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SUMMARY

Clay is one of the most important natural fine-grained particulate materials. The
study of clay behavior has distinct relevance to a wide range of disciplines such as
geology and geotechnical engineering, material science, and industrial applications.
Furthermore, the optimal use of clay resources can have a critical impact on local
economies. In particular, Georgia is one of the world’s leading producers of high-quality

kaolinite, which is used both as pigment and filler in paints and paper coating.

Non-gravimetric electrical forces, i.e., van der Waals attraction and double layer
repulsion, dominate clay behavior under low effective stress conditions.  Grain
mineralogy and pore fluid chemistry determine surface charge distribution, interparticle
electrical forces, the ensuing fabric formation and its potential alteration during pore fluid

changes.

This study encompasses a comprehensive investigation of fine particle behavior,
its dependence on pore fluid characteristics, and the application of this enhanced
understanding to fabric control for the development of engineered fabrics. The
systematic physical analysis of previously published studies is complemented with an
extensive battery of tests that take into consideration surface charge control through pore
fluid characteristics (i.e., pH and ionic concentration), single mineral systems and
mixtures (kaolinite and calcium carbonate) and mineral surface modification with
polymers. Additional considerations include the effects due to mineral dissolution,

particle shape (platy, blocky and rhombahedral), relative particle sizes and masses. The

XViil



behavior of both individual mineral systems and mineral mixtures is studied through
macroscale tests involving a wide range of solid volume fractions and strain levels.

Scanning electron microscopy is also used to verify particle associations.

A detailed fabric map on the pH-ionic concentration space is suggested on the
basis of physical analyses, and it is experimentally corroborated. Furthermore, the
influence of an anionic polymer on single or mixed mineral systems is surface-charge
dependent, 1.e. the response depends on the type of kaolinite or calcium carbonate
particles and the pore fluid characteristics. Single minerals become more readily
dispersed, while the tendency to particle association prevails in kaolin-carbonate mineral
systems. Electrostatic interactions, particle shape, and relative mineral content determine
the final fabric of mixed-mineral systems. In the presence of a divalent cation, the ratio
of added cations to the number of polymer binding sites determines the level of particle

associations within single and mixed mineral systems treated with a polymer.
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CHAPTER 1

INTRODUCTION

1.1 Fine-Grained Materials

The study of fine-grained particulate materials is relevant to geotechnical
engineering, construction, agriculture, medicine, and materials science. The most
common natural fine-grained material is clay. Clay behavior depends on particle size and
shape, particle size distribution, surface chemistry, surface area and surface charge. The
surrounding fluid environment influences some of these properties.

Of particular interest are clay particle interactions at low effective stress conditions:
for micron-sized particles, the electrical van der Waals attraction force is dominant at
confinements lower than 0.1 kPa. Even though most engineering conditions exceed this
boundary, fine particle fabric formation, and ensuing soil behavior, results primarily from

electrical forces (Santamarina, 2002).

1.2 Motivation — Georgia Kaolin

Many types of clay minerals are utilized as industrial materials over a broad range
of applications depending on their physical and mineralogical characteristics. Table |
lists traditional applications of kaolin as well as other clays; the most profitable use is for
paper filler and coating.

The kaolin deposits in Georgia are concentrated along what was the shoreline of the
Atlantic Ocean during the Cretaceous period (about 70 million years ago). This ancient

shoreline stretches from Columbus to Augusta and is known as the Fall Line. The Fall



Table 1.1 Traditional Uses of Select Clay Minerals (After Murray, 2000).

Kaolins Smectites Palygorskite and Sepiolite
Paper coating Drilling mud Drilling fluids

Paper filling Foundry bond clay Paint

Paint extender Pelletizing iron ores Agricultural carriers
Ceramic ingredient Sealants Industrial floor absorbents
Rubber filler Animal feed bonds Tape joint compounds
Plastic filler Bleaching clay Cat box absorbents

Ink Extender Agricultural carriers Suspension fertilizers
Cracking catalysts Cat box absorbents Animal feed bonds
Fiberglass Adhesives Catalyst supports

Cement Pharmaceuticals Adhesives

Adhesives Emulsions stabilizers Paper

Enamels Desiccants Pharmaceuticals
Pharmaceuticals Catalysts Anti-caking agent
Crayons Cosmetics Reinforcing fillers
Molecular sieves Paint Environmental absorbent




Line divides the Piedmont Plateau (north of the line) from the Atlantic coastal plane
(south of the line). The Piedmont formation consists of metamorphic rocks, such as
schists and gneisses, and igneous rocks such as granite. Intense weathering of the
feldspar-rich granite produced large quantities of kaolinitic clays along with feldpars and
mica that were carried away by rivers and streams and eventually deposited in wetlands
along the ancient coastline. The feldspars further weathered in situ to produce kaolin.
These deposits were eventually covered by a thick layer of sediments (CCPA, 2003;
UGA, 2003).

Kaolin is one of Georgia’s most important natural resources. As the leading state
producer, Georgia was responsible for 24% of the total U.S. clay production in 2001
(USGS, 2001). In 2002, the paper industry consumed 53% of the kaolinite mined for
domestic use (USGS, 2003). However, a recent shift from acid to alkaline papermaking
processes has decreased the demand for kaolinite and increased the use of calcium
carbonate as filler, especially precipitated calcium carbonate (Baumgartner, 2002). The
solubility of calcium carbonate is low at high pH, and calcium carbonate improves the
brightness and bulk of the paper.

The clay market has improved over the last few years due to advances in kaolin
processing and an increasing market for non-traditional uses. Better particle size
separation techniques and chemical structuring of kaolin particles to achieve particular
size distributions have contributed to the industry shift toward unique kaolin-based
coating products (Moore, 2002). The growth market for kaolin also includes calcined

products for use as a TiO; extender in paper coatings and as filler in plastics and paints,



surface-treated products for dispersion in organophilic and hydrophobic systems, and
products suitable for engineered paper coatings (Murray, 2000).

The growing trend is to engineer these coatings to meet the increasing demands for
achieving specific levels of opacity, brightness, whiteness, gloss and print quality. Paper
coatings fill in fiber voids; improve brightness, opacity, whiteness, and gloss; improve
ink receptivity; increase resistance to picking and linting; and improve image quality.
These properties depend on the coating fabric, which must survive high application shear
rates (~28 m/sec for blade coaters). The wet coating viscosity must be low enough to
minimize resistance during application, yet high enough to cling to the paper fibers until
dry. The pigments within the coating suspension must remain well-mixed to help ensure
a uniform coating. The final fabric is a function of the pigment minerals interparticle
forces before, as well as after application. Hence, by engineering the coating, the desired
coating properties can be achieved.

In addition to its relevance in the paper coating industry, clay fabric plays a critical
role in determining the engineering behavior of fine-grained soils. For two similar soils
at the same void ratio, the soil with the more flocculated fabric, or structure, will have a
higher porosity, yet higher strength (interparticle Coulombian attractive forces), lower
compressibility, and higher permeability (presence of large voids) than the dispersed soil

(Lambe & Whitman, 1969).

1.3 Thesis Organization

The goals of this research are to develop a comprehensive understanding of fine

particle behavior, its dependence on pore fluid characteristics, the application of this



enhanced understanding to fabric control, and the development of engineered fine particle
fabrics.

In Chapter 2, this study first addresses microscale phenomena governing soil fabric
formation, including particle mineralogy, particle-fluid interactions (electrical double
layer formation and relative particle thickness), pore fluid chemistry (pH and ionic
concentration), and particle-particle interactions due to the competing forces of electrical
double layer repulsion and van der Waals attraction (DLVO).

Chapter 3 describes the materials and procedures used throughout the thesis. Also,
the physical principles and interpretation guidelines for each test are presented.

Once the underlying mechanisms controlling particle behavior have been
established, Chapter 4 focuses on sedimentation behavior, fabric and subsequent response
by sediments formed by a single mineral (kaolinite). Particle associations are mapped
and interpreted across the pH-ionic concentration space. The experimental methodology
varies not only pH and ionic concentration, but solids content and strain conditions as
well. It consists of performing sedimentation tests, obtaining rheological profiles, and
measuring the liquid limit. Microscale fabric is verified using scanning electron
microscopy techniques. In Chapter 5, the fabric formation in single mineral sediments
(either kaolinite or calcium carbonate) is affected by adding a polymer with and without
an added divalent cation..

Fabric formation and control in single minerals is extended to mineral mixtures in
Chapter 6 (kaolinite and calcium carbonate) for various solids content and applied strain
levels. The experimental methodology is similar to the methodology applied in previous

chapters. Exploratory considerations include differing particle mineralogy and surface



charge, pore fluid changes in pH due to dissolution, differing particle shapes (platy vs.
rhombahedral), relative particle sizes and masses. Chapter 7 extends these studies to
affect mixed-particle interactions by incorporating both a polymer and an added divalent

cation. Finally, conclusions and recommendations for future work are presented in

Chapter 8.



CHAPTER 2

MICROSCALE PHENOMENA AFFECTING FABRIC FORMATION

The purpose of this chapter is to study and analyze the role of mineralogy, and the
role of pore fluid polarity, pH and ionic concentration on clay interparticle associations
and soil fabric formation. The concepts presented in this chapter provide the
physicochemical basis for explaining behaviors explored in the following chapters.

The contents and structure of this chapter evolves from previous studies by Klein
(1999) and Santamarina et al. (2002) with updated information and references. First, the
relevance of size, mineralogy and surface charge is presented. Second, the influence of
the pore fluid, including the formation of the electrical double layer and the differences in
particle edge and face charges, is discussed. Finally, the expected particle associations
based on the dominant interparticle forces with varying pH and ionic concentration are

summarized for kaolinite in a pH-ionic concentration fabric map.

2.1 Particle Size

Due to their size (and resulting specific surface) clay particle behavior under low
confinement is dominated by electrical forces. Figure 2.1 maps the regions of relevant
forces acting on a particle for the given range of particle sizes. Points 1 (d =3mm) and 2
(d =30um) indicate the particle diameters at which the influence of weight becomes less
significant compared to capillary and van der Waals forces, respectively. For particle
diameters d<20pum (Point 3) and d<0.2um (Point 4) capillary forces begin to exceed the
contributions due to skeletal forces at confinements of 1 MPa and 10 kPa, respectively.

Particles are considered “fine” when contact-level capillary and electrical forces control
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Figure 2.1 Relative contributions of skeletal, capillary, and van der Waals forces

acting on a particle. At point 1, capillary forces begin to dominate
with respect to the particle weight, at point 2 van der Waals forces
become more relevant, and at points 3 and 4 capillary forces begin to
exceed the contributions due to skeletal forces at confinements of 1

MPa and 10 kPa, respectively (Santamarina, 2002).



their behavior. These forces gain relevance at low effective stresses and particle sizes

smaller than d = to 10um.

2.2 Mineralogy

Clay minerals are classified as phyllosilicates, referring to the layered, or sheet,
structure and the base silica sheet. Layered silicates typically consist of some
combination of two sheet types with silicon tetrahedra and aluminum or magnesium
octahedra as the basic units (Figure 2.2-a). The silicon tetrahedron — four O* at the
vertices surrounding a central Si*' — is the basic unit of the silica sheet, while the
aluminum or magnesium octahedral — six OH™ at the vertices around a central AI** or
Mg?" — serves as the basic unit of the octahedral sheet. Gibbsite refers to octahedral
sheets whose cations are primarily aluminum, while brucite refers to an octahedral sheet
whose cations are mostly magnesium. These sheets are held together through hydrogen
bonding or with linking ions (Mitchell, 1993).

The clay mineral type depends on the sheet stacking sequence. Two common
stacking arrangements form the 1:1 and the 2:1 clay minerals. Kaolinite, a 1:1 clay
mineral, consists of individual layers of one silica and one gibbsite sheet. The layers
have a basal spacing of 7.2 A. The sheets within the layers are held together by sharing
oxygen atoms between the silicon and the aluminum (the oxygen at the silica tetrahedron
tip also acts as an octahedron vertex). Layers are held together with hydrogen bonds
linking the silica tetrahedral O to the gibbsite OH™ (Mitchell, 1993; Bohn et al., 1985).
The silica and gibbsite stacking of kaolinite leaves O termination sites on the silica face,
OH’ termination sites on the gibbsite face, and O* and OH™ termination sites along the

edges (Figure 2.2-d).



Si Tetrahedron Al or Mg Octahedron

(a) Basic
Units

o Si* ® Al orMg*

O o~ (O OH or O*
(b) Sheets Si tetrahedral - Silica Al octahedral sheet: Gibbsite

1:1 Minerals - Kaolinite 2:1 Minerals - Montmorillonite
(c) Mineral
Structure b 7.2 A 10-20 A
- 2.

d) OH ¢ O ¢
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Particle

Faces and 02'_T Oz;_T

Edges
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Layers < L >

| (= )

Adsorbed layer plots thinner than
the trace used for the edge

Figure 2.2 Clay minerals. The primary building blocks (a) and (b), (c) structure of
clay minerals, (d) edge and face termination sites, and (e€) particle size
and adsorbed layers.
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The 2:1 clay minerals, such as montmorillonite, illite, and chlorite, are formed by
layers of either a gibbsite or brucite sheet stacked between two silica sheets. The sheets
within the layers are bonded through oxygen sharing as in the 1:1 minerals. Interlayer
bonding occurs by van der Waals forces, linking cations, and/or water molecules. The
termination sites at the faces of the 2:1 clay minerals contain O% from the silica sheets,
while both O°” and OH™ occupy the edge termination sites (Figure 2.2-d).

A kaolinite molecular model is presented in Figure 2.3. The model show the
relative placement and bonding between single silica tetrahedral and aluminum
octahedral groups to form sheets and the final mineral structure. The silica face O,

gibbsite face OH", and edge O and OH™ termination sites are clearly depicted.

2.3 Structural Charge

Clay particles have a net charge, or ion exchange capacity, due to their crystalline
structure. Structural charge is considered to be quite stable, but it can be affected by
mineral dissolution (Section 2.5.5) and by very slow ionic diffusion within the solid
phase. Sources of structural charge include isomorphic substitution, broken bonds along
termination sites (mineral sheets have finite size), structural disorder and crystal defects
(Grim, 1968; Sposito, 1989).

During mineral formation, isomorphic substitution of higher valence ions with
lower valence ions renders a net negative charge while preserving the structure of the
sheets. For example, A" may substitute for Si*" in the silicon tetrahedra, while Mg®*
may substitute for A’ in the aluminum octahedra (Mitchell, 1993). Substitutions occur
according to ion availability, charge, and similarity in size (Lambe & Whitman, 1969).

However, the formation of kaolinite involves very little isomorphic substitution; only one

11



"(£00T “103eN pue Yereq) ur-3n[d 19smo01q gom @IWIY)) (A Yim paredoid are sofew] “sjeiouiw
Ae[o jo aimjonns (9) pue (q) pue (e) syoo[q Supjmq Arewud oy] [OPOW IB[NOS[OW OJIUI[OBY]

.

PO 000 000 VOO RO

€'z o3y

$199Us 9 pue
$199Us ¢ :2Injonis
[erourw a)rurjoey (9)

SIoA®[ [BIPaURIO0
wnuIwne

pue [BIPaYEIID]
RIS ()

UuoIpaygeldo
wnurunfe

pue UOIpayeI}d)
®OI[Is S[3UIS ()

12



AI** replacing every 400™ Si*" is needed to account for the net charge in a kaolinite
particle (van Olphen, 1977; Schofield & Samson, 1953). In fact, Ma and Eggleton (1999)
concluded that less than 5% of the exchange capacity of kaolinite is due to isomorphic
substitution.

Locally unsatisfied bonds exist along the edges of mineral sheets. In infinite
sheets, electrical neutrality is achieved among neighboring units by sharing oxygens O*
in Si-tetrahedral units and hydroxyls OH" in octahedral units. Since minerals do not exist
in infinitely long sheets, charges at lateral boundaries remain uncompensated. The
number of broken bonds tends to increase as the particle size decreases and as lattice
distortions increase. Locally unsatisfied bonds are one of the major sources of exchange
capacity in kaolinite minerals (Grimm, 1968; Ma & Eggleton, 1999).

Hydrogen atoms on the exposed plane of hydroxyls in octahedral sheets may be
replaced with other cations such as Na' or Ca®*. Because the octahedral sheet comprises
a basal plane in kaolinite minerals, this source of exchange capacity is also important

(Grim, 1968; Ma & Eggleton, 1999).

2.4  Fluid Interactions and Electrical Double Layer Formation

Under dry conditions, clay structural charges are compensated with counterions
closely bound to the mineral surface. Excess ions around the particles are in the form of
salt precipitates. Upon wetting, these precipitated salts hydrate and form the bulk fluid
electrolyte.

Under the influence of water polarity and thermal agitation-induced diffusion, the
surface-bound counterions tend to move away from the particle surface. This movement

is limited by the attraction force between the counterions and the charged surface. A

13



characteristic ion concentration distribution called the diffuse double layer develops from
the competing effects of thermal agitation and electrostatic forces. For a clay mineral
with net negative surface charge, there will be a high concentration of cations near the
surface with a corresponding low anion concentration. Further away from the surface,
the concentration of cations decreases while the anion concentration increases
asymptotically reaching bulk fluid concentrations, ¢y, at some distance from the mineral
surface as depicted in Figure 2.4. The Stern layer describes the tightly bound ions
remaining near the mineral surface and extends for only a few angstroms, while the Gouy
layer is defined as the region of diffuse ions beyond the Stern layer. The boundary
between the Stern and Gouy layers is called the outer Helmholtz plane (Lyklema, 1995).
The Gouy layer outer boundary is not well-defined due to the random movements
of the hydrated ions. The “thickness of the diffuse double layer”, or the Debye-Hiickel

length, 9 is taken to be the distance at which the potential, ¥, decays to 1/e of the Stern

potential Wm, and it is equal to

BN

t

5
SKT Y gRT )°
9=\ s—5| T|5 = 2.1
2ce;z"N,, 2c,z°F

where T is absolute temperature [K], ¢, is the ionic concentration in the bulk solution
[mol/m’], €' is the real permittivity of the solution [farad/m], and z is the valence of the

prevailing cation. The constants invoked are the elementary charge (e,=1 602:10™° ©),
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Boltzmann’s constant (k=1.38-10" J/K), Avogadro's number (N;,=6.022-10* mol™), the

gas constant (R=8.3145 J/mol-K), and Faraday's constant (F=96485.3 C/mol).

2.5 Influence of pH and Ionic Concentration

2.5.1 Structural Charge

The structural charge, oy, is the permanent mineral charge stemming from
isomorphic substitution, uncompensated charges along termination sites, structural

disorder and crystal defects (Section 2.4; Grim, 1968; Sposito, 1989).

2.5.2 Adsorbed Protons (o) and lons (Aq)

Particle excess structural charges are balanced by the adsorption of protons and
other ions. The adsorption process depends on the affinity of an ion for the mineral and
on the availability, or concentration, of those ions. Associations tend to be greater
between a mineral and its constituent species. These species act as potential-determining
ions, i.e., they determine the particle surface electrical potential. For oxides in water,
proton H" (H30) and hydroxyl OH  are often potential-determining ions in that
protonation, H" adsorption at termination sites, increases the surface positive charge and
OH’ -surface interactions increase the surface negative charge. Protonation increases the
net positive charge according to:

M-OH' ) + H (4q) ¢> M-HOH,
where M represents a metal. Negative surface charges are increased through
deprotonation, which is the removal of protons from OH™ termination sites to form water
(Lyklema, 1995; Stumm, 1992):

M-OH-(S) + OH-(aq) <~ M—Oz_(s) + HzO(])
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Both protons and hydroxyls play key roles in both 1:1 and 2:1 clay minerals, specifically
on the octahedral face of 1:1 minerals (e.g., gibbsite face of kaolinite) and on the OH
termination sites on the edges of both 1:1 and 2:1 clay minerals (Figure 2.2).

In addition to OH and H', other ions may adsorb onto the particle by forming
inner and outer sphere complexes. Inner sphere complexes are counterions that remain
near the particle surface without water molecules separating the ion from the surface, the
counterions having lost at least part (or all) of their primary hydration shell. Outer sphere
complexes remain near the surface with their primary hydration shell intact.

Cation adsorption is the prevailing mechanism altering the charge of surfaces with
O” termination sites, such as on silica faces (the basal plane of a Si-sheet has an O
termination site every 4.8 A?. The Stern potential decreases (becomes less negative)
with increasing ionic concentration. At large concentrations, the particle can be rendered
neutral or even positively charged. Both the charge and size of the cation determine the
efficiency of surface charge modification, as in the case of Al’" ions (see Amirtharajah
and Mills, 1982; Lovgren et al., 1990). Cation complexation can take place in the
hexagonal cavities between the O>” on the Si-sheet basal plane and near hydroxyl surface
sites (Hayes and Leckie, 1987; Nishimura et al., 1994). Therefore, protonation and cation

complexation are not independent processes.

2.5.3 Charge Balance

The strength of Coulombian forces requires that the particle and its adsorbed ions

satisfy electroneutrality. Therefore,
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o, +(oy +Aq)=0 2.1

2.5.4 Particle Charge — Special Cases

Two important cases of particle charge are the “point of zero charge” and the
“isoelectric point” (Sposito, 1998). The point of zero charge is the pH at which the Stern
potential is zero and is typically measured with potentiometric titration. The isoelectric
point is the pH at which the zeta potential (potential at the shear plane) is zero. Using
electrophoresis, the IEP is the point at which the particle mobility is zero. Mobility is the
velocity of a charged particle normalized with respect to the applied electric field. Both
the PZC and IEP vary with the availability of potential-determining surface sites (OH"
termination sites in the case of clay minerals) and the electrolyte conditions.

Differences in termination sites on clay particle basal surfaces and edges leads to
variation between the two surface types in protonation and ion complexation. Hence, the
net charge on the basal plane differs from that of the edges, and each surface may have its

own corresponding IEP.

2.5.5 Dissolution

Mineral stability depends on the surrounding fluid pH, ionic concentration, ion
type, and temperature. The pH-dependence of kaolinite dissolution involves two distinct
mechanisms. At low pH, aluminum preferentially dissociates according to the

protonation reaction (Wieland and Stumm, 1992):

ALSi,0,(OH), +6H" - 2AI" 4y + 2H,Si0,,, + H,0 2.2

18



At moderate to high pH, silica preferentially dissociates. Converting aqueous Al’*

species to AI(OH),", the dissociation reaction may be written as (Nagy, 1995):

AL,Si,0,(OH), + 20H" + 5H,0 — 2AI(OH); + 2H,SiO, 2.3

Deprotonation of Si-OH sites promote silicate dissolution at pH > 8 according to:

OH™ +Si-OH ¢ Si-0” +H,0 2.4

This reaction weakens adjacent Si-O bonds, releasing Si** into solution.  For

aluminosilicates, this silica release appears to control the detachment of non-silica

complexes at high pH. The rate-limiting silica dissolution reaction is (Brady and

Walther, 1989)

nH,0 +8i-0~ <> Si~0~-nH,0 2.5

where Si-O™-nH,0 is the activated complex and n is the number of water molecules.
Hence, the Si-O™ concentration increases with increasing pH, and the dissolution reaction
rate increases. Figure 2.5 summarizes kaolinite dissolution rates as a function of pH and

temperature based on Si dissociation data. Clearly, the
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measured dissolution rates are much higher at extreme values of pH than at moderate pH.

The stability of kaolinite at an initial HsSiO, concentration of 10 mol/L (typical
of fresh, river water) and over a range of pH values is plotted in Figure 2.6. Mineral
precipitation occurs when the total aluminum species concentration in the fluid is greater
than the stability value, while dissolution takes place in the opposite case.

Mineral dissolution shifts the pH towards a stable value corresponding to the
particular mineral-fluid system by consuming H' at low pH and OH" at high pH. The
liberated ions, such as AI’* at low pH (pH < 2) cause the rapid coagulation of suspensions

in primarily face-to-face aggregation (Rand et al., 1980).

2.6 Particle Geometry

2.6.1 Specific Surface

The specific surface may be defined as the ratio of the particle surface area to its

weight. A square plate with length L, thickness t, and density p, has a specific surface:

S

a

2.6

2L+ 4L 2[1 t)
L

. =—|1+2—
tLp tp

Equation 2.7 shows the significant influence of particle thickness on the specific surface.
The specific surface of an ideal kaolin particle of size d and thickness t is (see Figure

2.7):
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Edges

Figure 2.7 Idealized hexagonal kaolinite particle with size d and thickness t.

22



2
o 2.7

S __8 +
z,kaolin \/gdp tp

where 8/( \/gdp) and 2/tp are the components due to the edge area and basal planes,
respectively. Equation 2.7 implies that the specific edge surface area depends on the
particle size, while the specific basal area depends on the particle thickness (Ma and

Eggleton, 1999).

2.6.2 Edge and Face Double Layers

Figure 2.2(e) illustrates two important concepts in the relationship between
particles and their respective double layers. First, the impact of the double layer
increases with decreasing particle size and thickness. Second, the edge potential may be
hidden by the face double layer when particles are thin t<3. Numerical determinations of
electrostatic potential around a montmorillonite particle show that the impact of the face
potential on the net edge potential increases as concentration decreases (double layer
thickness increases), the ratio of the edge charge density to face charge density decreases,
and the ratio of the particle length to thickness increases (Secor and Radke, 1985 —

Additional corroborating results can be found in Delville, 2002).

2.7 Particle-Particle Interactions

Governing interparticle forces are reflected in the association between two
particles. Three minimum energy particle associations are edge-to-face EF, edge-to-edge

EE, and face-to-face FF (van Olphen, 1977). A fourth association often observed in SEM
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images is shifted face-to-face (Shifted FI;). Interparticle forces that promote these
associations include:

e Coulombian attraction between a positive edge and a negative face, resulting in EF
flocculation (Schofield and Samson, 1954). EF associations are often detected
with rheological parameters such as the Bingham yield stress. In a suspension,
decreasing the supernatant pH changes the behavior of the clay particles from
stable (deflocculated, dispersed) to shear-resistant. The edge IEP is the transition
pH at which the increase in resistance occurs.

e Osmotic repulsion and van der Waals attraction between two surfaces (edge or
face) with the same charge. The fluid permittivity between the particles
(Hamaker constant) determines the van der Waals attraction, while the ionic
concentration more readily influences the Stern potential, and consequently the
Debye-Hiickel length (double layer thickness). Figure 2.8 is a plot of the net
force between two particles as a function of the distance between them. When
van der Waals attraction prevails, particle association tends toward FF
aggregation.

e Prevailing van der Waals attraction at intermediate concentrations, where EF
Coulombian attraction and FF repulsion decrease, resulting in EE flocculation
(van Olphen, 1951).

Groups of associated particles form conglomerates, which in turn form sediments.
The density and mechanical properties reflect the type of interparticle associations. For

example, FF aggregations typically form high-density flocs, and EF flocs
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experience strong Coulombian and van der Waals attraction forces. The macroscale

manifestations are explored in subsequent chapters.

2.8 Proposed Kaolin Fabric Map in the pH Ionic Concentration Space

The previous discussion defines particle associations and resulting fabric formation
as a function of pH and ionic concentration. Figure 2.9 summarizes particle interactions
for kaolinite across a range of pH values and ionic concentrations found in the literature.
The prevailing considerations for each region in the proposed “pH-concentration fabric
map” follow:

e Low ionic concentration. At high pH, both the particle edges and faces are
negatively charged, the double layer is large, and repulsion prevails. The particles
are therefore deflocculated and dispersed. As the pH decreases and becomes less
than the edge IEP (pH~7.2), the edges become positively charged. Electrostatic
attraction favors EF associations. When the pH approaches the particle (face)
IEP, van der Waals-dominated associations prevail. At low pH, both the particle
edges and faces are positively charged resulting in deflocculated-dispersed
structure.

e  High ionic concentration. At NaCl electrolyte concentrations greater than 0.1 to
0.15 M, the double layer is thin and van der Waals attraction dominates. Particles
associate by FF aggregation. Shifted FF may be observed in the pH region below
the edge [EP and above the face IEP. These aggregates link through EE and EF
interactions and form high void ratio networks (van Olphen, 1977, Rand and

Melton, 1977, Melton and Rand, 1977; O’Brien, 1971).
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e  Moderate ionic concentration. As the ionic concentration increases from low to
high, particles associations shift from deflocculated-dispersed or EF to FF
aggregation. In the transition region (~0.1 M NaCl), the expected particle
association is EE and is independent of pH.

e Extreme pH. Mineral dissolution and release of AI’* ions at extremely low pH
(< 2) and silica dissolution at high pH (>9) are expected to induce particle
coagulation.

An analogous discussion addressing the fabric map of montmorillonite can be

found in Santamarina et al. (2002).

2.9 Previous Macroscale Observations

The previous discussions suggest that mineralogy and pore fluid chemistry define
interparticle forces, and therefore fabric formation. Particle associations are often
inferred from rheological studies, but other testing techniques provide insight into the
nature of the final fabric. Examples include monitoring hydraulic conductivity,
sedimentation, liquid limit and shear strength. Published studies related to variations in
the mechanical properties of kaolinite and montmorillonite in relation to changes in pore
fluid chemistry are summarized in Santamarina et al. (2002). The following observations
can be made:

Many trends appear to be the immediate consequence of changes in double layer
thickness 3: as the double layer thickness increases, interparticle repulsion forces and
porosity increase. This is particularly the case in high specific surface montmorillonite: as

9 increases, the sedimentation volume and the liquid limit increase.
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Deviations from this general trend are more common in kaolinite than in
montmorillonite, especially when changes in permittivity are involved (the Hamaker

constant in the van der Waals force depends on permittivity).

2.10 Conclusions

The behavior of small particles (< 10um) under low stresses is dominated by van
der Waals attraction and double layer repulsion. Mineralogy and pore fluid determine the
chemical-electrical characteristics of mineral surfaces, the ensuing interparticle electrical
forces, and fabric formation and its potential alteration during pore fluid changes.
Therefore, a detailed analysis of chemical-mechanical coupling must take into
consideration changes in surface charge density and double layer formation, the
geometric characteristics of the particles, the characteristics of the pore fluid (pH,
concentration, ion type), and recognize the interplay between the particle and pore fluid
characteristics.

In its simplest form, fabric formation and alteration in clay minerals can be
captured in the pH-concentration space. The resulting fabric formation map is different
for different clay minerals, and it may also vary with the valence and size of prevailing
lons.

Macroscale testing offers insight into the prevailing particle associations by
relating observed trends in fabric properties, such as changes in sedimentation height,
hydraulic conductivity, or liquid limit, with changes in pore fluid ionic concentration, ion

valence, pH and permittivity.
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CHAPTER 3

MATERIALS AND METHODS

The purpose of this chapter is to summarize the characteristics of the materials used
throughout this study, to define the governing phenomena involved in each test
procedure, and to provide guidelines for the physical interpretations of measured
parameters. Any deviations from the general procedures are presented in the relevant

chapter.

3.1 Materials

This study focuses on the behavior of five minerals: three types of kaolin and two
types of calcium carbonate. Tables 3.1 through 3.5 list their sources and properties.
Grain size distribution curves are presented in Figure 3.1.

Scanning electron micrographs of the kaolins are shown in Figures 3.2 and 3.3,
while micrographs of the calcium carbonates are presented in Figure 3.4. Notice the
particle size differences between the RP2 and SA1 kaolin clays. The RP2 clay (Figure
3.2-a) has many smaller, more randomly-shaped particles than the SA1 (Figure 3.2-b).
The larger SA1 particles tend to have the characteristic pseudo-hexagonal shape. Premier
kaolin is shown in in the dry, as-received form and after dispersing in deionized water in
Figure 3.3. In dry form, the Premier particles are bound together in spherical units much
larger than the clay particles themselves, ~100 um compared to ~2 pm.

Both the size and shape of the GCC particles are much different than the clay
particles. Where the RP2 and SAl particles are platy and have dso = 0.36 um and
dso = 1.1 pum, respectively, the GCC particles are bulkier dsp = 12 um with irregular
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Table 3.1

Tested Materials and Their Manufacturers

NaPAA-treated,
coating quality

Premier (dry form)

Precipitated Calcium

Imerys, Pigments and
Additives Group

Material ManPfaCtPrer Manufacturer Location
Designation
Kol 5008 iy
P Wilkinson Kaolin _
- Gordon, Georgia

Kaolin air-float . Associates

’ Wilklay SA1
processed
Kaolin,

Roswell, Georgia

L

Carbonate (PCC) Rhombic
Ground Calcium . Georgia Marble Kennesaw,
Carbonate (GCC) #12 White Company Georgia

31




Table 3.2
manufacturer)

a) Typical Properties

Characteristics of Wilklay RP2 and SA1 Kaolin Clays (data provided by

Property RP2 SAl
Specific Gravity 2.6 2.6
GE Brightness, % Average 78 79.5
pH (28% solids), Average 5.2 5.4
Median Particle Diameter, (um) 0.36 1.1
Oil Absorption, g/100g Clay 40 32
Minimum Dispersed Viscosity, 70% solids, cps* Not Fluid --
Minimum Dispersed Viscosity, 62% solids, cps* 4000 + --
Viscosity, 62% solids, cps*, Maximum - 400
Raw Color Cream Cream

*Brookfield No.2 Spindle, 20 rpm.

b) Chemical Analysis

Component RP2 Al
SiO; 45.60% 45.60%
AL O3 38.40 38.40
Fe, 03 0.88 0.40
TiO; 1.69 1.50
Ca0O 0.05 0.06
MgO 0.02 Trace
K,O 0.15 0.18
Na,O 0.21 Trace
LOI 13.70 13.82
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Table 3.3 Characteristics of Premier Kaolin Clay (data provided by manufacturer).

Specific Gravity ~2.6
Bro: optimum/20/#1/ @70% solid 292
Brightness (% Reflectance) 87.96
pH (as is solids) 7.19
Particle Size Distribution (%, < 2um) 90.3
Hurcules: rpm @ 18 dynes 2481
% Moisture 0.5
Dispersant (Sodium Polyacrylate), % by ~0.35
wi. '

Table 3.4 Characteristics of #12 White GCC (data provided by manufacturer)

a) Typical Properties

Specific Gravity 2.71
Dry Brightness 93
Median Particle Diameter, (uLm) 12
Oil Absorption 6.5
Hardness (Moh’s Scale) 3.0

b) Chemical Composition

CaCO;s 95% Min.

MgCO; <3.00

Other Acid Insolubles <3.00
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Table 3.5 Comparison of Tested Materials

. Specific Size' 2 | Conductivity’,o | . . . .3

Material Gravity' [m] pH [1S/em] Liquid Limit
Kaolinite RP2 2.6 dsp=0.36 | 4.66 11.98 78
Kaolinite SA1 2.6 dsop=1.1 6.50 16.38 43
Kaolinite 26 | 95%<2 | 639 323 -
Premier
GCC #12 B
White 2.71 dso =12 8.76 54.60 28
PCC Rhombic 2.71 dsp=1 9.87 101.90 52

"Manufacturer data, “measurements of supernatant made at volumetric solids content
¢=0.02 in deionized water after centrifuging suspensions, *measured with fall cone device
(BS 1377).
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Figure 3.1 Grain size distribution curves of kaolinites RP2 and SAl, and GCC
#12 White. Size ranges for Premier and PCC are inferred from
SEM micrographs.
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(b)

Figure 3.2 Scanning electron micrographs of kaolin clays (a) RP2 and (b) SAI.
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Figure 3.3 Scanning electron micrograph of Premier clay in (a) as-received dry form and
(b) dispersed.
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1.0 um

(b)

Figure 3.4 Scanning electron micrographs of calcium carbonates (a) GCC #12 White
and (b) Rhombic PCC.
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surfaces. The individual PCC particles shown in Figure 3.4-b are very uniform with an
elongated crystalline shape. The size of the particles is on the order of 1 um. The PCC is
received In a dry, cake form, so the material is ground with a pestle and mortar prior to
testing.

Other chemicals used in this study include two salts, NaCl and CaCl, (Fisher
Scientific), and a commercially available sodium polyacrylate (NaPAA) designated
Colloid 211 (Rhone-Poulenc, Vinings Industries, Marietta, GA). Figure 3.5 plots the
measured conductivity of NaCl and CaCl, solutions at various concentrations. The

NaPAA properties are listed in Table 3.6.

3.2 Procedures

3.2.1 Kaolin Conversion to Na-Form

The kaolin used for studies performed in Chapter 4 is rendered monoionic before
testing using procedures similar to those outlined by van Olphen (1977). The clay is
vigorously mixed with a 2 M NaCl solution at approximately 3 mL solution per gram
kaolinite. The suspension is left for 48 hours, during which the clay particles are allowed
to settle. The supernatant is siphoned and replaced with a 1 M NaCl solution, mixed and
left for 24 hours. The process is repeated with another 1 M NaCl solution wash for a
total equilibrium time of 96 hours. After the final salt wash, the excess salt is removed
through several washings with deionized water (typically 10 or more). The supernatant
conductivity is measured periodically with an Omega Conductivity Meter (model CDB

420). The clay is considered monoionic with no excess salts when the supernatant
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Figure 3.5 Measured conductivity of NaCl and CaCl, solutions at various

concentrations.
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Table 3.6 Characteristics of Colloid 211 Sodium Polyacrylate (data provided by

manufacturer)
Appearance Clear, light amber liquid
% Nonvolatile Matter (NVM') 43
pH 7.2
Viscosity” at 25°C (cps) 250
Specific Gravity at 25°C 1.30
Molecular Weight (g/mole) 3400
Solubility Water-soluble

'NVM = % gram sample at 130°C for % hour, “Brookfield #2 Spindle at 30 RPM.
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conductivity is <100 pS/cm. The clay is then oven-dried and ground using a pestle and

mortar.

3.2.2 Sedimentation

All the sedimentation suspensions are prepared so that the final solids volume
fraction ¢$=0.02. The solids volume fraction ¢ is the total volume of solids divided by the
total suspension volume. A 2.54 cm-diameter acrylic cylinder is filled with
approximately 10 to 20 mL of a pore fluid solution or deaired deionized water, depending
on the test conditions. The appropriate amount of clay, calcium carbonate or a
combination of both is then gently mixed with the fluid in the cylinder. The total mass of
solids added to the cylinder varies according to the mineral specific gravity in order to
attain a pre-selected volume fraction ¢. Additional pore fluid water is poured into the
cylinder to reach a total height of 15.5 c¢m corresponding to 78.5 mL or 17 cm
corresponding to 86.1 mL. The final volume varies with the test series, but the volume
fraction is the same in each case. The suspensions are slowly mixed with a perforated
plunger until a uniform appearance is observed. The suspensions hydrate overnight and
are then remixed.

Entrapped air is removed with a low vacuum, u=-5kPa. Once the air evacuates (no
evidence of bubble formation), and without releasing the vacuum, each cylinder is
repeatedly inverted for approximately one minute.

After the last inversion, the cylinder is placed on a level surface. This point is
defined as time zero. The vacuum is removed, and the cylinder is capped with a rubber
stopper. Both the suspension and sediment heights are monitored with time. The heights

are recorded for at least two weeks starting at t = 15 seconds. Each subsequent reading is

42



taken at twice the time interval of the previous reading, i.e., t; = 15 seconds, t; = 30
seconds, t; = 1 minute, etc. The supernatant pH of each suspension is measured using an
Accumet ARS0 pH meter (Fisher Scientific) after the last suspension and sediment

heights are recorded.

3.2.3  Viscosity

For each test condition, the solids mass appropriate for forming a suspension with a
solids volume fraction of ¢$=0.07 is placed in a 600-mL beaker and mixed with the
selected pore fluid solution. The total volume, either 400 mL or 500 mL, depends on the
test series. The beaker is placed on a Corning magnetic stirrer and mixed for at least
eight hours before measurement.

The suspension viscosities are measured using a Brookfield DV-E Viscometer fitted
with spindles #1, 2 or 3. Spindle #1 has the largest diameter of the disk spindle set and is
used for taking measurements within the lower range of the viscometer. The spindle
rotational speed is varied between 1 RPM and 100 RPM, and the viscosity reading as
well as torque % and degree of settlement are recorded after 1.5 minutes for every
rotational speed setting. Between readings, the suspensions are mixed well for
approximately 20 seconds to counteract any particle settlement that may have taken
place. The final pore fluid pH is determined by centrifuging a small sample and

measuring the supernatant.

3.2.4 Liquid Limit

The fall cone test procedure is based on the British Standard 1377. Penetration

measurements are taken with a Wykeham Farrance cone penetrometer at four moisture
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contents for each remolded mineral mixture. The first moisture content is obtained by
mixing approximately 50 to 100 mL of deionized water or a chemically modified solution
with 200 g to 350 g of solids. Typical solid-liquid volume fraction in liquid limit tests are
$=0.50 to 0.85. In cases where the pore fluid chemistry is altered, the exact solution
volumes are recorded. The soil mixture hydrates for at least eight hours before obtaining
the first measurement point. After the equilibration time, the soil is thoroughly re-mixed
and carefully placed in a metal cup, 2 1/2" x 1 3/4", avoiding air entrapment. The excess
material is scraped off the top leaving a smooth even surface. Once an acceptable
penetration depth is recorded, 10 to 30 g of material are removed to determine the
moisture content. The pore fluid pH is measured by placing a small amount of the
mineral paste on the reactive portion of a ColorpHast pH strip (Fisher Scientific) and
allowing the pore fluid to leach onto the paper. The remaining soil is then mixed with an
additional fluid volume to increase the moisture content for the next penetration
measurement. The cone penetration depths are plotted against the percentage moisture
contents. Reading from a best-fit line drawn through the measured points, the liquid limit

is the moisture content corresponding to a penetration depth of 20 mm.

3.3 Physics and Interpretation Guidelines

3.3.1 Sedimentation

Gravimetric sedimentation is a widely used method for indirectly determining
particle size (Hunter, 1993). The popularity of this method stems from its simplicity, its

applicability to a wide range of particle sizes, the limited equipment that is necessary, 1.e.
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a graduated cylinder, and both accurate and reproducible results (Orr & Dallavalle,
1959).

Stoke's Law was first utilized for particle size measurement in 1904 (Irani & Callis,
1963). Stokes' law relates the terminal velocity of a falling particle to the particle size
and fluid characteristics. For a smooth, rigid sphere falling at its terminal velocity in an
infinite homogeneous fluid medium within the laminar flow regime (Re<0.2), the Stokes

settling velocity is (Allen, 1990):

Vs = (P; s ')g"‘d“‘z 3.1
187

where p, and py are the densities of the solid and fluid respectively, g is the acceleration
due to gravity, n is the fluid viscosity and d is the particle diameter. The modified

Stokes' equation for non-spherical particles, such as clays, assumes a Stokes' diameter,

ds® defined as (Allen, 1990):

dl =" 3.2

where d, is the diameter of a sphere with the same volume as that of the particle and dy is
the diameter of a sphere experiencing the same drag force as the particle when moving at
the same terminal velocity in an identical fluid. Therefore, the Stoke's diameter is the

equivalent diameter of a sphere with the same density and terminal velocity as the
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particle in the same fluid within the laminar flow regime. Hindered settling is minimized
at volume fractions $=0.002 to 0.005 (Irani and Callis, 1963).

In the case of flocculated particles, the densities of the formed flocs vary with floc
size. Due to their fractal nature, the floc density decreases with increasing floc diameter
(Lagvankar & Gemmell, 1968; Klimpel et al., 1986; Hogg et al., 1987; Fogle et al., 1991;
Gregory, 1997). Hence, the settlement rate will vary as the floc characteristics vary.
Therefore, one method of assessing the state of dispersion of a clay suspension at the
macroscale 1s sedimentation analysis.

The state of dispersion of a suspension with a low solids content may be inferred
from the settlement behavior just after mixing as well as the final sediment volume.
Table 3.7-a summarizes the various sedimentation modes observed by several authors. It
1s important to note that these authors make no distinction between EF flocculation or FF
aggregation within the flocculation sedimentation behavior classification. Pierre et al.
(1995) verified the structures for kaolinite sediments formed from suspensions exhibiting
flocculation and dispersed settling behaviors using SEM. Pictures are shown in Figure
3.6. For this study, sedimentation behavior is categorized as EF flocculated, FF
aggregated, dispersed, or mixed-mode as defined in Table 3.7-b.  Also, particle
associations are defined as flocculated for EF associations, aggregated for FF associations
and dispersed for particles with minimal interaction. The major characteristics of EF
flocculated, FF aggregated, and dispersed sedimentation modes are presented

schematically in Figure 3.7.
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Figure 3.6 SEM micrographs of kaolinite structure resulting from (a)
flocculation sedimentation and (b) dispersed (accumulation)
sedimentation (Pierre et al., 1995).
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(b) Dispersed sedimentation
Sedimentation behavior classification (after Patton, 1979).

Figure 3.7



3.3.2 Rheology

Viscosity is the resistance of a fluid to shear. In general, the viscosity of a
suspension is greater than that of the pure fluid. Particles cause perturbations in stream
lines under laminar conditions such that the rate of energy dissipation is increased.
Therefore, the presence of particles increases the viscosity compared to the pure fluid
(Hiemenz, 1986).

The rheological behavior of a suspension depends on the fluid viscosity, solids
concentration, shape and size of the particles, and the state of dispersion or particle

interactions (van Olphen, 1977). Einstein's equation relates the solids volume fraction, ¢,

to the suspension viscosity, 1, may be written as (Hiemenz, 1986):

T o1+ k4 3.3

where m, is the fluid viscosity and K is a constant that depends on the particle
characteristics and particle interactions. This expression presumes the suspension has a
constant viscosity, the flow velocity is laminar, the suspension has a very low solids
concentration, the particles are large relative to the liquid molecules so that the fluid may
be considered a continuum, and the particles are small relative to the viscometer so that
wall effects can be ignored.

At sufficiently low solids concentrations, ¢ may be replaced with ¢¢, the volume

fraction of flocs, so that the K value may be related to the degree of flocculation (Rand &

51



Melton, 1977; Hunter, 2001). For uncharged rigid spherical particles, K = 2.5. For well-
dispersed kaolinite suspensions at high pH, and at low ¢ values, K is approximately 10
(Nicol & Hunter, 1970; Michaels & Bolger, 1964; Rand & Melton, 1977).

However, clay suspensions may exhibit non-Newtonian behavior (Figure 3.8-a).
Decreasing viscosity with increasing shear rate characterizes shear thinning or
pseudoplastic fluid. If this effect depends on the shear history of the fluid, the behavior is
termed thixotropic and is a typical characteristic of flocculated clay suspensions
(Hiemenz, 1986, van Olphen, 1977).

Shear thinning behavior is associated with deflocculation in that the number of
interparticle bonds in a flocculated suspension decreases with increasing shear rate
(Hunter 2001). In other words, increasing the applied stress breaks down the suspension
structure into smaller flow units whose size and particle associations depend on the
interparticle forces (Rand & Melton, 1977), as depicted in Figure 3.8-b. Deflocculation
results in a decrease in viscosity by reducing the flow unit anisotropy and by releasing
fluid trapped within the floc, reducing the effective solids volume fraction (Sacks, 2001).

Well-dispersed kaolinite suspensions at low solids content have been shown to yield
a much lower, constant viscosity than that of a flocculated system with an equal solids
content (Rand & Melton, 1977; Nicol & Hunter, 1970; Michaels & Bolger, 1964). Low
viscosity, even at increasing applied shear rates, is due to particle or flow unit alignment

so that the platy particles have a minimal contribution to flow resistance (Figure 3.8-b).

3.3.3 Liquid Limit
The fall cone test (BS 1377 1990) permits determining the liquid limit of high

specific surface soils. The liquid limit is the water content boundary dividing the plastic
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Figure 3.8 Rheological behavior. (a) Viscosity profiles for shear thinning, shear
thickening and Newtonian fluids (b) clay flow unit response to

applied shear.
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and liquid behavioral states of a soil. The British Standard defines the liquid limit as the
water content at which an 80-g stainless steel cone with a 30° angle penetrates a
remolded soil specimen 20 mm when the cone is released at the soil surface.

Soils at the liquid limit have a shear strength between 1.3 and 2.4 kPa (Wroth and
Wood, 1978). The shear strength of a clay at its liquid limit depends on the soil fabric.
The particles or aggregates interact to supply the resistance to shear (Mitchell, 1993).
Since the pore fluid chemistry determines the soil fabric, changing the pore fluid pH
and/or ionic strength will alter the soil resistance to shear and in turn the liquid limit. The
sensitivity to pore fluid content is denoted by the slope of the measured cone penetration
vs. water content at the liquid limit. The greater the slope, the more rapidly the soil shear

strength reduces for a given increase in water content.

3.4 Summary

This study focuses on the behavior of two mineral groups: kaolinite and calcium
carbonate. These two groups are represented by three different types of kaolin and two
types of carbonate, which encompass five different particle shapes. Minerals are
carefully prepared to render homo-ionic particles with no excess salts. Fluids are
aqueous electrolytes with controlled pH and ionic concentration, and often include a
polymer.

The soil-fluid mixtures are prepared at different volume fractions and tested to
different strain levels using sedimentation tests (~ zero strain), liquid limit (~100%

strain), and viscosity (infinite strain).
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CHAPTER 4
FABRIC IN SINGLE MINERALS: EFFECTS OF pH AND IONIC

CONCENTRATION

4.1 Introduction

Clay fabric formation depends primarily on particle size and shape, clay
mineralogy, and pore fluid chemistry. These parameters determine the nature of the
dominant forces acting on the particles as reviewed in Chapter 2. The purpose of this
chapter is to experimentally explore clay particle interactions across the pH-ionic
concentration space, and over a range of solids concentrations and physical disturbances.
Table 4.1 summarizes some of these effects on kaolinite as reported by previous
researchers. Particle interactions are determined by assessing the state of dispersion of
clay specimens mixed with pH-modified electrolytes. Three different test series are
performed to study the effects of pH and ionic concentration on clay fabric:
sedimentation tests, rheological tests, and liquid limit measurements. These tests involve

a wide range of solids concentration as well as degree of system disturbance.

4.2 Materials and Procedures

4.2.1 Materials

The clay used in these studies is kaolinite Wilklay RP2 (Chapter 3). It is rendered

monoionic using the procedure outlined in Section 3.2.1.
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4.2.2 Electrolyte pH-Ionic Concentration Matrix

The pore fluid electrolytes consist of NaCl solutions at concentrations of 107,
4x10™,3x107, 0.1, and 1.8 mol/L (for NaCl electrolytes, the stoichiometric ionic strength
is equal to the concentration) and target pH 3, 5, 7, and 9 at each concentration for a total

of 20 solutions. The pH is altered with HNOs to lower the pH and NaOH to raise the pH.

4.2.3 Sedimentation

Adjustments to pH are made after suspension and sediment heights are recorded for
two weeks by adding small volumes of extreme pH solutions prepared at the appropriate
salt concentration. The suspensions are remixed and measurements recorded according

to the selected time schedule for 91 days.

42.4 Viscosity

After the equilibration time, suspensions having a pore fluid pH far from the target

pH are modified.

4.2,5 Liquid Limit

No pH modification is attempted.

4.3 Experimental Study 1: Sedimentation

4.3.1 Results

Sedimentation Behavior. Sedimentation trends are plotted in Figure 4.1. A
summary of the observed sedimentation behavior for the tested kaolinite suspensions is
presented in Table 4.2. Observed suspension modes are categorized according to the
definitions  presented in  Table 3.7-b. Salient  observations include:
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Table 4.2

Observed Sedimentation Behavior of Kaolinite Suspensions

Salt Concentration (mol/L)

Target pH

107 4x10™ 3x10” 0.1 1.8
i T
Dispersed Dispersed Mixed-Mode | Mixed-Mode Mixed-Mode
Dispersed Dispersed H Mixed-Mode | Mixed-Mode = Mixed-Mode =
e
Flocculation | Flocculation | Flocculation Mixed-Mode Mixed-Mode
[
FF FF FF FF Flocculation of FF
Aggregation Aggregation Aggregation Aggregation Aggregates

il
=
L]

60

No significant colloidal cloud development

Initially thin colloidal cloud, duration of several hours

Initially very thick colloidal cloud, duration of one month
Initially thick colloidal cloud, duration of several weeks

Initially moderate colloidal cloud, duration of several weeks

Initially very thin colloidal cloud, duration of several hours



e All suspensions at pH 3 exhibit characteristics consistent with FF aggregation
sedimentation independent of ionic concentration
e At pH 5 and high ionic concentration (¢>0.1 mol/L), the suspension settling mode is
mixed with a thin colloidal cloud lasting for several hours
e At pH 7 and 9 and intermediate salt concentrations (c=3x10" to 0.1 mol/L),
suspension settling is characterized as mixed-mode, i.e. initially dispersed then EF
flocculated settling, while at high salt concentration (c=1.8 mol/L) the behavior is
mixed with complete settling of colloidal particles taking several hours
e The settlement time and number of suspended particles in the colloidal clouds varies
from several hours to one month, depending on both electrolyte pH and ionic
concentration
Settlement Velocity Parameter ¢ The settling velocity parameter, o, is herein
defined as the slope of the initial portion of the settlement-time curve known as the
induction period. It is calculated from each suspension settlement curve. During the
induction period, the initial suspension consists of interconnected flow units with highly
tortuous fluid flow paths between them. Hence, initial fluid displacement is hindered.
As time progresses, the flow units tend to line up, shortening the flow paths (Michaels &
Bolger, 1962). This marks the beginning of hindered settlement. Therefore, o indicates
how long the suspension flow units interact with each other and how ordered the
suspension structure becomes.
The initial settlement velocity, o (cm/min), for each suspension is plotted in Figure
4.2. There is a general decrease in o with increasing ionic concentration for ¢c>~107 to

~107!
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Figure 4.2 Kaolinite suspension initial settling velocity o. Target electrolyte pH:
3,5 7and 9
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mol/L. The initial settlement velocity for the specimen with ¢=10" mol/L and pH=9 is
very low and in agreement with the sediment mode.

Sedimentation Height The final sedimentation height for each suspension is plotted
in Figure 4.3. Overall, the sedimentation height tends to increase with increasing ionic
concentration, contrary to DLVO predictions. This highlights the role of fabric. Notice
the relative height inversion from 10 mol/L to 1.8 mol/L: the sedimentation height at
the lowest ionic concentration increases according to pH 3, 7, and 5, but, at 1.8 mol/L the
sedimentation height increases according to pH 5, 7, and 3. The sedimentation height

values convergence at 0.1 mol/L to a single point of approximately 2.6 cm.

4.4 Experimental Study 2: Rheological Tests

4.4.1 Results

The general rheological response to increasing shear rate for the suspensions tested
in this study i1s shown in Figure 4.4. The observed decrease in measured viscosity with
increasing shear rate is typical of a shear-thinning fluid. Also, from Equation 3.3 the K
values for the high pH slurries ranged between 200 and 2200. This pronounced deviation
from the approximate K value for well-dispersed kaolinite suspensions is consistent with
the non-Newtonian behavior exhibited by the tested suspensions. Therefore, Equation
3.3 does not apply.

The viscosity readings at 100 RPM and 1.5 minutes are shown in Figure 4.5. Below
the ionic concentration 0.1 mol/L, the viscosities increase with the pH order 9, 3, 5, and
7, indicating the direction of increasing flocculation. At concentration ¢c~0.1 mol/L, the
viscosities tend toward a single value (~ 49 mPa-'s) regardless of pH. Above

concentration 0.1 mol/L, the order of increasing viscosity is reversed: pH 7, 5, 3, and 9.
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Sedimentation Height [cm]
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Figure 4.3 Kaolinite sedimentation height at 91 days. target electrolyte pH: 3, 5,
7 and 9
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Figure 4.4 Typical kaolinite suspension rheological behavior (data shown for
0.1 mol/L NaCl concentration).
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Figure 4.5 Kaolinite suspension viscosities at 100 RPM Using Spindle #1.
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4.5 Experimental Study 3: Liquid Limit

4.5.1 Results

Figures 4.6, 4.7 and 4.8 summarize the fall cone penetration lines, measured liquid
limits, and calculated liquid limit line slopes, respectively, for all mixtures. Liquid limit
data determined using the Cassagrande method is included for comparison in Figure 4.7.

Overall, the liquid limit decreases with increasing salt concentration. Liquid limit
for all pH values converge for c~0.1 mol/L to a single point LL~57.5%. The solution pH
has the most impact on liquid limit at extreme ionic concentrations.

The sensitivity to water content increases with increasing NaCl concentration.
Slope values also collapse to a single point at 0.1 mol/LL NaCl regardless of solution pH.
The solution pH has little impact on water sensitivity except at high NaCl concentrations,

especially at 1.8 mol/L.

4.6 Discussion

This chapter maps the interactions of clay particles within a wide range of pore fluid
pH and ionic concentration, as well as over a range of solids concentrations and physical

disturbances. A summary of all major test results is presented in Table 4.3.

4.6.1 Low/Intermediate Solids Concentration

The DLVO theory predicts particle repulsion and a dispersed system at very low
ionic concentrations and low valence, in this case 10° NaCl. However, the sedimentation
and rheological behaviors are all pH-dependent at this concentration. At pH 3, the low

final
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sedimentation height, low viscosity and high initial settling velocity o indicate that the
low and moderate solids suspensions are dispersed. But, the settling behavior is observed
to have a high degree of particle interaction. In addition, kaolinite particle dissolution is
significant at low pH. For this case, it appears that dissolution promotes face to face
aggregation forming dense, yet dispersed, aggregates. FF aggregation is verified with
SEM in Figure 4.9-a. Dispersed FF aggregates have a high settling velocity due to the
increased aggregation, form a more compact sediment, and cause less perturbations in
stream lines compared to open EF flocs.

At low ionic concentration and high pH, the observed settlement behavior, settling
velocity o and the measured viscosity indicate a dispersed system, which is consistent
with previous findings (Rand & Melton, 1977; Nicol & Hunter, 1970; Michaels &
Bolger, 1964) and visual observation using SEM (Figure 4.9-b). However, the
sedimentation height is greater than expected for a dispersed system. One plausible
explanation for this discrepancy is that the particles left in suspension forming the
colloidal cloud interact and form EF flocs over time relative to the change in supernatant
pH. The flocs eventually settle and form an open-structured layer on top of the initial
denser sediment.

At low ionic concentration and moderate pH, the observed and measured parameters
indicate a more flocculated structure than that at the extreme pH. Since the measured
pore fluid pH is between the edge and particle isoelectric point, the most likely
association for these suspensions is edge-to-face.

Increasing the ionic concentration to c=4x10" and ¢=3x 10"~ results in an increase in

particle flocculation as indicated by the sedimentation and rheological parameters.
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Figure 4.9 SEM micrographs of RP2 kaolinite exposed to sedimentation test
conditions at c=10" M NaCl and (a) pH=3 and (b) pH=9.
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However, the viscosities measured at high pH for these ionic concentrations indicate
dispersed systems. Again, the enlarged sedimentation heights are probably the result of a
flocculated colloidal particle layer settling on a more compact structure.

At 0.1 mol/L NaCl, the suspension structure becomes pH independent as observed
in both the sedimentation and viscosity measurements. This is consistent with previous
findings and attributed to an increase in face-to-face aggregation from edge-to-face due to
double layer thinning and subsequent dominance of van der Waals attractive forces
(Schofield & Samson, 1954; Rand & Melton, 1977). At this NaCl concentration, the
effects of dissolution only contribute to the aggregation process. The extreme pH
suspensions show an increase in aggregation, while the moderate pH suspensions tend
toward a slight decrease in flocculation behavior compared to the c¢=3x10" NaCl
suspensions. The thinner double layers allow for edge-to-edge and edge-to-face flocs to
form from the face-to-face aggregates.

At c¢=1.8 mol/L NaCl, the relative behaviors of the tested suspensions indicate only
a slight dependence on pH. For pH 3, all sedimentation and rheological parameters
indicate an increase in flocculation from the ¢=0.1 mol/L NaCl case. The observed
settling behaviors for the remaining pH suspensions indicate more dispersed systems.
However, initial settling velocities, sedimentation heights, and viscosities show an
increase in flocculation. The initial settlement velocity increases with increasing ionic
concentration, thus indicating an increase in particle associations with salt concentration.

Hence, the FF aggregates tend to form EF flocs.

72



4.6.2 High Solids Concentration

The effects of ionic concentration on the liquid limit and on the clay sensitivity are
seen in Figures 4.7 and 4.8. An increase in the ionic concentration results in a decrease in
the liquid limit and an increase in the sensitivity. The liquid limit results agree with
findings by previous researchers and are attributed to the decrease in double layer
thickness: as the double layers shrink, the clay structure becomes more compact and
reduces the amount of pore fluid necessary to induce particle mobilization (Klein, 1999;
Di Maio, 1996). The high volumetric solids content and high strain conditions impede
EF floc development, so the particles tend to align. Consequently, the liquid limit
depends primarily on the thickness of the DDL.

However, the effect of pH on the liquid limit is insignificant at NaCl concentrations
less than or equal to 0.1 mol/L.. The high solids content increases the buffering capacity
of the system through particle dissolution, thereby neutralizing the pore fluid pH.
Dissolving kaolinite particles consume H" at low pH and OH™ at high pH as discussed in
Section 2.5.5, although no chemical analysis is performed. Dissolution also increases the
pore fluid ionic strength with the release of aluminum ions. The measured pore fluid pH
for these mixtures ranges from 4.3 to 6.0 (Table 4.4, Figure 4.10) even though the starting
solution pH prior to mixing with the solids ranges from 2.9 to 8.8. But, at high ionic
concentration, 1.8 mol/L, the measured pore fluid pH ranges from 3.8 to 4.0. The initial
pH of the corresponding solutions ranges from 2.6 to 8.7. The role of the sodium ions
takes precedence at this concentration, exchanging with hydrogen ions on the clay
surface to produce a low-pH pore fluid. Cation exchange reactions tend to be both

stoichiometric and rapid and so can be seen at this testing timescale (Bohn et al., 1985).
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Figure 4.10  Changes in fluid pH due to particle dissolution during fall cone tests.

Closed symbols represent electrolyte pH prior to mixing and open
symbols represent the measured pore fluid pH after mixing.
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Klein (1999) makes similar observations of a decrease in pore fluid pH from 6.01 to 3.82
corresponding to an increase in ionic concentration from 1x107 to 1.8 mol/L NaCl in low
solids content kaolinite suspensions. The Na'-H' exchange allows for variation in

structure and sensitivity at differing pH.

4.6.3 Relation to Proposed Fabric Map (Figure 2.9)

Three salient global trends are observed taking into consideration the various results

at significantly different solids volume fraction ¢ and strain:
e lonic concentration controls behavior at high concentration (¢>0.1 mol/L for this
kaolin)
e Conversely, the effects of pH are greatest at NaCl concentrations less than 0.1 M
e The measured suspension/soil mixture parameters converge and cross at 0.1 M NaCl
These trends are consistent with the major characteristics of the proposed fabric map for
kaolinite and NaCl presented in Figure 2.9 which was derived on conceptual
considerations and published results. An alternate fabric map based on the sedimentation
and rheological parameters for the RP2 kaolinite gathered in this research is shown in
Figure 4.11.

The two fabric maps are in general agreement. In the low ionic concentration
region the kaolinite suspension behavior is pH-dependent. The particles are dispersed in
the region where double layers are large and both the edges and faces are negatively
charged, i.e. at high pH. By decreasing the pH, the particle net positive edge charge
increases due to protonation. Electrostatic attraction develops between the positive edges
and negative faces at moderate pH, ~ 5 to 7, and EF flocs begin to form. At low pH, the
effects of dissolution dominate particle interactions. Release of AI’* and subsequent
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surface readsorption induces particle coagulation (Wieland and Stumm, 1992), which
produces dense aggregates.

At high NaCl concentrations, the suspensions exhibit behaviors consistent with
aggregated systems. The dominant force in this region is van der Waals attraction
between particle basal surfaces resulting in FF aggregates. The open structures in the
case of sediment height indicate the presence of EE and EF links between the aggregates.

For moderate ionic concentrations, the suspension behavior is consistent with
intermediate particle associations. That is, they range from dispersed or flocculated to
aggregated at higher ionic concentrations. As stated above, the transition region is

clearly defined at ¢~0.1 mol/L NaCl.

4.7 Conclusions

Fabric formation in kaolinite mixtures governs the settlement and rheological
behaviors as well as the measured shear strength. Sedimentation, viscosity and fall cone
tests involve widely differing solids volume fraction ¢ and strain conditions. Together,
they permit inferring clay particle interactions and resulting fabric.

For the tested kaolinite clay:
pH has the greatest influence at low pore fluid salt concentrations.

There exists a particle association convergence point, i.e. an ionic concentration at which
the suspension behavior is no longer pH-controlled. This concentration represents the
transition zone between pH-controlled behavior and concentration-controlled behavior.

For high solids concentration mixtures, the clay buffering capacity neutralizes the
solution pH. The liquid limit is thereby only dependent on the ionic concentration.

Furthermore, high solids volume fraction ¢ and strain hinder natural trends in fabric
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formation and encourage particle alignment. Hence, DDL thickness gains increased
relevance.

At the highest tested ionic concentration, the sodium-hydrogen ion exchange results
in a low pore fluid pH as well as an increase in variation of both the liquid limit and the
clay sensitivity at varying initial solution pH.

Finally, the fabric map developed for the particular kaolinite clay tested in this
study, RP2, taking into consideration sedimentation, viscosity and liquid limit tests
(different ¢ and strain) closely resembles the fabric map proposed in Chapter 2 on the

basis of physical processes and scattered data found in the literature (Figure 2.9).
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CHAPTER 5

FABRIC IN SINGLE MINERALS — POLYMER-BASED CONTROL

Interparticle forces depend on pore fluid pH and ionic concentration. The ensuing
fabrics were observed at various solids volume fraction in Chapter 4. The purpose of this
chapter is to explore the effects of sodium polacrylate (NaPAA) and NaPAA in
combination with CaCl, on a variety of single-mineral suspensions. This chapter

provides the behavioral basis for later chapters on mineral mixtures.

5.1 Introduction

Polymers — organic molecules — are often used to aid in dispersing or flocculating
particle suspensions. Polymers may adsorb onto clay minerals at different adsorption
sites (Figure 5.1): basal surface oxygen and hydroxyl cleavage planes, edge sites,
interlayer spacing in swelling clay minerals, and on the external and internal tunnel
surfaces of tubular clay particles. Adsorption also occurs in the interparticle spacing
within flocs (Yariv and Cross, 2002).

The surface adsorption of polymer molecules alters the clay mineral surface
properties and interparticle interactions. In the case of flocculants, polymers bind
particles together through polymeric bridging whereby polymer molecules attach to more
than one particle, by increasing van der Waals attraction, or by decreasing the repulsive
forces. On the other hand, dispersion mechanisms include steric stabilization, decreased
van der Waals, or increased repulsive forces (Sacks, 2001). Polymers with chemically
identical monomers may either cause dispersion or flocculation depending on their

molecular weight or chain length, and the polymer concentration. The chain length 1s the
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Organic ion adsorption sites on clay mineral surfaces. (a) Exposed

oxygen and hydroxyl cleavage planes, and broken bonds on the mineral
edges, (b) interlayer space in swelling 2:1 clays and dioctahedral 1:1
clay minerals, (c) exposed surfaces (outer surface and internal tunnels)
of sepiolite and palygorskite (attapulgite) particles, and (d) within the
interparticle spacing of particle flocs (listed cases from Yariv & Cross,
2002 — graphical interpretation in this figure by the author).
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number of monomer units per molecule and can be calculated given the polymer

molecular weight expressed in grams per mole.

5.2  Sodium Polvacrylate (NaPAA)

The sodium polyacrylate molecule has the chemical formula [CH,CH(COONa)],
and is considered to be anionic in nature. The molecular structure is linear with a
backbone of a long chain of carbon atoms. Branching from the backbone are hydrogens
and sodium carboxylate groups, as represented in Figure 5.2-a; notice the position of the
sodium ions relative to the carbon backbone. Figure 5.2-b schematically represents the
reaction of the NaPAA molecule with water: the sodium ions become hydrated and
dissociate from the polymer backbone so that the molecule behaves as a negatively
charged body. The polymer molecule then has one negative charge per monomer in its
fully dissociated state (Michaels and Morelos, 1955). The number of Na" ions that may
dissociate depends on both the pH and ionic concentration of the solvent (Rahaman,
1995). Therefore, increasing the solution pH increases the degree of ionization of
NaPAA molecules, and near-complete ionization occurs above pH 6.0. Table 5.1 lists the
number of negative charges per monomer unit at various pH values based on the
measured ionization constant for NaPAA. At high pH (>6), NaPAA molecules uncoil
due to their increased intramolecular charge repulsion. As the pH decreases (<6),
associations with protons decrease the negative polymer charge density, and molecules
begin to coil onto themselves (Micheals and Morelos, 1955).

The electrolyte composition also affects the NaPAA molecule net charge. In the
presence of free Ca®" ions, the polyacrylate molecule adsorbs the divalent cations at the

negative carboxylate ion sites. Saturation occurs at some critical ratio of total Ca® 1ons
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Figure 5.2 Sodium polyacrylate. (a) Chemical structure of sodium polyacrylate and

(b) dissociation of Na" ions from NaPAA polymer and subsequent
negative charge development in water (after Mukerjee, 2000).
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Table 5.1 Effect of pH on NaPAA Ilonization

No. Anions Per Monomer

pH Unit

1.0

0.99

0.94

0.60

H || 0

0.13

(From Michaels and Morelos, 1955)
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to the total number of polyacrylate segments; this ratio approaches 0.3 bound Ca*" ions
per polyacrylate monomer at pH 8 (Jarnstrom and Stenius, 1990). Ca®* ion adsorption
increases the total positive charge, decreases the molecule extension and causes the
molecule to recoil. However, if the Na' is added to a Ca-based system, the Na' ions will
tend to displace the Ca’" ions, and the polyacrylate molecules revert to an extended

conformation (Schweins and Huber, 2001).

5.2.1 Adsorption Mechanisms on Kaolinite

The adsorption of organic anions onto kaolinite surfaces may follow one of six
mechanisms (Yariv and Cross, 2002): (1) non-specific anion exchange coupled with van
der Waals interactions between neighboring nonpolar molecules, (2) non-specific anion
exchange coupled with hydrogen bonding between an anion and some Brensted acid
surface group i.e., proton donor site, (3) exposed hydroxyl replacement such as at edges
and possibly at the aluminum hydroxide faces, (4) anion coordination with edge
nonhydrated polyvalent cations, particularly strong Lewis acid sites i.e., electron-pair
accepting sites, (5) sorption onto short-chain hydroxyl cationic groups previously sorbed
at particle edge sites, and (6) sorption onto a previously sorbed bi- or polydentate organic
cation on the particle edge surface. Attachment mechanisms proposed for the adsorption
of polyanions onto kaolinite platelets include electrostatic interactions, hydrogen
bonding, or some combination of the two (Theng, 1979; Yariv and Cross, 2002). In
addition, the preferred adsorption sites are at broken bonds, or particle edge sites where
positive charges prevail (Bergstrom et al., 1996).

In the special case of NaPAA, the primary mechanisms for its adsorption onto the

kaolinite surface are typically thought to be attractive electrostatic interactions between
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the negative carboxylate groups and the positive edge and basal sites (Diz and Rand,
1990; Jamstrém and Stenius, 1990) or hydrogen bonding between the unionized carboxyl
groups and the edge oxygens (Michaels and Morelos, 1955). Since the number of edge
sites plays a critical role in polyanion adsorption, in the case of kaolinite, the number of
edge charges has the largest influence on polymer binding (Theng, 1979; Yariv and
Cross, 2002). At moderate pH and without any added salts, NaPAA adsorbs mostly on
the particle edges, where the highly negatively charged polymer has strong electrostatic
interactions with the aluminol or silanol (protonated) edge groups (Bergstrém et al.,
1996; Theng, 1979).

For pH conditions above the edge isoelectric point (IEP), hydroxyls begin to occupy
positions near edge protons or metallic cations. As the number of kaolinite edge positive
charges is reduced, adsorption decreases (Bergsrém et al., 1996). Sjober et al. (1999)
measure very little adsorption of NaPAA onto kaolin particles at pH 8.5, using a polymer
with molecular weight 4500 g/mol at a dosage of approximately 0.035 mg polymer/m”
clay. Hence, the amount of polymer adsorbed along the particle edges depends on the
surrounding pH and ionic concentration (Theng, 1979; Jamstrém and Stenius, 1990;
Strom et al., 1995; Bergstrom et al., 1996). Salt type also affects adsorption; the
influence of CaCl, as an added salt will be further discussed in Section 4.2.3.

Strom et al. (1995) show that polyacrylate molecules tend to adopt flat
conformations on a positively charged surface. Using ellipsometric techniques, they
measure the polyacrylate film thickness on a silicon oxide surface treated with
polyethylene imine which renders positive sites. Without added salts, the adsorbed

polymer layer is very thin, approximately 0.2 nm. A flat conformation at kaolin particle
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edges means that the particles stabilize because polymer molecules neutralize the positive
edge charges thus, the net negative edge charge increases. In other words, it appears that

the polymer molecules do not participate in steric stabilization.

5.2.2  Adsorption Mechanisms on Calcium Carbonate

Two mechanisms have been proposed for the adsorption of NaPAA molecules onto
calcium carbonate surfaces. First, adsorption may occur through electrostatic interactions
as depicted in Figure 5.3, which depends on the surface charge (Jarnstrom, 1993,
Bjorklund et al., 1994). The charge of calcium carbonate surfaces in water depends on
the concentration of calcium carbonate as well as ionic impurities in the water (Siffert
and Fimbel, 1984). Vanerek et al. (2000) compare the electrophoretic mobilities of
precipitated calcium carbonate (PCC) and ground calcium carbonate (GCC) at low (30
ppm) and high (1000 ppm) solids concentrations. In distilled water, the surface charge
changes from negative to positive with increasing solids concentration. The impurities
found in tap water are enough to affect the surface charge by maintaining a negative
value at both low and high solids concentration. Since ionic impurities may also be
found in distilled water, increasing the carbonate surface area with increasing solids
concentration reduces the concentration of the excess ions per unit area solids. The
negative surface charge measured at low calcium carbonate concentrations is likely due
to the low water quality. Hence, calcium carbonate has a positive surface charge that
may appear negative in the presence of impurities.

The second adsorption mechanism of NaPAA on calcium carbonate surfaces
assumes that the surface calcium ions act as Lewis acids which provide binding sites for

the polyacrylate carboxylate ions (Sanders, 1991).
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Figure 5.4 Solubility of CaCOj in the presence of sodium polyacrylate. The solids
volume fraction is 0.02 and the molecular weight of the sodium
polyacrylate is 2000 g/mole (data points from Jarnstrom, 1993).

89



As shown in Figure 5.4, the presence of NaPAA tends to promote dissolution of the
calcium carbonate (Jirnstrém, 1993). The total number of Ca’* ions increases as the
concentration of sodium polyacrylate increases. These excess ions in solution bind to the
polyacrylate molecules and reduce the number of available carboxylate groups for
surface adsorption. The polyacrylate molecules then become less effective as dispersing

agents, and a greater concentration of NaPAA is required to disperse the particles.

5.2.3 Influence of Calcium Chloride (CaCl,)

The introduction of calcium ions to a kaolinite-NaPAA system promotes adsorption
of polyacrylate by two mechanisms. First, Ca’* ions enhance the adsorption of
polyacrylate molecules through electrostatic attraction onto positively charged surface
sites, such as kaolinite broken bonds sites. Adsorbed Ca’" polyacrylate complexes
interact with Ca*" polyacrylate complexes in solution to form a thicker layer of bound
molecules (Strom et al., 1995). Second, calcium ions induce polyacrylate binding onto
net negative surfaces. For example, there is very little adsorption of NaPAA onto a
negatively charged mica surfaces, however a layer of polyacrylate binds to the mica
surface in the presence of calcium chloride (Berg et al., 1993). Jarnstrom and Stenius
(1990) find that the polyacrylate binds to both the edge and basal planes of kaolinite
particles in a CaCl, electrolyte.

Due to its ionic nature, the polyacrylate binds to the positive sites on both kaolinite
and calcium carbonate surfaces. However, by altering the pore fluid ionic concentration
and careful selection of the appropriate counterion, the effects of the polymer may be

modified or even reversed (Dahlvik et al., 1995; Schweins and Huber, 2001). Hence, the
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suspension stability may be either enhanced or diminished, depending on the electrolyte
conditions.

Clay particle flocculation is observed in previously dispersed suspensions after the
addition of calcium chloride. 1t is inferred that the Ca®* ions adsorb onto the polyacrylate
molecules already bound to the clay surfaces and form Ca*" polyacrylate complexes. The
complexes on one particle surface may interact with complexes on another particle
through Ca’" ion bridging (Berg et al., 1993). Calcium-induced particle associations in
kaolinite systems previously dispersed with sodium polyacrylate may either be edge-to-
face flocculation or FF aggregation, depending on the electrolyte concentration. Edge-to-
face associations are dominant at low CaCl, concentrations due to the limited adsorption
of polyacrylate at the particle edges (Dahlvik et al., 1995). At high CaCl, concentrations,
face-to-face associations dominate due to polyacrylate adsorption on the basal planes and
subsequent interactions between Ca®" polyacrylate complexes on the particle faces
(Stenius et al., 1990).

Limited structure formation is observed with the addition of CaCl; in calcium

carbonate suspensions initially dispersed with sodium polyacrylate (Dahlvik et al., 1995).

5.3 Materials and Procedures

5.3.1 Materials

The minerals used in the sedimentation tests include Wilklays RP2 and SAl,
Premier, ground calcium carbonate, GCC #12 White, and precipitated calcium carbonate,
PCC Rhombic. Their sources and properties are found in Chapter 3.

The minerals are dispersed using the sodium polyacrylate designated Colloid 211,

the properties of which are listed in Table 3.6.
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5.3.2 Sedimentation

The solids volume fraction for all suspensions is ¢$=0.02, so the total mass of each
mineral varies according to its specific gravity.

Suspensions containing sodium polyacrylate are prepared according to Section
3.2.2, except that 10 mL of deionized water mixed with 50 pL of Colloid 211 is added to
the suspension after the appropriate mineral mass is added to the cylinder. Since Premier
clay is pretreated with NaPAA, no Colloid 211 is added to the Premier suspension.

Suspensions with NaPAA and calcium chloride are prepared as suspensions with
NaPAA. The small volume of concentrated CaCl, solution is added to the suspension
after the diluted Colloid 211 so that the final pore fluid salt concentration is 0.002
mole/liter (stoichiometric ionic strength 1=2.4x102 mol/L). The CaCl, concentration is
determined by a critical coagulation, or flocculation, test. The test is performed by
varying the calcium chloride concentration in Premier clay slurries prepared at the same
solids content as the sedimentation studies. The chosen CaCl, concentration is the one
that renders a stable suspension after 24 hours. Suspension and settlement and heights

are recorded for 42 days.

5.3.3  Viscosity

Single mineral suspensions are prepared for rheological studies according to Section
3.2.3 at a solids volume fraction of ¢$=0.07. The NaPAA suspensions are prepared by
first adding approximately 200 mL of deionized water to the pre-measured dry mineral
mass and mixing well for several hours on a Corning stirrer. A dosage of 50 uL NaPAA
per 2.5 g solids is diluted in 100 mL of deionized water and added to the suspension,

mixed, and followed by enough deionized water for a 500-mL total liquid volume.
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Suspensions containing both NaPAA and CaCl; are prepared by mixing 200 mL of
deionized water with the proper mineral mass in a 600 mL beaker and stirring for several
hours. NaPAA, at the same dosage as stated above, diluted in 100 mL of deionized water
is then introduced to the suspension and mixed. Enough deionized water is added to the
suspension for a total volume of 450 mL. The suspension is mixed for eight hours, after
which a small volume of a high concentration CaCl;, solution is introduced to achieve a
0.002 M CaCl; concentration in the pore fluid. The suspension is brought to a total

volume of 500 mL with deionized water and mixed for 8§ more hours.

5.3.4 Liquid Limit

The kaolinite Premier is not tested due to its inability to be thoroughly mixed at a
moisture content sufficient for hydrating the clay without going over the liquid limit
(note: a drying test is not attempted). Three different pore fluid compositions are used to
prepare the soil specimens for liquid limit measurements. In the first series, the pore
fluid contains no additives, i.e., the pore fluid is deionized water. In the second series,
the pore fluid contains NaPAA in the form of 0.25 mL Colloid 211 per 100g of solids
diluted in the first 60 mL of deionized water mixed with the solids. Higher moisture
contents are achieved by adding deionized water. In the third series, the pore fluid
contains both NaPAA and CaCl,. The same dosage of NaPAA as in the second series is
diluted in 50 mL of 0.002 M CaCl, and mixed with the solids. The moisture contents are
increased for each measurement point with additional volumes of 0.002 M CaCl,

solution.
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5.4 Results

5.4.1 Sedimentation

Table 5.2 lists the observed sedimentation response of all the tested suspensions,
while Table 5.3 lists the variation in pore fluid pH of the given suspensions. The addition
of NaPAA influences the RP2 kaolinite settlement from flocculation-sedimentation to
dispersed-sedimentation. However, NaPAA seems to have little effect on the observed
behavior of the remaining mineral suspensions in that the sedimentation appearance is
dispersed both with and without NaPAA. Calcium chloride increases the flocculation
tendency in SA1, Premier, and GCC suspensions, but no observable change is seen for
either the RP2 or the PCC suspensions.

The influence of NaAA and NaPAA plus CaCl, becomes increasingly evident in
comparing the induction periods (as discussed in Chapter 3). The extent of the induction
periods provides a measure of relative suspension structures. In flocculated systems, the
induction time increases with increasing particle interactions (Tiller and Khatib, 1984),
while in dispersed systems, the induction time increases with increasing stability. The
plot of induction time with the suspension fluid composition for the tested mineral
suspensions is shown in Figure 5.5. While each point represents a single test, the overall
responses are consistent within the given mineral groups. The untreated kaolinite SA1
has a natural tendency toward dispersive behavior that is evident with the relatively large
induction time. The increase in induction time for the RP2, SA1, GCC, and PCC
suspensions corresponds to the increased level of particle dispersion-stabilization with the
addition of sodium polyacrylate as compared to the minerals without additives. The RP2,

GCC, and PCC suspensions experience a significant increase in induction period from
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Table 5.2 Observed Sedimentation Behavior of Mineral Suspensions

Observed Sedimentation Behavior
Mineral .
No Additives NaPAA NaPAA + CaCl,

RP2 Flocculation Dispersed Dispersed
SAl Dispersed Dispersed Mixed-Mode
Premier N/A Dispersed Mixed-Mode
GCC Dispersed Dispersed Mixed-Mode
PCC Dispersed Dispersed Dispersed

Table 5.3 Mineral Suspensions pH in deionized water, with NaPAA and with
NaPAA plus CaCl,.

Mineral Deionized Water NaPAA NaPAA + CaCl,
RP2 4.66 6.18 5.27
SA1 6.50 6.51 6.55
Premier N/A 6.39 5.87
GCC 8.76 9.39 7.72
PCC 9.87 8.96 7.87

95




100000
)
— 100001 ¢ e RP2
4 Q@ SAI, Premier
= 7.3 GCC
£ 10007 R Bce
g
c 100
=]
2
L r
el
N= X
|- A Increasing Increasing
Dispersion Flocculation
0.1 , . ,
No Additive NaPA A NaPAA with CaCl,
Figure 5.5 Induction periods of mineral suspensions (solids volume fraction 0.02).

Cases: without additives, with sodium polyacrylate, and with sodium
polyacrylate plus 0.002 M calcium chloride.

5.00
4.50 1 o
— 4.00 T
E Dispersed
= 3-30 Structure
= *
.:_)P 3.00 1
X
E 2.50 1 ‘ Flocculated
z ' Structure
£ 2.00 : X
£
& 1.50 7 y
1.00 4 A
R
0.50
0.00 7 T .
No Additive NaPAA NaPAA with CaCl,

Figure 5.6 Comparison of mineral suspension sediment heights at approximately
31000 minutes. Cases: without additives, with sodium polyacrylate, and
with sodium polyacrylate plus 0.002 M calcium chloride.

96



minutes to days. The RP2 kaolin suspension has the maximum observed percentage
increase in induction period, increasing by more than 8 days in the presence of NaPAA.

All tested mineral suspensions show a decrease in induction time after the addition
of CaCl,. The greatest impact is observed for SA1 and Premier kaolins, and the least
impact is seen in GCC. However, the PCC suspension shows a much greater response to
the added electrolyte.

Figure 5.6 summarizes the sedimentation heights observed 31000 minutes (~22
days) after the initiation of each test. The general trend is increasing dispersed structure
with the addition of NaPAA and increasing flocculated structure in the presence of
calcium chloride, in agreement with induction times. The RP2 kaolin suspension has the
greatest response to NaPAA. The GCC sedimentation height decreases the least with the
addition of NaPAA but is reduced by 36% compared to the untreated GCC suspension.

The level of flocculation for all the tested suspensions is greatly enhanced in the
presence of CaCl,. The Premier clay suspension settlement shows the most significant
increase in height with the addition of Ca*" ions. Of the two carbonates, the PCC again

has a greater response to the CaCl,.

5.4.2 Viscosity

Viscosity measurements at 100 RPM for all the suspensions are shown in Figure
5.7. Without any additives, only the RP2 and PCC suspensions have measurable
resistance to shear across the applied range of spindle rotational speeds. In the presence
of NaPAA, without and with CaCl,, the only measurable point for all suspensions is at

100 RPM. Hence, viscosity comparisons are made at 100 RPM for all suspensions.
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Viscosity at 100 RPM [mPa sec]

Figure 5.7
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Comparison of viscosity measurements at 100 RPM for mineral
suspensions with 0.07 solids volume fraction. Cases: without additives,
with sodium polyacrylate, and with sodium polyacrylate plus 0.002 M
calcium chloride. The viscosity of the RP2 kaolin suspension without
additives is high so it is measured with Spindle #3. All other suspension
viscosities are measured with Spindle #1.
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Without any additives, the kaolin RP2 has the highest level of flocculation among
the minerals tested. However, the sodium polyacrylate effectively reduces the RP2
suspension viscosity from 460 to 15.7 mPa-sec at 100 RPM. NaPAA also increases the
level of dispersion for both the SA1 and PCC mineral suspensions, although the effect is
less significant than for the RP2 case. The applied dosage of NaPAA has almost no
effect on the viscosity of the GCC suspension.

For all the tested suspensions, the CaCl, does not increase the level of measurable

flocculation in the presence of 0.002 M CaCl,.

5.43 Liquid Limit

Figures 5.8, 5.9 and 5.10 show the fall cone penetration lines, liquid limits and
penetration line slopes, respectively, of single tests. These figures compare the liquid
limits of each mineral at three pore fluid conditions: no additives (deionized water), with
NaPAA and with NaPAA plus CaCl,. The kaolin clays RP2 and SA1, as well as the PCC
experience a significant reduction in liquid limit at the applied dosage of NaPAA. The
largest increase in dispersion is again observed in the RP2 kaolin case. Also, the GCC
again shows little response to the sodium polyacrylate.

The addition of CaCl, has only a slight effect on the liquid limits of the tested
materials compared to the NaPAA cases. Calcium chloride has almost no effect on the

GCC mixture.

5.5 Discussion

The scope of this study includes four parameter categories including two mineral

types, five unique materials, variation in particle size, and variation in particle shape. In
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Figure 5.8 Fall cone penetration lines for (a) kaolins SA1 and RP2 and (b) GCC and
PCC. Cases: without additives, with sodium polyacrylate, and with
sodium polyacrylate plus 0.002 M calcium chloride.
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Liquid Limit

Figure 5.9

Slope of Liquid Limit {mm/%]

Figure 5.10
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Liquid limits comparison. Cases: without additives, with sodium
polyacrylate, and with sodium polyacrylate plus 0.002 M calcium
chloride. The liquid limits for the Premier case are not measurable.
8
77 A
61
5
47 X
GCC A A
3 -
27 PCC x M
.
1 SAl
RP2
0 T K T
None NaPAA NaPAA with CaCl,
Slopes of the kaolin and calcium carbonate fall cone liquid limit lines.
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addition, variability may exist for the water-solids, NaPAA-solids, and Ca’"-NaPAA or
Ca’"-solids ratios of each material, depending on the test. Therefore, only selected slices
of this Nth dimensional space are explored, in particular:
e [ow solids content suspensions to understand initial free fabric formation
e Intermediate solids content (viscosity) in relation to industrial applications
subjected to high shear
e High solids content (liquid limit) in relation to engineering applications
Table 5.4 summarizes the key parameter results for all sedimentation, viscosity, and fall
cone tests. Global trends include:
e NaPAA induces dispersion at all solids contents for all minerals tested
e (CaCl; has some measurable flocculation capability in the presence of sodium
polyacrylate
e The level of response to NaPAA and NaPAA with CaCl, varies for each

material, even within the same mineral group.

5.5.1 Kaolinite

NaPAA. Generally, both RP2 and SA1 exhibit an increase in the level of dispersion
in the presence of sodium polyacrylate. But, RP2 has a greater sensitivity to the addition
of NaPAA than SAL1 in spite of the higher specific surface of RP2 (S¢=21.9 m*/g for RP2
vs. Ss=13.0 m%/g for SA1 — Klein, 1999). The total edge area per gram of clay for RP2 is
estimated at 4.9 m” compared to 1.6 m” for SA1 (see Mathgrams 5.1-a and b). In other
words, NaPAA must cover more edge area in the RP2 case than in the SA1 case. If
polyacrylate adsorption is limited to the particle edges, the positive charge density along
the clay particle edges is not the same for the two clay types. The variance in NaPAA
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efficiency in dispersing the two kaolinites should then be attributed to the difference in
edge positive charge density. Hence, RP2 has a higher density of positive edge sites.
This observation is consistent with the clay tendency to flocculate under pure deionized
water conditions (near neutral pH), while SA1 tends to remain dispersed under identical
conditions. (Note: the cation exchange capacities of the two clays are not measured.)

NaPAA with CaCl,. Stenius et al. (1990) find that some critical value of
[Ca’ |i/Cpaa must be reached for flocculation to take place. [Ca’]i is the total
concentration of calcium ions in the suspension, including those ions associated with the
dry clay in the form of excess salts, while Cpp, is the number of polyacrylate monomers.
Below this critical value, the rheological profiles of kaolin suspensions indicate dispersed
systems, irrespective of the calcium chloride concentration. Above this critical value, the
suspension yield stress greatly increases, indicative of structure formation. The critical
ratio [Ca2+][ot/CpAA depends not only on pH and solids content but also on the the type of
kaolin. For the kaolin clays Stenius et al. (1990) measure, the range of critical values
varies from 0.3 to 0.35. These critical values approach the ratio [Ca2+]mt/CpAA
representing PAA saturation by Ca®" ions (~0.3) presented by Jarnstrém and Stenius
(1990).

An estimation of the ratio of added calcium ions to total number of polyacrylate
monomers, [Caz+]add/CpAA, is calculated in Mathgram 5.2. The calculated ratio 0.25 is
based on the amount of NaPAA (Colloid 211) and the molar concentration of CaCl,
added to the RP2 and SA1 sedimentation suspensions. The ratio for the Premier
sedimentation suspension is not calculated since the NaPAA molecular weight used by

the material manufacturer is unknown. Since flocculation is observed for all three kaolin
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clays, SAl, RP2, and Premier, the estimated ratio [Caz+]add/CpAA of 0.25 represents a
value above the critical value for the given solids volume fraction of ¢=0.02. Figure 5.11
shows the impact on fabric for SA1 in the presence of NaPAA and NaPAA with CaCl,.
The polymer-treated clay forms thin particle layers after freeze-drying, while the CaCl,
system has an increased level of structure with visible FF and EF particle associations.

At moderate solids content, induced flocculation with CaCl, is not observed at the
applied salt concentration. The dispersive behavior, even in the presence of excess Ca"
ions, may be attributable to the low [C32+]t0[/CPAA ratio. The ratio [Ca2+]add/CpAA is
approximately 0.04 for the RP2 and SAT clay systems (Mathgram 5.2), which is an order
of magnitude lower than the critical value. Hence, little difference should be observed
between the non-CaCl, and the CaCl; cases. The Premier clay suspension also shows no
response to the added CaCl,, and so it is below the critical ratio.

The liquid limit for each of the clays is little influenced by the addition of calcium
chlorideThe lack of response is due to the combination of low [C32+][ol/CpAA ratio
(Mathgram 5.2), which is approximately 0.02, and hindered flocculation resulting from

the high ¢ and high strain conditions (Chapter 4).

5.5.2 Calcium Carbonate

NaPAA. The NaPAA influences the behavior of the PCC more so than the GCC.
The variation in behavior between the two carbonates can be attributed to the differences
in particle size, S;, and shape.

The PCC particles are much smaller, dsp=l pum, than the GCC particles dsp=12 pum
and subsequently have a much higher specific surface. Electrical forces dominate the
behavior of the PCC particles, whereas the size of the GCC particles places them at the
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Figure 5.11  SEM micrographs of SA1 in the presence of (a) NaPAA and (b) NaPAA
with CaCl,.
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boundary between gravitational and electrical force control. Hence, the effects of pore
fluid chemistry on the carbonate particle are greater for PCC than GCC. The larger
particle sizes and wider grain size distribution have a greater impact on GCC suspension
behavior and resulting fabric than the NaPAA.

Particle shape influences the fabric of the free-formed sediments. Even in the
presence of NaPAA, the needle-like PCC particles have a greater tendency to form a
more open, voluminous structure than the more blocky GCC particles. This is consistent
with Hagemeyer’s (1960) findings comparing sediment volumes of needle-like and
rhombic (blocky) carbonates with similar sizes.

NaPAA with CaCl,. The addition of CaCl, has a greater impact on the behavior of
the PCC than on GCC, paralleling the influence of NaPAA alone. The response to CaCl,
also decreases with increasing solids content. Only slight increases in liquid limit
compared to the NaPAA cases are observed. The estimated [Ca2+]t0[/Cp,\A ratios, not
including the Ca*" ions dissociated from the carbonate itself, are also quite low, ~0.013

for the GCC and ~0.02 for the PCC.

5.6 Conclusions

Fabric formed from single minerals can be controlled with a polymer and added
salts. The efficiency of the polymer NaPAA is mineral dependant. In kaolinite particle
systems, the efficiency is related to the edge surface charge. The higher the positive
charge density, the greater the dispersive strength of NaPAA. The polyacrylate
molecules have a stronger interaction with the RP2 clay particles compared to the SA1

clay particles.
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In the presence of calcium chloride, the ratio [Ca2+]wt/CpAA determines the level of
flocculation within the clay suspensions. There exists a critical ratio above which
flocculation takes place. Of the three kaolin clays at low solids content, calcium chloride
has the greatest impact on the Premier kaolin. Premier particles floc in an open
voluminous fabric at the test CaCl, concentration.

NaPAA and NaPAA in combination with CaCl, have little influence over the final
fabric of the carbonate GCC. Instead, the behavior over the given range of solids content
depends on the particle size (gravitational forces), particle size gradation and particle
shape. On the other hand, the applied dosage of NaPAA disperses the smaller PCC
particles over the tested range of solids content. However, the final fabric at low solids

content is in part attributable to the prismatic shape of the PCC particles.
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Mathgram 5.1 (a). Estimated RP2 Particle Edge Area

Material - Wilkinson Kaolin Clay, RP2

Mean Particle Size (manufacturer's data): dsq:=0.36 10 6.m
Specific Gravity: G =26
2
Specific Surface, measured by K. Klein: Ss = 21_9m—
gm
Uni ) . 3 N
nit Weight of Water: Yy =9.810—
m3
G,y
Particle Density: o= s'w
g
Specific Surface of an idealized kaolinite particle: S = _ 8 + 2
Vdsgp  tp

Particle thickness based on specific surface:

d
t=—6. >0 L =4538x 10 Sm
1

2
-3-Ss:dsgp + 83

Percentage of suface area attributed to the edges:

t
EdgeArea .= ——— 100 EdgeArea = 22.548

V3
t+ Tdso

Amount of Edge area per gram:

1
EA = g5 dgcATed EA. = 4.938m> —
g 100 & gm
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Mathgram 5.1 (b). Estimated SA1 Particle Edge Area

Material - Wilkinson Kaolin Clay, SA1

Mean Particle Size (manufacturer's data): dggi= 1.1-10” 2om
Specific Gravity: Gy =26
2
Specific Surface, measured by Klein (1999): Ss = 13.0 2
gm
Unit Wei : 3 N
nit Weight of Water: Yy i=9.810—
m3
G.-
Particle Density: p = sTw
g
Specific Surface of an idealized kaolinite particle: = 8 .2
Vadsgp  tp

Particle thickness based on specific surface:

dsq

t:=-6 : t=6.762x 10 °m
2
Percentage of suface area attributed to the edges:
t
EdgeArea ;= ——— 100 EdgeArea = 12.431
t+ 3 d
4 50
Amount of Edge area per gram:
]
EA, = Ss.0geAIE EA, = 1.616m" —
g 100 & gm
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Mathgram 5.2. [C&*],44/Cpaa Ratios

Sodium Polyacrylate, CH ,CH(COONa)

Approximate Molecular Weight and density, manufacturer's data: /”—F o o
Colloid 211 - 3400 g/mole | |
——C — 00—
gm | |
MW := 3400 ——
mole H C
|
gm A
p =1.30=— a
211 mL ‘\5
Individual Atom Molecular Weights
gm gm
H:=1.007947 C:=12.01078
mole mole
0:= 15.99943 -0 Na = 22.9897702-2
mole mole
Equation Based on Chemical Formula
n-(3:C+3H+ 2.0+ Na)+ 2:n-H=MW
Approximate Number of Monomers Per Molecule, n:
MW
"monomer = (3-C + 5H + 220 + Na) "monomer = 3°-394
Approximate Number of NaPAA Molecules Per mL Colloid 211, N 1o iies &

1

mole

_ 23
N,y = 6.022107

1

- 20 |
molecules ‘= Nay’ MW Parl Niolecules = 2-303x 10 ;i

N
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[ RP2 - Fall Cone |

Initial Solution: 0.75 mL Colloid 211 in 50 mL 0.002 M CaCl,

1:=0..4
Total =N 0 Total = 021
ota monomers, ‘= “molecules’ J5mbnp onomer ota monomers, = 6.112x 1
50
63
mole
CaCl2Vol=| 9 |'-mL CaCl2Concen:= 0.002
7
5

There is one mole of Ca?* ions for every mole CaCl,

Q
6.022x 10"
Q
7.588x 107
Calonsi = CaC]2Vo}~CaCI2Concen- N,y Calons =| | 084 x [019
8431x 10'8
6.022x 1018
Totalmonomersi+l = TOtalmonomersi - Cannsi CummCannsiJrl = CummCalonsi + Calon
6.112x 102I 0
21
6.052x 10 6.022x 1019
21
o | 5.976% 10 1.361x 102
monomers — I CummCalons = 20
5.965x 10 1.469% 10
21
5.957x 10 [.554x% 1020
21
5.951x 10 1614x 10
9.852% 107 °
CummCannsH_ | 0.022
Ratio, := ——————— Ratio = 0.024
Total onomers
0 0.025
0.026
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| SA1 - Fall Cone |

Initial Solution: 0.75 mL Colloid 211 in 50 mL 0.002 M CaCl,,

1:=0..4
TOtalmonomerso = Nimolecules 0- 7ML N monomer TOtalmonomerso = 6.112x 107!
50
45
CaCl2Vol=| 5 |'mL CaCl2Concen := O,OO2~mle
5 L
2.5

There is one mole of C&?* ions for every mole CaCl,

Q
6.022x lOl)
C
5.42x 101)
Cannsizz CaClZVoll-CaCl2Concen-Nav Calons =| ¢ 022x 1018
2.409x ]O]8
3.011x 10"
TOtalmonomersiH = Tomlmonomersi - Cannsi CummCalonsH | = CummCannsi + Calon
6.112x 10> 0
21
6.052x 10 6.022x 10l9
21
o | 5.998 10 1144x 107
monomers 21 CummCalons = 20
5.992x 10 1.204% 10
21
5.989% 10 1228% 102
21
5.986x 10 1250 102
9.852% 107 °
CummCannsi+ | 0.019
Ratio, ;= —————— Ratio = 0.02
Total onomers
0 0.02
0.021
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[ GCC - Fall Cone |

Initial Solution: 0.875 mL Colloid 211 in 50 mL 0.002 M CaCl,

1:=0.4
TOta]monomerso = Nmolecules 0-87ML N onomer TOtalmonomerso =7.131x 107
50
25
CaCI2Vol=| 4 |'mL CaCl2Concen = 0.002 mole
3
2

There is one mole of Ca?* ions for every mole CaCl,

6.022x 1019
3.011x 10"
Calons, := CaCI2Vol-CaCl2Concen- N, Calons =| 4 818 10'®
3.613x 1018
2.409x 10]8
TomlmonomersiH = TOtalmonomersi - Ca[onsi CummCalonsH] = CummCa[onsi + Calon
7.131x 107 0
21
7.071x 10 6.022 x ]019
21
Total ~ 7.041x 10 9.033x ]019
otalmonomers = 2] CummCalons = 19
7.036% 10 9.515% 10
21 C
7.032x 10 9.876x 10"
21 20
7.03x 10 1.012x 10
8.445% 10 °
CummCalonsi+ | 0.013
Ratio, 1= ——————— Ratio = 0.013
Totalonomers
0 0.014
0.014
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| PCC - Fall Cone |

Initial Solution: 0.875 mL Colloid 211 in 50 mL 0.002 M CaCI2

1:=0..4
2]
TOta]monomerso = Ninolecules 0-873ML 0 omer TOtalmonomerso =7.131x 10
60
72
|
CaCl2Vol=| 13 |-mL CaCl2Concen ;= 0.002 =<

4

1.5

There is one mole of Ca?* ions for every mole CaCl,

7.226x% ]Om

8.672x 10"

Calons, := CaCl2Vol-CaCl2Concen- N, Calons = | | 566x 10'°
4818x 10'°
1.807x 10'8
TOta]monomersH | = TOtalmonomersi - Calonsl CummCanns}.H = CummCannsi + Calon
7.131% 10°" 0
21 q
7.059% 10 7226x 10
69725 10° 1.59% 107
Totalyonomers = 21 CummCalons = 20
6.956x 10 1.746% 10
6.951 % 1021 1.795x 1020
21
6.95x 10 1.813x 1020
0.01
CummCannsPr | 0.022
Ratioi = :l“l— Ratio =| 0.024
ota
monomers, 0.025
0.025
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[ Viscosity |

Initial Solution: 1.87 (RP2 and SA1) or 1.951mL (GCC and PCC) Colloid 211 in 464 mL 0.002M
CaCl,

j:=0.1 Nonomer = 39-394
Total number of NaPAA monomers (potential binding sites for Ca?* ions)
1.87
Vol2ll:= -mL
1.951
1.524 % 1022
Tmonomers,. = Nmolecules'v0121 lJ"nmonomer Tmonomers =
J 22
1.59% 10
Volume of 0.002M CaCl, solution added to mineral solids:
|
CaCI2Vol:= 464mL CaCl2Concen := 0.002 <
There is one mole of Ce?* ions for every mole CaCl,
Calons := CaCl2VolCaCl2Concen: Nav Calons = 5.588x 1020

Ratio of Ca2+ ions to total number of COO- sites (potential binding sites)

Calons 0.037
R i=—n R =

monomersj 0.035
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| Sedimentation |
Initial Solution: 50 uL Colloid 211 in 84.49 mL 0.002M CaCI2

M monomer = 39-394

Total number of NaPAA monomers (potential binding sites for Ca?* ions)

Vol211:=0.05mL

20
Tmonomers *= Nmolecules Y121 FMmonomer Tmonomers = 4:075x 10
Volume of 0.002M CaCl, solution added to mineral solids:

I
CaCl2Vol:= 84.49mL CaCI2Concen = 0.002 <
There is one mole of C&?* ions for every mole CaCl,
20

Calons := CaCl2VolCaCI2Concen Nav Calons = 1.018x% 10

Ratio of Ca2+ ions to total number of COO- sites (potential binding sites)

R;:__%’i_ R =025

Tmonomers
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CHAPTER 6

TWO-MINERAL MIXTURES WITHOUT POLYMER

Previous chapters address fabric formation and implications in single-mineral
systems. The study of mineral mixtures requires a detailed understanding of chemical
interactions and ensuing fabric formation. This knowledge is relevant to many soil
environments and the possible development of engineered soil fabrics. The study of
mixed mineral systems without additives is undertaken herein. Chapter 7 extends this
investigation to the case of mixtures with polymers. The purpose of this chapter is to
study kaolinite-calcium carbonate mixtures across a range of applied strain conditions to
determine the governing mechanisms affecting fabric formation. The choice of mixture
components reflects the distinct pH dependency in kaolin and calcium carbonate. This
study will address differences in particle shape, size, mineralogy, and relative masses in

addition to the mixtures response to various strain levels.

6.1 Introduction

6.1.1 Mineral Mixtures

Many studies have addressed mixtures of coarse-and-fine grains. The strength,
index properties and other characteristics of clayey soils can be altered by the addition of
sands. For example, the compressive strength of a clay is improved and the liquid limit is
decreased with increasing sand percentage (Leelanitkul, 1989). Properties such as
compressional wave velocity and porosity are also influenced by the relative proportions
in sand-clay mixtures. Marion et al. (1992) find that for Ottawa sand-kaolinite mixtures a

minimum porosity is reached in the range of 20 to 40 percent clay by weight. A
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maximum P-wave velocity is measured at 40% clay content, and it is higher than that of
pure sand or pure clay. The influence of specific surface on the liquid limit of mineral
mixtures i1s observed by Vipulanandan and Leung (1991). Replacing 40 percent of a
kaolin clay by weight with sand reduces the liquid limit from 57% for the pure kaolin
clay to 47% for the mixture. At 30/70 kaolin/sand, the liquid limit is further reduced to
33%. But, adding just 6% bentonite to the 30/70 mixture increases the liquid limit to
61%.

Clay-sand mixtures are also important in the study of particle detachment and
erodibility. Bradford and Blanchar (1999) conduct mini-flume tests on clay-sand
mixtures and find erodibility decreases with increasing clay content and increases with
decreasing ionic concentration for Ca-illite and Ca-montmorillonite. Changing the pore
fluid ionic concentration had no effect on the erodibility of either Ca-kaolinite or Na-
montmorillonite. Ca-clay forms (montmorillonite, kaolinite, illite) were more erodible
than their Na- forms.

Mixtures of two different fine-grained minerals are equally intriguing. The
rheological properties of clay suspensions are particularly sensitive to the presence of
other clay minerals. For example, adding montmorillonite to kaolinite suspensions
(moderate solids content) alters the flow behavior by electrostatically linking with the
kaolin particles to form associations and/or decreasing the freely flowing fluid volume by
adsorbing water molecules from the pore fluid (Keren, 1989). The rheological behavior
of palygorskite suspensions also depends on the added concentration of montmorillonite
(Neaman and Singer, 2000): a small percentage of montmorillonite (<10% by weight)

increases the number of particle interactions, whereas a larger percentage (10 to 20%)
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decreases the plastic viscosity and Bingham yield value. A very high percentage of
montmorillonite (20 to 40%) results in constant viscosity values.

Other minerals may be added to clays to alter their properties. Since the liquid limit
of a clay material is proportional to the total specific surface (Muhunthan, 1991), the
liquid limit can be increased just by adding a high specific surface clay such as bentonite
(Ahmad et al., 2000). Using rheological measurements of montmorillonite-coal mixtures,
de Kretser et al. (1998) determine that the presence of finely ground coal particles
reduces the montmorillonite suspension thixotropic tendencies by reducing the degree of
platelet particle orientation. The liquid limit of London clay can be increased with only
1% lime by weight, although additional lime decreases the liquid limit (lime has a much
greater effect on the plastic limit of montmorillonitic soils than on kaolinitic clays — Bell
and Coulthard, 1990). Pamukcu et al. (1990) study mixtures of flyash and kaolin and
observe that flyash can increase kaolinite shear modulus (up to 20% flyash) and
coefficient of permeability (up to 10% flyash). The shear modulus and coefficient of
permeability both decrease with additional flyash.

Some of these mixtures promote important chemical reactions. Chu and Kao (1993)
determine the optimum mixture of a low plasticity clay, slag and flyash for soil
improvement. The flyash used has a low CaO content, so when added to the clay alone
no increase in the unconfined compressive strength is observed. Adding slag, a high
CaO-containing material, to the mixture increases the pozzolanic reaction and induces an
increase in the unconfined compressive strength with time.

Mineral mixtures are extensively used in paper coatings. A paper coating

suspension contains pigments, binders, and other additives (Andersson, 1993). Kaolin
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clay and calcium carbonate are two of the most widely-used pigments. Pigment mixtures
are chosen to enhance certain optical properties of the coated paper including brightness,
whiteness, smoothness, gloss, opacity, and ink receptivity. Table 6.1 defines select
optical properties, their measurement techniques and the controlling factors for each. The
quality of these properties depends on the relative refractive indices of the coating
components, the number of optical interfaces, light scattering capability, final pore
volume, size and distribution, particle shape, size distribution, aspect ratio, and packing
(Scott, 1996; Hagemeyer, 1984). Table 6.2 lists some typical characteristics of kaolin

clays and calcium carbonates as coating materials.

6.1.2 Particle Shape

A key element influencing the final fabric of mineral mixtures is particle shape.
Hagemeyer (1960) studies the effects of particle shape on mixtures of platy and needle-
like particles. By measuring centrifuged sediment volumes and viscosity of kaolinite-
calcium carbonate blends with dispersants, Hagemeyer finds that: (1) particle shape
affects the final fabric and (2) the trend in sediment volume parallels the trend in
viscosity, that is, both the sediment volume and the viscosity peak with a slight addition
(20% of total solids) of needle-like carbonate particles and then decrease with additional
carbonate. But, Huber and Weigl (1972) measure the same trend in relative sediment
volume of dispersant-treated kaolin and ground calcium carbonate mixtures. This
suggests that more than particle shape accounts for the general appearance of a maximum
at the 20/80 carbonate/clay ratio. Without the dispersant, Huber and Weigl (1972) find a
general decrease in relative sediment volume with increasing carbonate percentage.

Yuan and Murray (1997) find similar results in that they observe a viscosity peak at a low
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percentage of spherical particles in mixtures of spherical halloysite and platy kaolinite

dispersed with sodium hexametaphosphate.

6.1.3 Size

In addition to shape, the relative sizes of particles in mixtures affect the overall
behavior of mineral suspensions. Alince and Lepoutre (1983b) illustrate that high-solids
dispersed suspensions of clay or latex particles of like shape (platy or spherical) but
different sizes exhibit a viscosity minimum at a particular mixing ratio (Figure 6.1).
Blends of platy and spherical particles (clay and latex) at low shear exhibited a general
viscosity increase with decreasing spherical particle diameter. Depending on the relative
size of the spherical particles, either the viscosity increased, reached a maximum, then
decreased as the fraction of spherical particles increased (desq:d=7 and 2 clay:latex), or the
viscosity decreased with increasing latex content (d.sq:d=1.4 clay:latex). Tari et al.
(1998) show similar behaviors for mixtures of fine silica sand and kaolin: viscosity

decreases and shear thinning takes place with increasing percentages of silica sand.

6.2 Materials and Procedures

6.2.1 Materials

Mineral mixtures are prepared with two kaolin clays, Wilklay SA1 and Wilklay
RP2, and two calcium carbonates, GCC #12 White (ground) and PCC Rhombic

(precipitated). The properties of these materials are presented in Chapter 3.
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Figure 6.1
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Viscosity of dispersed kaolinite-latex sphere mixtures. The clay mean
equivalent spherical diameter des=0.7um. Sphere diameters are 0.1,
0.2 and 0.5 wm, and total solids volume content ¢$=0.55 (Alince and

Lepoutre, 1983a and b).
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6.2.2 Sedimentation

Two mixture series of sedimentation tests are performed: (1) RP2 and GCC and (2)
SAT1 and GCC.

RP2 and GCC. Wilklay RP-2 and GCC #12 White are mixed together in
proportions of 0:100, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10, and
0:100 clay:carbonate by mass. The total mass of solids in each mixture is 5 g, and the
final solids content in each suspension is approximately 0.02.

SAI and GCC. The same procedures are followed to prepare Wilklay SA1 and
GCC #12 White mixtures, but a reduced sequence is used: 100, 75:25, 50:50, 25:75, and

0:100% clay:carbonate by mass.

6.2.3 Viscosity

Suspensions are prepared with kaolinite SA1 to PCC mass ratios of 0:100, 25:75,

50:50, 75:25, and 100:0%.

6.2.4 Liquid Limit

Kaolinite SA1 and PCC are mixed together at 0, 20, 40, 60, and 100% clay by mass.

6.3 Experimental Results

6.3.1 Sedimentation Tests

Mixtures of RP2 and GCC. The RP2-GCC sedimentation curves are presented in
Figure 6.2, and the observed sedimentation behavior for each suspension is summarized
in Table 6.3. The observed sedimentation behavior of all suspensions containing GCC is

mixed-mode, with most of the settling characteristics consistent with flocculation
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Figure 6.2 Sedimentation curves at 21 days for RP-2—GCC mixtures (a) 100%
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129



w0110q IdPUI[AD

pasiadsiq 1B UOIIB[NUINJOR wonoq 01 doy SOy 1ounsIpyy (000 .Nooo:
‘ : woIj AJISuap FuIseaou] | {7 191 I183[0 ‘ApNOJo AIDA o 001:0
JUSWIPIS
UOI1BPI[OSU0D aInionus SINOY 7 19Y® B39 ‘09:0t SINUIL 0g 7€ TE9IO
SPOIN-PIXIA o ‘ . Arepunoq “d[qeysim3unsiput 06:01
MO[S JSUAP 194 ‘SNOJULZ0I0JOY | UBY} 19)BII3 JUIUOD SIUL] arordwon)
UOI}BpI[OSU0D 2InoNNs sInoy 47 19 1830 ‘09: 01 SOMUILE Ot 18 183[0
SPOIN-PIXIIA T ‘ . Arepunoq ‘o[qeysindunsipur 08:0C
MO[S 2SUIP 194 ‘snoduafoI0)oy | UBY) 193813 JUSIUOD SIUL] Kzr01dwon
UuoI}BpI[OSU0d a1nionys SInoY 47 193J. 183[0 ‘09:0Y SAINUIL O¢ 1© 18919
SPOJN-PIXIN T e ‘ . Arepunoq ‘a[qeysingunsiput 0L-0¢
MO[S JSUAP 194 ‘SNOSULFOINIOH | UBY) 19)1BAIT JUSIUOD SAUL] Aprerdion
- UO1}BPI[OSU0D 2Injonas SINOY ¢ 19 1830 ‘(05:0S s9INUIW ()¢ .
SPONPIXIN MO[S JSUaP 194 ‘SNOSUAF0I9I0Y | UBY) 19)BAI3 TUIIUOO Saul, | 1B IBJ[O AIBpUnoq ‘1ounsipuy 09-0v
) uo1}BpPI[OSU0D 2Injonas SINOY {7 191J' 183]0 ‘0:09 SOINUIW ()¢ .
SPONPOXIN MO[S ISUSP 19K ‘SN0oURZ010)9H | URY) I91BAIF JUDIUOD SAul] | I8 IBJ[O AIBpunoq Jourisipuy 05-0s
i uo1}epl{osu0d aInjonys sInoY 7 193J8 1830 ‘(¢ 0L soInuIW ()¢ .
PPONTPIXIN MO[S ISUIP 194 ‘SnodaudaFoInloy | UBY) 191818 JUSIUOD SOUL] | 1B JB3[d AIBpuUnoq ‘}ounsipuj 0¥:09
sInoy
UOI}epI[OSU0D aImonns . s9InuIl ()¢ .
SPON-PXIIN . YT 19)e 1e3[d "(Z-08 Ul < 0¢-0L
MO[S Jsuap 3£ ‘snoauadoIdloy wey) 1912918 JUSYUOO SHUL] JB 1B3[0 AIBpunoq ‘jounsipug
UOI}BpPI{OSU0D 2In1onus smoy g 19je Senuitd
IPOIN-PIXTIA T e ¢ c ‘ 0¢ 1e 1e3[0 Arepunoq 02-08
MO[S 9SUIP 194 ‘SNOQUITOINOY | JBI[O DqISIA Saul ‘A[[enriuf ounsiput ADUBIS
: uo1epI|OSU0Dd aanjonis SINOY 7 191jE JB3[0 .
SPONPXIN MO[S ISUIP 194 ‘SNOAUAZ0IAOY | ‘9[qISIA SUL mdJ ‘A[[eniu] Jounsiput ApysYS 01-06
UO1JEPI[OSUOD Inyonns (zdd %001)
HOHEMOoOL MO[S Jsuap 124 ‘snosuadoInloy 1D dreys 0:001
A1epunog .
o 2&“% . adA 1, yuaud[es uoisuadsng juejewtadng JuerenIodng-uoisuadsng OOWMMM—W
HEFUSWIPIS JUSWIB[)IAS SuLIN( SANSIIANIBIBY) PIAIISqQO uots S
SAINMIXIIN DDD-7d ¥ 10] Io1ARYa ¢ UOTBIUSWIPIS PIAIISq() £€°991qe L

130



sedimentation. Only the 100% clay suspension exhibited true flocculation sedimentation,
1.e. a sharp supernatant-suspension boundary (no observable fines in the supernatant) and
a uniform density suspension that slowly consolidates to the final sedimentation height.
No mineral segregation is observed for any of the suspensions. With increasing mass of
GCC, the observed sedimentation behavior becomes more dispersed, although none of
the mixtures displayed truly dispersed settlement conditions, the supernatant-suspension
boundary became less distinct, and more fines remained in suspension as most particles
settled. The bulk suspensions for all mixtures settled as the 100% clay suspension, that
is, slow consolidation. In addition, each suspension had a uniform appearance and within
24 hours, no suspended fines were visible in any of the suspensions.

The initial settlement velocity o is a measure of the degree of particle associations
just before the particles, flocs or aggregates begin to settle, and provides some insight
into the suspension state of dispersion (Chapter 4). Figure 6.3 plots a for each of the
RP2-GCC suspensions. Overall, the initial settling velocity tends to decrease with
increasing clay mass percentage. The settlement velocity then indicates an increasingly
flocculated behavior with increasing relative clay mass.

The sedimentation height also suggests the state of dispersion (Chapter 3). The
sedimentation heights 24 hours after test initiation presented in Figure 6.4 (no visible
particles remain in suspension) show the increasing sediment height with increasing clay
mass percentage. The comparison between 100% carbonate and 100% clay sediment
heights is consistent with the observed flocculation behavior of the clay suspension and

the dispersive behavior of the GCC.
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Initial Settling Velocity o [cm/min]

Figure 6.3

Sediment Height at 24 hours [cm]

Figure 6.4

Mixture Suspensions — RP2-GCC Initial Settling Velocity a.
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Sediment heights for RP2-GCC and SA1-GCC mixtures at 24 hours.
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At relative masses greater than just a few percent, calcium carbonate dissolution
dominates the pore fluid pH by consuming H" according to the reaction (Bohn et al.,

1985)
CaCO, +CO, +H,0 =Ca* +2HCO; 6.1

Figure 6.5 plots the measured supernatant pH for all RP2-GCC suspensions. Without any
added clay, the measured supernatant pH is 8.09 and changes very little from 10 to 90%
clay (pH = 7.88 to 7.55). The self-buffering pH of kaolinite RP2 is pH=4.4.

Mixtures of SAl and GCC. The observed sedimentation behavior of the SA1-GCC
mixtures is significantly different than that of the RP2-GCC mixtures (Figure 6.6). All of
the suspensions in this series exhibit primarily dispersed sedimentation behavior. In
particular, the 100% SA1 suspension exhibits all major characteristics of dispersed
settlement including minimal particle interactions (as evident by the suspension
homogeneous milky appearance), the suspension density increases from the top to bottom
without a clear suspension-supernatant boundary, and there is a clear sediment build-up
at the bottom of the cylinder. Decreasing the clay content has little effect on the observed
behavior except that the induction time decreases. No mineral segregation is observed in
the sediment for any of the mixtures.

The length of the induction period of kaolinite slurries has been associated with the
degree of particle associations in that the greater the flow unit density, the longer the
induction period, particularly with increasing ionic concentration and increasing
counterion valence (Klein, 1999). But, for a completely dispersed system, the induction

period will also be relatively long due to interparticle repulsion. Due to the extended
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Figure 6.5
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135



induction periods of the SA1-GCC series, the settlement velocity for most of the
suspensions is not evident.

The 100% SAT1 kaolin slurry remains dispersed at the self-buffered pH of 6.5. With
increasing GCC content, the induction time decreases indicating an increase in the level
of flocculation.

The sedimentation height of the SA1-GCC mixture series at 24 hours is shown in
Figure 6.4. Even though the suspensions have not completely settled at this time, the
trend is similar to the RP2-GCC mixtures: the 24-hour sediment height increases with
increasing kaolin content. Note that a relatively low sediment height is expected for the
100% kaolin suspension (as compared to the same suspension at flocculation pH and

lonic concentration).

6.3.2 Rheological Tests

Viscosity measurements for the SA1-PCC mixtures are shown in Figure 6.7. The
viscosity measurements of the 100% kaolinite suspension at 50, 60, and 100 RPM is
approximately constant (L =28 mP-s) and suggests the suspension is fairly dispersed. The
remaining suspensions are shear thinning, i.e. their measured viscosity decreases with
increasing shear rate. This means that the suspensions hold at least some flocculated
structure that brakes down with increasing strain brought about by the rotating spindle.
Data points for each suspension tested here fall along near-parallel lines on the log-log
plot. The vertical position of each line gives an indication of the relative state of
dispersion. The number of particle associations increases in the order of 100, 75, 50, 0,

and 25% of SA1 kaolin.
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6.3.3 Liquid Limit

The liquid limits for the given SA1-GCC mineral mixtures are shown in Figure 6.8.
The liquid limit increases with increasing clay content from 20 to 100% kaolinite. This
finding is consistent with that of Arkin and Michaeli (1989) who test mixtures of
untreated chalk and kaolinite.

The slopes of the liquid limit lines for the tested mixtures are also plotted in Figure
6.8. As the clay content increases from 20 to 100%, the slope decreases. The relative
trend (increasing liquid limit corresponding to decreasing slope) is consistent with the

trend observed in Chapter 3.

6.4 Discussion

6.4.1 Sedimentation

RP2 and GCC. While the kaolin has some buffering capacity (towards pH ~ 4.4),
the presence of CaCO; has a controlling effect on pH (Figure 6.5). Any decrease in pH
caused by the presence/dissolution of the clay mineral only enhances the CaCOs
dissolution and thereby again increasing the solution pH.

At a solution pH above the edge isoelectric point, kaolin particles tend to remain
dispersed having a net negative charge along both the basal and edge planes. For the pH
conditions presented in Figure 6.5, the RP2 kaolin particles tend toward a dispersive
behavior (refer to Chapter 4). However, the negatively-charged kaolin particles most
likely interact with the positive surface sites of the GCC particles. With a small
introduction of kaolinite (10%), and considering the mutual attraction between the two

mineral types, the kaolin particles are quickly bound to the carbonate surfaces. The
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intermineral association produces a larger flow unit and so settles in a more open,
voluminous structure. The greater the clay content, the larger the flow units and final
sediment height. This hypothesis is consistent with the observed trend in settling
velocity. But, at 100% clay content, the solution pH is ~4.4 and the particles in this case
have more likely flocculated in a very open EF configuration.

SAI and GCC. The electrostatic interactions between the positive GCC particle
surfaces and the negatively-charged kaolinite particles (Figure 6.9) result in an
increasingly flocculated system as indicated by the decreasing induction time as well as

increasing sediment height.

6.4.2 Rheology

SAI1 and PCC. Recall from Chapter 3 that the SA1 dsp=1.1 pm and PCC dsp=1 pm.
The mineral mixture with the largest measured viscosity is the suspension containing
25% SAT1 kaolin. This is consistent with observations made by Alince and Lepoutre
(1983b) for clay-CaCO; mixtures (the two minerals having similar equivalent spherical
diameters), at both a $=0.50 and ¢=0.55 total solids volume content. The high solids
content is due to the presence of a dispersant. Their findings include: (1) the 100%
carbonate suspension had the lowest viscosity, (2) the maximum measured viscosity is at
the 50:50 carbonate:clay blend and not at endpoints (either 100% carbonate or 100%
clay). Hence, for similarly-sized particles mixing the two minerals at some critical ratio
creates a greater degree of structure than in either of the single mineral cases.

As in the sedimentation cases, the presence of carbonate enhances the degree of
particle associations. Whereas the 100% carbonate suspension at low ¢ exhibited
dispersive characteristics, at moderate solids content the suspension has almost the same
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from SEM micrograph), and spherical GCC shape with d=12 pm.
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resistance to shear as the 25:75 clay-carbonate mixture. This is not likely due to actual
flocculation of particles (as the carbonate particles have similar charge), but rather due to
the shape of the particles: while the particles are elongated and may align with the fluid
streamlines, their diameter (perpendicular to the long axis) is approximately one-third to
one-half the particle length (Figure 3.4-b). While both particle types may align with the
streamlines, the PCC diameter is thick enough to perturb the fluid streamlines more than

the platy clay particles do.

6.4.3 Liquid Limit

SA1 and GCC. Given that the SA1 clay has a specific surface of 13.0 m?%/g (Klein,
1999) and the GCC has a specific surface of approximately 0.2 m?/g, replacing just 20%
of the mass of GCC with clay (100 to 80% GCC) significantly increases the total mineral
surface area. Hence, increasing the amount of added clay greatly increases the amount of
surface area and therefore the amount of water necessary to coat the particles. However,
the liquid limit at 100% GCC is slightly higher than at 20% kaolinite. At this clay
percentage, the particles may just be primarily coating the larger carbonate particles.

Changing the relative amount of clay, and therefore the total surface area, in the
mineral mixture system is only one mechanism by which the liquid limit is altered. Clay-
to-clay particle aggregation stemming from dissolved Ca®" ions collapsing their double
layers also reduces the liquid limit. Consequently, this mechanism influences the fabric

formation of clay-carbonate blends.
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6.5 Conclusions

The behavior of kaolinite-calcium carbonate mineral mixtures depends on the type
of kaolin, the shape of the carbonate particles and the relative solids content. At low
solids content, mixtures containing the RP2 clay have the characteristics of flocculated
systems, while those containing SAl clay are more dispersed (although not purely
dispersed) with some variation from mixture to mixture. Electrostatic interactions
between the positively charged calcium carbonate surfaces and the negatively charged
particles, at carbonate-induced pH conditions, are the main mechanisms for particle
flocculation. The clay volume fraction at low solids content determines the number of
particles associations; a voluminous fabric can be achieved with low percentages of
carbonate.

The degree of particle interaction does not increase linearly with increasing clay
content. In fact, at moderate ¢ flocculation of the kaolinite particles increases with
increasing carbonate content, but with maximum particle interactions at some apparent
clay-carbonate ratio.

At high solids content, increasing the relative mass of calcium carbonate within the
soil mixture significantly reduces the surface area. The reduction in surface area along
with the clay-to-clay aggregation triggered by the release of divalent cations from the

carbonate surface and carbonate-clay association decrease the liquid limit.
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CHAPTER 7

TWO-MINERAL MIXTURES WITH POLYMER

Previous chapters explored the interaction among mineral particles behavior in
varying pore fluid environments, for single and two-mineral systems. The purpose of this
chapter is to investigate the mechanisms governing the influence of sodium polyacrylate
on fabric formation for kaolinite-calcium carbonate mixtures at varying solids content
and strain conditions. In addition, this study will explore changes in mineral mixture
fabric with sodium polyacrylate in the presence of a divalent cation within the context of
varying solids concentration. As in previous chapters, assessments are based on
parameters obtained from sedimentation, rheological, and liquid limit observations and

measurements.

7.1 Introduction

Particle associations in mineral mixtures without additives, are a function of
Coulombian attraction, double layer osmotic repulsion and van der Waals attraction.
Mineral surface modification with polymers adds another dimension for controlling the
interactions between particles at the microscale. The type of polymer, chain length and
affinity for the mineral face or edge all influence the degree and type of particle
interactions, including dispersion, flocculation, or aggregation (Sjoberg et al., 1999;
Bergstrom et al., 1996; Mallett and Craig, 1977).

Mineral mixtures with polymers are often investigated within the context of the
paper coating industry (e.g., Andersson, 1993) since the basic components of coating

slurries typically include pigments (kaolin, CaCO;, TiO;), binders (starch, latex), and

144



chemical additives (dispersants, pH modifiers). Dispersants alter the behavior of coating
slurries in two significant ways. First, the preservation of individual particles without
associations increases the free particle movement. Second, floc prevention results in
lower viscosity due to untrapped water between the flocs. These conditions benefit the
coating application process by allowing for high-speed application with a higher solids
loading. The coating runnability and final structure also depend on the coating solids
content (Robinson et al., 1997).

Dahlvik et al. (1995) investigate the rheological behavior of NaPAA-treated pure
calcium carbonate and kaolinite-calcium carbonate suspensions with varying mixture
ratios, pH, and CaCl, concentration. They find that the yield stress of pure CaCO;
suspensions increases very little and plateaus at a low yield stress with increasing CaCl,
concentration.  This is attributed to weak bonds between the Ca®* ions and the
polyacrylate molecules. In clay-carbonate systems with constant CaCl, concentration,
the suspensions are pH dependent between pH 7 and 8 but pH-independent between pH 9

and 10.

7.2 Materials and Procedures

7.2.1 Materials

The minerals used in this study include Premier kaolin and precipitated calcium

carbonate PCC Rhombic. Their sources and properties are reported in Chapter 3.

7.2.2  Sedimentation
Premier kaolin and PCC are mixed together in proportions by mass of 100:0, 75:25,

50:50, 25:75, and 0:100 clay:carbonate and solids volume fraction ¢=0.02. Fifty

145



microliters of Colloid 211 are added to the carbonate suspension. Suspensions containing

calcium chloride are prepared according to Section 5.3.2.

7.2.3  Viscosity

Suspensions are prepared with mass ratios of 100:0, 75:25, 50:50, 25:75, and 0:100
clay:carbonate. Suspensions containing CaCl, are prepared with an ionic concentration

0f 0.002 M.

7.2.4 Liquid Limit

Kaolinite Premier and PCC are mixed together at 100:0, 75:25, 50:50, 25:75, and
0:100 clay:carbonate by mass. The 100% clay specimen is not tested because it becomes
fluid-like and unworkable at a moisture content sufficient for hydrating the clay (note: a
drying sequence was not attempted). To study the influence of CaCl,, similar mixtures

are hydrated with 0.002 M CacCl; solution prior to testing.

7.3 Results

7.3.1 Sedimentation Tests

Without CaCl;. The time varying suspension heights during settlement for the
Premier-PCC blends are shown in Figure 7.1. With the exception of the 25:75 case, the
suspensions exhibit dispersive sedimentation behavior as summarized in Table 7.1, while
Table 7.2 lists the supernatant pH. One general observation made by comparing the
settlement curves is the induction period decreases with increasing carbonate content.
The low-solids volume fraction clay-carbonate suspensions do not exhibit zone settling,

i.e. flocculation sedimentation, and therefore, the relationship between increasing
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Figure 7.1 Sedimentation curves at 23 days for Premier-PCC mixtures.
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Table 7.1 Observed Sedimentation Behavior for Premier-PCC Mixtures
Observed Characteristics During Settlement
. Suspension- Sedimentation
Suspension . Settlement
Supernatant | Supernatant Suspension Type
Type
Boundary
100% Not Very slow |
. None - Homogeneous sediment Dispersed
Premier Distinguishable .
formation
75:25 None Not Homogeneous \sf:cri)i/rrsli‘,oiv Dispersed
Premier:PCC Distinguishable £ o p
formation
50:30 None Not Homogeneous \S/:(ri)i]rrsll;\iv Dispersed
Premier:PCC Distinguishable geneou ) p
formation
Some
25:75 L Very slow ‘
Premicr:PCC Distinct suspe?nded Homogeneous consolidation Mixed-Mode
particles
Concentration
‘ suspended
100% Slightly . Slow ‘
PCC indistinct particles | Homogencous | i dation | Mixed-Mode
greater than
25:75
Table 7.2 Supernatant pH of Premier-PCC Mixtures
Suspension Supernatant pH
100:0 Premier:PCC 6.35
75:25 Premier:PCC 7.44
50:50 Premier:PCC 7.61
25:75 Premier:PCC 8.56
0:100 Premier:PCC 9.29
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induction period and increasing flocculation described by Tiller and Khatib (1984) for
single mineral systems does not hold. In this case, all sedimentation characteristics
suggest that the induction period extends with increasing degree of particle dispersion. In
a completely dispersed system and as long as the system remains stable, the particles do
not interact with one another. Particle movements for dispersed particles with
dimensions on the order of one micron are dominated by Brownian motion relative to
gravitational forces. The random movements help keep the particles in suspension, and
so the suspension height does not change. Since the 100% Premier case is the most
dispersed, it has the longest induction time. In addition, at higher carbonate contents (75
and 100% PCC) the induction times are significantly less than the remaining suspensions.

The sediment height at 23 days for each suspension is shown in Figure 7.2. The
overall effect of increasing PCC content is an increase in sediment height, while at lower
carbonate contents sediment accumulation is hindered. Even at 23 days, the 100:0,
75:25, and 50:50 Premier:PCC systems have not settled significantly, although the
opacity of the suspension component is much lower than at time zero.

All suspensions exhibit dispersed sedimentation behavior except the 25:75
clay:carbonate case that shows a mixed-mode, with more characteristics of a flocculated
or aggregated system (see Table 7.1).

With CaCl,. The observed suspension heights with time for the Premier:PCC
blends with added CaCl, are shown in Figure 7.3. A comparison between the sediment
heights and induction times for the Premier-PCC suspensions with and without added
divalent cations are presented in Figures 7.4 and 7.5. Except for the 0:100 clay:carbonate

mixture, all suspensions have a reduced induction period compared to the corresponding
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suspensions without CaCl,, and the induction times decrease with increasing carbonate
content.

Tables 7.3 and 7.4 summarize the observed sedimentation behavior for the given
suspensions containing calcium chloride and the supernatant pH, respectively. With
increasing relative mass of PCC, the behavior changes from primarily dispersive to
increasingly associative. At high clay concentrations the suspension-supernatant
boundary is not immediately observed. In the presence of PCC, not only does a clear
suspension-supernatant boundary develop, but the time for the boundary formation
lessens with increasing carbonate content. In addition, the supernatant holds no visible
particles in suspension. The clay-carbonate suspension appearance changes from milky
and continuous at 100% Premier to sediment-like in the suspensions containing PCC,
although no mineral segregation is observed in the final sediment. These heterogeneous
suspensions settle by slow consolidation until reaching their final height. Hence, the
suspensions containing PCC have characteristics consistent with flocculation or
aggregation sedimentation.

The settlement mode for the 100% Premier suspension is dispersed. According to
Figure 7.3 even with the added divalent cations, the 100% Premier suspension seems to
maintain this behavior. Recall that the CaCl, concentration is chosen such that
flocculation for a 100% Premier suspension occurs after 24 hours. But, the sudden
appearance of a large sediment height at 2880 minutes (48 hours) suggests that the
particles begin to settle prior to this measurement. Indeed, the sediment height is
indistinguishable from the suspension prior to the 2880 minute mark. Both the induction

period and the time to beginning of sediment accumulation are less than the
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Table 7.3 Observed Sedimentation Behavior for Premier-PCC Mixtures with CaCl,
Observed Characteristics During Settlement
. Suspension- Sedimentation
Suspension . Settlement
Supernatant | Supernatant Suspension Type
Type
Boundary
100% Very slow
Premi None None Homogeneous sediment Dispersed
remier ‘
formation
. Nqne Initially Heterogeneous,
initially, none, no .
75:25 uniform Very slow
. Clear suspended ) . Flocculated
Premier:PCC . density from | consolidation
boundary at 8 | particles after
: . top to bottom
minutes 8 minutes
. Nqne Initially Heterogeneous,
) initially, none, no .
50:50 uniform Slow
T Clear suspended : i Flocculated
Premier:PCC . density from | consolidation
boundary at 2 | particles after
. . top to bottom
minutes 2 minutes
. Ngne Initially Heterogeneous,
initially, none, no .
25:75 uniform Slow
. Clear suspended . L Flocculated
Premier:PCC ) density from | consolidation
boundary at 2 | particles after
. ) top to bottom
minutes 2 minutes
High
100% Slightly concentration Slow .
PCC indistinct of suspended Homogeneous | - olidation | Mixed-Mode
particles
Table 7.4 Supernatant pH of Premier-PCC Mixtures with CaCl,
Suspension Supernatant pH
100:0 Premier:PCC 5.81
75:25 Premier:PCC 7.75
50:50 Premier:PCC 8.01
25:75 Premier:PCC 7.72
0:100 Premier:PCC 11.33
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corresponding suspension without Ca** ions (Figure 7.1) which points to the role of Ca®*
1ons as flocculating agents in the presence of a dispersant. The 100% Premier with CaCl,
suspension has some observable characteristics of a dispersed system, yet it is better

described as mixed-mode.

7.3.2  Viscosity

Without CaCl,. The measured viscosities with the applied range of spindle
rotational speeds for the five Premier-PCC suspensions are shown in Figure 7.6. The
viscosities of four suspensions, 100:0, 75:25, 50:50, and 0:100 Premier:PCC are below
the viscometer measurable range except at 100 RPM. However, 25:75 Premier:PCC
blend has measurable viscosity beginning at 5 RPM. Figure 7.7 shows a series of SEM
micrographs for Premier-PCC mixtures prepared as suspensions with the same solids
volume fraction as the viscosity tests.

With CaCl,. The viscosities of Premier-PCC suspensions with CaCl, are shown in
Figure 7.8. The 25:75, 50:50 and 75:25 clay:carbonate suspensions exhibit shear-
thinning behavior. Comparing the relative state of dispersion between the different
mixtures, the suspension structure increases with increasing carbonate content, with the
exception of 100% PCC. Figure 7.9 shows the mixture viscosities with and without

CaCl,.

7.3.3 Liquid Limit

Without CaCl,. The liquid limit is measured for each of four cases to discern the
relative state of dispersion for the given Premier-PCC mixtures at a high solids content

and large applied strain relative to the sedimentation and rheological measurements. The
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Figure 7.7 SEM micrographs for Premier-PCC mixtures prepared as suspensions
with the same solids volume fraction ¢=0.07 as the viscosity tests: (a)
100:0, (b) 75:25, (c) 25:75 and (d) 0:100 Premier:PCC
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liquid limit for each system is plotted according to clay percentage in Figure 7.10. The
liquid limit remains fairly constant between clay:carbonate= 0:100 to 25:75 and decreases
thereafter.

The liquid limit of the 100% Premier was not obtained (Figure 7.10). (Note: a
drying sequence was not attempted). The pure polymer-treated clay is difficult to prepare
for fall cone testing. The preparation process includes intermittently mixing the clay
between additions of small volumes of water. With increasing water content, the clay
becomes increasingly difficult to mix thoroughly. Yet, the moisture content is inadequate
for even the initial cone penetration measurement. The material behavior is more like a
shear-thickening fluid in that it flows under its own weight but cannot be punctured by
the falling cone. Since additional water cannot be uniformly distributed and the behavior
of the wetted clay is more of a shear thickening fluid, the liquid limit for the 100%
Premier case is not measured.

With CaCl,. Figure 7.10 also shows the measured liquid limits for the Premier-PCC
mixtures prepared with CaCl,. Values and trends are almost identical to those for the

corresponding mixtures without CaCl,.

7.4 Discussion

Without CaCl,. Overall, particle associations are observed to increase with
increasing carbonate content. The decreasing induction period, increasingly flocculative
settling behavior, increasing sediment volume and increasing liquid limit correspond to
increasing particle associations with carbonate content for the Premier-PCC mixtures.

Structure formation in free-forming sediments may be attributed to particle packing,

increasing particle flocculation, or both (Figure 7.11). While the lengths of the PCC and
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Figure 7.11  Effects of (a) particle packing and (b) flocculation on sediment height.
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clay particles are approximately the same, the PCC diameters are approximately half this
dimension. Neglecting electrical forces, at this length to diameter ratio (~2) the platy
particles may bridge the rounder particles and increase the void ratio (Guimaraes, 2002).
Particle bridging in the 25:75 clay:PCC system can be seen in Figure 7.7-c.

If electrical forces are considered, a flocculated system will settle relatively quickly
into an open, voluminous structure (Patton, 1979, van Olphen, 1977). Table 7.2 lists the
pore fluid pH for each suspension. The supernatant for 25:75 system has pH 8.56, which
1s above the typical range for untreated kaolinite edge isoelectric point, and so dispersive
behavior would be expected. However, the polyacrylate molecules should be nearly
completely ionized at this pH, and hence, have a high negative charge (Micheals &
Morelos, 1955). The electrostatic attraction between the negatively charged carboxyl
groups and the positive surface sites promotes polyacrylate adsorption onto the calcium
carbonate. The adsorption of NaPAA onto calcium carbonate increases with increasing
pH. At high pH (pH>8), the adsorption of NaPAA onto carbonate surfaces is greater than
adsorption onto kaolinite surfaces (Jarnstrom, 1993). Therefore, particle attraction
between the two mineral types should be observed.

The largest sediment height in this study corresponds to the 25:75 kaolinite:PCC
mixture. This contrasts the observations made by Huber and Weigl (1972) who use
natural ground calcium carbonate (d=0.5 to Spm) and kaolinite (d=0.3 to 5pm) at the
optimum dispersant concentration and find the maximum relative sediment volume to
occur at 80:20 clay:carbonate.

The primary particle association mode may vary with mineral content. In other

words, the relative availability of clay and PCC surface as well as the locations of the
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polymer chains on the clay particle influences the final sediment structure. The chain
length, at least in terms of the molecule extension from the particle, plays a less
significant role in that it most likely binds to the clay surface in a fairly flat conformation
(Berg et al., 1993). Since the polyacrylate is adsorbed at the positively charged sites,
primarily the clay particle edges, (Michaels and Morelos, 1955), then the most likely
association of NaPAA-treated clay particles with the carbonate particles is a pseudo edge-
to-face formation Figure 7.12. In other words, the clay particle edges will attach along
the lateral surface of the PCC in a perpendicular fashion.

At moderate solids content, the dispersive nature of the higher clay-content mixtures
is consistent with the sedimentation behaviors. However, the viscosity of the 100:0
clay:PCC suspension becomes measurable at high RPM. Most likely this slight dilatancy
i1s not an indication of increasing particle associations. In fact, one would expect
decreasing viscosity with increasing shear rate for particles with an anisotropic shape.
Particle rotation (and resulting larger hydrodynamic radius) due to Brownian motion at
low shear succumbs to particle alignment at high shear, thereby reducing particle
interference and decreasing the viscosity (Hunter, 1993). However, a suspension
containing particles with large repulsive forces may also exhibit larger viscosities at
higher shear rates. The suspension develops a slight resistance to shear as it becomes
more and more difficult for the particles to move past each other at increased shear rates
(van Olphen, 1977).

The 25:75 clay:PCC blend has the highest degree of flocculation. The measured
viscosity at 100 RPM is almost twice that of the other four suspensions (Figure 7.6).

While the ratio is in contrast with that of Hagemeyer (1960) in which the viscosity peaks
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Figure 7.12  Pseudo edge-to-face flocculation of kaolinite and PCC particles.
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at 80:20 clay:calcium carbonate, the existence of a peak viscosity for some apparent
critical ratio is consistent. The peak is observed for mixtures of kaolinite (L=90% <
2pm) and either needle (L=0.5 to 1.5um, d=0.1 to 0.3um) or rhomb-shaped (d=0.1 to
Ipm) carbonate particles as well as over a range of total solids volume fraction. In other
words, with the materials tested by Hagemeyer (1960) the magnitude changes with
carbonate shape and total solids content, but the trend does not.

The liquid limits of the clay-carbonate mixtures presented in Chapter 5 increase
with increasing clay content. Without a polymer, increasing the total mineral surface
area is one of the factors that influences the liquid limit with increasing clay content.
However, for the mixtures presented in this study, the liquid limit decreases with
increasing clay content and peaks at ~25:75 clay:PCC. The greater the percentage of
NaPAA-treated clay, the more the system is dispersed.

As the Premier clay particles hydrate, they repulse one another. At such a high
solids concentration, the particles minimize their interactions with their nearest neighbors
by adopting a minimum energy configuration, that is, they tend to align with respect to
each other. The electrostatic repulsion between the polymer chains allow the particles to
easily slide past one another at a minimal water content.

Adding PCC to the Premier clay has several implications. First, in addition to
surface sites, slight dissolution of the carbonate provides a source of Ca”™ jons. The
concentration of released calcium ions is approximately 10~ mol/L based on the increase
in pH. Particle association may then occur either between clay and carbonate particles, or
if polymer chains adsorb Ca®" ions, associations take place between the Premier particles

(through some combination of double layer reduction and ion bridging). Second, the
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PCC particles are similar in size to the clay particles, but not in shape (Figures 3.3-b, 3.4-
b and 7.11), and the PCC crystals have a subrounded cross-section perpendicular to the
long axis. Combining these two factors means that the PCC and clay particles have a
higher association rate due to the presence of the Ca’" ions (and surface sites), yet, the
flocs will have an open structure. A well-coated clay particle may have polyacrylate
chains associated with most of its positive sites along both the edge and basal plans of the
particle (Diz and Rand, 1990). Binding sites for carbonate particles on the clay particle
then include both the clay particle edge and face, and flocs with a pseudo FF or EE may
form. The total fabric should become increasingly flocculated with increasing mass
carbonate. This tendency is observed in the increase in liquid limit with increasing PCC
content.

With CaCl,. Since the kaolinite particles are pretreated with NaPAA, the results
show the interaction between the Ca®" ions in solution and the clay surface polymer
chains and carbonate surfaces. The influence of Ca®" ions include: (1) clay particle
double layer reduction due to Ca*" ion surface adsorption, (2) altered surface charge
density, (3) Ca** ion bridge formation between polymer molecules (Berg et al., 1993) and
(4) decreasing the polyacrylate solubility, and hence, net repulsive force through Ca’" ion
adsorption at the carboxylate groups (Daklvik, 1995; Jarnstrom, 1993).

Given that the clay particles are pretreated with NaPAA, other relevant phenomena
for the systems presented in this study are: (1) the amount of dispersant within the
mixtures is in proportion to the clay content and (2) clay-clay particle interactions
compete with and may be more favorable than clay-carbonate interactions. Hence, the

ratio of total Ca’>" to the number of NaPAA binding sites plays critical role in the mineral
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mixture behavior (Chapter 4). Table 7.5 lists the estimated ratios of [Ca® ]uqq/Cppa for the
tests presented in this chapter. The exact molecular weight and density of the NaPAA
used to treat the kaolinite is not given by the manufacturer. Estimates are based on
values of Colloid 211, and so the [Caz+]add/CpPA ratios are relative and not absolute.

In comparing the sedimentation behavior with and without CaCl,, several important
observations can be made. At low clay contents, there is little difference between
induction times of suspensions with and without CaCl,, yet the observed sedimentation
behavior indicates significant differences in particle associations. Also, CaCl, has little
effect on the sediment height. At higher clay contents, Ca>™ has significant influence on
induction period and greatly increases the sedimentation height. This would suggest an
increase in degree of flocculation, particularly in edge-to-face formations. Notice the
similarities between Figures 7.4 and 7.5 in response to CaCl,.

The particle associations for the 100:0 clay:carbonate suspension are most likely in
edge-to-edge or edge-to-face. If the polymer chains are located primarily along the
particle edges, Ca®" ions may bind two particle edges together and/or reduce the negative
face charge through adsorption, thus allowing the edge of one particle to approach the
face of another as shown in Figure 7.13.

With increasing carbonate content, the sedimentation height and accordingly the
degree of flocculation, also decreases. Since in the clay-carbonate suspensions only the
clay particles are coated in NaPAA, in the presence of Ca”" the interactions between the
clay particles are much stronger than the interactions between the clay and PCC particles.
Also, a reduction in clay content corresponds to a reduction in the total concentration of

NaPAA. So, the flocculation effect of CaCl, is lessened.
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Table 7.5 Estimated Ratios of added Ca*' to NaPAA Monomers [Ca2+]add/CppA for
Premier Kaolinite (calculations are given in Mathgram 7.1)

Premier:PCC Ratio | Sedimentation Viscosity Fall Cone
100:0 0.925 0.272 Not Tested
75:25 1.233 0.359 0.04
50:50 1.85 0.533 0.037
2575 3.701 1.057 0.124
0:100 0.25 0.035 0.025
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Figure 7.13  Premier kaolinite particle associations in the presence of Ca2+: (a) edge-
to-edge and (b) edge to face.
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It is interesting to note that without added divalent cations, the most voluminous
structure is obtained at clay:PCC=25:75. But, in the presence of added CaCl,, the 75:25
clay:carbonate blend settles in the most open network. So, a greater mass percentage of
PCC is required to achieve a lesser sediment height in the absence of CaCl,.

For the given moderate solids content ¢=0.07 and CaCl, concentration, the
suspension degree of flocculation is enhanced by increasing carbonate content, except at
100% PCC. Dahlvik et al. (1995) report similar observations with yield stress as a
structure indicator. This trend is clearly seen in Figure 7.8 and is opposite to that
observed with the sedimentation parameters. The sedimentation height of the 100%
Premier case with CaCl, is much greater than the final height without CaCl, (Figure 7.4),
suggesting an increase in particle associations. However, the rheological response of the
100:0 Premier:PCC case shows no such structure development. The apparent
inconsistency may reflect the different ratio of Ca>" ions per polyacrylate binding site:
this value is too low at the high Premier concentration in rheological measurements. That
is, there are not enough calcium ions in the pore fluid to either reduce the effective
polymer distance (decrease polymer solubility) or to bind enough particles together to
form measurable flocculation. As the clay content decreases, the ratio of Ca*' to number
of polymer binding sites increases. So, the addition of CaCl, magnifies the trend seen in
the no-CacCl; series as shown in Figure 7.9.

The minimal floc formation indicated by the low viscosity of the 100% carbonate
suspension is consistent with the sedimentation findings, i.e. the concentration of CaCl,

in the suspension has very little effect on PCC flocculation in the presence of NaPAA.
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The PCC particles remain primarily dispersed with their anisotropic shape contributing to
the viscosity increase at 100 RPM.

The liquid limit for the series without CaCl, differs very little from the liquid limit
for mixtures with CaCl,. The high clay concentration and subsequent NaPAA
concentration reduces the Ca** to polymer binding site ratio, and thus reduces the
effectiveness of the divalent cation. The salt concentration in the pore fluid is 0.002 M
CaCl,, as in the previous sedimentation and viscosity tests. However, at higher clay
percentages, less water is required to mobilize the particles. So, there are less Ca®* ions
available to exchange with the bound sodium ions on the polymer chains. Without
enough Ca”" ions to induce flocculation through either double layer reduction or cation

bridging, the overall trend is the same with and without the given concentration of CaCls,.

7.5 Conclusions

The variation in and underlying mechanisms controlling fabric formation of
kaolinite-calcium carbonate mixtures in the presence of sodium polyacrylate with and
without calcium chloride is explored. Interpretations incorporate observations and
measurements made from sedimentation, rheological, and liquid limit observations.
These tests represent a wide range of solids content and strain conditions.

A flocculated fabric may be achieved in mineral mixtures even in the presence of a
polymer dispersant. Electrostatic interactions between the anionic polymer molecules
bound to the kaolin surface and the positive sites on the PCC particles create an open
sediment structure.

The fabric of the mineral mixtures is influenced not only by electrostatic

interactions, but also by relative particle shape and size. The thin platy kaolin particles
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bridge the more prismatic PCC particles and increase the free-formed sediment volume.
However, this effect is maximized at a particular clay-carbonate ratio. While this
apparent critical ratio may be material dependent, it can be altered with solids content and
the ratio of Ca*" ions to amount of polymer.

The introduction of calcium chloride induces a general increase in flocculation
compared to those mixtures without added salt. The efficiency of Ca*" as a flocculant in
the presence of NaPAA depends on the ratio of total calcium ions to polyacrylate binding
sites. This ratio is altered as the relative masses of clay and carbonate change, as well as
with changes in the solids volume fraction. For the low to moderate solids content
systems, the efficiency is much greater than the high solids content systems for the same
CaCl, concentration. Also, the polymer-treated clay particles have stronger interactions
with each other than with the carbonate particles even at supernatant pH values above the
kaolinite edge isoelectric point.

At high solids content and high applied strain, the liquid limit showed no significant
change with the addition of calcium chloride. This is a consequence of the primary
mechanism governing particle flocculation in a NaPAA-CaCl, system: Ca’" adsorption
by the polyacrylate molecule and subsequent interparticle cation bridging. The number
of available Ca®" ions is significantly reduced at such low water contents. Without
significant Ca®" adsorption, the polymer efficiency as a dispersant remains the same.

While particle shape and relative particle size influence the final fabric of clay-
calcium carbonate mineral mixtures, the final fabric is determined by particle surface
charges. By modifying these charges with variation in polymer and ionic concentration,

particle associations are also altered.
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Mathgram 7.1. [Ca*],,4/Cpaa Ratios

Sodium Polyacrylate, CH gCH(COONa)

Approximate Molecular Weight and density, manufacturer's data: /;
Colloid 211 -- 3400 g/mole
gm
MW := 3400
mole
= 13088
Par= 12V S

Individual Atom Molecular Weights

H:= 1.007947-8% C:= 120107822
mole mole

0:= 159994381 Na = 22989770222
mole mole

Equation Based on Chemical Formula

n-(33C+3H+ 20+ Na) + 2n-H= MW

Approximate Number of Monomers Per Molecule, n:

W%
M =354

"monomer = (3-C + 5H + 2.0 + Na) Tmonomer =

Approximate Number of NaPAA Molecules Per mL Colloid 211, N

molecules =

23
N, :=6.02210".
av mole
. ! 20 |
Nmolecules = Nav'W'le Nimolecules = 2-303x 10 L
0.35%m .
VPAA = 5 Vpaa = 0.269mL per 100g Premier
211
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| Sedimentation |
Initial Solution: 84.49 mL 0.002M CaCl,

M honomer = 35.394 i:=0.4

Total number of NaPAA monomers (potential binding sites for Ca?* ions)

5
375 MassPremieri-VPAA
MassPremier :=| 2.5 |-gm Vol =
s PAA; 100gm
1.25
0
0.013
0.01

-3

3.365x 10‘3

0

Tmonomersi = Nmolecules' YOlPAA i'nmonomer

1.097x 107

8.228% 10"

T monomers = 5.485x% 1019

(
2.743% 10"
0

Volume of 0.002M CaCl, _solution added to mineral solids:

Solids volume fraction:

0.0223 TotVol:=86.14mL

0.0221
¢:=| 0.0219
0.0216
0.0214
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84.219

84.236
CaCI2Vol := TotVol - (¢; TotVol) CaCl2Vol= | 84.254 |mL
84.279
84.297
There is one mole of Ca?* ions for every mole CaCl,
mole
CaCl2Concen := 0.002 1 014x ]020
1.015x 107

Calonsi = CaClZVo}'CaCIZCOncenv N,y Calons =| | 915x ]020

1.015x% 10°

1.015x% lO20

Ratio of Ca2+ ions to total number of COO- sites (potential binding sit

ji=0.3
Calons. 0.925
R = ——— 1.233
) Tmonomers- R=|
J 1.85
3.701
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| Viscosity |

N monomer = 35-394 i=0.4

Total number of NaPAA monomers (potential binding sites for Ca2* io

93.5
70.9 MassPremieri-VpA
MassPremier :=| 47.8 |-gm Vol =
£ PAA, 100gm
24.10
0
0.252
0.191
0.065
0
Tmonomersi = Nmolecules'VOIPAAi'nmonomer
2.052x 1021
2]
1.556x 10
Tmonomers = 1 049x 107!
5.288x 107
0

Volume of 0.002M CaCl, solution added to mineral solids:

Solids volume fraction:

$:=0.072 TotVol := 500-mL
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CaClI2Vol:= TotVol — (¢ TotVol) CaCI2Vol= 464mL

There is one mole of C&?* ions for every mole CaCl,

CaCl2Concen := 0,002 12°

Calons := CaCl2Vo]CaC]2C0ncen-Nav Calons = 5.588x lO20

Ratio of Ca2+ ions to total number of COQO- sites (potential bindin

j:=0.3
R.: Calons 0.272
s 0.359
) Tmonomers. R =
J 0.533
1.057
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|  FallCone |

=35.394 k:=0..2

Nmonomer =

Total number of NaPAA monomers (potential binding sites for Ca?* ions)

Massp _ 2260265 Volr MassPremierk-VpAA
assrremier (= -gm 0 =
Pan, 100gm
75
7067 1071
_ 3
VolFGpaa =| 5.385x 107/ |m
2.019% 10
TFCmonomersk = Nmolecules'VOlFCPAAk'“monomer
5.76x 107"

TFCronomers = | 4.388x 102]

1.646x 10°
Volume of 0.002M CaCl, solution added to mineral solids:
192
CaCl2VolFC=| 135 |-mL
169
There is one mole of Ca?* ions for every mole CaCl,
|
CaCl2Concen = 0,002 <
20
CannsFCk = CaClZVolF%CaCDConcen- Nav Calons = 5.588x 10

Ratio of Ca2+ ions to total number of COO- sites (potential binding sites)

CannsFCk 0.04
RFCk =— RFC=| 0.037
TFCmonomersk 0.124
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

This study provides a far-reaching analysis of microscale particle interactions, for
different minerals exposed to a wide range of chemical and physical conditions. Single
mineral particle associations can be captured in a pH-ionic concentration space. Mapping
these associations provides a robust understanding of competing forces and their region
of dominance. The proposed kaolinite fabric map includes both a physics-based
approach to defining interparticle forces as well as an in-depth interpretation of
experimental behavior observed by previous researchers.

The proposed kaolinite fabric map is verified with an untreated, commercially
available kaolinite using wide-ranging volumetric solids contents and strain conditions.
Fabric map verification implies that maps may be developed for specific minerals and
counterions by defining characteristic behavioral regions based on the particle edge
isoelectric point, the particle or face isoelectric point, and the ionic concentration
convergence point. These three points define two horizontal lines and a vertical line that
divide the pH-c space into various regions where either face charge, edge charge or van
der Waals attraction dominate.

The fabric map is extended into a third dimension with an added anionic polymer, to
control fabric through surface charge alteration. Variations in single mineral fabric are
accomplished by first compensating excess positive charges and then inducing
associations through the use of divalent cations. The extent of polymer influence is

mineral dependent.
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Fabric is opened with increasing edge to face and edge to edge associations promoted by
bridging between the calcium ions and the anionic polymer located on the mineral
surface. However, the effect of increasing particle associations is limited by the ratio of
cations to polymer bonding sites and the overall solids volume fraction. At low cation-
to-bonding site ratios, few bridges may form and associations are minimized. This effect
is evident at high solids volume fraction where the number of accessible calcium ions is
reduced due to the relatively low pore fluid volume.

Particle associations also vary in the case of mineral mixtures. Not only is fabric
affected by relative particle shape and size, but it is also dependent on relative mineral
content and competing dissolution effects. Bridging of prismatic carbonate particles by
platy clay particles opens the pore spaces. The presence of calcium carbonate, even in
small percentages, eclevates the pore fluid pH in kaolinite-carbonate mixtures.
Electrostatic-based associations develop when the negatively charged clay particles at
high pH interact with the positively charged carbonate particles. Hence, clay particle
associations can occur at pH away from the edge isoelectric point of the individual
minerals. These effects are maximized at a particular mixing ratio (e.g., clay-carbonate)
that is also mineral dependent.

The relevance of these effects is altered through changes in surface charge. Positive
surface charge compensation is accomplished through anionic polymer addition. By
minimizing the electrostatic attraction between particles, the final fabric is primarily due
to particle packing where relative particle shape and size become more important. But,
increasing particle associations through cation bridging is also solids content dependent

and the maximized fabric mineral ratio is altered.
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In summary, fabric may be controlled by taking advantage of the relative influences
of mineral surface-fluid interactions, particle geometry and differences in particle
mineralogy. The effect of surface charges can be altered with changes in pH, ionic

concentration and polymer charge compensation.

8.2 Recommendations

Develop applications for both geotechnical use (clay liners) as well as other
mineral-based industries (e.g. paper coatings). Surface-treated clays enhance the
performance of a protective barrier (durability issues remain). Polymers are carefully
chosen to minimize edge-to-face or edge-to-edge associations that may increase
permeability, yet have resistance to changes in pore fluid chemistry. Paper coating
techniques are improved through the coating application process. Engineered coating
fabrics are produced by treating paper surfaces in stages rather than with a single coating
application.

Consider the control distance between particles by varying polymer and/or molecule
length. Fabric is altered by controlling the overall void ratio for a given dominance of
particle interaction. For example, the density of a sediment made of primarily face-to-
face aggregates is decreased by polymer expansion. The face-to-face association remains
intact, but the distance between individual particles is a function of the polymer molecule
length.

Include an intercalation study in the context of mineral mixtures (sandwiched
nanofabrics). The interlayer spaces in clay particle layers are expandable, allowing for
entrance of charge controlling polymers or nanoparticles. Exposed charged sites provide

distinct locations for mineral or other material precipitation.
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Explore a wider range of particle shapes (halloysite). The halloysite tube-like shape
coupled with internal surface charge makes this clay particle a unique additive to mineral
mixtures.

Explore other forms of fabric control, e.g. imposed AC electric fields. Manipulation
of the relative motion between the particle and surrounding double layer as well as net
particle motion within the applied field is achievable through both frequency and signal

variation.
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