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ABSi RACT 

The limitations of the froth flotation process at very fine 

particle sizes have been discussed and the methods of overcoming 

them by the use of non-polar o2is reviewed. 

An investigation has been made of the extraction of sub-micron 

TiO
2 
(rutile) particles from an aqueous phase into an organic Phase. 

The surfactants used were a homologous series of alkyl sulphates with 

12, 14, 16 and 18 carbon atoms in their hydrocarbon chains and 

hexadecyltrimethylammonium bromide (CTAB). Various oil phases were 

employed but the system most extensively investigated was rutile/ 

water/benzene. In addition to extraction tests studies were also 

made of the interfacial conditions required for extraction. 

T.xtraction of rutile into oil with CTAB occurred when the oil/ 

water interfacial tension was below a certain critic-.l value and the 

contact angle approached 1800. The same was not true with the alkyl 

sulphates, although a contact angle of 180°  was still :auired. 

Interaction between water dissolved in the oil and the high2y charged 

alkyl sulphate-coated rutile surface is suggested as the reason for 

the difference in the extraction conditions with CTAB and alkyl sulphate. 

Results are presented that show that the adsorption of surf-

actants at the rutile/water interface is consistent with Coulombic 

attraction and chain-chain associations (hydrophobic bonding) at high 

adsorption densities. 

Evidence is presented that shows that with long-chain alkyl 

sulphates dimerization occurs in solution and this complicates inter-

pretation of interfacial tension data. Furthermore under similar 

conditions armouring of an oil drop can occur so that an apparently 

oleophilic rutile surface gives an oleophobic response to a captive 

drop. 
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A. • 
	 INT1,ODUCTION 

1.1 Froth flotation : displacement of water from a solid surface  

by air 

The displacement of water from a solid surface by air has long 

been utilized in the minerals industry in the process known as 

selective froth flotation. The process consists of a multicomponent 

suspension through which air bubbles are allowed to rise and attach 

to the valuable mineral component. Selectivity is attained by modifi-

cation of the surface conditions on the mineral to be floated such 

that a bubble-particle aggregate is formed. Finally, the mineral laden 

bubbles rise to the surface of the suspension where they are separated 

off and the products recoverLd. 

The phenomenon of butPle attachment to a solid surface is 

described by Young's equation (2). For the ideal equilibrium conditions 

at the solid/liquid/vapour contact line 

rstr 'ESL + cv  cos 8 

where 
(SVIY...SL 

 a"dYia  are the interfacial tensions of the solid/vapour, 

solid/liquid and liquid/vapour interfaces, and 0 is the contact angle. 

The free energy change per unit area associated with attachment 

of the bubble to a solid surface is given by 

G .r 	_y 	 (2) SV SL LV 

or, substituting for (YSV  - YSL ) from Young's equation 

G =)/LII  (COS° - 1) 	 (3) 

Thus, any bubble which produces a finite contact angle on a 

solid surface reduces the net free energy of the system i.e. contact 

is thermodynamically favourable. Under these conditions the surface 

is said to be hydrophobic. Conversely, if the contact angle is zero, 

contact is thermodynamically unfavourable and the surface is hydro-

philic. 

(1)  
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For a finite value of t11,2 contact angle it follows tfat the 

following condition must be fulfilled 

(SV -//SL<ILV 	 (4) 

This relationship has been used by certain authors (3) (4) to 

describe the thermodynamic conditions for flotation. Most minerals 

are hydrophilic, and the contact angle can therefore be increased by 

decreasing (V
SV 
 - Y;L). Addition of amphipathic surfactants can be 

used for this purpose. 

The decrease in surface or interfacial tension upon adsorption 

of surfactant at an interface is given by Gibbs' equation (5) 

de.= -zr, dt.A i  
i 4  

vlere,.=surface excess of component i, in moles cm
-2
. 

r.i  = chemical potential of component i. 
A similar expression has been derived by Guggenheim (6). 

In dilute surfactant solutions equation 5 becomes 

dY/= - RTzr-i  . d In Ci 	 (6) 

where, Ci  = concentration of component i. 

It has been argued (4) (7) (8) (9) that an increase in the 

contact angle must be explained by the decrease of the mineral/air 

interfacial tension, a decrease which is larger than the decrease in 

the mineral/liquid interfacial tension. In terms of the surface excess 

of the surfactant components at the two interfaces, the condition is 

fulfilled when 

(5) 

Given that tLe thermodynamic conditions are favourable for the 

displacement of water from a solid surface by air, the attachment 

process also depends on kinetic parameters. The kinetics of flotation 

are concerned with the rate at which particles are transferred from 

the suspension to the froth, and are very dependent on particle size 

as will be shown later. The mechanism of particle capture may be 
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subdivided into two stages: 

(1) 	bubble-particle collision, and 

(ii) bubble-particle attachment. 

(i) 	Bubble-particle collision. 

• The initial mechanism of bubble-particle collision is Lesically 

a hydrodynamic phenomenon. The probability of collision is dependent 

on the relative motions of the bubble and particle and on the size and 

inertia of the particle (10) (11). 

Derjaguin and coworkers (12) (13) have postulated an alternative 

mechanism which could be present, the diffusiophoretic effect. The 

theory proposes that there is an intermediate stage between collision 

and attachment where long-range surface forces of dynamic origin are 

present. According to the theory, ad,orbed surfactant ions are swept 

to the rear of a buoble rising throuqh a suspension and as a rasult 

ionic concentration gradients are set up on the babble surface. The 

bubble then become4 surrounded by an electrolyte diffusion layer which 

results in an electric field of the unequal mobility of the surfactant 

anions and cations. Particles entering this field are attracted or 

repelled to or from the bubble surface according to the charge of their 

own electrical double layer. The electric fiele. surrounding the bubble 

extends up to 101 Am from the surface (14) and has an intensity of up to 

3 x 106  Vm-1  (15). Experimental evidence has been reported (16) to 

substantiate the existence of this phenomenon, but its importance in 

flotation systems is not yet clear (17). 

(ii) Bubble-particle attachment. 

Following the collision between a bubble and particle, a thin 

liquid film still separates them. For attachment to occur, the film 

must thin and rupture, and then recession of the water from the hydro-

phobic solid surface must rapidly take place. 

The rupture and recession of the film must occur in the time in 
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which the particle is in close contact with the bubble. Tile 

duration of contact has been shown to be a few milliseconds only (18). 

If the 'induction time' necessary for attachment is longer than the 

duration of particle-bubble contact, flotation will not occur. There 

is a close relationship betweez. induction time and practical 

flotability (19) and it has become a useful tool for determining the 

kinetics of attachment (20-23). 

The mechanism of thinning, rupture and recession of the wetting 

film has been the subject of investigation. Philippoff (24) considered 

that an air bubble was an elastic body and that particles colliding 

with it caused elastic deformation. Adhesion between the bubble and 

particle must occur during the deformation or when the bubble regained 

its original shape the particles would be ejected from the surface. 

This phenomenon has been observed for large particles (>,,,00 mesh) but 

not for finer particles (25) (26). 

The interactions that lead to the thinning and rupture of liquid 

films have been extensivley investigated and will not !._e examined in 

detail here. The primary forces involved (27) are London (aspersion 

forces, forces due to overlapping double layers of the particle and 

bubble, and forcer; arising from hydration of the solid surface. 

Additionally, the buoyancy and internal pressure of the bubble 

contribute to thinning, but are generally small compared to other forces 

(28). 

The forces involved in thinning and rupture have been analysed 

using the concept of 'disjoining pressure' (29). This parameter 

includes all the surface forces and is taken to be positive when the 

film resists thinning. 

1.2 Floatability of fine particles  

The problems involved in the flotation of fine particles have 
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been the subject cf extensive reviews (30) (31). Many wor%eers have 

shown that there is an optimum size for flotation, generally 20-70rm 

(24), depending on the characteristics of the ore being treated. 

Below this optimum size flotation rate decreases with decreasing size. 

The experimental studies on the effect of particle size on 

flotation rate are varied and give conflicting results. Tomlinson and 

Fleming (32) found that under 'free' flotation conditions the rate 

decreased with the square of the particle diameter, whereas under 

'inhibited' conditions the rate was independent of particle size. This 

work was, however, carried out under ideal conditions and its relevance 

to practical flotation is, therefore, uncertain. Gaudin, Schuhmann and 

Schlechten (33) showed that the flotation rate of galena with potassium 

ethyl xanthate as collector was proportional to particle size down to 

5 rm, tut below this size it became constant. A logarit?Inic relation-

ship between rate and particle size was found by Mon-is (34) when 

floating a copper concentrate. Bushell (35), investigating the flota-

tion of quartz with n-decyl amine acetate, found that Flotation rate 

was independent of particle size for particles smaller than 150 mesh. 

Finally, no relationship was observed by de Bruyn and Modi (36) 

between the flotation rate of quartz with dodecylammonium acetate and 

particle size at coarse sizes. Their results did, however, indicate 

a linear relationship at small sizes. 

Attempts to develop a theoretical relationship between flotation 

rate (k) and particle size ■r) have been similarly conflicting. 

Sutherland (11), assuming a direct encounter hypothesis derived the 

equation 

Ki.r K = 7-77.7  

where, K1  and K2  are constants. Effects of particle inertia and 

gravity were assumed to be negligible. Sutherland also showed that 

the results of Gaudin and coworkers (33) fitted the model, but agreement 

(8) 
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was probably fortuitous. 

Derjaguin and Dukin (12) argued on theoretical grounds that 

below a certain critical particle size contact with a bubble would 

not be made because the particle would be swept away in the stream-

lines. At intermediate sizes 'diffusiophoretic' forces dete_mine 

whether or not adhesion would be attained. The critical particle 

size was not calculated 	Derjaguin and Dukin, but Meloy (37) claimed 

that the theory predicts that all particles finer than 101-km should 

float at the same rate. This is, however, not substantiated by practice 

and results show a steady decrease in flotation rate with particle size 

down to ltAm (38) (39). 

Various methods have been used to improve the efficiency of 

flotation of fine mineral particles (30) (31). The addition of neutral 

oils in various amounts in flotation - related processes is one such 

method and is discussed in the next section. 

1.3 Recovery processes involving oil 

The use of flotation-related processes utilizing an oil phase is 

not new. Patents for the oil flotation Process date back to 1860 (1). 

Renewed interest in such techniques has occured as the need to achieve 

higher recovery of fine particles has increased. 

An oil in water dispersion is energetically more favourable 

than that of air in water. High oil/water interfacial areas can, 

therefore, be generated by such emulsions and a corresponding smaller 

mean drop size results. Systems using an oil phase have the advantage 

of high probability of particle-drop collisions and also a laxge inter-

facial area for particle attachment. In addition, oil droplets have an 

increased momentum compared with air bubbles, which should favour 

particle-oil droplet collision. 

The processes include collector extender flotation, emulsion 
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flotation, oil agglomeration, oil flotation and pigment flushing. 

The processes differ according to the oil/solid ratio and whether air 

bubbles are present or not. 

1.3.1 Collector extender flotation  

Collector extender flotation utilizes the least amount of oil 

(0 - 1.5 kg/tonne ore). The method involves conditioning the mineral 

with collector and oil at high pulp density and then floating the 

hydrophobic component. The purpose of the oil is to aid the distribu-

tion of the collector and to increase the hydrophobicity of the 

collector-coated particles. 

Collector extender flotation has been applied to the flotation 

of feldspar and phosphate ore (40) but in both cases desliming was 

found to be necessary. Roberts (41) found that desliming was unnecessary 

when floating sulphidi-ed malachite and azurite with xanthates and 

0.2 kg. gas oil/tonne ore. Similarly, Kihlstedt k42) showed that 

collector extender flotation was insensitive to slime content when 

floating hematite with a tall oil/fuel oil emulsion. Recovery and 

grade were improved and tall oil consuoption reduced when high fuel oil 

admixtures were used. 

Of interest is the work of Lin and Metzer (43) who floated quartz 

with dodecyl anamoniumchloride as collector using bubbles of paraffinic 

gases (ethane, propane and butane). The gases coadsorbed with the 

collector, increasing the hydrophobicity of the mineral particles, and 

the rate of flotation and recovery increased. 

1.3.2 Emulsion flotation 
.111■11■■•■■• 	 

Emulsion or agglomeration flotation uses larger quantities of oil 

than collector extender flotation (1 - 100 kg/tonne ore). The process 

has been applied directly to minerals whose surface properties are such 
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that they are not readily wetted by water (44). Neutral oils have 

also been used in conjunction with collectors in the flotation of 

manganese (45) (46) (47), ilmenite (48) (49) (50), hematite (51) (52) 

and apatite (53) ores. 

The effect of the neutral oil in emulsion flotation Lt.. unclear. 

Karjalahti (53) and Fahrenwald (54) considered that the role of the 

oil was to adhere to the hydrophobic particles which then formed a 

selective agglomerate. Intensive conditioning at high pulp density 

was a prerequisite for this to occur. Lapidot and Mellgren (50), 

however, showed that flocculation of hydrophobic mineral particles 

occured whether a neutral oil was present or not. They concluded that 

the neutral oil increased the hydrophobic nature of the particle and 

improved the dispersion of the collector. Livshits and Kuz'Kin (55) 

have suggested that the hydrophobicii:y of the mineral surface is 

unaltered by the addition of a neutral oil, and that its main effect 

is to decrease the induction time of mineral particles in contact with 

air bubbles. This effect is attributed to the additional capillaay 

force of the oil film under an air bubble. Some authors (49) (50) 

maintain that coarse and fine particles can be treated together by 

emulsion flotation. The work of Lapidot and Mellgren (50) and 

Karjalahti (53), however, showed that recovery of the valuable mineral 

increased when deslimed feed was used. 

As with collector extender flotation, the oil is generally added 

as an emulsion, and no separate oil phase is apparent at the end of the 

process. In both cases the hydrophobic particles or agglomerates are 

floated by conventional froth flotation techniques. 

1.3.3 Spherical agglomeration 

Spherical agglomeration involves conditioning a ground ore at 

high pulp density with a suitable collector so that the valuable 
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component is rendered hydrophobic, and then collecting the c‘llecter-

coated mineral with oil. Mixing with the oil is carried out in such a 

way that the mechanical action provided ensures that oil-continuous 

spherical pellets containing the hydrophobic component are formed. The 

condition of the mineral surface must be such that a contact rngle 

greater than 90°  is formed i.e. the mineral is preferentially wetted by 

the oil phase. In the process, the amount of oil used is 2 - 6% of the 

aqueous pulp volume, and is not apparent as a separate phase at the end 

of the process. 

Puddington and coworkers have investigated the process extensively 

(56) (57) (58). Mineral systems that have been concentrated by the oil 

agglomeration process on a laboratory scale include tin (59) (60), gold 

(61), coal (62) (63), titanium (64), b.rite (65) and iron (66) (67) ores. 

The process has been applied on an industrial scale to the 

removal of soot in waste water from oil gasification plants (68). 

1.3.4 Oil flotation  

In all the previous processes the quantity of oil used has been 

such that no separate oil phase is visible at the end of the separation. 

Recently, considerable work has been carried out to develop a process 

that utilizes sufficiently large amounts of oil that a separate oil 

phase is formed. In this process, called oil or two-liquid flotation, 

oil is directly substituted for air in the flotation process, oil drop-

lets collecting the hydrophobic component ia the pulp instead of air 

bubbles. 

The principle upon which the process is based is the stabilization 

of emulsions by solid particles (Section 2.1). According to von 

Reinders (69) three situations may occur in the system oil/water/solid: 

1. 	ry'WO Ye. 	the solid will be dispersed in the aqueous SO 	SW 

phase. 
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2. y'SW 	I( 
SO 	

WO the solid will be dispersed in the oil 

phase. 

3. )rwo Yso  isw  , or if none of the three interfacial 

tensions is greater than the sum of the other two, the solid 

.will concentrate at the oil/water interface. 

If the interfacial tension between the three phases are modified 

by use of suitable surfactants such that for a particular mineral 

component condition 3 is satisfied, it should be possible to concentrate 

mineral particles at the oil/water interface. 

Schulman and Leja (65) investigated the stabilization of emulsions 

by barium sulphate particles, with alkyl sulphates and other surfactants. 

When the contact angle was below 90°  oil-in-water emulsions were formed, 

and water-in-oil emulsions were obtained when the contact angle was 

greater than 90°. These results are consistent with the observ--,tion 

(71) that the phase preferentially wetting the solid will be the 

continuous phase. ..".t high concentrations of long-chain surfactant the 

contact angle approached 180°  and some barium sulphate particles became 

dispersed in the oil phase. Takakuwa and Takamori (72) used the fact 

that phase inversion occurs when the contact angle exceeds 90°  in a 

study of the flotation of galena. 

Oil flotation has been applied to many mineral separations on a 

laboratory and pilot plant scale (73). Shergold and Mellgren (74) (75) 

applied the process to the separation of fine hematite and quartz 

particles, using iso-octane as the oil phase and either alhyl sulphates 

or alkyl amines as collector. Lai and Fuerstenau (76) concentrated 

fine alumina particles at the iso-octane/water interface using sodium 

dodecyl sulphonate as collector. Similarly, Raghavan and Fuerstenau (77) 

concentrated 0.2 1..cm hematite particles by oil flotation using potassium 

octylhydroxamate to control the wettability of the hematite particles. 

Coleman and coworkers (78) successfully used a two-liquid technique to 
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extract calcite from ground shale. It has been suggested (;9) that 

the process may also be applied to the concentration of sulphide 

minerals and diamonds. 

Studies have also been made on the application of oil flotation 

,to the recovery of cassiterite slimes (80) (81) (82). Slim,f fraction 

losses are considerable in the treatment of tin ores (81). Zambrana 

and coworkers (81) (82) have developed a continuous oil flotation 

method for the treatment of minus 10 rm cassiterite with gasoleine as 

the oil phase and Aerosol 22 as collector. The authors reported 

recovery of about 80% of the cassiterite in the rougher concentrate 

with a grade of 6.5% Sn. Cleaner concentrate grades of approximately 

14% Sn at recoveries of about 60% were obtained. 

Oil flotation has been applied -to the removal of impurities, such 

as anatase, rutile and iron oxide, from minus 5 Am Kaolin clay (83) 

(84). A pilot plant for the process has been developed by English China 

Clays Ltd. (85) us.4ng kerosene as the oil phase and oleic acid as 

collector. 

The major disadvantage of the oil flotation process is the form-

ation of stable emulsions. Breaking the emulsions to recover the 

mineral and oil is necessary and is often diffi:tult on a large scale 

(30). 

1.3.5 Pigment flushing 

Pigment flushing is a process by which a pigment is transferred 

directly from an aqueous phase into an organic phase. The process is 

extensively used in thy paint and printing ink industries and has the 

advantage of avoiding drying and grinding into an oil to obtain a 

satisfactory oil-based dispersion. Whilst numerous patents exist on 

the process ( a chronological list of U.S. patent has been tabulated 

by Langstroth (86)), there is a lack of predictive theory of flushing 
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and dispersion stability in non-aqueous media (87). 

The essential requirement for the process to take place is that 

the contact angle should be as small as possible (measured through the 

oil phase) (88). Two types of surface treatment are used to render 

pigments more oleophilic. In the first method an oil-solublr or oil-

wettable film is deposited on the solid surface by double decomposition 

in aqueous medium (89). A water-soluble surfactant (usually anionic) 

is precipitated on the pigment by a suitable precipitant (e.g. heavy 

metal salt, cationic surfactant, etc.,). In some cases the interfacial 

tension of the precipitated film against water is greater than the 

original pigment surface and at the same time its interfacial tension 

against oil is lower (88). 

The second method involves the adsorption of an amphipathic ion 

with the paraffin-chain orientated towards the aqueous phase (W). The 

surfactant acts by lowering the solid/oil interfacial tension rather 

than increasing th solid/water interfacial tension (88). 

Bass (91) claimed that a good flushing agent was; cationic, 

soluble in water, a flocculating agent in aqueous media and a dispersing 

agent in non-aqueous media. Anionic surfactants tend to be precipitated 

under acid conditions and in the presence of heavy metal ions that are 

present in pigment slurries. Flocculation of the oleophilic particles 

in the aqueous phase aids the flushing process, but as a result some 

water is inevitably carried into the oil phase and flushing is usually, 

therefore, not 100% efficient. The flushing agent should also not act 

as an emulsifying agent (92) otherwise the flushing process is 

impaired. 

The mechanism of the flushing process has been described by Apps 

(93). Addition of an oil phase leads to emulsification and the 

generation of a large interfacial area. Pigment particles near the 

interface transfer into the oil layer as the contact angle tends to 



- 25- 

hero. The initial oil-in-wai r emulsion passes to an unstable water-

in-oil emulsion which breaks down. The viscous oil globules coalesce 

and the oil and .•Ater phases separate. 

Gomm et al (94) considered the thermodynamics of the flushing 

r.•ocess and estimated the wettability of small particles by an 

'apparent boundary tension' method. These authors found that when 

precipitated anionic surfactants are used as the flushing agent the 

equilibrium water wettability of the pigment is increased. Flushing, 

they suggest, occurs due to the free energy arising during the 

dissolution of the oil-soluble surface coating which overcomes the 

increase in water wettability. Some associated water is inevitably 

carried into the oil phase with the pigment. The fundamentals of the 

process, particularly the dell-ee of oil-wettability, however, have not 

becA determined and pigment flushing still remain:; an empirical process. 

1.4 Aim of project  

taneral separation nrocesses involving an oil phase are based on 

the establishment of a hydrophobic surface coating and the exploitation 

of that condition with a flotation-related technique. The extraction 

of the mineral particles completely into organic phase, analogous to 

pigment flushing, has not been investigated in detail, although it has 

been observed (70) (95). Such a process might provide the basis for 

the selective separation of mineral particles. 

It has been inferred that a contact angle of 180°  (measured 

through the aqueous phase) is required before extraction occurs. This 

corresponds to the thermodynamic condition that 

Y'si 4> SO 	WO 

The nature of the surfactant and the conditions required to 

obtain this condition are not known. 

It was the objective of this work to establish whether or not 

(9) 
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mineral particles could be extracted into an oreanic phase and to 

determine the conditions required for the displacement of water on a 

mineral surface by a second immiscible liquid. Particular attention 

was made to the effect of surfactant type and structure, and oil type, 

structure and polarity on the oleophilicity of the solid. 

The solid phase selected for the investigation was chemically 

precipitated titanium dioxide (rutile). It was chosen because it has 

a well characterized surface with a z.p.c. in the region pH 4 - 6 

which means that the effects of both anionic and cationic surfactants 

could be studied. Furthermore, rutile is a commercial pigment and the 

results obtained might be of interest to both the mineral and pigment 

industries. 
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CHAPTER 2 

INTERFACIAL CHEMISTRY OF THE SYSTEM.  

OvIDE/WATER/OIL 



- 28- 

2 	INTERFACIAL CHEMISTRY OF THE SYSTEM, OXIDE/WATER/OIL  

2.1 Theory of emulsions  

When two immiscible liquids are shaken together an emulsion is 

generally formed which consists of one liquid phase intimateTy dis-

persed in the other in the form of droplets. Two types of emulsion 

may exist in an oil and water system, oil-in-water (0/W) or water-in-

oil (W/0) emulsions. The droplet phase is called the disperse or 

internal phase and the matrix is the continuous or external phase. 

Emulsions possess a minimal stability which may be accentuated by such 

additives as surface-active agents, macromolecular compounds and 

finely-divided solids. The complexity of emulsion systems is such that 

a detailed description of the phenomenon is beyond the scope of this 

thesis and for this the reader is referred to the monograph of Becher 

(96). In view of the importance of emulsions in oil/water systems, 

however, a brief rLview of the factors determining emulsion stability 

is given below. 

2.1.1 St.-oilization of emulsions by surface-active agents  

2.1.1.1 Macroscopic theories of stability  

Much of the early work on emulsions was concerned with the effect 

of the nature and concentration of the emulsifier on the type of 

emulsion formed (97) (98) (99). Theories of emulsion stability proposed 

were based on the geometry of the adsorbed emulsifier ion (100) or the 

lowering of interfacial tension caused by the surfactant (101). 

Bancroft suggested two theories relating the nature of the 

emulsifying agent to tne type of emulsion formed which have some use-

fullness. The original theory (102) postulated that the phase in which 

the emulsifier was more soluble would be the continuous phase. Bancroft 

and Tucker (103) later restated the theory pointing out that the inter- 



facial film was duplex in nature, that is there were two interfacial 

tensions present on each side of the interface. Thus, the internal 

phase was on the side of the film with the higher interfacial tension. 

The work of Clowes (99) supported the theory. 

2.1.1.2 Structural theories of stability  

Recent developments in the theory of emulsion stability have 

emphasized the importance of the properties of the interfacial film. 

Schulman and coworkers (104) (105) (106) have shown that stable emulsions 

aee formed when strong penetration complexes are formed between species 

in both the water and oil phases. The interfacial film resulting from 

such complex formation must possess great strength and resistance to 

rupture. The interfacial tension must also be a minimum (107) so that 

dispersion of the oil in the water phase involves as small an increase 

in free energy as poss:1)1e. The theory of interfacial complex form-

ation also correlates with the effect of surface viscosities on stability 

of emulsions (108). The e_echanism by which the interfacial film 

resists coalescence appears to be that desorption of the emulsifying 

agents from the interface is hindered upon compression of the film 

(109). 

Summarizing the requirements for the stabilization of emulsions 

by ionic surfactants, Gilbert (110) stated four postulates; 

(1) an interfacial film must form which acts as either a 

mechanical or electrical barrier to coalescence, 

(2) molecular interaction between molecules at the interface 

giving rise to a complex interfacial film must occur, 

(3) the interfacial film must be in equilibrium with both phases, 

(4) the physico-chemical structure of the interfacial film 

depends on the 

a) 	distribution of surfactant molecules between the two phases, 
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b) nature of the hy(:.-ocarbon chain and polar group in the 

surfactant, 

c) presence of additives in the aqueous phase, 

d) temperature and physical factors, 

e) phase volume ratio. 

2.1.1.3 Electrical theories of stability 

Oil droplets dispersed in water have a net negative charge (111) 

(112). The origin of the charge is that cations, having greater 

primary solvation sheaths, are more strongly attracted to the bulk 

solution than anions. At the interface, therefore, there is an excess 

of anions (113). Cations will also be repelled by the dipoli,r field 

at the interface. 

In the absence of emulsifiers the electrical double layer in the 

aqueou4 phase is so sm,..11, that two oil drops will coalesce when brought 

together (114). In the presence of ionic emulsifiers, however, the 

adsorbed monomolecular sLrfactant film leads to a large electrical 

double layer at the interface which imparts stability to the emalsion. 

Generally, under these conditions, the double layer on the aqueous side 

of the interface is so large that the double layer on the organic side 

may be neglected (115). This being so, the OLVO theory (116) (117) for-

stability of lyophobic colloids can be applied to the stability of 

emulsions. 

2.1.2 Stabilization of emulsions by solid emulsifiers  

If a solid particle is partially wetted by the two immiscible 

liquid phases consituting an emulsion, the particle will take up a 

stable position at the liquid-liquid interface. Coalescence of emulsion 

droplets will be inhibited, therefore, as work has to be done to dis-

place the particle from the interface. The action of solids can be 
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determined simply in terms ci the value of the oil-water contact angle 

on the solid. 

Pickering (118) was the first worker to suggest that the condition 

for the formation of 0/% emulsions was that the solid was more readily 

vatted by t},e water that by the oil. In support of this conclusion, 

Briggs (119) observed that ferric hydroxide, arsenic sulphide and silica 

led to 0/W emulsions with kerosene and benzene, whilst carbon black, 

rosin and lanolin stabilized U/0 emulsions. 

Solids having a moist gelatinous and basic structure are generally 

more efficient emulsifiers (120) (121) (122) than dry granular ones. It 

has also been shown (123) that with a given solid, the type of emulsion 

formed was dependent on the technique of shaking. 

The thermodynamic criteria describing the distribution of solids 

between two mutually insoluole liquids according to Von Reinders (59) 

have already been ment:oned (section 1.3.4). In the case where solid 

collects at the liquid-liquid interface and thus stabilizes emulsions, 

Young's equation may be alTlied in the form 

Yso - 	= 	cos E) 

If 1/  )051SO  then COSO is positive and 9 < 900 , and the major potion SW 

of the solid will be in the aqueous phase. Similarly 
if  4 < /4SW, 

8 >90°  and the particle will be largely in the oil phase. Thus, it 

would appear that the phase which has the larger interfacial area will 

be the external phase. The work of Schulman and Leja (70) confirmed 

this theory. 

2.2 Electrical phenomena at the oxide/water inter:ace 

An electrical charge arises at the solid/solution interface upon 

immersion of a solid in aqueous solution. The major portion of a 

metal oxide surface is composed of relatively polarizable oxide ions 

(1) 
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interspersed with oxygen ions Lridged to metal ions, rather then the 

less polarized metal ions (124). Thus, for simple oxide minerals, such 

as rutile, hydration of the solid surface followed by adsorption or 

dissociation of hydrogen ions from the surface hydroxyls has been 

postulated as the source of the surface charge (125). The hydration 

step is an attempt by the exposed surface atoms to complete their 

coordination shell of nearest neighbours. The mechanism may be written 

- MOH
(surf)l— MO  (surf) + a  (aq) 

u 
MOH

(surf) + H
+ 
(aq).‘"--  2

+ 

(surf) 

Thus, hydrogen and hydroxyl ions are potential determining ions for 

oxides in aqueous media, together with the lattice ions. 

At all values cf pH there will be a distribution of Positive, 

negative and neutral sites on the oxide surface (126) and at a certain 

pH there will be no net charge on the surface. This pH is called the 

zero point of charge (z.p.c.). The z.p.c. varies between oxides and is 

0.ependent on the appropriate cationic charge and radius (127). 

Alternative surface charging mechanisms have been reviewed by 

MacKenzie (128). The adsorption of charged hydroxo complexes of the 

form ;1(01-1)
n
z-n 

has been proposed by Parks and De Bruyn (129). The 

concentration of these complexes in solution is pH controlled and there-

fore electrokinetic measurements do not permit selection between this 

and the above mechanism. Parks (127) further suggested that frequently 

observed discrepencies between the z.p.c. and isoelectric point (as 

measured by electrokinetic methods) are due to the adsorption of 

polynuclear hydroxo complexes which are slow to equilibrate in solution. 

The dependence of the surface potential (V10) on aqueous solution 

composition is given by the Nernstian expression 

= kT . In a/a0 	 (2) o ze 
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where, 	k a Boltzmann cons rant. 

T = absolu■.e temperature. 

z = valence of potential-determining  ion. 

= electronic charge. 

a = activity of the potential-determining  ion. 

and ac  = activity of the potential-determining  ion at the z.p.c. 

The electrical double layer, comprising  the surface charge and 

counter ions, was originally investigated by Helmholtz (130) and the 

concept later modified by Gouy (131) and Chapman (132). These authors 

considered that the distribution of ions in solution in a direction 

normal to the surface was given by the following  form of the Boltzmann 

equation 

n. = no  exp (-z.e‘P/kT) 	 (3) 

where, n. = concentration of ions (i) at a point where the potential 

i s 

n
o 

= concentration of ions in the bulk solution. 

Using  the Poisson equation relating  the electrical potential and 

the space charge density they showed that 

= pac 
Tr 

 kT  . sinh ze 	(4) 
2kT 

where, 	= surface charge. 

= dielectric constant. 

n = total concentration of symmetrical indifferent electrolyte. 

= total double layer potential. 

When the potential is so small («25mV) that the exponentials may 

be expanded, equation 4 becomes 

o- = EX • q/c) 	  (5) 
4n- 

wher.e, 	>,/.= Debye-Huckel function, 8nnz2e2]. i.e. the reciprocal 
lL ekT 

of the ionic radius, which 	a measure of double laver thickness. 

For small values of /1; , the potential at a distance x from the 

surface can be shown to be 

	

= Yoe   (6) 

Equation 6 shows that the potential falls exponentially to zero 



as the distance from the solid surface is ncreased. 

For a point far from a surface of high potential i.e. zetilo>> 1 
kT 

and LeAg <<1, 
kT x = 4kT .1. e-X  	 (7) 

ze 

where, (3 = exp (ze )/2kT)-1  	 (8) 
exp (ze 	/21(0,3. 

This treatment of the double layer has three shortcomings; 

(1) the dielectric constant is assumed to be independent of distance 

from the solid surface. As the dielectric constant of water is 

known to vary with electric field strength (133), this assumption 

is clearly not valid. 

(2) ions are assumed to be point charges. This leads to unreasonably 

high local ion concentrations calculated from equation 3. 

(3) the surface charge is assumed to be smeared over the surface 

rather than in the form of discrete ions. 

Stern (134) extended the theory of Gouy and Chapman by introducing 

two modifications. He considered that the region near the surface 

could he divided into two layers, the first consisting of an inner, 

compact uouble layer and the second a diffuse Gory layer. The boundary 

between the two layers was postulated as the cl:Jsest a hydrated counter-

ion could approach to the surface. This plane of closest approach of 

counter-ions is called the Stern plane. Stern further allowed for a 

specific 'chemical' interaction between the ions and the surface i.e. 

within the Stern layer. Thus, equation 3 must be modified to contain 

work terms other than those arising from the electrical potential 

difference, that is 

-(ze)I/  -6)/ 
n.
1 
 =2rn

o 
exp ( 	r 

kT  
 (9) 

where, 	r = radius of ion. 

ti/ = potential at the Stern plane, calculated from Gouy-Chapman /6 
theory. 

= term allowing for specific 'chemical' forces which exist 
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between the adsorbed species and the solid surface. 

A further improvement on the theory was made by Grahame (135) 1 

who took into account the two types of ion present in the Stern layer, 

namely the hydrated counter-ion and the specifically adsorbed ion. In 

Grahame's model the specifically adsorbed ion was assumed tc be 

dehydrated and closer to the surface than the other ion. Thus, Stern's 

concept of a single layer of immobile ions with their centres in one 

plane was replaced by two parallel planes associated with each type of 

ion. The two layers are usually called 'inner' and 'outer' Helmholtz 

'planes. 

The diagrams given by Grahame (135) which represent the variation 

of potential in the double layer when specific adsorption is present, 

and a schematic representation of the double layer are shown in Fig. 

2.1. 

An interesting model of the rutile/solution interface was proposed 

by Berub and De B-uyn (136) in which specific adsorption of inorganic 

ions in the double layer was related to their disrupting or promoting 

influence on the structural order of the water molecules in the surface 

region. Strong specific adsorption, the) concluded, was to be expected 

by those ions which favour structure promotion ..g. .Na
+
, and the 

potential-determining ions, H3o
+ 

and OH . 

2.3 Adsorption of surfactents at the oxide/water interface 

The mechanism of adsorption of surfactants at the oxide/water 

interface has been reviewed by other authors (137). Fuerstenau and 

coworkers (138) (139) used the Stern-Grahame model of the electrical 

double layer to explain the adsorption of alkyl-ammonium ions at the 

quartz/water interface and alkyl sulphonates at the alumina/water 

interface. They showed that the collector ions were adsorbed as 

counter-ions in the double layer at low concentrations, but as the 
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Fig. 2. 1. Stern-Grahame model of the solid/water interface  

in (a) -t!,,1 absence and (b) the presence of 

specific adsorption. 
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adsorption density increased lateral association occurred through 

interaction of the hydrocarbon chains and the ions become specifically 

adsorbed. The associated adsorbed species at the surface, termed 

'hemimicelles', are the two-dimensional equivalents of the bulk micelle, 

ELIA have bee-‘ observed to occur at about 
1/100 of the critical micelle 

concentration. The lowering of free energy of the system upon 

adsorption of this kind is given by 

G°ads 
=A.G

°coul 
+ lle

CH 
2 

where, PG°coul 
= electrostatic contribution to total free energy. 

AG°
Ch 

= interaction due to association of hydrocarbon chains 
2 

 

of adsorbed collector ions at the interface. 

n = number ct CH2 groups in hydrocarbon chain. 

- and CH = hyd:lphobic contribution per mole of Ch
2 
groups 

2 removed from water upon association. 

The contribution of the cohesive energy per mole of Ch2  groups 

has been evaluated to be approximately -KT, which is in agreement with 

values obtained from solubility data and micelle formation (140). 

When an ion exhibits specific chemical affinity for the solid 

surface, e.g. fatty acids at the oxide/water interface (141) (142), an 

additional term has to be included in equation 10, viz 

Reads 
= ze`6  + Cif

2 

+ 6G°chem 

where, 	AG°chem 
= free energy due to formation of covalent bonds with 

the surface. 

Thus, ifAG°chera is finite, the ion will be adsorbed even if 	is 

zero or has the same sign as the adsorbing ion. Other free energy 

terms may be included in equation 11 to account for contributions of 

solvation effects on the polar head of the surfactant and solid, 

hydrogen bonding, etc., but generally these can be ignored. 

= zetP 8 + 2 
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.► different approach tc the phenomenon of adsorption has been 

made by Cases and coworkers (143) (144) (145) who considered adsorption 

as a condensation process on either an homogeneous or inhomogeneous 

surface. Their treatment showed that isotherms could be predicted on 

t'.e basis of the nature of the solid surface. For an homogeneous 

surface where no lateral binding occurred between collector chains the 

isotherm ( a plot of fractional surface coverage versus degree of under-

saturation of collector in aqueous solution) would have a small finite 

slope at low surface coverage followed by an infinite slope up to 

monolayer coverage as condensation takes place. In the case where 

hydrocarbon chain interactions occurred, the slope at 0.5 monolayer 

coverage would have a finite value, but the isotherm would nevertheless 

be sigmoidal in shape. The authors also showed that for inhomogeneous 

surfaces, the adsorption isotherm should have a constant slope up eo 

monolayer coverage. 	an inhomogeneous surface, when the surface is 

composed of areas whose adsorption energies are different, the collector 

will condense area by aree and a stepwise isotherm is predicted. 

Experimental isotherms of long chain alkylammonium chloride adsorption 

on biotite were presented and shown to have two distinct regions. The 

first had a finite slope which they concluded was due to condensation 

on an inhomogeneous surface. The second region had an infinite slope 

which they considered to be due to adsorption onto the first layer 

i.e. an homogeneous surface. 

Fuerstenau (146) has criticized this approach on the grounds that 

the assumption made in the derivation of the theoretical isotherms that 

entropic effects involved in the adsorption from solution are similar 

and equal to that involved in the adsorption from the gaseous state is 

erroneous. Water structure at the solid/liquid interface plays a key 

part in adsorption, and any water molecule released on adsorption of 

collector would significantly increase the entropy of the system. It 



is indeed probable that the weakening and destruction of the hydrated 

layers at the solid/liquid interface gives rise to the hydrophobic 

effect of collectors (147), rather than the effect due to dispersion 

forces between hydrocarbon chains of the collector in the adsorbed 

1..yer (148). 
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3. 	EXPERIMENTAL 

3.1 Materials 

Specially prepared titanium dioxide (Tioxide R-SM2) was supplied 

by Professor G.D. Parfitt of Tioxide International. It had ''een 

obtained in the rutile form by heating the oxide at a high temperature. 

The crystals were elliptically-shaped, with a mean size of 0.18 r-m as 

determined by elctron microscopy. The manufacturer's specifications 

(149) showed that the rutile contained 0.25% ZnO, 0.24% P205, 0.14% 

K20, all deliberately added before calcination, and 0.29% Nb205 
which 

persists from the ore. 

Before use, surface impurities, particularly residual sulphate 

remaining from the preparation proces, were washed from the surface 

by extraction with hot water for 24 hours in a Soxhlet extraction 

apparatus. Additional washing resulted in no further sulphate removal 

from the rutile su..face. The rutile was finally dried at 100°C. 

A semi-quantitative X-ray fluorescence scan was carried out on 

the material and the results are shown in Table 3.1. 

Table 3.1 XRF analysis of rutile powder 

Major Intermediate Minor Trace 

5% to.5-5)% (o.o5-o.5)% <0.05% 

Ti Si P 

S 

Cl 

K 

Zn 

Ca 

Cr 

Mn 

Fe 

Sn 

The specific surface area of the material determined by B.E.T. 

krypton adsorption, was 6.47 m
2
g
-1
. 

For contact angle studies rutile plates were prepared by 

oxidizing a 25mm x 25mm x 1mm titanium metal foil supplied by 
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Goodfellows Metals Ltd. assaying 99.9%., Ti. The foil was polished 

with rutile powder on a clean 'Selvyt' cloth under conductivity water 

until microscopic examination with reflected light revealed no surface 

scratches. The foil was then cut into sixteen 6mm x 6mm plates which 

were heated at 1000°C under clean oxygen for one hour in a tube furnace. 

The products of the oxidation of titanium and the standard free 

energies of reaction (150) are given below, 

Ti + 	PG1100 = —98,870 Tonote:1 

2Ti + 102--a.Ti203ZS
G
1100 = -293,140 

3Ti +02--!Ti305 LG1100 = -473,125 

Ti + 0
2 
--->TiO2 AG1100 = -178,000 

All the oxides of titanium transform to titanium dioxide on 

Heating (151). Titenium dioxide exists in three polymorphic forms, 

namely, anatase (tetragonal), brookite (orthorhombic) and rutile 

(tetragonal) (152). Anatase and brookite are both thermodynamically 

unstable (153) and transform to rutile. At low temperatures the 

transition is immeasurably slow, but above 730°C for the anatase-rutile 

transition (154) and 950°C for the brookite-rutile transition (155) the 

rate of transformation is rapid. 

The oxidised layer on the titanium plates was confirmed as 

titanium dioxide (rutile) by X-ray diffraction analysis of the powdered 

surface coatings. Absorption peaks at 26angles were recorded and the 

d values corresponding to these angles calculated frc.1 the Bragg law. 

The diffraction pattern agreed very well with that previously reported 

(156). 

The surfactants used in the conditioning and oil extraction tests 

were a series of alkyl sulphates (12 - 18 carbon atoms ir. the hydro-

carbon chain) and cetyltrimethylammonium bromide. The sodium dodecyl 

sulphate (SDS) was a 'chemically pure' sample supplied by B. Newton 

Maine Ltd. Measurements of the conductivity in aqueous solutions of 

the SDS revealed that the critical micelle concentration (c.m.c.) was 
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8.20 x 10-3M. This value is in good agreement with literature values 

(157). Samples of sodium tetradecyl sulphate (STS), hexadecyl sulphate 

(SHS) and octadecyl sulphate (SOS) were supplied by Cambrian Chemicals 

and all had purities of 98% (minimum). 

The Krafft point (158) of long-chain alkyl sulphates (greater 

than 14 carbon atoms) is higher than 25°C and consequently the solubility 

was exceeded before the c.m.c. was reached under the experimental 

conditions used. The solubilities of the long-chain alkyl sulphates 

were determined by measuring the equilibrium surfactant concentration 

of the supersaturated surfactant solutions after they had been 

equilibrated for one week at room temperature. The solubilities were 

as follows: STS, 9.82 x 10-4M; SHS, 2.07 x 10-4M; and SOS, 3.87 x I0-5M. 

The cetyltrimethylammoilium bromide (CTAB) was supplied by Koch-

Light and had a purity of not less than 99%. The c.m.c. of CTA.B 

_ 
determined by conductivity measurements, was 8.90 x 10

- 
 lq which is in 

good agreement with literature values (159). 

The Krafft points of the- longer chain alkyl sulphates were eeter-

mined by adding amounts of the surfactants equivalent to their approx-

imate c..r.c. values (160) to known volumes of water. At room tempera-

ture the surfactants were insoluble but as the temperature was increased 

above the Krafft points dissolution occurred. The temperature was then 

slowly decreased and the points at which the solutions became cloudy 

were taken as the Krafft points. Values of 30°C, 46°C, and 61°C were 

obtained for STS, SHS and SOS respectively. These are in good agreement 

with values obtained by other workers (161). 

Potassium and lithium salts of the alkyl sulphates were prepared 

by passing a solution of the sodium salt through a column of analytical 

grade 'Amberlite' ion exchange resin (IR-120 (H) ), supplied by B.D.H. 

The resulting alkyl sulphuric acid was then neutralized potentio-

metrically with 'Analar' lithium or potassium carbonate. 
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The oil phases used in the course of the work are summarized in 

Table 3.2 with their structural formulae, purity and supplier, and 

interfacial tensions against pure water. 

Before use the oils were passed through activated alumina columns 

until their interfacial tensions were in good agreement with literature 

values. 

High purity conduc:ivity water was used throughout the work. Thiu 

was prepared by passing distilled water through a mixed-bed of ion 

exchange resin and then through a column of activated charcoal and finally 

redistilling under nitrogen. The conductivity of the water ::as less 

than 4.0 x 10-6ohm-lcm-1  and bubble-persistence tests indicated that 

there were no surface-active impurities in the water. The surface tension 

of the water was 72.3+0.1 mNm-1. 

pH adjustments were made using solutions of 'Analar' HC1 and NaOH. 

All other reagents were of 'Analar' grade. 

3.2 Extraction studies 

Preliminary extraction tests were carried out on the rutile✓water/ 

oil system to determine which surfactant types produced extraction of 

the rutile into the organic phase and under what conditions. Certain 

systems were then selected for more detailed studies. 

In an extraction test 0.5g rutile was conditioned for 5 min with 

20 ml surfactant solution at constant ionic strength and at the 

required pH. 6 ml oil was then added and the system conditioned for a 

further 5 min. All conditioning was carried out by shaking the 

suspensions in 150 ml stoppered flasks. At the end of conditioning the 

emulsions were allowed to stand and the position of the TiO2 was noted. 

Particles in the organic phase were defined as extracted and those at 

the oil/water interface were said to be concentrated. 

Initial tests indicated that extraction into the oil phase was 



Oil Structural 
formula 

Grad' Supplier Interfacial 
tension 
(mNm."1) 

n-hexadecane CHg(CH2)14CH3 puriss, 99.0% Koch-Light 53.30(162) 

n-heptane CH3(CH2)5CH3 puriss, 99.0% Koch-Light 50.77(162) 
n-hexane CH3(CH2)4CH3 puriss, 99.0% Koch-Light 50.5 (157) 

2,2,4-trimethylpentane (CH3hC.CH2.CH(CH3)2  pure, 99.5% B.D.H. 49.7 (162) 
(iso-octane) 

hexahydrobenzene CH2.(CH2)4.CH2, 0 puriss, 99.0% Koch-Light 49.6 (157) 
(cyclnhexane) 

1-octene CH3(CH2)5CH:CH2  pure, 96.0% Koch-Light 43.7 (157) 
CHs  

methylbenzene C6H5.CH3, analar B.D.H. 36.0 (163) 
(toluene) 

benzene C06, analar B.D.H. 34.1 (163) 

1-hexene CH3(CH2)3CH:CH2  puriss, 99.0% Koch-Light 31.3 (157) 

decahydronaphthalene C101118100 g.p.r., 97% B.D.H. - 
(dekalin) 

diethyl ether CH3CH2OCH2CH3 puriss Koch-Light 10.7 (165) 

4-methylpentan-2-one (CH3)2CHC0CH3 analar, 99.0% B.D.H. 10.0 (163) 
(isobutyl methyl ket one) 

di-iso-propyl ether (CH3)2CHOCH(CH3)2 pure Koch-Light 17.9 (164) 

1-dodecanol CH3(CH2)110H specially pure, 
99% 

B.D.H. - 

ethyl acetate CH3CO2CH2CH2  analar, n9.0% B.D.H. 8.0 (163) 
1-butanol CH3(CH2)3011 analar B.D.H. 2.0 ( 163) 
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iadependent of the ionic strength. Further tests were, therefore, 

conducted in the absence of sodium chloride and this also removed 

problems associa..ed with 'salting-out' effects. 

Electrokinetic studies  

3.3.1 Electrophoresis  

The origin of the charge on an'oxide particle immersed in water 

has been discussed and its importance in relation to the mechanism of 

adsorption of surfactants emphasized. The determination of the sign 

and magnitude of the surface charge is, therefore, of fundamental 

importance for studies of mineral-surfactant interaction. The zeta-

potential ( t ) can be determined indirectly by the technique of 

microelectrophoresis which i- particularly suitable for fine mineral 

particles (128). 

The zeta-potential is related to the electrophoretic mobility of 

particles, that is the velocity of migration of the particles urder 

unit wtential gradient, '.1),  the Helmholtz-Smoluchowski equation (166) 

modified where necessary by Henry's correction factor for retardation 

(167). Thus, 

u LEI . i(ha) 
67-crt 

where, 	u = electrophoretic mobility. 

E = permitivity. 

E = electric field strength. 

= viscosity of the medium. 

a = radius of particles. 

and K. Debye-Heckel function, i.e. the reciprocal of the double 
layer thickness. 

The function f(ka) depends on the size, shape and orientation of 

the particles and its values, which vary between 1 and 1.5, are 

tabulated elsewhere (168). 

(i ) 



Corrections for the effect of surface conductivity (169) and 

relaxation (170) (171) have also been made, but the approximations 

involved generally lead to an overestimation of these effects (172). 

3.3.2  Experimental procedure  

The electrophoretic mobility of the rutile particles was . 

determined using a Rank Bros. particle microelectrophoresis apparatus 

(Mk. II). A standard suspension was prepared by dispersing 0.5g rutile 

in 500m1 water. Aliquots of 0.1m1 of the standard suspension were 

added to 100m1 electrolyte solution at the required pH and allowed to 

equilibrate for 15 min. The suspension was then added to the electro-

phoresis cell and the mobility of the particles at the stationary levels 

(173) under a given voltage determined. In al1,10 particles were 

measured travelling in one direction and then another 10 in reverse. 

The elctrophoretic mobility was calculated fro,' the equation 

=‘/".kA 	 (2) 
I 

where, 	= particle velocity. 

= specific conductivity of suspension. 

A = cross-sectional area of cell. 

and I = current. 

Equation (2) may be expressed more conveniently in the form, 

U 
V 

where, 	V = applied potential. 

L = effective inter-electrode distance. 

= RSCA 

and R = resistance across cell. 

The effective inter-electrode distance for the cell used in the 

course of this work was 8.73 cm. 

The zeta-potential was obtained from the electrophoretic mobility 

by use of equation (1), which at 25°C reduces to, 

(3) 



t 	u.f(ga) 	 (4) 

where, t is measured in mV and electrophoretic mobility in 

tAm.sec
-1
/volt cm

-1. 

3.4 Adsorption measurements  

3.4.1 Experimental procedure  

The adsorption tests were carried out in closed 150m1 flasks, 

whose internal surfaces had been rendered hydrophilic by cleaning with 

nitric acid and ethanol. Preliminary experiments indicated that 

surfactant adsorption was a rapid process, and that no detectable 

difference in adsorption was obtained between equilibration periods 

of 15 min and 6 hours. Thus, 0.5g rutile was shaken with 40m1 

surfactant solution at a known pH for 15 min. On completion of 

condit'..oning, the solid was separated from the surfactare-  solution by 

centrifuging, and the pH and equilibrium concentratfsn of the 

surfactant determined. The adsorption density was deduced from the 

difference between the surfactant ccncentration before and after 

adsorption. The reversibility of adsorption was established by using 

different aulounts of rutile in the adsorption tests. 

3.4.2 Alkyl sulphate analysis  

The method used for the determination of the alkyl sulphates 

was that of Gregory (175) for anionic surfactants. The alkyl 

sulphate solutions were reacted with a copper triethylenetetramine 

complex in an alkaline medium of monoethanolamine and the resulting 

complex extracted into an isobutanol-cyclohexane mixture. Addition of 

diethylammonium diethyldithiocarbamate to the extracted complex 

produced a colour which was determined spectrophotometrically in a 

Unlearn SP500. 

The reagents were prepared in the following manner: 
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Surfactant concentration (Mx10-5 ) 
Fig. 3. 1. Calibration curves for the spectrophotometric 

determination of the alkyl sulphAes. 

5 

Surfactant concentration (Mx10-5  ) 

Fig 3. 2. Caiihration curve for the spectrophotometric 

detprminz.tion of CTAB. 
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Copper triethylenetetrarnine: 25g copper (II) nitrate trihydrate was 

dissolved in 125m1 water and a solution containing 16.25g 

triethylenetetramine in 125m1 water slowly added. A solution 

containing 250m1 monoethanolamine in 250m1 water was then added 

and the whole made up to 1 litre with distilled water. 

Isobutanol-cyclohexane extractant: 200m1 isobutanol was mixed with 

800m1 cyclohexane. 

Diethylammonium diethyldithiocarbamate solution: 2g diethylammonium 

diethyl-dithiocarbamate was dissolved in 100m1 isobutanol. This 

solution was prepared fresh every two days. 

In a determination 5m1 copper complex and 10m1 extractant were 

added to 25m1 of the sample and the mixture rapidly inverted 100 times. 

The organic phase was then sevarated from the aqueous phase and mixed 

with two drops of carbamate solution. After the sample had been 1,-,ft 

to stand in the dark f,Ir 15 min, the optical density at a wavelength 

of 435m1. was determined. 

Calibration curves or the alkyl sulphates are shown in Figure 

3.1. 

3.4.3 CTAB analysis  

CTAB was determined by complexing the quarternary ammonium 

salt with an acidified alcoholic solution containing a sulphnapthelein 

indicator, bromocresol. green (176), after a method originally suggested 

by Mukerjee (177). 

The indicator was prepared by dissolving 0.1g bromocresol green 

in 50m1 ethanol, acidifying the solution with 0.5ml concentrated 

sulphuric acid and diluting to 100.1. 

In a determination 5m1 CTAB solution was added to, lml indicator 

solution and the mixture diluted to 10m1. 5m1 chloroform was then 

added and the mixture rapidly inverted 100 times. The monocetyl 
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trimethylarmaonium salt has a much higher solubility in chloiloform than 

in water and was preferentially partitioned in the organic phase where 

its colour was determined spectrophotometrically at 416mr. 

The calibration curve for CTAB is shown in Figure 3.2. 

3.5 Contact angle measurements  

3.5.1 Apparatus 

The contact angle apparatus consisted of a silica spectrophoto-

meter cell held on the modified stage of a Beck 6000 microscope, 

mounted in the horizontal plane. Illumination was provided by a 

tungsten lamp in the same horizontal plane as the microscope and sample. 

Light passed through the cell at a small angle of incidence to the 

surface of the sample. The objective of the microscope was a 25mm lens 

and the eyepiece a Vickers 'Dick-uright slotted ocular' with a 

magnification of 10 X. Angles were measured (+ 0.1°1 by rotating the 

eyepiece independently of the instrument to line up the cross-wires. 

Oil droplets were formed and brought into contact with the 

sample surface by means of an 'Agla' micrometer syringe mounted in the 

same vertical plane as the spectrophotometer cell. The syringe was 

mounted on an extension and could be moved vertically and horizontally 

by means of two 'Research Instruments' micromanipulators mounted in 

the respective planes. Ika arkcet 	CU! "N■-1.12 01.-11-A-Z- 	tAACir CV O.X.CAIN 

OVAS...45 ‘11.1". 	CA.1.4.4E 

3.5.2 Experimental procedure  

Prior to measuring the contact angles the aqueous surfactant 

solution was equilibrated with the organic phase by shaking and then 

separated from it by centrifugation. The aqueous phase was transferred 

to the sample cell and the organic phase added to the syringe. To 

avoid dilution effects the sample was transferred from a similar 

surfactant solution to the solution is the sample cell. In the case of 
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cationic surfactants, the sample cell was also conditioned In the 

surfactant solution prior to addition of the sample. Care was taken 

to ensure that the rutile surface was not exposed to air during the 

transfer from one solution to another. 

An oil drop of fixed volume was formed on the tip of the micro-

meter syringe dipping in the aqueous medium. After an equilibration 

period of 5 min, the drop was brought into contact with the rutile 

surface, equilibrated, and then its volume increased by a known amount.. 

After a further equilibration period the contact angle between the 

three phases was measured through the aqueous phase. This angle was 

termed the 'advancing angle'. The bubble volume was then returned to 

its original volume and the 'receding' contact angle measured. A 

preliminary series of tests showed that the contact angles obtained 

after 3 min equilibration were constant provided that the sample was 

conditioned with the surfactant solution for 15 min. Throughout the 

determinations equilibration periods of 5 minutes were therefore used. 

Sessile drops were formed on the surface when the eontact angles 

were large (>1256). Under these conditions the equilibrium 'advancing' 

angle was measured, although some measurements of the equilibrium 

'receding' angle of the sessile drop were also made by removing oil 

from the drop on the surface. The values obtained in the latter case 

were, however, dependent on the amount of oil removed. AVes. 	4.15  
wht.Ne. eYeS1W-.64-eCt MO.  QAMLAm 	 uoCs." eqpIptaLCACkitIA 

tke tAION 	 cOreir 	4k 	Vtc9 to %Ad, no  120300  

3.6 Surface/Interfacial ten3ion measurements 

3.6.1 General 

The interfacial tensions between the various oil phases and 

surfactant solutions were determined for the purpose of 

(a) 	determining the influence of adsorption at the oil/ 

surfactant solution interface on the displacement of water 

from the rutile surface by an organic liquid, and 



(b) 	substituting the ,.alue of interfacial tension into the 

Young-Duprg equation for the work of adhesion of a liquid on a 

solid. 

The determinations were made using the drop-volume method of 

Gaddum (178). The method consists of measuring the volume of a drop 

(and associated satellite drops) that breaks away from a capillary tip, 

and relating this volume to the surface or interfacial tension by an 

empirical relation. The origin of the relation is a force balance on 

a pendant drop, with the gravitational force mg being balanced by the 

surface or interfacial tension force 2Y'r . The equation becomes, 

= AeVg  . F 
r 

where, 	= surface/interfacial tension. 

Lse= difference between density of the pendant drop and the 

density of fire supporting medium. 

F = correction factor for deviation of the pendant drop from 

'ideal drop'. 

V = volume of drop. 

r = radius of capillary tip. 

The factor F is dependant on the ratio V/r3. Values of F have 

been tabulated by Harkins and Brown (179). 

3.6.2 Apparatus  

The apparatus was similar to that used by Adam (180) and consisted 

of 'a U-tube with one arm connected to a water manometer and the other 

housing a glass capillary which was attached to a micrometer syringe. 

The free end of the capillary was polished so that its cross-section 

was at right-angles to its length, and there were no edge imperfections 

when vied at a magnification of 20 X. The outside diameter of the 

capillary was measured by travelling microscope and the mean diameter 

was 0.415 + 0.001 cm. 

The cationic surfactant, CTAB,was found to adsorb onto the glass 

(5) 
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capillary rendering the surface oleophilic. This caused incomplete 

wetting of the capillary by the pendant drops of CTAB solution and 

invalidated the method. As a result, a U-shaped Teflon capillary was 

prepared and the oil drops were allowed to rise through the aqueous 

CTAB solutions. The correction factors are the same for bota. methods 

(181). The diameter of the Teflon capillary was 0.483 + 0.001 cm. 

All glassware was cleaned by nitric acid and ethanol until the 

surfaces were hydrophilic. 

3.6.3 Experimental procedure 

A 40m1 sample of surfactant solution was shaken with 12ml oil in 

a 150m1 flask for 15 min. Sufficient 0.1 M NaOH or flCl was added to give 

the required pH. The resulting emulsion was centrifuged and after sep-

aration of the two phases the pH of the aqueous phase was measured. 

20m1 aqueous phase was then pipetted into the U-tube and 6m1 

organic phase addea to the arm containing the capillary. The syringe 

was filled with either aqueous surfactant solution or organic phase 

depending on whether the surfactant was alkyl sulphate or CTAB. The 

capillary tip was then placed in positon just below the surface of the 

organic phase or, in the case of CTAB, 1 cm belew the oil/water inter-

face. A drop was formed on the capillary tip and the volume increased 

until the drop began to 'neck'. The drop was then left for an ageing 

period after which the volume was increased until the drop became 

detached. The procedure was repeated, and the difference in micro-

meter readings between the first and second drops corresponded to the 

volume of the drop. The drop volume used in the calculations was the 

mean of ten individual drop volume measurements. Preliminary tests 

indicated that an ageing period of 5 min was suitable for the drop to 

attain equibrium with the surrounding phase. Similar drop formation 

times have been reported by other workers (182) (183). 
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Initially the syringe vas refilled by raising or lowering the 

phase levels in the U-tube by use of the manometer. During the filling 

operation, however, some of the surrounding phase often entered the 

syringe and the tip became contaminated (182). The syringe was there-

?,,re subsequently refilled from equilibrated stock solutions. 

Surface tension measurements of the alkyl sulphate solutions were 

carried out in a similar manner. In this case, however, the surfactant 

drops were dropped from the capillary in air. 

All measurements were carried out at 25°C. 



CHAPTERS 4 - 6 

RESULTS AND DISCUSSION 
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SOLID/W.OER INTERFACE 

4.1 	Electrokiner.ic studios 

4.1.3 System modified by alkyl sulphates  

It has been reported (184) that the ageing of some oxides in 

distilled water produces changes in the zeta-potential. Preliminary 

tests with the rutile used in this work, however, showed that the zeta-

potential was independent of ageing. 

The potential determining role of hydrogen and hydroxyl ions for 

oxide minerals has been well established (c.f. section 2.2). The 

dependence of the zeta-potential of rutile on p11 was, therefore, 

determined and the results are shown in Fig. 4.1. As the pH was 

increased, the positive zeta-potential decreased to zero at pH4.3, 

which corresponds to the is--electric point (i.e.p.), and then became 

negative. Further increases in the pH produced even more negative zeta-

potentials. 

The zero point of 6large (z.p.c.) of rutile was found to be 

pH5.3 by a solid titration method described by Cornell, Posner and 

Quirk (185). The difference between te.e z.p.c. and the i.e.p. can be 

attributed to the presence of small amounts of anionic impurity e.g. 

sulphate. Both values, however, are in the range of values reported 

for rutile (AG), i.e. pH3.5 pH6.7, although for rutile free from 

impurities the value of both z.p.c. and i.e.p. is reported to be at 

p115.5 (185). 

The electrokinetic behaviour of rutile in the presence of SOS as 

a function of p!1 at various surfactant concentrations is shown in Fig. 

4.2. All the solutions were prepared at a constant ionic strength of 

10-2  H controlled with NaCl. The zeta-potential against pH curves 

obtained at different Si:S concentrations in the concentration range 

10
-8 M - 2 x 10 f  N w*ro of a similar shape to that obtained in the 
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pH 

Fig. 4. 1. Zeta-potential of rutile as a function of pH. 
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pH 

Fli. 4. 2. Zeta-potential 	rutile as a function u“: pH at  

various SOS concentrations. 

Concn.(M) 

Fig. 4. 3. Zeta-potuntial of  rutile as a function of SOS  

concentration at  wirious_pH 	 
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absence of surfactant, except that the pH at which the zeta-potential 

was reversed decreased with increasing concentration. At higher SOS 

concentrations the zeta-potential Was negative at all pH values and in 

acid media it became increasingly more negative as the surfactant 

concentration was increased. Under the latter conditions the negative 

potential even exceeded that obtained at pH values above the i.e.p. in 

the absence of surfactar•'. 

In the absence of specific adsorbent-adsorbate chemical interac-

tion, there is no adsorption at the z.p.c./i.e.p. and the curves for 

all concentrations of surfactant pass through the z.p.c. of the oxide. 

In the present case, the shift in the p11 at which the zeta-potential 

was reversed and the corresponding large negative potentials at pH4.3 

(the i.e.p.) in the presence of surfactant indicates a specific chemical 

affinity of the alkyl sulphate for t`►e rutile surface. 

The data from rig. 4.2 has been replotted in Fig. 4.3 to show the 

dependence of rutile zeta-potential on the logarithm of SOS concentration 

at various p11 values. Similar curves are shown in Figs. 4.4 and 2i5 for 

SDS and STS. 

The abrupt charge reversal at low pH value~ is a result of the 

onset of hemi.micelle formation, i.e. specific aesorption as a result of 

association of the hydrocarbon chains of the surfactant which is driven 

by entropy changes that arise from the structure of water (187). At pH 

values above the i.e.p., the alkyl sulphate acts as a cotes-ion in 

the electrical double layer, as evidenced by the independence of the 

zeta-potential of alkyl sulphate concentration at pH values 5.7 and 9.4. 

The results presented are consistent with the adsorption of long-

chain alkyl sulphate ions by Coulombic attraction to the positive rutile 

surface at low pH values, followed by a hydrophobic bonding interaction 

at higher adsorption densities. Rastogi and Srivastava (188) have 

presented further experimental evidence to support this mechanism of 
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Concn.(M) 

Fig. 4. 4. 'Leta-potential of rutile as a function of SUS 

concen+ration at various pH values. 

Concn.(M) 

Fig. 4. 5. Zeta-potential of rutile as a function of STS 

concentration at variou5 pH valw:s. 
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adsorption. These authors showed that as SHS and SLS was adsorbed on 

rutile, two maxima occurred in the pH and conductivity curves (versus 

log surfactant concentration). The first maximum occurred at low sur-

factant concentrations and was ascribed to release of OH ions from 

tile diffuse part of the double layer as a result of ion exchange with 

the alkyl sulphate ions. The second maximum occurred at concentrations 

approximately equivalent to zero zeta-potential where the authors 

concluded that hemimicellization and resulting adsorption into the 

Stern plane was responsible for the release of further OH-  ions. 

The shift of the i.e.p. in the presence of surfactant in the 

present investigation indicates that the alkyl sulphates have some 

specific affinity for the rutile surface. It is difficult to imagine 

any specific chemical interaction between the alkyl sulphate ion and 

the rutile surface. Divalent sulphate ions are known to be specifically 

adsorbed on rutile (lEj), but it is unlikely that the same would apply 

to the monovalent sulphate ion of the surfactant. Parfitt and Wharton 

(189), investigating the stability of rutile particles in distilled 

water, noted that the zeta-poential of rutile became more negative in 

the presence of SDS at pH5.5, which is above the i.e.p. of their 

sample (pH4.5) i.e. where the surface potential was negative. They 

concluded that this was the result of an ion exchange reaction between 

the dodecyl sulphate anion and specifically adsorbed chloride ions. The 

authors quoted two references to support the hypothesis of specific 

chloride adsorption (190) (191). The work of Morimoto and Sakamoto (190) 

was quoted incorrectly however. These authors showed that in 1:1 

electrolytes, although there was often evidence of specific adsorption 

of the cation, adsorption of the chloride ion was negligible. The 

results of Berub"i; and De Bruyn (136) on the capacitance of the rutile 

electrical double layer in the presence of various indifferent electro-

lytes confirmed that the chloride ion was not specifically adsorbed on 
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rutile. It seems likely that the results obtained by Parfitt and 

Wharton (189) were due to ion exchange between the dodecyl sulphate 

ion and residual chloride ions remaining on the rutile surface from the 

preparation process which involved the hydrolysis of redistilled 

titanium tetrachloride. Although an ion exchange reaction of the type 

postulated by Parfitt and Wharton would be consistent with the results 

obtained, such a mechanism seems doubtful. 

Fig. 4.6 shows the dependence of rutile zeta-potential on the 

logarithm of surfactant concentration for the series of alkyl sulphates 

at pH 3.1 t 0.1 in the absence of added sodium chloride. The arrows on 

the curves indicate the concentration of surfactant at which monolayer 

coverage was obtained for each chain length (c.f. section 4.2 Adsorption 

studies). The results are similar to those obtained by Wakamatsu and 

Fuerstenau (192) for a homologous series of alkyl sulphonates en 

alumina at p11 7.2. The curves show the importance of the nO term in 

the equation 

Gads 
. zell6  + n 	 (I) 

which describes the free energy change on adsorption of surfactant. 

For cond:',ions of constant tl)  (i.e. constant p11), adsorption at a given 

surfactant concentration (reflected by a decreaF.e in zeta-potential) 

increases with increasing chain length, as predicted by equation 1. 

An estimate of the concentration of each surfactant at which the 

onset of hemimicellization occurs can be obtained from the curves. The 

onset of hemimicelle formation is reflected by an abrupt caange in 

slope of the curves, and this point for each chain length is given 

in Table 4.1. 
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Surfactant concn. ( M) 

Fig. 4. 6. Zeta-potential of rutile as a function of alkyl  

sulphate concentration at pH 3.1.  



(carbon atoms) 

/INC 

(4) 

12 3 x lo- 

14 ll)
6  

16 3 x lo-7  

18 4 x to-8 

Chain length 
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Table 4.1 Critical hemimicelle  concentration  
(C 	) for alkyl sulphates at nH 3.1  

 

When the zeta-potential of the rutile particles is zero, the 

Stern-Grahame expression for the adsorption of the surfactant is given 

• by the following equation 

n
s 

= 2rno ( 	I:1A) 	 (2) 
RT 

Putting equation 2 in logarithmic form and rearranging terms gives 

	

In n
o 
- ln( 

11
S ) = - NO 	 (3) 
2r 	RT 

Assuming that the effective fraction of CH2  groups removed from 

water when the potential at the Stem, plane is zero is independent of 

chain length, the graph of log no  against N should be a straight line. 

This was, indeed, the case and from the slope of the line, the value 

of 0 was calculated to be - 0.4 RT. 

4.1.2 Systems modified by CTAB 

The electrokinetic behaviour of rutile in the presence of CTAB 

as a function of pH at various CTAB concentrations is shown in Fig. 

4.7. The curves obtained are analogous to those obtained with the alkyl 

sulphates. The zeta-potential versus pH curves in the concentration 

range 4 x 10-6 m - l0-5 were of a similar shape to that obtained in the 

absence of surfactant except that the pH at which the zeta-potential 

reversed increased with increasing CTAB concentration. At higher CTAB 
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pH 

Fig. 4. 7. Zeta-potent:al of rutile as a function of pH at 

various- CT;H  concentrations. 

Concn.(M) 

Fig. 4. 8. Zeta-potential of rutile as a function of CTAB  

concentration xt various pH talons. 
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concentrations the zeta-potential was positive over all the pH range 

studied. The difference in zeta-potential between that obtained in the 

absence and presence of CTAB at low pH indicates that specific 

adsorption was also occurring in this region in addition to at alkaline 

pH values. These results are similar to those obtained by Doss (193) 

for dodecyl trimethylammonium chloride on alumina, although the zeta-

potential versus pH curves obtained in that work were concomitant at 

pH values below the z.p.c. 

The same data has been presented in Fig. 4.8 as a function of CTAB 

concentration at various pH values. The results, like those obtained 

with the alkyl sulphates, are consistent with adsorption of surfactant 

ions by Coulombic attraction, followed by hydrocarbon chain interactions 

at high adsorption densities. At pH values below the i.e.p., the 

positive ion primarily acts as a counter-ion in the electrical double 

layer. There is evidence, however, to suggest that ihere was specific 

interaction between the surfactant and the rutile surface at all pH 

values. 

Doss (193) postulated that specific adsorption of the dodecyl 

trimethylam,,,onium ion on alumina was driven by entropy changes as 

chemical affinity 	the surfactant ion for the surface or desolvation 

of the polar group seemed unlikely. Specific adsorption of sodium 

ions by rutile has been noted by some authors (136). At alkaline pH 

values, where the pH was controlled by NaOH, adsorption of Na+  ions 

followed by in exchange wits the trimethylammonium ion may be an 

alternative mechanism of adsorption. 

The onset of hemimicelle formation can be determined from the 

curves as with the alkyl sulphates. For example, at pH 10.5 the first 

abrupt change in tha slope of the zeta-potential against CTA concen-

trat ion curve occurred at about 7 x 10-6 N CTAB. 
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4.2 Adsorption studies 

4.2.1 Adsorption of alkyl sulphates at the rutile/water interface  

A series of tests were conducted to determine the variation of 

SOS adsorption density at the rutile/water interface with equilibrium 

Lr'S concentration at various pH values. The results are shown in Fig. 

4.9. The curves have the sigmoidal shape that generally characterizes 

surfactant adsorption in oxide systems. As the pH war increased 

adsorption decreased rapidly. The results are presented logarithmically 

to show the details of the adsorption process at low adsorption 

densities; if presented in a rectilinear form, adsorption at high pH 

values tends to zero. The sigmoidal shape at pH values above the z.p.c. 

and the dependence of the saturation plateau on pH suggests that adsorp-

tion is occurring as clusters around ionized sites (194) which are 

positively charged. At a cirtain surfactant concentration, which 

increases as the number of positive sites decrease, condensation of the 

surfactant occurs in reversed orientation onto tne hydrocarbon chains 

of the adsorbed ions. 

The adsorption isotherms of SDS, STS, SHS and SOS on rutile at 

pH 3.1 ± 0.1 and 25°C are shown in Fig. 4.10. The curves follow Traube's 

rule (195) in that adsorption from solution increased markedly as the 

homologous series was ascended. This trend is a direct corollary of 

the results obtained in the electrokinetic studies. 

Marked on the graph is the adsorption density required for a 

statistical, close-packed, vertically oriented monolayer based on a 

cross-sectional area of 25A
2 

for an alkyl sulphate ion (196). Also 

indicated by cross-hatching is the range over which complete transfer 

of surfactant-coated rutile Particles into various oil phases occurred 

(c.f. section 5.1 Extraction investigation). 

All the isotherms are sigmoidal and are typical of a type 52 

isotherm in Gile's classification system (197) for adsorption isotherms. 
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Fig. 4. 10. Adsorption isotherms of alkyl sulphates on  

rutile  at p11 3.1.  
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This type of isotherm is indicative of adsorption of a monofunctional 

surfactant ion which has moderate intermolecular attraction with the 

adsorbate. As a result, the adsorbed molecules assume a vertical 

orientation. The S-shape also indicates that there is competition for 

surface sites from the solvent molecules. The isotherms may pe dis-

cussed in terms of three regions, viz 

I: an approximately linear region at low adsorption densities and 

surfactant concentrations, where adsorption does not increase 

significantly as concentration is increased; 

II: a region following region I where adsorption density increased 

rapidly over a small concentration range of surfactant; and 

III: a region where the isotherm levelled off as saturation was 

reached. 

Adsorption in region I obeys 	adsorption isotherm of the 

Freundlich type (198) 

:og x = log k + 
1
/n log c 	 (4) 

where, 	x = moles of surfctant adsorbed, 

c = equilibrium aqueous concentration of surfactant, 

and 
1
/n and k are constants. 

Adsorption of alkyl sulphate ions in this region is primarily due 

to ion exchange with anions in the diffuse double layer. It has been 

suggested by Fuerstenau and other authors (139) (181i) (199) that the 

inflexion point in the adsorption density-equilibrium surfactant concen-

tration isotherm at the end of region I corresponds to the initiation of 

hemimicellization. Under certain circumstances this may be the case, 

but in this work and other studies (200), the point which corresponds 

to the onset of hemimicellization, and thus adsorption in the Stern 

plane, is at surfactant concentrations significantly below the beginning 

of region II. A comparison between the critical hemimicelle concen-

tration 
(CHNC) 

 (obtained from electrokinetic data) and the beginning of 



Chain length 

(carbon atoms) 

12 

14 

16 

18 

3 x 10-6 

10-6  

3 x 10-7 

4 x 10-8 

2 x 10 3 

10 

2 x 10 5  

3 x 10
-6  

Inflexion point 

(N) 
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rapid adsorption is given in T.-ble 4.2. 

Table 4.2. 

Critical hemimicelle concentration and the first inflexion Point 

in the adsorption isotherms of alkyl sulphates on rutile at  

pH 3./. 

The C
HNC 

is dependent on the adsorption density of the surfactant 

al, the solid/liquid interface (201) and consequently the po.:ential at the 

solid/liquid interface (202). It is not a simple function of a bulk 

aqueous property of the surfactant e.g. Cumc  tt- 1/100 c.m.c. In those 

cases, therefore, where the C
HNC 

corresponds to the initiation of a rapid 

increase in adsorption, it is possible that equilibrium surfactant con-

centration required for the onset of hemimicellization is coincident with 

the concentration at which formation of a second surfactant layer oczurs, 

and that increased adsorption of surfactant is a reflection of the second 

phenomenon. The results in this work indicate that whilst hemimicell-

ization causes adsorption in the Stern layer and a corresponding change 

in the zeta-potential, it does not automatically lead to increased ad-

sorption in the double layer as a whole. 

Adsorption of surfactant ions in the Stern layer has been shown 

(203) from consideration of the Stern theory to be an equation of the 

Langmuir type (204) 

n = K,c 

1 4 K
2
c 

where, 	n
s = number of surfactant ions adsorbed in the Stern layer, 

c = concentration of snrfactant ions, 

( 5) 
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K1  = N1K2, 

K = K3 exp ((T;ads / KT ), 

N
1 

= number of adsorption sites available per unit area, 

and K3  = constant. 

It should be noted that the free energy of adsorntion is dependent 

on the poter:ial at the Stern plane and therefore K
1 
and K2  are not 

constants. Hejl and Skrivan (205) have used this equation in an attempt 

to show discrepencies between theoretically calculates values for the 

adsorption of surfactant ions on corundum and the experimental values 

obtained by Modi and Fuerstenau (206) (207). The authors only allow 

for the free energy contribution to adsorption of Coulombic attraction, 

however, and ignore specific adsorption contributions. Their 

conclusion that the electrostatic mechanism of hydrophobization of 

corundum by SUS is invalid must, therefore, be viewed with some doubt. 

The mechanism of adsorption in region II where adsorption increased 

rapidly has been discussed briefly above. Fuerstenau and coworkers (139) 

(192) (201) have suggested, after extensive studies of the aisorption 

of alkyl sulphonates on alumina, that increased adsorption is a result 

of the onset of hemimicelliza - ion. In view of the low surfactant 

concentrations at which the zeta-potential was reversed in this study, 

this mechanism would appear unlikely. The steep rise in adsorption 

density is suggestive of a 'phase' change (200) such as a condensation 

phenomenon. This is consistent with the theory of Caseset al (144) 

(145) that the rapid increase in adsorption is attributable to reversely 

oriented surfactant ions adsorbing on the homogeneous surface presented 

to the aqueous phase by an initial first layer of surfactant. In view 

of later results indicating the presence of pre-micelles, e.g. dimers, 

in aqueous solutions of the surfactants used in this study (c.f. 

Chapter 6, Oil/water interface) the suggestion of Jaycock and co-

workers (208) that increased adsorption could he due to adsorption 

of multiple surfactant units is of interest. 



Adsorption continues theough region 11 until the saturation 

adsorption density is reached. Saturation often coincides with the 

critical micelle concentration (209), but the most probable cause is 

the completion of a bimolecular adsorption layer (210) and the 

p-esentation of polar groups to the aqueous phase. Maximum adsorption 

corresponded to 1.2 close-packed vertically oriented monolayers which 

is indicative of the latter reason for saturation. There was no 

indication of a monolayer plateau, but this was probably not detected 

as the second layer began condensing on more active patches before the 

first layer was fully completed (211). 

All the adsorption isotherms obtained in this investigation were 

reversible. 

The mode of orientation of the surfactant ions at the solid/ 

ligaid interface has been the subject of discussion in many studies; 

(183) (200) (208). Pr'cir to neutralization of the charged surface sites 

the most probable orientation of the surfactant ion is angled. Vertical 

orientation is unlikely (- vino to the disruption of the hydrogen bonds 

present in the water (200) by the hydrocarbon chains of the surfactant. 

Similarly, horizontal orientation is ieprobable due to the presence of 

strictured, ice-like water (212) bound to the surface by ion-dipole 

interaction and hydrogen-bonding. This latter orientation is possible, 

however, when the attractive forces are weakened, such as at z.p.c. 

After neutralization of the surface sites, there are two further 

modes of orientation by which the surfactant ions can adsorb at the 

solid/water interface. The first involves adsorption due,  to dipolar 

attraction and hydrophobic bonding between the hydrocarbon chains 

resulting in the poinr group being adsorbed to the solid surface. The 

second is the result of physical hydrocarbon chain interactions only 

and leads te seversPd orientation of the surfactant with the polar 

group facing out into aeueeus surfactant solution. Adsorption as a 
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result of either of these mechanisms is reflected in increased 

adsorption in region Il of the isotherm. lalilst there is probably a 

distribution between these two possibilities, the extraction results 

(c.f. section 5.1) indicate that adsorption with reversed orientation 

probably predominates. 

4.2.2 Adsorption of CTAB at the rutile/water interface.  

The variation of adsorption density with equilibrium CTAB concen-

tration at various p11 values was investigated. The results are shown 

in Fig. 4.11. The results indicate thattwo mechanisms of adsorption 

are occurring in the system. At pH values above the z.p.c. (pH 5.3) 

the curves are sigmoidal and similar to those obtained at various pH 

values with SOS. The results are consistent with Coulombic attraction 

at low surfactant concentrations, followed by association of the hydro-

carbon chains due to Van der Waals forces at higher adsorption densities. 

Lt pH values below the z.p.c., where the distribution of negative 

adsorption sites is very low and Coulombic attraction is generally not 

the primary driving force of attraction, the adsorption isoherms 

indicate that significant adsorption has occurred. The curves correspond 

to adsorption isotherm type Si ii Gileis'classification system (197). 

The mechanism of adsorption thus indicated is one similar to that in 

the case of type S2 isotherms with the exception that saturation is not 

attained. The curves at low surfactant concentrations (<10
-4 

 M ) are 

consistent with the results obtained at pH values above the z.p.c. in 

that there was a decrease in adsorption with decreasing pH. At a 

certain concentration, however, which was independent of ul!, the 

adsorntion increased rapidly with little change in the eauilibrium 

surfactant concentration and showed little tendency to reach saturation. 

These results suggest that multimolecular layers are adsorbing on the 

rutile surface in a manner similar to precipitation of the surfactant. 
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Fig. 4. 11. Adsorption isotherms of CTAB on rutile at  

various pH values.  



-77- 

It can be seen from Fig. 4.8 chat the rutile zeta-potential at these pH 

values and surfactant concentrations was approximately constant, indi-

cating that adsorption of a neutral molecule or ion pair was taking 

place. 

The adsorption isotherm of CTAB on rutile at pH 10.5 0.1 is 

shown in rectilinear form in Fig. 4.12. Marked on the curve by cross-

hatching is the region in which extraction into variovo oil phases 

occurred (c.f. 5.1 Extraction investigation). Also indicated is the 

adsorption density required for a statistical, close-packed, vertically 

0 
oriented monolayer based on a cross-sectional area of 26A

2 
 for a tri-

methylammonium ion (213). The inflexion point marking the onset of the 

rapid increase in adsorption density occurred at about 10-5 M CTAB. 

This is very close to the value found for the critical hemimicelle 

concentration, 7 x 10
-6 

M CTAB. These results show that, in the sistem 

modified by CTAB, the equilibrium surfactant concentration required for 

the initiation of hemimicellization is coincident with that required 

for the onset of increases adsorption as a result of condensafion upon 

the hydrocarbon sites provided by the first layer of adsorbed surfactant. 

Saturation in this system occurred at an adsorption density correspond-

ing to 1.L1 close-packed, vertically oriented monolayers. This probably 

corresponds to a bimolecular adsorption layer. Although the polar head 

group of the cetyltrimethylammonium ion has almost the same cross-

sectional area as that of the alkyl sulphate ions, saturation was 

reached at a higher adsorption density in the case of the former surf-

actant. This suggests that bimolecular adsorption layer is more compact 

in the case of CTAB, which presumably reflects the nature of the 

charged head group i.e. the field intensity around the trimethylammonium 

ion is reduced by the presence of methyl groups (389), and, therefore, 

the repulsive forces between the head groups are decreased. 
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Fig. 4. 12. Adsorption isotherm of CTM3 on rutile at pH 10.5. 
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Fig. 4. 13. Adsorption isotherms of  CT Ail on rutile in the  

presonen of suporting electrolyte nt p11 6.3. 
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4.2.3 Effect of supeortinq electrolyte on adsorption of CT.J1 at the  

rutile/water interface 

To determine whether or not the adsorption of CTAB at p11 values 

below the z.p.c. was related to the presence of chloride ions from the 

1IC1 used to modify the pH, the effect of sodium chloride and iodium 

nitrate on adsorption at pH 6.3 - 0.1 was investigated. The results 

are shown in Fig. 4.13. The concentration of both salts was 1 mM. The 

curves are similar to those obtained at p11 values below the z.p.c. in 

the presence of HC1, and they are characterized by an extremely rapid 

rise in adsorption density at a certain equilibrium concentration. In 

both cases there was no change in p11 upon adsorption, therefore 

adsorption of the cationic surfactant by ion exchange with hydrogen 

ions on the surface (214) can be disccunted. 

A potentiometric titration was carried out to determine the 

chloride and bromide ion concentration in solution following adsorption 

under the conditioi!s used above. The titration was carried out by 

titrating the equilibrium chloride/bromide solution against AgN0,1  and 

measuring the potential with a silver electrode. The results showed 

that fol!.3wing adsorption from a solution containing an initial CTAB 

concentration of 1 mM at pH 6.3 in the presence of 1 mM NaC1, the 

chloride ion concentration was unchanged, but the bromide ion concentra-

tion had been reduced to 8.5 x 10
-4 

M. This corresponds to a bromide 

ion adsorption density on the rutile surface of 1.86 u.mole m
-2
. This 

value is comparable to the adsorption density of the cetyltrimethyl-

ammonium ions on the rutile surface under the same conditions, 

5.54[Amole m-2. It was observed that CTAB solutions were stable in salt 

solutions far in excess of 1 mM, These results suggest, therefore, 

that CTAB is 'salting out' onto the rutile surface in the presence of 

chloride ions and it is this effect that is causing the large rise in 

adsorption reflected in the isotherms below the z.p.c. 



Symbol Description 
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negligible concentration at interface 

partial concentration at interface 

complete concentration at interface 

oartial extraction into organic phase* 

total extraction into organic phase 
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5. 	 SOLID/WATER/OIL SYSTEM  

	

5.1 	Extraction studies. 

5.1.1 Systems modified by alkyl sulphates.  

5.1.1.1 Effect of hydrocarbon chain lence- h. 

(a) 	System : rutile/water/n-heptane. 

The response of rutile in the oil/Water system modified by alkyl 

sulphates with 12, 14, 16 and 18 carbon atoms in the hydrocarbon chain 

was investigated. The initial surfactant concentration and pH were 

varied and their effect on the behaviour of the collector-coated rutile 

particles noted. The results obtained are shown in Figs. 5.1 - 5.4. 

The key to the symbols used in these and succeeding diagrams is given 

in Table 5.1. 

Table !7.1  

Key to response diagrams  

* Note: inner circle still denotes extent of concentration at interface. 

The alkyl sulphates exhibited a progression in their effect from 

SDS to SOS. The characteristics of this trend were, 

(1) the area of complete concentration at the interface in the acid 

region of the pH range extended over a smaller initial surfactant 

concentration range with increasing chain length. 

The upper pH value at which recovery started to decrease, however, 

remained constant at about pH 7. 

(2) The p11 value in the alkaline region at which recovery was reduced 
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Fig. 5. 1. Response of system : rutile/water/n-hentane modified 

by SDS.  
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to zero increased with increasing chain length. 

(3) 	Total extraction of rutile did not occur in this System. At high 

surfactant concentrations in the systems modified by SITS and SOS, 

however, the rutile particles tended to transfer from the aqueous 

phase into the organic phase. Partial extraction in these systems 

was essentially independent of pH and occurred at decreasing 

initial surfactant concentration with increasing chain length. 

In all extraction tests the rutile particles were dispersed in the 

aqueous phase at alkaline nH values and over all the pH range where 

surfactant was present in initial concentrations greater than 5 MM. 

Furthermore, in the acid region, the particles (especially those concen-

trated at the interface) were flocculated. 

These results are consistent with the rutile particles becoming 

hydrophobic as a result of adsorption of alkyl sulphate ions by the 

mechanism outlined in Chapter 4. Alkyl sulphate ions adsorb onto the 

positively charged ruttle particles, at pH values below the z.p.c., by 

Coulombic attraction followed by association of the hyurocarbon chains 

due to Van der aaals forces of attraction. 

The effect of hydrocarbon chain length on the response of the 

system as initial surfactant concentration and pH was varied is shown 

by the differences in the position of the boundaries separating the areas 

of different response. The point at which complete concentration at the 

interface ceased at low initial surfactant concentration did not change 

with increasing chain length. Adsorption in this region is driven by 

the free energy changes arising as a result of Coulombic attraction, 

and hydrophobic association of the adsorbed species does not contribute 

to adsorption, i.e. 

dy © c 
ads 

:= ze
S  

Hydrocarbon chain length therefore has no effect on adsorption and 

consequently the minimum surfactant concentration required for complete 

(1) 



-86- 

concentration of the rutile at the interface would also be expected not 

to vary greatly with chain length. 

At the upper initial surfactant concentration required for complete 

concentration of the rutile at the oil/water interface the contribution 

of the hydrocarbon chain to adsorption is significant, viz, 

AG
ads 

= zeP 	r(1) 	 (2) 

The cessation of complete concentration of the rutile at the inter-

face may be attributable either to the attainment of the c.m.c. or to the 

formation of a reversed billayer of alkyl sulphate on the rutile 

particles. In either case, the contribution of the nOterm would 

increase with increased chain length and the required surfactant concen-

tration would decrease. 

Similarly, the pH in the neutral pH region above which concentra-

tion at the interface ceased increased with increasing chain length. In 

this region, above the z.p.c., the aet surface charge is negative and 

the primary mechanism of adsorption is the tendency of the hydrocarbon 

chains to be expelled from the aqueous phase, i.e. the contribution of 

the nOterm, which would increase as the homologous series is ascended. 

The flocculation behaviour of the collector-coated rutile 

particles is a reelection of the extent of adsorption of the anionic 

surfactant on the oxide surface. At pH values where the surfactants 

adsorb on the surface, adsorption of the collector reduces the net 

surface charge and coagulation occurs. AS adsorption continues, the 

charge on the surface increases until the repulsive forces result in 

the particles becoming dispersed. At alkaline pH values adsorption 

does not occur and the negatively-charged particles rema-In dispersed. 

(b) 	System : rutile/water/benzene. 

The response of the system rutile/water/benzene in the presence 

of alkyl sulphates with 12, 14, 16, and 18 carbon atoms in the hydro- 
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carbon chain, was determined as a function of initial surfactant 

concentration and pH. The results are shown in Figs. 5.5 - 5.8. 

Total extraction occured in this system when the number of carbon 

atoms in the hydrocarbon chain was equal to or exceeded 14 atoms. 

Extraction o:'curred in the acid region of the pH range when the initial 

surfactant concentration as between 0.5 mM and 1 mM. Little variation 

in the position of the extraction area was observed with the different 

surfactants. The corresponding area on the adsorption isotherms over 

which extraction took place is shown by the cross-hatching in Fig. 4.10 

fir each surfactant. In each case extraction occurred at adsorption 

densities between approximately monolayer coverage and the point at 

which saturation was reached. 

Concentration of the particles at the oil/water interface occurred 

under similar conditions to that obtained with n-heptane. At high 

surfactant concentrations only partial extraction was obtained, which 

was confined to acid pH values and extraction decreased with increasing 

surfactant concentration. 

Similar to the n-heptane system the rutile particles were dis-

persed in the aqueous phase at all pH values at high surfactant concen-

trations and at low concentrations in the alkaline region. Particles 

in the organic phase were dispersed. 

it.1.1.2 Effect of organic phase.  

The differences observed between the systems with n-heptane and 

benzene as the organic phase indicated that the nature of the oil was 

a critical factor in determining whether extraction took place or not. 

The effect of various organic liquids on rutile extraction was, 

therefore, investigated. The response of the systems involving 

cyclohexane, diethyl ether, isobutyl methyl ketone and n-dodecanol 

modified by SOS are shown in Figs. 5.9 - 5.12 respectively. 
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Fig. 5. 5. Response of system : rutile/water/benzenc modified  

by SDS.  
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Fig. 5. 6. Response of system :_rutile/water/benzene modified 

by STS.  
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Extraction No extraction 

cyclohexane 

toluene 

benzene 

dekalin 

diethyl ether 

di-iso-propyl ether 

n-hexadecane 

n-heptan.% 

n-hexane 

iso-octane 

1-octene 

1-hexene 

isobutyl methyl ketone 

n-dodecanol 

ethyl acetate 

n-butanol 
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Total extraction of rutile into cyclohexane and diethyl ether 

occurred under similar conditions to that obtained with benzene (c.f. 

Fig. 5.8). Transfer of particles from the aqueous phase into n-

dodecanol and isobutyl methyl ketone did not, however, occur to any 

s;gnificant extent. 

In addition to the oils mentioned above, extraction tests were 

carried out on various other oils and these are summarized in Table 5.2 

together with their effect on extraction. Changing the surfactant from 

SOS to STS did not change the classification of the oils. 

Table 5.2  

Classification of oil phases according to their effect on  

extraction in the system, rutile/water/oil modified by  

alkyl sulphates.  

The table shows that extraction does not occur into the straight-

chain alkanes, alkenes or ketone. The oils with a cyclic structure and 

the ethers, however, do permit extraction. 

A complete discussion 	the probable reasons for the class- 

ification of oils into these two groups will be presented later (c.f. 

Chapter 7. General discussion). 
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Fig. 5. 9. Response of system : rutile/water/cyclohexane  

modified by SOS. 
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Fig. 5. 10. Response of system :.rutile/water/diethvl ether  

modified by SOS. 
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Fig. 5. 11. Response oc system : rutile/water/isobutyl methyl  

ketone modified by SOS. 
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Fig. 5. 12. Response of system :.rutile/water/n-dodeconol  

modified by SOS. 
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5.1.1.3 Effec.t of additives. 

Introduction of a neutral molecule, such as an alcohol, into 

conventional flotation systems has been shown (215) to increase the 

effective hydrophobicity of the mineral surface because of the co-

adsorption of the molecule with the collector. Tests were conducted 

to determine whether or not an analogous result was obtained when an 

alcohol was added to a two-liquid-solid system. An organic phase 

consisting of between 10
-3 

M and 10
-1 

M n-hexadecanol in hexane was 

used in the system modified by SOS. The results showed that the 

alcohol increased the area over which concentration at the interface 

occurred, but it did not promote extraction. 

5.1.1.4 Effect of agitation intensity.  

!iimilar to air flotation systems, there will be an energy harrier 

(216) between the carrier phase (oil) and the solid particle which will 

have to be overcome before adhesion results. Extraction could, there-

fore, be dependent on the relative momentum of the particles and oil 

drops, and hence the agitation rate. To determine if this was the case 

or not a study was made of the effect of agitation on extraction. the 

tests were conducted in a 200 ml separating funnel equipped with baffles 

and agitation was provided by a variable constant speed stirrer. 

Speeds between 1000 and 3000 r.p.m. were used but no extraction of 

rutile into n-heptane in the presence of SOS was observed. It is 

therefore concluded that provided the agitation is above a certain 

minimum value, agitation has no effect on extraction. 

5.1.1.5 Effect of phase volume.  

Tests were carried out to determine the effect of organic phase 

volume on extraction of rutile into n-heptane with SOS. The results 

showed that qualitatively no significant effect occurred within the 



range of phase volumes inves,igated, i.e. n-heptane/total volume : 

9.1 to 69.2 %. with the exception of n-dodecanol in the presence of 

high concentrations of SOS, inversion of an 0/U emulsion to a W/O 

emulsion was not observed. 

5.1.1.6 Reversibility of extraction.  

To assess whether mass transfer of mineral parti-les between the 

aqueous and organic phase was reversible or not, an extraction test was 

carried out under conditions where total extraction took -place and the 

mineral-laden oil phase separated readily from the remaining aqueous 

phase. The organic phase was then agitated with distilled water for 

1 hour and during this time the particles transferred from th,?. interior 

of the organic phase to the interface. Further agitation with fresh 

distilled water resulted in the rutile becoming dispersed in the 

aqueous phase. It is, therefore, concluded that the mass transfer of 

rutile particles across the oil/water interface in the presence of 

long-chain alkyl sulphate? is reversible. 

5.1.2 Systems modified by ChB. 

The effect of CTAB on the extraction of rutile into various 

organic phases was determined. The results obtained with n-heptane 

and benzene are shown in Figs. 5.13 - 5.14 respectively. In both cases 

complete concentration at the interface occurred over all the pH range 

at initial surfactant concentrations below about 1 mM. Total 

extraction took place in the system rutile/water/benzene between initial 

CTAB concentrations of 5 x 10 5 M and 5 x 10
4 

M and above pH 7.5 - 

S.O. The area that this corresponds to on the adsorption isotherm at 

pH 10.5 is shown in Fig. 4.12 by the region of cross-hatching. 

Extraction occurred from an adsorption density which corresponded 

approximately to that reonired to neutralize the surface charge 
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modified by CThB. 
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(i.e. 30% monolayer coverage), up to monolayer coverage (statistical, 

close-packed, vertically-oriented monolayer). Extraction ceased upon 

formation of a bilayer. Total extraction of rutile into n-heptane was 

not obtained under the conditions used. 

Partial extraction of collector-coated rutile particles occurred 

into both oils in the acid region at CTaB concentrations between 1 mM 

and 2 mM. These results are consistent with the observed 'salting-out' 

effect of CTAB on rutile in the presence of chloride ions (c.f. 4.2.3 

Effect of supporting electrolyte on adsorption of CTAB at the rutile/ 

water interface). 

Similar studies were carried out with different oils and the 

response of the rutile particles in each case is given in Table 5.3. 

Contrary to systems modified by the alkyl sulphates, extraction occurred 

into all oils with an interlacial tension against pure water of less 

than 49..6 mN m-1. 

Table 5.3  

Classification of 434 1 phases according to their effect on 

extraction in the system, rutile/water/oil modified by CT,J3. 

Extracticn No extraction 

cyclohexane n-hexadecane 

toluene n-heptane 

benzene n-hexane 

1-hexene iso-octane 

dekalin 

isobutyl methyl ketone 

n-butanol 

ethyl acetate 

5.2 Contact -Ingle measurements 

5.2.1 Effect of alkyl sulnhate concentrntion on the contact angle 

The contact angle between rutile, benzene and surfactant solution 
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was measured as a function of alkyl sulphate concentration at pi 3.1 

- 0.1 and 25°C. The receding contact angles (or sessile contact angles 

in the case of angles greater than 125°) are shown in Fig. 5.15 for the 

alkyl sulphates used. The advancing angles for SDS and STS are also 

s!- own. In the absence of surfactant both the receding and advancing 

angles were zero. The curves are typical in the case of SDS and STS 

( and possibly SHS) and show that the contact angle in-reased with 

increasing surfactant concentration, until a maximum was reached at a 

concentration that corresponds to monolayer coverage (indicated by an 

arrow). At higher surfactant concentrations the contact angle decreased 

sharply. The decrease in contact angles at high surfactant concentra-

tions is a common phenomenon in solid/water/air systems (8) (70) and 

is due to the formation of a hydrophilic reversed bilayer. It has 

beea suggested (70) that in the solid/water/oil system, the oil 

solubilIzes the bilayer and, therefore, contact is maintained, although 

in these cases a considerable induction period is often a prerequisite 

for contact (217). The results of this and other studies (140) 

indicate that this conclusion is not correct. 

Measurement of the 'receding' angles of the sessile drops for STS 

and SHS showed that they tended to 180°. 'Receding' contact angles 

measured on sessile drops in the system modified by SDS resulted in a 

maximum contact angle of 157°. 

Hysteresis of the contact angles at low surfactant concentrations, 

where the contact angle is not changing significantly with increasing 

surfactant concentration, was about 5°. In the region where the 

contact angle was increasing rapidly, hysteresis was 10°  - 20°. Contact 

angle hysteresis can be attributed to two causes. Surface roughness 

has a significant effect on hysteresis and has been theoretically 

investigated by Huh and Mason (218). Although the local contact 

angle may be given by Young's equation (219), sub-microscopic surface 
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angles of benzene on rutile at pH 3.1.  
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roughness produces an apparent contact angle which is different from 

both the advancing and the receding contact angles. Wenzel (220) 

related the apparent and equilibrium contact angles by the expression 

COS() apparent = r COS e equilibrium 	 (3) 

where, r is the ratio of real to apparent surface area and 1: a 

qualitative measure of roughness. An alternative cause of hysteresis 

is that the solid/air interface is different after the recession of a 

liquid than the same interface prior to wetting (221). It has been 

suggested that rearrangement of the adsorbed species occurs upon dis-

placement of an air bubble, and as this is not a spontaneous process, 

the advancing and receding angles are different. A similar mechanism 

has been proposed for hysteresis at the solid/water/oil interface 

(222) (223). 

The curve for SOS (Fig. 5.15) 6Des not reach high contaci, angle 

values, and is displaced to higher surfactant concentrations with 

respect to monolayer coverage than the shorter chained alkyl sulphates. 

The contact angles were not affected by raising the temperature nor by 

replacing the sodium ion in the surfactant molecule by a more hydrated 

cation such as lithium. If, however, the surfactant solution at 

equilibrium with the rutile surface was replaceu by distilled eater, 

the contact angle became 180°  (over a period of several hours), before 

finally becoming zero when all the surfactant had diffused from the 

surface. These observations suggest that the reduced contact angles 

in the system modified by SOS are the result of a significant 

'armouring' of the surface of the oil drop by the long-chain alkyl 

sulphate and reversed orientation of the surfactant ions on the solid 

surface. 

Armouring has been suggested as the reason for cessation of 

flotation at high collector concentrations (224) (225). GrebneV and 

coworkers (226) investigated the relationship between the hydrocarbon 
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chain length of alkyl sulphates and their flotation properties with 

hematite and barite. They found that with collectors of up to 14 

carbon atoms in the hydrocarbon chain, flotation efficiency increased 

with increasing chain length. In the case of surfactant with hydro-

carbon chains greater than 14 carbon atoms flotation efficieacy 

decreased. The authors attributed these results to the low rate of 

decomposition of micelles and the increased surface activity upon 

increasing chain length. This latter property was said to produce 

armouring of the air bubbles. The efficiency of flotation with the 

longer chain surfactants improved on dilution of the pulp or removal 

of excess collector prior to flotation. It is probable that, in the 

present investigation under dynamic conditions, the armouring effect 

at the oil/water interface is eliminated. Analogous behaviour has 

been reported as an explanation of tie apparent non-contact between 

static air bubbles and particle surfaces under conditions where good 

recovery is known to occur in froth flotation (227). 

The results of contact angle measurements are compared with those 

of adsorption measurements at the solid/water interface in Fig. 5.16. 

Accordin,4 to Smolders (7) if dE)/d In C is positive 

rso >rlsw +
row COSE). A given adsorption density will therefore be 

reached at the rutile/oil interface at an equilibrium surfactant 

concentration lower than that required to give the same adsorption 

density at the rutile/water interface. The effect of this will be to 

displace the curve correlating the contact angle with the logarithm 

of surfactant concentration to lower equilibrium concentrations than 

the adsorption isotherms acquired at the rutile/water interface. The 

curves shown in Fig. 5.16 are consistent with this interpretation. 

The exact relationship between the contact angle and adsorption 

density is uncertain. Gaudin and borrow (228) found no direct 

relationship between contact angle and adsorption density of dodecyl- 
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Fig. 5. 16. Comparison  of conta.t angles  of benzene on rutile and  

adsorption densities at the solicl/water interface for  

SLS, STS and  SHS at pH 3.1.  
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Fig. 5. 17. Contact angles of benzene on rutile at pH 3.1 as  a 

function of alkyl sulphate adsorption density.  
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ammonium acetate on hematite. Other authors (229) (230) have suggested 

a linear relationship between adsorption density and contact angle or 

adsorption density and COSe . In Fig. 5.17 the contact angles for SDS, 

STS and SUS are presented as a function of surfactant adsorption density. 

The contact angle in each case increased linearly with adsor,tion 

density until a maximum was reached. The contact angle than remained 

constant until the adsorption density corresponding to monolayer 

coverage was reached, when the contact angle decreased rapidly. The 

slope of the initial linear part of the curves increased with decreasing 

chain length. This suggests that as the chain length was increased 

there was a greater tendency for the surfactant to adsorb reversely 

oriented prior to monolayer coverage. Consequently the spreading of 

the oil drop was resisted because of presentation of polar groups to 

the oil phase. 

Contact angles may also indicate a change it, orientation of the 

adsorbed surfactant species even wnen the adsorption density does not 

change (231) (232). No significant differences between the two sets 

of data were observed in this study, which indicates that no abrupt 

change iii the mode of orientation of the adsorbed surfact-ant occurred. 

5.2.2 Effect of oil nhnse on the contact angles in systems modified by 

alkyl sulnhates. 

The contact angles of various oils on rutile at pH 3.1 are 

presented in Fig. 5.18 as a function of aqueous STS concentration in 

the range 10
-4 
 M to 10

3 
 N STS. Those oils into which extraction 

occurred produced 'receding' contact angles in the extraction region 

approaching 180°. Oils with lower contact angles which did not tend 

to 180°  (i.e. alkanes, alkenes and ketones) did not extract collector-

coated rutile. 
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Fig. 5. 18. Effect of STS concentration on contact angles of  

various organic liquids on reptile at pH 3.1. 

Lei  

Symbol Oil Symbol Oil 

0 diethyl ether 0 n-hexane 

0 dekalin A iso-octane 

0 toluene C3 isobutyl methyl ketone 

© benzene + 1-hexenc 

0 cyclohexane o n-heptane 
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5.2.3 Contact angles in systems modified by CTAB.  

The contact angle between rutile, benzene and surfactant solution 

was measured as a function of CTAB concentration at pH 10.5 ± 0.1 and 

25°C. The receding, advancing and sessile (fore >125°) contact angles 

are shown in Fig. 5.19. The curves are typical and similar to those 

obtained with the alkyl sulphates, and show that the contact angle 

increased with increasinc; surfactant concentration until a maximum 

was reached at a concentration that corresponded to r_ vertically 

oriented monolayer coverage. At higher concentrations the contact 

angle was reduced to zero. The 'receding' contact angles of the sessile 

drops in this system tended to 180°. Also shown in the figure is the 

adsorption isotherm of CTAB on -utile at pH 10.5. The curve is 

similar in slope to the contact angle curves and the data from both 

curves has been replotted in Fig. 5.20 in the form of receding contact 

angle against adsorption density of CTAB on rutile. The resulting 

graph is similar to those obtained for the alkyl sulphates, and show 

that the contact angle increased linearly with adsorption density until 

a maximum was reached. The contact angle then remained constant until 

the adsorption density corresponding to monolayer coverage was reached, 

when the contact angle decreased rapidly to zero. 

The 'equilibrium' contact angles of the sessile drops of various 

oils on rutile in the presence of 10 4 M CTAB at pH 10.5 - 0.1 are 

given in Table 5.4. The oils into which extraction occurred produced 

'receding' contact angles which tended to 180°. Oils with lower 

contact angles which did not tend to 180°  did not extract collector-

coated rutile. 
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Table 5.4. 

Sessile contact .hales of various oils on rutile in the presence  

of 10
-4  N CT:di at pH 10.5.  

Oil 	 Sessile Contact angle 

(0 ) 

n-heptane 
	96 

n-hexane 
	94 

iso-octane 
	102 

cyclohexane 
	110 

toluene 
	115 

benzene 
	135 

1-hexene 
	112 

diethyl ether 
	180 

isobutyl methyl ketone 
	180 
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6, 	OIL/WATER INTERFACE 

	

6.1 	Interfacial tension measurements. 

6.1.1 Effect of sodium alkyl sulphates on the benzene/water interfacial  

tension. 

The effect of pH on the interfacial tension of the benzene/aqueous 

surfactant solution interface is shown in Fig, 6.1 for 10 5 m SOS at 

constant ionic strength (I = 10-2  M). Above pH 3, variation in pH had 

little effect on the interfacial tension of the system. Similar 

observations have been made with SDS (233) and the decrease in inter-

facial tension at acid pH values has been attributed to hydrogen ion 

adsorption. As the interfacial tension did not change appreciably with 

variation in pH, all subsequent interfacial tension measurements were 

carried out at the natural pH of the surfactant solution. 

The effect of the sodium alkyl sulphate concei:..ration on the 

interfacial tension between benzene and water is shown in Fig. 6.2. 

The curves are typical in the case of SDS and STS, and show that the 

interfacial tension decreased with increasing surfactant concentration 

until the c.m.c. wes reached (or the solubility limit, in the case of 

STS) when the interfacial tensiol. became constant. Furthermore, at a 

given concentration the interfacial tension of the STS solution was 

lower than that of SDS. The curves for SOS and SHS, however, show that 

these surfactants did aot have the expected effect of reducing the 

interfacial tension below that of STS. These results are not in agree-

ment with those of Kling and Lange (160) who showed that for a 

homologous series of alkyl sulphates, the interfacial tension between 

n-heptane and water decreased with an increase in chain length. Their 

work was, however, carried out at elevated temperatures where the 

longer chain alkyl sulphates were appreciably soluble, whereas the 

results in this study were obtained at 25°C. 
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The anomalous behaviour of SOS was not attributable ta an increase 

in alkyl sulphate solubility in the benzene phase with an increase in 

chain length. This was shown by equilibrating SOS crystals with benzene 

for 24 h. No sodium was detected in the organic phase and the inter- 

facial tension of the benzene 	water was 30.1 mN m
-1 

which is in 

excellent agreement with that obtained for pure water and benzene (see 

Table 3.2). A similar interfacial tension was also obtained with 

benzene that had been equilibrated with an SOS solution and then 

separated from it. It is, therefore, concluded that SOS is not soluble 

in benzene. 

Recently, substantial evidence has been presented indicating that 

surfactant solutions below their c.m.c. are not completely dissociated 

and that pre-micellar aggregates occur. The evidence has been reviewed 

by Mucl-erjee (234). The presence of pre-micellar association, e.g. 

dimerization, means that the monomer concentration 	no longer be 

equated to the stoichiometric concentration. In the present study the 

anomolous behaviour of the longer chain alkyl sulphate= might, therefore, 

be attributable to the increasing effect of dimerization 'ith 

increasing chain length. 

Much of the evidence for pre-micellar association has come from 

studies of the electrical conductance of SDS solutions, but the results 

are conflicting. Muckerjee et al (235) found that in the concentration 

range 10 - 10 3 M SDS the conductance did not agree with the Fuoss-

Onsager extended theory (236) which is expected to apply to dilute 

solutions. The results obtained suggested that the speCies in solution 

were more conducting than the monomer, although deviation from the 

Fuoss-Onsager theory was not significantly dependent on concentration. 

The authors considered that the explanation of the results was an 

equilibrium between monomeric dodecyl sulphate ions (DS ) and their 

dimers, i.e. 	2 DS ± DS22- 
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An intertwined model of the dimer was proposed (235) which permitted 

the maximum contact possible between the hydrocarbon chains whilst 

minimising charge repulsion between the polar head groups. In contrast 

Parfitt and Smith (237) presented conductance data which was well 

accounted for by the Fuoss-Onsager theory, although the desi7n of their 

conductance cell has been criticized (234). 

Investigations with other techniques have still not completely 

resolved the conflict, although on balance the evidence does support the 

presence of dimers. A potentiometric study of an SDS system by van 

Voorst Vader (238) indicated that dimerization was negligible. The use 

of an electrochemical cell involving a liquid junction in this work has, 

however, been criticized (234). an e.m.f. study using a sodium ion-

sensitive glass electrode (239) has shown that sodium decyl sulphate 

behaves similarly to sodium chloride. but that SDS and STS exhibit 

marked deviations consistent with the formation of dimers. In this, as 

in the previous woek, the use of liquid junctions introduces 

uncertainty in the interpretation of the results. A magnetic float 

technique was employed by Franks and Smith (240) to carry out density 

measurements on SDS solutions in the submicellar concentration range. 

The derived partial malar volumes deviated from the Debye-liackel 

limiting law even at very low concentrations. Gillap and coworkers 

investigated the thermodynamics of adsorption of sodium decyl sulphate 

and sodium dodecyl sulphate at the air/water (241) and oil/water (242) 

interface. In the case of the air/water interface they calculated the 

standard thermodynamic functions for adsorption of the surfactants at 

the interface, and the results showed that although entropy changes 

were the main driving force for the adsorption process, the standard 

entropy of adsorption was the same for both chain lengths. The authors 

suggested that the adsorption of SDS did not reflect a bulk monomer - 

adsorbed monomer equilibrium and that dimers were present in solution. 



-116_ 

A large increase in the standard entropy of adsorption with increasing 

chain length was, however, observed at the oil/water interface (242). 

The suggested explanation was that whilst monomers and dimers are 

present in bulk solution and both species are adsorbed at the air/water 

interface, the monomer is excludvely adsorbed at the oil/water inter-

face. The increase in entropy may, therefore, be interpreted in-terms 

of dissociation of the dimer and adsorption at the interface. 

In the presence of benzene it was observed that the c.m.c. of SDS 

was reduced. This phenomenon has been reported by other authors (157) 

who considered it to be due to solubilization of the organic liquid in 

the SDS micelle in the aqueous phase. To determine whether this effect 

occurs in the bulk aqueous phase or predominantly at the oil/water 

interface, conducivity measurements were conducted on SUS solutions at 

different concentrations, in the presence and absence of benzene. The 

results are shown in Fig. 6.3. It can be seen that v,enzene lowered the 

conductivity of the solutions but had only a small effect on the 

apparent c.m.c. This difference suggests that the obs .:.ved lowering 

of the c.m.c. in the interfacial tension measurements is attributable 

to premature micellization of SDS at the benzene/water interface. 

The effect of temperature en the benzene/surfactant solution 

interfacial tension was determined for the four alkyl sulphates used. 

The interfacial tension of 10-5 M solutions of the alkyl sulphates at 

different temperatures are presented in Fig. 6.4, as a function of 

chain length. At 25eC the interfacial tension decreased with increasing 

chain length to a minimum at STS and then increased again. Increasing 

the temperature to 50°C moved the position of the minimum to between 

SETS and SOS. At still higher temperatures (i.e. 70°C) no minimum was 

obtained at all. Under these conditions the results were consistent 

with those of Kling and Lange (160). These results indicate that the 

longer chain length surfactants only behave 'normally' when the 
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temperature is raised so that the solubility is well above the Krafft 

points. This behaviour is indicative of the presence of dimers, which 

at high temperatures would more readily dissociate into the monomeric 

form. At elevated temperatures, therefore, the stoichiometric concen-

t.ation would correspond to the monomeric concentration and the inter-

facial tension - surfactant concentration curves would he as predicted 

from Traube's rule. 

6.1.2 Effect of sodium alkyl sulphates on the air/water surface tension. 

To determine whether or not the longer chain alkyl sulphates also 

exhibited anomalous behaviour at the air/water interface, the surface 

tension of the alkyl sulphate solutions was determined as a function of 

surfactant concentration. The results shown in Fig. 6.5 are typical 

in Lhe case of SDS and STS and similar to those obtained at the oi:1 

water interface. The values of the c.m.c. for STS and SDS found by this 

method were 1.5 x 10
-3 

M and 8.0 x 10
3 
M respectively, and are in good 

agreement with previously reported values (160). SITS and SOS, however, 

did not behave as expected, indicating that the anomalous behaviour is 

not confined to the presence of an oil/water interface. These results 

may be interpreted in a similar manner to those obtained at the oil/ 

water interface i.e. the increase in dimerization with increasing chain 

length results in the displacement of the interfacial/surface tension - 

surfactant concentration curves to higher surfactant concentrations 

because of the decrease in monomer concentration. 

6.1.3 Effect of notassium and lithium alkyl sulphates on the benzene/ 

water interfacial tension. 

The nature of the cation does not affect the surface activity of 

a surfactant (243), but it does affect the value of the interfacial 

tension (244). Potassium salts have been observed to have the greatest 
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effect with regard to lowering of interfacial tension (244), followed 

by sodium and lithium salts. This order is one of increasing polariza-

tion potential of the cation from potassium to lithium and, hence, 

increasingly large hydration sheaths. An increase in the size of the 

hydration sheath around the cation will reduce the number of counter-

ions in the interfacial region and consequently the interfacial tension 

will be less affected. 

The reverse of the above series has been found for the effect of 

the cation on the Krafft point of alkyl sulphates (2/i5) i.e. the Krafft 

point for the potassium salt is greater than that for the sodium salt, 

whilst lithium has the greatest effect with regard to reducing the 

Krafft point. The effect on the Krafft point is due to a similar reason 

as that described above, i.e. a heavily hydrated cation will not be in 

such close proximity to the surfactant anion as one that is less 

hydrated. The net result is that repulsion between the surfactant anions 

is greater in the former case, and the solubility of the surfactant is 

greater. Similar reasoning can be made with respect to the formation 

of dimers. Lower concentrations of dimers would be expected in a 

solution of lithium salt because of the greater hvdr,tion of the lithium 

cation and a corresponding greater replusive force between the anionic 

alkyl sulphate polar head groups. The reverse will be true for the 

potassium salt. 

The effect of lithium and potassium alkyl sulpnate concentration 

on the benzene/water interfacial tension is shown in Fig. 6.6. The 

curves are similar to those obtained for the sodium alkyl sulphates, 

except that in both cases the hexadecyl sulphate salt behaved as 

expected. Lithium octadecyl sulphate did not, however, produce the 

expected decrease in interfacial tension. Potassium octadecyl sulphate 

was insoluble over the concentration range investigated. 

The same data is presented in Fig. 6.7 to show the effect of the 
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Fig. 6. 6. Interfacial tension between benzene and water as a  

function of (a) potassium alkyl sulphate concentration  
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Fig. G. 7. Interfacial tension between benzene and water as a  

function of surfactant concentration for (a) dodecyl,  

(b) tetradec 1 and (c) hexadec 1 sulphate salts. 
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cation on the interfacial tension for each surfactant chai:g length. In 

the case of the C
12 

and C
14 
 surfactants, the sodium ion had the greatest 

effect with regard to lowering of interfacial tension, followed by the 

lithium and potassium ions. The sodium and lithium ions are in the same 

order as in the series above (?44). The uotassium ion, however, had 

less effect than expected by the reasoning presented. This result is 

consistent with the dimerization hypothesis, i.e. in the case of the 

sodium and lithium ions the concentration of dimers in solution is low 

and the surfactants behave normally, whereas the increased dimerization 

as a result of substituting the potassium ion in the molecule results in 

the interfacial tension - concentration being displaced towards higher 

concentrations, 'swamping' out the effect due to the decreased hydration 

of the cation. The displacement of the interfacial tension - concentra-

tion clIrve as a result of dimerization increased with in,reasing chain 

length. The series formed by the effect of the cat!on on the .inter-

facial tension in the case of the hexadecyl sulphate is that the 

lithium ion produced the greatest lowering of interfac,a1 tension, 

War)wed by the sodium and potassium ions which had approximately the 

same effect. These results are indicative of the formation of dimers 

in the solutions rf the potassiums and sodium salts, thus causing dis-

placement of both the curves. In all the above cases, dimers will 

probably be formed in solutions of the lithium salts, but the extent of 

dimerization will be small. The cation did not affect the interfacial 

tension between benzene and water in the presence of octadecyl sulphate. 

This result suggests that dimerization occurred extensively in all the 

salts of the C
18 

surfactant. 

6.1.4 Interfacial tension between various oils and water in systems 

modified by alkyl sulphates.  

The interfacial tension between various oils and water were 
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determined for two alkyl sulphate concentrations; 6 x 10-4  11 STS and 

6 x 10 6  14 SOS. The results are shown in Table 6.1. Under these 

conditions of equilibrium surfactant concentration, extraction of 

collector-coated rutile particles occurred into some of the oils at 

pH 3.1. The response of the rutile particles in the system under the 

given conditions is indicated in the table for each oil phase. It was 

found that there was no obvious correlation between extraction and the 

interfacial tension of the relevant oil/water system. 

Table 6.1. 

Interfacial tension between various oils and alkyl sulphate  

solutions, and, the response of rutile particles in each system  

Oil 
(STSI 	1 
(mNm 	) 	

I (111Nni- 	) 

Respone of Response 

rutile particles 

n-heptane 23.6 45.5 No extraction 

n-hexane 23.3 43.5 No extraction 

iso-octane 20.9 42.0 No extraction 

cyclohexane 13.9 39.5 Extraction 

toluene 8.9 33.0 Extraction 

benzene 7.5 30.0 Extraction 

1-hexene 8.1 27.5 No extraction 

diethyl ether 4.5 8.5 Extraction 

isobutyl methyl ketone 6.9 8.5 No extraction 

6.1.5  Effect of CTAB on tha oil/water interfacial tension.  

Interfacial tension measurements were carried out to determine the 

effect of pH on the interfacial tension between benzene and CTAB 

solution. The results indicated that pH had no effect on the interfacial 

• tension of the system. All subsequent measurements were carried out at 

the natural pH of the surfactant solution. 

The effect of concentration of CTAB on the interfacial tension 

between benzene and water is shown in Fig. 6.8. The curve shows that 

the interfacial tension decreased with increasing CTaB concentration 
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until the c.m.c. was reached. As with SIDS, the c.m.c. of CTaB was 

reduced in the presence of the organic phase. The c.m.c. in the 

presence of benzene was 5.8 x 10
-4  N CTAB. Some authors (246) have 

suggested that dimerization occurs in aqueous solutions of CTAB. It 

seems likely, however, that dimers are formed only at low co:.centrations 

where electrostatic interactions are negligible (246), as is probably 

the case with the shorter chain alkyl sulphates. 

The interfacial tension between various organic phases and 

10 4  N CTAB solution was also determined. The results are shown in 

Table 6.2 along with the response of collector-coated rutile particles 

under these equilibrium conditions at pH 10.5. The results show that 

extraction occurred when the interfacial tension between the oil and 

CTAB solution was less than the critical value of 17.5 mNm
-1
. 

Table 6.2. 

Interfacial tension between various oils and CTaB solution: 

and, the response of rutile particles in each system  

6.1.6 adsorption at the oil/water interface  

It has been shown from electrostatic and kinetic considerations 

(247) that Gibb's equation in the form 
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- d)'= RTrdln C 	 (1) 

applies to adsorption of uni-univalent surfactants at the oil/water 

interface in the presence of excess inorganic electrolyte. In the 

absence of excess salt, allowance must be made for adsorption of the 

counter-ion which accompanies 1,ne long-chain surfactant ions at the oil/ 

water interface (248). Thus, in the absence of electrolyte euuation 1 

becomes 

- Of= 2RTrdln C 	 (2) 

This equation has been experimentally verified by Haydon and Phillips 

(249) for the petroleum ether/Nater interface in the presence of SDS 

and CTAB. The purity of the water in their investigation was found to 

be of critical importance, however, particularly in the case of the 

anionic surfactant. In the present study, in an effort to exclude 

surfactant ions from the water, the distilled water was passed through 

an activated carbon column prior to the final distillation stage. This 

,-esulted in the presence of trace inorganic ions leached from the 

carbon, giving an average conductivity of 4 x 10 6 ohm 1 
cm
-1
. Haydon 

and Phillips (249) suggested that such a value probably neGessitated 

the application of equation 1. This equation was therefore used to 

calculate the surface excess as d function of surfactant concentration 

for the lithium alkyl sulphates up to C16, SDS, STS and CTAB, i.e. those 

salts where dimerization was assumed to be negligible. The results 

obtained are shown in Table C.3 along with the area occupied per surf-

actant ion at saturation. 
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Table 6.3. 

Adsorption densities of surfactants at the benzene/water 

interface. 

Concentration of 

surfactant 

(I•1) 

Adsorption density (rmole m -) 

SDS STS LDS LTS LDS C1 .B 

2 x 10
-b 

5 x 10
-6  

105  

2 x 10-5 

5 x 10 5  

10-4  

2 x 10
4 

5 x 10-4 

10
-3  

-3 
2 x 10 

0.26 

0.!1 

0.60 

0.79 

0.88 

1.23 

1.91 

2.28 

2.91 

2.91 

0.70 

1.10 

1.42 

1.89 

2.56 

2.56 

-- 

-- 

-- 

-- 

-- 

-- 

0.21 

0.33 

0.74 

1.00 

1.45 

2.26 

2.94 

2.94 

0.65 

0.91 

1.09 

1.33 

2.01 

2.26 

2.26 

-- 

-- 

-- 

0.91 

1-10 

2.33 

2.66 

3.26 

3.26 

-- 

-- 

-- 

-- 

1.00 

1.23 

1.44 

1.75 

2.32 

2.32 

2.32 

2.32 

--

-- 

Area/ion, $2  

(saturation) 

57.1 64.9 56.5 73.5 50.9 71.6. 

The adsorption of all surfactants at the benzene/water interface 

increased with increasing surfactant concentration until the adsorp-

tion density became constant over a concentration range from 255'0 of the 

c.m.c. to the c.m.c. This region of constant adsorption has been 

termed the 'saturation adsorption' region (250). The area/ion found 

for SDS is in good agreemctt with values found by other authors at 

various oil/water interfaces (157) (160) (184). 

The value of the saturation adsorption density is determined by 

the nature of the hydrophilic group of the surfactant, and by the 

interaction of this group with other polar compounds present at the 

interface. The shape and size of the hydrocarbon chain has little 

effect on the saturation adsorption (250). The differences between the 

values obtained for the area/ion within an homologous series (for a 
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given cation) in this study, indicates that the assumption that 

dimerization is insignificant for the longer chain surfactants given 

in Table 6.3 is probably erroneous. 



- 13o - 

CHAPTER 7 

GENERAL DISCUSSION 
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Fig. 7.1 Model of the system, oil/water/solid  

- 131 - 
	

7. 	GENERAL DISCUSSION  

	

7.1 	Displacement of water from a solid surface by an oil : Theoretical 

considerations. 

A simple schematic model of the oil/water/solid system is shown 

in Fig. 7.1. 

At constant temperature and pressure, a 	change in the 

surface free energy of the system is given by 

	

dG =aG 	. dA 	+ G 	. dA 	+ G 	. dA 	(11  
D 	

so 	SW 	ow 

	

A 	a A 	 A 
so 	sw 	ow 

where A , A and A represent the areas of the respective inter-
so sw ow 

faces, 

	

= y' 	. dA 	+ b 	. dA 	+`61 	. dA 	OOOOO .• . . (2) 
so so sw sw so OW 

When the oil spreads, 

dA = dA = - dA 
SO 	OW 	SW 

and equation 2 becomes 

dG = y' . dA 	-• I/  . dA 	+ b 	. dA 
so so sw so ow so (3) 

The spreading coefficient (251) of the oil phase on the solid, (S
o/s(w)) 
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which is defined as the free energy change for the process, is given by 

So/s(w) = Y/sw If.so - )(ow 	 ( 4) 

When S
o/s(w) 

is positive, spreading is spontaneous. It is interesting 

to note that equation 4, for conditions of spreading, is equivalent to 

the Von Heir,'ers criterion for dispersion of the solid in the oil (69) 

i.e. sw  ;%1/   so Ysw 

By combining equation 4 with the works of adhesicn of water and 

oil on the solid i.e., 

w 	1'  + x' - w' 	  (5) 
SW 	S SW 

wee = Y+Y o s - Y so 

it can be shown that the spreading coefficient is given by the following 

equation 

	

w - w ) - ( 	- 	- So/s(w) 	so 	sw 	o 	w 	dew 	 

Equations 1 to 7 are equilibrium equations and apply when the 

phases are mutually saturated. The phases must, therefore, be at 

equilibrium with an adsorbed film of vapour at each of the interfaces. 

This is accounted for in the interfacial energy terms by inclnsion of 

a film pressure, e.g. 

o rr 	  (8) 

where, 1 0  is the interfacial energy of the solid in vacua, and 11 is 

the equilibrium film pressure. 

Lavelle (292) used the concept of a 'critical film pressure', 

n- 
c
, to investigate spreading of various oils on chrome oxide in the 

presence of fatty acids. The spreading coefficients of both the oil 

and water are equal at the critical film pressure, therefore, by 

equating the two, he obtained the following expression 

T = ow 	sow . cos° 	+ 	) 	  (9) 

Lavelle carried out interfacial contact angle studies and film balance 

measurements to establish the value of rrc and also found that spreading 

often corresponded to a contact angle of less than 180°. No satisfactory 

and, (6) 
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explanation was given for this behaviour. 

Bartell and coworkers (253) (254) introduced the parameter, 

adhesion tension, into the study of wetting phenomena. The adhesion 

tension (A 	) in a two-liquid/solid system (262) is defined as 
sow 

A 	= y' - y/    kio) 

	

sow 	sw 	so 

= y/  .cos   (11) ow 	sow 

Comparison of equations :0 and 4 shows that when the adhesion tension 

exceeds the value of the oil/water interfacial tension spreading will 

occur. The adhesion tension is, therefore, a useful parameter for 

relating contact angle and spreading behaviour. It has been suggested 

(254) that the adhesion tension is the fundamental parameter that 

describes wetting. 

Zisman and coworkers (255) investigated spreading of homologous 

series of organic liquids on low surface energy polymers. They observed 

that the cosine of the advancing contact angle was usually directly 

proportional to the interfacial tension of the pare liquids in such 

series. The authors showed that the empirical relationship took the 

;orm 

	

cos 8 
S L V 	L 

= _ p ( - C) 	 (12) 
Thus a plot of COSe 

SLV 
 against y is a straight line which extrapolates 

to zero contact angle at bC. Zisman has called this value the critical 

surface tension and proposed that 3/  was characteristic of the solid. 

This parameter is a useful measure of wetting behaviour of organic 

liquids on such surfaces; liquids with surface tension less than 

spontaneously spread on the surface. b is not, however, a funda-

mental property of the solid as it is.dependent on the nature of 

homologous series of liquids. Girifalco and Good (256) have also noted 

_. I 
that straight lines result if COS° is plotted against 1/1/  or 1/0-

L 
 ) 2 

although different values for Itc  arc obtained. No similar study has 

been carried out on high surface energy surfaces rendered oleophilic 
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cy adsorbed surfactant films. 

7.2 	Adsorption at the ri►tilc'/water, water/oil and rutile/oil inter- 

faces in relation to extraction of particles into the oil phase. 

The mechanism of adsorption of the alkyl sulphates and .:TaB at 

the rutile/water interface has been discussed in Chapter 4. The 

results presented are corsistent with adsorption of long-chain surf-

actant ions by Coulombic attraction ( the anionic surfactants adsorbing 

below the z.p.c., the cationic above) followed by association of the 

hydrocarbon chains through Van der Waals forces at higher adsorption 

densities. At a certain equilibrium surfactant concentration adsorption 

of the surfactant increased rapidly as a result of condensation of 

surfactant ions upon the homogeneous surface presented to the aqueous 

phase by the first layer of adsorbed surfactant. 

Figs. 4.10 and 4.12 show the adsorption isotherms of the alkyl 

sulphates on rutile at p1! 3.1 and CTAB on rutile•at nH 10.5 respect-

ively. Marked on the curves by cross-hatching are the equilibrium 

concentration ranges over which extraction of rutile particles into 

various oil phases occurred. Extraction did not occur in systems 

modified by SDS. This indicates that there is a critical chaff.:; length 

required to render the particles sufficiently oleophilic for extraction 

to occur. 

Extraction occurred in systems modified by alkyl sulphates when 

the adsorption density of surfactant at the rutile/water interface was 

between monolayer coverage and saturation, the latter corresponding 

approximately to the solubility limit of the surfactant. Under these 

conditions the zeta-potential (Fig. 4.6) was between - 40 mV and 

- 50 mV. Extraction in systems modified by CTAB occurred between 30;,, 

of a monolayer and theoretical monolayer coverage. This corresponded 

to a potential at the slipping plane (Fig. 4.8) from approximately 
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0 mV to * 50 mV. Lavelle and Zettlemoyer (253) have shown that the 

number of hydroxyl sites on the rutile surface is equal to 10
14 

sites/ 

cm
2
. This corresponds to an area per site of 100 X . The surface 

coverage of alkyl sulphate or CTAB required for neutralization of the 

surface, therefore, if all the sites are charged, is 25% of 4. mono-

layer. Neutralization of the negative charge at p11 10.5 by CTAB 

occurred at 3o% of a monolayer indicating that the majority of the 

surface sites are charged. Neutralization of the positive charge at 

pH 3.1 by the alkyl sulphates occurred at approximately 1% of a mono-

layer which indicates that only a small proportion of the surface 

hydroxyls are charged at this pH. These results are consistent with 

the increasing number of neutral sites on the surface as the pH 

approaches the z.p.c. 

Saturation adsorption was obtalned at the oil/water interface in 

the surfactant concentration range where extraction occurred. The 

surface potential at the oil/water interface maybe calculated from the 

Gouy equation for an ionized 1:1 electrolyte in the form (259) 

2kT . sigh
-1  1.34  

e 	A 
0 
0 

where A is the area per electron charge in 4°-, and n
o 

is the electrolyte 

concentration in moles 
-1
. The values of the surface potential are 

given in Table 7.1 for SDS, STS and ChB at the upper equilibrium 

surfactant concentration et which extrection occurred, or, in the case 

of SDS, the c.m.c. in the presence of benzene. 

(13) 
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Table 7.1 	Surface _potential  a L. the benzene/water interface  in  the  

nresence of SOS STS and CTM3.  

Surfactant Concentration 

(ii) 

Area/ion 
(112) 

Surface 

potential 

(mV) 

sis 

STS 

CTAB 

4 x 10-3 

10
-3 

2.5 x 10
-4 

57.1 

' 64.9 

71.6 

-220 

-248 

+279 

The presence of a high surface charge at the oil/water interface with 

STS and CTAB does not appear to hinder extraction of the highly- 

charged rutile particles. 

Extraction of rutile into an organic liquid occurred when the 

contact angle approached 180°  (measured through the aqueous phase). 

The slight inconsigtencies between the contact anole and adsorption 

density data at the rutile/water interface as a function of equilibrium 

surfactant concentration (Figs. 5.16 and 5.19) have been int erpreted 

in terms of increased adsorption at the rutile/oil interface (section 

5.2.1). Smolders (7) using Young's and Gibb's equations has derived 

an expression relating the adsorption densities at the three interfaces, 

solid/air, solid/water and air/water, with the contact angle and air/ 

water interfacial tension. A similar treatment has been carried out 

by Lin and Netzer (260). For the solid/oil/water system the equation 

is 

I'so = fsw I' ow COS 	y' sin . 	(10  nw  
RT 	d In c 

The terms on the right hand side of the equation can be determined from 

data already obtained, and; therefore, 11  can be evaluated. The 
so 

results obtained in this investigation give adsorption densities at 

the rutile/oil interface corresponding to a thickness of about 40 

surfactant monolayers in the extraction region for both the alkyl 

sulphates and CTAB. This is unlikely to be a true representation of 

(14) 
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adsorption at the rutile/oi3 interface, so the validity of equation 14 

to the solid/oil interface must be considered doubtful. 

7.3 Uork of adhesion of oil drops to the rutile surface. 

The requirement; for adherence of an oil drop to a solid surface 

is that there is a decrease in the surface energy ugon adhesion. The 

work done per unit area by the system during adhesion of an oil drop 

to the solid surface is given by the Young-Dupre equation 

wad = V
ow (1 - cose 	  (15) 

The work of adhesion calculated from this equation is the theoretical 

maximum free energy available for adhesion and is not a measure of the 

free energy utilized (261). It does, however, give an indication of 

the conditions required for adherence of an oil drop to the rutile 

sur:ace. 

The results from .,;he calculation of the works of adhesion of 

water and benzene to collector-coated rutile as a function of surfactant 

concentration are given in Tables 7.2 and 7.3 for STS at pH 3.1 and 

CTAB at pH 10.5 respectively. The work of adhesion of benzene to the 

rutile surface in the presence of both STS and CTaB increased with 

increasing surfactant concentration until a maximum was reached. The 

value of W then remained constant until a surfactant concentration 
SO 

corresponding to monolayer coverage was attained, when W fell 
so 

rapidly. The rapid rise in W corresponds to the increase in contact 
so 

angle over similar concentration ranges as shown in Figs. 5.15 and 

5.19. In both systems Ws}  decreased with increasing surfactant concen-

tration and reached a minimum just prior to monolayer coverage. 

Extraction in the system modified by CTAH occurred between 

approximately 4 x l0-5 M and 2 x 10 4 M CTAB when W was at its 
so 

maximum value. Under these conditions W was approaching its minimum 
sw 

value. In the system modified by STS extraction occurred between 
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fable 7.2 York of adhesion of water and benzene  on rutile as a 

function of ::TS concentration at pH 3.1N  

STS canon. 

(M) 

W 
sw 

(Wm-2) 

W 
so 
..0 

(mJm '') 

10-5 

10
-4 

1.5 x 10
-4 
 

2 x 10 4 
4 

4 x 10 

6 x 10
-4 

8 x 10
-4 

10
3 

50.1 

25.5 

18.0 

9.1 

2.6 

1.0 

0.2 

10.5 

2.9 

2.5 

6.0 

12.9 

14.6 

13.8 

14.2 

3.5 

Table 7.3 lurk of adhesion of water and benzene  on  rutilc as a  

function of CTAB c,,ncentration at nii 10.5. 

CME. concn. 

(N) 

W 
sw 
, 

(mJm 2) 	(mJm 

W 
so 

-2) 

10
-)  

55.6 0.4 

10 5  41.7 1.3 

3 x 105  27.4 6.8 

5 x 10-5 9.9 18.9 

8 x 10-5  4.5 18.9 

10
-4 

3.0 17.8 

2 x 10
4 13.0 0.0 
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9 x 10
-4 

H and 10
-3 

M STS where W was at a maximum and W was at a 
so 	 sw 

minimum. These results indicate that the relationship between W and 
so 

W is a critical factor in determining under what conditions displace-
sw 

ment of water by an oil phase takes place. 

The work of adhesion of water and various oils on ruti'.e in the 

presence of 6 x l0-4 M STS at pH 3.1 and 10 4 
M CTAB at pH 10.5 were 

calculated using equation 15. The results are shown in Table 7.4. The 

table shows that the value of W does not appear to determine whether 
so 

or not extraction occurs into a particular oil. The table does show, 

however, that the value of W 
sw  was lower in those systems where extrac-

tion occurred than in those where it did not. This again indicates that 

it is the relationship between W and W , rather than the absolute 
so 	sw 

value of W 
so

, that determines which oils displace water from the rutile 

surface. 

7.4 Disnlacement cf water from a rutile surface by  an organic liquid. 

The conditions required for displacement of water from a rutile 

surface by an organic liquid have been discussed above, The main 

criterion for spreading of the oil is that the contact angle (measured 

through the water phase) approaches 180°. This requirement is fulfilled 

by various oils under different conditions depending on the nature of 

the surfactant. 

7.4.1  Systems modified by CTAB.  

In systems modified by CTAB, spreading of an organic liquid 

occurred when 

(a) the adsorption density at the solid/water interface 

corresponded to between 3c6 of a statistical close-packed verti-

cally oriented monolayer and theoretical monolayer coverage; 

(b) the zeta-potential was between approximately 0 mV and 
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Oil 	 a b 

SW 

(mJm -2) 

td so 

(mJm-2 

Response of 
rutile narticles 

sw 

(mJm 
-2 

SO 

(mJm -2  

Response of 
rutile particles 

n-heptane 	7.8 39.4 No extn. 16.8 20.7 No extn. 

n-hexane 	3.1 43.5 No extn. 16.4 18.8 No extn. 

iso-octane 	2.8 38.9 No extn. 17.9 27.2 No extn. 

cyclohexane 	0.5 27.3 Extn. 11.4 23.4 Extn. 

toluene 	0.1 17.5 Extn. 9.5 23.5 Extn. 

benzene 	0.5 14.5 Extn. 3.1 17.9 Extn. 

1-hexene 	3.4 22.9 No extn. 10.4 22.8 Extn. 

diethyl 
ether 	0.0 4.5 Ex-tn. 0.0 16.2 Extn. 

isobutyl 
methyl ketones 	1.2 1.3 No extn. o.o 17.6 Extn. 
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+ 50 mV; 

(c) saturation adsorption was reached at the oil/water inter- 

face; and 

(d) the organic liquid had an interfacial tension against pure 

water of less than 49.6 mNm
-1
. 

The charge on the rutile surface at the lowest surfactant 

concentration required for extraction was close to zera, and this 

corresponded to a surface coverage of 30% of a monolayer. Under these 

conditions not only was the surface oleophilic, but it was also hydro-

phobic. 

The interfacial tension between two phases is given by (252) 

Ity dispersion,  y polar Y hydrogen bonds y(  bonds 
12 = 12 	12 	12 	12 

.,/ elet,trical double layer 

	

+ 6   (lb) 12  

where the terms on the right hand side of the equation represent the 

contributions due to various interactions across the interface. -there 

the surface charge is zero, the contribution dug to dispersion forces 

will be the predominant factor. It may be assumed, therefore, that 

	

under these conditions 1f/ 	Yi 	are approximately constant and in- 
SW 	SO 

dependent of the nature of the organic liquid. The criterion for dis-

persion of solid particles in an oil phase 

> sw so ow 

will, therefore, be fulfilled when the value of'4
ow 

 is below a certain 

critical value. The results, in systems modified by CTAB, are consis-

tent with this simple model of spreading. 

As adsorption continues over the extraction region, although 

oleophilicity increases, the zeta-potential and, therefore, hydro-

philicity (257) also increases. At a certain surfactant concentration 

the surface will have become sufficiently hydrophilic that the rutile 

surface will be preferentially wetted by water and extraction will 

cease. The formation of a close-packed reversely oriented hilayer with 
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polar groups facing into the liquid chase will increase this effect by 

preventing solubilization of the adsorbed surfactant layer by the oil 

phase. 

7.4.2 Systems modified by alkyl sulphates. 

In systems modified by the alkyl sulphates spreading of an 

organic liquid occurred when 

(a) the chain langth of the surfactant exceeded 12 carbon atoms; 

(b) the adsorption density of the surfactant at the rutile/ 

water interface was between that corresponding to a statistical 

close-packed vertically oriented monolayer and saturation (and/or 

the solubility limit of the surfactant); 

(c) the zeta-potential was between - 40 mV and - 50 mV; and 

(d) saturation adsorption was reached at the oil/water interface. 

Again, water was only dispersed from the rutile surface by some 

oils, but in this case Y/w  did not appear to be'the determining factor. 

Glembotskii and coworkers (263) have shown that viscosity of the 

organic liquid is an important factor in determining the efficacy of 

non-palar oils in e”Itilsion flotation processes. They concluded that 

the hydrophobic effect of the oil increased with an increase in its 

viscosity. The viscosities of some of the oils used in this investi-

gation are shown in Table 7.5. The table shows that Lost of the oils 

have relatively low viscosities and that viscosity does not appear to 

be the factor controlling whether or not extraction occurs. 
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Table 7.5 	Viscosities of various organic liquids at 25°C (165). 

Oil Viscosity 

(cp) 

Response of rut.ile in system 

modified by alkyl sulphates. 

n-heptane 0.41 No extn. 

n-hexane o.33 No extn. 

cyclohexane 1.02 Extn. 

benzene 0.65 Extn. 

toluene 0.59 Extn. 

diethyl ether 0.23 Extn. 

n-butanol 2.95 No extn. 

ethyl acetate 0.46 No extn. 

The dipole moments of various organic liquids are shown in Table 

7.6. 

Table 7.6 Dipole moments of various organic liquids.  

Oil Dipole moment 

n-heptane 0.0 

n-hexane 0.0 

iso-octane 0.0 

cyclohexane 0.2 

benzene 0.0 

toluene 0./ 

1-hexene 0.34 

diethyl ether 1.15 

n-butanol 1.66 

Comparison of Tables 5.2 and 5.3, which classify the oil phase according 

to their effect on extraction in the systems modified by alkyl sulphates 

and CTAB respectively, shows that the non-polar oils behave similarly 

in both cases. In the absence of a dipole moment, therefore, the 

results may be explained by the presence of a critical interfacial 

tension below which the oils spread on the oleophilic rutile surface. 

The polar nature of an organic liquid gives an indication of the interaction of 



Oil 	 Oolubility 

(tie % 

n-heptane 

n-hexane 

cyclohexane 

toluene 

benzene 

di-isopropyl ether 

diethyl ether 

isobutyl methyl ketone 

ethyl acetate 

n-butanol 

0.015a  

0.013a  

0.012
a 

0.052
b 

0.072
b 

0.60a  
1,26

b  

3.84c  

19.55a  
3.2a  

oil with water. Table 7.7 shows the solubility of water in various 

organic liquids. 

, 
Table 7.7 	Solubility of water in various organic liquids at 2500. 

a : ref. 265; h : ref. 266; c : ref. 267. 

:7eutralization of the :surface charge in systems -modified by alkyl 

suiphates occurred at low adsorption densities. Under these conditions, 

although the surface was hydrouhobic, it was not sufficiently oleophilic 

for spreading to occur. The requirement for spreading was the form-

ation of a close-packed vertically oriented monolayer. The high 

negative charge associated with this layer means that although the 

surface is oleophilic it is also hydrophilic. The presence of signifi-

cant quantities of water in the organic liquid may lead to the form-

ation of wetting films on the highly charged particles which would 

prevent spreading. Table 7.7 shows that those polar oils into which 

extraction did not occur had greater amounts of water dissolved in them 

than those oils into which extraction occurred. These results indicate 

that the presence of significant quantities of water in polar oils 

were the reason for the non-s:reading of certain oils. 
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CHAPTER 8 

CONCLUSIONS 
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8. 	 CONCLUSIONS 

An investigation has been made of the interfacial conditions 

required for the extraction of TiO2  (rutile) particles from an aqueous 

phase into various organic phases in the presence of sodium dodecyl, 

tetradecyl, hexadecyl and octadecyl sulphate, and cetyltrimethyl-

ammonium bromide. The techniques involved include contact angle, 

surfactant adsorption, zeta-potential and interfacial tension measure-

ments and from the results the following conclusions have been maces. 

1) The zero point of charge (z.p.c.) and isoelectric point (i.e.p.) 

of rutile occur at pH 5.3 and 4.3 respectively. The difference 

is probably attributable to small amounts of anionic impurity 

remaining from the preparation process. 

2) The adsorption of alkyl sulphates and CTAB at the rutile/water 

interface is consistent with that of Coulombic attraction 

followed by chair-chain interactions at high adsorption densities 

and/or after neutralization of the surface charg:_. 

3) Increasing the alkyl sulphate chain length displaces i.he adsorp- 

tion isotherms on rutile to lower equilibrium surfactant 

concentrations. 

4) The onset of hydrocarbon chain interaction at the rutile/water 

interface is shown by a rapid change in zeta-potential and 

surfactant adsorption in the case of CTAB. With the alkyl sul-

phates, however, the change in zeta-potential and adsorption 

density are not coincident. 

5) Maximum adsorption of alkyl sulphate and CTAB at the rutile/ 

water interface at pH 3.1 and 10.5 corresponds to 1.2 and 1.4 

statistical close-packed vertically oriented monolayers respect-

ively. The results are consistent with the formation of a 

reversely oriented bilayer of different degrees of compactness. 
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6) CT;.B 'salts out' on the rutile surface at low pH values in the 

presence of supporting electrolyte. 

7) Extraction of rutile into benzene does not occur with SDS but it 

does with the higher homologues. With the longer chain alkyl 

sulphate extraction occurs with organic liquids that have a 

cyclic structure and the ethers, but not with alkanes, alkenes, 

ketones or alcohol-. 

8) Extraction of rutile in the presence of alkyl sulphates occurs 

when the adsorption density of surfactant at the solid/water 

interface is between 1 and 1.2 vertically oriented mon'llayers, 

0 
and the contact angle approaches 180 . At pH 3.1 this corres-

ponds to a zeta-potential of between - 40 and - 50 mV. 

9) viith increasing alkyl sulphate chain length the contact angle 

versus concentration curve is displaced to lower equilibrium 

surfactant concentrations. Alkyl sulphates below C16  all gave 

maximum angles approaching 180°, but with C
18 

low angles were 

obtained. The latter is attributable to bilayer formation on the 

rutile surface and armouring of the oil drop. 

10) In the presence of CTaB at pH 10.5 extraction of rutile occurs 

with those organic liquids with an interfacial tension against 

pure water of less than 49.6 mNm
-1

, when the adsorption density 

at the solid/water interface is between 30% and 100% of a verti-

cally oriented monolayer and with a receding contact angle of 

180°. Under these conditions the zeta-potential is between 0 

and + 50 mV. 

11) It is concluded that displacement of water from a rutile surface 

by an organic liquid occurs when the surface is sufficiently 

oleophilic to make the solid/oil/water contact angle 180°. 

In systems modified by CTAB this condition is fulfilled near the 

i.e.p., when the surface is hydrophobic, by oils which have an 
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interfacial tension which is less than a critical value. In 

systems modified by the alkyl sulphates, however, although the 

surface is hydrophobic at the i.e.p., it is not sufficiently 

oleophilic for spreading to occur. At higher adsorption densities, 

where .he surface becomes oleophilic, the presence of a large 

surface charge also renders the surface hydrophilic. Under these 

conditions wetting of the surface by non-polar c;ls will still 

be determined by the value of the critical interfacial tension. 

With polar oils, the presence of significant quantities of water 

in the organic phase will result in the formation of aqueous 

wetting films on the highly charged particles which will prevent 

the spreading of the oil. 

12) 	Interpretation of the interfacial tension data in the presence 

of alkyl sulphates is complicated by the tendency of the alkyl 

sulphate to diinerize as the chain length increases. 
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