicted to swell in an aqueous suspension).  Data 

on the mineralogy and properties of the Source Clay Minerals has been 

summarized and reported by the Clay Mineralogy Society.18   Samples were 

prepared using the above procedure with the exception of the SWy-2 clay.  Since 

 14



 

the SWy-2 swelled in aqueous suspensions only a 2.5 v/o solids suspension 

could be prepared with confidence that all the powder was fully wetted.  

Furthermore suspensions prepared above 2.5 v/o gelled so that they were nearly 

solid.  Adsorption isotherms were also generated using a silica sample (Tamsil 8, 

United Clays, Brentwood, TN) at pH 9.0±0.2 and 6.0±0.2 using the procedure 

previously described.  Only Darvan™ 811 was used to generate adsorption 

isotherms for the source clay samples and Tamsil 8. 

 

 

 

 

 

 

 

mL Titrant (mL)

0 2 4 6 8 10

pH

1

2

3

4

5

6

7

8

9

10

11

12

d (pH
 / m

L titrant)

0

2

4

6

8

10

12

 
 

Figure 2-5. Representative titration curve to determine the concentration of the 
PAA present in the supernatant, shown are the raw data (solid line) and the first 
derivative (dashed line).  The milliliters of titrant (0.25 M HCl) between the two 
inflection points was converted to the concentration of polymer using a calibration 
curve. 

 

To determine the effect of solids loading on adsorption, samples were 

prepared using APA-0.5 alumina with a target Darvan™ 811 concentration of 0.4 

mg/m2.  Suspensions were prepared from 2.5 v/o up to 35 v/o at a pH of 9.0±0.2 

and 6.0±0.2.  The samples were allowed to equilibrate for a period of 24 hours 

prior to centrifuging the samples to test the supernatant for polymer 

concentration with the exception of one sample at 2.5 v/o which was left to 
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equilibrate for 2 weeks.  The effects of equilibration time on adsorption were 

previously determined by Kim and a plateau was observed in the adsorption level 

after 6 hours, the shortest time tested.   Samples were left to equilibrate for up 

to 9 days. 

2.4 Results 

The adsorption isotherms for alumina with each of the dispersants 

investigated can be observed in Figures 6 (pH 6) and Figure 2-7 (pH 9).  The 

adsorption for each of the polymers at pH 9 on the surface of the alumina 

showed a plateau between 0.32 and 0.45 mg/m  adsorbed.  At pH 9 the polymer 

chain is greater than 95% dissociated and can efficiently cover the surface of the 

powder.  The adsorption plateaus at pH 9 were in good agreement with the 

previous work of Cesarano et al.8 
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Figure 2-6. Initial results from the study investigating the effect of polymer 
molecular weight on adsorption of Na-PAA on the surface of alumina (APA-0.5) 
and Huntingdon ball clay at pH 6.  The adsorption levels for the ball clay are 
significantly below the predicted level. 
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When the pH was reduced to 6 the polymer was no longer fully 

dissociated, the polymer chain takes a coiled conformation that is not as efficient 

at covering the surface of the particle.  The adsorption isotherms showed that 

more polymer was adsorbed to the surface of the particle.  The adsorption 

plateau at pH 6 occurred between 0.5 and 0.67 mg/m2 for the polymers studied.  

The concentration of polymer adsorbed on the surface of the particle varied 

slightly with each polymer, but the general trend remained the same.  The 

adsorption plateaus at pH 6 were in good agreement with the previous work of 

Cesarano et al.8 
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Figure 2-7. Initial results from the study investigating the effect of polymer 
molecular weight on adsorption of Na-PAA on the surface of alumina (APA-0.5) 
and Huntingdon ball clay at pH 9.  The adsorption levels for the ball clay are 
initially below the predicted level. 

 
The process was repeated using Huntingdon clay as the adsorbate.  Since 

the clay sample contained alkali and alkaline earth ions, organic impurities, and a 

variety of clay species, the adsorption isotherms do not reach a clear plateau 

value.  The results from the Huntingdon clay can be observed in Figures 6 (pH 6) 
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and Figure 2-7 (pH 9), for the seven polymers that were tested; the data has 

been plotted with the results from the APA-0.5 for easy comparison.  At pH 9 a 

plateau was observed between 0.05 and 0.07 mg/m2.  When the pH was reduced 

to 6 the amount of polymer adsorbed on the surface of the particulate increased.  

The adsorption plateau at pH 6 was observed between 0.1 and 0.14 mg/m2 

adsorbed. 

The supernatant collected from the Huntingdon samples was observed to 

be very dark in color at pH 9 and at pH 6 the coloration of the supernatant was 

observed to darken with increasing additions of PAA.  At pH 9 the organic 

species that are naturally present in soils are soluble; the solubility of natural 

organic species will be discussed in Chapter 3.  Furthermore, it was believed that 

the addition of higher amounts of polymer to the suspension force species from 

the surface of the kaolinite particles, which remain in the supernatant after 

centrifuging the sample.  These species were simultaneously titrated with the 

PAA in solution to change the surface charge, increasing the amount of acid 

necessary to reduce the pH of the supernatant.  Since more acid was used in the 

titration, the calculated amount of polymer on the surface of the particle was 

decreased since a differential technique was used, i.e., the amount of polymer 

adsorbed was determined as the difference between the amount added and the 

amount detected in the supernatant.  Upon titration to a pH of 2 a dark precipitate 

was formed and the solution above the precipitate was nearly colorless. 

There are two arguments against the adsorption model proposed by 

Carty.16  The first is that clay booklets, face to face agglomerated kaolinite 

platelets, can have an aspect ratio such that 41% of the surface area 

corresponds to the platelet edge, i.e., a 2L:h ratio of 2.31:1.  SEM images, Figure 

2-8, show that the booklets break down in aqueous suspensions to form 

individual platelets.  Addition of a dispersant or adjusting the pH away from the 

iep aids in the breakdown of the clay booklets.  Therefore the 2L:h ratio of 10:1 

more closely reflects the aspect ratio of the kaolinite platelets in an aqueous 

suspension.  The second argument is that the adsorption on only the platelet 

edge would correspond to 18% of the adsorption measured on alumina 
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particulate, i.e., the difference between the predicted adsorption levels in the 

model is 18% corresponding to adsorption on only the platelet edge.  The initial 

adsorption levels for the Huntingdon clay is approximately 18% of the adsorption 

measured on the alumina surface.  The viscosity results, Figure 2-9, for 

Huntingdon show that the minimum viscosity occurs at approximately 0.2 mg/m2, 

which is approximately 41% of the surface coverage necessary to achieve the 

minimum viscosity in an alumina (APA-0.5) suspension.  Suspensions were 

prepared at 30 v/o for the Huntingdon and 35 v/o for the alumina, the pH of the 

viscosity suspensions was not adjusted prior to measuring the viscosity. 

 

Raw Huntingdon booklet Raw Huntingdon Clay 
pH 6, 0.00 mg/m2 PAA 

Raw Huntingdon Clay 
pH 6, 0.33 mg/m2 PAA 

 
 
 

igure 2-8. SEM images of Huntingdon ball clay.  Shown are the as-received 
owder that was not suspended in water (left), the clay suspended in water at pH 
.0±0.2 with 0.00 mg/m2 of Darvan™ 811 (center), and the clay suspended in 

The d 

11 (KGa-2, pH 6 and 9 respectively), Figures 12 and 13 (STx-1, pH 6 and 9 

F
p
6
water at pH 6.0±0.2 with 0.33 mg/m2 of Darvan™ 811 (right).  A clay booklet is 
observed in the as-received powder that was not suspended in water.  
Suspending the clay in water eliminates the booklets and only individual clay 
platelets are observed. 

 
 adsorption isotherm for the source clay samples is shown in Figures 10 an

respectively), and Figures 14 and 15 (SWy-2, pH 6 and 9 respectively).  The iep 

of the source clay samples was estimated by adding a small quantity of the 

sample to distilled water to create a 1 v/o suspension.  The pH of the suspension 

approached the iep as the surface reached equilibration with the water.  The 

measured equilibrium pH is reported in Table 2-II.  The equilibrium pH of the 
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Figure 2-9. Viscosity results for the Huntingdon clay as a function of the
concentration of Na-PAA in the suspension.  Results are also shown for APA-0.5
with Darvan™ 811 additions.  A minimum is observed in the viscosity of the APA-
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suspensions is an indication of the interactions between the water and the 

particle surface.  The KGa-2 clay was observed to have a low pH due to either 

adsorption of minerals on the alumina-like surface, e.g., 2:1-layer silicates, or 

adsorption of an organic species; the supernatant of the KGa-2 suspensions that 

were prepared for adsorption were light in color indicating that little organic 

material was present in the supernatant.  The two montmorillonite clays are 

observed to have a higher equilibrium pH due to a cation exchange 

phenomenon.  The calcium or sodium on the clay surface was replaced by a 

proton from solution on the negative basal planes of the 2:1-layer silicates.  The 

removal of the proton from solution increased the pH of the suspension.  The pH 

of a solution is defined as negative logarithm of the concentration of protons in 

solution. 

 

 

 

 
 

 

 

 

 

 

 

 

 

0.5 at approximately 0.38 mg/m .  The minimum for the clay suspensions is 
observed at approximately 0.2 mg/m2, 52% of that observed for the alumina 
system.  Clay suspensions were prepared at 30 v/o while the alumina 
suspensions were prepared at 35 v/o, pH of the suspensions was not adjusted. 
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Figure 2-10. Adsorption isotherm for KGa-2, a source clay consisting primarily o
kaolinite, at pH 6.  The plateau value for adsorption on the kaolinite is observed 
to approach the value predicted from the model for adsorption on the alumina-
like basal plane. 
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Figure 2-11. Adsorption isotherm for KGa-2, a source clay consisting primarily o
kaolinite, at pH 9.  The plateau value for adsorption is observed to approach the 
value predicted from the model for adsorption on the alumina-like basal plane. 
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Figure 2-12. Adsorption isotherms for STx-1 a source clay consisting primarily of 
a calcium montmorillonite, at pH 6.  Adsorption is observed to be negligible
negative due to the low affinity of the PAA for the 2:1-layer silicate. 
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Figure 2-13. Adsorption isotherm for STx-1, a source clay consisting primarily of 
calcium montmorillonite, at pH 9.  Adsorption on the montmorillonite surface is 
observed to be slightly negative due to the low affinity of the negatively charged

Polymer Added (mg/m2)

0.00 0.25 0.50 0.75 1.00 1.25

Po
ly

m
er

 A
ds

or
be

d 
(m

g/
m

2 )

0.0

0.2

0.4

0.6

Expected Adsorption
Alumina

Clay - 1 Basal Plane + Edge

Clay - 1 Basal Plane

APA-0.5

 22



 

Figure 2-14. Adsorption isotherm for SWy-2, a source clay consisting primarily of 
a sodium montmorillonite, at pH 6 on 2.5 v/o suspension.  Negative adsorption 
levels are measured on the montmorillonite surface due to the delamination of 
the swellable mineral.   
 

Figure 2-15. Adsorption isotherm for SWy-2, a source clay consisting primarily of 
a sodium montmorillonite, at pH 9 on 2.5 v/o suspension.  Negative adsorption 
levels are measured for the montmorillonite surface due to the delamination of 
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the swellable mineral.   



 

Table 2-II. Equilibrium pH of a 1 v/o Suspension of the Source Clay 
Minerals Used in this Study.   

Clay Sample Equilibrium pH
KGa-2 3.56 
STx-1 7.35 
SWy-2 9.37 

Only small quantities of Darvan™ 811 were observed to adsorb on the 

surface of the STx-1 sample.  The STx-1 is a Ca-montmorillonite which

layer silicate, i.e., an alumina-like layer sandwiched between two silica-lik

erefore the two basal planes are silica-like in nature while the ed

a combination of silica-like and alumina-like sites.  According to the mode

proposed by Carty, PAA would have little affinity for the basal surfaces of a 2:1-

ate and may only adsorb on the edge of the platelet. 

 
 

 is a 2:1-

e 

layers.  Th ge is 

l 

layer silic

le 

nature of the Na-montmorillonite resulted in very fine particulate as the clay 

l 

 

ption 

was detect

Fig o 

ads e 

has a negative charge at the pH values used to generate adsorption isotherms.  

The adsorption isotherms for the SWy-2 are unclear.  The swellab

delaminated in suspension.  This resulted in a very high viscosity for the 2.5 v/o 

suspension that was used for adsorption.  This combination of factors hindered 

the settling of the particles during the centrifuging process.  Titration of the 

supernatant, which contained significant quantities of particulate, resulted in a ge

due to flocculation of the particulate; at pH 2 after titration the edge has a slight 

positive charge (due to the alumina-like sites) and the faces were both negatively

charged  or net neutral resulting in edge to face agglomeration.  All adsor

levels for the SWy-2 were observed to be negative indicating that more “organic” 

ed in solution than was originally added to the suspension.  The 

presence of pH-active sites on the clay surface further confounded the titration 

technique since a differential method was used to determine the concentration of 

polymer remaining in suspension.   

The adsorption isotherms for the Tamsil 8 silica powder are shown in 

ure 2-16 (pH 6) and Figure 2-17 (pH 9).  The results showed that n

orption of Darvan™ 811 occurred on the silica surface.  The silica surfac
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Theref chain 

electrostatically repelled each other due to the like charges and PAA does not 

adsorb on silica surface ion levels were observed to be negative, 

indicating that more “polymer” was detected in the supernatant than was 

originally added to the susp  and the amount of material detected in the 

supernatant increases with increasing addition of PAA.  Some species present in 

the Tamsil 8, whether a salt or an organic, remained in the supernatant and was 

titrated while determining the concentration of polymer remaining in solution. 

et al.  At pH 9 a 

different behavior was observed, adsorption was a function of solids loading.  

Initially low concentrations of polymer adsorb on the alumina surface and, above 

15 v/o alumina, a plateau was observed at approximately 0.29 mg/m .  This 

difference in adsorption behavior was an artifact of the surface charge on the 

alumina.  At pH 6 the surface was positively charged and there was an 

electrostatic driving force for adsorption, i.e., the particle was positively charged 

and the polymer is negatively charged.  At pH 9, close to the iep of alumina, the 

particle surface had no net charge.  The negatively charged polymer was not 

electrostatically attracted to the particle surface.  Therefore the particle and the 

polymer need to be in close proximity for adsorption to occur.  At some critical 

distance, which is not known, the polymer and the particle surface will be 

obscured from each other and adsorption will not occur.  Above a critical solids 

loading, determined to be approximately 15 v/o in this study, there is sufficient 

alumina in the system that the polymer is always near to a particle surface thus 

facilitating adsorption. 

 

ore the negative particle surface and negative polymer 

s.  All adsorpt

ension,

The effects of alumina (APA-0.5) solids loading on the adsorption of 

Darvan™ 811 at pH 6 and 9 are shown in Figure 2-18.  At pH 6 adsorption of 

PAA was observed to be independent of solids loading and the average 

concentration of polymer adsorbed on the alumina surface was approximately 

0.62 mg/m2, very close to the value indicated by Cesarano 

2
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Figure 2-16. Adsorption isotherm for Tamsil 8 (silica) at pH 6.  Negative 
adsorption values are observed for all additions of PAA. 
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Figure 2-17. Adsorption isotherm for Tamsil 8 (silica) at pH 9.  Negative 
adsorption values are observed for all additions of PAA. 
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Figure 2-18. Effect of solids loading on the adsorption of Darvan™ 811 on 
lumina (APA-0.5) powder.  Adsorption levels increase with solids loading at pH 
 due to weak adsorption, i.e., there is no electrostatic attraction between the 
ar  

 

 

ource 

shown in F 1 

e 2-

a
9
p ticle surface and the polymer.  A plateau is observed at 15 v/o.  At pH 6
adsorption is independent of solids loading due to the electrostatic attraction 
between the alumina surface and the polymer, i.e., strong adsorption. 

Digital images were taken of the diluted supernatant, prepared for titration, 

from the alumina, Tamsil 8, and the source clay samples.  These images were 

taken to document the change in the coloration of the supernatant.  No apparent

change in the coloration was observed with the exception of the SWy-2 s

clay sample which appears green due to the fine particulate remaining in 

suspension after centrifuging the samples; the as-received sample of SWy-2 

from the Source Clay Repository was green.  The images of the supernatant are 

igure 2-19 (APA-0.5, pH 6), Figure 2-20 (Tamsil 8, pH 6), Figure 2-2

(KGa-2, pH 6), Figure 2-22 (KGa-2, pH 9), Figure 2-23 (STx-1, pH 6), Figur

24 (STx-1, pH 9), Figure 2-25 (SWy-2, pH 6), and Figure 2-26 (SWy-2, pH 9). 
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Figure 2-19. Digital image of the diluted supernatant from the alumina samples at
pH 6.0±0.2.  No coloration of the supernatant is observed. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

from left to right and from top to bottom.  No coloration of the supernatant is 

Figure 2-20. Digital image of the diluted supernatant from the Tamsil 8 samples 
prepared at pH 6.0±0.2.  The concentration of PAA in the samples increases 

observed. 
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Figure 2-22. Digital image of the diluted supernatant from the KGa-2 samples 
prepared at pH 9.0±0.2.  The concentration of PAA increases from left to right.  
No coloration of the supernatant is observed. 

 

 
 
 

F  2-21. Digital image of the diluted supernatant from the KGa-2
prepared at pH 6.0±0.2.  The concentration of PAA increase from left to right.  No

 the supernatant is observed. 
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 2-24. Digital image of the diluted supernatant from the STx-1 samples
ed at pH 9.0±0.2.  The concentration of PAA increases from left to right.
oration of the supernatant is observed. 

 

 

igure 2-23. Digital image of the diluted supernatant from the STx-1 samples 
repared at pH 6.0±0.2.  The concentration of PAA increases from left to right.  

No coloration of the supernatant is observed. 
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f PAA increases from left to right.  
he supernatant appears opaque at high concentration of PAA due to the 
resence of fine particles remaining in suspension after centrifuging. 

 
 
 
 
 
 
 
 
 
 
 
 
 

ernatant from the SWy-2 samples 
prepared at pH 9.0±0.2.  The concentration of PAA increases from left to right.  
The supernatant appears opaque at high concentration of PAA due to the 
presence of fine particles remaining in suspension after centrifuging. 
 

 

 

Figure 2-25. Digital image of the diluted supernatant from the SWy-2 samples 
prepared at pH 6.0±0.2.  The concentration o
T
p
 
 

 
 
Figure 2-26. Digital image of the diluted sup
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2.5 Summary and Conclusions 

 n 

  

all clay, 

s 

ing a model for 

ary mineral in 

aolinitic lay has 

een de

sted, i.e

 e 

mo s 

for  the model at 

pH 6 and 9.  Adsorption on STx-1, a non-swellable Ca-montmorillonite, was 

u d to  (a 2:1-layer 

silic  

ample.  

Negative a a powder. 

in this  the edge 

ur on 

the edge o  

basal planes on the surface.  Deviations from the proposed adsorption levels in 

the e 

sup

 
 
 
 
 
 
 

The adsorption plateau for Na-PAA on an alumina surface has bee

demonstrated to fall near the plateau values from the work of Cesarano et al.

Adsorption of Na-PAA on the surface of a kaolinitic clay, Huntingdon b

has been demonstrated to deviate significantly from the predicted value

proposed by Carty.  These predicted values were determined us

adsorption based upon the mineralogy of kaolinite, the prim

clays.  Adsorption of Na-PAA’s on alumina and a kaolinitic c

monstrated to be independent of molecular weight within the range 

., up to 55,000 Daltons. 

k

b

te

Adsorption isotherms generated using source clays demonstrate that th

del proposed by Carty was accurate for kaolinite.  The adsorption isotherm

KGa-2, a nearly pure kaolinite, fell near the predicted levels from

fo n be negligible due to the mineralogy of montmorillonite

n SWy-2, a swellable Na-montmorillonite, was unclear due

to the very fine particles that remain in suspension after centrifuging the s

dsorption levels were measured on the surface of the silic

Therefore adsorption of an anionic polyelectrolyte, at the pH values used 

 study, occurs only on the alumina-like basal plane and possibly

of the kaolinite platelet.  Furthermore adsorption of Na-PAA could only occ

f 2:1-layer silicates, specifically montmorillonite, due to the silica-like

ate).  Adsorption o

 commercial clays were caused by the presence of a dark material in th

ernatant at either pH 9 or with higher additions of Na-PAA.   
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3.  Washing and Beneficiation of Raw Clays  
to Remove Organic and Inorganic Impurities 

3.1 Introduction 

Polymeric dispersants are commonly used in industry to control the 

rheology of colloidal particle systems.  This work focuses on the adsorption of 

A, specifically DNa-PA arvan™ 811, on the surface of commercially available 

upon o ased upon 

perform

It was the purpose of this study to determine the effects of mineral and 

organic impurities present in commercial clays (termed “raw” to signify the fact 

that the clay has not been altered) on the adsorption of Na-PAA.  The results of 

this study were used to validate the proposed model for polymeric adsorption on 

a kaolinite surface.   

Previous work, reported in Chapter 2, studying the adsorption of various 

molecular weight Na-PAA polymers on the surface of alumina, APA-0.5, and 

Huntingdon ball clay found a significant deviation between the predicted and 

actual adsorption levels on the surface of ball clay.  The model for adsorption on 

clay surfaces assumed that adsorption of the polymer occurred on the alumina-

like basal plane of the kaolinite platelet with possible adsorption on the platelet 

edge.  Depending on the dimensions of the clay platelet, i.e., the 2L:h ratio, the 

amount of polymer adsorbed was predicted as a percentage of the polymer that 

would adsorb on an alumina surface, on a mg/m2 basis to normalize for the 

difference in specific surface area.  Since the affinity of the dispersant for the 

edge of the clay platelet is unknown, two predictions have been made for 

polymer adsorption; one for adsorption only on the alumina-like basal plane and 

the other which considers adsorption on the alumina-like basal plane and the 

platelet edge.   

kaolinitic clays.  The concentration of adsorbed polymer was predicted based 

n the work of Cesarano and Aksay1 with alumina and a model b

the mineralogy of kaolinite,2 the primary mineral in kaolinitic clays.  The effects of 

impurity minerals and naturally-occurring-organic species were determined by 

ing a washing and beneficiation process.   
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Adsorp rce clays, 

purchased fr  the effects 

ities.  Darvan™ 811 was observed to not adsorb on the surface 

of silic

3 l solutions were 0.25 N).  The 

concen

clay samples was performed using 0.25 N NaCO3 as the 

extrac

microbial action on plant (lignite) and animal residue.  These 

materials are differentiated by there solubility in aqueous conditions; see Figure 

tion studies using silica and well characterized sou

om the Clay Minerals Society, provided some insight into

of inorganic impur

a or 2:1-layer silicates, specifically montmorillonite.  Work with KGa-2, a 

nearly-pure kaolinite source clay, was observed to verify the proposed model by 

Carty for adsorption on kaolinite. 

3.2 Literature Review 

Kelly developed a method to determine the organic matter response in 

clays.3-5 The method involved determining the concentration of organic matter 

present in the clay by dissolution of the organic material in an alkali solution, 

specifically NaOH, NaCO , and sodium silicate (al

tration of organic species in the supernatant was determined 

photometrically by the absorbance between wavelengths of 366 and 600 

(unspecified units).  Based upon Kelly’s results NaCO3 was most effective at 

extracting organic material from the clays tested.  Based upon this conclusion a 

broader test with 20 

tant.  By repeatedly treating the clay sample with the digestant solution 

more organic material could be removed from the clay.  A hydrogen peroxide 

treatment was found to be more effective than NaCO3 at removing organics from 

the clay.  A correlation was found between the concentration of organic removed 

from the clay and the total concentration of organic prior to treatment, determined 

by LOI. 

While the organics present in clay are commonly referred to as lignite this 

is not an accurate description.  The organic material in clays are humic 

substances consisting of humin, humic acid, and fulvic acid; while other humic 

substances have been found it has been determined that they are actually 

subgroups of these three categories.  Other non-humic substances in clays 

consist of tannins, carbohydrates, waxes, resins, and fats; all by-products from 

the decomposition of plant and animal remains.6-12  Humic substances are 

formed by the 
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3-1 for

 differentiated by their solubility, humic acid will 

n at a pH less than 2.5.  Further distinctions between 

humic and fulvic acid involve the relative amounts of carbon and oxygen in the 

structu

 

 

Figure 3-1. Schematic showing the relative properties of humic substances and 
the

6

 

 a schematic illustration of the properties of humic substances.  Humin is 

an insoluble material that has a black appearance and a high molecular weight, 

greater than 300,000 Daltons.  Solutions of humic acid have a gray to brown 

appearance.  Humic acid is soluble in alkali conditions.  Fulvic acids have a 

yellow to golden appearance in solution and are soluble at all pH values.  Humic 

acids and fulvic acids are primarily

precipitate from solutio

re; humic acids have a higher carbon content while fulvic acids have a 

higher oxygen content.  These properties can be extrapolated to state that fulvic 

acids have more functional groups in their structure, accounting for the difference 

in molecular weight.6,9,13-20  These are only general rules used to distinguish 

between humic and fulvic acids; a schematic illustration of the structure of humic 

acid is shown in Figure 3-2 and fulvic acid is shown in Figure 3-3.6 

 

 
 
 

 

 

 
Decrease in degree of solubility

Increase in molecular weight 2000 ~300000

Increase in carbon content 45% 62% 
Decrease in oxygen content 48% 30% 

Fulvic Acid Humic Acid Humin 

yellow golden brown gray black 

High molecular weight 

Insoluble at all pH values 

Increase in degree of polymerization 

 coloration of solutions prepared from humic substances (adapted from 
Stevenson ). 

 

Lignite can be decomposed in the laboratory by treatment with either 

hydrogen peroxide or heated 1N sodium hydroxide.6  Both of these methods 

serve to breakdown the lignite structure into lower molecular weight species.  

The presence of sodium ions in solution can also serve to increase the solubility 

of naturally-occurring organics.4,5 
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Humic substances are formed by microbial action on organics

within the soil.  These organics can be from plant residue (lignit

carbohydrates) or animal residue (tannins, fats, waxes,

generally accepted for the formation of humic substances from plant resid

shown schematically in Figure 3-4.6  The structure of t

onsisting of aromatic carbon rings and linear hydrocarbon chains. 

Microorganisms serve to transform the plant

ubstances.  These building blocks consist of

structure such as sugars, amino compounds, polyph

ion products.  The nature of these deco

dependent on the chemical nature of the starting material, e.g., humic

 from a coniferous forest would differ from humic substances from a 

hardwood forest.  The building blocks are then combined by mesomeric free 

radials in various combinations resulting in a covalent bond between the two 

mesomeric species.   This process continues to form a modified lignin with a h

HO O

OH 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3. 
from Steven
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e, cellulose, and 
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ues, 
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substances

igh 



 40

molecular weight.  The lignin (assuming that humic substances represent 

modified lignins) is then converted to 

OCH3 groups, resulting in the exposure of

of the terminal side chains to form COOH groups.  Bacteria are apparently 

responsible for the demethylation of lignin without the degradation of the 

polymer.  Animal residues would form humi  

the building blocks would differ.6,21,22 

 

 
 
Figure 3-4. Schematic showing the mechanisms for the formation of humic 
substances from plant residue.  Four possi  
reducing sugars, 2 and 3) by reacting quinines,
(adapted from Stevenson6). 

 

The solubility of humic substances ca k to their structure.  

Both humic and fulvic acid can contain c ), alcoholic (-OH), 

ketonic (>C=O), and amine (-NH2) groups  

deprotonated as a function of pH, similar avior to PMAA and PAA.  While 

the exact pH at which these reactions occu ue to 

the bonding environment, the presence of t ies in solution can interfere 

 

a humic substance through the loss of 

 phenolic OH groups, and the oxidation 

c substances in a similar manner, but
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.  These groups can be protonated or
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aqueous s

 the 

 

luble and 

hese colloids have no 

 the higher molecular 

ge that prevents 

ies will not settle 

particle surfaces.

“molecular

aggregated cluster will be composed of many colloidal particles thus increasing 

the e 

term “soluble humic substance” will be taken to include the colloidal aspects of 

humic 

Soluble humic substances are known to have a cation exchange capacity 

(cec).  The presence of the deprotonated functional groups in the humic 

substances allows cations to bond to the humic structure and preferential 

bonding with higher valence cations.   While 

monovalent cations will bond to the functional groups, the humic species will 

remain soluble in aqueous solutions, provided that the pH allows dissolution.  

Chelation with higher valence cations will decrease the solubility of humic 

substances.  Once the functional groups are saturated with chelated ions the 

result is an insoluble species.  The cation exchange capacity of humic 

substances has been determined to range from 485-870 cmole /kg for humic 

acids and values up 1400 cmole /kg for fulvic acids.   The values are significantly 

higher than typical cec values for clays, shown in Table 3-I. 

with a titration technique to determine the concentration of polymer remaining in 

solution after adsorption.6,8,13,15,20,23-30  

There are two ways to consider the presence of humic substances in 

olutions.6,31-38  The first is to consider the humic substance a soluble 

organic that changes conformation and solubility as a function of pH so that

humic substances can be fractioned.  The second is to consider the humic

substance as a colloidal particle, i.e., a very fine particle, that is inso

which still has pH active sites on the surface.  At low pH t

net charge allowing aggregation and sedimentation of

weight species.  At high pH the colloids have a net negative char

aggregation (enhances dispersion) and thus the dispersed spec

in a centrifugal field.  Both theories on humic substances allow for adsorption on 
6,9,19,33,39-79  The colloidal theory predicts a change in the 

 weight” of the humic substances as a function of pH, i.e., the 

 measured molecular weight at low pH.  For the remainder of this thesis th

substances. 

6,23,27,29,35-37,39,41,45-49,51,60,66,67,73,78,80-91

c

c
6



 

The interactions between humic substances and dissolved cations have 

been documented in numerous studies.  Most of these studies investigate the 

ability of humic substances to chelate toxic substances, e.g., mercury and heavy 

metal cations, from water.  These studies are of interest since removal of these 

species from water prevents the toxic substances from entering the ecosystem. 

 
Table 3-I. Typical cec Values for Clay Species and Humic and Fulvic 
Acids.6 

Material CEC (cmolec/kg) 

Kaolinite 3-5 

Illite 30-40 

Montmorillonite 80-150 

Vermiculite 100-150 

Humic Acid 485-870 

Fulvic Acid Up to 1400 

 

Humic substances are known to adsorb on the surface of clays.  Several 

theories have been proposed for the mechanism of adsorption, in addition to the 

theories already discussed in Chapter 2:6 

1) physical adsorption  (van der Waals forces) 
2) electrostatic attraction or chemical adsorption 

hile strictly speaking the last two categories are subgroups of the first two 

categories they will be discussed separately.  Van der Waals forces occur 

through an induced dipole and result in weak bonds between materials.  These 

forces play a significant role in the adsorption of nonionic or nonpolar species, 

when working with humic and fulvic acids van der Waals interactions play only a 

minor role below a pH of 9.5, the iep of alumina.  Below this pH the surface of the 

particle is charged and the humic substance has a net negative charge due to 

deprotonation of the functional groups.  Due to the charged nature of the particle 

and organic species electrostatic attraction plays a more significant role in 

3) hydrogen bonding 
4) coordination complexes (chelation) 

W
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adsorption.  Hydrogen bonding occurs between two electronegative atoms 

through bonding with a single H+ ion, resulting in a slightly stronger bond than is 

achiev

which were negatively charged, on the fulvic acid species.  

Silica 

tions in the titration 

method, e.g., “back” titration with acid instead of “direct” titration with base, 

ed by van der Waals forces.  Coordination complexes form between a 

higher valence metal ion (which is positively charged) and a negative organic 

species and a negative clay surface.  The metal ion serves as a bridge between 

the two negative species, e.g., a silica-like surface on the clay particle and a 

deprotonated functional group. 

Humic substances have also been identified to specifically adsorb to the 

surface of alumina, selected as a model substrate for adsorption on clay 

surfaces.79  Humic substances were isolated from various water systems, i.e., 

river and lakes, in Australia and fractioned by their solubility and affinity for the 

packing material in various columns, e.g., XAD 8.  XAD resins are ion exchange 

resins of various polarity to extract organics from solution.  Specific adsorption of 

the humic substances on the surface of alumina particles was identified by a shift 

in the iep of the alumina suspension as well as a reduction in yield stress of a 30 

v/o alumina suspension.  Fulvic acids were identified to affect the greatest shift in 

the iep of alumina suspensions.  This was related to the concentration of 

functional groups, 

was also studied as a possible adsorbent for humic substances, but 

preliminary tests indicated that the silica surface would not be appropriate due to 

the net negative charge on the silica surface above a pH of 2.0-2.5, the iep of 

silica. 

The protonation and deprotonation of the humic substances result from pH 

active functional groups in the humic molecule.6,13,20,84,92,93  Numerous studies 

have investigated these pH active sites by potentiometric titration of humic 

substances.  Some sites on humic substances, particularly fulvic acid, have been 

shown to have pKa values as low as 0.5, i.e., these sites are not protonated until 

a pH of 0.5.  Santos et al. have shown that the method of potentiometric titration 

has limitations when applied to humic substances, including hystersis in the 

titration curve.94  This hystersis can be caused by varia
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variatio

n 

to be useful in probing the concentration of function groups and the binding 

energ been 

demonstrated to be useful in characterizing the structure of humic substances 

and in some cases N 1  have b tify the presence of 

amine groups in humic structures.   

Clays have be ed by Fo ansform infrared (FTIR) 

spectroscopy to study the effects of ionic substitution on the vibrational frequency 

as adsorption bands.101 nd Beutelsp mpiled a series of FTIR 

spectra for clay minerals from various sources variations are observed 

 the spectra from the same clay mineral from different sources.  The small 

shifts a

volving FTIR typically investigate the 

effects n the humic substances.  

Differe s as well as differences 

in the nces from various sources.  Furthermore evidence 

of the ubstances and particulate can be 

ns in the equilibration times between titrant addition, or different 

calibration procedures. 

Nuclear magnetic resonance, NMR, is a technique used to investigate the 

nature and concentration of functional groups in humic substances.95-100  The 

combination of NMR (or NMA, nuclear microprobe analysis) and XPS has prove

ies of humate-metal complexes.  Both 13C and 1H NMR have 

s spectra een used to iden

en characteriz urier tr

-106  Marel a acher co

.101  Small 

in

re due to ionic substitution in the clay structure.   

Humic substances are commonly characterized by FTIR, as are many 

organic materials.23,70,87,100,107  Studies in

 of binding cations to the functional groups o

nces are observed between humic and fulvic acid

spectra of humic substa

binding mechanism between humic s

determined by DRIFT.  Wiszniowski determined that the binding of humic 

substances on the surface of TiO2 is pH dependent with the carboxylate groups 

being responsible for adsorption in the acidic region.70  He also concluded that in 

the acidic region there are free carboxylic acid groups on the humic structure 

indicating that the humic molecule extends into the solution surrounding the TiO2 

particle. 

Yang and Wang studied humic substances using FT-Raman 

spectroscopy.108  They prepared samples of humic substances for 

characterization as well as samples that were treated in boiling acid.  Based 
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upon the collected spectra they deduced that humic substances are built from 

low molecular weight species consisting of structurally disordered carbon 

networks. 

3.3 Experimental Procedure 

3.3.1 Washing and Beneficiation of the Raw Clay 

Preparation of clay samples at high pH resulted in a negatively charged 

clay su

le for a period of ninety minutes, the resulting sediment was dried for 

charac

rface (both alumina-like and silica-like surfaces were negative above a pH 

of 9.5) and a deprotonated (negative) functional group on the organic species.  

Therefore an electrostatic repulsion existed between the organic species and the 

particle surface.  This allowed the organic species to be partially desorbed from 

the particle surface.  Inorganic impurities in kaolinite clays can also be removed 

from the kaolinite surface using this process due to the similar charges on all the 

clay surfaces. 

Fifty pound samples of raw clay were dispersed in fifty liters of distilled 

water to create an approximately twenty volume percent suspension.  The pH of 

the suspension was adjusted between 9.5 and 10.5, using 10N NaOH, to 

disperse the clay and dissolve soluble organics present on the clay surface.  The 

system was mixed for 45 minutes using a high intensity mixer (SHAR Inc., Fort 

Wayne, IN).   

After 45 minutes the mixer was turned off and the suspension was allowed 

to sett

terization as the coarse fraction of the clay.  Due to the similar density of 

the materials present in kaolinitic clays segregation occurred primarily by particle 

size.  The material remaining in suspension was decanted off and allowed to 

settle for an additional ten days.  After ten days the material still remaining in 

suspension was decanted off and dried for characterization as the fine fraction of 

the raw clay.  The settled material was again suspended in fifty liters of distilled 

water with the pH adjusted between 9.5 and 10.5.  This suspension was allowed 

to settle for an additional ten days.  The material remaining in suspension was 

discarded and the settled material was dried as the middle fraction, assumed to 
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be beneficiated kaolinite, for characterization.  A schematic of the process is 

shown in Figure 3-5. 

This process was used to wash and beneficiate two commercial kaolin 

clays, TK6 (Dry Branch Kaolin Co., Dry Branch, GA) and Kingsley (Kentucky-

Tennessee Clay Co., Nashville, TN), and four commercial ball clays, Huntingdon 

(United Clays, Brentwood, TN), Marquis (United Clays, Brentwood, TN), M&D 

(Kentucky-Tennessee Clay Co., Nashville, TN), and C&C (H.C. Spinks Clay 

Company, Paris, TN).  The raw clay and each fraction of the beneficiated clay 

was characterized by X-ray diffraction on oriented slides, thermal analysis 

(DTA/TGA), specific surface area (multipoint BET by N2 adsorption), chemical 

analys

109 

hing was used to further 

benefi

glycol solvation of the oriented slides.  More information on the 

identifi

is (inductively coupled plasma), and for polymer adsorption levels (using a 

titration technique).  Data for the composition and chemical analysis of C&C ball 

clay were taken from the thesis of Caughel.

After the beneficiation process sufficient impurity species (both organic 

and inorganic) remained in the clay fractions to cause deviations from the 

predicted adsorption levels.  A process of repeated was

ciate the clay fractions for testing of polymer adsorption levels.  A sample 

of the clay fraction was suspended in distilled water at a pH of 9.5 and placed on 

a shaker table.  The suspension was mixed for 24 hours followed by centrifuging 

the suspension.  The material remaining in suspension was discarded and the 

sediment was resuspended in distilled water.  This process was repeated until 

the supernatant was clear after centrifuging. The clay was then dried and the 

specific surface area was measured prior to determining the adsorption levels.   

3.3.2 X-ray Diffraction 

The minerals present in the raw clay and each clay fraction were identified 

by their d-spacing using oriented slides prepared using the Millipore Filter 

Transfer technique.  Swellable minerals, i.e., smectites, were further identified by 

ethylene 

cation of clay minerals by X-ray diffraction on oriented slides can be found 

in Moore and Reynolds.110   
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Figure 3-5. Schematic of the process used to wash and beneficate the raw clay 
for this study.  Due to the volume fraction of the clay suspension, “capture” during 
sedimentation occurred resulting in fine species within the coarser clay fractions. 
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3.3.3 Thermal Analysis 

Differential thermal analysis and thermogravimetric analysis were 

perform

tz, assuming that only quartz and 

kaolini

quartz kaolinite

 

solve for the fraction of quartz yielded the equation: 

The specific surface area (SSA) of the samples was determined via 

nitrogen adsorption (Gemini 2375, Micromeritics Instruments Corp., Norcross, 

ed using a simultaneous DSC-TGA (SDT 2960, TA Instruments, New 

Castle, DE).  Loss on ignition (LOI) was determined by the difference in sample 

weight between the temperatures of 150ºC and 850ºC.  These temperatures 

were selected so that all of the physical water was removed from the system and 

the high temperature weight would fall within the high temperature plateau of the 

test.  The LOI was compared to the theoretical LOI for pure kaolinite, calculated 

as 13.94%, due to the dehydration of the lattice water in the structure.  

Deviations from the theoretical LOI were the result of impurity species in the raw 

clay.  The presence of quartz or 2:1-layer silicates (e.g., smectite, illite, chlorite) 

lower the LOI of the clay sample.  The presence of organic species in the clay 

increases the LOI.  The amount of free quar

te are present in the clay fraction, was determined by the deviation in the 

LOI from the theoretical loss for pure kaolinite. 

The free quartz determined from the LOI was calculated using two 

equations and two unknowns.  The equations used were: 

f  + f  = 1     (2) 

fquartz * LOIquartz +fkaolinite * LOIkaolinite= LOImeas.          (3) 

Where fquartz and fkaolinite were the fraction of quartz and kaolinite respectively and 

LOImeas. was the measured LOI of the clay sample.  Since the theoretical LOI of 

kaolinite was 13.94% and the LOI of quartz was 0%, rearranging and combining

these two equations to 

fquartz = 1 – (LOImeas./13.94)           (4) 

A sample calculation to determine the amount of free silica in a commercial clay, 

based upon the LOI, is shown in Appendix B. 

3.3.4 Specific Surface Area 
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GA) on the raw clay and dried fractions prepared by washing and beneficiation.  

Samples were outgassed for one hour prior to analysis (FlowPrep 060, 

Micromeritics Instruments Corp., Norcross GA).  The SSA was determined using 

six relative pressures between 0.05 and 0.30, of N2 gas.  A best-fit regression 

was then performed using the BET method to determine the specific surface area 

of the powder. 

3.3.5 Chemical Analysis 

Chemical analysis was performed using inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) at an external laboratory (Acme 

Analytical Laboratories Ltd., Vancouver, British Columbia, Canada).  The 

chemical analysis was used to determine the amount of free quartz in the 

system, assuming that the raw clay contained only pure kaolinite with a quartz 

impurity.  Chemical analysis was not performed on the Kingsley clay or the 

beneficiated fractions from this clay. 

 The calculation to determine the amount of quartz in the clay using the 

chemical analysis was slightly more involved.  The data provided from the ICP 

rock analysis of the clay samples is reported as the weight percent of oxides 

present.  The stoichiometry of kaolinite is Al2O3•2SiO2•2H2O, or one mole of 

alumina, two moles of silica, and two moles of lattice water.  During ICP the 

lattice water was evaporated and the result was metakaolin (Al2O3•2SiO2).  

Therefore for every mole of alumina present in the clay there should have been 

two moles of silica and any excess silica was assumed to be free quartz.  By 

converting the weight percent data from the ICP to moles the amount of free 

quartz was determined by taking two times the number of moles of alumina and 

subtracting the result from the total number of moles of silica.  If there was a 

remainder after subtracting that value was the number of moles of free quartz in 

the clay sample.  The presence of 2:1-layer silicates or other silicate minerals 

invalidated this method of determining the amount of free quartz present in the 

cla ial 

cla

y.  A sample calculation to determine the amount of free silica in a commerc

y, based upon the chemical analysis, is shown in Appendix B. 



 

3.3.6 Polymer Adsorption 

llected spectra.  Furthermore the 

presence, and degradation, of organic species in the clay could be determined by 

collect

 CT) was connected to 

the FTIR so that spectra could

each temperature 400 scans were collect incre e s na to no

of the spectra.  The resolution during the data collection was set at 4 cm-1.  

heric 

air that had been purified using a water trap and a CO2 filt .  The resul

rom the beneficiation process.  For 

comparison spectra were also collected from a sample of dried Darvan™ 811 

and a sample of humic acid as a function of temperature. 

Samples for FTIR were prepared by carefully loading a ground clay 

sample into the crucible of the environmental chamber.  While KBr pellets are 

The concentration of polymer remaining in the supernatant after 

adsorption was determined using a potentiometric technique described in 

Chapter 2.  The described technique was varied to assure that no particulate 

material remained in the supernatant by increasing the centrifuge time as 

necessary.  Due to the presence of a high concentration of swellable material in 

the fine fraction of some clays it was necessary to dilute a smaller volume of 

supernatant; corrections were made in the calculations to compensate for these 

changes. 

3.3.7 FTIR Characterization of Clay 

Fourier transform infrared spectroscopy, FTIR, (Nexus 870 FTIR E.S.P., 

ThermoNicolet, Waltham, MA) is useful technique to probe the structure and 

ionic substitution in clays.  Changes in ionic substitution result in a shift in the 

vibrational frequency of some bands in the co

ing a series of spectra at various temperatures.  An environmental 

chamber (Nexus Smart Collector, Spectra Tech, Shelton,

 be collected in-situ at elevated temperatures.  At 

ed to ase th ig l ise ratio 

Spectra were collected at room temperature, 125ºC, 200ºC, 350ºC, 500ºC, 

550ºC, 650ºC, and after the sample had cooled from its thermal cycle.  The 

samples were allowed to equilibrate for 20 minutes prior to collecting the spectra 

at each temperature.  The environmental chamber was purged with atmosp

er  t was a 

purge gas rich in nitrogen and oxygen.   Spectra were collected for each raw clay 

sample as well as some of the clay fractions f

 50



 

customary for performing FTIR analysis of solid samples there are two flaws with 

this method when performing this type of characterization.  First the KBr needs to 

be stored at an elevated temperature, approximately 50ºC, to prevent the KBr 

salt from absorbing moisture from the air (KBr is hydroscopic and will absorb 

enough water to form a fluid if the sample is improperly stored).  At these 

temperatures ionic substitution in the clay structure, due to diffusion, can occur 
+ he ions in the clay, thus changing the IR spectra of the 

clay sample.111  Second, samples were run in the environmental chamber up to 

650ºC

 also heterogeneous materials and typically 

soluble organic 

matter can also be present in the raw clay in the form of humin.  Since humin is 

thus substituting  K  for t

 and at these temperatures the KBr could either sublime or attack the 

chamber.112 

3.3.8 Commentary on the Selected Clays for this Study  

Kaolin deposits tend to be heterogeneous materials, comprised of more 

than one mineral, and typically have lower concentrations of free silica (quartz) 

and organic impurities.  Ball clays are

have higher concentrations of quartz and organic impurities.  Ball clays typically 

have a significantly higher specific surface area relative to kaolin clays due to 

extensive weathering in stream beds.  These clays were selected to provide a 

broad spectrum of impurities for analysis using the titration technique. 

3.4 Results 

3.4.1 Qualitative Observations 

Suspensions prepared with kaolin clays were observed to have a much 

lighter supernatant after centrifuging.  This is assumed to be due to the presence 

of primarily fulvic acid in the raw clay, which creates a light yellow solution, as 

opposed to humic acid which results in a dark brown solution.  Fulvic acid is a 

water soluble organic species at all pH values with a low molecular weight, low 

carbon content, and relatively high oxygen content.  Samples prepared with ball 

clays tended to have a much darker supernatant indicating the presence of 

humic acid in solution.  Humic acid is a water soluble organic species at high pH 

due to its higher molecular weight and higher carbon content.  In
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insoluble at all solution pH values it will not be discussed in reference to the 

titration 6

t did not settle over the ten day period in this study.  Therefore the 

crease the particle-particle interactions and 

reduce the cation concentration followed by high intensity mixing.  The 

benefic

tained above 9.5.  The 

suspen

 results.   The presence of humin in the clay must still be considered 

during firing since it can result in defects such as black core, but that is a topic 

outside of this thesis. 

Raw clays that contained a high concentration of swellable clay minerals 

were problematic in the washing and beneficiation process.  Most noticeable was 

M&D, which contained a large quantity of smectite as well as a high 

concentration of divalent cations.  This combination of factors resulted in a 

system tha

suspension was further diluted to de

iation process was then repeated to segregate the minerals present in the 

raw clay by sedimentation. 

During the beneficiation process the swellable minerals were concentrated 

into the fine fraction from the raw clay.  It was observed that suspensions 

prepared using the fine clay fraction were often of higher viscosity even when 

completely dispersed and resulted in a thicker settled layer after centrifuging the 

sample.  The soluble organic species that were present in the raw clay were also 

concentrated in the fine fraction since the majority of the water from the washing 

process served as a carrier for the fine fraction.  This water was removed, by 

evaporation, to isolate the fine fraction.  During the drying process the soluble 

organics precipitated within the consolidated layer of the dried clay. 

3.4.2 Verification of pH Active Species in Supernatant 

 Prior to commencing an in depth study to determine the effects of 

removing impurity species it was necessary to verify that pH active species were 

present in the supernatant from the clay suspensions.  A 15 v/o Huntingdon 

suspension was prepared at high pH, greater than 9.5, without addition of 

polymeric dispersant.  The system was placed on a shaker table for seven days 

to reach equilibrium; the pH was checked daily and main

sion was then centrifuged and the supernatant, which was very dark, was 

removed and titrated using the technique described in Chapter 2.  The titration 
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curve from the supernatant was compared to that of distilled water with an initial 

pH above 10.5.  The resulting curves are shown in Figure 3-6.  While both curves 

show two inflection points, more HCl was necessary to titrate the supernatant 

sample relative to distilled water. This corresponded to a concentration of 0.134 

milligrams of PAA in the supernatant; this was determined using the calibration 

curve for Darvan™ 811.  Based upon the specific surface area of the Huntingdon 

ball clay this was equivalent to a surface coverage of 0.041 mg/m2.  This 

indicated that a pH active species was present in the supernatant of the clay 

suspension without any addition of PAA.  A dark brown precipitate was formed 

upon titration of the supernatant from the Huntingdon sample to a pH of 2; based 

lution this material was 

presumed to be humic acid. 

 

to the specific surface area of the Huntingdon ball clay. 

upon the precipitation of the material in an acidic so

 
 
 

7

9

11

Distilled Water
Huntingdon Supernatant 

Figure 3-6. Titration curves from a sample of distilled water and a sample of the 
supernatant from Huntingdon ball clay.  The supernatant sample appeared black 
prior to titration.  The concentration of PAA detected in the supernatant sample is 
significantly higher than that detected in the distilled water sample.  The amount 
of 0.25 M HCl between the inflection pionts was converted to an equilavent 
concentration of Na-PAA in solution.  The supernatant sample was determined to 
have a concentration equivalent to 0.041 mg/m2 of PAA in solution, based upon 

mL HCl Titrant
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3.4.3 X-ray Diffraction 

The inorganic minerals identified in each of the clay fractions from the 

beneficiation process are listed in Table 3-II; the results from C&C ball clay are 

taken from the thesis of Caughel.109  The most prevalent mineral in each fraction, 

determ

Fractions by X-ray Diffraction on Oriented Slides.   

ined from the relative intensities of each peak, is listed first.  The 

diffraction patterns for the raw clay and each clay fraction can be observed in 

Figure 3-7 (TK6), Figure 3-8 (Kingsley), Figure 3-9 (Huntingdon), Figure 3-10 

(Marquis), and Figure 3-11 (M&D).  Impurity minerals were present in each of the 

raw clays tested in this study.  All of the clays tested, with the exception of TK6, 

contain a quartz impurity.  Huntingdon and Marquis clays contained a 14Å 

mineral, which indicates an unnamed 2:1-layer silicate.  TK6 contained a mixed-

layer clay that swelled to approximately 34Å during the solvation process.   

 
Table 3-II. Inorganic Minerals Identified in Each of the Clay 

 Coarse Fraction Middle Fraction Fine Fraction 

TK6 Kaolinite Kaolinite Kaolinite 
Mixed-layer clay Smectite 

Smectite 

Kingsley Kaolinite 
Quartz Kaolinite Smectite 

Kaolinite 

Huntingdon 
Kaolinite 
Quartz 

Illite 

Kaolinite 
14Å mineral 

Kaolinite 
14Å mineral 

Marquis Kaolinite Kaolinite
14Å miner

Quartz 

Illite 

 
al 

Kaolinite 
14Å mineral 

M&D Quartz Quartz 
Kaolinite 

Kaolinite 
Chlorite/Smectite 

Quartz 

Illite 

Quartz 

Illite 
* Data taken from the thesis of Caughel109 

 

C&C* Kaolinite Kaolinite Kaolinite 
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ure 3-7. X-ray diffraction patterns from oriented slides of TK6 kaolin clay and
 clay fractions prepared by washing and beneficiation.  TK6 is observed to
tain primarily kaolinite with a smectite impurity. 
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Figure 3-8. X-ray diffraction patterns from oriented slides of Kingsley kaolin clay 
and the clay fractions prepared by washing and beneficiation.  Kingsley is 
observed to contain primarily kaolinite with quartz and 2:1-layer silicate 
impurities. 
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Figure 3-9. X-ray diffraction patterns from oriented slides of Huntingdon ball clay and 
the o 
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Figure 3-10. X-ray diffraction patterns from oriented slides of Marquis ball clay 
and the clay fractions prepared by washing and beneficiation.  Imperfect 
orientation of the kaolinite platelets can be observed in the diffraction patterns.  
Marquis is observed to contain a quartz impurity as well as 2:1-layer silicates 
(i.e., illite and a 14Å mineral). 
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Figure 3-11. X-ray diffraction patterns from oriented slides of M&D ball clay and the 
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3.4

-

13.  The SSA of the fine fraction was significantly higher than that of the coarser 

clay fractions prepared by washing and beneficiation.  The coarse and middle 
fractions are observed to contain mostly quartz while the fine fraction is primarily 
kaolinite with a 2:1-layer silicate impurity. 

3.4.4 Thermal Analysis 

The summarized results from the LOI are presented in Figure 3-12.  Als

shown is the theoretical LOI for kaolinite, 13.94%.  Deviations from this value 

were the result of impurity species in the clay.  Due to the heterogeneous n

of the raw clay, it was difficult to determine which species was present in the cla

solely from the LOI.  It was also difficult to determine the quantity of each species

present in the clay fraction since swellable minerals had a variable LOI 

depending on their thermal history and the storage of the clay samples prior

testing.  None of the LOI values exceeded the theoretical limit for kaolinite.  The 

LOI from the beneficiated clay fractions was observed to increase in the finer cla

fractions indicating a decrease in the amount of free quartz and a possible 

increase in the amount of organic present in the fraction. 

.5 Specific Surface Area 

The SSA of the raw clay as well as each clay fraction is shown in Figure 3
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fractions.  The fine fraction of the raw clay was primarily composed of 2:1-layer 

ates, i.e., minerals that consisted of an alumina-like layer sandwiched

between two silica-like layers, which typically have a higher SSA.   

 
ss

 o
n 

Ig
ni

tio
n 

(%
)

8

10

12

14

16

18

TK6
Kingsley
Huntingdon
Marquis
M&D

LOI of pure kaolinite

 58

3.4.6 Chemical Analysis 

The amount of free quartz calculated from the chemical analysis as well 

as the amount of free quartz determined from the LOI is shown in Figure 3-14 for 

each of the clay fractions tested.  The free quartz from the raw clay

concentrated in the coarse and middle fractions of the beneficiated clay.  The 

amount of free quartz was determined by assuming that only kaolinite and

quartz are present in the clay.  Any deviation from the stoichiometry for kaolinite 

in the chemical analysis was assumed to be the result of free quartz in the clay. 

ce of 2:1-layer silicates invalidates this assumption and the result wa

silic  

 

 increase with the finer clay fractions indicating the 
presence of less quartz and possibly more organic species in the finer fractions 
of the beneficiated clay. 
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Figure 3-12. Loss on ignition (LOI) of the raw clays and clay fractions in this 
study.  The LOI is observed to
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that there appears to be free quartz in the fine fraction of the beneficiated clay. 

is of the results from X-ray diffraction indicated that there was no free 

quartz present in the fine fraction of any clay tested in this study. 
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Figure 3-13. Specific s

Clay Fraction
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0
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Middle Fine

y.  The SSA increases for the finer clay fractions due to segregation by 
imentation. 

 

3.4.7 Polymer Adsorption 

The adsorption results will be discussed for each clay individually followed 

by an overall discussion of the results from the washing and beneficiation 

process used in this study.  The plateau adsorption results are summarized in 

Table 3-III. 
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Dispersant was added at levels that were predicted to be within the 

pla n 

be s 

tested on the coarse fraction at pH 6.  The concentration of polymer adsorbed 

falls significantly below the predicted level for all of the clay fractions tested.  The 

y suspensions remained light yellow with increasing 

polyme

Figure 3-14. Amount of free quartz calculated from each raw clay and clay 
fraction in this study.  The free quartz was calculated from the LOI and chemical 
analysis (by ICP).  The calculated amount of free quartz assumes that only
kaolinite and quartz are present in the sample.  The presence of 2:1-layer 
silicates in the clay fractions causes a discrepancy in the actual amount of free
quartz present. 

 

3.4.7.1 TK6 (kaolin clay) 
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teau region of the adsorption isotherm.  The adsorption isotherms for TK6 ca

observed in Figure 3-15 (pH 6) and Figure 3-16 (pH 9).  The adsorption wa
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r additions indicating that only fulvic acid was present in the raw clay.  The 

results showed that there was a slight increase in the concentration of polymer 

adsorbed on the coarse fraction, relative to the raw clay.  The middle and fine 

fractions of the beneficiated clay have lower adsorption levels than the raw clay 

due to the presence of high surface area 2:1-layer silicates in the fine clay 

fraction.
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Table 3-III.  Plateau Adsorption Values for the Clays Used in this 
Study. 

Adsorption Plateau (mg/m2) 
Powder Fraction 

pH 6.0±0.2 pH 9.0±0.2 
APA-0.5 (alumina) N/A 0.603±0.009 0.411±0.009 

 

As received 0.138±0.019 0.124±0.07 
Coarse 0.170±0.000 
Middle 0.047±0.003 

TK6 
(kaolin clay) 

Fine 0.089±0.007 
 

As received 0.180±0.012 0.151±0.017 
Coarse 0.190±0.022 
Middle 0.115±0.014 

Middle - wash 0.153±0.021 0.114±0.022 

Kingsley 
(kaolin clay) 

Fine 0.153±0.021 
 

As received 0.080±0.011 0.166±0.024 
Middle 0.103±0.021 Huntingdon 

(ball clay) 
Middle - wash 0.180±0.049 0.163±0.005 

 

As received 0.124±0.009 0.096±0.009 
Middle 0.145±0.010 Marquis 

(ball clay) 

N/A 
0.045±0.006 
0.039±0.01 

0.147±0.018 
0.098±0.011 

0.102±0.009 

0.148±0.029 

0.053±0.010 
Middle - wash 0.211±0.045 0.154±0.008 

 

As received 0.110±0.012 0.095±0.005 
Coarse -0.035±0.037 -0.023±0.050 
Middle 0.107±0.015 0.088±0.007 

Middle – wash 0.129±0.021 0.097±0.016 
M&D 

(ball clay) 

Fine 0.136±0.013 0.012±0.010 
Fine - wash 0.309 0.216±0.007 

 

As received 0.076±0.014 0.040±0.025 
As rec. - wash 0.092±0.003 0.108±0.011 

Coarse 0.000±0.023 -0.012±0.013 
Middle 0.107±0.005 -0.026±0.044 

C&C 
(ball clay) 

Fine 0.139±0.003 0.105±0.011 
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Figure 3-15. Adsorption isotherms for TK6 at pH 6.  The process of washing an
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ring suspensions within the plateau region of the adsorption isotherm. 

beneficiating the clay has little effect on the adsorption level of Na-PAA on the 
clay surface.  The coarse clay fraction shows slightly higher adsorption levels 
after segregation.  Adsorption levels were determined by preparing suspensions 
within the plateau region of the adsorption isotherm. 
 
 

0.8

Figure 3-16. Adsorption isotherms for TK6 at pH 9.  The adsorption levels for the 
middle and fine fractions fall below the adsorption level for the raw clay.  The 
coarse fraction was not tested at pH 9.  Adsorption levels were determined by 
prepa
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3.4.7.2 Kingsley (kaolin clay) 

 The 

adsorption isotherms are shown in Figure 3-17 (pH 6) and Figure 3-18 (pH 9).  

The tion of ad lymer fell significantly below the predicted 

levels from the model of the kaolinite plate hest a els 

were observed for the raw clay; the same level was reached for the coarse 

fraction of Kingsley, which d primaril .  Successi shings 

of the middle fraction were observed to incr centrat ed 

polymer on the surface of th y platelet at pH 6, but little effect was observed 

at pH 9.   
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to have no significant effect of the adsorption levels. 
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sup  prepared after centrifuging.  

The detected concentration of organic in the supernatant with no polymer 

addition was taken as a “background” concentration and subtracted from the 
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Figure 3-18. Adsorption isotherms for Kingsley kaolin at pH 9.  The coarse fraction 
and raw clay have approximately the same adsorption plateau value while the middle 
and finer fractions from the segregated clay have lower adsorption plateaus due to 
impurity minerals in the clay.  Successive washing of the middle fraction is observed 

ernatant from all of the suspensions that were

3.4.7.3 Huntingdon (ball clay) 
The adsorption isotherms for Huntingdon are shown in Figure 3-19 (pH 6)

and Figure 3-20 (pH 9).  Only the raw clay and middle fraction were tested for the 

Huntingdon ball clay.  There was little difference in the adsorption isotherms for 

the raw clay and the middle fraction at pH 6.  After successive washings o

middle fraction the plateau value was observed to significantly increase due t

the removal of impurity species prior to determining the adsorption plateau.  The 

adsorption level was observed to approach that predicted by the model of the 

kaolinite platelet.    Typical adsorption of the polymer on the clay was observ

all of the isotherms at pH 9 and all of the samples are observed to reach 

approximately the same plateau value with little benefit of successive washing o

the middle fraction.  This was due to the soluble organics remaining in the 
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Figure 3-19. Adsorption isotherms for Huntingdon ball clay at pH 6.  Only the raw 
clay and middle fraction were tested for adsorption.  The adsorption plateau 
values initially fall significantly below the predicted level.  After repeated washing 
of the middle fraction water the plateau value approaches the predicted value. 

3.4.7.4 Marquis (ball clay) 

The adsorption isotherms for Marquis are shown in Figure 3-21 (pH 6) and 

Figure 3-22 (pH 9).  At pH 6 typical adsorption was evident in the isotherms, but 

the plateau value falls significantly below the predicted level.  With successive 

washings the plateau value was observed to approach the predicted level from 

the model.   At pH 9 typical adsorption was evident in the isotherms.  The plateau 

value for the middle fraction of the beneficiated clay was observed to approach 

the predicted level from the model at high additions of polymer.  With successive 

washings the predicted level was approached at lower polymer additions relative 

to the as-prepared middle clay fraction.  A dark supernatant was not evident in 

the Marquis samples after centrifuging. 

 

ult prior to analysis.  In all cases at pH 9 the adsorption level was observed 

roach that predicted by the model of the kaolinite platelet.  
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Figure 3-20. Adsorption isotherms for Huntingdon ball clay at pH 9.  Only the ra
and middle fractions were tested to determine the adsorption levels.  All of the
clay fractions reach approximately the same plateau value.  The concentration of
organic species present with no PAA addition was taken as a background. 
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Figure 3-21. Adsorption isotherms for Marquis ball clay at pH 6.  Only the raw 
clay and middle fraction were tested.  There is an increase in the concentration of 
polymer adsorbed on the clay surface after successive washing of the middle 
fraction of the beneficiated clay.   
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Figure 3-22. Adsorption isotherms for Marquis ball clay at pH 9.  Only the raw 
clay and middle fraction were tested.  The adsorption plateau value is observed 
to increase after beneficiation of the raw clay.  Successive washing of the middle 
fraction results in the plateau value being reached at lower polymer additions. 

3.4.7.5 M&D (ball clay) 

The adsorption isotherms for M&D can be observed in Figure 3-23 (pH 6) 

and Figure 3-24 (pH 9).  The isotherms for each fraction of the beneficiated clay 

are plotted.  The raw M&D ball clay had a relatively high specific surface area, 

compared to other commercial clays, as well as a high concentration of soluble 

divalent cations.  The high surface area was the result of a high concentration of 

fine, swellable 2:1-layer silicates that hinder gravimetric settling.  The divalent 

cations further confounded the problem by exceeding the critical coagulation 

concentration and causing particle-particle interactions, i.e., a network was 

created between the clay particles hindering gravimetric settling.   
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dle fractions from the beneficiated clay had quartz as 

the primary mineral.  The resulting isotherms from the coarse fraction at pH 6 

and 9

Figure 3-23. Adsorption isotherms for M&D ball clay at pH 6.  The coarse fraction 
of the clay resulted in a negative concentration of polymer in the supernatant,
i.e., more polymer is detected than was originally added to the suspension.  This 
is due to soluble organic species in the supernatant and the low affinity of Na-
PAA for the surface of quartz, the primary mineral in the coarse fraction.  The 
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adsorption plateau values are all below that predicted by the model.  When the 
fine fraction is subjected to successive washing the adsorption plateau reaches 
the value predicted by the model since the concentration of impurity minerals and 
organic species have been reduced in the clay fraction. 

The coarse and mid

 show negative adsorption, i.e., more organic was detected in the 

supernatant than was originally added to the suspension.  This was the result of 

soluble organic species being removed from the powder surface.  These species 

were then detected during titration as unadsorbed Na-PAA.  The middle fraction 

also showed very low adsorption levels and successive washing of the fraction 

did not result in a significant increase in the concentration of adsorbed polymer, 

due to the high concentration of quartz in the middle fraction.   
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very low due to the presence of high surface area, swellable 2:1-layer silicates 

nd a high concentration of soluble organics that remained in the fine fraction of 

the clay.  Successive washing of the fine fraction served to remove some of 

these species from the clay; the 2:1-layer silicates remained in suspension after 

entrifuging and were removed when the supernatant was decanted from the 

ample, as indicated by the change in SSA.  Before washing the fine fraction 

SA was 51.77 m2/g and after washing the SSA was reduced to 27.40 m2/g.  

After successive washing the adsorption plateau approached the levels predicted 

y the model for the kaolinite platelet for the suspensions prepared using the fine 

lay fraction at pH 6 and 9. 
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Figure 3-24. Adsorption isotherms for M&D ball clay at pH 9.  Negative
concentrations of adsorbed polymer are again determined for the coarse fractio
of the clay.  All of the fractions tested have adsorption levels significantly below 
that predicted by the model.  The fine fraction was subjected to successive
washing to remove impurities and the adsorption plateau approaches the level 
predicted by the model since the concentration of impurity minerals and organi
species have been reduced in the clay. 
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3.4.7.6 C&C (ball clay) 

The adsorption isotherms for C&C can be observed in Figure 3-25 (pH 6) 
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not subjected to successive washings. 

 Figure 3-26 (pH 9).  The concentration of polymer detected with no PA

ition was negative in all cases indicating that a pH active species was prese
be

d 0.4

n with no initial addition of dispersant.  These species were relea

from the surface of the clay or clay fractions in an aqueous suspensio

g addition of PAA polymer was adsorbed on the particle surface with

exception of the coarse fraction.  The adsorption level for the coarse fraction in 

ses was negative, again indicating that a pH active species was released 

from the particle surface.  The highest adsorption plateaus were observed for the 

fine fraction of the C&C ball clay, a similar plateau level was observed at pH 9 for

the raw clay which was washed at high pH prior to performing the adsorption 
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Figure 3-25. Adsorption isotherms for C&C ball clay at pH 6.  Negative 
adsorption is observed for all samples with no added PAA.  Beneficiation of the 
fine fraction is observed to result in the highest adsorption levels at pH 6.  The 
coarse fraction, assumed to be primarily quartz, shows low adsorption levels.  
The adsorption levels are not observed to approach the predicted levels possibly 
due to the high concentrations of quartz present in the raw clay.  Fractions were 
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Figure 3-26. Adsorption isotherms for C&C ball clay at pH 9.  All samples have 
negative adsorption levels with no added PAA.  The coarse and middle fractions 
are observed to have negative adsorption for all additions of PAA.  The fine 
fraction and the washed sample of raw clay have the highest adsorption levels.
The adsorption levels are not observed to approach the predicted levels possibly 
due to the high concentrations of quartz present in the raw clay.  Fractions were 

Polymer Added (mg/m2)

0.00 0.25 0.50 0.75 1.00 1.25

P
ol

ym
er

 A
ds

or
be

d 
(m

g

-0.2

0.0

0.2

0.4

Raw - wash
APA-0.5 

/m
2

not subjected to successive washings. 

.7.7 Polymer Adsorption Summary 

To demonstrate the effects of the washing and beneficiation process th

tive adsorption of each clay fraction, calculated as the concentration 

ymer adsorbed after treatment divided by the conc

gure 3-28 (ball clays studied with the exception of C&C).  After treatment 

the amount of polymer adsorbed on the clay surface was observed to increase 

for the fractions that contain primarily kaolinite, i.e., the coarse fraction for the 

kaolin clays and the middle (Huntingdon and Marquis) or fine (M&D and C&C) 

fractions for the ball clays.  With washing and beneficiation of the raw clay the 

adsorption levels on the kaolinite fractions approached the level predicted by the 

model of the kaolinite platelet.   
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Figure 3-27. Relative adsorption of the kaolin clay fractions tested in this study.  
The relative adsorption for the coarse fractions of the kaolin clays are either 
equivalent to or increased by the beneficiation of the raw clay.  The finer fractions 
of the kaolin clays are comprised of impurity minerals and the relative adsorption 
is lower. 

 

Figure 3-28. Relative adsorption of the ball clays tested in this study.  The adsorption 
of the Na-PAA on the finer fractions is enhanced by segregation of the raw clay.  
Depending on the particle size of the kaolinite in the raw clay successive washing of 
either the middle or fine fractions of the clay can significantly enhance the 
concentration of polymer adsorbed.  Not shown are the results for C&C. 
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 73

 Characterization of Clay 

Room temperature spectra are shown for samples for Huntingdon ba

clay, dried Darvan™811, and humic acid [Humic Acid, sodium salt, Aldrich,

ee, WI] in Figure 3-29; the curves have been offset to allow e

comparison of the spectra.  Similarities were observed in the spectra from humic 

acid and Darvan™ 811 indicating that there were similar bonding arrangements 

and functional groups in the samples.  These groups are proposed to be 

lic acid groups which typically have a vibrational frequency at 1822 cm

assigned to the C=O stretching vibration in carboxylic acid groups.

Furthermore similar vibrational bands were observed in the Huntingdon ball clay

sample, although there were several vibrational bands which were overlapped 

making identification difficult. 
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Figure 3-29. Room temperature FTIR spectra from humic acid, dried Darvan™ 
811, and raw Huntingdon.  Similarities are observed in all three spectra.  The 

humic acid and PAA have a broad adsorption band at high wavenumbers due to 
physical water. 
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Huntingdon sample is observed to have the clearest adsorption bands.  Both 

The results from the FTIR analysis using the environmental chamber are 

shown in Figure 3-30 (TK6), Figure 3-31 (Kingsley), Figure 3-32 (raw 



 

Huntingdon), Figure 3-33 (Huntingdon, coarse fraction), Figure 3-34 (Huntingdon, 

middle

-1

d by combustion at elevated temperatures.104  For a complete assignment 

of the pertinent bands in the FTIR spectra see Table 3-IV. 

 fraction). Figure 3-35 (Marquis), and Figure 3-36 (M&D).  The curves 

have been offset to allow easy comparison of the spectra.  In each case 

vibrational bands were observed to change in intensity with temperature.  Some 

bands were observed to decrease in intensity at low temperature (between 100 

and 300ºC), these bands were associated with the presence of organics or 

physical water in the clay.  Bands associated with the lattice water in kaolinite 

were observed to decrease in intensity above 550ºC.  A small band was 

observed at approximately 2675 cm  which initially grew in intensity with 

temperature, followed by the loss of the band above 550ºC.  This small band was 

assigned to a carbonate vibration.  The increase in the intensity of the bands was 

initially due to the desorption of the carboxylic acid group from the clay surface 

followe

 
 

Figure 3-30. FTIR spectra from raw TK6.  With thermal treatment the clay is 
observed to dehydroxylate (lose lattice water) and the adsorption at 1822 cm-1 
(C=O stretch in carboxylic acid) is observed to be reduced.  An adsorption band 
appears at ~2675 cm-1 at higher temperatures followed by its gradual extinction.   
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Figure 3-31. FTIR spectra from raw Kingsley. With thermal treatment the clay is 
observed to dehydroxylate and the adsorption at 1822 cm-1 (C=O stretch in 
carboxylic acid) is observed to be reduced.  An adsorption band appears at 
~2675 cm-1 at higher temperatures followed by its gradual extinction.   
 7

 c
m
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Figure 3-32. FTIR spectra from the raw Huntingdon. With thermal treatment the 
clay is observed to dehydroxyla
cm-1 (C=O stretch in carboxylic

te (lose lattice water) and the adsorption at 1850 
 acid) is observed to be reduced.  An adsorption 

band appears at ~2675 cm-1 at higher temperatures followed by its gradual 
extinction.   
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Figure 3-33. FTIR spectra from coarse Huntingdon. With thermal treatment the 
clay is observed to dehydroxylate and the adsorption at 1850 cm-1 (C=O stretch 
in carboxylic acid) is observed to be reduced.   
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Figure 3-34. FTIR spectra from the Huntingdon middle fraction. With thermal 
treatment the clay is observed to dehydroxylate (lose lattice water) and the 
adsorption at 1850 cm-1 (C=O stretch in carboxylic acid) is observed to be 
reduced.  An adsorption band appears at ~2675 cm-1 at higher temperatures 
followed by its gradual extinction.   
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igure 3-36. FTIR spectra from raw M&D ball clay. With thermal treatment the 
clay
in carboxylic acid) is observed to be reduced.  An adsorption band appears at 

 7

-1

F ure 3-35. FTIR spectra from raw Marquis. With thermal treatment the clay is 
observed to dehydroxylate and the adsorption at 1850 cm-1 (C=O stretch in 
carboxylic acid) is observed to be reduced.  An adsorption band appears at
~2675 cm-1 at higher temperatures.   
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F
 is observed to dehydroxylate and the adsorption at 1850 cm-1 (C=O stretch 

~2675 cm-1 at higher temperatures followed by its gradual extinction.   
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Table 3-IV. Band Assignments for the FTIR Characterization of the 

-1 -1

Clay Minerals. 

Band (cm ) Assignment & Reference Band (cm ) Assignment & Reference 

3750 H O vapor101 1760 C=O in COOH104 
2

3690-3625 M O-H vib. Clay102,103,105 1720 asym C=O in COOH104 

102 1680 OH bend, 101  
asym C=O in COOH104 

3440 Molecular H2O101,102 1650 OH vib.,  H-OH,  
C=C104 

101 102

3400 O-H vib.101,103 1620 OH vib.101,103 
3345 O-H vib.101,103 1540 COO-M104 
3220  Absorbed H2O101 1495 COO-M104 
3035 C-H stretch103 1460 CH2 deform.103 
2940 C-H asym stretch102,103 1415 CH2 deform.102,103 
2845 C-H asym stretch  1360 

3

3505 SiO-H vib.

104 N/A 
2675 O-H in COOH104 1280 CH2 wag102,103 
2510 N/A 1230 CH2 wag102,103 
2470 N/A 1190 Si-O-Si102 
2450 N/A 1160 Si-O,103 R-OH in quartz
2390 HA vibration 1120 Si-O,103 R-OH in clay

2340 CO2 
1090 Si-O-Si,102 Si-O,

R-OH in clay103

2235 N/A 1050 Si-O,103 R-OH in clay

2100 Al-O-H 1030 Si-O-Si,102 Si-O,
R-OH in clay103

2045 Al-O-H 1000 Si-O,103 R-OH in clay

1930 Al-O-H 940 Si-OH,102 Si-O,103

R-OH in clay103

1870 Si-O-Si102 920 Si-O,103 R-OH in clay,
AlAlOH smectite

1825 C=O in COOH104 885 Si-CH3,102 Si-O,
AlFeOH in smectite

103 
103 

103  
 

103 
103  
 

103 
  

 
103 

106 
103 

106 
Vib. = vibration frequency 
Ar
D
M

o. = aromatic 
eform. Deformation 
 = metal cation (including H+) 

Asym. = asymmetrical 
R = cation (not H+) 
N/A = no relevant assignment found 

 

HA = humic acid 
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The FTIR results from the two organics are shown in Figure 3-37 (Aldrich 

humic acid) and Figure 3-38 (Darvan™ 811).  Broad adsorption bands were 

apparent in the room temperature spectra from both organics due to physical 

water in the samples.  With thermal treatment the broad adsorption band was 

reduced in intensity and a new band appeared at approximately 2950 cm-1

ppears in the humic acid sample while it grows in intensity in the PAA. 
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Figure 3-37. FTIR spectra from humic acid.  The adsorption bands are ob
to initially sharpen into distinct peaks followed by the decomposition of the humic 
acid at 500ºC.  The cooled spectrum is observed to be nearly flat.  Band a
~2950 cm-1 is assigned to C-H stretch. 

 

To summarize the FTIR results from the characterization of the clay and 

the effects of the thermal treatment on the change in the FTIR spectra, two 

e selected for comparison before and after the thermal treatment.  The 

band at 1822 cm-1 was assigned to the C=O stretching vibration in the carboxylic

  The band between 3755 and 3600 cm-1 was assigned to chemical 

Wavenumber (cm-1)
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Room Te
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mp.
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1

ter present in the sample, this was taken to include: 1) OH- vibrations in cla

humic substances and 2) OR- vibrations in carboxylic acid groups (where 

resents a monovalent cation).  The change in the intensity of these bands wa
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determined using the software package [OMNIC v.6.0, ThermoNicolet, Waltham, 

MA] to measure the area under the curve and the reduction in the area was 

calculated.  This calculation was performed for the Darvan™ 811 (PAA), hu

acid, TK6, Kingsley, Huntingdon raw, Huntingdon coarse, Huntingdon middle, 

and M&D samples.  The results are plotted in Figure 3-39.   
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Figure 3-38. FTIR spectra from dried Darvan™811.  The adsorption bands are 
observed gradually weaken due to decomposition of the PAA above 350ºC.
Band at ~2950 cm-1 is assigned to C-H stretch which grows in intensity at
elevated temperatures due to the thermal degradation of the carboxylic acid 
groups. 

Complete dehydroxylization of the clays or burn out of the organics was

ed during the thermal treatment in the environment chamber.  This

may in part be due to the design of the chamber or the thermal cycle us

Darvan™ 811 sample did not have an apparent band at 1822 cm-1 and therefore 
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change in peak area was calculated.  The PAA and humic acid both showed

nificant reduction in the peak area during the thermal treatment indicating 

nificant loss in the amount of sample present, as previously indicated th
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cooled band for the humic acid is nearly a flat line.  The clay samples showed a 

range for the reduction in peak area of each band.  This may be due to different

bonding environments (due to chelation, etc) or adsorption between the organics

and the clay surface. 
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Figure 3-39. Change in the peak area of the 1850 cm-1 band and the band 
between 3755 and 3600 cm-1, see text for band assignments, for representative 
spectra. 
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3.5 Summary and Conclusions 

es present in raw clay interfere with the accurate 

de  o r  n  

from redicted b d upon a mo  the kao

result of soluble organics and impurity minerals, e.g., quartz and 2:1-layer 

silicates, in the raw clay.  While washing and beneficiation of the raw clays is not 

feasible in an industrial process, washing at high pH, greater than 9.5, and 

bene n by s can remove these species and allow the accurate 

dete ion of the vel on clay platelets.  Com tion of 

the organics present in clay is difficult to achieve, but a proc e eatedly 

washing the clay improved the adsorption results.  The current study has 

dem ted the f the model for adsorption based upon the 

mineralogy of the kaolinite platelet.  Slight deviations from the predicted levels 

are the result of minor variations in the dimensions of the clay platelet, i.e., 2L:h. 

racterization of clays and organi  FTIR in an environmental 

chamber showed that th composition of the organics and e i.e., the 

degradation of kaolinite to metakaolin) can be monitored as a function of 

temperature.  Complete decomposition was not achieved due to either the 

thermal schedule, insufficient dwell time at temperature, or insufficient oxygen for 

complete combustion of the organics.   

 

Impurity speci

termination f the adsorption isothe m by a titratio  technique.  Deviations

 the p ehavior, base del of linite platelet, are the 

ficiatio edimentation 

rminat  adsorption le plete elimina

ess of r p

onstra accuracy o

Cha cs by

e de kaolinit  (
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4.  Effects of Incremental Additions of  
Na-PAA to Clay 

4.1 Introduction 

In the previous two chapters the competitive adsorption between Na-PAA 

(specifically Darvan™ 811) and humic substances was discussed.  In this 

gradua

chang

surface, with the most hydrophilic species being the first removed and the most 

4.2 Lit

chrom

characterizing the molecular weight of organic species in solution.  Numerous 

studies

by chro  studies was that humic acid is a 

weight

the elu the molecular weight.  These factors can 

measu

compared to a partially dissociated or fully protonated molecule.  The open 

the co  molecules appear 

since he lack of standard 

weight

chapter the effects of incremental additions of Na-PAA, Darvan™ 811, to clays to 

lly displace the humic substances from the clay surface are investigated.  

It was hypothesized that by gradually adding PAA to a clay slurry, there would be 

e in the molecular weight of the humic substances displaced from the clay 

hydrophobic the last fraction removed. 

erature Review 

Chromatography, including liquid chromatography, size exclusion 

atography, and gel permeation chromatography, is an effective means of 

 have investigated the molecular weight of humic substances in solution 

matography.1-15  The consensus of these

higher molecular weight species relative to fulvic acid and that the molecular 

 of these species depended on their source, the extraction technique, and 

ent that was used to characterize 

change the conformation of the humic substances in solution and thus vary the 

red molecular weight.   

A fully dissociated organic molecule will have a more open conformation 

conformation will prevent the molecule from entering the smaller pore structure in 

lumn of the chromatograph.  Therefore the dissociated

to have a higher molecular weight relative to a partially dissociated molecule 

it will pass through the detector more quickly.  Due to t

humic substances for calibration of the chromatograph, only relative molecular 

s for humic substances can be reported. 
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Janos prepared a review on the use of separation methods, i.e., 

atography, in the chemistry of humic substances.15  A standardized chrom

method of fractioning humic substances has been developed by the International 

substa isolating 

sorben

hydrop  fraction process with 

XAD r

charac  about their 

genera

has m

molecu

4.3 Ex

clay a r adsorption.  

Initially

supernatant was tested using the titration method previously described in 

Chapte

small .  The 

Table 4-II for the Huntingdon samples in this study.  Images of the diluted 

solutio

Humic Substances Society; this process involves fractioning the humic 

nces by their solubility as a function of pH.  Another procedure for 

humic substances, typically from water samples, involves the use of XAD 

ts, columns packed with different XAD resins that have various degrees of 

hobicity; use of a gradient eluent can enhance the

esins.  Janos concludes that chromatography methods are effective for 

terizing humic substances as well as providing information

properties and composition.  Structural data for humic substances has been 

ted by GC-MS (gas chromatography-mass spectrometry) and rapid 

progress in LC-MS (liquid chromatography-mass spectrometry) instrumentation 

ade it possible to study the properties of humic substances at the 

lar level. 

perimental Procedure 

To investigate the effects of incrementally adding Na-PAA to TK6 kaolin 

nd Huntingdon ball clay 15 v/o suspensions were prepared fo

Four samples were prepared at both pH 6.0±0.2 and pH 9.0±0.2 for each clay.  

 the samples were prepared without PAA, centrifuged, and the 

r 2.  The sediment was resuspended with distilled water and dosed with a 

addition of PAA followed by readjusting the pH to the target value

target concentrations of PAA are listed in Table 4-I for the TK6 samples and 

supernatant before titration were taken to show the change in the color of the 

n due to the addition of Darvan™ 811. 
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Table 4-I. Cumulative Concentration of Darvan™ 811 Added as an 
Incremental Dose to TK6 at pH 6.0±0.2 and pH 9.0±0.2. 

pH 6.0±0.2 pH 9.0±0.2 
Addition 

Target grams Target mg/m2 Target grams Target mg/m2 
0 0.00 0.00 0.00 0.00 
1 0.37 0.17 0.13 0.06 
2 0.43 0.20 0.17 0.08 
3 0.50 0.23 0.22 0.10 
4 0.56 0.26 0.26 0.12 
5 0.59 0.27 0.28 0.13 
6 0.61 0.28 0.30 0.14 
7 0.63 0.29 0.33 0.15 
8 0.69 0.32 0.37 0.17 
9 0.78 0.36 0.41 0.19 

10 0.85 0.39 0.43 0.20 
11 0.87 0.40 0.46 0.21 
12 0.89 0.41 0.48 0.22 
13 0.91 0.42 0.54 0.25 
14 0.95 0.44 0.61 0.28 
15 1.52 0.70 1.08 0.50 

 

This process wa
 

s repeated until it was expected, based upon the 

would o determine the change in the molecular weight 

(GPC)

(Water ) equipped with 

804 an

index detector (Waters 2410 refractive index detector, Waters Corp., Milford, 

Corp.,  standards 

(Waters Corp., Milford, MA).  The eluent was passed through the guard column 

adsorption model for kaolinite platelets, that the surface of the clay particles 

be saturated with PAA.  T

of the organics displaced from the surface gel permeation chromatography 

 was used.  The instrument used for this study was a Waters HPLC pump 

s 1515 Isocratic HPLC Pump, Waters Corp., Milford, MA

poly[hydroxymethacrylate] packed columns (Shodex-OH pak KB-G, KB-802, KB-

d KB-806M columns, Showa Denko KK, Tokyo, Japan) and a refractive 

MA).  Data was collected using the Breeze GPC software (Breeze v.3.20, Waters 

 Milford, MA).  The system was calibrated using Na-PAA narrow
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(KB-G) followed by the KB-802, KB-804, and finally the KB-806M columns, in this 

manner the maximum separation as a function of molecular weight was 

for the ese test parameters the total flow time 

systems were tested: 1) a 10 wt% pH 5 buffer solution and 2) a 10 wt% pH 10 

dilution

from the manufactures’ MSDS sheets, is listed in Table 4-III.  These two systems 

were s A standards 

nd thus vary the elution time. 

 
Table 4-II. Cumulative Concentration of Darvan™ 811 Added as an 
Incremental Dose to Huntingdon at pH 6.0±0.2 and pH 9.0±0.2. 

pH 6.0±0.2 pH 9.0±0.2 

achieved.  A flow rate of 1 mL/min and an internal temperature of 30ºC was used 

 eluent in all of the studies.  Using th

through the GPC system was approximately 33 minutes.  As an eluent two 

buffer solution; no change in the pH of the buffer solution was measured after 

 with distilled water.  The chemical analysis of the buffer solutions, taken 

elected in an attempt to change the conformation of the PA

a

Addition 
Target grams Target mg/m2 Target grams Target mg/m2 

0 0.00 0.00 0.00 0.00 
1 0.32 0.17 0.11 0.06 
2 0.38 0.20 0.15 0.08 
3 0.44 0.23 0.19 0.10 
4 0.50 0.26 0.23 0.12 
5 0.52 0.27 0.25 0.13 
6 0.54 0.28 0.27 0.14 
7 0.55 0.29 0.29 0.15 
8 0.61 0.32 0.32 0.17 
9 0.69 0.36 0.36 0.19 

10 0.75 0.39 0.38 0.20 
11 0.76 0.40 0.40 0.21 
12 0.78 0.41 0.42 0.22 
13 0.80 0.42 0.48 0.25 
14 0.84 0.44 0.54 0.28 
15 1.34 0.70 0.96 0.50 
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Table 4-II sed as 
Eluents for the GPC.   

pH 5 Buffer Solution* 

I. Chemical Analysis from the Buffer Solutions U

Chemical Concentration 
Citric Acid <3% 

Sodium Hydroxide <1% 
Water Balance 

  

pH 10 Buffer Solution** 
Chemical Concentration 

Di-sodium ethylene diamine 
tetraacetate dihydrate 1.0% 

Potassium Carbonate 0.6% 
Potassium Borate 0.4% 

Potassium Hydroxide 0.2% 
CI Acid blue 9, disodium 0.02% salt 

Water 97.78% 

** Fisher Scientific, Pittsburgh, PA 

 

The GPC operates by passing a carrier fluid, an eluent, through a series of 

columns.  Within these columns was a gradually smaller and smaller pore 

structure that served to trap lower molecular weight species.  Thus the higher 

molecular weight species, which were not trapped in the columns, pass rapidly 

though the system and were a

* Acros Organics, Fair Lawn, NJ 

nalyzed first at the detector.  With time the lower 

molecular weight species passed from the column and were detected.  The result 

was a

olution of organic; approximately 

0.1 g of organic was dissolved in 10 mL of eluent.  The samples were filtered 

 plot of the signal as a function of time, which was related back to 

molecular weight through the use of known standards. 

To verify that the GPC was giving accurate results several industrial 

PAA’s, those used in Chapter 2, were tested in the GPC and the results 

compared to the manufacturer’s stated molecular weight.   

The precipitated material was prepared by dissolving the samples in the 

pH 10 eluent so as to obtain a roughly 1 wt% s
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throug

lecular weights can be reported.  The molecular weight of the 

ple was calculated using both the pH 5 and pH 10 

calibra

ulated from the titration data.  The 

results from the adsorption on TK6 are shown in Figure 4-1.  The results from the 

adsorption on Huntingdon are shown in Figure 4-2.  Preferential adsorption of the 

humic substances may be preventing the complete displacement at the surface 

due to the more hydrophobic nature (relative to PAA) of the humic substances.  

h a 0.45 µm filter [0.45 µm Nylon Fisherbrand Syringe Filter, Fisher 

Scientific, Pittsburgh, PA] and de-aired using an aspirator vacuum pump 

[Brinkman Model B-169 Vacuum Aspirator, Sibata Scientific Technology Ltd., 

Tokyo, Japan].  The samples were subsequently stored in a cool, dark place to 

prevent degradation of the samples by UV light prior to testing the samples with 

the GPC.  Samples were stored for a period of not more than 5 days to minimize 

degradation of the organic.  Standards and known samples of PAA were 

prepared in a similar fashion, i.e., a 1 wt% solution of the polymer in the proper 

eluent. 

Samples were run using the above procedure and the molecular weight of 

the organic present in the samples was initially calculated using the pH 5 

calibration curve.  While this procedure is unorthodox it was used in an attempt to 

achieve the maximum separation between the peaks in the chromatograph.  

Since no humic acid molecular weight standards are available as a reference, 

only relative mo

humic substances in each sam

tion equations.  A peak associated with the unadsorbed Darvan™ 811 in 

the sample was used as a reference to calculate the percent error in the 

measured molecular weight.  The reported molecular weights for the humic 

substances were relative to the molecular weight of the Na-PAA narrow 

standards under the test circumstances used in this study.  No effort has been 

made to characterize the structure of the humic substances in this research as 

this is outside the subject matter of this thesis. 

4.4 Results 

The results from the adsorption portion of the study indicate that organics 

are displaced from the clay surface with each subsequent addition of PAA, i.e., in 

most cases a negative adsorption level is calc
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PAA gradually replace the more hydrophobic humic substances since it satisfied 

more o gy of 

the system as discussed in Chapter 2. 

 
 
 

Figure 4-1. Cumula sorption re for TK6 at (open sym nd pH 
9 (closed symbols) tions of PA cremental ions of 
PAA to TK6 result in a negative adsorption isotherm as organics are displaced 
from the surface of the commercial clay. 
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With each addition of PAA to the suspension more organic was removed 

from the surface of the clay resulting in a negative adsorption value.  It was 

observed at both pH 6 and 9 that larger additions of PAA result in more organic 

being removed from the clay surface.  With smaller additions of PAA lesser 

quantities of organic in the clay were removed, corresponding to the plateaus 

observed in Figures 1 and 2.  After titrating the supernatant samples the liquid 

above the precipitated material was decanted and the precipitate was dried at 

50ºC.  A precipitate was only formed after titrating the Huntingdon samples; the 

species present in the TK6 clay remained dissolved after titration.  The images 

from the diluted TK6 supernatant samples are shown in Figure 4-3 (pH 6) and 

Figure 4-4 (pH 9); there was no visible change in the supernatant after titration.  
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The images from the diluted Huntingdon supernatant samples before titration are 

shown in Figure 4-5 (pH 6) and Figure 4-6 (pH 9); after titration a dark precipitate 

was formed. 

A calibration curve was fit to the standard PAA runs so that the molecular 

weight of the unknown samples could be determined.  For the pH 5 eluent a 

linear regression best fit the data while the pH 10 eluent was best fit by a 

quadratic regression.  The calibration equations for both the pH 5 and pH 10 

eluents are listed in Table 4-IV along with the statistics for the curve fit.  The 

statistics from each standard run relative to the calibration curve are listed in 

Table 4-V.  The data from the standard runs and the calibration curves are 

plotted in Figure 4-7. 

 

Figure . Cumula sorption r  for Huntin t pH 6 (op mbols) 
and pH 9 (closed symbols) after incremental additions of PAA.  Incremental 
additions of PAA to result in a ve adsorption isotherm as ics are 
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Figure 4-3. Image rnatant be ration from the TK6 
samples prepared at pH 6.0±0.2.  Samples number 0 through 7 are shown in the 
top image while samples number 8 through 15 are in the bottom image.  
Incremental additions of Darvan™ 811 are observe coloration of 
the supernatant.  Target concentrations of Darvan™ 811 are listed in Table 4-I. 
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samples prepared at pH 9.0±0.2.  Samples number 0 through 7 are shown in the 
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the supernatant.  Target concentrations of Darvan™ 811 are listed in Table 4-I. 
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ure 4-4. Images of the diluted supernatant before titration from the TK6 

top image while samples number 8 through 15 are shown in the bottom image.  
Incremental additions of Darvan™ 811 are observed to change the 
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the supernatant.  Target concentrations of Darvan™ 811 are listed in Table 4-II. 

 

 

top image while samples number 8 through 15 are shown in the bottom image.  

Figure 4-5. Images of the diluted supernatant before titration from the Huntingdon 
samples prepared at pH 6.0±0.2.  Samples number 0 through 7 are shown in the 
top image while samples number 8 through 15 are shown in the bottom image.  
Incremental additions of Darvan™ 811 are observed to change the coloration of 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4-6. Images of the diluted supernatant before titration from the Huntingdon 
samples prepared at pH 9.0±0.2.  Samples number 0 through 7 are shown in the 

Incremental additions of Darvan™ 811 are observed to change the coloration of 
the supernatant.  Target concentrations of Darvan™ 811 are listed in Table 4-II. 
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Table 4-IV. Calibration Equations for the GPC to Relate the Elution 

pH Calibration Equati

Volume (or Time) to the Molecular Weight of the Organic. 

on R2 Std. Error 
5 log(MW)=13.1 – 0.413*V 0.985 0.166 

10 log(MW)=0.236+1.03*V-0.0411*V2 0.989 0.122 
 

Using these calibration curves samples of industrial PAA, those used in 

Chapter 2, were tested to verify that accurate molecular weights were measured 

using the GPC.  The results are listed in Table 4-VI along with the calculated 

error, based upon reported value from the manufacturer, in the molecular weight.  

There was some error in the measured molecular weights of the polymers, 

primarily at the intermediate molecular weights where there is a poor fit in the 

calibration curve.  At the lower molecular weights, between 28,000 and 3,000 

Daltons, there is less error in the measured molecular weight; this was the region 

of interest since the molecular weight of Darvan™ 811 and the unknown humic 

substances were expect to fall within this range of molecular weights. 

Since there was little difference in the trend of the adsorption results at pH 

6 a d 

due et 

of pH 6 data will be reported.  The results from the GPC analysis indicated that 

there was little variation in the molecular weight of the species displaced from the 

surface

nd pH 9 (differences were expected in the concentration of polymer adsorbe

 to changes in the polymer conformation) only the GPC results from one s

 of the Huntingdon clay as a function of PAA addition at pH 6, Figure 4-8.  

A linear regression through the pH 10 data resulted in a slope of -290.2 with a R2 

value of 21.99, i.e., a very poor fit to the data.  An average value model, i.e., a 

model where “y” was independent of “x,” resulted in a R2 value of 32.86, still a 

very poor fit, but it was an improvement over the linear regression. 
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Table 4-V. Results from the Standard Runs and the Statistics for 
the Standards Relative to the Calibration Curve. 

pH 5 eluent 
Standard MW 

(Daltons) 
Elution Volume 

(mL) 
Predicted MW 

(Daltons) 
Error 
(%) 

1100000 16.826 1323467 -16.88 

222300 18.042 416333 -46.61 
115000 20.200 53388 115.40 
62900 20.426 43043 46.13 
28000 21.060 23559 18.85 
16000 

782200 17.476 712987 9.71 

21.610 13959 14.62 
7500 22.247 7611 -1.46 
2925 23.000 3718 
900 23.846 1662 
192* 26.152 185 
192* 26.156 185 
192* 26.173 182 

 

pH 10 eluent 
Standard MW 

(Daltons) 
Elution Volume 

(mL) 
Predicted MW 

(Daltons) 
Error 
(%) 

1100000 16.826 897467 
782200 17.158 678609 
222300 17.857 351998 
115000 18.633 152298 
62900 19.608 45242 
28000 19.967 27679 
16000 20.395 14894 

-21.32 
-45.84 
3.72 
4.03 
5.72 

22.57 
15.27 
-36.85 
-24.49 
39.03 
1.16 
7.42 

7500 20.929 6559 14.35 
2925 21.478 2667 9.67 
900 21.963 1149 -21.66 

olecular weight of citric acid which was present in t* M he as-received buffer solution. 
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Figure 4-7. Calibration curves for the GPC from the standard PAA samples at p

Eluent Volume or Time (mL or minutes)

16 17 18 19 20 21 22 23 24 25 26 27 28
0

H 
 and pH 10.  Also plotted are the best fit regression models, from the GPC 
oftware, used to convert eluent volume into molecular weight for the unknown 
amples. 

 
 
Table 4-VI. Reported Molecular Weight and the Measured 
Molecular Weight of Various Na-PAA’s Used in Chapter 2.   

pH 5 eluent pH 10 eluent 

5
s
s

Sample 
Reported 

MW 
(Daltons) 

Measured 
MW 

(Daltons) 

Residual 
(%) 

Measured 
MW 

(Daltons) 

Residual 
(%) 

Acumer™ 1010 2000 N/A N/A 1391 30.45 

Acumer™ 1510 55000 42327 23.04 55172 -0.31 

Acumer™ 9400 3600 N/A N/A 2005 44.31 

cusol™ 410 10000 N/A N/A 7864 21.36 

cusol™ 445 4500 N/A N/A 5030 -11.7

A

A 8 

Acusol™ 448 3200 N/A N/A 1065 66.72 

Darvan™ 811 ~3500 3546 -1.31 2277 34.94 

Lo
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Figure 4-8. Relative molecular weight results from the GPC for the precipitated 
material from the titration runs after incremental doses of PAA to Huntingdon ball 
clay at pH 6.  Samples were prepared using the pH 10 eluent and the molecular 
weight was calculated using the pH 5 and pH 10 calibration equations.  Little

Polymer Added (mg/m )2
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ariation is observed in the measured molecular weight of the precipitated 
rganic. 

 

 was 

 

 peroxide and 

 

decompos

substances from 

these prec  low molecular 

we

v
o

Upon talking to the supplier of Huntingdon clay it was learned that Unimin 

(the supplier) adds organic material to the mined clay in an attempt to increase 

the plasticity of the clay.  The organic material that is added to the clay

identified as digested lignite.  As mentioned in Chapter 3 there are two methods

of manufacturing digested lignite: 1) react the lignite with hydrogen

2) react the material with heated sodium hydroxide.  Both of these methods

e the organic breaking it down into smaller molecules that are 

precursors for humic substances.  The generation of humic 

ursors takes time and microbial action to recombine the

ight species into high molecular weight humic substances. 
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4.5 Su

PAA did displace the organics adsorbed on the surfa of kao   

The organic additiv ove plasticity of the Huntingdon clay 

we isplace aracteri f the lar 

weight revealed that there was little variation in the molecular weight of these 

species.  The driving force for this displacement, as discussed in Chapter 2, 

involv

mmary and Conclusions 

ce linitic clays.

es used by Unimin to impr

re d d from the particle surface and ch zation o molecu

ed the difference in molecular weight and the number of functional groups 

on the organic that adsorb to sites on the particle surface.  The higher molecular 

weight PAA displaces the digested lignite, but due to the more hydrophobic 

nature of the digested lignite the displacement was a slow process requiring 

several treatments. 
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5.  Plasticity of Clays: Effects of Adding Organic Matter 

5.1 Introduction 

During the course of this research it was learned that organic additives are 

occasionally added by suppliers in an attempt to improve the plasticity of clays.  

One such clay, Huntingdon ball clay, was used in this research to generate 

adsorption isotherms.  The presence of organic material interfered with the 

accurate determination of the adsorption plateau value.  Based upon this 

information it was decided to investigate the effects of adding organic material to 

a clay which exhibited relatively poor plasticity.  The change in rheology of a 30 

v/o suspension and a plastic mass, i.e., moisture content between 12 and 30 

wt%, as a function of the concentration of organic was determined using two 

parallel-plate rheometers.   

5.2

 a 

cen s 

such as stickiness, adhesion, cohesion, yield value, and mobility which are used 

to describe this property of clays.1-3  Plasticity is defined as the ability of a 

material to permanently deform under a pressure greater than the yield pressure 

and to

s where the effects 

of bentonite additions on the plasticity of clay, thrown by hand on a potter’s 

wheel, were determined.4  Based upon the results additions of bentonite between 

5 and 10% were observed to improve the ability of the potter to throw a thin 

walled vase.  Furthermore it was stated that the plasticity of the bentonite doped 

 Literature Review 

The plasticity of clays has been a topic of much discussion for nearly

tury.  The term plasticity is often confused with workability and other term

 maintain the deformed shape after the pressure has been removed.  As 

with metals there are two parts to the deformation of a clay: 1) the elastic region 

and 2) the plastic region.  At pressures less than the yield pressure the material 

deforms in an elastic manner and no permanent deformation is observed upon 

removing the pressure.  Once the yield pressure is exceeded a permanent 

deformation is observed and upon removing the external pressure there is some 

elastic recovery in stiff materials, e.g., metals.  In the case of particle systems 

there is little or no elastic recovery. 

Plasticity has been characterized using potter’s method
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clays was similar to the plasticity liked by the potter.  This result was used to 

validat

he pH of the system or the species that are present in a clay 

Bole proposed that one can affect the plasticity of the system.  Furthermore to 

show how ineffective the “touch” method, as used by potters, of characterizing 

plasticity can be Bole arranged an experiment where potters were invited to 

evaluate the plasticity of five clays.  Two blindfolded tests were performed, on 

separate occasions, followed by a third test where the observers were 

unrestricted in their evaluation.  The results from the potters were compared to 

the results from two standard tests, the dye adsorption test and the Atterburg 

test.  Significant variations in plasticity were found between observations taken at 

different times and with observers.  The results from the standard tests were in 

agreement with each other, but there were significant deviations from the 

opinions of the potters.  Based upon the results Bole concluded that the touch 

method of determining plasticity was not sensitive enough to differentiate 

between clays. 

Some of the other theories for the plasticity of clays involve the surface 

tension of the pore fluid between the clay particles (stretched membrane 

theories), particle size and shape effects, and the water of hydration of the clay 

platelets.   

Norton stated that the stretched membrane surrounding the clay particles 

during drying exerted a hydrostatic force which drew the particles into contact.  

The surface tension of the wetting liquid prevented evaporation from the smallest 

e the colloidal theory of plasticity. 

The colloidal theory for plasticity stated that plasticity was caused by the 

enveloping film of colloidal material which surround clay grains.5-8  This colloidal 

material can be crystalline or amorphous and organic or inorganic in nature.  Soil 

mechanics define a colloid as any particle which has at least one dimension less 

than one micrometer in size.  A better definition of a colloid for ceramists would 

be any particle system that does not settle under a gravitational force due to 

Brownian motion.  This definition takes into consideration the dimensions of the 

particles in the colloid as well as the density of material. 

By changing t
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pores and water was preferentially removed from the larger pores.8  While this 

the “plasticity” of the system; plasticity was defined as the ability of a clay mass 

to reta

proof o nt of a clay mass should increase 

the ca

has a ld value compared to the casting slip.  Slowly drying the 

contac f of the 

flint, in

atmos  similar to surface tension 

retain 

A.L. Jo membrane theory neglected the change 

surfac

masses prepared in water, surface tension of 73 dynes/cm, and a 1% solution of 

Santom

dynes tion of the organic surfactant to the clay systems was 

of San

the clay.  These results were confirmed in a separate study by Kingery and 

from 71.0 dynes/cm (water) to 16.0 dynes/cm.

hat is present in the body at 

A high

easily of the tests that are reported in 

did have consequences for drying of ceramic ware, Norton instead focused on 

in its shape after an external pressure caused deformation.  As indirect 

f his theory he stated that the yield poi

as water was removed from the system and this effect was directly observed in 

sting of ceramic ware.  The leathery cast on the surface of a gypsum mold 

much higher yie

ware further increased the yield point as the particles were drawn into closer 

t by the surface tension of the water.  Furthermore as direct proo

stretched membrane theory Norton placed a quantity of a non-plastic powder, 

to a rubber balloon.  The balloon was then evacuated so that the 

pheric pressure would exert a consolidating force

exerted by water.  After evacuation the balloon could be deformed and it would 

its shape, similar to a plastic clay mass.  During the subsequent discussion 

hnson pointed out that stretched 

in plasticity that was experimentally observed due to cation exchange at the clay 

e. 

Schwartz examined the effects of surface tension of the yield value of clay 

erse D, an organic surfactant that reduced the surface tension to 33 

/cm.9  The addi

observed to reduce the yield point of the clay mass.  Furthermore the presence 

tomerse D reduced the strength, maximum deformation, and workability of 

Francl where a series of organic solutions were studied to vary to surface tension 
10 

Plasticity chiefly involves the amount of water t

the time that it is tested.11  Clays can have water requirements from 15 to 27%.  

ly plastic clay is able to withstand a large distortion without cracking and 

deform under an external pressure.  Many 
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the literature involve the use of tension to determine the plasticity of clays.  

-strain curves were developed for the body either 12-17Stress in compression,  

that m uce flow of the sample.  Once the 

yield stress was exceeded plastic deformation of the sample was observed and 

there was little change in the stress required to induce a large strain, i.e., dσ/dε 

decreased in the stress-strain curve.  Most of these tests failed to replicate the 

loads used in industry to form ceramic ware, e.g., ram pressing or jiggering.  

Furthermore they failed to consider the high shear that is present in these 

forming processes. 

Other tests that have been used to characterize the plasticity of clays 

involve the use of penetrometers with various geometries.  Relationships 

between the amount of penetration in a given time were then related back to the 

plasticity by monitoring the penetration as a function of time.  The results were 

then plotted as log(penetration distance) versus time and the resulting slope was 

the plasticity.24,25 

Compressive tests on clays have also been used to characterize 

plasticity.26  Stress-strain diagrams were generated by placing the clay specimen 

between two parallel plates.  A load was then applied and the stress-strain was 

traced on a smoked glass plate.  Stresses up to 10 psi were tested in the study. 

Whittaker determined the effects of particle size on the plasticity of 

kaolinite and established the empirical formula:27 

Log(S) = A*P + B             (5) 

where S was the surface available for 100 g of clay, P was the product of the 

yield and the strain at optimum plasticity, and A and B were empirical constants.  

This relationship was determined by testing several clays with different mean 

particle sizes and particle size distributions.  The plasticity of the clays was 

determined at various moisture contents by testing the samples in torque and 

measuring the angle of twist in the body.   

torsion,18,19 or in direct tension.17,20-23  In all tests there was an initial pressure 

ust be exerted, the yield stress, to ind
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 their 

 a constrained load.28  Samples are tested under a condition 

where the principle stresses σ  = σ .  The third principle stress, σ , is then 

varied to study the failure of the soil under a given stress state.  Tests are 

performed where σ  is in either compression or tension.  In order to fully 

understand the deformation of the soil a series of tests must be performed where 

σ , and therefore σ , are varied.  This process of testing soils is time 

consuming, but results in a clearly defined failure envelope for the soil.  A series 

of Mohr’s circles could be constructed to understand the failure of the soil for 

each stress state.

 cell consisted of a constrained bottom ring and top 

ed.  Samples were compacted into the cell when the top 

and bottom rings were aligned.  By sliding the top ring over the bottom ring a 

shear 

 Carty developed a high pressure annular shear cell (HPASC) to 

characterize the shear rheology of powder systems.  The HPASC is a high-

pressure parallel-plate rheometer.  The test cell is designed with an annular 

(donut

Triaxial tests are commonly used to evaluate soils to determine 

deformation under

22 33 11

11

22 33

28,29 

 Jenke developed a shear cell for testing soils and other materials to 

understand their flow.29  The

ring that could be dragg

plane was created when the sample failed.  By compacting the samples 

under various loads prior to the test, as well as maintaining various loads on the 

top portion of the cell during the test, a series of Mohr’s semicircles could be 

constructed to give an understanding of the failure envelope for the sample.  

Jenke’s test using the shear cell was considerably faster than the triaxial test, but 

there were problems with obtaining a uniformly compacted sample.  Under low 

consolidating loads, prior to testing, the sample would compact at the leading 

edge of the bottom ring under shear.  This resulted in a non-uniform packing of 

the material in the cell, thus changing the test parameters and invalidating the 

test. 

30,31 

) shape.  The bottom portion of the cell is rotated while the top portion is 

held stationary by two load cells, placed across the diameter of the test cell.  The 

torque transmitted through the sample, i.e., the torque necessary to prevent the 

top portion of the cell from rotating, is measured using these two load cells.  A 
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normal load is applied to the cell through a hydraulic, dead-weight system at the 

top of the cell.  The pressure at the top of the cell is monitored using a load cell.  

Since 

32 

     

(6) 

 

For Ne R

         (7) 

Novak used the HPASC to measure the plasticity of pseudo-boehmite 

powders used in the catalyst industry.   The results from the HPASC were 

correlated to the shear behavior of the same powders in a piston extruder 

mounted in an Instron testing machine.  A good correlation between the results 

from the HPASC and the piston extruder was found.  The HPASC was 

determined to be a useful tool to characterize the rheology of extrudable, and 

non-ex

Lee used the HPASC to characterize the plasticity of clay and clay 

systems.   The results from the HPASC were explained by the degree of pore 

saturation (DPS) in the sample.  In all the samples tested by Lee a maximum 

was o

the bottom portion of the cell rotates and the top is stationary significant 

shear is applied to the sample.  The torque measured at the top portion of the 

cell is converted to a shear stress using the equation:
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γ  equals one and the resulting shear 

stress is: 32 

where M is the torque and R is the radius.  By varying the normal load on the cell 

a series of Mohr’s circles could be constructed.  The center of the Mohr’s circle 

was located along the x-axis, where “x” was equal to the normal stress, and the 

measured shear stress defines the radius of the circle. 
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trudable, systems. 

34

bserved in the measured cohesion with increasing moisture content.  This 

maximum was related to the point where the DPS=1, i.e., the pores in the sample 

were completely filled with water.  Upon exceeding the maximum in the curve, 
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excess water was present in the pores, DPS>1, and the cohesion rapidly 

decreased.  When insufficient water was present to saturate the pores, i.e., 

DPS<1, the cohesion was again lower and a higher pressure dependence, 

related to the internal friction within the sample, was observed.  Kaolin clays were 

observed to have a higher pressure dependence compared to ball clays, but less 

water was necessary to reach the maximum in cohesion in a shear rheology 

map, a plot of the cohesion versus pressure dependence.  Ball clays were 

observed to have a broader curve in the shear rheology map and mixtures of 

kaolin and ball clay, at a 2:1 ratio, were observed to fall between the curves for 

the two constituent clays.  A whiteware composition (consisting of 30% ball clay, 

14% kaolin, 23% quartz, and 33% feldspar) was observed to have the highest 

cohesion and a very broad curve.  The amount of moisture necessary to reach 

the maximum cohesion was reduced relative to the clays tested due to the 

presence of non-plastics in the body.  Aging in a ball clay-water system was 

found to be related to the dissolution of raw materials, i.e., an increase in the 

cation concentration, rather than growth of an organic.  Aging was found to 

significantly reduce the peak cohesion value and increase the pressure 

dependence to slightly higher values. 

persants, 

and sa

Leone studied the effects of specific surface area, determined by nitrogen 

adsorption of ball clays on the shear rheology determined using the HPASC.35  

Specific surface area is inversely related to particle size.  The results of that 

study showed that there was a significant correlation between the pressure 

dependence of the sample and the specific surface area of the clay.  No 

relationship was found between the cohesion of the samples and the specific 

surface area.  Finer clays, with higher specific surface area, were observed to 

have a higher pressure dependence. 

Kupiniski studied the effects of moisture content, addition of dis

lt additions on the shear rheology, measured using the HPASC, of clays 

and whiteware batches.36  While no effect of the salt additions was found in 

Kupinski’s research, industrial experience and other research demonstrates that 

additions of salt (particularly in excess of the critical coagulation concentration) 

 115



 

have a significant effect of the shear behavior of clay-based and alumina 

systems.  The addition of PAA was observed to reduce the pressure dependence 

and with no significant change in the cohesion of the sample. 

Salts are known coagulants for colloidal particle systems.  The addition of 

salts in excess of the critical coagulation concentration (CCC), defined by the 

Schulze-Hardy rules, are observed to result in a significant increase in the 

viscosity of the sample for the same solids loading.37,38  DLVO theory states that 

the presence of salt in the liquid phase of a suspension will compress the double 

layer surrounding the particles thus reducing the electrostatic barrier to 

coagulation; a schematic of the double layer is shown in Figure 5-1.37-39  Particles 

will the

the addition of salts; this behavior is contrary to the predictions from 

DLVO 

 

surrou

 solution. 

Pashley investigated the io  force  betw en t

surfaces in the presence of alkali cations.40  A correlation was observed between 

present in solution surrounding the 

particle surface; by increasing the concentration of the cation in solution an 

refore approach each other and reside in the primary minimum in the 

potential energy diagram, thus increasing the interparticle separation and 

allowing more particle-particle interactions and an observed increase in the 

viscosity of the system.   

Numerous authors have observed a decrease in viscosity of particle 

systems with 

theory.  Two theories have been proposed to explain the decrease in 

viscosity with the addition of salts; note that these are not salts which exhibit 

specific adsorption on the powder surface, but rather salts which act as 

indifferent electrolytes.  The first theory involves the water of hydration

nding the ion in solution.  The second theory involves what are referred to 

as structure-making and structure-breaking ions in

 effects of hydrat n s e wo mica 

double layer theory and hydration forces with the surface cation exchange 

properties of mica, determined by measuring the forces between freshly cleaved 

mica surfaces.  Based upon the results it was decided that a short-range 

repulsive “hydration” force existed between the mica surfaces due to the 

adsorption of hydrated cations.  Cation exchange at the surface was a function of 

pH and the concentration of the cation 
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increase in the physisorption (as opposed to chemisorption) of that species was 

affected on the mica surface.  By preventing the desorption of the hydrated 

species as the two surfaces approach there was an additional repulsive force, 

termed a “secondary hydration.” By decreasing the pH of the system, i.e., 

increasing the concentration of H+ in solution, the H+ ions replaced the hydrated 

metal ions on the surface thus eliminating the hydration barrier as the two mica 

surfaces approach the primary minimum in the potential energy curve.  

Furthermore Li+ and Na+ ions had an increased tendency to desorb as the 

surfaces approach due to their greater hydration, i.e., K+ and Cs+ were more 

effective at creating the “secondary hydration” repulsive force between the mica 

40-43 

isperse system at pH 4 with no salt.  Higher concentrations of salt were 

surfaces.  Pashley concluded that short-range repulsive hydration forces 

between mica surfaces were due to the presence of adsorbed hydrated cations 

on the mica surface.  Thus the secondary hydration model proposed by Pashley 

and Israelachvili predicted that ionic binding to a colloidal surface should 

increase as the hydration enthalpy of said ion decreases due to the barrier to 

adsorption presented by a tightly held hydration shell.

Velamakanni et al. used the presence of these hydration forces to 

efficiently pack particles during pressure consolidation, i.e., pressure casting of 

the samples.44  It was proposed that the presence of short-range (<5 nm) 

repulsive hydration forces between particles had a lubricating effect allowing 

particle rearrangement during consolidation.  By preparing coagulated alumina 

suspensions, dispersed at pH 4 and coagulated with NH4Cl, an initial decrease in 

packing density was observed with low-concentration salt additions, relative to 

the d

observed to increase the packing density of the pressure cast samples.  The 

reported packing density of the coagulated systems, even at levels approaching 

the CCC, was always shown to be less than that of the dispersed systems; no 

indication of casting rates was reported in the study.  Overall the dispersed and 

coagulated systems had a significantly higher packing density compared to the 

flocculated system prepared at pH 9 with no additions.   
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Figure 5-1. Schematic of the double layer of ions surrounding a ceramic particle 
in an aqueous suspension.  A negative charge is assumed on the particle 
surface.  Counterions are attracted close to the particle surface to compensate 
for the surface charge.  At distances far from the particle surface no net charge is 
observed in the suspension.  Schematics for the zeta potential and the ionic 

 118



 

Velamakanni et al. investigated the effect of interparticle forces on the 

rheology of pressure-consolidated alumina particle systems, prepared by 

pressure filtration at 14.6 MPa.45  The pH was varied from 3 to 9 for suspensions 

prepared without salt.  The ionic strength of the pH 4 suspensions was varied 

from 0.1 to 2.0 M NH4Cl.  The addition of an indifferent electrolyte to a dispersed 

suspension was observed to result in a very-short-range repulsive potential.  The 

consolidated samples were tested under uniaxial compression to induce flow.  An 

increase in the measured peak stress under uniaxial compression was observed 

above a pH of 4; under pH 4 the measured peak stress was reported as 0 MPa.  

Above pH 4.2 the peak stress was observed to plateau at approximately 1.5 

MPa; all samples contained 0.1 M NH4Cl.  At pH 4 higher additions of salt were 

observed to increase the peak stress to induce flow; at 0.1 M the peak stress 

was measured at approximately 0.9 MPa, and above 0.5 M the peak stress 

plateaued at approximately 0.35 MPa.  The changes in the peak stress to induce 

flow of the saturated compact were related to DLVO theory.  Flocculated systems 

were observed to be strongly aggregated while the particles in dispersed 

systems were observed to repel each other.  In the coagulated state the particles 

reside in a shallow hydration minimum at a small separation distance resulting in 

a wea

d to have equivalent relative densities.  

Floccu

insensitive to the consolidating pressure, i.e., there was only a small increase in 

kly bonded network of particles in the compact.  Dispersed systems were 

able to pack to a high density due to the repulsive forces allowing rearrangement 

even when the particles approach under the consolidating pressure. 

Chang et al. showed that equivalent relative densities could be achieved 

using dispersed slurries, pH 4 with no added salt, and coagulated slurries, pH 4 

with NH4Cl additions, by increasing the consolidation pressure in a pressure 

filtration apparatus.46  At a pressure of less than 1 MPa the dispersed and 

coagulated systems were determine

lated slurries, prepared at pH 9 with no additions, consistently had a much 

lower relative density compared to the dispersed and coagulated systems.  The 

behavior of the coagulated systems was related back to the short-range repulsive 

forces between particles in the coagulated systems allowing particle 

rearrangement.  The dispersed systems were observed to be relatively 

 119



 

the compact density with increasing pressure.  The relative density was observed 

to increase from 0.45 at 0.001 MPa to 0.55 at approximately 1 MPa compared to 

the coagulated system which increased from 0.39 at 0.002 MPa to 0.60 at 1 

MPa. 

hown to be much weaker compared to the attractive 

networ

48

+ + +

+

Yanez et al. tested the shear modulus and yield stress of attractive 

alumina particle networks as a function of volume fraction (from 0.1 to 0.5), pH 

(2, 4, 5, 6, and 9), and salt additions (0.25 M to 2.5 M NH4Cl).47  Based upon the 

results two types of rheological behavior were identified.  The first behavior was 

for particle systems with a low surface charge density, i.e., close to the iep.  

Close to the iep the behavior of the particle systems in water were predicted by 

DLVO theory to model the attractive/repulsive interaction between the particles.  

For systems with a high surface charge density DLVO theory could not predict 

the particle interactions.  The attractive network created by adding salt to a 

dispersed system was s

k close to the iep.  The results for the coagulated systems at pH 2 and 4 

was a potential well preventing the particles from approaching; at some critical 

separation a repulsive force between the particles prevented a strong attraction 

between the particles.  When the potential well was sufficiently deep the particles 

remain trapped at a finite separation distance and the particles cannot escape 

the potential well due to Brownian motion.  This type of behavior in coagulated 

systems was referred to by the authors as a non-DLVO short-range repulsive 

force that prevented strong attractive networks. 

Franks et al. used this short-range repulsion between alumina particles in 

coagulated systems to create a “brittle-to-plastic” transition.   Alumina systems 

were prepared at pH 12, which was termed dispersed, and coagulated with 0.5 M 

Li , Cs , or tetraethylammonium (TEA ,) all salts were chlorides.  Uniaxial 

compression tests were performed on samples prepared by pressure 

consolidation (filtration) of an aqueous suspension at various pressures.  Relative 

to flocculated samples prepared at pH 9 there was an overall increase in the 

relative density of the sample for a given consolidation pressure.  Furthermore 

the samples prepared with the TEA  salt were observed to have the highest 
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relative density, followed by the Cs+ and the Li+ samples which had the lowest 

density of the salt coagulated samples.  With increasing consolidation pressure, 

up to 40 MPa, the relative density of the samples was observed to converge, but 

the salt-coagulated samples maintain a higher relative density compared to the 

flocculated system.  Upon testing the consolidated samples in uniaxial 

compression two types of behavior were observed, termed brittle and plastic.  

The brittle behavior was observed for samples with a peak stress >5.5 MPa, from 

an engineering stress-strain curve, and the samples were observed to crack at 

applied strains ≤0.20.  Plastic behavior was observed at peak stresses <5.5 MPa, 

and no cracks were observed during the loading of the samples.  Brittle behavior 

was typically observed at the high consolidation pressures.  With increasing ion 

radius, i.e., Li+, Cs+ to TEA+, the transition from a plastic compact to a brittle 

compact was observed to occur at a lower consolidation pressure.  Based upon 

these results Franks et al. proposed a model where the larger cations separate 

the hydrated particle surface (particle separation is determined by the cation size 

and ability to penetrate the hydrated layer of the particle).  As the consolidation 

pressu

+

+

he slurry, i.e., the lower 

the pH, the higher the relative density of the compact.  The flocculated and 

coagulated compacts all exhibited a plastic-to-brittle transition as the relative 

re was increased the water of hydration was squeezed from between the 

particle surfaces so that only the cations separated the particle surfaces.  At high 

consolidation pressures the cations were squeezed from between the particle 

surfaces and replaced by H  ions.  In this manner the surfaces were maintained 

at a neutral charge (each negative site on the particle surface was compensated 

by a cation or a H  ion) and the surfaces could approach into adhesive contact. 

Franks and Lange investigated the effects of NH4Cl additions to dispersed 

alumina slurries and found that a “plastic-to-brittle” transition existed as a function 

of the consolidating pressure and the pH of the system.49,50  Previous work, cited 

above, used pH 12 slurries.  Similar results were found working with alumina 

slurries at pH 4, 5, and 6.  The relative density of flocculated systems at pH 9 

was found to be independent of the concentration of NH4Cl.  Dispersed systems 

at pH 4, 5, and 6 were observed to have a decrease in the relative density with 

increasing salt concentration, and the more dispersed t
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density, or the consolidation pressure, increased.  This was due to the particles 

forming a tighter-packed system that prevented rearrangement of the particles 

under the uniaxial pressure.  Conversely, dispersed systems, which had a narrow 

range of relative density despite the range of consolidation pressures used to 

prepare the samples, were all observed to display a brittle failure under a uniaxial 

pressure due to the dense packing of the particles in the starting compact.  It was 

observed that a decrease in the pH of the initial slurry, resulting in a more 

dispersed system, shifted the plastic-to-brittle transition of the coagulated 

systems to higher consolidation pressures. 

ranks and Lange expanded the study to also include the effects of 

particle size and morphology on the mechanical behavior of saturated, 

consolidated alumina powder compacts prepared by pressure filtration.51  Five 

samples of alumina with various particle sizes and morphology were tested in a 

flocculated state, pH 9, and in a coagulated state, dispersed at pH 4 and 

coagulated with NH4Cl.  The coagulated samples had a weakly attractive particle 

network while the flocculated samples had a strongly attractive network.  In all 

cases the dispersed samples at pH 4 with no salt packed to a higher relative 

density than the flocculated samples.  Higher relative densities were achieved 

using larger particle sizes, within the range tested of 0.23 to 2.0 micrometers 

mean diameter.  Furthermore the spherical powders packed to a lower relative 

density than the blocky particles.  For each powder morphology tested the 

plastic-to-brittle transition, as defined in their earlier study, in the flocculated 

system was shifted to a higher consolidating pressure with an increase in particle 

size.  The spherical powders were observed to transition from a plastic to a brittle 

compact at lower relative densities compared to the blocky powder.  The 

coagulated systems were observed to transition from a plastic to a brittle material 

at a higher consolidation pressure as the particle size increases.  The spherical 

pow es 

rela k 

und g 

me

F

ders were again observed to transition at higher consolidation pressur

tive to the blocky powder.  The dispersed systems were all observed to crac

er a uniaxial load with the measured peak stress increasing with decreasin

an particle diameter.  
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Franks and Lange compared the plastic flow of coagulated alumina 

compacts to the plastic flow of clay; a sample of prepared potter’s clay with a 

solids fraction 0.566 was used in their study.52  Samples of alumina were 

prepared by pressure filtration of a 0.2 solids fraction alumina suspension that 

was coagulated with NH4Cl, LiCl, NaCl, KCl, CsCl or TEACl.  The results from 

the coagulated systems were compared to flocculated compacts at pH 9 with no 

addition.  The compacts were loaded under uniaxial compression and deformed 

until a constant flow stress was observed; this was done to prevent artifacts 

associated with breaking down the attractive network between particles.  The 

stress necessary to induce flow upon reloading the samples was then measured.  

Higher flow stresses were observed for compacts prepared at higher 

consolidation pressures and, as cited previously, a plastic-to-brittle transition 

occurs at high consolidation pressures.  The deformation of clay (which exhibited 

classical plastic deformation, i.e., the sample deformed by bulging in the center 

of the cylinder upon uniaxial loading,) was observed to be intermediate between 

a pH 4 coagulated system consolidated at 10 MPa (which deformed at the lower 

platen) and a pH 5 coagulated system consolidated at 100 MPa (which exhibited 

brittle failure).  Further consolidation of the clay in a filter press, up to 10 MPa, 

was observed to increase the flow stress of the sample.  Samples were prepared 

at pH 12 and coagulated with 0.5 M monovalent chloride salts (LiCl, NaCl, KCl, 

and CsCl).  This was done to control the magnitude of the attractive potential 

between the alumina particles.  The LiCl resulted in a highly attractive network, 

i.e., a deep potential well, which increased the flow stress of the alumina 

compact; although a greater strain was necessary to reach the peak flow stress.  

The addition of 0.5 M CsCl resulted in the weakest attractive network, i.e., the 

shallowest potential well, which resulted in the lowest flow stress.  NaCl and KCl 

were found to be intermediate, and the trend followed the ionic radii of the 

cations. 

Berube and de Bruyn investigated adsorption at the interface between 

rutile and aqueous solutions containing an electrolyte to model the 

electrochemical double layer.53  The effects of both anions and cations were 

studied.  It was determined that the results were significantly different than 
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previously obtained results for mercury and silver iodide adsorbents.  They 

determined that specific adsorption of cations decreased in the order Li+ > Na+ > 

Cs+, and for anions, specific adsorption decreased in the order Cl- ≈ ClO4
- ≈ NO3

- 

> I-.  Based upon their work a model of the double layer surrounding a TiO2 

particle

- +

he anions tested were observed 

to bind

article the shear yield stress was shown to follow the same sequence for the 

 was developed which took into account the “ordering effect” of the 

hydroxylated surface on the hydrogen bonding of liquid molecules.  The 

hydroxylated surface has a “structure-promoting” role on the potential-

determining ions, OH  and H3O .  Furthermore the adsorption of inorganic ions in 

the double layer was related to their disrupting or promoting influence on the 

structural order in the surface region.  Therefore a structure-promoting surface, 

i.e., a hydrophilic surface, will attract structure-promoting ions and a structure-

disrupting surface will attract structure-disrupting ions.  Based upon their theory 

the differences in the adsorption isotherms (for electrolytes) between the TiO2 

surface and the previous results for mercury and AgI were explained. 

Johnson et al. studied the binding for monovalent cations and anions on 

alpha alumina using electroacoustic measurements.54  For the salts studied they 

determined that NaNO3, KNO3, CsNO3, KBr, KCl, and KI are all indifferent 

electrolytes for the alumina surface while LiNO3 resulted in a significant change 

in the yield stress behavior for alumina, i.e., LiNO3 specifically adsorbed on the 

alumina surface.  For tests performed using 1 M solutions of the above salts it 

was determined that monovalent cations bind to the negatively charged alumina 

surface in the sequence Li+ > Na+ > K+ ≈ Cs+.  T

 to the alumina surface to an almost identical extent for the concentration 

and the pH range tested.  The cation sequence was consistent with the structure-

making structure-breaking model proposed by Berube and de Bruyn.  This 

sequence for binding on the alumina surface was inconsistent with the secondary 

hydration theory.  The hydration enthalpy for the cations became less negative 

as the cation radius increases, indicating that the smaller cations were more 

easily hydrated.  Therefore the cations with the greatest affinity for their hydration 

shells also exhibited the greatest association with the charged alumina surface.  

The anions used in their study all had similar hydration enthalpies.  In a second 

 124



 

cations studied showing that the strength of the interparticle network decreases 

with increasing cation radius.55   

Franks et al. investigated the effects of various anions on the interparticle 

strength of alumina and zirconia suspensions.56  The sodium salts of IO -, BrO -, 

Cl-, NO -, and ClO - were studied  The shear yield strength of the alumina 

suspensions confirmed the previously referenced series for the cation species 

and the series IO - > BrO - > Cl- ≈ Br- ≈ NO - ≈ I- > ClO - for the anion species.  

The structure-maker anions, IO - and BrO -, produced the strongest network of 

particles and the structure-breaker anions, ClO -, NO -, and Cl-, produced the 

weakest attractive network.  A theory was proposed where structure-breaker ions 

were effective at creating a short-range repulsive barrier with a shallow attractive 

well which was related to the size of the ionic species; larger ions had a 

shallower well.  Furthermore the structure-maker ions created a short-range 

repulsive barrier to aggregation, but simultaneously created a deep attractive well 

which was related to the size of the ionic species; larger ions create a deep 

narrow well.  In both cases there was a barrier to strong aggregation of the 

particles, but in the case of the structure-maker ions the deep well prevented the 

particles from easily escaping the potential energy well.  A schematic of the 

energy wells proposed by Franks et al. for the interactions is shown in Figure 5-2. 

Ruckenstien and Manciu used a simplified Poisson-Boltzmann formalism 

to account for the interactions between electrolyte ions and colloidal particles tha
57

3 3

3 4

3 3 3 4

3 3

4 3

t 

were not included in the mean potential.   This method was used to calculate the 

force 

sur

between two parallel plates.  They demonstrated that the short-range 

interactions between the ions and plates affect the double layer at large 

separations by modifying the surface potential and face charge density.  

Specifically they included the change in the hydration free energy of the 

structure-making structure-breaking ions.  By considering long-range van der 

Waals interactions between the ions and the system, ion-dispersion interactions, 

an attractive force between the plates was generated in their model.  By 

considering the ion-dispersion interactions in traditional double layer theory they 
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calculated a “double layer attraction” at very large separations, although they 

state that these forces do not affect the stability of colloidal systems. 

From the previous discussion it can be stated that the particle-particle 

interactions in aqueous systems are of crucial importance in controlling the 

rheology of the particle system.  Evanko et al. studied the effects of aqueous 

solution chemistry on the surface charge, viscosity, and stability of concentrated 

alumina (specifically a high-surface-area pseudo-boehmite) dispersions.58  The 

surface charge on the alumina powder was determined by potentiometric titration 

using NaOH as a titrant.  It was determined that by increasing the concentration 

of the 

a positive charge on the particle surface and addition of 

base results in a negative surface charge.  To compensate for this surface 

+−

dissolved electrolyte there was a corresponding increase in the surface 

charge of the alumina, measured between 0.1 and 10 wt% solids, but at 

particular pH values below the point of zero net proton charge (PZNPC) the 

surface charge decreased with increasing solids loading.  It was proposed that 

this phenomenon was due to overlap of the diffuse layer surrounding the 

particles at high solids loading.  Therefore the surface charge data obtained at 

low solids loading may not be representative of more concentrated suspensions. 

Other conclusions included that the viscosity was greatest near the PZNPC and 

that viscosity increased with increasing solids content.  Furthermore suspensions 

near the PZNPC had the lowest stability while suspensions prepared at pH 

values away from the PZNPC had higher stability.  Addition of an electrolyte to 

suspensions near the PZNPC resulted in a reduction in the measured viscosity 

while at pH values away from the PZNPC the viscosity was higher relative to 

suspensions with no electrolyte. 

Johnson et al. summarized the relationships between the surface 

chemistry and rheology of concentrated mineral suspensions.59  Van der Waals 

forces create an attractive potential between particles resulting in agglomeration.  

In an aqueous suspension the particles develop a surface charge which is 

related to the pH of the system by the relationship: 

   (8) 

Addition of acid results in 

−⇔−⇔−+
+

−

+

− 2

H

OH

H

OH
2 OHMOHMOMOH
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charge an electrical double layer is created surrounding the particle.  The 

strongly associated surface water surrounding the particle results in a short-

range repulsive force between two particles as they approach; this effect is 

enhanced by a surface which possesses a strong hydrogen bonding ability.  

Results from Pashley for mica surfaces in the presence of salt solutions, cited 

previously, confirms this once a critical salt concentration was exceeded for each 

cation.  The structure-inducing behavior of each ionic species is closely related to 

the hydration enthalpy of that species and structure-making ions adsorb more 

strongly to the structure-making surface than do the structure-breaking ions (and 

vice versa).  The combination of a structure-making surface with a structure-

breaking ion will generate a repulsive force with greater range, but of weaker 

strength, than the combination of a structure-making ion and structure-making 

surface.  A particle with a high surface charge is most likely to show an 

interaction with either structure-making or structure-breaking ions resulting in a 

repulsive force between the particles and a reduction in viscosity.  The 

adsorption of a polymer on the surface of a particle can result in either a steric 

(physical) barrier or an electrostatic (charged, physical) barrier.  These barriers 

prevent the particles from approaching and agglomerating in the primary (and 

secondary) potential energy well.  The addition of an electrolyte to a mineral 

suspension typically reduces the measured zeta potential, the charge on the 

Stern layer (the interface between the strongly held layer of ions and the diffuse 

layer of ions).  Specific adsorption of species, ion or polymer, on the surface of 

particles results in a shift in the isoelectric point of the particle.  This results in a 

change in the surface chemistry of the particle and possible aggregation at a pH 

away from the point of zero charge of the particle. 
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the condition where (a) at the iep there is no surface charge and van der Waals 

electrolyte concentration resulting in complete neutralization of the surface 

5.3 Experimental Procedure 

 e

 

 

Figure 5-2. Schematics showing how the interactions between structure-making 
and structure-breaking ions and the particle surface can effect the potential 
energy at an alumina particle surface, a structure-making surface.  Shown are 

only exists and the particles reside in the primary minimum resulting in strong 
agglomeration and (b-e) where there is a high surface charge and a high 

charge.  The effect of ion size and type on the short-range repulsion is shown 
schematically, repulsion due to diffuse double layer is assumed to be negligible.  
Schematics are based upon a proposed theory by Franks et al. (adapted from 
Franks et al.56). 
 

The organics used in this study were lignite (L), digested lignite (DL), and 

sodium lignosulphonate (Na-L).  The lignosulphonate was supplied by Buffalo 

China and was used in the as-received condition.  The lignite and digested lignite 

were supplied by Unimin and were the materials that are dope into the mined 

Huntingdon clay to improve the plasticity (the lignite is reacted to create the 

digested lignite).  Based upon the pH, greater than 12.5, and the chemical 

analysis listed in Table 5-I it is proposed that this material was generated by 

reacting the lignite in hot sodium hydroxide; the complete chemical analysis from 
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each organic is listed in Appendix C.  The samples of lignite and digested lignite 

were fractioned by their solubility as a function of pH into an insoluble fraction 

(IN), a

material was observed in the sample.  A sample of the lignite was characterized 

n acid-insoluble fraction (AI), and a soluble fraction (S).  Fractioning of the 

organic additives followed the procedure set forth by the International Humic 

Substances Society as discussed in the next paragraph.  The fractioned organics 

will therefore be described by the source organic and the fraction, e.g., the 

lignite, insoluble fraction will be referred to as LIN whereas the digested-lignite, 

insoluble fraction will be referred to DLIN, et cetera.     

The organics from Unimin were fractioned by adding the as-received 

organic to distilled water and increasing the pH to above 10.5 using concentrated 

(~10N) NaOH.  The pH was maintained above 10.5 for a period of seven days at 

which point the material was centrifuged and the sediment was taken as the 

insoluble material.  The supernatant was decanted and acidified using 6N HCl to 

a pH of less than 2 to precipitate any acid-insoluble material.  After agitating for 

24 hours the material was again centrifuged resulting in the acid-insoluble 

fraction.  The supernatant was dried as the soluble fraction of the organic.  The 

result of this fractioning process is the formation of NaCl in solution.  Each 

fraction of organic was characterized for chemical analysis and by 

thermogravimetric analysis.   

Chemical analysis was performed at an outside laboratory [Acme 

Analytical Laboratories Ltd., Vancouver, British Columbia, Canada] on each of 

the organic fractions prepared in this study.  The insoluble and acid-insoluble 

fractions were tested using inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) rock analysis and a test for the organic carbon and 

sulpher content.  The soluble (S) fractions were tested using ICP-AES water 

analysis.  The rock analysis reports the detected ions present as an oxide while 

the water analysis reports the concentration of the ions present in their ionized 

form.  The results are reported in Table 5-II for the rock analysis and Table 5-III 

for the water analysis samples.   

During the process of preparing the lignite for fractioning, inorganic 
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by X-ray diffraction on a randomly-oriented slide to determine what inorganic 

minerals were present.  It was assumed that the inorganic impurities in the lignite 

sample

(DL) from Unimin and the Na-lignosulphonate (Na-L) from Buffalo 

Sample 

s would also be present in the digested lignite.  These inorganic impurities 

were concentrated into the insoluble fraction by centrifuging the samples.  

Thermal analysis (DTA/TGA) was performed on each of the organic fractions 

from the lignite and digested lignite to determine the fraction of combustible 

material present in the sample.  The heating rate for the organic fractions was  

5K / minute up to 1000ºC.  The LOI of the organic fractions was determined using 

the process described in Chapter 3.  The moisture content of the organic 

fractions was determined by the weight loss between room temperature and 

110ºC, based upon the dry weight of the sample at 110ºC.  The LOI was 

calculated based upon the weight of the sample at 150ºC. 

 
Table 5-I. Chemical Analysis for the Lignite (L) and Digested Lignite 

China.   

Na2O 
(wt%) 

K2O 
(wt%) 

MgO
(wt%) 

CaO
(wt%) 

Al2O3
(wt%) 

Fe2O3

(wt%) 
SiO2 
(wt%) 

TiO2 
(wt%) 

Tot/C 
(wt%) 

Tot/S
(wt%) 

LOI 
(wt%) 

DL 10.54 0.27 0.23 0.55 8.88 1.06 15.08 1.13 32.21 0.54 62 
 

Sample Na  
(at%) 

K  
(at%) 

Mg  
(at%) 

Ca  
(at%) 

Al  
(at%) 

Fe  
(at%) 

Si  
(at%) 

Ti  
(at%) 

Li  
(at%) 

+ + 2+ 2+ 3+ 3+ 4+ 4+ +

Na-L 8.32 0.25 0.08 0.74 0.01 0.13 0.12 0.00 0.00 

 
Table 5-II. ICP-AES Che

L 0.09 0.34 0.25 0.58 10.62 1.38 31.01 1.42 31.53 0.66 54 

mical Analysis (Rock Analysis) for the 
Insoluble and Acid-insoluble Fractions of Lignite and Digested 

ple (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) 

Lignite.   

Sam Na2O K2O MgO CaO Al2O3 Fe2O3 SiO2 TiO2 Tot/C Tot/S LOI 

LIN 1.12 0.32 0.18 0.35 0.36 1.07 46.12 1.56 23.69 0.45 39.3 

LAI 1.45 0.08 0.13 0.41 3.86 1.44 5.35 0.91 48.65 0.83 86.0 

DLIN 3.02 0.46 0.17 0.08 15.80 0.76 35.54 1.95 22.71 0.37 41.6 

DLAI 6.77 0.02 0.03 0.13 0.81 0.55 1.10 0.63 49.24 0.58 95 
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Table 5-III. ICP-AES Chemical Analysis (Water Analysis) for the 

have been Normalized for the Amount of Water Present in the 
Organic.   

Sample Na+ K+ Mg2+ Ca2+ Al3+ Fe3+ Si4+ Ti4+ Li+ 

Soluble Fractions of Lignite and Digested Lignite; Concentrations 

(at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) 

LS 37.38 0.04 1.33 4.27 1.11 1.74 0.01 0.00 0.00 

DLS 33.17 0.02 0.38 1.47 1.13 1.30 0.02 0.00 0.00 

 

Samples of the fraction lignite and digested lignite were added to 30 v/o 

TK6 suspensions.  The suspensions were adjusted between pH 6.0 and 6.5 to 

aid in dissolving the dried organic additives.  Samples of Huntingdon and C&C 

ball clays were also prepared at 30 v/o solids for comparison with a target pH 

between 6.0 and 6.5.  The samples were allowed to equilibrate for 24 hours prior 

to measuring the rheology using a stress-controlled rheometer [AR 2000 Stress-

Controlled Rheometer, TA Instruments, New Castle, DE] to determine if the 

organic additives had any significant effect on the rheology.  A 40 mm parallel-

plate geometry was used at 25ºC, controlled using a Peltier plate, and a gap of 1 

mm between the plates.  The suspensions were initially sheared at 150 s-1 prior 

to collecting data.  Data was recorded, using the software [Rheology Advantage 

Instrument Control AR v.4.1.0, TA Instruments, New Castle, DE], from a shear 

rate of 150 to 0.001 s-1 at 10 points per logarithmic decade.  Five runs were 

averaged for each sample.  Log-log plots were prepared of the apparent viscosity 

versus shear rate and a linear regression (on a log-log plot) was calculated in 

Excel [Microsoft Excel v.2000, Microsoft Corporation, Mountain View, CA].  The 

intercept on the log-log plot was calculated and the viscosity was reported at 1.0 

s-1. 

Three clays were selected to characterize the plasticity: 1) Huntingdon ball 

clay (which is sold by the manufacturer with digested lignite to improve the 

plasticity of the clay), 2) C&C ball clay (which is a highly plastic clay), and 3) TK6 

kaolin clay (which was selected as a clay to have poor plasticity).  Samples were 

prepared using a Brabender prep-mixer [C.W. Brabender Instruments Inc., South 

Hackensack, NJ] which is designed as a small-scale sigma mixer.  Dried powder, 
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approximately 200 grams, was poured into the mixing chamber and water was 

slowly added as the material was folded by the sigma blades in the mixer.  Once 

all of the water had been added the mixer was run approximately 20 minutes.  

The inhomogeneous mixture was removed from the mixer and gradually 

reloaded while the mixer was running.  The mixer was then run for another period 

of approximately 20 minutes.  The nearly homogenous material was then 

removed from the mixer and allowed to age for 48 hours in a sealed 

polypropylene container.   

Samples of C&C ball clay were also prepared on a Muller Mixer 

[Laboratory Simpson Mixer, National Engineering Co., Chicago, IL] to determine 

if there was any significant difference in mixing between the two methods.  The 

Muller mixer is effective for larger samples, approximately 3000 grams of dry 

powder.  Enough water was added to the batch to prepare the sample with the 

lowest moisture content.  After mixing for 20 minutes a 500 gram sample was 

removed and water was added so as to reach the next moisture content, care 

was taken to compensate for the material removed.  This process was repeated 

until enough water had been added to create a sample with enough moisture to 

exceed the peak in the shear rheology diagram. 

The HPASC is a high-pressure, parallel-plate rheometer; see Figure 5-3 

for images of the apparatus.  The sample cell is designed with an annular shape 

and a rectangular cross section.  Machined inserts, Figure 5-3c, (designed with 

teeth to grip the sample) are used in the top and bottom portion of the cell to 

prevent the sample from slipping at the interface between the cell and the 

sample.  The bottom portion of the cell is rotated at approximately 0.53 rpm and 

the e 

mo d 

as is 

loa

       

 top portion of the cell is held stationary.  Two load cells, Figure 5-3b, ar

unted horizontally and the torque transmitted through the sample (measure

the load necessary to keep the top portion stationary) was monitored.  Th

d was converted into a shear stress using the equation:32 

   

(9) 
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= •⋅312

dln

dlnM3
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Figure 5-3. Images of the HPASC which was used to characterize plasticity in 

stress is:  

where M is the torque and R is the radius.  The outer radius of the cell was used 

so that the maximum shear stress is calculated.  A consolidating pressure was 

applied

B 

 
 
 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

A 

this study.  Shown are A) an overall image (top) showing the dead weight 
system, the data acquisition system, and the test frame, B) a close up of the test 
frame (bottom left) showing the assembled cell, and the load cells, and C) a 
close up of the cell and it’s inserts (bottom right). 

 

For Newtonian fluids the term d lnM/d ln
•⋅

Rγ  equals one and the resulting shear 
32

        (10) 

C 





= 312 πR

2M(R)τ


 through a dead-weight system pushing on a hydraulic cylinder.  This load 

was transmitted to the top of the sample cell, pushing on a stainless steel ball to 

provide a point load.  The resulting pressure, calculated as the load divided by 
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the area of the sample cell, was monitored using a load cell.  A seal was created 

at the top and bottom insert using o-rings to prevent the loss of sample or 

expression of water during the test, i.e., this was an undrained test.  To prevent 

trapped air from interfering with the test a small vent was machined into the side 

of the cell, during the initial loading of the sample the vent was open and once 

the sample was consolidated the vent was sealed using a set screw pushing on a 

small ball bearing. 

Data was collected using an Excel macro every three seconds.  Prior to 

collecting data the sample was equilibrated under the lowest consolidating 

pressure for a period of 4.25 minutes, corresponding to approximately 2.25 

revolutions of the bottom cell.  Data was collected for two minutes, approximately 

1 revolution, and the consolidating pressure was increased using the dead-

weight system.  After the initial equilibration the sample was equilibrated for two 

minutes, followed by two minutes of collecting data.  This process was followed 

until either the maximum load was reached or some outside variable (typically 

observed as a friction effect or the expression of water from the samples) 

interfered with the test. 

The data from the shear cell was analyzed using the Mohr-Coulomb 

failure law:28 

  tanφσc ffff +=τ        (11) 

which is the equation for a straight line, where ffτ  is the shear stress at failure 

and σ s the 

cohesi re of 

the internal friction of the sample.  Mohr developed a graphical means of 

a s   o h  

ass ptio t a m a s e s u n a 

given con t a se o h m l e t ith e 

c tin ess  on -ax d th eas  she tres finin e 

radius of the circle.  Each datum pair, i.e., consolidating load and measured 

hear stress, collected by the macro was used in a linear regression.  For each 

consolidating load on the dead-weight system there were 40 data points in the 

ff  is the normal stress at failure.  The y-intercept “c” is taken a

on of the sample and tanφ  is the angle from the horizontal, a measu

nalyzing the tress state within a b dy under s ear.  Based upon the

um n tha the m ximu  she r stres  in th  sample wa  meas red u der 

solida ing lo d a ries f Mo r’s se i circ es w re plo ted w  th

onsolida g pr ure the x is an e m ured ar s s de g th

s
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linear ating 

load.  alling on a straight line were removed from the analysis.  At low 

consolidating loads the sample may have e  an ast t e  

deformation, rather than a plastic state, permanent deformation.  At higher 

consolidating loads friction effects due to loss of sample around the o-ring may 

h s  i in e e u h re h b yp  

o d am  w ow ist o .  t o h m les e 

shown in Figure 5-4 for TK6 at two different moisture contents. 

 

 

regression, i.e., there were forty repeat experiments for each consolid

Data not f

be n in  el ic sta e, rev rsible

ave re ulted n an creas  in th  meas red s ear st ss; t is pro lem t ically

ccurre  in s ples ith l  mo ure c ntent A se f Mo r’s se i-circ  ar

σ 

 

τ  
τ

Students v.4.1.1.0, Wolfram Research, Inc., Champaign, IL]. 

 

 
Figure 5-4. Representative construction of Mohr’s semi circles from TK6 with 
14.17% (top) and 22.35% moisture (bottom).  The pressure dependence (the 
slope of the linear regression) and the cohesion (the y-intercept of the linear 
regression) were calculated in Excel using 40 repeat experiments at each normal 
load.  Plots were generated using Mathematica™ software [Mathematica™ for 

Based upon the linear regression a slope and an intercept were 

determined along with a 95% confidence interval for each term in the regression.  

For the purposes of analyzing the data the slope from the regression was called 

the pressure dependence, a measure of the internal friction, of the sample and 

the intercept was called the cohesion of the sample.  As a general rule for plastic 

bodies the cohesion passes through a maximum with increasing moisture 

σ
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content and the pressure dependence decreases with increasing moisture 

content. 

2 2 2

ing the Brabender mixer and the process previously 

describ

As mentioned in the literature review, Norton theorized that the surface 

tension

Models were created using Design Expert [Design Expert v.6.0.4, Stat-

Ease Inc., Minneapolis, MN] and the regression package in Excel software.  

These models were used to predict the cohesion and pressure dependence as a 

function of moisture content for the clays used in this study.  The models could 

not accurately predict the cohesion behavior since there was a discontinuity in 

the data; based upon past experience it is known that the cohesion exhibits a 

sharp peak at the maximum that could not be predicted by the models.   

Due to the formation of significant quantities of NaCl in the organic 

additives the effect of salt additions on the plasticity of the samples was 

characterized.  Two salts were selected for this study: 1) NaCl, which was the 

species created in the organics and 2) CaCl  (added as CaCl •2H O), since this 

material is commonly used in industry as a coagulant.  The salts were added to 

TK6 clay as a saturated solution and the target moisture content was 22%.  The 

samples were prepared us

ed. 

Each organic additive was mixed, on a mg/m2 basis, into a 200 g sample 

of TK6 and the plasticity was measured using the HPASC.  Samples were 

prepared with a target moisture content of 22% using the Brabender mixer.  To 

determine if the additives were having a significant effect on the plasticity of the 

clay the predicted results from the models were compared to the test results from 

the samples with salt or organic additions.  Large deviations in predicted 

cohesion or pressure dependence relative to the measured values were taken as 

a significant effect. 

 of the wetting liquid has an important role in the plasticity of clays.  Work 

by Schwartz and Kingery et al., cited previously, indicated that there was a 

reduction in the yield point of the clay mass.  The greater the reduction in the 

surface tension of the liquid, relative to water, the lower the measured yield point 
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of the clay mass.  Additives to increase the surface tension of water were not 

investigated in these cited studies. 

The surface tension of organic solutions was determined using a sessile 

drop method developed by Dorsey60 and modified by Padday.61,62  The technique 

involves placing a drop of the solution on a non-wetting surface.  The dimensions 

of the droplet are measured as shown in Figure 5-5.  Th dime sions f the

droplet were used to calculate a factor, f, using the equation: 

           

 (12) 

which calculates the “flatness” of the droplet.  The terms r45 and r90 are the radii 

at the 45º tangent and the vertical tangent respectively.  The term h45 is the 

distance from the top to the droplet to the 45º tangent radius.  This factor is then 

used to calculate the surface tension using the equation: 

           

(13) 

where 

e n  o  

( ) 0.4142
r

hrf
90

4545 −
−

=





 +−−= f*0.04810.12268

f
0.05200)rρg(ρ 2

90airligγ

γ  is the surface tension of the solution, ligρ  is the density of the solution, 
and airρ  is the density of air.  The term “g” is the acceleration due to gravity.  
Evaporation of the liquid will slightly alter the measured surface tension since 

evaporation will alter the structure of the water at the surface of the droplet. 

 The high surface tension of water is the result of the structured water at 
the interface between air and water.63,64  Hydrogen bonding and van der Waals 

forces caused the water molecules to be highly ordered at the interface.  Salts 
are known to slightly increase the surface tension of water since they aid in the 
structuring of the water at the interface.  The measured surface tension of salt 

sol ly 
red ly 
hyd erface since the air surrounding 

the droplet is hydrophobic in nature.  The organics at the interface disrupt the 
structured water thus reducing the measured surface tension of the solution.  

 

utions increases with the concentration of salt.  Organic additives typical
uce the measured surface tension of solutions.  Organics which are high
rophobic, water hating, will migrate to the int
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Small additions of hydrophobic organics will dramatically reduce the surface 
tension and

45

90 

 

 

 
 
 

eionized water that had been stored in a container with a 

r
r

h45

the solution. 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 once the interface is saturated with organic no further reduction is 

observed.  Organics which are more hydrophilic, water loving, will remain in the 
bulk of the solution and will have little effect on

CO2 fi

 changing the pH from 7 to approximately 5.  The distilled water to 
prepare the solutions for this study had a pH
water with the CO2 filter had a pH of about 6.8. 

 the measured surface tension of 

 
 
Figure 5-5. Schematic showing the construction that was used to measure the 
sessile drops to determine the surface tension. 

 

Solutions were prepared with increasing concentrations of organic, salt, or 
clay from 0.05 wt% up to 5 wt% in distilled water, the materials tested are listed 
in Table 5-IV; selection of additives for these experiments was based upon the 

research in the remainder of this thesis.  The surface tension of the distilled water 
as well as a sample of d

lter was also determined.  Carbon dioxide will dissolve in water to form 

carbonic acid
 of about 5.5 while the deionized 



 

A Teflon™ pedestal with a diameter of 2.86 cm was used as the non-
wetting surface in this study.  The pedestal was machined such that the two ends 

were parallel.  The pedestal was placed on a flat surface and the organic solution 
was carefully placed on the Teflon™ surface.  A digital camera was used to 
capture the shape of the resulting drop taking care that the camera lens and the 

top edge of the Teflon™ were at the same height.  A digital image of a sessile 
drop on the Teflon™ base is shown in Figure 5-6.  The resulting images were 
projected on a board and the dimensions of the droplet were measured.  A small 

grid was projected simultaneously with the image to aid in measuring the droplet.  
The diameter of the Teflon™ pedestal in the image was used to determine the 
magnification. 

 
Table 5-IV. List of the Materials Used to Prepare Solutions to 
Measure Surface Tension. 

Material Concentration Range (wt%) 
Deion. Water, CO2 filter (pH ~6.8) N/A 

Dist. Water, pH ~5.5 N/A 

Humic Acid 0.05, 1.00, 2.50, 3.00, 5.00 
Na-PAA (Darvan™811) 0.05, 1.50, 3.00, 4.00

Na-Lignosulphonate 0.10, 1.50, 3.00, 4.00, 5.00 

, 5.00 
Acrylic Latex emulsion 0.05, 1.00, 2.50, 4.00, 5.00 

Plasticized PVA 0.05, 1.50, 3.00, 4.00 
PEG 8000 0.05, 1.50, 3.00, 4.00, 5.00 

CaCl2 0.25, 2.10, 4.25 
KCl 0.20, 1.50, 2.70, 5.75 
C&C 0.05, 1.00, 2.00, 3.00, 5.00 
TK6 0.05, 1.00, 2.50, 3.00, 5.00 
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Fig

d to estimate the amount of water present in the air, reported as the 

kilogra

ce were 
used t

he organic samples.  Furthermore the concentration of sodium in the 

digeste

ure 5-6. Digital image of a sessile drop of distilled water on the Teflon™ 
pedestal.  Diameter of the Teflon™ pedestal is 2.86 cm which was used to 
determine the magnification of the image. 
 

 To accurately calculate the surface tension of the solutions the density of 
the solution and the density of the surrounding air needed to be calculated.  The 

temperature and the relative humidity of the air were monitored during the 
process of taking the digital images of the sessile drops.  Psychometric charts 
were use

ms of water per kilogram of dry air, at each temperature and relative 
humidity.  The density of water and dry air were determined using the CRC 
Handbook for each temperature and the rule of mixtures was used to calculate 

the density of the moist air.  The density of the starch and sugar were determined 
using a Helium pycnometer.  The density of the other dry organic additives could 
not be determined using the pycnometer, therefore solutions were prepared at 25 

wt% organic and a small flask, volume of 25 mL, and an analytical balan
o determine the density of solution.  The rule of mixtures was used to 

calculate the density of the organic; a sample of calculation to determine the 

density of the air, the density of the liquid, and surface tension of the organic 
solution is shown in Appendix D. 

5.4 Results 

Based upon the chemical analysis reported in Table 5-II and 5-III the 
concentration of sodium in the samples was observed to increase with treatment 
to fraction t

d-lignite samples, supplied from industry, as observed to be much 
higher compared to the lignite samples, leading to the conclusion that the 
digested lignite was prepared using hot sodium hydroxide. 

w



 

X-ray diffraction indicated the presence of quartz, kaolinite, and 
montmorillonite in the lignite sample.  No effort was made to remove these 

species from the organic prior to preparing the samples for characterization of 
the rheology and plasticity.  These minerals remained in the digested-lignite 
sample provided by Unimin and it was assumed that the minerals are added to 

the min

in these fractions.  The LOI results are listed 
in Tab

ic reported in the 

following figures has been adjusted to compensate for the ater p esen in the
organic fractions.  The soluble fractions both have very low LOI values.  Above 
800ºC a significant weight loss is observed as the sodium chloride first melts

y of the systems.  The 
results are plotted in Figure 5-9 (lignite) and Figure 5-10 (digested lignite  as a
function of the concentration (in mg/m2) of organic added to the suspension, also 

shown in the figures is the viscosity of 30 v/o Huntingdon and C&C ball clay 
ila

on of 

ed Huntingdon clay simultaneously with the digested lignite. 

The results from the thermal analysis of the organic fractions are shown in 
Figure 5-7 (lignite fractions) and Figure 5-8 (digested-lignite fractions).  The 

thermal cycle for the insoluble fraction of the digested lignite was terminated 
early.  The thermal gravimetric results from the insoluble fraction for lignite and 
the as-received digested-lignite sample show that significant quantities of non-

combustible material were present 
le 5-V for each of the fractions tested.  The acid-insoluble fractions both 

contained considerable amounts of physical water which e orated prior to 

reaching 100ºC; the LAI fraction contained 16.85 wt% water and the DLAI 
sample contained 58.52 wt% water.  These samples were not thoroughly dried to 
prevent degrading the organic, the concentration of organ

vap

w r t  

, the 

reported melting point for sodium chloride is 801ºC, and then gradually 
evaporates.  

Upon adding lignite or digested-lignite fractions to 30 v/o suspensions of 

TK6 clay there was a significant change in the rheolog
 )  

suspensions with no organic additions.  Sim r effects are observed upon 
addition of fractioned lignite or digested to 30 v/o TK6 suspensions.  The addition 

of the insoluble fractions (IN) was observed to reduce the measured viscosity of 
the samples until a plateau was reached at a minimum viscosity.  The additi
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the acid-insoluble fractions (AI) initially decreases the measured viscosity 
followed by an increase as the concentration of sodium exceeded the CCC and 

coagulated the suspension.  The samples prepared with the soluble organic 
fractions all have a high viscosity due to the concentration of sodium present in 
the system coagulating the suspension (even at the lowest addition level).  

Compared to the ball clay samples the viscosity of the TK6 sample with no 
organic additive is observed to have a much lower viscosity due to particle size 
effects.  Fluctuations in the viscosity of the TK6 sample with no addition are due 

to slight variations in the pH of the system. 

 

Table 5-V. Moisture Content and Loss on Ignition from the Thermal 
Analysis of the Lignite and Digested-lignite Fractions. 

Organic Fraction
Moisture 
Content (wt%, dwb) (wt%) 

LOI  

Lignite as rec. 2.05 46.48 
Lig. Acid-insoluble 16.85 84.18 

Lig. Soluble* 11.11 19.85 
Dig. Lig. (as rec.) 3.89 57.63 

DL Insoluble 3.15 29.99 
DL Acid-insoluble 58.52 89.00 

DL Soluble* 7.68 19.18 
*  Samples were dried at 110ºC prior to the thermal cycle 

 

The results from the HPASC for each of the commercial clays are shown 
in Figure 5-11 (TK6 and Huntingdon) and Figure 5-12 (C&C).  Based upon 

statistical analysis aging time (2 days versus 14 days) is observed to result in a 
significant variation in the cohesion of the samples; there was a small increase in 
the intercept in the cohesion model with longer aging.  Aging of the C&C sample 

was not observed to significantly affect the pressure dependence.  The mixer 
used to prepare the samples was not observed to cause a significant variation in 
the cohesion or pressure dependence.  The models from Design Expert have 

een plotted in each of the figures.  Again, the models cannot accurately predict b
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the co

 

 
 

 

Figure 5-8. TGA results from the thermal analysis for the digested-lignite 
fractions. 

hesion near the peak value due to a known discontinuity in the data.  The 
models from Design Expert for each clay are shown in Table 5-VI. 
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Figure 5-7. TGA results from the thermal analysis for the lignite fractions. 
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Fig
The

Predict the Cohesion and Pressure Dependence of the Three Clays 

ure 5-9. Viscosity of the TK6 samples prepared with the fractions of lignite.  
 insoluble fraction is observed to significantly reduce the measured viscosity.  

Additions of the acid-insoluble fraction are observed to initially reduce the 
viscosity, but with higher additions the samples are coagulated due to the 
presence of NaCl.  The soluble fractions are all observed to be coagulated.   
 

 

Table 5-VI. Models Created Using the Design Expert Software to 

in this Study as a Function of Moisture Content. 

Clay R2 Model Equation 

0.950 Cohesion Coh = -7710.13 + 675.96*MC  
- 14.62*MC  2

TK6 
0.995 Press. Dep. 

0.5

- 0.41*MC2 + 0.008*MC3 
1/(P.D.) = -37.52 + 6.99*MC  

Cohesion Coh2 = 2642.74 - 620.15*MC  
2 3aged 2 days + 42.18*MC  - 0.86*MC  

0.861 Cohesion 
aged 14 

 
14

+ 42.18*MC2 - 0.86*MC3 days

Coh  = 2673.86- 620.15*MC  C&C 

Log10(P.D.) = -10.72 + 1.68*MC  0.985 Press. Dep. - 0.09*MC2 + 0.001*MC3 

0.965 Cohesion Coh = 3955.35 - 528.12*MC  
+ 23.03*MC2 - 0.32*MC3 

Huntingdon 
0.996 Press. Dep. P.D. = -7.48 + 1.06*MC - 0.05*MC2  

+ 0.0006*MC3 
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Figure 5-10. Viscosity of the TK6 samples prepared with the fractions of digested 

 

 

 

Fig
plotted are the models from Design Expert to predict cohesion and pressure 

 

lignite.  The insoluble fraction is observed to significantly reduce the measured 
viscosity.  Additions of the acid-insoluble fraction are observed to initially reduce 
the viscosity, but with higher additions the samples are coagulated due to the 
presence of NaCl.  The soluble fractions are all observed to be coagulated.   
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ure 5-11.  Results from the HPASC for TK6 and Huntingdon clays.  Also 

dependence as a function of the moisture content.  Cohesion results are plotted 
as closed symbols and pressure dependence is plotted as open symbols. 
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Figure 5-12. Results from the HPASC for C&C ball clay.  Also plotted are the 
models from Design Expert to predict cohesion and pressure dependence as a 
function of the moisture content.  Cohesion 
and pressure dependence is plotted as op
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results are plotted as closed symbols 
en symbols.  No significant effect of 

mixer type was observed, but a significant effect of aging time was observed, not 
shown. 
 

hear rheology map 
(cohesion as a function of pressur nce) in Figure 5-13; moisture 

content of the ed re. d by Lee34 an 
increase in the am added  clay sample initially increased the 
cohesion of the clay as the particles we ed.  A m  was observed in 

the cohesion when roached e of one, i.e., the pores in the clay 
sample are saturated with water.  Once ss water was added, DPS >1, the 
cohesion of the clay was observed to ase as th ple became more 

fluid.  An increase in the moisture content of the samples is observed to 
decrease the pressure dependence since the water acted as a lubricating film 
reducing the int

 

The results from the HPASC were plotted in a s
e depende

in the figusamples is report  As observe
ount of water to the

re wett aximum

 the DPS app  a valu
 exce
decre e sam

ernal friction between the particles.   
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igure 5-13.  Shear rheology map for the three clays used to characterize 
lasticity.  Moisture content for each sample is shown in the figure.  Peak 
ohesion has been indicated by a vertical line for each clay. 

The TK6 was observed to have a maximum in the shear rheology map 
near a moisture content of 22%.  The maximum in the shear rheology map for 
the C&C ball clay was observed to be near a moisture content of 20%.  No peak 

in the shear rheology map was observed for the Huntingdon ball clay, although it 
is proposed that the maximum cohesion was between 25.54 and 29.05% 
moisture.  Comparison of the results from the HPASC on the shear rheology map 

ind cohesion 
compared to the C&C.  Furthermore the maximum cohesion for the TK6 and 
Huntingdon clays was observed at a lower pressure dependence relative to the 

C&C clay.  The amount of water necessary to achieve the maximum cohesion 
was greatest for the Huntingdon.  Based upon the results for the TK6 clay it was 
decided to prepare all future TK6 samples with a target moisture content of 22%, 

near the peak cohesion value for TK6 clay.   

These results can be related back to the mineralogy and particle size of 
the clays; see Table 5-VII for the mineralogy and Table 5-VIII for the measured 

properties of the clays.  The results from the adsorption study, Chapter 3, 
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e C&C 

hig is 

red e high quantities of free quartz (approximately 30%) in the C&C. 

It is important to note that at the lower moisture contents a negative 
cohesion was sometimes calculated from the linear regression of the data.  

The o 
pos , 
due o 

the load cell and 2) there is a dilatant transition at the high normal loads.  
Frictional effects were observed to degrade the o-rings in the top portion of the 
sample ial to 

flow b  and 
increased the measured torque resulting in a higher calculated shear stress.  
Dilatant, or shear thickening, rheology is associated with the test specimen 

expanding to allow flow, s matically using sional array of 
spheres in Figure 5-14.  The presence of non-plastic, blocky minerals, e.g., 
quartz, in the clay sample can interfere with telets.  

For the system to flow past one of these regions, or for the quartz grains to roll, 
the system must slightly ex ost likely a combination of these two effects 
at high normal loads caused the negative cohesion value.  Both of these effects 

te that the kaolinite fraction in TK6 is significantly coarser compared to the 
ays; during the segregation process in Chapter 3 the kaolinite fraction of 

the TK6 settled during the first 45 minutes after turning off the high-shear mixer. 
The kaolinite fraction for the Huntingdon clay was observed to be the middle 
fraction while the fine fraction of the C&C was observed to be primarily kaolinite.

The C&C ball clay contains a significant amount of free quartz, determined from 
both the chemical analysis and the LOI of a clay sample.  The presence of free 
quartz, a non-plastic material, will reduce the water necessary to achiev

maximum in the cohesion curve.  This happens for two reasons: 1) the size of the 
free quartz in commercial clays tends to be large relative to the kaolinite particles
and 2) the quartz particles tend to be blocky in shape compared to the hexagonal 

platelets that are typical of kaolinite (and many other clay) particles.  Th
has a higher specific surface area compared to the Huntingdon resulting in the 

her cohesion, but the amount of water necessary to reach said maximum 

uced by th

oretically it is impossible to have a negative cohesion.  There are tw
sible reasons for the presence of a negative cohesion: 1) frictional effects
 to material leaking around the o-rings, augmenting the torque transmitted t

 cell.  The gradual degradation of the o-rings allowed the test mater

etween the top insert and the cell wall which created more drag

hown sche a two dimen

the alignment of the clay pla

pand.  M
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result in a higher calculated shear stress.  When the linear regression was 
performed these data points shift the regression to a higher slope value and a 

lower (negative) cohesion value.   

 
Table 5-VII. Minerals Present in the Clays Used to Measure Plasticity. 

TK6 

Mineral Concentration 
(wt%) 

Kaolinite 87.34 
Quartz 7.1 

Illite 0.9 
Smectite 3.7 
Chlorite 0.9 

 

C&C 

Mineral Concentration 
(wt%) 
66.1 

Quartz 

 

Kaolinite 
30.0 

Illite 3.9 
 

Huntingdon 

Mineral Concentration 
(wt%) 

Kaolinite 93.2 
Quartz 5.3 

Illite 1.3 
Chlorite 0.2 

Table 5-VIII. Properties of the Clays Used to Measure Plasticity. 

Property Units TK6 C&C Huntingdon 
Specific Surface Area m2/g 23.46 23.90 20.67 
Mean Particle Size* µm 0.10 0.09 0.11 

LOI (TGA) % 13.2 9.3 13.4 
* Equivalent spherical diameter calculated from the specific surface area assuming 
spherical particles 
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and ht 

sys  a 
slig
steel ball which serves as a point load on the test cell was slightly misaligned and 

as the

Figure 5-14. Two dimensional schematic of a dilatant system.  The spheres 
represent particles that are tightly packed (top) under shear and the system must 
expand by a distance δ to allow the particles to slide past one another or “flow.”   

Furthermore it was noticed that during the course of the test the norm
 shear stress would undergo a hystersis for a set load on the dead-weig

tem.  This hystersis, shown in Figure 5-15, is a systematic error caused by
ht misalignment between the load cell and the center of the test cell.  The 

 test cell rotated the point load moved off center.  When the point load was 
off center the normal load applied to the sample was resolved into two forces: a 
vertical force, which was monitored by the load cell, and a horizontal force which 

was not recorded.  When the point load was directly centered under the load cell 
all of load from the dead-weight system was applied to the sample.  Prior to 
commencing this thesis the HPASC was renovated and the misalignment 

between the load cell the test cell were virtually eliminated, but a small 
systematic error still remained. 
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Figure 5-15. Hystersis in the measured stress and the applied load on the 
HPASC due to a slight misalignment between the cell and the point load on 
the test cell.  The misalignment causes the applied load from the dead weight 
system to be resolved in to a normal load, which is monitored by the load cell, 
and a horizontal load.  Data is plotted for TK6 clay samples at 20.53% moisture 

the cohesion of the sample with no 
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content, also plotted is the average and standard deviation of the shear stress. 

 

The results of the salt additions to TK6, prepared at a target moisture 

content of 22%, are shown in Figure 5-16 (overall effects), Figure 5-17 (NaCl 
only), and Figure 5-18 (CaCl2•2H2O only).  The predicted cohesion and pressure 
dependence, calculated from the models reported in Table 5-VI, is compared to 

the measured values from the samples prepared with NaCl or CaCl2•2H2O in 
Table 5-IX.     

Overall the addition of salt was observed to reduce the measured 

cohesion of the sample.  The smallest addition of NaCl to TK6 was observed to 
reduce the pressure dependence and cohesion of the sample and, with 
increasing concentration, the pressure dependence was observed to increase.  

Once the CCC of the salt was exceeded the pressure dependence of the sample 
decreased with no significant change in the cohesion.  The smallest addition of 
CaCl2•2H2O was observed to slightly reduce 
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signific

 

As mentioned previously salts are known coagulants for colloidal ceramic 
suspensions or pastes.  When a ceramic particle is placed in an aqueous 
medium it develops a surface charge depending on the pH of the medium.  Upon 

adding powder to water the pH is naturally driven to the iep (the point of no net 
charge on the particle surface) of the ceramic powder, e.g., alumina goes to a pH 
of 9.0-9.5 when added to deionized water.  In the presence of an indifferent 

electrolyte, both NaCl and CaCl  are indifferent electrolytes for clay; the iep is 
equivalent to the point of zero charge on the particle surface.  By adjusting the 

ant effect on the measured pressure dependence.  Higher additions of 
CaCl2•2H2O were observed to significantly increase the pressure dependence 

with no significant effect on the measured cohesion.  At the highest additions of 
CaCl2•2H2O a significant increase in the cohesion was observed, relative to the 
samples without salt, along with a significant reduction in the pressure 

dependence.  This effect was most noticeable at the highest addition of 
CaCl2•2H2O at 16.59% moisture shown in Figure 5-16. 
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Figure 5-16. Overall view of the effects of adding salt (NaCl or CaCl2•2H2O) to 
samples of TK6 prepared with a target moisture content of 22%.  Note the 
sample prepared with a concentrated solution of CaCl2•2H2O. 
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pH of the suspension the surface charge is changed as the surface becomes 
protonated or deprotonated (addition of acid protonates the surface resulting in a 

net positive charge while addition of base deprotonates the surface resulting in a 
net negative charge). 

 
 

110

Figure 5-17. Close up view of the shear rheo ap for the samples prepared 
with NaCl at a target moisture content of 22%.  Additions of NaCl are observed to 
overall reduce the cohesion of the sample.  Pressure dependence initially 
increases with salt addition, but above the CCC for NaCl the pressure 
dependence is observed to decre
 
 

The particle in suspension has a doubl er of ions that compensate for 
the charge on the particle s shown schematically in Figure 5-1.  When the 

particle is placed in motion by an electric field the diffuse layer of ions is stripped 
away and a net charge rem the Stern r.  This net charge is the zeta 
potential and is a function of pH.  When the zeta potential is sufficiently high 

(either ticles due 
to like s rges and ersed  results. e iep  
there is no repulsion between the particles and a flocculated system results.   
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For the purposes of this discussion a flocculated system will be defined as 
a system at the isoelectric point where strong agglomeration occurs due to no net 

charge on the particle surface.  A dispersed system is therefore a system where 
there is sufficient charge on the particle surface to result in electrostatic 
repulsion, either by adjusting the pH of the system or by the addition of a 

polyelectrolyte (a dispersant).  A coagulated system is induced by adding a 
material, e.g., an acid, a base, or a salt, to a previously dispersed suspension so 
as to compress the double layer by compensating the charges on the particle 

surface. 

 
 

 

The addition of salt to a dispersed system compensates, i.e., balances, 
the charge on the particle surface compressing the double layer.  This effect is 

dependent upon the charge on the ion balancing the surface charge, i.e., 
monovalent ions are less effective than divalent ions which are less effective than 
trivalent ions.  Based upon the Schulze-Hardy rules CCC’s have been 

determined for various electrolytes, these rules have been confirmed by previous 

Figure 5-18. Shear rheology map for the samples prepared with CaCl2•2H2O at a 
target moisture content of 22%.  Additions of CaCl2•2H2O are observed to overall 
reduce the cohesion of the sample.  Pressure dependence initially increases with 
salt addition.   
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research by Sundlof,65 Rossington,66 and Schuckers.67  The systems tested in 
these studies were 35 v/o alumina suspensions, 30 v/o clay suspensions, and a 

plastic body with a porcelain composition respectively.   

A transition was observed in the pressure dependence of the samples with 
increasing additions of salt.  Little change was observed in the cohesion of the 

samples with addition of salt.  Below the CCC an increase was observed in the 
pressure dependence of the samples with increasing concentration of salt.  
Above the CCC the pressure dependence was observed to decrease, 

significantly higher error was observed above the CCC.  The transition for the 
NaCl samples was observed to occur at approximately 200 mM which is similar 
to the values predicted by the Schulze-Hardy rules.  The transition for the 

CaCl2•2H2O samples occurred at approximately 21.2 mM which is slightly higher 
than the predicted values from the Schulze-Hardy rules.  This deviation was 
caused by the high surface charge on the clay platelets which increased the CCC 

of the particle system. 

t 
mo as 

diff e 
dom y, 
i.e., cohesion and pressure dependence, the data was broken down into three 

groups.  The first group had a moisture content of approximately 21.6% (dotted 
circles

epared with NaCl or CaCl2•2H2O in Table 5-IX.   

 

The results from the Na-lignosulphonate additions to TK6 with a targe
isture content of 22% are shown in Figure 5-19.  The moisture content w

icult to control due to evaporation during the mixing process.  Due to th
inant role of moisture content in the measured properties of the plastic bod

), the second group had a moisture content of approximately 22.05% (solid 
circles), and the third group had a moisture content of approximately 22.42% 

(dashed circles).  The predicted cohesion and pressure dependence, calculated 
from the models reported in Table 5-VI, for the lignosulphonate samples is 
reported in Table 5-X.  These results were compared to the measured values for 

the samples pr

 155



 

 
 
 

C
oh

es
io

n 
(k

P
a)

50

60

80

90

110

120

TK6 - Ligno

1.31 mg/m2

21.53%

0.46 mg/m2

0.50 mg/m2

21.61%

0.15 mg/m2

22.01%

2

21.37%

1.80 mg/m2

21.55%

0.21 mg/m2

22.42%

0.09 mg/m2

22.43%

22.35%
22.47%

24.24%

22.03

0.77 mg/m2

Figure 5-19. Close up view of the shear rheology map for the TK6 samples with
added Na-Lignosulphonate at a target moisture content of 22%.  Three sets of
data are presented at various moisture contents (see text for details). 

 

The dotted circles have a moisture content below the peak cohes
of the TK6 without additives.  Little variation is observed in the cohesion value,
but it is observed that with increasing concentration of lignosulphonate the 

sample undergoes a significant reduction in the pressure dependence.
ulphonate is an effective dispersant for the clay-based systems and wit

increasing additions the organic molecule provides an electrosteric barrier, a 

charged physical barrier, to particle-particle interactions.  A similar trend is
observed for the samples in solid circles.  There is a small increase in the 
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measured cohesion of the sample relative to the TK6 without additives.  With 

inc to 
be all have a moisture 
conten

reasing additions of lignosulphonate the pressure dependence is observed 
ignificantly reduced.  The samples in dashed circles s

t greater than that of the peak cohesion value in the TK6 samples without 

additives.  Only low concentrations of lignosulphonate were added to these 
samples, but it can be observed that there is an overall decrease in the 
measured cohesion, relative to the samples with no additives.  Furthermore there 
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is an observed decrease in the pressure dependence with an increase in the 
concentration of lignosulphonate. 

  
Table 5-IX. Comparison of the Predicted and Actual Cohesion 
(Coh.) and Pressure Dependence for the TK6 Samples Used to 
Characterize Plasticity with Salt Additions.   

Predicted Actual Error 
Moisture 

Content, % 
(mM added) 

Coh. 
(kPa) 

P.D. 
(100* Coh. 

(kPa) 
P.D. 
(100* Coh. 

(%) 
P.D. 
(%) kPa/kPa) kPa/kPa) 

NaCl 
) 86.31 13.2 77.27±6.74 11.4±0.6 -11.69 
) 88.97 12.8 81.25±3.95 10.2±0.3 -9.50 

4.4) 87.47 13.1 66.33±3.34 12.2±0.3 -31.86 
02) 92.86 12.1 70.66±2.78 15.1±0.3 -31.41 

008) 65.81 16.3 68.92±4.97 11.7±0.6 4.51 
CaCl2•2H2O 

) 103.29 10.0 78.42±8.48 9.1±0.6 -31.71 
) 98.89 11.0 83.61±5.38 10.1±0.4 -19.70 

1.1) 89.71 12.7 66.72±3.91 14.4±0.3 -34.46 
01) 71.11 15.7 91.06±4.77 12.3±0.3 21.91 

001) 74.83 15.0 48.95±11.9 10.5±1.7 -52.85 
  

The effects of the lignite fractions on the plasticity of TK6 at a target 

22.10 (3.4 -16.2 
22.17 (2.4 -25.6 
22.13 (2 -7.0 
22.28 (2 19.6 
21.64 (2 -39.7 

22.67 (0.8 -9.9 
22.48 (3.6 -9.0 
22.19 (2 11.9 
21.75 (2 -26.5 
21.83 (2 -43.0 

mo 1 

(LIN ite 
frac e 
ma he plasticity of TK6.  The LIN fraction was 

demonstrated in Figure 5-7 to have an effect on the viscosity of a 30 v/o 
suspen

isture content of 22% are shown in Figure 5-20 (overall effects), Figure 5-2

), Figure 5-22 (LAI), and Figure 5-23 (LS).  The results from the lign
tions show no clear trend in the data.  Therefore it was concluded that thes

rials have no significant effect of tte

sion of TK6, where the additions were shown to reduce the viscosity of 
the suspension.  Overall any changes that were observed in the plasticity of the 

samples were likely due to the presence of sodium chloride which was created 
during fractioning of the organics.  A comparison of the predicted cohesion and 
pressured dependence to the measured values is reported in Table 5-X.  
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Figure 5-20. Overall view of the shear rheology map for additions of lignite
fractions to TK6 with a target moisture content of 22% 

 

The effects of the digested-lignite fractions on the plasticity of TK6 at a 
target moisture content of 22% are shown in Figure 5-24 (overall effects), Figure 
5-25 (DLIN), Figure 5-26 (DLAI), and Figure 5-27 (DLS).  The results from the 

DLIN fraction were broken down into two sets of data; one with a moisture 
content of approximately 21.85% (dotted circles, Figure 5-25) and the second 
with an approximate moisture content of 22.3% (solid circles, Figure 5-25).  At a 

moisture content of 21.85%, below the peak cohesion value, the pressure 
e was observed to increase while there no significant change in the 

cohesion from the TK6 sample without additives.  At 22.3% moisture a similar 

trend was observed where the pressure dependence of the samples decr
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Figure 5-21. Close up view of the shear rheology map for the samples prepared 
with the insoluble fraction of lignite (LIN) at a target moisture content of 22%.  No 
clear trend is observed in the data. 
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Figure 5-22. Close up view of the shear rheology map for the samples prepared 
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Figure 5-23. Close up view of the shear rheology map for the samples prepared 
with the soluble fraction of lignite (LS) at a target moisture content of 22%.  No 
clear trend is observed in the data. 
 
 

Figure 5-24. Overall view of the shear rheology map for the samples prepared 
with digested-lignite (DL) fractions at a target moisture content of 22%.   
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Figure 5-25. Close up view of the shear rheology map for the samples prepared 
with the insoluble fraction of diges LIN) at a target moisture content 

w data are observed, see text for details. 
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Figure 5-26. Close up view of the shear rheology map for the samples prepared 
with the acid-insoluble fraction of digested lignite (DLAI) at a target moisture 
content of 22%.  Additions of DLAI are observed to increase the pres
dependence of the samples and reduce the cohesion. 
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essure dependence of the 
samples while decreasing the cohesion. 

 

 in the cohesion of the clay mass was observed.  At the highest 
concentrations, 2 M and 6.44 M, sufficient salt was added to change the structure 

of the water.  In one liter of water there are 27.8 moles of water ions, either OH- 
or H+.  Therefore a 2 M solution of NaCl will have 1 salt ion, either a cation or 

Pressure Dependence (100* kPa/kPa)

4 6 8 10 12 14 16
30

40

50

60

70

80

90

100

110

120

TK6 
TK6 - DLS

22.03%

22.35%

0.17 mg/m2

22.69%

24.24%

22.47%

0.45 mg/m2

22.82%

2.05 mg/m2

22.41%

C
oh

es
io

n 
(k

P
a)

Figure 5-27. Close up view of the shear rheology map for the samples prepared 
with the soluble fraction of digested lignite (DLS) at a target moisture content of 
22%.  Additions of DLS are observed to increase the pr

 

Additions of DLAI were observed to reduce the cohesion and increase the 
pressure dependence.  Additions of DLS were observed to significantly reduce 
the cohesion of the sample and with increasing additions the pressure 

dependence was observed to increase.  A comparison of the predicted cohesion 
and pressure dependence from the models in Table 5-VI to the measured 
cohesion and pressure dependence for the samples prepared with digested 

lignite are shown in Table 5-XI.   

The error reported in Table 5-IX, 5-X, and 5-XI was calculated based upon 
the actual value.  Therefore a negative error indicated that the predicted value 

was greater than the actual value.  With increasing salt concentration a 30% 
reduction

 162



 

anion, for every 13.9 water ions.  At 6.44 M there are 4.31 water ions
or calcium chloride the number of ions present in solution increases

since there are three ions per molecule of salt.  Since the highest concentrations
of salt resulted in structured water those results were not been included in Table 

The results for lignosulphonate, Table 5-X, are separated into two groups: 
group one has a moisture content below the peak in the shear rheology diagram 
for TK6 while group two has a moisture content near the peak in the shear

rheology diagram.  Both groups of samples had a significant reduction in the 
pressure dependence relative to the predicted value.  The highest addition of 
lignosulphonate, at a moisture content of 21.55%, resulted in a 335.6% decreas

in the pressure dependence of the plastic mass.  Similar reductions in the 
pressure dependence were observed near the peak in the shear rheology

 for every 
salt ion.  F  

 

5-IX. 

 

e 

 
dia ve 

to t er additions of lignosulphonate the cohesion 
was observed to increase.  At the highest addition, at a moisture content of 
21.55%, a 20.97% increase in the cohesion is observed.  At 22% moisture 

lignosulphonate was observed to increase the cohesion of the clay and decrease 
the pressure dependence.  Lignosulphonate is an effective dispersant for clay 
and the reduction in the pressure dependence with addition of lignosulphonate is 

due to the electrosteric barrier between the particles.  This barrier resulted in a 
decrease in the particle-particle interactions thus reducing the internal friction. 

 Additions of fractioned lignite had an unclear effect on the cohesion and 

pressure dependence.  Overall the addition the insoluble or acid-insoluble 
fractions of the lignite were observed to reduce the cohesion of the clay relative 
to the predicted value.  There was a variable effect on the pressure dependence 

of samples with higher additions of these fractions.  The addition of the soluble 
fraction of lignite was observed to initially decrease the cohesion of the clay.  
Hig as 

obs

 

gram.  Initially the cohesion of the samples was observed to decrease relati

he TK6 prediction, but with high

her additions were observed to increase the cohesion.  Little effect w

erved on the pressure dependence of the samples. 
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Table 5-X. Comparison of the Predicted and Actual Cohesion 
(Coh.) and Pressure Dependence for the TK6 Samples Used to
Characterize Plasticity with Na-lignosulphonate or Lignite Additions.   

Predicted Actual Moisture 
ent, % 
g/m2 

added) 
Coh. 
(kPa) 

P.D. 
(100* 

kPa/kPa) 
Coh. 
(kPa) 

P.D. 
(100* 

kPa/kPa) 
Coh. 
(%) 

Na-lignosulphonate 
1) 70.63 15.6 55.13±2.80 13.0±0.2 -28.13 
0) 73.91 15.2 79.16±3.17 11.0±0.2 6.64 
1) 60.34 17.1 69.70±3.26 8.1±0.2 13.42 
0) 61.35 17.0 77.62±2.52 3.9±0.2 20.97 

 

9) 97.51 11.3 83.42±2.64 6.8±0.2 -16.89 
1) 97.23 11.3 96.77±1.75 5.8±0.1 -0.47 
7) 87.47 13.1 85.02±2.49 5.5±0.2 -2.88 

Lignite - insoluble fraction 

 

Error 
Cont

(m P.D. 
(%) 

21.74 (0.3 -20.3 
21.81 (0.5 -37.7 
21.53 (1.3 -111.5 
21.55 (1.8 -335.6 

22.43 (0.0 -65.9 
22.42 (0.2 -95.5 
22.13 (0.7 -137.4 

22.44 (0.09) 97.80 11.2 92.74±3.34 8.5±0.3 -5.45 -32.1 
.28 (0.24) 92.85 12.1 63.36±3.87 14.3±0.3 -46.56 15.1 22

22.52 (0.35) 99.93 10.8 77.37±3.45 10.7±0.3 -29.17 -0.8 
 

4) 81.00 14.1 64.22±3.65 14.6±0.3 -26.13 
9) 66.33 16.3 59.74±3.34 17.3±0.3 -10.98 

 

1) 106.64 8.9 68.50±1.78 6.9±0.1 -55.68 
0) 106.88 6.9 88.54±2.73 4.9±0.2 -20.72 

Lignite - acid-insoluble fraction 
0) 101.61 10.4 89.29±3.20 8.2±0.2 -13.80 
1) 100.43 10.7 43.31±4.44 16.6±0.3 -131.86 
0) 96.94 11.4 102.2±4.85 10.0±0.4 5.15 
0) 100.18 10.7 73.31±3.26 13.5±0.2 -36.65 

Lignite - soluble fraction 
9) 82.68 13.8 64.06±3.44 13.7±0.3 -29.07 
2) 103.86 9.8 94.44±3.98 8.8±0.3 -9.98 
0) 69.20 15.8 77.04±5.05 14.9±0.4 10.17 

21.97 (0.1 3.6 
21.65 (0.5 6.0 

22.89 (0.9 -29.4 
23.39 (1.7 -39.9 

22.59 (0.1 -27.0 
22.54 (0.2 35.7 
22.41 (0.3 -13.9 
22.53 (0.5 20.5 

22.01 (0.0 -0.9 
22.70 (0.4 -11.9 
21.71 (2.1 -6.3 
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Table 5-XI. Comparison of the Predicted and Actual Cohesion 
(Coh.) and Pressure Dependence for the TK6 Samples Used to
Characterize Plasticity with Digested-lignite Additions.   

Predicted Actual Moisture 
ent, % 
g/m2 

added) 
Coh. 
(kPa) 

P.D. 
(100* 

kPa/kPa) 
Coh. 
(kPa) 

P.D. 
(100* 

kPa/kPa) 
Coh. 
(%) 

Digested Lignite - insoluble fraction 
7) 77.97 14.5 70.12±3.51 16.2±0.3 -11.20 
6) 74.37 15.1 61.33±5.82 17.5±0.4 -21.25 
9) 73.45 15.2 40.90±3.79 18.9±0.3 -79.58 

 

7) 87.85 13.0 94.85±2.40 8.3±0.1 7.39 
6) 93.19 12.1 64.47±4.29 15.3±0.3 -44.56 
1) 94.81 11.8 70.26±2.06 14.2±0.2 -34.94 

 

4) 105.55 6.5 97.51±3.57 5.0±0.3 -8.24 

 

Error 
Cont

(m P.D. 
(%) 

21.90 (0.0 10.2 
21.82 (0.2 13.8 
21.80 (1.6 19.5 

22.14 (0.1 -56.6 
22.29 (0.3 21.0 
22.34 (0.9 16.9 

23.50 (0.7 -29.2 
Digested Lignite - acid-insoluble fraction 

.64 (0.06) 102.69 10.2 74.10±2.50 7.0±0.2 -38.58 -45.0

.35 (0.12) 95.12 11.7 61.34±2.51 10.1±0.2
22  
22  -55.07 -16.2 

8) 92.52 12.2 79.34±3.31 11.3±0.2 -16.60 
0) 97.51 11.3 66.67±2.84 15.7±0.2 -46.26 

Digested Lignite - soluble 
7) 83.51 13.7 50.69±2.12 14.4±0.2 -104.55 
5) 103.68 9.9 79.19±2.07 8.2±0.2 -33.58 
5) 105.78 9.3 71.12±2.21 7.3±0.3 -36.29 

The addition of the insoluble fraction of the digested lignite was observed 

to significantly reduce the cohesion of the clay relative to the predicted lev
Simultaneously an increase in the pressure dependence was observed with 
increasing addition of the insoluble fraction.  The addition of the acid-insoluble 

fraction of digested lignite was observed to reduce the cohesion of the clay
ignificant decrease was observed in the pressure dependenc
 additions the pressure dependence was observed to increase.  The 

22.27 (0.1 -8.0 
22.43 (0.3 28.1 

22.69 (0.1 31.3 
22.82 (0.4 -12.9 
22.41 (2.0 -56.1 

 

 

el.  

.  
Initially a s e, but 
with higher

add ly 
red

ition of the soluble fraction of digested lignite was observed to significant
uce the cohesion of the clay and decrease the pressure dependence.  
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The change in the surface tension affected by adding organics, salts, or 
illed water are shown in Figure 5-28 (Na-lignosulphonate and humic 

ure 5-29 (Na-PAA and acrylic latex emulsion), Figure 5-30 (pPVA and
PEG 8000), Figure 5-31 (CaCl2 and KCl), and Figure 5-32 (C&C and TK6).  No 

ant difference was measured in the surface tension between the d

water at pH 5.5 and deionized water stored with a carbon dioxide filter.  The 
surface tension of the distilled water has been plotted as a line in each of t
figures to represent the average of the measured values; the standard dev

of the measured values is indicated by the band.  Additions of lignosulphonate, 
pPVA, PEG, and an acrylic emulsion were all observed to reduce the surface
tension of the solutions.  Additions of salt, humic acid, and Na-PAA were not

o significantly effect the measured surface tension.  Preparation of 
suspensions with clay was observed to increase the surface tension.  Adding 

clay to dist

acid), Fig  

signific istilled 

he 
iation 

 
 

observed t

ins ce 

ten p 
the droplets which rapidly dry in the heated 

e addition of hydrophilic organics, e.g., PAA, did not significantly 

effect 

l  dynes/cm for the pPVA system.  The 
smallest addition in the prepared solutions was sufficient to saturate the interface 
and minimize the surface tension. 

has been defined, for the purposes of this research, as a system which exhibits 

oluble materials, e.g., clay, to a suspension is known to increase the surfa

sion of the system; this effect is used in the spray drying process to break u
 stream of suspension into spherical 

chamber.  Th

the surface tension since these materials remained in the bulk of the 
solution.  Hydrophobic organics, e.g., PVA or PEG, migrated to the surface of the 
droplet reducing the surface tension of the solution.  The smallest additions of 

PVA or PEG were observed to significantly reduce the surface tension of the 
solution from 83 dynes/cm (the average value measured for the distilled water 
used to prepare the solutions in this study) to approximately 68 dynes/cm for 

PEG solutions and approximate y 50

Based upon the work cited in the literature review an increase in the 
surface tension of the wetting liquid was expected to increase the plasticity of the 
clay.8-10  Materials which were observed to increase the surface tension of the 

liquid, e.g. salts, were observed to decrease the peak cohesion of the clay and, 
below the CCC, increase the pressure dependence.  This combination of effects 
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“poor” plasticity.  Additives which were observed to decrease the surface tension 
of distilled water, e.g., Na-Lignosulphonate, were observed increase the peak 

cohesion and reduce the pressure dependence of the clay at a target moisture 
content of 22%.  This combination of effects has been defined as a system which 
exhibits “good” plasticity. 

ave little effect on the 

 

Based upon the results reported in Chapter 4 no comparison can be made 
between the additions of lignite or digested-lignite fractions and the Aldrich humic 
acid.  The digested lignite which was added by the supplied to Huntingdon clay 

was not a humic substance, but rather the precursor of a humic substance.  The 
addition of Aldrich humic acid was observed to have no significant effect on the 
surface tension of distilled water.  Additions of Aldrich humic acid to the clay 

samples to characterize plasticity was cost prohibitive; furthermore humic acid 
has been classified by OSHA as a hazardous material. 
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Figure 5-28. Change in the surface tension of solutions prepared with sodium 
lignosulphonate or Aldrich humic acid.  Lignosulphonate is observed to reduce 
the surface tension while humic acid is observed to h
surface tension. 
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Figure 5-30. Change in the surface tension of solutions prepared with a 
plasticized PVA or PEG 8000.  Both organics are observed to reduce the surface 
tension at the smallest addition level.   
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Figure 5-31. Chan red with calcium 
r sodium chlori ddi are rved ific
urface tension.

 

ved 
to slightly increase the surface tension. 
 

 

ge in the surface tension of solutions prepa
chloride o de.  A tions of salt not obse  to sign antly 
effect the s  

 

(d
yn

es
/c

m
)

80

85

90

100

Di ed Water

oncentration ( )

0.5 1.5 2.5 3.0 3 4.0 4.5 5.5 6.0

S
ur

fa
ce

 T
en

si
on

 (d
yn

es
/c

m
)

4

5

5

6

6

7

8

CaCl2
NaCl

 Water

C wt%

0.0 1.0 2.0 .5 5.0
5

0

5

0

5

0

75

80

5

90

Distilled

95

100

Figure 5-32. Change in the surface tension of suspensions prepared with C&C 
ball clay or TK6 kaolin clay.  Additions of clay to form a suspension are obser
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5.5 Su

ssure dependence of the sample and above 
the CC

mmary and Conclusions 

 The viscosity of 30 v/o TK6 suspensions was observed to decrease with 

the addition of the insoluble lignite or insoluble digested-lignite fractions.  No 
increase was observed in the viscosity at higher additions of these additives.  
The addition of the acid-insoluble fraction of lignite or digested lignite was 

observed to initially decrease the viscosity, but at higher addition levels the 
viscosity increased due to coagulation which was a result of the high 
concentration of NaCl created during fractioning the organics.  The addition of 

the soluble fractions of lignite or digested lignite resulted in a significant increase 
in the viscosity of the TK6 suspensions due to the high concentration of NaCl in 
solution. 

C&C ball clay was observed to have the lowest moisture requirement to 
reach a maximum in the cohesion.  This was due to the high concentration of 
non-plastic materials, specifically quartz, in the clay.  TK6 was observed to pass 

through a maximum in cohesion at a lower moisture content compared to 
Huntingdon ball clay.  Huntingdon ball clay is a fine clay compared to TK6.  The 
maximum cohesion value for the Huntingdon and TK6 clays were similar in 

magnitude and occur at a similar pressure dependence.  The maximum cohesion 
value for the C&C clay was greater in magnitude than that of the other clays in 
this study and was observed to occur at a higher pressure dependence. 

 Changes in the shear rheology of plastic masses prepared with added 
salts, specifically NaCl and CaCl2•2H2O, showed changes in the plasticity of the 
samples.  Additions of salt, even at the lowest levels tested, were observed to 

primarily reduce the cohesion of the samples.  Additions of salt below the CCC 
were observed to increase the pre

C the pressure dependence was observed to decrease.  These results 

may be explained by either a hydration repulsive force between the particles or 
the structure-making structure-breaking theories for the interactions between 
minerals and indifferent electrolytes.  This non-DLVO behavior is primarily 

observed in systems of particles with a high surface charge such as kaolinite or 
systems at a pH far from the iep. 
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The addition of sodium lignosulphonate was observed to enhance the 
plasticity of clay.  With increasing addition of the organic an increase was 

observed in the cohesion of the samples with a corresponding decrease in the 
pressure dependence.  While additions of fractioned lignite and digested lignite 
were observed to affect the viscosity of 30 v/o suspensions of TK6, no beneficial 

effect w

imultaneous decrease of 
more than 300% in the pressure dependence of the clay.   

as observed on the plasticity of the samples.   

Salts, which were observed to either slightly increase or have no 
significant effect upon the surface tension of distilled of water, were observed to 

reduce the measured cohesion, up to a 30% reduction at the CCC, and increase 
the pressure dependence, up to 20% at the CCC, of TK6 samples prepared at a 
target moisture content of 22%.  Additives which were observed to decrease the 

surface tension of distilled water, e.g., Na-lignosulphonate, were observed to 
increase the measured cohesion up to 20% with a s
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6.  Characterization of Surface Finish from Industry 

6.1 Introduction 

prelimi ness of 

metho

the ind modified, i.e., the 

fired g ges 

Several options are available for characterizing the surface finish or 

roughn terferometry, stylus-type profilometer, 

was th  measure the surface roughness of the 

micros

roughn
the sty this study 

the tim e AFM a 

150 µm urs to analyzed the 

z-direc lected to quantitatively 

the o llected from the SEM and optical 

To quantify changes in the surface finish of dry-pressed ware and to set a 
baseline for the other forming processes used in the dinnerware industry, a 

nary study to quantitatively characterize the surface rough

dinnerware from four different forming operations was performed.  The forming 
ds selected from Buffalo China’s industrial process were: 1) dry pressing, 

2) jiggering, 3) ram pressing and 4) pressure casting.  Samples were taken from 

ustrial process at each step where the surface was 
green surface, the bisque fired surface, the vibratory processes surface, and the 

lazed surface.  These results were used as a baseline for future chan

in the measured roughness of dinnerware samples prepared at Alfred University. 

6.2 Options Available to Evaluate Surface Finish  

ess of materials, e.g., optical in
atomic force microscopy, and optical or scanning electron microscopy.  Since it 

e goal of this study to quantitatively

surface, semi-quantitative methods such as optical (OM) or scanning electron 
copy (SEM) were not suited to this study.  The soft nature of the green 

surface would be damaged by dragging a stylus across the surface and no 

ess data would be collected, instead the surface would be scratched by 
lus tip.  While atomic force microscopy (AFM) would be suited to 

the lateral and vertical resolution would by far exceed the needs of this work and 

e necessary to collect data from a large area on the surface mad
poor choice for this research.  Based upon an estimated 15 minutes to analyze a 

 by 150 µm area it would take approximately 17.28 ho

same area per scan in the optical interferometer; a typical scan to collect data 
using the interferometer would take 17 seconds to scan 150 micrometers in the 

tion.  Therefore the optical interferometer was se

measure the surface roughness.  A comparison between the data collected from 
ptical interferometer and that co
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microscope has been performed.  Further information on the operation of the 
 interferometoptical er will be presented in the experimental procedure section. 

curved sample; the curvature of the surface obscures the roughness data.  To 
elimina d so that the curvature 

curvatu g the software package.  Dragging 

measu
dimens e roughness.  More sophisticated 

image asurement is a 

feature

surface

can be rom vertical 

scan l ution 

surfac
characterizing the surface. 

The use of OM or the SEM gives a semi-quantitative measure of the surface 
roughn

surfac , and the absence of information is 

metho  

spray-  light nearly parallel to the surface of 

Older stylus-type profilometers cannot resolve the surface roughness of a 

te this problem the scan length needs to be reduce

is minimized.  Newer stylus-type profilometers are computer controlled and the 
re of the sample can be removed usin

a sharp tip, usually made of diamond or silicon nitride, across the surface and 

ring the deflection of the arm collects the data.  The result is a two-
ional measurement of the surfac

instruments that are computer controlled can generate a three-dimensional 

 of the surface by collecting a series of line scans.  The me
contact process resulting in damage to the surface of soft materials.  Stylus-type 
profilometers can suffer from tip artifacts since the profilometer cannot resolve 

s smaller than the tip. 

AFM uses the deflection of a tip attached to a cantilever to contour the 
 of a material.  In this manner a three-dimensional image of the surface 

 generated.  While AFM has the ability to measure sub-angst
deflections and the lateral resolution is sub-nanometer, the time necessary to 

arge areas makes AFM inefficient, especially when this level of resol

is not necessary.  AFM also suffers from tip artifacts when measuring the 
e.  This problem can be reduced by proper selection of the tip for 

Microscopy is traditionally used to evaluate the surface finish of materials.  

ess.  Typically the roughness is evaluated by creating shadows on the 

e, either by light or the electron beam
used to gauge the quality of the surface.  An example of this semi-quantitative 

d to determine the surface roughness is shown in Figure 6-1.  Shown is an

OM image of a green dry-pressed sample surface manufactured in industry using 
dried granules.  Having the incident
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the sample creates the shadowing observed in the image.  The texture of the 
 can be observed and semi-quantitatively estimated, which may meet the surface

requirements in a production setting.  Since there is no reference for the surface 

quantitatively measure the roughness of the sample. 

ligh
parallel to the surface to create shadows on the surface.  The shadows are a 

6.3 Problems with Optical Interferometry 

of a s f the external surface and an 

interfe
from a i.e., transparent 

roughness and information is missing from the image, it is impossible to 

 

Figure 6-1. Image of the dry-pressed surface from the optical microscope.  The 
t source was placed on the right of the sample with the incident beam nearly 

semi-quantitative indication of the surface roughness. 

 

This technique uses visible “white” light to analyze the surface roughness 
ample.  Ideally the light is reflected of

rence pattern is generated when the light is recombined with light reflected 
 reference mirror.  When materials that are optically clear, 

to visible light, are analyzed the light from the source can penetrate the surface 
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and detect interfaces within the material.  This type of effect has been observed 
when working with glazed samples.   

penetrated by the light from the interferometer.  The result, when using the 
extend ental procedure 

surface the scan in the z-
direction not detecting the bottom surface of the transparent grain.  Typically this 

would result in a “hole” in the data, an area where no valid information is 
collected.  The interferometer uses a mathematical algorithm called frequency 
domain analysis (FDA) to convert the interference pattern (frequency data) to a 

three-dimensional image of the surface.  With the FDA set to low the software 
cannot resolve the lack of data and instead interprets the absence of a signal as 
noise.  The deep valleys that are detected in the surface of the sample result 

from the light reflecting from the bottom surface of the transparent grains.   

For this study glazed samples were prepared using a clear, gloss glaze, 
representative of the process used in industry, that is transparent to the incident 

light, hence the name “clear.”  The analysis of the glazed samples showed the 
presence of small circular dimples in the three-dimensional image of the glaze.  A 
semi-quantitative comparison, made using the SEM, did not show the presence 

of surface roughness in the glazed samples.  The optical microscope with 
reflected light, the same arrangement used by the interferometer, was used to 
analyze the surface.  Small spherical bubbles below the surface of the glaze 

were observed in the optical microscope, determined to be sub-surface by 
initially focusing on the surface of the glaze and then focusing on the bubbles.  
The interferometer was able to detect this interface between the two phases 

beneath the surface of the glaze.  Since the light was focused on the concave 
surface of the bubbles the interferometer interpreted this high intensity reflection 
as the external surface of the glaze.  A contour plot from one of the glazed 

samples that shows the presence of bubbles is shown in Figure 6-2. 

The surface of the fired samples contains transparent grains that are 

ed scan option which will be described in the experim

section, is either a large spike of noise or the detection of a deep valley in the 
 of the sample.  The spike of noise is the result of 
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T ays:  

d scan length can be increased to start the scan closer to the 
sample 

2) 

By extending the scan length to collect data well below the surface of the 
sample, the signal-to-noise ratio can be increased.  This reduces the amount of 
noise present in the collected data, but cannot eliminate all of the noise or the 

detection of the interfaces within the sample.  The consequence of increasing the 
scan length is longer data collection times; 11 seconds of scan time are required 
for every 100 µm of scan length in the z-direction. 

 
 

 

 

 

he presence of these erroneous signals can be reduced in three w

1) the extende

the data can be filtered prior to analysis; this will be discussed in the 
experimental procedure 

3) the surface of the sample can be coated to mask the internal surfaces   

 

 

 

 
 
 
 
 
 
 

 
 

Figure 6-2. Image of the glazed surface showing the presence of circular 
dimples.  These depressions in the surface were determined to be subsurface 
and are recorded by the interferometer due to the incident light penetrating the 
clear glaze. 

 

There are several methods of coating the surface to be analyzed.  A 

metallic coating can be sputtered onto the surface.  Unfortunately, to have a 
coating thick enough to prevent the transmission of all light would be time 
consuming and expensive to create.  A coating can be painted onto the surface, 

but due to the sensitivity of the instrument the texture in the coating will be 

1 mm 
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measured.  This method has been attempted, Figure 6-3, using a black 
permanent marker. It can be observed that while the coating did block out the 

subsur

 

 

face interfaces, the texture of the coating is superimposed onto the 
surface of the sample.  

Focusing the instrument is extremely important.  The intensity of the light 

reflected from the surface is a maximum when the instrument is focused on the 
surface of the sample.  The interferometer measures the intensity reflected from 
the surface of the sample.  The brightness of the light source is adjusted so that 

the intensity of the reflected light is sufficient for detection; there is a preset range 
of intensity that will generate repeatable results using the interferometer.  If the 
intensity of the light saturates the detector, data will not be collected from some 

regions of the surface due to glaring.  Therefore focusing the instrument is one of 
the most important parts of properly operating the optical interferometer. 

 

Figure 6-3. Oblique plot from the optical interferometer showing the thickness of 
the ink superimposed on the texture of the glazed sample.  The ink lines run from 
front, right to back, left in the image.  Small spikes of noise can be observed on 
the surface of the sample, this image was prepared using the unfiltered data. 
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6.4 Experimental Procedure 

Prior to any experimental activity it was necessary to quantify the surface 

roughness of each forming process used by Buffalo China to manufacture 
dinnerware. These processes were: 1) dry pressing, 2) ram pressing, 3) 
jiggering, and 4) pressure casting.  Samples were collected from each forming 

process for characterization.  The surface finish was quantified using an optical 
interferometer [NewView model 5032, Zygo Corporation, Middlefield, CT].  Some 
of these samples were kept in the green state for characterization while others 

were processed according to Buffalo China’s standard firing cycle.  The firing 
process at Buffalo China entailed a bisque firing step at 1290ºC followed by 
vibratory processing of the bisque ware; the dinnerware was passed through a 

vibrating bed of milling media.  The vibratory processing of the ware improved 
the tactile quality of the surface finish, i.e., the surface of the vibratory processed 
plate feels significantly smoother relative to the unprocessed ware.  The ware 

was then decorated and coated with glaze and fired to form a thin glass film on 
the surface.  Table 6-I outlines the number of samples that were characterized at 
each stage of the firing process and from each forming process.  Details on the 

forming and firing of porcelain ceramics can be reviewed in Reed,1 Norton,2 and 
Rahaman.3  Information on the phase evolution of a porcelain body during firing 
can be found in several references.4-9 

 Number of samples analyzed for surface roughness 

 

Table 6-I. List of the Number of Samples Characterized for Surface 
Roughness. 

Forming Process Green Bisque Fired Vibratory 
Processed Glazed 

Dry Pressing 20 24 24 23 

Ram Pressing 14 24 24 23 

Jiggering 18 24 24 23 

Pressure Casting 5 8 7 8 
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The optical interferometer uses a white light source which is passed 
through a beam splitter (a partially si
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he dat
o remove unwanted noise, which artificially inflates the measured 

lvered mirror).  Half of the light intensity is 

then re

erlap 
betwee

a was 
beneficial t

flected from the sample surface while the other half is reflected from a 
reference mirror. The light is then recombined at the partially silvered mirror and 
an interference pattern is created depending on whether the light is in or out of 

phase.  The head of the instrument travels in the “z” direction to collect an image 
of the surface.  The result, for a perfectly smooth surface, is a series of bright or 
dark images as the two reflected beams are in and out of phase.  For a rough 

surface a series of bright and dark bands are created that travel across the 
surface.  A schematic of the interferometer (based upon the Michelson 
interferometer) is shown in Figure 6-4. 

For this work a 5x Michelson objective was used.  This objective resulted 
in the analysis of an area of 1.44 mm by 1.08 mm for each scan (each 
corresponding to 76,800 data points, a 320 by 240 grid of pixels or data points).  

A stitching application was used to take a series of images with a 25% ov
n each image.  For this initial study a series of 48 images (a 6 by 8 grid) 

was studied for statistically significant results.  This resulted in the analysis of a 

6.85 mm by 6.76 mm area and 2.27 million data points, on each unglazed 
sample.  The extended scan option, which allows for the quantitative 
characterization of very rough surfaces (up to 7.3 mm of scan length), was used 

for the unglazed samples.  Due to the glossy finish of the glazed samples the 
extended scan could not be used and two smaller areas were analyzed on the 
surface each corresponding to 2.52 mm by 2.70 mm (a 2 by 3 grid, 336,000 data 

points).  The instrument settings used in this study resulted in a lateral resolution 
of 4.5 µm and a vertical resolution of better than 20 nm. 

Filters were used to eliminate noise from the analysis.  Noise was 

considered to be high frequency data that was superimposed upon the surface 
features.  The various filtering options available in the software [MetroPro v.7.4.3, 
Zygo Corporation, Middlefield, CT] are listed in Table 6-II.  The filters used to 

analyze the data in this study are listed in Table 6-III.  While filtering t



 

roughn g 
wa

 

 

 

 

 
 
 

igure 6-4. Schematic of the Michelson interferometer upon which the 5x 
bjective used in this study is based.  The incident light (A) passes through a 
eam splitter, with half reflected (B) from a fixed, reference mirror and half 

reflected (C) from a position adjustable mirror (the sample).  The light is 
recombined at the beam splitter to create an interference pattern depending on 
the path length difference traveled by the two beams (D).  Bright and dark fields 
are observed at the detector due to constructive and destructive interference.  
The interferometer scans the head of the instrument through the z-direction to 
create the interference pattern, as opposed to moving the sample.  Shown in the 
detector is an interference pattern from a glazed surface, notice the bright and 
dark bands that constitute a change in vertical position, corresponding to the 
roughness, of the surface. 
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ess, it was possible to over-filter the data.  Therefore only minimal filterin
s used to analyze the results. 
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Table 6-II. List of the Filters Used for this Study in the MetroPro™ 
Software. 

Filter Effect on the roughness measurement 

Off No filter of the data 

Low Pass Data above a set frequency is rejected 

Filter Method Resulting Effect on the filtered data point 

Median Applies the “middle” value of all valid data points to the central data 
point 

FFT Auto 

Fast Fourier Transform – automatic.  A Fourier transform is applied to 
the data points and the filter window size is not used.  The frequency 
settings for the Fourier transform are automatically selected.  This 
algorithm should only be used as a starting point for selecting the 
frequency settings. 

FFT Fixed A Fast Fourier Transform that uses fixed frequency, settings 
determined by the operator, for the frequency cutoffs.   

 
 
Table 6-III. Filters Used to Analyze the Data in the Initial Study.   

Surface Filter Area Analyzed 

Green Low pass, median, window 5 6.85 mm by 6.76 mm 

Bisque Fired Low pass,  
FFT Fixed, freq. 15 1/mm 

6.85 mm by 6.76 mm 

Vibratory 
Processed 

Low pass,  
FFT Fixed, freq. 15 1/mm 

6.85 mm by 6.76 mm 

Glazed 2.52 mm by 2.70 mm (2 each) None 

 

6.5 Results 

Three roughness results were reported by the interferometer.  The peak to 
valley roughness (PV) was a worst-case statistic that measures the distance from 
the highest point to the lowest point on the surface.  Since only two points were 

considered for the measurement, it was not representative of the overall surface 
roughness.   

The root-mean-square roughness (RMS) was determined as the standard 

deviation of all the measured data points on the surface.  The formula to 
calculate the RMS roughness was:   
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(14) 

 

where each yi is the deviation from the reference plane, determined by the 

software, for the ith data point and N is the total number of data points.  Based 
upon equation 14 the RMS roughness was an area-weighted statistic. 

The average roughness (Ra) was determined to be the average deviation 

from the reference plane.  The formula to calculate the average roughness was: 

              

(15) 

 

th
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measured roughness.  The vibratory process involved passing the bisque fired 
ware through a bed of abrasive media which was vibrated.  The media removed 
features that protruded from the ware’s surface as the ware passed through the 

bed.  This process resulted in a noticeable difference in the tactile quality of the 
surface, i.e., the surface felt significantly smoother to the touch. 
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where each yi is the deviation from the reference plane for the i  data point and 
N is the total number of data points.  Based upon equation 15 the av
roughness was also an area-weighted statistic. 

The results from the characterization of the surface finish from each 
forming process are shown in Figure 6-5 (PV roughness), Figure 6-6 (RM
roughness) and Figure 6-7 (average roughness).  The results are also reported in 

Table 6-IV for the RMS roughness.  All of the results showed similar trends.  The 
dry-pressed surface had the highest roughness of the four forming techniques. 
There was an increase in the measured roughness when the ware was bisque 

fired; it is proposed that this increase was due to the effects of sintering (firing) at 
a free surface.   

Vibratory processing of the sample was observed to slightly decrease the 
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Table 6-IV. RMS Roughness Results from the Initial Study.   

 Green Bisque Fired Vibratory 
Processed Glazed 

Dry-pressed 8.54 ± 0.61 9.10 ± 0.79 8.51 ± 1.03 0.40 ± 0.12 

Pressure Cast 4.61 ± 0.71 5.24 ± 1.10 5.36 ± 0.86 0.35 ± 0.08 

Ram Pressed 3.23 ± 0.39 3.74 ± 0.58 3.41 ± 0.59 0.31 ± 0.08 

Jiggered 3.04 ± 0.75 3.47 ± 0.84 3.40 ± 0.67 0.32 ± 0.09 
 
 
 
 
 
 

Figure 6-5. Peak to valley roughness measured using the optical interferometer 
for each of the forming methods and surface treatments in this study.  There is a 
large amount of variation, as evidenced by the large error, in the peak to valley 
roughness results since the measurement is a worse case statistic and 
aberrations on the surface inflate the peak to valley distance. 
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observed to be statistically similar while the roughness from the dry pressing 
process is more than twice that of the other techniques.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-6. RMS roughness measured using the optical interferometer for each 
of the forming methods and surface treatments in this study.  The roughness 
from the plastic forming methods is statistically similar for each of the treatments 
tested while the dry-pressed surface is more than twice as rough.  The 
roughness of the pressure-cast ware is significantly higher than that from the 
plastic forming processes, but is still lower than that of the dry-pressed ware. 

 

 

 

Figure 6-7. Average roughness measured using the optical interferometer for 
each of the forming methods and surface treatments in this study.  The 
roughness from the plastic forming techniques and the pressure-cast ware is 
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Once the surface was glazed and fired no significant difference was 
observed between the measured roughness from the various forming processes.  

While the roughness of the ware was no longer significantly different, the 
problems associated with a poor finish from the dry-pressed ware were not 
solved.  There was still a problem associated with decorating the bisque fired 

ace 
the use of an 

 

shadows created by the light source in the optical microscope.   

The images from the surface can be observed in Figure 6-8 (green, dry-
pressed surface), Figure 6-9 (green, jiggered surface), Figure 6-10 (green, ram 
pressed surface), Figure 6-11 (green, pressure-cast surface), and Figure 6-12 

(glazed surface of the dry-pressed ware).  To assure that representative images  

ware prior to glazing. The poor surface finish ruined the aesthetic quality of the 
applied decoration and the dry-pressed surface was visible through the 
transparent glaze, thus destroying the overall aesthetic quality of the ware.  While 

an opaque glaze would solve the problems associated with the visible surf
under the glaze, other problems have been documented with 
opacified glaze.10 

Images from the surface were recorded using the optical interferometer, 
the interference pattern was converted to a contour plot of the surface using 
frequency domain analysis.  Frequency domain analysis is a mathematical

algorithm that is an integral part of the software package, it is this algorithm that 
converts the interference pattern (frequency data) into roughness data.  The 
surface was also analyzed using the semi-quantitative methods of SEM and 

optical microscopy.  Both of these techniques were referred to as semi-
quantitative, since the analyzed features rely on the absence of data, e.g., 
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An arrow has been placed in the top two images to reference an irregularly 
shaped granule observed in each image. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-8. Comparison of the images from the interferometer (top), SEM 
(middle), and optical microscope (bottom) from the green dry-pressed surface.  

1 mm 

1 mm 
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is observed in the image from the interferometer. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-9. Comparison of the images from the interferometer (top), SEM 
(middle), and optical microscope (bottom) from the green jiggered surface.  Large 
scale texture, with an approximate periodicity of 400 micrometers, on the surface 
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Figure 6-10. Comparison of the images from the
(middle), and optical microscope (bottom) from the 
A surface defect is observed in the image from the o
result in higher peak to valley roughness measureme
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 interferometer (top), SEM 
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Figure 6-11. Comparison of the images from the interferometer (top), SEM 
(middle), and optical microscope (bottom) from the green pressure-cast surface.  
Long range periodicity is observable in the image from the interferometer.  More 
texture is visible in the image from the optical microscope. 
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Figure 6-12. Comparison of the images from the optical interferometer (top), 
SEM (middle), and the optical microscope (bottom) from the dry-pressed and 
glazed surface.  The image from the optical microscope shows the presence of 
subsurface bubbles in the glaze film that are recorded by the interferometer as 
the external surface, artificially inflating the measured roughness. 
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were being generated by the optical interferometer, a feature was selected and 
analyzed using both the optical interferometer and the SEM.  Arrows are shown 

to mark features in the im e from the interferometer 
and the SEM.  No discernable features were available on the other surfaces to 
serve as a reference.   

The images from the interferometer of the glazed surface showed a series 
of bright, spherical depressions, randomly located on the surface.  Evaluation of 
the glazed surface in the optical microscope indicated that these depressions 

were actually sub-surface bubbles trapped in the glassy film of the glaze, Figure 

rface of the glaze.  No 

roughness, surface to remove these 
features, as that might 

roughness will be 
e 

ative measurement 

ples and the 

2 
e 6-13, indicated that a 

he green ware at 

approximately 14 mm han that measured for the 
unglazed sa
roughness

 
ing only a small 

interferometer considered the waviness, roughness, and “noise” as being 
superimposed upon the same surface.  As mentioned previously, filters in the 

green dry-pressed surface was measured.  Using the masking feature in the 
software smaller areas were analyzed within the larger area.  The RMS 

roughness was recorded as a function of the area analyzed (reported as mm
rather than a width by a length).  The results, Figur
plateau was observed in the measured RMS roughness for t

2.  This area is significantly less t
mples, but greater than that measured for the glazed surfaces.  The 

 reading for the glazed surface was not observed to plateau.  The 

change in the measured roughness was due to the long-range roughness,
typically referred to as the waviness, of the surface.  By analyz
region of the surface this waviness was not considered.  The optical 

6-12-bottom.  These sub-surface features focused the reflected light and were 
evaluated by the interferometer to be the external su

special effort was made to eliminate these features from the measured 
 i.e., no filtering was applied to the glazed 

have suppressed features in the real surface. 

For the remainder of this thesis only the RMS surface 
plotted as it is representative of the whole area analyzed.  To determine the siz
of the area that needed to be analyzed to obtain a represent

of the roughness a large area on the surface of the glazed sam

ages of the dry-pressed surfac



 

 197

Area Analyzed (mm2)

0 10 20 30 40 50 60

8

2

6

0

4
R

M
S 

R
ou

gh
ne

ss
 (µ

m
)

0.0

0.4

0.8

1.2
6.

7.

7.

8.

8.
Dry Press - Glazed
Jigger - Glazed
Ram Press - Glazed
Dry Press - Green

Area analyzed on the surface
of the glazed samples.

Area analyzed on the surface
of the unglazed samples.

software were used to block these features from consideration when determining 
the surface roughness. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-13. Effect of the area analyzed on the RMS roughness measured using 
the interferometer for the glazed samples from each forming process and the 
green dry-pressed surface tested in this study. 
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that of the unglaz  
solving the roughnes  

associated with the r
the dry-pressed ware still 

 

needed to be less t

micrometers.  This woul e of 
an aesthetically pleasing 

 

roughness it was determined that the RMS roughness of the dry-pressed surface 
han that of the pressure-cast surface, i.e., less than 4.60 

d allow for decoration of the ware and the appearanc
surface under the glaze. 

.  When the ware was vibratory processed the roughnes
 slightly decrease.  The roughness of the glazed ware was obs

to be statistically equivalent for each of the forming techniques ev

study.  The measured roughness of the glazed ware was significantly lower than 
ed ware.  Glazing of the ware was not an acceptable method of

s problem.  While the ware was smooth, the problems

oughness of the dry-pressed surface were not solved, i.e., 
could not be decorated and the poor surface finish of 

the pressed ware was visible through the clear gloss glaze. 

Based upon the results from the initial quantification of the surface 

6.6 Summary and Conclusions 

The roughness of the dry-pressed ware was determined to be significantly

higher than that of the other forming processes.  The ware manufactured by 
plastic-forming processes, i.e., ram pressing and jiggering, was determined to be 

tical evaluation.  The roughness of the pres

mined to be intermediate between the plastic-formed ware and the dry-

The roughness of the ware was observed to increase upon firing of the 
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7.1 Literature Review 
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solution results, 2) a pos ex is formed 
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phase se  during the drying 
process, e.g., in a spr  PAA 

or PAA) is
coating the exterior of t

 
during compaction.    Furt

  
suspension into a spray dryer at an elevated temperature; typical temperatures in 

industry are around 600ºC.  The high surface tension of the suspension results in 
nearly spherical droplets.  The surface area-to-volume ratio of the droplet results 

parate into distinct domains.  Kim demonstrated that
ay dryer, mixtures of PMAA with PVA and mixtures of

with PVA will phase separate into distinct domains.  Since the dispersant (PMAA 
 adsorbed on the su  result is a PVA-rich film 

he granule.  This situation is referred to as a case-

hardened granulate which is difficult to deform under a uniaxial pressure, i.e.,
hermore the adsorption of a polymeric additive on the 

surface of a ceramic particle will served to enhance the phase separation of 

immiscible mixtures of organics.46-49 

The spray-drying process involves the atomization of a homogeneous

rface of the powder the

persants are added to improve the rheol
 since adjusting the pH on an industrial scale is impractical. 

Other organics, e.g., binders, plasticizers, lubricants, etc., are added to the 

powder-water system to impart the attributes necessary for the subs
processing steps, e.g., dry pressing, firing, etc.1,18-44  The interactions bet

ditives, specifically dispersants and poly[vinyl alco

igated by Kim.45  The interactions of the organics were 
classified into three categories: 1) no interaction where a homogeneous or

itive interaction where an associated compl

 additives, and 3) a negative interaction where the additives 

7. Compaction of Granulate 

Spray-dried granulate is prepared to improve the flowabilit
the ceramic industry.1-17  Fine powders are necessary 
mperature of ceramic ware.  Fine powders are easily

ed in air resulting in poor flowability.  Processing of the powder
essing invo

powder in water under high s eak the agglomerates into individual 
e the agglomerates.  Typical proc

hear to br



 

in the rapid loss of water due to evaporation resulting in a dried, nearly spherical, 
homogeneous granule of ceramic powder with organic additives; as mentioned 

previously phase separation of the organics will result in an inhomogeneous 
distribution of the organic additives.  The granule has a much larger diameter 
compared to the starting particulate thus improving the flowability of the feed for 

a pressing operation.  The improved flowability of the granulate results in 
improved die fill and a more uniform density in the pressed part.50   

 During compaction a pressure is applied to the ceramic granulate to cause 

deformation.  Poor compaction results in residual intergranular porosity which 
may not be removed during the sintering process.  The large residual pores will 
serve to weaken the fired ceramic since they may be large enough to act as a 

critical flaw.51-63  To improve compaction it is important to properly select a binder 
system that will easily deform under pressure. 

 Compaction is typically characterized in an Instron testing machine using 

a hardened steel die in under a uniaxial load.54,64-97  The data from the Instron 
(typically load versus displacement) is converted to a plot of percent theoretical 
density versus log(pressure).  The resulting plot consists of three regions named 

I, II, and III.  In region I the granulate settles into tight packing with little change in 
the percent theoretical density of the compact.  In region II there is a significant 
increase in the density of the compact with an increase in pressure as the 

granulate is deformed.  In region III there is little change in the compact density 
with an increase in pressure, densification occurs by either filling the 
intragranular porosity or fracturing the particulate.  In region III elastic energy is 

stored within the compact due to overly high pressures and deformation of the 
test machine can occur, i.e., deflection of the crosshead.  The inflection points 
between these regions are used to describe the behavior of the granulate and 

binder systems during compaction.  The inflection point between region I and II is 
typically referred to as P1 and is described as the pressure at the onset of 
granule deformation.  The second inflection point is between regions II and III 

and is referred to as P2, the pressure at the onset of elastic energy storage.  
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 Compaction of granulate prepared from a flocculated suspension has 
been demonstrated to result in a reduction in the measured P1 value, i.e., 

deformation starts at a lower pressure.98,99  The granulate prepared from 
flocculated systems is initially of lower density since the particles become 
agglomerated during the spray-drying process, the particles come into contact 

and stick together.  The porous granulate is easily deformed under pressure 
since the granulate is friable and easily crushed under pressure.   

 Addition of a salt to the suspension for spray drying has also been 

demonstrated to enhance the deformation of granulate.100  The addition of a salt, 
even below the CCC, will result in a transition from a dispersed to a coagulated 
system as water is evaporated in the spray dryer.  Evaporation of the water will 

increase the relative concentration of the salt in solution and eventually the CCC 
of the salt will be exceeded as water is removed.  Once again this will result in an 
agglomerated, albeit weakly agglomerated, system that is friable and easily 

crushed under pressure. 

 The compaction of granulated feed materials has been a topic of much 
research.  Uniaxial compaction and isostatic compaction have been researched 

to correlate the different stress states to the deformation.101-103  Compaction 
diagrams were prepared by loading a series of samples to different pressures 
and measuring the density of the resulting compacts.  The samples prepared 

using an isostatic system were observed to reach a higher relative density for a 
set consolidation pressure compared to uniaxial compaction.  This difference in 
the density was attributed to shear between the granulate during consolidation in 

the isostatic press.  During these studies the presence of physical moisture in the 
granulate was determined to have a significant role in the deformation and 
hardness of the granulate.  Automation of this process in an Instron has 

facilitated the generation of uniaxial compaction curves. 

 Walker investigated the used of poly[ethylene glycol] (PEG) organics as a 
binder system for dry pressing spray-dried alumina.104,105  Two molecular weights 

were used in the study, an 8000 and a 20,000 Dalton.  The 20,000 Dalton PEG 
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(PEG 20M) material consists of two 8000 Dalton chains which are joined using a 
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4000 Dalton di-epoxide group chain.  PEG organics were demonstrated to have 
a low P1 value, the pressure at the onset of granule deformation, resulting in 

good deformation and compacts with a high relative density. 

 

granulate.

s 

erved 

 
granulate.52,107-116  These gradients are due to problems with transmitting the 

load through the granulate bed or die-wall friction.  Near the punch face a high-
density region is typically observed while in the center of the compact there 
exists a low-density region.  This density gradient can result in warping or 

cracking of the compact during sintering.  Density gradients have also been 
related to segregation during die fill. Larger granules tend to roll to the edges of 
the die while finer granules remain packed in the center.  This segregation 

causes different compaction to occur in the center of the compact compared to 
the edges. 

By measuring P1 for a series of binder systems or binder concentrations it 

is possible to compare the properties of the binder systems and select a system 
that easily deforms.  While deformation is important to forming a high-density 
compact the ability to handle said compact after forming is also important.  

Binders are added to ceramic systems to impart green strength to the compact 
after pressing.  The green strength of compacts can be compared by performing 

Barnes investigated the effects of alumina type, dispersant type, and 
binder type and concentration on the rheology and compaction of spray-dried 

106  Four alumina powders were investigated A16sg, Premalox-10, 
A152sg, and A152gr; the Premalox-10 alumina is indicated by Barnes as hard to 
disperse.  Three binder systems were tested in the study: 1) PEG 20M, 2) PEG 

20M with hydroxyethyl cellulose (HEC) in a 2.33:1 ratio, and 3) an acrylic latex 
emulsion.  The A16sg with the PEG 20M-HEC binder system was observed to 
have the highest green density and green strength of the alumina powder

tested.  The A16sg samples prepared with the PEG 20M organic were obs
to have the lowest strengths of the binders tested.  The coarser alumina 
powders, including the aggregated Premalox-10, were also observed to be 

weaker and of lower density relative to the A16sg. 

Density gradients are commonly observed during the compaction of 



 

a diametral compression test.117-119  A circular compact is loaded across the 
diameter while sitting on edge.  This results in a tensile force normal to the 

loading diameter that causes failure of the compact.  

The strength of the pressed compacts is related to the size of the granule.  
Larger granules will have larger residual pores in the compact, thus weakening 

the compact.55,76,79,83,121,124-127  At some critical granule size compaction is 
hindered due to poor rearrangement of the granulate; the fine granulate (or 
individual particles) compact poorly.  Therefore there is an optimum granule 

diameter to facilitate compaction. 

 Moisture content is known to have a significant effect on the compaction of 
granulate.  Physical moisture within the granulate is known to serve as a 

plasticizer for many organics.  Plasticizers interfere with the crystalline nature of 
the organics, i.e., the alignment of the polymer chains, reducing the glass-
transition temperature of the organic.  Above the glass-transition temperature the 

polymer is observed to be soft and rubbery (therefore easily deformed) while 
below the glass-transition temperature the polymer is considered hard and brittle 
(therefore hard to deform).  Organics can be used as plasticizers, e.g., glycerin or 

a low-molecular-weight poly[ethylene glycol] (PEG) are well-known plasticizers 
for PVA, to reduce the glass-transition temperature of organic binders. 
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7.2 Blending of Dried Granulate  

7.2.1 Introduction 

 In an attempt to improve the surface finish of dry-pressed ware, blends of 
dried, industrial granulate, supplied by Buffalo China, were prepared.  Binary 
blends were selected so that there would be a difference in the P1 values of the 

selected components, each blends contained the plasticized PVA granulate as 
one of the constituents.  The resulting blends were evaluated for P1, compact 
density, and green strength.  Dinnerware samples were pressed on an industrial, 

horizontal, semi-isostatic, dry press using the blends of dried granulate for 
evaluation of the surface roughness using the optical interferometer. 

7.2.2 Experimental Procedure 

The first attempt to reduce the surface roughness involved blending of 
granulate with different P1 values.  P1 is referred to as the pressure at the onset 
of granule deformation in the compaction diagram.  Buffalo China has in the past 

experienced superior surface finish while changing granulate binder systems.128  
It was proposed that the superior finish was the result of two different binder 
systems blending in the feed system for Buffalo China’s press.  A statistical 

experimental design was prepared to study the effects of blending granulate.  A 
D-optimal mixing design was used to study the effects of binary blends of 
granulate with different binder systems.  Seven blends were evaluated in ten 

experiments with repeat experiments for the unblended samples and the 50-50 
wt% mixture.  The blends were selected so as to reflect the design of Buffalo 
China’s spray dryer which has six nozzles for atomizing the suspension to form 

granulate; the blends used in the study are shown in Table 7-I. 

Granulate was prepared by Buffalo China in their industrial spray dryer in 
3000-pound batches.  Four binder systems were selected for evaluation in the 

initial trial: 1) Buffalo China’s standard dry-pressing batch consisting of a 
plasticized PVA (pPVA), 2) a sodium-lignosulphonate binder (Ligno), 3) a 
poly[ethylene glycol] (PEG) binder with a molecular weight of 8000, and 4) no 
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organic binder (NB).  The binder systems were selected in an attempt to find 



 

alternatives with a lower P1 value compared to pPVA.  Ligno has in the past 
been demonstrated to have very low P1 values.129  PEG 8000 is a waxy material 

that has a low P1 value that has been used in other studies as a binder for dry 
pressing.104,106  European tile manufacturers work with granulate that has no 
organic binder system and continue to press tiles that measure up to one square 

meter in size with a thickness of 1.5 cm.  

 
Table 7-I. Experimental Design Used to Study the Effects of 
Blended Granulate. 

Run Number pPVA Granulate Other Granulate 

1 0.00 1.00 

2 1.00 0.00 

3 0.50 0.50 

4 0.17 0.83 

5 0.83 0.17 

6 0.67 0.33 

7 0.00 1.00 

8 1.00 0.00 

9 0.50 0.50 

10 0.33 0.67 
 

Blends of granulate were prepared by tumbling the constituents together.  
Figure 7-1 is an optical microscopy image of a dry-pressed sample prepared 
using a 50-50 blend of the pPVA with Ligno.  The Ligno was dyed blue, using 

food coloring, prior to spray drying so that a homogeneous blend of granulate 
could be observed.  During the spray-drying process the blue food coloring 
degraded to a green color.  Figure 7-1 shows a uniform distribution of the pPVA 

(beige) granulate within the Ligno (green) granulate.  All binder systems and 
granulate blends were characterized for P1, compact density, and green 
strength.  Samples were prepared using the blended granulate and pressed 

using an industrial, semi-isostatic, horizontal press [PI550G, Dorst Maschinen 
und Anlagen-Bau, Kochel, W. Germany, loaned by Lenox China] for evaluation of 
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the surface finish using the optical interferometer.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1. Digital image of the surface from a dinnerware sample prepared 
using a 50-50 blend of pPVA and Ligno granulate.  The Ligno granulate was 
dyed blue, using food coloring, prior to spray drying.  The blue color degraded to 
a green color during the spray drying process.  A uniform distribution of the pPVA 
and Ligno granulate can be observed in this image. 
 

Compaction diagrams were generated using the dried granulate that was 
stored at 110ºC for a period of 16 hours.  Compaction diagrams were generated 
using an Instron Universal Testing Machine [Model 8562, Instron Corporation, 

Canton, MA].  Pellets were prepared by pouring approximately 2 grams of 
granulate into a 19.05-mm-diameter hardened steel die lubricated with a thin 
layer of oleic acid [Fisher Scientific, Fair Lawn, NJ].  The crosshead speed was 

set at 3 mm/minute up to a maximum load of 3650 kilograms force.  The position 
of the crosshead and load on the samples were recorded at ten data points per 
second.  Using the initial and final dimensions of the die, i.e., before and after 

compaction, the data from the Instron was converted to percent theoretical 
density versus Log(pressure).  Figure 7-2 is an example of a compaction diagram 
where the P1 value has been marked using a graphical method.  P2 is also 

indicated in Figure 7-2, this is the pressure at the onset of elastic energy storage 
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in the compact.  Release of this energy results in defects in the pressed part, 
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therefore the samples in this study were not pressed above P2.  To analyze the 
data the second derivative of the density versus Log(pressure) data was 

calculated and the P1 value was taken as the maximum in the second derivative 
versus Log(pressure) plot.  Five pellets were prepared using the dried granulate 
for each blend.  After compaction the pellets were weighed and placed in a dryer 

at 110ºC for 16 hours prior to determining the density and green strength. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-2. Typical compaction diagram prepared using silicon carbide granulate 
for demonstration purposes.  Marked on the diagram using a graphical method 
are P1 and P2, the pressure at the onset of granule deformation and the 
pressure at the onset of elastic energy storage respectively. 

 

The compact density was determined by measuring the dried dimensions 
of the pellets from the compaction study, using a vernier caliper accurate to 0.01 

mm, and dried weight, using an analytical balance accurate to 0.0001 grams.  
The density was calculated by assuming that the geometry of the pellet could be 
approximated by a right circular cylinder.  In cases where the pellet stuck to the 

die, no correction was made to the calculated density.  The compact density is 
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the average of five samples in the dried state. 



 

The green strength of the compacts was measured using a diametral 
compression test [Quantachrome Crush Strength Analyzer, Quantachrome 

Instruments, Boynton Beach, FL].  The dried pellets were set on edge and a load 
was applied across the diameter of the pellet.  Tensile forces were generated 
across the diameter of the pellet and a green strength was calculated using the 

formula: 

          

(16) 

where L is the load at failure, t is the pellet thickness, and d is the pellet diameter.  
The green strength is the average of five samples in the dried state. 

The dinnerware samples were pressed using the Dorst semi-isostatic 
press.  The die in the press was oriented horizontally, so that the granulate was 
fed by a vacuum system.  The granulate was pulled into the die cavity by a 

vacuum and hydraulic pressure was used to inflate an elastomer membrane 
which compacted the granulate.  The pressure on the membrane was 
approximately 300 bar (30 MPa), but during the initial loading the pressure peaks 

at nearly 350 bar.  Twenty-eight samples were pressed and fourteen were 
selected at random for evaluation of the surface roughness in the green state on 
the optical interferometer.  A five-by-five grid of images (each 1.44 mm by 1.08 

mm with a 25% overlap) was collected for a total area analyzed of 5.77 mm by 
4.33 mm and 1.23 million data points. 

As another reference point for evaluating the surface finish of dry-pressed 

ware samples were prepared in a hardened steel die using the unblended, as-
received granulate prepared by Buffalo China.  While hardened steel dies are not 
typical for pressing of ceramic bodies, mainly due to the down time associated 

with cleaning the die approximately every third pressed part, hardened steel dies 
typically result in superior surface finish.  The high hardness of the steel die 
readily deforms the granulate, but the flow of fine particles between the punches 

and the die wall gradually causes the punches to stick in the die.  An elastomer 







=

d*t*π
L*2Strength Green
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membrane, used in semi-isostatic and isostatic presses, is a compliant unit that 



 

will deform around the granulate.  Samples were pressed using an Aeonic press 
[HD-80/6.7, Aeonic Press Company, Easton, PA] at pressures in the range of 

5,000 to 10,000 psi.  These pressures were all greater than that in the Dorst 
press. 

7.2.3 Results 

The compaction results for P1 are shown in Figure 7-3 (pPVA-Ligno 
blends), Figure 7-4 (pPVA-PEG blends), and Figure 7-5 (pPVA-NB blends).  In 
all cases a change was observed in the measured P1 value of the blended 

granulate, i.e., blending of the granulate results in a hybrid P1 value.  The 
blended systems were observed to have intermediate values relative to the 
unblended systems.  This shift in the P1 value was related to the percolation 

threshold of the blended system.  When the blends are comprised of nearly 
100% of a single binder system, the resulting P1 value is near to that of the 
unblended granulate.  The primary constituent in the blend acts as a support 

creating a three dimensional network in which the minority constituent is 
shielded.  Upon applying a load the primary constituent supports the load thus 
the measured P1 value is near to that of the unblended granulate.  In the 

intermediate region the P1 value falls between the two extremes of the 
unblended granulate.  In this region neither of the constituents can create a 
network to support the load.  The harder granulate pushes on the softer 

granulate causing deformation and better compaction.  A schematic illustration of 
this is shown in Figure 7-6 for a 50-50 blend of hard and soft granulate.  This 
type of behavior is most clearly seen in Figure 7-4 for the pPVA-PEG blends.  

The other systems shows a slightly different behavior where the P1 value 
continues to decrease as more pPVA granulate is substituted in the blend, this is 
an artifact of blending two hard granules, i.e., the second granulate is harder than 

the pPVA granulate.  While the pPVA-NB blends were observed to have the 
lowest P1 values, dinnerware manufactured in an industrial process at Buffalo 
China were observed to have insufficient strength to survive the forming and 

ejection process.  Data from the industrial trials at Buffalo China is presented in 
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Appendix E. 
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prepared using pPVA and PEG granulate.  P1 of unblended PEG granulate is 
lower than that of pPVA granulate. 
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Figure 7-3. Pressure at the onset of granule deformation (P1) for the blends 
prepared using pPVA and Ligno granulate.  The P1 value of unblended Ligno 
granulate is observed to be higher than that of pPVA granulate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-4. Pressure at the onset of granule deformation (P1) for blends 
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Figure 7-5. Pressure at the onset of granulate deformation (P1) for blends 
prepared using pPVA and NB granulate.  P1 of unblended NB granulate is higher 
than that of pPVA granulate. 

 

To validate this model for compaction a Lexan™ die was constructed.  A 
thin slot was left open in the center of the die thus creating a two dimensional die.  
The die was placed into the Instron and compaction diagrams were generated 

using neoprene o-rings of various thickness, solid steel washers, and solid 
rubber disks to simulate soft, hard, and intermediate granulate respectively.  The 
loading rate was maintained the same as used for the hardened steel die, i.e., 3 

mm/minute, to a maximum load of approximately 23 kilograms force.  
Compaction diagrams were generated by measuring the projected area, i.e., an 
areal density, of the neoprene o-rings and disks and the steel washers, example 

compaction diagrams are shown in Figure 7-7.   

Noise is observed in the compaction diagrams from these pseudo-
systems due to the neoprene sticking on the surface of the Lexan™ die; no 

lubricants were used in this study.  The washers and solid neoprene disks were 
taken to have an areal density equivalent to their projected, solid area.  The o-
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rings were considered completely deformable with an areal density equivalent to 
that of the neoprene.  Blends of hard and soft “granulate” were run in the 

simulated die and compaction diagrams were generated.  Movies were taken of 
the deformation process and, despite problems with the neoprene sticking and 
not transferring the load through the body, the softer granulate were observed to 

be deformed by the harder granulate.  In “blends” where the harder “granulate” 
were able to create a network, the load was observed to be supported by the 
harder “granulate,” leaving the softer “granulate” undeformed.  Overall the soft 

g the 

lower P1 v

 

the particles 
 

hypothesis
spray drying (Table 7-II).  The lignosulphonate system was observed to have a 
very low viscosity for roughly the same specific gravity as the pPVA system, i.e., 

there was more repulsion between the particles in suspension prior to spray 
drying.  The pPVA-PEG blends showed an increase in the measured P1 value as 
pPVA granulate was added in the blend.  The pPVA-NB blends showed a slight 

decrease in the measured P1 value as pPVA granulate was added to the blend.  
This small shift in the measured P1 value was within experimental error. 

“granulate” was observed to deform around the hard “granulate” facilitatin
compaction and rearrangement of the “granulate” under a normal load. 

A comparison of the P1 results from the blended granulate study can be 

observed in Figure 7-8. The pPVA-Ligno blends were observed to overall have 
higher P1 values than the pPVA granulate.  This result was contrary to the goal 
of blending the granulate.  It was the goal to develop a blended system with a 

alue when compared to the pPVA granulate.  It was theorized that the 
Ligno granulate, which initially had the highest P1 value out of the binder 
systems studied, formed a more dense granule on drying.  Lignosulphonate is

also known to serve as a dispersant, thus increasing the repulsion between the 
particles in the suspension.  This allowed further rearrangement of 
upon drying, resulting in a densely packed granule with a high P1 value.  This

 was ratified by the viscosity data collected by Buffalo China prior to 



 

 214

while the soft granules fill in voids between the hard granules. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-6. Schematic illustration of compaction in systems with blended 
granulate.  The textured circles represent soft granules while the solid are hard 
granules.  During compaction the hard granule remain relatively undeformed 
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Figure 7-7. “Compaction diagrams” generated using thin o-rings and steel 
washers to represent soft and hard granulate.  A shift in P1 is observed due to 
blending of the “granulate.”  The areal density is reported as the projected area of 
each component, the steel washers are considered to be solid while the o-rings 
are considered hollow for the calculation. 
 

 

Table 7-II. Suspension and Granulate Properties from the Batches 
Used to Prepare Granulate in this Study.   

Batch 
Viscosity 

(centipoises) 

Specific 
Gravity 

of suspension 

Mean Diameter 
(estimated) 

(micrometers) 

Fill Density 
 

(g/cm3) 

Flow Rate 
for 50 grams 

(sec.) 

pPVA 800 1.662 270 0.930 24.27 

Ligno 450 1.668 260 0.935 34.68 

PEG 50 1.675 245 0.922 23.56 

NB 200 1.683 240 0.958 54.78 
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Figure 7-8. Comparison plot of the P1 values obtained from the blending study.  
A shift in P1 is observed as the concentration of pPVA granulate in the blend 
increases. 

 

The compact density for the blending study is plotted in Figure 7-9.  For 
each blen ve a 

signific
high P1 v e 

pact 

density. 

 

µm, measured during the initial study.  The initial results show not only a higher 

pPVA in Blend (wt%)
0 20 40 60 80 100

P
1 

(M
P

a)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

pPVA - Ligno
pPVA - PEG
pPVA - NB

d of granulate analyzed the pPVA-Ligno blends overall ha

antly lower compact density.  This is a result of poor compaction due to a 
alue.  Blends that were prepared using softer granulate, i.e., thos

prepared with PEG or NB granulate, were observed to have a higher com

The green strength of the compacts from the blending study is plotted in 
Figure 7-10.  Statistically there was no difference in the measured green strength 

of the compacts in this study. 

The roughness results from the interferometer for the samples prepared 
on the horizontal semi-isostatic press initially indicated a poor surface finish.  The 

roughness from the pPVA samples, Buffalo China’s standard dry-pressing body,
prepared at Alfred University had a RMS roughness of 10.06±1.14 µm compared 
to the industrially prepared samples which had a RMS roughness of 8.54±0.61 
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roughness, but significantly more scatter in the data; as indicated by the error in 
emi-

easured 

 

 

 the 

the orientation was selected at random. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-9. Comparison plot of the compact density obtained from the blending 
study.  The density of the pPVA - Ligno blends is observed to be significantly 
lower than the other samples due to the higher P1 value. 
 

pPVA in Blend (wt %)
0 20 40 60 80 100

C
om

pa
ct

 D
en

si
ty

 (g
/c

m
3 )

1.75

1.80

1.85

1.90

1.95

2.00

2.05

2.10

2.15

2.20

2.25

pPVA - Ligno
pPVA - PEG
pPVA - NB

the measured RMS roughness.  The ware prepared on the horizontal s

isostatic press at Alfred University was observed to have texture in the pressed 
surface that was apparent to the unaided eye. 

Furthermore, it was believed that the error range in the m

roughness of the industrially prepared ware was partially an artifact of orientation 
of the ware in the die.  Roughness at the “top” of the sample was higher
compared to the “bottom” of the ware; the ware was pressed on edge.  Since no 

orientation was indicated on the samples supplied by Buffalo China, this is 
merely a hypothesis.  Samples from the industrial trials, discussed in Appendix E,
support this hypothesis since pressing defects could be used to determine the 

orientation of the ware.  No effort was made to correlate the orientation of
ware to the roughness as this data was not available for all samples; therefore 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-10. Comparison plot of the green strength from the blending study.  No 
significant difference is observed in the green strength of the samples. 
 

Based upon these observations the stitched roughness results from the 

interferometer were divided back into the original images using the masking 
function in the software, i.e., the results from the industrially prepared ware was 
divided into 48 images and the results from the ware prepared at Alfred 

University were divided into 25 images, all of which were 1.44 mm by 1.08 mm in 
size.  By breaking down the data in this manner it was possible to evaluate the 
roughness on each individual image rather than the compiled data from the 

stitched image.  The RMS roughness from each image was plotted as a function 
of position in a contour plot.  Representative contour plots are shown in Figure 7-
11 for the industrially prepared ware and Figure 7-12 for the samples prepared at 

Alfred University; the pPVA binder system is shown in both figures.  The plots 
show that there was significantly higher variation in the RMS roughness from the 
ware prepared at Alfred University on the horizontal press.  Buffalo China uses a 

vertical press to manufacture their dry-pressed ware.  In a vertical press the 
granulate is filled by a gravity-assisted vacuum system; a schematic of the 
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difference in the die design is shown in Figure 7-13.  This design difference plays 
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function of position.  
 

6 
7 
8 
9 
10 
11 

1 mm 

a crucial role in the uniformity of the die fill.  The gravity-assisted system, the 
vertical press, had a more uniform die fill resulting in better compaction of the 

granulate.  There were fewer voids which needed to be filled by granule 
rearrangement, the initial stage of compaction, when the die fill was more 
uniform. 

Since an uncontrolled variable, i.e., the die fill, was artificially inflating the 
measured surface roughness of the ware, the roughness results from only the 
individual images was considered.  Three roughness results were calculated, 1) 

the roughness of the individual images, i.e., the average of 350 (14 samples and 
25 images per sample) images, 2) the three lowest roughness readings from 
each sample, i.e., 42 out of 350 images were considered for the roughness 

reading, 2) the overall lowest reading from each sample, i.e., 14 out of 350 
roughness results.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-11. Contour plot of the RMS roughness, measured in micrometers, as a 
function of position on the pPVA sample prepared by Buffalo China in the vertical 
press.  Little variation is observed in the RMS roughness of the surface as a 
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Figure 7-12.  in micrometers, as a 
function of ed University in the 
horizontal pr ess of the 
surface as a
 
 
 

The rough  blends), 

 

idering the lowest 

e 7-17.  Similar to the P1 
values a si  initially 
has a plat  and a secondary 

plateau.  In
granulate was substit rary to the prediction from 
the P1 results, where P1  

is proposed that while the NB granulate was “harder” than the pPVA granulate, 
once the P1 value was reached the NB granulate returned to the primary 
particles that make up the porcelain batch, i.e., it was a friable system.  

figure the three sets of data which were previously described are plotted.  A 
comparison of the roughness results obtained when only cons

roughness reading from each surface is shown in Figur
gmoidal type of behavior was observed where the roughness

eau, followed by a sharp change in the roughness,

 the case of the pPVA-NB blends the roughness decreased as NB 
uted for the pPVA.  This was cont

increased as NB granulate was substituted for pPVA.  It

 Contour plot of the RMS roughness, measured
position on the pPVA sample prepared at Alfr
ess.  Large variations are observed in the RMS roughn
 function of position.  

ness results are shown in Figure 7-14 (pPVA-Ligno

Figure 7-15 (pPVA-PEG blends), and Figure 7-16 (pPVA-NB blends).  In each

10 
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t surface 
 

observed f
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-13. Schematic of the dies installed in the industrial presses used for this 
study, (A) horizontal press and (B) vertical press.  The dies are shown as the 
cross-hatched boxes with the load applied as indicated by the gray arrows.  The 
granulate is fed as illustrated by the black arrows and facilitated by a vacuum 
system (white arrow).  In the case of the vertical press (B) the vacuum system is 
assisted by gravity to fill the die. 
 

Furthermore the P1 values were measured on dried samples of granulate while 
the samples were pressed using the as-received granulate from Buffalo China;

as mentioned earlier physical water in the granulate serves to reduce P1. 

To determine if the measured P1 value could be used to predic
roughness of the dry-pressed ware from the Dorst press a correlation plot was

prepared considering P1 as a function of the RMS roughness, Figure 7-18.  A 
strong correlation as observed for the pPVA-Ligno and pPVA-PEG blends where 
the roughness increased as the P1 value increased.  A different behavior was 

or the pPVA-NB blends.  An increase was measured in the RMS 
roughness as the P1 value decreased.  This inverse relationship was most likely
the result of the friable nature of the NB granulate.   

Granulate 
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Vacuum 

Vacuum 

Granulate 
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Figure 7-14. Plot of the roughness results for the pPVA – Ligno blends.  Three 
results are plotted due to the poor die fill artificially inflating the roughness 
measurement; the lowest values (in blue) were used for comparison purposes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
results are plotted due to the poor die fill artificially inflating the roughness 
measurement; the lowest values (in blue) were used for comparison purposes. 
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Figure 7-15. Plot of the roughness results for the pPVA – PEG blends.  Three
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results are plotted due to the poor die fill artificially inflating the roughness 
measurement; the lowest values (in blue) were used for comparison purposes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-17. Comparison plot of the lowest RMS roughness reading for each 
sample as a function of the amount of pPVA granulate in the blend.  The data 
reported is the average of fourteen roughness readings for each blend.  Addition 
of Ligno granulate to the pPVA is observed to increase the RMS roughness while 
PEG and NB granulate are observed to reduce the RMS roughness.  

Figure 7-16. Plot of the roughness results for the pPVA – NB blends.  Three
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Figure 7-18. Correlation plot for the measured P1 value from the blended 
granulate and the measured RMS roughness from the optical interferometer.  A 
correlation is observed for the pPVA-Ligno and pPVA-PEG blends while an 
inverse correlation is observed for the pPVA-NB blends. 

 

As further evidence that the die fill was artificially inflating the measured 
RMS roughness, images of the surface from a 100% PEG sample were taken 
using an optical microscope, Figure 7-19.  The light source was nearly parallel to 

the sample surface to create shadows, which are a semi-quantitative indication of 
the surface finish.  Two images, only a few millimeters apart, were taken from the 
surface of the same sample.  The first image shows a relatively smooth surface, 

Figure 7-19 (left), the second image shows a much rougher finish, Figure 7-19 
(right). 

Based upon the P1 and roughness results an industrial trial using blended 

granulate was arranged.  In the industrial trail three sets of blended granulate 
were proposed and the unblended pPVA was used as a reference.  Alfred 
University supplied the unblended pPVA granulate since storage at the dry-

pressing facility may have changed the properties of the granulate due to 
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fluctuations in moisture content and the possible growth of secondary organics, 
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industrial trail are 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-19. Images from the optical microscope of the surface from a 100% 
PEG sample pressed on the horizontal press at Alfred University.  The image on 
the left shows well deformed granulate while the image on the right shows poorly 
deformed granulate.  Both images were taken from the same sample only a few 
millimeters apart. 

The roughness results from the samples prepared on the Aeonic press are 

shown in Figure 7-20.  The roughness of the samples all fall below that of the 
jiggered ware, the smoothest surface evaluated in Chapter 6.  Relics of the 
granulate were still observable in the images from the optical interferometer, not 

shown.  Even at higher loads using a non-compliant, hardened steel, pressing 
surface the granulate was still observable in the pressed surface.    The peak-to-
valley distance, i.e., the worst-case statistic, was significantly lower for the 

samples prepared using the hardened steel die compared to the samples from 
the semi-isostatic press. 

 
 
 
 
 
 
 
 

i.e., fungal growth, within the granulate.  The results from the 
discussed in Appendix E. 

Well Deformed Granulate
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Poorly Deformed Granulate0.5 
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Applied Pressure (MPa)
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Figure 7-20. RMS roughness as a function of forming pressure for the samples 
prepared on the Aeonic press using a hardened steel die.  Roughness is 
observed to decrease with increasing pressure, all roughness results are 
significantly below the roughness for the jiggered ware. 
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7.2.4 Summary and Conclusions 

 

ems.  
es 

o 

 observed 

 
 

RMS roughness was observed to be correlated to the P1 value 
determined by uniaxial compaction in a hardened steel die.  Compaction in a 

observed t

 

hardened steel die was observed to significantly reduce the measured surface 
roughness of the pressed ware.  Tiles prepared in a hardened steel die were 

o have a lower RMS roughness than that of the plastic-formed ware 

tested in Chapter 6. 

Blending of dried granulate systems with different P1 values was observed 
to result in a hybrid system where the P1 value was that of the majority 

constituent.  No significant changes were observed in the compact density or 
green strength of the compacts prepared using the blended granule syst
The proposed model for compaction of binary blends of granulate, i.e., mixtur

of hard and soft granules, was validated using steel washers and o-rings t
simulate the granules. 

Surface finish of dinnerware prepared in a semi-isostatic die was

to be strongly dependent on the die fill prior to compaction.  Die fill was an
uncontrolled variable in the study that was observed to interfere with compaction. 
Texture was apparent to the unaided eye in the surface finish of the dinnerware 

prepared with the horizontal press.   
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7.3  M

e 

 size 

7.3.2.1 Experimental Procedure 

For this study the industrial granulate, supplied by Buffalo China, with 

three week
the relative
mole-fracti

 

s; the 

 
bient 

 

in weight due to the absorption of water was measured.  The samples were 
sealed in plastic bags for an additional two weeks prior to determining the 

pressure at the onset of granule deformation, P1.  Samples were characterized 

different binder systems was used.  Approximately two grams of granulate were 
weighed into porcelain crucibles and the moisture content of each sample was 
determined by drying at 110˚C for 16 hours.  The crucibles were then stored for 

s at 50˚C in desiccators above saturated salt solutions that controlled 
 humidity within the chamber.  The higher the solubility of the salt on a 
on basis, the lower the relative humidity within the chamber.  The 

various treatments for the granulate in this study are listed in Table 7-III; the
relative humidity in the desiccator was measured using a hygrometer.  The dried 
samples were not subjected to any treatment during the three week

samples were stored in sealed plastic bags until they were tested.  The samples
that were designated “humidity uncontrolled” were stored at 50˚C and am
humidity during the three weeks of storage, i.e., the humidity was unregulated. 

After three weeks the samples were cooled to room temperature and the change 

echanics of Granule Deformation 

7.3.1 Introduction 

To understand the mechanics of granule deformation two studies wer
performed using the unblended granulate.  The first involved understanding the 
effects of moisture content on P1.  Samples of granulate were stored for a period 

of three weeks at 50˚C in desiccators with various salt solutions.  The presence 
of the salt solutions in the desiccators regulated the relative humidity within the 
chamber.  The other study involved sieving granulate into a series of

fractions to determine the effect of granule size on compaction.  In both studies 
the P1 value, the pressure at the onset of granule deformation, compact density, 
and green strength of the compacts was determined. 

7.3.2 Relative Humidity Effects 
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ental 
procedures

 

to determine P1, the pressed compact density, and green strength.  Experim
 used for this study have been reported in Chapter 7.2.   

 

Table 7-III. Storage Conditions Used to Regulate the Relative
Humidity. 

Storage Temperature Relative Humidity Solubility 
Storage Condition 

(˚C) (%) (g/100 H20)

As Dried ~18 0 N/A 

Humidity Unregulated 50 5-10 N/A 

LiCl 50 18 

NaNO3 50 60 

KCl 50 90 

H20 50 100 

As Received ~18 N/A N/A 

g 

90 

95 

85 

N/A 

 
7.3.2.2 Results 

Storing granulate in humid surroundings allows physical water to 
condense in the pore structure of the granulate.  A plot of the pore radius filled as 
a function of the relative humidity, calculated from thermodynamics,130 is shown 

in Figure 7-21.  Also shown in Figure 7-21 is the moisture content of the 
granulate after three weeks storage at 50˚C over the salt solutions used in this 
study.  A similar trend is observed in the data indicating that the neck region 

between particles in the granulate has become filled with physical water as a 
function of the relative humidity.  During the two weeks that the hydrated 
granulate was stored at ambient conditions, prior to determining the onset of 

granule deformation, there was a change in the moisture content as the 
granulate gradually loses moisture to the surrounding environment.  The 
moisture content of the granulate after generating the compaction diagrams is 

plotted in each figure. 

Predictions for the amount of physical moisture condensed in a packed 
powder bed as a function of particle size can be determined by making some 

assumptions.  Spherical particles were assumed to be in a dense face-centered-



 

 230

cubic packing arrangement.  The volume formed by a meniscus of water at the 
contact between two neighboring particles was calculated from liquid-phase 

sintering theory131 and the radius of curvature for the meniscus was assumed to 
be equivalent to the radius of a pore that would be saturated at a given relative 

 

 

 

 

 

 

 

 

 

 

Figure 7-21. Plot of the pore radius filled as a function of relative humidity of the 
surrounding environment and the moisture content of the granule samples after 
three weeks in a humidity controlled environment. 

 

The results for the hydrated granulate are compared in Figure 7-23 (P1), 
Figure 7-24 (compact density), and Figure 7-25 (green strength) as a function of 
the relative humidity at which the granulate were stored.  The P1 value for the 

lignosulphonate granulate was observed to be significantly higher than the other 
binder systems until a relative humidity of 90%.  Little difference was observed in 
the pressed density and the green strength between the granulate.   

humidity. 130  The resulting plot is shown in Fi

the moisture content of the compact increa
Stated in another way the moisture conten
size for a given relative humidity. 
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Figure 7-22. Prediction for the moisture content of a compact of assumed
spherical particles in a face-centered cubic packing arrangement as a function of
particle radius and relative humidity.  Moisture content was calculated for an
assumed FCC packing arrangement of spherical particles using sintering theory. 
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Figure 7-23. Plot of the pressure at the onset of granule deformation (P1) as a 
function of relative humidity for the hydrate granulate.  In all of the binder 
systems studied there is a decrease in the measure P1 with increasing relative 
humidity.  
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Figure 7-24. Plot of the pressed density as a function of relative humidity for the 
hydrated granulate.  No significant difference is observed in the pressed density 
between the binder systems studied.  There is a significant increase in the 
compact density above 90% relative humidity. 

 

 

Figure 7-25. Plot of the green strength, measured by diametric compression, as a 
function of relative humidity for the hydrated granulate.  No significant difference 
in strength is observed until 100% relative humidity. 
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7.3.2.3 Discussion  

Moisture content had a significant effect on the deformation of the 

granulate in the binder systems tested.  Moisture acts as a plasticizer for many 
organics reducing the glass-transition temperature, making the organic more 
deformable (or softer).  When moisture is removed from the granulate P1 was 

observed to increase and when the granulate was re-hydrated at high relative 
humidity it was possible to re-introduce sufficient physical water into the 
granulate to again serve as a plasticizer, i.e., the P1 value was reduced to the 

as-received value. 

No significant variation was observed in the compact density or green 
strength of the compacts that were stored at less than 90% relative humidity.  

Samples that were stored at 100% relative humidity were observed to have a 
significantly higher compact density and green strength.  Furthermore the Ligno 
granulate that was stored at 100% relative humidity was observed to have a 

significantly higher green strength compared to the other binder systems studied. 

The results indicate that when all water was removed (at 110˚C) prior to 
re-hydration the granulate must be stored at greater than 90% relative humidity 

to reintroduce sufficient water to make the granulate deform like the as-received 
material.  In the case of pPVA granulate there was an effect at lower relative 
humidity as observed by the drop in P1 at 10% relative humidity; this was due to 

the moisture plasticizing the PVA; water is known to be an effective plasticizer for 
PVA.39 

When the samples were stored at 100% relative humidity the measured 

attributes, i.e., the P1 value, compact density, and green strength, of the re-
hydrated granulate were observed to exceed those of the as-received material.  
There was a problem with storing the granulate at 100% humidity and that was 

the growth of secondary organics (i.e., fungal growth) within the granulate.   
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( ) d
d r2πaf1 ⋅⋅−

7.3.3 Effect of Granule Size on Compaction – moisture content distribution 
argument 

7.3.3.1 Experimental Procedure 

Samples of granulate were sieved into size fractions ranging from 600 

micrometers (30 mesh) to 45 micrometers (sub-270 mesh).  Each size fraction 
was tested for moisture content by heating the sample to 110˚C and measuring 
the weight loss.  The remaining granulate from each size fraction was used to 

generate compaction diagrams to determine P1.  The resulting pellets were 
tested for compact density and green strength; procedures were outlined in 
Chapter 7.2. 

A two-dimensional computer model was developed to investigate the 
drying of a virtual droplet in the spray dryer.  This model allowed the operator to 
control the size of the droplet, the particle size, solids loading (taken as an area 

fraction), and the parameters associated with the operation of the spray dryer.  
The model used mathematical formulas to simulate the changes during the 
drying process.132-139  The model assumed that the particles are all uniformly 

dragged toward the center of the droplet as water was removed from the system.  
The spray dryer was assumed to be in a steady state and the difference in the 
inlet and outlet temperatures was assumed to be lost to evaporation of water, a 

cooling process, in the droplet.   

Equations were derived to explain the change in the radius of the droplet 
as a function of the drying rate, gas flow rate, and the pump rate of the 

suspension.  The derived equations are shown below: 

(17) 
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The Mathematica™ notebook, the system of mathematical equations to run the 
model, is shown in Appendix F.  The full list of variables used in generating the 

virtual droplet is shown in Appendix F, section 1.0.  The parameters used to 
study the drying time of an atomized droplet are listed in Table 7-IV. 

 
Table 7-IV. Parameters Used to Model a Drying Droplet in a Spray 
Dryer. 

Gas Inlet Temperature 300°C 
Spray Dryer Outlet Temperature 120°C 

Suspension Temperature 30°C 

2003 and subjected to their standard tests, the results indicate that there was no 
measurable moisture content in the sample (according to their standard 

practice).140 

Gas Flow Rate 0.5167 m
3
/sec. 

Suspension Pump Rate 2 mL/sec. 

7.3.3.2 Results 

The plots of the granule size distribution can be observed in Figure 7-26 
(Ligno), Figure 7-27 (pPVA), Figure 7-28 (PEG), and Figure 7-29 (NB).  The 

average moisture content in each size fraction is shown in the figures for each of
the samples.  There was a significant moisture content distribution in the 
granulate samples with the exception of the PEG granulate.  The moisture 

content of each sample was tested at the time that the super-sacks were 
prepared by Buffalo China.  The average moisture content for the as-received 
granulate, measured at the time that the granulate was prepared and during this 

 

 

study, are listed in Table 7-V.  There was a significant decrease in the average 
moisture content of the granulate after it was stored at the dry-press facility, a 
facility that does not have ontrols other than heat.  A 

sample of the stored pPVA gran turned to Buffalo China in January, 

any type of environmental c

ulate was re
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Figure 7-27. Granule size distribution and moisture content distribution for the 
pPVA granulate.  A moisture content distribution is observed in the sieved 

100 3.0

Figure 7-26. Granule size distribution and moisture content distribution for the 
Ligno granulate.  A moisture content distribution is observed in the granulate with 
high moisture content in the larger granules. 

 

 

 

granulate with the larger granules retaining more moisture. 
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Figure 7-28. Granule size distribution and moisture content distribution for the 
PEG granulate.  No significant moisture content distribution is observed in the 
granulate. 

 

 

 

Figure 7-29. Granule size distribution and moisture content distribution for the no 
organic binder (NB) granulate.  A small moisture content distribution is observed 
in the granulate. 
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Table 7-V. Moisture Content of the Granulate at the Time That it 
was Prepared by Buffalo China and at the Time of Analysis in This 
Study. 

Moisture Content 
when spray dried 

Moisture Content 
at time of analysis* Binder System 

(wt%) (wt%) 

Ligno 2.50 ± 0.56 1.04 ± 0.05 

pPVA 2.47 ± 0.68 0.66 ± 0.04 

PEG 2.36 ± 0.27 0.66 ± 0.04 

No Binder (NB) 2.06 ± 0.51 0.79 ± 0.02 

* Granulate was stored in sealed containers 6 months 
 

A comparison of the results can be observed in Figure 7-30 (P1), Figure 7-

31 (compact density), and Figure 7-32 (green strength) as a function of the 
granule diameter for each binder system in this study.  The P1 value for 
lignosulphonate granulate was overall much higher (neglecting the P1 value for 

the sub-230 mesh material) than the other three binder systems; little difference 
in P1 was observed for the other systems studied.  No difference in compact 
density was observed between the binder systems in this study.  The green 

strength of pPVA granulate was higher than the other three binder systems.  The 
pPVA granulate had a lower P1 value than the lignosulphonate granulate 
allowing the granules to deform under pressure (i.e., it was a softer binder 

system).  The PEG granulate was a very soft binder system that was not 
effective as a dry-pressing binder; during the industrial trial the samples prepared 
with PEG failed upon ejection from the dry press.  Finally the NB system had no 

organic binder to provide green strength; the pellets return to a powder under the 
applied load.   

The data generated with the <50 µm granulate were observed to have 

significantly lower properties compared to the rest of the samples.  This was an 
artifact of the internal friction between the particles during compaction.  The <50 
µm particles were approaching the size of the materials; the quartz used in this 

study was a sub-325 mesh powder.  A 325-mesh sieve has an opening of 45 
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micrometers, i.e., all of the powder in the 325-mesh quartz had a particle size of 
less than 45 micrometers.   

The Mathematica™ model was used to determine the drying time 
necessary for a spray-dried droplet as a function of solids loading, reported as an 
area fraction (af) and initial droplet radius, Figure 7-33.  The change in the 

appearance of a drying droplet as a function of time is shown in Figure 7-34 for a 
25 v/o alumina suspension with an initial radius of 200 micrometers. 

7.3.3.3 Discussion 

Only a small moisture content distribution was observed in the granulate 
samples tested.  This was due to the storage conditions at the dry-press facility.  
The granulate used in this portion of the study was stored for a period of twelve 

months under ambient conditions in unsealed super-sacks.  This resulted in the 
constant fluctuation of the moisture content within the granulate in an effort to 
equilibrate with the surrounding environment.  At the time that the granulate 

samples were taken the relative humidity was high (greater than 80% in June, 
2002) and during the six months of storage in sealed polypropylene containers 
the samples have still not reached an equilibrium moisture content in all size 

fractions.   

The observed moisture-content distribution was a consequence of the 
spray-drying process.  The finer granules dried earlier in the spray dryer and 

were subject to a thermal treatment that made the polymer more hydrophobic in 
nature (e.g., hydroxyl groups were removed from the PVA structure resulting in a 
carbon-to-carbon double bond; see Appendix G for the proposed decomposition 

reaction).  Larger granules retained moisture longer in the spray drying process 
and therefore remained cooler allowing the polymer to remain more hydrophilic; 
there was less thermal degradation of the organic in the larger granules.  The 

change in the nature of the polymer binder and the moisture content in each size 
fraction can be correlated to the change in the pressure at the onset of granule 
deformation.  The PEG granulate was observed not to have a moisture content 

distribution.  PEG is known to readily decompose to lower-molecular weight, 
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volatile species rather than degrade to form a hydrophobic species. 
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study. 
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Figure 7-30. Comparison plot of the pressure at the onset of granule deformation 
(P1) for each binder system as a function of the granule diameter.  The 
measured value for the lignosulphonate granulate is observed to be significantly 
higher than the other binder systems in this study. 

 

 

Figure 7-31. Comparison plot of the pressed density of the pellets prepared for 
each binder system in this study as a function of granule diameter.  Little 
difference is observed in the compact density of the pellets prepared in this 
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Figure 7-32. Comparison plot of the green strength, measured by diametric 
compression, for each binder system in this study as a function of granule 
diameter.  pPVA granulate is observed to provide the highest green strength 
followed by lignosulphonate granulate.  The PEG and NB granulate have lower 

 

Figure 7-33. Drying time of a virtual droplet as a function of initial droplet radius 
and solids loading (reported as an area fraction, af). 

green strengths due to the poor performance of these “additives.” 
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           → 
   time = 6 seconds 
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Figure 7-34: Results from the mathematical model to investigate the spray drying 
process.  The virtual droplet has an initial radius of 200 micrometers and a solid 
loading of 25 volume percent. 



 

While all size fractions (with the exception of the fines) were statistically 
pressed to the same density there was a significant difference in the green 

strength of the samples as a function of granule diameter.  Larger granules were 
observed to have a lower green strength due to the larger flaw size (the porosity 
remaining between deformed granules).  All binder systems passed through a 

maximum green strength as the granule diameter decreased; this maximum was 
observed between 60 and 90 micrometers in this study depending on the binder 
system.  The smaller granule sizes resulted in a smaller flaw size within the 

pressed compact.  The extreme fines, granules <50 µm in diameter, were 
observed to have very low compact density and green strength.  This fine fraction 
of the granule size distribution was approaching the size of the primary particles 

used to prepare the granule.  Therefore the internal friction between the 
granules, or the primary particles, hindered particle rearrangement and 
compaction resulting in a sharp decrease in the compact density with a 

corresponding decrease in the green strength. 
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7.3.4 Summary and Conclusions 

Moisture content was confirmed as a crucial parameter in the deformation 

of granule systems.  By initially drying samples of granulate and subsequently 
storing the granulate in a controlled humidity environment it was possible to 
rehumidify and restore the properties of the as-received granulate.  Sample 

stored at 90% relative humidity performed as well as the as-received granulate.  
Samples stored at 100% relative humidity performed better than the as-received 
material in uniaxial compaction.  The samples at 100% relative humidity were 

observed to have a fungal growth, indicated by the smell of the samples.   

A moisture-content distribution was observed in the granulate samples, 
with the exception of the PEG binder system.  Despite storage of the granulate in 

a sealed container for six months the moisture content was not observed to 
equilibrate.  This moisture-content distribution could play a role in the 
deformation of the granulate since the finer fractions will have a lower moisture 

content than the larger size fractions.  Compaction was not observed to be 
dependent on granule size with the exception of the extreme fines, the sub-230-
mesh granulate.  This fraction was approaching the size of the primary particles 

in the whiteware batch; the quartz is a sub-325 mesh grade.  Compact density 
was observed to not be dependent on the granule size.  Green strength passed 
through a maximum at an intermediate granule size (between 60 and 90 

micrometers); larger granules have large residual pores after compaction which 
served as a critical flaw for failure. 
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The alternative binder systems selected as possible replacements for 
pPVA in this study are listed in Table 7-VI; a discussion on the binder selection 
will follow the experimental procedure.  The concentration of binder in the spray-

dried granulate was varied to study the effects of binder concentration on the 

 

Alfred Univ  

 
 

viscosity s

control of the spray dryer can be found in Appendix G. 

deformation of granulate and the properties of the resulting compacts.   

Suspensions were prepared using the granulate supplied by Buffalo China 

without an organic binder system at 30 v/o solids; this is lower than typically used 
in industry to minimize problems in pumping the suspensions prepared with high 
concentrations of binder.  The rheology of the samples with high binder

concentration was tested to predict problems in pumping the suspension in the 
spray dryer.  Granulate was prepared using the laboratory-scale spray dryer at 

ersity [BE985, Bowen Engineering Inc., North Branch, NJ].  The inlet

temperature was set between 290 and 300˚C and the outlet temperature was
uncontrolled; evaporation of water determined the outlet temperature of the spray
dryer.  The pump speed was adjusted with viscosity of the suspension; higher-

uspensions were pumped at higher rates.  A 1.5-mm-diameter nozzle 
was used with the atomizer pressure set between 13 and 14 psig.  Data on the 

7.4. Alternative Binder Systems for Dry Pressing 

7.4.1 Introduction 

Kim found that a negative interaction occurs between PAA (or PM
lting in the phase separation of the organics into distinct domain

The negative interaction results in case-hardened granules that do not eas

deform during compaction.  Alternative binders to replace PVA in the spray-
drying process were investigated to reduce the P1 value of the resulting 
granulate.  The resulting granulate was evaluated to determine the P1 value,

compact density, and green strength.  Dinnerware and tile samples were 
prepared to evaluate the surface finish of the pressed ware. 

7.4.2 Experimental Procedure 
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* Plotted with the Veegum™ T data 
** dwb – dry weight basis 

 

The resulting granulate was tested for granule size distribution, moisture 

ion 
was deter

 
outline ured 
dimensions

h 
hardened s
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package [v hod 

described in Chapter 6.  The dinnerware samples from the Dorst press were 
characterized using a 5.77 mm by 4.33 mm area, corresponding to a 5 by 5 grid 

content, P1, compact density, green strength by diametral compression, and fill 

density (determined from the compaction data).  The granule size distribut
mined using the Horiba particle size analyzer [LA-920, Horiba 

Instruments, Inc., Irvine, CA] set up for dry samples.  Moisture content, P1, 

compact density, and green strength were determined using the procedures
d under Chapter 7.2.  The fill density was determined using the meas

 of the die prior to compaction and the weight of granulate. 

Samples were pressed for evaluation of the surface roughness using the 
Dorst industrial semi-isostatic dinnerware press and the Aeonic press wit

teel dies.  The samples were all pressed at approximately the same 

pressure, 300 bar or 30 MPa.  The samples were characterized for surface 
 using the optical interferometer and an updated MetroPro software 
.7.12.0, Zygo Corporation, Middlefield, CT] and the stitching met

Table 7-VI. Binder Systems Investigated as Possible Replacements 
for pPVA Binder Systems in Dry Pressing. 

Binder Binder Concentration (wt%, dwb)** 

pPVA 0, 0.25, 0.50, 1, 2, 5 

Ligno 0.25, 0.50, 1, 2, 5 

pPVA / Veegum™ T 0, 0.25, 0.50, 1, 2, 5 

Agar 0, 0.25, 0.50, 1, 2, 5 

Acrylic Latex 0, 0.25, 0.50, 1, 2, 5 

Starch 0.25, 0.50, 1, 2, 5 

Sugar 0.25, 0.50, 1, 2, 5 

Veegum™ T 0.25, 0.50, 1, 2, 5 

Methyl Cellulose 0, 0.1, 0.25, 0.5, 0.7 

Carboxymethyl Cellulose 0, 0.1, 0.25, 0.5, 0.7 

Veegum™ T / Vanzan™ D 0, 0.25, 0.50, 1, 2 

Hydrolyzed Veegum™ T* 2 
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Table 7-VII. List of the Granule Blends Selected to Evaluate the 
Effects of Blending Granulate.   

Blend 
Conc. 

P1 
Component 1 

P1 
Component 2 P1normBlend 

# Granulate 1* Granulate 2* 
wt% MPa MPa MPa2 

1 2% Starch 1% PVA-V 50-50 0.27±0.02 0.27±0.09 0.000 
2 1% Ligno 0.5% V-V 50-50 0.80±0.06 0.79±0.05 0.008 
3 5% Latex 5% Agar 50-50 0.27±0.02 0.23±0.03 0.010 
4 1% Sugar 5% Agar 50-50 0.17±0.02 0.23±0.03 0.012 
5 0.5% Agar 5% Latex 50-50 0.30±0.02 0.27±0.02 0.021 
6 2% Veegum™ 2% Agar 50-50 0.29±0.08 0.36±0.02 0.025 
7 5% Agar 5% Starch 50-50 0.23±0.03 0.33±0.60 0.028 
8 2% Agar 1% PVA-V 50-50 0.36±0.02 0.27±0.09 0.028 
9 2% V-V 2% Ligno 50-50 1.10±0.12 1.14±0.09 0.045 
10 2% V-V 0.5% Starch 50-50 0.36±0.09 0.18±0.02 0.049 
11 1% Sugar 1% Agar 50-50 0.17±0.02 0.32±0.02 0.054 
12 5% Latex 5% sugar 50-50 0.27±0.02 0.44±0.2 0.060 
13 1% Starch 0.5% CMC 50-50 0.21±0.03 0.45±0.04 0.079 
14 1% Latex 1% Veegum™ 50-50 0.47±0.06 0.18±0.02 0.094 
15 0.5% MC 0.5% Latex 50-50 0.48±0.04 0.65±0.03 0.096 
16 0.5% V-V 0.5% Ligno 50-50 0.79±0.05 0.64±0.05 0.107 
17 0.5% Sugar 2% pPVA 50-50 0.44±0.04 1.08±0.16 0.486 
18 2% Ligno 2% Sugar 50-50 1.14±0.09 0.55±0.06 0.490 
19 2% Starch 2% V-V 50-50 0.27±0.02 1.10±0.12 0.569 
20 1% PVA-V 1% V-V 50-50 0.27±0.09 1.09±0.04 0.578 
21 5% pPVA 5% PVA-V 50-50 1.79±0.35 1.28±0.10 0.783 
22 5% Ligno. 0.7% MC 50-50 1.92±0.36 0.56±0.11 1.686 
23 5% Agar 5% Ligno 50-50 0.23±0.03 1.92±0.36 1.817 
24 5% Agar 5% Veegum™ 25-75 0.23±0.03 0.29±0.06 0.016 
25 0.5% Agar 5% Veegum™ 25-75 0.30±0.02 0.29±0.06 0.018 
26 5% Agar 1% pPVA 25-75 0.23±0.03 0.88±0.09 0.361 

* Abbreviations for the granulate binders are: CMC= carboxymethyl cellulose, MC= methyl 
cellulose, pPVA= plasticized PVA, Ligno= Na-lignosulphonate, Latex= acrylic latex emulsion, 
PVA-V= plasticized PVA with Veegum™ T, V-V= Veegum™ T with Vanzan™ D 
 

 
 



 

7.4.3 Organic Selection 

 Schematics of the structure from the organics used in this study can be 

found in Appendix H.  All binder systems were added on a dry-weight-percent 
basis (dwb) of the granulate from Buffalo China except where noted. 

7.4.3.1 Plasticized PVA (pPVA) 

Buffalo China’s standard batch for dry pressing consists of a plasticized 
PVA binder system.  This system was replicated at Alfred University for 
preparation in the Bowen laboratory spray dryer.  Based upon data provided by 

Buffalo China an approximate ratio of plasticizer to PVA was calculated and used 
in this study, approximately 1 gram of plasticizer to 1.75 grams of PVA; the exact 
ratio used by Buffalo China is considered proprietary.  The PVA was supplied as 

a 24-weight-percent solution of PVA in water [Celvol 24-203, Celanese 
Chemicals, Dallas, TX].  The plasticizer used by Buffalo China was Nalco 
93QC215 [Nalco 93QC215, Ondeo Nalco, Bedford park, IL]; this organic was 

indicated to be a PEG-like molecule by Buffalo China.  The concentration of 
binder added to the system was based upon the weight of PVA, i.e., for a 5% 
binder concentration 5% PVA was added to the suspension and the plasticizer 

was added to make the total concentration of organic additives approximately 
7.85%.  The plasticizer was not considered a binder for the purposes of this 
study; plasticizer was added to prevent hydrogen bonding between the polymer 

chains of PVA thus reducing the glass-transition temperature of the PVA.  The 
concentration of PVA was varied between 0 and 5 wt%.   The 1 wt% suspension 
was “over-plasticized” at a ratio of 1 gram of plasticizer to 0.77 g of PVA., i.e., too 

much plasticizer was added to the binder system.   

7.4.3.2 Na-Lignosulphonate (Ligno) 

Lignosulphonate is a byproduct of the paper industry.  It is generated 

during the treatment of wood pulp using sulfuric acid.  The sulfuric acid breaks 
down the lignite into a soluble form (lignosulphonate) which is then separated 
from the cellulose which used to manufacture paper.141  Doran (1995) 
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demonstrated that lignosulphonate binders have a lower P1 value compared to 



 

plasticized PVA.129  Recent work on this binder system has indicated that Na-
lignosulphonate is not significantly better, in some cases it is worse, than 

plasticized PVA.  As mentioned, lignosulphonate is an effective dispersant for 
clay particles.  Lignosulphonate was tested as a comparison to the data 
previously collected in this research.  The concentration of binder was varied 

between 0.25 and 5 wt%.  Storage of the binder at 110ºC was observed to liquefy 
the lignosulphonate which was accompanied by a significant weight loss, 
7.43±0.12 wt%, after storage for 16 hours.   

7.4.3.3 pPVA / Veegum™ T 

To determine the effects of replacing pPVA in a binder system a 50-50 
weight percent blend of pPVA and Veegum™ T [Veegum™ T, R.T. Vanderbilt, 

Inc. Norwalk, CT] was prepared, i.e., 50% of the PVA in the binder system was 
replaced by Veegum™ T.  The attributes of Veegum™ T will be discussed in the 
next section.  The concept of replacing pPVA with a softer binder system is 

similar to the concept of blending hard and soft granulates.  Veegum™ T was 
selected for this purpose since it will not migrate during the evaporation process 
in the spray dryer.  Again, the total concentration of additives in this binder 

system exceeded the “target” level since the plasticizer was not considered a 
component in the binder system.  The concentration of PVA / Veegum™ T was 
varied between 0 and 5 wt%. 

7.4.3.4 Veegum™ T 

Veegum™ T is Hectorite, a swellable 2:1-layer silicate.  Veegum™ T does 
induce a significant increase in the viscosity with increasing “binder” 

concentration due to the hydrolysis, swelling, of the Hectorite.  Veegum™ T also 
has the benefit of not migrating during evaporation in the spray-drying process.  
This has the possibility of decreasing P1, making the granulate more deformable.  

The concentration of binder was varied between 0.25 and 5 wt%.  To study the 
effects of hydrolyzing the Veegum™ T, a suspension was prepared at 2 wt% 
Veegum™ T by first adding the Veegum™ T to distilled water.  The suspension 

was allowed to rest for five days to fully hydrolyze the Veegum™; it was 
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hypothesized that the hydrolysis of the Veegum™ T might induce a significant 



 

change in the granulate properties.142  The granulate from Buffalo China was 
then added to prepare the suspension at 30 v/o solids.   

7.4.3.5 Agar 

Agar [Agar, Aldrich Chemical Company, Milwaukee, WI] is a derivative 
from seaweed.  While agar is not conventionally considered a binder for dry 

pressing it does possess several unique attributes.  The material is nearly 
insoluble in water at room temperature, but at elevated temperatures, above 
80˚C, the material readily dissolves in water and forms a gelatin film upon 

cooling.  The gelatin traps physical water in the structure allowing for high 
moisture contents in the resulting granulate.  The samples prepared for 
measurement of the rheology were not heated prior to measurement.  It was 

observed that the agar binder in the solid state interacted with the clay surface 
and the growth of secondary organics, indicated by the growth of a black 
substance which was assumed to bacteria or a fungus, was observed at the 

higher binder levels over the summer months.  The concentration of agar was 
varied between 0 and 5 wt%.  Suspensions were prepared within 24 hours of 
spray drying to minimize the fungal growth prior to spray drying. 

7.4.3.6 Acrylic Latex Emulsion 

B-1080 [Duramax B-1080, Rohm and Haas, Philadelphia, PA], 
approximately 45 wt% solids, was used as an acrylic latex emulsion binder.  

Latex is a water-insoluble organic, therefore the acrylic latex used in this study 
was supplied as an emulsion.143  An emulsion is a colloidal suspension of a 
hydrophobic species suspended in water, or vice versa.  To facilitate making the 

emulsion the supplier adds a surfactant which orients at the interface between 
the hydrophobic and the hydrophilic liquids.  A surfactant, or a surface-active 
agent, is an organic molecule with a hydrophobic group one end of the polymer 

and hydrophilic group on the other end.  The addition of a surfactant will 
therefore aid in the wetting at the interface between the hydrophobic and 
hydrophilic liquids.  When dried, acrylic latex emulsions form an acrylic film at the 

particle contacts binding the particles together.  The concentration of acrylic latex 
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was varied between 0 and 5 wt% solids; the batch was adjusted to compensate 
for the water present in the emulsion. 

7.4.3.7 Starch 

Starch [Starch, soluble, reagent ACS, ACROS Organics, Morris Plains, 
NJ] is very similar to cellulose in structure; the exception is the orientation of the 

oxygen bridge between the two aromatic rings that comprise the repeating 
structure of the organic and the orientation of a functional group next to the 
oxygen bridge, see Appendix H for a schematic of the starch structure.144  It has 

been stated that these two differences can have a pronounced effect on the 
properties of the organic in solution.145  This was confirmed by the data collected 
in this study.  The starch “binder” was not observed to affect the rheology of the 

suspension to the same extent as the cellulose binders studied, there was only a 
minor increase in viscosity with binder concentration, data not shown.  The 
suspensions prepared with high concentrations of starch were observed to 

degrade in the clay-based suspension during storage for 6 weeks at room 
temperature over the summer months; it is assumed that similar reactions 
occurred in the lower-binder-concentration samples.  The degradation was 

indicated by the formation of a black substance, assumed to be bacteria or a 
fungus, within the polypropylene container for the 2 and 5 wt% binder samples.  
It is assumed that the clay surface served as a catalyst for the degradation of the 

starch.  Suspensions for spray drying were prepared within 24 hours of spray 
drying to minimize degradation of the starch binder.  The concentration of binder 
was varied between 0.25 and 5 wt%.  Solutions prepared to determine the 

surface tension of liquids, Chapter 5, indicated that the starch used in this study 
is not highly soluble in water.  Solutions that were prepared above 0.25 wt%, 
0.25 g of starch dissolved in 100 g of water, were observed to be opaque and 

settled when left to rest. 

7.4.3.8 Sugar (Alpha-D(+)-Glucose) 

Sugar [Alpha-D(+)-Glucose, anhydrous 99+%, ACROS Organics, Morris 

Plains, NJ] is the “low-molecular-weight form” of starch.144  Both have a similar 
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chemical composition, but starch has one less oxygen that allows the structure to 



 

repeat.  Sugar is the basic building block for polysaccharides, a group which 
includes starch, cellulose, and other organic materials which are not involved in 

this study.  The suspensions prepared for rheology characterization also 
exhibited a change with time during storage for 6 weeks over the summer 
months.  The polypropylene containers were observed to swell as the sugar 

fermented in the presence of clay surface.  Suspensions were prepared within 24 
hours of spray drying to minimize degradation of the sugar.  During the spray 
drying process the smell of burning sugar was apparent; it was more apparent at 

the higher binder concentrations.  The concentration of binder was varied 
between 0.25 and 5 wt%. 

7.4.3.9 Methyl Cellulose 

Methyl cellulose [Methocel 20-214 Cellulose ether, Dow Chemical 
Company, Midland, MI] is known to significantly affect the suspension viscosity; 
traditionally cellulose is used as a thickener to control viscosity.144,146  Methyl 

cellulose is also known to gel with temperature at higher binder concentrations.  
These two factors reduced the useful binder concentration range for this study.  
Therefore suspensions were prepared between 0 and 0.7 wt% binder.  During 

the process of spray drying the 0.25 wt% sample it was necessary to stop spray 
drying to clean the nozzle due to thermal gelling of the cellulose.  Subsequent 
samples were pumped at higher speeds to prevent clogging of the nozzle. 

7.4.3.10 Carboxymethyl Cellulose 

Carboxymethyl cellulose [Carboxymethyl Cellulose, sodium salt, Aldrich 
Chemical Company, Milwaukee, WI] is also known to significantly affect the 

viscosity of aqueous suspensions.144,146  The grade used in this study was 
reported to have a viscosity between 3000 and 6000 centipoise for a 1 wt% 
solution of the binder, the viscosity of water is approximately 1 centipoise at room 

temperature.  Carboxymethyl cellulose is also known to gel with temperature at 
higher binder concentrations.  Suspensions were prepared between 0 and 0.7 
wt% binder.  At 0.7 wt% binder the suspension gelled in the nozzle of the spray 

dryer, pumping the suspension at higher speeds did not overcome the gelling 
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problem. 



 

7.4.3.11 Veegum™ T / Vanzan™ D 

A binder system consisting of a 80-20 mix of Veegum™ T and xanthan 

gum [Vanzan™ D, R.T. Vanderbilt, Norwalk, CT] has been demonstrated to be 
relatively soft.142  The Veegum™ T was dispersed in distilled water and allowed 
to hydrolyze (swell) for a period of five days.  The granulate was then added and 

mixed until homogeneous followed by addition of the Vanzan™ D.  Vanzan™ D 
is engineered to slowly dissolve in neutral and slightly acidic aqueous solutions.  
Since xanthan gum is a thickener this property of the Vanzan™ D allows for a 

more homogenous distribution of the xanthan gum particles prior to thickening 
the suspension.  Due to the thickening properties of the hydrolyzed Veegum™ T 
and the Vanzan™ D additives the binder concentration was varied between 0 

and 2 weight percent. 

7.4.4 Results 

7.4.4.1 Granule Size Distribution 

To assure that the Horiba with the dry powder feeder was giving accurate 
data, the size distribution of the Buffalo China granulate collected from the sieve 
analysis, reported in Chapter 7.3.3, was compared to the data from the Horiba 

particle size analyzer.  The results from the two methods are shown in Figure 7-
35 for each of the binder systems prepared by Buffalo China.  Little difference 
was observed between the two methods of measuring granule size distribution.  

The Horiba was observed to generate smoother granule size distribution curves 
as well as data at the finer granule sizes.  This shifts the mean granule diameter 
to smaller sizes when compared to the sieve analysis. 

The mean and standard deviation results reported by the Horiba for the 
granule size distribution analysis are shown in Table 7-VIII.  The mean particle 
size reported is based upon the frequency (number) data.  The standard 

deviation of the particle size distribution represents a 95% confidence level, i.e., 
95% of the particle size distribution is within the mean particle size plus or minus 
the reported standard deviation.  The granulate prepared at Alfred University is 
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observed to be significantly finer than that prepared at Buffalo China in an 



 

industrial spray dryer.  It was reported under Chapter 7.3.3 that granule size had 
little effect on the deformation (i.e., P1) provided that the fine (sub-230-mesh) 

granulate was not being tested. 
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Figure 7-35. Comparison of the granule size distribution obtained from the sieve 
analysis (blue) and the Horiba particle size analyzer (red) for each of the 
granulate systems supplied by Buffalo China. 
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Table 7-VIII. Mean Particle Size and Standard Distribution from the 
Granulate Binder Systems in This Study.   

Buffalo China Granulate 

Binder System Mean Particle Size (µm) 

pPVA 226.2 ± 119.9 

Ligno 247.3 ± 132.6 

PEG 223.1 ± 110.1 

No Binder System 221.3 ± 111.3 
 

Binder Concentration (wt%) 

0 0.25 0.5 1 2 5 Binder 
System 

Mean Particle Size (µm) 

pPVA 94.8±60.7 100.4±66.5 102.1±68.9 100.5±70.9 112.3±86.0 125.3±90.4 

Ligno. N/A* 114.1±70.2 121.4±81.4 120.3±81.6 116.6±76.1 112.1±72.4 

pPVA /  
Veegum™ T 105.2±75.1 105.2±68.8 111.9±75.9 120.8±80.4 115.3±81.9 132.1±87.1 

Veegum™ T N/A* 118.8±85.1 118.9±75.1 116.1±72.3 119.2±74.8 108.7±64.7 

Agar 132.5±90.8 141.2±104.6 150.2±110.5 N/A** N/A** N/A** 

Acrylic Latex 89.2±56.0 112.7± 61.5 107.1±59.3 128.8±78.3 130.2±76.6 136.6±71.8 

Starch N/A* 109.3±79.7 110.1±72.8 100.2±69.2 101.4±7.30 102.6±71.9 

Sugar N/A* N/A** 96.1±69.7 90.1±66.2 101.9±68.9 96.9±71.8 

Veegum™ T / 
Vanzan™ D 104.1±75.2 116.2±75.4 128.7±82.1 132.6±80.1 136.3±83.5 NA* 

Veegum™ T-
hydrolyzed NA* NA* NA* NA* 118.8±75.8 NA* 

 

Binder Concentration (wt%) 

0 0.1 0.25 0.5 0.7 Binder System 

Mean Particle Size (µm) 

Methyl Cellulose 111.7± 73.0 115.9±88.0 111.8±68.8 136.0±93.4 125.3±75.3 

Carboxymethyl 
Cellulose 102.8±63.5 115.6±71.7 95.5±65.9 122.4±73.9 139.1±81.6 

*    Experimental condition was not evaluated in this study 

**  Sample clogged the Horiba particle size analyzer during the test. 
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7.4.4.2 pPVA 

The results from the pPVA system can be observed in Figure 7-36 (P1), 

Figure 7-37 (compact density), Figure 7-38 (green strength), and Figure 7-39 
(RMS roughness).  The moisture content is plotted in each figure as a reference.  
The moisture content was observed to be nearly constant until 5 wt% binder at 

which point there was a dramatic increase in the measured moisture content.  
During the process of drying the samples for the moisture content analysis the 
binder system was observed to degrade.  This was evidenced by a change in the 

coloration of the samples after drying at 110ºC for 16 hours.  The samples with 
0.25 to 2 wt% binder were observed to have a gray color, relative to the 0 wt% 
samples.  At 5 wt% the samples were observed to have a pale yellow color.  The 

P1 of the pPVA system was observed to significantly increase with increasing 
binder concentration.  The 1 wt% dried sample showed an anomalous behavior 
that may be due to the excessive amount of plasticizer added to the system.    

The dried samples showed a plateau at higher concentrations of binder while the 
P1 values of the as-prepared samples continue to increase within the range 
tested.  The compact density was observed to decrease with increasing binder 

concentration.  The samples that were dried have a higher compact density than 
the samples that were tested in the as-prepared condition.  The green strength of 
the samples was observed to increase with increasing binder concentration.  The 

measured strengths for the dried samples was observed to be higher than that of 
the as-prepared granulate.  The tiles pressed using the hardened steel die were 
observed to have a significantly lower surface roughness relative to the 

dinnerware samples prepared in the semi-isostatic die due to better deformation 
against the non-compliant die face.  The roughness of both sets of samples was 
observed to initially decrease followed by an increase.  Little variation was 

observed between the stitched and the averaged RMS roughness data with the 
exception of the dinnerware samples prepared with 2 and 5 wt% binder.  This 
variation was due to the waviness, the long-range roughness, of the samples 

which created surface texture; this effect was also evident in the larger error in 
the averaged RMS roughness at 2 and 5 wt% binder. 
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Figure 7-36. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
pPVA as a binder.  Also plotted is the moisture content as a function of the binder 
concentration.  The samples prepared at 1.0 wt% binder were overplasticized at 
a PVA:plasticizer ratio of 0.77:1 compared to the standard binder system which 
has a PVA:plasticizer ratio of 1.75:1. 

 

Figure 7-37. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with pPVA as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 
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stitched image. 

Binder Concentration (%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

M
oisture C

ontent (%
)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

G
re

en
 S

tre
ng

th
 (M

Pa
)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

Moisture Content
as prepared
dried

 

Figure 7-38. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with pPVA as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

Figure 7-39. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with pPVA as the binder.  Samples were only pressed using 
the as-prepared granulate on the semi-isostatic (blue) and hardened steel (red) 
dies.  RMS roughness is plotted for the stitched surface (open symbols) and the 
averaged data from the individual images (closed symbols) used to create the 
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7.4.4.3 Na-Lignosulphonate 

The results from the lignosulphonate granulate can be observed in Figure 

7-40 (P1), Figure 7-41 (compact density), Figure 7-42 (green strength), and 

 
 

  

 

Figure 7-43 (RMS roughness).  The moisture content of the granulate was 
observed to decrease until a plateau value was reached at 1 wt% binder.  P1 

was observed to increase for both sets of samples.  The as-prepared samples 
showed a nearly linear increasing trend throughout the range tested in this study. 
Initially the dried samples exhibited a plateau until 1 wt% after which the values 

overlay the as-prepared granulate.  The compact density of the dried samples
was observed to slightly increase until a binder concentration of 1 wt%. 
Conversely, the compact density of the as-prepared samples was observed to 

slightly decrease over the range of binder concentrations tested in this study.
The green strength of the compacts made from the as-prepared granulate 
showed an increasing trend over the range of binder concentration tested.  The 

dried samples showed a minimum value at 1 wt% binder followed by an increase 
in the compact strength.  The roughness of both sets of samples, tiles and 
dinnerware, was observed to increase with increasing binder concentration.  The 

roughness of the dinnerware samples was observed to be significantly higher
than that of the tile samples due to the compliant membrane surface.  No 
significant variation was observed between the stitched and the averaged RMS 

roughness. 
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Figure 7-40. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with Na-
lignosulphonate as a binder.  Also plotted is the moisture content as a function of 
the binder concentration. 

 

 

 

 

 

 

 

 

 

Figure 7-41. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with Na-lignosulphonate as a binder.  Also 
plotted is the moisture content as a function of the binder concentration. 
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surface (open symbols) and the averaged data from the individual images 
(closed symbols) used to create the stitched image. 
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Figure 7-42. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with Na-lignosulphonate as a binder.  Also 
plotted is the moisture content as a function of the binder concentration. 

 

Figure 7-43. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with Na-lignosulphonate as the binder.  Samples were only 
pressed using the as-prepared granulate on the semi-isostatic (squares) and 
hardened steel (triangles) dies.  RMS roughness is plotted for the stitched 
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increasing binder concentration.  The values for the dried granulate nearly 
overlay the as-prepared granulate samples except at the very low binder 

concentrations where the dried samples were observed to have a lower compact 
density.  Both the as-prepared and dried samples showed an increase in green 

 no 

signific
 
 

the dinner

strength with increasing binder concentration.  Statistically there was

ant difference in the green strength between the as-prepared and dried 
samples.  The roughness of both sets of samples, dinnerware and tiles, was
observed to increase with increasing binder concentration.  The roughness of

dinnerware samples was higher than that of the tiles samples due to the 
compliant membrane surface.  A plateau was observed in the RMS roughness of 

ware samples above 2 wt% binder.   

7.4.4.4 pPVA / Veegum™ T 

The results for the pPVA / Veegum™ T binder system are shown in Figure 

7-44 (P1), Figure 7-45 (compact density), Figure 7-46 (green strength), and 
Figure 7-47 (RMS roughness).  The moisture content of the pPVA / Veegum™ T 
granulate was observed to decrease with increasing binder concentration.

Degradation of the binder system was again indicated by a change in the 
coloration of the granulate after storage at 110ºC for 16 hours.  The P1 value of
the as-prepared granulate was observed to have an initial plateau until a binder

concentration of 2 wt% followed by a significant increase in the P1 value at 5 
wt% binder.  The P1 value of the dried granulate was observed to initially
decrease followed by an increase in P1 above 1 wt% binder.  The compact 

density from the as-prepared granulate was observed to linearly increase with 
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Figure 7-44. Plot of the pressure at the onset of granule deformation (P1) as a 

 

 

Figure 7-45. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with a 50-50 mix of pPVA and Veegum™ T 
as a binder.  Also plotted is the moisture content as a function of the binder 
concentration. 
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50 mix of pPVA and Veegum™ T as a binder.  Also plotted is the moisture
content as a function of the binder concentration. 
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plotted for the stitched surface (open symbols) and the averaged data from the 
individual images (closed symbols) used to create the stitched image. 

 

Figure 7-46. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with a 50-50 mix of pPVA and Veegum™ T as a 
binder.  Also plotted is the moisture content as a function of the binder 
concentration. 
 

Figure 7-47. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with a 50-50 mix of pPVA and Veegum™ T as the binder.  
Samples were only pressed using the as-prepared granulate on the semi-
isostatic (squares) and hardened steel (triangles) dies.  RMS roughness is 
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7.4.4.5 Veegum™ T 

 
plotted in f erved to 

ples 
of granulate.  The green strength of the dried granulate was observed to be 

significantly higher.  The green strength of the as-prepared granulate was 
observed to be nearly independent of binder concentration, while the dried 

 

Overall hy
or the 

 

roughness
antly 

signific  that 

granulate exhibited a small increase with increasing binder concentration. 

drolyzing the Veegum™ T was not observed to significantly effect the 
properties of the granulate; the one notable exception was the P1 value f
dried granulate.  This indicated that the results obtained for the Veegum™ T

granulate were independent of the preparation sequence.  It can be deduced 
from these results that the Veegum™ T was able to fully hydrolyze in the 
suspension prepared at 30 v/o solids.  A small increase was observed in the 

 of both the dinnerware and tile samples with increasing binder 
concentration.  The roughness of the dinnerware samples was signific
higher than that of the tile samples due to the compliant membrane surface.  No 

ant difference was observed in the roughness between the samples
were initially hydrolyzed and those that were not allowed to hydrolyze prior to 
adding the granulate. 

The results from the Veegum™ T granulate can be observed in Figure 7-

48 (P1), Figure 7-49 (compact density), Figure 7-50 (green strength), and Figure 
7-51 (RMS roughness).  The results from the 2 wt% hydrolyzed Veegum™ T is

or comparison.  The moisture content of the granulate was obs

decrease with increasing binder concentration.  P1 was observed to pass 
through a minimum value at 0.5 wt% binder for the dried samples of granulate 
and 1 wt% binder for the as-prepared granulate. The P1 values of the dried 

granulate were observed to exceed those of the as-prepared granulate at high 
binder concentration, but there was a cross over at approximately 0.5 wt% 
binder, i.e., the dried granulate was softer at low binder concentrations (below 

0.5 wt%).  No significant difference was observed in the compact density as a 
function of binder concentration or between the dried and as-prepared sam
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Figure 7-48. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
Veegum™ T as a binder.  Plotted in gray are the results for the hydrolyzed 

 

 

Figure 7-49. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with Veegum™ T as a binder.  Plotted in gray 
are the results for the hydrolyzed Veegum™ T.  Also plotted is the moisture 
content as a function of the binder concentration. 
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are shown in gray and black. 

 

Figure 7-50. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with Veegum™ T as a binder.  Plotted in gray are 
the results for the hydrolyzed Veegum™ T.  Also plotted is the moisture content 
as a function of the binder concentration. 

 

 

Figure 7-51. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with Veegum™ T as the binder.  Samples were only pressed 
using the as-prepared granulate on the semi-isostatic (squares) and hardened 
steel (triangles) dies.  RMS roughness is plotted for the stitched surface (open 
symbols) and the averaged data from the individual images (closed symbols) 
used to create the stitched image.  The results from the hydrolyzed Veegum T 
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7.4.4.6 Agar  

pite 

pact 

5 wt% binder the agar was not completely dissolved during the spray drying 

process thus affecting the density of the compact; the loss of material that stuck 
on the die face also reduced the compact density since the samples were no 
longer perfectly cylindrical.  An initial drop was observed in the green strength of 

-
prepared s

 

observed t  of the 

 

olved 
agar was  
The non-c

upon releasing the load springback caused the agar grains to protrude from the 
surface.  The surface finish of the tile samples between the agar grains was 
 

the compact between 0.25 and 0.50 wt% agar.  The dried samples were 
observed to plateau in green strength above 0.50 wt% binder while the as

amples were observed to pass through a maximum value of 2.15±0.29 

MPa at 2 wt% binder.  This maximum value was due the physical water allowing 
rearrangement of the particles and the agar gel drying to form a binder film 
surrounding the particle network.  Above 2 wt% binder the green strength was

o decrease due to the undissolved agar.  The roughness
dinnerware samples was initially higher than that of the tile samples due to the 
compliant membrane surface.  At 2 and 5 wt% binder the surface roughness of

the tile samples was higher than that of the dinnerware samples.  Undiss
 apparent to the unaided eye in the surface of both sets of samples. 
ompliant steel surface initially compressed the undissolved agar and 

The results from the agar binder system can be observed in Figure 7-52 

(P1), Figure 7-53 (compact density), Figure 7-54 (green strength), and Figure 7-
55 (RMS roughness).  The moisture content of the granulate was observed to 
increase with higher concentrations of organic, with the maximum value 

18.05±2.14% at five-weight-percent binder.  During compaction of the as-
prepared granulate with 5 wt% binder the compact stuck to the steel die des
the use of oleic acid as a lubricant.  A drop in P1 was observed between 0.25 

and 0.50 wt% binder for both the dried and as-prepared samples.  Above 0.50 
wt% agar no significant difference was observed in the P1 value.  The dried 
samples were observed to consistently have a higher P1 value when compared 

to the as-prepared granulate.  There was a significant difference in the com
density between the as-prepared and the dried samples below 5 wt% binder.  At 
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Figure 7-52. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with agar 
as a binder.  Also plotted is the moisture content as a function of the binder 
concentration. 

 

 

 

 

 

 

 

 

 

  

Figure 7-53. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with agar as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 
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symbols) and the averaged data from the individual images (closed symbols) 
used to create the stitched image. 
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Figure 7-54. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with agar as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

Figure 7-55. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with agar as the binder.  Samples were only pressed using the 
as-prepared granulate on the semi-isostatic (squares) and hardened steel 
(triangles) dies.  RMS roughness is plotted for the stitched surface (open 
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observed t

the physic

 

signific e of 

the undiss
 
 

trapped physical water in the organic gelatin. 

7.4.4.7 Acrylic Latex Emulsion 

The results from the B-1080 granulate can be observed in Figure 7-56 
(P1), Figure 7-57 (compact density), Figure 7-58 (green strength), and Figure 7-

e with 

 
alue 

ng the 

binder; als   
No signific  

prepared s

binder the as-prepared samples showed a decrease in strength while the dried 

samples appeared to reach a plateau value.  The roughness of the dinnerware 
samples was observed to be significantly higher than that of the tile samples due 

59 (RMS roughness).  The moisture content of the granulate was observed to 

increase with higher binder concentrations with a significant increase between 2 
and 5 wt% binder.  P1 of the dried samples was observed to increas
increasing binder concentration; there was an anomaly at 0.50 wt% binder where 

P1 was observed to be significantly higher.  P1 of the as-prepared granulate was
observed to pass through a maximum at 2 wt% binder.  The drop in the P1 v
at 5 wt% binder was due to physical moisture in the sample plasticizi

o the latex had not dried to a film prior to compaction in these samples.
ant difference was observed in the compact density as a function of

binder concentration and no significant difference was observed between the as-

amples and the dried granulate.  The green strength of the samples 
was observed to increase with increasing binder concentration.  Above 2 wt% 

observed to be smooth.  The roughness of the dinnerware samples was
o initially decrease, as deformation of the granulate was assisted by 

al water trapped in the binder gel, followed by an increase in the 
measured roughness.  Higher error was observed in the averaged RMS 
roughness at 2 and 5 wt% binder for both the dinnerware and tile samples.  Little 

difference was observed between the stitched and the averaged RMS roughness
for both the dinnerware and tile samples at the lower binder concentrations.  A 

ant difference was observed at 2 and 5 wt% binder due to the presenc

olved agar at the surface.  The spray-dried agar granulate appeared to 
be stable during storage for four months in a sealed container; all material was
used within four months of preparing the granulate.  There was no indication of

the growth of a secondary organic in the spray-dried granulate despite the 
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Figure 7-56. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
acrylic latex as a binder.  Also plotted is the moisture content as a function of the 
binder concentration. 

 

 

the as-prepared and dried samples with acrylic latex as a binder.  Also plotted is 
the moisture content as a function of the binder concentration. 

Figure 7-57. Plot of the compact density as a function of binder concentration for 
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symbols) and the averaged data from the individual images (closed symbols) 
used to create the stitched image. 
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Figure 7-58. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with acrylic latex as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

Figure 7-59. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with acrylic latex as the binder.  Samples were only pressed 
using the as-prepared granulate on the semi-isostatic (squares) and hardened 
steel (triangles) dies.  RMS roughness is plotted for the stitched surface (open 
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to the compliant membrane surface.  The roughness of both the dinnerware and 
tile samples was observed to increase up to 2 wt% binder.  Above 2 wt% there 

was a significant decrease in the measured roughness due to the higher 

the dinner

60 (P1), 

low and m  

 an 

 that 

were dried prior to compaction.  No significant difference was observed in 
compact density between the dried and as-prepared samples.  There was a 
decreasing trend in the compact density with increasing binder concentration for 

both sets of samples.  There was no significant difference in the green strength 

 

antly 

signific

can be obs

 

process.  The P1 values for the as-prepared granulate contained significant  

between the as-prepared and dried samples.  There was a slight decrease in the 
green strength of the as-prepared samples with increasing binder concentration. 

The roughness of the dinnerware samples was observed to be signific
higher than that of the tile samples due to the compliant membrane surface.  No 

ant variation was observed in the measured roughness with increasing 

binder concentration.   

7.4.4.9 Sugar (Alpha-D(+)-Glucose) 

The results from the granulate prepared with sugar as a binder system 

erved in Figure 7-64 (P1), Figure 7-65 (compact density), Figure 7-66 
(green strength), and Figure 7-67 (RMS roughness).  The moisture content of the 
granulate was observed to increase slightly with increasing binder concentration. 

It was unknown to what extent the sugar decomposed during the spray-drying 

moisture content of the granulate which aided the deformation.  Little difference 
was observed between the stitched and the averaged RMS roughness for both 

ware and tile samples. 

7.4.4.8 Starch 

The results for the starch granulate can be observed in Figure 7-

Figure 7-61 (compact density), Figure 7-62 (green strength), and Figure 7-63 
(RMS roughness).  The moisture content of the granulate was observed to be 

oisture content decreased with increasing binder concentration.  P1 of

the as-prepared samples was observed to decrease slightly followed by
increase above 0.50 wt% binder.  There was more scatter in the dried sample 
data, but a minimum was observed around 2 wt% binder for the samples
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Figure 7-60. Plot of the pressure at the onset of granule deformation (P1) as a
function of binder concentration for the as-prepared and dried samples 
starch as a binder.  Also plotted is the moisture content as a function of the
binder concentration. 
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Figure 7-61. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with starch as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 
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symbols) and the averaged data from the individual images (closed symbols) 
used to create the stitched image. 
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Figure 7-62. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with starch as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

Figure 7-63. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with starch as the binder.  Samples were only pressed using 
the as-prepared granulate on the semi-isostatic (squares) and hardened steel 
(triangles) dies.  RMS roughness is plotted for the stitched surface (open 
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amounts of scatter.  No P1 value could be determined at 5 wt% binder for the as-
prepared samples; no peak was observed in the second derivative of the curve.  

The dried samples passed through a minimum value at 0.5 wt% binder followed 
by an increase to a plateau value at 1 wt% binder.  The compact density was 
observed to remain nearly constant for the dried samples with increasing binder 

concentration.  The compact density of the as-prepared samples was observed 
the decrease slightly with increasing binder concentration.  This might have been 
due to the degradation of the sugar to form a caramel-like substance.  The green 

strength of the compacts prepared with sugar increased with increasing binder 
concentration.  The strength of the samples prepared with granulate that was 
dried prior to compaction overall exhibited higher strengths than those made with 

the as-prepared granulate.  The roughness of the dinnerware samples was 
observed to be higher than that of the tile samples due to the compliant 
membrane surface.  Roughness was observed to increase with increasing binder 

concentration.  No significant difference was observed between the stitched and 
the averaged RMS roughness for the dinnerware or tile samples. 

7.4.4.10 Methyl Cellulose 

The results from the methyl cellulose granulate are shown in Figure 7-68 
(P1), Figure 7-69 (compact density), Figure 7-70 (green strength), and Figure 7-
71 (RMS roughness).  The moisture content of the granulate was again observed 

to decrease with increasing binder concentration, this was likely due to the 
porous structure of the granulate and the thermal gelling of the cellulose.  The 
outlet temperature was observed to increase during the spray-drying process due 

to the thermal gelling of the binder, see Appendix G.  P1 of the dried samples 
was observed to be nearly independent of binder concentration.  The P1 of the 
as-prepared granulate was observed to slightly decrease with increasing binder 

concentration.  There was no significant change in the compact density with 
binder concentration and no significant difference was observed between the as-
prepared and the dried granulate.  The green strength of the dried granulate was 

observed to increase almost linearly with increasing binder concentration.  The 
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green strength of the as-prepared granulate was also observed to increase with  
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Figure 7-64. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
sugar as a binder.  Also plotted is the moisture content as a function of the binder 
concentration. 

 

 

 

 

 

 

 

 

 

Figure 7-65. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with sugar as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 
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Figure 7-66. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with sugar as a binder.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

Figure 7-67. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with sugar as the binder.  Samples were only pressed using 
the as-prepared granulate on the semi-isostatic (squares) and hardened steel 
(triangles) dies.  RMS roughness is plotted for the stitched surface (open 
symbols) and the averaged data from the individual images (closed symbols) 
used to create the stitched image. 
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Figure 7-68. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
methyl cellulose as a binder.  Also plotted is the moisture content as a function of 
the binder concentration. 

 

 

 

 

 

 

 

 

 

Figure 7-69. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with methyl cellulose as a binder.  Also 
plotted is the moisture content as a function of the binder concentration. 
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Figure 7-70. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with methyl cellulose as a binder.  Also plotted is 
the moisture content as a function of the binder concentration. 

 

Figure 7-71. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with methyl cellulose as the binder.  Samples were only 
pressed using the as-prepared granulate on the semi-isostatic (squares) and 
hardened steel (triangles) dies.  RMS roughness is plotted for the stitched 
surface (open symbols) and the averaged data from the individual images 
(closed symbols) used to create the stitched image. 
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% 
binder; this

were obser  

the thermal gelling of the binder in the spray dryer; the thermal gelling resulted in 
more porous granulate which dried faster.  The outlet temperature was also 

observed t e in 

 

e 
 

observed t  
 

the suspension during the spray drying process.  A maximum was observed in 
the RMS roughness of the dinnerware samples at 0.25 wt% binder, a similar 

trend was observed in the P1 value of the dried granulate.  Little variation was 

o increase with increasing binder concentration due to the increas
viscosity of the suspension due to thermal gelling.  P1 was observed to increase 
with higher binder concentrations.  There were again anomalous points in the 

data.  The dried samples were also observed to have an overall higher P1 value 
compared to the as-prepared granulate.  A decrease in compact density was 
observed with increasing binder concentration.  This was due to the porous

structure of the granulate as indicated by the low fill density; this data will b
reported in the summary discussion.  The green strength of the compacts was
observed to increase with binder concentration and the dried samples were 

o be slightly stronger than the as-prepared samples.  The roughness
of the dinnerware samples was significantly higher than that of the tile samples
due to the compliant membrane surface.  A dinnerware sample was not pressed 

at 0.7 wt% binder due to a lack of granulate, a result of the thermal gelation of 

binder concentration, but there was a decrease between 0.1 and 0.25 wt
 was likely to be due to the decrease in the moisture content of the 

granulate.  Above 0.25 wt% binder the green strength of the two sets of data 
ved to nearly overlap.  The roughness of the dinnerware samples was

observed to be significantly higher than that of the tile samples due to the 

compliant membrane surface.  A small increase was observed in the measured 
roughness with increasing binder concentration.   

7.4.4.11 Carboxymethyl Cellulose 

The results from the carboxymethyl cellulose binder system can be 
observed in Figure 7-72 (P1), Figure 7-73 (compact density), Figure 7-74 (green 
strength), and Figure 7-75 (RMS roughness).  The moisture content of the 

samples was observed to decrease with increasing binder concentration due to 



 

observed in the roughness of the tile samples with increasing binder 
concentration. 

7.4.4.12 Veegum™ T / Vanzan™ D 

The results for the Veegum™ T/Vanzan™ D granulate are shown in 
Figure 7-76 (P1), Figure 7-77 (compact density), Figure 7-78 (green strength), 

and Figure 7-79 (RMS roughness).  The moisture content of the granulate was 
observed to slightly increase with increasing binder concentration.  The P1 value 
of the Veegum™ T/Vanzan™ D binder system was observed to increase with 

increasing binder concentration for both the as-prepared and the dried granulate.  
The dried granulate was observed to have a slightly higher P1 value compared to 
the as-prepared granulate.  The compact density of the as-prepared samples 

was observed to slightly increase with increasing binder concentration.  The 
density of the dried samples was independent of the binder concentration.  
Overall the green strength of the Veegum™ T/Vanzan™ D samples increased 

with increasing binder concentration, within the range studied.  The dried 
samples showed a plateau in the green strength above 1 wt% binder.  The as-
prepared samples showed an initial decrease in the green strength followed by a 

significant increase in the green strength above 0.25 wt% binder.  The roughness 
of the dinnerware samples was significantly higher than that of the tiles samples 
due to the compliant membrane surface.  The stitched RMS roughness of the 

dinnerware samples was observed to plateau above 0.5 wt% binder while the 
averaged RMS roughness was observed to pass through a maximum.  This 
difference in behavior was the result of long-range roughness, the waviness, 

which was taken into consideration in the stitched roughness.  A small increase 
was observed in the roughness of the tile samples with increasing binder 
concentration. 
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Figure 7-72. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
carboxymethyl cellulose as a binder.  Also plotted is the moisture content as a 
function of the binder concentration. 

 

 

 

 

 

 

 

 

 

Figure 7-73. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with carboxymethyl cellulose as a binder.  
Also plotted is the moisture content as a function of the binder concentration. 
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Figure 7-74. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with carboxymethyl cellulose as a binder.  Also 
plotted is the moisture content as a function of the binder concentration. 

 

Figure 7-75. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with carboxymethyl cellulose as the binder.  Samples were 
only pressed using the as-prepared granulate on the semi-isostatic (squares) and 
hardened steel (triangles) dies.  RMS roughness is plotted for the stitched 
surface (open symbols) and the averaged data from the individual images 
(closed symbols) used to create the stitched image. 
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Figure 7-76. Plot of the pressure at the onset of granule deformation (P1) as a 
function of binder concentration for the as-prepared and dried samples with 
Veegum™ T and Vanzan™ D as a binder as a binder system.  Also plotted is the 
moisture content as a function of the binder concentration. 

 

 

 

 

 

 

 

 

 

Figure 7-77. Plot of the compact density as a function of binder concentration for 
the as-prepared and dried samples with Veegum™ T and Vanzan™ D as a 
binder.  Also plotted is the moisture content as a function of the binder 
concentration. 
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Figure 7-78. Plot of green strength as a function of binder concentration for the 
as-prepared and dried samples with Veegum™ T and Vanzan™ D as a binder.  
Also plotted is the moisture content as a function of the binder concentration. 

 

Figure 7-79. Plot of the RMS roughness as a function of binder concentration for 
samples prepared with Veegum™ T and Vanzan™ D as the binder.  Samples 
were only pressed using the as-prepared granulate on the semi-isostatic 
(squares) and hardened steel (triangles) dies.  RMS roughness is plotted for the 
stitched surface (open symbols) and the averaged data from the individual 
images (closed symbols) used to create the stitched image. 
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7.4.4.13 Effects of Replacing pPVA with Veegum™ T 

The effects of replacing pPVA with Veegum™ T for the as-prepared 

granulate are plotted in Figure 7-80 (P1), Figure 7-81 (compact density), Figure 
7-82 (green strength), and Figure 7-83 (RMS roughness).  Replacing the pPVA in 
the binder system with Veegum™ T was observed to reduce the P1 value of the 

granulate.  Initially the P1 value was near that of the unblended Veegum™ T 
granulate; above 1 wt% binder the P1 value was observed to fall between that of 
the unblended pPVA system and the unblended Veegum™ T binder systems.  

The compact density of the pPVA/Veegum™ T granulate was observed to fall 
between that of the unblended binder systems.  Initially the green strength of the 
pPVA/Veegum™ T binder system was observed to exceed that of the unblended 

binder systems.  Above 2 wt% binder the pPVA binder system was observed to 
have a slightly higher green strength than that of the pPVA/Veegum™ T system.  
Overall, replacement of pPVA with Veegum™ T was observed to have beneficial 

effects for each of the properties measured in this study.  The dinnerware 
samples were observed to have a higher surface roughness relative to the tile 
samples.  Little variation was observed in the RMS roughness of the tile samples 

due to deformation against the hardened steel surface.  The dinnerware samples 
with Veegum™ T were observed to have the lowest RMS roughness of three 
binder systems.  At intermediate binder concentrations, between 0.5 and 2 wt% 

binder, the pPVA binder system was observed to have a lower RMS roughness 
than the blended binder system, the pPVA/Veegum™ T binder system.  The 
difference in the measured RMS roughness at these binder concentrations was 

small and therefore was not significant; the difference in the averaged RMS 
roughness fell within the experimental error (data not shown).  At 5 wt% binder 
the pPVA binder system was observed to have the highest RMS roughness, 

followed by the blended pPVA/Veegum™ T binder system, and the unblended 
Veegum™ T binder system was observed to have the lowest RMS roughness. 
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function of the binder concentration.  Lines are purely to help guide the eye. 

 

Figure 7-80. Comparison plot of the pressure at the onset of granule deformation 
(P1) as a function of binder concentration for the as-prepared samples where 
pPVA was replaced with Veegum™ T in the binder system.  Also plotted is the 
moisture content (MC) as a function of the binder concentration.  Lines are purely 
to help guide the eye. 

 

Figure 7-81. Comparison plot of the compact density as a function of binder 
concentration for the as-prepared samples where pPVA was replaced with 
Veegum™ T in the binder system.  Also plotted is the moisture content (MC) as a 
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Figure 7-82. Comparison plot of green strength as a function of binder 
concentration for the as-prepared samples where pPVA was replaced with 
Veegum™ T in the binder system.  Also plotted is the moisture content (MC) as a 
function of the binder concentration.  Lines are purely to help guide the eye. 

 

Figure 7-83. Comparison plot of the RMS roughness as a function of binder 
concentration for the as-prepared samples where pPVA was replaced with 
Veegum™ T in the binder system.  Samples were only pressed using the as-
prepared granulate on the semi-isostatic (closed symbols) and the hardened 
steel (open symbols) dies.  RMS roughness is plotted for the stitched surface.  
Lines are purely to help guide the eye. 
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-prepared 

 the 

 
 within 

 
higher than that of the unblended Veegum™ T binder system. 

7.4.4.15 Comparison of the Binder Systems 

 

signific
previously, pray-

 
systems te

ity of the 
samples was not corrected for the concentration of binder present in the 
granulate.  Considering the concentration of binder present in the compact would 

decrease the density with increasing binder concentration; the binder occupied 
volume within the compact. 

The data from the dried granulate has been plotted together to compare fill 
density (Figure 7-88), P1 (Figure 7-89), compact density (Figure 7-90), green 
strength (Figure 7-91), RMS roughness from the semi-isostatic die (Figure 7-92), 

and RMS roughness from the hardened steel die (Figure 7-93).  The fill density
prior to compaction helps assure that the part will be compacted to the 
appropriate green density and dimensions.  The fill density of the two cellulose 

binders, i.e., carboxymethyl cellulose and methyl cellulose, was observed to 
antly decrease with increasing binder concentration.  As mentioned 

 this was due to the thermal gelling of the binder during the s

drying process.  The acrylic latex binder also showed a slight decrease in fill 
density with increasing binder concentration.  The remainder of the binder

sted showed either an increase in fill density or nearly constant fill 

density within the range of binder concentrations tested.  The fill dens

7.4.4.14 Effects of Vanzan™ D on Veegum™ T Granulate 

 The effects of replacing Veegum™ T with Vanzan™ D in the as

granulate can be observed in Figure 7-84 (P1), Figure 7-85 (compact density), 
Figure 7-86 (green strength), and Figure 7-87 (RMS roughness).  Overall the 
replacement of Veegum™ T with Vanzan™ D was observed to have detrimental 

effects.  There was a significant increase in the measured P1 value.  The 
compact density was observed to decrease with higher additions of
Veegum™ T/Vanzan™ D binder system.  There was a significant increase in the 

green strength with addition of Vanzan™ D to the binder system.  No significant
difference was observed between the RMS roughness of the tile samples
the binder concentration range tested.  The RMS roughness of the dinnerware 

samples prepared with the blended Veegum™ T/Vanzan D binder system was
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Figure 7-84. Comparison plot of the pressure at the onset of granule deformation 
(P1) as a function of binder concentration for the as-prepared samples with 
Veegum™ T or Veegum™ T / Vanzan™ D in the binder system.  Also plotted is 
the moisture content (MC) as a function of the binder concentration.  Lines are 

 

Figure 7-85. Comparison plot of the compact density as a function of binder 
concentration for the as-prepared samples with Veegum™ T or Veegum™ T / 
Vanzan™ D in the binder system.  Also plotted is the moisture content (MC) as a 
function of the binder concentration.  Lines are purely to help guide the eye. 
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Figure 7-86. Comparison plot of green strength as a function of binder 
concentration for the as-prepared samples with Veegum™ T or Veegum™ T / 
Vanzan™ D in the binder system.  Also plotted is the moisture content (MC) as a 

 

Figure 7-87. Comparison plot of stitched RMS roughness as a function of binder 
concentration for the as-prepared samples with Veegum™ T or Veegum™ T / 
Vanzan™ D.  Samples were only pressed using the as-prepared granulate on 
the semi-isostatic (closed symbols) and the hardened steel (open symbols) dies.  
Lines are purely to help guide the eye. 
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Figure 7-88. Summary plot of the fill density from the dried samples of granulate.  
Fill density was determined from the compaction diagrams.  Binder concentration 
is observed to have little effect on fill density with the exception of binder systems 
that foam, e.g., cellulose systems and acrylic latex.  Agar is observed to have a 
low fill density at 5wt% due to undissolved binder in the spray-dried granulate.  
The average measured fill density of the granulate prepared with 0 wt% binder is 
illustrated by the band in the figure. 
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Buffalo China. 

Figure 7-89. Summary plot of the pressure at the onset of granule deformation
(P1) for the dried samples.  Most systems do not show a significant change in P1 
with increasing binder concentration.   The lignosulphonate and Veegum™ T / 
Vanzan™ D samples are both observed to have a significant increase in P1 with 
increasing binder concentration.  The cellulose systems are observed to have a
decrease in P1 with increasing binder concentration.  Starch and sugar have
been eliminated as possible binders due to decomposition of the organic in the
presence of the clay surface.  The average measured P1 value of the granulate
prepared with 0 wt% binder is illustrated by the band in the figure.  Also shown 
are the P1 values from the industrial pPVA and Ligno granulate supplied by 
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Figure 7-90.  Plot of the compact density for the dried samples.  Compact density 
is observed to predominately fall within the 1.95 to 2.02 g/cm3 range for the 
samples.  A significant decrease in density is observed in the 5 wt% samples.  
Densities were not adjusted for the concentration of binder present in the 
compact.  The average measured compact density of the granulate prepared 
with 0 wt% binder is illustrated by the band in the figure. 
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Figure 7-91.  Plot of the green strength of the dried samples.  Generally 
increases in green strength are observed with increasing binder.  Agar and 
starch systems show a small decrease in strength with increasing binder 
concentration.  The average measured green strength of the granulate prepared 
with 0 wt% binder is illustrated by the band in the figure. 
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Figure 7-92. Plot of the RMS roughness of the dinnerware samples prepared with
a semi-isostatic die on the Dorst press.  Primarily an increase is observed in the
RMS roughness with increasing binder concentration.  Some binder systems 
exhibit a slight decrease in the measured roughness at low binder
concentrations.  The average measured RMS roughness of the dinnerware 

ples prepared with 0 wt% binder granulate is illustrated by the band in the 
figure.  Also shown in the RMS roughness of a dinnerware sample prepared with
the industrial pPVA granulate supplied by Buffalo China. 
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Figure 7-93. Plot of the RMS roughness of the tiles prepared with a hardened 
steel die on the Aeonic press.  Primarily an increase is observed in the RMS 
roughness with increasing binder concentration.  Softer binder systems have little
to no change in the RMS roughness with increasing binder concentration due t
good deformation at the hardened steel surface.  The agar binder system has a
significant increase in roughness with increasing binder concentration due to
undissolved agar protruding from the surface. The average measured RMS 
roughness of the tiles samples prepared with 0 wt% binder granulate is illustrated
by the band in the figure.  Also shown in the RMS roughness of the tile sample
prepared with the industrial pPVA granulate supplied by Buffalo China. 
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P1 is considered to be a good indication of the ability to compact 
granulate.  A wide range of P1 values were measured for the binder systems 

tested.  Higher values were observed to result from the lignosulphonate, pPVA, 
and Veegum™ T/Vanzan™ D binder systems.  The lowest values were observed 
in the starch and sugar binder systems; regrettably these systems were not 

stable due to degradation of the organic additives in the presence of the clay 
surface and the formation of secondary organics, i.e., a fungus or bacterial 
growth, in suspension as well as thermal degradation during spray drying.  The 

next lowest values were observed in the methyl cellulose system.  The remainder 
of the samples tested fall within a band of P1 values between approximately 0.3 
and 0.6 MPa.  As previously stated, P1 has been demonstrated to be 

independent of granule size provided that the extreme fines (sub-230 mesh 
granules) were not being tested. 

The compact density was observed to primarily range between 1.95 and 

2.02 g/cm3 for the majority of the samples prepared.  Significant deviations were 
observed at the higher binder concentrations where the compact density was 
observed to decrease significantly in the case of the agar and lignosulphonate 

binder systems.  The dried weight of the samples was not adjusted to 
compensate for the concentration of binder; making this adjustment would 
decrease the density of the compact with increasing binder concentration.     

Green strength was observed to increase with increasing binder 
concentration in nearly all of the samples tested.  Notable exceptions were starch 
and agar; in the case of agar incomplete dissolution of the organic affected the 

strength of the compacts.  Significant increases in strength were observed in the 
sugar and acrylic latex binder systems.  Green strength of the compact was 
necessary in an industrial setting to successfully remove the pressed ware from 

the die.   

The RMS roughness of the dinnerware samples prepared on the Dorst 
press is illustrated in Figure 7-92; the RMS roughness of a dinnerware sample 

prepared using the pPVA Buffalo China granulate on the Dorst press by a line in 
the figure.  The RMS roughness of the dinnerware samples prepared using the 
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Alfred University granulate was observed to increase with increasing binder 
concentration.  The Veegum™ T, starch, methyl cellulose, and carboxymethyl 

cellulose binder systems did not have a RMS roughness that significantly varies 
from the samples pressed without a binder, i.e., the 0 wt% samples.  The 
roughness of these samples all fall within the error associated with the samples 

prepared with 0 wt% binder.  The samples prepared with acrylic latex passed 
through a maximum at 2 wt% binder that fell outside the error associated with the 
samples prepared with 0 wt% binder.  The remaining binder systems have 

roughness values that exceed the error associated with the 0 wt% samples; 
these roughness values were observed at the higher binder concentrations.   

The RMS roughness of the tile samples is shown in Figure 7-93; the RMS 

roughness of a sample prepared using the pPVA granulate supplied by Buffalo 
China on the Aeonic press is illustrated as a line in the figure.  The RMS 
roughness of the tile samples was primarily observed to increase with increasing 

binder concentration.  The RMS roughness of the Veegum™ T, methyl cellulose, 
and carboxymethyl c
vary from that of the s of 

binder whic  
The remainder of the binder systems were observed to have RMS roughness 

values that exceed the error associated with the 0 wt% binder samples.  The 
most significant increase in the RMS roughness was observed in the agar binder 
system, which had tile sample RMS roughness values that exceeded the RMS 

roughness values of the dinnerware samples.  The increase in RMS roughness 
of the agar samples was the results of undissolved agar grains that protruded 
from the pressed surface.  Between the agar grains the RMS roughness of the 

samples was observed to approach that of the plastic formed ware in 
characterized in Chapter 6; an image of the pressed dinnerware surface from the 
interferometer at 5 wt% agar is shown in Figure 7-94.  The RMS roughness for 

the 1.04 mm by 0.62 mm area between the undissolved agar grains is 4.704 
micrometers which is approaching the surface roughness of the pressure-cast 
ware selected as a benchmark for the surface finish in Chapter 6. 

ellulose binder systems was not observed to significantly 
samples prepared with 0 wt% binder.    The roughnes

the acrylic latex samples was observed to pass through a maximum at 2 wt% 
h falls outside of the error associated with the 0 wt% binder samples. 
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Figure 7-94. Image of the dinnerware surface pressed using the 5 wt% agar 
granulate in the Dorst semi-isostatic die.  Image is from between the agar grains 
which protrude from the sample surface.  RMS roughness of the surface is 4.704 
micrometers for the 1.04 mm by 0.62 mm area. 

 

Representative images of the surface finish from the optical interferometer 
are shown in Figure 7-95 (agar binder system) and Figure 7-96 (plasticized PVA 
binder system).  Images are shown for both the dinnerware and tile samples.  

The agar binder system was selected to clearly illustrate the change in the 
surface finish with increasing binder concentration.  The dinnerware samples 
from the Dorst press have a gradual change in appearance with undissolved 

agar protruding from the surface at high concentrations.  Texture from the 
granules was visible in all of the images from the dinnerware samples due to the 
compliant nature of the membrane surface.  The samples prepared with higher 

concentrations of binder on the Aeonic press had grains of undissolved agar 
which protruded from the surface.  These undissolved grains significantly 
increased the RMS roughness.  Between the grains of agar the surface appeared 

relatively smooth due to the good deformation of the granulate which had a high 
moisture content.  The pPVA samples prepared on the Dorst press showed a 
gradual increase in the RMS roughness as more texture was apparent in the 

image of the surface.  The initial decrease in the RMS roughness was due to 
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           6.158 µm        4.962 µm          4.918 µm  
      (a c) )             (b)      (

 

           1.401 µm        2.161 µm          2.493 µm  
Figure 7-95. Images from the optical interferometer of the surface finish of samples prepared with agar as-prepared binder 
system.  Images from the dinnerware samples prepared on the Dorst press (top) and on the Aeonic press (bottom) are 
shown.  Binder concentration increases from left to right: a) 0 wt%, b) 0.25 wt%, and c) 0.50 wt%; higher concentration are 
shown on the next page.  The RMS roughness from the stitched area has been listed below each image. 
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           2.929 µm        6.849 µm          10.875 µm  
Figure 7-95 (cont.). Images from the optical interferometer of the surface finish of samples prepared with agar as-prepared 
binder system.  Images from the dinnerware samples prepared on the Dorst press (top) and on the Aeonic press (bottom) are 
shown.  Binder concentration increases from left to right: d) 1.00 wt%, e) 2.00 wt%, and f) 5.00 wt.  The RMS roughness from 
the stitched area has been listed below each image. 

 

           6.238 µm        5.934 µm          8.807 µm  
      (d)             (e)      (f) 
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           6.916 µm        5.568 µm          5.438 µm  
      (a)             (b)      (

 

      1.681 µm             2.052 µm        1.467 µm    
Figure 7-96. Images from the optical interferometer of the surface finish of samples prepared with plasticized PVA 
as a binder system.  Images from the dinnerware samples prepared on the Dorst press (top) and on the Aeonic 
press (bottom) are shown.  Binder concentration increases from left to right: a) 0 wt%, b) 0.25 wt%, and c) 0.50 
wt%; higher concentration are shown on the next page.  The RMS roughness from the stitched area has been 
listed below each image. 
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           5.314 µm    
      (d)       

    7.292 µm    
      (e)      (

      11.116 µm  
f) 

 

           2.160 µm        2.870 µm          2.729 µm  
Figure 7-96 (cont.). Images from the optical interferometer of the surface finish of samples prepared with plasticized PVA as a 
binder system.  Images from the dinnerware samples prepared on the Dorst press (top) and on the Aeonic press (bottom) are 
shown.  Binder concentration increases from left to right: d) 1.00 wt%, e) 2.00 wt%, and f) 5.00 wt.  The RMS roughness from 
the stitched area has been listed below each image. 



 

dust or loose granules that were on the surface of the sample prepared with 0 
wt% binder.  The samples prepared on the Aeonic press showed a small 

increase in the RMS roughness.  This gradual change in the surface finish was 

 The P1 results from the blending of the granulate prepared at Alfred 
University can be observed in Figure 7-97.  No clear trend was apparent in the 

in blended systems.   

The roughness of the samples prepared by blending the granulate spray 

dried at Alfred University is shown in Figure 7-100.  The roughness of the blends 
was observed to be significantly lower than that measured in the preliminary 
study, Chapter 6.  As a comparison the roughness of a tile pressed using the 

pPVA granulate from Buffalo China is illustrated by a line in Figure 7-100.  The 
roughness of the blended systems was primarily observed to be lower than that 
of the sample prepared using the industrial granulate.  There was an increase in 

the roughness of the samples with an increase in the normalizing factor.  A 
correlation plot of the RMS roughness and moisture content is shown in Figure 7-
101; the roughness was observed to be a function of the moisture content of the 

granulate.  An increase in the moisture content of the granulate was observed to 
result in a decrease in the measured RMS roughness.  Surface images from the 

due to the poor deformation of
into the surface between the granules.  Wi

crevices penetrated further into the su
sample.  Images of the surfaces from 
Appendix I. 

7.4.4.16 Blending of Granulate wit

 the granulate and residual crevices that penetrate 
th increasing binder concentration the 

rface increasing the RMS roughness of the 
all of the samples can be observed in 

h Alternative Binder Systems 

data, although blending granulate
in a small reduction in the P1
correlation plots of P1 as a function of 

P1 as a function of the moisture content 
trend was apparent in the pl
clear trend was apparent in t

moisture content plays a more si

 with similar P1 values was observed to result 
 value.  To determine if this benefit was significant 

the normalizing factor (Figure 7-98) and 

(Figure 7-99) were prepared.  No c
ot of P1 versus the normalizing factor, P1norm.

he plot of P1 versus moisture content.  Therefore 

gnificant role in the deformation of the granulate 

lear 
.  A very 
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interferometer of the samples prepared with blended granulate that was spray 
dried at Alfred University are shown in Appendix J. 

The blended systems prepared with agar granulate show a significant 
reduction in the P1 value of the granulate.  The physical water trapped within the 
agar gelatin served to plasticize the second binder allowing good deformation 

during compaction.  The RMS roughness of these systems was inflated due to 
the presence of undissolved agar grains protruding from the surface of the 
pressed part.  The dried green strength of the blends prepared with the agar 

granulate was observed to be significantly higher than that of the other blends in 
the study, Figure 7-102.   
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Figure 7-97. Results from blending granule systems with similar P1 values.  No 
clear trend is apparent in the P1 data although there may be a small benefit to 
blending granulate with similar P1 values. 
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Figure 7-98. Correlation plot of the P1 value from the blended granulate systems 
versus the normalized P1 value.  No correlation is observed. 

 

Figure 7-99. Correlation plot of the P1 value from the blended granule systems 
versus moisture content in the granulate.  A strong correlation is observed where
an increase in the moisture content results in a lower P1 value. 
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Figure 7-100. Plot of the RMS roughness as a function of the normalizing factor 
P1norm..  An increase in the RMS roughness is observed with an increase in the 
normalizing factor.  RMS roughness of the pPVA reference prepared using the 
industrial granulate is approximately 11 micrometers. 

P
1 no

rm
. (

M
Pa

2 )

0.0

0.5

1.0

1.5

M
oi

st
ur

e 
C

on
te

nt
 (w

t%
)

0

1

2

3

4

5

6

Blend

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

R
M

S
 R

ou
gh

ne
ss

 (µ
m

)

4

6

8

10



 

 313

 

 

Figure 7-101. Correlation plot of the RMS roughness as a function of the
moisture content in the blended granulate.  A decrease is observed in the 
measured RMS roughness with an increase in moisture content.  A slight
increase is observed at high moisture contents due to the presence of 
undissolved Agar protruding from the samples surface 
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Figure 7-102. Plot of the green strength of the dried compacts prepared using 
blended-granule systems.  Blends that were observed to have a higher moisture 
content, i.e., those blends prepared with agar granulate as one of the 
constituents, are observed to have a higher green strength, see blend #23. 
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7.4.5 Summary and Conclusions 

Alternative binders are available to replace a pPVA binder system in dry 
pressing.  Thermal gelling of cellulose type binders and thermal degradation of 

some organics, e.g., sugar, make some selections studied impractical for an 
industrial process.  Other binder systems, starch and agar, were observed to 
degrade in the presence of the clay surface resulting in the growth of secondary 

organics while in suspension.  The degradation of the organics was indicated by 
the formation of a black fungal growth within the polypropylene container or the 
swelling of the polypropylene container during storage.  Agar has the ability to 

trap significant amounts of physical water into the gelatin structure which was 
available to facilitate compaction although undissolved agar was apparent in the 
surface of the pressed samples.  Reduction of the particle size of the purchased 

organic may have helped in dissolving the agar.  Partially replacing pPVA with an 
inorganic additive (Veegum™ T) was observed to maintain the green strength 
and the density of the compact while significantly reducing the measured P1 

value. 

 Physical moisture within the granulate was more important for good 
compaction compared to blending binder systems.  While there was some benefit 

to blending granulate, proper selection of the constituent binder systems is time 
consuming and difficult.  Tighter process control on the moisture content of 
granulate prior to the dry-pressing process would facilitate compaction resulting 

in ware with a higher green strength, a higher compact density, and a superior 
surface finish. 

 Blending of agar granulate and granulate prepared with another binder 

system was observed to result in regions of good surface finish.  The presence of 
undissolved agar grains at the surface of the sample served to inflate the 
measured RMS roughness of the samples.  The physical water that is trapped 

within the agar gelatin served to plasticize the second binder resulting in good 
deformation and a high green strength for the pressed samples.  The highest 
green strength was observed using a blend of agar and lignosulphonate 
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granulate. 
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8. Compaction versus Shear Compaction 

8.1 Introduction 

 Based upon the previous work the P1 value of granulate can be reduced 
by proper selection of a binder system and control of the moisture content of the 
granulate.  Previous unpublished work indicates that the combination of 

compaction and shear further facilities the deformation of the granulate resulting 
in superior compaction.1  Failure of granular materials has been determined 
using a Jenike-type shear cell where a linear relationship was observed between 

the normal stress and the shear stress.2  The loads used in the study were 
insufficient to cause deformation of the granular materials.  Therefore a study 
was performed to compare uniaxial compaction diagrams, via the Instron testing 

machine, and shear compaction diagrams, generated in the HPASC, as a 
function of moisture content.  In the process of generating shear compaction 
diagrams the plasticity of the granulate was also characterized. 

8.2 Experimental Procedure 

Approximately 250 grams of the granulate supplied by Buffalo China, each 
binder system was evaluated separately, were tumbled in a steam chamber 

constructed at Alfred University.  The chamber, shown in Figure 8-1, consisted of 
a Lexan box which was set over a steam humidifier.  A thermostat and an 
infrared bulb were used to control the temperature within the chamber.  A small 

fan was used to circulate the air within the box and a cell, consisting of perforated 
PVC lined with a 270-mesh stainless steel cloth, was tumbled at approximately 
12 rpm within the chamber.  Early attempts to control the humidity and 

temperature within the chamber proved difficult due to variations in the 
temperature and humidity within a 24-hour period.  It was decided therefore to 
maintain the temperature above 35ºC and the relative humidity at 100%.  The 

temperature and humidity in the chamber were monitored using a traceable 
hygrometer [Fisher Scientific, Pittsburgh, PA] with a memory recall for the highest 
and lowest values of temperature (in ºC and ºF) and relative humidity. 

Samples were tumbled for various periods of time to increase the moisture 
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content of the granulate.  Due to the high relative humidity in the chamber 



 

physical moisture was condensed within the pores of the granulate, see Chapter 
7.3.2 for a discussion of re-hydrating granulate.  Once the granulate had been 

humidified the samples were stored in sealed polypropylene containers until they 
were tested. 

 

 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
Figure 8-1. Digital image of the steam chamber constructed at Alfred University.  

 

Samples were tested in uniaxial compression and in shear to determine a 

uniaxial P1 and a shear P1 value.  The uniaxial P1 value was determined by a 
standard compaction test.  The resulting compacts from the uniaxial compaction 
were tested for density and green strength.  Procedures to determine P1, the 

compact density, and green strength were reported in Chapter 7.2.  

The shear P1 was determined using the HPASC.  The design of the 
sample cell for the HPASC was discussed in Chapter 5.  The sample in the cell 

was placed in shear by rotating the bottom portion of the cell at 0.53 rpm while 

Hygrometer IR Bulb 

Steam 
Humidifier

Sample 
Chamber 

Motor 
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holding the top portion stationary.  The vertical position of the top portion of the 



 

cell was monitored by a height gage clamped to the frame of the HPASC.  To 
obtain the low loads necessary to measure P1 the arm of the dead-weight 

system was counter balanced with 117.5 pounds.  The load on the dead-weight 
system was ranged from 12.5 to 250 pounds in small increments.  The sample 
was allowed to equilibrate at each load for two minutes, corresponding to one 

revolution of the lower portion of the cell.  The test was ended when either the 
maximum load was reached, water was observed to be expressed from the 
sample, or when frictional effects were observed to interfere with the test.  

Samples that were compacted in shear were not available to test the density and 
the green strength. 

Samples were prepared at higher moisture content using the Brabender 

prep-mixer as described in Chapter 5.  These samples were prepared so that the 
moisture content would overlap that from the steam chamber.  Samples were 
prepared with increasing moisture content until it appeared that the samples 

were oversaturated with water, i.e., DPS>1. 

The lignosulphonate and pPVA granulate from the steam chamber was 
used to press samples for measurement of the surface roughness.  Samples 

were pressed on the Aeonic press using an elastomer insert, cut from an 
elastomer membrane for the Dorst press, to replicate a semi-isostatic pressing 
process.  Samples that appeared to be aggregated due to the moisture in the 

steam chamber were not pressed. 

8.2.1 Regression Analysis to Determine Shear P1 

While it was possible to obtain low normal pressures to consolidate the 

samples in shear, no inflection point, i.e., a P1 value, was observed.  Therefore a 
linear regression was taken for the shear compaction data using Excel.  A 
second regression was taken for the low-pressure region of the uniaxial 

compaction data, see Figure 8-2.  The intersection of the two lines was 
calculated and taken as the P1 value in shear; it was assumed that the fill density 
of the samples was independent of the test method.  For a further discussion of 

this method and a sample calculation see Appendix K. 
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Figure 8-2. Comparison of uniaxial compaction curves to a shear compaction 
curve for a sample of dried pPVA granulate. 

 

8.2.2 Plasticity of a Granulated Porcelain Body with Organic Binders 

During shear compaction of the re-humidified granulate data was collected 
to study the plasticity of the granulated porcelain body as function of moisture 
content using the procedure reported in Chapter 5.  Each normal pressure/shear 

stress pair corresponded to a single Mohr’s stress circle where the normal 
pressure was the center, plotted along the x-axis, and the shear stress 
corresponded to the circle radius (this was based upon the assumption that the 

maximum shear stress was measured).  A linear regression was taken through 
the data, using Excel, where the slope was taken as the pressure dependence (a 
measure of the internal friction) and the y-intercept was the cohesion.  The raw 

data from the HPASC was used to perform the regression analysis so that there 
were 40 repeat points for each normal load tested. 
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8.3 Results 

The P1 results from uniaxial compaction and shear compaction are shown 

in Figure 8-3.  As the moisture content of the granulate increased the measured 
uniaxial P1 value undergoes an initial rapid decrease followed by a plateau 
above 3% moisture.  The P1 value measured in shear was nearly independent of 

the moisture content.  While the P1 measured in shear was low it is important to 
note that the dried samples were not fully consolidated prior to the frictional 
effects stopping the test.  The dried samples were observed to be consolidated in 

the shear region, but unconsolidated outside of the shear region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-3. Comparison of the P1 measured in uniaxial (solid symbols) and shear 
(open symbols) compaction as a function of moisture content.  P1 in uniaxial 
compaction is observed to decrease until a plateau value is reached at 
approximately 3% moisture.  Shear during compaction process is observed to 
reduce the measured P1 value by approximately 1 order of magnitude.   

 

The compact density is plotted in Figure 8-4 for each of the binder 

systems studied in uniaxial compaction.  The compact density was observed to 
significantly increase with increasing moisture content.  Above 3% moisture the 

Moisture Content (%, dwb)

0 2 4 6 8 10 12 14

P1
 (M

P
a)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

Ligno
pPVA
PEG
NB

 330

density was observed to plateau.  The green strength of the compacts prepared 



 

in uniaxial compaction is plotted in Figure 8-5.  The green strength increases with 
increasing moisture content up to approximately 3% at which point the green 

strength reached a plateau. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-4. Compact density of the samples prepared by uniaxial compaction.  
Compact density is observed to increase up to approximately 3% moisture at 
which point the density reaches a plateau value. 

 

The roughness results are plotted in Figure 8-6 for the pPVA and Ligno 
binder systems.  The roughness of the tiles decreases with increasing moisture 

content.  Above 3% moisture the roughness values reached a plateau.  The 
roughness measured in this study was significantly higher than those that were 
initially measured on Buffalo China’s dry pressed ware, Chapter 6.  This was an 

artifact of the forming process, i.e., compaction in a hardened steel die with an 
elastomer insert.  A strong correlation was again observed between P1 and the 
measured RMS roughness, Figure 8-7.  Images of the surface finish from the 

optical interferometer are shown in Appendix L. 
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increasing moisture content until a plateau is reached at approximately 3% 
moisture. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-5. Plot of the green strength of the compacts from uniaxial compaction.  
The green strength is observed to increase until a plateau value is reached at 
approximately 3% moisture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-6. Plot of the RMS roughness as a function of moisture content for the 
Ligno and pPVA granulate.  RMS roughness is observed to rapidly decrease with 

Moisture Content (%, dwb)

0 2 4 6 8 10 12 14

R
M

S
 R

ou
gh

ne
ss

 (µ
m

)

6

8

10

12

14

16

18

20

22

24

26

Ligno
pPVA

Moisture Content (%, dwb)

0 2 4 6 8 10 12 14

G
re

en
 S

tre
ng

th
 (M

P
a)

0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75

Ligno
pPVA
PEG
NB



 

 333

 
 
 
 
 
 
 
 
 
 
 
 
 

Ligno and pPVA gran

 

Negre and Sanchez  of granulate can reduce 
the flowability.3  Mois antly 

 study 

were observed at approximately 3% moisture.  At 3% moisture the P1 and RMS 
roughness reach a minimum value while the density and green strength reach a 
maximum.   

9.3.1 Plasticity of a Granulated Porcelain Body with Organic Binders 

The results from the characterization of the plasticity on the granulated 
porcelain body prepared with organic binders are shown in Figure 8-8 (cohesion) 

and Figure 8-9 (pressure dependence).  All systems show similar trends; there 
was an initial decrease in cohesion, resulting in a negative cohesion value, 
followed by an increase to a maximum value and finally a decrease in the 

cohesion of the sample at high moisture content.  In all cases the pressure 
dependence of the samples initially increased followed by a decrease with 

Figure 8-7. Correlation plot for the RMS roughness and un
ulate samples.  Uniaxial P1 and RMS roughness are 
d. 
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ture contents above 3% were observed to signific

reduce the flowability of the granulate in their work.  Plateau values in this

P1 (MPa)

.2 0.4 0.6 0.8 1.0 1.2 1.4

observed to be correlate

iaxial P1 value for the 

0.0 0 1.6 1.8

R
M

S 
R

ou
gh

ne
ss

 (µ
m

)

6

8

10

12

14

16

18

20

22

24

26

Ligno
pPVA



 

increasing moisture content.  The samples that were prepared with the 
Brabender mixer were observed to overlap the samples humidified in the steam 

box.  The data from the HPASC was used to construct a shear rheology map, 
cohesion as a function of pressure dependence, for each binder system.  The 
shear rheology maps are shown in Figure 8-10 (Ligno), Figure 8-11 (pPVA), 

Figure 8-12 (PEG 8000), and Figure 8-13 (NB).  The peak cohesion values for 
each binder system are listed in Table 8-I. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-8. Plot of the measured cohesion as a function of moisture content for 
the binder systems in this study.  Little variation is observed between the NB and 
the PEG system.  The pPVA system is shifted to slightly down and to the right, 
i.e., the peak occurs at higher moisture content, but with a lower maximum value.  
The Ligno curve is shifted up and to the right; a peak is not observed within the 
moisture content range used in this study.  Lines have been added to help guide 
the eye. 
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of the binder systems in this study.  Little variation is observed in the pressure 
dependence.  Lines have been added to help guide the eye. 
 

 
Table 8-I. Peak Cohesion Values Determined on the HPASC for 
Each Binder System in This Study.   

Peak Cohesion Pressure Dependence Moisture Content
Binder System 

kPa 100*kPa/kPa wt%, dwb 

Lignosulphonate* 183.24±3.94 5.90±0.30 19.62 

pPVA 121.60±5.30 38.80±0.50 18.43 

PEG 8000 176.59±7.60 36.90±0.60 15.94 

NB 123.19±3.21 6.20±0.50 18.56 
* Peak cohesion was not observed within the moisture content range tested 

 

 

The change in the shear rheology of the granulated feed material will be 
discussed in reference to the system prepared with no organic binder.  The NB 
granulate was observed to have a relatively low peak cohesion value and a low 

 

Figure 8-9. Plot of the pressure dependence measure using the HPASC for each 
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pressure dependence.  The addition of PEG 8000 to the granulate material was 
observed to increase the peak cohesion value and the pressure dependence.  

The moisture content at the peak cohesion value for the PEG 8000 granulate 
was observed to be significantly lower than that of the NB system.  The pPVA 
granulate was observed to have no significant change in the peak cohesion 

value, but there was a significant increase in the pressure dependence of the 
plastic material.  The addition of lignosulphonate was observed to significantly 
increase the peak cohesion value; no peak was actually observed within the 

range of moisture contents tested, but the highest value observed exceeded that 
of the NB system.  The pressure dependence of the lignosulphonate system was 
observed t ture 

 
 
 

Figure 8-10. Cohesion and moisture content as a function of pressure 
dependence for the granulate with the lignosulphonate binder system.  Cohesion 
is initially observed to decrease with increasing pressure dependence and 
moisture content.  Significant scatter is observed at high pressure dependence.  
At high moisture content the cohesion is observed to increase with a decrease in 
pressure dependence.  A maximum is not observed in the cohesion for the 
lignosulphonate binder system.  Lines are purely to help guide the eye. 
 
 

o be low near the peak cohesion value.  Furthermore the mois

content of required to achieve the peak cohesion was the highest observed for 
the binder systems studied. 
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The plasticity results can be related back to the surface tension results 
reported in Chapter 5 and the adsorption of the organics on the particle surface.  

The addition of PEG 8000 or pPVA in solution was observed to reduce the 
surface tension of water due to their hydrophobic nature.  The addition of 
lignosulphonate was also observed to decrease the surface tension of water.  

 these 
additives r
plasticity of

the clay r

cohesion. 

 
 

Figure 8-11. Cohesion and moisture content as a function of pressure 
dependence for the granulate with the pPVA binder system. Cohesion is initially 
observed to decrease with increasing pressure dependence and moisture 
content.  Significant scatter is observed at high pressure dependence.  At high 
moisture content the cohesion is observed to increase with a decrease in 
pressure dependence.  A peak in the cohesion is observed at a pressure 
dependence of approximately 38.  Lines are purely to help guide the eye. 
 
 

Since PEG and PVA do not significantly adsorb onto the surface on clay
emained in the bulk solution and had detrimental effects on the 
 the TK6 clay.  The adsorption of lignosulphonate on the surface of 

emoved these species from the bulk solution and created an 
electrosteric barrier to particle-particle interactions.  This resulted in a reduction 
in the pressure dependence of the clay with a corresponding increase in the 
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the addition 

 
 
 

lly 

 
 

 

For the purposes of this research plasticity has been defined as a high 
cohesion with low pressure dependence.  Based upon this definition 

of lignosulphonate was observed to improve the plasticity of the granulate 
relative to the system with no organic binder.  Plasticized PVA and PEG 8000 
were both observed to be detrimental to the plasticity. 
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Figure 8-12. Cohesion and moisture content as a function of pressure 
dependence for the granulate with the PEG binder system. Cohesion is initia
observed to decrease with increasing pressure dependence and moisture 
content.  Significant scatter is observed at high pressure dependence.  At high
moisture content the cohesion is observed to increase with a decrease in
pressure dependence.  A peak in the cohesion is observed at a pressure 
dependence of approximately 37.    Lines are purely to help guide the eye. 
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Figure 8-13. Cohesion and moisture content as a function of pressure 
dependence for the granulate with the NB binder system. Cohesion is initially 
observed to decrease with increasing pressure dependence and moisture 
content.  Significant scatter is observed at high pressure dependence.  At high 
moisture content the cohesion is observed to increase with a decrease in 
pressure dependence.  The cohesion is observed to peak at a pressure 
dependence of approximately 45.  Lines are purely to help guide the eye. 
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8.4 Summary and Conclusions 

Moisture content was again observed to have an important role in the 

deformation of the granulate.  By increasing the moisture content of the granulate 
the P1 value was reduced resulting in higher compact densities and green 
strengths as well as a better surface finish on the pressed ware.  The measured 

properties of the granulate and compacts prepared by uniaxial compaction 
reached a plateau value at approximately 3% moisture.  The addition of shear 
during the compaction process was observed to significantly reduce the 

measured P1 value.  The process used to apply shear to the granule bed in this 
study was

 
was obser  

 observed to make the shear P1 value independent of the moisture 
content in the powder.  The samples that were tested in the dried state were not 

fully consolidated prior to frictional effects interfering with the test.   

Addition of lignosulphonate as a binder to the granulated porcelain body
ved to improve the plasticity relative to the system with no organic

binder.  PVA and PEG 8000 were both observed to reduce the plasticity of the 
porcelain batch. 
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9. Plasticizers for PVA 

9.1 Introduction 

The plasticizer (Nalco 93QC215) for PVA that was used in this study was 
supplied by Buffalo China.  As a final study in this research the concentration of 
Nalco 93QC215 necessary to fully plasticize, i.e., shift the glass transition 

temperature (Tg) of the PVA to it’s minimum value, was characterized by dynamic 
mechanical analysis. 

9.2 Literature Review 

Plasticizers are used with organic additives (binders) to reduce the glass-
transition temperature (Tg).  Below Tg the binder is said to be hard and brittle.  
Above Tg the binder is referred to as “soft and rubbery.”  For good compaction 

the binder should be above Tg so that the organic is easily deformed under a 
load, i.e., Tg should be below room temperature.1-10   

y 

plasticiz nted 
ity of the 
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PVA.  T s in 
a new, “hy   In 
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9.3 Experimental Procedure 

Mixtures of organic additives were prepared by mixing approximately 20 
grams of PVA solution (at 24 weight percent PVA) with the appropriate amount of 
plasticizer to create the desired ratio of PVA:plasticizer.  Both the PVA solution 

and the plasticizer were supplied by Buffalo China and are the materials used in 

Plasticizers form an associated complex with the PVA molecule b

hydrogen bonding with the hydroxyl groups in the PVA chain.  Without a 
er the PVA chains can hydrogen bond creating a repeating, orie

structure in the dried film; this structure is referred to as the crystal

organic.  The oriented structure in the PVA film increases the measured T
polymer film.  Addition of the plasticizer disrupts the crystallinity of a dried PVA 
film by hydrogen bonding with the PVA molecule, thus reducing the Tg

he associated complex formed between the PVA and plasticizer result
brid” molecule with a Tg between that of the plasticizer and PVA.
e there is either no interaction between the organic additives or phase 

separation two transition temperatures are measured, one for each or
10 

lin

g o

 o



 

 343

their industrial process.  After thorough mixing a glass fiber cloth was immersed 
in the solution.  A vacuum was used to assure complete saturation of the glass 

fiber cloth with the organic solution.  Attempts to cast a film of organic were 
unsuccessful so the glass fiber cloth was used as a support for the organic film.   

While specific adsorption of the organic additives on the glass fiber will 

result in a shift in the transition temperature, two factors minimize this error: 1) 
while PVA does adsorb on silica surfaces the concentration of PVA adsorbed is 
low (~0.25 mg/m2 at pH 5.3 which was close to the measured pH of the PVA 

solution used in this study)11 and 2) the glass fiber cloth has a low surface area 
(0.12 m2/g by nitrogen adsorption).  Therefore only a small quantity of PVA will 
adsorb onto the glass fiber cloth used as a support to determine Tg. 

The saturated glass cloth was dried at 50ºC overnight prior testing the 

then coole ogen 

and stab 0ºC 
oling 

elastic state to a viscous state, i.e., a glass-transition temperature.4  The peak in 

the Tan δ curve was determined using the DMA software [Universal Analysis 
2000 v.3.8B, TA Instruments, New Castle, DE] 

9.4 Results 

The results from some of the samples tested in the DMA are plotted in 
Figure 9-1.  The plasticizer used throughout this study, supplied by Buffalo 

samples.  The samples were tested using a controlled-strain method in a 
dynamic mechanical analyzer (DMA) [DMA 800, TA Instruments, New Castle, 

DE] using a dual cantilever clamp.  The samples were initially heated at 5K / 
minute to 130ºC and held for 5 minutes to remove moisture.  The samples were 

d to -100ºC using a gas-cooling accessory filled with liqu  n

ilized for 5 minutes.  The samples were heated at 3K / minute to 13
under a nitrogen atmosphere evaporated from the liquid nitrog  
accessory, i.e., the atmosphere in the furnace was completely dry (0% relative 

humidity).  During the heating cycle the sample was strained in an oscillatory 
manner and the storage modulus, a measure of the elastic properties, and the 
loss modulus, a measure of the viscous properties of the samples, were 

monitored.  Tan δ was then calculated as the ratio of the loss modulus to the 
storage modulus.  A peak in the Tan δ curve corresponded to a transition from an 

id itr

en co
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China, has a Tg at approximately -34ºC.  The dried PVA was observed to have a 
Tg at approximately 82ºC; this was found to be near the manufacturer’s reported 

Tg of 75-85ºC.  As the concentration of plasticizer in the polymer mixture 
increased the PVA peak was observed to shift slightly, but there was no 
significant shift to lower temperatures.  At high concentrations of plasticizer a 

peak was observed at -34ºC in addition to the peak for the PVA at approximately 

erin 

 9-1 

 

ated 
that measuring the glass-transition temperature of PVA at 50% relative humidity 

further shifted the Tg to lower temperatures.10  Therefore the thermal cycle that 
was performed prior to testing the glass-transition temperature, i.e., the heating 
of the sample to 130ºC, served to completely dry the PVA film thus shifting the Tg 

to a temperature slightly above room temperature. 

The organic solutions that were prepared to make the samples for the 
DMA were allowed to rest undisturbed for seven days.  After a period of seven 

days the solutions were photographed.  The solutions that were prepared with 
low concentrations of “plasticizer” appeared homogeneous, but at higher 
concentrations of “plasticizer” phase separation into two distinct domains 

occurred, Figure 9-2.  The PVA:glycerin sample was observed to remain 
homogeneous.  Based upon the data supplied with the pPVA granulate in this 

82ºC.  These results indicated that the plasticizer used in this study was in fact 
not a plasticizer for PVA.  For comparison the results from a PVA and glyc

sample, prepared at a PVA:glycerin ratio of 1.2:1, are also shown in Figure
(top curve).  The addition of excess glycerin to the PVA resulted in two glass-
transition temperatures; one for the glycerin at approximately -45ºC and a second 

peak for the associated complex at approximately 28ºC.  The addition of glycerin 
to PVA resulted in a shift in the Tg of the PVA due to the formation of an 
associated complex. 

The Tg of the PVA when mixed with glycerin was observed to shift by 54K. 
While the measured Tg of the PVA and glycerin mixture remained above room 
temperature there was still a significant shift to a lower glass-transition 

temperature.  Data reported by Klingenburg for Airvol 205, the commercial name 
for Celvol 205 when it was sold by Air Products and Chemicals, Inc., indic
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study it was calculated that the ratio of PVA:plasticizer was approximately 1.75:1 
on a weight basis.  This ratio of PVA:plasticizer falls within the phase separation 

hase 
 

 

 

 
 
 

 
 
 

 
 
 

 
 

 

 

Figure 9-1. Results from the DMA for the PVA binder system.  The unmixed 
plasticizer and PVA results are shown at the bottom.  As the relative 
concentration of plasticizer in the mix increases a peak for the plasticizer is 
observed.  No shift in the Tg of the PVA is observed in the DMA results.  Mixing 
PVA with glycerin is observed to result in two Tg values, one corresponding to the 
glycerin (-45ºC) and another for the PVA-glycerin associated complex at 28ºC. 

 

This could further aggravate the interactions between the dispersant and 
PVA binder systems which were demonstrated to phase separate by Kim.12  The 
result is a granule with a high concentration of PVA on the surface, i.e., a case-

hardened granule.  The granulate prepared in this study was dispersed prior to 
spray drying using a poly[acrylic acid].  The addition of PVA and an incompatible 
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plasticizer will result in an organic solution that will further aggravate the phase 
separation since the dispersant is strongly adsorbed to the particle surface.  

Furthermore the presence of naturally-occurring organics in solution or adsorbed 
at the particle surface will also enhance the phase separation of the binder 
system.13-15 

 
 

 

 

 

 

 

 

 

    A         B                 C            D                 E                 F           G 

Figure 9-2. Digital images of the organic solutions used to determine Tg.  (A) 
unmixed PVA, (B) 20.8 PVA: 1 plasticizer, (C) 4.2 PVA: 1 plasticizer, (D) 2.0 
PVA: 1 plasticizer, (E) 1.7 PVA: 1 plasticizer, (F) 1.1 PVA: 1 plasticizer, and (G) 
1.2 PVA: 1 Glycerin.  Phase separation of the organic additives is observed in 
mixes D, E, and F.  Homogeneous solutions are observed in A, B, and C.  Based 
upon the DMA results a homogeneous solution of glycerin and the associated 
complex formed between PVA and glycerin is observed in G. 

 

The data from the DMA and the observed phase separation can be used 
to explain data plotted in Figures 9-3, data from Chapter 7.4 for the pPVA system 

(Figure 7-36).  During the preparation of the suspension for spray drying the 1 
wt% pPVA was over plasticized, at a PVA:plasticizer ratio of 0.77:1, relative to 
the standard procedure, at a PVA:plasticizer ratio of 1.75:1, used by Buffalo 

China.  No effort was made to correct the situation at that time.  During the 
testing of the resulting granulate it was determined that the P1 value in the dried 
state was significantly higher than that measured for the 2- and 5-weight-percent 

granulate.  Less of an effect was observed for the as-prepared granulate.  Since 
moisture is a well-known plasticizer for PVA the samples in the as-prepared state 
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were deformed more easily due to the small quantity of moisture, 0.168 wt%, in 
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the granulate.  When that moisture was removed prior to compaction, the 
measured P1 value was significantly higher since the binder system had phase 

separated and the PVA was no longer plasticized. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-3. Plot from Chapter 7.4 showing the effect of pPVA concentration on 
the measured P1 value in uniaxial compaction.  The 1 wt% sample was “over 
plasticized,” at a PVA:plasticizer ratio of 0.77:1, while preparing the suspension 
for spray drying.  All other samples were prepared at an approximate 
PVA:plasticizer ratio of 1.75:1.  Upon drying the organics phase separated into 
distinct domains resulting in the high P1 value at 1 wt% in the dried granulate.  
The as-prepared granulate has sufficient physical water remaining in the 
granulate to plasticize the PVA and no discontinuities are observed in the P1 
value.  Lines have been added to help guide the eye. 

Over plasticized 
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9.5 Summary and Conclusions 

The combination of PVA and plasticizer used in the majority of this study 
has been determined to be incompatible and at higher concentrations to undergo 

phase separation into a “plasticizer”-rich domain and a PVA-rich domain.  Since 
the organic additive used as a plasticizer has no plasticizing effect on the PVA 
there was no reduction in the measured Tg of the PVA.  The PVA remained hard 

and brittle making it more difficult to deform the granule during compaction.  
While the presence of physical water in the granulate served to plasticize the 
PVA, the addition of the plasticizer had no beneficial effect.  Furthermore the 

presence of high concentrations of the “plasticizer,” even the concentration used 
in preparing the granulate for this study, will result in phase separation and case 
hardening of the granules during spray drying.  Glycerin was demonstrated to 

have a positive interaction with PVA, reducing the Tg of the PVA molecule. 
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10. Summary and Conclusions 

The adsorption of Na-PAA on the surface of alumina was observed to 

approach the values reported in the literature; no effect of polymer molecular 
weight was observed.  Adsorption of Na-PAA on the surface of commercial 
kaolinitic clays showed a significant deviation from the predicted values based 

upon a model of the mineralogy of kaolinite.  The proposed adsorption model 

 

 

layer 
silic

 

ured 
 
 

by suppliers, were observed to be pH active.  These species, when present in the 
supernatant of the suspension, interfered with the titration technique selected to 
determine the concentration of organics present in solution.   

The organics present in TK6, a commercial kaolin clay, and Huntingdon, a 
commercial ball clay with added digested lignite, were observed to compete with 
the dispersant, Darvan™ 811, for the surface of the clay minerals.  This 

competitive adsorption resulted in the organics present in the clay desorbing from 
the clay surface and being replaced by the PAA polymer.  The results from the 
GPC indicated that there was no significant difference in the molecular weight of 

the species desorbing from the Huntingdon clay surface upon addition of PAA.  

was confirmed using source clay minerals, specifically a poorly crystallized 
kaolinite, a non-swelling Ca-montmorillonite, and a swelling Na-montmorillonite. 

The adsorption plateau for the kaolinite source clay confirmed the proposed 
model for adsorption on the alumina-like basal plane of the kaolinite platelet. 
Adsorption on the montmorillonite minerals was determined to be either 

negligible or negative due to the mineralogy of montmorillonite, i.e., a 2:1-
ate.   

The low adsorption levels that were measured for the commercial 

kaolinitic clays were determined to be the result of naturally-occurring organics
and impurity minerals which were present in the as-received clay.  A washing 
and beneficiation process to remove the organic and inorganic impurities, i.e., 

minerals which were not kaolinite, was observed to increase the meas
adsorption levels for the commercial clays.  The naturally-occurring organics that
were present in clays, as well as additives that are doped into commercial clays
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No precipitate was formed during the titration of the TK6 samples; the precipitate 
was used to prepare the GPC polymer solutions. 

The supplier of the Huntingdon clay adds digested lignite, prepared by 
heating the organic lignite in a 1N solution of NaOH, to the clay to improve the 
plasticity of the clay.  The addition of fractioned lignite or fractioned-digested 

lignite, fractioned by the solubility as a function of pH, was observed to have an 
effect on the viscosity of 30 v/o suspensions of TK6.  The viscosity was initially 
observed to decrease with organic addition, but with higher additions (or 

additions with a high sodium concentration) the viscosity was observed to 
increase due to coagulation of the suspension.  The fractioned organics were not 
observed to significantly affect the shear rheology of the suspension as 

determined by the HPASC.  Therefore it was concluded that the added organics 
do not affect the plasticity, instead the addition of salt was observed to reduce 
the cohesion of the plastic clay.  A transition was observed in the pressure 

dependence of the plastic samples with increasing salt concentration.  Above the 
CCC of the salt the pressure dependence of the samples was observed to 
decrease due to a change in the particle-particle interactions.  The high surface 

charge on the kaolin platelets results in a non-DLVO, or extended DLVO 
interaction between the particles which results in a short-range repulsion. 

The addition of Na-lignosulphonate was observed to increase the 

cohesion of TK6 with a corresponding decrease in the pressure dependence at a 
s 

Based upon the results from the initial study the dry-pressed surface finish 

was significantly worse than that of the other forming processes.  The 
quantitative and semi-quantitative measurements performed in this study 

target moisture content of 22%.  Lignosulphonate is a known dispersant for clay
and the creation of an electrosteric barrier on the clay surface reduced the 

particle-particle interactions thus reducing the internal friction (pressure 
dependence).  The addition of lignosulphonate, in sufficient quantities to saturate 
the clay surface, was observed to increase the cohesion of the clay sample by 

approximately 20% with a corresponding 300% decrease in the pressure 
dependence. 
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indicated that a minimum acceptable RMS roughness of 4.60 µm, equivalent to 
that of the pressure-cast ware, was necessary for a dry-pressing operation to 

replace the plastic-forming methods currently used by Buffalo China.  At this 
roughness value it was observed that the granule features were nearly 
unidentifiable in the image of the surface. 

Dried blends of hard and soft granulate were observed to significantly 
reduce the measured roughness of the dry-pressed ware when compared to the 
unblended pPVA binder system.  Blending of granulate below the percolation 

threshold of the hard granulate reduced the measured RMS roughness by 
approximately 0.8 µm.  Above the percolation threshold, approximately 50% hard 
granulate, no benefits were observed in blending since the hard granulate 

created a network to support the applied load.  Samples pressed in an industrial 
setting using blends of dried granulate were considerably weaker and, in the 
case of the pPVA - NB system, could not survive the industrial forming process.  

Moisture content had a significant role in compaction.  Moisture, physical 
water in the granulate, acted as a plasticizer for many organic systems.  
Plasticizers made the organic softer and more deformable under an applied load.  

Samples of granulate that were dried prior to re-humidification could be returned 
to the as-received condition through storage at elevated relative humidity.  
Storage for an extended period of time at 100% relative humidity and 50ºC was 

 

granules r uring 
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observed to result in the growth of secondary organics within the granulate. 
Storage at 100% relative humidity did result in a significantly stronger compact, 
although significant drying shrinkage and sticking of the part were problems.   

Granule size did not have a significant role in compaction, provided that 
the extreme fines (sub-230 mesh) were not considered.  A maximum in the green 
strength was observed in the small size fractions, between 60 and 90 

micrometers, due to the reduction in the flaw size within the compact; larger 
esulted in larger interstices which needed to be filled d

compaction. 

Die fill was demonstrated to play a crucial role in the surface finish of the 
pressed ware.  Variations in the measured surface roughness from the horiz



 

press were determined to be the result of poor die fill, a consequence of the 
design of the press loaned to Alfred University.  Proper design of the dry press, 

i.e., vertical versus horizontal, determined the uniformity of the die fill.  Artifacts of 
die fill were still observed in the pressed ware prepared by Buffalo China for this 
study, but these artifacts resulted in a much smaller variation in the roughness 

compared to the semi-isostatic press at Alfred University. 

Alternative binders to replace pPVA in dry pressing are available.    
Systems that have shown promise include methyl cellulose and Veegum™ T.  

Replacing pPVA with a 50-50 wt% blend of pPVA and Veegum™ T was 
demonstrated to significantly reduce the P1 value of the granulate without 
decreasing the green strength or density of the compact. Blends of granulate, 

selected based upon a normalized P1 value, which were spray dried at Alfred 
University did not significantly change the measured P1 value of the granulate.  
Instead a stronger correlation was observed with the moisture content of the 

granulate.  Agar was shown to be an effective additive for dry pressing since the 
organic gelatin retained significant amounts of physical water which was 
available to aid in the deformation of the granulate.  Undissolved agar was 

apparent in the pressed surface which was observed to inflate the measured 
roughness; reduction in the particle size of the agar would aid in the dissolution 
of the agar at elevated temperatures.     

The most significant improvement in the surface finish is realized by using 
a harder elastomer membrane in the semi-isostatic press.  The use of the proper 
membrane in a semi-isostatic press can reduce the surface roughness of the dry-

pressed ware to a value less than that of the jiggered ware.   

A reduction in the surface roughness of the dry pressed ware was realized 
by reducing the mean diameter of the spray-dried granulate.  The granulate 

prepared at Alfred University has a significantly smaller mean diameter 
compared to the industrially prepared granulate.  This resulted in a reduction of 
the measured surface roughness since the depth crevices between the granules 

in the compacted surface was reduced.  
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Under uniaxial compaction there was no shear applied to the granulate 
once the P1 value was exceeded.  The granulate settled into a tight packing 

arrangement and only normal loads were transmitted between the granules.  The 
combination of shear and compaction was observed to significantly reduce the 
P1 value of the granulate.  Moisture content was observed to significantly reduce 

the measured P1 value and increase the measured compact density and green 
strength of samples prepared by uniaxial compaction.  A plateau in the measured 
attributes of the compacts was observed above 3 wt% moisture for all binder 

systems tested in uniaxial compaction.  Moisture content was not observed to be 
significant to shear compaction although it was observed that the dried granulate 
was not fully consolidated prior to frictional effects interfering with the test.  The 

material under shear was observed to be compacted, but outside of the shear 
region the granulate remained undeformed. 

The roughness of the samples prepared with pPVA or lignosulphonate 

was observed to decrease with increasing moisture content; a plateau was 
observed above 3 wt% moisture.  A strong correlation was observed between the 
measured P1 value and the RMS roughness of the surface. 

The plasticity of the spray-dried granulate with various binder systems was 
determined at moisture contents ranging from 0 to 20 wt%.  For all binder 
systems an increase in the pressure dependence and a decrease in cohesion 

was observed with small additions of water.  This was due to the water wetting 
the particle surfaces and increasing the particle-particle interactions, i.e., higher 
friction.  With higher additions of water the cohesion was observed to pass 

through a maximum while the pressure dependence was observed to decrease.  
The addition of pPVA or PEG 8000 was observed to reduce the plasticity of the 
granulate relative to the system with no organic binder.  The addition of 

lignosulphonate was observed to increase the plasticity of the porcelain batch.  
While no peak cohesion was observed for the lignosulphonate binder within the 
moisture-content range tested, the highest cohesion observed exceeded that of 

the other three systems at a lower pressure dependence.  The changes in 
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plasticity were related back to the adsorption of organics and the change in the 
surface tension of water with dissolved organics. 

The plasticizer, Nalco 93QC215, which was used throughout this study 
was supplied by Buffalo China from their production line.  It was determined that 
the material supplied as a plasticizer did not form an associated complex with the 

PVA molecule and there was no significant change in the measured Tg of the 
PVA with addition of the plasticizer.  Furthermore evidence was found that the 
PVA and plasticizer phase separate into distinct domains at the ratio used by 

Buffalo China in their industrial process.  Data collected indicated that the 
presence of moisture within the granulate will compensate for the phase 
separation and the PVA molecule will be plasticized, resulting in a softer granule.  

Upon drying the granulate the P1 value was observed to increase significantly.  
Samples prepared with excess plasticizer were observed to be significantly 
harder, i.e., a higher P1 value, compared to samples prepared with the ratio used 

by Buffalo China.  A sample of PVA mixed with glycerin, a known plasticizer for 
PVA, at the same ratio was observed to significantly reduce the Tg of the PVA 
with the excess plasticizer in the mixture having a second peak in the Tan δ 

curve.   

The results from the plasticity study have implications for the dry pressing 
of granulated materials.  Typical moisture content for dry pressing of granulate 

materials is between 1 and 3 wt% to maintain flowability while having good 
deformation.  A plateau was observed in this study for the roughness, P1, 
compact density, and green strength above 3% moisture.  Seasonal variations, 

from a cold, dry winter to a hot, humid summer, will cause the moisture content of 
the granulate to fluctuate, thus changing the compaction of the granulate.  
Between 1 and 3 wt% moisture a significant decrease in the cohesion was 

observed, this was likely due to frictional effects under high normal pressures.  
Furthermore between 1 and 3 wt% moisture there was a significant increase in 
the pressure dependence of the sample.  These two factors will interfere with the 

deformation of the granulate during consolidation. 
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Storage of granulate in a controlled environment, i.e., regulated humidity 
and temperature, will aid in controlling the moisture content of the granulate and 

prevent complications that arise from seasonal fluctuations in temperature and 
relative humidity.  Proper selection of the organic additives, i.e., selection of a 
compatible binder system, is crucial to achieving good deformation of the 

granulate.  While physical moisture within the granulate can serve as a 
plasticizer, thus reducing the hardness of the organic, small fluctuations in the 
moisture content can have drastic implications for the compaction of an 

incompatible binder system.  Using an elastomer membrane with a higher shore 
hardness for isostatic compaction will provide a slight improvement in the surface 
finish of the dry pressed ware, but the compliant nature of the elastomer will 

result in texture, i.e., relics from the granulate, that remain visible in the pressed 
surface.  Hardened steel dies will further improve the surface finish, but problems 
associated with cleaning the dies to prevent powder from flowing between the 

punches and die walls are prohibitive in an industrial process. 

The use of organics which trap physical moisture into a gelatin, e.g., agar, 
result in an improved surface finish provided that complete dissolution of the 

organic is achieved during the spray-drying process.  The growth of secondary 
organics needs to be considered in using these systems, agar is primarily used 
to grow bacterial cultures in a laboratory.  Blending of agar granulate with a 

second binder system has beneficial effects since the water trapped in the gelatin 
is available to plasticize the organic binder during compaction.  The spray-dried-
agar granulate in this study was observed to be stable, i.e., no degradation was 

indicated, for a period of at least four months.  Furthermore these systems were 
observed to have a significantly higher green strength in the dried state. 

Based upon these results a blended granule system in which one of the 

constituents is a gelatin-type binder is recommended.  These systems are 
observed to have a significantly better surface finish and a lower P1 value 
relative to the other blended systems studied.  It is not recommended that an 

excessive amount of gelatin-type binder should be used as this will effect the 
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flowability of the granulate. 



 

Appendix A. Calibration Curves to Determine the Concentration of Polymer 
in Solution by Potentiometric Titration 

1.0 Creation of the Calibration Curve 

 The titration technique selected to determine the concentration of organic 

remaining in solution involved converting the volume of titrant, 0.25 N HCl, to a 
concentration of organic in solution.  To affect this conversion a calibration curve 
was needed for each poly[acrylic acid] (PAA) used in this research.  The process 

of generating the calibration curve for Acumer™ 1510 is reported in this 
Appendix. 

 Solutions with a known concentration of polymer were prepared by mixing 

Acumer™ 1510, 27 wt% PAA, with distilled water to make 85 mL of solution.  
Care was taken to account for the water present in the organic solution.  The pH 
of the solutions was adjusted to above 10.5 using 6 N NaOH.  The samples were 

titrated using 0.25 N HCl to a pH of 2.  The volume of titrant necessary to 
saturate, i.e., fully protonate, the functional groups of the polymer chain was 
determined as the volume between the two inflection points; Figure A-1 is a plot 

of some titration curves used to prepare the calibration curve. 

 The results were plotted as the milligrams of PAA versus the milliliters of 
titrant as shown in Figure A-2.  A linear regression of the results, forcing the y-

intercept to zero, was determined using Excel.  The slope of the regression was 
used as a conversion from the milliliters of titrant to the milligrams of polymer in 
solution.  The calculation to determine the concentration of polymer present in 

the supernatant of an unknown sample is detailed below. 

2.0 Sample Calculation to Determine the Concentration of Polymer  
       in an Unknown Solution 

 The titration curve for a supernatant solution from a 15 volume percent 
alumina sample prepared with approximately 0.90 mg/m2 Acumer™ 1510 is 
shown in Figure A-3.  The supernatant was collected by centrifuging the alumina 

suspension.  The supernatant was diluted with distilled water; 40 mL of 
supernatant was diluted to a total volume of 85 mL.  The volume of titrant 
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between the inflection points was determined to be 2.5725 mL of 0.25 N HCl. 
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forced through a y-intercept of zero, was used to convert the mL of titrant to the 
mg of PAA present in the supernatant of the unknown polymer solutions. 

 

 

 

 

 

 

 

 

 

Figure A-1. Titration curves for Acumer™ 1510 that were used to generate a 
calibration curve.  The volume of titrant between the inflections points was 
determined by the first derivative of the curve, not shown. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-2. Calibration curve for Acumer™ 1510.  The slope of the regression, 
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Figure A-3. Titration curve from the alumina sample prepared with approximately 
0.90 mg/m2 of PAA used for the sample calculation. 

 

The volume of titrant was converted to the millimoles of H+ necessary to 
saturate the polymer chain. 

 

(21) 

The mg of PAA in the solution was calculated using the slope from the calibration 
curve, for Acumer™ 1510 the slope was calculated to be 101.67 mg PAA/mmole 

H+. 

 

(22) 

Since the supernatant was diluted prior to titration it was necessary to 
compensate for the dilution. 

PAA mg 65.39
mmole

mg101.67* 0.6431 =

+= H mmole 0.6431
mL
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(23) 

The amount of Acumer™ 1510 added to the initial suspension was 1.5400 g, or 
1540.0 mg.  The Acumer™ 1510 solution was a 27 wt% solution of PAA in water 

therefore the weight of PAA added to the suspension was 415.8 mg.  The 
amount of PAA adsorbed on the surface for the powder is the difference between 
the amount added and the amount detected in the supernatant. 

adsorbed PAA mg 276.85  138.95 - 415.8 =         (24) 

Based upon the specific surface area of the alumina, 7.7 m2/g, the amount of 
PAA adsorbed was converted to a surface coverage in mg/m2.  Since 59.7 g of 

alumina was added to the initial suspension the surface coverage was: 

 

(25) 

Therefore the surface coverage of the alumina powder with 0.904 mg/m2 of 
added PAA was 0.602 mg/m2. 

 

22 m
mg0.602

/gm 7.7 * Alumina 59.7g
276.85

=

PAA mg 138.95
40
85* 65.39 =
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Appendix B.  Calculation of the Free Quartz in a Commercial Clay 

1.0 Chemical Analysis of TK6 

 The chemical analysis of TK6 is o sets of data are 
shown, the left column is the data reported by Acme Analytical Laboratories 
where the sum of the oxides is less than 100%, this is due to the LOI of the clay.  

The right column is normalized such that the total of the oxides equals 100%.  
The LOI of TK6, determined by thermal analysis, is 12.55%.  There are two 
methods of calculating the amount of free quartz present in a clay: 1) from the 

LOI and 2) from the 

 
Table B-1. Chemical Analysis of TK6 Reported by Acme Analytical 
Laboratories.   

Oxide Weight Percent Oxide Weight Percent
(%) 

 shown in Table B-I.  Tw

chemical analysis. 

(wt %) 

 45.78 SiO2SiO2  54.55 

TiO2 1.38 TiO2 1.62 

Al2O3 35.54 Al2O3 43.35 

Fe2O3 0.43 Fe2O3 0.51 

MgO 0.44 MgO 0.52 

CaO 0.24 CaO 0.29 

Na2O 0.00 Na2O 0.00 

K2O 0.13 K2O 0.15 
  

Total 83.92 

 

Total 100.00 

 

2.0 Free Quartz from the LOI (Sample Calculation) 

The free quartz determined from the LOI is calculated using two equations 
and two unknowns.  The equations used were: 

 (26) 1  f  f kaoliniatequartz =+
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(27) 

where fquartz and fkaolinite are the fraction of quartz and kaolinite respectively and 

LOImeas. is the measured LOI of the clay sample.  Since the theoretical LOI of 
kaolinite is 13.94% and the LOI of quartz is 0%, rearranging and combining these 
two equations to solve for the fraction of quartz yields the equation: 

 

(28) 

Using the data for TK6, the free quartz from the LOI is: 

 

(29) 

Therefore the amount of free quartz from the LOI is 9.97%. 

3.0 Free Quartz from the Chemical Analysis (Sample Calculation) 

 To calculate the amount of free quartz present in TK6 from the chemical 
analysis one must assume that only quartz and kaolinite are present in the clay 

sample.  Based upon the chemical analysis listed in Table B-I this assumption is 
not valid, no alkali or alkaline earth oxides are present in wither kaolinite or 
quartz.  When the chemical water in the crystal lattice is removed the resulting 

material is metakaolin, the formula of metakaolin is Al2O3•2SiO2.  Assuming that 
100 g of metakaolin are tested the weight percent listed in Table B-I is equivalent 
to the grams of oxide present.   

The first step is to convert the weight percent of the oxides present to 
moles.  The molar mass of quartz is 60.08 and the molar mass of alumina is 
101.96.  The moles of alumina and silica present are: 

 

 

(30) 
2SiO moles 0.908

mole
g 60.08

g 54.55
=







=

13.94
LOI-1   f meas.

quartz







=
13.94
12.55-1   fquartz

meas.kaolinitekaoliniatequartzquartz LOI  LOI * f  LOI*f =+
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and 

 

(31) 

For each mole of alumina there are two moles of silica present in metakaolin.  
Therefore the number of moles of silica in metakaolin is: 

(32) 

The remainder of the silica in the chemical analysis is present as free quartz.  
Therefore the number of moles of free quartz is: 

(33) 

The grams of free quartz is: 

 

(34) 

Since 100 grams of dehydroxylated clay was assumed there is 3.48 wt% free 
quartz in TK6. 

4.0 Summary 

There is a large discrepancy between the amount of free quartz calculated 
from the LOI, 9.97 wt%, and the chemical analysis, 3.48 wt%.  In both 
calculations it was assumed that only quartz and kaolinite were present in the 
clay sample.  As mentioned previously this assumption is not valid.  The 
presence of 2:1-layer silicates in the commercial clay will change the LOI of the 
clay.  2:1-layer silicates have a variable LOI depending on their thermal history 
and processing.  Swellable 2:1 silicates can have a large quantity of physical 
water trapped in the interlayer structure that may not be vaporized below 
temperatures of 300ºC.  Non-swelling 2:1-layer silicates can have a LOI of 0%.  
This error will e of 2:1-layer silicates in 
the clay invalidate the assumption for t tion of the silica measured by 
ICP. 

quartz free g 3.48
mole

grams60.8*moles 0.058 =

32OAl moles 0.425

mole
g 101.96

g 43.35
=

quartz free - 0.908

2SiO moles 0.425*2 32  0.850  OAl moles =

 moles 0.058  0.850 =

 change the measured LOI.  The presenc
he alloca
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Appendix C.  Chemical Analysis of Organics Used to Affect Plasticity in 
Clays 

1.0 ICP-AES Rock Analysis 

The complete chemical analysis of the organic samples tested by ICP-
AES rock analysis are listed in Table C-I. 

 
Table C-I. Chemical Analysis for the Samples that were Tested by 
ICP-AES Rock Analysis. 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 Organic 
% % % % % % % % 

Lignite 31.01 10.62 1.38 0.25 0.58 0.09 0.34 1.42 
Lignite IN 46.12 9.36 1.07 0.18 0.35 1.12 0.32 1.56 
Lignite AI 5.35 3.86 1.44 0.13 0.41 1.45 0.08 0.91 
Dig. Lig. 15.08 8.88 1.06 0.23 0.55 10.54 0.27 1.13 

Dig. Lig. IN 35.54 15.8 0.76 0.17 0.08 3.02 0.46 1.95 
Dig. Lig. AI 1.1 0.81 0.55 0.03 0.13 6.77 0.02 0.63 

 

P2O5 MnO Cr2O3 Ba Ni Sr Zr Y 
 

% % % ppm ppm ppm ppm ppm 
Lignite 0.04 0.01 0.005 372 < 20 145 268 60 

Lignite IN 0.05 0.01 0.006 416 < 20 118 375 53 
Lignite AI 0.05 < .01 0.01 185 23 118 154 61 
Dig. Lig. 0.04 0.01 0.005 345 21 138 148 57 

Dig. Lig. IN 0.05 < .01 0.005 480 22 137 238 35 
Dig. Lig. AI 0.04 < .01 0.003 141 < 20 73 104 32 

 

Nb Sc LOI TOT/C TOT/S ORG/C GRA/C 
 

ppm ppm % % % % % 
Lignite 43 12 54 31.53 0.66 31.49 0.02 

Lignite IN 37 10 39.3 23.69 0.45 23.63 0.04 
Lignite AI 58 14 86 48.65 0.83 48.61 0.03 
Dig. Lig. 40 10 62 32.21 0.54 15.68 15.87 

Dig. Lig. IN 47 12 41.6 22.71 0.37 22.63 0.02 
Dig. Lig. AI 39 9 95 49.24 0.58 49.22 < .02 

 

IN = insoluble fraction, AI= Acid-insoluble fraction 
TOT/C = total carbon, TOT/s = total sulfur, ORG/C = organic carbon, GRA/C = graphitic carbon 
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2.0 ICP-AES Water Analysis 

The complete chemical analysis of the organic samples tested by ICP-
AES water analysis is listed in Table B-II. 

 
Table C-II. Chemical Analysis for the Samples that were Tested by 
ICP-AES Water Analysis. 

Ag Al As Au B Ba Be Bi 
Organic 

Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
L.S. 3.33E-05 2.40 5.52E-04 2.28E-05 8.05E-03 6.56E-04 7.13E-03 1.01E-06 

DLS 2.28E-05 3.01 5.52E-04 1.41E-05 3.27E-03 1.51E-03 3.13E-03 5.11E-06 

Ligno. 1.02E-05 6.82E-02 2.53E-04 2.59E-05 4.77E-03 4.50E-03 2.08E-07 6.65E-06 
 

Br Ca Cd Ce Cl Co Cr Cs 
 

Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
L.S. 4.71E-03 9.22 1.29E-04 1.06E-02 1.46E-01 1.34E-02 1.05E-03 8.89E-05 

DLS 5.31E-03 3.91 7.78E-05 1.10E-02 1.58E-01 3.63E-03 5.03E-03 8.70E-05 

Ligno. 1.10E-02 7.67 3.11E-05 2.36E-05 3.85E-03 2.29E-04 4.11E-03 6.07E-05 
 

Cu Dy Er Eu Fe Ga Gd Ge 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
2.37E-03 4.33E-03 2.78E-03 5.15E-04 3.76 8.17E-04 3.86E-03 2.

1.87E-03 3.77E-03 2.40E-03 5.41E-04 3.47 2.52E-03 3.76E-03 5.

1.74E-03 6.53E-06 3.58E-06 1.66E-07 1.38 4.40E-05 7.36E-06 6.
 

Hf Hg Ho In Ir K La 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
9.52E-07 4.89E-05 1.01E-03 8.06E-05 2.65E-07 8.03E-02 4.03E-03 2.

4.76E-06 4.95E-05 8.37E-04 5.76E-05 1.33E-07 5.60E-02 3.86E-03 4.

1.25E-06 7.36E-05 7.07E-07 2.49E-07 1.20E-04 2.56 1.00E-05 1.
 

Lu Mg Mn Mo Na Nb Nd 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
3.18E-04 2.87 2.46E-01 5.29E-06 80.6 8.20E-07 8.35E-03 1.

2.85E-04 9.98E-01 8.42E-02 7.19E-06 88.1 7.51E-06 9.14E-03 4.

6.65E-07 8.61E-01 4.60E-01 1.11E-04 86.4 3.96E-05 1.47E-05 8.

L.S. 66E-04 

DLS 04E-05 

Ligno. 74E-06 

Li 

L.S. 57E-04 

DLS 57E-04 

Ligno. 80E-04 

Ni 

L.S. 21E-02 

DLS 39E-03 

Ligno. 32E-07 
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Table C-II (cont.). 

Os P Pb Pd Pr Pt Rb 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
1.32E-07 5.29E-05 3.21E-03 1.06E-06 1.55E-03 2.65E-08 1.27E-03 1.

1.33E-07 6.28E-04 2.49E-03 7.98E-07 1.65E-03 1.86E-07 7.62E-04 4.

2.08E-07 1.13E-01 1.45E-04 5.82E-06 2.16E-06 4.16E-08 5.27E-03 2.
 

Rh Ru S Sb Sc Se Si 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
2.65E-08 1.32E-07 3.45E-03 1.01E-06 2.59E-04 3.49E-05 1.68E-02 2.

2.66E-08 1.33E-07 8.44E-04 2.85E-06 4.44E-04 1.86E-05 5.37E-02 2.

5.03E-06 2.08E-07 8.75E-02 1.68E-05 2.54E-04 1.22E-04 2.10E-01 2.
 

Sn Sr Ta Tb Te Th Ti 
Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
2.01E-06 8.23E-02 1.40E-06 6.34E-04 2.01E-06 5.74E-06 7.14E-05 1.

Re 
Organic 

L.S. 38E-06 

DLS 52E-07 

Ligno. 08E-07 

Sm 

L.S. 18E-03 

DLS 49E-03 

Ligno. 95E-06 

Tl 

L.S. 53E-04 

DLS 1.94E-06 4.05E-02 5.32E-08 5.78E-04 9.58E-07 1.58E-05 1.09E-04 6.98E-05 

Ligno. 1.78E-04 8.30E-02 7.19E-06 9.15E-07 1.58E-06 4.27E-05 6.70E-03 9.69E-06 
 

Tm U V W Y Yb Zn Zr 
 

Atom% Atom% Atom% Atom% Atom% Atom% Atom% Atom%
L.S. 3.74E-04 1.06E-04 9.44E-04 3.31E-06 4.05E-02 2.06E-03 4.73E-02 6.44E-05 

DLS 3.14E-04 3.73E-05 1.34E-02 5.32E-08 3.00E-02 1.81E-03 2.12E-02 1.31E-04 

Ligno. 2.91E-07 2.49E-05 4.64E-04 3.16E-04 4.88E-05 2.87E-06 9.38E-03 5.42E-05 
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1969. 

Appendix D. Calculation to Determine the Surface Tension of Organic 
Solutions 

1.0 Sessile Drop Method 

The sessile drop method of determining surface tension involves placing a 
droplet of the liquid on a non-wetting pedestal.  Gravity causes the droplet to 
flatten and the shape of the droplet can be used to calculate the surface tension 
of the liquid.  The higher the surface tension of the liquid the less the droplet will 
flatten.   

2.0 Other Methods of Determining the Surface Tension of Liquids 

 Padday lists a series of alternative methods to determine the surface 
tension of a liquid.  These alternative methods are listed in Table D-I.  The 
sessile drop method was selected for this study since it was easy to obtain the 
necessary equipment and it suffered the fewest complications from factors such 
as drafts or aging of the test solutions. 

 
Table D-I. List of the Methods Available to Determine the Surface 
Tension of Liquids. 

Remarks on Suitability* Method 
Pure liquids Solutions 

Sessile drop profile Very satisfactory Very suitable when  
aging occurs 

Pendant drop 
profile 

Very satisfactory but  
limited experimentally  

Capillary Height Very satisfactory Not suitable if contact angle 
altered from 0º 

The Wilhelmy plate 
Very quick and easy to 
operate; susceptible to 

atmospheric contamination 

Accuracy good; suitable  
when aging occurs 

The Du Noüy ring Satisfactory Not suitable 

Drop weight 
Very suitable  

when atmospheric  
contamination suspected 

Poor when aging effects 
suspected 

Maximum bubble 
pressure 

Somewhat difficult to  
operate successfully 

Poor when aging effects 
suspected 

* Remarks are taken from J.F. Paddy, “Theory of Surface Tension,” pp 101-149 in 
Surface Colloid Sci., ed. E Mitjevic, Wiley Interscience, New York, New York, 



 

3.0 Surface Tension of Liquids 

Pure water has a high surface tension due to van der Waals interactions 
orienting the water molecules at the surface of the droplet.  The addition of salts 
is known to slightly increase the surface tension of water since the ions will 
increase the polarity of the water.  This aids in the orientation of the water 
molecules and increases the surface tension.  The effect of organic additives can 
be classified in two groups.  The addition of a hydrophilic additive, i.e., a “water-
liking” organic, will not significantly effect the surface tension of water.  The 
hydrophilic molecule will remain uniformly distributed throughout the solution thus 
having little effect of the surface tension of the droplet.  The addition of a 
hydrophobic additive, i.e., a “water-hating” organic, will cause the surface tension 
to decrease since the organic will migrate to the surface of the droplet.  At the 
surface of the droplet the organic molecule will disrupt the orientation of the water 
molecules thus affecting a decrease in the surface tension.  It was observed in 
this research that the smallest addition of a hydrophobic organic resulted in a 
significant decrease in the surface tension of the solution.  Higher additions of the 
organic were not observed to result in a further decrease in the surface tension of 
the solution. 

4.0 Sample Calculation to Determine the Surface Tension from a Sessile 
Droplet 

The equations used to determine the surface tension of the sessile drop 
were: 

(35) 

which calculates the “flatness” of the droplet.  This factor is then used to calculate 
the surface tension using the equation: 

 

 (36) 
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where γ  is the surface tension of the solution, ligρ  is the density of the solution, 
and airρ  is the density of air.  The term “g” is the acceleration due to gravity, 9.8 
m/sec2.  Evaporation of the liquid will slightly alter the measured surface tension 
since evaporation will alter the structure of the water at the surface of the droplet. 

For this sample calculation a 3 wt% solution of plasticized PVA was 
selected.  The image of the sessile drop used to determine the surface tension is 
shown in Figure D-1.  The image was taken on a day when the ambient 
temperature was 20ºC and the ambient relative humidity was 22%.  From 
psychrometric charts the amount of water in the air at that temperature and 
relative humidity is 0.0034 kg water per kilogram of dry air.  At 22ºC the density 
of dry air is 1.1413 g/L and the density of water is 0.9982 g/cm3.   

 
 

 
 

Figure D-1. Image of the sessile drop used to calculate the surface tension 
of the 3 wt% plasticized PVA solution  

 

The dimensions of the projected droplet were measured to be: 

(37) 

(38)  

(39) 

(40) 

Based upon the measured dimensions of the droplet the factor (f) is: 

 

(41) 
0.40590.4142

13.90
1.85)(13.25f =−

−
=

cm 13.9  r90 =

cm 13.25  r45 =

cm 1.85  h45 =
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The magnification of the image was determined using the actual diameter 
on pedestal.  The actual diameter of the base was 2.86 cm, therefore 

the magnification of the image was: 

 

(42) 

The actual radius of the droplet at the vertical tangent, r90, was therefore 1.44 cm. 

 The density of plasticized PVA was determine to be 1.1965 g/cm3 by 
weighting a 25 wt% solution of plasticized PVA and distilled water.  Using the rule 
of mixtures the density of the 3 wt% solution is: 

 

(43). 

The densit

 

 (44) 

The surface tension of the solution is therefore: 

(45) 

 
 

of the Tefl

3cm
grams1.0042  0.9982*0.03)(10.03*1.1965 =−+

9.63
2.86
27.55

=

y of the air is also calculated by the rule of mixtures: 

3cm
grams0.0045

1000
1.1413*0.0034)(10.9982*0.0034 =−+

cm
dynes50.90.4059*0.04810.12268

0.4059
0.052*1.44*0.0045)(1.0042*980 2 =
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Appendix E.  Determine the Performance of Blended Granulate in 
Production at Buffalo China. 

1.0 Introduction 

Two industrial trials were performed at Buffalo China using blended 
granulate as a feed material in an attempt to improve the surface finish of the 
dry-pressed ware.  In addition to these trials, samples were supplied by Buffalo 
China for evaluation over the course of the project.  These samples were 
supplied at times when Buffalo China thought there was a significant 
improvement in the roughness of their dry-pressed ware. 

2.0 Experimental Procedure 

The first industrial trial involved three blends of granulate: 1) a 50-50 blend 
of pPVA and PEG, end of 
pPVA and NB.  As a control two other sets of samples were prepared: 1) using 
the aged pPVA granulate that had been stored at the dry-press facility at Alfred 
University and 2) usi falo 
China. 

The roughness of the samples was determined using the optical 
interferometer and the procedure outlined in Chapter 6.   

 the 
 

pPVA and PEG granulate would be evaluated.  Furthermore the 50-50 weight 
percent blend of pPVA and PEG granulate was repeated to verify the preliminary 
results as this blend performed well in an industrial environment.  Samples were 
also prepared using the unblended pPVA granulate stored at the dry-press 
facility as a reference.  Also, at the time of the second trial Buffalo China 
submitted the pPVA granulate stored at Alfred University to their standard tests. 

3.0 Results  

The roughness results from the various samples provided by Buffalo 
China are shown in Figure E-1. Samples were supplied by Buffalo China for 
evaluation of the surface roughness throughout this project.  These samples are 

A second trial in a region that shown promise for a further reduction in
surface roughness.  An intermediate blend of 41-59 weight percent blend of

ng fresh pPVA granulate from the production line at Buf

 2) a 33-67 blend of pPVA and PEG, and 3) a 50-50 bl



 

listed in Table E-I with an approximate date of delivery.  Not included in this list 
are the samples initially provided by Buffalo China to set a baseline for the 
surface roughness, Chapter 6. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure E-1. RMS roughness results of the samples provided by Buffalo China for 
evaluation throughout this project.  All samples, except the jiggered ware, were 
prepared using pPVA granulate supplied by Buffalo China and evaluated in the 
green state.  Samples studied were the Dorst square sample (Square), Dorst 
round sample (Round), samples prepared using the Dorst membrane at Buffalo 
China (BC Dorst), samples prepared using the Local Vendor’s version of the 
Dorst membrane (BC Local), the initial roughness results for the Buffalo China 
samples that were dry pressed (BC) and jiggered (Jigger). 

 

No details were provided with the samples as to their processing or 
forming conditions and only one sample was provided for evaluation of the 
surface finish.  Therefore only a cursory evaluation and qualitative remarks will 
be made.  The roughness of the “square” sample in the green state was 
significantly lower than that of the ware typically manufactured by Buffalo China.  
The RMS roughness was 5.65 µm for a 6.85 mm by 6.76 mm area compared to 
8.54±0.61 µm which was the baseline roughness determined in Chapter 6.  The 
second sample provided by Dorst was a round sample.  The measured RMS 
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roughness of this sample was 2.11 µm which was superior to the surface finish 
from the jiggering process, RMS roughness of 3.04 ± 0.75 µm. 

 
Table E-I. List of the Samples Provided by Buffalo China for 
Evaluation of the Surface Finish.   

Sample Approximate Delivery Date RMS roughness 

Dorst, square (green) December, 2001 5.65* 

Dorst, square (bisque) December, 2001 8.35*† 

Dorst, round (green) December, 2001 2.11* 

Dorst, round (bisque) December, 2001 3.78*† 

Dorst, hard membrane (green) February, 2002 5.46 ± 0.39 

Local Vendor, hard membrane (green) December, 2002 7.79 ± 0.49 

Buffalo, “sig. improvement” (green) January, 2003 8.00 ± 0.64 

* Only one sample was provided for evaluation 
† Roughness in the bisque fired state was demonstrated to be higher due to noise, Chapter 6 

 

Following the evaluation of these samples Dorst supplied to Buffalo China 
a die manufactured using the harder membrane material for evaluation in Buffalo 
China’s facility.  Samples prepared using this harder membrane and the pPVA 
granulate were supplied for evaluation of the surface finish.  The measured RMS 
roughness of these samples, for a 6.85 mm by 6.76 mm area, was 5.46 ± 0.39 
µm.  While the roughness was higher than that of the jiggering process, the use 
of the harder membrane resulted in a significant improvement in the surface 
finish.  Due to the excessively high costs of shipping membranes from Germany, 
Buffalo China turned to their local supplier for an equivalent product. 

Samples prepared using the local supplier’s membrane were evaluated for 
surface finish.  The RMS roughness of the samples was measured at 7.80 ± 046 
µm for a 6.85 mm by 6.76 mm area, which represents a significant increase in 
the roughness compared to the samples prepared using Dorst’s membrane.  The 
causes for this change are unknown as Buffalo China has indicated that both 
elastomers have the same shore hardness.1 
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Finally, Buffalo China provided a set of samples that were termed to have 
“the best surface finish” they had ever observed.1  Buffalo China measures 
surface roughness using a stylus-type profilometer which mechanically drags a 
tip across the surface and determines a roughness based upon the deflection of 
the tip.  This type of measurement can result in tip artifacts similar to those 
observed in atomic force microscopy.  These samples were evaluated using the 
interferometer at Alfred University using a 6.85 mm by 6.76 mm area and the 
RMS roughness was determined to be 8.00±0.64 µm.   

The samples prepared from the 50-50 blend of the pPVA and NB did not 
have sufficient green strength to survive the ejection and finishing steps in the 
industrial process.  While the experimental results generated at Alfred University 
from this blend showed promise, this granulate system was abandoned since it 
cannot survive in an industrial setting.  Focus was therefore placed on the pPVA 
and PEG blends. 

The results from the industrial trial are shown in Figure E-2.  A comparison 
between the roughness results from this trial and the previous results show that 
there is an improvement in the surface finish of the dinnerware prepared using 
the blended granulate.  The slight decrease in the measured roughness of the 
pPVA granulate relative to the preliminary data, used to set the baseline, is the 
result of a change in Buffalo China’s production process to the harder 
membrane.   

Statistical analysis (ANOVA: Single Variable, Excel v.2000) showed that 
there is a significant difference in the roughness results from this industrial trial.  
Based upon the statistical analysis there is a 99.96% confidence level that there 
is a significant difference in the roughness of the samples in the current study.  
Duncan’s Multiple Range Test was used to determine which samples in the 
analysis were significantly different.2  The results indicate that there is no 
significant difference in surface finish between the two blended granulate 
systems and that the samples prepared using granulate pPVA had statistically 
equivalent roughness, i.e., storing the granulate at the dry-press facility did not 
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effect the measured surface roughness.  A significant difference in roughness 



 

was found between the samples prepared using the blended granulate and the 
samples prepared with the unblended pPVA granulate.  Therefore blending 
pPVA and PEG granulate, within the ranges studied, resulted in a significant 
decrease in the measured RMS roughness compared to the unblended pPVA 
granulate. 

 

 

Figure E-2. Plot of the measured RMS surface roughness from the various 
blends studied in the first industrial trail.  The results from the first industrial trial 
are on the left and previous results are plotted on the right, the fraction of pPVA 
granulate in each blend increases from left to right in the current study.  The AU 
pPVA was stored at the dry pres facility prior to pressing samples while the BC 
pPVA samples were prepared using fresh pPVA granulate from Buffalo China 
process.  There is a significant difference in surface roughness between the 
samples prepared using blended granulate and unblended granulate in the 
current study.  Using a harder membrane for pressing pPVA granulate has a 
significant effect on the measured roughness, compare Init. pPVA to BC pPVA 
results.  Compared to the jiggered surface the dry-pressed samples have a 
significantly higher measured roughness.  Sample prepared using a 50-50 blend 
of pPVA and NB were not strong enough to survive an industrial dry-pressing 
process and no roughness results could be obtained. 
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The results from the second industrial trial are shown in Figure E-3, also 
plotted are the results from the first industrial trial for comparison.  No further 
improvement is observed in the measured RMS roughness.  The roughness 
values from the second trial are observed to be slightly higher than those from 
the first trial.  This may be an artifact of the change in weather, i.e., the ambient 
humidity, between the two tests or a change in the operational parameters of the 
press; data on the operation of the press has not been provided. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E-3. Summarized results from the two industrial trials at Buffalo China.  
Also plotted are the initial roughness results from the pPVA granulate and the 
jiggered ware.  No significant improvement in the RMS roughness is observed 
compared to the first industrial trail.  All the measured roughness values continue 
to be significantly higher than that of the jiggered ware (3.04 ± 0.753 µm).  See 
the text for details on the composition of the blends. 
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4.0 Summary and Conclusions 

The samples provided by Buffalo China for evaluation of the surface 
roughness were observed to be inconsistent.  Ware that was reportedly 
manufactured using a die with the same shore hardness was observed to have 
significantly different roughness values.  Uncontrolled variables in the industrial 
setting interfered with understanding the change in the measured roughness.  
Samples provided by Dorst, prepared in Germany, were observed to have a 
lower roughness than that of the jiggered and ram pressed ware.  Samples 
prepared using a membrane surface provided by Dorst in Germany observed to 
have a low surface roughness (5.46±0.39 µm RMS) using the standard binder 
system.  Based upon the images from the optical interferometer and discussions 
with Buffalo China it was determined that the low roughness from the Dorst 
membrane would be sufficient for an aesthetically pleasing decoration.  
Subsequent samples prepared using the same binder system had a significantly 
higher roughness of approximately 7.79±0.49 µm RMS.   

Blending of pPVA and PEG granulate resulted in a small but significant 
decrease in the measured roughness of the dinnerware samples prepared at 
Buffalo China.  More significant was the change to a membrane elastomer with a 
higher shore hardness.     

Based upon these results it was decided to investigate the plasticized PVA 
binder system used by Buffalo China.  The results of this study are reported in 
Chapter 9. 
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Appendix F.  Mathematica™ program written to Simulate a Droplet Drying 
in a Spray Dryer 

1.0  List of Variables in the Notebook 

rd::usage="Radius of the droplet";  

rp::usage="Radius of the particle";  

af::usage="area fraction of the powder in suspension";  

n::usage="number of particles in the suspension";  

ri::usage="dimension of the area for each particle in the initial droplet";  

p::usage="list of the position and radius of each particle in the droplet";  

q::usage="modified form of p to include the head 'disk' in the list of  

 position vectors"; 

theta::usage= "list of random vectors to create a random distribution of  

 particles in the droplet"; 

dx::usage="x component of the random vectors normalized to the distance 'ri'"; 

dy::usage="y component of the random vectors normalized to the distance 'ri'"; 

deltax::usage="total x displacement of the particle due to the random vectors";  

deltay::usage="total y displacement of the particle due to the random vectors";  

x::usage="x coordinate of the particle in the rigid array"; 

y::usage="y coordinate of the particle in the rigid array"; 

s::usage="x component of the conditional statement to check if the particles  

 overlap after applying the random vector"; 

t::usage="y component of the conditional statement to check if the particles  

 overlap after applying the random vector"; 

a::usage="x coordinate position in the list 'p' of the particles in the  

 initial droplet"; 
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b::usage="y coordinate position in the list 'p' of the particles in the  

 initial droplet"; 

xcoord::usage="list of the x coordinates for each particle in the initial droplet"; 

ycoord::usage="list of the y coordinates for each particle in the initial droplet"; 

tempin::usage="inlet temperature of the spray dryer"; 

tempout::usage="outlet temperature of the spray dryer"; 

tempsus::usage="temperature of the suspension being spray dried"; 

ductarea::usage="area of the inlet duct for the heated air in the spray dryer"; 

flowrate::usage="rate that the heated air is moved through the dryer"; 

dryingrate::usage=calculated variable to determine the rate at which  

 water is removed from the droplet"; 

drd::usage="rate of change of the radius of the droplet during drying"; 

time::usage="variable to represent time in the drying process"; 

a::usage="list of images to represent the change droplet as water is removed  

 from the system"; 

waste::usage="list of waste data generated by a conditional statement 

 that limits the number of images generated by the model"; 

kappa::usage="list of the angles opposite to the position vector defined  

 by 'angle' to each particle in the droplet for a given 'time'"; 

count1::usage="iterator for determining if the particles in the virtual droplet  

 overlap"; 

count2::usage="iterator for appending the particles to list 'e' during the drying  

 process"; 

e::usage="list of the particle positions in the droplet as it is drying"; 

density::usage="density of the powder in the suspension"; 



 

distance::usage=distance from the center of the droplet to each particle,  

 used to prorate the rate of shrinkage of each particle in the droplet"; 

changex::usage="x component of the vector from the center of the droplet 

 to each particle, used to shrink the droplet"; 

changey::usage="y component of the vector from the center of the droplet  

 to each particle, used to shrink the droplet"; 

 

2.0  Series of Equations to Create a “Droplet” with “Particles” 

rd=50.; 

 (*droplet radius in micrometers*) 

rp=1.; 

 (*particle radius in micrometers*) 

af=.15; 

 (*area fraction (volume fraction) for the powder in suspension*) 

n=af(rd/rp)^2; 

ri=(\[Pi] rd^2/n)^0.5; 

p={}; 

xcoord={}; 

ycoord={}; 

 

Do[theta={}; 

    Do[AppendTo[theta, Random[Real, {0,2 \[Pi]}]], {2}]; 

     

    dx=Cos[theta] rp;  
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    dy=Sin[theta] rp; 



 

    deltax=dx[[1]]+dx[[2]]; 

    deltay=dy[[1]]+dy[[2]]; 

     

    If[(x^2+y^2)^0.5\[LessEqual]  rd, 

      If[((x+deltax)^2+(y+deltay)^2)^0.5\[LessEqual] (rd-rp), 

          

        For[s\[LessEqual]( x+deltax±2 rp); 

          t\[LessEqual] (y+deltay±2 rp), 

          MemberQ[p,{{s,t},rp}], 

          count1++, 

          deltax=deltax+dx[[1]];  

          deltay=deltay+dy[[1]]; 

          s\[LessEqual] (x+deltax±2 rp); 

          t\[LessEqual] (y+deltay±2 rp)]; 

        a=(x+deltax); 

        b=(y+deltay); 

        AppendTo[p,{{a, b}, rp}];  

        AppendTo[xcoord, a];  

        AppendTo[ycoord, b], 

         

        For[s\[LessEqual]( x-deltax± 2 rp); 

          t\[LessEqual] (y-deltay±2 rp), 

          MemberQ[p,{{s,t},rp}], 

          count1++, 
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          deltax=deltax+dx[[1]];  
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          deltay=deltay+dy[[1]]; 

          s\[LessEqual] (x-deltax±2 rp); 

          t\[LessEqual] (y-deltay±2 rp) 

          ]; 

        a=(x-deltax); 

        b=(y-deltay); 

        AppendTo[p,{{a, b}, rp}];  

        AppendTo[xcoord, a];  

        AppendTo[ycoord, b] 

        ], 

      Null 

      ], 

    {y, -rd+rp/2, rd-rp/2, ri},{x, -rd+rp/2, rd-rp/2, ri}]; 

q=Apply[Disk,p,1]; 

Show[Graphics[Circle[{0,0}, rd]], Graphics[q], AspectRatio\[Rule]Automatic,  

  Axes\[Rule]True, PlotRange\[Rule] {-50, 50}] 

3.0  Series of Equations to Simulate “Drying” of the “Droplet” 

tempin=300; 

 (*spray dryer inlet gas temperature in degrees Celcius*) 

tempout=120; 

 (*spray dryer outlet gas temperature in degrees Celcius*) 

tempsus=30; 

 (*suspension temperature in degrees Celcius*) 

flowrate=.5167; 

 (*blower gas flow rate in m^3/s*) 
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density=3.98; 

 (*density of the particles in the suspension*) 

pumprate=2; 

 (*pump rate for the suspension into the spray dryer in ml/sec*) 

numdrop=pumprate 10^8/\[Pi] rd^2; 

 

dryingrate= 

    ((637  flowrate (tempin-tempout) 

              -((tempout-tempsus) af pumprate density .8209)) 

          /(4.18 (100-tempsus)+2257+1.87(tempout-100)))/numdrop; 

 

time=0;a={}; 

waste={}; 

kappa={}; 

waste={}; 

wasteII={}; 

kappa =ArcTan[xcoord, ycoord]; 

 

For[time=0, af\[LessEqual] .75, time++, 

    e={}; 

    drd= dryingrate time 10^8/(1-af) 2 \[Pi] rd; 

    AppendTo[waste,drd]; 

    AppendTo[wasteII, af]; 

    distance=(xcoord^2+ycoord^2)^0.5; 

    changex=drd Cos[kappa] distance/rd; 



 

    changey=drd Sin[kappa] distance/rd; 

    xcoord=xcoord-changex; 

    ycoord=ycoord-changey; 

     

    Do[ 

      For[s\[LessEqual](xcoord+changex±2 rp); 

        t\[LessEqual] (ycoord+changey±2 rp), 

        MemberQ[e,Disk[{s,t},rp]], 

        count3++, 

        changex=0;  

        changey=0]; 

      AppendTo[e, Disk[{xcoord[[count2]], ycoord[[count2]]}, rp]],  

      {count2, 1, Length[q]}]; 

    rd=rd-drd; 

    af= n rp^2/rd^2; 

4.0  Equations to Plot the “Droplet” While “Drying” 

    Show[Graphics[e],Graphics[Circle[{0,0}, rd]],  

       AspectRatio\[Rule]Automatic, Axes\[Rule]True,  

      PlotRange\[Rule] {-50, 50}] 

    ]; 

ListPlot[waste]; 

ListPlot[wasteII]; 

Print[time] 

TableForm[waste] 
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TableForm[wasteII] 



 

Appendix G. Parameters Associated with the Control of the BE985 Spray 
Dryer at Alfred University 

1.0 Operational Parameters for the Spray Drier 

The following Tables list the recorded inlet and outlet temperatures from 
the BE 985 spray dryer that was used to prepared the granulate in this study.  
Also reported is the pump speed, in arbitrary units, used to atomize the 
suspension.  The atomizer pressure was maintained between 13 and 14 psig for 
each of the runs. 

 
Table G-I. Parameters from the Spray Dryer While Preparing the pPVA 
Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 289 126 290 129 2.5 
0.25 290 125 292 132 2.5 
0.5 291 122 291 134 2.5 
1 291 125 291 137* 2.5 
2 291 124 291 141 2.5 
5 291 129 291 144 2.5 

* Temperature reached 160 ˚C during spray drying 
 

Table G-II. Parameters from the Spray Dryer While Preparing the Na-
Lignosulphonate Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0.25 291 126 291 120 3 
0.5 291 127 291 126 2.8 
1 291 127 291 125 2.8 
2 291 126 291 129 2.8 
5 291 126 291 125 2.8 
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Table G-III. Parameters from the Spray Dryer While Preparing the pPVA / 
Veegum™ T Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 290 131 290 131 2.8 
0.25 290 129 290 137 2.8 
0.5 290 130 290 134 2.8 
1 290 131 290 129 3 
2 290 127 291 135 3.25 
5 290 141 291 125 3.5 
 

Table G-IV. Parameters from the Spray Dryer While Preparing the 
Veegum™ T Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0.25 290 125 288 127 2 
0.5 285 120 289 127 2 
1 290 117 292 132 2.5 
2 290 120 293 140 3 
5 290 125 295 137 4 
 

Table G-V. Parameters from the Spray Dryer While Preparing the Agar 
Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 291 126 290 124 3 
0.25 291 120 290 126 3 
0.5 290 125 290 125 3 
1 290 127 290 125 3 
2 290 127 290 120 3 
5 291 125 291 132 3 
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Table G-VI. Parameters from the Spray Dryer While Preparing the Acrylic 
Latex Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 290 135 300 135 2.5 
0.25 295 154 290 135 2.5 
0.5 290 102 290 125 2.5 
1 290 105 290 130 2.5 
2 290 110 290 125 2.8 
5 290 105 295 105 3 
 
Table G-VII. Parameters from the Spray Dryer While Preparing the Starch 
Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0.25 291 136 290 141 2.5 
0.5 291 132 290 133 2.5 
1 289 121 290 139 2.5 
2 290 124 290 140 2.5 
5 290 125 291 139 2.5 
 
Table G-VIII. Parameters from the Spray Dryer While Preparing the Sugar 
Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0.25 289 131 289 145 2.5 
0.5 289 130 290 142 2.5 
1 289 128 290 145 2.5 
2 289 135 290 150 2.5 
5 291 127 290 145 2.5 
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Table G-IX. Parameters from the Spray Dryer While Preparing the Methyl 
Cellulose Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 295 128 295 126 2.5 
0.1 295 115 295 110 2.75 

0.25* 290 113 295 135 3 
0.5 292 103 294 111 3 

0.7** 292 120 295 111 4 
*  Suspension clogged nozzle due to thermal gelling of cellulose 
**  5 drops of Bubble Breaker 748 [Bubble Breaker 748, Witco Corporation, 
New York, New York] added to minimize foaming during suspension preparation 

 
Table G-X. Parameters from the Spray Dryer While Preparing the 
Carboxymethyl Cellulose Granulate for this Study.   

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 292 132 290 135 2.5 
0.1 290 126 290 140 2.5 
0.25 290 123 290 138 2.8 
0.5 290 123 291 159 2.8 
0.7* 290 140 290 170 5 

*  Suspension clogged nozzle due to thermal gelling of cellulose 
 

Table G-XI.  Parameters from the Spray Dryer While Preparing the 
Veegum™ T / Vanzan™ D Granulate for this Study. 

Initial Temperature (˚C) Final Temperature (˚C) Binder 
Conc. 

(wt%,dwb) Inlet Outlet Inlet Outlet 
Pump 
Speed 

0 290 125 290 135 2.5 
0.25 291 125 291 140 2.5 
0.5 290 123 291 128 3 
1 291 120 291 135 3 
2 291 115 291 132 3.5 

2 - hyd. 290 127 291 139 2.5 
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Appendix H.  Structure of the Organics Used in This Study 

1.0 Organic Structures 

Schematics of the structure of the organics used in this study are 
presented in this Appendix.  The structure of the plasticizer used in this research 
is unknown as only the trade name is known.  It has been reported that the 
plasticizer is a “small, PEG-like” molecule.  The structure of agar could not be 
found.  The structure of humic acid and fulvic acid were presented Chapter 2.  

 

 

 
Figure H-1. Schematic of a fully hydrolyzed poly[vinyl alcohol] (left) where “n” 
represents the degree of polymerization.1  The proposed mechanism for the 
thermal degradation of PVA (right) is presented to understand the transition from 
a slightly hydrophilic molecule to a hydrophobic molecule. 

 

 

 
Figure H-2. Schematic of a simplified lignosulphonate molecule.2 
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Figure H-3. Schematic of the structure of an acrylic latex.  The functional group R 
can represent H or CH3 and R’ can represent H, CH3, or CH2CH3.3 

 

 

 
 

Figure H-4. Schematic of the structure of a mer of starch.  Starch is a 
polysaccharide, i.e., a polymerized form of glucose.  Not shown in the schematic 
are the carbon atoms in the ring structure or the hydrogen atoms that surround 
those carbon atoms. The structure of starch has ringed structures that are all 
oriented in the same direction, i.e., an isotactic structure.1,2,4 

 

 

 
 

Figure H-5. Schematic of the structure of sugar (glucose) the building block for 
polysaccharides.  The crosshatched triangles represent bonds that are above the 
plane of the paper and the solid triangle represents a bond that is below the 
plane of the paper.5 
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Figure H-6. Schematic of the structure of a mer of methyl cellulose.  Methyl 
cellulose is a polysaccharide, i.e., a polymerized form of glucose.  Not shown in 
the schematic are the carbon atoms in the ring structure or the hydrogen atoms 
that surround those carbon atoms.  The cellulose structure has ringed structures 
that alternate, i.e., an atactic structure.1,2,4 

 

 
Figure H-7. Schematic of the structure of a mer of sodium carboxymethyl 
cellulose.  Carboxymethyl cellulose is a polysaccharide, i.e., a polymerized form 
of glucose.  Not shown in the schematic are the carbon atoms in the ring 
structure or the hydrogen atoms that surround those carbon atoms.  The 
cellulose structure has ringed structures that alternate, i.e., an atactic 
structure.1,2,4 

 

 
Figure H-8. Schematic of the structure of poly[ethylene glycol].  Shown are two 
mers of ethylene glycol that demonstrates how the structure alters ion the 
polymer.  For PEG 8000 the degree of polymerization (n) for the shown structure 
is 91.5 
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Appendix I. Images from the Interferometer of the Surface Finish from the 
Samples Prepared with Alternative Binder Systems 

1.0 Surface Evaluation 

The images from the optical interferometer for the samples prepared with 
alternative binder systems are shown.  The RMS roughness, reported by the 
interferometer, is shown below each image.  The images from the dinnerware 
and tile samples are shown. 

The images from each binder system will be shown on two pages.  The 
binder systems are listed in the following order: 

Figure I-1. plasticized PVA 

Figure I-2. Na- lignosulphonate 

Figure I-3. plasticized PVA / Veegum™ T (50-50 wt% mixture) 

Figure I-4. Veegum™ T 

Figure I-5. Agar 

Figure I-6. Acrylic latex emulsion 

Figure I-7. Starch 

Figure I-8. Sugar 

Figure I-9. Methyl cellulose 

Figure I-10. Carboxymethyl cellulose 

Figure I-11. Veegum™ T / Vanzan™ D (80-20 wt% mixture) 

Figure I-12. plasticized PVA reference (Buffalo China granulate) 
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Figure I-1. Images of th
system.  Th
Shown are t
image. 

    6.916          5.568          5.438 
      (a)              (b)             (c) 

    2.052          1.467          1.681 
e surface finish of the samples prepared using the granulate spray dried using pPVA as a binder 

e images from the dinnerware samples are shown above and the images from the tile samples are shown below.  
he images prepared with (a) 0 wt%, (b) 0.25 wt%, and (c) 0.50 wt%.  The RMS roughness is listed below each 
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     2.160          2.870          2.729 

Figure I-1 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using pPVA as a 
binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown 
below.  Shown are the images prepared with (d) 1 wt%, (e) 2 wt%, and (f) 5 wt%.  The RMS roughness is listed below each 
image. 

     5.314          7.292          11.116 
       (d)             (e)              (f) 
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     1.764          1.838          1.702 

Figure I-2. Images of the surface finish of the samples prepared using the granulate spray dried using Na-lignosulphonate as 
a binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are 
shown below.  Shown are the images prepared with (a) 0.25 wt%, (b) 0.50 wt%, and (c) 1 wt%.  The RMS roughness is listed 
below each image. 

     4.549          4.887          5.168 
        (a)              (b)               (c) 



 

 

399

 
 
 
 
 

 
     1.855          2.778      

Figure I-2 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using Na-
lignosulphonate as a binder system.  The images from the dinnerware samples are shown above and the images from the tile 
samples are shown below.  Shown are the images prepared with (d) 2 wt% and (e) 5 wt%.  The RMS roughness is listed 
below each image. 

 
     4.993          8.021      
        (d)             (e)   
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     4.776          5.235          5.471 
        (a)              (b)             (c) 

 
     1.492          1.529          1.454 

Figure I-3. Images of the surface finish of the samples prepared using the granulate spray dried using pPVA / Veegum™ T 
(50-50 wt% mixture) as a binder system.  The images from the dinnerware samples are shown above and the images from 
the tile samples are shown below.  Shown are the images prepared with (a) 0 wt%, (b) 0.25 wt%, and (c) 0.50 wt%.  The RMS 
roughness is listed below each image. 
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     1.825          2.507          3.688 

Figure I-3 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using pPVA / 
Veegum™ T (50-50 wt% mixture) as a binder system.  The images from the dinnerware samples are shown above and the 
images from the tile samples are shown below.  Shown are the images prepared with (d) 1 wt%, (e) 2 wt%, and (f) 5 wt%.  
The RMS roughness is listed below each image. 

     6.536          7.770          7.801 
       (d)             (e)             (f) 
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     1.692          1.811          1.719 

Figure I-4. Images of the surface finish of the samples prepared using the granulate spray dried using Veegum™ T as a 
binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown 
below.  Shown are the images prepared with (a) 0.25 wt%, (b) 0.50 wt%, and (c) 1 wt%.  The RMS roughness is listed below 
each image. 

     3.897          4.446          4.460 
       (a)              (b)             (c) 
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     1.576          1.958          1.545 

Figure I-4 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using Veegum™ T as 
a binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are 
shown below.  Shown are the images prepared with (d) 2 wt%, (e) 5 wt%, and (f) 2 wt% hydrolyzed.  The RMS roughness is 
listed below each image. 

     5.171          5.940          4.541 
        (d)              (e)             (f) 
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     1.401          2.161          2.493 

Figure I-5. Images of the surface finish of the samples prepared using the granulate spray dried using agar as a binder 
system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown below.  
Shown are the images prepared with (a) 0 wt%, (b) 0.25 wt%, and (c) 0.50 wt%.  The RMS roughness is listed below each 
image. 

     6.158          4.962          4.918 
        (a)              (b)             (c) 



 

 
 
 
 

     6.238                            5.934           8.807 
        (d)              (e)             (f) 

 
     2.929          6.849          10.875 

Figure I-5 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using agar as a binder 
system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown below.  
Shown are the images prepared with (d) 1 wt%, (e) 2 wt%, and (f) 5 wt%.  The RMS roughness is listed below each image. 
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     4.483          4.274          4.494 
        (a)              (b)             (c) 

 
     1.838          1.592          1.613 

Figure I-6. Images of the surface finish of the samples prepared using the granulate spray dried using an acrylic latex 
emulsion as a binder system.  The images from the dinnerware samples are shown above and the images from the tile 
samples are shown below.  Shown are the images prepared with (a) 0 wt%, (b) 0.25 wt%, and (c) 0.50 wt%.  The RMS 
roughness is listed below each image. 
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     5.804          7.322          4.598 
        (d)              (e)             (f) 

 
     2.033          2.532          1.781 

Figure I-6 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using an acrylic latex 
emulsion as a binder system.  The images from the dinnerware samples are shown above and the images from the tile 
samples are shown below.  Shown are the images prepared with (d) 1 wt%, (e) 2 wt%, and (f) 5 wt%.  The RMS roughness is 
listed below each image. 
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      4.181   
         (b)   

     5.046    
        (a)     

       5.206 
          (c) 

 
      1.659      1.606          1.806    

Figure I-7. Images of the surface finish of the samples prepared using the granulate spray dried using starch as a binder 
system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown below.  
Shown are the images prepared with (a) 0.25 wt%, (b) 0.50 wt%, and (c) 1 wt%.  The RMS roughness is listed below each 
image. 
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     4.774      
        (d)     

 
     1.638          2.474      

Figure I-7 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using starch as a 
binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown 
below.  Shown are the images prepared with (d) 2 wt% and (e) 5 wt%.  The RMS roughness is listed below each image. 

 
    5.573      

         (e)  
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     5.080         5.228 
        (a)              (b)             (c) 

       5.271    

 
     1.529         1.892 

Figure I-8. Images of the surface finish of the samples prepared using the granulate spray dried using sugar as a binder 
system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown below.  
Shown are the images prepared with (a) 0.25 wt%, (b) 0.50 wt%, and (c) 1 wt%.  The RMS roughness is listed below each 
image. 

       1.680    
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     5.723          8.371      
        (d)              (e)  

 
     2.175          2.808      

Figure I-8 (cont.). Sugar Images of the surface finish of the samples prepared using the granulate spray dried using sugar as 
a binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are 
shown below.  Shown are the images prepared with (d) 2 wt% and (e) 5 wt%.  The RMS roughness is listed below each 
image. 
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     4.700          4.587          4.478 
        (a)             (b)             (c) 

 
     1.277          1.227          1.403 

Figure I-9. Images of the surface finish of the samples prepared using the granulate spray dried using methyl cellulose as a 
binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are shown 
below.  Shown are the images prepared with (a) 0 wt%, (b) 0.10 wt%, and (c) 0.25 wt%.  The RMS roughness is listed below 
each image. 
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     5.896          5.715      
        (d)              (e)  

 
     1.747          1.837     

Figure I-9 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using methyl cellulose 
as a binder system.  The images from the dinnerware samples are shown above and the images from the tile samples are 
shown below.  Shown are the images prepared with (d) 0.50 wt% and (e) 0.70 wt%.  The RMS roughness is listed below each 
image. 
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     3.892          4.490          5.682 
        (a)              (b)             (c) 

 
     1.450          1.494          1.840 

Figure I-10. Images of the surface finish of the samples prepared using the granulate spray dried using carboxymethyl 
cellulose as a binder system.  The images from the dinnerware samples are shown above and the images from the tile 
samples are shown below.  Shown are the images prepared with (a) 0 wt%, (b) 0.10 wt%, and (c) 0.25 wt%.  The RMS 
roughness is listed below each image. 
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     5.342     
        (d)             (e)   

 
     1.977          1.828      

Figure I-10 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using carboxymethyl 
cellulose as a binder system.  The images from the dinnerware samples are shown above and the images from the tile 
samples are shown below.  Shown are the images prepared with (d) 0.50 wt% and (e) 0.70 wt%.  The RMS roughness is 
listed below each image. 
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     4.438          4.708          5.819 
        (a)              (b)             (c) 

 
     1.474          1.595          1.542 

Figure I-11. Images of the surface finish of the samples prepared using the granulate spray dried using Veegum™ T / 
Vanzan™ D (80-20 wt% mixture) as a binder system.  The images from the dinnerware samples are shown above and the 
images from the tile samples are shown below.  Shown are the images prepared with (a) 0 wt%, (b) 0.25 wt%, and (c) 0.50 
wt%.  The RMS roughness is listed below each image. 
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     5.826          5.658     
        (d)             (e)   

 
     1.598          1.781    

Figure I-11 (cont.). Images of the surface finish of the samples prepared using the granulate spray dried using Veegum™ T / 
Vanzan™ D (80-20 wt% mixture) as a binder system.  The images from the dinnerware samples are shown above and the 
images from the tile samples are shown below.  Shown are the images prepared with (d) 1 wt% and (e) 2 wt%.  The RMS 
roughness is listed below each image. 
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8/23/03    6.585    
        (a)             (b)           (c) 

 
 
8/22/03    1.389        1.671 

Figure I-12. Images of the surface finish of the samples prepared using the granulate spray dried using pPVA as a binder 
system at Buffalo China.  The images from the dinnerware samples are shown above and the images from the tile samples 
are shown below, the dates when the reference samples were pressed are listed below each image.    The RMS roughness is 
listed below each image. 

8/29/03      1.677   11/23/03 
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Appendix J.  Images from the Interferometer of the Surface Finish from the 
Samples Prepared Using ray Dried at Alfred 
University 

1.0 Surface Evaluation 

The images from the optical interferomet uate the surface finish of 
the blends prepared using alter ed in Table I-I.  Also 
listed are the RMS roughness optical interferometer. 

 
Table J-I. List of the Granule Bl cted to Evaluate the 
effects of Blending Sa

Blend # 
Figure # Granulate 1* RMS 

hness P1norm. 

Blends of Granulate Sp

er to eval
native binder systems are list

values measured by the 

ends Sele
mples with Similar P1 Values.   

Granulate 2* Blend 
Conc. roug

1% PVA-V 50-50 

0.5% V-V 50-50 

5% Agar 50-50 6.

5% Agar 50-50 

5% Latex 50-50 5.

2% Agar 50-50 

5% Starch 50-50 5.

1% PVA-V 50-50 

V-V 2% Ligno 50-50 5.

5% Starch 50-50 5.

1% Agar 50-50 4.

5% sugar 50-50 6.

0.5% CMC 50-50 5.

1% V 50-50 5.

0.5% Latex 50-50 5.

0.5% Ligno 50-50 5.

2% pPVA 50-50 

2% Sugar 50-50 6.

2% V-V 50-50 4.

1% V-V 50-50 

PVA-V 50-50 

0.7% MC 50-50 9.

5% Ligno 50-50 5.

5% V 25-75 5.

5% V 25-75 9.

1% pPVA 25-75 

1 2% Starch 5.142 0.000 

2 1% Ligno 4.36 0.008 

3 5% Latex 356 0.010 

4 1% Sugar 6.1 0.012 

5 0.5% Agar 377 0.021 

6 2% V 5.28 0.025 

7 5% Agar 465 0.028 

8 2% Agar 5.437 0.028 

9 2% 828 0.045 

10 2% V-V 0. 329 0.049 

11 1% Sugar 274 0.054 

12 5% Latex 786 0.060 

13 1% Starch 255 0.079 

14 1% Latex 039 0.094 

15 0.5% MC 491 0.096 

16 0.5% V-V 077 0.107 

17 0.5% Sugar 6.429 0.486 

18 2% Ligno 062 0.490 

19 2% Starch 949 0.569 

20 1% PVA-V 6.165 0.578 

21 5% pPVA 5% 8.884 0.783 

22 5% Ligno. 445 1.686 

23 5% Agar 853 1.817 

24 5% Agar 629 0.016 

25 0.5% Agar 363 0.018 

26 5% Agar 5.102 0.361 
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 RMS = 5.142 

Figure J-1. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend 2 wt% starch and 1 wt% pPVA- Veegum™ T of granulate. 

 RMS = 4.36 

Figure J-2. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 1 wt% Ligno and 0.50 wt% Veegum™ T - Vanzan™ D 
granulate. 

 RMS = 6.356 

Figure J-3. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 5 wt% acrylic latex and 5 wt % agar granulate. 
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 RMS = 6.100 

Figure J-4. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 1 wt% sugar and 5 wt% agar granulate. 

 RMS = 5.377 

Figure J-5. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50

Figure J-6. 
sample dry-
using a 50-50 blend of 2 

 blend of 0.50 wt% agar and 5 wt% acrylic latex granulate. 

 

Image from the optical interferometer of the surface finish of the 
pressed in a hardened steel die with an elastomer insert prepared

wt% Veegum™ T and 2 wt% agar granulate. 

RMS = 5.280 

 



 

 422

 RMS = 5.465 

Figure J-7. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 5 wt% agar and 5 wt% starch granulate. The black 
regions in the lower left corner are missing data that was outside the scan length. 

 RMS = 5.437 

Figure J-8. Image from the optical interferometer of the surface finish of the 
sample dry-
using a 50-50 blend of 2 

Figure J-9. 
sample dry-
using a 50-
granulate. 

pressed in a hardened steel die with an elastomer insert prepared
wt% agar and 1 wt% pPVA-Veegum™ T granulate. 

Image from the optical interferometer of the surface finish of the 
pressed in a hardened steel die with an elastomer insert prepared
50 blend of 2 wt% Veegum™ T-

 

RMS = 5.828 

 
Vanzan™ D and 2 wt% Ligno 
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 RMS = 5.329 

Figure J-10. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 2 wt% Veegum ™ T-Vanzan™ D and 0.50 wt% starch 
granulate. 

 RMS = 4.274 

Figure J-11. Image from the optical interferometer of the surface finish of the 
sample dry-
using a 50-50 blend of 
in the lower 

Figure J-12. Image fro
sample dry-
using a 50-50

pressed in a hardened steel die with an elastomer insert prepared
1 wt% sugar and 1 wt% agar granul

left corner is missing data that was outside the scan length. 

 the optical interferometer of th
pressed in a hardened steel die with an elastomer insert prepared

wt% acrylic latex and 5 wt% sugar granulate. 

 

m

 blend of 5 

 
ate. The black region 

RMS = 6.786 

e surface finish of the 
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 RMS = 5.255 

Figure J-13. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 1 wt% starch and 0.50 wt% carboxymethyl cellulose 
granulate. 

 RMS = 5.039 

Figure J-14. Image from the optical interferometer of the surface finish of the 

 blend of 1 
sample dry-
using a 50-50

Figure J-15. Image fro
sample dry-
using a 50-
granulate. 

pressed in a hardened steel die with an elastomer insert prepared
wt% acrylic latex and 1 wt% Veegum™ T granu

 the optical interferometer of th
pressed in a hardened steel die with an elastomer insert prepared
50 blend of 0.50 wt% methyl cellulose and 0.50 wt% acrylic latex 

 
late. 

1 

e surface finish of the 
 

 RMS = 5.49

m
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 RMS = 5.077 

Figure J-16. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 0.50 wt% Veegum™ T-Vanzan™ D and 0.50 wt% Ligno 
granulate. 

 RMS = 6.429 

Figure J-17. Image from the optical interferometer of the surface finish of the 
sample dry-

Figure J-18. Image fro
sample dry-
using a 50-50

pressed in a hardened steel die with an elastomer insert prepared
using a 50-50 blend of 0.50 wt% sugar and 2 wt% pPVA gra

 the optical interferometer of th
pressed in a hardened steel die with an elastomer insert prepared

wt% Ligno and 2 wt% sugar granulate. 

 

m

 blend of 2 

 
nulate. 

RMS = 6.062 

e surface finish of the 
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 RMS = 4.949 

Figure J-19. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 2 wt% starch and 2 wt% Veegum™ T-Vanzan™ D 
granulate. 

 RMS = 6.165 

Figure J-20. Image from the optical interferometer of the surface finish of the 

using a 50-50 blend of 1 wt% p
sample dry-

Vanzan™ D granulate. 

Figure J-21. Image fro
sample dry-
using a 50-50 blend of 5 

pressed in a hardened steel die with an elastomer insert prepared
PVA-Veegum™ T and 1

 the optical interferometer of th
pressed in a hardened steel die with an elastomer insert prepared

wt% pPVA and 5 wt% pPVA-Veegu

 

m

 
 wt% Veegum™ T-

RMS = 8.884 

e surface finish of the 
 

m™ T granulate. 
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 RMS = 9.455 

Figure J-22. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 50-50 blend of 5 wt% Ligno and 0.70 wt% methyl cellulose granulate. 

 RMS = 5.853 

Figure J-23. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 

the lowe  data that 

using a 50-50

black regions in 
length. 

Figure J-24. Image fro
sample dry-
using a 25-75

 blend of 5 wt% agar and 5 wt% Ligno granulate. The black regions 
in the lower left corner are missing data that was outside the scan len

r left corner are missing

 the optical interferometer of th
pressed in a hardened steel die with an elastomer insert prepared

wt% agar and 5 wt% Veegum™ T gr

gth. The 
was outside the scan 

9 

e surface finish of the 
 

anulate. 

 RMS = 5.67

m

 blend of 5 



 

 RMS = 9.363 

Figure J-25. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 25-75 blend of 0.50 wt% agar and 5 wt% Veegum™ T granulate. 

 RMS = 5.102 

Figure J-26. Image from the optical interferometer of the surface finish of the 
sample dry-pressed in a hardened steel die with an elastomer insert prepared 
using a 25-75 blend of 5 wt% agar and 1 wt% pPVA granulate.  The black 
regions in the lower left corner are missing data that was outside the scan length. 

 
        RMS = 10.668 

Figure J-27. Image from the optical interferometer of the surface finish of the 
samples dry-pressed in a hardened steel die with an elastomer insert prepared 
using pPVA granulate spray dried at Buffalo China. 

RMS = 11.866     
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Appendix K.  Regression Method to Determine the Shear
Granulated Porcelain Body 

The dead weight system was counter balanced to 
ell.  Unfortunately, it was impos

load to measure the P1 value in shear.  Therefore a regre

 P1 Value of the 

1.0 Introduction 

 achieve very low normal 
loads on the sample c sible to reach a low enough 

ssion method was used 
to determine a shear P1 value. 

2.0 Compaction and Shear Compaction Diagrams 

A plot of the uniaxial and shear compaction diagrams from a sample of 
dried pPVA granulate supplied by Buffalo China is shown in Figure K-1.  A linear 
regression is shown through the data from the HPASC.  No apparent break is 
observed in the shear compaction diagram.  Therefore it was assumed that the 
fill density prior to compaction in uniaxial and shear was the same. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure K-1. Compaction diagrams from the Instron (uniaxial compaction) and the 
HPASC (shear compaction) for a sample of dried pPVA granulate.   
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3.0 Regression Method to Determine the Shear P1 

To determine the shear P1 value a linear regression for the data from the 
HPASC was determined using Excel.  A second linear regression for the low 
pressure uniaxial data, below the uniaxial P1 pressure, was determined.  The 
intersection between the two linear regressions was calculated, only the value 
along the x-axis was important since that would correspond to the logarithm of 
the pressure at the onset of granule deformation in shear. 

4.0 Sample Calculation to Determine the Shear P1 

For this sample calculation the results from a dried sample of pPVA, 
supplied by Buffalo China, will be used.  The linear regression from the low 
pressure region in uniaxial compaction yielded the equation: 

(46) 

where x is the logarithm of the pressure.  The linear regression from the HPASC 
data yielded the equation: 

(47) 

 At the intersection both lines share the same (x,y) coordinates.  The 
resulting equation to solve for x, the pressure at the onset of granulate 
deformation in shear is: 

(48) 

Solving for x leads to the equation: 

 

(49) 

and therefore: 

(50) 

The pressure at the onset of granulate deformation in shear is: 

(51) 0.054MPaP1=

1.2671x −=

0.2115)(12.412
55.248)(39.7886x

−
−

=

55.24812.413x39.78860.2115x +=+

55.24812.413xy +=

39.78860.2115xy +=
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Appendix L.  Images from the Interferometer of the Surface Finish from the 
Samples Prepared with Increasing Moisture Content. 

1.0 Surface Evaluation 

The images of the surface from the optical interferometer are listed in 
Table L-I.  A decrease is observed in the measured roughness with increasing 
moisture content.  A significant change in the appearance of the surface finish is 
observed with increasing moisture content.  The high moisture content in the 
granulate decreases the flowability and results in the sample sticking to the die 
during the pressing operation.  Above 3% moisture significant problems with 
flowability and die fill were observed. 

 
Table L-I. List of the Images from the Interferometer and the 
Measured Roughness and Moisture Content from the Tile Samples. 

Na-Lignosulphonate pPVA 

Figure Roughness 
(µm) 

Moisture 
Content 
(wt%) 

Figure Roughness 
(µm) 

Moisture 
Content 
(wt%) 

L-1 21.585 0.00 L-9 18.199 0.00 
L-2 15.621 0.88 L-10 13.932 0.28 
L-3 12.283 1.16 L-11 13.290 0.99 
L-4 9.763 2.12 L-12 10.599 1.39 
L-5 8.272 5.69 L-13 9.363 1.94 
L-6 8.202 6.86 L-14 8.951 2.69 
L-7 8.805 8.58 L-15 9.047 5.52 
L-8 9.014 8.59 L-16 9.008 5.68 

L-17 8.720 7.10 
L-18 8.763 9.92  
L-19 9.197 12.16 
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Figure L-1.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 0.00%, dried sample.  The RMS roughness of the sample is 
21.585 µm. 

 

 

 

 

 

 

 

 

 

Figure L-2.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 0.88%.  The RMS roughness of the sample is 15.621 µm. 

 

 

 

 

 

 

 

 

 

Figure L-3.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 1.16%.  The RMS roughness of the sample is 12.283 µm. 
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moisture content of 6.86%.  The RMS roughness of the sample is 8.202 µm. 

 

 

 

 

 

 

 

 

 

Figure L-4.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 2.12%.  The RMS roughness of the sample is 9.763 µm. 

 

 

 

 

 

 

 

 

 

Figure L-5.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 5.69%.  The RMS roughness of the sample is 8.272 µm. 

 

 

 

 

 

 

 

 

 

Figure L-6.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
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Figure L-7.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 8.56%.  The RMS roughness of the sample is 8.805 µm. 

 

 

 

 

 

 

 

 

 

Figure L-8.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the lignosulphonate binder at a 
moisture content of 8.59%.  The RMS roughness of the sample is 9.014 µm. 

 

 

 

 

 

 

 

 

 

Figure L-9.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 0.00%.  The RMS roughness of the sample is 18.199 µm. 
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Figure L-10.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 0.28%.  The RMS roughness of the sample is 13.932 µm. 

 

 

 

 

 

 

 

 

 

Figure L-11.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 0.99%.  The RMS roughness of the sample is 13.290 µm. 

 

 

 

 

 

 

 

 

 

Figure L-12.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 1.39%.  The RMS roughness of the sample is 10.599 µm. 
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Figure L-13.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 1.94%.  The RMS roughness of the sample is 9.363 µm. 

 

 

 

 

 

 

 

 

 

Figure L-14.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 2.69%.  The RMS roughness of the sample is 8.951 µm. 

 

 

 

 

 

 

 

 

 

Figure L-15.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 5.52%.  The RMS roughness of the sample is 9.047 µm. 
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Figure L-17.  Image of the surface finish of the dry-pressed sample prepared in a
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 7.10%.  The RMS roughness of the sample is 8.720 µm. 

 

 

 

 

 

 

 

 

 

Figure L-16.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 5.68%.  The RMS roughness of the sample is 9.008 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure L-18.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 9.92%.  The RMS roughness of the sample is 8.763 µm. 
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Figure L-19.  Image of the surface finish of the dry-pressed sample prepared in a 
hardened steel die with an elastomer insert using the pPVA binder at a moisture 
content of 12.16%.  The RMS roughness of the sample is 9.197 µm. 
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