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ABSTRACT

The permeable press experiment was performed for aqueous clay mineral systems

to understand the relationship between the water film thickness and the applied

permeable pressure. Water film thickness between particles was calculated from the

particle size and the linear drying shrinkage of pressed bodies. The permeable press

experimental results were compared to the calculated total interaction pressures between

particles using the DLVO theory.

The kaolinite and the metakaolinite had the same particle shape. Kaolinite

particles were crystalline, and metakaolinite particles were short-range order. The

kaolinite had the point of zero net charge, PZNC, at pH 5.7. However, the kaolinite

showed multi-cross points at pHs 4.6, 5.7, 6.2, and 7.2. These multi-cross points were in

agreement with the theoretical titration using the two-site surface complex reaction model

by Carroll-Webb and Walther. On other hand, the metakaolinite had the PZNC at pH 7.2

as a common intersection point. If the zeta potential at pHpzNc is identical to the silica

basal surface potential, the silica surface charge densities are calculated as - 2.6 JAC cm-2

for the kaolinite and - 2.7 ii,C cm-2 for the metakaolinite, respectively. The calculated

surface charge density is equivalent to one aluminum atom substituted in 54 silicon atoms

in the silica tetrahedral layer.

The total interaction pressures using the DLVO theory corresponded to the

permeable press experimental results of the metakaolinite-0.1 M NaCI systems. The

surface of the metakaolinite was estimated to have immobile water layers between
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5 and 8 molecules thick. The metakaolinite samples cracked in experiments when the

applied permeable pressure increased. This phenomenon can be explained by a vanishing

capillary pressure: contacting immobile layers. The permeable press experimental results

of all the kaolinite systems were significantly higher than the calculated total interaction

pressures. The slope of the natural log of the permeable pressure and the water film

thickness of the kaolinite systems indicated the existence of a longer-range repulsive

pressure than that of the metakaolnite systems. The DLVO theory cannot explain the

kaolinite systems because the nature of materials, such as an atomic configuration of the

surface, which induces the structural forces, is not considered.
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1. INTRODUCTION

The clay minerals, alminosilicates, have been studied in terms of deflocculation

and plasticity for the pottery and porcelain industry. 14 The deflocculation makes the slip

cast homogeneous and stiff in the plaster mold. The deflocculation property of colloids

was studied as thixotropy by Freundlich, 5 Langmuir, 6 Kallmann and Millâter, 7 and

Hamaker" in the 1930's. They stated that colloid particles were held in certain

equilibrium separations balanced with the repulsive forces (osmotic forces) due to the

diffuse ionic clouds and the van der Waals-London attractive forces. This ideas was

developed to the DLVO theory in colloid stability. 1042 Colloid stability has recently been

studied for the slurries of Al203 and Si3N4 ceramics instead of clay minerals. 1347 On the

other hand, the plasticity property of clays has been considered to be derived from a

surface envelope of water (the stretched-membrane theory) with capillary forces."'"

The formation of a water film on the clay minerals has been studied including ion

exchange. 21-29 In 1939, Grim proposed that a thin water film was formed on the clay

particles by the oriented dipolar water molecules. 3° Hendricks and Jefferson, and Macey

depicted the formation of a water film on the basal plane of a silica tetrahedral sheet with

the same geometrical coordination as iCe. 31 '32 Norton and Johnson measured the water

film thickness between kaolinite particles in the nanometer order with the drying volume

shrinkage under applied permeable pressures. 33 The water film thickness between

particles decreased exponentially as the applied permeable pressure increased. The

applied permeable pressure presented the repulsive forces between particles.34
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How do the repulsive forces take place? The question is the same as the DLVO

theory in the separation range less than 5 nm: the existence of the third force such as the

structural forces (i.e. steric forces, hydration forces, or solvation forces) between particles

in colloid systems. 35-37

The DLVO theory has been recently applied to the formation of intergranular

films in the liquid phase sintering of ceramics. 38 Clarke pointed out that the thickness of a

glassy or amorphous intergranular film was always between 0.5 and 5 nm in the liquid

phase sintering of ceramics: 39-43 Si31\14," Al203,45'46 Zr02, 47 '48 Zn0,49-51 Mg0, 52 BaTiO3, 53

SrTiO3, 54 and Ru02. 55 Tanaka et al. showed that there was an optimum amount of Ca

content to form a minimum thickness of the glassy intergranular film in Si3N4 ceramics. 56

Shaw and Duncombe examined the expansion of alumina bars, which were immersed in

calcium aluminosilicate glass. 57 They stated the presence of repulsive forces between

grains in the molecular order separations. Kingery pointed out a presence of repulsive

forces between the grains in the two-sphere mode1. 58 Chiang et al. showed that the

distribution of Sc in the MgO grain boundary did not correspond to the calculated results

with the Gouy-Chapman and Stern models. 592 It is difficult to elucidate the formation of

the intergranular film in the liquid phase sintering of ceramics with the DLVO theory due

to many unknown values of parameters and the experimental limitations under high

temperatures. 63

The formation of a water film between clay mineral particles is analogous to the

formation of an intergranular film in the liquid phase sintering of ceramics. This study

examined the measurement of water film thickness of clay minerals by the permeable
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press method, and applied the DLVO theory to the clay-water system. Florida kaolinite

and dehydroxylated kaolinite (metalcaolinite) were selected to compare with the different

structures: crystalline and amorphous phases. The understanding of the relationship

between the water film thickness and the applied permeable pressure will help the study

of the liquid phase sintering of ceramics.

2. LITERATURE SURVEY

2.1 Clays and Clay Minerals

Clays are defined by the following characteristics: plasticity, constituent of clay

minerals, platelet particle shapes, a fraction including colloidal dimensions, and

containing residual carbonaceous matter, such as peat, lignite, and coal. The clay

minerals are hydrous layer silicates which consist of silicon-oxygen tetrahedral sheets

(silica layer) and aluminum-hydroxyl octahedral sheets (gibbsite layer) or magnesium-

hydroxyl octahedral sheets (brucite layer). These unit sheets are electronically

neutralized. If these sheets are not electronically neutral, the excess sheet charge is

neutralized by various interlayer materials, such as individual cations, hydrated cations,

and hydroxide octahedral groups and sheets. The clay minerals in clays are classified

conveniently on the basis of layer type (single and double), layer charge, and type of

interlayer into eight major groups. Further subdivision into sub-groups and species is

made on the basis of the octahedral sheet type (dioctahedral and trioctahedral), chemical

composition, and geometry of superposition of individual layers and interlayers.
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2.2 Kaolinization Process

The clay minerals have been formed from the decomposition of igneous rocks

such as granite. Granite is composed of approximately equal proportions of the clay

mineral mica, K20.3Al203 .6Si02 .2H20, quartz, Si02, and feldspar, K20.Al203 05Si02.

Mica and quartz are stable when exposed to the action of water and air, i.e. weathering.

Weathering dissolves away all potash and part of silica in feldspar, and the residue are

combined with water called the kaolinization process or pneumatolysis as follows: 64

1(20•Al203 06SiO2 + 2H20 + CO2 --).

K-feldspar
	

Al203 .2Si02 .2H20 + K2CO3 + 4Si02	 (1)

ICaolinite

Figs. 1 and 2 show the system feldspar-mica-kaolinite-gibbsite-amorphous silica and the

activity ratio diagram of the system K20-Al203-Si02-H20 at 25 °C and 1 atmosphere.°

There are two classifications for clays: the residual or primary clay and the or

secondary clay. The residual (primary) clays are formed from the parent rocks and

deposited at its place of origin. The sedimentary (secondary) clays are formed by

transporting with water over considerable distances. Much of the associated materials

has been removed by natural levigation. The sedimentary clays have a finer particle

distribution and more abundant of non-clay materials, such as carboneous matter, than

the residual clays.
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2.3 Structure of Kaolinite

Pauling was a pioneer to study the structure of clay minerals using relative

intensities of reflection of X-rays from the (001) plane and the electrostatic valence

ru1e.66 He found that the structure consisted of a sheet of Si-0 tetrahedra arranged in a

hexagonal network with a superposed sheet of Al-(0, OH) octahedra to form the

compound Al2Si205(OH)4. The structure of kaolinite was studied by a microscope and

the X-ray powder photography. 64-75

The unit of the kaolinite consists of a tetrahedral silica layer, [Si205]n2n-, and an

octahedral gibbsite layer, [Al2(OH)4] n2n+. The two negative charged apex of a tetrahedral

silica, [Si205] 2-, are joined with a octahedral gibbsite, [Al2(OH)4]2+ by elimination of a

hydroxyl for electrical neutrality, as shown in Fig. 3. 2'76 '77 Thus, the formula of kaolinite

is written as Al2(OH)4 •Si205. The kaolinite is often written as Al203 .2Si02 .2H20 for

convenience. The clay mineral of kaolinite is formed by stacking the unit of kaolinite.

The basal plane is held by a strong ionic bonding between a tetrahedral silica layer and an

octahedral gibbsite layer. The sheet unit is held by two types of forces: (1) weak van der

Waals attractive force around the whole sheet and (2) weak hydrogen bonds between the

hydrogens of hydroxyl groups in the gibbsite layer of one kaolinite sheet and the oxygens

in silica layer of the next adjoining kaolinite sheet. The hydrogen acts as a bridge. The

number of kaolinite layers stacked together is limited by the weak bonds in the c-

direction. On the other hand, the basal plane, a-b plane, has strong ionic bonds. Thus, the

clay mineral of kaolinite forms a hexagonal-platelet crystal.
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Kaolinite is called a 1:1, or a single layer clay mineral, because of the constituent

of one silica layer and one gibbsite layer. Other clay minerals like montmorillonites, are

called a 2:1, or double layer clay mineral. The 2:1 layer clay minerals consist of two

silica layers combined to one central layer, such as gibbsite or brucite, which is not bound

with hydrogen bonding between successive triple sheets. The basal planes can interact

with each other only by the weak van der Waals attractive forces. Thus, the 2:1 layer clay

minerals are very easily cleaved along the basal plane. The weak interaction forces

between unit layers allow water penetration between them. For example, montmorillites

adsorb water between the triple sheets, interlayer region, and then swell, as shown in Fig.

4. 78 Since spontaneous hydration is associated with the foreign cations, montmorillite

shows a large cation exchange capacity. In the 1:1 layer clay mineral of kaolinite,

however, the sheets do not swell in water and salt solutions. The penetration of water

between the unit layers does not take place because of comparatively strong 0-0H bonds.

Table 1 shows the linkage structural units of clay minerals.

2.4 Dehydroxylation of Kaolinite: Metakaolinite

Rinne studied calcined clay minerals by the X-ray diffraction in 1924. 	 stated

that the dehydroxylated kaolinite held the Si-0 hexagonal network and named it

metakaolinite, because the dehydroxylated kaolinite showed the obscure diffraction spots.

StubicAn et al ., 813-83 Fripiat and Toussaint," and Freund85 studied the dehydroxylation of

kaolinite by the JR spectroscopy. Their IR spectra showed that kaolinite lost the OH

stretching bands, 3700, 3663, and 3627 cm-1 , by heating, and changed to metakaolinite.
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Table 1. Linkage structural units of clay minerals.

Layer type Clay mineral Composition Linkage bonding

1: 1 Kaolinite Al2Si205(OH)4 Hydroxyl bonds

between the hydroxyl

surface and the oxygen

surface of the next

2: 1
Talc

Pyrophyllite

Montmorillonite

Mg3Si4010(OH)2

Al2Si401011)2

Na.0.33

t
(A11.67-2.00Mg0-0.66)(A10-

0.33Si3.67.4.0001o(011)2

Van der Waals forces

Mica

(Muscovite)
KAl2(A11Si3)010(OH)2 Interlayer cations

Chlorite

(Penninite)
Al2Mg5Si3010(OH)s

Hydroxyl-

oxygeninteractions

24
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Gastuche et al. showed that the coordination number of Al changed from 6 to 4,

during dehydroxylation without disrupting the octahedral sheet by using the NMR and

the fluorescent X-ray. 86 Tscheischwill et al. reported that the octahedra rearranged the

tetrahedral A1-0 sheet without changing the Si-0 sheet structure by dehydroxylating. 87

McConnell and Fleet, and Roy et al. observed kaolinite crystals under the TEM. 88 '89 The

kaolinite, heated to 800 °C for 6 hours, showed to the (hk0) diffraction. The kaolinite

sample, heated to 850 °C for 6 hours, formed a fine porous amorphous oxide. Range et al.

observed that kaolinite changed the structure at 380 °C without release of water. The

subsequent disappearance of the (001), (hkl), and (hk0) interfaces were observed with

increasing temperature in the X-ray study.% Over time, the metakaolinite showed

different structures while held at 600 °C. Range et al. distinguished two types of

metakaolinites: metakaolinite I, with (hk0) diffraction, which holds the Si-0 sheet

structure, and metakaolinite II, with no diffraction, which has no Si-0 sheet structure. As

further evidence of the metakaolinite structure change was measured with the electrical

conductivity with temperature and time. 91 Fig. 5 shows the change of the specific surface

area and the density of kaolinite during dehydroxylation by McConnell and Fleet, 88 and

Range et a/. 9°

Brindley and Nakahira proposed a structure of metakaolinite, as shown in Fig.

6. 92 '93 During dehydroxylation, the OH bonds in the octahedral gibbsite layer are cut, and

then the A1 3+ ions diffuse through the 02- lattice and rearrange. Thus, the metakaolinite

maintains the a and b kaolinite lattice parameters, but the c-axis periodicity disappears.94
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The octahedral gibb site layer of kaolinite changes more than the tetrahedral silica

layer due to the loss of OH water. The Brindley and Nakahira's model has been assumed

a homogeneous dehydroxylation mechanism, which the OH water is lost more or less

uniformly from all units of the kaolinite crystal. Taylor proposed the inhomogeneous

dehydroxylation mechanism, as shown in Fig. 7•95  crystalline order in metakaolinite

resides chiefly in the oxygen packing. No oxygen is lost from the acceptor regions, and

the type of oxygen packing in these regions tends to remain the same as the original

kaolinite. Additional cations are incorporated into the structure to make up for the protons

that have been lost. All the cations, both Al3+ and Si4+ ions, migrate from the donor to the

acceptor regions, so the donor regions are completely destroyed. The cation migration

may begin earlier in the metakaolinite, as the temperature is raised from 500 °C to 950

°C, at which an Al-Si spinel is formed.

2.5 Structure of Water

The structure of liquid water molecules can be classified to three categories with a

time scale: 28 the instantaneous structure (I structure) in a period of vibration for a

hydrogen bond about 2 X 10 - ' 3 s, which is expressed only by the molecular dynamic

computer simulation, 96'97 the vibrationally averaged structure (V structure) on the time

scale of hydrogen bond bending and stretching vibrations between 2 x 10 -13 and about

10' 11 s, and the diffusionally averaged structure (D structure) on a longer time scale than

about 106 s of a diffusion time of the molecule. The D structure represents all effects of

vibrational, rotational, and translational motions of the water molecules.
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Thus, the D structure shows a spatial configuration of its neighbors. The V and D

structures can be detected by the infrared (IR) and the Raman spectrometers and the

electron spin resonance (ESR) spectroscopy, the incoherent neutron scattering (INS), the

dielectric relaxation, and the nuclear magnetic resonance (NMR) spectroscopy. The

neutron, electron, and X-ray diffractions can detect the D structure. 984°1

The water molecule consists of one 02" ion with two 1-1+ ions. The II+ ion plunges

into the electron orbits of the 02" ion and the two H-0 bonds bend to form the angle of

103-1060 .' 02 The V-shaped arrangement of the O-H bonds induces an electrical dipole

moment to the neutral charged water molecule, as shown in Fig. 8 (a). The water

molecules tend to associate with each other by the dipole-dipole interaction. Each water

molecule forms a tetrahedral configuration with approximately four nearest neighboring

molecules, as shown in Fig. 8 (b). 1 0 1 The positive side of one molecule is bonded to the

negative side of the adjacent molecule. This arrangement continues resulting in the non-

planar hexagonal structure, as shown in Fig. 8 (c). 1°3 The distance between neighboring

water molecules and the number of nearest neighbors varies with temperature. 1°4 The

minimum volume of the water is given at 4 °C by compensating between the distance to

the neighboring molecule and the number of neighbors. The distance to the neighboring

water molecule in ice is 0.276 nm, and the angle of the two O-H bonds is 104°40'.

Water undergoes self-ionization, termed autoprotolysis, in which it acts as both an

acid and a base:

H20 + H20 4-> H 30+ + Olf	 (2)
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(c )

Figure 8. Coordinations of dipolar water molecules.
(a) Structure of water molecule, (b) tetrahedral coordination,
and (c) hexagonal structure. (Ref. 103)
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The hydronium, H30+, ion has a greater OH bond entropy than water H20. In

aqueous solution, the H30+ cation is tightly associated with three molecules of water

through strong hydrogen bonds. The hydrogen bonded distance, 0-H-0, of H30+, 0.252

nm is shorter than that of water, 0.283 nm. Although many types of polymer Hn0:2m

cation and anion have been observed in water, 1°5-1°7 Eq. (2) of water autoprotolysis may

be written conveniently as:

H20 4-> H+ +	 (3)

If a cation or an anion is present in water, the ion-dipole interaction between the

ion and water molecules form a hydrated sheath. The hydrated ion can be classified to

two types: the structure former ion and the structure breaker ion. The structure former ion

can fit into a cavity of the hexagonal water structure, as shown in Fig. 9. 108 The structure

former ion must be smaller cations and/or higher in charge than a potassium ion. A

fluoride ion is a structure former ion; however, other halide anions are structure breaker

ions which increase this tendency with size. A nitrate ion and a chlorate ion, NO I" and

C104-, are strong structure breaker ions. A sulfate ion, SO4", is a weak structure breaker

ion. A hydroxyl ion, OH", and a hydronium ion, H30+, are structure former ions based on

hydrogen-bonding to water molecules. Frank and Wen depicted a simple model for the

structure modifications produced with a small ion. 109 Water molecules in direct contact

with an ion in the primary shell are divided into three water molecule regions: solvated

hydrated), coordinated, and non-coordinated (bulk) water.
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(b)

Figure 9. Water structures.
(a) Structure former Ca2+ ion in the water structure and
(b) structure breaker K+ ion in the water structure. (Ref. 108)
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2.6 Charged Surface of Clay Minerals

2.6.1 Historical Background

The phenomena of ion exchange, adsorption, and deflocculation of clay colloids

are the evidence of the charged surface of clays. According to Jenny and Kelly's

literature surveys, 110 '111 the first scientific observation of the ion exchange was done by

Italian chemist, Gazzari in 1819. He observed that the clay decolorized liquid manure and

retained soluble substances which could be released to growing plants. After Gazzari,

Way discovered that if a potassium chloride solution percolates through a column of soil,

differential adsorption takes place. 112 The potassium cations replace calcium in the soil,

and then calcium ions are extracted. The mechanism of ion exchange is important for

agriculture, because the indispensable element of potassium is retained by the soil and

prevented from leaching at the coast of the common element of calcium. Therefore, the

study of ion exchange and adsorption has started in the fertilization of the soil.' 13 ' 114

In the ceramic field, namely pottery industry, scientists have studied to find

deflocculants in order to obtain a homogeneous and stiff cast in the plaster mold.

According to Norton and Johnson's literature survey, 115 the first public announcement of

the use of a salt in a clay paste was done by Goetz in 1891. 116 Goetz used sodium

carbonate or bicarbonate as deflocculant, with or without ciabar, for casting slips of

porcelain, earthware, and clay products. Ashley researched scientifically the salt reactions

in the clay colloids. 1 ' 117 The deflocculation property of clays was treated as a study of

thixotropy by Freundlich, 5 Langmuir,6 and Hamaker." The clay particles are held at

certain equilibrium distances balanced with the repulsive forces (osmotic forces) due to
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the diffuse ionic clouds and the van der Waals-London attractive forces. This field was

studied as colloid stability, 118-123 then the DLVO theory12 was established after the

quantum theory. 124 Lewis et al. explained the thixotropic property of the clay gel with an

assumption of the structures of the stacking plate clays: "pack of cards" and "house of

cards". 125 ' 126 This idea has been developed to explain the rheology of clay mineral

suspensions as Bingham yield stress with the charged face to face and face to edge

coagulat ion s. '27'33

2.6.2 Broken Bond Model

The concept of electrical charge on the clay mineral was proved by the X-ray

analysis. 134' 135 The smaller silicon and aluminum cations occupy the interstice in the

center of the closely packed larger oxygen ions by the Coulombic electrostatic forces.

Hofman and Bike proposed the broken bond model to explain ion exchange of

montmorillinite. 136 Hendricks depicted the broken bond model for kaolinite. 137 The

broken bond model can interpret the increase in cation exchange capacity of kaolinite

with increasing a specific surface area. 138' 139 Thiessen showed first a direct observation of

the negatively charged edge of kaolinite, mica, and asbestos fibers by adsorption of

positively charged gold colloid particles. 140 The autoradiographic methods at the electron

microscopic level showed that the sorbed ions were located mainly at the edge of

kaolin ite. 141
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2.6.3 Isomorphous Substitution

One cation can substitute for another of similar size without a radical change of

structure, called isomorphous substitution. The isomorphous substitution forms a more

complicated clay mineral formula. Hofmann et al. and Marshall showed that Mg2+ ions

were substituted by Al3+ ions in an octahedral sheet in bentonite or montmorillonite,

(My+nH20)(Al2-yMgy)Si4010(OH)2 by the X-ray diffraction. 142 '143 Isomorphous

substitution forms a permanent negative charge on the cleave surface and attracts cations

in aqueous solution. On the other hand, kaolinite of a 1:1 mineral clay does not show

isomorphous substitution in gibbsite octahedral sheets. Grim hypothesized that some of

Al3+ positions in kaolinite were vacant to balance the charge with 02" and OFF in the

lattice. 3° Marshell stated that the exchangeable cations were mainly within the lattice for

montmorillonite-group clay minerals by the X-ray and the chemical analyses.'

Therefore, the cation exchange capacity, CEC, of kaolinite is less than illite and

montmorillite. Table 2 shows the CEC of common clay minerals. 64

The direct analysis of isomorphous substitution has been accomplished by the

electron spin resonance (ESR) spectroscopy, the M8ssbauer spectroscopy, and the

electron microscpe microprobe analysis (EMMA). In kaolinite, ferric ions, Fe3+, occupied

up to three distinct octahedral sites. 145,146 The ESR spectroscopy showed that some of the

holes situated at oxygen sites adjacent to A13+ ions substituting in sites normally,

occupied by Si4+ . 147 The M8ssbauer spectroscopy showed the substitution of Fe3+ for

A
3

+ . 148,149 The EMMA with the chemical analyses detected the elements of magnesium,

potassium, titanium, and iron. 150,151



Table 2. Cation exchange capacity of clay minerals.61

Layer type Clay mineral CEC (m.e.q. /100 g) at pH 7

1	 : 1 Kaolinite 3-15

2 : 1
Montmorillonite

groups
70-100

Illite (hydrous micas) 10-40

Vermiculite 100-150

37
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Titanium dioxide mineral existed primarily as anatase with a small amount of

rutile by the selective dissolution method. 152 The value of the Al/Si ratio depends on the

particle size and the mining deposit. The EMMA analysis detected 2.1-2.8% of Fe203

substituting for Al203 in the kaolinite crystal.'" The iron has been substituted or

included in kaolinite by weathering. The 2:1 layer clay minerals of mica and smectite

have been detected in the interlayer of the kaolinite by the high resolution TEM. 154355

However, Fe3+ and Ti3+ ion substitutions for A13+ in gibbstie octahedral sheet do not

supply any electrical charge. There are two types of isomorphous substitutions for

kaolinite:

(1) A small mount of Al3+ ions substitutes for Si4+ sites in the silica tetrahedral sheet.

It forms a local negative charge on the basal surface of the silica layer (siloxane

basal surface).

(2) Fe3+ ions and/or Ti3+ ions substitute for A13+ sites in the gibbsite octahedral sheet.

It does not form any charge on the basal surface of the gibbsite layer (aluminol

basal surface).

2.7 Clay Mineral - Water Interactions

Kelly et al. pointed out that there were two types of adsorbed water on clay

minerals: broken bond water and planar water, by the study of water desorption

isotherm. 156 The broken bond water molecules are derived from the dipole-electron

charge interaction between polar water molecules and charged bonds on the edge surface;

therefore, it is tightly bond water, which is leached out below 400 °C. The planar water
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molecules are bound on the basal surfaces by a weak electric stray field, which is leached

out around 150 °C. The existence of these two types of adsorbed water has been

recognized in hydrous minerals, such as pyrophyllite, muscovite, hallloysite, kaolinite,

bentonite, dickite, and chlorite. Anhydrous minerals, such as quartz, orthoclase, and

biotite, retain only broken water. Norton showed that quartz (flint) and the calcined clay

did not have plasticity. 157 Non-plasticity of calcined clays evidences the absence of the

planar water: no envelope of water. The Kelly's model was proved with the infrared (LR)

spectroscope. The 1R spectroscope showed that the silica surface could be dehydrated and

redehydrated reversibly until a temperature of about 400 °C was reached, after which

rehydration became extremely slow.'"

The existence of oriented, bound, vicinal, frozen, or epitaxial growth water, i.e.

ice-like structural water layers, on clay minerals has been studied in various fields such as

agronomy, civil engineering, meteorology, and ceramic industry. There are many

evidences of the existence of ice-like structural water on clay minerals using the X-ray

diffraction, isotherms of adsorption and desorption, a low temperature differential

scanning calorimeter (heat capacitance), electrical resistivity, NMR, hydrostatic pressure

apparatus, applied permeable pressure, and surface force apparatus (SFA). 159-165,33,35

2.7.1 Kaolinite Edge Surface - Water Interactions

As described in 2.6.2, the kaolinite edge surface exposes the broken bonds of 0,

OH, Al, and Si atoms, as shown in Fig. 10.166
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Figure 10. Broken bonds of {010} kaolinite unit.

(a) Fractured crystal of kaolinite and (b) net charge. (Ref. 166)
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The total charge of the fracture surface is zero; however, the surface is locally

charged. The broken bonds of A13+ and Si4+ act as a Lewis acid site, and the broken bonds

of 02" and Off act as a Lewis base site in water solvent. The broken bonds of the edge

surface attract water molecules by the ion-dipole interaction and build up a hexagonal

water structure, as shown in Fig. 11. 21 The edge surface of clay minerals, therefore,

works similar to a hydrated ion; the higher charge of the broken atom builds up the

thicker hydrated layer. If the structure breaker ion, such as K+ ion, is present in the water

solvent, the hexagonal water structure will be destroyed. The presence of the structure

former ion, such as Ca2+ ion, will build up rigid water layers on the fracture surface of

kaolinite. This idea of the hydrated clay mineral is called the water hull model and

developed to the clay micelle. 167469 The Frank and Wen's model for the structure

modifications, produced by an ion, is the same as the water hull model.'" As will be

described later, the water hexagonal structure is formed on the basal surface by weak

Lewis base sites and/or lattice matching. The surroundings of the platelet clay mineral

particles tend to be formed a water layer film, called an envelop of water. Capillary

forces work to stick together in the mass of particles with water, which Norton named the

stretched-membrane. 1"9 The water stretched-membrane gives clays and clay minerals

plasticity. A rapid viscosity drop of the kaolinite-water system adding NaOH can be

explained that the structure breaker Na+ ions destroy the rigid hexagonal water structure

built up on the surface.34'169
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Figure 11. Built up water molecules on the edge surface of broken bonds.

(a) Hexagonal water structure, (b) presence of structure former, Ca2+ ions,

and (c) presence of structure breaker, K-f ions. (Ref. 21)
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The clay micelle model is stated that OH - ions adsorb on the positively charged

broken bonds of A13+ and Si4+ on the surface, and counter-ions of cations, such as H+,

Nat , and Ca2+, form a diffusion layer, which is denoted H-clay, Na-clay, and Ca-clay,

respectively. The clay micelle model is a classic model which was developed from the

Helmholtz modelm to the Freudlich-Guoy mode1. 115 '" Ion adsorption must involve the

pH-dependence: the surface protonation and deprotonation. The pH-dependent surface

charge of clay minerals has been known in the study of defloccualtion of kaolinite.

Okuda and Williamson showed that the charge of the edges of kaolinite particle was

positive in the range of pH 3-7 of the suspension by observing adhesion of negatively

charged air bubbles. 171 In the alkaline pH, the edge is negatively charged. Schofield

introduced first the protonation and deprotonation at the broken bonds on the clay

mineral surface aS, 172

.---Si-OH+ 	+ 1-1+ 	(4)

-Al-OH	 ++ -A1=0 - + H+ .	 (5)

The edge of the silica layer associates with proton and charges positive. On the

other hand, the edge of the gibbsite layer dissociates proton from the hydroxyl and

charges negative. The total charge of the edge depends on the isoelectric point. This idea

treats the edge surface of clay minerals to be the same as a hydrous oxide surface. 173 The

details will be mentioned in 2.8 Surface Complex Model.
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Lawrence calculated bond energies of various cations and anioins with a charged

lattice site on the edge surface concerning with the hydration effect. 21 "74 The bond energy

series for cations is:

Li+ < Na+ <K < NH+4< Mg+2 < Ca+2 < Al+3 <H30.	 (6)

The higher the numbers of valence and the smaller the sizes of cation radius, the higher

the bond energies are. The result corresponded to the thermodynamic calculation of the

dissociation of water in salt electrolyte solution and the experimental results. 103,175,176

Since the hydronium ion, H30 +, has the highest bond energy, the adsorbed H30+ does not

replace any other hydrated cations. Eq. (6) has been known as the Hofmeister series or

the lyotropic series. The Off ion forms a tight bond on the positively charged lattice sites

of A13/2+ and Si412+ : Lewis acid sites. On the other hand, the hydrated cations have a one-

order lower bond energy than the OFF ion does. Lawrence assumed that the hydrated

cations adsorbed on the charged lattice sites by the Arrhenius equation. 174 The hydrated

sodium ion, Na(OH2) 5+, forms 0.15 % of the vacant areas on the edge surface, called an

unsaturated site, by thermal agitation. Thus, the broken bonds of 0 and OH atoms on the

surface sites are not completely occupied by the hydrated cations at any time. Lawrence

explained the decrease of consistency and workability of the kaolinite-water system with

elevating temperatures by an increase of unsaturated sites, a reduction of a rigid water

layer, and a decrease of the water surface tension."7-179 The Lawrence's idea was based

on the water hull model at the edge surface of clay minerals. The computer simulation for
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the 2:1 layer clay mineral has recently shown that water molecules chemisorbed on Lewis

acid sites to stabilize edge surfaces both crystallochemically and electrostatically. 180

2.7.2 Kaolinite Basal Surface - Water Interactions

The basal surfaces of a 1:1 layer clay mineral, kaolinite, can be distinguished to a

siloxane surface for a silica tetrahedral sheet and an aluminol surface for a gibbsite

octahedral sheet. 28 Two Al atoms lie above each hexagonal ring of Si atoms. There are

three possible positions over each ring where octahedrally coordinated cations can fit;

however, only two-thirds of the available cationic positions are filled in kaolinite layer

because of electrically neutral, termed a dioctahedral structure. The chemical

representation of the kaolinite layer is (Si205)Al2(OH)4 implying sheets of n (Si205)2"

linked to (Al2(OH)4)2+ units; thus, there are identified lengths in two directions along the

a and b axes, as shown in Fig. 12. 3 The structure of crystal kaolinite is triclinic, cc=91.8°,

13=104.5°, as shown in Fig. 3 (a). In order to match the two sheets via 0-0H bonds of the

siloxane surface and aluminol surface, pairs of adjacent tetrahedra must rotate alternately

clockwise and counterclockwise by about 100 around an axis perpendicular to their basal

piane.181,182 This rotation lowers the symmetry of the cavities in the siloxane surface. An

accommodation of a distortion due to the rotation of the two sheets makes both siloxane

and aluminol surfaces slightly corrugate. The kaolinite unit sheet stacks upon each other

by the 0-0H bond linkage between the oxygen atoms of the siloxane surface and the

hydroxyl atoms of the aluminol surface.
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Figure 12. (001) overview of kaolinite. (Ref. 3)
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A stable configuration forms when the OH-groups on the top on the kaolinite unit sheet

are paired with oxygens in the lowest sheet of the unit above. The each unit sheet has to

be shifted one-third of a unit cell in the c-direction to conform to the 0-0H bonds.

The siloxane surface is a distorted hexagonal symmetry due to the

accommodation of underlying tetrahedra rotation to fit the their apexes to contact points

on the octahedral sheet. The ditrigonal cavity on the siloxane surface is formed about

0.26 nm in diameter by bordered six sets of a lone-pair orbit emanating from the

surrounding ring of oxygen atoms, as shown in Fig. 13 (a). 183 The ditrigonal cavity acts

as weak Lewis base, which is any molecular to bind only neutral, dipolar molecules, such

as water. Since the bound water molecules are not stable, they are easily released. If an

aluminum ion, Al, substitutes the Si4+ site in the tetrahedral sheet, the excess negative

charge can contribute on the three surface oxygen atoms of one tetrahedron as localized

charge on the siloxane surface, and the ditrigonal cavity interacts cations and dipolar

molecules strongly. The hexagonal arrangement of oxygen atoms on the montmorillonite

basal surface has been directly observed by atomic force microscope (AFM), as shown in

Fig. 13 (b).' 8 '" If the oxygen atom diameter and the ditrigonal cavity size are assumed

to be 0.28 nm and 0.26 nm, the distance of nearest-neighbor three oxygen atoms of

tetrahedra and the literal distance can be estimated about 0.54 nm and 1.10 nm,

respectively. This two-dimensional regular hexagonal unit cell on the siloxane surface is

used as an optical resolution and asymmetric syntheses by adsorbed metal complexes

(chelates). 188-191
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Figure 13. Hexagonal arrangement of oxygens on the siloxane basal surface.
(a) Diagonal cavity and (b) atomic-resolution image of the siloxane surface
of Texas bentonite by AFM. (Refs. 183 and 186)
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The electrostatic potential distributions on the basal surface of the 2:1 layer clay

minerals: pyrophyllite, Al2(Si205)2(OH)2, and talc, Mg3(Si205)2(OH)2, were studied with

the computer simulation using a two-dimensional Edwald lattice sum. TheThe simulation

indicated that the expansion of the vacant site in dioctahedra tilted tetrahedra and moved

one-third of the basal oxygens about 0.02 nm toward the center of each phyllosilicate

layer away from the (001) surface, resulting in producing corrugations of the basal

surface. The rotation and tilting of the basal tetrahedra may influence on the arrangement

of interlayer water molecules on smectites and other swelling phyllosilicates by the effect

of distortions on the (001) plarle. 193 ' 194 The computer simulation for the talc-water system

using atomic pair potentials showed that the most basal surface was relatively

hydrophobic with binding energies for a water molecule in the range 4.2-19 kJ mol'.

However, at a site in the ditrigonal cavity located above the layer of the OH group in the

intermediate magnesia layer, the binding energy of an oriented water molecule was

between 55 and 90 kJ mo14 . 195 This simulation result corresponded to the existence of the

water monolayer known as a 1.0 nm phase in talc. Table 3 shows the number of moles of

net electron charge per unit cell for phyllosilicates. 28 The 2:1 layer clay minerals have a

higher layer charge than the 1:1 layer clay mineral of kaolinite due to a large amount of

isomorphous substitutions in both the tetrahedral sheets ( Si4+ by Al3+) and the octahedral

sheet (A13+ by Mg2+ or Fe2+). For the 2:1 layer clay minerals, such as montmorillonite,

vermiculite, and smectite, the computer simulations showed that water molecules

interacted with 0 atoms of the siloxane surface through a hydrogen bonding as the

percentage of the tetrahedral layer charge increased. 196200



Table 3. Layer charge of clay minerals.28

Layer type Clay mineral Layer charge

1	 : 1 Kaolinite <0.01

2 : 1 Mica (illitic) 1.4 - 2.0

Vermiculite 1.2 — 1.8

Smectite 0.5 — 1.2

Chlorite Variable

50
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The X-ray diffraction experiments indicated that there were stable thicknesses of

interlayer water between H-montmorillonites, 0.28, 0.58, 0.88, and 1.18 nm, called

crystal hydrates. 201-2" A pulsed nuclear magnetic resonance (NMR) indicated that the

interlayer water molecules in the 2:1 layer clay minerals such as vermiculite and

montmorillonite, were preferentially oriented like ice on the (001) plane. 205-209 On the

other hand, for the synthetic 1:1 layer clay minerals such as hydrated halloysite and 1.0

nm-kaolinite dihydrate, Al2Si205(OH)4-2H20, the NMR relaxation time, XRD and IR

spectra indicated that the interlayer water molecules were not partially oriented, called

order-disorder. 210,211 These results with the computer simulations and experiments have

proved that the ice-like water layer would be formed on the permanent negatively

charged siloxane surface by isomorphous substitutions. However, the experiments, such

as the JR spectroscopy, cannot distinguish whether the OH-bond spectra for natural

kaolinite derive from the constituents of kaolinite or from the external water. 212-214

The idea of the formation of the hexagonal structural water layer on the siloxane

surface was first proposed by Hendricks and Jefferson. 31 They proposed that water

molecules formed a hexagonal net on the silica tetrahedral sheet like ice with the

hydrogen-bonding. The ice-like water layer on the siloxane surface will interact to build

up another layer on the top: epitaxail growth, as shown in Fig. 14. Kaolinite is known to

be a major ice nucleating agent for snow and rain droplets, which forms 1.1 % of a lattice

misfit. 2I5 However, the formation of the water layer film is not only on the siloxane

surface of clay minerals, but also on the surfaces of some oxides and metals.



Figure 14. Epitaxial growth of water molecules on basal surfaces of kaolinite.
The original picture explains intracrystalline water of hydrated halloysite. (Ref. 31)

52
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The (0001) and (0001) planes of ZnO have outward OH groups perpendicular to

the surface plane, which strongly hold water molecules with the hydrogen-bonding. The

same phenomenon occurs on the (110) plane of Sn02, the (111) plane of Ti20 rutile, and

a-Fe203 hematite.216-221 Transition metals such as Ti, Ni, Cu, Ru, Ag, and Pt, have been

known to adsorb water molecules tightly in the studies of the electrochemistry, catalysis,

and corrosion with thermal deposition, spectroscopies, and computer simulations. 222-229

Water molecules or clusters are bound with the hydrogen-bonding in the case of the

coverage equilivalent less than one half monolayer. If water molecules cover the whole

metal surface, the water monolayer, like ice, holds with the oxygen lone-pair orbital

bonding and forms overlayers. The adsorption energy of water molecules on the

transition metal surface is between -40 and -70 kJ mo1-1 . 23° This value is the same range

as the talc-water system by computer simulation. 195 Since the gases, such as N2, 02, 112,

CO, C12, ethane, and ethylene do not chemisorb, it is considered that the chemisorption

will occur when adsorvent molecule consists of hydrogen atoms and has an appreciable

dipole moment. Therefore, the formation of the water layer film on the basal surface of

clay minerals is not necessary to have geometrical lattice match. Two mechanisms

forming a water layer film on the basal surface of clay minerals can be hypothesized:

(1) The dipolar water molecule is attracted on the basal surface by the electrostatic

force (Coulombic force) like the water hull model.

(2) The basal surface forms outward oriented OH groups which chemisorb water

molecules with the hydrogen-bonding.
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The hypothesis (1) has been supported with the filp-flop model for the water molecules

and electrode metal by Brockris et (21. 231 '232

2.7.3 Heterogeneously Charged Basal Surfaces

The silica tetrahedral sheet of kaolinite has a small permanent negative charge due

to isomorphous substitution of A13+ for Si4+; however, the gibbsite octahedral sheet does

not form any charge by isomorphous substitution by Fe3+ or Mg3+ for A13+. With regard

to catalysis and the cation exchange capacity, the kaolinite basal surfaces have been

studied by two experimental approaches: the adsorption metal surface complexes or

ligands by spectroscopies, such as XSA, EXASFS, ERS, and FT-IR, and the direct

observation of adhesion colloidal particles under the SEM/TEM. The spectroscopic

methods indicated that the metal ligand complexes adsorbed on the corner-sharing with

adjacent A1-01-Si sites, or corner-sharing with one A1-0-Si site and one Al-OH inner

hydroxyl site at an Al vacancy. 233 The metal ligands preferred to adsorb on the (001)

plane of aluminol surface because of the localized negative charge of Al vacancies.

Formamide, HCONH2 intercalated in 1:1 clay minerals of kaolinite and deckaite. The

three-dimensional crystallographic X-ray method indicated that the formamide molecules

lied over vacant octahedral sites by hydrogen bonding with OH groups on aluminol

surface. 234'233 The clay mineral of gibbsite has crystal steps at intervals of about 20 nm on

the (001) plane. 236 The step edges on the basal surface is active to adsorb metal

complexes via the exposed Al-OH groups. The adhesion of colloidal particles, such as

gold and ferric hydroxide on kaolinite was experimented in the range of pH 3-9. The
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basal surfaces indicated negatively charged, but it could distinguish neither a siloxane

surface nor an aluminol surface. 237'238 The surface replica of gold deposited on kaolinite

showed that the gold particles nucleated on linear defects on the basal surface and

contoured the crystal edges. 239

Although there is no clear evidence of the heterogeneously charged basal surfaces

for kaolinite in the experiments, the clay minerals-water interactions for kaolinite is

concluded as follows:

(1) The siloxane surface has a small amount of permanent negative charge due to

isomorphous substitutions.

(2) The linear defects and steps on the aluminol surface act as a reactive negative

charge.

(3) A rigid water layer film is formed with electrostatically charged sites on the

surface (the water hull model). A bound water layer film is formed on the basal

surfaces by the hydrogen-bonding on the basal surfaces.

2.8 Surface Complex Model

Schofield first pointed out that clay mineral particles carried other electrical

charges besides those arising from isomorphous substitutions in 1938. 172 Schofield

proposed that there were two kinds of spots taken place by the reaction with aqueous

medium: acidic spots, where negative charges could develop through the dissociation of

hydrogen ions, and positive spots, where positive charges could develop through the

combination of hydrogen ions, as shown in Eqs. (4) and (5). The edge surface charge is
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dependent on the isoelectric point. Schofield and Samson depicted this amphoteric

kaolinite edge surface, as shown in Fig. 1 5. 24° Eqs. (4) and (5) for the surface protonation

and deprotonation can be generalized by :241

SOKurf + 11+ 	SOH2+.urf	 (7)

SOHsurf	 4-* SO 	(8)

where S is the buried cation under the surface.

The idea of the surface complex is the same as the water hull model, which

protons and hydroxyl ions from aqueous solution are attracted to the broken bonds with

the electrostatic (Coulombic) force, and then chemisorbed with the hydrogen-bonding.

Parks and Bruyn depicted that the broken bonds of cations underlay the hydrated layer,

hydro-complex, at the interface of a-Fe203 hematite in aqueous solution. 242 The charge

of the hydrated layer varies with the pH. Thus, the surface potential is determined by Fr

and OH- ions, which are called potential-determining ions.

Davis and his co-workers and others explained the interface of oxides in aqueous

solution with the triple-layer model as follows:243-25°

The charged surface sites, SOH2+ and SOH , are considered as surface functional

groups. They attract not only the potential-determining ions but also dissolved ion species

in the solution and form a surface complex.



(a) pH = pHvzc

net charge 0

(b) pH < pHpzc

net charge +2

Al0H2+ -n11- AlOH + H+

Equilibrium state

Al0H2+ = AlOH +

AlOH	 = A10 - + H+

Si0H2+ = SiOH + H+

SiOH	 = Si0- + H+

(C) pH > pHpzc

net charge -3

AlOH -10°- A10 - + H+
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Gibbsite
(Amphoretic hydroxly group) Al-OH surf

Hydrated silica	 Si-OH surf

Si0H2+	 SiOH + H+ at pH < 2-3	 SiOH	 Si0- + H+

Figure 15. Edge surface charge of kaolinite in aqueous solution. (Ref. 240)
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Since the dissolved ion species have a finite size such as a hydrated sheath, their

adsorption does not occur on the surface, like the potential-determining ions. The surface

complex is classified to the inner-sphere complex and the outer-sphere complex.

The inner-complex is a surface complex, which is formed with the direct binding

between the ion species and the surface functional group. The outer-sphere complex is a

surface complex, which is formed with the hydrated species and the surface functional

group. Thus, there is an interposing water molecule layer between the ion species and the

surface functional group, which Spostio has termed a ligand. 251 The inner-complex is

formed by the electron configuration, such as the ionic or the covalent bonding. The

outer-complex is formed by physico-chemisorption, such as the van der Waals force and

the Coulombic force. Thus, the inner-sphere complex has a much stronger bonding than

the outer-sphere complex. The inner-sphere complex and the outer-sphere complex form

different adsorbed planes: the inner- Helmholtz plane, HIP, and the outer- Helmholtz

plane, OHP, respectively, by the different distance from the central ion species to the

hydro-complex surface. This is a triple layer model, as shown in Fig. 16. Ion species

unconcerned with the surface complex form a diffuse layer in the outer region of the

OHP. This triple-layer model was originated by Yates et a/. 252 Yates et al. explained the

surface ionization for oxides with the ion pair model which was created by localized

hydroylsis. 253 The same concept 'localized hydrolysis' for the formation of the water

layer film on clay minerals was proposed by Kelly and Jenny in 1936. 254 Kelly and Jenny

introduced the formation of the water film on the basal surfaces of the 1:1 layer clay

minerals by localized hydrolysis.
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Charge

Figure 16. Schematic diagram of the interface of clay mineral
in aqueous solution with the potential diagram.
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Davis et al. termed the ion pair model to the surface complex. 244 There are three

types of the adsorption mechanism proposed with regard to the surface complex: 255-257

Fig. 17 shows the proposed models of the surface-solution interface for oxide suspended

in a solution containing the divalent metal ion, M2+ and the electrolyte CPA". Model I is

the constant-capacitance mode1. 258-26° All attached surface species are inner-sphere

complexes. The equilibrium coefficients of the species are determined with the surface

potential, Ws. Model II is the diffuse-layer model. 261,262 It is the Guoy-Chapman

mode1, 60 '61 which diffuse ion species are distributed by the Posisson-Boltzmann equation

against the fixed number of the surface functional groups. Model III is the triple layer

model proposed by Yates et al. 252 The triple layer model is the combination of the

constant-capacitance (Helmholtz) model and the diffuse-layer (Gouy-Chapman) model

base on the Stern mode1. 62 Bowden et al. and Barrow et al. proposed a modified triple

layer model to a clay mineral of goethite, a-Fe0OH, which is termed Stern variable

surface charge, VSC, model and variable surface potential, VSP, model.263,264 In the

modified model, SOH, SOH2+, SO -, and all surface species involving strong adsorbing

anions are postulated to be inner-sphere complexes. The surface species involving metal

cations and inorganic anions are postulated to be outer-sphere complexes.

Although there are many models proposed, each model depends on the solid-

solution system. Each model should be applied with spectroscopically detected surface

complexes. For example, the VSC model is applied by surface chemists, who utilize the

Nernst equation to characterize the pH-dependent charge phenomena.



(c) Model II: Diffuse layer model
(Gouy-Chapman model)

Counter-ions

SO"
SO H2+

SO M+

(a) Model I: Constant capacitance model
(Helmholtz model)

SO -

SOH2+

SOM+

(c) Model III: Triple layer model
1Ps

IHP	
(Modified Stern model)

OHP

Counter-ions1
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SO"	 M2+

SOH 2+ C+

Figure 17. Schematic diagram of the surface complex models. (Ref. 256)
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The VSP is applied by soil scientists, who describe ion exchange and ion adsorption

phenomena on clay minerals with their permanent surface charge due to isomorphous

substitution. All models may be viewed as being of the correct mathematical form to

represent the data, however, are not necessarily accurate physical descriptions of the

interfaces. Sposito presents the whole chemical reactions in the suffice complex model in

one equation: 265

SOH.„ + pMm+aq + qL 1".,4 + tilf+aq + r01-1-aq

44 (SO)M1,(OH),H„Lq8s,„f + Iffaq
	

(9)

where M is the metal cation with the valence of m, L is the anion with the valence of 1,

and 5 is the valence of the solid-phase product formed, respectively.

2.9 Point of Zero Charge and Isoelectric Point of Kaolinite

The point of zero charge, PZC, is the most important characteristic pH for the

suspended solid in electrolyte solution, where the net total solid charge is equal to zero:

as + aH + als Obs =
	 (10)

where as is the permanent surface charge created by isomorphous substitution, ax is the

net proton charge, ais is the inner-sphere complex charge, and aos is the outer-sphere
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complex charge, respectively. In the experiment, the titration indicates the net proton

charge, aH, to be equal to zero. Sposito has called it the point of zero net proton charge,

PZNPC. 28 The pH where the zeta potential is equal to zero, is called the isoelectric point,

IEP The IEP is measured by electrokinetic measurements such as electrophoresis,

electro-osmosis, streaming potential, and sedimentation potential. The 1EP is the pH

where the shear plane potential is equal to zero. Parks defined the LEP at the pH resulting

in electrically equivalent concentration of positive and negative complexes. 266 Hunter

defined that the PZC is the pH where aH=0, and the IEP is the pH where C=0. 267 Thus,

the PZC is presented with the surface charge and the IEP is presented with the zeta

potential.

As described in 2.7, the kaolinite has three characterized surfaces: the siloxane

and aluminol basal surfaces, and the broken edge surface. The siloxane basal surface has

a small permanent negative charge due to isomorphous substitution. The siloxane basal

surface acts as a soft Lewis base, non-reactive site. The aluminol basal surface is shown

to be a relatively weak, non-specific interactions by the ESR. 24° '268 Thus, the pHpzc of the

kaolinite has been explained with the ionized broken edge surface of protonation and

deprotonation in Eqs. (7) and (8), which is called the constant basal surface charge model

and the heteropolar mode1. 269 '27° The broken edge surface of kaolinite consists of two

different surface functional groups: E.---SiOH and .A1OH, as shown in Fig. 15. Since the

pHpzc of the silica is 2.5 ± 0.6 and the pHpzc of the y-Al203 is 8.5,266 the pHpzc of the

kaolinite can be estimated around 5.5 with a linear combination of the silica and the

alumina. Table 4 shows the LEP and the PZC of kaolinite from experiments and theories.



Table 4. IEP and PZC of kaolinite in experiments and theories.

1EP and PZC Method Source

4.6 ± 0.3 Microelectrophoresis. Mattson (1928) 271

— 5 Rheological measurement, H-kaolinite

(Egerton, Victoria, Australia) suspensions

adding each NaOH, KOK and Li0H.

Street (1956) 130

5 Microelectrophresis with HC1 and NaOH,

Sysnthetic aluminosilicate (34 % Al203)

produced by ignition of hydrous gel.

Johansen and

Buchanan
(1957)272

3.3 Microelectrophoresis. Iwasaki et al.

(1962)273

— 7 (edge) Optical microscopic observation using

negative air bubbles, homoionic H-, Al-,

and Na-kaolinite (GA).

Okuda and

Williamson

(1963)171

PZC (edges)

7.8 (NaC1

washed kao),

7.1 (raw-kao)

Viscosity and sedimentation measurements,

raw- and NaCl washed well-crystallized

kaolinite (GA), pH adjusting with HC1 and

NaOH.

Michaels and

Bolger (1964)274

3.2 Microelectrophoresis. Packham (1965)275

64
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5.5 (edges) Electron microscopic observation of

adsorbed negative gold sol, kaolinite (St.

Austell, Cornwall, U.K.), pH adjustment

with HC1 and NaOH.

Follett (1965)237

PZC (edges)

5.75 (Na-kao)

7.0 (H-kao)

7.95 (Al-kao)

Rheological measurement,

5 gm/100 ml of le M NaC1 for homoionic

Na-kaolinite, 5 gm /100 ml of distilled

water for homoionic H- and Al-kaolinites

(English China Clay, Cornish, U.K.).

Flegmann et al.

(1969)1m

PZC (edges)

5.8

Turbidity for non-ionic polyacrylamide-clay

suspensions, English clay (Lovering), 10 %

solid.

Dollimore and

Horridge (1973)276

PZC — 5 Microelectrophoresis, Na- and Cl-kaolinites

(muscovite 1.8 wt%, St. Austell, Cornwall,

U.K.), 0.02 wt% solid in 10-3 M NaC1 with

HC1 and NaOH.

Ferris and Jepson

(1975)277

7.3 ± 0.2

(edges)

Rheological measurement, homoionic Na-

kaolinite (Cornish China Clay, Worksop,

U.K.), 9 wt% solid in 104 -0.12 M NaCl.

Rand and Melton

(1977)133

6.6 (edges) Rheological measurement, homoionic Na-

kaolinite (Cornish China Clay, Worksop,

U.K.), 9 wt% solid in 104 - 0.12 M NaC1,

presence of a specifically adsorbed Al3+

(15 pg m14).

Melton and Rand

(1977)278
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Williams and

Williams (1978)279

Microelectrophoresis, homoionic Na-

kaolinite (97 % kaolinite and 3 %

muscovite, English China Clay, Cornwell,

U.K.) in 104 - 10-2 M NaCl with HC1 and

NaOH. Estimation of edge potential by

linear combination of quartz and a-Al203.

PZC 5

PZC 7.2

(calculated)

8.25 ± 0.1

(edges)

Wierer and Dobiig

(1988)28°

IEP <2

Calorimetric measurement, kaolinite (98.4

% purity, Czechoslovakia) in 10.3 M NaC1

with HC1 and NaOH, 10 % surface area

was assumed to be responsible for the

adsorption of H+/011- (equiadsorption

MOH- points). Microelectrophoresis, 0.02

wt% solid in 10 M NaCl.

PZC — 4

IEP 4.25

Titration curve

crossovers

4.0-4.5 (2.5-3.0)

5.0-6.0 (5.0-

6.5), and 7.8-8.5

(7.5-8.5).

Potentiometric titration, 10 -3 - 0.1 M

NaNO3 under a N2 atmosphere with HNO 3

and NaOH, well-crystallized kaolinite

(Washinton, GA). Microelectrophoresis,

0.01 wt% solid in 10-2 M NaNO3 purged N2

with HNO3 and NaOH. Two-site surface

complex model with 7-Al203 and Si02

(theory).

Carroll-Webb and

Walther (1988)2"
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— 3

LEP (edges)

5.6 as received

6.8 (3 times

wash), 8.8 (16

times wash)

Microelectrophoresis, 104 M NaC1 with

HC1 and NaOH, homoionic H-kaolinite (87-

90 % kaolinite, 10 % mica, and 1.5 %

quartz, Cornish China Clay, U.K.).

Rheological measurement, 10 wt% solid 0-

5 x 10 -3 M NaC1, The IEP is depend on the

washing treatment.

Diz and Rand

(1989)279

4.3

(extrapolated)

Microelectrophoresis Chow (1991)282

4.8 (edges) Potentiometric titration, Na-kaolinite (KGa-

1, Washington, GA), 1 wt% solid in 10-2 M

NaC1, constant basal surface charge model

only the edges are ionizable.

Zhou and Gunter

(1992)269

PZC 7 (K- and

Cl-kao)

PZC —3 (H-kao)

TEP 7 (K- and

Cl-kao)

Potentiometric titration under N2 and

microelectrophoresis in 104-0.1 M KC1,

kaolinite (mica <2 %, St. Austell, Cornwall,

U.K.).

Herrington et al.

(1992)283



IEP and PZC 3

Rhelogical LEP

(edges)

5.25

(unmodified)

6.75 (modified)

Theory (edges)

5.5 (unmodified)

6.7 (modified)

Microelectrophoresis, potentiometric

titration, and rheological measurements,

unmodified and modified well-crystallized

kaolinite (GA) in water and 104- 10-2 M

KNO3, the modified kaolinite surface was

coated with chlorodimethyloctadecylsilane,

organosilane (long chain hydrocarbon

silane) surface.

Braggs et al.

(1994)2"

Applied to (a) the constant capacitance

model, (b) the diffuse model, and (c) the

triple layer model based on the Born

solvation theory for the adsorbing proton.

PZC (calculated)

5.1 (a and b),

4.7 (c)

Sverjensky and

Sahai (1996)285

Phosphate adsorption by calorimetric

method and spectrometer, poorly

crystallized kaolinite (KGa-2, Warren, GA),

10 .2 -1 M KC1, 1.7 wt% solid in 10 -3 M

PO4, phosphated surface.

5 (point zero salt

effect)

He et al. (1997)286

68

* The term of the PZC is used for the titration measurement and the theoretical

calculation, the term of the 1EP is used for the microelectrophoresis at C-=0 and the

rheological measurement at the maximum Bingham yield stress.
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2.10 Surface Properties of Kaolinite in Aqueous System

As shown in Table 4, the two pHs pz,c have been confirmed at 5-6 and 7-8. These

values depended on the preparation for lcaolinites, such as untreated kaolinite and cation

exchanged kaolinite. Ion adsorption on the surface and the dissolution of aluminum and

silicon from the crystal made the surface charge of the kaolinite more complicated as

described below.

2.10.1 Ion Adsorption

Quirk studied the effect of the pH and the electrolyte concentration on the

adsorption of chloride ions on Cl-kaolinite (Rocky Gully, Australia) by an electrometric

method. 287 Flegmann et al. measured the amounts of the adsorbed Na* ions and cr ions

on Na-kaolinite (Cornish china clay, UK) in 5 X 1O  M NaC1 solution as a function of the

pH, as shown in Fig. 18.131 Accroding to Flegmann et al.'s result, the pHpzc of Na-

kaolinite was 5.6. At the PZC, the amount of adsorbed Na+ ions and cr ions were equal.

Ferris and Jepson studied the amounts of adsorbed 22Na+ and 36cr ions on Na-, and Cl-

kaolinites (St.Austell, Cornwall, UK) more precisely by using isotopically labeled ions. 277

Fig. 19 shows Ferris and Jepson's results. The amount of adsorbed Na+ ions increased

with the pH in Fig. 19 (a), because the edge surface charge became more negative over

the pHpzc 5. The edge surface became more reactive to Na+ ions and cr ions.

Hohl et al. proposed a model of the net surface charge for hydrous oxides by the

proton balance and specifically adsorbed ions on the surface, as shown in Fig. 20.288



0 Chloride ions
• Sodium ions

0 Hydrogen ions

4 6 8 10
pH

Figure 18. Ion adsorption on Na-kaolinite. (Ref. 131)

70

(a)

Figure 19. Ion adsorption on Na- and Cl-kaolinites.
(a) Na ion adsorption in NaC1 solution at different pHs and (b) Na+ and
Cl - ions adsorption in NaCI solution versus pH. (Ref. 277)
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Figure 20. Models of the net surface charge of the hydrous oxide
by the proton balance and specifically adsorbed ions. (Ref. 288)
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If the cations, Mzt, adsorb on the surface, the originally equal affinity of the surface for

and Off (protonation and deprotonation) becomes unbalanced. Consequently, the net

surface charge shifts slightly negative. The intersection point, the LEP, which is the zero

proton condition, moves to an acidic pH side in Fig. 20 (b). If the aions, Az", adsorb

specifically, the reverse will take place. Lykalema proposed the same model with the

Estin-Markov coefficient, 0. 289 '290 These models, however, separate the cases of influence

of cations and anions. The real situation is a combination of the influence of both

specifically adsorbed cations and anions.

2.10.2 Dissolution of Aluminum and Silicon

The dissolution of aluminosilicates has been studied for the mechanism of

weathering in acidic aqueous solution. 291-293 For kaolinite, the dissolution Si is

preferentially dissolved over Al at pH > 6.0, and the reverse occurs at pH < 6.0. 281

Wieland and Stumm have proposed a model of the protonation-deprotonation and ion

exchange equilibria of kaolinite, as shown in Fig. 21. 294 The surface protonation of the

gibbsite octahedral sheet becomes neutral at pH 7.5. The protonation of the gibbstite edge

surface becomes constant below pH 5.5. The basal surface of gibbsite is protonated

maximum in acid, and the protonation charge becomes neutral at pH 5.5. At the edge

surface of silica tetrahedral sheet, on the other hand, deprotonation occurs from acid to

neutral pH, and then becomes negatively charged, --aSi-O. The negatively charged sites

on the siloxane edge surface are compensated by adsorption of cations from electrolyte,

such as H and Nat, and adsorption of dissolved A13+ from the gibbsite layer below pH 6.
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Figure 21. Density of the surface functional groups with H+, Na, and A 13+
versus the pH. (a) Protonation of OH groups on the gibbsite octahedral sheet,
the solid line and circles are the total density of the protonation of gibbsite sheet
of kaolinite particle in the experiment data at 0.1 M of ionic strength. The dash
lines are the calculated densities, and (b) surface speciation at X0 sites of
the siloxane layer at 0.1 M NaNO3 with {X0} 1=2.71x10-6 mol m -2 , [Alt=1x10-5 M.
(Ref. 294)
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This aluminum-deficient precursor controls the dissolution of kaolinite, or more generally

aluminosilicate minerals. 295 According to this model, the aluminol surface of kaolinite is

positively charged below pH 5.5 by protonation.

The dissolution rates of silicon and aluminum follow the first order reaction in the

short-term. 255 '294 '296 However, the dissolution rates of silicon and aluminum are not

stoichiometric in terms of the kaolinite composition: incongruent. 297 Brady and Walther

measured the dissolution rates of silica, Baker regent grade alumina, and kaolinite

(Washington, GA) in 0.1 M NaC1 electrolyte adding NaOH and HCI, and compared them

with Carroll-Webb and Walther's results, 297 as shown in Fig. 22. 298 The dissolution rates

increased with decreasing pH < 5, reflecting increased protonation and detachment of

octahedral gibbsite sites at the broken bond edge surface of kaolinite. Dissolution rates

increased with pH> 8, reflecting increased deprotonation and detachment of tetrahedral

silica sites at the broken edge surface. It is interesting that Brady and Walther's results

corresponded to two points of inflection, pH 5.5 and pH 8.5, in the 22Na+ ion adsorption

on kaolinite by Freeis and Jespon, as shown in Fig. 19 (b). 2  the pH lower than 5.5

and the pH higher than 8.5, Na+ ions adsorbed on A10- sites and on Si0 - sites,

respectively, and formed AIONa and SiONa.

Carroll-Webb and Walther obtained the activation energy of kaolinite from the

dissolution rates at 25 °C and 80 °C. 297 The activation energy of kaolinite showed the

minimum around pH 7. Thus, when the CECs of kaolinite, or aluminosilicate minerals,

are compared, the CECs must be measured at pH 7, where the influences of ion

adsorption on silica and alumina at the edge surface are minimal, e.g. Table 2.
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Figure 22. Dissolution rates of alumina, silica, and kaolinite
versus pHs at 25 °C. (Refs. 297 and 298)



76

Carroll-Webb and Walther computed the theoretical potentitometric titrations of

the surface charges of y-Al203 and quartz with the one-site thermodynamic model by

assuming the pH-independent ion adsorption: the outer sphere surface complex, as shown

in Fig. 23 (a) and (b). 281 Then, they used the two-site surface complex (E--- SiOH and

AIOH sites) reaction model to obtain the theoretical potentiometric titration of kaolinite

in symmetrical univalent electrolyte solution, as shown in Fig. 23 (c). Carroll-Webb and

Walther also experimented the potentiometric titration of kaolinite (Washington, GA) in

NaNO3 electrolyte adding NaOH and HNO3 under free CO2. Sequentially, their results of

the potentiometric titration by theory and experiment were corresponding. There were

three pH crossover regions: pH 4.0-4.5, pH 5-6, and pH 8.5. The low and the high pH

crossovers represented the net neutral charge of the silica and the gibbsite at the edge

surface, respectively. The mid-pH crossover region was the result of the combined

behavior of the two distinct surface reaction sites.

2.11 DLVO Theory

As described in 2.6.1, the studies of thixotropy and colloid stability for

deflocculation have been elucidated that the interactions between the colloidal particles in

electrolyte solution consist of the van der Waals-London dispersion attraction and the

electrical double layer repulsion. The DLVO theory has the same concept, which was

named after scientists proposed independently by Derjaguin and Landau from USSSR

and Verwey and Overbeek from Netherlands.1"2
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Figure 23. Theoretical and experimental potentitometric titrations.
(a) y-Al 203 and (b) Si02 in monovalent solution at 25 °C using a one-site
surface complex reaction model. 0.1 M (triangles), 10 -2 M (squares), and
10-3 M (circles). (Ref. 281)
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Figure 23. Theoretical and experimental poteetiometric titrations (Continued).
(c) Theoretical potentitometric titration of kaolinite in monovalent solution
at 25 °C using a two-site surface complex reaction model and (d) experimental
potentiometric titration of kaolinite in NaNO3 solution at 25 °C.
0.1 M (triangles), 10-2 M (squares), and 103 M (circles). (Ref. 281)



79

Van der Waals derived the empirical equation of state of real gas from the P-T-V

behavior. 2" He assumed that a gas molecule had non-volume and consisted of a head

core and an outer-electron like the Bohr model of a hydrogen atom. The interaction to the

neighbor molecule is induced by eletctrostatic (Coulombic) force. The van der Waals

forces are classified three types: dipole-dipole forces (Keesom forces) by two polarized

molecules, dipole-induced dipole forces (Debye forces) by polarized molecule and non-

polarized molecule, and dispersion forces (London dispersion) by two non-polarized

molecules. 30° London derived the dispersion potential, U(x), for two non-polarized

molecules in vacuum by using the second pertubation in the Schrôdinger equation: 30 '

U(x) — —
3 	1  2 r4a 2lrh	 C ( 1 )

4 (4= 0) x 6 	XP = — x 6
)

where x is the distance from the nuclear, Co is the permittivity of vacuum, a is the

spherically symmetrical polarization, hp is the Plank constant, X is the wavelength of the

fluctuated electron, and C is a constant, respectively. Hamaker derived the interaction

potential of macroscopic bodies by integrating a pairwise London dispersion potentia1. 302

The interaction potential depends on its geometrical configuration. For example, the van

der Waals-London dispersion potential, Vdi sp, for two identical parallel plates, t in thick,

separated distance h is:1°
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where A is the Hamaker constant given by:

A = C n2p2 	(13)

where p is the number of molecules per volume of the separated body. Mathanty and

Ninham have shown many cases to calculate the integration over the volumes of the

particles by numerical methods rather than analytical methods for complicated

geometries. 303

The London dispersion is treated as a symmetrical distribution of electrons around

the nucleus on the time average. However, at any instance, there is an asymmetrical

electron distribution. It produces an electrical filed to distort the electron distribution in a

neighboring atom or molecule when the distance, x, decreases to the wave length of the

fluctuated electron, X, in Eq. (11). It is called the retardation effect resulting in the

potential proportional to x -7. Casimir and Polder derived the van der Waals- London

dispersion force influenced by retardation between two atoms. 124'304 Tabor and Winterton

measured the retardation effect using molecularly smooth cleaved mica surfaces glued on

cylindrical glasses under atmosphere. A gradual transition from the non-retarded to the

retarded forces was observed from 12 to 50 nm in separation. 305 However, there is no

theoretical calculation for the transition separation for macroscopic bodies. Overbeek

80

(12)
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showed the empirical van der Waals-London dispersion potential for two atoms. 1° Using

the Overbeek's equation, the approximated van der Waals-London dsipersion potentials

of the two spherical bodies have been derived." 3" Recently, French measured the

retardation effect on Si31\14 ceramics with the AFM and shown that the Hamaker constant

varied with separations. 309

The DLVO theory includes the Lifshitz theory for the Hamaker constant, which

differs from the previous study. The Hamaker constant was derived from macroscopic

bodies in vacuum by integrating a pariwise potential. Lifshitz derived the Hamaker

constant, A132, between two bodies, 1 and 2 in medium, 3 as a continuum by using

dielectric constants as a function of the electron frequency, e(iv). 31° Since the Maxwell

equation can convert the dielectric constant ,e(iv), to the refractive index of the material,

n, the Hamaker constant, A132, is given by:

A 132 — 3 kT( 61 —63 )( 62 — e3 ) +
— 4	 E I + 6 3 e2 +63

3hve	
2

(11 — n 3
2 Xn 2

2 
— n 3

2 )i 

1	 i
+ n 3 2 ) -2- (n 2 2 + n 3 2 )1 {(n 1 2 + n 3 2 )1 +(n 2 2 +n32 )

}
8f 22kn,

(14)
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where ve is the main electron absorption frequency in the UV region, for example, water

is about 3 x 10' 5 Hz. French et al. and Bergstrom et al. computed the Hamaker constants

of oxide ceramics with UV spectra data. 311'312

The electrical double layer repulsive potential is induced by electro-osmotic

pressure. If the charged body is immersed in solution, the counter-ions form a diffuse

layer, as shown Fig. 17 (b). As the Gouy-Chapman model treats the ion species to be an

electrical point following to the Poisson-Boltzman equation, the one-dimensional

electrical potential, w, as a function of a distance, x, from the body surface is given by:

tly(x) — —
1 o 	ziey(x))

n exp(—
kT )

(15)
Boer

where er is the relative permittivity (dielectric constant) of suspending media (electrolyte

solution), is the concentration of the bulk electrolyte, zi is the valency of the ion

species, e is the elementary electron charge, and k is the Boltzman constant, respectively.

As Eq. (15) cannot be solved analytically, some approximations and numerical solutions

have been proposed. 313 '314

When the two bodies with an electrical double layer come to close together from

the infinite distance in electrolyte solution, the diffuse electrical double layer will overlap

one another. Consequently, the free energy of the electrical double layer system will

increase. The change of the free energy of the electrical double layer system works as an

interaction potentia1. 315-318 The electrical double layer repulsive potential is calculated by
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two methods: the change of the free energy and the integration of the osmotic pressure. 1°

There are two situations for calculating the electrical double layer repulsion potentials:

the constant potential, Vow, and the constant charge, Vela. If the surface charge density is

determined with the potential-determining ions, the surface potential maintains constant,

and the surface charge density adjusts accordingly. If the surface charge density is the

result of the surface ionization, the surface charge density remains constant and the

surface potential adjusts. In the study of the clay-water system, the electrical double layer

repulsion potential, VR, is given as two platelet bodies with the constant-potential: 1°

Vei = —f 2nkT{COSh( Zek1412 ) —1}dh

H

kT
	 (16)

where n is the concentration of the ion species, and whi2 is the potential at the middle way

of the separation, h, respectively. Eq. (16) has been derived without any approximations.

The total interaction, Vtotat, between the two flat plates are give by adding Eqs.

(12) and (16):

Vtotal = Vdisp + Vel
	 (17)

The DLVO theory has successfully explained colloid stability and has proved the

Hardy-Schultz valency rule. For the clay-water systems, the DLVO theory has often

been used to explain qualitatively the rheology of clay suspensions of floccuation and
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deflocculation, e.g. "house of cards" and "pack of cards. 13032282319-322 Takamura

estimated a uniformly wet water thickness between bitumen and oil sand to be 10 nm

using the DLVO theory. 323

2.12 Short-Range Forces

The DLVO theory has limitations in a short-range separation distance below 5 nm

as following reasons.

(1) Since the DLVO theory is based on the Gouy-Chapman model, the property of

inner region of the OHP (Stern layer) is neglected. For example, Lylema deduced

that the oriented water molecular layers existed with 0.54 nm in thickness on a silver

iodide crystal in aqueous solution by fitting the curve of zeta potential with variable

OHP potentialS. 324

(2) The DLVO theory is established by the continuum and the mean field theories. In

short-range separations, these assumptions cannot be applied. For example, Cerda has

reported that kaolinite fines had a minimum separating 3 - 4 nm in distance

between oil sand grain surfaces instead of adhesion by van der Waals forces. 325 Silica

and polystyrene latex particles cannot coagulate in concentrated salt even at zero

surface charge. 326 '327

The third forces, except van der Waals-London dispersion and the electrical

double layer repulsion, have been proposed as described below.
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2.12.1 Ion-Correlation Attractive Forces

The ion-correlation attractive forces occur by the ion-image self atmosphere

potential in a non uniform charge region less than 4 nm in separation. These forces

induce a new screened electrostatic field with high dielectric constant separated bodies.

These forces have been studied theoretically, however, not established. 35'328

2.12.2 Chemical Bonding Attractive Forces and the Born Repulsive Forces

These forces show a steep potential below 0.1 - 0.2 nm in separation, which is less

than the size of the medium molecule. Thus, it is not necessary to consider in colloid

systems. 36 '37

2.12.3 Structural Forces

2.12.3.1 Thin Liquid Film

The study of structural forces has a long history. Thin liquid films have been

known to have plastic or elastic properties on glass, quartz, mica, and steel plates. Hardy

considered that the thin liquid water formed oriented chain water molecular layers in the

gap of the solid surfaces in friction coefficient experiments. 329 The thickness of that

liquid water film was 5 gm, called "limit of boundary lubrication". Bowden and Bastow

obtained the same value of liquid water films in the resistance of the fluid flow.330 '331

Terzaghi showed that the evaporation of water stopped at about 0.1 i.Lm in a glass plate

gap under atmosphere pressure. He proposed that the sliding of smooth clay particles

upon each other was caused by the existence of a certain thickness of water film, called
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"water-cushion". 332 In the late 1960's, anomalous water viscosity near a solid surface was

observed. Deyaguin et al. calculated the viscosity of a thin water film to be 15-fold

higher than bulk water by using a column growth rate in a quartz capillary. 333 They

proposed that water molecules formed a network on a silicate surface by hydrogen bonds.

Churayerv et al. showed that there was no anomalous viscosity for non-polar liquids,

such as CC14 and benzene in quartz glass capillaries from 1 to 0.05 gm in radius. 334

Peschel and Adlfinger observed anomalous water viscosities at a plate distance up to 160

nm using spherical/planar polished fused glasses. 335-337 They stated that these anomalous

viscosities were caused by the degree of coverage of the silica surfaces with hydroxyl

groups. 338 Peschel and Adlfinger also found a high-order transition of water structure at

15, 32, 45, and 61 °C. 33934° The anomalous effect vanished as the temperature increased

above 70 °C. Stobbe and Peschel measured dielectric constants of water and n-heptane on

the spherical/planar vitreous carbon condenser. 341 Dielectric anomalies near the solid

surface were detected for polar water molecules. These experimental results are evidence

for the orientational immobilization of water on a solid surface, as described in 2.7.

2.12.3.2 Disjoining Pressure

Deryaguin measured pressures by thin liquid films of pure water, electrolyte

solution, and non-aqueous media (vaseline oil, hexane) using a pressing air bubble on a

plate. He stated that the elastic liquid film must correspond not only to geometrical and

mechanical forces, but also to thermodynamic metastable equilibrium, which was termed

the disjoining pressure. 342-347 The disjoining pressure originates from structurally ordered
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molecules near the solid surface. Thus, the disjoining pressure can be expressed with the

chemical potential of the molecules forming the thin film plus the total free energy of the

thin film. The disjoining pressures have been renamed to structural forces, solvation

forces, or hydration forces for water solvent, and steric forces for polymer media or

adding surfactant.

Deryaguin and his colleagues measured the disjoining pressures using the

capillary meniscus and black soap films in addition to the pressing air bubble on a

plate.'" Overbeek and his colleague, and Clunie et al. obtained a steep increasing

disjoining pressure, or solvation pressure, with a decreasing separation below 5 nm using

black soap films. 349-352 Ottweill studied the surfactant effect, termed steric stabilization,

or steric hinderance forces. 353-355 Deryaguin stated that although the multivalent cations

influenced the liquid film thickness, the disjoining pressure came from the nature of the

media. He pointed out that surfactant and solid surface dehydration influenced the

disjoining pressure. 12 '356 '357 The Deyaguin idea was proved directly and precisely with the

surface force apparatus, SFA, experiments using molecularly smooth micas, silicas, and

- 358-368sapphires. The mica aqueous system was shown to have the monotonic repulsive

hydration forces below 4 nm in separation. 36° Pashely deduced that hydrated layers were

formed on the negatively charged surface, which caused to repulsive hydration forces.

Pashely showed that the magnitude of the hydration forces increased with hydration

series, Mg  > Ca+2 > Li — Na > K+ > Cs+, using a simple site-binding model.  This is

the same model as the water hull model as described in 2.7.
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In clay minerals, solvation forces were studied as a hydrate crystal in the

intracrystalline swelling of montmorillonite since Hofmann, Endel, and Wilm studied it

in 193 3 . 135,142,200,201,369-375 Viani et al. showed that the interlayer separation was

independent on the surface charge density. 376 Thus, the swelling pressure did not arise

from the electrical double layer repulsive force, but from the structural repulsive force.

The repulsive force derived from the oriented adsorbed water molecules or hydrated

cations in the interlayer. The hydration forces were also studied in biological materials

such as lecitin bilayers377'378 Water molecules were oriented on lecithin.

2.12.3.3 Structural Pressure Formula

The disjoining pressure, or structural force appears below 5 nm in separation of

bodies. When the separation is larger than 10 nm, the electric double layer repulsion force

is dominant. Structural forces, or pressures are classified by the separation range:

microstrucutral oscillatory forces and monotonically changing macroscopical forces. 379

Fig. 24 shows the experimental results of structural forces from the literature.

The oscillatory force appears below about 1.5 nm in separation. The oscillatory

force (oscillatory solvation force) was first observed with mica cylinders in SFA by

Pashely and Isrealachvili. 38° The amplitude of oscillation reduced with separations and

vanished over 1.7 rim in separation. The periodicity of the oscillatory solvation force was

0.25 ± 0.03 nm, which was the same as the water molecule size.
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Figure 24. Experimental results of the structural forces.
(a) A silica-glass sphere and an oxidized silicon wafer in NaC1
solution by the AFM (Ref. 399), (b) cylindrical silica-glasses in
NaC1 solution by the SFM (Ref. 363), and (c) curved micas in
KNO3 or KCI solution by the SFA (ref. 380).
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The oscillatory solvation forces between mica cylinders were also observed with non-

polar octamethylcyclotetrasiloxane (OMCTS) liquid and polar non aqueous propylene

carbonate, n-alkanes, and ethylene glyco1. 381-386 Thus, the oscillatory solvation force is

independent on the polarity of solvent.

Mitchell et al. proposed the oscillatory solvation force theoretically in 1977

before these experimental measurements. 387 They assumed that the solvent molecule was

a hard sphere packed in the primary structure of liquid. The dispersion potential of the

hard sphere was oscillating to decrease with separation distance. Henderson and Lozada-

Cassou computed the oscillatory solvation force by the dipole hard sphere solvent model

by fitting the curve with to the experimental data. 388 According to Ninham's literature

survey, Maxwell in 1876 was the first scientist to point out the existence of the structural

forces in thin water films which had the exponential decay length of 0.31 11M. 389 '39°

Monotonically changing structural forces were observed in separation between 1.5

and 7 nm. If the solid surface is hydrophilic, the structural force is repulsive. If the solid

surface is hydrophobic, it becomes attractive. They are related to contact angle, however,

the origins of these forces are not clearly understood. 35 '391-396 Deyaguin and Churaev

explained that the hydrophobic attraction corresponded to the weakening of the

intermolecuar hydrogen bonds in water and to a decrease in entropy when the interlayer

grew thinner. 379 For the hydrophilic repulsion, the strengthening of intermolecular bonds

and an increase in entropy require when the interlayer is thinning out. Il'in et al. used the

Monte Carlo method to calculate the change entropy of the interlayer by varying the
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number of active center density on the surface, which was like surface hydroxly group. 397

Water molecules strongly bonded near the more hydrophilic surface.

The monotonically macrostructural pressure, II, can be expressed empirically by:

n=no exp(-H/to)	 (18)

where no is a constant and to is the characteristic length. If the sign of 110 is positive,

H presents the hydrophilic repulsion; the opposite is hydrophobic attraction.

Marcklja and Radie derived theoretically the repulsive pressure of Eq. (18) from the

Landau expression of free energy density of bound water molecules on lecithin. 398

The structural forces (hydration forces) for the clay-water systems can be

concluded as follows: The oscillatory solvation force on mica is evidence that hexagonal

structural water molecules build up on the siloxane basal surface by lattice fit, as

proposed by Hendricks and Jefferson. 31 The oscillatory solvation forces were not

observed with silica and sapphire surfaces by the SFA. The AFM showed the same

results as the SFA: silica glass and sapphire surfaces had monotonic hydration forces. 399-

4
0

2 The hydration force arose from water and hydrogen-bond structuring effects at certain

hydrophilic surfaces. 367'368'379 The different structural forces for mica and silica are

explained as follows: The mica surface is not intrinsically hydrated (siloxane Si-O-Si

groups) and only becomes hydrated with binding hydrated ions on it. On the other hand,

the silica surface is hydrated or hydrophilic due to non-exchangable silanol (-OH) groups.
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When the silica surface is heated above 600 °C, the silanol groups give off water and

form siloxane groups. 403 '4°4 As the silica surface becomes hydrophobic, the repulsive

hydration force disappears. This interpretation is good agreement with the experimental

results of water adsorption on hydrated and dehydrated silicas and non-plasticity of

calcined clays. 156
'

157
' 405

There is no literature to study the structural forces for other clay minerals, such as

kaolinite and montmorillonite by the SFA and the AFM. Kaolinite and montmorillonite

show monotonic hydration forces by the mold permeable press and the compression

apparatus, respectively, as described below.

2.13 Measurement of the Clay-Water Film Thickness

The water film thickness in the clay-water system is interesting with regard to its

plasticity and abnormal water absorption. Westman studied plasticity of variable ball

clays, kaolins, and fire clays using a steel permeable press mold. After squeezing out

excess water under a permeable pressure, he released the pressure and took out the

pressed disc sample. Then he compared it with the moisture content, density, and drying

shrinkage. 406 Westman showed that the plastic volume of Florida kaolin decreased

exponentially with the increase in pressure. 4" Norton and Hodgdon experimented on the

mold permeable press to compare plasticity of clays, such as English china clay, ball

clay, brick clay, bentonite, and non-plastic material flint (quartz) and clacined china

clay."' All materials had a critical water content, beyond which the particles reoriented

themselves into a dense packing. The clays are differentiated from the non-plastic
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materials by their ability to hold a stable water film onto the surface of the particles.

Norton and Hodgdon estimated the maximum thickness of the stable water film to be

about 0.3 p.m on the average for all clays by computing from the linear drying shrinkage.

Water films were so stable as not to be influenced by pressure as high as 78.4 MPa.

Norton and Johnson studied the relationship between the water film thickness and

the permeable pressure using dialyzed Florida kaolinite in a brass press mold. 33 They

computed the water film thickness by assuming ideal floc particles from the volume

shrinkage, as shown in Fig. 25. Water film thickness decreased exponentially with

increasing permeable pressure. Norton and Johnson deduced that the kaolinite crystal had

a strong attractive force for water molecules to build up a hexagonal rigid net film on it.

Thus, the rigid water film showed the repulsive force when compressed. This is the same

idea of the structural forces, as described in 2.12.3. Norton and Johnson hypothesized

epitaxial growth water layers on the kaolinite crystal, which was proposed by Hendricks

and Jefferson, and Macey. 31 '32 East studied the water film thickness using the mold

permeable press for cation exchanged Florida kaolinites, gibbsite, and quartz. 408 '409 For

the 0.4-0.8 1AM particle size at 0.118 MPa, the water film thickness was 4.6 nm for the H-

kaolinite, 4.5 nm for the Na-kaolinite, and 4.0 nm for the Ca-kaolinite, respectively. The

water film thickness did not follow the bond energy series for cations in Eq. (6). The

reason was that the particles flocculated in a different manner in each cation exchanged

kaolinite sample.
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Figure 25. Norton and Johnson's assumption of particle arrangement. (Ref. 33)
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East concluded that the Ca-kaolinite structure had a higher number of aggregated particles

than the H- and the Na-kaolinites. Since the applied permeable pressure represents the net

interactions between particles, the DLVO theory can be applied.

Another measurement of water film thickness was done for the swelling of 2:1 clay

minerals: montomorilloinites, illites, smectites, and vermiculites. There are two kinds of

swellings: interlayer or intracrystalline swelling and macroscopic or osmotic swelling. 202

Intracrystalline swelling takes place spontaneous penetration of water between the unit

layers of a clay when exposed to water vapor. Montmorilloinite shows a step swelling

corresponding with one to four layers of water between the basal silica layers (siloxane) of

1.0 rim thick unit layer, as shown in Fig. 4 (d). As described 2.12.3, this is the hydrate

crystal with the structural forces. Macroscopic swelling occurs between any individual

parallel clay particles, whatever, platelet particle shape. However, montmorillonite shows

an anomalous volume increase by a factor 25 or more due to a thin particle. This is a great

difference from the 1:1 clay mineral kaolinite. I consider that the difference in swelling

derives from not only the layer linkage bondings: the van der Waals forces or the 0-0H

bonding, but also from the different amount of permanent negative charge of the siloxane

basal surface by isomorphous substitution, as shown in Tables 2 and 3.

The swelling pressure derives from the electro-osmotic pressure, as explained in

2.11. Macroscopic swelling, termed osmotic swelling, was studied by Langmuir,6 Frumkin

and Gorodezkaj i, 41° Schofield,411 and Bolt and Peech. 412 Mattson first studied the osmotic

swelling experimentally. 413 Bolt and Miller developed a compression apparatus using the
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hydrostatic pressure. 414 They showed that the Na-montmorillonite agreed with the Guoy-

Chapman model in the range of 2 - 20 nm at 104 M NaCI. Barclay and Ottewill studied

the Na-motmrillonite in the presence and absence of non-ionic surfectant using the

compression apparatus. 415,416 They concluded that it was reasonable to postulate solely the

electrical double layer repulsive force at a separation greater than 5 nm. The DLVO theory

indicated the existence of maximum pressure at 1.5 nm at 104 M NaC1, however, the

experimental data showed the monotomic osmotic pressure in the whole separation range.

At the high concentration of 10-1 M NaC1, the experimental osmotic pressure was always

greater than the calculated pressure by the DLVO theory. Barclay and Ottwill pointed out

that there was another repulsive force, such as interactions of hydrated layers.

3. EXPERIMENTAL PROCEDURE

3.1 Selection of Inorganic Deflocculant

The starting raw material was Florida kaolin (EPK kaolin, Feldspar, GA). Four

grams of the kaolin was mixed with deionized water of pH 5.4-5.6 (Mili-Q UV plus,

Millipore, France). This 16 wt% of kaolin suspension was vibrated for 5 min. with a

ultrasonic cleaner, and then an inorganic deflocculant was added. The inorganic

deflocculant was sodium compounds: NaNO3, Na2SO4, Na2CO3, Na2SiO3, and NaOH, and

ammonium hydroxide, NH4OH. The inorganic deflocculant was added to each suspension

with the concentration of 1, 2, 4, 6, and 8 miliequivalent per 4 g of Florida kaolin, and

then stirred for 1 hour with a magnetic stirrer. An apparent viscosity of each kaolin
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suspension was measured at 12 rpm with a viscometer (Brookfield Digital Viscometer

LVTDV-II, Brookfield Engineering Laboratories, INC., Stoughton, MA).

3.2 Starting Materials: Kaofinite and Metakaolinite

The Florida kaolin, 11.4 g, was added to 60 ml of deionized water. The 16 wt%

Florida kaolin suspension was vibrated for 5 min. with an ultrasonic cleaner. Then it was

stirred with a magnetic stirrer while adding 20 ml of 0.1 M NH4OH solution gradually.

The suspension was stirred for 12 hours. Then 700 ml of deionized water was added to

the kaolin suspension. The suspension was stirred for 12 hours. After stirring for 24 hours,

the kaolin suspension was placed into a neck flask and allowed to settle for 1 hour. The

organic matter floated on the surface of the suspension. By adding deionized water in the

flask, the top of skim including the organic matter was flowed away from the flask. Then

the kaolin suspension was centrifuged in a 15 ml tube. The upper opaque solution was

sucked with a pipet. The opaque solution was filtered with a polystyrene filter of 0.45 pm

pore size (Coaster, MA). The filtered kaolin particles were collected and made a paste

with a mortar and a pestle. The kaolin paste was mixed with deionized water. It was

vibrated and stirred to form suspension again. Then the suspension was filtered. This

process of making suspension and the paste was repeated five or six times until the pH of

suspension became constant. The final suspension was pH 6.7 - 6.9 at 23 °C. The final

filtered kaolin was dried naturally, then crushed with a mortar and a pestle. This was the

starting material kaolinite.



98

For the preparation of metakaolinite, the Florida kaolin was put on a shallow-form

porcelain dish. The dish was heated to 600 °C for 12 hours. After heating, the kaolin

powder was ground with a mortar and a pestle. The ground kaolin was made with the

same procedure as described above. It was the starting material metakaolinite.

3.3 Measurement of Linear Drying Shrinkages

The kaolinite powder was mixed with deionized water. It was vibrated with an

ultrasonic cleaner and stirred with a magnetic stirrer. The pH of suspension was measured.

Then the suspension was filtered and made a paste with a mortar and a pestle. The

kaolinite paste was placed into a polypropylene syringe. Approximately 2 g of kaolinite

paste was squeezed on a polycarbonate membrane of the 0.4 p.m pore size (Nuclepore,

CA) with a wet paper filter on a brass disc. The 25 mm in diameter brass disc had a 0.34

mm hole at the center and eight fine grooves of a 0.127 mm width. A polycarbonate

membrane with a wet paper filter was put on the top of the kaolinite paste in the brass

mold press, as shown in Fig. 26. The brass mold press was set on Instron (Model 1011,

Instron, MA). The indicated compression value was calibrated linearly with two points.

The maximum pressure was 9.7 MPa. A pressure was applied to the mold for 25 min. until

excess water was squeezed out, and the kaolinite sample was at equilibrium. After

permeable pressing, the kaolinite disc sample was removed immediately from the mold

press to a parafilm, which was covered on a glass plate. The upper side surface of the

kaolinite sample was marked with two pinholes by a needle.



Pressed by lnstron

99

Paper filter

Polycarbonate membrane

Clay mineral paste

Fine grooves

Bottom disc

Figure 26. Schematic diagram of brass mold press.
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The distance between the two pinhole marks was measured under an optical microscope

with a magnification of 10 (VMF, Olympus, Japan). The distance was recorded to 1/1000

mm with a digital micrometer with the measurement error, ± 0.14 %. After the

measurement of the distance, the kaolinite sample was quickly weighed. The

measurements of the distance and the weight were continued until the drying shrinkage

stopped. After stopping the shrinkage and drying completely, the microstructure of the

upper side surface of the sample was taken by the FE-SEM (S-4500, Hitachi, Japan) with

a magnification of 1000.

Seven kaolinite disc samples were measured from one batch of the kaolinite paste.

Twenty-one disc samples were made with the same lot powder and examined with various

applied pressures. The linear drying shrinkage of the metakaolinite sample was measured

in the same way as the kaolinite sample. Approximately 2.6 g of the metakolinite paste

was used for one disc sample. Five metakaolinite disc samples were made from one batch

of the metakaolinite paste.

After measuring the linear drying shrinkages of the kaolinite-deionized water

system and the metakaolinite-deionized water system, the same lot powders were used for

the kaolinite-NaC1 electrolyte system and the metakaolinite-NaC1 electrolyte system. The

kaolinite powder was mixed with 10 -3 M NaC1 electrolyte solution. The suspension was

vibrated and stirred for 12 hours. Then the suspension was filtered and made a paste. This

process was repeated three times. Then the pH of the final suspension was measured.

After the suspension was filtered and made a paste, the drying shrinkage and the weight of
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the kaolinite disc sample were measured in the same way as the kaolinite-deionized water

system. Each disc sample was pressed with a different applied pressure. After measuring

the linear drying shrinkages of the kaolinite-1 0 -3 M NaC1 system, the same lot powder was

used in the 0.1 M NaCI system. After measuring the 0.1 M NaCl system, the kaolinite

powder was mixed with the 0.1 M NaCl solution and stirred again. NaOH solution with a

concentration of 0.1 M was added gradually to the suspension until the pH of the

suspension became stable at 9. Then the suspension was filtered and made a paste. This

basic kaolinite paste was used in the kaolinite-0.1 M NaC1 with NaOH system.

The measurements for the metakaolinite-0.1 M NaCl and 0.1 M NaC1 with NaOH

systems were done in the same manner as the kaolinite-0.1 M NaC1 system.

3.4 ICP Analysis of the Suspensions

0.1 g kaolinite powder was mixed with 10 ml of deionized water and with 10 ml of

0.1 M NaOH solution, respectively, and allowed to settle for 7 days. Then the kaolinite

suspensions were filtered. Dissolved aluminum and silicon in the filtered water and in the

0.1 M NaOH solution were analyzed with the ICP spectroscope (ICAP-57511, Nippon

Jarrel-Ash, Japan). The metakaolinite suspensions were examined in the same manner as

the measurement of the kaolinite suspensions.
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3.5 Zeta Potential

0.5 g kaolinite powder was mixed with 1000 ml of deionized water. NaCl solution

with a concentration of 10'3 to 0.1 M was also used as electrolyte solution instead of

deionized water. The kaolinite suspension was vibrated for 5 min. with an ultrasonic

cleaner and stirred for 12 hours with a magnetic stirrer. After stirring, the suspension was

placed into seven 125 ml polystyrene bottles. The pH of the suspension in each bottle was

adjusted between 2 and 9 by adding HC1 solution or NaOH solution. After the adjustment

of the pH, the suspensions were stirred for 12 hours with a magnetic stirrer. Then the pH

of the suspension was measured again. The suspension was poured in a zeta-potential cell.

The zeta-potential was measured by the electrophoresis method (Lazer Zee Model 501,

Pen ken, NY). The zeta-potential of the metakaolinite was measured in the same manner

as the measurement for the kaolinite.

3.6 Surface Charge Density

The surface charge density of kaolinite and metakaolinite were measured by the

potentiometric titration method. Fifty five milligrams of the kaolinite powder was placed in

a 500 ml distilled- flask, and 200 ml of deionized water was poured gently. NaCl solutions

with a concentration of 10'3 to 0.1 M were also used as electrolyte solution. The

suspension was vibrated with an ultrasonic cleaner until the suspension became completely

opaque, and no cluster of the powder was observed. Then the mouth of the distilled-flask

was closed to prevent the evaporation of water. The distilled-flask was set on the
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autotitrator (VIT90 TitraLab, Radiometer Copenhagen, Denmark). After the pH of the

suspension became stable at 5.6-6.5, NaOH titrant with a concentration of 5.91 x 10-3 M

was added to pH 9.5. Then HCI titrant with a concentration of 5.91 x 10 -3 M was added to

decrease to pH 4.0. NaOH titrant was added again from pH 4.0 to pH 7.5. The pH of the

suspension was recorded automatically with the interval of pH 0.5 by the end point

method. All titrant solutions, NaOH and HC1, were volumetric standard solutions

(Aldrich, WI).

3.7 FT-III Spectroscopy

The potassium bromide preparatory technique was used for the FT-1R

spectroscope. Kaolinite, metakaolinite, silica (99.99 %, Silene 732D, PPG, PA), alumina

(99.99 % a-Al 203 , TM-D, Taimei Chemicals, Japan), and KBr powder (99.99 %, Aldrich,

WI) were put on each petri dish, then heated to 115 °C for 24 hours in the oven to remove

adsorbed water. One milligram of the sample powder and 99 mg of KBr powder were

mixed by the sample shaker (Wig-L-Bug, Spex, NJ). The mixed powder was pressed to a

disc, 12.7 mm in diameter, at 420 MPa for 1 min. A KBr disc sample was prepared as

blank. The pressed disc sample was set in the FT-1R spectrometer (1725X, Perkin-Elmer,

CONN). The infrared light was scanned 16 times from 400 cm' to 4000 cm' with the

resolution of 4 cm-1, and the average transmitance was recorded. The transrnitance of

kaolinite, metakaolinite, silica, and alumina disc samples were subtracted from that of the

blank KBE Then the difference of the transmitance was converted to absorptance.
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3.8 Volumetric Titration

The kaolinite powder and the metakaolinite powder were put on each petri dish

and heated to 110 °C for 12 hours in the oven to remove adsorbed water. Fifty milligrams

of the powder was mixed with 250 ml of deionized water in a distilling-flask. The

suspension was vibrated and stirred until the suspension became opaque and no cluster of

the powder was observed. The pH meter, calibrated at pH 7 and pH 10, was put in the

distilling-flask. Then the mouth of the flask was closed with a parafilm. After the pH of the

suspension was stabilized, every 10 min. 0.5 ml of 9.57 x 10 -3 M NaOH solution

(Volumetric standard, Aldrich, WI) was added using a micropipet. For the metakaolinite

suspension, 2.39 x iO 3 M NaOH solution was used. The pH of the blank deionized water

was measured in the same manner as the kaolinite and the metakaolinite suspensions. The

difference of the pH between the suspension and the blank deionized water was obtained

as a function of the amount of NaOH titrant.

3.9 Microstructure

The kaolinite and the metakaolnite particles were observed with the FE-SEM (S-

4500, Hitachi, Japan) and the TEM (H-8100, Hitachi, Japan). The bright field images and

selected electron diffraction patterns were used under the TEM. The EDX analysis was

done at ten different areas on the kaolinite and the metakaolinite particles with a spot size,

8 nun, under the TEM.
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3.10 Other Characterizations

Thermal analyses, DTA and TGA (TA2000, DuPont, DE), for kaolinite were done

up to 1270 °C and 900 °C with a rate of heating, 10 °C/min, under flowing air at 15

cemin, respectively. The X-ray diffraction of the raw material of Florida kaolin, kaolinite,

metakaolinite, and the DTA kaolinite sample, heated to 1270 °C, were examined with the

X-ray diffractometer (XRD-5, GE, Ml) with Cu Ka at 50 kV and 20 rnA.

The particle sizes of kaolinite and metakaolinite were measured with the photon

correlation spectroscopy (Coulter model N4, Coulter Electronics, FL). The suspensions

were prepared with deionized water. The particle size was determined by using the mean

value of five measurements. The thickness of a platelet particle was measured with the FE-

SEM. The specific surface areas of the raw material of Florida kaolin, kaolinite, and

metakaolinite were measured by the single point BET method (Monosorb, Quantachrome,

NY). The sample powder was dried at 105 °C for 20 min. in a glass sample tube to degas

adsorbed water before measuring. The specific surface area was determined by using the

mean value of three measurements. The kaolinite and metakaolinite powders were

examined with the X-ray fluorescence (RIX3000, Rigaku, Japan) at 50 kV and 50 mA.

The detected elements were assumed to be oxides.
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4. RESULTS

4.1 Inorganic Deflocculant

The Florida kaolin-deionized water suspension was pH 5.2 and 0.250 Pa s of the

apparent viscosity. Fig. 27 shows the apparent viscosity of Florida kaolin suspensions

with various inorganic deflocculants: sodium compounds and ammonium hydroxide. All

suspensions with deflocculant showed the minimum apparent viscosity. Sodium silicate,

Na2SiO4, and ammonium hydroxide, N1140H, were the most effective in decreasing the

apparent viscosity of the Florida kaolin suspension. Sodium nitrate, NaNO3, and sodium

sulfate, NaSO4, were not effective in decreasing the apparent viscosity. These salts,

NaNO3 and NaSO4, did not change the pH of the Florida kaolin suspensions, as shown in

Fig. 27 (b). Although NaOH and NH4OH made the apparent viscosity drop rapidly, the

apparent viscosity tended to increase at a pH greater than 9.

4.2 Characterization of Starting Materials: Kaolinite and Metakaolinite

The thermal analysis results of kaolinite are shown in Fig. 28. The differential

thermal analysis, DIA, showed two endothermic peaks at 237 °C and 507 °C. The

endothermic peak at 237 °C corresponded to a small weight loss on the thermal gravity

analysis, TGA, curve. The endothermic peak at 507 °C was the dehydroxylation of

kaolinite. The total weight loss was 14.6 % at 900 °C using the TGA. The exothermic

peak at 952 °C was the result of the transformation of metakaolinite to Si-Al-spine1.92-95
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Figure 27. Apparent viscosity of Florida kaolin suspensions.
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The raw materials of the Florida kaolin consisted of kaolinite, low quartz, and low

cristobalite, as shown in Figs. 29 and 30. The starting material kaolinite showed kaolinite

peaks when examined by the X-ray diffraction. The DTA kaolinite sample, heated to

1270 °C, showed high cristobalite and mullite, 3Al203 2Si02. The powder, collected from

the Florida kaolin which was heated to 600 °C, was amorphous, i.e. metakaolinite. It

corresponded to the dehydroxylation peak of kaolinite at 507 °C in Fig. 28.

Both the kaolinite and the metakaolinite particles were polygonal plates under the

SEM, as shown in Fig. 31. The particle shape was similar to the poor-ordered Georgia

kaolinite (KGa-2, Warren, GA), supplied by the Clay Minerals Society (Boulder, CO).

However, the Hinckley crystallinity index of the kaolinite was 1.03. 4 " Thus, the kaolinite

was well-crystallized. The metakaolinite particles aggregated. The bright-field TEM

micrographs showed no difference in the individual particle shapes between the kaolinite

and the metakaolinite, as shown in Figs. 32 and 33. However, some metakaolinite

particles had curled edges. Under selected aperture electron diffraction, the kaolinite

particles showed spots, and the metakaolinite particle showed blurred circles, as shown in

Fig. 34. Thus, the starting material kaolinite particles were crystalline, and the

metakaolinite particles were short-range order crystalline.

The physical analysis results of particles were shown in Table 5. If the particle

shape of the kaolinite is assumed to be hexagonal with a measurement of a size, 0.36 p.m

(equivalent spherical diameter) and 0.03 p.m in thick, the specific surface area is

estimated to be 26.2 m2 g-1.
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Figure 29. X-ray diffraction patterns of kaolinite.
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Figure 30. X-ray diffraction patterns of starting materials.
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Figure 31. SEM micrographs of starting materials of
(a) Kaolinite and (b) metakaolinite.



113

Figure 32. TEM micrographs of kaolinite.
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Figure 33. TEM micrographs of metakaolinite.
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Figure 34. Electron diffraction patterns.
(a) Kaolinite and (b) metakaolinite.
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Table 5. Physical analysis results.

Florida kaolin Kaolinite Metakaolinite

Particle size*1 (p.m) - 0.36 0.59

Specific surface area (m2 g4 ) 30 43 41

Ion adsorption `2

(m.e.q./100 g of clay)
- 14.3 2.6

*1 Equivalent spherical diameter
*2 Calculated as sodium ion, 1 m.e.q. = 0.023 g of Na+
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However, the single BET measurement showed the surface area of the kaolinite, 43

m2 g-I . Therefore, the edge surface area of the kaolinite must be very large.418 The same

can be concluded for the metakaolinite.

Table 6 shows the chemical analysis results of the kaolinite and the metakaolinite.

The EDX analysis of the individual particles showed that the ratio Al/Si was 1.09 for the

kaolinite particles and 1.12 for the metakaolinite particles, respectively. In addition to

iron, the kaolinite particles included potassium. The metakaolinite particles included

titanium. The EDX analysis has a poor precision for low concentration of elements. Thus,

it could not be concluded that the kaolinite and the metakaolinite particles were

intercalated by mica and anatase or rutile, respectively. 151 The XRF analysis of powder

bulk samples showed that both the kaolinite and the metakaolinite had similar

compositions: the major impurities were Fe203 and TiO2 in that order. There was a small

amount of potassium in both the kaolinite and the metakaolinite. The ICP analysis of the

filtered (extracted) solutions showed that more silicon than aluminum dissolved in

deionized water, pH 5-6. The amount of dissolved aluminum in the metakaolinite

suspension was smaller than that in the kaolinite suspension.

The FT-1R spectroscope of the kaolinite powder showed the stretching OH- bonds

from the structural water at 3621, 3653, 3667, and 3696 cm-1 , as shown in Fig. 35 (a).

The broad peak at 3468 cm-1 was derived from adsorbed water. This adsorbed water peak

at 3468 cm -1 appeared in all powders: kaolinite, metakaolinite, silica, and alumina.



Table 6. Chemical analysis results.

(a) XRD, FT-IR, and electrophoretic and potentiimetric measurements

Kaolinite Metakaolinite

XRD Crystal Amorphous

FT-1R
Structural water

+ molecular water
Molecular water

IEP (C=0 mV) — pH 2 — pH 2

PZNC (00=0 1.IC cm-2) pH 5.7 pH 7.2

(b) ICP analysis of filtered solutions

Unit: mg /1

System Al Si Al / Si

Deionized water Kaolinite 1.56 3.38 0.46

Metakaolinite 0.52 4.26 0.12

0.1 M NaOH Kaolinite 8.76 14.3 0.61

Metakaolinite 1.09 4.61 0.24
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(c) XRF analysis

Uint: wt%

Oxide Florida kaolin* Kaolinite Metakaolinite

Al203 36.87 38.28 44.24

Si02 45.35 44.91 50.71

Fe203 0.68 1.00 0.92

TiO2 0.30 0.52 0.55

K20 0.39 0.14 0.19

CaO 0.13 0.27 0.27

MgO 0.12 0.19 0.17

Na20 0.04 <0.01 <0.01

Igloss 14.42 14.69 2.95

* From the product data by Feldspar corporation (GA, U.S.A.)
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(d) EDX analysis

Unit: at%

Element Kaofinite Metakaolinite

Al 10.98 12.16

Si 10.05 10.85

Fe 0.20 0.11

Ti 0.06 0.11

K 0.10 0.05

Ca 0.06 0.02

Mg 0.02 0.03

Na - -

120
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Figure 35. FT-JR spectra.
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There were not any adsorption peaks from carboxylate groups of the organic matter and

ammonium of the inorganic deflocculant, NH4OH. 419421 These results from the chemical

analyses and the FT-IR spectra proved that the starting materials, the kaolinite and the

metakaolinite, were purified from the Florida kaolin by using NH4OH deflocculant.

4.3 Water Film Thickness by Permeable Press

Water film thickness is defined as the separation between particles. Mesh lines

were drawn with the interval distance of 0.8 ilm on the SEM photograph of the drying

sample at the magnification of 1000. The numbers of horizontal and vertical

arrangements of the kaolinite particles on the drawn lines were counted. Whole particles

were assumed to arrange either horizontally (edge-edge aligned) or vertically (face-face

aligned). Diagonal angles of a particle with respect to the sample surface and an adjacent

particle were neglected. The diagonal angle of a particle with respect to the drawn line

was considered to be the vertical arrangement (face-face aligned) of the particle on the

SEM photograph. Fig. 36 shows the SEM photograph and the schematic diagram of the

assumed arrangement of particles on the drawn lines.

The linear drying shrinkage, LDS, of the sample surface was determined with the

particle size, d, its thickness, t, and the number of horizontal and vertical arrangements of

the particles, nH and nv, by:

2h(n /./ + n v )
(LDS).-=

d-nif +t •nv 
x100	 (%) (19)



(a) Microstructure of the sample surface of kaolinite (magnification x 1000).

(b) Assumption of the particle arrangement on the sample surface

nH (d + 2h) + nv (t + 2h)

123

2h (11H + nv )
(Linear drying shrinkage) — 	  x 100 (%)

d • nll + t • nv

nH: Number of the horizontal arrangement of particles
fly: Number of the vertical arrangement of particles

d: Particle size, 0.36 I.un
t: Particle thickness, 0.03 1..im

2h: Water filin thickness

Figure 36. Schematic diagram of the calculation of water film thickness.
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where 2h is the water film thickness. In the calculation, 0.36 p.m for d and 0.03 gm for t

were used in both the kaolinite and the metakaolinite systems. Consequently, the LDS of

the kaolinite system was expressed by:

(LDS) = 3.22 x 2h x 100 (%).	 (20)

The linear drying shrinkage of the metakaolinite samples was also calculated in the same

manner as that of the kaolinite systems:

(LDS) = 3.62 x 2h x 100 (%).	 (21)

Norton and Johnson's data of the volume shrinkage for the H-Florida kaolinite

was recalculated with this assumption, as shown in Fig. 36 instead of Fig. 25. 33 The LDS

of the recalculated Norton and Johnson data was given by:

(LDS) = 3.59 x 2h x 100 (%).	 (22)

Fig. 37 shows the water film thickness, 2h, of the kaolinite and the metakaolinite systems

with various applied permeable pressures. The recalculated Norton and Johnson data of

the H-kaolinite corresponded to the curve of the kaolinite-deionized water system in this

study. Since the measurement error of the distance was ± 0.14 %, the value of the water

film thickness included ± 16 % measurement error deviations.
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Figure 37. Water film thickness with various applied permeable pressures.
Bars represent measurement deviations.
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The kaolinite systems had a larger water film thickness than the metakaolinite systems at

the same applied permeable pressure. Both systems showed that the applied pressure

increased as the water film thickness decreased. Fig. 38 plots the water film thickness

versus the natural log of the applied permeable pressure, ln(l). Ionic strengths and

deionized water did not affect the relationship between the water film thickness and In(11)

in both the kaolinite and the metakaolinite systems. Table 7 shows the calculated water

film thickness. The metakaolinite samples in the deionized water, the 0.1 M NaC1, and

the 0.1 M NaC1 at pH 9 systems cracked at pressures above 2.9, 1.51, and 1.83 MPa,

respectively. However, the kaolinite samples in whole systems did not crack at 9.7 MPa,

which was the maximum applied pressure using Instron.

The water volume content of the disc sample is shown in Fig. 39. In order to

calculate a volume percent of water, the density of kaolinite was assumed to be 2.59

g cm-3 . 9° Range et al. measured the density of metakaolinite with temperatures and

heating times using the X-ray method, as shown in Fig. 5 (b). The density of the

metakaolnite, heated to 600 °C for 12 hours, was extrapolated to be 2.38 g cm-3 from

Range et al.'s data. For the kaolinite, the water content decreased with increased ionic

strengths. The system of 0.1 M NaC1 at pH 9 showed the least water content. The water

volume content of metakaolinite samples was greater than that of kaolinite samples.

4.4 Volumetric Titration

Fig. 40 shows the net pH change of the suspensions adding NaOH solution by

volumetric titration. The ordinate shows the net pH change: ApH = H.-P- -Jay - PHblank •
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Figure 38. Water film thickness, 2h, versus natural log
of the applied permeable pressure, ln(11).



Table 7. Calculated water film thickness.

System
Water film thickness

(nm)

Applied permeable

pressure (MPa)

Kaolinite
Deionized water,

pH 6.7
0.84 — 1.14 9.03

le M NaCI,

pH 6.2
1.74 — 2.41 8.46

0.1 M NaC1,

pH 5.7
1.57 — 2.18 7.79

0.1 M NaC1 with

NaOH, pH 9
1.04 — 1.43 9.68

Metakaolinite
Deionized water,

pH 7
2.01 — 2.81 2.9

0.1 M NaCI,

pH 5.8
4.09 — 5.64 1.51

0.1 M NaC1 with

NaOH, pH 9
4.01 —5.54 1.83
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Figure 39. Water volume content with various applied permeable pressures.
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Figure 40. Net pH change of suspension adding NaOH.
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If the Na+ ions are adsorbed on the negatively charged edge surface, as described in

2.10.1, the negative sites are saturated at 14.3 m.e.q. / 100 g of clay for the kaolinite and

2.6 m.e.q. / 100 g of clay for the metakaolinite, respectively.

4.5 Zeta Potential and Surface Charge Density

Fig. 41 shows the zeta-potentials of the kaolinite and the metakaolinite. The

isoelectric points, lEPs, where C = 0 mV, were lower than pH 2 in both powders.

The relative surface charge density was calculated with the assumption of the

homogeneously charged particle. 267 The calculated relative surface charge density is

called the apparent surface charge density, as shown in Fig. 42. The relative surface

charge densities were calculated using measurements of the net charge of the potential

determining ions, II+ and Off, and of specific surface area of the particles. The extended

Debye-Hackel equation at 25 °C was used for obtaining the activity coefficients of H+

and Off, yii+ and ?oil":
422,423

-0.51 f
logy — cc..‘

1+ 	
0.305

(23)

where c is the ionic strength in molarity unit, and a is the ion size, 0.90 nm for a fr ion

and 0.35 nm for an Off ion, respectively.
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For the deionized water system (non-electrolyte), the activity coefficients of the

potential determining ions were assumed to be unity because of small volume densities of

H+ and OH". HC1 titrant was added to the suspensions for changing pH from 7.5 to 4.

This group of curves is called the group I. Then NaOH titrant was added to the group /

for changing pH from 4 to 7, which was called the group H. The group // shifted to

positive with respect to the group /, in both the kaolinite and the metakaolinite systems.

The relative positions of these curves did not change. The curve of 10-2 M NaC1 of the

kaolinite showed an abnormal behavior. A discontinuity gap of the net charge took place

when the titrant changed from NaOH to HC1 at the starting point pH 7.5. The absolute net

charge density was obtained by subtracting the value of the discontinuity gap. Fig. 43

shows the absolute surface charge densities using group I. The metakaolinite showed the

common intersection point, c.i.p, at pH 7.2; however, the kaolinite did not show the c.i.p.

The PZNC, where co=0, is pH 5.7 for the kaolinite and pH 7.2 for the metakaolinite.

Table 8 shows the surface properties of the kaolinite and the metakaolinite.

5. DISCUSSION

5.1 Starting Materials

Sodium silicate, Na2Sia4 has been known to be an effective deflocculant by its

cation exchange. 115,167,424426 Calcium impurity on the nature kaolinite surface forms

calcium silicate in Na2SiO4 solution, and then precipitates:

Ca-clay + Na2SiO4 -->	 Na-clay + CaSiO4 .	 (24)
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Table 8. Surface properties of kaolinite and metakaolinite.

(a) Kaolinite

Crossover
point pH

Curves Value Method

3.0
(Pseudo-IEP) le M and 0.1 M - 21.7 mV

Electrophoresis
4.5

(Pseudo-IEP) 10'2M and 0.1 M - 26.5 mV

4.6 103M and 0.1 M + 8.8 ptC cm .2

Potentiometric
titration

5.7
(PZNC)

10-3 M and 0.1 M 0 1.1C cm-2

6.2 103 M and 0.1 M - 5.2 !AC cni2

7.2 10'3, 10'2, and 0.1 M - 23.6K cm-2

(b) Metakaolinite

Crossover
point pH

Curves Value Method

4.5
(Pseudo-IEP)

10'3, 10.2, and 0.1 M - 26.5 mV Electrophoresis

7.2

(PZNC=c.i.p.)
iO 3 , 10-2, and 0.1 M 0 JAC cm-2

Potentiometric
titration

136
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Na2CO3 also has the same effect.427 In this experiment, however, the raw material Florida

kaolin included a small amount of calcium impurity, 0.13 % as CaO in Table 6 (c). Thus,

the calcium salt precipitation had little effect on decreasing the apparent viscosity.

The deflocculant must consist of hydroxyl ions and a small valency cation with a

high hydration number.428 The smaller the valency cation is, the higher the bond energy

on the broken edge surface is, as shown in Eq. (6). The high hydration number cation acts

as the water structure broker. The hydroxyl ions work to deprotonate the broken edge

surface and make it negatively charged at high pHs, as shown in the zeta potential of

kaolinite, in Fig. 41. Therefore, Na2SiO4 and NH4OH rapidly decreased the apparent

viscosity of the Florida kaolin. NH4OH was used as the inorganic deflocculant to avoid

Na+ ion contamination on the kaolinite surface. NH4+ ions were washed away with

deionzed water, as confirmed by FT-1R in Fig. 35.

5.1.1 Metakaolinite

The X-ray diffraction showed the metakaolinite as amorphous. The FT-JR spectra

of the metakaolinite did not show the OH-bonds from the structural water. However,

some metakaolinite particles were a short-range order crystalline under the electron

diffraction. Therefore, the metakaolnite powder was a mixture of type I, which holds the

Si-0 sheet structure and the type II, which has' no Si-0 structure. 91 The curves of the

absolute surface charge density of the metakaolinite, as shown Fig. 43 (b), are the same

as those of oxides. The common intersection point, c.i.p., is pH 7.2. The slope of the

curves increases with increased ionic strengths. Therefore, the metakaolinite can be
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considered as the mixture of the alumina and silica. However, the pH of the c.i.p. did not

correspond to the pH of the simple calculated PZC, pH 5.5, from the mixture of alumina

and silica. The pfle .i.p. is close to the pHpzc of alumina, pH 8.5, because the metakaolinite

has a large surface area of amotphous aluminum oxide. The basal surface of the

metakaolinite still kept the Si-0 net structure. The sodium ion adsorption was not

examined. However, if the volumetric titration, as shown in Fig.40, represents the sodium

adsorption on the negatively charged sites, as discussed by Flegman et al., Ferris and

Jepson, and QUirk, 131 '277'287 the metakaolinite is less reactive to sodium ions than the

kaolinite is. The zeta potential curve of the metakaolinite-deionized water system is close

to that of the metakaolinite-1 0 -3 M system, as shown in Fig. 41 (b), evidence that the

metakaolinite has little specific ion adsorption.

5.1.2 Kaolinite

Compared with the metakaolnite, the kaolinite showed the ion adsorption affinity,

as shown in Fig. 40 (a). If the sodium ions are assumed to adsorb on the surface, the

kaolinite has 14.3 m.e.q. / 100 g of clay at pH 5-6. This value is in the range of the CECs

of kaolinites at pH 7, as discussed in 2.6.3. However, the measurements of ion adsorption

are dependent on specific surface area and pH. The specific ion adsorption is caused by

the surface functional groups, SiOH and A10H, on the edge surface. Each surface

functional group protonates and deprotonates at different pH ranges. The surface charge

density of the kaolinite, ao, in NaCl solution is given by:
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a — 41- —	 •F + r - r0 - H* OH" Na 
(25)

where FNa+ and Fa" are the densities of the specifically adsorbed sodium ions and

chloride ions, respectively. The zeta potential curve of the kaolinite-deionized water

system was steeper than that of the kaolinite-10 -3 M NaC1 system, as shown in Fig. 41

(a), because the kaolinite-deionized system did not include the specifically adsorbed ions

density, FNa+ and Fa - .

The potentiometric titration of the kaolinite showed complicated cross points. The

kaolinite did not have a c.i.p. Carroll-Webb and Walther developed the two-site complex

reaction model and calculated theoretical potentiometric titration for kaolinite in

symmetric univalent electrolyte solution, as shown in Fig. 23 (c). 281 They also examined

the potentiometric titration for Georgia kaolinite in NaNO3 electrolyte adding NaOH and

HNO3 under free CO2. The potentiometric titration results for the Florida kaolinite in this

study corresponded to the Carroll-Webb and Walter results. Thus, the complicated cross

points were caused by the two different reaction sites: SiOH and A1OH. The cross point

by the curves of 10-3 M and 0.1 M NaC1 gave approximately 0 1.1C cm-2 at pH 5.7. Thus,

the PZNC of the kaolinite was pH 5.7. The cross points at pH 6.2 and 7.2 were influenced

by the silica functional surface group, SiOH. The cross point at pH 4.6 was influenced by

the alumina functional group, Al0H. These multi-cross points were caused not only by

-protonation/deprotination of the surface functional groups, but also by dissolution rates of

silicon and aluminum from the kaolinite crystal, as shown in Fig. 22.
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5.2 Zeta Potentential

The pseudo-isoelectric point, lEP, is defined as an intersection point, which is

ionic strength-independent. Although the zeta potential at the lEP is equal to zero, 267 the

zeta potential at the pseudo-LEP is not zero. The pseudo-IEPs of the kaolinite were at pHs

3.0 and 4.5. The metakaolinite had the pseudo-IEP at pH 4.5. The pseudo-IEP at pH 4.5

for the kaolinite and the metakaolinite gave the same zeta-potential value, -26.5 mV.

Some researchers treated the pseudo-IEP of kaolinites at pH 4.25-5 as the IEP or the PZC

from the electrophoretic mobility, as shown in Table 4.279,283,284 Why was the zeta

potential or the electrophoretic mobility not zero at the pseduo-IEP? The zeta potential

from electrophoresis is derived from the Helmholtz-Smoluchowski equation for xa >> 1,

where x is the reciprocal thickness of the surrounding ionic atmosphere (the reciprocal

Debye length) and a is the particle radius. The electrophoretic mobility, u, is given by:

u=
	 (26)

where Co is the permittivity of free space, e is the dielectric constant of the suspension

solution, and i is the viscosity of the suspension solution.

This Helmholtz-Smoluchowski equation assumes that the particle is spherical

with a homogeneously charged surface, based on the Einstein-Stoke law. The particles of

the kaolinite and the metakaolinite are platelet and have heterogeneously charged

surfaces. Thus, the electrophoresis measurement does not properly give the zeta



141

potentials of the kaolinite and the metakaolinite. The zeta potential at the pseudo-IFP is

not zero because of the spillover effect. 429 If a cylindrical disc has a negatively charged

face and a positively charged edge, the electrostatic potential in the edge region becomes

negative. The spillover effect depends on the aspect ration of the diameter, the thickness

of the disc, and ionic strength, not on the ratio of the face and edge charge densities. Even

if the edge surface of the koalinite is zero at the pseudo-lEP, the permanent negative

charge on the basal plane gives a negative charge to the zeta potential. The basal plane of

the metakaolinite also gives a negative charge to the zeta potential at the pseudo-1EP

because of retention of the Si-0 net structure on the basal surface. The basal surface

charge density of the kaolinite and the metakaolinite will be discussed in 5.3.

5.3 Point of Zero Net Charge, PZNC

The kaolinite has three characterized surfaces: the siloxane basal surface, the

alunminol basal surface, and the broken bond edge surface. On other hand, the

metakaolinite has the Si-0 net structural basal surface, the amorphous aluminum oxide

basal surface, and the amorphous edge surface. Both the siloxane basal surface of the

kaolinite and the Si-0 net structural basal surface of the metakaolinite have permanent

negative charges because of isomorphous substitution. Thus, these negatively charged

basal surfaces are pH-independent. Other surface charges are pH-dependent due to

protonation/deprotonation. The PZNC in the potentiometric titration shows the edge

surface charge to be equal to zero. The kaolinite had pH 5.7pzcN and the metakaolinite

had pflpzNc 7.2. The zeta potential at the PZNC gives the shear plane potential on the
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basal surface. Fig. 44 (a) plots the zeta potential at the PZNC with various ionic strengths

for the kaolinite and the metakaolinite. The basal surface zeta potential of the kaolinite

was higher than that of the metakaolinite. The zeta potential of the metakaolinite became

a constant at ionic strengths lower than 10 -3 M. This indicates that the counter-ion, Na+,

adsorbed on the negatively charged Si-0 net structural basal surface by electrostatic

force. 43° Since the low ionic strength did not affect the zeta potential for the metakalonite,

the zeta potential became a constant when the Debye length was larger than 9.6 nm, as

shown in Fig. 44 (b).

5.4 Surface Potential

A surface potential is an important parameter in discussing the electrical double

layer. However, the surface potential cannot be measured directly by experiments. Fig. 16

is a schematic diagram of the interface of clay minerals in aqueous solution with the

potential. For kaolinite in indifferent electrolyte solution, the inner surface complex has

not been confirmed at any surface, edge or basal, in literature. Thus, the inner Helmholtz

plane, ITIP, does not form on kaolinite surfaces in NaCl solution. It can be depicted that

protons and hydroxyl ions adsorb on the surface functional groups at the edge surface of

the kaolinite and that sequentially hydrated ions form the outer Helmholtz plane, OHP,

i.e. the Stern mode1.62 The zeta potential is measurable information from the surface

potential. The zeta potential is derived from an electrolcinetic potential, which is

measured at a shear plane or a slipping plane. The OHP potential is a plane potential

formed at thermodynamical equilibrium state.
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Therefore, there is no theoretical relationship between the zeta potential and the OHP

potential. Most studies of the relationship between the zeta potential and the °HP

potential have been done by the empirical data curve fitting with the Gouy-Chapman

mode1. 60.61 For clay mineral samples, Hunter and Alexander estimated the distance

between the shear plane and the OHP for Na-kaolinite (Egerton, Victoria) to be 0.36 nm

at pH 7 • 4. 4" Miller and Low estimated the distance for ion-exchanged montmorillonites

to be 0.015-0.05 11111. 432 However, these estimations assumed the OHP potential to be

invariable with different ionic strengths. 433 In this study, the interface of both kaolinite

and metakaolinite can be depicted as follows: the OHP is a solid-like plane, and water

molecules can move in the outer region of the hydrated sheath of the cations. Thus, the

shear plane position may be approximately one water molecule size, 0.27 nm, from the

OHP. The electrical double layer on both kaolinite and metakaolinite in NaCl solution

can be depicted as the constant charge density of the basal surface and the constant

potential of the edge surface, as shown in Fig. 45.

In both the kaolinite and the metakaolinite in NaCl solutions, the relationship of

the charge densities is given by the electrical charge and the mass balance as:

as + ax ± cY0HP + ad =0 	(27)

where as is the permanent charge of the basal surface, aii is the adsorbed net proton

charge of the edge surface, ad is the diffuse layer charge by counter-ions, and CY0Hp is the

OHP surface charge, respectively.
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Permanent charge Gs	 CTOHP
	 Gd: counter ions

Charge balance: Gs CT— OHP	 =

(b) Edge surface: constant surface potential, is

OHP Share plane
Vs

Net proton charge GH
	

CTOHP
	 Gd: counter ions

Charge balance: 0H 0OHP

Figure 45. Models of the relationship between
the surface charge and the zeta potential.
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The charge of the counter-ions in the diffuse layer for symmetrical univalent

electrolyte is given by the Poisson-Boltzman equation, Eq. (15) as:

2c 0ekT . , (ey,
ad = 	  sinn —

e	 2kT
(28)

Eq. (28) is derived for the one dimensional infinite flat plate. A clay mineral

particle has a disc shape. A cylindrical coordination of the Poisson-Boltzman equation

has been solved. However, in this study, the value of 1/xa is small enough to approximate

Eq. (28) for the finite flat plate. 314' 434-437 Stern treated the charge density of the OHP,

CY0Hp, for univalent ions by the Langmuir adsorption isoterm.62 The kaolinite edge surface

has two reaction sites. Thus, the charge density of the OHP, CroHp, can be written as:

N+e 	Ne
(29)amp =

1+
N

A	 NAVct+
1+ 9an—exp

n o K, kT
exp(

noV,n kT

where N+ and N. are the pH-dependent number adsorption sites per unit area for cations

and anions, respectively. NA is the Avogadoro number, no is the number of ions per unit

volume, Vn, is the molar weight of the solvent (18g for water), and (rid+ and cpan. are the

specific adsorption potentials of cations and anions, respectively.
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If the whole metal atoms, aluminum and silicon, are completely ionized at the

edge surface, the ionized sites per unit area are 1.32 nm-2 and 1.52 nm-2, respectively,

from Fig. 3. The sheared hydroxyl and oxygen groups are neglected to avoid double

counting. Since the number of these ionization sites and the charged signs are dependent

on pH and ionic strength, the proportion of the ionized sites, i.e. unsaturated sites, is

estimated from the theoretical potentiometric titration of?-Al203 and quartz, as given in

Figs. 23 (a) and (b). The specific adsorption potentials, (Pct+ and (p., for Na+ and cr are

unknown. Thus, the curve fitting method was used to obtain the 01113 potentials of the

edge and basal surfaces.

5.4.1 Edge Surface

Fig. 46 shows the relationship between the net proton charge density and the OHP

potential. Fig. 46 (a) shows the deionized systems of the kaolinite and the metakaolinite.

Since there are no Na+ and Cl - ions in deionized water systems, ad in Eq. (28) is assumed

as the net proton surface charge density, ai-i, at the edge interfaces of the kaolinite and the

metakaolinite. Figs. 46 (b)-(c) are results, calculated at the same pH of the experiments

for the NaC1 systems of the kaolinite and the metakaolinite. For the 0.1 M NaCl systems,

as shown in Figs. 46 (c) and (d), if the specific adsorption potential, cp, is equal to zero,

two opposite sign values of the OHP potential are obtained near zero net proton surface

charge density. In order to obtain one OHP potential with one net proton charge density,

the specific adsorption potential must be around - 5kT.
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If the specific potential is larger than - 5kT, especially for the 0.1 M NaC1

systems, the OHP potential changes rapidly, compared with the measurement of the zeta

potential, as shown in Fig. 41. The value, - 5kT, derived from the empirical curve fitting

in this study, is close to Lyklema's values between - 2.5 and - 4kT for negatively charged

AgI and K+ . 438 Lawrence computed the bond energy of a hydrated Na+ on a charged

lattice site of kaolinite as 6.75 kT. I72 However, the specific adsorption potential, - 5kT,

for the edge surface in this study is a very rough estimation based on the curve fitting.

5.4.2 Basal Surface

There is no method to distinguish between the permanent negatively charged

silica basal surface and the alumina basal surface. If the zeta potential at the PZNC is

assumed to be the 01-IP potential, the permanent negatively charged silica basal surface

charge density can be calculated by Eq. (29) with N"=0 (no adsorption site for anions) and

- 5 kT of the specific adsorption potential for cations. By using the zeta potentials of the

1 0r3 M NaC1 system and the 0.1 M NaC1 system, the basal surface charge densities were

calculated as - 2.6 JAC cm-2 for the kaolinite and - 2.7 p.0 cm-2 for the metakaolinite. If the

specific adsorption potential, pd+, is equal to zero, the basal surface charge density

becomes positive. Thus, the permanent negatively charged silica basal surface must have

the same specific adsorption potential cations, Na+ ions, as the ionized edge surface.

However, for the metakaolinite, the specific adsorption potential vanishes at ionic

strengths lower than 10 -3 M, as shown in Fig. 44. The metakaolinite has the surface

charge density, - 2.7 pC cm -2, which is close to that of kaolinite, because of retention of
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the Si-0 net structure. The estimated basal surface charge density of the kaolinite, - 2.6

jiC cm-2, is smaller than the basal surface charge densities of the montmorillonites, - 13 to

-17 1.1C CM-2 . 375 The estimated basal surface charge density of the kaolinite, -2.6 1.J.0 cm-2 ,

is equivalent to one aluminum atom substituted in 54 silicon atoms in the silica

tetrahedral sheet. This estimation of the basal surface charge density, using the Stern

model with the zeta potential at the PZNC, is more accurate than that using the CEC with

the estimated basal surface area. However, this estimation does not include the reactive

negatively charged aluminol basal surface because of linear defects and steps.

Table 9 gives the calculated surface properties of the kaolinite and the

metakaolinite at the same conditions as those of the permeable press experiments.

5.5 DLVO Theory

The applied permeable pressure in this experiment represents the total interaction

pressures between arranged particles to form a water film at equilibrium state. The

DLVO theory is applied to explain the water film formation between particles.

5.5.1 Electrical Double Layer Repulsion

The electrical double layer repulsion is derived from the electro-osmotic pressure

of the diffuse layer, i.e. the Gouy-Chapman model. The separation, h', is measured from

the OHP. The electrical double layer repulsion potential, Vel, formed by two plates, given
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in Eq. (16), is converted to pressure (force), Ile, by differentiating with respect to the

separation, h':

II., = --( 6±751-) = 2nkT{cosh( zeW' ) 11	 (30)
all We	 kT

where yin is the potential of the middle point of the separation of H at equilibrium.

The middle point potential, ww2, formed by two facing plates, cannot be derived

analytically. wi1J2 is usually expressed by doubling the potential at H/2, 2w(H/2), which is

formed by a single plate. This assumption is in good agreement with experimental results

of colloid stability because the separation between particles is large. In the case of short

separation, in this study, 44-1/2 is assumed to be the potential at H/2, which is formed by a

single plate:

441/2 = y( -112).	 (31)

The potential, w(h'), in symmetrical univalent electrolyte, is derived from the Poisson-

Boltzman equation in Eq.(15) with a boundary condition of w(0)= wow as:

w(11 1 ) = 
2kT

 ln 
[exp(kH) + 7]

e	 exp(x/i)— 7
(32)



K =
(

2e 2 n
e ockT j •

1/2

(34)

where

1 . expç1ee/124fic;fp 
)).4_ :

2kT
exp 	

and lc is the Debye reciprocal length for symmetrical univalent electrolyte:
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(33)

The electrical double layer repulsive pressure, IL, can be calculated with respect

to the separation of the two facing plates, H, with Eqs. (30)-(34). The OHP potential,

klioxp, is given in Table 9. Fig. 47 shows the calculated electrical double layer repulsive

pressures.

5.5.2 van der Waals -London Dispersion

The van der Waals-London dispersion potential between particles is determined

by a geometrical particle shape and the Hamaker constant. Macroscopically, the kaolinite

and the metakaolinite particles can be treated as discs. However, if the separation

between particles is below 25 nm, in the permeable press experiments, the particles can

be treated as parallel flat plates for the edge-edge and the face-face alignments, as shown

in Fig. 36.



Table 9 Calculated surface properties of kaolinite and metakaolinite

with experimental results.

Clay mineral System pH
ao

GLC cm 2)

OHP potential
at the edge
surface (mV)

OHP potential
at the basal
surface (mV)

Kaolinite Deionized water 6.7 -15.79 -347 -61.0

le M NaC1 6.2 -16.28 -230 -50.3

0.1 M NaC1 5.7 -3.16* -39 -28.7

0.1 M NaC1
+NaOH

9.0 -57.79 -192 -28.7

Metakaolinite Deionized water 7.0 6.26 299 -64.9

0.1 M NaC1 5.8 46.05 181 -34.0

0.1 M NaC1
+NaOH

9.0 -55.02 -191 -34.0

* pH 5.7 is the PZNC for the kaolinite; however, the value of the net proton charge

density was estimated using a cross point of linear lines.
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The van der Waals-London dispersion potential for the parallel plates for non-

retardation is given in Eq. (12). If the separation, H, is smaller than the particle size, 2a,

or thickness, t, the retardation effect may be dominant. The equation of the retarded van

der Waal-London dispersion is only available as an approximation. I21-307 The distinct

separations for the retardation are determined by the wave length of the fluctuated

electron, about 100 nm (the London wavelength). The retarded van der Waals-London

dispersion pressure is only 8 % higher than the non-retarded dispersion pressure at 5 nm

in separation. Thus, in this calculation, Eq. (12) of the non-retarded van der Waals-

London dispersion potential was used to obtain the van der Waals-London dispersion

pressure.

The Hamaker constant, A131, can be calculated with the Lifshitz equation, as

shown in Eq. (14). The reflective indexes of water and kaolinite at 25 °C are 1.33 and

1.56, respectively, and the dielectric constants of water and kaolinite are 78.5 and 11.8,

respectively. 439
'44° If the main electron adsorption frequency, ve, in the UV region of

water, is about 3 x 10" Hz, the Hamaker constant of kaolinite is calculated to be 1.52 x

10 -20 J. The Hamaker constant for kaolinite has been estimated by the flocculation

method to be 1.7 x 10-20, 2.0 x 100 J, and 4.4 x 10-20 /130-132,323,441,442 However, the

estimated value of 1.52 x 10 -20 J for kaolinite in this study is reasonable, as compared to

the measurements of the Hamaker constants of ã-Al203 , 5.2 x 10-20 J, and Si02 , 0.83 x

10-2° J, in water using visible and UV regions. 312 There is no literature to measure the

Hamaker constants of kaolinite and metakaolinite by the spectral method. The Hamaker

constant of metakaolinite was estimated by assuming that metakaolinite consisted of
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parallel aligned silica and amorphous aluminum oxide. The Hamaker constant of the

metakaolinite is calculated as 1.58 x 10-20 J. There is no significant estimated difference

between the Hamaker constants of the kaolinite and the metakaolinite. Thus, the value of

1.52 x 10'20 J was used to calculate the van der Waals-London dispersion pressure, Ildisp,

for both kaolinite and metakaolinite.

In the calculation, the platelet particle thickness was varied to 30, 60, and 90 nm,

and the particle size was varied to 360 and 590 nm for the aggregated metakaolinite

particles. Fig. 48 shows the calculated van der Waals-London dispersion pressure, Ildisp,

for the edge-edge and the face-face aligned platelet particles. The dispersion pressure,

Ildisp, of the face-face alignment with 30 nm thickness shows the largest negative

pressure. However, when compared to the electrical double layer repulsive pressure, all

van der Waals-London dispersion pressure curves can be considered to be identical. For

the total interaction pressure using the DLVO theory, the face-face alignment with 30 nm

thickness was used for the van der Waals-London dispersion pressure, as described in

5.5.3.

5.5.3 Total Interaction Pressure

The total interaction pressure between particles is the summation of the electrical

double layer repulsive pressure and the van der Waals-London disperion pressure using

the DLVO theory. Fig. 49 shows the total interaction pressures of the face-face alignment

and the edge-edge alignment. The total interaction pressure depends on the OHP potential

and the Debye length, not on the nature of the materials: kaolinite and metakaolinite.
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The number of horizontal arrangements of particles, edge-edge alignments, nx,

was larger than that of the vertical arrangements of particles, face-face alignments, nv.

The arrangement fractions of nv were 0.15 for the kaolinite and 0.25 for the

metakaolinite, respectively. Thus, the face-face alignment does not contribute to the total

interaction pressure because the total interaction pressure of the face-face alignment is

three orders magnification higher than that of the edge-edge alignment. Although this

calculation neglected the face-edge alignment, the edge-edge alignment may dominate

the total interaction pressure. Thus, only the edge-edge alignment is discussed below.

Fig. 50 shows the comparison between the permeable pressure experimental

results and the calculated total interaction pressures of the metakaolinite edge-edge

alignments. The calculated interaction pressures of the kaolinite systems do not

correspond to the experimental results of the kaolinite systems. The maximum total

interaction pressures of the metakaolinite-0.1 M and 0.1 M at pH9 systems are close to

the permeable press experimental results of the metakaolinite systems. The abscissa for

the permeable press experiment is water film thickness, 2h, between particle surfaces. On

the other hand, the abscissa for the calculated total interaction pressure is separation, H,

between particles from the OHP. If the calculated total interaction pressures of the

metakaolinite-0.1 M at pH 9 system are shifted between +3 nm and +4.5 nm on the

abscissa, the total interaction pressure corresponds to the permeable press experimental

result of the metakaolinite-0.1 M at pH 9 system. Thus, half of the shift value represents

the Stern layer thickness of the metakaolinite: 1.5-2.25 nm.
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This indicates that approximately 5 to 8 layers of water molecules form immobile water

layers on the edge surface of the metakaolinte. The total interaction pressure of the

metakaolinite-0.1 M at pH 9 system shows the maximum pressure, 3.57 MPa, at water

film thickness 2.1-2.8 nm. When the water film thickness is thinner than 2.1-2.8 nrn, the

total interaction pressure rapidly drops to negative pressure. This indicates that the

immobile water layers on a particle contact each other.

All metakaolinite samples cracked in the permeable press experiment. The reason

is considered that the capillary pressure did not form to bind particles to each other

because of contacting the immobile water layers.

Water film thickness from the permeable press experiment is the average water

film thickness formed by particle arrangements. However, the calculation of the total

interaction pressure, based on the DLVO theory, is in agreement with the permeable

press experimental results for the metakaolinite-NaCI systems. On the other hand, the

DLVO theory cannot explain the permeable press experimental results of the

metakalonite-deionized water system and whole kaolinite systems. The following reasons

are considered:

(1) The estimation of the Debye length of deionized water, 0.961 pm, at pH 7 does not

represent the true Debye length. If the water volume content of the sample disc, as

shown in Fig. 39, is contributed by bulk parallel arranged particles, i.e. face-face

alignment, the order of the water volume content corresponds to that of the OHP

potential, as shown in Table 9. Thus, the Debye length of deionized water must be

significantly lower than the estimated value, 0.961 i.tm.
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(2) Since kaolinite is crystalline and has a siloxane basal surface, water molecules may

form oriented layers on the kaolinite surfaces through hydrogen bonding: epitaxial

water layers. The calculation interaction pressure, based on the DLVO theory,

depends on the OHP potential and the Debye length. Therefore, the DLVO theory

does not include the nature of materials, such as an atomic configuration of the

surface. The kaolinite systems include other repulsive pressures in addition to the

electrical double layer repulsive pressure: structural forces as described in 2.12.3. The

slope of the ln(II)-2h line, as shown in Fig. 38, represents the negative reciprocal

characteristic length, -1/ 0, in Eq. (18). The kaolinite systems show a longer range

repulsive force (pressure) than the metakaolinite systems.

6. CONCLUSIONS

(1) The metakaolinite had the same particle shape as the kaolinite. Although the XRD

showed that the metakaolinite was amorphous, the electron diffraction showed that

the metakaolinite had some short-range order. The crystalline kaolinite had structural

water and adsorbed molecular water, and the short-range order metakaolinite had only

adsorbed molecular water, as detected by the FT-IR.

(2) The point of zero net charge, PZNC, of the kaolinite was pH 5.7. However, the

kaolinite showed multi-cross points at pHs 4.6, 5.7, 6.2, and 7.2 by using the

potentiometric titration. This is in agreement with the theoretical titration using the

two-site surface complex reaction model by Carroll-Webb and Walther. 28I On the
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other hand, the metakolinite had the PZNC at pH 7.2. The PZNC of the metakaolinite

was a common intersection point.

(3) If the zeta potential at the pHparc is identical to the silica basal surface potential, the

silica basal surface charge densities are calculated as -2.6 1.1C cni 2 for the kaolinite

and -2.7 p.0 crn-2 for the metakaolinite, respectively, using the Langmuir adsorption

isotherm with - 5kT of the specific adsorption potential. The calculated surface

charge densities are equivalent to one aluminum atom substituted in 54 silicon atoms

in the silica tetrahedral layer. Therefore, the metakaolinite retains the Si-0 net

structure on the silica basal surface.

(4) The total interaction pressures of the edge-edge aligned particles using the DLVO

theory corresponded to the permeable press experimental results of the metakaolinite

systems: 0.1 M NaC1 and 0.1 M NaCI at pH 9. The metakaolinite particle surface was

estimated to have immobile water layers between 5 and 8 molecules thick. When the

immobile layers of particles contact each other, the metakaolinite sample discs

cracked because of vanishing capillary pressure.

(5) The permeable press experimental results of all the kaolinite systems did not

correspond to the calculated total interaction pressures. The less steep slope of the

natural log of the permeable pressure, II, and the water film thickness, 2h, ln(I1)-2h,

in the kaolinite systems indicates the existence of the long-range repulsive pressure.
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7. FUTURE WORK

Although the measurement of water film thickness was derived from the average

arranged particles, the relationship between the applied permeable pressure and the water

film thickness could be explained for the metakaolinite-0.1 M NaC1 systems by using the

DLVO theory. The estimated immobile layer thickness, 5-8 water layers, of the

metakaolinite in this study is larger than estimations, 2-3 water layers, of other

MaterialS. 379 '438 'M3 '444 The DLVO theory does not include the nature of materials, such as

an atomic configuration of the surface, which induces the structural forces. The structural

force formula was derived from the Landau expression of free energy density of bound

water molecules. 3" The characteristic length, i.e. correlation length, E,o, is proposed to be

the order of the intermolecular separation by analogizing with other orientational

ordering systems. However, the origin of the structural forces is not clearly understood.

Kaolinite and metakaolinite showed a different relationship between the water

film thickness and the applied permeable pressure. Since kaolinite siloxane basal surface

has hexagonal structural oxygen atoms, water molecules order to form hexagonal

structural water layers: epitaxial layers through hydrogen bonding. 31215 In experiment,

the epitaxial layers of water cannot be directly observed. Computer simulations are

invaluable tools in understanding the epitaxial layers of water, i.e. oriented dipolar

molecules, which induce the structural forces. 379'445 '446 The Monte Carlo and the

molecular dynamic methods are successful in explaining abnormal water viscosity near a

solid surface using the Lennard-Jones potentia1. 447452 For kaolinite, it is considered that

water molecules bind the siloxane surface and form the silanol surface through hydrogen
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bonding. The interaction between dipolar water molecules and the surface may be strong

direction-dependent. Thus, the molecular orbital method is useful to calculate the

potential for the epitaxial water layers. 453

To calculate the electrical double layer repulsive pressure in this study, the

electrical potential of the middle point, NIHr2, formed by two plates, was approximated to

(H/2), formed by a single plate, as given in Eq. (31). In short separation, the Stern layer

model must be modified to the multi-accumulation layer model because of discrete

ordered water layers.454'4"
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