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GENERAL INTRODUCTION 

Clay is probably one of the oldest raw materials. Many examples 

of pottery from Egyptian, Greek and Roman origin are still at our 

disposal. But also nowadays, in this modern technological time, 

clay is one of the most important raw materials. Although clay has 

been known within living memory,. the scientific knowledge of this 

material is still incomplete. 

In industrial ceramic practice substances.containing huminates 

are used to improve the properties of cla~ suspensions, e.g. to 

lower the viscosity. However, these materials are unstable in 

composition and inefficient. Similar action can be expected by some 

surface-active agents because they are chemically related to the 

huminates. An investigation of surface~active agents on a sanitary 

mass showed interesting results (185). 

Because of this a research program has been started to inves

tigate the influence of surface-active agents on a highly crystalline 

kaolinite. The reason for taking kaolinite as solid phase is twofold: 

1) kaolinite is a good and important representative of the clay 

minerals normally used in industrial as well as in artistic 

ceramic practice, 

2) kaolinite has an interesting and well defined structure. 

Kaolinite particles, as will be discussed in detail in chapter 2, 

exhibit two different surfaces, called edges and faces (143 and 169). 

Because the edges of the kaolinite particles can interact with the 

potential determining ions, the surface potential is a function of 

the pH. The edges are positively charged in acidic suspensions and 

negatively in alkaline suspensions. 

As a consequence of this, different particle-particle inter

actions are possible in kaolinite suspensions (163 and 169}. These 

interactions a~e of great importance for the ceramic practice, 

because they determine, both the rheological properties 

!of the suspension and the morphology of the ceramic product. 

The predominant mo·de ·of interaction will be determineEl by the 

charge on the edges and faces. According to Van Olphen (169) three 

modes of interaction are possible, face-face, edge-edge and face-edge. 
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Schofield and Samson {143) demonstrated that at low pH~alues an 

edge-face interaction exists because the negatively charged face 

is electrostatically attracted by the positively charged edge. At 

higher pH the system becomes deflocculated because the edge charge 

changes from positive to negative and therefore the energy barriers 

to all types of flocculation increases. 

Another very powerful way of influencing the particle-particle 

interactions in kaolinite suspensions is provided by the previously 

mentioned surface~acti¥e agents because they can adsorb very strongly. 

The aim of this thesis is to investigate whether a correlation 

can be found between the nature of the kaolinite particles and the 

properties of kaolinite suspensions. Important parameters for the 

change of the colloid-chemical behaviour of the kaolinite particles 

will be the pH of the suspension and the equilibrium concentration 

of surface-active agents. 

In chapter 3 the electrokinetic properties of kaolinite will be 

discussed, while next in chapter 4 'the rheological properties are 

inve~tigated. In chapter 5 an attempt is made to apply the theory 

of Derjaguin and Landau (29 and 30) and Verwey and Overbeek (174) 

to the three possible modes of interaction, .mentioned before, 

integrating this theoretical approach with the experimental facts 

of the chapters 3 and 4. 
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MATERIALS 

2.1. KAOLINITE 

2.1.1. KAOLINITE STRUCTURE 

As has been mentioned in chapter 1 kaolinite is one of the 

most important clay minerals. Before dealing with the properties of 

kaolinite particles in aqueous solutions, it is good to give a brief 

review of the structure of this compound because it is the anisotropy 

of the structure which determines the interesting properties of 

kaolinite. 
Pauling (126). suggested the general outline of the structure of 

the layer silicates, while Gruner (63) proposed the first crystal 

structure of kaolinite. Many authors (14, 16 and 17) have been 

studying the structure of kaolinite since that time. 

Kaolinite belongs to the group of kaolin minerals. A crystal of 

a kaolin mineral (191) consists of a very large number of layers each 

consisting of. a silica or tetrahedral sheet and an alumina or octa

hedral sheet joined together by oxygen· atoms* and hydroxyl groups. 

'l;he successive unit layers are arranged in such a·way that the oxy

gen atams and OH-:-.groUp$ of· adjacent layers are paired. The unit layer 

aan be staeklid in severaL ways to achi-eve a weak secondary bonding 

between OH-gxeups of the alumina layers and the oxygen atoms of the 

adjacent silica layen and therefore there are four distinct 

minerals of the kaolin type - viz. nacrite, dickite, halloysite and 

kaolinite (139 and 191) 

* In this thesis we shall speak of atoms even if we are aware that 
there exists an ionic type of bonding, 
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For kaolinite, the unit cell is triclinic, with alpha= 91.8°; 

beta = 104.5° and gannna = 90°; a= 0.516 nm; b 0.894 nm and 

c = 0.738 nm (191). The structure is composed of a single tetra

hedral sheet and a single octahedral sheet. In the plane common to 

octahedral and tetrahedral groups,' two-thirds of the atoms are shared 

by the silicon and aluminum atoms, and these are oxygen instead of 

OH -groups (figure 1) 

OXYGEN AT().15 

HY£.RlXYL ATOMS 

ALUMII'I..M ATOMS 

e SIUCCf.l ATOMS 

Fig. 1. Diagrammatic sketch of the structure of the kaolinite 

structure. (after J,W, Gruner, z. Krist.,~. 75 (1932)) 

The charge within the structural unit, which repeats itself, is 

balanced. The structural formula is (OH) 8si
4
Al

4
o10 and the 

theoretical composition expressed in oxids is Sio
2

, 46.54 weight 

percent; AJ 2o
3

, 39.50 weight percent and H2o, 13.96 weight percent. 

A poorly crystallized form of kaolinite is found in many .ball 

clays and fire clays. In such disordered kaolinite, X-ray studies 

indicate disorder along the b-axis, possibly due to some randomness 

in the crystallinity. These shifts change the type of the X-ray 

diffraction patterns (17 ~nd 110). 

At one extreme the layers of the kaolinite mineral are arranged 
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in a regular manner and the X-ray reflections are sharp, numerous and 

well resolved. At the other extreme the layers are arranged in a 

random fashion and the X-ray reflections are broad, less nrimerous 

and poorly resolved (14 and 109). 

2.1.2, EXPERIMENTAL DATA CONCERNING THE KAOLINITE USED 

2,1.2.1. X-RAY DIFFRACTION DATA 

In our experiments we used a Monarch kaolinite from Georgia, 

mined by Cyprus Industrial Minerals Company and obtained through the 

courtesy of the N.V. Koninklijke Sphi~ at Maastricht. 

The X-ray diffraction diagram, obtained by using a Philips 

diffractometer PW 1120 .with Ni-filtered I Cu K -radiation showed 
. cv. 

that the Monarch kaolinite used, was a well crystallized kaolinite 

(110) with no detectable amounts of quartz, illite and montmorillonite. 

For the purpose of this thesis it was necessary to get a more 

quantitative impressionof the crystallinity than was provided by 

visual inspection of the X-ray patterns. 

The method used was that as described by Hinckley (70) and 

performed at the laboratory of Soil Science and Geology from the 

University of Agriculture at Wageningen. 

The peaks on the X-ray diffractometer which were selected for 

~easurement to indicate the relative degree of crystal perfection 

were tlte llO and the Ill lines at 2e values 20.4° and 21.3°, 

respectively, with fC,u, Kei-radiati_91f: A ratio is formed from 

the sum of the heights of the IIO and the Ill peaks above a line 

drawn from the trough between the 020 - ITO peaks to the background 

just.beyond the 11T peak and the height of the tTo peak above 

general background, This mehhod has been chosen because, as the 

crystal perfection improves, the resolution of llO and Ill is 

improved. In figure 2 the calculation of the crystallinity index 

according to Hinckley is given. 
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26 
de!fees 2 e 

Fig. 2. Crystallinity index for kaolinite, (after D.N. Hinckley, 

Clays Clay Miner., Jl, 229 (1963)) 

The calculated value is 1,14 for the Monarch kaolinite. Because 

the index of crystallinity used by Hinckley (70) ranges from 0.25 

to 1.50 the conclusion, that the kaolinite used in our experiments· 

has a relatively high degree of crystallinity, is justified. 

2.1.2.2. SIZE AND SHAPE 

Electron micrographs of well crystallized kaolinite minerals 

show well formed six-sides flakes, frequently with marked elongation 

in one direction. Commonly the edges of the particles are beveled 

instead of being at right angles to the flake surface, Disordered 

kaolinites show flakes with poorly developed hexagonal outlines. 

The edges of the flakes are somewhat ragged and irregular:. (60). 
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Fig. 3. Electron micrograph of the kaolinite particles (t----4 0. I ].lm). 

In figure 3 a .. transmission electron micrograph of the Monarch 

.kaolinite, received from Cyprus Industrial Minerals Company, made 

with the use of a Hitachi HS-7S, is given. Most electron micrographs 

show small particles. This does not mean that larger particles of 

kaolinite are not present, since such larger particles have been 

split or otherwise reduced in size in the preparation of the sample 

for electren microscopy. Therefore, the particle size distribution 

was determined by a sieve analysis (according to DIN 51033) yielding 

the following results: 
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< 45 J,lm 

< 63 J,lm 

> 63 J,lm 

98.5 percent 

99.5 percent 

0.5 percent 

Table I. Sieve analysis of Monarch Kaolinite 

Because of the fact that there are almost no particles greater than 

63 "m a sedimentation analysis was performed with tetrasodium pyro

phosphate as peptisator (83 and 84). The pipette method used, is 

regarded as a standard method for analysis by the British Standards 

Institution (18). The results are plotted together with the former 

results to a cumulative percentage curve (figure 4). 

ICC 

ro 
~ 10 

iil 10 

" i •• 
i!f. so 
z 40 

~ 
~ 

30 

!z 
20 

"' ~ 10 

.. 1) 

E<l'JIVAlEW SPHER!CAL OIM£TER )I'm~ 

Fig. 4. Particle· size distribution. 

From electron micrographs of the kaolinite mineral performed 

at the laboratory of Soil Science and Geology from the University 

of Agricul~ure at Wag~ningen, shadowed at 30° to the plane of the 

grid, an axial ratio of 9.6 (2 * the radius-height ratio) has been 

calculated. Street and Buchanan (160, 161 and 162) mention for the 

axial ratio of their kaolinite a value of 11 -12 and Norton and 

Johnson (114) give a value of 7.7- 8.2, .• No.rton and Johnson,have 

shown that an adaptation o~ the Muller (107) equation can be 

succesfully applied to kaolinite. 
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R = 8/3 a 

* (~/2 - arcsin (b/a)) 

where R = radius of the sphere 

2a = diameter of the disc-shaped particles 

2b = thickness of the disc-shaped particles 

In this equation the dimensions of a disc-shaped particle moving 

with a random orientation in a force field are related to the 

dimensions of a spherical particle which will sediment at the same 

velocity.· 

With the average equivalent spherical diameter of 2.8 pm and the 

axial ratio of 9.6, the average diameter and thickness of the 

kaolinite particles were calculated as 4.54 ~m and 0.473 ~m, 

respectively. 

Specific surface was determined by N2-adsorption in an Area

meter ("Strohlein"), known as the BET-method. The value obtained 

was 6.67 m2/g kaolinite. 

Specific gravity obtained by the use of a pycnometer, was 
3 2.58 g/cm • 

2.1.2.3. CHEMICAL ANALYSIS 

The chemical composition of the Monarch kaolinite was determined 

by X-ray fluorescence analysis using a Philips spectrofotometer PW 

1270/10 at the MOSA B.V. at Maastricht. 

The results, together with the theoretical composition of the. 

ideal kaolinite structure, are given in table 2. 
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SiOz 46.54 45.60 45.50 45.60 45.40 46.20 45.20 46.20 

AJ 2o3 39.50 38.60 38.60 38.60 39.30 39.20 37.02 38.28 

Fe2o3 0.34 0.34 0.34 0.49 0.23 0.27 0.40 

Ti02 1.37 I. 36 1.36 0.35 0.09 1.26 0.18 

CaO 0.37 0.06 0.52 o. 13 
(' 

MgO trace 0.07 0.47 0.10 

K20 0.06 0.06 0.06 0.35 0.21 0.36 0.43 

Na2o 0.35 0.09 1.55 o. 12 

ignition loss 13.96 13.88 13.91 13.90 13.68 13.80 13.27 13.94 

Table 2. Chemical analysis of some different kaolinites. 

A comparison is made with typical kaolinites used by other 

investigators in experiments which will be mentioned in this thesis 

(41, 42, 55, 113, 133, 160 and 162). The kaolinite used in our 

experiments is a typical Georgia kaolinite regarding the amount of 

Tio2 present, according to Brindley (15) this contamination is 

present in the form of anastase. Most available data suggest that 

there is only a slight substitution of titanium or iron for 

aluminum in kaolonite and that such substitutions are restricted to 

poorly crystallized kaolinites. 

2.1.2.4. ORGANOCARBON CONTENT 

Clay minerals may contain some organic impurities adsorbed to 

their surfaces (61 and 62). Typical values for refined English 

China Clays are about 500 ~g of carbon per gram of clay (41). 

However, in ball clays the amount of organic matter involved is 

relatively large, being about 10 mg per gram of clay (190 and 192). 



One of the available methods consists of the oxidation of the 

organocarbon to carbon dioxide followed by its determination. The 

oxidation can be carried out by "wet" or "dry" CO!Ilbustion. Of the 

wet-oxidation methods, the one developed by Allison and co-workers 

(I and 3) has been accepted as the most reliable. In our experiments 

we determined .. the organocarbon content with a modified potassium 

dichromate method (wet-combustion) (1, 2, 3 and 40), The organocarbon 

content of the Monarch kaolinite was found to be 450 ~gg- 1 , This 

value can be regarded as typical compared to the values of around 

500 ~gg- 1 usually found for kaolinites (41). 

2.1.2.5. CATION EXCHANGE CAPACITY 

2.1.2.5.1. THEORETICAL 

The causes of the cation exchange capacity (cec) of the clay 

minerals are threefold (142 and 163). Grim (60) summarizes them as 

follows: 

- Broken bonds at the edges of the silica-alumina units would give 

rise to unsaturated charges, which could be balanced by adsorbed 

cations. The number of broken bonds and hence the cation exchange 

capacity due to this cause would increase as the particle size 

decreases. However, it is difficult to separate the influence of 

particle size from that of varying perfection of crytallinity. 

Ormsby ( 118) and Johnson and Lawrence ( 79) found a linear relation 

between surface area and cation exchange capacity for Georgia 

kaolinites. They also investigated the effect of variation in 

crystallinity and concluded that surface area is more important 

than crystallinity. Vasilev et al. (171) investigated the influence 

of the crystallinity on the cation exchange capacity of kaolinites 

and found that with decreasing crystallinity the cation exchange 

capacity, due to more broken bonds, increases. 
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- Substitution within the lattice structure of trivalent aluminum 

atoms for quadrivalent silicon atoms in the tetrahedral sheet and 

of ions of lower valence, particularly magnesium, for trivalent 

aluminum atoms in the octahedral sheet results in unbalanced 

charges in the structural units of some clay minerals. Work of 

Weiss and Russow (183 and 184) and Follett (43) suggests that the 

two faces are not equivalent; the balan~e of evidence suggests 

that only the tetrahedral face carries charge through isomorphous 

replacement. 

- The hydrogen atoms of exposed OR-groups (which are an. ,;integral part 

of the structure rather than due to broken bonds) may be replaced 

by a cation which might be exchangeable. 

In kaolinite minerals broken bonds are prob4bly the major cause 

of cation exchange capacity. 

2.1.2.5.2. MEASUREMENT 

Accurate determinations of the cation exchange capaeity and 

exchangeable cations are very difficult to accomplish. The 

determination of cation exchange capacity is at best a more or 

less arbitrary matter and no high degree of accuracy can be claimed, 

The measurement is generally made by saturating ,.the clay with NH: (for 

example the ammonium acetate method (93, 94 and 144)) or 
2+ Ba (for example the barium chloride triathanolamine method (99 

and 100)) d d ' . h NH+ B 2+ . 1 an eterm1n1ng t e amount 4 or a , respect1ve y, 

at pH = 7. 

Weiss (132) discussed in detail the problems of the accurate 

determin~tion of cation exchange capacity (cec) and showed the 

wide variations in values obtained in using different methods. 

He pointed out, that quantitative determinations of all cations 

and anions both in the exchange solution and in the solid 

substance are necessary to obtain accurate values and that simple 

methods, for example, using ammonium acetate, yield only approximate 

values. 
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In our case the exchangeable cations present on the kaolinite 

were determined by displacement with IN NH4Ac at pH= 7. The cec, 

by the conventional NH4Ac-method (93, 94 and 144) was 1.2 mgreq/100 g 

kaolinite. In addition the cec was determined by methylene blue 

adsorption, yielding a value of 1.8 mgreq/100 gkaolinite. According 

to Faruqi et al. (39) the values of the cec measured with methylene 

blue arehigherthan those measured by ammonium acetate method (144) 

at the same kaolinites (Ill). In cases where a monolayer of 

methylene blue is formed before the cec has been reached (when clays 

have a high cec) then a. single methylene blue cation (or molecule) 

could cover more than one exchange site, particularly if the sites 

are close together. In such cases the cec determined from methylene 

blue adsorption may be lower than the one found by techniques with 

small organic cations (39). According to Phelps (128) both sodium 

and hydrogen are exchangeable cations in the Monarch kaolinite. 

According to the above-mentioned experimental data on the cation 

exchange capacity of kaolinite, we take 1.5 mgreq/100 g kaolinite, 

the average of the ammonium acetate method and the methylene blue 

method, 

2.1.2.6. PH MEASUREMENT OF THE SUSPENSION 

The pH of a suspension containing 10 grammes of kaolinite and 

100 grammes of twice distilled water, was measured after 10 minutes, 

(' = I - 3 * 10-6 Ohm-J cm-J H 5 6) ' h H El f Aw p = • w1t p -meter ectro act 

type 53A combined with a Philips CA 42 D (single rod assembly) 

measuring cell. The pH resulting from this experiment was 4.15. 

In order to know if the solid content in the suspension had 

any influence on the pH, we measured the pH as a function of the 

solid content in the suspension. This phenomenon is known as the 

suspension or Pallman effect (88.89 and 125) .• As can be deducted from 

figure 5 the pH reaches an almost constant value for suspensions 

containingabout five weight percent kaolinite or more. 
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Fig. 5. The influence of the amount of kaolinite on the pH of the 

suspension. 

2.1.2.7. PHYSICAL ANALYSIS 

2.1.2.7.1. DIFFERENTIAL THERMAL ANALYSIS 

Significant physical or chemical changes generally take place 

at temperatures which are characteristic for a particular mineral. 

These changes are detected in differential thermal analysis in which a 

thermally inert reference material (such as calcined alumina) is 

heated side by side at a constant and reproducible rate, in our case 

5 °C/min, while the temperature difference between the two materials 

is recorded. The results for our kaolinite, obtained at the 

laboratory of the N.V. Koninklijke Sphinx at Maastricht are shown 

in figure 6 (curve DTA). An endothermic reaction is observed at 

580 °C caused by the loss of hydroxyl groups frOm the lattice in the 

form of water (dehydratation). This peak temperature is commonly 
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affected by the crystallinity of the minerals involved. An exotherm 

peak at 945 °C further indicates phase changes of the crystal 

lattices. Both peak temperatures reveal a well crystallized kaolinite 

structure (146). 
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Fig. 6. Physical analysis. 

2.1.2.7.2. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetry is concerned with the loss in weight upon 

heating. This loss in weight of .the kaolinite is recorded (with a 

heating rate of 5 °C/min) and plotted against temperature, Figure 

10 

6 shows the dehydration curve and the differential thermal analysis 

for the kaolinite involved. The temperature at whichthedehydratation 

of the mineral begins corresponds very well to the start of the 

endothermic reaction at 580 °C. 

The water content at room temperature was determined by a 

gravimetric method. A known amount of kaolinite was heated to 

consta~t weight at 110 °C. The moisture content (expressed in 

percentage of the dry material) was low, viz. 0.25 percent. 
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2.1.2.7.3. LINEAR SHRINKAGE 

The dilatation was measured with a dilatometer 6130-6-71 

constructed by "Institut fur Steine und Erden" at Clausthal and 

performed at TNO-Werkgroep Grofkeramiek at Apeldoorn. 

In figure 6 the dilatation (in percentage) as a function of the 

temperature is given. The heating rate was 0.5 °C/m~n, the cooling 

rate 5 °C/min. 

2. I. 3. PREPARATION OF MONO-IONIC KAOLINITES 1~ 

2.1.3.1. INTRODUCTION 

In clay colloid chemistry it is often necessary to study the 

behaviour of clay suspensions with different cation compositions. 

This is important because most of the physico~chemical properties 

of such two-phase systems depend, as known, for a great deal on type 

and concentration of the exchangeable cations. 

However, it is particularly important that the method of 

preparation of mono-ionic clay does not change the 'crystal 

structure of thelm~neral involved• Formerly mono-ionic clays were 
'+ often prepared by neutralisation of the corresponding H -clay with 

an equivalent amount·of appropriate base. However, during the last 

years it has become clear that such procedure is liable to give 

erroneous results because of the partial breakdown of the clays 

during the ·first stage, viz. the H+-clay preparation. This H+-clay 

was prepared by electrodialysis or HCl-treatment, which however, 

according .to some investigators leads to lattice changes (8, 60, 67, 

69, 141, 182 and 188). It is practically impossible to prepare a 

clay in which all the exchange positions are occupied by H+, since 

Al+++ moves from the lattice to the exchange positions before 

saturation with H+ becomes complete (9, 20 and 21). Another dis

advantage of electrodialysis is the long time required to prepare 
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a certain amount of H+-clay. 

Therefore, methods have been developed to prepare mono-ionic 

clays without the H+-clay stage. The first method consists of 

repeated stirring of the clay with a concentrated salt solution of 

the desired cation followed by removal of the excess salt by washing. 

The washing procedure cannot easily be performed because atdecreasing 

electrolyte concentration the peptisation rate increases and 

therefore the loss of small particles is enhanced (71). Peptisation 

can be prevented by washing with alcohols, however, the salt washing 

procedure with alcohols is less efficient (7, 135 and 166). 

Some studies investigated the rest concentrations of salt after 

washing and the hydrolysis of the exchanged cations (115, 116, 135 

and 180), 

A seco.nd method is a preparation of mono-ionic clay with a 

cationic synthetic exchange resin of the desired form. Both the 

percolation of the clay suspension through a column of cationic 

resin (90 and 187) and the batch procedure of repeatedly stirring 

the amount of clay with the desired resin (47, 48, 181, 182, 187 

and 188) have been studied. 

Numerous workers have tried various procedures to prepare 

hydrogen clays without the replacement of the hydrogen by aluminum. 

Ojea and Taboadela (64) claimed to have succeeded for kaolinite, 

using an exchange resin. 

According to Bolt and others (12) all clays, with the exception 

of kaolinite, are best prepared by percolation through resin columns. 

Kaolinites however, which usually contain rather a high percentage 

of particles larger than 2 ~m are not well suited for column 

treatment because they plug the resin column. 

2. 1.3.2. EXPERIMENTAL 

Because of the fact that the lattice of clay minerals is 

attacked by acids, it is not recommended to prepare various forms 

of a clay via the hydrogen method followed by conversion to the 

desired ionic form. 
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The method used, a modification of the method described by 

Worrall and Ryan (193), employs exchange of ions between a cation 

exchange resin and the kaolinite in suspension in a batch procedure 

(see 2.1.3.1.). As atready mentioned it has been found to yield 

large quantities of mono-ionic kaolinite, free from excess 

electrolyte and in a reasonably short time. 

To prepare a mono-ionic kaolinite, the raw kaolinite was brought 

into suspension and stirred for sufficient time with the cation 

exchange resin in the cation form desired; the following reaction 

occurs: 

Y-KAOLINITE + M-RESIN M-I!;AOitiNITE + Y- RESIN 

Where Y represents the mixture of exchangeable cations 

originally on the kaolinite (i.e. cation exchange capacity), and M 

represents the cation desired on the clay. 

In our case one cation exchange resin with sulfonic acids as 

functional groups ~as used in sodium and hydrogen form (Dowex sow
XS), During the cation exchange zeaction the amount of exchangeable 

cations on the resins was taken 200 times the cation exchange 

capacity of the kaolinite• 

After stirring for 48 hours, which according to Worrall (190) is 

more than sufficient to achieve almost complete exchange, the 

kaolinite is separated from the resin spheres by sieving the 

suspension twice, through a 63 pm and a 45 pm sieve, The resin was 

regenerated by washing with a IN electrolyte solution and thereby 

made ready for conversion of the .next batch of clay. 

In order to avoid fixation of cations ina non-exchangeable form on 

the kaolinite surface, drying of the mono-ionic kaolinite slurries 

was performed at about 90 °C. 

2.1.3.3. DATA CONCERNING THE MONO-IONIC KAOLINITES 

Themono-ionic sodium-kaolinite and hydrogen-kaolinite, thus 

prepared, were tested after drying on various pt:opeities to ensure 

that no changes had occured in the kaolinite mineral. 
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No changes in the X-ray diffraction pattern could be observed 

in relation to the raw kaolinite. Also the crystallinity index was 

almost equaLfor both viz. sodium-kaolinite 1.12 and hydrogen

kaolinite 1.09'. While the Monarch kaolinite had an index of 1.14, 

the conclusion is justified that no significant lattice distortion 

can be observed. 

The chemical analysis of the mono-ionic kaolinite incurs no 

important changes (table 2), furthermore no increase is found in the 

organocarbon content of the mono-ionic kaolinites, proving that all 

resin beads are properly separated from the kaolinite by sieving. 

This was to be expected as the spheres of the exchange resins have 

a smallest diameter of 300 ~m and were sieved over 63 ~· 

The pH of the suspension of 10 grammes of kaolinite to 100 

grammes of twice distilled water was 3.25 for the hydrogen-kaolinite 

and 5.85 for the sodium-kaolinite, 

The determination of the specific surface by N2-adsorption 

in an Areameter ("Strohlein") yielded a value of 6.63 m2/g and 

6,76 m2/g for sodium-kaolinite and hydrogen~kaolinite, respectively, 

From the data given above the conclusion can be drawn that with 

a batch procedure well defined mono-ionic kaolinites can be prepared 

without impairing the high crystallinity index. 
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2.2. SURFACE -ACTIVE AGENTS 

Surface-active agents have been described in numerous articles, 

their manufacture and uses have likewise been subject of many 

publications. 

Surface-active agents are sometimes called "textile auxiliaries" 
because of their extensive use in the textile industry. This 
name is no longer justified, considering the large number of 
fields of application in pesticidal formulation (170), in 
pharmaceutical industry (152), in paper industry, leather 
industry and the diverse uses to which they are put. 
Various writers have pointed out the need for classification. 
Hetzer (68) undertook this work forproducts of German 
manufacturers. The classification established by Sisley {151) 
is based on chemical structure. Keller and Frossard (81) 
proposed a classification of surface-active agents consisting 
of a fivefold code number for each surfactant involved. 
The classification accepted in this thesis simply divides the 
surface-active agents into three classes according to their 
physico-chemical properties. 

- anion-active compounds 
- cation-active compounds 
- nonionic compounds 

The anion-active compounds contain esterifying groups (-oso3Na, 
-SO H or -CO Na) in which the anion is a large organic mass 
neg1tively c~arged. If, however, the ion carrier has a positive 
charge, it will have the character of a cation, for example 
derived from substituted ammonium compounds. These products are 
known as cation-active compounds. 
The surface-active agents of the third class do not.lib.erate 
any ions. The nonionic materials range from glycerids and 
glucosids to polyoxypropylene derivatives. 

For the study described in this thesis !odium !!_odecyl !ulfate, 

brieflySDS, an anionic surface-active agent, and £etyl!rimethyl

~onium !romide, briefly CTAB, a cation-active compound were chosen; 

the first was obtained from Marek-Schuchardt {purity greater than 

90%), the latter from Fluka AG, Buchs SG (purity 98.5%). The 

formulae for both compounds are given below. 

[CH3 - (CH2) IS 
!H3 l·' ] - .. · -N-- CH3 c12H2ss04 
\H3 

Cetyltrimethylammonium Bromide Sodium Dodecyl Sulfate 
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The tendency of the ions of the molecules of these materials 

to aggregate is of interest. For many years the term micelle has been 

used to designate the aggregate particle. Characteristic for the 

micelle is the relative sharpness of concentration above which it 

appears (78). The determination of the critical micelle concentration 

(CMC) may be carried out by a variety of methods (98 and '148). The' 

CMC of the two surface-active agents in use are listed in table 3. 

Although according to Mukerjee (108) in dilute sodium dodecyl 

sulfate solutions dimers may be present, it is now fairly widely 

believed that below the CMC the solute is present as single molecules 

or ions and,that only above this concentration micelles begin to 

form. ,There has been much discussion regarding the shape of the 

micelles. Hartley (66) believed they are spherical only, whereas 

McBain (97) proposed that micelles are either spherical or laminar. 

On the other hand investigators, like D~bije and Anacker (27 and 28), 

Method Material CMC (in M) Medium Literature 

surface tension SDS 6.9-8.0 * I0-3 aqueous 164 

ultrasonic SDS 8.0 * I0-3 aqueous 140 

conductivity SDS 8.1 * to-3 aqueous 54 

conductivity CTAB 0.69 * l0-3 aqueous 6 

conductivity CTAB 0.55 * I0-3 aqueous 113 

conductivity CTAB 0.9 •10-3 aqueous 130 

conductivity CTAB 0.98 * I0-3 10-3M NaBr 172 

Table 3, Critical micelle concentration of SDS and CTAB. 

~sing light scattering techniques seem to have proved the,existence 

of the rod-like type (elongated cylinders) of micelles. Although 

the laminar micelle theory has been favoured by X-ray evidence (13), 

for some time, micelles are at present believed to be spherical 

(147). Micellar sizes have been reported over a range from 10 to 

20 monomers to many thousands (148 and 165). With a given surfactant 

the size of the micelles depends: 1) on the temperature, 2) on the 

concentration of the surfactant to a very limited extend, 
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3) on the concentration and nature of added electrolytes and 

4) on the concentration and nature of added non-electrolytes. 

For the present investigation the critical micelle concentrations 

of CTAB and SDS in aqueous solutions, at room temperature (23 °C ± 
I °C), were measured with the conductivity method (4 and 194). The 

results, 7.9 * 10-3 M for SDS and 0,95 * 10-3M for CTAB, are in 

good agreement with the mentioned literature data. 

The chain length was taken as 2.3 nm for CTAB and 2.1 nm for 

SDS. 

34 



CHAPTER 3 

THE INFLUENCE OF SURFACE-ACTIVE AGENTS 

ON IHE ELECTROKINETIC PROPERTIES 

OF KAOLINITE SUSPENSIONS. 
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THE INFLUENCE OF SURFACE-ACTIVE AGENTS ON THE ELECTROKINETIC 

PROPERTIES OF KAOLINITE SUSPENSIONS 

3.1. INTRODUCTION 

Kaolinite particles exhibit two types of surface, the edges and 

the basal faces (see 2. 1.2.). On these different crystal surfaces 

charges can occur differing both in sign and magnitude. 

This causes a complex behaviour of aqueous kaolinite suspensions 

with different possible modes of particle-particle interaction (143 

and 169). 

In this chapter the influence of surface-active agents on these 

kaolinite surfaces is described by par~ters like adsorption,~

potential, surface charge, sedimentation volume and turbidity. 

Investigated is the influence of both a cationic detergent, 

cetyltrimethylammonium bromide, and an anionic detergent, sodium 

dodecyl sulfate, on two mono-ionic kaolinites at two different pH-values. 

Because the charge of the edge surface of kaolinite is also pH 

dependent a different behaviour of kaolinite suspensions is expected 

under the chosen experimental conditions. 

3.2. ADSORPTION ON KAOLINITE SURFACE 

3.2.1. EXPERIMENTAL 

The preparation of the two different types of kaolinite has 

been described in 2.1.4. For the adsorption experiments, as well 

as for the other experiments described in this chapter, suspensions 

of 10 grammes of kaolinite in 100 grammes of suspension were used. 

Twice distilled water was used with a specific conductance of l to 
-6 -1 -1 3 * 10 Ohm em and a pH of 5,6, The kaolinite suspension was 

prepared in a 10-3 N NaBr solution, which had been saturated towards 
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the kaolinite concerned during one week by daily shaking for half an 

hour. The NaBr used was of pro analysi grade (UBC 1718). T~ obtain 

the pH required for the experiments, HCl and NaOH solutions prepared 

from.titrisol (Merck) were used. After adding by burette a calculated 

amount of a surface-active agent the suspensions were stirred in a 

polyethylene vessel with a teflon coated magnet. To obtain 

equilibrium conditions an adsorption time of two hours was adopted, 

which seemed to be enough as had already been pointed out by other 

investigators (155 and 164). 

The amounts of SDS and CTAB adsorbed were calculated from the 

difference between initial (C ) and equilibrium (C ) concentration. o eq 
The concentration of SDS was measured with a modified two-phase 

titration according' to Epton (37 and 38) using cetyltrimethylammonium 

bromide as titrant and methylene blue as an indicator (91), The 

amount of CTAB in solution was determined by a titration in glacial 

acetic acid (96 and 129) with a solution of perchloric acid in 

acetic acid as titrant and Oracet blue B as indicator. This solution 

was standardized by titration against Na2co3 with crystal violet as 

indicator (145). 

3.2.2. RESULTS AND DISCUSSION 

Before discussing the results obtained by the adsorption 

experiments it is useful to discuss briefly the types of adsorption. 

When electrostatic attraction and hydrophobic bonding (Van der Waals 

forces between hydrocarbon. chains) are the main .forces of adsorption 

we call this physical adsorption. Examples of physical adsorption 

are the systems of alkylammonium surfactants-quartz (50 and 156) and 

andalkyl sulphonate-alumina(3J, 50, 155 and 179). Forming of a 

covalent bond between surfactant ion and the metal ion in the surface 

of the solid is called chemisorption. An example of chemisorption of 

surfactants is the oleate-haematite system (127). However, the 

distinction between chemisorption and physical adsorption is rather 

vague. 

Infigures 7 and 8 the adsorption isotherms (in mol detergent 

per gramme of kaolinite).for the adsorption of CTAB on Na-kaolinite 
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Fig. 8. Adsorption isotherm of CTAB on H-kaolinite at two different 

pH-values. 
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and H-kaolinite are given as function of the equilibrium concentration 

detergent at two different pH-values. The same adsorption isotherms 

are given for SDS in figures 9 and 10. 

The first conclusion which can be drawn is that there is almost 

no difference between the two types of kaolinite involved in the 

adsorption process. The shape of the adsorption isotherm is almost 

similar so that an analog adsorption mechanism can be exPected 

to hold for both types. 

The adsorption isotherm consists of three parts: part I, 

characterized by a low increase in adsorption with surfactant con

centration; part 2, characterized by a strong increase in the slope 

of the isotherm and part 3, again characterized by a lower increase 

and even a decrease in adsorption in the neighbourhood of the CMC 

of the surfactant involved. The interpretation of the first two 

parts can be the same as that given by Fuerstenau and co-workers 

(49, 51 and 52) in terms of the hemi-micelle hypothesis. In part 1, 

at low concentrations surfactant, the ions are adsorbed individually 

and adsorption results primarily from electrostatic forces between 

surfactant ions and the charged surface, At a certain concentration 

(called hemi-micelle concentration HMC) the ions begin to associate 

due to hydrophobic bonding between the organic chains and a two

dimensional aggregation process, hemi-micelle formation, at the 

interface appears. This association enhances the adsorption. So the 

rapid rise in the isotherm is the result of two effects: 

I) electrostatic attration between the ions and the charged solid 

surface and 2) the Van der Waals association between the hydrocarbon 

chains. 

The explanation of part 3, smaller increase and even decrease of 

adsorbed amount of surface-active agent, has not been interpreted 

by Fuers tenau and co-workers because they did .. not measure in the 

range of the CMC or above. Few data have .. been published on the course 

of adsorption isotherms in this region. Our adsorption data extend 

beyond the critical micelle concentration (0.95 * 10-3 M for CTAB 

land 7.9 * 10-
3

M for .SDS.) .and figures 7, 8, 9 and 10 show a 

.decreasing·amount of detergent adsorbed, except in the case where 

SDS is adsorbed at .pH = 10. In this case a small and almost constant 

amount is adsorbed. 
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A reason for the decrease in adsorbed amount of detergent can 

be described as follows. The adsorption layer on a solid p~ase 

having almost similar composition, structure and surface properties 

as a normal micelle, will be influenced by the equilibrium between 

micelle and its monomer. From experiments of Zimmels et al. on 

calcite (194 and 195) it can be deducted that with increasing 

equilibrium concentration the average equilibrium micelle si~e is 

increasing. A change in the association number of micelles or 

number of monomers in the micelles is an explanation for the increase 

of the average equilibrium micelle size. In 'such a system where an 

associated micelle in solution is more favourable than the micelle 

adsorbed at the solid surface, establishment of an equilibrium leads 

to a decrease of the amount of surface-active,agent adsorbed at the 

solid phase, i.e. desorption. Our experimental results are a con

firmation of the results of Zimmels et al. (194 and 195). 

3.3. ELECTROKINETIC PROPERTIES 

3.3.1. EXPERIMENTAL 

Surface potential measurements of minerals, like quartz, alumina, 

amosite etc, have drawn the interest of many investigators (32, 113, 

132 and 162). In most cases ~-potentials have been measured with 

electrophoretic experiments. Because our kaolinite suspensions are 

not stable under all experimental conditions, we.measured the 

~-potentials with electro-osmosis. 

Th~ electrokinetic potentials were measured using an apparatus 

(150) similar to that described by Lange and Crane (87) and Verwey 

(173). The porous plug in the U-tube was obtained by settling of 

suspensions as described in 3.2.1. 

Measurements were carried out at room temperature (23 °C ± I °C). 

The pH-values were measured with a combined Philips electrode 

CA 42 D and a pH-meter Electrofact type 53 A. Equilibrium was 

obtained after 10 minutes. The electrical conductance was measured 
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with a Philips GM 4249 at a frequency of 1000 Hz with a measuring 

cell consisting of two platinum electrodes (type Philips PR 9510). 
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Fig. II. The ~-potential as a function of the concentration CTAB 

for Na-kaolinite at two different pH-values. 
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Fig. 12. The ~-potential as a function of the concentration CTAB 

for H-kaolinite at two different pH-values. 

43 



( r·· fmVl "30 

·20 

EQUIU9RJUM CONCENTRATION 
.10 

J 
ere 505 ~~~ 

I 1 

2 
-10 

-20 

-10 

-40 

Fig. 13. The ~-potential as a function of the concentration SDS for 

Na-kaolinite at two different pH-values. 
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Fig. 14. The ~-potential as a function of the concentration SDS for 

H-kaolinite at two different pH-values. 

The ~-potentials were calculated from the data obtained with the 

formula of Von Smoluchowski ( 178), using the "rationalized" version 

introduced by Hunter (74). No corrections have been made for the so

called relaxation effects (184). With the geometrical data in 2.1.2.2. 

the ·Ka in the case of face-face interaction is 227 and in the case 

of edge-edge interaction 23.7. 
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3.3.2. SURFACE CHARGE BEHIND THE ELECTROKINETIC SLIPPING PLANE 

The net surface charge behind the electrokinetic slipping plane 

gives information about the amount of charge between the electro

kinetic slipping plane and the solid phase. This net charge can be 

calculated using the theory of the electrical double layer according 

to Gouy (56 and 57). and Chapman (19), 

The surface charge has been calculated using the equation for 

flat plates, derived for the case of single binary electrolytes of 

valence v in solution (58, 73, 76, 162 and 174): 

where 

' n 

e 

E E 

= (8 c E nkT)! sinh (ve~/2kT) 
o r 

-2 surface charge density (Cm ) 

. . . ( ~3) 1" ( 1/ 3) * = 10n1c concentrat1on m norma 1ty mo m 

Avograii.o '·s number (mol-l) 
. . -19 

charge of proton =. 1.602 * 10 C 

o r 
79.02 * 8.S55 * to- 12 c2N-l~-2 

valence of· ion (-) y: 

1;; 

kT 

= potential at electrokinetic slipping plane (V) 

= Boltzmann constant * absolute temperature 
-21 

(at room temperature kT = 4.086 * 10 J) 

From work of Spierings (157) it can be concluded that·by taking 
()) 

fi /fi (the ratio of the activity coefficient in the bulk of the 

liquid and the activity coefficient of the ion) not different from 

a not too serious error is introduced. From the measured ~-potentials 

and the known concentrations of ions the surface charge .behind the 

electrokinetic slipping plane was calculated. 
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Fig. 17. The net charge behind the electrokinetic slipping plane as 

a function of the concentration SDS for Na~kaolinite at 

two different pH-values. 
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as a function of the concentration SDS for H-kaolinite 

at two different pH-values. 
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3.3.3. RESULTS AND DIS.CUSSION 

The changes of the ~-potential at the solid-solution interface 

as a function of the detergent concentration are shown in figures 

11, 12, 13 and 14. It is evident that with increasing equilibrium 

concentration CTAB, after a start of almost negligible dependence, 

the ~-potential increases and reaches its maximum at the range of the 

conventional CMC. 

There is a danger (123 and 156) in application of the ~
potential formula caused by the so-called surface conductance. 
As a consequence of the crowding of ions in the double layer 
there exists an excess conductance along the surface of the 
solid. In dilute solutions this conductance may be of the same 
order of magnitude as the conductivity of the bulk solution A 
and the proportionality between i and A is lost. In that case 
the ~-potential should be corrected (159). According to Overbeek 
and Wijga (124), Rutgers, Janssenand DeSmet (137 and 138) the 
influence of surface conductance and pore structure is 
negligible whenever the capillary spaces between the solid 
particles are large compared with the electrical double layer. 
From the sedimentation volumes (see 3.4.) at high pH-values 
(figures 19 and 20) it can be calculated that the pores 
between the kaolinite platelets and the thickness of the diffuse 
double layer are of the same magnitude. The hump_gbserved in the 
~-potential at a concentration of CTAB around 10 M at high 
pH (figures ll and 12) is therefore attributed to this surface 
conductance. Corrections are not performed. Despite this the 
data are still satisfactorily interpretable. 

The relation of the ~-potential and the SDS concentration at pH = 3.3 

(figures 13 and 14) follows a pattern inverse to that for CTAB. In 

the case of pH = 10 the ~-potential (see the adsorption isotherm 

(figures 9 and 10)) is almost independent of the SDS concentration. 

The adsorption mechanism proposed in 3.2.2. is confirmed by 

the ~-potential. Especially the decrease in adsorption at surface

active agents concentrations in the neighbourhood at the CMC or 

higher, is reflected in a decrease of the ~-potential. The desorption 

of the detergent should be accompanied by a decrease of the 

~-potential, if the model, described in 3.2.2., is correct. 

In accordance to this the charge behind the electrokinetic 

slipping plane, given in the figures 15, 16, 17 and 18, shows, 

although less pronounced, a lower dependence in the neighbourhood 

of the CMC or above. 
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3.4. SEDIMENTATION VOLUME AND TURBIDITY OF THE SUPERNATANT 

3. 4. 1. EXPERIMENTAL 

The same suspensions as described in 3.2.1. were used. 

Aliquots of 20 ml of suspension were pipetted in measuring cylinders 

having a diameter of 1.6 em. Kwatra et al. (86) reported that the 

optimum ratio of height to diameter (H/D) of measuring cylinders for 

sedimentation of concentrated suspensions is in the range of 5 - 9. 

In our measuring cylinders ·a suspension volume of 20 ml had a 

H/D-ratio of 8.9. The cylinders were closed with a rubber stopper 

and placed in a room with a temperature of 23 °C ± I °C. The levels 

of the interface of supernatant and sed~mentated kaolinite were 

measured at certain times during a period of two weeks, after which 

the sedimentation volume appeared to have reached a constant 

value. At the beginning of the sedimentation time the measured 

sedimentation volumes are strictly not comparable because some 

solid phase is still present in the supernatant. 

In the same experiments the turbidity of the supernatant was 

determined by a method similar to that of Slater and Kitchener (154) 

and Dollimore (22, 23 and 24). At the same times as mentioned above, 

the cylinders were put in a measuring cell and at a fixed height of 

the cylinder the turbidity was determined using twice distilled water 

as a blank. The turbidity expressed as a percentage light transmission 

serves as a convenient measure for the state of deflocculation of the 

kaolinite suspension as a function of the concentration of surface

active agent. 

3.4.2. RESULTS AND DISCUSSION 

Kaolinite particles can interact in three possible modes (169): 

face-face (F-F), edge-edge (E-E) and edge-face (E-F) with the 

visible effect of flocculation. These modes of interaction will 
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Fig, 19, Sedimentation volume as a function of the concentration 

CTAB for .Na-kaolinite at two different pH-values. 
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Fig. 20. Sedimentation volume as a function of the concentration 

CTAB for H-kaolinite at two different pH-values. 
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Fig. 21. Sedimentation volume as a function of the concentration 

SDS for Na-kaolinite at two different pH-values. 
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Fig. 22. Sedimentation volume as a function of the concentration 

SDS for H-kaolinite at two different pH-values. 
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depend on the charge of the edges and faces of the kaolinite 

particles. The edge surface has a surface potential which depends, 

as in the case of an oxidic surface, on the adsorption of potential 

determining hydrogen and hydroxyls ions. The edge charge is therefore 

dependent on the pH of the suspensions and negative in alkaline 

suspensions. Because of the isomorphous replacement within the 

crystal lattice the faces are negatively charged at least at all 

the pH->.Talues employed in the present investigation (see 2 .1. 2. 5.). 

Schofield and Samson (143) have demonstrated that at low pH

values edge-face association exists because the positively charged 

edges are electrostatically attracted by the negatively charged 

faces. Edge-face association presumably leads to a cardhouse 

type structure, while edge-edge and face-face association will produce 

chains and/or stacks of associated plates (169). The first two types 

of association, edge-face and edge-edge, will result in large 

sedimentation volumes. Face-face association will tend to reduce 

the sedimentation volumes. The edge-face type of association is 

often encountered in suspensions with low pH. 

At high pH-values the kaolinite suspensions (101, 102 and 133) 

become more or less deflocculated. Because of this flocculation 

at high pH-values, these suspensions do not fully sediment over a 

period of weeks. In this case the turbidity of the supernatant, 

recorded as percentage light transmission, will be low, this in 

contradiction to the low pH-range. 

Both the sedimentation volumes (figures 19, 20, 21 and 22) and 

the turbidity of the supernatant. (figures 23, 24, 25 and 26) are 

give~ as a function of the equilibrium concentration surface-active 

agent at two distinct pH-values. Generally there is no difference 

obser.ved between the two types of kaolinites. 

At low pH-values the sedimentation volume increases to a 

maximum. However, w~th further increasing cationic detergent CTAB 

the sedimentation volume decreases. From the turbidity of the super

natant, under the same conditions, one can conclude that the 

suspensions then become partly deflocculated. This may also be 

concluded from the continued settling between 24 and 336 hours, 

resulting in a small increase in sedimentation volume. 
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Fig. 23. Turbidity of the supernatant ~s a function of the 

·concentration CTAB for Na-kaolinite at two different 

pH-values. 
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pH-values. 
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Fig. 25. Turbidity of the supernatant as a function of the 

concentration SDS for Na-kaolinite at two different 

pH-values. 
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At high pH-values the increasing amount of cationic detergent 

CTAB changes the structure from a deflocculated one (at concen

trations. below ~~-5M) into a flocculated ~ne with a very high 

sedimentation volume (at concentrations between 10-5M and somewhat 

below the CMC). In contrast with the deflocculated state there is 

a decrease in sedimentation volume between.24 and 336 hours. 

At even. higher concentrations, somewhat before the CMC, the 

suspension becomes deflocculated again. 

The influence of the anionic detergent SDS is restricted to 

the low pH-range, because at high pH-values both faces and edges 

are negatively charged (see chapter 3.3.3. and figures 21 and 22). 

At low pH-values the kaolinite suspension, which was flocculated, 

becomes deflocculated at high concentrations of SDS, 

Translation of the data into the three possible modes of 

interaction can be done after quantita~ive calculation of the total 

interaction energy (see chapter 5). 
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CHAPTER 4 

RHEOLOGICAL PROPERTIES 

OF KAOLINITE SUSPENSIONS 
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4.1. INTRODUCTION 

Fundamental work described in the literature on the rheol9gy 

of kaolinite suspensions, has been concerned with dilute suspensions 

(55 and 133) at different pH-values, which behave more or less 

Newtonian. 

Kaolinite particles have, as mentioned in chapter 3, two 

different types of surfaces. Because of the pH-dependence of the 

charge of the edge surface, aqueous kaolinite suspensions will 

exhibit a rheological behaviour, which is profoundly dependent upon 

the pH. It is also possible to introduce other influences on the 

rheological behaviour, because other ions (like those of the surface

active agents) too have the possibility of changing the charges on 

the kaolinite particles. In kaolinite suspensions at low pH the 

formation of struetut:al units is possible, because of the presence 

of edge and face surface charges of opposite sign. These units are 

called floes. 

Therefore we first studied ~he influence of these structural 

units on the rheological propei:ties of dilute kaolinite suspensions. 

Also the influence of surface-active agents, cetyltrimethylammonium 

bromide and sodium dodecyl sulfate, on the rheological properties 

of highly concentrated kaolinite suspensions is examined. A 

comparison is made with the results, described in chapter 3. 

4. 2. EXPERIMENTAL 

The same suspension preparation method was followed as: 

described in 3.2.1. with the difference that in 4.4. and 4.5. 

of this chapter only suspensions with 50 grammes of kaolinite in 

100 grammes of suspension were used, whereas in 4.3. the kaolinite 

volume fraction is variable. The suspensions were mixed thot:oughly 

with a Combimix RM 46 (Janke und Kunkel K.G.) at 300 rpm for l hour. 

In 4.5. an adsorption time of two hours was adopted for the surface

active agents, during which the suspensions were stirred in the 

same way as mentioned above. 
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After the rheological measurements, the suspension left was 

centrifuged to determine the equilibrium concentration surface

active agents in the "supernatant" liquid as described in 3.2.1. 

Measurement of the shear stress of a kaolinite suspension as a 

function of rate of shear was carried out using a Haake Rotovisko 

RV 3, with a rotating inner cylinder and a stationary outer cylinder. 

Measuring body MV I(R. = 20.04 mm; R - 21 mm) was used. 
l. 0 

The suspensions behaved as a pseudoplastic material 

(at .low pH-values and not too low kaolinite volume fraction), 

exhibiting a non-linear dependence of the shear stress on the shear 

rate at low rates of shear and a linear dependence at high rates. 

At low kaolinite volume fractions and at high pH-values the 

suspensions behaved Newtonian. 

SHEAR i 
. STRESS 

o, 

_.,pseud9plas tic 
behavsour 

newtonian 
----- _...,.behaviour 

SHEAR RATE 

Fig. 27. Schematic shear stress - shear rate diagram. 

Extrapolation (figure 27) of the linear portion of the curve to 

zero shear rate gives the Bingham yield value of the system (TB), 

while the slope gives the plastic viscosity (np1). The apparent 

viscosity na at a certain rate of shear (D 1) value can be calculated 

from the ratio of shear stress (T
1
) and the rate of shear (D

1
). We 

calculated the apparent viscosity throughout this chapter at a 
-I 

D-value of 2340 sec • The yield value T is the shear stress at 
y 

shear rate of zero. The values of shear stress T of the kaolinite 
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suspensions were measured automatically as a function of rate shear 

D. The range of D equal to zero to D equal to 2340 sec-l was covered 

in ten minutes. Almost no hysteresis betwe'en scanning with increasing 

and decreasing D was observed. 

4.3. THE INFLUENCE OF FLOC VOLUME FRACTION ON THE 

RHEOLOGICAL PROPERTIES 

4.3.1. SETTLING RATES AS A FUNCTION OF THE KAOLINITE 

VOLUME FRACTION 

The model used to interprete the ~edimentation data obtained 

as described in 3.4.1., was based on the premise that in a 

flocculated suspension the basic flow units are not the primary 

particles but are small clusters, in this thesis called floes. 

The most probable floc shape is a sphere (103). The floc size 

incr~ases as the clay concentration increases or as the shear rate 

decreases. At low rates of shear the floes tend to group into 

clusters of floes, in this thesis designated as aggregates. These 

aggregates may join together to form extended networks, which give 

the suspension its structural properties. 

f zo 

HEIGHTofl 
INTERFACE 

Qo~--------------

TIME 

Fig. 28, General types of settling plots. 
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To measure the settling rates of kaolinite suspensions with 

different percentages of kaolinite the height of the inter~ 

facial phase between slurry and supernatant is plotted against 

time. Figure 28 gives the three general types of settling plots, 

a, b and c, according to Michaels and Bolger (103). 

The results of our experimental settling plots are given in 

figure 29. The kaolinite volume fraction, calculated with pk 

2.58 g/cm3 (2.1.3.2.), ranges from 0.004 till 0.142. 

120 I 122 
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Fig. 29. Settling plots for different kaolinite volume fractions. 

Richardson and Zaki (136) derived an experimental relation 

from the settling rate of a group of uniform spherical particles. 

They plotted the logarithm of the falling velocity of the suspension 

with respect to a fixed plane (Q) as a function of the logarithm 

of the porosity (e:). The slope of the curve is 4.65. From 

experiments it followed that the intercept on the log Q axis 

at e = l is equal to the calculated terminal falling velocity of 

a particle in an infinite medium (Stokes velocity). 

where 
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Q 

Q 

= v sa 
4.65 

€ 

settling rate of suspension with respect 

to a fixed plane (cm/hr) 

Vsa terminal velocity of a single aggregate in 

infinite medium (cm/hr) 

e: porosity 

(I) 



Under the assumption that the average aggregate diameter da is 

independent of clay concentration in the dilute range and does not 

change once settling has begun, the settling rates for the dilute 

suspensions are given by: 

g(pa -p w) a; (l-cl>)4.65 
Qo = --=--1...;8:....].1__;:;___...:;.._ 

(2) 

. w 

Making a material balance on the kaolinite, we get (see list of 

symbols): 

<~>w + .pk 

Equation (2) becomes then: 

Cak is called the aggregate volume coefficient. 

When we express d in microns V for a single aggregate is: 
a sa 

Q 1/4.65 = v 
o sa 

If 1 Q. l/4.65 . • . h 1" h ld 1 we p ot 0 . aga~nst '~'k a stra~g t ~ne s ou resu t. 

This relation- is given in figure 30. According to the relations 

given above the following parameters are calculated: 

v 768 cm/hr sa 

cak 21 

d a 213 micron 

The aggregate volume coefficient is rather large but this is 

(4) 

(5) 
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Fig. 30. Initial settling rate as a function of the kaolinite 

volume fraction. 

understandable because of the very anisometric nature of kaolinite 

particles, while they have an axial ratio of 9.6 (see 2.1.2.2.). 

Furthermore during the"experiments these aggregates have.been 

observed with the naked eye. 

4.3.2. CALCULATION OF THE FLOC VOLUME FRACTION 

If a flocculated suspension stands undisturbed then the 

interface will reach a final height at a certain time. 

Gaudin and Fuerstenau (53) showed that the density of the final 

sediment is not uniform but consists of two parts, a lower one with 

a uniform density and an upper one with a non-uniform density 

decreasing with respect to height. The height of the non-uniform 

zone is called b. The value assumed for the packing fraction· 

of the floes in their random close-packed configuration is 0.62 

(158). 



where 

Making a material balance the final volume should be: 

floc volume fraction 

+('1f/4)D
2
b 

0 

b height of non-uniform density region 

D = diameter sedimentation tube 
0 

Z
0 

= initial height of suspension 

(6) 

Although the determination of the floc volume fraction with the 

above formula is possible, a less time-consuming method is to 

determine the floc volume fraction by the final value Zf for only 

two dffferent initial heights Z01 and z02 and eliminating b. 

In formula: 

!jlf 

The two heights chosen were 122 mm and 61 mm. In figure 31 the 

'·' 
0.) 

•.. '·' 0.1& 

• ACCORDING ID MJCHAEt.S AND BOlGER 
X. OUR EXPERIM£N1S 

(7) 

Fig. 31. The floc volume fraction as a function of the kaolinite 

volume fraction. 
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results are given of $f as a function of $k' To calculate 

the ratio $ f I $k = Cfk we plotted the final height Zf as a function 

of the factor Z
0

$k for different values of Z
0 

(61 mm and 122 mm) 

and varying $k according to the following formula: 

(8) 

i 
z1 (em) 

12 

10 

2.S 1S 

Fig. 32. The final height Zf as a function of Z 0~k' 

At low values (figure 32) of $k there is a linear relationship 

betw~en Zf and Z
0 

$k' The ratio $£/ $k calculated at these low 

values of $k gives a value of 4.03. 
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However figure 31, which figure is concave to the $k-axis 

indicates that Cfk increases as $k decreases, most probably because 

the floc size decreases as the clay concentration decreases (134). 

The above found value is therefore a mean value. From the values 

Cak and Cfk the value of Caf can be calculated. This value is 

5.21 and somewhat higher than earlier results of Michaels and 

Bolger (103). 



4.3.3. THE INFLUENCE OF THE FLOC VOLUME FRACTION ON THE 

RHEOLOGICAL PROPERTIES 

Most of the studies of the flow behaviour of suspensions have 

dealt with dispersions of non-attracting particles. For these 

systems the usual starting point is the Einstein equation (36) for 

low concentrations. With n the viscosity of the suspension, n
0 

the viscosity of the medium, and ~ the volume fraction of spheres 

in the suspension, the relative viscosity nr = n I n
0 

can be 

written as (see list of symbols): 

nr = I + 2.5 ~ 

For more concentrated suspensions this formula can be expanded 

with a particle-particle interaction coefficient a
1 

to: 

. 2 
nr = l + 2 • 5 ~ + a 1 ~ ••••••••• 

(9) 

(!O) 

Many authors (26, 44, 95, 149 and 167) suggest from their 

experiments varying factors (ranging from 4.0 till 12.6) for a 1. 

According to Krieger (85) the relative viscosity behaves as shown 

in the figure below. 

RELATIVE 1 
VISCOSJTY 

p 

VOLUME 
FRACTION 

Fig. 33. Schematic graph of the concentration dependence of the 

relative viscosity. 
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n -1 
The intrinsic viscosity, [n} (limit~+ 0 of <-t--)), is equal to 

the slope in the dilute range while at high concentrations in the 

neighbourhood of volume fraction p, the packing fraction, the 

viscosity nr is rising sharply. 

For the description of n (~) many attempts have been made 

both experimentally and theoretically. Eilers (35) found that his 

experimental data from bitumen spheres could be best represented 

by the function: 

(II) 

Mooney (106) considered the self-crowding effect of a suspension by 

dividing the suspension into two portions, by adding to a suspension 

of volume fraction ~~ sufficient particles to raise the volume 

fraction to ~; or, alternatively, one could have started with a 

volume fraction $
2

=<P _, <P
1

• He derived, taking into account the fact 

that the volume to disperse the second portion was diminished by a 

factor 1- <fl/p, where 1/p is the crowding factor: 

nr • exp <[nJ~ I (1 - ~/p)) (12) 

This equation was revised by Dougherty and Krieger because the 

crowding effect,applies to ,only one portion of the suspension. 

Their equation for the viscosity of a suspension as a function of 

the concentration of the particles is: 

n • (I - ~/p) [n] P 
r (13) 

Because kaolinite suspensions show non-Newtonian flow at high solid 

concentration the relative viscosity is determined by the ratio 

of the plastic viscosity and the viscosity of water (0.893 mPas at 

25 °C). 

In figure 34 these values for nr are plotted as a function 

of $f' The experimental data found by Michaels and Bolger (105) 

and the data of Eilers (35) for dispersed glass spheres of various 

sizes are also given in the same figure. 

The fact that these figures match very well is another proof 

that the aggregates are broken down at high shear rates into separate 

floes. 
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Fig.· 34. The relative viscosity as a function of the floc volume 

fraction. 

One might argue that the viscosity data could also be plotted 

as a function of <j>k. Although one could plot the viscosity data 

against +k there would be no physical reason why at about +k = 0.20 

the relative viscosity increases so rapidly. Whereas when +f nears 

0.62 it approaces the value which is assumed (157) to be the 

packing fraction p of the floes in their random close-packed 

configuration. 

To compare the derived equations for the relative viscosity 

the results of equations II , 12 and 13, with [n] = 2. 5 and 

p = 0.62, are.plotted in figure 35. It can be concluded that the 

Dougherty-Krieger and the Eilers equation describe the findings 

satisfactorily. 
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Fig. 35. The relative viscosity as a function of the floc volume 

fraction. 

4.4. THE INFLUENCE OF THE PH ON THE RHEOLOGICAL PROPERTIES 

Rheological properties of aqueous kaolinite suspensions are 

exceedingly complex. One very important reason is that kaolinite 

particles are anisometric of shape and have different crystal 

faces. The most plausible model of the electrical double layer 

developed at the kaolinite aqueous electrolyte interface is the 

model which resulted from the work of Van Olphen (169) and 

Schofield and Samson (143). 
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The kaolinite face surface carries a net negative charge 

at all pH-values (162) because of an isomorphous substitution 

of cations within the crystal (163). However, the edge surface of 

the kaolinite particles can interact with potential determining 

H+ and OH--ions, but the basal surfaces are considered to be 

unreactive in this respect, The potential at the edge surface is 

therefore a function of the pH-value of the suspension, 

Many values of the iso-electric point or zero point of charge 

of the edge surface of kaolinite particles have been reported by 

investigators using different ways of investigation. Rand and 

Melton (101, 102 and 133) give a summary of the most significant 

results. 

sample technique i *rEP \,_,c author 

jNa +-kaolinite adsorption I 7.0 Flegmann et al. (42) 
! 

I rheology 5.8 Flegmann et al. (42) 

I 
adsorption 7.5 Okuda and Williamson ( 117) 

I 

adsorption 9.0 Quirk (131) 

rheology 7.5 Michaels and Bolger (104)1 

H+-kaolinite electrophoresis 7.5 Street and Buchanan (162)
1 

Raw kaolinite sedimentation 5.8 Dollimore and Horridge 
(22, 23 and 24) 

Table 4. The pH-values of the iso-electric point or zero point of 

charge of the edge surface of kaolinite. 

* 

**· 

In this thesis the iso-electric point is defined by the net 
charg~ behind the electrokinetic slipping plane being zero. 

In this thesis the zero poi~t of cha~ge is defined by no 
net charge on the solid being p~esent. 

I 

I 
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A number of studies (42, 55, 133 and 159) have established 

the dependence of the Bingham yield value on the pH, at very low 

ionic strength, shown in figure 36. In this figure the assumed 

modes of interaction of the kaolinite particles are indicated in 

a few regions. 

i 
BlNGHAM 

YIELD 
VALUE 

EDGE· 
EDGE 

pH 

t-
1 
I 
1 DEPLOCCULATED 
I 

Fig. 36. Schematic graph of the Bingham yield value as function 

of the pH. 

At low pH values edge-face flocculation is predominant. According 

to Melton and Rand (133) the adding of an indifferent electrolyte 

will compress the double layer both at the edges and the faces 

and will reduce the yield value (the electrostatic interaction is 

reduced) (143). At high pH-values, how~ver, all surfaces have 

a negative charge and the double layer is compressed on addition 

of indifferent electrolyte. This lowers the energy barriers to the 

level of Van der Waals interaction and thereby the Bingham yield 

value increases. Without any indifferent electrolyte the energy 

barriers at high pH-values, are too high for all three types of 

interaction and deflocculation occurs. 
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At the pH, where the net charge behind the electrokinetic slipping 

plane at the edge is zero, the system is already fully flocculated 

in the edge-edge association. The addition of an indifferent 

electrolyte should have no effect on the yield value until 

sufficient electrolyte is added to promote face-face association, 

by the compression of the double layer at these surfaces. 

According to this theory plots of the Bingham yield value 

of the kaolinite suspensions as a function of pH, at different 

electrolyte concentration, should intersect in one point, viz. 

the pH of the ZPC of the edge surface of the kaolinite particles. 
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Fig. 37. The Bingham yield value as a function of the pH. 

Our results (figure 37) yield an intersection at pH= 7.6 which 

is comparable with the values given in table 4. Flegmann (42) 

has suggested this to be at a pH-value of 6, the maximum in the 

Bingham yield value-pH plot, in the region where edge-edge 

flocculation is assumed. This interprepation is different from that 

proposed in this chapter. 
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4.5. THE INFLUENCE OF SURFACE-ACTIVE AGENTS ON THE 

RHEOLOGICAL PROPERTIES 

The influence of cetyltrimethylammonium bromide and sodium 

dodecyl sulfate on the rheological properties of both Na-kaolinite 

and H-kaolinite at different pH-values is investigated. 

The Bingham yield value of Na-kaolinite and H-kaolinite 

at pH = 3.3 is given in the figures 38 and 39, respectively as a 

function of the equilibrium concentration CTAB. The values of TB 

show marked changes in the degree of flocculation of the kaolinite 

suspensions. At low pH- values the CTA +-ion is only adsorbed on the 

negative faces and reduces their negative charge, thereby 

decreasing the edge-face interaction and so lowering the value 

of TB' Simultaneously the energy barriers to face-face flocculation 

are reduced and at a certain value face-face flocculation will 

occur, resulting in an increase in the values of TB. The degree 

of face-face flocculation is at a maximum when the negative charge 

at the face surface is neutralized by the CTA+-ions. 
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Fig. 38. The Bingham yield value of Na-kaolinite as a function of 

the equilibrium concentration CTAB. 



i 100 

BINGHAM 
YIELD 

VAlUEOO 
<Pal 

.. 
40 

20 

X pt-1.:13 
0 pH=10 

EQUll.19RlUM CONCENTRATION 
CTABH<>glm~l» 

Fig. 39. The Bingham yield value of H-kaolinite as a function of 

the equilibrium concentration CTAB. 

This corresponds very well with the maximum in sedimentation 

vol~e measured at the Na-kaolinite and H-kaolinite. As the 

adsorption is increased the charge on the faces is reversed and 

all interactions lead to large repulsive forces (edge and face 

surfaces are now both positively charged) so TB falls to zero and 

the suspensions behave Newtonian. This fall of the Bingham yield 

value is also observed in a fall of the sedimentation volume 

and in a rise of the turbidity of the supernatant. The apparent 

viscosity as function of the equilibrium concentration CTAB for 

Na-kaolinite and H-kaolinite at pH = 3.3 is given in the figures 

42 and 43. The relation between the apparent viscosity and the 

equilibrium concentration CTAB is almost identical to the one 

found for the Bingham yield value. 

In the figures 38 and 39 the Bingham yield value is also 

given as a function of the equilibrium concentrationfor the 

mono-ionic kaolinites at pH = 10. At this pH-value and at the 

lowest CTAB concentration of < 10-6 M both the edges and faces are 

negatively charged. With increasing concentration of CTAB the 
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Fig. 40. The Bingham yield value of Na-kaolinite as a function of 

the equilibrium concentration SDS. 
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Fig. 41. The Bingham yield value of H-kaolinite as a function of 

the equilibrium concentration SDS. 
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Fig. 42. The apparent viscosity of Na-kaolinite as a function of 

the equilibrium concentration CTAB. 
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Fig. 43. The apparent viscosity of H-kaolinite as a function of 

the equilibrium concentration CTAB. 

Bingham yield value increases to a maximum. The maximum 

corresponds with the maximum in sedimentation volume and the 

minimum in the turbidity of the supernatant at pH = 10. At this 

maximum the zeta-potential is equal to zero (see chapter 3.3. 

(figures II and 12)). The apparent viscosity as a function of the 

equilibrium concentration CTAB at pH = 10 is given in the 

figures 42 and 43 and gives the same dependence as found for the 

Bingham yield value. 
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The influence of sodium dodecyl sulfate on the Bingham 

yield value is given in the figures 40 and 41. At low pH-values 

as already pointed out, the edge surface is positively and the 

face surface is negatively charged. This will cause edge-face 

flocculation and results in a high Bingham yield value. By 

adsorption of SDS on the edge surface the edge potential will be 

lowered and the edge-face flocculation will decrease, accompanied 

by a lower value of the Bingham yield value. The Bingham yield 

value as a function of the equilibrium concentration SDS will 

therefore show a marked decrease when the net charge behind the 
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Fig. 44. The apparent viscosity of Na-kaolinite as a function of 

the equilibrium concentration SDS. 
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Fig. 45. The apparent viscosity of H-kaolinite as a function of 

the equilibrium concentration SDS. 



electrokinetic slipping plane at the edges is zero. 

The apparent viscosities (figures 44 and 45) also show this 

relation. 

At high pH-values both edge and face surfaces are negatively 

charged and the energy barriers are too high for any interaction 

which would lead to flocculation. Both the Bingham yield value 

and the apparent viscosity are low and constant over the whole 

range of the SDS concentration. 
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CHAPTER 5 

MATHEMATICAL INTERPRETATION OF THE EXPERIMENTAL RESULTS 
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MATHEMATICAL INTERPRETATION OF THE EXPERIMENTAL RESULTS 

5.1. INTRODUCTION 

Kaolinite particles, as can be seen from figure 3, are 

hexagonal of shape. Besides that, kaolinite particles have two 

different surfaces, which actually can carry a different charge 

at low pH-values. The flocculation behaviour of a kaolinite 

suspension is therefore rather complex. Three modes of interaction 

can occur between these two surfaces: edge-face (E-F). edge-edge 

(E-E) and face-face (F-F) interaction (see also 4.4.). 

In the literature (25, 29, 30, 65 and 72) many interaction 

models are described for regular surfaces, viz. spheres and flat 

plates. Non of these theoretical models< can describe the real 

physical situation of our system. However, if we consider the faces 

as flat plates, the interaction betwen two faces can be described,py 

a plate-plate type as chosen in this chapter. For edge-edge inter

action a sphere-sphere model is chosen. The same model is chosen to 

describe the face-edge interaction. Although we are aware of the fact 

that the choice of the models used looks rather arbitrary, we expect 

these models to describe our complex system satisfactorily. 

5.2. 

5.2.1. 

TOTAL ENERGY OF INTERACTION BETWEEN KAOLINITE 

PARTICLES IN SUSPENSION 

REPULSION 

Verwey and Overbeek (174) derived for the electrostatic 

energy of repulsion for two flat plates the following expression 

which is valid in all cases when the interaction is not very strong. 

v = R 
64 nkT y2 

K 

exp (-2Kd) 

I+ exp (-2Kd) 

32 nkT 2 =---y 
K 

(I - tannK d) (1) 
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-2 
where VR = energy of repulsion {Jm ) 

where 

With 

n = normality* 103* Avogrado 1 s number 

(6.023 * 1023) (m-3) 

d half-distance between plates (m) 

kT Boltzmann constant * absolute temperature 
-21 (at room temperature) = 4.086 * 10 J (J) 

-I 
K = Debije-Huckel reciprocal length (m ) 

e 

E: £ r 

kT 

n. 
~ 

v. 
~ 

0 

e 2En.v. 2 
~ ~ 

e: t:kT r o 

= charge of proton 1.602 * 10- 19 c 

8.855* 79.02* 10-!2 c2 N-1 m-2 

= 4.086* I0-21 J 

= local ion concentration in number of ions (m-3) 
N * ~.023* J026 (m-3) 

= valence of ion (number) 

+-a v v electrolyte with an N normality then 

K = 3.26 * 109 v \/{; (m- 1) 

Y _ ve ljlo 

kT 

where v = valence of ion 

e charge of proton 

kT 4.086 * I0-
21 

J 

1jl0 potential at the outer boundary of the Stern layer (V) 

(also called Stem-potential) 

The energy of repulsion can be calculated for the case of 

two spheres with identical potentials using.the equation derived 

independentlyby Derjaquin and Landau (29 and 30) and Verwey and 

Overbeek (174): 
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e:a 1/!~ 
VR = --2- ln {I + exp (-2Kd)) (2) 

where VR energy of repulsion (J) 

a radius of the sphere (m) 

1/!0 Stern potential (V) 

e: = e: e: 47f = 8.855* 79.02 * 10-12* 47f (C2N-lm-2) 
r 0 

K = Debije-Hiickel -I length (m ) 

d = half-distance between the spheres (m) 

This derivation is based on the assumption that, should the 

thickness of the double layers be small compared to the particle 

size, the interaction between double layers on spherical particles 

e-an be assumed to be made up of contributions from infinitesimal 

small parallel rings each of which can be considered a flat plate. 

For the case of two cspheres with non""identical radii, Hogg, 

Healy and Fuerstenau (72) derived: 

e:ala2 (1/Jot + 
2 8 "" "" v = 

1/Jo2> 
In t+ex2 (-2Kd) :I 

R 
+ ln ( 1-exp ( -4Kd) 

4(a1 + a2) 2 2 1-exp (-2Kd) 
1/Jot + 1/Jo2 

(3) 

where VR 

e: 

energy of repulsion (J) 

£
0 

E:r 4 7f = 8.855 * 79.02 * I0- 12 * 47f (C2N-Im-2) 

radius sphere (m) 

a2 radius sphere 2 (m) 

1/!01 = Stern-potential of sphere (V) 

1J!02 = Stern-potential of sphere 2 (V) 

K Debije-Huckel reciprocal length (m- 1) 

d half-distance between the spheres (m) 

Bothcformulae give a good approximation of the interaction, 

provided that the product K a > 10, and the approximation is 

still acceptable for K a > 5 ( 174). 
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In the case that Ka= 5 the error is smaller than 10 percent. 

In our case (see 3.3.1.) Ka is always bigger than 23.7 both in the 

face-face interaction and in the edge-edge interaction. As discussed 

by Bell, Levine and McCarthey (5) the above-described equation 

is also applicable to higher surface potentials. 

Furthermore they proved that, at high values of Ka (as in our case) 

no significant difference was observed between this equation and the 

in their paper derived formula based on the method of linear super

position (5, 157). 

5.2.2. ATTRACTION 

One of the first to suggest that the existence of attraction 

forces in colloidal systems were Kallman and Willstatter (80). 

For the special case that the particles exist of parallel 

plane surfaces, the London-Van der Waals attraction between them 

was calculated by De Boer (25): 

86 

(4) 

where VA attraction energy between two plates (Jm-2) 

A Hamaker constant of material (J) 

d = half-distance between the parallel plates (m) 

o = thickness of the parallel plates (m) 

In the case of two spherical particles with radii a 1 and a 2 
Hamaker (65) derived: 

+ + 2ln rx~ + Xy + X ~ 
x

2 
+ Xy + X + y X + xy + X + y:J 

(5) 



where _VA = attraction energy between two spheres (J) 

A Hamaker constant (J) 

y a 2 I a 1 (-) 

al radius of sphere (m) 

a2 radius of sphere 2 (m) 

X d/a
1 

(-) 

d half-distance between the spheres (m) 

In the case of two particles with identical radii (a1 a2), 

this formula will be reduced. 

5.2.3. INFLUENCE OF ADSORBED LAYERS 

The surface-active agents do not only influence concentration 

and ~0 but also. the calculation of the total energy of interaction 

through the adsorbed layer thickness and the Hamaker constant of 

the adsorbed layer. 

In 1961 Vold (177) published an analysis of the effect of 

adsorbed layers of varying Hamaker constants on the Van der Waals 

attraction energy between spherical colloidal particles. Many 

authors have tried to improve the analysis of Vold (119 and 175). 

In our case when we have to deal with adsorbed molecules, 

existing of a hydrophobic and a hydrophilic part, we have to 

consider the case of adsorbed double sheaths. For the case (figure 

46) of two different spheres, with one adsorbent in two sheaths the 

Van der Waals interaction can be derived analogously to Osmond et 

al. (119) (see appendix A). 
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Fig. 46. Symbols * used in calculating the Van der Waals attraction 

between two spheres. 

The equation describing attractive energy VA for particles of 

various geometric forms having adsorbed layers all show the same 

general form: 

- 12 VA= r f(A.).H. 
. ij 1 J 

where f(Ai) is a function of the various Hamaker constants and Hj 

is a function of the geometry of the system. The H.-functions are 
J 

given by (65): 
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H + 
+ xy +X 

where x 

y 

2 
X 

+ 21n 
2 [.:x::.,2,......:+_::x::ly_;+_,::x:_._~ J 

+ Xy + X + y X + xy + X + y 

The geometrical H.-functions for spherical particles are listed 
J 

in table 5 together with the appropriate values for d, r
1 

and r
2

• 

* In this part of the thesis the numbers 1 and 2 indicate 

the spherical particles I and 2 involved. 

The subscripts p, i, o and m indicate the particle itself, 

the inner adsorbed layer, the outer adsorbed layer and 

the medium. 



H.-function 2d rl r2 
J 

H plp2 h + zo Rl R2 

Hili2 h + 26 Rl + 6. R2 + 6. 
0 l l 

Holo2 h Rl + 6 R2 + 6 

Hilp2 h + 6 + 6 Rl + 6. Rz 0 l 

Hpli2 h + 6 + 6 Rl Rz + 6. 
0 l 

H olp2 h + 6 Rl + 0 R' 
2 

H plo2 h + 6 Rl R2 + 0 

Hilo2 h + 6 Rl + ·o. R2 + 0 
0 l 

Holi2 h + 6 Rl +' 0 R2 + 6. 
0 l 

Table 5 H-functions used in calculating the Van der Waals 

attraction between two spheres. 

The Van der Waals attraction energy VA then becomes: 

** 
- 12 VA= Hplp2* (Apl-Ail) * (Ap2-Ai2)+ Hili2* (Ail-Aol) * (Ai2-Ao2) + 

H 1 2 *(A 1-A ) * (A 2-A )+ H. l 2* o o o m o m 1 p (A. I-A I)* (A 2-A.2) + 
l 0 p l 

Hpli2 * (Api-Ail)* (Ai2-Ao2)+ Holp2* (A 1-A )* (A -A. ) + 0 m p2 12 

HI z*(A 1-A. 1)* (A 2-A )+ H * (A. 1-A 1)* (A 2-A ) + p o p 1 . o m ilo2 1 o o m 

~* In this formula the symbol A in fact indicates the square mn 
root of A as will be described in 5.3.2. mn 
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When we have to deal with spheres with identical rad~i and 

only one adsorbent the calculation of the Van der Waals interaction 

is simplified. 

The same correction as was made for the VA between two 

spheres can be made for two identical flat plates. Vincent (175) gave 

the derivation for the adsorption of one layer. Extension to an 

adsorption of one layer in sheaths (figure 47) has been done in the 

way as described for two spheres (appendix A). 

"' 

I 
I 

I 
I 

f 
I 

f 1j 1
0 

medium I O I 

Fig. 47. Symbols used in calculating the Vander Waals' attration 

for two flat plates. 

The H.-functions are given by (25): 
J 

H. (-]- + ) 
J 41T d2 (d + tl + t )2 (d + t )2 (d + t )2 

2 I 2 

The used Hj -functions and appropriate values for d, t
1

, t
2 

and 

f(A.) are listed in table 6. 
1 
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** In this formula the symbol Amn in fact indicates the square 

root of A asowill. be described in 5.3.2. 
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H·-
•funclions 

2d 2tl 2t2 f(Ai) 

Hff h+2L.+2L T T (Af-Am)2 
~ 0 

Hfii h+2L +L. T L. 
(Af-Am) (AiCAm) 0 ~ ~ 

Hfio h+L.+L T L (Af-A ) (A. -A ) ~ 0 
0 m ~o m 

Hfoi h+T+2L.+2L T L. (Af-Am)(Aoi-l\n) 1 0 ~ 

Hfoo h+T+2L.+2L +L. T L (Af-A ) (A -A ) 
~ 0 ~ 0 m oo m 

H ..•. h+2L L. L. (A .. -A )2 
~~1~ 0 ~ ~ 1~ m 

H. h L L (A. -A )2 
~oio 0 0 ~o m 

H ••• h+L L. L (A .. -A ) (A. -A ) 
~~~0 0 ~ 0 ~~ m ~o m 

H oioi h+2T+2L.+2L L. L. (A .-A )(A .-A) 
~ 0 1 ~ 01 m o~ m 

H · h+2T+4L.+2L L L (A -A )(A -A) 
0000 ~ 0 0 0 oo m oo m 

H h+2T+3L.+2L L L. (Aoo-Am)(Aoi-Am) oooi ~ 0 0 ~ 

H h+T+2L.+L L L (A -A )(A. -A) 
ooio ~ 0 0 0 oo m ~o m 

H h+T+2L.+2L L L. (A -A )(A .. -A ) 
ooii ~ 0 0 ~ oo m 1~ m 

H .. h+T+2L +1. L. L. (A .. -A ) (A .. -A ) 
~~oi 0 1 1 1 11 m 11 m 

H .• h+T+L.+L L L. (A. -A )(A .-A ) 
"1001 1 0 0 ~ ~o m 01 m 

Table 6, H.-functions used in calculating the Van der Waals 
J 

attraction for two flat plates 

The Vander Waals attraction energy VA for two flat plates 

then becomes: 

** . 2 2 2 
-12VA = Hff*(Af-Am) + H *(A -A) + H .... *(A .. -A) + oooo oo m 111~ ~~ m 

2 2 H •. *(A. -A ) + H .• *(A .-A ) + 
1010 10 m 0101 01 m 

2*Hf. *(Af-A )*(A. -A ) + 2*Hf *(Af-A )*(A -A ) -
~o m ~o m oo m oo m 
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Besides the correction of VA also VR shall need a revision, 

because of the adsorption of surface-active agent. Should we have 

chosen a model to describe VR which uses the distance between the 

centres of the spheres, no correction would be necessary. 

However, in our model we take the distance between the surfaces of 

the particles, so a correction should be made for the thickness of 

the adsorbed layers. In the case of two spheres with radii a 1 and 

a2 two adsorbed layers 6ol and oil and oo2 and oi2' the radius 

a) has to be replaced by al + ool + oil and the radius a2 by 

a2 + 602 + oi2• For the case of two flat plates the distance d has 

to be corrected for thickness of adsorbed inner and outer layer. 

5.2.4. THE TOTAL ENERGY OF INTERACTION 

The total energy of interaction VT exists of a summation 

of the energy of repulsion VR and the Van der Waals attraction VA. 

The total energy between two parallel flat plates has been 

calculated by the equations I and 4. 

In calculating the total energy of the interaction between 

two spheres, whether they are identical or not, the equations 

3 and 5 are taken. 

In the above described total interaction energy VT the in 5.2.3. 

mentioned influence of adsorbed layers has been taken into account. 

Calculations have been made with a programmed Philips P 9200 

computer. 
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---------------------

5.3. EXPERIMENTAL PARAMETERS 

5.3.1. SURFACE POTENTIAL 

When a kaolinite particle, or any other particle, is suspended 

in a liquid phase, it will have a charge which will be compensated 

by ions, positive or negative, in the liquid phase. The potential 

towards this liquid phase is called ~0 • The liquid phase can be 

divided into two regions. The first one close to the solid particle 

is called the Stern layer, the second one is called the diffuse 

double layer. The potential ~0 at the outer boundary of the Stern 

layer (outer Helmholtz plane (OHP)) determines together with the 

electrolyte concentration the potential.distribution in the diffuse 

double layer. 

Gouy (56 and 57) and Chapman (19) have calculated the potential 

distribution in the diffuse double layer assuming point-like ions. 

To calculate the ene~gy of repulsion measurements of ~0 are 

required. These Stern potentials cannot be determined directly. 

However, electrokinetic measurements like electro-osmosis, reveal 

another potential, the ?;;-potential, measured in a plane at some distance 

from the surface. This plane is known as the electrokinetic slipping plane. 

A major discussion point among colloid-chemists is the difference 

between the potential ~0 and the electrokinetic potential .1;; (33, 34 

and 92). According to Lyklema (92), from experiments on Agi, the 

potential ~0 .and the electrokinetic potentials are identical. This is 

in agreement with the conclusion drawn by Hunter and Alexander (76) 

who accepted that the ?;;-potential represents true changes in the 

double layer, i.e. 1/J 0 : ?;;. 
Measurements on xonotlite and wollastonite by Van Diemen and Stein 

(168) show that the distance between the electrokinetic and 

chemisorption plane may be calculated. The distances are in the 

order of 1-2.5 nm. The results of Van Diemen and Stein (168) are 

in contradiction to those of Drost-Hansen (33) who presents 

arguments for the existence of a layer of "vicinal" water of 

several hundreds of molecular diameters. In this thesis ~0 and I;; 

will be accepted as being identical. 
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Calculation of the ~-potentials of kaolinite is not easily 

performed. Most of the ~-potentials published on kaolinite are 

calculated under the assumption that the particle is uniformly 

charged (113 and 160). Only two publications are known attempting 

to quantify the edge and face potentials of kaolinite. Flegmann (42) 

determined the ~-potentials of the edges and faces as a function ~ 

of pH by a polymer-adsorption technique. The other known attempt 

(189) calculated the ~-potentials of kaolinite by a linear com

bination of quartz and a-alumina data. 

In this thesis the ~-potentials of edges and faces are 

calculated with the assumption that the ~-potential of the edge 

and/or face at which adsorption takes place is zero, if o2~/olnc2 

is zero. Reversal of charge occurs thus near .the point of inflexion 

of the ~-potential versus logarithm of the equilibrium concentration 

curve (see 3.3.3.), if the detergent-ions are opposite of charge 

to the part of the kaolinite particle (120). With electro-

osmosis we calculate an overall ~-potential of the kaolinite 

particles. Because face surface and edge surface are not equal, 

face surface is 82.6% and edge surface is 17.4% of the total 

surface (see 2.1.2.2.), the overall ~-potential (in this thesis ~0 ) 

is therefore not equal to the local Stem-potential of the edge or 

face surface. Taking into account the calculated surface charge 

behind the electrokinetic slipping plane (cr~) (see 3.3.2.) and 

the geometrical data of the kaolinite particles {see 2.1.2.2.) the 

local Stem-potential of both edges and faces as a function of the 

equilibrium concentration electrolyte are computed. 

5.3.2. CHOICE OF THE HAMAKER CONSTANTS 

The value of the Hamaker constant A is uncertain. The 

value required is the net value which takes into account the 

particle-particle, particle-medium and medium-medium interaction 

(59). 

Vold (177) has shown that, theoretically, adsorption 

processes should also have some effect on the value of A. This is 



also shown by Ottewill and Rastogi (121) where the Hamaker 

constant of Agl changes because of the adsorption of surface-active 

agent on Agl. 

Verwey and Overbeek (174) chose a value of 2 *I0-19
J in 

their calculations, and Street (159 and 161) adopted this value 

to describe the rheological behaviour of kaolinite-water systems. 

Hunter and Alexander (75) also used this value of A for their 

systems to describe the surface properties and flow behaviour of 

kaolinite. Nicol (77 and 112) uses a somewhat lower value of 

5 *I0-20
J for the Hamaker constant to describe the plastic flow 

behaviour of clay,suspensions. 

For the calculations of the Hamaker constant of a material 

embedded in a medium 2 Verwey and Overbeek and also Visser (176) 

proposed: 

0< (~-~)2 

where A11 Hamaker constant for particles of material I in 

vacuum 

A22 Hamaker constant for interaction between molecules 

of medium 2 

A12 Hamaker constant between material I and medium 2 

A Hamaker constant between particles of material 

in medium 2 

However, in our case we have two types of materials viz. silica 

and alumina forming together kaolinite (see chapter 2.1.). 

The Hamaker constants of silica and alumina do not differ so much: 

for silica 17.7 * Io-20
J (45) and for alumina 15.5 *lo-20J (II and 

176). Taking the mean value of these oxides and putting them in the 

equation proposed above, together with the Slater-Kirkwood value 
-20 -20 (153 and 174) for water of 6 *10 J we get A= 2.64 *10 J for 

kaolinite in water. 
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Visser (176) proposed a formula as well for two materials 

(I and 2) embedded in a medium 3. 

A = AJ2 + A33 - A13 - A23 

- ( ~I - ~) ( v;:;;- \[.;;> 
All silica assuming Al2 "' (All * A ) ! 22 

A22 alumina Al3 "' (All * A33) 
! 

A33 water A23 "' (A22 * A33) 
! 
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-20 
The value we get with this formula for A is 2.61 * 10 J. 

So if we take the Hamaker constant 2.6 * to-20J a non too serious 

error will be made. Fowkes (45 and 46) showed that his values 

for most oxidic materials in water are lying between 3 and 

s * lo-20J. 

An estimation of the Hamaker constant of the surface-active 

agent, when adsorbed at the kaolinite surface is not so easy. 

Firstly, because we have detergents, SDS and CTAB, which can be 

divided into a saturated hydrocarbon and a charged head group. 

No values for our surface-active agents are available in 

literature. Only some wide~ranging values for hydrocarbons and 

derivatives (174). A simplification in the calculation has 

therefore been made assuming that the Hamaker constant. of the 

outer adsorbed layer (viz. saturated hydrocarbon) is equal to 

the Hamaker constant of medium (viz. twice distilled water). 

For the inner layer of the adsorbed layer a Hamaker constant 

somewhat lower than that of the oxidic material is chosen, 

namely 2 * lo-20J. 



5.3.3. DIMENSION OF THE ADSORBED LAYERS 

Because- the adsorbed layers are a function of the concentration 

of the surface-active agent, it is difficult to take the thickness 

of these layers exactly into account. 

Therefore we accepted a jump-function. This means that before the 

the concentration of the reversal of the charge (IEP) of the 

surface (edge or/and face) at which adsorption takes place, no 

adsorbed layer is assumed. At low pH-values, in the case of 

adsorption of cetyltrimethylammonium bromide, the reversal of the 

face charge is taken at 2.5 * 10-5M CTAB. For the high pH-values 

with the same adsorption the charge reversal of edge and face 

surface is taken at 5 * 10-SM CTAB. When we have to deal with 

sodium dodecyl sulfate as an adsorbent, the charge reversal of the 

edge surface, at low pH-values, is at 1,5 * 10-3M SDS. 

After this reversal of charge we assume a constant monolayer of 

the adsorbed surface-active agent on the surface in question. 

The thickness of the inner layer is 0.3 nm for both CTAB and 

SDS. The outer layer, with a Hamaker constant equal to the medium, 

has a thickness of 2.3 nm for CTAB and 2.1 nm for SDS. 

5.4. RESULTS AND DISCUSSION 

The calculated total potential energy VT for the three 

possible modes of interaction has been plotted as a function 

of the distance of separation between the surfaces. 

This has been done in four different cases: 

I • influence of CTAB at pH 3.3 (figure 48) 

2. influence of CTAB at pH 10 (figure 49) 

3. influence of SDS at pH 3.3 (figure 50) 

4. influence of SDS at pH = 10 (figure 51) 
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Fig. 48. The total energy of interaction VT for edge-edge (A), edge

face (B) and face-face (C) interaction as a function of the 

half-distance of separation d at pH = 3.3. 

( no CTAB; • • • • • • • • 2.5 * 10-SM CTAB; -

10-4M CTAB; -------- 10-3M CTAB and-- I, 7 * 10-2M CTAB) 
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From figure 48A can be concluded that in case I no edge

edge flocculation will occur throughout the whole of CTAB concen

tration. Face-face flocculation (figure 48C) will only be 

possible at a concentration of CTAB in the neighbourhood of the 

iso-electric point of the face surface {at CTAB concentration of 

2.5 * 10-SM), because in all the other cases particles 

appro~ching eachother with the face-sides would have to go over 

the potential barrier before flocculation could occur. This is in 

contradiction with the results found by Goodwin {55) who stated 

that in kaolinite suspensions a favourable situation can never 

occur where face-face flocculation is present, which ~in itself 

is rather strange because of the existence in nature of ~tacks of 

kaolinite particles (60). The total energy of interaction for the 

mode of edge-face interaction (figure 48B) shows that:at· 

concentration up till the iso-electric,point. of the face surface 

edge-face flocculation can occur. However, after the reversal of 

the charge of the faces by the cationic detergent CTAB edge-face 

flocculation does not occur. 
In the case of a very high electrolyte concentration the double 

layer is compressed so that the existing energy barriers to 

flocculation are lowered. Although one would expect the same effect 

of high electrolyte concentration on the energy barriers of the 

face-face flocculation this does not appear as has been pointed out 

by some authors (24). Comparing the mathematical results for 

the modes of interaction at pH = 3,3 with the experimental results 

we can conclude that: 

- at very low CTAB concentrations, where the edge surface is 

positively and the face surface is negatively charged, edge-face 

flocculat"ion is possible. This results in a relatively high 

sedimentation volume, a very low turbidity of the supernatant 

and a high Bingham yield value. 

- when adsorption of CTAB (at concentration of circa 10-6M) at 

the face surface (because of pH= 3.3) takes place, the three 

modes of interaction change in intensity. The edge-face and 

face-face interactions are changed because of the change ,in 

charge of the face surface by the adsorption of the CTA+-ions. 
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Fig, 49. The total energy of interaction VT for edge-edge (A), edge

face (B) and face-face (C) interaction as a function of the 

half-distance of separation d at pH = 10, 
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At the moment the face-face flocculation is not yet possible 

because of the high energy barriers, and edge-face flocculation 

becomes less effective this results in a lowering of the 

Bingham yield value. No changes occur in sedimentation volume and 

the turbidity of the supernatant, both are probably less 

sensitive parameters. At a certain concentration (see chapter 4.5.) 

face-face flocculation will occur (concentration of 2.5 * 10-5M 

CTAB), resulting in an increase of the Bingham yield value and also.of the 

sedime~tation volume. In this respect our mathematical results 

are in contradiction with Dollimore et al. (24) who stated that 

face-face flocculation would lead to a lower sedimentation volume. 

Our experimental results indicate that face-face flocculation, 

combined with face-edge flocculation increases the sedimentation 

volume, 

- at the concentration of CTAB where the charge of the face surface 

is neutralized (IEP) the face-face flocculation is at its 

maximum. Also the Bingham yield value and sedimentation volume 

show a maximum. 

when the adsorption increases at the face surface, the charge 

is reversed, both edge-face and face-face flocculation are 

impossible now, resulting in a rapid decrease of the Bingham 

yield value and the sedimentation volume. The turbidity of 

the supernatant is increasing because some deflocculation 

begins. 

-at very high concentrations of CTAB (1.7 * -2 10 M CTAB or more) 

no modes of interaction are possible. Only some lowering of the 

energy barriers is observed by the compressing of the double 

layers. 

In the case of influence of the cationic detergent CTAB at 

high pH-values the same conclusion for the face-face interaction 

(figure 49C) can be drawn as for the low pH-range. Only in the 

neighbourhood of the iso-electric point of edge and face surface 
-5 (at CTAB concentrations of 5 * 10 M CTAB) no energy barriers 

to flocculation are present. The total energy for edge-face 

interaction (figure 49B) and edge-edge interaction (figure 49A) 

show that edge-face and edge-edge flocculation can only occur in 
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Fig. 50· The total energy of interaction VT for edge-edge (A), 

edge-face (B) and face-face (C) interaction as a function 

of the half-distance of separation d at pH = 3.3 
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no SDS; • • • • • • • • I • 5 * I 0 M SDS; - - --

and-------- 1.3 * 10-ZM SDS) 
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the range of the iso-electric point of edge and face surface, When 

we compare again the mathematical results for the three modes of 

interaction with our experiments in chapters 3 and 4, we can 

conclude that: 

- at very low concentrations. of CTAB, edges and faces are 

negatively charged. All three modes of interaction are 

impossible. This results in a low sedimentation volume and 

a low Bingham yield value. 

- when we increase the CTAB concentration, the charge of both edges 

and faces is reduced, resulting in a lowering of the energy 

barriers and all types of flocculation will be at their 

maximum when the net charge behind the electrokinetic 

slipping plane at edges and faces is zero. Thismechanism results 

in an increase to a maximum of the Bingham yield value, 

sedimentation volume and transmission of the supernatant. The fact 

that all three types of flocculation are in operation has also 

been observed from the sedimentation volume which is greater 

than at low pH-values. 

- reversal of the charge of both edges and faces will cause 

repulsive forces, which lead to deflocculation of the system 

in question. A lowering of the Bingham yield value, sedimentation 

volume and an increase in the turbidity of the supernatant are 

results from this reversal of the charge by the cationic detergent 

CTAB at pH"' 10. 

From the total energy of interaction VT curves for the 

case of adsorption of SDS at low pH-values, it can be concluded 

that face-face flocculation will not occur at all because of the 

high potential energy barriers (figure SOC). 

When we compare the mathematical results with the experiments we 

can conclude that: 

- at SDS concentrations up to the reversal of the edge charge edge

face flocculation (figure SOB) is present causing an almost 

constant sedimentation volume and Bingham yield value. When the 

net charge behind the electrokinetic slipping plane at the edges 

has become zero the edge-face flocculation becomes impossible 

because the total energy VT curves show a maximum. 
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Fig. 51. The total energy of interaction VT for edge-edge (A). 

edge-face (B) and face-face (C) interaction as a function 

of separation d at pH = 10, 
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So a decrease of Bingham yield value and sedimentation volume is 

observed. Dollimore and Horridge (24) found a slight maximum 

in sedimentation voltime at the pH-value where the edge cha~ge 

is neutralfze4, which decreases sharply after the net charge 

behind the electrokinetic slipping plane has been neutralized. 

Although in the sedimentation volumes (figures 21 and 22) no 

such striking maximum is observed, the Bingham yield values 

(under influence of SDS) show this slight maximum at the zero 

point of charge of the edge surface. This maximum occurs when 

both edge-face and edge-edge (figure SOA) flocculation are 

possible. 

- when increasing the concentration of SDS all three modes of 

flocculation are impossible although the energy barriers are 

decreasing. This will be the reason for the very small change' 

in the sedimentation volume. 

From the total energy curves in the last case (influence of 

SDS at high pH-values), one can conclude that no modes of 

flocculation will occur. From this it can be understood that 

both sedimentation volume and Bingham yield value show an almost 

constant behaviour over the whole SDS concentration range at pH = 10. 

The negatively charged kaolinite particles (at high pH-values) do 

not support t:he adsorption of a negatively charged ion and there is 

no detectable influence whatsoever. 
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APPENDIX A 

Vold (I 77) des.cribes in her paper the interaction of spherical 

particles having abomogeneous adsorbed layer. The net inter 

action energy is given by 

where Vf is the sum of the interaction of two solvated particles 

in contact and the interaction energy of two phantom particles 

with the composition of the medium and Vd is the interaction 

of a phantom particle and a real solvated particle in contact. 

We start with the radius of the particle being R and the thickness 

of its adsorbed shell o. The radius of, the phantom particle, which 

is the medium to be displaced if flocculation occurs, is R + o. 
For a sphere of radius (R + o) composed of the material of the 

adsorbate S and a second sphere of the same radius (R + o ) , 
composed of the medium M the London-Van der Waals interaction 

energy Vd' at contact would be: 

where ~ is equal to (~ - A~) 2 and the function H(x,y) is given 

by 

y y x2 + xy + x 
H(x,y) • 

2 + -:::------ + Zln--.,.2------
x +xy+x +xy+x+y x +xy+x+y 

If now, a sphere of radius R is imagined to be withdrawn from the 

center of the sphere'of adsorbate, the interaction energy is 

reduced by 

h + o R + o 
- 12Vd2 = ~SH (2R""' -R-)' 

which is the interaction energy of the sphere which has been 

withdrawn for the phantom particle. The particle P is then imagined 

to be placed in the void, augmenting the interaction energy by 
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h + o R + o 
-IZVd3 .. ~ (ZR' -R-) ' 

The total interaction energy of two dispersed particles which 

will be lost if they become flocculated is given by twice these 

terms 

where the symbol H5 is used for compactness to represent the H

function for two spheres of radius R + o and separati9n h, and HPS is 

used for the H-function for a sphere of radius ~and one of radius 

R + o, separated by a distance h + o. Later H , corresponding to two 
p 

spheres of radius R, separated by a distance, h + 2o, is required. 

To deduce the value of the energy of the system in the flocculated 

state, start with a solvated particle and a sphere of adsorbate. The 

London-Van der Waals energy for this system can be written down as 

If a sphere of radius R is now removed from the sphere of adsorbate 

the energy is reduced by 

and on filling the void with a particle it is again increased by 

To these three therms must be added the interaction energy of the 

phantom particles of medium, ~S' yielding, 
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Combination of Vf and Vd yields the final result for the 

interaction energy controlling flocculation 

-12V 

Inspection of this equation shows that it is equivalent to the sum 

of the interaction energy for flocculation of two hypothetical, 

solvate particles of radius R + o, separated by a distance h in 

the medium and two unsolvated particles of radius R separated 

by a distance h + 2o in a medium composed of the adsorbed 

solvating material pJ..us a correction term which accounts for the 

fact that the hypo.thetical solvate particles giving the first term 

and the hypothetical medium involved in the second term are only 

shells. 

In our case we have an adsorbed layer ~onsisting of two sheaths. 

The structure of the expression for the interaction energy is 

simular to that derived for particles with a single shell. It is 

the sum of the pair wise interaction of spheres of radius 

R1 + oi + o
0

, R2 + oi + o
0

, R1 + oi' R2 + oi' Rl and Rz 

supposing each pair to be made entirely of its outer part end 

immersed in a homogeneous medium the composition of which is 

that of the layers next to it plus correction terms. 

The expression can readily be generalized to encompass adsorbed 

layers of any degree of complexity provided .their composition 

is a function only of the distance from the center of a spherical 

adsorbing particle. 

The result can be written compactly as 

-12V I: I: a.a.H .. , 
l. J l.J 

i, j l,n 

where the subscript zero is assigned to the medium and the 

succesiv:e layers of adsorbed material are numbered from the 

outside inward as 1,2, •••• n-1, the unsolv:ated particle being 

numbered n. 
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a. (A~ - A~ ) 
1 1 1-1 

h· • R 
H •• H ( 1] - n) 

1J 2Rm'Rm. 

where Rm is the radius of which each shell has the smaller radius, 

Rn is the radius of the other and hij is the separation of the 

surfaces of two spheres. 
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LIST OF SYMBOLS AND CONSTANTS 

a radius of the sphere (m) 

A Hamaker constant (J) 

b = constant additional height (upper, nonuniform low 

density zone) (m) 

Caf ratio of volume fraction of aggregate and of floc 

Cak = ratio of volume fraction of aggregate and of kaolinite 

C = equilibrium concentration surface-active agent (mol/1) eq 

Cfk = ratio of volume fraction of floc and of kaolinite 

C
0 

= initial concentration surface-active agent (mol/1) 

d = half-distance between the plates ot spheres (m) 

d average aggregate diameter (~m) a 

D = shear rate [sec -IJ 

D
0 

= diameter of settling tube (em) 

-19 e = charge of proton = 1.6 * 10 C 

f. activity coefficient of the ion 
l. 

f: activity coefficient of the bulk of the liquid 
l. 

kT =Boltzmann constant* absolute temperature= 4.1 * Io-
21

J 

3 -3 n normality* 10 * Avogrado's number (m ) 

p = packing fraction 

-1 
p = crowding factor 

Q settling rate of suspension to a fixed plane (cm/hr) 

Q
0 

= initial settling rate (cm/hr) 

VA attraction energy 

VR = energy of repulsion 

Vsa terminal velocity for single aggregate in an infinite 

medium (cm/hr) 
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VT total energy of interaction 

Zf final height of the suspension column (em) 

Z
0 

=~initial height of the suspension column (em) 

0 
0 

= coefficient in the Einstein formula 

thickness of the parallel plates (m) 

= thickness of the outer adsorbed surface-active agent 

layer (nm) 

o. thickness of the inner adsorbed surface-active agent 
l. 

TJ 

K 

A 
w 

layer (nm) 

porosity 

zeta potential, potential at the electrokinetic slipping 
I 

plane (V) 

viscosity of suspension (Pa.s) 

viscosity of medium (Pa.s) 

relative viscosity = n IJJ.w 

apparent viscosity (Pa.s) 

plastic viscosity (P:a.s) 

Debije-Hunkel reciprocal length (m- 1) 

-1 -1 specific conductivity (Ohm em ) 

specific conductivity of twice distilled water (Ohm- 1cm-1) 

viscosity of water = 0.893 mPa.s at 25 °C 

= valence of ion 

density of aggregate (g/cm3) 

density of kaolinite = 2.58 g/cm 3 

density of suspension (g/cm3) 

density of water I g/cm3 at 25 °C 

surface charge density (Cm-2) 

T shear stress (Pa) 

'B Bingham yield value (Pa) 
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yield stress (Pa), for a plastic suspension •+ T 
y 

as D+ 0 

~0 potential at the outer boundary of the Stern layer (V) 

~0 surface potential (V) 

$ volume fraction 

<Pa aggregate volume fraction 

<Pf floc volume fraction 

<Pk kaolinite volume fraction 

<Pw water volume fraction 

<P' =water volume fraction 
w 
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SUMMARY 

In this ·thesis the influence of a cationic (CTAB) and an 

anionic (SDS) surface-active agent on mono-ionic kaolinites at 

different pH-values is described, 

In chapter 2 an extensive analysis of the kaolinite in 

question and the preparation of the mono-ionic kaolinites is given. 

The conclusion is justified that the (mono-ionic) kaolinites used 

to have a well crystallized structure. Also some details are given 

on the detergents in this chapter. 

In chapter 3 the influence of these surfactants on the 

electrokinetic properties of kaolinite suspensions are described. 

From the adsorption isotherms it is believed that the adsorption 

process occurs in three stages, The first two are interpreted in 

terms of the hemi-micelle hypothesis, while the last stage, the 

decrease of adsorption, is attributed to the fact that with 

increasing concentration the average equilibrium micelle size is 

also increasing. 

Almost no adsorption on the solid phase is found in the case of 

high pH-values and an anionic detergent SDS. With electro-

osmosis the zeta-potential is measured and from this the net charge 

behind the electrokinetic slipping plane is calculated. Together 

with the sedimentation volumes and the turbidity of the supernatant 

some precautious conclusions are drawn, as far as possible, about 

the modes of interaction , edge-edge, edge-face and face-face, in 

the different cases. 

In chapter 4 the influence of surface-active agents on the 

rheological properties of kaolinites is investigated, In the first 

pa,rt the relation between the floc volume fraction and the rheological 

properties is described. From experiments it is shown that the rheo

logical properties increase rapidly when the floc volume fractionnears 

a value of 0,62, which is assumed to be the random closed packed con

_figuration of the floes. In the second part of this chapter the pH

value of the iso-electric point of the edge surface is measured by · 

plotting the Bingham yield value as a function of the pH of suspension 

for differen-t electrolyte concentrations. The pH-value resulting is 

7.6, which is in agreement with other investigators. 
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In the last part the Bingham yield value and the apparent viscosity 

are.measured as a function of the surface-active agent concentration 

of both CTAB and SDS. Both mono-ionic kaolinites show the same 

dependence. No influence on the rheological properties is observed 

at high pH-values in the case of the anionic detergent SDS. The 

results obtained in chapter 3 are compared with those of chapter 4. 

In chapter 5 a mathematical model for the three different 

modes of interaction (face-face, edge-edge and edge-face) between 

the kaolinite particles in suspension is proposed. The dimensions 

and nature of the adsorbed layers, if present, are taken into 

account. A calculation of the total energy of interaction VT 

(summation of VA and VR) has been made as a function of the 

distance of separation between the surfaces involved. Parameters 

in the calculation are the equilibrium concentration electrolyte 

and the local Stern-potential of the kaolinite surfaces involved. 

The results of VT are discussed extensively together with the 

experimental results of the chapters 3 and 4. A good agreement 

between these experimental and theoretical results is found. 
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SAMENVATTING 

In dit proefschrift wordt de invloed van een kationogene en 

een anionogene oppervlak-aktieve stof (cetyltrimethylammonium 

bromide (CTAB) respectievelijk natrium dadecyl sulfaat (SDS)) op 

mono-ione kaolinieten bij verschillende pH's beschreven. 

In hoofdstuk 2 wordt een analyse van bet gebruikte monster 

kaoliniet gegeven en de bereiding van de daarvan afgeleide 

mono-ione kaolinieten beschreven. Aangetoond wordt dat de ge

bruikte mono-ione kaolinieten een goed gekristalliseerde struktuur 

hebben. Verder worden in dit hoofdstuk enige details vermeld over de 

detergenten, die bij bet onderzoek zijn betrokken. 

In hoofdstuk 3 wordt de invloed besproken van deze opper

vlak-aktieve stoffen op de elektrokinetische eigenschappen van 

kaoliniet suspensies. De adsorptie isothermen tonen aan dat bet 

adsorptie proces geschiedt in drie fasen. De eerste twee fasen 

worden verklaard met de hemi-micelle hypothese, terwijl de laatste 

fase, een afname van de adsorptie, wordt toegeschreven aan bet 

feit dat met toenemende evenwichtsconcentratie aan detergent de 

gemiddelde evenwichtsmicelle-grootte eveneens toeneemt. 

Bij de aniogogene detergent SDS en bij hoge pH wordt nauwelijks 

enige adsorptie op de vaste fase waargenomen. Door meting 

van de elektro-osmose wordt de zeta-potentiaal bepaald en met deze 

resultaten de netto lading achter bet elektrokinetisch afschuif

vlak berekend. Gecombineerd met gegevens over sediment volumes en 

de transmissie van de bovenstaande vloeistof worden voorzichtige 

conclusies getrokken over de typen van interactie tussen de 

kaolinietdeeltjes (rand-rand-, rand-vlak- en vlak-vlak-interactie) 

infte verschillende gevallen. 

In hoofdstuk 4 worden de invloeden van de detergenten op de 

reologische eigenschappen van kaoliniet onderzocht. In bet eerste 

gedeelte wordt de relatie tussen de vlok volume fraktie en de 

reologische eigenschappen beschreven. Uit experimenten volgt 

dat de reologische eigenschappen zeer snel toenemen wanneer de 

vlok volume fraktie de waarde van 0.62 nadert. Deze waarde hoort 

bij een willekeurig dicht opeen gepakte konfiguratie van vlokken. 
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In het tweede gedeelte van dit hoofstuk wordt de pH van het 

iso-elektrische punt van het randoppervlak bepaald door de 

Bingham zwichtwaarde als een functie van de pH van de suspensie 

te meten bij verschillende elektroliet concentraties. De pH 

behorende bij het iso-elektrische punt van het randoppervlak is 

7.6, welke waarde in overeenstemming is met de resultaten van 

andere onderzoekers. In het laatste gedeelte van dit hoofdstuk 

worden Bingham zwichtwaarde en de schijnbare viscositeit als functie 

van de concentratie aan oppervlak-aktieve stof (CTAB en SDS) 

gemeten. Beide mono-ione kaolinieten vertonen dezelfde afhankelijk

heid. Geen invloed op de reologische eigenschappen is waargenomen 

bij hoge pH indien de oppervlak-aktieve stof anionogeen is. De 

resultaten van hoofstuk 3 worden vergeleken met die van hoofdstuk 

4. 

In hoofdstuk 5 wordt een model beschreven om de drie ver

schillende typen van interactie tussen de kaoliniet-deeltjes in 

suspensie te beschrijven. De dimensies en de aard van de geadsor

beerde lagen worden daarbij in rekening gebracht. Een berekening 

wordt gemaakt van de totale energie van interactie als functie 

van de afstand tussen de oppervlakken. Parameters bij de berekening 

zijn de evenwichtsconcentratie elektroliet en de locale Stern

potentiaal van het kaoliniet oppervlak. De resultaten worden 

vergeleken met de experimenteleresultaten van de hoofdstukken 3 en 

4 • Een goede overeenstemming tussen de experimentele en theoretische 

resultaten wordt gevonden. 
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STELLINGEN 

I. De door Holtzmann berekende uiterst lage waarden voor 

de verhouding van diameter tot hoogte van kaoliniet

deeltjes moeten gezocht worden in een verkeerde toe

passing van de formule van Muller. 

H. MUller~ Kolloidchem. Beihefte, 27, 223 (1928) 

W. Boltzmann, J. Colloid Sci., 17, 383 (1982) 

II. Doordat Moriyama in zijn artikelen begin- en evenwichts

concentratie van oppervlak-aktieve stoffen door elkaar ge

bruikt is het onderling vergelijken van zijn resultaten 

uiterst verwarrend. 

N. Moriyama, Colloid Polym. Sci., 254, 728 (1978) 

N. Moriyama, Colloid Polym. Sai., 255, 85 (1977) 

III. De bewering van Hunter en Nicol dat kaoliniet-deeltjes in 

een suspensie met pH=9 positieve en negatieve geladen 

oppervlakken bezitten is aan bedenking onderhevig. 

R.J. Hunter en S.K. Nicol, J. Colloid Interface Sci., 28, 

250 (1988) 

R.J. Hunter en A.E. AlexandeP, J. Colloid Sai., 18, 820 

(1983) 

IV. De uitspraak van Williams en Williams dat flocculatie van 

kaoliniet in doubletten zal plaatsvinden in verband met de 

door Weiss en Russow en Follet gepostuleerde hypothese dat 

deze deeltjes twee verschillende basis-vlakken hebben is 

in zijn algemeenheid niet juist. 
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V. Gezien de uiteenlopende resultaten verkregen bij bepalingen 

van het kationuitwisselend vermogen van kaolinieten ver

dient het aanbeveling nauwkeurig de proefomstandigheden te 

vermelden. 

F.A. Faruqi, s. Okuda en W.O. Williamson, C"lays Miner.~ ?_, 

19 (1967) 

A. Weiss, Z. Anorg. Allgem. Chem., 297, 232 (1956) 

VI. De_bewering van Ruehrwein en Ward dat bet adsorptiemaximum 

van het door hen gebruikte natrium-polymethacrylaat aan 

kaoliniet overeenkomt met het anionuitwisselend vermogen 

daarvan is aan bedenking onderhevig. 

R.A. Ruehrwein en D.W. Ward, Soil Sai., 73, 485 (1952) 

VII. Gezien het toenemend aantal genealogen is bet noodzakelijk 

de Nederlandse archieven meer toegankelijk te maken. 

VIII. De bezuinigingen op de eerste lijn gezondheidszorg maken 

kwaliteitsverbetering onmogelijk. 



IX. De toenemende tendens van de overheid en semi-overheids

instellingen om medewerkers in tijde,lijke dienst aan te 

stellen levert uiteindelijk geen wezenlijke bijdrage tot 

de bestrijding van de werkeloosheid. 
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