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ABSTRACT  

The problems associated with the flotation of fine mineral 

particles are discussed. Particular reference is made to slime 

coatings and the small flotation rates of very fine particles. 

An investigation has been made of the concentration of fine 

hematite and quartz particles at the non-polar oil/water interface 

of an oil in water emulsion. The collectors and non-polar oil 

employed were sodium dodecyl sulphate, dodecylamine and dodecanoic 

acid, and iso-octane (i.e. 2.2.4. trimethylpentane) respectively. 

Potentiometric and analytical methods revealed that for dodecylamine 

and dodecanoio acid, neutral amine and fatty acid molecules were 

distributed between the organic phases. The effect of this distri-

bution on the concentration of quartz and hematite at the oil/water 

interface was evaluated. Distribution coefficients were determined. 

Contact angle, zeta potential, and adsorption density results 

showed that the concentration of the minerals at the oil/water 

interface in the presence of sodium dodecyl sulphate and dodecylamine 

is dependent on the sign and magnitude of the charge on the mineral 

particles, and the concentration of collector ions in the aqueous 

phase. These results also indicated that the primary mechanism of 

adsorption of dodecylamine and sodium dodecyl sulphate at the solid/ 

water interface is one of coulombic attraction of the collector ions 

for the oppositely charged surface. Two steps were involved in the 

adsorption processes. The reasons for this are discussed. 
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The concentration of hematite at the oil/water interface using 

dodecanoic acid as a collector appeared not to be dependent on the 

charge of the hematite particles. 

Interfacial tensions, determined using the drop volume method, 

were used, in the Young's expression to evaluate the work of adhesion 

of the oil drop to the hematite and quartz surfaces. A good correla—

tion was obtained between the works of adhesion, percent extraction 

(i.e. the percent of the total solid, added, concentrated at the oil/ 

water interface), and the adsorption density. 
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1.00. INTRODUCTION  

1.10. Problems Associated with the Flotation of Fine  
Mineral Particles  

In flotation processes the presence of fine mineral particles 

of below 20 microns in diameter can give rise to three basic problems. 

Firstly because of their large surface area, fine particles consume 

large quantities of collector and modifying reagents. Secondly fine 

particles (slimes) can coat the coarser particles to be floated and 

inhibit flotation, and finally the flotation response of small parti—

cles differs from that of coarser particles. 

The formation of slime coatings on a mineral to be floated has 

been attributed to electrostatic forces of attraction (1) (2) and also 

to a chemical interaction process (3) (4) (5). Recently Fuerstenau, 

Gaudin and Miaw (6) related the slime coating density with the flota—

tion recovery and properties of the electrical double layer. They 

found that slime coatings were heaviest when the slime was uncharged 

or charged oppositely to the mineral being floated. Thus quartz was 

only floated with amine in the presence of hematite slimes when both 

the hematite and quartz had negative surface charges. Iwasaki, Cooke, 

Harraway and Choi (7) substantiated the results of Fuerstenau and co—

workers by showing that negatively charged kaolinite and bentonite had 

no effect on the flotation of quartz with amine at pH 6.0, whereas 

neutral or positively charged goethite slimes depressed flotation 

almost completely. On the other hand, at pH 3.0 with sodium dodecyl 
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sulphate as a collector positively charged goethite slimes had no 

effect on the flotation of goethite, whereas negatively or neutrally 

charged quartz, bentonite and kaolinite all depressed the flotation 

of goethite. These authors also investigated the effect of slimes of 

different sizes and showed that in the flotation of quartz with amine, 

a decrease in the size of the goethite slime particles produced a 

marked decrease in the quartz recovery. 

The mechanism of floating fine particles is basically the same 

as floating any size particle, in so far as the particle must come in—

to contact with the bubble surface. The intervening film of aqueous 

surface active agent must then be ruptured so that a finite contact 

angle between bubble and particle can be established. Many authors 

(8) (9) (10) (11) have shown that the optimum particle size for flota—

tion is approximately 50 microns and that below this value the rate 

of flotation and recovery decreases. Gaudin, Schuhmann and Schlecten 

(12) showed that for galena with sufficient potassium ethyl xanthate 

as collector, the flotation rate was proportional to the particle 

size down to a size of 5 microns and below this size remained 

constant. A detailed investigation by Tomlinson and Fleming (13) 

revealed that for apatite, hematite and galena, under conditions of 

'free' flotation, the flotation rate was first order with respects 

to the concentration of the size fraction being floated and dependant 

on the square of the particle diameter. Under conditions of 

'inhibited' flotation the flotation rate was zero order with respect 

to the concentration and not so dependant on the particle diameter. 
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Flotation was classified as 'free' or 'inhibited' depending on whether 

the flotation rate was controlled by the particle or bubble concentra-

tion. 

A number of theories have been postulated to explain the decrease 

in flotation rate with decrease in particle size. The first detailed 

attempt to develop a relationship between the flotation rate and 

collision hydrodynamics was made by Sutherland (14). He derived a 

relationship between the flotation rate (k) and particle size (r), 

which was of the form 

k 
	

KlE__ 
	 ( 1 ) 

K2  r 

where K1  and K
2 

are constants. Although Sutherland (14) showed that 

the data obtained by Gaudin and co-workers (12), on galena, fitted an 

approximate form of eqn (1) the agreement is probably fortuitous, 

because in Sutherland's theoretical analysis the intertial effects of 

the particle were assumed to be negligible. Philippoff (15) considered 

that the small flotation rate obtained with small particle sizes was 

attributable to the particles having insufficient time, during a 

bubble-particle collision, to rupture the film and form a finite 

contact angle. It was considered that when a particle collided with 

a bubblesit had sufficient inertia to deform the bubble surface and 

when the bubble regained its normal shape both particle and water 

were ejected from the bubble surface. Calculations of the time in 

which a fine particle was in contact with the bubble showed that it 

was unlikely that during this time the disjoining film (16) would 
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thin sufficiently for the film to rupture, and for a finite contact 

angle to be formed. Tomlinson and Fleming (13) from considerations 

of the classical hydrodynamics of Langmuir and Herne showed that the 

probability of a collision between a particle and bubble was a 

function of the square of the particle diameter. Their experimental 

results verified this. 

In most of the theoretical analysis on bubble - particle contact 

the emphasis has been based on the probability of bubble-particle 

collisions. It must however be realized that although a bubble and 

particle may collide with each other, adherence of the particle to 

the bubble does not necessarily follow. 

Recently Derjaguin and Dukin (17) have made a theoretical analy-

sis of bubble-particle collisions in terms of a dynamic double layer. 

Meloy (18) has summarised these analyses qualitatively. When a 

bubble rises water streams past its surface sweeping the adsorbed 

surface active ions rearwards and forming a new surface at the for-

ward pole of the bubble. As the old surface is swept rearwards the 

surface concentration of adsorbed surface active species decreases 

as the surface approaches the equator and then increases as the 

surface contracts. At a certain critical latitude the surface will 

become supersaturated with respect to the surface active ions and 

as a result ions will diffuse off of the back of the bubble. Thus 

the surface concentration goes all the way from near zero at the 

front of the bubble to supersaturation at its tail. 

At the front of the bubble, surface active ions will diffuse 



-12— 

toward the bubble, to counteract the difficiency of ions at the 

bubble surface. The movement of these ions will create a 'zone of 

depletion' in the liquid just outside the bubble surface. Furthermore 

since the surface active ions are charged, the bubble surface will be 

charged and counter ions will diffuse toward the surface. In the 'zone 

of depletion', therefore, there will be a deficiency of both counter 

ions and surface active ions. The diffusion of counter ions to the 

'zone of depletion' will be greater than that of the surface active 

ions. As a result, the zone of depletion will acquire a charge 

opposite to that on the bubble surface, which will build up until the 

rate of diffusion for the two types of ions is the same. Dukin (19) 

considers that the electric field from the charge will extend as far 

as 10 microns from the bubble surface and that it can have an intensity 

as high as 3000 volt/cm. (20). At the rear of the bubble the charge 

will be opposite to that at the front part of the bubble because of 

the diffusion of ions from the bubble surface. It follows, therefore, 

that a particle will only be attracted to the front part of the bubble 

if the charge on its surface is of the same sign as that actually on 

the bubble surface. Alternatively if the particle has an opposite 

sign to that of the bubble charge, it may be collected at the tail of 

the bubble. 

Derjaguin and Dukin (17) showed that in the absence of all forces 

except hydrodynamic ones, particles smaller than a critical size 

would never come into contact with the bubble because they would be 

carried around the bubble in the streamlines. In the presence of a 
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diffused layer, however, and when the particle diameter was smaller 

than the diffused layer thickness, a diffusio—phoretic foroe would 

be present. This would either enhance or inhibit the passage of the 

particle to the bubble surface. As a result of this force the 

critical particle size for cessation of bubble—particle contact 

would be modified. Furthermore, it was shown that even if particles 

were attracted into the diffused layer, contact with the bubble 

surface did not necessarily follow. A too high charge on the particle 

surface would result in the repulsive forces between the bubble and 

particle being greater than the attractive forces. As a result, the 

particle would be repelled from the bubble surface. Such a particle 

could be collected at the rear of the bubble where the surface charge 

was opposite in sign to that at the front of the bubble. 

Derjaguin and Dukin (17) also showed that for particles of 

diameter between the thickness of the diffused layer and that required 

for the onset of inertial effects, the particles could no longer be 

treated as pin points embedded in the diffusion zone, as they would 

themselves alter both the streamlines and the electric field of the 

diffusion boundary layer. It was shown that for such particles to 

become attached to the bubble, the disjoining film would have to be 

thinned at a far greater rate than that predicted from gravitational 

forces. On the basis of further calculations it was proposed that 

between the bubble and particle, very strong diffusio—phoretic forces 

could be formed. The particle as well as bubble, would carry an 

equilibrium adsorption layer and on approaching each other, surface 
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active ions could diffuse from the solid to the depleted bubble 

surface. As a result of this diffusion process a diffusion gradient 

amounting to thousands of volts cm
-1 could be established in the 

small gap between the bubble and particle. Since the surface active 

ion would generally be the slower moving one, the field would pull 

the particle toward the bubble surface. 

The dynamic nature of the double layer arising from bubble—

particle collisions suggests that 'fruitful' collisions are dependant 

on the bubble and particle size and charge, the diffusion rates of 

the ions, the collector concentration and the partition of collector 

adsorbed on the bubble and particle surfaces. In view of the complex 

nature of these variables it is impossible to predict the flotation 

behaviour of fine particles. 

1.20. Methods of Floating Fine Particles  

In many processes the fines are not floated directly, but they 

are either flocculated, agglomerated or picked up by coarser minerals 

and then floated. Gaudin and Malozemoff (21) found that by selectively 

flocculating sulphide minerals with heteropolar sulphur bearing sub—

stances, the flotation of fine sulphide minerals could be successfully 

accomplished. The process whereby fine particles are floated by 

attachment to larger carrier minerals has found considerable applica—

tion in the beneficiation of kaolin (22). In essence the process 

consists of using a finely divided auxiliary mineral as carrier for 
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the fine particles to be floated. The carrier mineral is then 

floated and the fines are 'piggybacked' into the froth. 

At the Minerals and Chemicals Philipp Corporation (23) (24) 

plant, crude clay is slurried with water, degritted through a 325 

mesh soreen and then dispersed with 3.5 lb. per ton of sodium 

silicate. The reagent addition per ton of ore treated is as follows. 

The clay is conditioned with 6 lb. ammonium sulphate and 600 lb. of 

coarse marble particles and sufficient water added to give a pulp 

density of 22% solids. An emulsion of 4 lb. of crude tall oil, 4 lb. 

of neutral calcium petronate and 3 lb. of aqueous ammonia is then 

added and conditioning continued. Eight pounds of light hydrocarbon 

oil is then added and after further conditioning the marble particles 

coated with an impurity of anastase are floated in conventional flota—

tion cells. The size of the particles floated in this process are 

9 microns and the size of the carrier mineral about 325 mesh. 

Neutral hydrocarbon oils, of the alkane type, are generally 

used in the flotation of minerals whose crystal structure is such 

that they are not readily wetted by water (25). Such minerals as 

graphite, sulphur, coal, diamonds and molybdenite fall into this 

category. Neutral oils are also used in conjunction with fatty acids 

in the flotation of manganese (26) (27) and ilmenite (28) (29) ores. 

Flotation processes utilizing oil have been termed 'agglomeration' 

or 'emulsion' flotation processes. This terminology has been 

adopted more as a matter of convenience rather than as an accurate 

discription of the principles involved. In principle there is very 



-16- 
little difference between a process using a neutral oil and one that 

uses no oil. In both processes single, or clusters of, hydrophobic 

particles are floated by attachment to air bubbles. The addition of 

oil to the flotation circuit merely increases the hydrophobicity of 

particles which would otherwise find it difficult to adsorb sufficient 

collector to become hydrophobic enough for bubble—particle contact. 

The oil is added to the mineral pulp as an oil in water emulsion con—

taining suitable collectors and sometimes emulsifiers. After condi—

tioning, the mineral pulp is treated in conventional flotation cells. 

The metallurgical results obtained from a flotation process in 

which oil is utilized are very dependant on the nature of the condi—

tioning process. A thorough study of the conditioning and flotation 

of an ilmenite ore using fatty acid collectors and fuel oil has been 

made by Lapidot and Mellgren (30). By measuring the power consumption 

as a function of conditioning time, the distribution of reagents on 

the products and by determining the flotation characteristics, these 

authors showed that the conditioning process could be divided intofive 

periods. These periods have been termed the 'induction period', 

'flocculation period', 'flocculation peak', 'deflocculation period' 

and the 'dispersion period'. During the 'induction period' the 

recovery of ilmenite was low and the reagents were adsorbed on both 

the ilmenite and gangue minerals as a result of random collisions 

with the oil drops. As the particles adsorbed more reagents agglomer—

ation of both the gangue and ilmenite particles occurred ('flocculation 

period') until at the 'flocculation peak' all of the minerals were in 
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an agglomerated form. A further increase in the conditioning time 

resulted in the agglomerates breaking ('deflocculation period') and 

the redistribution of reagents so that only the ilmenite particles 

were coated. During the 'dispersion period' the reagent was slowly 

removed from the ilmenite particles by attrition. Flotation tests 

Showed that although good flotation was obtained at the 'flocculation 

peak' the selectivity was very low. A high selectivity and recovery 

of ilmenite was best obtained at the end of the tdeflocculation 

period'. 

Some authors (31) (29) maintain that in processes utilizing oil, 

the fine particles can be treated with the coarse particles. The 

only effect of the fine particles, being to increase the reagent 

consumption. The work of Lapidot and Mellgren (30), however, clearly 

Showed that slimes could be treated, if the conditioner pulp density 

was increased to above 70%. Furthermore they ;Showed that the slimes 

should be separated and added to the conditioner after the 'defloc—

culation peak'. In this way the reagent made redundant, as a result 

of the deflocculation process, was adsorbed onto the slime particles. 

Exactly how the hydrocarbon oil effects the flotation of a given 

mineral is not clearly understood. Gates (26) and others (29) consider 

that good flotation is obtained as a result of the agglomeration of 

the mineral particles. The oil being a necessary prerequisite for 

agglomeration. Mellgren and Lapidot (30), however, showed that a 

'flocculation period' and a 'deflocculation period', were obtained 

whether the neutral oil was present or not. In view of these results 
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it would appear that both flotation and flocculation (or agglomeration) 

are manifestations of the mineral hydrophobicity and that the function 

of the oil is to increase the hydrophobicity of the particles and to 

reduce the collector consumption, rather than to cause agglomeration. 

In certain processes the use of oil to form spherical mineral 

agglomerates has found considerable application. Once again, however, 

it is difficult to elucidate the exact function of the oil. Bisse 

and Mc. Morris (32) showed that by injecting oil into a vigorously 

agitated coal slurry, preferential oil wetting of the coal particles 

resulted and flocculation occurred. After more gentle agitation, 

spherical agglomerates (or pellets) were formed which were removable 

from the gangue minerals by vibratory screening and centrifugation. 

In recent years Farnand and co-workers (33) have shown that, by using 

suitable fatty acid collectors such a technique might be applicable 

to the beneficiation of tin ores. A continuous agglomeration process 

for upgrading tin ores has been investigated by Meadus and co-workers 

(34). 

The quantity of oil added to a flotation or spherical agglomera-

tion process (35) (36) (37) (38) is generally such that a separate 

oil phase is not obtained at the end of the conditioning process. 

Thus in flotation plants the consumption of oil per ton of ore ranges 

from one pound to two hundred pounds (27). Little research has been 

conducted on processes which utilize considerable quantities of oil 

so that a separate oil phase is obtained. It is the purpose of this 

work to investigate such a system. 
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1.30. The Concentration of Minerals at the Oil/Water Interface  

If a mixture of two immiscible or partially immiscible liquids 

is shaken, a dispersion of one in the other results; but in order to 

attain any degree of stability, a third component is necessary. This 

third substance need not necessarily be a surface active agent, but 

can be a finely divided solid. If the two immiscible liquids are a 

neutral oil and water then depending on the relative phase volumes of 

the oil and water, and the type of solid, either an oil in water (0) 

or water in oil (W/0) dispersion will result. 

Young's expression (40) of wetting of solids by liquids, is 

SO — 	WO Cos 

where 8 is the contact angle in the aqueous phase and. SW,'' WO and 

YSO are the interfacial tensions of the solid—water, water—oil and 

solid—oil interfaces respectively. According to Von Reinders (41) 

three situations may occur: 

1) If YSO> irWO + SW, the solid will remain dispersed in 

the aqueous phase. 

2) If :SW > '/WO + SO, the solid will be dispersed in the 

organic phase. 

3) If Y: WO 	SW + Y' SO, or if none of the three interfacial 

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

particles will concentrate at the water—oil boundary. When the 

solid collects at the liquid—liquid interface Young's expression 

can be utilized to give the following results. 
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1) If SW K. 	then Cos() is positive and PR  `90°; this 

will result in the major portion of the solid being in the aqueous 

phase. 

"s  2) If SON c, i  SW, cos° is negative, (-2, .> 9o°, and the major 

portion of the particle will be in the organic phase. 

3) In the (unlikely) case when the contact angle is exactly 

90°, the particle will be equally wetted by both the organic and 

aqueous phase. 

The above theory suggests that it should be possible to modify 

the contact angle by the use of suitable surface—active reagents so 

that the mineral particles concentrate either at the liquid—liquid 

interface or in the organic phase. Schulman and Leja (42) have 

shown the validity of this reasoning by elaborate investigations of 

emulsions stabilized by barium sulphate particles. They found that 

by increasing the concentration of such collectors as sodium laurate 

and sodium dodecyl sulphate, the three phase contact angle, barium 

sulphate, benzene and water, could be increased from zero to a 

maximum of 135° for the sodium dodecyl sulphate and 115° for sodium 

laurate. When the contact angle was above 90°, water in oil 

emulsions were formed and when below 90°, oil in water emulsions 

were stabilized. This latter finding was consistent with the 

postulate of Hildebrand (43) which states that the phase preferen—

tially wetting the solid will be the continuous phase. At high 

concentrations of sodium oleate the contact angle approached 180°  

and there was a tendency for the barium sulphate particles to be 



-21— 

dispersed in the organic phase. (von Reinders case 2). 

Takakuwa and Takamori (44) have used the fact that emulsions 

stabilized by particles invert when the contact angle exceeds 90°, 

to determine the optimum conditions of collector concentration and 

pH necessary for the flotation of sulphide minerals. Although this 

work clearly shows the importance of collector concentration on the 

type of emulsion, it does not take into account the fact that 90°  

contact angles are not required for good flotation and also that 

some collectors depending on the p1 will be distributed between the 

aqueous and organic phases. 

Recently Coleman, Sutherland and Capper (45) have shown that 

calcite can be successfully extracted from an aqueous suspension of 

shale into an organic phase. The technique used involved making 

the particles oleophilic by ball milling the shale in aqueous 

suspension in the presence of (a collector of) sodium oleate. The 

calcite particles were then selectively extracted into a viscous 

petroleum oil which was brought into contact with the suspension. 

Calcite removal from the shale was improved by increasing the sodium 

oleate concentration, the time ofgrindingand. the oil/suspension 

contact time. 

1.40. Aim of the Present Work  

The aim of this work is to study the interfacial phenomena of 

collector in water solutions in the presence of iso—octane, and 

the behaviour of minerals such as quartz and hematite in such 
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systems. The iso—octane phase takes the place of the air used in 

conventional flotation systems. 

The techniques utilized in these studies involves contact angle, 

interfacial tension, adsorption, electrokinetic and extraction 

measurements. An attempt is made to correlate the experimental data 

and to elucidate the mechanism of collector adsorption at the 

mineral/water interface. 



2.00. SOLUTION EQUILIBRIUM STUDIES  

2.10. General 

Collectors are chemical reagents which have the ability to 

impart a degree of hydrophobicity to a mineral surface. Collector 

molecules consist of an anionic or cationic group attached to a non 

polar group, such as an alkyl or aryl radical. Anionic collectors 

are generally organic derivatives of an inorganic acid and they can 

be categorized into either oXhydryl or sulphydryl collectors, 

depending on whether the hydrocarbon chain is linked to the acidic 

hydrogen (or equivalent metal atom) by an oxygen or sulphur atom. 

Oxhydryl collectors include such compounds as organo sulphates, 

salphonates, phosphates and carboxylates, whereas sulphydryl 

collectors are thio compounds of similar radicals. 

Cationic collectors are represented by the amines of which the 

most commonly used, in flotation studies, is the alkyl primary 

amine, dodecylamine. 

In this research work three collectors, each with a twelve 

carbon hydrocarbon chain, have been used. The collectors are 

a) dodecylamine 

H 

C12  H25 	N

H 
 or RNH2 

b) sodium dodecyl sulphate 

0 

C12 H25 - 0 - S - 0 Na or R SO4 Na 



and c) dodecanoic acid 

Cll H23 C - 0 H or RCOOH. 
11 

 

Of these three collectors a) is cationic and b) and c) are 

anionic. 

In aqueous solutions dodecylamine and dodecanoic acid ionize. 

The degree of ionization depends on their dissociation constant and 

the pH of the solution. Sodium dodecyl sulphate being a strong 

electrolyte, remains completely ionized (46) over a wide pH range. 

The ionization of dodecylamine is represented by the equation 

RNH3- RNH2  + H
+ 	

pK = 10.6 (47) (48) at 25°C. 

and the dissociation of dodecanoic acid is represented by the 

reaction 

RCOOH;='-- RC00 + 11+  9  pK = 5 (49) at 25°C. 

Neutral dodecylamine and dodecanoic acid molecules are quite 

soluble in a neutral oil, such as iso-octane, but only slightly 

soluble in water (50) (51). If iso-octane is added to an aqueous 

amine or fatty acid solution, a distribution of neutral molecules 

takes place between the aqueous and organic phases. The collectors 

in ionic form do not enter into a neutral oil phase because of 

their hydrophilic nature. The magnitude and nature of the neutral 

molecule distribution in water and oil was investigated by 

potentiometric titrations, followed by a direct analytical proce- 
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dure to check the results. 

2.20. Theoretical  

Assume that the dodecylamine is dissolved in an excess of 

hydrochloric acid and that sodium hydroxide is added to increase 

the pH. As the pH is increased the reaction 

RNH3
+ 	

RNH2 + H
+ 

for which 

ERNE121 A [ 
	

(1) 
iii1S13+] 

proceeds to the right. The RNH2  produced will become distributed 

between the aqueous and iso—octane phase. The partition coefficient 

D will be *2]0   / PME2] A  

or rearranged D -[ RNH2] A = 	L 210 
	 ( 2) 

where, 

r 

I NH2 	= concentration of neutral amine in the 

organic phase in moles litre . 1 

and 
	

FRNEI2J A 	
concentration of neutral amine in the 

aqueous phase in moles litre — . 

A distribution coefficient (KD) involving, both neutral and ionic 

species may be defined as 

K
D = Total amine in aqueous phase  

Total amine in Organic phase 
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41N113+1 	1-RNE121 A  

1:131E21 

assuming that the ionic species is absent in the organic phase. 

Simplification of eqn  (3) by substitution from (1) and (2) gives 

" 	
=

lac + D. 
	 ( 4) 

The total amine balance at any particular pH is given by the 

expression 

VA  (RIEJT  = VA  [RNH3+] + VA  17.RqA  + Vo  ii -ENH10  (5) 

where VA = volume of the aqueous phase (ml) 

V0 
 = volume of the organic phase (ml) 

and PM2 .T = total dodecylamine concentration expressed in 

moles litre 1 of aqueous phase. 

The total amount of neutral amine in the system is given by 

the relationship 

VA A = Vo  L RNE21 	+ VA LRNH2 A 
	(6) 

Where A is the concentration, in moles per litre, of sodium hydroxide 

available after the neutralisation of excess hydrochloric acid, for 

reaction with cationic amine according to the equation 

RNH + + Cl + NaOH = RNH2 + NaC1 + H20. 
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Combination of eq (1) and (2) gives 

3+1 = {RNH21 Hi  .  
DK 

and from eq (6) illt1H 21 0  = VA  A .  
Vo 

 

  

Substituting in (5) for [7131 and [RNR 2]A  leads to 

VA  [RNP12]T = VAIME271 0  [}141 + VAC  2] 0  + Vo 

K D 	D.  

and substituting in (7a) for [RNH 2i _10 1  from eq(6), gives after 

rearranging 

1 = VA rid 	1 
A 	K[RNH21T  FV0D + VA] LRNE12-12]T 

Equation (8) indicates that if VA, K, DUM[2]T, V0  and D are constant 

a linear relationship exists between 1/A and Dril . A determination 

of the slope of this line will enable an evaluation of D to be made. 

Alternatively the slope can be set equal to Y so that 

VA 
K [RNH2 	FV0D + VA] 

(8) 

or 1 _ Vo DK 
Y 	VA 

[RNH21T + K [RNH2] (9) 

This equation indicates that if the reciprocal of the slope of eqn 

(8) is measured for different volumes of the organic phase, a linear 

relationship should exist between VY and V0  provided that VA, D, 
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K, and [RNHIT  are kept constant. The slope of this line incorporates 

an average value of D. 

A similar theoretical treatment is valid for dodecanoic acid. If 

the acid is initially dissolved in excess sodium hydroxide the 

equations obtained analogous to (4) and (8) are 

KD  = (H 
D 

1 
	 (10) 

D 

	

and 1 	= 	K VA  

	

A 	Le3 ivA  + voD3 [Rcool T  
1 

RCOOH 3 T  
(n) 

where KD = IRC00-1A   + iRCOOHL  
IRCOOHJ0 

and. K = [R0001  
CRCOOHII 

and A is the amount of acid available, after neutralisation of 

excess sodium hydroxide, for reaction with dodecanoate ions. 

2.30. Experimental  

2.31. Apparatus and Materials  

The titration vessel consisted of a 50 ml. IQuickfitt reaction 

vessel, fitted with a multi-socket, flanged lid. Through the lid 

sockets were inserted a calomel and glass electrode, nitrogen inlet 

and outlet pipes, and a 2 or 5 ml. burette. A magnetic stirrer was 

applied and the pH was measured with a Pye tDynacapt pH meter. 

The dodecylamine and dodecanoic acid used were both better 

than 99% pure and were supplied by B. Newton Maine Limited and 

B.M. respectively. The iso-octane was supplied by B.D.H. as a 
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'general purpose reagent' and was further purified by passage through 

a column of activated alumina. All other reagents, unless otherwise 

stated, were of 'analar' grade. 

2.32. Method 

A solution containing 1.34 x 10 3 moles/litre of cationic 

dodecylamine ions and 1.63 x 10 3 moles/litre of hydrogen ions was 

prepared. A 20 ml aliquot of this amine solution was pipetted into 

the titration vessel with a known volume of iso-octane. The result-

ing mixture was then titrated potentiometrically against 0.1M sodium 

hydroxide under an atmosphere of 'white spot' nitrogen. Similar 

titrations were conducted with different volumes of iso-octane. 

The procedure employed with dodecanoic acid was slightly 

different, as 0.5 ml of 0.IM dodecanoic acid solution in iso-octane 

was added to a known volume of iso-octane and 20 mis of 6 x 103M 

sodium hydroxide in the titration vessel. The mixture was then 

agitated for 30 minutes under an atmosphere of 'white spot' nitrogen. 

It was assumed that at the end of this period most of the dodecanoic 

acid had left the organic phase and formed dodecanoate ions according 

the reaction RCOOH + NaOH---)-RCOO Naa
+ 
 + HBO. The resulting 

mixture of carboxylic ions and excess sodium hydroxide was then 

potentiometrically titrated against 0.1M hydrochloric acid. This 

procedure was repeated for different volumes of the organic phase. 
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2.41. Results of the iso-octane - dode2ylamine solution 
titrations 
•••• .m01. ••••• m.m11, 	NINO 

The titration results obtained with dodecylamine are shown in 

fig. (1). Curve (1) shows the titration of 0.IM NaCH with the total 

amount of hydrochloric acid added in the dissolution of the RNH2. 

(i.e. the excess HC1 + the stoichiometric amount required to convert 

the RNH2  to RMH3) and curve (2) shows the titration of 0.111 NaOH 

with the solution containing both the cationic amine and the excess 

hydrogen ions. Since the pK value of dodecylamine is high the 

difference in end points of these two titrations should be equivalent 

to the total concentration of cationic amine in the original solution. 

The end points of titrations (1) and (2) correspond to 3.00 x 103M 

HC1 and 1.62 x 103K HC1 respectively, giving a difference of 1.38 x 

10-3K. This difference reveals that there was a complete conversion 

of RNH2  to RNH3+ when the dodecylamine was dissolved in excess 

hydrochloric acid. Curves (3) to (10) refer to the titrations con-

ducted in the presence of different volumes of iso-octane. 

The values of A in eqn  (6) were determined by measuring the 

difference between curves (3) to (10) and curve (2) at different pa 

values. The volumetric values of A so obtained, were converted into 

concentrations after corrections were made for the increase in volume 

of the aqueous phase, due to additions of NaOH. Plots of 1/A against 

hydrogen ion concentration are shown in fig. 2 for different values 

of V0. According to ee (8) the intercept of the straight lines 

obtained in fig. (2) should be equal to the reciprocal of the total 

amine concentration. Table I summarises the slopes and intercepts 
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Fig. 1. Titration of dodecylamine hydrochloride with NaOH 

in the presence of iso—octane. 
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of these lines for different volumes of the organic phases. 

TABLE I  

Volume of Organic 
phase. 	(ml). 

Slope (Y) x 10-9  1 x 109  
Y 

Intercept 

1.0 67.8 0.015 710 

2.5 28.6 0.035 740 
6.o 11.4 0.088 740 
8.0 8.2 0.122 710 

12.0 5.4 0.185 710 
15.0 2.6 0.385 72o 

The average value of the intercept was 719 29 which corresponds 

to a total dodecylamine concentration of (1.38 ±0.04) x 103M 

compared to the prepared solution of 1.34 x 10314. 

The linear relationship between 1/Y and Vo  (eqn 9) has been 

verified in fig. 3. According to eqn  (9) the intercept of this line 

should be K ri.JT  and the slope DK [RNR@T  /VA. The smallness of 

the intercept, however, prevented an accurate determination of 

K fRliR1T from being made. From the slope of this straight line and 

the literature value of K equal to 2.4 x l0 
-11 (47), the value of 

the partition coefficient D was determined to be 9.8 x 10+3. This 

potentiometric method of determining D was checked by deducing the 

value of the partition coefficient from direct determinations of KD 

at different pH values. The experimental procedure for this 

determination is given in section 4.24 but. the theoretical considera- 
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Fig. 3. Plot of 1/y as a function of the volume of 
the organic phase for dodecylamine. 
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tions are given here. 

f 71 	n The equation relating KD  to paj
4 	

K and D i.e. eq (4) can be 

simplified and rewritten in the logarithmic form 

log KD  = -pH - (log K + log D) 	(12) 

if Ht› K i.e. if pH 4< 10.6. If KD is evaluated by direct 

determination of the concentration of amine in the aqueous and organic 

phases, and the logarithm of KD  presented as a function of pH, a 

straight line should result with slope -1 and intercept -(log K + log 

D). Fig. 4 shows the experimental plot of log KD  against pH. The 
slope obtained was -1.05 and the value of D calculated from the 

intercept was (1.0 t 0.2) x 104. This value of D is in excellent 

agreement with that found potentiometrically. A value of 1.0 x 104  

has been used for D, in all subsequent calculations of the concentra-

tion of the various amine species in the system. 

Figure 5 illustrates how the concentration of the various 

amine species varies with change in pH at a total amine concentration 

of 1.25 x 10 3.K. The volumes of the organic and aqueous phase were 

6 ml and 20 ml respectively. Equations (3) and (5) were used to 
deduce the values of 50Hdo concentrations and equations (2) and (1) 

r 	1 
were used to evaluate the values of 61H3:41 and  IRNH2 IA. The calcu- 

lations showed that the predominant amine species in the system at pH 

values below 6.5 was the cationic form and above pH 6.5 the neutral 

form in the organic phase. Deductions of the concentration of neutral 

amine in the aqueous phase revealed that over most of the pH range 
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the concentration of this species was much lower than any other 

species. However, at pH 10.6, i.e. the PK  value, and above the 

concentration of neutral amine in the aqueous phase exceeded that 

of the cationic amine. 

2.42. The results of the iso —octane — dodecanoic acid 
titrations 

The titration results obtained with dodecanoic acid are illu—

strated in fig. (6). Curves (1) and (2) show the titration of 0.1M 

hydrochloric acid with 6 x 10-314 sodium hydroxide and 6 x 10M. 

NaOH + 2.9 x 1031A. RCOOH, respectively. Curves (3) to (9) refer 

to the titrations conducted in the presence of different volumes of 

iso—octane. These results were treated in a similar way to those 

obtained with dodecylanine. 

Values of 1/A were determined and plotted as a function of the 

hydrogen ion concentration. The slopes and intercepts of the linear 

curves obtained are silmmarised in Table II for different volumes of 

the organic phase. 

TABLE II  

Volume Organic Phase 
V0 (ml). 

Slope (Y) x 107  1 x 10 4  
Y 

Intercept 

1.0 72.3 13.8 328 

2.0 49.6 20.2 340 
3.0 33.8 29.6 330 

6.0 18.1 52.0 328 
10.0 11.8 84.8 330 

15.0 10.2 97.6 335 
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The average value of the intercept was (332 ± 9) and this corresponded 

- 3- to a dodecanoic acid concentration of 3.0 _ 0.1 x 10 M. This value 
was in excellent agreement with the original strength of the solution. 

From the slope of the linear relationship obtained when 1/Y was plotted 

as a function of Vo the value of D was determined to be 5.6 x 10
+3. 

A value of K equal to 105 was used in this determination. 

Values of the distribution coefficient KD  at different pH values 

were determined by using eqn  (10). Further calculations were made to 

evaluate the concentration of the various fatty acid species at 

different pH values. The results of these calculations for VA = 20, 

Vo  = 6 and IROCOH1T  = 3.0 x 103M. are summarised in fig. 7. At 

PH values below 8.8 the predominant fatty acid species, in the system, 
was the neutral acid molecule in the organic phase. Above pH 8.8. 
the anionic species in the aqueous phase predominated. When the pH 

of the aqueous phase was below 5 i.e. the pH corresponding to the pK 

value for the reaction RCOOH 	RC00 + H+, the concentration of the 

neutral acid in the aqueous phase was greater than that of the anion 

concentration. Above pH 5, the converse was true. 
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3.00. INTERFACIAL TENSION STUDIES 

3.10. General  

Molecules in the interior of a liquid are surrounded by the 

uniform field of force of neighbouring molecules (or ions). A 

molecule at the liquid interface or surface is however, subjected on 

one side to the cohesive force of like molecules and on the other 

side to forces from the molecular constituents of the other phase. 

If the two phases are immiscible the net force acting on the surface 

molecule is directed towards the bulk of the phase from which it 

originated. To extend the area of the interface separating the two 

phases, work must be done against the cohesive forces between like 

molecules, so that molecules can be brought from the bulk phase to 

the interface. The work done by the surface in increasing the 

surface area by an amount dA is given by 

dW = 	dA. 	 (1) 

Where g , the interfacial tension, is a force measured in dynes cm
-1
. 
 

Numerically X is equal to the increase in interfacial energy, 

expressed in ergs cm
72 when the surface or interfacial area is 

extended by 1 cm
2. 

Consider a two phase system, denoted by phase I and II and 

illustrated diagrammatically in fig. 8a. 
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Fig. 8a. 
If it is assumed that the number of moles of the i components is, 

N1, N2 	 Ni, that the pressure is constant and that the two 

phases are incompressible, the internal energy (dU) of the system 

is given by the expression 

dU = 	dA + TdS + Flu;  dNi 	(2) 

in which T = absolute temperature. 

S = entropy of the system. 

and At;  = chemical potential of the ith  component. 

Equation (2) is a homogenous function of the first degree in the 

extensive properties Al  S and Ni. Therefore in accordance with 

Eiders theorem 

U = X A + TS + ];;..)u i  iNi 
	

(3) 

Differenciation of eqn  (3) and subtraction of eqn  (2) gives 

AdY + SdT ENA/Ai = 0 
	

(4) 

which is valid for any part of the system. However, the Gibbs—Duhem 

relation is valid for every part of phase I and II so that 



Si. dT +2.Ni
Ickpi  = 0; S .dT +5:Ni

/I  d)4i = 0; 
	

(5) 

Combination of eqa  (5) and (4) gives 

Ad% 	+ 
(s_sI__

5
II) 	

i 
dT + 5:(Ni-NiI  -Ni

II)  ova' = 0 
	(6) 

i 

Since eq4(4) and (6) are invariant with respects to volume the 

quantity SdT + I:Niditki  will not change if the dimensions of the 

vessel (fig.8a)are reduced from ABEF to AlBlEIFI. It is now possible 

to introduce a mathematical plane near the interface between the two 

phases. As the transistion from one phase to another is never really 

discontinuous the location of this plane cannot be accurately 

indicated. If AB and EF are made to approach Ro a system is obtained 

which mainly displays the properties of the interfacial zone. 

Gibbs (52) assumed that AB and EF were coincident with CD so 

that the system was comprised of two three-dimensional homogeneous 

phases and a two-dimensional boundary. In this case the extensive 

parameters of eqn (6) represent the difference between those of two 

phases which are homogeneous up to the interface and those of the 

real system. This difference is caused by the fact that in real 

systems the extensive parameters do not remain constant up to a 

mathematical interface, but show gradual changes. For example changes 

occur in the concentration of the components of the phase near the 

interface and a number of components are adsorbed at the interface. 

If Ni  is the number of moles of component i in the system and NiI 

and NiII those of the homogenous systems ABDC and EFDC, the following 
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is generally true 

Ni  - N. - N. 	= • Ni
s.  

Similarly S 	SI  - SII = Ss. 

ThequantityN.is known as the 'superficial/ number of moles in 

the system ABEF and its value will depend upon the choice of the 

mathematical delineation between the two phases. Substituting for 

Ni and Ss in eq.' (6) gives 

Ad X + Ss  dT + 	Nis di.t.; = 0. 
i  

(7) 

and dividing this expression by the area A at constant temperature 

leads to the equation 

d = - 	 (8) 

Where II the adsorption or surface excess, in moles cm 2 is equal 

to 1/A. Equation (8) is known as the Gibbs equation for adsorption 

at an interface. 

Guggenheim (53) has derived a similar expression to eqn  (8) but 

in his treatment ri" may be defined as the amount of component i 

in a volume element of unit cross-sectional area (parallel to the 

physical interface) and of sufficient thickness 	to include the 

whole of the non-uniform region. The results obtained from both 

these treatments are of course the same, but the Guggenheim method 

has the advantage that the thermodynamic functions can be applied 

directly to the three dimensional interface. 
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For a two component system, such as a solute in a solvent eqn  

(8) becomes 

et 	= - 	cif)t 	1-24  di-tx 
	 (9) 

Where 1 denotes the solute and 2. the solvent. If the mathematical 

delineation is situated in such a position that the excess or 

deficit of the solvent is zerolthen 

= - 
	 (io) 

In this equation"u.s , the chemical potential can be converted 

to a more usable parameter by using the thermodynamic relations 

=}.1.°  + RT Ln C + RT Ln f 

where AA_
o 
 is the standard chemical potential and f is the activity 

coefficient of the solute in the bulk solution. In dilute solutions 

f is close to unity, and its change with concentration will be zero 

to a first approximation, so that eqn  (10) becomes 

d 6 	— RT.fr d Ln C 

or re  = 	d  
RT 	d Ln C 

Equation (11) forms the basis of adsorption measurements at the air-

water interface in the presence of a surface-active agent. i.e. an  

agent that lowers the interfacial tension. The surface tension is 

measured as a function of the surface-active agent concentration at 



constant temperature, and from the curve ofg vs log C obtained, the 

surface excess(r) is deduced. 

For a three component system containing say an organic phase, 

an aqueous phase and a surface-active solute eqn  (10) becomes 

cl1C IT soled/A.801. ro„.8 ,uorg 	Aopu n (12) 

Equation (10) will only become similar to equation (11) if the assump-

tion is made that the mathematical plane is so positioned that both 

the surface excess of the water and organic phases are zero. If 

this assumption is physically reasonable i.e. if adsorption of a 

solute is confined to a monolayer, then eqn (11) can be used to inter-

pret the interfacial tension results. This treatment makes the 

further assumption that the solute is only soluble in one of the 

phases. 

In this work the interfacial tensions between iso-octane and 

aqueous collector solutions have been determined for the purpose of 

a) substitution in the Young's expression to determine works of 

adhesion (cf. sect. 1 and 4.13.) and b) obtaining an indication of 

the adsorption at the oil-water interface. The determinations were 

made using the drop-volume method used by Gaddum (54). In essence 

the method consisted of measuring the volume of a drop of one phase 

Which had been formed in the other phase. This was done by deliver-

ing drops from a syringe that was operated by a micrometer. In this 

way the volume of the drop was measured accurately to 0.0001 ml. The 

interfacial tension was then deduced from the formula 
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- p2) g 

R. 

(13) 

  

where R = radius of the tip. 

g = accelleration due to gravity. 

(P —  Pa) = difference in density of the two phases. 

V = volume of drop. 

and F = factor. 

The factor F is dependant on the ratio V/R3 and values of F were 

readily obtained by reference to the empirical tables constructed by 

Harkins and Brown (55). 

3.20. Experimental  

3.21. ApEaratus and Materials  

The apparatus was similar to that used by Adam (56) and con—

sisted of a U tube with one arm connected to a water manometer and 

the other housing a glass capillary (fig. 8b). The U tube was 

partially immersed in a thermostated water bath controlling at 

25 ± 0.2°C. An lAglat micrometer syringe was attached to one end of 

the glass capillary by a small piece of *Teflon' tubing. The free 

end of the capillary had been polished by successively finer grades 

of silicon carbicle 'paper' so that, its cross—section was at right 

angles to its length and, there were no edge imperfections when 

viewed at a magnification of x 20. Measurements of the diameter of 



-49- 

                         

                         

                  

olf 	• 

 

                   

                         

                         

                         

micrometer 
syringe 

                       

'Teflon' 
tubing 

                        

                        

               

I X 

     

                    

                    

glass capillary 

                      

                         

                         

thermostated 
bath 

                      

manometer 

organic 
phase 

aqueous 
phase 

U tube 

                        

                        

                        

                        

                        

                        

                        

                        

                         

                         

                         

Fig. 8.b. 	Diagram of Apparatus used for interfacial 
tension measurements. 
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the capillary were made by travelling microscope and the mean diameter 

was  0.553 ± 0.001 cm. 

All glassware was cleaned by conc.nitric acid and ethyl alcohol 

until the surfaces were hydrophilic. The pH was measured using a 

glass and calomel electrode assembly connected to a Pye 1 Dynacap' 

meter. 

The dodecylamine, dodecanoic acid and iso-octane used were the 

same as those used in section 2. and the sodium dodecyl sulphate was 

a 'chemically pure' sample supplied by B. Newton Maine Ltd. Conducti-

vity studies on aqueous solutions of the sodium dodecyl sulphate 

revealed that the C.M.C. of the sample was at 7.80 x 103M and this 

value was in good agreement with literature values (57) (58). This 

suggested that the purity of the sample was high. 

3.22. Method_ 

Samples of dodecylamine (D.D.A.) and sodium dodecyl sulphate 

(S.D.S.) were dissolved in hydrochloric acid of sufficient concen-

tration to give a total ionic strength of 6 x 10-3. Aliquots of 

40 ml were taken from these solutions and shaken, in 100 ml conical 

flasks for 45 minutes under an atmosphere of 'white spot' nitrogen, 

with 12 ml of iso-octane and sufficient 0.1M sodium hydroxide to 

give a required pH. The resulting emulsions were centrifuged and 

after separation of the two phases the pH of the aqueous phase was 

measured. 

With dodecanoic acid (D.A.) the procedure was slightly different. 
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A solution of D.A. in iso -octane was prepared and 12 ml aliquots of 

this solution shaken, under an atmosphere of 'white spot' nitrogen 

with 40 ml of hydrochloric acid and sufficient 0.111 NaOH to give a 

required pH. The concentration of HC1 was chosen so that when all 

the dodecanoic acid was in the aqueous phase an ionic strength of 

6 x 10 3  was obtained. After shaking for 45 minutes the resulting 

emulsion was treated in a similar way to the D.D.A. and S.D.S. 

solutions. 

A 20 ml sample of the aqueous phase was pipetted into the U 

tube and 6 ml of the organic phase added to the arm containing the 

capillary tube. The micrometer syringe was filled with the aqueous 

phase and placed in position so that the capillary tip was about 

0.3 cm below the iso-octane surface. After a thermal equilibration 

time of 15 minutes a drop of the aqueous phase was formed at the tip 

of the capillary. The volume of this drop was increased until it 

began to 'neck' and was then left for an ageing period of 5 minutes, 

after which the volume was slowly increased until the drop became 

detached. At the point of the detachment the micrometer reading was 

recorded and then the procedure repeated. After the detachment of 

the second drop the difference in micrometer readings between the 

detachment of the first drop and the second drop was determined. 

This value corresponded to the volume of a drop. Subsequent drops 

were formed in such way that 90% of their volume was formed within 

the first 30 seconds of the drop formation time. The last 10% of 

their volume was added slowly after the 'ageing' period of five 
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minutes. In all, ten drop volumes were measured for each determina—

tion of the interfacial tension. 

The syringe was refilled by moving one of the arms of the water 

manometer relative to the other so that the phase levels in the U 

tube rose until the capillary tip was in the aqueous phase. A sample 

from the aqueous phase was sucked into the syringe by winding back 

the micrometer. After returning the phase levels to their original 

positions the drop formation procedure was repeated. During the 

formation of the drops the end of the capillary was viewed through a 

cathetometer to ensure that the capillary was completely wetted by 

the drop. 

Preliminary tests were carried out on the different collector 

solutions to establish the length of the ageing period. In all cases 

it was found that after five minutes,the determined interfacial 

tension remained constant. An 'ageing' period or drop formation 

time of 5 minutes was therefore used for all subsequent determinations. 

Drop formation times (or ageing periods) of 3 to 5 minutes have been 

found adequate by other authors (59) (60) (61) for similar systems. 

The values of the constants substituted into equation (13) were as 

follows. 

g = 980.4 

= density of water at 25°C = 0.99708 

and p 0  = density of iso—octane at 25°C = 0.6896. 

(This value was determined experimentally). 
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3.30. Results 

The drop volumes obtained with two different samples of water 

are shown in Table III as a function of drop formation time. 

TABLE III  

Drop form. time 
(min.) 

Drop Volumes 	(ml) 

Sample I. Sample II. 

1. 

3. 
5. 
7. 

0.17566 

0.17492 
0.17470 
0.17458 

0.18630 
0.18624 
0.18626 

Sample I was a 'singly' distilled water and sample II was a 'surface—

active free' (S.A.F.) water produced from the process of Musslewhite 

(62) and Read (63). The mean error for the drop volumes of sample 

I was ± 0.34% and for the S.A.F. water 0.04%. The drop volumes of 

the singly distilled water showed a tendency to decrease in size 

with increase in drop formation time, whereas the volumes of the 

S.A.F. drops remained constant regardless of the time of formation. 

Interfacial tensions deduced from these volumes gave 46.4 for 

sample I after an 'ageing' period of 5 minutes and 49.69 ± 0.02 

dynes cm-1 for the S.A.F. water. This latter value was in excellent 

agreement with that obtained by Aveyard and Haydon (64). The low 

value found for sample I was attributed to the presence of small 

amounts of surface—active compounds in the water which gradually 

adsorbed at the oil—water interface. In the presence of added 
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surface-active agents i.e. collectors, the water from sample I gave 

constant drop-volumes after formation times of four minutes. Because 

of this and the fact that the S.A.F. water was only produced in small 

quantities, water from sample I was used in all subsequent determina-

tions. Variation of the pH of both samples I and II between pH 3 and 

9 did not produce a variation in the interfacial tension. 

The interfacial tensions obtained between iso -octane and water 

at four different constant concentrations of D.D.A., and at varying 

pH values, are illustrated in fig. 9. The results show that, for a 

given total concentration of D.D.A. the interfacial tension decreased 

with increasing pH until a minimum was reached at pH 5.2. Above this 

pH value the interfacial tension increased to a value slightly lower 

than that observed at low pH values. An increase in the total D.D.A. 

concentration produced a shift in the curve correlating the inter-

facial tension with the pH to lower interfacial tension values. 

Studies on the equilibrium chemistry of dodecylamine (section 2) 

showed that the predominant amine species, at low pH values was the 

cationic amine in the aqueous phase and at high pH values the neutral 

amine in the organic phase. On using the assumption that only RNH3+  

was adsorbed at the oil/water interface at pH 2.3 and only RNH2  from 

the organic phase at pH 10.0, the interfacial tensions were plotted 

in fig. 11 (curves (1) and (2)) as functions of the logarithm of 

the amine concentration in the organic and aqueous phases. 

The interfacial tension results illustrated- in fig. 10 were 

those obtained for the iso-octane/water interface in the presence 
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of three different total concentrations of D.A. As the pH of the 

system was increased the interfacial tension decreased to a minimum 

at about a pH of 7.5. A further increase in the pH resulted in a 

slight increase in the interfacial tension before it finally 

levelled off at values substantially lower than those obtained at 

low pH values. In section 2. it was shown that the predominant fatty 

acid species at low p3 values, was the neutral form in the organic 

phase and at high pa values the anionic form in the aqueous phase. 

Assuming that only the (RCOOH)0  was adsorbed at pH 2.3 and only the 

RC00 at pH 10.0. the relationships between the interfacial tension 

and the logarithm of both the concentration of fatty acid in the 

organic phase and the concentration of carboxylic ions in the aqueous 

phase, were established as shown in fig. 11 (curves (3) and (4)). 

Investigations into the influence of pH on the interfacial 

tensicn between iso—octane and water in the presence of sodium dodecyl 

sulphate are summarised in Table IV. 

TABLE IV 

(Total concentration of R.SO4  Na. = 1.0 x 

Ionic strength 6 x 10 ) 

pH Interfacial tension 
dynes/cm. 

2.20 33.66 

3.00 33.66 

4,10 34.47 
4.80 35.10 
5.85 35.28 
6.90 35.67 
10.30 35.40 
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The results show that as the pH was increased the interfacial 

tension increased very slightly between approximately pH 4 and 6.5. 

Cockbain (65) has attributed the slightly lower interfacial tension 

below pH 5.0 to hydrogen ion adsorption. Analogous to these inter-

facial tension results are the surface tension results found by 

Cook and Talbot (66). These authors found that the surface tension 

increased between pH 5 and 8 and they attributed this to the presence 

of fatty acid impurities or to a surface hydrolysis reaction. 

As the interfacial tension did not change appreciably with 

variation in pH the interfacial tension was determined as a function 

of concentration at pH 2.4. The results of these determinations 

are shown in fig. 11 (curve (5)). Figure 11 shows that the surface 

active agents in order of decreasing ability to lower the interfacial 

tension were RS04, RNH3+, RCOO -1  (RNH2)0  and finally (RCOOH)0, the 

last two species being in the organic phase. 

3.40. Theoretical considerations  

3.41. Water - sodium dodeczl sulphate - iso-octane system  

Although the interfacial tension between iso-octane and water 

was not studied over a wide range of S.D.S. concentrations, an 

indication of the surface excess at the oil-water interface can be 

readily obtained. From electrostatic and kinetic considerations 

Davies (67) showed that the Gibbs equation in the approximate form 

- d X 
	

RT 	d Ln C 
	

( 14) 
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shauld apply to the adsorption of uni -univalent surface active 

electrolytes at the oil/water interface, in the presence of excess 

inorganic salt. In this equation.). is the surface excess of the 

long chain electrolyte and C its molar concentration. The same 

equation has been derived thermodynamically by Pethica (46), the main 

assumptions made, in both the derivations, being that the products 

Felitt for the inorganic salt were negligible compared withrIctµ for 

the surface active species and that the activity of the surface 

active species was directly proportional to the molar concentration. 

In agreement with these theoretical conclusions Davies (67) has 

shown that ee (14) holds well for dilute solutions of cetyltri-

methylammonium bromide at the oil-water interface in the presence 

of excess cloride ion. 

In the absence of excess inorganic electrolyte an allowance 

must be made for the counter ions which accompany the long-chain 

surface active ions. Cockbain (65) has shown by interfacial tension 

and direct adsorption measurements that the adsorption of S.D.S. at 

the n-decane/water interface, in the absence of excess electrolyte, 

can be represented by 

- 	= 2RT d LnC. 	 (15) 

This equation has also been verified by Haydon and Phillips (58) for 

the petroleum ether/water interface in the presence of sodium 

dodecyl sulphate and trimethyl ammonium bromide. 

The conditions under which the measurements were made in this 



-61- 

investigation were such that the hydrogen (or sodium) and chloride 

ions were in excess, although not greatly at high concentrations of 

S.D.S. Surface excesses of S.D.S. were therefore calculated using 

eqn (14). The results obtained are summarised in Table V. 

TABLE V 

Adsorption of S.D.S. at the iso-octane/water interface  

Concentration of S.D.S. Adsorption density 

moles/litre x 1010  moles/cm2  

1.0 x 10-5  1.30 

2.0 x 10-5  1.52 

5.0 x 10-5 1.93 

1.0 x 10-4  2.46 

2.0 x 10-4  2.62 

5.0 x 10-4 3.03 

1.0 x 10-3  3.03 

2.0 x 10-3  3.03 

The adsorption of S.D.S. at the oil/water interface increased with 

increasing S.D.S. concentration until the adsorption density became 

constant and independent of the concentration at above 5 x 10-4  moles/ 

litre. 

A number of authors (68) (69) (70) have shown that, for a given 

surface-active reagent, a linear relationship exists between the 

interfacial tension and the logarithm of the concentration for the 

concentration range from the C.M.C. to a quarter of this value. 
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This implies that there was an approximately constant adsorption in 

this concentration range. Van Voorst Vader (71) (72) has termed 

this constant adsorption the 'saturation adsorption' and found that 

for S.D.S. adsorbed at the heptane/water interface, the area of the 

adsorbed ion corresponding to saturation adsorption was 54 R2. 

Klinge and Lange (57) found that the area per ion for a similar 

system at 50°C was 56 R2. Rehfield (59) determined the influence 

of S.D.S. on the interfacial tension between different n-alkanes and 

water, in the absence of constant ionic strength and excess electro-

lyte, and found slightly lower areas per ion at the C.M.C. The 

value obtained in this work, calculated from a constant adsorption 

density of 3.03 x 10-10  moles/cm2, was 55 ie. It would thus appear 

that when the adsorption density becomes constant the area per 

dodecyl sulphate ion adsorbed at the iso-octane/water interface 

does not differ from that obtained for the n-alkane/water interface. 

An area per sulphate group of 54 — 55 R2  is large compared to 

that found from measurements made from atomic molecules. The ionic 

surface active species adsorbed at the oil/water interface will be 

orientated so that the hydrocarbon group points into the organic 

phase and the polar group into the aqueous phase. As a result of 

the charge on the polar group the ionic part of the surface active 

ion will be hydrated. Van Voorst Vader (71) considers that, when 

two such hydrated groups are brought close together, short range 

repulsive forces may arise from the closely bounded water. If the 

charge on the ionic group is such that the bound water is strongly 
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held then the repulsive forces may give rise to a limit to the number 

of ions that can be adsorbed at the interface. When this limit is 

reached no more ions will be adsorbed regardless of an increase in 

the concentration. 

3.42. Water - dode2ylamine - iso-octane ystem 

The adsorption of surface-active species at the oil/water inter-

face in the presence of dodecylamine is more complex than the 

adsorption of S.D.S. at such an interface. It was shown in section 

2.00 that at any particular PH,there were two forms of dodecylamine 

present in the iso-octane/water system: the cationic amine in the 

aqueous phase and the neutral amine which was distributed between the 

two phases. Both of these species are likely to be adsorbed at the 

oil/water interface and the relative amounts of each species at the 

interface will depend on the pH of the aqueous phase. 

Consider the iso-octane/water system with a constant total 

amount of dodecylamine, and excess chloride ions, in the system. 

The Gibbs equation for this system can be represented as 

f" a 

 

ors  
( 16) 

 

If the pH of the aqueous phase is increased by small additions of 

0.1M NaOH and if it is assumed that the activity coefficients can 

be approximated to unity and that the interface is such that r4  2.0 

and 	
o-octane 

r 	are equal to zero, eqn  (16) can be expanded to is  



include all the species in the system. 

-RT[E' R+ 6 (Ln CR+) + PRA ' /(11r1CRA) 	rRo 3(Ln cRo) 

+rH+6(Ln CH+) + 1- 6(Ln Col-) 

+ riNa +6(Ln ctra+) + roll- ( Ln CoH-) 
f (17) 

where C denotes concentration in moles litre 1 and 

R+ 
	

RIM
3
4- 

RA = (R11112) in aqueous phase. 

RO = (RNR2) in organic phase. 

In section 2. it was shown that 

CRA = PR+  K.  and CHo 
CH+ 

= CRt D.K. 

PR+ 

Furthermore if the original concentration of HC1 = Co. 

CO - CH+  = CNat if Co >> CR+. 

.• 	
GH+  = e crra+ • 

CoH- 	= Kw/Ce. where Kw  = ionic product of water 

. • . 4 ,(LnC -) = - c)(Lne,H+). oH 

Substituting in eqn (17) 
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RT 	CR+ + FIRA CR+  )(211.1.1 
CR+ 	CB+ j CR+  

CRO 	()(CR+) 
CR+ CR+ 

+ fH+  a CH+  + rNa÷ CNa+ 	1 IC1-acci4H- 
CR+ 	CNa+ 	Car 	CR+  

(18)  

Simplification of (18) by expanding the differentials leads to 

+RT tr+ 	rRO r RA n + a (pH) [1 RAR 
CR+ 

— rNa+ 6 CH+ + accr  
cH+ CI (19)  

Equation (19) indicates how the adsorption and at  varies with 

change in pH at constant temperature. This equation is very 

difficult to solve because the variables are dependent on each 

other. If however the pH is kept constant and the total concentra-

tion of D.D.A. is varied eqn (19) will become 

= 	R+ + ii 	+ rRO  11 CR+ + Kir  4.C.a.  

	

CR+ 	C - 

	

a 	(20) 

If the ionic strength is constant and the concentration of the 

chloride ions is much larger than that of the cationic amine ions 

equation (20) will become 

= 	-RT•L 	+ r0  ÷rRA 16. c$} CR+  
(21) 
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In section 2.00 it was shown that at low pH values most of the D.D.A. 

was in the aqueous phase in the cationic form, so that to a first 

approximation the equation 

= -RT.[I1R+] 

is valid at these pH values. This is the equation for the adsorption 

of ionic surface active species at the oil-water interface in the 

presence of excess inorganic salt. Similarly it was shown that at 

high pH values most of the D.D.A. was in the organic phase so that 

= -ET RO cRO 
CRO 
	 (23) 

Equation (23) represents the adsorption of a neutral surface-active 

species at the oil/water interface. 

Although eqn (19) describes the relationship between )X, 

adsorption densityl pHond cationic amine concentration, it does not 

readily explain the shape of the experimental curves obtained in fig. 

9. An alternative approach is to assume that there are no inter-

actions between the two adsorbed species so that an interfacial 

analogue of Dalton's law of partial pressures can be applied. If it 

is assumed that the adsorption of neutral amine from the aqueous 

phase is negligible, then 

AWT 	= 61f RN/13+ 
	

46i)climi20 
	( 24) 

(22) 
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Where infT is the total interfacial tension lowering due to both 

the cationic amine AIand the neutral amine in the organic RNH3  

Phase AYTITH 20 

Calculations were made of the concentrations of (RNH3-1") and 

(RNH2)0  at different pH values and the interfacial tension lowering 

for each of these components was deduced from the X vs log Cie and 

I vs log CR0 curves (fig. 11). A theoretical curve of interfacial 

tensions against pH was then obtained by subtracting Wf T  from the 

interfacial tension between pure water and iso-octane. The theore-

tical curves obtained are plotted with the experimental results in 

fig. 9. 

The significant difference between the theoretical and experi-

mental results was that the theoretical curve was displaced to more 

alkaline pH values, and that at the highest concentrations of 

dodecylaminelthe theoretical minimum interfacial tension was much 

lower, than the experimental value. The pH value corresponding to 

the theoretical minimum appeared at the pH where the RNH3 concen-

tration in the system was equal to the RNH2  concentration in the 

organic phase. Differences between experimental interfacial 

tension results and those predicted from ionization considerations 

are not uncommon (73) (74). Danielli (74) has suggested that the 

interfacial tension curves of some surface active mixtures can be 

displaced from that predicted from ionization data because the pH 

at the interface is different from that in the bulk. A number of 
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authors (73) (75) (76) have shown that theoretically the surface pH, 

(pH)s, should be equal to 

(pH)bulk "I" 	(I) 	where 41) is the surface potential, 
2.3.kT. 

E the electronic charge, k the Boltzman's constant and T the 

absolute temperature. Only when 41)  = 0 will the surface and bulk pH 

values be the same, and, if 4e is negative, pHs  < pHb  because the 

charge will attract hydrogen ions into the vicinity of the surface. 

At high pH values, in the presence of dodecylamine, the surface 

PH is expected to be approximately equal to the bulk pH, because 

the adsorption of charged amine will be negligible. Only the neutral 

amine will be adsorbed and as a result the net charge 	will be 

very small. Similarly at low pH values the surface pH will be 

approximately equal to the bulk pH because although the surface 

will be highly charged, due to the adsorption of cationic amine, 

there will be far more chloride counter ions present than hydroxyl 

ions. This means that the theoretical curves were conducted on the 

assumption that PHs  = pHb. throughout the pH range. The surface 

potential of the iso—octane/water interface will be positive due to 

the adsorption of cationic amine and hence Ills  will be greater than 

PHb. It is therefore suggested that if the experimental results had 

been based on (pH)s  instead of (pH)b a better correlation between 

the experimental results and theoretical results would have been 

obtained. 
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At high concentrations of D.D.A. the interfacial tension 

corresponding to the minimum value (fig. 9) was lower for the 

theoretical curve than for the experimental curve. This indicated 

that to a certain extent there were interactions between the adsorbed 

amine species. It was not possible to deduce the nature of these 

interactions. Cockbain and McMullen (60) used the Daltons law 

analogue to determine whether there were molecular interactions at 

the water/decane and water/benzene interfaces in the presence of 

soap in the aqueous phase and alcohol in the organic phase. It was 

found that whereas Dalton's law was applicable to the benzene/water 

interface, it was not for the decane/water interface. The deduction 

was therefore made that the molecular interactions at the decane/ 

water interface were considerable compared to those at the benzene/ 

water interface. 

At concentrations of cationic amine above 4 x 10 4M an approxi- 
mately linear relationship between 	and log CR+ existed (fig. 11). 

The slope of this linear function corresponded to an adsorption 

density of 2.7 x 10 10 molescm-2 and an area per adsorbed ion of 

62 V. Although it was not possible to ascertain whether the 

adsorption of neutral amine from the organic phase reached a constant 

value it was possible to deduce that over the concentration range 

studied the cationic amine was more strongly adsorbed than the neutral 

amine. 

When the interfacial tension was plotted as a function of log. 

CR+ at 16H 5.2. i.e. the pH corresponding to the experimental minimum 



interfacial tension, a linear relationship was obtained at concen—

trations greater than 2 x 105M. The slope of this line corresponded 

to an adsorption density of 2. 	
—10

0 x 1C2 	moles cm-2 and an area per 

adsorbed species of 83 A2. It would therefore appear that when 

constant adsorption is reached for the mixed film the area per ion 

is considerably larger than that for the ionic species in a ionic 

film. 

3.43. Water — dodecanoic acid — iso—octane system  

A number of authors have determined the effect of different 

concentrations of fatty acids on the interfacial tension between an 

organic and a aqueous phase (77) (78) (79). Unfortunately most of 

these investigations were carried out under the pH conditions where 

the fatty acid was either completely unionised or completely 

ionised. Only a few authors (79) (73) (80) have studied the 

interfacial tension throughout the pH range and in these investiga—

tions it is not certain whether the phases were equilibrated in the 

presence of the fatty acid. 

The interfacial tension results obtained between iso—octane 

and water in the presence of dodecanoic acid were treated in the 

same way as the dodecylamine results. A relationship, similar to 

eq (19) was obtained between 	and the adsorption of the various 

fatty acid species. At low pH values the Gibbs expression became: 

61( —RT Rco 	(25) mo 	CEicood 



and at high pH values 

= —RT. 1-4 c 
RCOO 	n _moo-) (26) 

Where RCOOHo denotes the fatty acid in the organic phase and RC00
—

the carboxylic ion in the aqueous phase. 

Using the Daltonts law analogy, the theoretical curves shown 

in fig. 10 were constructed and these curves show that at low 

concentrations of dodecanoic acid there was a fairly good agreement 

between the calculated and experimental results. At high concentra—

tions of dodecanoic acid there was a disagreement between the deduced 

and experimental curves in the pH range 7.5 to 10.0. In the presence 

of carboxylic ions the surface potential (0) will be negative and, 

if the equation (1141)s  = (pH)b  + E w /2.3KT. is valid, the surface 

pH will be lower than the bulk pH. At low and high pH values (pH)s  

is expected to be approximately equal to (pH)b  and this means that 

both the theoretical and experimental curves were based on the 

assumption that (pH)s  = (pH)b  throughout the pH range. In the case 

of the iso—octane/water system in the presence of cationic amine ions 

it was shown that the (pH)s  was likely to be larger than (111)15  and it 

was suggested that if the experimental results had been based on 

(pH)s, a better agreement between the experimental and theoretical 

curves would have been obtained. In the presence of dodecanoic acid, 

however, such a suggestion does not appear to be valid. If the 

experimental data were based on (pH)s  instead of (pH)13  the experi—

mental curve would be displaced to more acid pH values, i.e. away 
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from the theoretical curve. 

Too much emphasis cannot be placed on the apparent diecrepanoy 

between the experimental and theoretical curves because it must be 

realised that at pH 10.0 eqn (26) is not strictly valid. Both eqn  

(26) and the plot of log. (RC00—) vs /i were based on the assumption 

that the concentration of neutral acid in the organic phase was 

negligible. Reference to fig. 7 (section 2) shows that this is not 

so. For example consider a concentration of RC00 at pH 10.0 of 

2.5 x 10-3M. The concentration of fatty acid in the organic phase 

in equilibrium with the RC00 is 1.60 x 10M. Reference to fig. 

11 shows that (RCOOH)o of 1.60 x 10-4M lowers the interfacial 

tension by approximately 5 dyne cm 1 If this correction were 

taken into consideration, it would decrease the discrepancy 

between the experimental curve and the deduced curve. Before an 

accurate assessment of these results could be made the interfacial 

tension would have to be determined over a wider range of 

dodecanoic acid concentrations. 



4.00. MINERAL — COLLECTOR SOLUTION — ISO—OCTANE SYSTEM  

4.10. INTRODUCTION  

4.11. Extraction Studies  

In this investigation mineral particles were concentrated at 

the oil/water interface of an oil in water emulsion. In principle 

emulsions are of two types, oil in water (OM or water in oil 

(W/0) depending on which phase is the continuous one. The continuous 

phase for a W/0 emulsion is the oil phase and for an 0/4,/ emulsion 

the aqueous phase. The major parameters which control the type of 

emulsion obtained when two immiscible liquids are shaken together 

are, the relative volumes of the two phases, the concentration and 

nature of the emulsifying agent, the nature of the organic phase, 

the electrolyte constituents of the. aqueous phase and the mechanism 

of agitation. 

Emulsifying agents may be placed in three main classes; the 

highly surface active compounds of soaps and detergents, the 

macromolecular compounds such as gums and starches, and finely 

divided insoluble solids. In this research finely divided solids 

modified by ionic surface—active agents have been used to stabilize 

0/1q emulsions. 

a) The influence of the_phase volume ratio  

Ostwald (81), using the fact that uniform spheres of equal 

diameter are in the position of closest packing when they occupy 
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74.02% of the total assembly volume, supposed that inversion or 

breaking of an emulsion resulted when the internal phase volume 

exceeded 74% of the total volume. Consequently, it was considered 

that, at internal phase volumes between 26% and 74% both 0/W and 

W/0 emulsions were possible and that below 26% and above 74% only 

one form could exist. Although there seems to be some justification 

(82) for this theory both Pickering (83) and Becher (84) have 

produced 0 emulsions with the internal phase volume greater than 

95% of the total volume. 

If the spheres are not of equal diameter, small spheres 

concentrate in the interstices of larger spheres so that the 

maximum internal volume becomes greater than 74%. Still larger 

volumes can be filled if the spheres are deformable. Manegold (85) 

has taken into account the extreme cases where the emulsions appear 

like polyhedral foams and has constructed a diagram relating the 

type of emulsion to the phase volume ratio. The basis of this 

diagram is however the original theory of Ostwald. 

b) Stabilization of emulsions by ionic emulsifiers  

The nature and concentration of an ionic emulsifier greatly 

affects the type of emulsion obtained. Clowes (86) found that the 

alkali metal soaps gave 0/W emulsions whereas generally speaking 

the divalent and trivalent soaps gave W/0 emulsions. Wellman and 

Tartar (87) found that with polyvalent metal soaps 0/W and W/O 

emulsions were obtained depending on the concentration and 
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temperature. The effect of concentration on the type of emulsion 

formed was shown by King (88) for the system benzene/Water in the 

presence of sodium oleate. At low concentrations of sodium oleate 

a W/0 emulsion was obtained and at higher concentrations an 0/W 

emulsion resulted. 

The early theories of emulsion stability, which were either 

based on the geometry of the adsorbed emulsifier ion (89) or the 

accompanying interfacial tension lowering at the oil/water interface 

(90), are reviewed by Becher (84) and Clayton (91). Perhaps the 

most useful empirical law to come from this early work was that of 

Bancroft (92) who suggested that the phase in which the emulsifier 

was more soluble would be the continuous phase. In recent years 

more importance has been placed on the properties of the interfacial 

film, with reference to its thickness, viscosity, composition, and 

electrical characteristics. 

Consider an oil drop of an oft emulsion stabilized by sodium 

dodecyl sulphate. An anionic charge will reside on the oil drop 

surface because of the adsorption and orientation of the dodecyl 

sulphate ion so that the hydrocarbon chain penetrates the organic 

phase and the anionic sulphate group points into the aqueous phase. 

Similarly if a cationic emulsifier was used the droplet surface 

would acquire a net positive charge. The presence of a layer of 

adsorbed anions or cations at the oil/water interface will give 

rise to an electrical double layer. 

Both Verwey (93) and van den Tempel (94) have considered the 



-76- 

two double layers existing at the oil/water interface. One double 

layer being in the aqueous phase and the other in the organic phase. 

Verwey (93) indicated that in the absence of emulsifiers the double 

layer in the aqueous phase was so small that when two drops were 

brought together coalescence resulted. In the presence of ionic 

emulsifiers, however, the double layer on the aqueous side of the 

interface becomes considerable and according to van den Tempel (94) 

it may become so large that the capacity of the double layer in the 

organic phase can be neglected. If this is the case it is possible 

to apply the 'Theory of Stability of Lyophobic Colloidst as 

developed by Derjaguin (95) and Landau (95) and by Verwey and 

Overbeek (96) to the stabilisation of emulsions against flocculation 

and coagulation. Although an emulsion might flocculate or coagulate 

this does not mean that the drops will coalesce. Coalescence will 

depend on the nature of the interfacial film and the ease with which 

it can be ruptured. 

Although a number of theories have been postulated to explain 

the various characteristics of emulsions, no one theory has satis—

factorily explained all the characteristics. Gilbert (97) has 

indicated that four postulates can be stated for the stabilisation 

of emulsions by ionic surface active agents and these can be 

summarised as 

a) an interfacial film must be formed between the aqueous 

and organic phase, which acts either as a mechanical or electrical 

barrier to the coalescence of drops. 
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'0 molecular interaction between the molecules at the inter-

face gives rise to a complex interfacial film (98). 

c) the interfacial film is formed by adsorption from one or 

both phases and must be in equilibrium with each, and 

d) the physico -chemical structure of the interface will 

depend on the distribution of these surface active molecules between 

the two phases. 

This distribution will depend on the length and structure of 

the hydrocarbon chain in the molecule, the nature of the polar 

groups and their interaction at the interface, the type of organic 

phase, the composition of the aqueous phase, the temperature and 

the phase volume ratio. 

c) Stabilisation y  Solid Emulsifiers 

The first extensive investigation of emulsions stabilized by 

solids was conducted by Pickering (99) who found that the basic 

sulphates of iron, copper, nickel and zinc in moist conditions acted 

as emulsifying agents for the formation of petroleum oil in water 

emulsions. Pickering also observed that materials such as dried 

calcium carbonate, lead arsenate and fine clays could stabilize 

emulsions. Briggs (100) noted that ferric hydroxide, arsenic 

sulphide and silica produced 0/W emulsions and that carbon black, 

rosin and lanolin stabilized W/0 emulsions. Cheesman and King (101) 

were able to demonstrate that with a given solid they could obtain 

both types of emulsion merely by varying the technique of shaking. 
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A survey conducted by King, Berminster and Thomas (102) showed 

that the necessary requirement for the stabilisation of an emulsion 

was a gelatinous structure and a basic nature. In recent years 

considerable work has been done by Muckerjee and Srivastava (103) 

(104) on the stabilisation of emulsions by solids. The solids used 

were the hydroxides and oxides of thirty five different metals. All 

the emulsions obtained were of the 0/101 type and the greatest stability 

was obtained when using moist, highly gelatinous, fine precipitates 

and when the metal was polyvalent. Although the emulsions were coarse 

they were still fairly stable and unaffected by electrolytes and 

acids. 

Srivastava (105) deduced that the thickness of the interfacial 

film for emulsions of kerosene in water stabilized by metal hydroxides 

and carbonates was of colloidal rather thammolecular dimensions. He 

concluded that although a special thickness of film was a prerequisite 

of emulsion stability there was no direct relationship between film 

thickness and stability and that the criteria which had a direct 

bearing on the stability, was the surface of the solid and the nature 

of the ions adsorbed there. 

In section 1.00. it was shown that the particles must exhibit 

a substantial contact angle at the three phase (oil/solid/water) 

boundary for the stabilisation of an emulsion. In this research 

collectors were used to modify the contact angle so that the minerals 

did in fact concentrate at the oil/water interface. However it must 

be realized that the collectors which modify the mineral surface 
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will also be adsorbed at the oil/water interface (section 3.00) and 

will act as emulsifiers. 

d) Creamier of emulsions  

All dilute emulsion whether stabilized by solids or any other 

emulsifier will cream, if the continuous phase is truly fluid. 

Creaming is the rise of the dispersed droplets under the action of 

gravity, the droplets remaining in close proximity to each other but 

not coalescing. According to Stokes the sedimentation rate of 

spherical particles in a viscous liquid is given by 

U 	= 	2gr2 (di  d2) 	 ( ) 
9 11 

Where U is the rate of sedimentation, g the accelleration due to 

gravity, r the particle radius, (di d2) the difference in density 

of the two phases and yl the viscosity of the continuous phase. 

Although eqn  (1) does not give the true (106) creaming or sedimenta-

tion rate of an emulsion, unless all the drops are of uniform size, 

it does show that the creaming rate will be high when the droplets 

are large. The large difference between di and d2  in the present 

work, where water and iso-octane was used, lead to rapid creaming 

of the 0/W emulsions. 

For the system iso-octane/quartz/water it can be readily shown 

that an oil drop of radius r1  will pick up quartz of effective radius 

0.55 r1  before sedimentation occurs. The percentage by weight of 
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its own weight which a drop will pick up under these conditions is 

given by (0.55)343  100/di = 63%. Where d3  = density of quartz 

and di the density of iso-octane. In other words an iso-octane drop 

will cream if the amount of quartz on the surface is less than 63% 

of the weight of the drop. 

In this research an iso-octane in water emulsion stabilized 

by mineral particles and collector reagents was obtained and allowed 

to cream. After a short period the emulsion creamed into two 

distinct layers, one consisting of oil droplets coated with mineral 

particles and the other consisting of an aqueous phase containing 

free mineral particles. By separating these two layers it was 

possible to ascertain the percentage of solid concentrated at the 

oil/water interface. The ratio of the organic phase volume to the 

aqueous phase volume was kept constant at 3:10 i.e. the organic 

phase was less than 25% of the total volume. It was thought that 

by keeping the organic phase volume low an 0/W emulsion would be 

obtained under most of the conditions encountered. 

4.12. Electrokinetic Studies  

a) The electrical double layer  

When a particle is immersed in a liquid its surface acquires 

an electrical charge which is caused mainly by the dissociation 

of ionogenic groups in the surface or the preferential adsorption 

of ions. As the system as a whole is electrically neutral an 

equal charge of opposite sign to that on the surface must be present 
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in the surrounding liquid. In consequence of the attraction between 

unlike charges, counter ions remain in the neighbourhood of the solid/ 

liquid interface, forming an electrical double layer. 

The double layer was originally thought by Helmholtz (107) to 

consist of two planes of equal and opposite charge separated by a 

constant distance of molecular dimensions. One plane being at the 

solid surface and the other a small distance away in the liquid. 

Gouy and Chapman (108) independently modified the Helmholtz concept 

of the double layer by assuming that one layer of charge was smeared 

over the solid surface and that an equal and opposite charge of ions 

(counterions) was unequally distributed throughout the aqueous phase 

as point like charges. According to this theory the relation 

between surface charge CT coulombs per cm2, total double layer 

potential Y 0, total concentration of symmetrical electrolyte, n 

ions per cm-3 and the valency of the ions v is given by 

(3- 	2n E kT. 	Sinh 	mixt  
2kT. (2) 

Where 	e = dielectric constant of the liquid. 

k = Boltzmann constant. 

e = electronic charge. 

and 	T = absolute temperature. 

When the potential is small ( <K 25 my) the exponentials can 

be expanded and eqn  (2) becomes 



-82— 

CT 22  2 € nk ve o = EY° 
2 kT. 	4 Tr 

8Trinr2e2  
E kT. 	(3)  

  

/ The term otr nv2 e2  /E kT)2  is known as the Debye-Huckel function 
X. which is associated with the size of the ionic atmosphere 

round an ion. The reciprocal of Xis generally called the ionic 

radius and is taken as a measure of the double layer thickness. 

Substitution of )( into eqn  (3) gives 

Cr E X 	to 
47r (4) 

which shows that the surface charge (when y o  `<c425 mV) is propor-
tional to the surface potential and that the double layer behaves 

as a parallel plate condenser with distance 1/)( between the 

plates. This equation is analogous to the original theory of 

Helmholtz. 

Other useful relationships obtained from the Gouy-Chapman 

treatment are that for small values of (t,0 o the potential (Si ) 

at a distance x from the surface, is given by 

s4 = 	Yoe - X x. 	
(5) 

and for ye 41 0  kT >> 1 and ye y 	<-‹ 1 

4 kT•  
ve 

X X* 
(6) 
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Where 8 	= 	exp. 	.‘re (t)liv/21 - 1  
exp. ve o/2kT + 1 

Equation (5) shows that?  for small surface potentials, the potential 

falls off exponentially with increase in distance from the solid 

surface. 

The Gouy-Chapman treatment of the double layer is essentially, 

based on the Boltzmann distribution law. This treatment, however, 

breaks down at small values of X x when 4/ 0  is large. For 

example if ke 0  is 200 mV in a 0.1M uni-univalent electrolyte the 

surface concentration according to the Boltzmann law should amount 

to 

n0  exp. (ve 	) 	300m 
irey (7) 

Where no is the concentration of electrolyte in moles per litre. 

Clearly this is an unrealistic value. 

Stern(109) was the first to realize that the inadequacy of 

the Gouy-Chapman treatment was due to the r6le played by the 

dimensions of the ions in the layers nearest the surface. Stern 

suggested that the hydrated counter ions could only approach to 

within a few angstroms from the solid surface and as a result they 

formed an immobile layer at a distance & from the surface. Beyond 

this layer which is generally known as the Stern layer, the Gov-

Chapman theory is applicable. Stein also considered the possibility 

of the specific adsorption of ions and assumed that these would 
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be located close to the surface and within the Stern layer. 

Grahame (110) supplies evidence that the Sternleyer can be 

divided into two regions which he designates the 'inners and 

'outer' Helmholtz planes. The outer Helmholtz plane is considered 

to be the locus of nearest approach of the centres of the hydrated 

counter ions and the inner Helmholtz plane the locus of nearest 

approach of the centres of specifically adsorbed ions. In the 

absence of specific adsorption, no centres of ions occur between 

the outer Helmholtz plane and the surface charge. 

According to the Stem model of the double layer the total 

potential drop Y o  is divided into a potential % over the 

diffuse part and (1)o — 14 over the molecular condenser i.e. 

that part of the double enclosed between the edge of the Stern 

layer and the surface charge. The total capacity of the double 

layer Ct  will be equivalent to the capacity of the diffuse layer 

(Cd) and the capacity of the molecular condenser (Cm) placed in 

series. 

Therefore Ct  = Cm Cd 

Cm  + Cd (8) 

In dilute solutions where the double layer thickness is large, 

the capacity of the double layer is determined mainly by the value 

of Cd and is therefore a function of the total electrolyte concen—

tration at constant double layer potential ( Y o). With increasing 

electrolyte concentration the double layer is compressed until 
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eventually Cd = 0. The double layer then reaches a constant 

capacity Cm independent of the concentration. 

The specific adsorption of ions into the Stern layer can be 

represented by the expression 

= 	2r no  exp. (— OP) 	(9) 

Where r is the radius of the unhydrated ion, n the number of ions 

per cm2  in the layer and no  the number of ions per cm3  in the bulk. 

The term W represents the work done in bringing an ion to the 

inner Helmholtz plane. It can be split into an electrical and non—

electrical term so that 

W 	= 	ve (1),S 	— 
	 (10) 

The introduction by Stern and Grahame, of 0 into the Boltzmann 
equation allows for the forces (such as van der Waals and chemical 

forces) which may exist between the adsorbed species and the solid 

surface. 

The total potential drop 4) 	across the double layer is 

generally a function of the concentration of ions known as potential 

determining ions. These ions are usually the same as those which 

oonstitute the crystal lattice of the solid. Thus for barium 

sulphate they are Ba2+ and SO
4
2— and for the oxide minerals 11+  and 

as ions. The term potential determining ion implies that a change 

in their concentration will bring about a change in the total 

potential difference ,60 between the two bulk phases in contact 
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with each other. The total potential difference between two phases 

is given by the equation 

are = 	Y0 + 3C 
	

(n) 

Where DC represents that part of. the total potential difference 

determined by the orientation of dipoles and polarisations at the 

surface. Only on the assumption that this X potential is not 

affected by changes in electrolyte concentration will d y be equal 

to d a6.0. If this assumption is fulfilled the potential difference 

across the double layer will be determined by the concentration of 

potential determining ions. 

If the potential determining ion concentration is changed, then 

the corresponding changes in the thermodynamic potential (49L4) and 

the surface potential are given by 

AM= kT Ln a/al 	 (12) 

and AY°  = 0 ( 0)1 kT 
ye 	ve Ln aial  

(13)  

Where a denotes the activity of the potential determining ion. If 

ao is the activity at the zero point of charge (z.p.c.) of the solid 

where Y o  = 0 then equation (13) becomes 

o kT 
ve Ln 

(14)  
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and 9)  o  can be calculated for any concentration of the potential 

determining ions provided that the concentration corresponding to the 

z.p.c. is known. Equation (14) is analogous to the Nerst expression 

used in electrode systems. 

In addition to the potential determining ions which change Yo  

there are some ions known as indifferent ions which change tes with—

out changing 4)0. Ions which reverse the sign of (ok without changing 

the double layer potential are known as surface active indifferent 

electrolytes. This reversal of sign shows that the ions are adsorbed 

by some force other than that of coulombic attraction. Figure 12 

shows the double layer diagrammatically for two sets of conditions 

a) in the absence of surface active indifferent electrolytes and b) 

in the presence of specifically adsorbed ions. 

In fig. (12) a new potential, the zeta potential (t) has been 

included. When the liquid moves relative to the charged solid only 

part of the ionic atmosphere surrounding the particle will move with 

it because some of the innermost layers of ions near the surface will 

be fixed by strong electrical or chemical forces. The potential 

difference located in the mobile part of the double layer is called 

the zeta potential. This potential, between the zone of shear and 

the bulk of the liquid, is the only potential that can be measured by 

electrokinetics. The zeta potential will of course be dependant on 

the position of the zone of shear but generally it is assumed to be 

so olose to YE that substitution of 	instead of dts  into the double 

layer equations does not incur any great inaccuracies. 
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The adsorption of collector ions onto a mineral surface may 

change the zeta potential of the mineral by specific adsorption of 

the ions. It is therefore of importance to establish the relationship 

between the zeta potential and the potential determining ion concen—

tration and also the collector ion concentration. When a mineral is 

charged it is reasonable to expect that the primary mechanism of 

adsorption of a collector ion will be that of coulombio attraction 

between the charged surface and the oppositely charged ion in 

solution. The determination of the zeta potential will not only 

indicate the surface characteristics of the mineral, but will also 

show whether the ions are specifically adsorbed or not. 

Zeta potentials are determined from four different electrokinetic 

effects: streaming potentials, electro —osmosis, sedimentation poten—

tials and electrophoresis. The method of electrophoresis has been 

used in this work because of its suitability to fine mineral particles. 

b) Electrophoresis 

When an electrical field is applied to a suspension of charged 

particles they migrate towards one of the electrodes. The direotion 

of migration will depend on the net sign of the charge at the shear 

plane and the polarity of the electrodes. If the particles are 

negatively charged, they will migrate to the positive electrode and 

if positive they will move toward the negative electrode. Such 

movement of particles under the influence of an applied electric 

field is called electrophoresis. 
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The relationship between the electrophoretic mobility, defined 

as the velocity of migration of the particle under unit potential 

gradient, and the zeta potential is dependant on the ionic strength, 

viscosity, dieleotrio constant of the liquid phase and the particle 

size and shape. When the particle is a non-conducting sphere of 

radius much smaller than the thickness of the double layer (i.e. 

'/X) the relationship between the zeta potential and the electro-
phoretic mobility is given by the Debye-Huckel equation (111) 

(15) 

	

Where 	u = electrophoretic mobility. 

D = dielectric constant. 

	

and 	Ti, = viscosity. 

The derivation of this equation includes Stokes law for flow in a 

viscous medium and the classical definition of the capacity of a 

spherical condenser. Both of these assumptions are only valid if 

the particle is spherical. However, it can be shown that in general 

u = 	D C 	 (16) 

Where C a constant, depends on the shape and orientation of the 

particles. In the special case of rod shaped particles for migration 

in directions parallel and perpendicular to the orientation direction, 

equation (16) becomes 
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u 	LI and u 
411'41 

(17) 

respectively. 

When the radius of curvature at any point of the particle is 

large compared to the thickness of the double layer, the particle 

plus double layer can be treated as a condenser with distance 1/)( 

between the plates. The equation derived from this treatment is 

generally referred to as the Helmholtz — Smoluchowski (112) equation 

u =321 
411'n (18) 

In the derivation of equation (18) a number of assumptions are made 

and these are listed below, 

a) The usual hydrodynamical equations for the motion of 

viscous fluid may be assumed to hold both in the bulk of the liquid 

and within the double layer. 

b) The liquid at the particle surface has the velocity of the 

particle and the velocity gradient begins at the surface. 

c) The applied field may be taken as simply superimposed on 

the field due to the electrical double layer 

and d) The thickness of the double layer is small compared to the 

radius of curvature at any point on the surface. 

Henry (113) has discussed the validity of these assumptions 

and using assumptions (a), (b) and (c) with the further assumption 

that the electrical distribution in the ionic atmosphere is of the 
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Debye-auckel type, he has shown that the general equation 

= D 
rfr5i 	fl ()( a) (19) 

should apply for all non—conducting particles. The values of fl  

(X a) which depend on the shape, size and orientation of the 

particles are tabulated in 'Electrophoresis of proteins' (114). 

Determinations of fl  (X a), commonly known as Henry's factor, can 

be readily obtained from Henry's equation 

u = p 	[ 1 + ()( a)2  — 5 (Z2 - 	4  +Xa)1 (20) 
61r TL 	16 	48 	-96 	96  

For )(a >> 1 	f1  (1(a) = 1.5 and eq (20) reduoes to 

that of Smoluchowski. 

For )(a 4:K 1 	f1 	a) = 1. and eq (20) approximates 

to the Debye-Huckel equation. 

Overbeek (115) and Booth (116) independently corrected the 

Henry's equation for the influence of the relaxation effect on the 

particle velocity. The relaxation effect arises from the fact that 

when a particle suspension is subjected to an electric field, the 

outer part of the double layer moves in a direction opposite to that 

of the particle, thus deforming the original symmetry of the double 

layer. By electric conduction and diffusion the double layer tends 

to restore its symmetry but a short time known as the 'relaxation 

time' is necessary before this can happen. As a result the double 

layer tends to lag behind the particle, giving rise to an eleotrio 
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field oppositely directed to the applied field, whioh tends to slow 

down the particle. Overbeek's simplified electrophoretic equation 

for a particle in a symmetrical electrolyte is 

u i_IL fl(Xa) - v2(p_t 2f3(Xa) - (P +P ) 
k lerf 	 Z e 

DkT (42f4  (Xa) 
311-17176\kT/ 

 

 

 

(21) 

Where f1  (Xa) is  Henry's function, the values of f3  ( X a) and f4  

()( a) were tabulated by Overbeek, and Pi.  and P_ are the frictional 

constants for the cation and anion respectively. 

The following conclusions can be derived from this equation 

1) Whent(25 mV. the relaxation effect is not important 

over the whole range of (Xa). 

2) For small values and large values of ( 4:a) the 

relaxation affect may be neglected. 

3) For intermediate values of ( X a) the relaxation effect 

is an important correction factor, especially when 	is not small. 

Recently Wiersema, Loeb and Overbeek (117) have established a 

computer programme to determine the relaxation oorrection factor in 

the range 0.20(a < 50. This range covers part of the range 

outlined in conclusion (3) above. 

Booth (118) and Henry (119) independently extended Henry's 

equation by including a correction factor to take into account the 

surface conductivity effect. The surface conductivity is due to 

the fact that the electrical double layer contains a higher con-

centration of ions than the bulk of the solution. However, both 
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Booth (116) and Overbeek (115) allowed for the diffuse double 

layer conductivity in their corrections for the relaxation effect, 

and so a separate correction is not required. 

c) The Microscope Electrophoresis Method  

The microscope method of electrophoresis involves the direct 

observation of microscopically visible particles as they migrate 

in an electric field. -The particles are suspended in a solution 

and placed in a small flat or cylindrical transparent cell over 

which a potential is applied. The time for a particle to cover a 

given distance, as measured with a graticule in the eyepiece of a 

microscope, is determined by the operator for each individual particle. 

From this the particle velocity is determined, and from the current, 

conductivity of the solution, and cross seotional area of the cell 

the electric field strength is evaluated. 

Microscope electrophoresis apparatuses have in common a cell 

into which a microscope can be focussed, an electrode system, and a 

system by which the cell is filled, emptied and closed. In the work 

described in section 4.2.3. a flat rectangular cell was used and the 

following theoretical considerations are related to the movement of 

particles in a rectangular cell. 

If an electric field is applied to a liquid in a closed glass 

cell, the liquid nearest the cell wall will move towards one of the 

electrodes because of the charge and hence the double layer residing 

at the cell wall. This electroesmotic streaming of the liquid past 
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the cell walls cannot be eliminated by any known method and so it 

is imperative that it be taken into account. The electro..osmotic 

effect is shown in fig. 13. 

Fig. 13 Electro—osmosis in closed tube  

Since the net flow of liquid in the cell must be zero the flow of 

liquid moving along the sides of the cell must be balanced by a 

flow of liquid in the opposite direction- at the centre of the cell. 

At some particular depth in the cell, therefore, there should be a 

position where the liquid velocity is zero, i.e. the eleotro— 

osmotic flow equals the return flow. Clearly, if the microscope is 

focussed on these levels where the liquid velocity is zero (stationary 

levels) the true mobilities of the particles can be determined. 

If it is assumed that the ratio of cell width to thickness is 

large then the following hydrodynamics can be applied to show the 

variation of liquid velocity as a function of cell depth. Consider 

a point at distance x from the centre of the cell having a liquid 

velocity Vw and a velocity gradient of dVw. From the definition 
dx 
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of viscosity the viscous force (F1) at this point will be 

F = dVw Area. In 
dx 

(22)  

where •!'t. is the viscosity and the area is equal to the width of the 

cell (y) times its length (1). Equation (22) therefore becomes 

F 	= ft 1 y 	dVw 
dx 

If one considers a layer of cell length 11  cell width y and thickness 

dx, the viscous force on this layer will be 

F2 	= 	1 y dx 
dx 	dx 

The effect of the osmotic streaming in the closed cell will be to 

produce a pressure difference P between the ends of the cell. 

Therefore the electro—osmotic force on the liquid element of length 

1, width y and thickness dx will be given by Py.dx. This force must 

be equal and opposite to F2. Equilibrating these two forces the 

expression 

P = a2vw 
Ur—) 

is obtained. If it is assumed that the total thickness of the cell 

is 2a and that x varies from —a to +a integration of equation (25) 

gives 

Vw = 	P 	x2 + cx + b 

2'111  

(23)  

(24)  

(25)  

(26)  
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where c and b are constants of integration. This is an equation of 

a parabola and since x is measured from the centre of the cell, 

symmetry requires that C = 0. At the points where x = t a the liquid 

velocity (Vw) will be equal to the osmotic velocity (V0). Applying 

these conditions to eqn  (26) gives 

Vo  - P 	a2 

21711 

and 	V/4  = P 
2 fill 

(x2 - a2) + Vo  (27) 

The total flow of liquid in the cell must be zero so that 

+a 
Vw dx 	0 	 (28) 

-a 

Substituting (27) in (28) and integrating 

r
+a 

-a 

Vdx = 	P x3  - a2xP + Vox 
177 	2111 

0 

Solving this expression for P 

P 	= 	34/1 1 Vo  

a2  

Substitution of eqn  (29) into (27) gives 

a 

-a 

(29) 
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[32c  

2 Vw 	V 

The observed velocity of the particles within the electrophoretic 

cell will be equal to the sum of the liquid velocity (Vw) and the 

velocity of the particles relative to the liquid (V). Thus 

Vob= V + Vw 
	 (31) 

From eqn (30) the value of x is 0.578a when Vw  = 0. This means 

that if the microscope is focussed on levels corresponding to 0.21 

and 0.79 of the whole depth of the cell the effect of Vw  will be 

eliminated and Vobs = V. 

In the cell used in this work the ratio of cell width to depth 

was not large, and although for a thin cell a parobolic velocity 

profile is obtained (114), it was necessary to use Komagata's theory 

(120). According to this if ao  is the position of the stationary 

levels (Vw = 0) in terms of practical depth from the top of the 

cell, and B is the ratio of cell width to cell thickness, then 

ao = 1 	i1 	32  
÷ V 	12 + 115B 	 (32) 

Thus for the particular cell used in this work where B = 10, ao  = 

0.194 the stationary levels occurred at 0.194 and 0.806 of the total 

cell depth. 

The electrophoresis method was used to determine the zeta 

potential of fine hematite and quartz as a function of pH and 

collector concentration. 

2 	a 1] 
(30) 



-99- 
4.13. Contact Angle and Adsorption Studies  

a) Contact Angles 

In section 1.00. the Young's equation was used to show the 

interfacial tension and contact angle conditions necessary for 

mineral particles to concentrate at the oil/water interface. 

According to the Young's equation 

- 	)3-sw = 	y ow Cos() 	(33) 

the cosine of the contact angle at the three phase point of contact 

water/solid/oil, should have one well defined value equal to 

()(so — 'sw) / ow;  where )(so, 0 sw and )(ow are the interfacial 

tensions solid/oil, solid/water and oil/water respectively. 

Actually it is found in many experiments that the value of the 

contact angle depends on whether one phase, say the oil phase, is 

receding or advancing over the solid surface. 

This hysteresis effect has been of considerable interest for 

a number of years especially for contact angles measured at the air/ 

solid/water, line of contact. Originally it was thought by Edser 

(121) and Sulman (122) that the extent of the hysteresis determined 

whether the mineral was floatable or not. It now seems likely that 

these workers were in error in thinking this. There may be an 

indirect correlation between floatability and hysteresis, but many 

other factors are involved. 

Two basic explanations have been offered for the hysteresis 

effect. According to some authors (123) (124) roughness of the 
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surface causes apparent contact angles that are different from the 

receding and advancing angles although the local contact angle may 

be completely determined by equation (1). Wenzel (125) has pointed 

out that solids have rough surfaces on the sub-microscopic scale. 

Quantitatively the average roughness of the surface is measured by 

r the ratio of the real to the apparent surface area. Wenzelts 

relationship 

Cos e 	r Cos 8e 	 (34) 

where Ziis the apparent contact angle, connects the observed and 

equilibrium contact angles. 

The other explanation of hysteresis, which was promoted by 

Cassie (126) suggests that the solid/air interface after the liquid 

has just receded is different from the same interface when no liquid 

has previously covered it. De Bruyn, Overbeek and SchUhmann (127) 

consider that for each pair of phases there is an equilibrium 

composition belonging to the corresponding interface. Gaudin (128) 

has suggested that at the contact line between the three phases 

there is a join between the three adsorbed layers. Accordingly for 

an air bubble in contact with a polished mineral surface the composi-

tion of the solid-gas layer will be different from that of the solid-

liquid layer. Gaudin indicates that if the bubble is laterally 

displaced, there should be a rearrangement of the adsor bed species 

but as this is not a spontaneous process the leading and trailing 

contact angles will be different. Gaudin and coworkers (129) (130) 
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have suggested a similar reason for the hysteresis at solid/water/ 

oil lines of contact. 

It should be said that although a number of attractive models 

have been constructed to account qualitatively for hysteresis effects 

no really quantitative results have been obtained. Many theories of 

contact angle hysteresis appear to be speculative. 

b) The Relation between Contact Angle and Adsorption 

The contact angle at the air/water/solid interface is a measure 

of the hydrophobicity of the solid surface. When the contact angle 

is zero (as measured through the aqueous phase) the surface is said 

to be hydrophilic and when greater than zero the surface is said to 

have obtained a degree of hydrophobicity. A completely hydrophobic 

surface is obtained when the contact angle is 1800. These three 

cases are shown in Fig. 14 

Al R 

\\ \\\\ \\\\\\\ 
Hydrophilic surface A degree of 	Hydrophobic surface 

(a) 	hydrophobicity 	(c) 
(b) 

Fig. 14. 

WATER 
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It must be realized that just because a surface is hydrophobic, it 

need not necessarily be oleophilic (131). Although in Fig. 14 (b) 

the surface is shown to have a degree of hydrophobicity substitution 

of an oil drop instead of an air bubble might result in no contact 

(or even greater contact). 

In conventional flotation systems the surface of a solid is 

given a degree of hydrophobicity by the adsorption or reaction of 

• collectors at the mineral/water interface. It would therefore seem 

likely that a simple relationship should exist between the degree 

of hydrophobicity (or the contact angle) and the amount of collector 

on the mineral surface. 

A number of authors (132) have shown that although the value of 

the contact angle and adsorption results plotted as a function of 

the logarithm collector concentration are similar, no direct simple 

relation exists between the contact angle and the adsorption density. 

Some authors (133) (134), however, have indicated a linear relation—

ship between either the contact angle and the adsorption density or 

the cosine of the angle and the adsorption density. 

It has been the tradition in the past to assume that the adsorbed 

species is uniformly distributed over the surface of the solid. 

Figures have then been quoted of the adsorption density that corre—

sponds to the formation of a monolayer. In recent years however 

the validity of this practice has been questioned. Autoradiography 

(135) studies have revealed that the collector is adsorbed in 

'patches' and that there is the possibility of multilayer adsorption 
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even before the completion of a monolayer. 

Although large amounts of collector can be adsorbed the resulting 

surface need not necessarily be hydrophobic. Contact angles will 

reveal whether this is so or not and they will also indicate the 

orientation of the adsorbed species at the interface. Recently 

Billet and Ottewill (136) have shown that although adsorption, of 

dodecylpyridinium bromide on silver iodide, did not change appreciably 

over a wide range of concentration, the contact angle did. The 

authors attributed this change in contact angle to a change in the 

orientation of the adsorbed species. Other workers (137) (138) have 

found similar results for different systems and they have interpreted 

them in a similar way. 
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4.20. EXPERIMENTAL  

4.21. Materials  

a) Hematite 

Large lumps of a polycrystalline Swedish hematite were divided 

into two fractions, one fraction being for extraction, electrokinetic 

and adsorption studies, and the other for contact angle determina-

tions. The fraction for extraction studies etc. was crushed in a 

laboratory jaw crusher and pulveriser, and the size fraction 

- 52 + 72 mesh, retained and cleaned by magnetic separation and wet 

tabling. After drying at 120°C, the hematite was stored in a bottle 

with a ground glass stopper. A microscopic examination of this 

sample revealed that the main impurity present was quartz at less 

than 0.05%. 

When required a 25g sample of the - 52 + 72 mesh hematite was 

ground in a vibratory agate mill for a period of 35 minutes. The 

ground sample obtained was 100% - 441,Am and 50% - 10Am as determined 

by the Andreasen pipette. The specific surface areas, as determined 

by the B.E.T. method,of the hematite samples used for the evaluation 

of the dodecylamine and sodium dodecyl sulphate adsorption densities, 

were 2.92 metre2 and 3.48 metre
2 respectively. Calculation of the 

mean particle diameter from the surface areas gave approximately 

0.35 fum. An agate mill was used for the grinding because of the 

ease with which grease and other impurities could be removed from 

the grinding 'surface' by the use of Chromic-sulphuric acid. The 
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- 494m  hematite was stored under vacuum in the presence of silica 

gel crystals. 

The lumps of hematite to be used for contact angle studies were 

ground by a fine diamond wheel into blocks about 15 mm long, 15 mm 

wide and 5 mm thick. After a microscopic examination of the surfaces 

the purest and most homogeneous surface was polished by successively 

finer grades of silicon carbide ipaperl. The final polishing was 

conducted on a well worn 625 grade paper followed by a light polish 

with alumina on a thyprocell paper. After the measurement of each 

contact angle the hematite sample was cleaned with nitric acid and 

alcohol, soaked in 0.1M sodium hydroxide for five minutes, washed 

with distilled water until the pH remained constant and finally 

repolished with a 625 grade silicon carbide paper and the alumina 

treatment. This treatment was repeated until the surface became 

hydrophilic. The polished samples were stored under distilled 

water. 

b) 9lartz 

Two samples of quartz were selected, one a synthetic optical 

quartz of high purity and the other a mineral quartz from the Isle 

of Man. The optical quartz was used for comparative purposes in 

the electrokinetic and contact angle studies. 

Selected pieces of mineral quartz were crushed in a laboratory 

jaw crusher and pulveriser. The — 52 + 72 mesh size fraction was 

retained and leached with successive washes of hot concentrated 
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hydrochloric acid to remove iron impurities. This treatment was 

repeated until no iron, was detected by ammonium thiooyanate, in 

the solution. The quartz sample was then washed thoroughly with 

distilled water until the conductivity of the wash water assumed 

that of distilled water. 

Samples of 25g of the — 52 + 72 mesh quartz were ground for 

5.25 minutes in a agate vibratory mill. The product obtained was 

100% — 44h x" and 57% — 10}l m. A specific surface area determina,-

tion of the sample used for the adsorption studies gave a value of 

0.94 metre21, which corresponded to a mean particle diameter of 

2.4)µ,m. The — 44,AA. m quartz was stored under vacuum in the presence 

of silica gel crystals. 

To avoid iron contamination, from the laboratory crushing 

apparatus, the optical quartz was wrapped in a cloth and crushed 

with a hammer. The — I" pieces were ground in a agate vibratory 

mill to 100% finer than 44)LA.m. No attempt was made to measure the 

specific surface area of this sample. 

The optical quartz sample obtained for contact angle studies had 

already been /optically' polished and this sample was cleaned by 

washing with nitric acid in alcohol. The mineral quartz was prepared 

for contact angle studies by a method similar to that used for the 

preparation of the hematite samples. After each contact angle 

determination the surface was cleaned with the alcohol in nitric acid 

treatment until the surface became hydrophilic. The sample was then 

stored under distilled water until required. 



-1 07— 

o) Other Materials 

All the other materials used in this work were similar to 

those used in section 2.00 and 3.00. The collector solutions, with 

the exception of dodecanoic acid, were prepared in hydrochloric 

acid so that the total ionic strength was 6 x 103. Values of pH 

between approximately 2.3 and 11 were obtained by addition of 0.IM 

NaOH, thus keeping the ionic strength constant. Dodecanoic acid 

solutions were usually prepared by dissolving dodecanoic acid in 

the iso-octane phase and allowing equilibrium to establish itself 

in contact with aqueous sodium hydroxide and/or hydrochloric acid 

at a constant ionic strength of 6 x 103. 

4.22. Extraction Studies  

a) ApEaratus 

The apparatus designed to investigate the concentration of 

minerals at the oil/water interface is shown in Fig. 15. It 

consisted of a pH modifying cell (1), a conditioning cell (2) 
• 

containing a set of Perspex baffles, and a separating column (3). 

Iso-octane was injected into the conditioning cell from a drawn out 

capillary, situated at the level of a rotating, polythene-coated 

impellor. This method of oil addition facilitated close control of 

the oil injection rate. It also gave a fairly even distribution 

of oil droplets (139) and resulted in a faster attainment of 

equilibrium. The rate of rotation of the impellor, in the range 

0 - 5000 r.p.m., was measured by a Smith tachometer 
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Fig. 15. Diagram of extraction apparatus. 
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The essential feature of the separating column was a sintered 

glass disc situated near the base of the column, through which air 

was introduced. The diameter of this disc was almost the same as 

that of the column. When liquid was added to the column, it rested 

on the disc and trapped a layer of air below it. Air entering 

through the disc then passed through all of the liquid before 

escaping to the atmosphere. Carbon dioxide and water were removed 

from the compressed air by passing the air through gas bubblers 

containing concentrated caustic soda and sulphuric acid. 

The capacities of the pH modifying cell, conditioning cell and 

separating column were about 30 ml. Measurements of the pH, before 

and after the tests,were made using a glass electrode assembly and 

a Pye tDynacapt meter. 

b) Method 

Aliquots of 20 ml of collector solution were added to the pH 

modifying cell and the pH adjusted with 0.1M sodium hydroxide. The 

oollector solution was then passed into the conditioning cell, where 

the impellor was rotating at the required speed, and approximately 

0.5g of — 44)U. m mineral added. After a conditioning period of 10 

minutes, 6 ml of iso—octane was injected into the pulp and conditioned 

for a further 15 minutes. At the end of this period the pulp was 

drained into the separating column where the fine dispersion of air 

bubbles passing through the column increased the rate at which the 

hydrophobic particles attached to the oil droplets rose to the surface. 
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When the two phases had separated out the aqueous phase was 

drained into a weighed centrifuge tube, centrifUged and the pia of the 

aqueous phase measured. This pH was regarded as the equilibrium pH 

of the system. The organic phase was then recovered. Any particles 

adhereing to the walls of the separating column were washed, out with 

alcohol, into the centrifuge tube containing the organic phase. After 

centrifuging and discarding the liquid both products were dried at 

10000 and then weighed. 

c) The results of_preliminaly tests 

Preliminary tests were conducted on quartz with a collector of 

dodecylamine to ascertain the optimum values of such variables as 

agitation rate, iso-octane injection pressure, phase volume, solid 

weight and conditioning time. It was assumed during these tests that 

the variables were independent of each other. The results illustrated 

in fig. 16 show the influence of various variables on the percent 

quartz extracted with an agitation rate of 2000 r.p.m. and a pH 

between 5.0 and 6.0. 

Curve (1) shows the influence of the weight of quartz on the 

extraction efficiency when the organic phase volume was 23% of the 

total volume, the iso-octane injection pressure 25 cm Hg, the 

dodecylamine concentration 6.75 x 105Y1 and the conditioning time in 

the presence of iso-octane 15 minutes. It can be seen that as the 

solid weight was increased the percent extracted decreased in a way 

analogous to an exponential decay. 
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Curve (2) shows the influence of the organic phase volume on 

the quartz extraction efficiency, with a solid weight of 0.5g and 

all the other variables fixed at the values used for curve (1). As 

the organic phase volume was increased, the efficiency increased to 

a maximum at an organic phase volume of between 20 and 30 percent of 

the total volume and then decreased. The total volume in these 

tests was kept constant by decreasing the collector solution volume 

by an amount equal to the increase in volume of the organic phase. 

Curves (3) and (4) show the influence of injection pressure of 

iso-octane and conditioning time on the extraction efficiency. The 

concentration of dodeoylamine in these tests was 5.75 x 10514 and 

all the other variables were at the values indicated for curves (1) 

and (2). The percent extraction increased with increase in injection 

pressure and conditioning time and reached a constant value at 20 cms 

Hg and 10 min. respectively. 

Figure 16 illustrates the effect of agitation rate on the 

extraction efficiency over a pH range. The concentration of dode-

cylamine was 6.75 x 10-514, the organio phase 23% of the total, the 

conditioning time 15 minutest  the sample weight 0.5g and the injection 

pressure 25 cm Hg. The difference between the extraction efficiency 

at 2000 and 2800 r.p.m. was very small, however at 3200 r.p.m. the 

extraction was a little higher at low pH values. At agitation rates 

lower than 1800 r.p.m. the extraction effioiency decreased because 

of the sedimentation of particles to the base of the conditioning 

cell. 
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Tests were conducted to determine the influence of air addition 

to the separating column. It was found that, for a wide range of 

air flow rates, the precent extraction was only 4% higher than the 

percent extraction obtained in the absence of air. In the presence 

of air however the two layers separated more rapidly and the 

reproducibility was improved. As a result air, at a constant rate, 

was introduced in all subsequent extraction tests. 

It was concluded from these tests that the following values 

(Table VI) should be given to the variables when investigating the 

influence of concentration of collector and pH on the percent 

extraction. The assumption was made that the values designated to 

the variables would be the same for the different mineral/collector 

soln/iso-octane systems. 

TABLE VI  

Variable Value 

Agitation rate 

Injection pressure 

Conditioning time 

Volume of organic phase 

Volume of aqueous phase 

Weight of sample 

2000 r.p.m. 

25 cm Hg 

15 min 

6 ml 

20 ml 

0.5 g 

4.23. Electrophoresis Studies  

a) Apparatus 

The electrophoresis cell developed from that of Marshall (140), 
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consisted of two similar electrode compartments and a demountable 

glass cell. The glass cell was supplied by Tintometer Sales Ltd. 

and was a 1 mm standard spectrophotometer cell 90 mm long and 10 mm 

wide constructed without ends. The electrode compartments were 

machined out of solid rectangular blocks of 'Perspex' and were 

cylindrical in shape (fig. 17). The glass cell fitted into the two 

electrode compartments by slots cut into one face of each rectangular 

box. One end of each cylindrical electrode compartment was composed 

of a 'Perspex' plug held in position by two brass bolts and a rubber 

'0' ring. On the interior surfaces of the plugs were situated 

platinum foil electrodes which were conneoted to outside terminals 

by platinum wires passing through the plugs. Solution was passed in 

and out of the cell through holes cut through the 'Perspex' and, 

during filling, air was allowed to escape from the electrode compart-

ments by a screw type valve system situated at the top of the 

electrode compartments. When the cell was in use the glass cell was 

sealed into the slots by silicone moulding paste and the whole 

assembly was clamped to the microscope stage. 

The optical system of the microscope consisted of a dark 

field sub-stage condenser (Cooke, low-power D.G. numerical aperture 

0.70 - 0.80), a x 40 long-working distance objective (Vickers - A.E.I. 

numerical aperture 0.57) capable of focussing on any level within 

the cell, and a x 8 eyepiece. A micro-adjuster on the microscope 

enabled the objective to be focussed to within 0.005 mm on a 

particular level within the cell. Ten revolutions of the micro- 
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adjuster corresponded to 1 mm the thickness of the cell. Heat from 

the light source was removed by a copper sulphate solution filter. 

The voltage applied across the electrodes was supplied by a 

0 — 500 V stabilized power supply unit and the current passing 

through the cell was measured by a multimeter capable of resAing 

0.1 mA full scale deflection. A system of reservoirs (fig. 18) 

enabled the suspension of particles to be passed backward and 

forward through the cell until the system was at equilibrium. The 

ILL and conductivity of the suspension were measured by a Pye 

IDynacapl pH meter and a Pye conductance bridge, respectively. 

The advantages of the type of cell employed in this work were 

i) it was easy to assemble and could be clamped to the miscoscope 

stage, ii) cleaning of the cell was carried out even when the cell 

was clamped in position, iii) air bubbles were readily removed 

from the electrode compartments; and iv) the cell was robust, 

inexpensive and easily cleaned. 

b) Determination of velocitz 2p)file 

A dilute suspension of 1 Fransill, a finely divided vitreous 

silica powder, in distilled water was passed into the electro—

phoresis cell and a potential of 40 V was applied across the 

electrodes. The microscope was then focussed on different levels 

within the cell and the time for the particles to move through a 

set distance noted. At each level ten particles were measured 

travelling in one direction and then the voltage was reversed and 
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ten particles were measured travelling in the reverse direction. 

The distance over which the particles were timed, was measured 

by inserting a grid type graticule in the eyepiece of the microscope. 

This grid was calibrated by placing a standard 100,,p,m linear scale 

on the upper surface of the cell and then taking an average of the 

dimensions of several squares within the grid. 

Moyer and Abramson (141) have shown that in general the 

parabola 

Vobs 	d (Z - Z2) + e 
	

(35) 

can be used to describe the Vobs-depth curve, where Z is the 

fraction of the cell depth at which the observed velocity Vobs. is 

obtained and d and e are constants. From eqn  (35) it follows that 

if Vobs is plottedagainst (Z - Z2) ale straight line should result 

with gradient d and intercept e. Figure (19) shows the experimental 

velocity profile obtained compared to a theoretical velocity profile. 

The theoretical profile was obtained by plotting experimental values 

of Vobs against (Z - Z2) and drawing a statistical straight line 

through the points. From the straight line values of Vobs and Z were 

taken and plotted in fig. (19). 

These results show that a parabolic profile, symmetrical about 

the centre of the cell, was obtained and that the cell was behaving 

as would be expected from theoretical considerations (c.f. section 

4.12c). 
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Fig. 19. Velocity profile. 
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c) Determination of the electr2phoretic mobiliy 
of mineral_particles 

Electrophoresis studies have been carried out on hematite and 

quartz in the presence of various electrolyte solutions. The 

hematite for these tests was obtained by lightly grinding lg of 

— 44/km hematite, with a little distilled water, in a mechanical 

agate mortar for ten minutes. The resulting pulp was then diluted 

with one litre of water and left until required. 

Two samples of quartz were used, one the mineral quartz similar 

to that used in the extraction studies and the other the optical 

quartz. These samples were dry or wet ground in the mechanical 

mortar and were stored in a variety of ways, for different lengths 

of time, so that the aging properties of quartz could be examined. 

Aliquots of two ml of the mineral suspension or a small 

amount of the dry solid were added to 40 ml of the acid or acidified 

collector solution and the resulting suspension agitated for fifteen 

minutes. The suspension was then allowed to stand for ten minutes, 

to allow any coarse particles to settle out, and then added to the 

electrophoresis cell via the reservoir system (fig. 18). After the 

suspension had been passed through the cell several times Tap A 

was closed so that most of the suspension was trapped in the electro—

phoresis cell and reservoir B. Air was then excluded from the 

electrode compartments by opening the valves, one at a time, and 

using the pressure generated by the head of liquid between the 

cell and the reservoir B to force the air out. Tap B was then 
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closed and screw clips C and D were tightened to eliminate particle 

drift in the cell due to leaking taps. The microscope objective 

was then focussed on the upper stationary level and the particles 

viewed to see if there were any leaks in the cell. After applying 

a voltage ten particle velocities were measured in one direction 

and then in the other direction by reversing the voltage. The 

current was measured in both directions and the average of these 

two values was determined. 

The suspension was then drained, into a beaker containing pH 

electrodes and a conductivity cell, by opening clips C and D and 

taps A and E. The last drops of the suspension were forced out of 

the cell by blowing through 'white spot' nitrogen and the suspension 

in reservoir B was also allowed to drain into the beaker by opening 

tap B and reversing tap E. After measuring the pH and conductivity 

of the suspension the pH was increased by the addition of 0.1M 

sodium hydroxide. The suspension was then added to the reservoirs 

and the procedure repeated for different pH values. 

The electrophoretic mobility (u) was evaluated from the particle 

velocity (V) and the conductivity of the suspension (Ks) by the 

following equation 

u = V Ks  S 

I (36) 

where S is the area of cross—section of the cell and I/4 S the 

field strength. 
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Values of the zeta potential were obtained from the electro-

phoretic mobility by the use of eqn (2 1 ) (Seotion 4.12b). It was 

assumed in these calculations that a, the radius of the particle was 

not smaller than 0.4)4m. Under these conditions, with an ionic 

strength of 6 x 10 3, the value of OW was greater than 100 and 

fQ(a) approximated to 3/2 so that 

u. 	= D 
	

( 37) 
4 Trrl.  

which is the Helmholtz-Smoluchowski form of the electrophoresis 

equation. At a temperature of 22°C eqn  (37) becomes 

fr . = 13.6 u 	 (38) 

4.24. Adsorption Studies  

a) Determination of dodecxlamine 

The concentration of dodecylamine in solution was determined 

by complexing the amine with an acidified alcoholic solution con-

taining sulphnapthelein indicator (142) (143), e.g. bromo-cresol 

green, as complexing agent, and then extracting the complex into 

chloroform. The indicator solution was prepared by dissolving 0.1g 

bromo-cresol green in 60 ml of ethyl alcohol, acidifying with 0.5 ml 

concentrated sulphuric acid and diluting with water to 100 ml. In 

each determination, 1 ml of indicator solution was added to 5 ml of 

the sample solution and diluted to 10 ml ; 5 ml of chloroform was 

then added and the mixture inverted rapidly about 100 times. The 
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chloroform phase was then separated and examined in a 1 cm cell in 

a Unicam S.P.500 spectrophotometer. 

A % transmission vs wavelength plot (fig. 20) revealed that 

there were two wavelengths at which maximum absorption of light 

occurred, one at 416 mp and the other at 290 rot . Beer's law, 

however, was only obeyed at 416 111,AL . FUrther tests indicated that 

an impurity in the dye was extracted into the chloroform, even in 

the absence of dodecylamine, and that this impurity absorbed light 

at 290 mp.. . Figure 21 shows the plot of optical density vs 

concentration of dodecylamine at a wavelength of 416 mAk . This 

plot, shows that the Beer law was obeyed and so it was used as a 

calibration curve. 

The dodecylamine in the iso-octane phase was extracted into 

an aqueous phase by shaking with 0.1M hydrochloric acid for forty-

five minutes. The amine in the aqueous phase was then determined 

by the method elucidated above. 

b) Determination of—  sodium dodepil_sulEbate 

The  method used for the determination of sodium dodecyl sulphate 

was similar to that suggested by Gregory (144) for the determination 

of anionic surface active agents. The sodium dodecyl sulphate 

solutions were reacted with. a copper triethylenetetramine complex 

in an alkaline medium of monoethanolamine and then the resulting 

complex extracted into a isobutanol-cyclohexane mixture. Addition 

of dietbylammonium diethyldithiocarbamate to the extracted complex 
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produced a colour which was determined spectrophotometrically in a 

Unimak S.P.500. 

The reagents were prepared in the way indicated below:— 

Copper — triethylenetetramines 25g of Copper (II) nitrate 

trihydrate was dissolved in 125 ml of water and a solution 

containing 16.25g of triethylenetetramine in 125 ml water 

slowly added. A solution containing 250 ml of monoethanol—

amine in 250 ml of water was then added and the whole made up 

to 1 litre with distilled water. 

Isobutanol—cyloohexane extraotants 200 ml of isobutanol was 

mixed with 800 ml of cyclohexane. 

Diethylammonium diethyldithiooarbamate solutions 2g of 

dieth,ylammonium diethyldithiocarbamate was dissolved in 

100 ml of isobutanol. This solution was prepared fresh every 

two days. 

In a determination 5 ml of the copper complex and 10 ml of the 

extractant was added to 25 ml of the sample and the mixture inverted 

rapidly 100 times. The organic phase was then separated from the 

aqueous phase and mixed with two drops of carbamate solution. After 

the sample had been left to stand in the dark for fifteen minutes, 

the optical density at a wavelength of 435 mart. was determined. 

Figure 21 shows the plot of optical density against concentration 

of sodium dodecyl sulphate, compared to the reference curve of 

dodecylamine. Blank determinations were made for each fresh batch 

of reagents. 
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0 Adsorption tests 

The adsorption tests were conducted in 100 ml conical flasks 

fitted with B.19 stoppers. Before use each flask was cleaned with 

nitric acid in alcohol until the internal surface was completely 

hydrophilic. Samples of lg of the —44)4 m mineral were added with 

small amounts of 0.IM sodium hydroxide to a mixture containing 40 ml 

of acidified collector solution and 12 ml iso—octane. The resulting 

mixture was shaken for 45 minutes under an atmosphere of 'white spot' 

nitrogen, and then the oil in water emulsion obtained was centrifuged 

and the aqueous phase separated from the organic phase. After measur—

ing the pH of the aqueous phase the dodecylamine content of the 

aqueous and organic phases, or the sodium dodecyl sulphate content 

of the aqueous phase was determined. The adsorption density was 

deduced from the difference between the total collector content 

before and after the adsorption had taken place. 

The adsorption density, as deduced from solution analyses will 

be composed of adsorption at the oil/water, solid/water and sold/ 

oil interfaces. In this work, however, the area of the oil/water, 

and solid/oil interface was considerably reduced by the centrifuga—

tion of the emulsion. Some oil was carried down with the sedimentated 

mineral particles but the amount was small, as evidenced by the fact 

that at the end of the centrifugation period the amount of clear 

organic phase was approximately the same as that added. It was 

therefore assumed, that the measured reduction in the amine con—

centration in the aqueous and organic phases (or the reduction in 
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the sodium dodecylsulphate concentration in the aqueous phase) was 

mainly attributable to the adsorption of collector at the solid/ 

water interface and not at the other two interfaces. 

The studies of the distribution of amine between iso—octane 

and water (fig. 5) showed that over much of the PH range, the cationic 

amine content was much higher than that of the neutral amine in the 

aqueous phase. The assumption was therefore made that the measured 

adsorption density was largely that of the cationio amine at the 

solid/water interface. At high pH values this assumption may not 

be strictly correot because the particles, after centrifugation from 

the oil/water interface, might have retained some neutral amine 

adsorbed from the organic phase. In the event of this happening the 

total measured adsorption density would have been composed of cationic 

amine and some neutral amine. 

Preliminary tests were conducted in the absence of any mineral 

to (i) determine the variation of the concentration of dodecylamine 

in the organic and aqueous phase with pH (The results from these 

tests are shown in fig. 4 and they are discussed in section 2.4 ); 

and (ii) determine the adsorption of amine on the walls of the conical 

flasks in which the adsorption experiments were conducted. 

The adsorption of amine by the flask walls was shown to be 

negligibly small by the fact that when 50.05 x 10
6 moles of 

dodecylamine was added to the dodecylamine solution/iso—octane 

system the determined average total over the pH range 2 to 10 was 

50.67 x 106  with a standard deviation of ± 1.16 x 10-6  moles. 
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The variation of the determined number, at each pH value (Table VII), 

from the average value was random and no correlation was found 

between the magnitude of the variation and the pH. 

TABLE VII  

pH Total nos.of moles x 106  deviation from mean. 

3.20 52.50 + 1.83 

4.32 50.05 - 0.62 

4.46 50.00 - 0.67 

5.80 50.20 - 0.47 

6.58 52.6o + 1.93 

6.6o 51.10 + 0.43 

7.35 49.00 - 1.67 

8.88 49.70  - 0.97 

9.48 50.90 + 0.27 

Mean. 50.67 Standard Dev. t 1.16 

In addition to measuring the adsorption of sodium dodecyl 

sulphate on hematite in the presence of iso-octane some tests were 

conducted in the absence of iso-octane. The procedure for these 

determinations was similar to that outlined above with the difference 

that the iso-octane was not present. During the series of tests 

conducted in the presence of iso-octane it was found necessary to 

investigate the separation of the equilibrated mixtures by filtration 

as well as centrifugation. 

No attempts were made to determine the adsorption of sodium 
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dodecyl sulphate onto the walls of the glass flasks or onto the 

samples of quartz because the extraction tests revealed that sodium 

dodecyl sulphate was not a collector for quartz. Furthermore, 

Fuerstenau (145) has shown that anionic collectors merely act as 

indifferent electrolytes at the quartz/water interface. No specific 

adsorption takes place unless a polyvalent metal ion is added as an 

activator (146). 

4.25. Contact Angle Studies  

a) Anpratus 

The apparatus consisted of a 3 om absorptiometer cell fixed 

to the stage of a microscope which had been rotated through ninety 

degrees. Polished specimens were placed in the cell with collector 

solutions, and light was passed through the cell at a small angle of 

incidence to the polished surface. The reflected light and some of 

the incident light was directed through the microscope and brought 

to focus on a ground glass screen. A small angle of incidence was 

used so that the image of a drop as formed on the polished surface 

could be seen projected on the ground glass screen. This enabled 

the line of contact between the oil drop and the solid surface to 

be clearly distinguished. The microscope was fitted with a long 

working distance objective and the eyepiece was removed. Heat from 

the light source was kept to a minimum by a copper sulphate solution 

filter (fig. 22). 
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Fig. 22. 	Contact Angle apparatus. 
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Oil drops were formed at the tip of a stainless steel capillary 

by the use of a lAglal micrometer syringe. The micrometer syringe 

was fixed to a platform which was capable of movement in a horizontal 

and vertical plane. This device enabled the oil drop to be brought 

into contact with the polished specimen at any desired area on the 

surface of the sample. Contact angles were measured at the iso-

octane/Water/Mineral line of contact by tracing the image of the 

angles obtained on the ground glass screen. 

Before use the absorptiometer cell, stainless steel capillary 

and all glassware was cleaned with alcohol in nitric acid. 

b) Method 

Mixtures of 40 ml of acidified collector solution, and 12 ml 

iso-octane with small amounts of 0.1M sodium hydroxide were 

equilibrated by shaking under an atmosphere of 'white spot! nitrogen 

for 45 minutes. The resulting emulsions were centrifuged and the 

phases separated. After measuring the pH of the aqueous phase a 

10 ml volume of the aqueous phase was added to the cell containing 

the polished specimen. After 10 minutes this solution was decanted 

and 20 ml of fresh solution added. This procedure was used to 

eliminate the possible error due to the dilution of the collector 

solution by adsorption on the cell and sample surfaces. Care was 

taken to ensure that, in all cases where the sample was transferred 

from one solution to another, the surface did not become dry. 

The sample was equilibrated in the fresh solution for fifteen 
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mdnutes and then a drop of the organic phase, formed from the 'Agla' 

syringe, was brought just into contact with the sample surface. After 

the drop had advanced over the surface and had reached an equilibrium 

position, the contact angle (measured through the aqueous phase) was 

determined. This angle was termed the advancing contact angle. 

The volume of the drop in contact with the mineral was then 

increased by a known amount and the system left to equilibrate. 

After this equilibration period the drop volume was decreased to its 

original volume and then after a further equilibration period the 

contact angle was determined. This contact angle was termed the 

receding contact angle. In all cases the contact angle on both the 

left and right sides of the projected image were measured and then 

an average of the two values taken. 

A preliminary series of tests revealed that, if the mineral 

was initially conditioned in the collector solution for fifteen 

minutes, equilibration periods in excess of four minutes gave 

constant advancing and receding angles. For this reason equilibra-

tion periods of 5 minutes were used throughout the contact angle 
determinations. 
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4.30. Results  

4.31. The system quartz/iso-octane/water  

in the presence of dodecylamine  

a) Zeta potential results  

i) The effect of ageing of quartz on its zeta_potential 

Suspensions of natural and optical quartz were aged for various 

lengths of time in distilled water. The suspensions were stored in 

'Pyrex'• containers. The results presented in fig. 23, show the 

dependence of the zeta potential of natural quartz on the pH, after 

different ageing times. At a given pH, the zeta potential first of 

all increased with an increase in time of ageing and then decreased 

to an equilibrium value. Optical quartz aged for 7 days gave similar 

results to those obtained for the natural quartz under the same 

candi tions. 

Several authors (147) (148) (149) have reached the conclusion 

that pulverized quartz particles are coated by a layer of amorphous 

or non-quartz like silica. When such particles are placed in water 

the surface layer will begin to dissolve to form monomeric silicic 

acid (150). The surface concentration of soluble silica, under these 

conditions, may become supersaturated so that silica is reprecipitated 

onto the surface as a gel. (151). It is probable that, during the 

ageing period, such a reaction will proceed until a dynamic equili-

brium is reached between the dissolution and deposition of silica. 
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The similarity between the results obtained with the natural 

and optical quartz samples indicates that the two samples were of 

the same purity. The results obtained for a natural quartz sample 

aged in a silica container were slightly more negative than those 

obtained for the samples aged in 'Pyrex'. This suggests that cations 

from the 'Pyrex' containers entered the solution and affected the 

zeta potential. All of the glass apparatus used in this work was 

constructed of 'Pyrex'. For this reason subsequent electrophoresis 

determinations were conducted on samples of natural quartz which 

had been aged in 'Pyrex'. 

ii) The effect of 0 on the zeta_potential of quartz 

Figure 23, shows that as the pH of the natural quartz, which 

had been aged for 7 and 12 days, was increased the zeta potential 

increased and reached a maximum value at pH 8.5. For pH values 

below neutral the relationship between the pH and the zeta potential 

was linear. Extrapolation of the linear curves for both the natural 

and optical quartz samples gave zero points of charge (z.p.c.) at 

between pH values 2.50 and 2.60. The values of the zeta potentials 

at pH values below 7 were comparable to those found from streaming 

potential studies conducted under similar ionic conditions by 

Fuerstenau (152) and Li and de Bruyn (153). At pH values above 7, 

however, the zeta potentials obtained in this work were lower than 

those found by these other authors. Since no marked change in the 

zeta potential took place on quartz aged for more than 7 days, the 

quartz used in all subsequent electrophoresis tests was aged for 
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7 days in Tyrexr, prior to use. 

iii) The effect of dodevlamine concentration on the zeta 
potential of quartz 

The dependence of the zeta potential of natural quartz on the 

pH, in the presence of five different total concentrations of 

dodecylanine, is demonstrated in fig. 24. For concentrations of 

dodecylanine below 4 x 10-5B1 and at pH values below 6 the zeta 

potential was independent of changes in the amine concentration. 

At higher concentrations of amine and at all pH values, an increase 

in the amine concentration produced a decrease in the negative zeta 

potential until it eventually changed sign and became positive. The 

positive zeta potentials obtained at high concentrations of dodecy—

lamine and at low pH values indicated that although the surface 

charge approached zero, substantial amounts of cationic amine were 

adsorbed. 

In fig. 25 the zeta potential of natural quartz as a function 

of the logarithm of the amine concentration is presented at pH 3.0, 

4.0, 6.5 and 9.0. A characteristic of this set of curves is that 

each curve can be divided into (i) a region where a variation in 

the logarithm of the amine concentration produced only a small 

variation in the zeta potential, and (ii) a region where a small 

change in the logarithm of the amine concentration produced a 

substantial change in the zeta potential. In the region of large 

zeta potential variation the negative zeta potential decreased to 

zero and then became positive. For example at pH 6.5, the negative 
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Fig. 25. Variation of the zeta potential of quartz with 
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pH values. 
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zeta potential decreased slowly with concentration up to a concentra-

tion of 10-4M and then decreased rapidly and reached zero at an amine 

concentration of 6.9 x 10M. The amine concentration corresponding 

to the transition from one region to the other was approximately 

independent of the value of the constant pH. A small random shift 

in the amine concentration was observed at zero zeta potential for 

the different pH values. These results were consistent with those 

obtained by Li and de Bruyn (153). 

b) The adsorption of dodecylamine by quartz in the presence  
of iso-octane  

The adsorption of dodecylamine at the quartz/water interface in 

the presence of iso-octane, was determined at different pH values 

and at four different "total concentrations" of dodecylamine. (The 

"total concentration" of amine means the concentration if all the 

amine species in the system, including the adsorbed ones, were in 

the aqueous phase). The results obtained are shown in fig. 26. For 

each 'total concentration' of amine, the logarithm of the adsorption 

density increased with increasing pH and reached a maximum at neutral 

pH, and then decreased as the pH was further increased. The increase 

in the logarithm of the adsorption density with increase in pH in 

acid solutions was small and approximately the same for each total 

concentration of amine. Considerable adsorption was observed, at 

high 'total concentrations' of amine, at pH values approaching the 

z.p.c. of quartz. 

Plotted also in fig. 26, is the logarithm of the cationic amine 
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concentration in the aqueous phase as a function of PH for a 'total 

amine concentration' of 1.25 x 10-3.14. This curve was obtained for 

a system composed of only iso—octane and water in the presence of 

dodecylamine, using the equilibrium equations derived from section 

2.00. It follows from these equations that similar curves would be 

obtained at different 'total concentrations'. Comparison of the 

adsorption density curves with the concentration curve shows that 

the decrease in adsorption density at pH values above neutral 

corresponded to a decrease in the cationic amine concentration of 

the aqueous phase. 

In fig. 27 (a) the adsorption densities of dodecylamine on 

quartz, at three different constant pH values, are presented on a 

logarithmic basis as a function of the amine concentration in the 

aqueous phase. The points on these isotherms were obtained either 

fram direct experimental determinations or from the following method. 

For each series of adsorption tests at constant 'total amine concen—

tration', the determined amine conoentrations in the organic and 

aqueous phases were plotted as a function of pH. From these curves 

the equilibrium concentration of amine in the aqueous phase was 

determined. The adsorption density at this pH was then read from 

the adsorption density curves (fig. 26). 

The adsorption isotherm at pH 6.5 (fig. 27a) has been represented 

as two straight lines with slopes 0.70 and 1.50. These slopes are 

similar to the values of 0.5 and 1.20 obtained by de Bruyn (154) for 

the adsorption of amine at the quartz/water interface in the absence 
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of iso-octane and a constant ionic strength. The adsorption density 

and equilibrium concentration corresponding to the intersection of 

the two straight lines were 1.7 x 10
-6 moles/metre2 and 2.4 x 10 4 

moles/litre respectively. These values were also essentially the 

same as those obtained by de Bruyn (154). Assuming the cross 

sectional area of the hydrocarbon chain of the amine ion to be 20A2, 

and greater than the cross sectional area of the polar group (155), 

the calculated adsorption density for a close packed vertically 

orientated monolayer is 8.4 x 10
-6 moles metre-2. This adsorption 

density was obtained at an amine concentration in the aqueous phase 

slightly higher than that required to reduce the quartz zeta poten-

tial to zero. 

The two experimental points obtained in the absence of iso-

octane, at pH 6.5, fell on the isotherm. This suggests that at this 

PH the adsorption of amine at the quartz/water interface was not 

affected by the presence of iso-octane. 

Included also in fig. 27 (a) is the curve from fig. 25 relating 

the zeta potential of quartz, at pH 6.5, with the logarithm of the 

amine concentration. Comparison of this curve with the adsorption 

isotherm shows that both curves are similar in that they can be 

divided into two regions. Furthermore the concentration of aqueous 

amine at the intersection of the two linear curves of the adsorption 

isotherm corresponds closely to the range of amine concentration 

where the zeta potential became more dependent on the logarithm of 

the amine concentration. 
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The adsorption isotherms at pH 8.0 and 9.0 have been drawn as 

two straight lines in a similar way to the isotherm at pH 6.5. These 

isotherms are not presented with an adequate number of points to 

consider them completed, but since the data obtained were in good 

agreement with those of de Bruyn (154) it was thought unnecessary to 

include more points. In fig. 27 (b) the adsorption isotherm at pH 

6.5 has been plotted on a linear basis. The shape of this isotherm 

indicates that the adsorption followed the type L4 isotherm which Giles 

et al.(156) considers to be due to the adsorption of ionic substances 

with very strong intermolecular attraction, possibly with the associa—

tion of ions into dusters before adsorption. The isotherm, as 

presented in fig. 27b shows that the adsorption density at the point 

of intersection of the logarithmic adsorption isotherm (fig. 27a) 

corresponds to a monolayer of amine if the area per adsorbed ion were 

76 2. According to Klassen and Mokrousov (157) the length of a 12 

hydrocarbon chain would be approximately 14R. If it is assumed that 

the diameter of the chain is 4i and that the area of the polar group 

is 20 2, then an area per adsorbed ion of 76 2  would correspond to 

a close—packed horizontally orientated monolayer. The adsorption 

density increased only by a small amount between an equilibrium 

aqueous amine concentration of 2.5 x 10 4M and 5.5 x 10M. Above 

this latter concentration the adsorption density increased rapidly 

and reached a maximum at an adsorption density corresponding to a 

close—packed vertically orientated monolayer. 
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c) The effect of dodecylamine concentration on the contact angles  

The receding contact angles of iso-octane on natural and optical 

quartz, in the presence of six different 'total concentrations' of 

dodecylamine, as a function of PH are shown in figs. 28 and 29. In 

the absence of amine the contact angles on both the quartz samples 

were zero at pH values above 5. Below pH 5, however, although the 

receding angles were too small to measure (<K10) there was a 

tendency for the oil drop to show a small degree of 'stickiness', 

when receded completely from the quartz surface. In distilled 

water the contact angle was zero. This was in accordance with the 

findings of Gaudin and co-workers (129). 

For each 'total concentration' of amine the receding contact 

angles increased from 0 at pH values below 3 to a maximum at between 

PH values 7 and 8 and then decreased as the pH was further increased. 

Comparison of the curves correlating the receding contact angles and 

the adsorption density with the pH (figs. 28, 29 and 26) shows that 

the decrease in contact angle in alkaline media corresponded to a 

decrease in both the adsorption density and the cationic amine con-

centration of the aqueous phase. This comparison also shows that the 

contact angles approaching the z.p.c. of quartz, were small and 

nearly independent of the total amine concentration, although consi-

derable amounts of amine were adsorbed. 

The advancing angles for the iso-octane drops on the quartz 

samples have not been included in figs. 28 and 29 because, in 

general, the relationship between the advancing angles was of the 
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same form as the relationship between the receding angles and the 

pH. For the optical quartz the receding angles were approximately 

20°  greater than the advancing angles, and for the natural quartz 

the difference was 30-35°  at high 'total amine concentrations' and 

about 20°  at low concentrations. 

The receding and advancing contact angles on the natural and 

optical quartz have been presentediti fig. 3o, as functions of the 

logarithm of the equilibrium dodecylamine concentration in the 

aqueous phase at pH values 6.5 and 8.0. The concentrations of amine 

in the aqueous phase were deduced from the total amine concentrations 

by using the equilibrium equations derived in section 2.00. The 

amine adsorbed on the sample surface of only a few square centimetres 

was negligible compared to the total amount of amine in the system. 

Figure 30 shows that the relationship between both the receding and 

advancing angles and the logarithm of the aqueous amine concentration 

can also be divided into two linear regions. In the first region 

the contact angles increased slowly with an increase in the logarithm 

of the amine concentration and in the second region the contact angle 

increased more rapidly. The slopes of the two linear parts of the 

curves were approximately 15 and 35 degrees per tenfold increase in 

concentration, respectively. The receding and advancing angles 

corresponding to the transition from one region to the other were 

60°  and 50°  respectively. For the natural quartz sample, at PH 

6.5, the aqueous amine concentrations at the transition contact 

-A_ 
angles were 1.0 x 10 71 for the receding angles and 2.5 x 10 1111 for 
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the advancing angles. Both of these concentrations are in good 

agreement with the equilibrium aqueous amine concentration at the 

intersection of the two linear parts of the adsorption isotherm 

(fig. 27a). However, although the shape of the curves correlating 

the contact angles with the logarithm of the aqueous amine concen-

tration were similar to the adsorption isotherm, no such agreement 

was found at pH 8.0. 

d) Extraction results  

The results obtained from the tests designed to determine the 

percentage of quartz extracted or concentrated at the iso-octane/ 

water interface, in the presence of five different "total concen-

trations" of amine are presented in fig. 31 as a function of pH. 

At each 'total concentration of amine' an increase in the pH 

produced an increase in the percent extraction from zero, at low 

pH values, to a maximum at approximately neutral pH values and then 

a decrease to zero at high pH values. The pH range over which 

maximum extraction was obtained at each 'total amine concentration' 

was dependent on the magnitude of the 'total concentration'. Thus, 

maximum extraction occurred between pH values 5 and 6.5 for a 'total 

amine concentration' of 3.2 x 10 5M and between 3.5 and 8.5 for a 

concentration of 1.35 x 103M. 

In fig. 32 the percent extraction, adsorption density, receding 

contact angles and concentration of cationic amine in the aqueous 

phase (calculated from equations in section 2) are plotted as a 

function of pH. These curves show that, in general, there was a 
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good correlation between the four variables describing the conditions 

in the oil/water/quartz system. As the pa was increased the adsorp—

tion density, contact angles and percent extraction increased to a 

maximum and then decreased as the phi became more alkaline. The 

decrease in the magnitude of these variables in alkaline media 

corresponded to a decrease in the cationic amine concentration of 

the aqueous phase. The zeta potential results have not been included 

in fig. 32 because they were obtained in the absence of iso—octane 

and therefore under conditions where amine was not removed from the 

aqueous phase with an increase in pH. The appearance of the oil 

drops in the upper layer of the separating column is shown in Plates 

I and II. The samples for these photographs were obtained by diluting 

a small volume of the upper layer with amine solution at the relevant 

pH and concentration. It can be seen that each drop was covered by 

small quartz particles and that in some cases the particles were so 

tightly packed that the oil drop was distorted from a spherical 

shape. 

Figure 33 presents the percent extraction at pH 6.5 as a function 

of the receding contact angles and the logarithms of the 'total amine 

concentration', the equilibrium aqueous amine concentration and the 

adsorption density. The equilibrium aqueous amine concentration for 

a given extraction test was deduced from knowledge of the 'total 

amine concentration' and the adsorption isotherm. (figs. 26 and 27a). 

Using the equilibrium concentrations, so obtained, the receding 

contact angles were obtained from fig. 30. These curves show that 



Plate II 

Qiartz particles concentrated at the oil/water interface in 

the presence of a "total amine concentration" of 103M. 
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100% extraction was obtained when the following conditions were 

satisfied: a) the equilibrium concentration and adsorption density 

were such that the zeta potential was zero. This adsorption density 

also corresponded approximately to a close packed vertically 

orientated monolayer. b) the receding contact angle was 90 degrees. 

Comparison of curves M I  (2) and (3) with figs. 27a and 30 

shows that 90% extraction corresponded to the contact angle at the 

transition from one linear region to the other in the curve corre—

lating the receding contact angle with the logarithm of the 

equilibrium aqueous amine concentration, and also corresponded to 

the adsorption density and equilibrium concentration at the point 

of intersection of the linear parts of the adsorption isotherm. 

Below an extraction of 90 percent a small decrease in the receding 

contact angle, or the logarithms of the aqueous amine concentration 

and the adsorption density, produced a large decrease in the percent 

extraction. 

4.32. The hematite/iso—octane/sodium dodecyl sulphate system 

a) Electrokinetic results 

i) The effect of the 0 and different anions on the zeta Potential 

Tests were conducted to ascertain whether the ageing of hematite 

in distilled water influenced the zeta potential or not. It was 

found that provided the sample was stored in distilled water for 

24 hours before use, the zeta potential became independent of time. 
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The dependence of the zeta potential on the pH in the presence of 

the four anions C104  NO3, Cl and SO42  is shown in fig. 34. In 

the presence of the anions C104 ' NO3 and Cl an increase in the pH 

produced a decrease in the positive zeta potential to zero at pH 4.75 

(zero point of charge). As the pH was increased above 4.75 the zeta 

potential changed sign and became increasingly more negative. At PR 

values below the zero point of charge (z.p.c.) the positive zeta 

potential was independent of the anions, but above the z.p.c. the 

negative zeta potential was increased by changing the anions in the 

order C104  NO3  , Cl . 

In the presence of sulphate ions, the curve correlating the zeta 

potential with the pH was displaced to more negative zeta potentials, 

and as a result the pH corresponding to the z.p.c. was decreased from 

4.75 to 3.5. 

ii) The effect of sodium dodeczlsulphate on the zeta_potential 

The variation of the hematite zeta potential with pH in the 

presence of eight different concentrations of sodium dodecyl sulphate 

(S.D.S.) is shown in fig. 35. All of the S.D.S. solutions were 

prepared in hydrochloric acid and so the curve at zero S.D.S. concen-

tration represents the Ha- NaOH curve from fig. 34. The curve 

correlating the zeta potential with the pH, at each concentration of 

S.D.S., was similar to that obtained in the absence of S.D.S., 

except that it was displaced to more acid pH values. The pH corre-

sponding to zero zeta potential decreased as the S.D.S. concentra-

tion increased. An increase in the S.D.S. concentration produced a 
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decrease in the positive zeta potential, at pR values below the z.p.c., 

until it eventually changed sign and became negative, and an increase 

in the negative zeta potential at PR values above the z.p.c. 

The difference (Zit.) between the zeta potential at a given pH 

in a given concentration of sodium dodecyl sulphate and the zeta 

potential at the same pH in the absence of S.D.S., decreased as the 

pH was increased. However, at pH values slightly above the z.p.c. 

was still large and this indicated that although the hematite 

surface was negative considerable quantities of S.D.S. were adsorbed. 

At high pH values, and at all concentrations, .61 became zero. 

The zeta potential data from fig. 35, has been used in fig. 36 

to show the dependence of the hematite zeta potential on the logarithm 

of the S.D.S. concentration at PR 2.5, 3.0, 5.0 and 6.0. At phi 

values 2.5 and 3.0 and at S.D.S. concentrations between 5 x 10 6M and 

10414 the relationship between the zeta potential and the logarithm of 

the S.D.S. concentration was essentially linear with a slope of -25 

millivolts per tenfold increase in concentration. In this linear 

region the positive zeta potential decreased to zero and then became 

negative. A zero zeta potential was obtained at a concentration of 

4 x 105.M at PR 2.5. At high () 10M) and low (4( 5 x 104) con-

centrations the curve correlating the zeta potential with the logarithm 

of the concentration deviated from a straight line and the zeta 

potential became less dependent on the logarithm of the S.D.S. concen-

tration. 

At pH values 5.0 and 6.0 the negative zeta potential gradually 
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increased with an increase in the logarithm of the S.D.S. concentra-

tion. The dependence of the zeta potential on the S.D.S. concentra—

tion decreased as the pH was increased. 

b) The adsorption of sodium dodecyl sulphate by hematite  

The results of the tests conducted to determine the adsorption 

density of S.D.S. on hematite at various pH values, in the presence 

of four different initial concentrations are shown in fig. 37. The 

'initial' concentration refers to the concentration of S.M. in the 

aqueous phase prior to the addition of the hematite. For any given 

concentration of S.D.S. and at pH values below 4, a change in the pH 

produced only a small variation in the logarithm of the adsorption 

density. As the pH approached the z.p.c. of hematite i.e. pH 4.751 

the logarithm of the adsorption density decreased rapidly. An 

increase in the initial concentration of S.D.S. produced a shift in 

the curve correlating the logarithm of the adsorption density with 

the pH, to higher adsorption densities. 

Plotted also in fig. 37 as a function of pH is the logarithm of 

the zeta potential difference (qr ) between the zeta potential in 

10314 S.D.S. and that in the absence of S.D.S. Comparison of this 

curve with the logarithm of the adsorption density curves shows that 

the decrease in adsorption density with increase in pH corresponded 

quite well to a decrease in lqr.  

The results of the adsorption tests conducted in the presence 

of iso—octane at three different initial conoentrations of S.D.S. 

are shown in fig. 38. Comparison of this figure with fig. 37 shows 
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that at pH values below the z.p.c. of hematite the adsorption density 

was independent of the presence of iso—octane. At PH values above 

the z.p.c. the presence of iso—octane apparently increased the magni—

tude'of the adsorption density. This increase was, however, dependent 

on the method used, to break the 01 emulsion and to separate the 

hematite from the two liquid phases. The most efficient way of break—

ing the emulsion was filtration which produced lower adsorption densities 

than centrifugation. A complete breaking of the emulsion was not, 

however, obtained even with filtration and as a result some heavily 

hematite coated, iso—octane drops were filtered out with the free 

hematite. 

The curve correlating the adsorption density with the equilibrium 

concentration of S.D.S. at pH 2.6 t 0.1, is presented in fig. 39 on a 

logarithmic basis. This isotherm was obtained in the absence of iso—

octane which was considered unnecessary in view of the independence 

of the adsorption density on the presence of iso—octane at pH values 

below the z.p.c. (figs. 37 and 38). The isotherm is divided into three 

regions. Region I extends over the concentration range below that 

required to reduce the zeta potential to zero. In this region the 

logarithm of the adsorption density increased rapidly with anincrease 

in the logarithm of the equilibrium concentration until a concentra—

tion of 4 x 10-5M (the onset of region II) was reached. The adsorp—

tion density at this concentration corresponded to a close packed 

monolayer if the area per adsorbed ion was 70A2. This area is 

slightly less than the area which a dodecyl sulphate ion would 
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occupy in a close packed horizontally orientated monolayer. In 

region II the logarithm of the adsorption density increased slowly 

at first, with an increase in the logarithm of the equilibrium con—

centration, and then more rapidly as the concentration approached 

3.2 x 10 411. Above this concentration (region III) the adsorption 

density increased rapidly, levelled off at an adsorption density of 

8.6 x 10
-6 moles/Metre2 and then increased again. An adsorption 

density of 8.6 x 10-6  moles/metre2 corresponds to a monolayer if 

the area per adsorbed ion is 20A2; an area similar to the 2512  (155) 

which a dodecyl sulphate ion occupies in a close packed vertically 

orientated monolayer. 

o) The effect of sodium dodecyl sulphate concentration on 
the contact angles  

The receding contact angles of iso—octane on hematite in the 

presence of sodium dodecyl sulphate at eight different concentrations 

are shown in fig. 40 as a function of pH. In the absence of S.D.S. 

both the receding and advancing angles were zero. The curves 

correlating the contact angle with the pH show that as the pH was 

increased the receding contact angles decreased, slowly at first, 

and then more rapidly as the pH approached 4. An increase in the 

initial concentration produced larger receding angles. Comparison 

of fig. 40 with fig. 37 shows that the decrease in contact angle 

with increase in pH corresponded to a decrease in the logarithms 

of the adsorption density and Air. 

The receding contact angles, from fig. 40 have been used in 
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fig. 41 to correlate the contact angles with the logarithm of the 

concentration of S.D.S. at pH 2.6. Also plotted in fig. 41 is the 

adsorption isotherm from fig. 40. Because of the similarity in 

shape of these two curves the contact angle curve is also divided 

into three regions. Each region extends over the same concentration 

range as that used for the adsorption isotherm. In region I the 

contact angle increased rapidly with an increase in the logarithm 

of the S.D.S. concentration and then levelled off at a concentration 

corresponding to zero zeta potential. In region II the contact angle 

increased slowly at first and then more rapidly as the logarithm of 

the concentration increased. This increase in contact angle conti—

nued into region III where a maximum contact angle of 124°  was 

reached. Comparison of the contact angle curve with the adsorption 

isotherm shows that, in general, an increase in the adsorption 

density corresponded to an increase in the contact angle. 

The advancing contact angles of iso—octane on hematite have 

not been included because they were much smaller than the receding 

angles. In some cases the hysteresis amounted to as much as 600. 

d) Extraction results  

The extraction results at four different initial concentrations 

of S.D.S. are shown in fig. 42 as a function of pH. The S.D.S. 

solutions were made in both hydrochloric and perchloric acid, and 

sodium hydroxide was used to control the pH. The results show that 

for each initial concentration of S.D.S. an increase in the pH 

produced a slight increase in the percent extraction to a maximum 
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at the z.p.c. of hematite. Above the z.p.c. the extraction decreased 

rapidly. An increase in the initial concentration produced higher 

percent extractions. The use of perchloric acid as a PH modifier 

did not produce significantly different results from those obtained 

using hydrochloric acid. 

In fig. 43 the percent extraction, contact angle and logarithms 

of the adsorption density and 61 have been plotted as functions of 

pH for an initial S.D.S. concentration of 1 x 10M. The data for 

these curves was obtained from figs. 40, 41 and 42. At a given pH 

and initial concentration of S.D.S. the magnitudes of the zeta poten—

tials, contact angles, percent extraction and adsorption density are 

not directly comparable because of the different sample areas used 

in the different series of tests. In the electrokinetic and contact 

angle tests the sample areas were negligible and the equilibrium 

concentrations were equal to the initial concentrations. However, 

in the extraction and adsorption tests this was not the case 

because large sample areas were used. The curves, in fig. 43, show 

that in general as the pH was increased up to the hematite z.p.c. 

the percent extraction, adsorption density, contact angle and AI..  

decreased. 

Figure 44 shows the percent extraction at a pH of 2.6 ± 0.1 as 

a function of the logarithms of the adsorption density and the 

equilibrium concentration of S.D.S. The curve correlating the 

percent extraction with the logarithm of the equilibrium concen—

tration shows that as the concentration was increased, the percent 

extraction increased rapidly and reached 100% at a concentration 
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corresponding to a zero zeta potential. At concentrations above 

5 x 10it the percent extraction decreased. The curve correlating 

the percent extraction with the logarithm of the adsorption density 

shows that the decrease in percent extraction at high adsorption 

densities and equilibrium concentrations corresponded to adsorption 

densities greater than that required to form a close packed vertically 

orientated monolayer. 

4.33. The hematite/iso-octane/water system 
in the presence of dodecylamine  

a) The effect of dodecylamine on the hematite zeta potential  

It was shown in section 4.32a that the zeta potential of hematite 

was dependent on the pH and that in the presence of the monovalent 

anions Cl, C104  and NO
3
-  the zero point of charge (z.p.c.) occurred 

at a pH of 4.75. Figure 45 shows the variation of the hematite zeta 

potential with pH in the presence of six different concentrations of 

dodecylamine. All of the amine solutions were prepared in hydrochloric 

acid. The curve at zero amine concentration represents the HC1 NaOH 

curve from fig. 34. 

At each concentration of amine the curve correlating the zeta 

potential with the pH, in fig. 45, can be divided into two regions. 

In the first region the zeta potential was independent of the amine 

concentration and coincident with that obtained in the absence of 

amine. In the second region the zeta potential was approximately 
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independent of the pH, but however, dependent on the amine concen-

trations. As the amine concentration was increased both the pH at 

the transition from one region to the other, and the value of the 

constant zeta potential decreased until eventually, at high amine 

concentrations, the transition pH occurred below the s.p.c. and 

the constant zeta potential changed signs and became positive. The 

positive zeta potential obtained at the z.p.c., in the presence of 

high concentrations of amine, indicate that although the surface 

charge was zero considerable amounts of cationic amine were 

adsorbed. 

In fig. 46 the zeta potential data from fig. 45 has been used 

to correlate the zeta potential of hematite with the logarithm of 

the amine concentration, at constant pH values of 4.0, 5.0, 6.5 

and 8.0. A characteristic of this set of curves is that each curve 

can be divided into two regions. A region where the zeta potential 

was independent of the amine concentration and a region where a 

small change in the logarithm of the amine concentration produced 

a large variation in the zeta potential. For example, at pH 6.5 

the zeta potential remained constant up to a concentration of 104M 

and then decreased rapidly and reached zero at a concentration of 

5 x 10M. The amine concentration corresponding to the transition 

from one region to the other decreased as the pH was increased. A 

zero zeta potential at pH values 5.0, 6.5 and 8.0, was obtained at 

an amine concentration of 5 x 10 4M. Above this concentration 

the zeta potential was positive at all pH values. 
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b) The adsorption of dodecylamine by hematite in the presence  
of iso-octane  

Tests were conducted to determine the adsorption density of 

dodecylamine at the hematite/water interface in the presence of iso-

octane. The logarithms of the adsorption densities obtained at 

various pH values, in the presence of four different 'total 

ooncentrations' of dodecylamine, are presented in fig. 47. At 

each 'total concentration' of amine the logarithm of the adsorption 

density increased with an increase in pH to a maximum at neutral 

PH values and then decreased. A variation inthe pid below neutral 

had only a small effect on the logarithm of the adsorption density. 

In fact, a tenthousandfold change in the hydrogen ion concentration 

produced less than a twofold change in the adsorption density. 

Similar results were obtained by Gaudin and Morrow (132) for the 

system hematite/dodecylamine solution in the absence of iso-octane. 

Plotted also in fig. 47 is the calculated curve correlating 

the logarithm of the cationic amine concentration in the aqueous 

phase with the pH, for a total amine concentration of 1.25 x 104M. 

This curve was obtained using the equilibrium equations derived in 

section 2.00. It follows from these equations that curves of a 

similar shape would be obtained at different "total amine concen-

trations". Comparison of the adsorption density curves with the 

cationic amine concentration curve shows that the decrease in the 

logarithm of the adsorption density with increase in pH, in 

alkaline media, corresponded to a decrease in the logarithm of 

the aqueous cationic amine concentration. These results are 
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similar to those obtained for the iso-octane/water/quartz system in 

the presence of dodecylamine (fig. 26). 

In fig. 48 the logarithm of the adsorption density of dodecy-

lamine on hematite is presented as a function of the logarithm of 

the equilibrium aqueous amine concentration at two different pH 

values. The points on these isotherms were obtained either by 

direct experimental determinations or by a method similar to that 

used to obtain the points on the amine adsorption isotherm determined 

for quartz (o.f. section 4.31b). The shape of the isotherms shown 

in fig. 48 is similar to that determined by Gaudin and Morrow (132) 

for the hematite/dodecylamine system in the absence of constant 

ionic strength and iso-octane. The relationship between the 

logarithms of the adsorption density and the equilibrium aqueous 

amine concentration, at pH 6.5, was linear with a slope of 0.65 at 

equilibrium concentrations below 2 x 10M. Above this concentra-

tion the isotherm deviated from a straight line and the logarithm 

of the adsorption density became more dependent on the logarithm 

of the equilibrium concentration. The adsorption density at the 

point of deviation from a straight line i.e. 2 x 10
-6

moles metre
-2
, 

and the slope of the linear part of the adsorption isotherm were in 

good agreement with the values of 1.5 x 10
-6 moles metre-2 and 0.6 

found by Gaudin and Morrow (132). Generally, however, the equili-

brium amine concentrations corresponding to a given adsorption 

density were slightly lower in this work than those found by these 

other authors. 
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Comparison of the adsorption isotherm at pH 6.5 with the curve 

correlating the zeta potential with the logarithm of the aqueous 

amine concentration (fig. 46) shows that the amine concentration 

at the upper limit of the linear part of the adsorption isotherm, 

corresponds approximately to the conoentration at which the zeta 

potential began to show a marked dependence on the logarithm of 

the amine concentration. Comparison of fig. 48 with fig. 27a shows 

that the amine adsorption isotherm obtained, at pH 6.5, for the 

system iso-octane/quartz/water was very similar to that obtained 

for the hematite/water/iso-octane system under similar conditions. 

c) The effect of dodevlamine concentration on the contact angle  

The receding contact angles of iso-octane on hematite, at five 

different 'total concentrations' of amine, are presented in fig. 49 

as a function of pH. For a given 'total concentration' of amine 

the receding contact angle increased from zero, at pH values below 

2, to a maximum between pH values 7 and 8 and then decreased to 

zero at high pH values. An increase in the 'total amine concentra-

tion' produced an increase in the magnitude of the contact angles. 

Included in fig. 49 is a plot of the difference in zeta 

potential (iA), at various pH values, between that obtained in 

9 x 10 414 amine solution and that obtained in the absence of amine. 

Comparison of fig. 49 with fig. 47 shows that as the pH was 

increased the adsorption density, At and contact angles increased 

to a maximum at between pH values 7 and 8. A further increase in 
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the pH produced a decrease in the adsorption density, contact 

angles and cationic amine concentration of the aqueous phase. This 

comparison also shows that at pH values below the z.p.c. the 

contact angles gradually decreased to zero whereas the logarithm 

of the adsorption density only decreased slightly. 

In fig. 50 the contact angles from fig. 49 have been replotted 

to show the correlation between the contact angles and the logarithm 

of the aqueous amine concentration at five different pH values. A 

characteristic of this set of curves is that each curve can be 

divided into two linear regions of slopes 10 and 33 degrees per ten-

fold increase in the aqueous amine concentration. The receding 

contact angle at the point of intersection of the two linear curves 

was approximately the same at all pH values and equal to 4743. The 

aqueous amine concentration at this point decreased as the pH 

increased as shown in Table VIII. 

TABLE VIII  

PH 
Aqueous amine conc. at 

point of intersection (M) 

8.0 2.1 x 10-5 

6.5 1.7 x 10-4 

5.0 5.6 x 10-4 

4.0 4.0 x 10-3  

The curves correlating the contact angles (fig. 50), adsorp-

tion density (fig. 48) and zeta potential (fig. 46) with the 
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logarithm of the equilibrium aqueous amine concentration have a 

similarity in that they can be divided into two regions. The 

aqueous amine concentrations at the transition from one region to 

the other for the three different sets o
a

f_ data, at pa 6.5, are 

approximately the same at 1 to 2 x 10. This correlation will 

be considered in more detail in section 4.43 (b). 

The relationships between the advancing contact angles, and 

the pH, and the equilibrium aqueous amine concentration were similar 

to those obtained with the receding contact angles. These curves 

have not, however, been included because the advancing angles were 

much smaller than the receding angles and not so reproducible. 

d) Extraction results  

In fig. 51 the percent extraction, at four different 'total 

concentrations' of amine, is presented as a function of pH. At 

each 'total amine concentration' the percent extraction increased 

from zero, at low pH values, to a maximum, at between pH values 5 

and 7, and then decreased to zero at high pH values. Figure 52 

presents the percent extraction, contact angle and the logarithms 

of both the adsorption density and the aqueous cationic amine 

concentration as a function of pH for a 'total amine concentration' 

of 3.0 x 	The percent extraction, adsorption density and 

contact angle at a given pH and 'total amine concentration' are not 

directly comparable because the sample surface area and hence the 

adsorption in the contact angle tests was negligible compared to 
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that in the extraction and adsorption tests. Figure 52 does, 

however, show that as the pH was increased the adsorption density, 

contact angles and percent extraction increased to a maximum 

between pH values 5 and 7.5 and then decreased. The decrease in 

these variables in alkaline media corresponded to a decrease in 

the cationic amine concentration in the aqueous phase. 

In fig. 53 the percent extraction, at pH 6.5, has been 

presented as a function of the logarithms of both the aqueous 

amine concentration and the adsorption density. These curves show 

that 100% extraction was obtained at the equilibrium concentration 

and adsorption density corresponding to zero zeta potential. 

4.34. The hematite/iso-octane/water system 
in the presence of dodecanoic acid 

a) The effect of dodecanoic acid on the zeta potential  

The zeta potential of a hematite suspension in 6 x 10 314 

sodium hydroxide was measured as the pH was decreased. The results 

obtained are shown in fig. 54, curve (2). Curve (1) shows the 

zeta potentials obtained when the pH of a hematite suspension in 

6 x 103M hydrochloric acid was increased. Comparison of these 

two curves shows that the zeta potentials of the suspension 

initially in sodium hydroxide were more negative, at pH values 

below neutral, than the suspension initially in acid. As a 

result of this, the z.p.c. of the pH decreasing suspension was 

lower than that of the pH increasing one. 
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Curve (3) shows the effect on the zeta potential of decreasing 

the pH of a suspension of hematite in a solution initially composed 

of 6 x 10 31K sodium hydroxide and 10A sodium dodecanoate. At pH 

values above 7 the zeta potential was not affected by the presence 

of fatty acid molecules and ions. Below pH 7, however, the curve 

correlating the zeta potential with the pH in the presence of fatty 

acid species was displaced to slightly more negative zeta potentials 

than the curve obtained in the absence of fatty acid. The zeta 

potential was not measured at higher concentrations of fatty acid 

because of the preoipitation of dodecanoic acid. 

b) The effect of dodecanoic acid concentration on the  
contact angle  

The receding contact angles of iso-ootane on hematite at five 

different 'total concentrations' of dodecanoic acid are presented 

in fig. 55, as a function of pH. (The 'total concentration' of 

dodecanoic acid is that concentration if all the fatty acid species 

were initially in the aqueous phase). At each 'total concentration' 

of fatty acid the contact angle was approximately constant at pH 

values below 6. Above pH 6, the contact angles increased rapidly 

to a maximum at pH 8. to 8.5 and then decreased. 

In fig. 56 the receding contact angles from fig. 55 have been 

used to show the correlation between the receding angles and the 

logarithm of the concentration of fatty acid species in the 

aqueous phase. These concentrations were obtained using the 

equilibrium equations derived in section 2.00. The curve obtained 
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shows that as the logarithm of the concentration was increased 

there was a gradual increase in the contact angle. Between a con—

centration of 3 x 10-5  and 1 x 103M the curve was almost linear 

with a slope of about 20 degrees per tenfold increase in the concen—

tration. 

Similar to the systems involving sodium dodecyl sulphate and 

dodecylamine the advancing angles have not been included because 

they were very much smaller than the receding angles. 

d) Extraction results  

The extraction results presented in fig. 57 show the correlation 

between the percent extraction and pH at four different 'total con—

centrations' of fatty acid. At each 'total concentration' the 

percent extraction increased from zero at low PH values to a maximum 

at 01 8.0 and then decreased. An increase in the 'total fatty acid 

concentration' produced higher percent extractions. 

Superimposed on the curves correlating the percent extraction 

with the pH is a plot of the concentration of the various fatty acid 

species as a function of pH for a 'total fatty acid concentration' 

of 2.5 x 103M. These concentrations were also obtained by using 

the equilibrium equations derived in section 2.00. It follows from 

these equations that similar curves would be obtained for the 

different 'total concentrations' of fatty acid. Comparison of the 

percent extraction curves with the concentration curve shows that 

maximum extraction occurred at the pH where the fatty acid concen— 
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tration in the organic phase was slightly higher than that of the 

carboxylic ion in the aqueous phase. 

4.35. Selective extraction tests  

Extraction tests were conducted on synthetic mixtures of 

hematite and quartz, and ilmenite and quartz using collectors of 

dodecylamine, sodium dodecyl sulphate and dodecanoic acid. The 

amounts of quartz in the products obtained from the extraction 

apparatus were determined by treating known weights of the products 

with hot concentrated HCl and stannous chloride. The insoluble 

quartz remains were collected in 'ashless' filter papers and the 

filter papers were fired at 80000 in weighed crucibles. 

The results from these tests are shown as a function of pH 

in figs. 58 to 60 inclusive. No attempt was made to obtain 

maximum selectivity or extraction by varying the concentration of 

collector. Figs. 58 and 59 show that it was possible to separate 

hematite from quartz using sodium dodecyl sulphate and dodecanoic 

acid as collectors. The hematite extraction curves were similar 

to those obtained for the pure hematite/water/iso-octane system in 

the presence of the relevant collectors. 

It was found that the grade of the hematite concentrate 

could be improved by allowing the two phases to stand for several 

minutes in the separating column. During this period quartz 
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particles were seen to fall from between the oil drops in the upper 

layer. This indicated that the quartz impurities in the concentrate 

were trapped between the oil drops rather than adhered to the oil/ 

water interface. 

No attempts were made to selectively extract hematite from 

mixtures of hematite and quartz using dodecylamine, because 

reference to figs. 31 and 52 showed that with amine the extraction 

properties of hematite and quartz were similar. In conventional 

flotation systems hematite can be separated from quartz by depress—

ing the hematite with starch (158) (159) and floating the quartz 

with amines. In the system investigated here, however, hematite 

was not depressed over a wide range of starch concentrations. To 

ascertain the reasons for this non—depressability would require a 

study of the adsorption of starch at the oil/water and hematite/ 

water interfaces together with a study of the effect of the order 

of reagent addition. 

Fig. 60 shows the extraction of ilmenite from an ilmenite—

quartz mixture, using a collector of sodium dodecyl sulphate. 

Ilmenite has similar electrokinetic properties (160) to those of 

hematite and so it is not surprising that figs. 60 and 58 are 

similar. 
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4.40. Discussion  

4.41. The quartz/water/iso-octane system in the presence  
of dodecylamine  

a) The quartz/water interface  

When quartz is crushed)a breaking of - Si - 0 - Si - bonds 

occurs and as a result Si+  and Si0 sites are formed at the 

fractured surface. In aqueous mediae ions react, with the oxygen 

sites and OH-  ions with the silicon sites, to give a surface silicic 

acid. The equations for such reactions can be represented as 

0,\\  

si 	+ 2a+  

oo
_ 

Surface 

---> 

0\ /OH 

Si 

o
/ 

OH 

2H 

and 

Si 	Si - OH 	Si - 0 
/ 
0 	+ 20H- 	0/ 	0/ 	+ 2H+  

Si 	Si-OH 	Si - 0 
/ \\ 	

/\ 	/\ 

The negatively charged surface of quartz obtained in aqueous 

solutions can be explained by the dissociation of H+  ions from the 

surface silicic acid. The extent of this dissociation is dependent 

on the pH. 
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Although several authors (153) (152) (161) have studied the 

potential determining Ale of H+  and OH ions on the surface of 

quartz, there is some controversy over the exact location of the 

zero point of charge (z.p.c.) and whether the quartz can acquire 

a positive surface. It would appear that the position of the 

z.p.c. is dependent on the type of pretreatment (153) used to clean 

the quartz sample. De Bruyn and Li (153) found that by reacting a 

quartz sample with hydrofluoric acid the z.p.c. was increased to 

slightly higher pH values. This shift in the z.p.c. was attributed 

to the removal of the amorphous silica layer coating the quartz 

particle. Such an explanation is unsatisfactory because fluoride 

ions affect silicas and quartz by increasing the rate of ageing 

(162) and also by catalysing the condensation of silicic acid (163). 

Furthermore Joy and co-workers (164) have indicated that in the 

presence of fluoride ions divalent Si%2  sites might be formed. 

The possible reasons for the discrepancy between the published 

values of the quartz z.p.c. are probably related to the presence 

of impurities (165) and also to the nature of the amorphous layer 

of silica that surrounds the quartz particles. Generally the z.p.c. 

of quartz samples occurs at pH values below 3. The notable exception 

to this being the determination by Fuerstenau (152), who found a 

z.p.c. of pH 3.7. The value obtained by extrapolation in this work 

was consistent with the values determined by other authors (161) 

(165) (166). 

The published data on the zeta potential of quartz, offers no 
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conclusive evidence for the presence of a cationic quartz surface. 

The reluctance of a quartz surface to take up a positive charge is 

thought by O'Connor and Buchanan (166) and also Li and de Bruyn 

(153) to be related to the strong polarization of the surface OH 

groups in the field of the small tetravalent silicon cations. In 

other words the increased covalent nature of the Si — OH bond will 

be such that it will not be overcome by an approaching proton or 

protonated water molecule. 

According to eqn  (13) (section 4.12a) the surface potential Yo  

should vary linearily with the pH. Since the total potential drop 

across the double layer is equal to the sum of the potential drops 

in the Stern and diffused layer, the (1)!S potential (or zeta potential) 

for a given constant ionic strength should vary linearily with the 

pH also. It is shown in fig. 23 that such a linear relationship 

existed at pH values below neutral, but that above neutral the zeta 

potential became independent of the pH. This constant zeta potential 

can be attributed to either the formation of a completely ionized 

quartz surface or to the relocation of the slipping plane at which 

the zeta potential was measured. 

Li and de Bruyn (153) have determined the adsorption of Na  

ions on quartz and the zeta potential under comparative conditions. 

From the adsorption results they evaluated 4'6 by the Gouy—Chapman 

relationship and compared the values with the determined zeta 

potentials. At low ionic strengths (<<10-4) and below pH 9, they 
found that the zeta potential was identical with the (14 potential. 
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However, at higher and much lower ionic strengths than this value, 

the 14 was consistently larger than the zeta potential. Lyklema 

and Overbeek (167) have explained this phenomenon by proposing that 

the slipping plane has a variable thickness as measured from the 

solid surface, and tends to move further from the surface with 

increasing 4)  0  and (1 S  . The effect of this is that at high 

values of y o,  the zeta potential becomes independent of Y 0  and 

constant value that is dependent on the the pH, and tends to a 

ionic strength. 

The value of the constant zeta potential obtained in this 

work, at high pH values, was consistent with that obtained by 

FUerstenau (152) and Li and de Bruyn (153) for an ionic strength 

of 102. It is therefore thought that this zeta potential was a 

result of the relocation of the slipping plane. 

b) The quartz/water interface in the presence of dodecylamine 

In order to maintain electroneutrality the sum of the charges 

in the diffuse layer ( (Fe) and the Stern layer (Cy s°) must be 

equal and opposite to the surface charge (a). If surface active 

ions are added to the quartz/water interface, at constant ionic 

strength and pH, the total surface charge (0 ) will not change, 

but the distribution of charges in the diffuse (CS d) and Stern 

( CS s)layers will do so. The charge balances for systems with 

and without surface active ions, can be presented as 

=
0 

k-)  d 	s (39) 
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and 	6= 0-s  + 6 d 	(40) 

Subtraction of eqP  (40) from (39) gives 

_ 	Cl-s° 	Crd° 	Crd = LS 0-d 	(41) 

By the use of the Gouy -Chapman relationship (section 4.12 eqn  (2)) 

it can be shown that at 25°C 

=Yd.] (42) Sinh.  Yeve,  - Sinh Crd°  Crd = 3.53 x 10 4  J o 
2 kT 	2 kT 

If IA is small (<<25 mV) Sinh veWL  and Sinh =AI can be 
2kT 	2kT 

expanded to give 

4 -1  Aad = ad
o 
- 	= 0; - (3s°  - 3.53 x 10 e ve (44, - tes_  ) 

	

21-7 	(43) 

Assuming that the zeta potentials are identical or at least similar 

to the Stern potentials (Y6  ), then measurement of the zeta potential 

difference (I°-i.= 0 	, as a function of the amine con- 

centration will give an indication of the variation in charge 

distribution in the diffuse and Stern layer. 

In fig. 61, 11 is plotted as a function of dodecylamine con-

centration at different constant pH values. The data was obtained 

from fig. 24. If it is assumed that the adsorption isotherm 

represents the adsorption of cationic amine at the quartz/water 

interface, a comparison of the adsorption isotherm at pH 6.5 (fig. 

27a) with the electrokinetic data and the curve of Q 	(fig.61) 
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as a function of the logarithm of the cationic amine concentration, 

shows that at concentrations below 10-4M, amine was adsorbed without 

markedly changing the zeta potential or the distribution of charge 

in the double layer. 

The total adsorption density of positively charged counter ions, 

in moles cm-2  ( r+), can be evaluated from the Gouy—Chapman relation 

= 	Cr d 
vF 

= 6.1 x 10
-11 

re Lexp 19.46 Lit -1 	(44) 

The total number of positive ions in the bulk, 4, was kept 

constant at 6 x 10-314 throughout the experiments by the addition of 

hydrochloric acid and sodium hydroxide. Thus, at pH 6.5 and at con—

centrations below 10-4N1 the zeta potential, 414 and consequently II+  

was approximately constant. It is therefore suggested that in this 

concentration range the cationic amine was adsorbed by an ion 

exchange mechanism with cationic counter ions in the diffuse layer 

or with H
+ 
 ions on the surface of the quartz. 

If there was no preference of the dodecylamine ions over the 

other cationic counter ions for the quartz surface, the ion exchange 

will be governed by the simple law 

PRNR A+ 

174Nat 	CNa+ 
(45) 

Equation (45) predicts that the slope of a plot of log. PERE3+  

against log. CRNH3+  should be unity. Jaycock, Ottewill and Tar 
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(168) found that for the adsorption of dodecyl sulphate ions on 

stannic oxide, this was in fact the case. The value obtained in 

this work of 0.7 is only in approximate agreement with this 

prediction. Somasundaran and Fuerstenau (169) found a similar 

value for the adsorption of alkyl—sulphonates at the alumina/water 

interface. The possible reasons for the discrepancy between the 

theoretical and experimental slope are a) although the ionic 

strength was kept constant, the Na  ion concentration varied and 

b) the possibility of some neutral amine being deposited at the 

solid/water interface after the recession of the oil interface. 

An increase in the amine concentration above 10ill at gi 6.5,  

produced a greater dependence of the adsorption density, zeta 

potential and d  on the logarithm of the amine concentration. 

Reference to ee (41) shows that at constant ionic strength and pH 

an increase in 645must result in a decrease of erd  and an 

increase in cr s. The charge in the Stern layer will only increase 

markedly when there is a marked increase of ions being specifically 

adsorbed into the Stern layer. It would therefore appear that the 

marked change in the zeta potential at concentrations above 10ii 

was attributable to the increase in the number of cationic amine 

ions in the Stern layer. Any mechanism postulated to explain this 

increase in adsorption density should include a reason for continued 

adsorption after all the available surface sites have been 

'neutralized'. 

Gaudin and FUerstenau (170) consider that once the adsorbed 
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ions in the Stern layer reach a certain critical concentration, they 

begin to associate into two dimensional patches of ions, in much the 

same way as they associate into three dimensional aggregates to form 

micelles in the bulk solution. The forces responsible for these 

associations are believed to be van der Weals forces of interaction 

between the hydrocarbon chains. Hydrocarbon chains will always have 

a tendency to be expelled from an aqueous phase because the van der 

Waals attraction of water to water is greater than that of hydro—

carbon to water. Because of the proposed structural formation of 

these adsorbed ions, the associated ions have been termed 

Ihemimicellest (170). The critical concentration at which the 

associations begin is referred to as the critical hemimicelle 

concentration (Olitac), and it is believed to be coincident with the 

concentration at which the zeta potential and adsorption density 

show a marked specific dependence on the logarithm of the collector 

concentration. 

The evidence for association between the adsorbed chains has 

been supplied by a number of authors (171) (172) (173). Somasundaran 

and co—workers (174)(175) divided the W term in the equation for 

the specific adsorption into the stern plane i.e. n = 2 rni  exp. 

(— WAT) (see section 4.12a) into an electrical and chemical term, 

thus 

W = ve 	- N 
	

(46) 

where 0 was the van der Waals energy of interaction per 1112  group 
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between adjacent chains of surface active ions and N the number of 

carbon atoms in the hydrocarbon chain. The value of 0 determined 

by different techniques (174) (175) was shown to be (1.0 0.1) kT. 

A value in good agreement with that found from solubility data (49) 

or from studies of micelle formation as a function of alkyl chain 

lengths of monofunotional surface active agents (176). 

From Gaudin and Fuerstenaufs (170) concept of hemimicelles it 

would appear that the adsorbed ions associate before all the 

available ionic surface sites have been neutralized. Adsorption 

above that required to reduce the zeta potential to zero is assumed 

to be a continuation of the association process with the polar head 

groups still orientated toward the solid surface (see fig. 61a). 

potential determining ion 

hydrated counter ions 

surface active ion 

a) Adsorption as single 	b) Hemimicelle formation 
ions at low concentrations 	at higher concentrations 

Fig. 61a. 
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It is possible, however, that at concentrations of ionic surface 

active agents above that required to neutralize the surface sites, 

the ions are adsorbed by hydrocarbon chain interaction with the polar 

heads pointing into the aqueous phase (177) (178). As a result a 

more hydrophilic surface will be obtained. 

In view of the correlation between the adsorption density and 

electrokinetic results found in this work and their similarity with 

those of de Bruyn (154) and Fherstenau (152) the concentration of 

aqueous amine, at which both the adsorption density and the electro-

kinetic data showed a marked dependency on the concentration, is 

termed the Gmic. The increase in adsorption density above the Gm 

is believed to be attributable to neutralization of the surface 

sites with increasing associations between the hydrocarbon chains. 

From a sterical analysis of the arrangement of silicon atoms 

and oxygen atoms at various crystal planes in quartz, Gaudin and 

co-workers (179), have calculated that the area per available surface 

site is 23.4 R2. This value is nearly the same as the cross 

sectional area of the hydrocarbon chain. Therefore, if the quartz 

surface is in a fully ionized state, a vertically orientated monolayer 

of cationic amine is likely to be completed at the equilibrium amine 

concentration, which reduced the zeta potential to zero. From figs. 

27a and 25 this appeared to be the case at pH 6.5. 

The adsorption density of amine on quartz decreased (fig. 26) 

at pH values above 7 in the presence of iso-octane. According to 

fig. 5 the cationic amine concentration decreased also in this pH 
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range. The adsorption density results, therefore, clearly show the 

importance of the cationic amine concentration in the aqueous phase 

on the adsorption density at the quartz/water interface. 

In summary, the electrokinetic and adsorption measurements 

indicate that the primary mechanism of amine adsorption was one of 

coulombic attraction of the amine ions for surface sites. Above a 

certain adsorption density (rapprox. 1.6 x 10
-6 moles metre-2) (154) 

the adsorption in the Stern layer increased markedly possibly because 

of the formation of patches of associated ions or hemimicelles. 

c) The quartz/water/iso—octane line of contact  

The Young's expression for the iso—octane/water/quartz system 

can be expressed as 

SO 	= 	ow. cos e 	SW 	 (47) 

If the contact angle ( 13 ) is zero)  1 so = ow + X sw and 

the quartz surface will be hydrophilic (c.f. section 4.13b). In 

the presence of amine the three interfacial tensions LI  )(sw  

and SW SO 	SW 	an are denoted by 6 ' 	ow' d. 	• because of 

the adsorption of amine at the three interfaces. Values of X ow', 

under various values of pH and aqueous amine concentration were 

presented in section 3.00. The results showed that a pH values 

between 3 and 10 the magnitude of )f ow' was dependent on the 

adsorption of cationic amine from the aqueous phase and neutral 

amine from the organic phase. Evidence was also provided that 
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the adsorbed species formed molecular associations at the interface. 

Only at low and high pH values was A ow  dependent on the adsorption 

of one of the amine species only. 

It follows therefore that when an oil drop is brought into 

contact with a quartz surface, the resulting quartz/oil interface 

will be of a complex nature. The recession of a water meniscus over 

the quartz surface will probably leave behind, at the quartz/oil 

interface, cationic amine ions which were originally adsorbed at the 

quartz/water interface (180) (181). In addition to the presence of 

cationic amine ions, there is the possibility that as the pH is 

increased, neutral amine from the organic phase will be adsorbed at 

the quartz/oil interface (182). The presence of neutral amine at 

this interface will complicate the interpretation of the contact 

angle data. 

The two lines correlating the contact angle and the logarithm 

of the aqueous amine concentration, at pH 6.5 (fig. 30), intersected 

at a cationic amine concentration of 1.25 x 10-414 for the receding 

angles and 3.0 x 10-411 for the advancing angles. These concentra-

tions are very similar to the Ow  derived from the adsorption and 

electrokinetic studies (figs. 25 and 27a). It is therefore assumed 

that the contact angles represent the oleophilicity of the quartz 

surface when the cationic amine was adsorbed by an ion exchange 

process followed by increased adsorption in the Stern plane, at pH 

6.5, although some neutral amine was present in the organic phase. 

If the adsorbed cationic amine ions are predominantly in the 
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diffuse layer, at concentrations below the 01101  no fixed orienta—

tion of the ions is expected because the ions are distributed at 

random. Some ions will, however, be orientated with their polar 

groups pointing toward the surface because of the electrostatic 

attraction between the head groups and the surface. Above the qmilc 

the contact angle increased proportionately to the increase in 

adsorption density. Presumably in this region the adsorbed cations 

in the Stern layer, in addition to being closer packed, took up a 

more vertical position with the hydrocarbon chains pointing toward 

the aqueous phase. Associations and vertical orientation of the 

adsorbed ions would shield the hydrophilic nature of the quartz 

surface and the polar head groups. As a result a more hydrophobic 

surface would be formed. 

The studies on the distribution of amine (cf section 2.0) 

between the iso—octane and water phases showed that as the pH was 

increased above 7, the neutral amine concentration in the organic 

phase became far greater than that of the cationic amine in the 

aqueous phase. The aqueous cation amine concentration was approxi—

mately ten times lower at pH 8.0 than at pH 7 and also, twenty five 

times lower than the neutral amine concentration in the organic 

phase. Despite this decrease in the cationic amine concentration 

and the corresponding decrease in the adsorption density, higher 

contact angles (figs. 28-29) were obtained at pH 8 than at pH 6.5. 

According to the electrokinetic data (fig. 25), if only cationic 

amine was adsorbed at the quartz/water interface, the Glin at pH 8 
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should occur at a cationic amine concentration of 6.3 x 10-514. 

Reference to the contact angle data (fig. 30) for the natural quartz 

sample shows that, at pH 8.0 the 'apparent' CH occurred at 

3 x 10-5.M for the advancing angles and 6.3 x 10 614 for the receding 

angles. 

It is therefore suggested that at pH values where the neutral 

amine concentration in the organic phase was large relative to the 

cationic amine concentration in the aqueous phaser adsorption of 

both the neutral and the cationic amine controlled the magnitude of 

the contact angle. That the cationic amine was essential for the 

wetting of the quartz by the iso-octane, was illustrated by the 

fact that at high pH values ( > 8) the contact angles decreased 

markedly with increase in pH. It would therefore appear that 

cationic amine plays a primary role either at the quartz/iso-octane/ 

water interline of contact or at the quartz/iso-octane interface 

before the neutral amine is involved. The suggested mechanism of 

neutral amine adsorption is that of interactions between the hydro-

carbon ohains of the cationic amine ions and the hydrocarbon chains 

of the neutral molecules. 

The importance of neutral molecules in flotation systems has 

been demonstrated by other authors. Smith (183) showed that when 

neutral molecules were added to a system composed of quartz and 

dodecylamine solution, the contact angles increased markedly. 

Similarly Fuerstenau and Yamada (173) showed that neutral molecules 

increased the pH range and concentration range over which a given 
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collector was effective. Leja and Schulman (171) demonstrated that 

the contact angle between benzene and polished copper in a solution 

of ethyl xanthate could be increased by adding long—chain alcohols 

to the benzene phase. The mechanism of adsorption of the neutral 

molecules was ascribed by these authors to molecular interactions 

between the chains of the adsorbed species and the chains of the 

neutral molecules. 

As the pH was increased for each "total concentration" of amine 

the contact angle hysteresis of the natural quartz increased from 

about 15° at pH 3 to a constant value of 25-30o at pH 8.0. A 

similar effect although not so pronounced was obtained for the 

optical quartz sample. The fact that the hysteresis was less for 

the smoother optical quartz sample does suggest that surface rough—

ness was a contributing factor to the higher hysteresis of the 

natural quartz sample. However, Gaudin and Decker (182) measured 

the dynamic advancing and receding angles for the system quartz/ 

dodecane/water in the presence of dodecylamine and found that the 

hysteresis at pH 10.0 was larger than that at pH 8.0 and 6.0. It 

is therefore podsible that at pH 8.0 the larger hysteresis effect 

was partially attributable to the low rate of attainment of equili—

brium at the advancing and receding interfaces because of the 

presence of large amounts of neutral amine. In other words the 

measured contact angles were probably not true equilibrium angles. 

The magnitude of the adsorption of neutral amine or cationic 

amine at the oil/quartz interface is difficult to assess. A number 
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of authors (127) (184) have shown that, at equilibrium, ther—

modynamics demands that the adsorption of collector at the solid/ 

air or solid/oil interface should be greater than that at the 

corresponding solid/water interface. Smolders (184) using the 

Young's equation with Gibbsian thermodynamics has derived an 

expression relating the adsorption (E, ) at the three interfaces 

with the contact angle and air/water interfacial tension. For the 

system oil/quartz/water this becomes 

riSO = 	FIW + 	row Cos 8 + 	ow Sin 9  d 
RT 	dLnC 

(48) 

where r80, fisw and Cow represent the adsorption at the 

solid/oil, solid/water and oil/water interfaces respectively. 

Whether such an expression is valid or not, for the very complex 

quartz/iso —octane interface in the presence of amine is questionable. 

Application of eq (*) to the results obtained in this work, at pH 

6.5, gives adsorption densities at the quartz/oil interface 

corresponding to layers between 8 and 17 amine monolayers thick. 

Clearly if this is a true representation of the adsorption at the 

oil/quartz interface then the interpretation of the contact angle 

data will be far more complex than that indicated in the preceding 

paragraphs. 

d) 	Work of adhesion and extraction results  

An oil/mineral interface cannot be created without the 
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simultaneous destruction of the oil/water and mineral/water inter—

faces. Energetically the requirement for the adherence of an oil 

drop to the quartz surface is that the sum of the surface energy 

terms after the change must be less than the sum before the change 

i.e. X os' < \‘‘ ow' + X sw'. The work done per unit area 

by the system during the adhesion of an oil drop to the mineral 

surface is given by 

(49) 

Substituting in eq (49) for Xsw' — gos from the Young's 

expression ( eqn47) gives 

X ow' (1 — Cos 	) 	(50) 

which relates the work of adhesion (W) of the oil drop to the solid 

surface with the oil/water interfacial tension and the contact 

angle. The work of adhesion, as determined from eqn (50), is the 

theoretical maximum free energy available for the adhesion process. 

It is not however a measure of how much of the available free 

energy is utilized (185). Determination of the work of adhesion 

should give an indication of the conditions necessary for the 

attachment of mineral particles to oil drops. 

The results from the calculation of the work of adhesion as 

a function of pH, at three different 'total concentrations' of 

dodecylamine are shown in fig. 62. Comparison of this figure 

with fig. 61 shows that maximum extraction was obtained at the pH 
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where the contact angles, work of adhesion and adsorption density 

were a maximum. The correlation between the four sets of data, in 

alkaline media was good. As the pH was increased the contact 

angles, percent extraction, adsorption density, work of adhesion, 

and the cationic amine content of the aqueous phase decreased. 

At acid pH values, however, good extraction was obtained under 

conditions where the contact angles and work of adhesion were 

comparatively small. The reason for this is not fully understood. 

The distribution of particle shape and size and hence adsorption 

densities might be a contributing cause. 

The relationship between the work of adhesion and the logarithm 

of the equilibrium aqueous amine concentration, at pH 6.5 and 8.0, 

(fig. 63)wasdmilar to that found for the contact angle data at the 

same pH values (fig. 30). The work of adhesion showed a marked 

dependence on the logarithm of the aqueous amine concentration at 

concentrations above 1.3 x 10 4M at pH 6.5, and 9 x 10-6M at pH 

8.0. These concentrations were in excellent agreement with the 

Came and 'apparent' CHMC  predicted from the contact angle data. 

Figure 64 shows the work of adhesion as a function of the adsorption 

density of amine at the water/quartz interface. For a given adsorp—

tion density the work of adhesion at pH 8.0 was much higher than 

that at pH 6.5. This indicates that in the presence of large 

amounts of neutral amine in the organic phase higher contact 

angles and works of adhesion were obtained. 

Maximum extraction, at pH 6.5, was obtained at an equilibrium 
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aqueous amine concentration corresponding to that required to 

reduce the zeta potential to zero. This is not surprising because 

under these conditions the electrostatic repulsive forces between 

the particles will be minimum. The particles will be able to 

aggregate and form a close packed layer at the oil/water interface. 

The minimum receding contact angle required for 100% extraction was 

approximately 900  at pH 6.5. Under these conditions 

and the particle would be equally wetted by the aqueous and organic 

phases. Contact angles greater than 900  would result in more than 

half of the particle being wetted by the organic phase (von Rheinders 

case 3 ; cf. Section 1.30). 

e) Summary  

The results indicate that the mechanism of adsorption of amine 

at the quartz/water interface is primarily one of coulombic 

attraction of the cationic amine ions for negative sites on the 

quartz surface. The amine ions are adsorbed, at low amine concen—

trations, by an ion exchange process with cationic counter ions in 

the diffuse layer, and at higher concentrations, into the Stern 

layer where they associate and become vertically orientated. 

The contact angles, at pH 6.5, reflect the two steps involved 

in the adsorption process. At pH 8, however, the neutral amine in 

the organic phase influences the contact angles either by adsorp—

tion at the solid/oil interface or the solid/water/oil interline 

of contact. The adsorption density, contact angles and extraction 
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results when compared to the solution chemistry data shows, however, 

that the neutral amine, in the organic phase, is not involved unless 

substantial quantities of cationic amine are present in the aqueous 

phase. 

The correlation between the contact angles, work of adhesion, 

percent extraction and adsorption density was good throughout the 

pH range. One hundred percent extraction was obtained when the 

contact angles were approximately 90°  and the zeta potential was 

zero. This latter condition would correspond to low repulsive 

forces between the particles and hence tighter packing at the oil! 

water interface. Under no conditions were the quartz particles 

completely extracted into the organic phase. This is not surprising 

in view of the 'second situation' outlined by von Rheinders (41) 

i.e. the solid will only be dispersed in the organic phase when 

7) sw > )(wo 
	

X so (cf. section 1.30). For the system 

investigated here this situation will only be realized when the 

contact angle reaches 180°. 

4.42. The hematite/iso—octanelwater system in the 
presence of sodium dodecyl sulphate  

a) The hematite/water interface  

By definition the potential determining ions for pure hematite, 

in the absence of specifically adsorbed surface active ions, will 

be the constituents of the ionic lattice (i.e. Fe3+  and 02 —% 
). 
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However, many authors working on both synthetic (186) (187) and 

natural hematites (188) (189) have shown by electrokinetic and 

potentiometric methods that 114-  and OR—  ions are the potential 

determining ions. The ferric hydros complexes in equilibrium 

with the hematite surface will have an effect on the surface 

potential. Solubility data (186), however, shows that this effect 

is negligible because throughout the pH range the concentration of 

H+ and OR ions is fax greater than that of the ferric complexes. 

Although the potential determining role of H+  and OH ions has 

been well established, there appears to be a large discrepancy 

between the zero points of charge (z.p.c.) of the synthetic and 

natural hematites. Values of the z.p.c. for synthetic hematites 

are usually found between pH values 8 and 9 (186), and for the natural 

hematite between 3 and 9 (188) (189). Joy and Watson (190) have 

indicated that the z.p.c. of the natural hematite is dependent on 

the origin, size and previous treatment of the sample. Parks (191) 

after summarising the work of many authors concluded that the 

position of the z.p.c. was dependent on the degree of hydration of 

the surface. Acid z.p.c. values were thought to be attributable to 

surface or bulk dehydration. 

The processes by which a surface can be hydrated can be 

summarised as follows a) physical adsorption of non—dissociating 

water molecules, including hydrogen bonding to surface oxygen sites, 

b) chemisorption of water which dissociates resulting in surface 

Fe — OR groups and c) reaction resulting in conversion to oxyhydro— 
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xides or hydroxides. Whereas the precipitated hematite prepared 

by hydrolysis is hydrated or at least is coated by a layer of 

hydrous material, the natural hematite only hydrates partially and 

in most cases gives a z.p.c. approaching that of 04- Fe OOH 

(goethite). The hematite sample used in this work had a zero point 

of charge of 4.75. This suggests that the surface was somewhat 

less hydrated than that corresponding to Fe 00H. Parks (191) 

considers that low z.p.o. values might be attributed to the physical 

adsorption of water only. 

The process by which the hematite surface charge is established 

may be viewed either as an adsorption of H+  or Cfl ions, or as a 

dissociation of surface sites. A schematic representation of the 

reactions taking place would be 

Fe 

OH2 

Fe 

un2 

Fe\l/f  

0H2 

3+ 	Fe\ 	Fe 

OH 

+ 311+ 	Fq( 	30H— Fe 
\ 0H  

Fe  / Fe
,//  

\ OH 	\0 

—3 

+ 31120 

z.p.c. 

pH decreasing 

   

pH increasing 

Alternatively the dissociation of the hydroxide surface to yield 

a positively or a negatively charged surface may be represented by 

the following reactions 
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Fe (OH)3 surface + H+ 	
Fe (OH)2+  (surface) + H2O 

	
(51) 

Fe (446)3 surface 	
FeO (surface) + H+  + H2O 

	
(52) 

These reactions suggest that a positive surface is produced by the 

binding of a proton (e) to the hydroxide surface; this is of 

course equivalent to the removal, by dissociation, of one OH group 

from the surface. A negative surface is produced by the removal of 

a proton by dissociation (or the addition of an OH ion). The z.p.c 

will lie at a pH where the number of negative and positive sites are 

equal, or in other words when the surface is uncharged with respect 

to the solution. 

The hydrated complexes in equilibrium with the hematite surface 

N will be of the form Fe (H20)63+, Fe (OH) (H20)52+, Fe (OH)2  (H2O), 

Fe2 (OH)24+  and Fe (OH)4 
	The concentration of the first four 

species will decrease, and the concentration of the anionic complex 

will increase, with an increase in the pH. Between the pH values 3 

and 14, the concentration of all the complexes will, however, be 

below 10 8.M. In the presence of chloride ions the hydroxyl complexes 

can form ferric chloro-hydroxy complexes of the type Fe Cl (H20)52+  

etc. Since these complexes are known to exist in aqueous solution 

it is reasonable to assume that they may exist on the hematite 

surface. 

The zeta potentials of hematite in the presence of different 

anions (fig. 34)  indicated that the surface became more negative 

with Cl than with NO
3 

and C10
4 

ions. The order in which the 
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ions complex readily with ferric (192) is the same as the order 

in which they increase the negative zeta potential i.e. Cl) 

NO
3
—  > C10

46 
The mechanism by which the different anions or 

ferric complexes affect the zeta potential is not understood. 

Specific adsorption in the Stern layer is unlikely because the 

different anions did not change the location of the z.p.c. 

In the presence of divalent sulphate ions the zeta potential 

was made more negative than in the presence of the monovalent 

anions and the apparent zero point of charge was moved to more 

acid pH values. Similar results were obtained by Mattson and Pugh 

(193) for a hematite that had sulphate impurities in the crystal 

lattice. These results are consistent with the postulate of 

Overbeek (108) for specific adsorption of ions into the Stern 

layer. Akinson, Posner and Quirk (194) consider that ions such 

as phosphate are specifically adsorbed by ligand exchange reactions 

with OH—  or H2O in the ferric first co—ordination shell. A similar 

mechanism can be postulated for the adsorption of sulphate ions. 

b) The mechanism of adsorption of S.D.S. at the hematite/Water  
interface  

The electrokinetic data (fig. 35 and 36) and the adsorption 

density results (fig. 37) indicate that the primary mechanism of 

adsorption of sodium dodecyl sulphate at the hematite/water inter—

face was one of coulombic attraction of the anionic collector ions 

for positive sites on the hematite surface. The dependence of the 

zeta potential on the logarithm of the collector ion concentration, 



0-s 

-234- 

at pH 2.5 and low concentrations of S.D.S., was small. This 

indicates that in this concentration range the dodecyl sulphate ions 

were adsorbed by an ion exchange with chloride ions in the double 

layer. The large variation of the zeta potential with change in the 

logarithm of the concentration, at higher concentrations of S.D.S., 

is indicative of specific adsorption in the Stern layer. 

Further evidence for specific adsorption in the Stern layer can 

be obtained by plotting the logarithm of At as a function of the 

logarithm of the S.D.S. concentration and pH. In section 4.41b it 

was shown that for zeta potentials below 25 mV 

Since the charge in the Stern layer is directly proportional to 

the specific adsorption of ions, a plot of the logarithm of 

against the logarithm of the collector concentration and pH, should, 

if the adsorption is taking place in the Stern layer, give curves 

similar to the adsorption results. Such plots are shown in figs. 

37 and 65. In fig. 37 it was shown that the logarithms of L 

and the adsorption density decreased rapidly as the pH increased 

above the z.p.c. Comparison of fig. 65 with the adsorption isotherm 

(fig. 39), at pH 2.6, shows that there was a fairly good correlation 

between the shape of the isotherm and the curve of the logarithm of 

M against the logarithm of the equilibrium S.D.S. concentration, 

at concentrations below 5 x 10 414. 

Although the primary mechanism of adsorption would appear to 
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be one of coulombic attraction, an alternative mechanism must be 

postulated to explain the continued adsorption after neutralization 

of the surface sites. The two most likely mechanisms are: 

a) At a certain critical adsorption density of S.D.S. the hydro—

carbon chains began to associate to form hemimicelles. According to 

the Gaudin—Fuerstenau concept of hemimicellization the adsorbed ions 

begin to associate at a concentration identical to that at which the 

zeta potential begins to show a marked dependence on the logarithm 

of the collector concentration. The hematite zeta potential, in 

this work, decreased rapidly with increase in the logarithm of the 

S.D.S. concentration, at PH 2.5, at concentrations above 5 x 10 6M. 

Furthermore, assuming that the adsorption density at the 01114c  is 

dependent only on the hydrocarbon chain length, then association of 

dodecyl sulphate ions should occur at an adsorption density similar 

to that found for dodecylamine adsorbed at the quartz/water inter—

face i.e. approximately 1 x 10
-6 

moles metre-2. Such an S.D.S. 

adsorption density, at the hematite/water interface at PH 2.6, was 

reached at an equilibrium concentration of 8 x 10 414. It is 

therefore possible that above this concentration associations between 

the adsorbed dodecyl sulphate hydrocarbon chains occurred. The 

assumption that the adsorption density at the Gm will be dependent 

only on the collector chain length is not unreasonable because in 

bulk solution the C.M.C. of sodium dodecyl sulphate is only appro—

ximately 1.5 times higher than that of dodecylamine (195). 

b) The formation of a chemisorbed layer between the dodecyl 
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sulphate ions and sites, in addition to potential determining sites, 

on the hematite surface. Dean and Ambrose (196) have shown that 

when industrial sodium dodecyl sulphate is added to ferric solutions 

a precipitate results. It is possible that such a precipitated ferric 

dodecyl sulphate complex will be formed at the hematite/water inter-

face. 

c) The orientation of the dodecyl sulphate ions adsorbed at the  
hematite/water interface  

In fig. 66, the contact angle as a function of the logarithm 

of the adsorption density of S.D.S. at the hematite/water interface 

is presented. The data was derived from figs. 39 and 41. The 

curve has been divided into three regions, each region extending 

over the same contact angle and adsorption density range as that 

indicated in figs. 39 and 41. In region I the contact angle 

increased slowly with an increase in the logarithm of the adsorption 

density. At an adsorption density slightly higher than that 

required to reduce the hematite zeta potential to zero, the contact 

angle increased markedly. (region II). Initially in region III, the 

contact angle increased slower, with an increase in the logarithm 

of the adsorption density, than in region II, but at an adsorption 

density roughly corresponding to a close-packed vertically orienta,-

ted monolayer the contact angle increased markedly and then 

levelled off to become constant at a value of 1250. 

There are three basic modes of orientation of a collector ion 

adsorbed at the solid/water interface and these are a) the ion is 
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adsorbed with the hydrocarbon chain normal to the solid surface and 

with the polar groups pointing into the aqueous phase; b) the ion 

is adsorbed with its polar group attached to the solid and with the 

hydrocarbon chain normal to the surface; and c) the collector ion is 

adsorbed so that the hydrocarbon chain lies flat on the surface and 

the polar head is attached to the surface. Intermediate positions 

are also possible. Figure 66 shows that, in general, an increase in 

the adsorption density produced an increase in the contact angle. 

This occurs only when the hematite surface becomes more oleophilic 

because of the presentation of hydrocarbon groups to the aqueous 

phase. Orientation of the adsorbed ions with the polar group 

pointing into the aqueous phase is therefore unlikely. Vertical 

orientation of the adsorbed ions with the hydrocarbon chains normal 

to the surface, and pointing into the aqueous phase is likewise 

unlikely because the van der Waals forces of attraction between the 

water molecules will be greater than the forces of attraction 

between the hydrocarbon chain and water molecules. Ehergetically, 

therefore, the most favourable position for the hydrocarbon chain 

would be lying flat on the solid surface where it would be removed, 

as far as possible froman aqueous environment. For an ion to take 

up this position, however, the work involved in displacing the water 

from the surface would have to be less than that required to insert 

the hydrocarbon chain into water. 

In the case of charged solids there is evidence that water 

molecules are bound by ion-dipole interactions and hydrogen bohding 
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to the solid surface. Such bound water is considered to have a 

well ordered structure (197) (198). If the energy binding the 

water to the surface is greater than the energy available for the 

displacement of water by the hydrocarbon chain, then the hydrocarbon 

chain will be forced to take up an angled orientation. Depending 

on whether the bound water is strongly or weakly held there are two 

possible interpretations of the contact angle and adsorption density 

results obtained in this work. 

Interpretation 1  

This interpretation of the experimental data is essentially 

the same as that used by Jaycock and Ottewill (178) and Billet and 

Ottewill (199) to interpret the adsorption density and contact angle 

results obtained on silver iodide in the presence of dodecylpyridinium 

bromide. In region I, it is suggested that the increase in contact 

angle was a result of the adsorption and angled orientation of the 

dodecyl sulphate ions. At the adsorption density corresponding to 

zero seta potential it is possible that the sites responsible for 

the bound water were neutralized, so that the hydrocarbon chains 

displaced the water and took up a horizontal orientation. The 

adsorption density at this point corresponded to a monolayer if the 

area per adsorbed ion was 7082. According to a 'Catalin' model, a 

dodecyl sulphate ion horizontally orientated, occupies approximately 

7682. It is therefore suggested that at this point most of the 

adsorbed ions were in a horizontal position. 

The rapid rise in the oontact angle in region II would 
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correspond to, the removal of bound water from the surface and, 

the presentation of hydrophobic CH2  groups to the aqueous phase. 

A very high contact angle would not be expected here because of 

the presence of exposed hydrophilic sulphate groups in the CR2  

layer. In region III the slight decrease in the rate of increase 

of contact angle with increase in the logarithm of the adsorption 

density would correspond to the adsorbed ions taking up a vertical 

position and in doing so allowing the water to penetrate, to the 

surface, between the ions. At an adsorption density near to that 

required to form a close packed vertically orientated monolayer 

the associations between adjacent hydrocarbon chains would !squeeze' 

out the water and the contact angle would increase rapidly to a 

maximum value characteristic of the system. 

Interpretation 2 

This interpretation considers the results if the hydrocarbon 

chains were capable of removing the bound water from the hematite 

surface. In region I the ions would be adsorbed and orientated 

parallel to the solid surface. As the adsorption density increased 

a close packed horizontally orientated monolayer would be formed. 

The rapid increase in contact angle in region II would now correspond 

to the hydrocarbon chains associating and building up a vertically 

orientated layer. Water at the surface would be 'squeezed' out as 

a result of these associations. The continued increase in the 

contact angle in region III would be the result of continued 

associations and the formation of a close packed vertically orienta-

ted monolayer. 
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In comparing the results of contact angle measurements with 

those of adsorption measurements, which are based on the solid/ 

water interface, there is always the uncertainty of the magnitude 

of the adsorption density of collector at the solid/air or solid/ 

oil interfaces. Ter4linassian-Saraga (180) (181) has demonstrated 

that as the air/water meniscus recedes, collector is deposited at 

the solid/air interface. It is therefore likely that as the water 

receded over the surface of hematite some dodecyl sulphate ions 

were deposited at the oil/hematite interface. If the theory of 

Smoldert-(184) is-applicable, the adsorption at the oil/solid 

interface will be far' greater than that at the water/solid inter-

face. 

In table V it was shown that the adsorption density at the oil/ 

water interface varied from 1 x 106  to 3 x 106  moles metre-2  in 

the S.D.S. concentration ,range 1 x 10- 1.1 to 2 x 10- K. According 

to Smolders (184) if de /d Ln C (see eq 48 section 4.41c) is 

positive Viso> risw + row. Cos 	This will mean that a 

given adsorption density will be reached at the hematite/oil 

interface at an equilibrium concentration lower than that required 

to give the same adsorption density at the hematite/water interface. 

It is possible that the effect of this will be to displace the 

curve correlating the contact angle with the logarithm of the S.D.S. 

concentration to lower equilibrium concentrations than the data 

acquired on the solid/water interface i.e. the adsorption isotherm. 

If the contact angle data in fig. 41 has been displaced because of 
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adsorption at the solid/oil interface, then 'Interpretation 2' is 

more likely to be valid than 'Interpretation 1'. 

d) Work of adhesion and extraction results  

The work of adhesion, at two constant concentrations of S.D.S., 

is presented in fig. 67 as a function of pH. Comparison of these 

curves with fig. 43 shows that as the pH increased above the z.p.c. 

the percent extraction, Clt. contact angle, adsorption density and 

work of adhesion all decreased rapidly. Thus showing that.the work 

of adhesion and percent extraction were directly related to the 

cationic nature of the hematite surface and the adsorption density 

of dodecyl sulphate ions at the surface. Figure 68 shows the work 

of adhesion of the idol-octane drop to the hematite surface as a 

function of the logarithm of the equilibrium S.D.S. concentration. 

The shape of this curve is very similar to the contact angle and 

adsorption density data shown in figs. 41 and 39. The work of 

adhesion increased markedly at an equilibrium concentration just 

above that required to reduce the zeta potential to zero. This 

increase would either oorrespond, to the displacement of bound 

water from the hematite surface and the formation of a hydrophobic 

horizontally orientated:acnolayer, or to the adsorbed ions associat-

ing and becoming orientated in a vertical position, depending on 

which interpretation of the adsorption density and contact angle 

data is used. 

The work of adhesion as a function of the adsorption density 
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(fig. 69) shows that the adsorption of S.D.S. onto the hematite 

surface was a two step process. In region I it could well be, that 

a horizontally orientated monolayer was formed and that the constant 

work of adhesion obtained corresponded to the maximum obtainable 

from a layer of CH2  groups interspersed with hydrophilic polar 

groups. The increase in work of adhesion in regions II and III 

would then correspond to the shielding of these hydrophilic heads 

by the chains becoming normal to the surface and associating with 

each other. 

It is very difficult to differentiate between the two possible 

interpretations of the experimental data. However, the results 

show that two steps were involved in the adsorption process. First 

the completion of a horizontally orientated monolayer and then at 

higher equilibrium concentrations the formation of a close packed 

vertically orientated monolayer. 

The percent extraction as functions of the logarithms of the 

S.D.S. equilibrium concentration and adsorption density (fig. 44) 

show that 1000 extraction was first obtained when the zeta potential 

was approximately zero. Under these conditions the repulsive forces 

between the particles will be nearly zero and the particles will be 

able to pack tightly at the oil/water interface. The percent 

extraction decreased at adsorption densities and equilibrium S.D.S. 

concentrations higher than that required to form a close packed 

vertically orientated monolayer. At these high adsorption densities 

the formation of a second, adsorbed layer, at the solid/water inter- 
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face, with the hydrophilic polar groups pointing into the aqueous 

phase is likely. When an oil drop comes into contact with such a 

surface instead of the contact angle decreasing, as it would for an 

air/water/solid system, it increases slightly or remains constant. 

The reason for this, according to Schulman and Leja (42) (17l)„ is 

that the second layer is squeezed into the oil, and solubilized by 

the organic phase. A reversely orientated adsorbed layer, cannot, 

therefore, be used as an explanation for the decrease in the percent 

extraction at high equilibrium concentrations and adsorption 

densities of S.D.S. especially since the contact angle did not 

decrease in a similar way. A probable explanation is, that at high 

S.D.S. concentrations the charge on the hematite particles was so 

large that the repulsive forces between the particles inhibited 

close packing at the oil/water interface. 

The slight decrease in the percent extraction with decrease 

in pH, at OR values below the hematite z.p.c., was thought to be 

attributable to the formation of an anionic surface complex (200), 

between chloride ions and the hematite surface, which inhibited the 

adsorption of dodecyl sulphate ions. However, in view of the fact 

that the contact angle and adsorption density remained constant and 

similar results were obtained with HC10
4 (an acid which does not 

readily complex with ferric) an anionic complex was thought unlikely. 

A possible reason, for this decrease in percent extraction, is that 

at low pH values the high charge on the particles, once again, 

inhibited close packing at the oil/water interface. 
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The percent extraction obtained as a function of pH (fig. 42) 

were similar to the recovery against pH curves obtained in the 

conventional flotation of iron oxides with alkyl sulphates. 

Iwasaki (189) (161) et al. has shown that with both hematite and 

magnetite, maximum flotation with S.D.S. was obtained at pH values 

below the z.p.c. Similar results were obtained on ilmenite by Choi, 

Kim and Paik (160). 

e) Summary 

The results show that the mechanism of adsorption of sodium 

dodecyl sulphate at the hematite/water interface was primarily one 

of coulombic attraction between the dodecyl sulphate ions and the 

positive hematite surface. Two steps were involved in the adsorption 

process. First the formation of a horizontally orientated layer 

and then at higher equilibrium S.D.S. concentrations the formation 

of a vertically orientated monolayer with the hydrocarbon chains 

pointing into the aqueous phase. 

The correlation between the adsorption density, contact angle, 

percent extraction, and work of adhesion was good throughout the pH 

range. As the pH increased above the z.p.c. (i.e. 4.75) the values 

of all these variables decreased rapidly. Similar to the iso-octane/ 

water/quartz system in the presence of dodecylamine maximum extraction 

was obtained when the zeta potential was zero. 
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4.43. The hematite/water/iso-octane system in 
the presence of dodecylamine  

a) The hematite/water interface  

The role of le and OH-  ions in determining the sign and 

magnitude of the hematite zeta potential has been discussed in 

section 4.42a. The zeta potential results in the presence of 

dodecylamine (figs. 45 and 46) indicated that the primary mechanism 

of adsorption of amine by hematite, was one of coulombic attraction 

of the cationic amine ions for negative sites on the hematite 

surface. A similar mechanism has been postulated by Joy and Watson 

(188). 

If it is assumed that the measured adsorption density of amine 

was attributable to that of the cationic amine at the hematite/ 

water interface, the electrokinetic and adsorption density data 

(figs. 45 to 48) can be interpreted in a similar way to the data 

obtained for the quartz/water system (section 4.31b). It is 

suggested that at pH values absve the z.p.c. of hematite the cationic 

amine was first adsorbed into the double layer by an ion exchange 

process and then at higher concentrations into the Stern layer by 

forming associations (hemimicelles) between the hydrocarbon chains. 

The presence of hydrocarbon chain interactions will account for 

the adsorption of cationic amine at adsorption densities higher 

than that required to neutralize the negative sites on the hematite 

surface. 



-251 - 

It was shown in section 4.13b that for an ion exchange process 

in the diffuse layer, the adsorption isotherm (fig. 48), below the 

CSC, should have a slope of unity. The value obtained in this 

work (approximately 0.65) was lower than the predicted value. A 

discrepancy as large as this, is perhaps not surprising in view of 

the possibility of the measured adsorption density including some 

of the adsorption of amine at the solid/oil and oil/water interfaces. 

As the zeta potential remained constant over this concentration range, 

it is reasonable to conclude that, the most likely mechanism of 

adsorption would be one of an ion exchange between the cationic amine 

ions and the cationic counter ions in the diffuse layer. 

The electrokinetic data (fig. 46) indicates that the CSC,  i.e. 

the concentration of amine at which the zeta potential became 

dependent on the logarithm of the amine concentration, decreased as 

the pH was increased. This is consistent with the hemimicellization 

theory of Gaudin and Fuerstenau (170). At high pH values, and hence 

surface potentials, the critical adsorption density necessary for 

the formation of associates between adjacent hydrocarbon chains, will 

be reached at lower equilibrium concentrations than when 41 0  is 

small. 

Considerable quantities of amine were adsorbed, at pH values 

below the z.p.o. of hematite, without changing the zeta potential. 

A mechanism of ion exchange in the diffuse layer under these condi—

tions is unlikely because the counter ions were anionic. Adsorption 

of neutral amine from the aqueous or organic phase is, likewise, 
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unlikely because at these pH values nearly all of the amine was 

in the cationic form. A possible mechanism, suggested by Joy and 

Watson (188), is that of an ion exchange between RNH3
+ 
 ions and H

+ 

ions at surface sites. Such a mechanism would account for the 

adsorption of cationic amine without changing the zeta potential. 

The adsorption density of amine on hematite, in the presence 

of iso-octane, decreased at pH values above neutral. According to 

fig. 5 the cationic amine concentration in the aqueous phase, 

decreased also in this pH range. The adsorption density results, 

therefore, clearly show the importance of the cationic amine con-

centration on the adsorption density at the hematite/water inter-

face. 

In summary, the results obtained for the hematite/water/iso-

octane system in the presence of dodecylamine were very similar to 

those obtained for the quartz/iso-octane/water system under the 

same conditions. The primary mechanism of adsorption of the amine 

at the hematite/Water interface was one of coulombic attraction of 

the cationic amine ions for the negative hematite surface. The 

adsorption, was attributed to an ion exchange process at low amine 

concentrations and at higher concentrations specific adsorption in 

the Stern layer, possibly to form hemimicelles. 

b) 	Contact angles at the hematite/iso -octane/water line 
of contact  

The contact angles of iso-octane on hematite in the presence 

of dodecylamine were similar to those obtained for the quartz/water/ 

lb, 
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iso—octane system. The contact angles (fig. 49), at pH 8.0, were 

slightly higher than those at pH 6.5 although there had been a 

reduction in both the cationic amine concentration and the adsorption 

density (fig. 47). Fiirthermore comparison of the aqueous amine 

concentration, at the point of intersection of the two linear parts 

of the curve correlating the contact angles with the logarithm of 

the equilibrium aqueous amine concentration, with the 	values 

predicted from the electrokinetic (fig. 46) and adsorption (fig. 48) 

data, shows that at pH 6.5 and 5.0 there was a good agreement but 

not at pH 8.0. This comparison is demonstrated in Table IX. 

TABLE IX 

. 
CHMC 	(N) Conc. at intersection

of contact angle curves  Electrokinetic Adsorption 

5.0 4.0 x 104  approx. 5 x 10-4  5.0 x 10 4  
6.5 1.0 x 10-4  approx. 2 x 10-4 1.6 x 10-4  
8.o 8.o x lo -5  2.0 x 10-5 

The good agreement between the aqueous amine concentration at 

the point of intersection of the two linear parts of the contact 

angle curve and the evaluated qmic values, at pH 6.5 and 5.0 indicates, 

that the determined contact angles were attributable to the mode of 

orientation (cf. section 4.42c) of the cationic amine ions at the 

hematite/water interface. Thus?  the slow increase in the contact 

angle with increase in the logarithm of the aqueous amine concen—

tration, at concentrations below 10-11 and at pH 6.5 (fig. 50), 

indicates that the ions were orientated in such a way that they did 
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not markedly increase the oleophilicity of the surface. If these 

ions were adsorbed into the diffuse layer it is likely that, although 

there would be some orientation due to the force of attraction 

between the cationic head group and the anionic surface, there would 

be a random selection of orientations. A large variation in contact 

angle would, therefore, not be expected. The rapid increase in 

contact angle, at concentrations above 10-414, indicates that when 

the adsorbed ions associated,a more oleophilic surface was attained. 

Presumably because of the increased adsorption density and vertical 

orientation of the adsorbed cationic amine ions. 

It appears that at pH 8.0, similar to the quartz system, the 

contact angles do not reflect the orientation and adsorption of 

cationic amine at the hematite/water interface. At this pH the 

neutral amine concentration in the organic phase was much higher 

than that of the cationic amine in the aqueous phase. It would, 

therefore, appear that the neutral amine, possibly by being adsorbed 

at the hematite/oil and oil/water interfaces, influenced the contact 

angles. The adsorption of neutral amine, and the necessity of the 

presence of cationic amine before the neutral amine is involved, has 

been discussed in section 4.41c in conjunction with the quartz/water/ 

iso-octane system. It is thought that a similar discussion would be 

valid here. 

c) The work of adhesion and extraction results 

Comparison of the work of adhesion and extraction results 
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(figs 70 and 52 respectively) shows that 100 extraction was 

obtained when the work of adhesion was a maximum. The correlation 

between the contact angles, work of adhesion and percent extraction, 

was good throughout the pH range. However, at low pH values the 

percent extraction and work of adhesion decreased to zero, whereas 

the logarithm of the adsorption density did not decrease markedly. 

It is suggested that although the cationic amine was adsorbed, the 

surface attained a hydrophilic character because of the high positive 

charge on the hematite surface. A surface carrying a large charge 

will be hydrophilic (201), since an orientated layer of water will 

form round the particle, in much the same way as cations become 

heavily solvated in solution. 

The decrease in percent extraction, adsorption density and 

work of adhesion, at pH values above 8.0 indicates the dependence of 

these variables on the cationic amine concentration in the aqueous 

phase. A number of authors (202) (183) (203) (204) have shown that 

in conventional flotation systems, the contact angles and flotation 

response of quartz and hematite increases at pH values above 6. The 

reasons for this increase in hydrophobicity have been attributed to 

the increase in neutral amine concentration with increase in the pH. 

Some authors (203) have postulated dipolar interactions between the 

neutral amine molecules and the quartz surface, others (183) (202) 

(204) interactions between the adsorbed cationic hydrocarbons and 

the neutral molecules and others (149) (205) (206) an ion exchange 

or chemical reaction between the neutral amine molecules or cationic 
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amine ions and the surface sites. The results obtained in this work 

show that at high pH values, even though neutral amine was present in 

both the organic and aqueous phases, a hydrophobic, or at least an 

oleophilic surface was not obtained unless cationic amine was present 

in appreciable quantities. 

The works of adhesion, determined for the hematite/iso-octane/ 

water system, as functions of the logarithms of the aqueous amine 

concentrations, at pH 6.5 and 8.0, are shown in fig. 71. These 

curves are similar to those obtained for the quartz/amine system 

(fig. 63). The curves at both pH 6.5 and 8.0 were similar to the 

contact angle data (fig. 50) and can be divided into two linear 

regions. The aqueous amine concentration at the point of intersectian 

of the linear parts of the work of adhesion curves were in excellent 

agreement with the point of intersection of the contact angle data. 

In the presence of large amounts of neutral amine e.g. at pH 8.0 the 

works of adhesion for a given aqueous amine concentration, were 

higher than when the neutral amine concentration was lower than the 

cationic amine concentration in the aqueous phase (e.g. pH 6.5). 

Comparison of the works of adhesion for the hematite and quartz 

samples as functions of the adsorption density of amine at the 

mineral/water interface, at pH 6.5 (figs. 72 and 64) shows that at 

relatively high adsorption densities the works of adhesion obtained 

for the quartz system were about 7 ergs cm72  higher than those 

obtained for the hematite system. Whether this difference is signi-

ficant, or not, is doubtful because an increase in the hematite 



80 
—258- 

24 

22 

70 

60 

w 
50 8 

R: 

0 
40 g 

g: 

g 
cpq 

30 

18 

16 

14 

12 

20 o 8 0 .,4 o 
0 

10-5 	10-4  
Aqueous dodecylamine concentration 00 

10 3 

20 

10 

O 4 

0 

2 

Fig. 71. Work of adhesion of iso—octane to hematite 
in the presence of dodecylamine. 

(ionic strength 6 x 10-3) 



28 

 

I 

24 
N' 
i 
O 

WIND 411 i4..  
own 4/0 41MIIII MEM MN M. IMP 

Quartz 
I • 

Hematite 

1120 
40' 

I 

—259- 

1 	2 	3 	4 	5 	6 	7 
Adsorption density (moles/metre2) 

Fig. 72. Work of adhesion of iso—octane to hematite and quartz 
as a function of dodecylamine adsorption density. 

(pH 6.5; ionic strength 6 x 10-3) 



-260- 

contact angles of 8°  would give works of adhesion similar to those 

obtained using quartz. 

The reason for the large contact angle hysteresis, found when 

using the hematite sample, is thought to be attributable to the 

microcrystalline nature of the polished specimen. It is likely that 

the presence of crystal edges and grain boundaries produced a surface 

roughness effect which enhanced or impeded the advancing and 

receding oil/water meniscus as it passed over the hematite surface. 

Under these conditions the contact angles will not be true equilibrium 

angles and the Young's expression can be used, only as an indication 

of the variation of the work of adhesion with change in the pH, 

adsorption density and collector concentration. 

Similar to the quartz/iso—octane/water and hematite/water/iso—

octane systems in the presence of dodecylamine and sodium dodecyl 

sulphate, respectively, one hundred percent extraction was obtained, 

for the hematite/iso—octane/water system in the presence of dodecy—

lamine, when the zeta potential of the mineral particles was small 

or zero. In none of these three systems was the mineral completely 

extracted into the organic phase. 

e) Summary  

The results obtained for the hematite/iso—octane/water system 

in the presence of dodecylamine were very similar to those obtained 

for the quartz/iso—octane/water system under the same conditions. 

A similar interpretation of the results has been used, for both 

systems. 



-261 - 

Maximum extraction of the hematite occurred when the contact 

angle was approximately 70°  and the zeta potential nearly zero. 

This latter condition is similar to that required for the maximum 

extraction of quartz with amine and hematite with sodium dodecyl 

sulphate. 

4.44. The hematite/iso—octaneJwater system in 
the presence of dodecanoic acid 

The flotation of hematite with fatty acids has been used for a 

number of years (11) (161) (207) but little conclusive research has 

been done on the mechanism of collection or adsorption. When study—

ing the interaction of carboxylic collectors with minerals, it must 

be kept in mind that when dissolved in water soaps, despite their 

ability to ionize, form a complex system of anions, cations, 

unionized carboxylic acid as well as molecular and ionic micelles 

(if the concentration is high enough). In addition to the complexity 

of the solution chemistry there is the possibility that the fatty 

acid molecules form dieters alongside the usual monomers. 

The extraction results obtained in this work were analogous to 

those found in conventional flotation systems (11) (161) (207) in 

that maximum extraction was obtained when the hematite surface was 

very anionic. Clearly a mechanism of coulombio attraction of the 

carboxylic ions for the hematite surface is unlikely under these 

PE conditions. It is known that the fatty acids, especially the 

unsaturated ones, do increase the negative zeta potentials of some 
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minerals. Purcell and Sun (208) have shown that with oleic, linoleic 

and linolenic acid the negative zeta potential of rutile at PH values 

above the z.p.c. ( 	6.5) was increased appreciably as the concen—

tration was increased. In the present work however the effect of 

dodeoanoic acid on the hematite zeta potential, was not measured 

because of the low solubility of the neutral acid and the uncertainty 

of the nature of the hematite surface. 

The apparent dependence of the position of the z.p.c. on whether 

the pH of a suspension of hematite was initially alkaline or acidic 

(fig. 54) is difficult to understand. Smolik et al. (209) found 

that by treating alumino—silicates with dilute acids or by cycling 

between acidic and basic solutions, the apparent position of the 

z.p.c. decreased. The reason for this was thought to be attributable 

to the selective dissolution of alumina from the surface and hence 

the increase in the fraction of the surface occupied by SiO groups. 

Such a mechanism of selective dissolution of a species from a hematite 

surface is unlikely unless there are impurities present. It is 

possible that in the initially alkaline suspensions a surface ferric 

hydroxide was formed which retained its anionic properties to lower 

PH values. In aqueous systems it is known that when the pH of an 

acid solution of, say, ferric chloride is increased precipitation 

occurs. If however the pH is decreased the precipitate does not 

readily disappear even at 1 pH unit below the precipitation pH. The 

dissolution or ionization of the preoipitate is very dependent on 

time. It is therefore possible that if the initially alkaline 
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suspension had been aged at a given PH e.g. 5.0 the zeta potential 

would slowly approach that obtained for the initially acid suspension, 

at pH 5.0. 

Polkin (210) (211) has revealed that sodium oleate is capable 

of forming polylayer coatings on a hematite surface. The first 

layer was assumed to be a chetisorbed layer of oleate ions and the 

subsequent layers of up to 80 layers thick of a mixed composition 

of ferric oleates,oleio acid and oleate ions. It would appear from 

these studies that an increase in adsorption above 2 layers does not 

increase or decrease the hydrophobicity of the mineral surface. In 

a recent investigation, Peck, Raby and Wadsworth (212) using an 

infrared technique showed that in the pH range 8.0 - 9.0 there was 

a very strong chemisorption of oleic molecules and ions to form a 

surface ferric oleate. Flotation was directly related to the con-

centration of chemisorbed oleate. Furthermore, the maxima in the 

flotation - pH curves coincided with the maxima of the chemisorption 

- pH curves. At pH values below 8 there was an increase in the 

physical adsorption of oleic acid but this had a depressive action 

on the hematite flotability. This is similar to the effect of 

physically adsorbed oleic acid on the flotability of fluorite (213). 

According to these authors the chemisorption was related to the 

position of the z.p.c. of the synthetic hematite samples used. 

In view of all the other flotation results obtained with 

mineral hematite samples it seems probable that the correlation 

obtained, by Peck, Raby and Wadsworth between the pH of maximum 

chemisorption and the z.p.c., was coincidental. 
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Fig. 73. Work of adheSion of iso—octane to hematite as 
a function of pH in the presence of 

dodecanoic acid. 

(ionic strength 6 x 103) 
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The nature of the distribution chemistry of dodecanoio acid 

(fig. 7) makes it impossible to ascertain from the extraction and 

contact angle results (figs. 55 and 57) whether the neutral acid 

molecule or the carboxylic ion was responsible for the collection 

of hematite. It is probable, however, that similar to conventional 

flotation systems, both the carboxylic ion and molecule were 

adsorbed onto the hematite surface. 

Comparison of the contact angles, extraction and work of 

adhesion (figs. 55, 57, 73) as a function of pH shows that the 

correlation between the three sets of data was excellent. Maximum 

extraction was obtained when the contact angles and work of adhesion 

were a maximum. The increase in contact angles and extraction with 

increase in concentration of dodecanoic acid indicates that the 

adsorbed species must have been orientated with the hydrocarbon 

chains pointing into the aqueous phase. 

Summary  

Maximum contact angles, work of adhesion, and percent 

extraction were obtained at between 141 8 and 9. In this pH range 

the surface of hematite was highly anionic and the concentration 

of neutral fatty acid in the organic phase was slightly higher than 

that of the carboxylic ion in the aqueous phase. No conclusion was 

reached as to which fatty acid species was responsible for the 

formation of an oleophilic coating on the hematite particles. 
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5.00. SUMMARY AND CONCLUSIONS  

An investigation was made of the concentration of - 44 pm 

hematite and quartz at the iso-octane/water interface using 

collectors of dodecylamine, sodium dodecyl sulphate and dodecanoic 

acid. The equilibrium chemistry of the collectors in an oil/water 

mixture was established by direct analytical and potentiometric 

procedures. The drop-volume method was used to determine the 

interfacial tensions between iso-octane and water under various 

conditions of collector concentration and pH. An electrophoresis 

and extraction apparatus was designed to determine the zeta 

potential and extraction characteristics of the minerals. The 

variables studied were collector concentration and pH. 

Electrokinetic, contact angle, adsorption density and extraction 

measurements were made. From the results an attempt was made to 

elucidate the mechanism of collector adsorption at the mineral/water 

interface. 

From the results of these investigations the following informa, 

tion was obtained. 

a) In oil/water mixtures neutral amine and fatty acid molecules 

are distributed between the organic and aqueous phases. The values 

of the distribution coefficient (D), i.e. the ratio of the concentra-

tion of the neutral molecules in the organic phase to that in the 

aqueous phase, is 1.0 x 104  for the neutralamine and 5.6 x 103  for 

the neutral fatty acid. The relationship between the total distri- 
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bution (KD), i.e. the ratio of the concentration of all the species 

in the aqueous phase to all those in the organic phase, and the pH 

is of the form 

log KD  = - pH - (log K + log D) 

for dodecylamine provided that pH -<<:pK. A similar relationship 

is valid for dodecanoic acid. 

b) A minimum interfacial tension occurs in the curve 

correlating the interfacial tensions with the pH for dodecylamine 

and dodecanoic acid. The position of this minimum does not, however, 

correspond to the minimum predicted from solution chemistry considera- 

tions and the use of a Maltonls law of partial pressures analogue. 

The suggested reasons for the differences between the theoretical 

and experimental curves are a surface 141 effect and molecular inter- 

actions between the adsorbed species at the oil/water interface. 

A variation in the pH produces only a small change in the inter- 

facial tension when sodium dodecyl sulphate is present in the 

aqueous phase. The order in which the different collector species 

are effective in lowering the interfacial tension is 

RSO
4  > RIK3 	RCOO > 1NH2 	RCOOH. The latter two species 

being in the organic phase. 

c) The zero point of charge (z.p.c.) of the quartz and 

hematite samples occurred at pH values 2.5 and 4.75 respectively. 

d) Quartz aged for more than 7 days has a less negative zeta 

potential than quartz aged for 24 hours. Ageing of a hematite 

suspension has a negligible effect. 
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e) The primary mechanism of adsorption of dodecylamine on 

quartz and hematite and sodium dodecyl sulphate on hematite is one 

of coulombic attraction of the collector ions for the oppositely 

charged mineral surface. 

f) The adsorption isotherms of dodecylaznine on hematite and 

quartz are similar, to each other and, to those determined by other 

authors in the absence of iso—octane and constant ionic strength. 

The adsorption process is divided into two regions, a region where 

adsorption takes place without changing the zeta potential and a 

region where the adsorption density and zeta potential vary markedly 

with a change in the logarithm of the equilibrium aqueous amine 

concentration. It is suggested that in the first region the cationic 

amine ions are adsorbed by an ion exchange with cationic counter ions 

in the diffuse layer, and in the second region by specific adsorption 

into the Stern layer and the formation of associations (hemimicelles), 

between the hydrocarbon chains of the adsorbed ions. 

g) The adsorption of sodium dodecyl sulphate on hematite is 

also a two step process. Combination of the contact angle data with 

the adsorption density results indicates that the first step consists 

of the formation of a horizontally orientated monolayer and the second 

step the formation of a vertically orientated monolayer with the 

hydrocarbon chains orientated toward the aqueous phase. 

h) The contact angles for the hematite and quartz/amine systems, 

at pii 6.5, reflect the two steps involved in the adsorption process. 

In the concentration range where the cationic amine is believed to 
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be adsorbed into the diffuse layer the contact angles do not vary 

markedly with a change in the logarithm of the aqueous amine 

concentration. The adsorption of amine into the Stern layer, 

produces a greater contact angle dependence on the logarithm of 

the aqueous amine concentration. 

0 The presence of large amounts of neutral amine in the 

organic phase produces higher contact angles than when the neutral 

amine concentration in the organic phase is smaller than the cationic 

amine concentration in the aqueous phase. This effect is, however, 

dependent on the presence of cationic amine in the aqueous phase. 

In alkaline solutions the contact angles, work of adhesion, percent 

extraction and adsorption density decrease rapidly. The decrease 

in these variables corresponds to a decrease in the cationic amine 

concentration. 

j) A good correlation is obtained between the adsorption 

density, contact angles, work of adhesion and percent extraction, 

as functions of pH, for the systems quartz or hematite/iso—octane/ 

water in the presence of dodecylamine and hematite/iso—octane/water 

in the presence of sodium dodecyl sulphate. Maximum extraction is 

obtained when the adsorption density, contact angle and work of 

adhesion are at a maximum. 

k) The minimum requirement for one hundred percent extraction 

in the three systems outlined in (j) is that the equilibrium collector 

concentration and adsorption density should be such that the zeta 

potential is zero or nearly zero. The contact angles at these points 
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are approximately 70°  and 90°  for the hematite/amine and quartz/ 

amine system, respectively, and for the hematite/sodium dodecyl 

sulphate system approximately 45°. 

1) Maximum extraction for the hematite/iso—octane/water system 

in the presence of dodecanoic acid is attained at between pH 8 and 

9, where the hematite surface is highly anionic. Maximum contact 

angles and works of adhesion are also obtained in this region. 

m) Hematite and ilmenite can be selectively extracted from 

mixtures of hematite and quartz, and ilmenite and quartz, using 

collectors of sodium dodecyl sulphate and dodecanoic acid. 

n) Complete wetting of the mineral particles by the oil phase 

is not achieved under any of the conditions employed in this work..  

The particles concentrate at the oil/water interface. 
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