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SUMMARY

The primary objective of this study was to gain a better understanding of
the mechanisms responsible for rheological dilatancy in concentrated pigment
suspensions. Previous studies suggested that the phenomenon could be due to one
of two mechanisms: (1) shear-induced flocculation or association of the particles,
or (2) disturbance of streamline flow by virtue of the Brownian motion of the
particles. It was felt that a study of the relationship between the extent of
dilatancy and colloidal stability would furnish evidence in support of one of

these two mechanisms.

Red iron oxide was used as the pigment in this study. Aqueocus suspensions
of the pigment were prepared using a carboxylated polyelectrolyte as a dispersant.
Experiments were made to characterize more completely both the pigment and the

dispersing agent.

The degree of colloidal stability of the suspensions was varied by changing
the degree of dissociation of the carboxyl groups on the polymer. Experiments
were made to determine the extent of adsorption of the polyelectrolyte and the
other anions in the system. The adsorbed charge was found to correlate very

well with the colloidal stability as measured with a Brookfield viscometer.

Rheological measurements were obtained using a Hercules Hi-Shear cup and
bob viscometer. These measurements were obtained over a range of shear between
zero and 5000 sec.-l. It was found that the extent of dilatancy increased with
decreasing colloidal stability. This result was taken as evidence in support of
the shear-induced flocculation mechanism for dilatancy. The rate at which flocs
are formed due to shear is believed to increase with a decrease in the repulsive

colloidal forces between the particles.

At very low shear rates {less than 50 sec.-l) the suspensions were slightly

pseudoplastic, whereas at high rates of shear the suspensions were dilatant.



That is, the viscosity first decreased with shear and then increased. This reversal
in flow behavior was explained by counsidering the manner in which the rate constants

for both the collision and disruption processes vary with shear rate.

In the region of low shear, the rate constant for floc disruption is believed
to increase more rapidly with shear than does the rate constant for the collision
process. This causes the aggregate size, and hence the viscosity, to decrease.

At higher rates of shear, the rate constant for the collision processAis thought
to increase more rapidly than the rate constant for disruption. Therefore, the

aggregate size increases with shear and the flow is dilatant.

The effect of pigment volume concentration was determined over the range of
40 to 47% in such a wey that the adsorbed charge remained essentially constant.
When the particle concentration was increased, the suspensions became more dilatant.
This effect is thought to be consistent with the concept of shear-induced floc-
culation since an increase in particle concentration would be expected to increase
the average floc size. When the particle concentration increases, a glven level

of floceculation can be reached at progressively lower rates of shear.

The conclusions reached in this study suggest that rheological dilatancy 1s
restricted to suspensions containing particles which are of colloidal size.
Work reported in the literature supports this contention. It was hypothesized
that, within the colloidal size range, the extent of rheological dilatancy will
increase with decreasing particle size; providing the degree of colloidal stability

remains constant.
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INTRODUCTION
RHEOLOGICAL PROPERTIES OF PIGMENT SUSPENSIONS

Rheology can be defined as the science of the deformation and flow of matter.
With regard to pigment suspensions, the terﬁ rheological behavior is used in
reference to the relationship which exists between the rate of shear and the imposed
shear stress. The rheological phenomenon of dilatancy, which is often observed in
highly concentrated suspensions, has been recognized for at least 35 years. Despite
the fact that this unusual type of rheological behavior is of considerable importance
in many technological applications, the phenomenon has received. relatively littde
scientific investigation. The purpose of this study is to obtain a better under-
standing of the hydrodynamic and colloidal mechanisms involved in this type of

flow.

A generalized shear stress-shear rate relationship is shown in Fig. 1 which
illustrates the different types of rheological behaviocr which can be observed in
some pigment suspeunsions. A single curve 1s used to indicate the relative levels
of shear rate at which these flow phenomena are usually observed. Depending upon
the specific nature of a suspension, all three of these different types of flow

may or may not be observable.

In the region of low shear, the flow curve is concave toward the shear rate
axis. This progressive decrease in viscosity with shear is referred to as
pseudoplasticity. For suspensions containing highly asymmetric pafticles, the
reduction in viscosity can result from a progressive alignment of the particles
in the flow field. More generally, however, pseudoplasticity is caused by a
progressive disruption of flocculated structure within a suspension. In this

regard, the extent of pseudoplasticity is often used as an index of the extent of




SHEAR STRESS
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— PSEUDOPLASTIC

SHEAR RATE

Figure 1. General Flow Behavior of Concentrated
Pigment Suspensions
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flocculation, and hence the degree of colloidal stability, of the system. More
thorough discussions of this phenomenon are given by Kruyt (i), Fischer (g), and
Thomas (g). Structural models for pseudoplastic flow have been proposed by

Michaels and Bolger (L), Casson (5), and Krieger and Dougherty (6).

At this point, a distinction should be made between the terms pseudoplasticlty
and thixotropy. The term trixotropy is used to describe a decrease in viscoslty
with time under conditions of steady shear. Pseudoplasticity refers to a relation-
ship between shear rate and shear stress which is independent of the duration of
the shear. Both phenomena are explained on the basis of a breakdown in structure.
Since the bréakdown of a flocculated network usually requires a finite length of
time, flocculated systems are usually thixotropic. A pseudoplastic flow curve
is obtained provided sufficient time is allowed for structural equilibrium to be
obtained at any shear rate. If structural equilibrium is not obtained, then the

flow curve will exhibit a hysteresis loop which is characteristic of thixotropy.

After the shear stresses have reduced the particle aggregates to their
minimum size, a linear relationship between shear stress and shear rate 1is observed.
This type of relationship is frequently referred to as Newtonian. Strictiy speak-
ing, however, the flow cannot be considered Newtonian since the linear portion of
the curve does not extend through the origin. For this reason the designation of
"quasi-Newtonian" was used in Fig. 1. For suspensions in which the relationship
between shear stress and shear rate is linear, the viscosity is primarily controlled
by the particle volume concentration and the viscosity of the suspending fluid. A
large amount of theoretical and experimental work has been published in this area

and the reader is referred to Chong (7) and Rutgers (8) for excellent summaries.

At still higher levels of shear rate, the flow curve becomes concave toward

the shear stress axis. That is, the viscosity of the suspension increases with
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increasing shear rate. This type of non-Newtonian flow is referred to as dilatancy.
Whereas orientation and flocculation effects account satisfactorily for pseudo-
plasticity and thixotropy, a well-established explanation for dilatancy does not
exist. It is the purpose of this thesis to obtain a better understanding of the

fundamental mechanisms responsible for this type of flow behavior.
HISTORICAL REVIEW

In 1885 Reynolds (9) introduced the term dilatancy to describe the increase
in void volume within a closely packed assemblage of particles which occurs when
the system is subjected to shear. This phenomenon was demonstrated by filling a
flexible rubber bag with shot and a sufficient amount of water to just fill the
void spaces. The mouth of the bag was then connected to a glass tube filled with
water. When the bag was squeezed, the water level in the tube decreased. Reynolds
concluded that distortion of the bag must have produced a volumetric expansion or
dilation of the packing arrangement. The reason for this phenomenon is visualized

in Fig. 2.

When the system i1s at rest, the spheres are in a closest packed rhombohedral
arrangement. This corresponds to a volume fraction of the solid phase of 0.T7405.
As seen in Fig. 2, in order for the particles to flow past one another, the system
must expand. The geometry in this situation will approach that of simple cubic

packing which corresponds to a volume fraction of spheres of 0.5233.

Williamson (10) was one of the first investigators to report the occurrence
of dilatancy in-a colloidal suspension. When stirred gently, a concentrated
suspension of cornstarch and water was found to be quite fluid. However, when
the suspension was stirred more rapidly, a marked increase in viscosity was

observed. Williamson referred to this phenomenon as inverted plasticity. It was

also observed that the rapid increase in viscosity was accompanied by & very
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noticeable amount of surface drying. That is, when the suspension was sheared,
the liquid receded into the suspension and the surface became dry and rough in
appearance. -On the basis of this observation, Williamson éoncluded that the
phenomenon was essentially the same as that described by Reynolds. The increased
resistance to shear was attributed to the fact that, after volumetric dilation
occurred, insufficient water was present in some regions to permit relative motion

between the particles.

Figure 2. The Effect of Shear on the Packing of an
Assemblage of Spheres

Dilatancy of the type discussed by Williamson has been reported in a variety
of other pigment-vehicle systems (11-16). In each of these studies, the explana-
tion of the phenomenon was essentiallynthe same asithat given by Williamson. Since
the increase in viscosity was believed to be the result of volumetric dilation, the
entire phenomenon was referred to as dilatancy. Thus, the meaning of the term was
éxtended to describe a condition in which the viscosity increases with increasing
shear. In each of these studies, the importance of a very high level of dispersion
was emphasized. At low levels of dispersion, the flow was reported to be thixotropic

rather than dilatant.
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In a later study, Williamson and Heckert (17) made semiquantitative rheological
measurements on agueous suspension of cornstarch. Their measurements were made
with a Stormer viscometer equipped with a paddle-type rotor. Dilatant flow was
observed over a particle concentration range of 35 to L44% by volume. The extent
of swelling of the starch grains was negligible and surface drying of the suspensions
was not reported. In this range of particle volume concentration, Williamson and
Heckert calculated that the void volume was greater than that corresponding to a
cubic~-packing arrangement. Since this ruled out the possibility of volumetric
expansion during shear, they concluded that the phencmenon was not the same as
that described by Reynolds. This was the first instance in the literature that a
distinction was made between rheological dilsatancy aé defined by the relationship
between shear stress and shear rate and volumetric dilatancy. Williamson and
Heckert also found that good wetting of the particles by the suspending fluid was

necessary for this type of flow behavior.

Williamson and Heckert proposed the folloﬁing e%planation for rheological
dilatancy. At low levels of shear, the particles are thought of as being arranged
into discrete cylinders or shells. As the rate of shear ilncreases, the shear
stresses between the shells: . increase until they reach a level such that the
particles are pulled out from adjoining shells or layers. At this point, the
discrete shells start to lose their identity and the viscosity of the suspension

begins to increase.

The occurrence of rheological dilatancy in suspensions with particle concen-
trations less than that required for cubic packing (approximately 52% by volume)
has also been reported by Freundlich and Roder (}@). In this study, dilatancy was
detected by measuring the force required to pull a sphere through the suspension as
a function of velocity. Both starch and silica suspensions were found to be dilatant

at volume concentrations between 42 and 45%. The phenomenon was explained by assuming
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that the particles piled up in front of the sphere to such an extent that a closed
packed condition was effected and therefore part of the suspension behaved as a
solid. These workers also concluded.that dilatancy is observable only if the
particles are completely deflocculated. Gallay and Puddington (19) studied
dilatancy in a potato starch-water system an& arrived at essentially the same

conclusions as did Freundlich and Roder.

The relationship between deflocculation and dilatancy was markedly demonstrated
by Verwey and de Boer (20). At a volume concentration of 46%, a suspension of
carboxyl iron powder (3 pm.-particle diameter) in carbon tetrachloride, was a
thick, stiff paste. However, when a trace of oleic acid was added, the suspension

became quite fluid and was highly dilatant.

Verwey and de Boer advanced the following mechanism to explain the dilatant
phenomenon. At low rates of shear, the particles are able to slide past one
another due to the protective coating action of the oleic acid. Higher shear
rates result in local forces which are large encugh to push aside the polar layers
surrounding the particles so that the particles can adhere and form a flocculated
network. This mechanism increases the potential energy barrier for flow and there-
fore an increase in viscosity is observed. Verwey and de Boer expressed the view
that the same mechanism is applicable in the case of aqueous suspeunsions in which
the particles are stabilized by an electrical double layer. That is, dilatancy
is observed when the shear stresses are large enough to overcome the electrical

repulsive barriers between particles and thereby promote flocculation.

In a study of the structural viscosity of coating-clay slurries, Sheets (g&)
found that both thixotropy and dilatancy could be observed in the same slip.
Sheets observed that clays of large particle size exhibited a weakly dilatant

behavior over a wide range of concentration, whereas clays of smaller particle
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size showed a strongly dilatant behavior over a narrow range of clay concentration.
In each instance, sufficient dispersing agent was added to give a minimum initial

viscosity.

Another interesting study of dilatancy was made by Fischer (gg). Using a
cup and bob viscometer, he obtained rheological data on a variety of pigment-
vehicle systems. Most of the suspensions became dilatant at volume concentrations
of 30% or higher. However, Fischer found that an agueous suspension of red iron
oxide became dilatant at a volume fraction of 12%. This result was later confirmed
by Roberts (23) using a high-shear, capillary viscometer. The iron oxide particles
used in these studies had the shape of parallelepipeds. Fischer inferred that
because of their asymmetric shape the particles were able to sweep out larger
spheres of action as their orientation was disturbed by shear and this mechanism
was thought to increase the effective pigment volume concentration. Fischer's
explanation for dilatancy is similar to that proposed by Freundlich and Roder
(18) and Gallay and Puddington (19). That is, the application of shear was
thought to cause a localized piling up of the particles with the result that the

system as a whole began to behave more as a solid.

The most recent study of dilatant flow was reported by Metzner and Whitlock
(g&). Thelr experiments were made over wide ranges of pigment concentration and
shear rate using both a cup and bob and capillary viscometer. They observed no
rheological dilatancy whatsoever in suspensions containing glass beads of 28 um.
or larger diameter. This was true even at volume concentrations as high as 64%.
Therefore, Metzner and Whitlock concluded that rheological dilatancy is restricted
to suspensions in which the particles are of colloidal size. Aqueous suspensions
of Ti02, having particle diameters between 0.2 and 1.0 um., were found to be

dilatant in the concentration range between 27 and 47% by volume. Dilatancy was
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also observed when the TiO2 was suspended in sucrose solutlons having viscosities
as high as 42 cp. However, in these suspensions, the onset of dilatancy did not

occur until much higher levels of shear stress were reached.

Metzner and Whitlock report that surface drying of the dilatant suspensions
occurred during shear. This observation was made by visual inspection of the top
of the suspension in the annulus of @he cup and bob viscometer. This was inter-
preted as evidence for volumetric expansion. However, it was found that the
surface drying always occurred at a level of shear well below that at which
rheological dilatancy was observed. Metzner and Whitlock expressed the view that

a careful distinction should be made between volumetric and rheological dilatancy.

Based on their experimental results, Metzner and Whitlock proposed the following
qualitative theory to explain the mechanism of dilatancy. After the shear stresses
have reduced the aggregates tc their minimum size, pseudoplasticity is no longer
observed. As the shear rate is further increased, the suspension undergoes
volumetric dilation. At this point, entire layers of particles begin to slide
past adjacent layers; that is, a streamlining effect is produced. Prior to the
onset of volumetric dilation and streamlining, the momentum transfer occurs between
localized particles or groups of particles. But once the particles have become
arranged into streamlines, the movement of just one particle from one layer to
another, by virtue of its Brownlan motion, necessarily brings about a change in
momentum of all the particles following behind in the streamline. Thus, as the
rate of shear is increased, there is a progressive increase in the mass of the

particles which undergo lateral movement and momentum transfer.

According to Metzner and Whitlock, the mechanism discussed above becomes
operative as soon as some volumetric dilation occurs. However, at this point,

the flow may still be pseudoplastic since not all of the flocs are yet reduced
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to their minimum size. It is for this reason that rheological dilatancy is not
observed until after volumetric dilation occurs. Thus, the onset of dilatancy is,
in Metzner and Whitlock's theory, determined by a balance between two mechanisms.
This balance is between progressively increased rates of alignment due to the

velocity gradient and disalignment due to Brownian motion.

It is felt that Metzner and Whitlock's observations regarding volumetric
dilation are subJject to question. The volume concentrations of their suspensions
were in all cases less than that required for simple cubic packing. It is possible
that a very small amount of volumetric dilation could result from elastic collisions
between particles and that this would cause the surface to become dry. The apparent

dryness of the surface may also have been caused by evaporation.

The preceding literature review has shown that a well-established explanation
for dilatancy has not yet evolved. Nevertheless, some facts do seem to have been
well substantiated and these are summarized as follows:

1. At very high volume concentrations, the packing arrangement

within a suspeusion can be such that volumetric dilation occurs
during deformation. In this instance, the suspension 1s likely

to be extremely dilatant in the rheological sense.

2. FRheological dilatancy can also occur at volume concentrations
less than that required for volumetric dilation.

3. Rheological dilatancy is most prevalent in suspensions con-
taining particles of colloidal size.

. The extent of rheological dilatancy increases with increasing
pigment volume concentration.

5. A very high level of particle independence (good dispersion)
is a necessary condition for rheological dilatancy.

6. There is evidence that suspensions of asymmetric particles are
more dilatant than those of isotropic particles.
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STATEMENT OF THE PROBLEM AND
OBJECTIVES OF THE THESIS

FORMULATION OF HYPOTHESES

The explanations which have been advanced to account for the phenomenon of
rheological dilatancy can be roughly divided into two catagories. These are

presented below as the underlying hypotheses of this study.
FIRST HYPOTHESIS

The basic concept expressed in this hypothesis 1s that rheological dilatancy
occurs when the shear stresses are large enough to promote localized increases
in particle concentration within a suspension. -According to Freundlich .and Roder
(18), Gallay and Puddington (19), and Fischer (22), when the shear stresses are
sufficiently large, the particles pile up and the suspension begins to behave as
a~solid. Verwey and de Boer (gg) extended this idea to take into consideration
the colloidal nature of the particles. According to their view, when the shear
stresses are large enough to overcome the repulsive forces between particles, a
flocculated network 1s formed which increases the viscosity of the suspension.
The first hypothesis therefore embraces the concept of shear-induced particle

association or flocculation.
SECOND HYPOTHESIS

According to Metzner and Whitlock (24), rheological dilatancy results from
the exchange of momentum due to the movement of particles from one streamline to
another by virtue of thelr Brownian motion. The essential feature of this
hypothesis, therefore, is that the extent of dilatancy is controlled by the extent

of Brownian motion of the particles...
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COLLOIDAL CONSIDERATIONS

It is of interest now to consider more carefully the relationship between
colloidal stability and dilatancy. To begin with, a relatively high level of
colloidal stability is required in order to disperse a pigment to the relatively
high concentrations required for dilatancy. Assuming this condition is fulfilled,
the question arises as to how the extent of dilatancy varies with colloidal

stability at a constant pigment volume concentration.
INTERPRETATION BASED ON FIRST HYPOTHESIS

According to the first hypothesis, dilatancy results when the shear stresses
are large enough to promote particle flocculation or association.l If this is true,
then it follows that a decrease in the repulsive forces between particles should
increase the extent of dilatancy. However, a decrease in colloidal stability
should also increase the extent of pseudoplasticity. Presumably, the increase
in pseudoplasticity would be most noticeable at low rates of shear while the
increase in the extent of dilatancy would be manifest at much higher rates of shear.
At very low levels of colloidal stability, it might be expected that the initial
level of flocculation would be so great that the suspension would be pseudoplastic
over a very wide range of shear, and therefore, within this range dilatancy would
not occur. This progressive change in flow behavior with decreasing stability

is illustrated in Fig. 3.
INTERPRETATION BASED ON SECOND HYPOTHESIS

The important consequence of the second hypothesis is that the extent of
rheological dilatancy should increase with increasing degree of Brownian motion.
In a concentrated suspension, the distance of separation between particles is such

that the energy of interaction due to colloidal forces is significant. If the
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state of dispersion of a céncentrated suspension were such tﬁat the particles were
completely flocculated, then an increase in the fepulsive forces between the
particles would tend to decrease the extent of Brownian motion.l quevgr, if thg
initial degree of floceculation is appreciablé; fhe'levél pf-BrOVnian‘moﬁién should
increase with increasing stability since thé avefage_aggregafe‘siéevwﬁuld be -
reduced. As will be demonstrated laterfih this stud&{ even at ﬁigﬁ 1e&els of
dispersion, concentrated suspensions are usuéil& parfiélijffléccdldteq;a.Baéeé on .
these considerations, it is concluded that the extent of'érownién matianfwill .
increase with increasing colloidal stabiiity. Therefore;'if the'sécond hypofhesis
1s correct, the extent of dilatancy should increése with increaéing colloidal

stability. This would result in the type of flow behavior shown in Fig. k4.
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Figure 3. The Relationship Between Flow Behavior-and Colloidal
Stability as Predicted by the First Hypothesis
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Figure 4. The Relationship Between Flow Behavior and Colloidal
Stability as Predicted by the Second Hypothesis
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OBJECTIVES OF THE THESIS

The primary objective of this thesis was to e#perimentally investigate the
relationship between cclloidal stability and rheological dilatancy. It was felt
that a thorough study of this relationship would furnish evidence in support of
one of the two hypotheses discussed above. In the event that evidence was obtained
in support of the Brownian motion hypothesis, additional experimental work was
planned in order to elucidate the variables involved. This included a study of

the effect of particle size and viscosity of the suspending phase.

A second objective of this research was to obtain meaningful data concerning
the relationship between pigment volume concentration and dilatancy. The studies
reported in the literature concerning this variable are subject to criticism
since in most instances the colloidal variables were not carefully controlled.

It was felt that a quantitative understanding of the effect of pigment volume
concentration would be of value in analyzing the flow mechanism responsible for

dilatancy.
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EXPERTMENTAL
SUMMARY OF EXPERIMENTAL PROGRAM

This study of dilatancy was made using aqueous suspensions of a red iron
oxide pigment. A carbexylated polyelectrolyte was used as the dispersing agent.
Experiments were made to characterize the size and shape of the pigment and to

establish the physical and chemical nature of the dispersant.

Preliminary experiments indicated that the colloidal stability of the
suspensions was a function of the pH of the dispersing agent solution. A study
was made to determine the mechanisms responsible for colloidal stabilization in
the system. Acid-base titrations of the dispersant were made in order to determine
the relationship between pH and the degree of dissociation of the carboxyl groups
on the polymer. Next, the extent of adsorption of the polyelectrolyte onto the
pigment was measured as a function of degree of dissociation. The techniques used
for these measurements also provided information regarding the extent of hydrogen
ion desorption from the pigment surface. Since the pH of the dispersant solution
was adjusted with HCl, it was also necessary to account for chloride ion adsorption.
These adsorption measurements were then used to determine quantitatively the
variation in total adsorbed surface charge as a function of pH. Thus, the

adsorbed surface charge was used as an index for the degree of colloidal stability.

The rheological measurements were made using a cup and bob rotational viscom-
eter. Measurements were made as a function of adsorbed surface charge at a constant
pigment volume concentration (PVC). Finally, rheological measurements were obtained
as a function of PVC in such a manner that the surface charge was maintained

constant.
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SELECTION AND CHARACTERIZATION OF THE PIGMENT
SELECTION

The pigment used in this study was a high purity, red iron oxide (Fe203)
produced by the Chas. F. Pfizer Co. (code number R8098). This pigment was
selected for two reasons: (1) The particles were reported to be essentially
spheroidal in shape, and (2) iron oxides of this type are commercially available
in several different sizes. It was felt that the use of spherical rather than
asymmetric particles would simplify the analysis and interpretation of the flow
data. The availability of different sizes was also thought to be advantageous

since the relationship between particle size and dilatancy has not been definitely

established.
SIZE AND SHAPE

Both the size and shape of the pigment were determined from electron micro-

graphs. The experimental details of this method are discussed in Appendix I.

A representative electron micrograph of the pigment is shown in Fig. 5.
It is seen that most of the particles, while not perfectly spherical, tend toward
a spheroidal or isotropic shape. A small number of particles were found to have

either dumbbell or kidney shapes.

Because the particles were not completely separgted on the grids, the measure-
ment of particle size was somewhat subjective. In many instances, only part of a
particle could be completely discerned and it was necessary to estimate the rest
of the shape. The diameters of the particles were found to vary between 0.0l and
1.0 ym. The average diameter, obtained from a count of 433 particles, was 0.20 um.
The maximum error of the measurement was estimated to be less than 0.1 um. so that

the average diameter is believed to be between 0.1 and 0.3 um.
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REMOVAL OF SOLUBLE SALTS

Data furnished by the supplier indicated that the pigment contained
approximately 0.1% soluble salt. This value was experimentally confirmed in
this study. According to the supplier, most of this material was either sodium
sulfate or calcium sulfate. It was felt that removal of these salts would simplify
the colloidal aspects of the study. Most of the salts were removed by repeatedly
washing the pigment with distilled water. The details of this procedure are given

in Appendix I.

The effectiveness of the leaching procedure was determined by measuring the
specific conductivity of a lO% pigment slurry both before and after washing. In
addition, the concentrations of sodium, potassium, and calcium in the supernatants
of these slurries were determined using & flame photometer. The results of these

tests are shown in Table I.

TABLE I

REMOVAL OF SOLUBLE SALTS FROM
R8098 IRON OXIDE PIGMENT

Analysis of Supernatant
— 10% Slurry Unwashed Pigment Washed Pigment

Specific conductivity,
ohms™! cm.-? 11.09 x 10~4 1.83 x 10-5

Sodium ion a
concentration 0.0048% 0.0005%

Potassium ion a
concentration negligible negligible

Calcium ion s
concentration 0.0068% 0.0006%

aConcentrations based on the weight of pigment present in slurry.
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The results shown in Table I indicate that approximately 90% of the soluble

salts were removed during the leaching process.
THE NATURE OF THE SURFACE OF IRON OXIDE

It is well established in the literature that the potential determining ions
in the Fego3 - HéO system are H' and OH™. 1In this respect, the surface chemical
properties of iron oxide are similar to those of most other metallic oxide pigments.

That is, the surface consists primarily of oxygen and hydroxyl ions which behave

as proton acceptors and donors.

Several investigators have measured the isoelectric pH (point of zero surface

charge) of Fe,. O, and the results of these studies are shown in Table II.

273

The data in Table II show that the isoelectric pH, and hence the physical
and chemical nature of the surface, is dependent upon the chemical procedure used
to prepare the oxide. In addition, the conditions used for washing and drying the

sample are also important.

Atkinson, et al. (gé) measured the adsorption of H' and OH™ ions onto the
surface in the presence of indifferent electrolytes. He found that potassium,

chloride, and nitrate ions were not adsorbed at the point of zero surface charge.

According to Atkinson, the ircn oxide surface consists of coordinated water
molecules as well as oxygen and hydroxyl groups. This conclusion is supported
by the results of Healey, et al. (29) and Jurinak (30). These workers found that,
in the region of relative pressures where monolayer coverage is normally encountered,
two-thirds of the water on the surface was physically adsorbed. On the remainder
of the surface, the water was chemisorbed and could be released only by heating

above 450°C.




Material

Precipitate

(a—Fe203)

Precipitate

(a-Fe203)

Precipitate
Precipitate
Natural

hematite

Precipitate

TABLE IT

ISOELECTRIC pH VALUES REPORTED FOR FERRIC OXIDE

Method of Preparation

Hydrolysis of Fe(NO
point

3)3 at boiling

Same as above., Different methods
to purify the sol.

Reaction of FeNHu(SOu)E with
ammonia

Same as above except precipitate
was ignited at 850°C. for 2 hr.

Ground in an iron mortor, washed
with dilute HCl, dried at 120°C.

Industrial pigment produced by the
calcination of ferrous-sulfate

Cbservation
Technique

Potentiometric
titration

Potentiometric
titration

Microelectro-
phoresis

Microelectro-
phoresis

Microelectro-
phoresis

Potentiometric
titration

Isoelectric
pH

6.5

6.7

6.9

Investigators

Parks and de
Bruyn (25)

Atkinson (26)

Johansen and
Buchanan (27)

Johansen and
Buchanan (27)

Johansen and
Buchanan (27)

Princen (28)

-88_
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The literature indicates that the ferric oxide surface has a high affinity
for anionic dispersing agents. Shimoiizaka, et al. (;l) found that addition of

various phosphate ions caused the zeta potential of Fe particles to become

203
more negative. Kling and Lange (;g) observed a similar effect upon addition of
Na-dodecyl sulfate, K-laurate, and Na-alkyl benzene sulfonate. The effect of

additions of potassium salts of n-fatty acids to Fe suspensions was studied by

203
Strange and Hazel (é;). Addition of these surface-active agents resulted in a

change of zeta potential from positive to negative.

SELECTION AND CHARACTERIZATION OF DISPERSING AGENT

Appendix I contains a listing and discussion of the various dispersants which
were evaluated during the course of this study. The most suitable product was
found to be Tamol 850. Using this dispersant, a high level of fluidity could be
achieved at pigment volume concentrations as high as 47%. Furthermore, the

suspensions were stable with respect to aging.
INFORMATION FURNISHED BY SUPPLIER

Tamol 850 is a sodium salt of a carboxylated polyelectrolyte which is pro-
duced by the-Rohm and Haas Co. Although the company could not disclose the exact
chemical composition of the polymer, a representative of their research department
(34) provided the following helpful information: (1) The number average molecular
weight of a representative sample of the neutralized polymer, as measured with a
Mechrolab Vapor Pressure Osmometer, was approximately 4000. (2) The poly-
electrolyte is most effective as a dispersant at a pH of 9.0 to 10.5. This
corresponds to complete saponification of the carboxyl groups. (3) The poly-
electrolyte is believed to adsorb onto the iron oxide surface as a negatively

charged anion and thus increase the colloidal stability of the particles.
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Because of the importance of the colloidal variables in this study, it was
felt that a better understanding was required concerning the chemical composition
and ionization behavior of Tamol 850. A preliminary acid-base titration indicated
that the only ionizable groups present were carboxyl. PFurthermore, the dissoci-
ation constant obtained from the titration was very close to that reported by

Tanford (35) for polymethacrylic acid.
ELEMENTAL ANALYSIS OF TAMOL 850

A freeze-dried sample of Tamol 850 was submitted to Geller Laboratories for
analysis of carbon, hydrogen, oxygen, nitrogen, and sodium. The results of this
analysis are summarized in Table III. For comparison, the calculated elemental

compositions of sodium-polyacrylate and sodium polymethacrylate have also been

included.
TABLE IIT
ELEMENTAL ANALYSIS OF TAMOL 850,
SODIUM POLYMETHACRYLATE,
AND SODIUM POLYACRYLATE
Polymer C, % H, % 0, % Na, % N, % Total

Tamol 850 41.58 5.17 33.32 19.66 0 99.73
Na polymethacrylate LL L 4.63 29.6 21.3 0 100
Na. polyacrylate 38.3 3.19 34.05 24 .5 0 100

As seen in Table III, Tamol 850 contains no nitrogen and the remainder of
the elements, carbon, hydrogen, oxygen, and sodium, account for essentially all

of the weight of the polymer.

The Tamol 850 polymer was noticeably hygroscopic and it is possible that the

samples used for the elemental analysis may not have been completely free of
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moisture. Therefore, the elemental analyses for carbon and scdium might be some-
what low while the analyses for hydrogen and oxygen might be somewhat high. On

this basis, it was possible to rule out the possibility that Tamol 850 is sodium
polyacrylate. However, the data in Table IIi indicated that the dispersant might

be sodium polymethacrylate.
INFRARED ANALYSIS OF TAMOL 850

Samples of both Tamol 850 and pure sodium polymethacrylate were submitted to
the Analytical Department of The Institute of Paper Chemistry for infrared spec-
troscopy analysis. The infrared spectra of these two polymers were virtually
identical. However, the spectrum of Tamol 850 showed one small adsorption peak
at 8.9 um. which was not present in the spectrum of sodium polymethacrylate. Since
the spectra were the same in all other respects, it seemed likely that the adsorp-
tion peak was due to the presence of a small amount of inorganic material. The

position of the peak suggested that this material might be sulfate.
SULFATE ANALYSIS

The procedure used to analyze for sulfate in the polymer solution will be
discussed in a subsequent section. It was found that the polymer solution
contained approximately 2.3% sulfate based on the weight of ovendry solids in the
solution. More precisely, the solution contained 0.0552 meq. sulfate per meq.
carboxyl. This amount of sulfate is sufficient to account for the previously
mentioned adsorption peask at 8.9 um..cNote that the summative elemental . .
analysis reported in Table III for Tamol 850-is too high to also include 2.3%
sulfate. This is a further indication that the sample used for carbon, hydrogen,
oxygen, and sodium analysis muét have contained some bound water. Thus, the

values reported in Table III are slightly in error.
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PROCEDURE USED TO DISPERSE THE PIGMENT

The first step in the dispersion procedure was to prepare a dispersant
solution having the desired polymer concentration and pH. A predetermined volume
of this solution was transferred with a pipet into a beaker and the pigment was
added directly. The required weight of pigment was calculated based upon the
desired PVC, the volume of suspending fluid, and the density of the pigment

particles (5.15 g./ml.).

Mechanical shearing of the suspensions was necessary in order to effect
adequate dispersion. This was accomplished using an Eppenbach Homo-Mixer (Labo-
ratory Model 1L). 1In this device, the suspension is sheared between a motor-
driven rotor and stationary bars. The shearing mechanism is contained in a
homogenizing head which is immersed directly into the suspension and the design
of the instrument 1s such that the suspension is continuously pumped from the
bottom of the container through the shearing mechanism. In order to eliminate
the effect of mechanical dispersion as a variable, the suspensions were sheared
at a constant rheostat setting for a length of time which was proportional to the

total weight of pigment present.

After mechanical dispersion, an appreciable quantity of small air bubbles
was present in the suspensions. This was removed by subjecting the suspensions
to the vacuum from a water aspirator for approximately five minutes. No air
bubbles could be observed in the suspension after this treatmenf. The suspensions
were then filtered through a nylon mesh and stored in polyethylene bottles. To
ensure equilibrium conditions and to prevent sedimentation of the pigment, the
bottles were slowly rotated for at least twelve hours before rheological and

adsorption measurements were made.
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RHEOLOGICAL MEASUREMENTS
MEASUREMENT OF SHEAR STRESS AND SHEAR RATE

Measurements of the extent of dilatancy of the suspensions were obtained using
a Hercules Hi-Shear Viscometer which was produced by the Martinson Machine Co. For
a detailed Qescription of this instrument, the reader is referred to the literature
(é;). In this viscometer, the suspension is sheared in the annular space between
a rotating, cylindrical bob and a somewhat larger cup. A variable speed transmission
is used to regulate the angular velocity of the bob. A string attached at both
ends to calibrated springs is wrapped around the cup and the extension of the
springs provides a measure of the torque transmitted through the fluid to the cup.
The design of the instrument is such that the torque on the cup is continuocusly
plotted as a function of bob speed directly onto a sheet of graph paper. The

dimensions of the cup and bob are given in Appendix II.

The shear stress at the bob was calculated from the torgue as follows:

T = F()[Ce/Are = ( /R'b)/gﬂRb ( )
Tb = l/2‘]‘|R.b h
where

shear stress at bob;

torque;
radius of the bob;
calculated bob length.

Is 1k 1k, A
10 1P
H

The calculated bob length was determined by calibration of the viscometer with oils
of accurately known viscosity. In this way, the effect of viscous drag on the

bottom of the bob was automatically taken into consideration.

The rate of. shear at the bob was calculated using the following approximation:
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G = peripheral speed of bob/thickness of annular gap

G = wa/(Rc-Rb)

(2)

where

shear rate at bob;
angular velocity of the bob;
radius of the cup.

I E 1o
f

The assumption implicit in this equation is that the velocity gradient across the
annular gap is linear. Providing the gap thickness is very small, this approximation

can be used without serious error.

A rigerous calculation of the shear rate at the bob must take into account
the non-Newtonian behavior of the fluid. An analytical solution to this problem
was obtained by Krieger and Elron (36) and is presented in Appendix II. Krieger
and Elron's analysis was used to determine the applicability of Equation (2). The
maximum error introduced by use of Equation (2) was found to be less than 2%

which was considered acceptable for the purposes of this thesis.

When the flow curves were obtained in such a manner that the rate of rotation
of the bob was continuously changing, a hysteresis effect was noticed. That is,
the flow curve obtained on the decreasing cycle of shear was not the same as that
obtained on the increasing cycle. This problem was eliminated by maintaining the
bob speed constant until an equilibrium level of torque was obtained. In this
way, the hysteresis loop was eliminated. When the bob speed was increased to a
higher level, a finite length of time was required for the torque to increase to
its equilibrium level. For weakly dilatant suspensions, the time required was of
the order of one or two seconds. However, for strongly dilatant suspensions, the
time required to reach a condition of equilibrium was often as great as five to

ten seconds.
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LOW SHEAR VISCOSITY MEASUREMENTS

At shear rates less than 200 sec.-l, most of the suspensioﬁs were slightly
pseudoplastic and the extent of this shear thinning behavior was a function of the
éolloidal stability. The Hercules Viscometer was designed primarily for high
shear rate measurements and‘it is not sufficiently sensitive at low rates of shear
to provide a good comparison between the extent of pseudoplasticity of different
suspensions. In order to obtain a more sensitive comparison, low shear viscosity
measurements were obtained using a model LVF, Brookfield Viscémeter. These
measurements did not determine the extent of pseudoplasticity since the shear
rate was not varied. However, they did provide a sensitive comparison of the

viscosities of different suspensions in the range of pseudoplastic flow.
ACID-BASE TITRATIONS OF TAMOL 850

Aqueous solutions of Tamol 850 were tiﬁrated witﬁ NaOH and HC1l in order to
determine the relationship between pH and degree of dissociation. Discussions
concerning the experimental technigques and calculations are given in Appendix I,
and the experimental data are'tabulated in Appendix IITI. In general, the procedures

used were similar to those recommended by Kenchington (37) and Tanford (38).

Two titration curves were obtained for use in conjunction with the adsorption
experiments; These were obtained at different polymer concentrations and are
shown in Fig. 6. It is seen that the ionization behavior is slightly dependent
upon the polymer concentration (expressed in terms of carboxyl groups in Fig. 6).
This effect is thought to be due to either a change in the activity coefficient of

the solution or to a change in the configuration of the polymer with dilution.

Titration number one (upper curve in Fig. 6) was made using a starting

carboxyl concentration -of 165 meq./liter, which in the adsorption study, corresponded
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to the concentration of the dispersant prior to pigment addition. Titration
number two was made at a starting carboxyl concentration of 124 meq./liter.
This concentration corresponds approximately to the amount of polymer which

remained in the interparticle solution after adsorption.

The intrinsic dissociation constant for the carboxyl groups was calculated
according to a method given by Tanford (;2) and discussed in Appendix I. The
value obtained was approximately 4.9 which is in good agreement with the value

of 4.85 obtained by Tanford using polymethacrylic acid.
ADSORPTION MEASUREMENTS
DISPERSING AGENT ADSORPTION

The adsorption of the Tamol 850 polymer was measured as a function of degree
of dissociation at a constant PVC of 45%. To further simplify the experiments,
the total level of polymer addition was maintained constant at 0.0391 meq. carboxyl/
gram of pigment. This corresponds to a polyanion addition of 0.27% based on the
weight of the pigment. With these variables held constant, the pH of the suspending

fluid was varied by addition of HCl or NaOH.

After dispersion of the pigment, -a two-stage centrifugation procedure was
used to obtain pigment-free samples of the interparticle solution. Most of the
pigment was removed in the first stage by centrifugation for 45 minutes at
approximately 900 x g using an International Centrifuge. The remaining pigment
was removed by centrifugation for two hours at 75,000 x g using a Beckman Model
L-2 Ultracentrifuge. A simple calculation showed that the extent of polymer

sedimentation under these conditions was negligible.

A conductometric titration technique was used to determine the extent of

adsorption of the polyelectrolyte. After removal of the pigment by centrifugation,
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50 ml. of the suspending fluid were diluted to 200 ml. and a sufficient amount

of NaCH was added to ensure that all of the carboxyl groups were in the salt form,
The sample was then titrated conductometrically with standardized HCl to determine
the total number of carboxyl groups present. The end points on both the acid and
base sides were very sharp and the accuracy of the determinations is believed to
be better than 2%. By knowing the total amount of carboxyl originally present,

the extent of carboxyl adsorption was calculated by difference.

In the method discussed above, the extent of adsorption was measured in
terms of carboxyl groups rather than the weight of polymer. Initially, attempts
were made to measure the extent of adsorption using a gravimetric method of
analysis. However, because of the hygroscopic nature of the Tamol 850 polymer,-
this method was far less accurate than the conductometric titration technique.
In addition, the measurement of carboxyl adsorption provides a more direct measure
of the level of colloidal stability since presumably it is the adsorbed, ionized
carboxyl groups which impart the charge to the pigment surface. The weight of
adsorbed polymer can be estimated by assuming that the Tamol 850 polymer is

sodium polymethacrylate.
HYDROGEN ION ADSORPTION AND DESORPTION

During the adsorption experiments, it was found that the pH of the inter-
particle solution was usually different from that of the initial dispersant
solution. This meant that, upon addition of pigment, the polyelectrolyte under-
went a change 1in degree of dissociation. At levels of pH above 6.7, the final
pH was less than the initial pH while at levels of pH less than 6.7, the converse
was true. It is believed that this shift in degree of dissociation results from
the adsorption or desorption of hydrogen ions onto or away from the pigment surface.

By referring to the data obtained for titration number two (see Appendix III), it



-33-

was possible to determine the amount of hydrogen ion adsorption or desorption

required to cause the observed shift in pH.
SULFATE AND CHLORIDE ADSORPTION

Since both sulfate and chloride ions were present .in the dispersing agent
solutions, experiments were made to determine the extent of adsorption of these
anions as a function of pH. Analysis for these anions was complicated by the
presence of the polymer in the interparticle solutions. Accordingly, it was
necessary to completely oxidize the organic material prior to analysis. The
;xidation procedure is discussed in Appendix I.

After oxidation of the volymer, the concentrations of sulfate in the suspending
fluids were determined by titrations with barium perchlorate according to the
procedure of Fritz and 'Yemamura (39). Chloride ion concentrations were determined
using the standard Volhard method (40). These analyses were made by the Analytical

Department of The Institute of Paper Chemistry.
CALCULATION OF ADSORBED SURFACE CHARGE

The adsorption measurements were used in conjunction with the titration
data to calculate the magnitude of the adsorbed charge as a function of pH. For
this purpose, it was assumed that the degree of dissociation of the adsorbed
polymer was the same as that of the unadsorbed polymer remaining in the suspending
fiuid. The extent of polymer adsorption, Fc’ was expressed in terms of the total
meq. of adsorbed carboxyl per gram of pigmé;t. To convert to units of charge, it
was necessary to multiply the values of Fc by the degree of dissociation of the

carboxyl groups, Avogadro's number, and the charge on an electron. This relation-

ship 1s expressed in the following equation:

oy = . Q. N e (3)
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where
o, = adsorbed charge due to polymer adsorption, esu/g.;
f; = extent of carboxyl adsorption, meq. carboxyl/g.;
d; = degree of dissociation of the carboxyl groups in

the interparticle solution;

N = Avogadro's number, 6.023 x 1020 molecules/millimole;

|
lo

€ = charge on an electron = 4.8 x 10710 esu.

The values for @, used in Equation (3) were determined by measuring the pH

of the interparticle solution and then referring to titration number two which was
obtained at a carboxyl concentration close to that measured in the interparticle
solution. In this way, the error due to the previously mentioned dilution effect

was minimized.

The contributions to charge due to adsorption of hydroxyl, sulfate, and
chloride ions were calculated simply by multiplying the meq. adsorbed per gram

of pigment by Ea €.

VARIATION OF PIGMENT VOLUME CONCENTRATION
AT CONSTANT ADSORBED CHARGE

In order to determine the effect of PVC on the extent of dilatancy, it was
necessary to vary the PVC in such a manner that the pigment surface charge
remained essentially constant. This was accomplished in the following manner:
(1) A suspension was dispersed which had the highest PVC of interest (47%); \
(2) The interparticle solution was analyzed for carboxyl content and pH; (3)
A Tamol 850 dilution solution was prepéred having the same carboxyl content and
pH; and (4) Suspensions of lower PVC were prepared by adding this dilution
solution to a suspension dispersed at the maximum PVC. Adsorpfion measurements
were made on & suspension diluted in this manner and the extent of adsorption and
pH were almost exactly the same as those of the most highly concentrated suspension.
Therefore, it was concluded that the charge on the pigment remained essentially

constant during dilution.
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PRESENTATION OF EXPERIMENTAL RESULTS

RESULTS OF THE ADSORPTION MEASUREMENTS
POLYELECTROLYTE ADSORPTION

A summary of the results of all of the adsorption measurements is given in

Appendix III.

Both the extent of carboxyl adsorption, Fc, and the degree of dissociation

of the carboxyl groups are shown as & function of pH in Fig. 7. It is seen that

the amount of adsorbed polymer decreases with increasing pH or degree of disscciation.
A similar finding was reported by Michaels and Morelos (4l) in a study of the
adsorption of sodium polyacrylate onto kaolinite. This behavior is best explained

on the basis that the adsorption of a carboxylated polymer occurs via hydrogen
bonding between‘nonionized carboxyl groups on the polymer and oxygen atoms on the
surface of the ferric oxide. As the pH increases, both the pigment surface and

the polymer become more negatively charged and the adsorption decreases due to

the increase in electrostatic repulsion.

As discussed in the experimental section, the charge due to polymer

adsorption, Op’ is proportional to the product of Fc and af. For these cal-

culations, values of Rc were taken from the smoothed curve in Fig. 7 rather than

from the actual data points. The variation of gp with pH is shown in Fig. 8.

Since the polymer is adsorbed as an anion, the values for Op are understood to

‘be negative. Figure 8 shows that the charge due to polymer adsorption reaches

& maximum at pH 7.0; At lower pH levels, o decreases more rapidly than Fc

increases and so the charge decreases. Above pH 7.0 the situation is reversed;

Fc decreases more rapidly than «

£ increases and this also causes a decrease in

surface charge.
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HYDROGEN ION ADSORPTION AND DESORPTION

Figure 9 shows the contribution to charge, OH’ which results from the
adsorption or desorption of protons. It is seen Zhat a reversal of charge occurs
at pH 6.7. At higher levels of pH, the negative charge increases due to the
desorption of protons. At lower levels of pH, proton adsorption results in a

positive contribution to the surface charge.

The pH at which there is nelther adsorption nor desorption of protons should

correspond to the isoelectric point of Fe Values reported in the literature

203.

for the isoelectric point of Fe were summarized in Table II (see experimental

203
section). Princen (28) obtained a value of 6.9 for the isoelectric pH of an
industrial pigment-similar to that used in this study. The value of 6.7 obtained

from Fig. 9 appears to be reasonable compared with the results reported in the

literature.

In order to be consistent, the data in Fig. 9 were reported in terms of
_hydrogen ion adsorption or desorption. Actually, it was not possible to experi-
mentally differentiate between proton desorption and hydroxyl ion adsorption (or
vice versa). Howevef, the distinction is not critical since both processes are

equivalent as far as the contribution to charge is concerned.
DESORPTION OF SULFATE AND CHLORIDE

Sulfate Desorption

It was expected that the extent of sulfate ion adsorption would be small
in comparison to the extent of polyanion adsorption. This expectation was based
upon the fact that the dispersant solution contained only 0.055 meq. of sulfate
per meq. of carboxyl. Also, it was thought that the adsorption of sulfate would
be appreciable only at the lower levels of pH since ﬁt high pH levels the sulfate

would have to compete with hydroxyl ions for adsorption onto the pigment surface.
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as a Function of pH
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The results of the adsorption experiments were surprising in that the con-
centration of sulfate in the suspending fluid increased.upon addition of pigment.
It 1s evident that the pigment contained an appreciable amount of sulfate which
was not removed by leaching with distilled water. Figure 10 shows the extent of
the sulfate desorption as a function of pH. The extent of desorption appears to
increase somewhat with pH which is consistent with the concept that sulfate and

hydroxyl adsorption are competitive processes.

According to the supplier, most of the sulfate associated with the pigment
is present in the form of sodium and calcium salts. In this regard, the data .
reported in Table I (see experimental section, page 19) concerning the soluble
salt content of the pigment are of interest. Based on the concentrations of
sodium and calcium shown in Table I, the amount of sulfate desorbed in a 10%
slurry of washed pigment was about 0.00E% (vpased upon weight of pigment). How-
ever, based upon the data shown in Fig. 10, the amount of sulfate desorbed was
approximately 0.015%. This indicates that addition of a carboxylated dispersing
agent greatly facllitates the desorption of sulfate. One reason for this might
be that, because of the deflocculating effect of the dispersant, a much greater
amount of surface is accessible to the suspending fluid. Also, the adsorption of
both polymer and hydroxyl ions might involve a displacement of sulfate ion at the

pigment surface.

The question now arises as to how the desorption of sulfate ion influences
the charge on the pigment surface. If just sulfate lons are desorbed, and not
the corresponding cation, then the desorption will significantly reduce the
negative charge on the surface. But if the corresponding cations are also
desorbed, the charge will not be altered. The possibility of cation desorption
seems likely because the interparticle solution contains unadsorbed; ionized

carboxyl groups which have an affinity for cations. Unfortunately, time did not
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permit a detailed cationic analysis of the interparticle solutions and therefore
the relationship between sulfate desorption and surface charge is not fully

understood.

Chloride Desorption

The results of the chloride adsorption measurements were somewhat similar to
those obtained for the adsorption of sulfate. That is, chloride ion was found to
desbrb rather than adsorb. The relationship between chloride desorption and pH
is shown in Fig. 10. 4Unlike the sulfate desorption, it is seen that the extent of
chloride desorption increases with decreasing pH. This result is somewhat surpris-
ing since the pH was adjusted by addition of HCl and therefore the concentration
of chloride in the suspending fluid was greatest at low pH. It must be concluded
therefore that the desorption of chloride is primarily determined by pH rather

than by the amount of chloride present in the interparticle solution.

A possible explanation for this behavior is that the chloride is chemically
bonded to iron atoms on the pigment surface and therefore is not readily displaced
by other anions in the system. However, the excess of hydrogen ions at low pH

may be sufficient to ionize the chloride and effect its removal from the interface.
TOTAL ADSORBED CHARGE

From the preceding discussions, it is evident that the magnitude of the

adsorbed charge, 0, , depends upon whether or not the desorption of sulfate and

t)
chloride is accomﬁgnied by cation desorption. However, subsequent discussion will
show that the conclusions reached in this thesis are based primarily upon the
manner in which the surface charge varies with pH rather than upon the actual
magnitude of the charge. The relationship between charge and pH was calculated

both with and without the sulfate and chloride desorption data and the results

of these calculations are shown in Fig. 11.
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The top curve in Fig. 11 was obtained by considering only the effects of
polymer adsorption and hydrogen ion adsorption or desorpticn. It is seen that
the charge reaches a maximum at a pH of about 7.8. The dashed curve in Fig. 11
represents the extent to which the surface charge is influenced by considering
the extent of chloride desorption. While the negative charge decreases more
rapidly at the lower levels of pH, the general shape of the curve and the position
of the maximum remain the same. The lower curve in Fig. 11 was obtained by
considering the effect of both chloride and sulfate desorption. Again, the
position of the maximum and general shape of the curve remain unchanged but the

actual magnitude of the adsorbed charge is significantly reduced.

It can be concluded from the curQes shown in Fig. 11 that the variation in
adsorbed charge with pH is primarily controlled by the extent of polymer adsorption
and hydrogen ion adsorption or desorption. In order to simplify subsequent
discussions, the top curve in Fig. 11 will be used to represent the variation in
adsorbed charge with pH. The relationship between the magnitude of the charge
and collecidal stability will be discussed in greater detall in a later section.

THE RELATIONSHIP BETWEEN RHEOLOGICAL
BEHAVIOR AND ADSORBED CHARGE

LOW-SHEAR VISCOSITY DATA

Figure 12 shows the relationship between Brookfield viscosity and surface
charge. The data show that the viscosity at low shear (G <50 sec._l) is a
minimum at the pH corresponding to the maximum surface charge. As.previously
discussed, this type of relationship is well substantiated in the literature.

As the charge decreases, the particles are less stable and the extent of
flocculation increases. This results in an increase in viscosity since additional

energy is required to disrupt the flocs. The primary significance of the viscosity
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data shown in Fig. 12 is that they indicate that the adsorbed charge represents

a valid measure of the extent of colloidal stablility of the particles.
EXTENT OF RHEOLOGICAL DILATANCY AS A FUNCTION OF ADSORBED CHARGE

Representation of Data

In the absence of a theoretically based model for the description of dilatant
flow, an empirical model was needed so that the extent of dilatancy could be
expressed in terms of a numerical value. The approach used in this study was based
upon an equation similar to that proposed by Goodeve (42) to describe thixotropy.
Implicit in this equation is the assumption that the mechanisms responsible for non-
Newtonian behavior are distinct from those involved in Newtonian flow and that the

shear stress requirements for the two processes are additive;

T, = To = WG+ 6(a) _ (4).

The.significance of the terms in Equation (4) is illustrated in Fig. 13.
The quasi-Newtonian viscosity, n¥, corresponds to the slope of the flow curve
in a region of shear intermediate between pseudoplasticity and dilatancy and
therefore rebresents the minimum viscosity of the suspension. The gquantity O
represents the additional amount of shear stress required above that needed for
quasi-Newtonian flow. In the context of this study, 6 can be considered as the
dilatant component of shear stress. The magnitude of 6 is a function of the shear
rate as well as the other variables influencing the extent of dilatancy. Since
the suspensions were slightly pseudoplastic at low shear, the linear portion of
the flow curve (having a slope of n¥) does not pass through the origin. Therefore,
it was necessary to introduce intp Equation (h) the quantity TO, which represents

the point of intersection of the line on the shear stress axis.
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In this study, values of 8, obtained at a common rate of shear, were used
as indices: to compare the extent of dilatancy of different suspensions. The
shear stress-shear rate relationships obtained at each level of adsorbed charge

are tabulated in Appendix III.

Presentation of Data

In Fig. 1k, the dilatant components of shear stress, 8, are plotted as a
fuﬁction of pH at two different levels of shear rate. For purposes of comparison,
the surface charge is shown in the upper curve. These curves show that the extent
of dilatancy decreases as the charge on the pigment increases. Note that the
dilatant component of shear stress is a minimum at the pH where the adsorbed

charge is a maximum.

The results shown in Fig. 14 are of central significance to this thesis. As
previously discussed, if the Brownian motion hypothesis were valid, the extent of
dilatancy would be expected to increase with increasing colloidal stability, Since
Just the opposite relationship is observed in Fig. 14, it must be concluded that
thé extent of rheological dilatancy is not controlled by the level of Brownian
motion of the particles. Rather, the data support the hypothesis that rheological
dilatancy results from a shear-induced flocculation mechanism. This interpretation
will be discussed in greater detail in a later sectionm.

THE RELATIONSHIP BETWEEN RHEOLOGICAL BEHAVIOR
AND PIGMENT VOLUME CONCENTRATION

EXTENT OF DILATANCY AS A FUNCTION OF PIGMENT VOLUME CONCENTRATION

Shear stress-shear rate measurements were obtained as a function of PVC at
two different levels of adsorbed charge. At each level of charge, the PVC was
varied between 47 and 40%. As discussed in the experimental section, the PVC was

varied in such a manner that the adsorbed charge remained essentially constant.
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For each of the two series of suspensions, adsorption measurements were obtained
and these are presented in Appendix ITIT along with the tabulated shear stress-

shear rate measurements.

The experiments showed that the extent of dilatancy is highly dependent upon
the pigment volume concentration. The data in Fig. 15 (QH + c% - 2.8 x 10° esu/g.)
show the relationships obtained between shear stress and ;heaf—rate at four
different concentrations of pigment.

In Fig. 16 (g + o = 2.8 x 107 esu/g.) and Fig. 17 (o + o, = 2.62 x 107 esu/g.)
the logarithm of the dizatant shear stress, 6, is plotted ;; a f;nction of PVC at
two levels of shear rate. The data appear to sh6W'a linear relationship when
plotted in this manner which indicates that the extent of dilatancy is exponentially
dependent upon the concentration of pigment. Within the limits of the experimental
error, the slopes of the lines appear to be independent of the rate of shear. Note,
however, that the slopes of the lines in Fig. 16 are not the same as those in Fig.

17. Evidently, the rate of change of 6 with PVC becomes more pronounced as the

surface charge is decreased.
NEWTONIAN VISCOSITY AS A FUNCTION OF PIGMENT VOLUME CONCENTRATION

A number of theoretically based egquations have been developed which relate
the viscosity of monodisperse, Newtonian suspensions to particle concentration
and viscosity of the suspending fluid (Z, §). In particular, an equation derived
by Happel (43) has been shown to give good agreement with experimental data in
the range of PVC investigated in this study. Happel used a "free surface" model
to obtain a solution to the Navier-Stokes equations. In this model, the disturbance
due to each sphere is assumed to be confined to a frictionless envelope surround-

ing it.
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It is instructive to compare the relationship between m* and PVC obtained in
this study with that predicted by Happel's equation. This comparison is shown in
Fig. 18 where the relative viscosity, q*/ﬂo, is piotted as a function of PVC. The
quantity ﬂo refers to the viscosity of the suspending fluid and was determined at
each level of charge using a Hoeppler falling ball viscometer. Curve A represents
data obtained at Oy + cp =2.62 x 109 esu/g. while Curve B represents data obtained

at OH + Up =2.9 x lO9 esu/g.

It is recalled that the values of n* were obtained in a range of shear
intermediate between pseudoplasticity and dilatancy. Thus, the data shown in
Fig. 18 represent the minimum viscosities of the suspensions and therefore corres-
pond tc the minimum levels of particle aggregation. However, the viscosities of
the suspensions are seen to be much greater than those predicted by Happel's
equation for monodisperse suspensions. This result indicates that, at the point
where pseudoplasticity is no longer observed, the particles are still in a state
of partial flocculation. Furthermore, as indicated by the difference between
Curves A and B, the level of the minimum state of flocculation is a function of

the surface charge.
SEIZURE AND FRACTURE OF DILATANT SUSPENSIONS

During the preliminary stages of this study, suspensions were prepared
using iron oxide pigments of slightly smaller particle size (Chas. Pfizer Co.-
R6098 and R7098). Measurements of the colloidal variables were not obtained but
two unusual flow phenomena were observed which deserve mention. These are shown
in Fig. 19 in which the flow data are expressed in terms of torque and rate of

rotation of the bob. The PVC of these suspensions was 45%.

With the smallest sized pigment, R6098, the flow was typically dilatant up
to a bob speed of 830 r.p.m. At this point, an abrupt increase in torque was

observed. In essence, the suspension appeared to seize and behave as a solid.
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As seen in Fig. 19, a somewhat different phenomenon was observed with a
suspension of the R7098 pigment. At a bob speed of approximately 970 r.p.m., the
flow became unstable and the torque reading was highly erratic. When the rate
of sheaf was further increased, a loud cracking noise emanated from the region
of shear and an abrupt decrease in torque was noted. That is, the suspension
appeared to fracture. Metzner and Whitlock (24) and Metzner (62) reported &
similar observation with suspensions of TiO2 and with suspensions of cornstarch.
In their experiments, the fracture was audible in both a rotational and capillary
viscometer and the critical value of the shear stress was the same in both instru-

ments.

It seems reasonable that the seizure and fracture phenomenon are related.
In both cases, it is hypothesized that the extent of the shear-induced flocculation
becomes so great that relative motion between aggregates is no longer possible and
the suspension then has the properties of a solid. If the force transmitted to
the suspension is insufficient to overcome the internal strength of the flocs,
then seizure results. However, if the'energy input is large enough, the floc

fractures in a manner analogous to the rupture of a solid.
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DISCUSSION
MECHANISMS OF COLLOIDAL STABILIZATION

Because of the importance which has been attached to the relationship be-
tween dilatancy and colloidal stability, it is appropriate to consider more
carefully the mechanisms responsible for colloidal stability in the system. It is
recalled that the Brookfield viscosity data showed that the adsorbed charge is a
valid index of the degree of colloidal stability of the suspensions. This evidence
suggests that the stability is primarily a function of the magnitude of the electro-
static forces between the particles. However, although electrostatic repulsion
is no doubt a significant factor, there is reason to believe that other mechanisms

are also of considerable importance.
STERIC HINDRANCE OR ENTROPIC STABILIZATION

Based on the polymer adsorption data and assuming a molecular weight of MOOO,
calculations were made to estimate the average number of polymethacrylate molecules
adsorbed per particle of pigment. Depending upon the pH, the number of molecules
per particle varied between 1400 and 5000. It seems likely, therefore, that the
interaction between adsorbed molecules on adjacent particles must be a factor
which contributes to the colloidal stability. At a pigment volume concentration
of 45% and an average particle diameter of 0.20 pm., the average distance between
the particles is about 0.01 um. According to an equation derived by Hamaker (4k),
this corresponds approximately to the distance at which the London-van der Waals
attractive forces become significant. Based on a molecular weight of L4000, the
total length of a molecule of polymethacrylic acid is about 0.015 um. Depending
upon the configuration of the adsorbed polymer and upon the number of contact

points with the surface, the distance that the molecules extend away from the
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surface is probably somewhat less than the total extended length of the chains.
Nevertheless, it is apparent that the molecular weight of the polymer is such that
steric interactions will be significant at distances of separation where the

attractive forces begin to be of importance.

Experimental verification of the mechanism of stearic stabilization has been
reported by Heller and Pugh (45, 46), Mathai and Ottewil (47), and Van der Waarden
(48). In general, the extent of stabilization has been found to increase with
both the amount of adsorbed polymer and the molecular weight... Theoretical equations
describing this type of stabilization have been reported by Makkor (49, 50) and by
Clayfield and Lumb (51). Estimates of the energy of repulsion were obtained by
considering the reduction in entropy of adsorbed molecules due to interactions with
molecules adsorbed on adjacent particles. Clayfield and Lumb concluded that the
energy of repulsion due to entropic stabilization could be‘as high as 100 KT - a
value which is comparable to the magnitude of the attractive energy at a distance

of separation of 0.002 pm.
HYDRATION OF THE PIGMENT SURFACE

Heller and Pugh (45) have pointed out that the chemical nature of the adsorbed
polymer is of considerable importance. Hydrophilic groups,.such as carboxyls,
increase the extent of stabilization because the pigment-polymer interface becomes
more hydrated. That is, the presence of hydrophilic groups increases the energy
of attraction between the particle and the suspending fluid and thus decreases
the effectiveness of the interparticle attractive forces. Since the polymer used
in this study contained carboxyl groups, it is reasonable to assume that part of

the stabilization resulted from this type of mechanism.
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RELATIONSHIP BETWEEN CHARGE AND COLLOIDAIL STABILITY

Because the carboxyl groups on the adsorbed poiymer are partially ionized,
it is clear that electrostatic repulsion must coantribute to the colloidal stability.
The magnitude of the electrostatic repulsive force is also a function of the level
of adsorption or desorption of the smaller ions such as hydroxyl, sulfate, and
chloride. 1In the case of dilute, lyophobic sols in which the surface potential
results from the adsorption of small ions, the Verwey-Overbeek theory (ég) accounts
satisfactorily for the stability requirements of the system. But the assumptions
of this theory are such that it cannot be expected to apply in the case of con-
centrated suspensions which are stabilized by polyelectrolyte adsorption. For
example, one of the assumptions of the Verwey-Overbeek theory is that the adsorbed
charge is uniformly distributed over the plane of the particle surface. This
assumption 1s clearly not valid in the case of polyanion adsorption since the
polymer molecules extend an appreciable distance away ffom the surface. Further-
more, the distance of this extension probably depends on the extent of the inter-

action between adjacent particles.

Perhaps more important than the electrostatic repulsion between particles
is the extent to which the configuration and stiffness of the adsorbed polymer
vary with the degree of dissociation. It is well established that polyelectrolyte
molecules expand conslderably with increasing charge. In the case of polymeth-
acrylic acid, Tanford (;2) has shown that the equivalent radius of the molecule
in water increases by as much as 200% when the degree of dissociation is increased
from zeroc to 0.7. The configuration of the polymer is of considerable significance
with regard to the extent of entropic stabilization. As the degree of dissociation
increases, it is reasonable to expect that the adsorbed molecules become more rigid
and extend further away from the surface. This in turn would be expected to

increase the extent of steric interaction and stabilization.
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Based on the considerations discussed above, it is possible to givela more
complete explanation for the relationship observed between adsorbed charge and
stability as measured by Brookfield viscosity (see Fig. 12). As the degree of
dissociation increases, the level of entropic and electrostatic repulsion due to
a given amount of adsorbed polymer increases. At the same time, however, the
amount of polymer adsorbed decreases. It is the balance between these opposing
mechanisms which is thought to account for the minima observed in the plots of pH

versus Brookfield viscosity and extent of dilatancy.
THE MECHANISM OF RHEOLOGICAL DILATANCY
QUALITATIVE CONSIDERATIONS

Barlier in this dissertation it was concluded that the extent of Brownian
motion would increase with increasing colloidal stability providing the initial
level of flocculation were appreciable. It is felt that the data shown in Fig.
18 justify this conclusion. The data show that the minimum apparent viscosity is
much greater than that expected for a monodisperse suspension. Note also that
the minimum apparent viscosity decreases with increasing adsorbed charge. Based
on these considerations, it is felt that the increase in Brownlan motion due to
the decrease in flocculation is considerably more significant than any decrease
in Brownian motion which might result from the increased energy of repulsion
between adjacent particles. Since the extent of dilatancy does not increase
with increasing colloidal stability it is concluded that the Brownian motion

hypothesis is incorrect.

The experimental results obtained in this study have shown that the extent
of dilatancy increases with decreasing colloidal stability. As discussed in the
beginning of this thesis, this finding suggests that rheological dilatancy is

caused by a shear-induced flocculation process. When the rate of shear is increased,
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there is an increase in both the particle collision frequency and the force with
vwhich the collisions occur. Since the particles are better able to overcome the
repulsive energy barriers responsible for stability, there is a progressive

increase in the extent of flocculation, and therefore the viscosity of the suspension.
If the magnitude of the repulsive barrier 1s increased, it follows that a suspension
will be less dilatant since a greater level of stress will be required to reach a

given level of flocculation.
DILATANCY AND PSEUDOPLASTICITY CONSIDERED AS COMPETITIVE RATE PROCESSES

At first thought, the concept of shear-induced flocculation seems to be in
conflict with the more traditional idea that the application of shear causes a
disruption in floc structure. The pseudoplastic behavior observed at very low
rates of shear is explained on the basis of floc disruption; whereas, the dilatant
behavior at high shear rates is explained on the basis of floc formaticn. This
apparent anomaly can be resolved by considering pseudoplasticity and dilatancy as

competitive rate processes.

The equations to follow were used by Joly (54) to describe the kinetics of
flocculation in a colloidal suspension. Joly's analysis 1s similar to that pro-
posed by Blatz and Tobolsky (2;) to describe the kiﬁetics of a linear polymer
system manifesting simultaneous polymerization and depolymerization. Of interest
is the manner in which the number of aggregates per unit volume containing s

particles, ys’ changes with time. It is assumed that aggregates of this type
can be created or destroyed by two processes; (1) bimolecular collisions between
two aggregates to give a larger aggregate, and (2) unimolecular disruption into

smaller aggregates due to the shear stresses within the suspension. The simultaneous

collision of more than two aggregates is assumed to be negligible.
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According to Joly (2&), the rate of change of Es with time due to collision

and disruption is given by:

i=s-1 i=A i=A
dN /dt 1/2 ZAl o1V N 7N Ai N+ e EBiNi—BS(s-l)NS (5)
i=] i= l i=s+l
where
éz o - rate constant for the bimolecular collision of an aggregate con-
= taining £ particles with one containing m particles, cm.3/sec.;
gg = rate constant for unimolecular dlsruptlon of an aggregate
containing g particles, séc.-!;
A = the upper limit of the number of particles per aggregate.
In this equation, the quantity éﬂ - EZ Em represents the number of collisions per
2

second per cm.® between aggregates 4 and m which produce an aggregate containing

4+m particles. Terms of the type_@qu represent the number of aggregates con-

taining g particles which disrupt per second per cm.3.

In Equation (5), the first term accounts for the formation of Es by collisions
between aggregates containing less than s particles. The disappearé;ce of aggre-
gates containing s particles due to collision and addition with other aggregates
is given by the second term. The third term accounts for the formation of Es

due to disruption of larger aggregates while the last term accounts for the

disruption of Es'

The average aggregate slze at time t is defined as
A A
X, =2st, XNS (6).
1 1

By assuming that the rate constants, A and B were independent of aggregate size,

Joly (54%) was able to solve Equation (5) for X,

FPor the special case where the
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particles are linked together in a linear manner, this assumption is not unreason-
able. However, for more complex and realistic floc geometries, the rate constants
will actually depend tc some extent on the aggregate sizes. Nevertheless, Joly's

solution 1s of interest because it indicates the functional dependence of zt on

both A and B. The solution is

1+ (213/NOA)1/2

1/2

coth [(NOAB/2)1/2 t] )

(QB/NOA) coth [(NOAB/e)l/§ t]

where Eo is the total number of primary particles per cm.®. At equilibrium (E

large), the equation reduces to
X ~ (1 a/2B) /2 | (8)
~S Fo) : :

Thus, the average aggregate size depends upon the ratio of the rate constants for

collision and disruption as well as upon the total particle concentration.

To understand the relationship between dilatancy and pseudoplasticilty, it
is necessary to consider the functional relationship between the rate constants
and the rate of shear. Figure 20 illustrates the manner in which the rate
constants must vary with shear rate so that both pseudoplasticity and dilatancy

will be exhibited in the same suspension.

In Fig. 20, the relative magnitude of the two rate constants is entirely
arbitrary. The important point is the manner in which each constant varies with
shear. At low rates of shear, the rate of change of B with shear is greater than
that for A. Therefore, the ratio of A to B must decrease. As required by Equation
(8) the average aggregate size must decrease which will result in a decrease in
viscosity. Therefore, in this region of shear, the flow will be pseudoplastic.

Note however, that as the shear is increased, a point is reached where the rate of
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change of A with shear exceeds that for B. At this point, the ratio of A to B
begins to increase and consequently the average aggregate size must increase.

Therefore, at the higher levels of shear, the flow becomes dilatant.

DISRUPTION

COLLISIONS

RATE CONSTANT B, SEC”!

RATE CONSTANT A, CMYSEC.

SHEAR RATE:

Figure 20. Variations of Rate Constants with Shear Rate

With regard to Fig. 20, it is reasonable to expect that the rate constant for
the collision process will be much more highly dependent on the repulsive energy of

interaction than will the rate constant for disruption. The energy required for

collision and flocculation is primarily dependent upon the height of the repulsive
energy barrier between the particles or aggregates. However, once this barrier

is overcome and the particles are flocculated, the energy required for disruption is.
primarily dependent upon the short-range adhesive forces. These forces are not highly
dependent upon the height of the repulsive barrier and are controlled principally by
molecular interactions.

Therefore, the effect of decreasing the level of colloidal

stability is primarily to increase both the height and extent of curvature of Curve A
in Fig. 20.
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In Fig. 20, the rate constant descriptive of the collision process was
arbitrarily drawn as an exponential function of shear rate. An analysis developed
by de Vries (_2) lends support to this idea. de Vries derived an expression for
the collision frequency between monodisperse particles which are stabilized by
a repulsive energy barrier. His analysis takes intc account the effects of both

shear and Brownian motion. The rate constant which he obtained for the bimolecular

collision process is

br D e GR?./3x D r
A; B xp ( 1J/ m) (9)
P exp (Vm/KT)
where

D = diffusion coefficient of the particles;
Bij = the distance between particle centers at the moment of collision;
Xm = the height of the potential energy barrier;
T = the distance between the particles corresponding to the maximum
- in the potential energy function;
K = Boltzmann's constant;
T = absolute temperature.

The equation shows - that the rate constant for assoclation varies exponentially
with the rate of shear. Furthermore, it is seen that the rate constant decreases
exponentially with the maximum repulsive energy between the particles. Thus,
de Vries' analysis gives credence to the mechanism which has been postulated to
explain dilatancy. It is to be emphasized however, that Equation (9) was derived
for the case of monodisperse particles. In the case of collisions between
aggregates of varying size, the corresponding equation would probably be more

complex.

Unfortunately, there appears to be little work reported in the literature

concerning the dependence of the rate constant for disruption on shear rate.
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Gillespie (56, 57) developed a structural model for pseudoplastic flow in which
the rate constant for disruption was assumed to be a linear function of the shear
rate. Although Gillespie reports a satisfactory fit with experimental data, his

equation is such that it is not possible to verify this assumption.
THE EFFECT OF PIGMENT VOLUME CONCENTRATION

Qualitatively, the importance of particle concentration can be realized by
referring to Equation (5). The collision frequency is proportional to the product
of two concentration terms; whereas, the frequency of disruption is only first
order with respect to particle concentration. Therefore, an increase in particle
concentration increases the number of aggregates per unit volume which, under
conditions of constant charge and shear, will increase the average size of the
aggregates. Stated in another way, by increasing the particle concentration, a
given level of floc size is reached at a lower level of shear rate. Accordingly,

the suspensions become more dilatant with increasing PVC.

The experimental results showed that the dilatant component of shear stress,
6, varied exponentially with PVC. This finding cannot be fully explained without
the aid of a quantitative theory for the description of dilatant flow. As previ-
ously mentioned, the rate constants for collision and disruption are undoubtedly
dependent upon the size of the aggregates in question. It seems reasonable that
the probability for collision between two aggregates will increase in proportion
to their size. Thus, an increase in the particle concentration may have a
multiple effect in that the increase in floc size causes a further increase in
the collision frequency. Such a mechanism could account for the exponential

dependence of the dilatant shear stress on PVC.

In addition to a knowledge of the relationships between the rate constants

and floc size, a quantitative analysis of the data would also require a model to
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relate the energy required for flow to both the number and size of the aggregates.
The exponential dependence of the extent of dilatancy on PVC may be due to the
fact that the energy required at a given rate of shear is a nonlinear function

of the aggregate size and/or the number of aggregates.

When the logarithm of the dilatant component of shear stress, log 6, was
plotted as a function of PVC, the slopes of the straight lines obtained increased
with decreasing adsorbed charge. This can be seen by referring again to Fig. 16
and 17. A possible explanation for this effect is that the energy of interaction
between the particles depends upon the particle concentration. At very low levels
of PVC, the equilibrium distance between the particles is considerably greater
than the distance corresponding to the point of maximum repulsive energy. However,
in highly concentrated suspensions, the average distance of separation is of the
same order of magnitude as £he distance of the repulsive barrier. Therefore, the
energy of interaction between particles will vary with PVC. On this basis it i1s
reasonable to expect that the rate of change of the dilatant shear stress with PVC

will be a function of the magnitude of the potential energy barrier.

A somewhat similar explanation concerns the way in which the energy of
repulsion between two particles is influenced by the proximity of the surrounding
particles. de Vries (58) has considered this problem and concluded that, due to
relativistic effects, the repulsive energy between two particles at a fixed
distance of separation is decreased as the number of surrounding particles is

increased.
THE EFFECT OF PARTICLE SIZE ON DILATANCY

In the preceding discussion, a careful distinction was not made between PVC

and the number of particles per unit volume, Eo' With regard to the frequency of
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colliéion and disruption, however, it is the number of particles which is of
interest rather than the PVC. Assuming the particles to be monodisperse and
spherical, the relationship between Eo’ PVC and the particle radius, a, 1s given
by,

N_ = 0.03 PVC/kr &’ (10) .

This equation shows that the number of particles per unit volume is inversely
proportional to-the cube of the particle radius. As previously discussed, the
aggregate size, and therefore the extent of dilatancy, is believed to increase with
increasing particle concentration. On this basis, it seems reasonable to expect
that the extent of dilatancy will increase with decreasing particle size. However,
there is another factor which must also be considered. At a constant PVC, the
distance of separation between the particles decreases linearly with decreasing
particle size. This means that, as the particle size is decreased, the particles
will eventually be so close to one another that, regardless of the magnitude of
the repulsive forces, the attractive forces will predominate and the particles
will flocculate. Thus, it is hypothesized that the extent of dilatancy will
increase with decreasing particle size until the extent of flocculation becomes so

great that the flow 1s pseudoplastic over the range of shear of interest.

‘In colloidal suspensions of the type investigated in this thesis, the relation-
ship between particle size and colloidal stability is very complex. In the case
where the particles are stabilized solely by electrosfatic repulsion, the degree
of colloidal stability usually decreases with decreasing particle size. To
quantitatively determine the relationship between particle size and dilatancy it
would be necessary to adjust the colloidal variables in such a way that the energy
of interaction as a function of the distance between particles was the same regard-

less of size. From an experimental point of view, this would be most difficult
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since a quantitative understanding of the mechanism of stabilization in concen-

trated suspensions is lacking.

The results of this thesis provide an explanation why Metzner and Whitlock
(2k) were not able to observe rheological dilatancy in suspensions containing
particles with diameters of 29 um. or larger. With particles of this size, the
colleidal forces are relatively insignificant in comparison to the hydrodynamic
forces acting on the particles. Since flocculation is no longer a significant
factor, the flow is Newtonian rather than dilatant. It is concluded therefore
that rheological dilatancy is restricted to suspensions containing colloidal

sized particles and that within this size range the extent of dilatancy is

expected to increase with decreasing size.
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CONCLUSIONS

For the pigment suspensions investigated in this thesis, the colloidal
variables were found to exert a pronounced influence on the extent of rheological
dilatancy. To provide an explanation for this effect, a study was made to
determine the mechanisms responsible for colloidal stability in the system. It was
found that the stability was primarily controlled by the extent of adsorption and

\
degree of dissociation of the carboxylated polymer which was used as the dispersant.
The stability is believed to be due to two interrelated mechanisms: (1) electro-
static repulsiod‘due to the ionized carboxyl groups on the adsorbed polymer and
the adsorption of hydroxyl groups onto the pigment surface, and (2) steric hindrance
between the adsorbed polymer molecules on adjacent particles. The total adsorbed

charge was found to correlate well with the stability of the suspensions as

measured with a Brookfield viscometer.

High-shear rheological measurements showed that the extent of dilatancy
increased as the degree of colloidal stability decreased. Based on this finding,
it was concluded that rheclogical dilatancy is caused by a progressive build up
of floc structure within the suspension due to shear. The data showed that the
suspensions were pseudoplastic at very low rates of shear and dilatant at high
levels of shear. This reversal in flow behavior is expléined by considering the
manner in which the frequency of both the disruption and collisions of flocs
varies with the rate 6f shear. In the range of pseudoplasticity, the rate
constant for disruption is Believed to increase more rapidly with shear than does
the rate constant for collisions. This causes the floc size and the viscosity to
decrease. At higher shear rates, the rate constant for the collision process is
thought to increase more rapidly than the rate constant: for disruption. As a

result, the average floc size is increased and the flow becomes dilatant.
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Under conditions in which the adsorbed charge was maintained essentially
constant, the effect of pigment volume concentration was determined over the range
of 40 to 47%. A marked increase in the extent of dilatancy was noted as the
particle concentration was increased. This effect is consistent with the concept
that dilatancy results from a shear-induced flocculation mechanism. An increase
in particle concentration is believed to increase the frequency of collisions be-
tween aggregates to a greater extent than it increases the frequency of disruption.
Therefore, the average aggregate size increases. Thus, as the particle concentration
increases, a given state of flocculation can be reached at progressively lower

rates of shear.

There was no indication in this study that a critical particle concentration
is required in order that a suspension exhibit dilatancy. At any particle concen-
tration, the extent to which the flow is dilatant depends upon the colloidal
forces between the particles and the range of shear rate in which the shear stress
is measured. It is felt that dilatancy could be observed at much lower particle

concentration provided sufficiently high rates of shear could be attained.

Based on the mechanism which has been advanced to explain rheological dilatancy,
it is reasonable to expect that this type of flow is restricted to suspensions in
which the particles are of colloidal size. Within the colloidal size range, it is
hypothesized that the extent of dilatancy will increase with decreasing particle

size providing the colloidal stability of the particles remainsiunchanged.
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SUGGESTIONS FOR FUTURE WORK

With regard to the iron oxide suspensions used in this study, it would be
helpful to obtain electrophoretic mobility measurements as a function of the level
of adsorbed charge. Measurements of this type would provide a check on the ad-
sorption measurements which were used in this study to determine changes in surface
charge. Also, electrophoretic mobility measurements might provide information
concerning the relative importance of electrostatic stabilization as compared to
entropic stabilization. It is expected that the measurement of mobilities in
concentrated suspensions would present a number of experimental difficulties.
However, an electrophoretic mass transport cell has recently been marketed by the

Numinco Co. which may be suitable for this type of application (é&).

An extension of this study to other types of pigment suspeunsions is recommended.
In particular, rheclogical dilatancy should be studied in a system in which the
particles can be stabilized solely by electrostatic forces. Suspeﬁsions of TiO2
stabilized by polyphosphate addition offer one possibility. The shape of TiO2
particles is similar to the iron oxide particles used in this study. It would be
helpful to use a pigment which is mecre nearly spherical in shape. In this regard,

Robinson (22) has described a method for the preparation of spherical silica

particles which are of colloidal size.

Particle size is another variable which warrants additional study. However,
such a study might be somewhat difficult to interpret since the relationship

between size and colloidal stability is complex.

Most impertant of all, this study has demonstrated the need for a theoretically
based analysis of dilatant flow. As a starting point, quantitative relationships

are needed to relate the average aggregate size to shear rate, particle concentration,
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and the appropriate colloidal variables. It would then be necessary to develop
a flow model such that the energy required for flow could be related to the

extent of flocculation of the suspensions.
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NOMENCLATURE

average particle radius, cm.

rate constant for aggregate collisions, cm.3/sec.
rate constant for aggregate collisions as defined by Equation (9)
B[R,

rate constant for aggregate disruption, sec.
concentration of HCl1l or NaOH in polymer solution
diffusion coefficient of particle in suspending fluid
activity coefficient

acceleration of gravity, cm./sec.2

rate of shear at the bob, sec. T

calculated bob length, cm.

Boltzmann's:constant

Avogadro's number

3

total number of primary particles per cm.

3

number of aggregates per cm.~ containing s particles

= intrinsic dissociation constant

pigment volume concentration, %

distance between particles corresponding to the point of maximum
repulsive energy, cm.

radius of viscometer bob, cm.

radius of viscometer cup, cm.

distance between centers of particles during collisions, cm.
number of particles per aggregate

time, sec.

absolute temperature

torque on viscometer cup, dyne-cm./cm.
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maximum height of repulsive energy barrier, ergs

electrostatic interaction factor defined in Equation (14) Appendix I
average number of particles per aggregate at equilibrium

average number of particles per aggregate at time t

meq. carboxyl per liter; Equations (12) and (13)

" total charge on polymer molecule

degree of dissociation of carboxyl groups on the polymer in the inter-

particle solution

degree of dissociation of polymer solution before pigment addition

meg. of adsorbed carboxyl per gram pigment

meq. of adsorbed chloride per gram pigment

meq. of adsorbed sulfate per gram pigment

charge on an electron, 4.8 x 10710 esu
Newtonian viscosity

viscoéity of suspending fluid, cp.

dilatant component of shear stress, dynes/cm.2
upper limit of number of particles per aggregate
charge due to polymer adsorption, esu/g.

charge due to hydrogen ion desorption, esu/g.
charge due to chloride ion adsorption, esu/g.
charge due to sulfate adsorption, esu/g.

total adsorbed charge, esu/g.

shear stress at the bob, dynes/cm.2

shear stress component as defined by Equation (4)

angular velocity of viscometer bob, radians/sec.
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APPENDIX I
EXPERIMENTAL PROCEDURES AND APPARATUS
PREPARATION OF ELECTRON MICROGRAPHS

Electron micrographs of the pigment were prepared according to a procedure
recommended by a representative of the Chas. F. Pfizer Co. (ég). The pigment was
first dispersed in water with Tamol 850 in the usual manner and then a drop of the
concentrated suspension was diluted to approximately 500 ml. with n-propyl alcohol.
This suspension was dispersed ultrasonically for five minutes at 300 kilocycles
per second using a General Electric ultrasonic generator (G.E. 1—29578C). A drop
of the suspension was then placed on an electron microscope grid, allowed to dry,

and photographs were obtained using a RCA electron microscope (Model F3).

Two measurements were made on each of the particles on the micrographs: the
maximum dimension and the minimum dimeunsion. The average minimum diameter was

0.18 pm. while the average maximum diameter was 0.23 um.
REMOVAL OF SOLUBLE SALTS

The soluble salts were removed from the pigment using a batch leaching process.
One-hundred pounds of pigment were placed in a large stainless steel tank and
sufficient distilled water was added to give a slurry concentration of 5% by
weight. The slurry was agitated with two Lightnin' Mixers for eight hours and
allowed to sediment overnight. A syphon was then used to remove the supernatant
above the sediment. The sediment was rediluted to 5% and the leaching procedure
repeated. Each batch of pigment was washed a total of five times in this manner.
After the last leaching cycle, the sediment was removed from the tank and dewatered

using a large Buchner funnel and number 42 Whatman filter paper. The remaining




-8o.

water in the filter cake was removed by drying in an oven at 110°C. A total of

200 pounds of washed pigment was prepared in this manner.
EVALUATION OF DISPERSING AGENTS

Preliminary experiments indicated that addition of a dispersing agent was
necessary in order to obtain fluid suspensions at the high pigment concentrations
of interest. It was not possible to adequately disperse the pigment by addition of

NaOH. The following dispersing agents were evaluated:

sodium hexametaphosphate

sodium tetraphosphate

Tamol 731 — Rohm and Haas Co.
Tamol 850 — Rohm and Haas Co.
sodium triphosphate

Daxad 23 — W. R. Grace Co.
Triton CF-10 — Rohm and Haas Co.
Triton X-102 — Rohm and Haas Co.
Nopcosant L — Nopco Chemical Co.

\O O—J O\ £ D

The effectiveness of these dispersants was determined over the range of
addition of 0.2 to 2% based on the weight of pigment. It was found that fluid
suspensions of PVC greater than 40% could be obtained only with the first four

dispersants listed above.

Both sodium hexametaphosphate and sodium tetraphosphate resulted in high
initial levels of dispersion. However, concentrated suspensions dispersed with
these compounds were not stable with respect to aging. This behavior is believed

to be due to the slow formation of soluble ferric metaphosphate (61).

A very high level of dispersion was obtained using Tamol 731. However, when
suspensions dispersed with this product were subjected to mechanical dispersion, a
stable foam was created which could not be broken under vacuum. This problem was
not encountered with Tamol 850 and accordingly this product was selected for use

in this study.
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ACID-BASE TITRATION OF TAMOL 850

Experimental Method

The procedures used for the titrations were éimilar to those recommended by
Kenchington (37) and Tanford (38). A standard Beckman reference electrode was used
in conjunction with a Beckman E-2 glass electrode. Measurements of pH were made
with a Beckman Model G meter. National Bureau of Standards buffers were used to
standardize the meter and the accuracy of the measurements were within + 0.015
pH units. During the titrations, nitrogen was bubbled through the éamples to purge
the solutions of dissolved carbon dioxide. All of the titrations were made at

25.0°C.

Calculations

The degree of dissociation was calculated from the titration data according
to a procedure proposed by Kenchington (QZ). Assume that the polymer is added to

a solution of HCl having a concentration C, moles per liter. The initial concen-

1

tration of hydrogen ion is also C. and the pH of the solution is given by pHi =

1

-log f.C where f

1,65 is the activity coefficient. After addition of Y meq. carboxyl

1

per liter, the hydrogen ion concentration will be C

, since (gl-ga)/g moles of

hydrogen ion will have combined with the carboxyl groups. The pH will then be

pH2 = flog 229_3-
Combining the expressions for le and pH2 gives,

1og(c2/cl) = pH, - PH, + 1og(fl/f2) A (11).
The assumption is made that the activity coefficient of the two sclutions are the
same so that the last term in Egquation (11) is zero. The equations can then be

-rearranged to give the ratio of the moles of bound protons to the total moles of

carboxyl present,
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C, -C C
1 2 1
—— =5 [1- exp, o (le - pH2)1 (12).

In like manner, if the sample is titrated with c moles per liter NaOH, the fraction

of bound hydroxyl ions (or negatively bound protons) is given by

Q
|
Q
Q

~£—§—Jg = 3% [1 - exp, (pHé - le)] (13).

When the fraction of bound protons was plotted as a function of pH, the zero
point on the bound proton scale necessarily occurred at the pH of the solution
before acid or base were added. Therefore, it was necessary to shift the ordinate
in such a way that the zero point corresponded to the pH at which the carboxyl
groups were completely ionized. This pH was determined by means of a conductometric
titration. Finally, the degree of dissociation was calculated by subtracting the
values of the fraction of carboxyl groups in the acid form from unity. The raw

titration data are tabulated ' in’Appendix III.

Analysis.gf Titration Data to Obtain the Intrinsic Dissociation Constant

Tanford (32) has shown that the lonization of a polyelectrolyte, which contains

a number of identical dissociable sites, can be described by the equation

PH = pK, . + log(a/1-a) - 0.868wz (14)
where
PX. = intrinsic dissociation constant which all individual groups of that
=-int . . .
-—- type would have if present in a monofunctional compound;
w = an electrostatic factor;
Z = net charge on polymer.

When Z equals zero, the equation reduces to the standard form used to describe
the ionization of an independent group. The last term accounts for the electro-

static interaction between the ionizable group and the rest of the charged polymer.
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When the degree of dissociation is zero, the net charge, Z, is zero. Therefore

a plot of pH - log(a/l-a) versus ¢ should have an intercept equal to the Egint of

the individual ionizable group. This plot is shown in Fig. 21 and the intercept
gives a pK value of approximately 4.9. This is a very reasonable value for the pK
of a carboxyl group (e.g. the pK of acetic acid is 4.76). Tanford obtained a

value of 4.85 using polymethacrylié: acid.
OXIDATION OF POLYMER IN SUSPENDING FLUIDS PRIOR TO CHLORIDE AND SULFATE ANALYSES

For the chloride analyses, a sample of the suspending fluid was neutralized
with excess NaOH and then evaporated to dryness. A carefully weighed aliquot of
the residue was then placed in a Schoniger combustion flask containing 10 ml. H.O,

1 ml. 2N KOH, and three drops of 30% HQO The flask was then filled with oxygen

o
and ignited. After standing for 30 minutes, the solution was boiled to remove
peroxide. Chloride concentration was then determined as discussed in the body

of this thesis. The oxidation procedure used for the sulfate analyses was

essentially the same except that KOH was not added to the flask.




oH - LOG (/| —)
o
(®)

5.0

| I l | | | | |
0.l 02 03 0.4 0.5 06 0.7 0.8

DEGREE OF DISSOCIATION

Figure 21. Determination of Intrinsic Dissociation Constant Titration
Curve No. 1



-87-

APPENDIX II

DETERMINATION OF SHEAR STRESS AND SHEAR RATE
WITH THE HERCULES VISCOMETER

CUP AND BOB GEOMETRY

The viscometer was equipped with five bobs of different sizes. For this work,

all of the flow curves were obtained using Bob A, the dimensions of which are
shown in Table IV. The calculated bob length was determined by calibration with

a silicone oil of accurately known viscosity.

TABLE IV

DIMENSIONS OF CUP AND BOB A

Actual bob length, cm. 5.0

Calculated bob length, cm. 5.17
Radius of bob,_Bb, cm. 1.95
Radius of cup, B;, cm. 2.00

MEASUREMENT OF BOB SPEED AND TORQUE

The design of the viscometer is such that the rate of revolution of the bob
in r.p.m. and the torque transmitted to the cup are plotted directly onto the
ordinate and abscissa of a piece of graph paper. Both the gear ratios and spring
constants were such that the readings were even multiples of the distance along
each axis (measured in centimeters). The load-elongation behavior of the springs

was determined using an Instron load-elongation tester. It was found that the

extension of the springs was a linear function of the applied force, and the spring

constants obtained were in excellent agreement with those reported by the manufacturer

of the viscometer.
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Using Equations (1) and (2) given in the experimental section, and the values

reported in Teble IV, the shear rate and shear stress were calculated as follows:
-1

G, sec. = 4.08 r.p.m. (15)

Ty dynes/cm2 = Torque, dynes-cm./123.8 (16).

RIGOROUS CALCULATION OF THE RATE OF SHEAR AT THE BOB

For non-Newtonian fluids, the rate of shear at the bob can be rigorously

calculated using an equation derived by Krieger and Elron (36);

¢ =<2+ (1mb) a(1mw) + (1ab)® a°(1
T [t n)aﬁn;m % n d(§n;w32 il

(1 b) dllmb)
L5 d(lnTb)

> (17

where b = ES/BP.

The derivatives in this equation are determined graphically from a plot of Ilnw

vs. lq@b. For the cup and bob arrangement used in this study, all of the terms

containing derivatives of order greater than one can be neglected with negligible

error.

As discussed in the experimental section, the difference in the shear rates
calculated by Equations (15) and (17) was less than 2%. This was due to the fact
that the gap thickness was quite small. For larger gap thicknesses, however, the

error introduced by using Equation (16) will become increasingly significant.
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AfPENDIX 111
EXPERIMENTAL DATA
TITRATION DATA

Data obtained from the acid-base titrations of Tamol 850 are summarized in
Table V. At each level of carboxyl concentration, separate titrations were made;
one with HCl and one with NaOH. In all of the titrations, the initial volume of
solution was 100 ml. Titration number one was made using a starting carboxyl
concentration of 16.5 meq. per 100 ml. of solution, while titration number two was

made using a starting carboxyl concentration of 12.4 meq. per 100 ml.

The symbols in Table V have the following meanings:

Ea = ml. of 1.0020N HCl added;
_f =ml. of 0.9960N NaOH added;
éj = pH of blank solution of distilled water, initial
- volume = 100 ml.;
a@ = degree of dissociation after adjustment of the zero

point (see Appendix I).
ADSORPTION DATA

All of the adsorption data are summarized in Table VI. The data shown for
Suspension 163 also apply for Suspensions 164 to 170, while the data reported for
Suspension 171 apply to Suspensions 172 to 177. Values with negative signs indicate
that desorption occurred. As discussed in the expefimental section, to determine
the adsorbed charge it was necessary to multiply by Avogadro's number and the

charge on an electron.
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ACID-BASE TITRATIONS OF TAMOL 850a

TITRATION WITH NaOH

Titration No. 1

| =

pH

b

1=

b 5 b
0 8.84 - - 0
0.1 9.62 11.02 0.996 0.1
0.2 10.23 11.31 1.000 0.2
0.3 10.85 11.47 -- 0.3
0.4 11.1% 11.58 - 0.4
0.6 11.k2 11.74 -- 0.6
1.0 11.71 11.94 - 1.0
2.0 12.04 12.20 - 2.0
4.0 12.36 12.46 - k.o
TITRATION WITH HC1l
Titration No. 1
L PH pH e Ty
0 8.84 -- -- 0
0.1 8.53 -- 0.984 0.1
0.2 8.28 -- 0.978 0.2
0.4 8.08 -- 0.966 0.4
0.6 7.88 - 0.954 0.6
1.0 7.62 -- 0.929 1.0
2.0 7.23 -~ 0.869 2.0
4.0 6.68 -- ~0.748 3.0
6.0 6.21 -- 0.627 5.0
9.1 5.60 -- 0.439 7.0
11.0 5.34 -- 0.324 10.0
12.0 5.18 - 0.263 11.0
13.0 4.92 -- 0.203 11.5
140 k.61 3.64 0.1k2 11:8
4.5 431 3.36 0.112 12.0
15.0 k.15 3.21 0.082 12.2
15.5 3.88 2.95 0.052 12.4
15.8 3.61 2.68 0.035 12.6
16.0 3.43 2.51 0.024 13.0
16.2 3.23 2.31 0.014 1k.0
16.4 2.99 2.08 0.005
16.6 2.73 1.83 --
16.8 2.55 1.65 --
17.0 2.39 1.49 -
18.0 1.95 1.08 -
19.0 1.74 0.89 --
20.0 1.60 0.76 -

®Values of PH and @ plotted in Fig. 6.

Titration No. 2

pH

8.94

9.59
10.54
11.06
11.24
11.46
11.75
12.05
12.39

b

11.02
11.31
11.47
11.58
11.7h
11.94
12.20
12.47

Titration No. 2

pi

8.93
8.51

8.33
8.02

PO WWW & &\ 0N
-3
—J

px

OO OCOOQOQO0OO0OO0OO0O0 OCOOOOOO

.992
.984
.968
.951
.919
.838
S157

.594
432
.189
.108
.068
0Ll
.029
.016

.006
.002
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BROOKFIELD VISCOSITY DATA

The Brookfield viscosity data was obtained at 60 r.p.m. using spindle number

three. These 'data’ are summarized in Table VII énd-are shown: graphically in Fig..l2.

TABLE VII

BROCKFIELD VISCOSITY

Brookfield Viscosity,
Suspension pH . poise

=
O

153 5.69
151 5.92
152 6.22
156 6.37

B e
000
QN0 FEV

157
149
148

155

0 0 0 —3

O~ O\
~N 3N

159
160
158
161

R )

OV OE® ~-1-1 O

FOWOUW wWWw o o

= e

© O\

DWW O®w
® &

.

SHEAR STRESS-SHEAR RATE DATA

As obtained directly from the Hercules viscometer, the flow curves were de-
fined in terms of H.whs. and torque. For each of the flow curves, a smooth line
was drawn through the experimental points and values of shear stress and shear
rate were calculated at regular intervals of r.p.m. The calculated values of shear
stress and shear rate, as well as the actual values of r.p.m. and torque taken

from the smoothed curves, are summarizéd in. Table VIII.

Table IX contains the values of 0¥ and 6 which were obtained from plots of
shear stress and shear rate. These are the data which were used in Fig. 13 to 18

in the presentation of the experimental results section.
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TABLE VIII (Continued)

SUMMARY OF FLOW CURVES

Suspension 152 Suspension 156
PVC = MS%) ng = 6.22 PVC = l"5%7 I_)Hf = 6.37
Torque, 5 T_lz 5 o _ Torque, _ 5 7_13 P 5 1
r.p.m. dyne-cm. x 10 dynes/em.” -G, sec. r.p.m. dyne-cm. x 10 dynes/cm. G, sec.
25 0.28 226 102 25 0.25 202 102
50 0.4 323 20k 50 0.36 291 20k
5 0.49 396 306 5 0.45 363 306
100 0.55 Ll 408 100 0.52 420 4o8
125 0.62 501 510 125 0.60 485 510
150 0.71 573 612
150 0.73 590 612
175 0.84 679 714 175 0.80 646 714
200 0.98 792 816 200 0.91 735 816
250 1.21 977 1020 250 1.18 953 1020
300 1.54 1244 1225 300 1.43 1155 1225
350 1.79 1446 1430
350 1.92 1551 1430 ITelo 2.16 1745 1631
Loo 2.38 1922 1631
450 2.90 2342 1835 450 2.61 2108 1835
500 3.55 2867 2040 500 3.13 2528 20L0
550 L .45 3595 2240 550 3.75 3029 o2kl
600 L.49 3626 2LL8
€00 5.68 4588 2448 650 5.42 4378 2652
650 7.35 5937 2652 700 6.60 5331 2855
700 9.54 7706 2855
750 12.51 10,105 3060 750 8.00 6h6l 3060
- 800 16.7 13,490 3264 800 9.72 7851 3264
850 12.05 973 3468
900 15.10 12,19 3672

_.1.{6..



TABLE VITI-(Continuéd) -'& ,

SUMMARY- -OF FLOW -CURVES - -«

Suspension 157 Suspension 15k
PYC = 45%, pH, = 6.76 PVC = 45%, pH, = 7.83
Torque, _ 5 TE ’ 5 1 Torque, 5 TE ’ 5

r.p.m. dyne-cm. x 10 dynes/cm. G, sec. r.p.m. dyne-cm. x 10 dynes/cm. G, sec.
25 0.21 170 102 25 0.26 210 102
50 0.33 266 204 50 0.39 315 20k
75 0.4 331 306 75 0.50 Lok 306
100 0.50 Lol 408 100 0.60 485 408
125 0.60 485 510 125 0.69 557 510
150 0.70 565 612 150 0.80 646 612
175 0.80 646 714 175 0.91 735 714
200 0.90 127 816 200 1.0k 840 816
250 1.12 905 1020 250 1.29 10k2 1020
300 1.39 1123 1225 300 1.52 1228 1225
350 1.68 1357 1430 350 1.80 1454 1430
400 1.98 1599 1631 400 2.10 1696 1631
450 2.30 1858 1835 450 2.40 1939 1835
500 2.67 2157 2040 500 2.70 2181 2040
550 3.09 2496 2244 550 3.08 2488 224k
600 3.51 2835 2448 600 3.46 2795 2448
650 4.o1 3239 2652 650 3.85 3110 2652
700 4.60 3716 2855 700 4. 25 3433 2855
750 5.27 LosT 3060 750 L .66 3764 3060
800 6.01 4855 3264 800 5.10 4119 3264
850 6.89 5565 3468 850 5.58 4507 3468
900 7.90 6381 3672 900 6.08 ko1l 3672
950 9.05 7310 3876 950 6.62 5347 3876
1000 10.35 8360 4080 1000 7.21 5824 4080
1050 11.75 9490 Lo8L 1050 7.85 6341 LoB8L

1100 13.29 10,734 4488 1100 8.51 687k 4488
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TABLE VIII (Continued)

SUMMARY OF FLOW CURVES .

Suspension 149 Suspension 155
PVC = 45%, pH. = 7.20 PVC = 45%, pH, = 7.83
Torque, TE’ 5 1 Torque, Tp? 5

r.p.m. dyne-cm. X 107 dynes/cm. G, sec. r.p.m. dyne-cm. x 1077 dyne/cm. G, sec.
25 0.23 185.8 102 25 0.26 210 102
50 0.32 258.5 204 50 0.40 323 204
75 0.45 363.5 306 75 0.50 Lok 306
100 0.55 Lhh .3 Lo8 100 0.60 485 Lo8
125 0.65 525 510 125 0.70 565 510
150 0.72 581.6 612 150 0.80 646 612
175 - -- 71k 175 0.90 727 714
200 0.97 783.5 816 200 1.00 808 816
250 1.20 969.3 1020 250 1.25 1010 1020
300 1.43 155.1 1225 300 1.50 1212 1225
350 1.70 1373.2 1430 350 1.75 1414 1430
400 2.00 1615.5 1631 400 2.02 1632 1631
450 2.30 1857.8 1835 450 2.32 187k 1835
500 2.60 2100.2 2040 500 2.65 2141 2040
550 2.97 2399.0 2240 550 2.98 2407 224Y
600 3.32 2681.7 2448 600 3.30 2665 2448
650 3.73 3012.9 2652 650 3.65 2948 2652
700 L.19 3384.5 2855 700 4. 02 3247 2855
750 - - 3060 750 IRRITS 3602 3060
800 5.12 3135.7 3264 800 k.91 3966 3264
850 -- .- 3468 850 5.40 4362 3468
900 6.29 5080 .8 3672 900 5.91 L77h 3672
950 -- -- 3876 950 6.45 5210 3876
1000 7.75 6260 .1 4080 1000 7.01 5662 4080
1050 - -- Lo8l 1050 7.60 6139 Lo8L
1100 9.45 7633.3 L1488 1100 8.20 6623 4488
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TABLE VIII (Continued).:i. .-,

SUMMARY 'OF FLOW-CURVES - .

Suspension 148 Suspension 159
PVC = )"'5%) ng = 7.83 PVC = 45%: El;{f = 8.03
Torque, TE’ 5 1 Torque, TE ’

r.p.m. dyne-cm. X 1077 dynes/cm. G, sec. r.p.m. dyne-cm. X 1077 dynes.cm. G, sec.
25 0.25 202 102 25 0.28 226 102
50 0.38 307 204 50 0.39 315 204
75 - - 306 75 0.48 388 306

100 0.59 b7 408 100 0.56 452 408

125 -- - 510 125 0.65 525 510

150 0.80 647 612 150 0.74 598 612

175 1.00 -- yarn 175 0.85 686 71k

200 1.00 808 816 200 0.92 43 816

250 1.23 995 1020 250 1.15 929 1020

300 1.50 1212 1225 300 1.37 1107 1225
350 1.75 1413 1430 350 1.60 1292 1430

400. 2.02 1631 1631 400 1.82 1470 1631

450 -- - 1835 450 2.10 1696 1835

500 2.59 2090 2040 500 2.32 1874 2040

550 -- -~ 2240 550 2.60 2100 . ookl

600 3.16 2550 2448 600 2.89 2334 2448

650 -- . - 2652 650 3.19 2577 2652

700 3.85 3110 2855 700 3.50 2827 2855

750 - - 3060 750 3.85 3110 3060

800 k.69 3790 326k 800 4.21 3401 3064

850 -- .- 3468 850 4.60 3716 3468

900 5.61 4530 3672 900 5.0 4039 3672

950 -- -~ 3876 950 5.40 4362 3876

1000 6.62 5350 Lo8o 1000 5.80 4685 Lo8o
1050 . - -~ Lo8l 1050 6.20 5008 Lo8l
1100 7.67 6200 4488 1100 6.62 5347 L1488
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TABLE VIII (Continued) -

SUMMARY OF FLOW CURVES -

Suspension 160 Suspension 158
PVC = 45%, pH, = 8.29 PVC = 5%, pH, = 8.82
Torgque, TE’ o Torque, T’ >
r.p.m. dyne-cm. X lO-5 dynes/cm. G, sec. r.p.m. dyne-cm. X lO-5 dynég/cm. G, sec.-l
25 0.30 242 102 25 0.32 259 102
50 0.4 323 20k 50 0.45 364 204
75 0.50 Lok 306 75 0.55 Lhh 306
100 0.61 hoo 408 100 0.69 557 408
125 0.72 577 510 125 0.78 630 510
150 0.90 727 612
150 0.81 654 612
175 0.92 43 714 175 1.00 808 yarn
200 1.05 848 816 200 1.11 897 816
250 1.28 1034 1020 250 1.37 1107 1020
300 1.51 1220 1225 300 1.62 1308 1225
350 1.79 1446 1430 350 1.91 1542 1430
400 2.25 1817 1631
400 2.02 1632 1631 450 2.60 2100 1835
450 2.31 1866 1835
500 2.61 2108 2040 500 2.97 2399 2040
550 2.92 2359 22Ul 550 . 3.35 2706 22k
600 3.29 2658 2448 600 3.78 3053 2448
650 3.61 2916 2652 650 L .20 3392 2652
700 k.01 3239 2855 700 L.70 3796 2855
750 5.23 Look 3060
750 4. 43 3578 3060 800 5.85 k725 3264
800 %.89 3950 3264
850 5.37 4338 3468 850 6.55 5291 3468
900 5.88 4750 3672 900 7.34 5929 3672
950 6.42 5186 3876 950 8.25 6664 3876
1000 7.01 5662 4080 1000 9.25 472 Lo8o
1050 7.60 6139 Lo8h 1050 10.23 8263 Lo8l
1100 8.20 6624 4488 1100 11.50 9289 L1488
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TABLE VATT(Gontimued)! =

SUMMARY OF FLOW 'CURVES: i~ =

Suspension 161 Suspension 163
PVC = L5%, pH, = 9.31 PVC = 7%, pH = 6.72
Torgue, -5 TE’ 5 -1 Torque, _ % 5
r.p.m. dyne-cm. x 10 dynes/cm. G, sec. r.p.m. dyne-cm. x 10 2 dynes/cm. G, sec.
25 0.33 267 102 25 0.32 259 102
50 0.45 363 204 50 0.45 36k 204
75 0.59 476 306 75 0.56 452 306
100 0.70 565 408 100 0.69 557 408
125 0.85 686 510 125 0.81 654 510
150 0.95 767 612 150 0.93 751 612
175 1.07 864 garn 175 1.09 881 714
200 1.20 969 816 200 1.22 985 816
250 1.45 1171 1020 250 1.58 1276 1020
300 1.80 ° 1454 1225 300 1.95 1575 1225
- 350 2.15 1736 1430 350 2.39 1930 1430
400 2.50 2019 1631 1 Telo) 2.89 2334 1631
450 2.95 2383 1835 450 3.47 2803 1835
500 3.45 2787 2040 500 412 3328 2040
550 4.00 3231 nookl 550 5.02 4055 2240
600 .77 3853 2448 600 6.11 4935 2448
650 5.70 Leok 2652 650 7.49 6050 2652
700 6.90 5573 2855 700 9.30 7512 2855
750 8.35 674k 3060 750 11.72 oLk6T 3060
800 10.10 8158 3264 800 14.95 12,076 3264
850 12.19 98L46 3468
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TABLE VIII (Countinued)

SUMMARY OF FLOW CURVES .

Suspension 165 Suspension 166
PVC = L6%, P, = 6.72 PVC = 5%, PHy = 6.72
Torque, 5 TE’ 5 1 Torque, TE’ 5
r.p.m. dyne-cm. X 10° dynes/cm. G, sec. r.p.m. dyne-cm. X J_O—5 dynes/cm. G, sec.
25 0.28 226 102 25 0.20 162 102
50 0.39 315 204 50 0.29 234 20k
[P 0.49 396 306 5 0.39 315 306
100 0.57 460 408 100 0.46 372 408
125 0.66 533 510 125 0.55 Lhl 510
150 0.78 630 612 150 0.61 493 612
175 0.88 711 yan 200 0.80 . 66 816
200 1.00 808 816 250 1.00 808 1020
250 1.25 1010 1020 300 1.20 969 1225
300 1.51 1220 1225 4oo 1.61 1300 1631
350 1.80 145k 1430
Loo 2.12 1712 1631 500 2.10 1696 2040
600 2,72 2197 2448
450 2.50 2019 1835 700 3.47 2803 2855
500 2.91 2351 2040 800 4 .28 3457 3064
550 3.36 2714 2240 900 5.13 RIS 3672
600 3.85 3110 2448
650 L. ko 3554 2652 950 5.61 4531 3876
700 5.02 4055 2855 1000 6.14 4960 4080
750 5.78 4669 3060 1050 6.74 Shlh Lo8L
800 6.60 5331 3264 1100 7.45 6018 4488
850 7.60 6139 3468 175 0.71 574 14
900 8.72 7044 672
950 10.07 9134 3876
1000 11.69 ghlp 4080
1050 13.63 11,010 Lo8l

1100
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r.p.m.

25
50
[&;
100
125
150

175
200
250
300
350
Loo

%450
500
. 550
600
650
700
750

800
850
900
950
1000
1050
1100

Suspension 167
PV = b, pH, = 6.72

Torque, _
dyne-cm. x 10

.20
.27
.34
4o
.48
.54

[eNoNeoNoNoNe

.62
.69
8L
.00
.16

.33

.55
.72
.91
11

HH~RFHOOO

[ASIN AR \O RN O o el el

p)

LAY

=
dynes/cm.

162
218
275
323
384
436

501
257
679
808

937
1074

1252
1389
1543
1704
1866
2036
2213

2383
2577
2779
3005
3231
3498
3812

TABLE VIII (Continued); . )

SUMMARY .OF FLOW :QURVES ;1 ;. .3,

G, sec.

102
204
306
408
510
612

714
816
1020
1225
1430
1631

1835
2040
2240
2448
2652
2855
3060

326k
3468
3672
3876
4080
Lo8L
LL8Y

r.p.m.

25
50
15
100
125
150

175
200
250
300
350
iTelo)

L50
560
550
600
650
700
750

800
850
900
950
1000
1050
1100

Suspension 168
PYC = 434, pH, = 6.72

Torque,
dyne-cm. X

PEOOOCO [oNoNoNoNeoNe

S S

wwww P

17
2k

%

-5 5,
10 dynes/cm.

137
19k
234
283
37

2

G, sec.

102
20k
306
408
510
612

714
816
1020
1225
1430
1631

1835
2040
2240
2LL8
2652
2855
3060

3264
3468
3672
3876
4080
Lo8L
LL48YL
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r.p.m.

25
50
&
100
125
150
175

200
250
300
400
500
600

700
800
900
1000
1050
1100

Torque, _
dyne-cm. x 10

COO0OO0OO0OOO

PR OOOO

[NORN VIO \O I ol g

Suspension 169
PVC = k2%, pi, = 6.72

Ak
.19
2k
.30
.35
A
46

.52
.62

>

Ty

=7
dynes/cm.

113
154
194
242
283
331
372

420
501
590
767
961
1155

1349
1551
1773
2003
212k
2262

TABLE VIII (Continued).

SUMMARY OF FLOW. CURVES: . .. .

G, sec.

102
20k
306
408
510
612
714

816
1020
1225
1631
2040
2448

2855
3264
3672
4080
L8l
Lu8Y

-1

r.p.m.

50
100
125
150
175
200

250
300
350
400
500
600

700
800
900
1000
1050
1100

Torque, _
dyne-cm. x 10

[eNoNoNoNONS)

HRHOOOO

DN

Suspension 170
BVC = M, pH, = 6.72

.15
.25
.30
.35

-39
ik

.54
.64
.73
.83
.03
.23

>

b

=
dynes/cm.

121
202
pelite]
283
315
355

436
513
590
670
828
o9k

1163
1349
1527
1721
1825
1939

G, sec.

20k
408
510
612
714
816

1020
1225
1429
1631
2040
2448

2855
3264
3672
4080
Logl
LL8)

-1
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r.p.m.

50
100
125
150
175
200

- 250
300
350
Loo
500
600

700
800
900

. 1000

1050
1100

Suspension 164
PYC = WoF, pH, = 6.72

Torque,

dyne-cm. x 10

HOOOOO [oNeoNoNeNoNe]

Ho e e

12
.19
.23
.27
.30
.34

L2
.50
29

.67
.8k

.02

.19
.38
.58
.78
.88
.98

LAY

=
dynes/cm.

97
154
182
218
2u2

275

339
Lok
473
541
679
820

961
1116
1276
1434
1518
1599

TABLE VIII (Continued) . ~e-)

:)
-/

SUMMARY: OF FLOW.CURVES o077l

G, sec.

204
Lo8
510
612
1L
816

1020
1225
1429
1631
2040
2448

2855
3064
3672
4080
Lo8L
T LL8L

Suspension 171
PVC = 474, PH, = 6.32

Torque, "o

dyne-cm. x 1077 dyné§7cm.
0.39 315
0.50 Lok
0.63 509
0.78 630
0.90 727
1.05 848
1.20 969
1.4 1131
1.89 1527
2.50 2019
3.30 2665
4.4o 355k
6.06 4895
9.16 1399
12.15 9814
15.95 12,884

G, sec.

102
204
306
Lo8

510
612
yans
816

1020
1225
1430
1631

1835
2040
2140
2248

-CoT-




r.p.m.

25
50
[&
100
125
150

175
200
250
300
350
400

450
500
550
600
650
700
725

Suspension 172
PVC = b6, pH, = 6.32

Torque, _
dyne-cm. x 10

.25
.35
.45
.56
.68
.80

[eNeoNoNoNoNS)

NP O

5

Ty

=7
dynes/cm.

202
283
364
Ls52
549
646

743
86k
1115
1389
1745
2165

2682
3320
L1g2
5412
7149
OTTH
11,607

TABLE VIII ‘(Continued). - 7.

SUMMARY OF FLOW CURVES & '

G, sec.

102
204
306
408
510
612

Tk
816
1020
1225
1430
1631

1835
2040
224l
2448
2652
2855
2940

r.p.m.

25
50
1>
100
125
150

175
200
250
300
350
400

450
500
550
600
650
F00
750

800
850
900
950
1000

. 1050
1100 -

Torque, _
dyne-cm. x 10

o

[oNoNoNeoNoNe

HE P OO

w H\0 =1 o\

CEFEFwWWP PP

Suspension 173
PVC = b5%, pH, = 6.32

.20
.30
37
L6
.52
.61

71
.80
.01

.23
Rite}

15
.05

p)

b

dyné§7cm.

162
2l2
299
372
420
k93

5Tk
646
816
99k
1204
1413

1656
1938
225
2593
2981
3401
3918

k507
5170
2937
6866
7956
9200
10,573

g

G, sec.
102
20k
306
408
510
612

yar
816
1020
1225
1430
1631

1835
2040
o2kh
2448
2652
2855
3060

3264
3468
3672
3876
4080
Lo8h

—f-{o'[-



r.p.m.

25
50
(&
100
125
150

175
200

250
300

350
Loo

450
500
550
600
650
700
750

800
850
900
950
1000
1050
1100

Suspension 1Tk
PVC = bidh, pH, = 6.32

Torque, _
dyne-cm. x 10

.16
.25
.30
.38
b
.50

.58
.6l
.80
.98
.15
.33

.54
LTh
<95
.19
A2
.70
.00

R OOOO [oNeoNoNeNoN]

w W WM R

>

Ty

=7
dynes/cm.

129
202
2lp
307
355
Lok

Lé9
517
646
792
929
107k

124k
1405
1575
1769
1955
2181
2423

2682
2956
3247
3586
3950
4329
k725

TABLE VEIT {Cbntinied)- i i,

SUMMARY.CF FLOW GURVES - -+ %

G, sec.

102
204
306
Lo8
510
612

714
816
1020
1225
1430
1631

1835
2040
224l
2448
2652
2855
3060

3264
3468
3672
3876
4080
Lo8l
4488

1

r.p.m.

25
50
75
100
125
150

175
200
250
300
350
iTolo)

450
500
550
600
650
700
750

800
850
900
950
1000
1050
1100

Suspension 175
PVC = k3%, pif, = 6.32

Torque, -5
dyne-cm. x 10

13
.20
.28
.31
.38
L2

HFOOOOO OO0OO0OOOO
.
S

I T
—J
o

Ty

=2
dynes/cm.2 G, sec.

105
162
226
250
307
339

Lok
L36
297
646
767
889

986
1123
124k
1373
1527
1656
1809

1963
2140
2310
2504
2706
2932
3190

102
20k
306
Lo8
510
612

714
816
1020
1225
1430
1631

1835
2040
2okl
2448
2652
2855
3060

3264
3468
3672
3876
4080
Lo8h
4488

-G0T-




r.p.m.

25
50
>
100
125
150

175
200
250
300
350
Loo

450
500
550
600
650
_700
750

800
850
900
950
1000
11050
1100

PVC = k2%, pH, = 6.32

Torque, _
dyne-cm. x 10

HHEHRHFHFRRE O0OO0OO0O0OO0 OO0OO0OO0O0O

PPNDNDND D

Suspension 176

A2
A7
.23
.29
.33
-39

43
.49
.60
71
.81
.93

.05
.16
.28
Rs]
.53
.66

79

.82
.06
.20
.35
.52
.70
.91

5

b

y)
dynes/cm.

97
137
186
234
267
315

3h7
396
485
5Th
654
51

848

937
1034
1135
1236
1341
1446

1470
1664
1777
1898
2035
2181
2351

TABLE VIII(Céntinued) "~ )

SUMMARY OF FLOW' CURVESC:. .-

G, sec.

102
204
306
408
510
612

yann
816
1020
1225
1430
1631

1835
2040
ookl
2448
2652
2855
3060

3064
3468
3672
3876
4080
Lo8lL
4488

-1

r.p.m.

25
50
&
100
125
150

175
200
250
300
350
Loo

450
500
550

- 600

650
700
750

800
850
900
950
1000
1050
1100

Torque, _
dyne-cm. x 10

.08
Ak
.20
.25
.30
.3k

[eNeoNoNeoNoNe]

[eNeNoNoReoNe

HFFREFFRFOO

SR S R S

Suspension 177
PVC = b1, pH, = 6.32

.38
43
53
.62
.70
19

5

o

D,
dynes/cm.

€0
111
158
202
oo
275

307
37
Lok
501
565
638

703
92
868
9k9
1030
1111
1191

1272
1357
1454
1551
1652
1761
1882

G, sec.

102
204
6
508
510
612

71k
816
1020
1225
1430
1631

1835
2040
2244
2448
2652
2855
3060

3264
3468
3672
3876
4080
Lo8Y
4488

1

'9OT"
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TABLE IX

OF SHEAR STRESS

9, dynes/cm.2

at

Suspension PVC, % pH n¥*, poise G = 2500 sec. ™t G = 3500 sec. T
153 45 5.69 0.723 off scale off scale
151 45 5.92 0.650" off scale off scale
152 L5 6.22 0.583 3200 off scale
156 45 6.37 0.672 2010 7680
157 45 6.76 0.727 1010 3070
19 L5 7.20 0.841 570 1640
154 45 7.83 0.788 470 1240
148 L5 7.83 0.809 620 1520
155 45 7.83 0.777 730 1660
159 45 8.03 0.694 480 1175
160 45 8.29 0.791 570 1460
158 L5 8.82 0.873 770 2160
161 45 9.31 0.980 1430 6520

6, dynes/cm.2 at
G = 3000 sec.-:L G = 4000 sec._l
163 L7 6.72 0.97k 5730 off scale
165 46 6.72 0.755 2080 5720
166 45 6.72 0.632 1000 2135
167 Ly 6.72 0.523 180 9Lo
168 43 6.72 0.485 270 520
169 4o 6.72 0.424 80 175
170 ' b 6.72 0.370 L1 120
164 4o 6.72 0.307 4o 90
0, dynes/cm.2 at
G = 2000 sec.”™> G = 2900 sec.”t
171 L7 6.32 0.972 4520 -
172 ) 6.32 0.772 1500 8280
173 L5 6.32 0.604 560 1680
17k Lh 6.32 0.523 225 625
175 43 6.32 0.470 90 270
176 4o 6.32 0.47 25 104
177 b1 6.32 0.343 -- Lo




