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ABSTRACT 

J. A. Finch 

Metallurgical 

Engineering 

INTERFACIAL PHENOMENA IN CATIONIC MAGNETITE FLOTATION. 

Surface tension of dodecylamine acetate solutions at 

pH 4, 7 and 9.5 were determined by the maximum bubble 

pressure, capillary rise and drop weight techniques. 

Agreement was good at pH 4 and 7, but de-wetting at pH 9.5 

rendered the latter two techniques inoperable. At pH 9.5, 

the bubble pressure technique indicated a significant 

dependence on surface age. 

Contact angles were determined on magnetite by the 

suction potential technique at pH 9.5 and compared to captive 

bubble determinations (eE). Both advancing, eA, and 

retreating, eR' contact angles were determined. eR was zero 

at aIl concentrations, while eA corresponded to eE• 

Variations in e
A 

were explained by variations in the value 

of (YI - Y ), where Y is the critical surface tension of v c c 
wetting. 

Work of adhesion, W
A

, was a maximum at 6 x lO-5M, 

corresponding to the minimum concentration for magnetite 

flotation. Flotation increased with concentration, WA 

decreased. This was explained by the noted surface aging 

phenomenon. 
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CHAPTER ONE 

Introduction 

In the fundamental understanding of the flotation 

process, the energies of the various interfaces involved 

are of prime importance. The work of adhesion equation 

offers a relationship between these surface energies and 

floatability. The equation is readily derived and is 

frequently quoted in relation to flotation(l-S). However, 

it has met with little use and even less success(6,7) which 

is possibly due to the techniques employed in measuring the 

essential parameters. To study this possibility, a number 

of the available methods were compared. 

Work of Adhesion and Flotation 

Fig. l(a) shows a stable bubble-particle arrangement 

while Fig. l(b) represents the bubble and particle apart. 

a) b) 

Llq'~ID LIQUID 

Figure 1. Free Energy Change upon Bubble - Particle Contact. 
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Considering condition (b), the total surface energy 

of the system, Wb' is given by(7). 

where x 

S 

= 

= 
= 

• •• 1 

surface area of the solid 

surface are a of gas bubble. 

Assuming that the gas bubble is negligibly 

distorted, the total surface energy of condition (a) is. 

= • •• 2 

where A = area of the solid covered by gas bubble. 

Thus the energy required for disruption, W, of the 

bubble and particle is given by. 

W = Wb - W a 

= XYls + SYlv - (X - A)Yls + (S - A)Yl + Ay v sv 

• • .3 

= A( Y Is + Y
lv - y sv) 

Let W
A = W = Work of Adhesion 

A 

Hence wA = y + v - y . .. 4 Is Iv sv 

Eq. 4 is of little use since VIs and Vav cannot be 
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directly measured. However, if the vapour - liquid - solid 

point of contact is considered to be in equilibrium, a 

force balance givesl 

= 

This relationship is known as the Young equation after 

T. Young who derived it(8). 

Substituting Eq. 5 into Eq. 4 givesl 

= y Iv (1 - cose) 

• • .5 

••. 6 

In this form, the work of adhesion equation is usable, since 

y and y lare eliminated. To calculate WA, measurements sv s 
of the liquid surface tension and contact angle are required. 

It is the methods available for these determinations which 

are to be compared. 

From the derivation of WA, it is clear that WA is 

a measure of the energy of bubble particle attachment. 

Variations in WA, therefore, should predict variations in 

mineral floatability. 

The flotation system investigated is dodecylamine 

acetate - magnetite with special consideration to the 

alkaline regions. 
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CHAPTER TWO 

SURFACE TENSION 

Theory 

Since the only surface tension factor contained in 

the work of adhesion formula (Eq. 6) is that of the 

solution, the discussion can be restricted to the liquid -

vapour interface, which is shown in Fig. 2. 

o 

o 
o 

o 

........ 0 ... .. ". . 
..t..t • . .." .... 

•• 

.Liquid IDOlecules 

o OGaseou8 IDOlecules 

--.Attr8ctive forces 

Figure 2. Holecular Attractive Forces at a Liquid - Vapour Interface. 

AlI Molecules are influenced by surrounding Molecules which 

exert attractive forces. This force can be structural as 

with the H-bonding in water, non-specifie as the Van der Waals 

or London attractive forces, or both(9). From Fig. 2, the 

Molecules in the liquid bulk are equally affected in aIl 

directions while those in the surface region sU,i'fer a 
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resultant force normal to the liquid surface and directed 

into the liquid bulk. Hence the surface suffers a 

depletion of molecules or conversely an extension of 

intermolecular distance. The latter concept implies that 

the surface is both in tension and storing energy(9,10). 

Thus, the surface condition is variously described as that 

of 'surface tension' or 'surface energy'. Numerically the 

terms are equivalent so long as the surface energy refers 

to the excess surface free energy and not the total surface 

energy(11,12) • 

A thermodynamic treatment of surface free energy 

can be made by assuming the surface is itself an extra 

phase, i.e. a transition zone between adjoining phases(9,l J ). 

If the surface area is increased by an infinitessimal 

amount, dA, the total free energy change in the system,dF, 

is given byl 

Alternatively, 

dF 

y 
Iv 

= 

= 

YlvdA 

dF 
dA T,P,n = F s 

••• 7 

T, P, and n refer to temperature, pressure and chemical 

composition respectively and Fs is the excess surface free 

energy. Surface energy is, therefore, the work required to 

increase the surface area by unit area. The units are 

ergs.cm- 2 or dynes.cm-1 for surface tension. 
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Currently, several theories are proposed to 

further the understanding of the surface tension 

phenomenon(9,10,14-19). The theory of Fowkes(9,10) has 

gained wide acceptance(20,21). 

Fowkes discusses the forces contributing to the 

surface energy. Earlier it was noted that water Molecules 

exert two attractive forces over their neighbours, an 

H-bonding mechanism and a London force of attraction. 

Fowkes termed the London force a dispersion force because 

it is available for interaction with Molecules of an alien 

phase. In water, if y d is the dispersion force and y H w w 
the force contributed by the H-bonding, then y , the surface 

w 
tension of water, can be considered aSI 

y 
w = y H + y d 

w w ••• 8 

A similar argument applies te Mercury where YHgd is 

reinforced by a metallic bonding force contribution, YHgm. 

Thus YHg iSI 

= y m + y d 
Hg Hg ••• 8a 

Hydrocarbons do not have a structural force contribution so 

the surface tension is entirely derived from the dispersion 

forces. Therefore, surface tensions of hydrocarbons are 

lewer than, say, water. 
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Using this concept of the forces contributing to 

the surface tension, Fowkes was able to predict a value for 

the interfacial tension of Mercury and water which is 

confirmed experimentally(10). Thus the veracity of the 

theory is substantiated. However, Fowkes' theory is 

difficult to use in flotation systems where surfactant 

solutions are employed with an indeterminate yd. It does 

offer a possible direction for future studies(22). 

(a) Solution Chemistry 

Solution chemistry is an involved field, especially 

wh en dealing with the surfactant solutions upon which the 

flotation process is based. 

Typical of the reagents used as collectors are 

members of the heteropolar or amphipathic group, e.g. 

dodecylamine. The common feature is that each Molecule 

comprises a hydrophyllic polar head and a hydrophobie, 

hydrocarbon chain, as depicted in Fig. J • 

. -. -- ---- .. . 
Pol .. Heod Group O ______ H_Y_d_r_o_c_a_r_bo_n_Ch_a_i_n ___ --J 

. • ________ J 

Figure 3. Heteropolar or Amphipathic Group. 
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Because of these differing characteristics, the liquid -

vapour interface represents a low energy region for such 

species since both the hydrophobie and hydrophyllic groups 

can be energetically satisfied, as shown in Fig. 4. 

LIQUID VA POUR 

ENERGY f 1/ 

INTERFACE 

Figure 4. Energy Level as a Function of Distance from the Interface 

for Heteropolar Molecules. 

These Molecules are termed surface active agents, or 

surfactants, and, because they have a lower surface energy 

than pure water, their presence at the water surface reduces 

the surface tension. The tendency to preferentially adsorb 

at the liquid - vapour interface and, consequently, lower 

the surface tension, is termed positive adsorption. 

Gibbs{2J) first attempted to relate the bulk 

concentration of surfactant solute to the lowering in 
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surface tension in 1876. He noted that as the concentration 

was increased the surface tension altered very little until 

a certain concentration, A (see Fig. 5), was reached. 

70 -----~A 

log ci 

Figure 5. Surface Tension vs. log. Surfactant Concentration. 

The value depends on the relative strengths of the 

hydrophobie and hydrophyllic species. Above this concentration 

sufficient surfactant ls present to noticeably reduce the 

surface tension as the high surface energy water Molecules 

are replaced by the relatively low surface energy surfactant 

species. At equilibrlum, the drop in surface tension, d Y
lv 
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particle attachment using Eq. 11. Both concluded that 

bUbble-particle stability means that the adsorption density 

must be greatest at the solid - vapour interface, the least 

considered interface in flotation. Smolders(28), from 

contact angle observations made on low surface energy solids 

against surfactant solutions, came to the same conclusion. 

Padday's observations(29), however, indicate that high 

adsorption density of surfactant at the solid - vapour 

interface is not always apparent. 

From Eq. 11, the steady increase in ~v which causes 

the decrease in surface tension will be reflected in an 

ever increasing slope, dYlv/d log c. At concentration B, 

however, the.lowering in surface tension abruptly ceases. 

If the surface was not saturated with surfactant molecules, 

further surfactant would lower the surface tension. Since 

this does not occur at concentrations greater than 'B' the 

surface has been entirely transformed to a surface of 

surfactant, i.e. the solution surface is covered with a 

monolayer of surfactant. Therefore the surface tension 

measured at concentration'B' is the surface tension of the 

surfactant used. 

Such discontinuities in bulk solution properties 

led McBain(JO) to introduce the concept of molecule 

clustering to form colloidal aggregates or micelles in the 

bulk solution. Concentration B is referred to as the 
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critical micelle concentration or c.m.c. The hydrocarbon 

chains form an 'oily phase' and the polar head groups are 

projected into the surrounding aqueous phase. Figs. 6(a) 

and (b) show the two common proposals(31 ,32), (a) the 

spherical model of Adam(33) and (b) the cylindrical 

structure of Harkins(34 ). The exact shape and the number 

of Molecules involved are unknown(35). 

a) b) 

PHASE' 

.... ~'iJ ~ n n 0 
w w w u w 

Figure 6. (a) Spherical Micelle (after Adam (33». 

(b) Cylindrical Micelle (after Harkins(34». 
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surface energy of water eliminated, a rise in the surface 

tension value is to be expected(31 ). The presence of the 

minimum is, therefore, generally attributed to contaminants, 

their removal being considered complete when the minimum 

is removed(28,29). However, the presence of inorganic salt 

impurities does not have the sarne effect(42,43). The value 

of the c.m.c. is lowered but the shape tends to remain the 

same. 

Lowering of the c.m.c. is also known to occur with 

"" "t" (44) h" h bl d th organ1c 1mpur1 1es , w 1C presuma y re uce e 

electrostatic repulsion between polar head groups and 

promotes micelle formation. A similar mechanism is proposed 

to account for c.m.c. depression in the presence of 

inorganic salts(45). Such observations are not usually 

included in estimates of mate rial purity(28,29). FUrther, 

work by Mysels(46) has demonstrated that with carefUlly 

prepared materials the surface tension continues to 

decrease after the c.m.c., although at a reduced rate. 

(i) Eguilibrium and Dynamic Surface Tensions 

A frequent observation of the surface tension of 

surfactant solutions is that two distinct, reproducible 

values for the surface tension are obtained. These are 

called the equilibrium value and the dynamic value. The 
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phenomenon is due to differences in the history of the 

surface on which the measurements are made. 

Dynamic surface tension refers to a surface tension 

not corresponding to the equilibrium state of the liquid 

surface under consideration. The transient deviations from 

the equilibrium result from differences in the adsorption 

density of surfactant. Lange(47) notes two processes which 

could give rise to a dynamic surface tension condition. 

(1) Surface aging at constant area of interface; 

(2) Variations in interfacial areas available for 

adsorption of surfactant. 

In both cases, the movement of the solute Molecules to the 

surface must take place over a finite period of time. 

The phenomenon of surface aging has recently 

prompted increased attention as a means of explaining 

observations made under dynamic conditions(48,49). 

Flotation is adynamie process since upon introduction of 

fresh bubbles, the liquid - vapour interface involved in 

successful mineraI flotation is probably not at equilibrium. 

This effect has not been considered in flotation studies. 

Generally, it is avoided in order to permit the use of the 

Gibbs adsorption equation, which describes an equilibrium 

state(27). Recently this rigid interpretation of the 

equilibrium state has been modified(47) and the Gibbs 
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adsorption equation is considered applicable to non­

equilibrium states under certain conditions. 

Surface aging occurs because the solute species 

requires a finite time to MOye from the bulk of solution 

to the surface. Two mechanisms can control the rate of this 

movement(50 ) a 

(1) Movement of solute molecules from the bulk to the 

sub-surface (the layer immediately below the surface); 

(2) "Movement of the solute molecules from the sub-surface 

into the surface layer. 

The former is referred to as the "rate of diffusion", the 

latter as the "rate of real adsorption". 

(i. i) Rate of Diffusion 

Several attempts have been made to quantify this 

phenomenon after Milner(51 ) first suggested that it was a 

cause of the observed time effect in certain solutions. 

Among the MOst notable were by Bond and Puls(52 ) and Langmuir 

and SChaefer(5J). Ward and Tordai(54) improved on the 

previous work and developed a general theory of molecular 

diffusion through the solution bulk to the surface. 

Upon creation of a fresh surface in a solution of 

uniform concentration, C , the concentration in the sub­
o 

surface, Cl, initially equivalent to C , will be effectively 
o 
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reduced to zero. This is caused by adsorption into the 

'bare' interface of virtually aIl the solute in the sub­

surface. The effect will be to produce a concentration 

gradient C - Cl, where Cl = 0, so there will be a 
o 

resultant general flow of Molecules to the surface. From 

Fick's laws, Ward and Tordai showed thata 

= ••• 12 

where D is the diffusion coefficient and t the time after 

surface formation. Eq. 12 will only hold if there is no 

build-up of Molecules in the sub-surface, i.e. Cl = o. 
Initially Cl = 0 will hold as the surface will have 

available Many vacancies. With time, however, Molecules 

will not so readily be accommodated in the surface and 

so Cl ) o. Under such circumstances a back-diffusion will 

be set up. Ward and Tordai analysed this situation and 

developed a back diffusion term, MI 

M = ••• 1) 

where ~(z) is the concentration of surfactant in the sub­

surface at any time z. By varying z from 0 to t, 

theoretically the back diffusion occuring over time t 

can be estimated. This gives the full diffusion equationl 
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Thus if either D or ~v is known the other can be found. 

The major difficulty in using Eq. 14 is that %(z) as a 

function of time is not known. However, if it is 

assumed that only diffusion is controlling the movement 

of Molecules, then at any instant the concentration in 

••• 14 

the sub-surface, ~(z), is in equilibrium with the 

concentration in the surface. This concept led Lange(47) 

to suggest that the Gibbs adsorption equation May be valid 

for non-equilibrium surface tensions. At the equilibrium 

surface tension value, the concentration in the sub-surface 

will be the same as the bulk concentration,C. Thus a plot 
o 

of equilibrium surface tension, YI ,against C gives values 
v 0 

of Ylv uniquely associated with a sub-surface concentration 

equal to Co. From the surface tension versus time graph 

for a given bulk concentration, the values of Ylv for a 

given time can be associated with values of %(z). Thus 

~(z) against time, z, can be found and hence ~(z) against 

(t - z)' plotted. By planimetry from this curve, the 

integral, l, where. 

l = ••• 15 

can be determined_ Since t and Co are known and ~v can 

be measured by means of the Gibbs adsorption equation, D, 
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aging controlled by diffusion. 

(i. ii) Rate of Real Adsorption 

No single theory has been developed to explain 

this phenomenon, it being generally referred to as an 

energy barrier(50,54 ,56). Alexander(58 ) suggests that 

re-orientation of solute Molecules at the surface May be 

responsible. Randomly oriented Molecules at the surface 

slowly re-orientate to allow further adsorption into the 

surface. An alternative theory proposed by Alexander is 

that the solute species are hydrated and that the hydration 

layer evaporates once at the surface, allowing more 

surfactant to enter the surface. Sutherland(56) discussed 

the possibility that the energy barrier was electrical in 

nature, that surfactant ions at the surface tend to repel 

incoming surfactant ions, thus developing a significant 

aging tirne. There is sorne suggestion that contaminants 

May be responsible(41), again due to the presence of ions, 

but Hutchinson(41) could find no conclusive evidence. 

In comparison to the diffusion theory the aging 

phenomenon due to a restriction on the movement of solute 

Molecules from the sub-surface to the surface is less weIl 

defined. 
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(b) Dodecylamine Solutions 

Dodecylamine is a primary amine since only one 

hydrogen of the basic ammonia molecule, NH
3

, has been 

replaced. The formula is C12H25NH2. As amine, the 

solubility is very low, the most recent data(59) giving a 

maximum solubility of 2 x 10-5M. When converted to a salt, 

the solubility is greatly increased. In this study, the 

acetate salt was used. 

Upon dissolving in water, ionisation readily occursl 

The dodecylamine ion, C12H25NH3+ is a typical amphipathic 

species. 

The solubility of dodecylamine ions is controlled 

by the relative strengths of the hydrophyllic head group, 

NH
J
+ and the hydrophobie, C12H

25
, chain. This is reflected 

in the surface tension - concentration relationshipJ the 

concentrations A and B (c.m.c.) ultimately depend on this 

effect(27,61). For amines such as decylamine, Cl0H21NH2' 

the ion solubility is greater since the hydrocarbon chain 

is shorter. The surface tension requires greater 

concentrations of amine (about ten times) to effect the 

same surface tension decrease(27,44). The reverse is true 
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+ for octadecylamine ions, C1SHJ7NHJ. Thus, the longer the 

hydrocarbon chain, the more readily the ion is attracted to 

the interface. (Traube's rule(61». The effect of the 

hydrocarbon chain is similar to the observations made by 

Graharne(36 ) on the ease with which longer chained surfactant 

species adsorbed at a mercury - liquid interface. Grahame 

used the term 'squeezing out effect', since the water 

rnolecules 'squeeze out' the hydrocarbon chain plus ionic 

head into the interface(J6). 

Another factor which affects the solubility of the 

dodecylamine ion and the surface tension characteristics is 

the solution pH. In the presence of hydroxyl ions, OH-, 

the following reaction occursl 

where = 2.4 x 10-11 (62) 

The solubility will, therefore, decrease with increasing 

pH, due to the conversion of amine ions to the relatively 

insoluble undissociated amine molecule. This variation with 
(63,64) 

pH can be calculated • Thus, the c.m.c. is lowered 

with increasing pH, as shown by Manser(6S), who indicated a 

straight line relationship up to pH 11. 

De Bruyn(66) noted that in alkaline regions carbon 

dioxide can react with free amine Molecules. The result is 
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the precipitation of either amine carbonates or carbarnates: 

dodecylarnrnoniurn carbonate 

dodecylarnrnoniurn carbarnate. 

To avoid precipitation,C02 -free water is used(66). This is 

achieved by flushing double-distilled water with pure 

nitrogen. 

Very little work has been done on the surface tension 

of dodecylarnine solutions. Ralston(67) investigated the 

surface tension variation with concentration for neutral 

solutions, giving a c.rn.c. value of 1.2 x 10-2M. Morrow(6) 

repeated sorne of this work, and obtained the sarne relation-

ship. The c.rn.c. of dodecylarnine solutions has been 

determined by Lawrence et al.(68) from the pH drift noted 

in neutral solution upon the addition of increasing 

concentrations of solute(66). This pH drift can be 
. . (62,66) 

calculated from the lonisation constant of the arnlne • 

Lawrence et al. measured this drift by rneans of a glass 

electrode pH meter and observed a discontinuity at 

0.275 g/lOO e of solution. The discontinuity is attributed 

to the onset of micelle formation. The concentration is 

-2 
approximately 1.15 x 10 M, thus confirming the c.m.c. 
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value obtained by Ralston. 

Surface aging is considered by Ralston to be of 

neglfgible time duration (67). The work of Morrow( 6), 

Somasundaran(26), and Sandvik(69) who did not consider 

surface aging, with no scatter of results as a consequence, 

substantiates negligible aging times. For example, the 

observation of rnillisecond aging times is quite 

common(47,48,50,54 ,70,71). 

(c) Methods 

(i) Review 

Many methods are available for surface tension 

determination(72). However, little comparative work has 

been carried out to test the reliability of the techniques 

for given conditions, especially surfactant solutions. The 

need for a reliable method is emphasised by Owens(48), who 

notes that different techniques can give consistently 

different values for the same solution. The main 

comparative work has been performed bye Kragh (du NoUy ring 

and maximum bubble pressure)(42); Sandvik and Digrè (maximum 

bubble pressure, drop weight and du Nofty ring)(69 ); Sonntag 

and Strenge (drop weight and Wilhelmy plate)(7J); 

Zettlemoyer et al. (Wilhelmy plate, drop volume and du NoUy 

ring)(74); Paddayand Russell ('modified' Wilhelmy plate, 

du NoUy ring, sessile drop and capillary rise$75) J and 
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methods and include the drop weight/volume, maximum 

bubble pressure, du Nofty ring and Wilhelmy plate. The 

latter are known as equilibrium or static methods, and 

include the capillary rise, sessile drop and modified 

Wilhelmy plate(75,79). 

The capillary rise is considered to be a standard 

by sorne workers(77,80) but shortcomings in work on 

surfactant solutions have been recorded(76 ). The main 

problem noted is possible interaction between the glass 

walls and the solution leading to the development of a 

contact angle and hence decreased calculated surface 

tensions. Such a phenomenon is utilised in certain contact 

angle measurements(27,81). Nevertheless the method is 

still in use in flotation studies(82,83) and was, therefore, 

included in the work. Its distinct advantage is the ease 

of equipment construction and operation. 

Of the other equilibrium methods, experiments with 

the sessile drop have produced mixed results, Tartar et al. 

obtaining good reproducibility(76) whilst Padday(75) and 

Zettlemoyer et al.(74) found precision lacking. 

Theoretically, it should be the MOst accurate method but 

practical difficulties in defining a position on a curved 

surface limit its applicab~y. It is claimed that neither 

adsorption across the solid - liquid interface nor 

evaporation from the solution - air interface affect the 
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results. However, work by Cupples(84) and Hommelen(85) 

indicate that these errors can be substantial. 

The modified Wilhelmy plate method(75,79) is 

considered by padday(75) to be the best equilibrium method 

available. However, it has only recently been developed 

and has received limited testing. An increasing criticism 

of aIl equilibrium methods is that they do not correspond 

to the conditions prevailing in the systems under 

investigation(48,49). To understand such systems, dynamic 

surface tension determinations offer a closer analogy. 

An important feature of the the liquid - vapour 

interface as found in the flotation system is that the 

interface results from the creation of fresh air bubbles 

in the liquid bulk. This is simulated in the principle of 

operation of the 'maximum bubble pressure' technique of 

Simon(86) for surface tension determination. Since it is 

important to choose a technique which yields information 

about the desired system(48,49), the maximum bubble pressure 

method is a good choice for studying flotation(69). It is 

worth noting that the technique has been used more 

extensively in recent years(42,48,49,57,69,71,87-92). 

Advantages claimed for the method are its freedom from 

contact angle(93) and its self-cleaning capacity due to 

continuaI flushing with fresh air(94 ,95). 
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In order to assess any variations in surface 

tension data accruing from the different methods, in the 

present case, capillary rise versus maximum bubble pressure, 

a third comparative method was considered necessary. 

The third choice was the drop weight technique of 

Harkins and Brown(96,97). It has a number of advantages over 

the other dynarnic methods, the du No~y ring and the Wilhelmy 

plate. AlI three are considered of relatively simple 

construction and operation, but the drop weight apparatus 

lends itself more readily to complete enclosure of the test 

solution, helping to avoid the ever-present, deleterious 

surface contamination(81). AIso, so long as the tip from 

which the drop detaches is completely wetted, the drop 

weight technique is free from contact angle considerations. 

Such does not apply to either the du Nofty ring or Wilhelmy 

plate, especially with collector solutions designed to 

create de-wetting(55). Heating to dull-red heat(57) or 

amalgamation with mercury(56 ) have been utilised to try to 

overcome this disadvantage, but elimination of this source 

of error must remain in doubt. Recent work by Zettlemoyer 

et al.(74 ) and Sandvik et al.(69), using the du NoUy ring, 

revealed very poor reproducibility. Sandvik(69) and 

Somasundaran(27) both consider adsorption at the surface of 

the ring to be appreciable. 

The drop weight method, on the other hand, has been 
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extensively employed and has met with considerable success. 

Zettlemoyer et al.(74), Sonntag et al.(73), Rehfeld(98), 

Shergold et al.(99), parreira(100) and Sandvik(69) aIl used 

the technique in aqueous solutions with high reproducibility. 

Sandvik(69) also noted good agreement between the maximum 

bubble pressure and drop weight techniques on dodecylamine 
-4 solutions up to 1.2 x 10 M. Its inclusion, therefore, as 

the third system seems weIl founded. Variations on the 

original technique of Harkins are offered by parreira(100), 

and Gaddum(101,102). The former used a syringe as the 

dropping tip, whilst the latter devised a technique more 

properly described as the drop volume technique, since the 

drops are collected in a measuring tube and the volume 

increase per drop calculated. Such a method enables 'poor,(97) 

drops to be eliminated during the test. 

(ii) Capillary Rise 

Upon immersing an open, vertical capillary tube into 

a liquid (see Fig. 7), the liquid will naturally rise to a 

maximum height h, from which the surface tension can be 

calculated. 
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Figure 7. Liquid Equilibrium in an Open, Vertical Capillary. 

A force balance givesl 

27rrYlvCOS e 2 
= -rrr phg 

thus Y1v = rQhg 
2cosB 

where P density of liquide 

It is generally assumed that B c 0, i.e. that complete 

••• 16 

••• 11 
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= Kllh 

Eq. 20 was used in the present investigation. 

(iii) Maximum Bubble Pressure 

The method was first suggested by Simon(86) and 

was brought into prominence later by sugden(94,104). 

••• 20 

A capillary tube of known bore is suspended in the 

test liquid and the pressure of the gas is gradually 

increased until a bubble of gas (e.g. air) is forced out. 

The excess pressure, 6P, residing inside the bubble is 

inversely proportional to the bubble radius, rBI 

••• 21 

Consequently, the excess pressure is greatest when r B is 

least. From Fig. 8 it can be seen that the maximum excess 

pressure corresponds to a hemispherical interface at the 

capillary tip (i.e. r B = r, the bore radius). Thusi 

~P 
max 

oc: 1 ••• 22 
r 

As soon as6Pmax is exceeded the bubble becomes unstable 

and breaks away from the tip. Relating the observed ~ max 
(read from a suitable manometer) to the surface tension forces 

which create this phenomenon givesl 
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b.Pmax 

!SP max 

h 
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= 

= 

= 

= 

Thus substituting and rearranging. 

= 

r. r. 

r 

2Y
1v 

r 

P gh m 

density of manometer 

fluid 

maximum reading on 

manometer. 

1 p. ghr 
2 m 

r. 

Figure 8. Bubble Growth at Capillary Tip. 

••• 23 
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There are, however, both theoretical and practical 

limitations to Eq. 25. It requires that the tip be placed 

exactly in the liquid surface or else immersed to a known 

depth so that extra pressure exerted by the added 

hydrostatic head can be accounted for. Brown( 105) uses 

this technique although it involves a degree of measuring 

error similar to that encountered in single capillary rise 

experiments(94 ). This criticism is overcome by comparing 

the excess pressure of two capillaries immersed to the sarne 

depth. Sugden(104)points out that the blown bubble never 

attains a truly spherical shape due to the hydrostatic head 

of the added bubble depth. Only with infinitely narrow 

bore capillaries does this error become negligible(104). 

SUgden(104) considered both these criticisms and has 

constructed a set of correction tables. 

As a consequence of Sugden's wor~ a sirnplified 

equation for the dual capillary technique was developedc 

= 

where = 
= 
= 

= 

A = 

radius of large tube 

density of test liquid 

••• 26 

manometer readings for large (r1 ) 

and srnall (r2 ) capillaries 

calibration constant. 



35 

This equation is the Most frequently used for surface 

tension determination using the dual capillary technique 

and is used in the present investigation. 'A' can be 

obtained by calibration against a liquid of known surface 

tension, e.g. water or benzene. The value .of r 1 was 

determined by a cathetometer. Eq. 26 is valid for tubes 

up to several millimeters in diameter( 104) • 

The tubes used should be as near circular as possible 

and the tips cut at right angles to the walls(104). To 

avoid pressure fluctuations any variations in the tube 

diameter should be smooth. Avoiding aIl such variations 

by using a length of tubing of the required diameter would 

be best(42). 

Equipment for the measurement of surface tension of 

various liquids is designed on the basis of Eq$. 23 and 24. 

The major consideration is that r l be small enough to 

register a measurable hl on the manometer under aIl 

conditions encountered. Letting hl ~ 2 cm on a water 

manometer Cp = 1.0 gm.cm- 3), then for the lowest expected 
m 

surface tension value for dodecylamine solutions of 

approxiroately 30 dynes.cm- l , r l ~ 0.01 cm. Sugden, for 

instance, used tubes of r 1 = 0.06 cm and r 2 = 0.0075 cm for 

work on benzene (surface tension 28.2 dynes.cm-1 at 

250 C(106». Such tubes are not only difficult to draw 

accurately but are subject to chipping and dust-bloCkage(104) • 
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If a bi-fluid manometer is used, larger bore tubes can be 

employed. Letting ôp equal the difference in density of 
m 

the two manometer fluids, and H the difference in height 

measured on the bi-fluid manometer, thens 

HÔP 
m = .6hp 

m 

By choosing a small value of ôp a magnified reading is 
m 

••• 27 

provided. Therefore, larger bore tubes can be used, which 

still give the required minimum reading of hl ~ 2 cm. 

The two fluids must be immiscible and of low 

viscosity. A Shell pella oil (viscosity 4 c.p., density 

0.8179 gm.cm-3 at 250 C) and water gave a ôp = 0.1821 
m 

-3 gm.cm • Thus tubes approximately five times the diameter 

could be used. Commercially available 0.1 and 0.25 cm 

diameter tubes~re selected. They are strong and free from 

dust-blockage problems. Such readily available tubing also 

enables a considerable length to be used, thus avoiding the 

pressure fluctuations associated with varying tube 

diameters (42). 

Substitution of Eq. 27 into Eq. 26 yields. 

= 

Eq. 28 is the basic equation for the present determinations. 
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has been shown that Eq. 29 is only val id if the r in the 

equation is actually rn , the radius of this neck. In 

practice r ) r n and so the large errors noted for the 

technique were explained(97). The mass of the drop 

predicted by Eq. 29 is considered as that of the 'ideal' 

drop(97). Experimentally, r is difficult to de termine but 
n 

Harkins and Brown(97) quite reasonably argued that the value 

of r n would depend on r. This was done by noting that the 

mass of the falling drop would be a function of the drop 

diameter and droplength. The tip radius, r, can be used 

as a measure of the drop radius and v1/J, where V is the 

volume of the drop, as a measure of the drop length. Eq. 29 

becomesl 

mg = ••• JO 

where ~(r/vl/J) corrects for r ) r n and thus indicates the 

fraction of the ideal drop which falls. 

Harkins and Brown by using pure water and pure 

benzene and tips of various radii drew up tables 

correlating ,(r/v1/ J ) to r/v1/ J over a range 0.3 s r/v1/ 3 

s 1.6. A graph of v(r/v1/ 3 ) versus r/V1/ 3 is given below 

(Fig. 10). Thus, by measuring r and V, r/V1/ 3 and hence 

v(r/V1/ 3) can be estimated and Vlv found from. 

= • •• 31 
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Figure 10. 
(97) 

Drop Weight Correction Curve (after Harkins and Brown ). 

The choice of tip will be influenced by Fig. 10 since over 

the range 0.65 ~ r/V1/ 3 ~ 1.05 the value of .(r/V1/3) ~ 0.6, 

thus slight errors in the r/v1/ J value do not greatly 

distort the estimated .(r/v1/ J ) value. 

An important consideration that Harkins and Brown 

discovered was that the weight of the falling drop depended 

on the time taken to form the drop(97). This is probably 
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due to physically 'over-shooting' the equilibrium mass by 

too rapid a growth rate. At least five minutes was specified 

as necessary to provide consistent data, a figure confirmed 

by Shergold and Mellgren(99). 
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Procedure and Apparatus 

Certain aspects remained the same for each 

technique employed. 

(i) A temperature of 25 0 C ± o 1 was used. This 

temper,ature was maintained by using a constant temperature 

water bath in an air-conditioned room. 

(ii) AlI apparatus which came into contact with 

dodecylamine solutions were cleaned in the following mannerl 

standing in acid dichromate for four + hours and washing 

successively with tap water, distilled water, conductivity 

water and a small sample of test solution. 

(iii) Sodium hydroxide and hydrochloric acid were used 

to control the pH. 

(a) Capillarv Rise 

The equipment, shown in Fig. 11, was comprised of 

a beaker to hold the test solution sample and two capillaries 

dipped into the solution, supported vertically by a rubber 

stopper. 

It was necessary to know accurately the radii of the 

two capillaries. This was computed by filling sections of 

each tube with triple distilled Mercury and measuring the 

resulting length and weight of the Mercury column. The 

length was measured at random locations over an approximate 

length of five inches. From the weight and average length 
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FIGURE 11 

CAPILLARY RISE APPARATUS 



( 
of mercury, the radii of the two capillaries were 

calculated. 

In order to employ Eq. 20, the capillaries must be 

completely wetted. This is aided by squeezing bulb Band 

forcing the liquid past the equilibrium level. Slow 

release of the pressure allows the liquid to fall to the 

equilibrium level, giving good opportunity for the walls 

to become wetted(97). A cathetometer reading to 0.002 cm 

was used to measure the height difference, ~h. AlI the 

experiments were performed in duplicate. 

(b) Maximum Bubble Pressure 

The equipment, shown in Fig. 12, is in three 

sections. the bubbling unit, B; the bi-fluid manometer, 

M; and the pear-shaped funnel, F. The test solution is 

held in B to a level such that the tips ri and r 2 are 

immersed. By allowine water to drain from F via clip C, 

the pressure over the solution is lowered and air can 

enter, as indicated. Eventually a bubble will form either 

at r
1 

or r
2

, depending whether tap T is open or closed 

respectively. The maximum excess pressure is recorded on 

M, for both conditions, and hence H calculated. Readings 

were taken from a centi~etre scale placed behind the 

manometer. Accuracy was to 0.02 cm using a hand lens. A 

notable feature of the present design is that the manometer 
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fluids and the test solutions are both completely 

enclosed, thus avoiding the substantial atmospheric 

contamination noted by sugden(104). 

The experiment was performed by first closing 

tap T and generating bubbles via r 2 • Readings can be 

brought onto scale, if necessary, by altering the depth 

of solution in B. Using a fast bubbling rate the 

manometer meniscus·was taken past the true equilibrium 

point. The manometer walls were thus wetted. The 

pressure was released via joint, J and the bubble rate 

slowed to approximately 1 in 10 seconds. The manometer 

reading was taken after roughly forty-five minutes. This 

was sufficient time for the solution to be at temperature 

and for the manometer to give steady, reproducible 

readings. 

Joint J was again opened to release the pressure 

and tap T opened to allow air to exit via the large diameter 

capillary, r 1• After a further fifteen minutes a second 

manometer reading was taken. The operation was repeated 

to check the initial results. 

Cc) Drop Weight 

The original technique of Harkins and Brown(97) was 

used and the eq1Jiprrlent, shown in Fig. 13, is similar to 

their design. It consists of a holdine cell, Cl' a 
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collecting cell, C2 , connected by a glass capillary, X, 

with a dropping tip, T, held vertically in C
2

• 

Test solution was held in cell Cl and initially 

allowed to drain freely via X (acting as a syphon), 

through the dropping tip, T. Eventually, (since there is 

onlya finite quantity contained in Cl)' drainage will 

slow, until the growth rate of an individual drop approaches 

the five minutes suggested by Harkins and Brown(97). In 

the present investigation it proved sufficient to commence 

the experiments when there was no observable natural growth 

of the drop over a period of one minute. 

At this juncture, a pre-weighed collecting cell, 

C2,was carefully placed around the tip. The drop can be 

induced to form by slight suction on tube, E. A typical 

situation(78,97,100) is that approximately ninety per cent 

of the drop be thus drawn whilst the remaining ten per cent 

grow and fall naturally under gravity. So long as the drop 

falls naturally its weight will accurately reflect the 

surface tension according to Eq. )0. 

An average of between eight and twenty drops was 

taken. The variation in the number of drops recorded was 

due to the varying surface tensions encountered, and 

indicates the delicate balance between the level of solution 

in Ct and the ability to draw drops successfully. At the 
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end of the run, solution still held in the capillary 

syphon was forced back into the holding cell, Cl. 

A number of factors can be considered to improve 

the accuracy of the technique. A tip, nominally 6 mm in 

diameter, was chosen because data presented by Harkins and 

Brown(97) indicates that, for water, a tip this size yields 

a value of w(r/v l / 3) of about 0.6. From Fig. 10 a value of 

this order is approximately constant over a wide range of 

r/v 1/ 3• Hence errors in r/V l / 3 will not cause significant 

errors in· *(r/v l / 3). 

Preparation of the tip is also important. AlI 

obvious flaws were removed by light polishing -n 600 grit 

paper, which also provided the slight roughening to aid 

wetting of the tip(97). After final preparation the tip 

radius was accurately determined using a cathetometer. 

Eq. 31 indicates that the dropping tip should be 

held vertically. This is first considered in cutting and 

polishing the tip at right angles to the capillary walls, 

and secondly in supporting the tip in position by aligning 

visually with the support stand. Using this simple 

technique gave good reproducibility when tested with 

distilled water and was, therefore, deemed adequate. 

From a knowledge of m and r, r/v 1/3 can be 

calculated, assuming that the specifie gravit y of 
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dodecylamine acetate solutions is 1.0(108). Thus «r/v1/ 3 ) 

can be found and the surface tension calculated from Eq. 31. 

Duplicate tests were performed for each set of conditions. 
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Results 

(a) Neutral Solutions 

Agreement between the three techniques is good, the 

maximum bubble pressure tending to give the lowest surface 

tension values, as shown in Fig. 14. The maximum difference 
-1 is about 5 dynes.cm • Reproducibility of the results for 

individual methods is excellent, especially for the maximum 

bubble pressure and the drop weight. The capillary rise 

technique at 100 mg/l gives a scatter of nearly 5 dynes.cm-1• 

The shapes of the graphs are as expected from the 

theory. Initially there is little surface tension depression 

with increasing concentration. From 0 to 100 mg/l the 

surface tension has only dDo'pped -7 dynes.cm-l to about 
-1 65 dynes.cm • This corresponds to point A in Fig. 5. At 

concentrations greater than 100 mg/l the slope of the curves 

increases until the lowest surface tension value, 

approximate1y 28 dynes.cm-l , is recorded at a concentration 

of 2850 mg/1 (1.16 x 10-~). This corresponds to point B 

in Fig. 5, i.e. the critical micelle concentration or c.m.c. 

Agreement between the techniques on the c.rn.c. is ~ 200 rng/l. 

The measured surface tension at the c.rn.c. varies frorn 

27 dynes.cm- l for the drop weight method to JO dynes.cm-1 

for the capillary rise technique. The surface tension 

increases slightly at concentrations greater than the c.rn.c., 
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FIGURE 14 

SURFACE TENSION vs. DODECYLAMINE ACETATE 

CONCENTRATION FOR NEUTRAL SOLUTIONS 
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giving a value of JO (maximum bubble pressure technique) to 

J2 dynes.cm-1 (capillary rise technique) at 10,000 mg/le 

Thus, the surface tension - concentration curve suffers a 

minimum at the c.m.c. 

(b) pH 4.1 i: 0.1 Solutions 

The general shape of the curve and the agreement 

between the methods (see Fig. 15) is similar to that 

described for neutral solutions. Reproducibility is 

poorest for the capillary rise method. The difference 

between the curves at the two pH levels is a shift to 

higher concentrations in the case of pH 4.1 i: 0.1. This 

is demonstrated in the values of A and the c.m.c., which 

occur at about 250 dynes.cm-1 and at J,800 mg/l (1.55 10-~) 

respectively. The c.m.c. again corresponds to the minimum 

surface tension measured, ~ JO dynes.cm-1 (given by aIl 

thrGe techniques), and agreement between the methods at 

the c.m.c. is of the order of i: 200 mg/le 

(c) pH 9.5 .. 0.3 Solutions 

Fig. 16 indicates that in comparison to pH 4.1 and 

neutral solutions, agreement between the methods is lacking 

at alkaline pH. The only similarity is that a significant 

surface tension depression is recorded at concentrations 

considerably less than are required for the equivalent effect 
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FIGURE 16 

SURFACE TENSION vs. DODECYLAMINE ACETATE 

CONCENTRATION FOR pH 9.5 t 0.3 SOLUTIONS 
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in neutral or acid solutions. Concentrations up to only 

200 mg/l were employed since considerable precipitation of 

free amine became visible. Precipitation is initiated at 

_ 70 mg/l ( 64 ) • 

(i) Capillary Rise 

There is negligible surface tension depression up 

to about 15 mg/le Between 15 mg/l and 25 mg/l, the surface 

tension drops nearly 61 dynes.cm-1 to approximately 
-1 10 dynes.cm • From the theory,15 mg/l would appear to 

correspond to A and 25 mg/l to the c.m.c. At concentrations 

greater than the c.rn.c., surface tension values appear 

constant. However, there is notable scatter of results. 

(ii) Drop Weight 

No measurements were taken at concentrations 

greater than 10 mg/l with the 6 mm diameter, thick-walled 

tip. The remaining values are measured by substituting a 

thin-walled tip. There is a significant scatter of the se 

latter results. The indication is that little surface 

tension depression occurs below 10 mg/l, while between 

10 mg/l and 20 mg/l a break in the curve occurs. In this 

respect the drop weight results are similar to those given 

by the capillary rise Methode However, the results 

recorded by the thin-walled tip indicate much higher surface 

tension values in comparison to the capillary rise for the 



( 
same concentration levels. 

(iii) Maximum Bubble Pressure 

The value of the surface tension is dependent on 

the rate of bubbling. By bubbling slowly at 1 in 60 seconds 
-1 the observed surface tension is up to 20 dynes.cm less 

than that measured at the usual bubble rate of 1 in 10 

seconds. However, reproducibility is not as good as that 

obtained at the lower pHs. 

The 1 in 60 seconds curve and the 1 in 10 seconds 

curve have similar shapes. The value of A suggested is in 

the region of 1 mg/l, while interpreting the second change 

in slope as being the c.m.c. this latter value is about 

30 - 35 mg/l (cf. capillary rise -25 mg/l). The difference 
-1 between the two curves is approximately 5 dynes.cm at 

concentrations less than 10 mg/l, but scatter in the 1 in 

10 seconds curve makes this unreliable. At concentrations 

greater than 10 mg/l the difference becomes more pronounced, 

and the scatter about each curve less. At roughly 25 mg/l 

the difference is about 20 dynes.cm-1 and this is maintained 

till about 80 - 100 mg/le Thereafter, the indications are 

that the surface tension values are equivalent for both 

bubble rates. 
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Hence, the observed increase in the slope between 

concentration 'A' and the critical micelle concentration 

is expected. 

••• 11a 

At the c.rn.c., the solution surface is considered 

as saturated with a complete mono layer of surfactant 

species. By calculating the slope of the graph immediately 

prior to the c.rn.c., a measure of the adsorption density of 

surfactant at the liquid - vapour interface is provided 

using Eq. lla. Consequently the area occupied per 

dodecylamine species can be estimated. The values are 

given in Table 1. 

TABLE 1 

Solution pH Adsorption densit~ Area per mo lecu le 

(10-10 moles.cm- 2 ) (Â2) 

4.1 * 0.1 6.9 :t 0·5 23.9 ± 2 

neutral 6.4 :t 0.5 25.8 :t 2 

9.5 * 0.3 

a) 1 in 10 bubble rate 11.8 :t 1 14.0 ± 2 

b) 1 in 60 bubble rate 9.0 + 1 18.3 + 2 

The calculated area of 25.8 !2/molecule agrees with the 

literature values quoted variously between 20.5 A2/molecule(1 09) 
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and 30.0 A /rnolecule(l10) for closely packed dodecylarnine 

ions. Thus, at the c.m.c. a saturated mono layer coverage 

is approached. A possible conclusion is that rnicellisation 

occurs because the surfactant can no longer be accomrnodated 

in the interface. 

The value of the c.rn.c., -1.2 x 10-2M, is the sarne 

as that given by Ralston(62), and the corresponding surface 

tension of 28 dynes.cm-1 given is of the sarne order as 

that obtained in the present investigation. 

The tendency of the surface tension to increase at 

concentrations greater than the c.m.c. is generally 

ascribed to irnpurities(28,29,31 ). However, the nature of 

the impurities is important since although this minimum 

is exaggerated by organic irnpurities(40,41), the sarne is 

not true for inorganic salt impurities(42,43). Further, it 

appears that depression of the c.rn.c. and lowering of the 

surface tension for a given concentration is a more 

pronounced aspect of the presence of irnpurities(40,42-44,111). 

Considerable lowering of the c.rn.c. of dodecylammoniurn 

chloride solutions is reported with l-hexanol additions (44). 

Since surface tension and c.rn.c. depression is not reported 

along with noticeable surface tension rises, the case for 

impurities being responsible for the minimum in the surface 

tension - concentration curve is not entirely substantiated. 

The surface tension increase May be caused simply by the 
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presence of micelles in the solution interior. 

Micelles, in comparison with the bulk solution, 

offer a greater attraction to the dodecylamin€ ions held 

at the surface. This is because the energy difference 

between the interface and the micelle is less than that 

between the interface and the solution bulk. Although 

this force might not actually promote negative adsorption, 

i.e. removal of solute from the interface, the effect of 

increased attraction into the solution will result in an 

increased surface tension. The attractive force will depend 

on the surface area of the micelles and their distance 

from the surface. As the concentration of solute increases, 

micelles become more numerous. Thus the surface area 

available increases and also the probability of more 

closely approaching the surface. The total attractive 

force will increase and an increase in surface tension will 

resul t. 

Two operating problems were noted at this pH level. 

(1) the difficulty in completely wetting the dropping 

tip at concentrations between 200 mg/l and 1,000 mg/1 

of dodecylamine acetate. This accounts for there 

being on1y one value obtained in this range, at 

600 mg/le 

(2) the equilibrium time of up to sixt Y minutes found 
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in the capillary rise technique (see Fig. 17). 

In the case of the dropping tip, the tendency to 

de-wet the glass (i.e. form a fini te contact angle) 

corresponds to the development of a contact angle(6) and 

the floatability of quartz(112) in this concentration 

range. Thus the solution of dodecylamine acts as a 

de-wetting agent for the glass of the dropping tip. 

The long equilibrium time noted for the capillary 

rise has been noted before(76 ) and is ascribed to surface 

aging(75,76 ). This suggests that the solution surface is 

aging. Significant surface aging can be a property of 

surfactant solutions(47,50,58 ). But, in the present case, 

the long equilibrium times involved in the capillary ri se 

technique are not found in the other techniques and so it 

cannot be considered as a solution property alone. However, 

it is reasonable to suppos~ that the equilibrium time is 

due to a slow rate of solute accumulation at the surface. 

This May be due to the narrow capillaries in the equipment 

which contain the bulk solution from which the solute must 

be removed to the surface. Thus, the assumption that the 

bulk solution is an infini te source of solute, May not hold 

with this technique, except over extended times. This is 

not to say that the capillaries will actually affect the 

final equilibrium value, as very fine capillaries 

do(11)-11S) but might increase the time required to reach 
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the equilibriurn adsorption density dernanded by the bulk 

concentration. This would lead to the pronounced 

equilibriurn times observed. Because of this uncertainty, 

the tendency is to record surface tensions greater than 

the equilibriurn value. The capillary rise does give 

consistently high values at concentrations less than the 

c.rn.c. Also it is difficult to ob tain good reproducibility 

when the tirne after surface formation is an unpredictable 

variable. Poor reproducibility, in comparison with the 

other two techniques, was observed in the present 

investigation as in previous work(76,82,83). Tartar et 

al.(76 ) refer to 'mysterious fluctuations' in the capillary 

rise results 'which cannot be attributed to solution 

properties alone'. 

The uncertainty in equilibrium tirne involved for 

any given solute concentration lends credence to the 

hypothesis of Adam and Shute(116) that the equilibrium 

surface tension value is the same for aIl concentrations, 

the latter only affecting the equilibriurn tirne. This 

conclusion is discredited in results from the other 

techniques, but indicates the need to check the methods 

used. 

A similar situation of physical restrictions on 

solute movement due to the equipment design may be present 
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in the drop weight technique. The solution is again held 

in a capillary tube. Although equilibrium times of such 

duration as found with the capillary rise technique are 

not indicated (reproducible results on drops only one 

minute old), it is notable that values tend to be high. 

This could indicate that the surface is not at equilibrium. 

The high values cannot be attributed to the method of drop 

formation, otherwise high values would be obtained for 

water; and, from Fig. 14, the highest surface tension 

recorded is 72 dynes.cm-l • The good reproducibility in 

the technique also testifies to the success of the 

procedure. 

In comparison, the maximum bubble pressure 

technique appears to be free of these design restrictions. 

The generation of the solution - gas interface is directly 

into the solution bulk, thus overcoming capillary 

restrictions being placed on the movement of the solute 

Molecules. 

The only feature which could be improved is the 

bi-fluid manometer. The experimental time per reading 

of about fifteen minutes was required due to a sluggish 

response on the part of the bi-fluid meniscus. This was 

due to preferential wetting of the glass walls by one of 

the fluids. A closer scrutiny of the wetting properties 

of the two fluids is required to overcome this phenomenon. 
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which gives rise to this effect on the surface tension at 

pH 4.1 is difficùlt to determine. It could be due to 

the increase in the hydrogen ion concentration, which 

enables the bulk solution to hold more dodecylamine ions, 

or it could be the reduced relative concentration of the 

free amine. If it is due to the latter, the extremely 

small concentration of free amine(66) indicates that the 

amine molecule plays an important role in deterrnining the 

surface tension. Evidence presented at alkaline pH, where 

the concentration of amine molecules is comparable to the 

.. t t· (64,66) d . d· t th· t 10n1C concen ra 10n , oes 1n 1ca e e 1mpor ance 

of the amine molecule. 

The adsorption density was again deterrnined prior 

to the c.m.c., and hence the area occupied per surfactant 

molecule. These figures are compared with those obtained 

at neutral pH in Table 1. There appears to be no significant 

pH effect. It is concluded, therefore, that the same 

surfactant species, in the same orientation, is present at 

the solution surface in both cases. 

Testing at pH 4.1 t 0.1 proved easier than in neutral 

solutions. This is especially true of the drop weight 

technique, where no de-wetting was encountered over the 

whole concentration range. This corresponds to the poôr 

de-wetting characteristics of acid dodecylamine solutions 



( 

67 

on oxides(6,27,117-119). The capillary rise continued to 

give erratic readings although the equilibrium time is less 

evident. It is an interesting correlation that the decreased 

de-wetting power of the dodecylamine solutions corresponds 

to fewer operational difficulties as encountered at neutral 

pH. Overall, the drop weight and capillary rise still give 

higher results than the maximum bubble pressure Methode 

(c) pH 9.5 ~ 0.1 Solutions 

The extremely low concentration required to effect 

a noticeable surface tension depression (~10 mg/l) is 

due to the presence of the undissociated amine molecule, 

C12H25NH2. The lack of a charged head group means that 

the hydrophobie alkyl chain, C
12

H
25

, predominates and 

adsorption at the liquid - vapour interface is strongly 

favoured. Even at 10 mg/l dodecylamine acetate there is 

sufficient surfactant present to saturate the surface of 

a 0.25 cm diameter bubble blown into about )0 ml of 

solution which corresponds to the present system using 

the large bore capillary. 

Little previous work is available on the surface 

tension of alkali surfactant solutions. Manser(65) 

includes the surface tension - concentration curve for 

dodecylamine at pH 9.0 and Bartell(60) gives the curve for 

decylamine solutions at pH 10.2. Comparison of the present 
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data with that of decylamine solutions is valid since 

decylamine belongs to the same homologous series as 

dodecylamine. Both alkali solutions gave a shape of 

curve similar to those obtained at neutral pH in the 

present investigation. The only effect of increasing the 

pH was a lowering in surface tension for a given concen­

tration. The minimum surface tension value is about 

JO dynes.cm-1 , as with neutral pH(65). This corresponds 

closely to the results for the maximum bubble pressure 

technique, using the 1 in 60 seconds bubbling rate. 

Assuming that no change in the shape of the curve will 

result from increasing the pH, several observations on 

the present data can be made. 

(i) Capillary Rise 

The sudden decrease in surface tension values 

between 15 and 25 mg/l is not characteristic of the solution 

alone. The indication is that at concentrations less than 

15 mg/l, the surface tension observed is higher than the 

true equilibrium value, while at concentrations greater 

than 25 mg/l (c.m.c.) the surface tension is less than the 

equilibrium value. The former problem could be related to 

the restrictive effect of narrow capillaries proposed 

earlier. The latter is the result of contact angle 

development, so that YlvCOSe, the adhesion tension, is 
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being measured. Since cose ( 1, Y
lv 

co se (Y
lv 

and hence 

low values of calculated Ylv are observed if cos e is 

ignored. Contact angle development at pH 9.5 corresponds 

to the de-wetting power of alkali solutions of dodecylamine 

on oxide surfaces(6,27,117-1 19). From a knowledge of 

Y1v cose, with Ylv known (determined by a method which is 

independent of contact angle considerations), e can be 

calculated(27,81). The development of the contact angle 

was much in evidence, with a notable straightening of the 

meniscus with time. Extrapolation of the results of 

Somasundaran(27) on the adhesion tension of dodecylamine 

against a glass capillary, indicate the same shape of 

graph, although at slightly elevated concentrations. 

There was a tendency for sorne of the more concentrated 

solutions () 40 mg/l) to give higher Ylv values, indicating 

that e was reducing. However, a decrease in pH was observed 

and was considered to be the cause of the increase in Ylv • 

(ii) Drop Weight 

Concentrations between 0 and 10 mg/l give similar 

surface tension results to those from the capillary rise 

technique. At concentrations greater than 10 mg/l, it 

proved impossible to wet the dropping tip completely. After 

the formation and detachment of one drop, the following 

drop retreated from the edges of the tip, indicating a 
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significant, finite contact angle development. This 

phenomenon corresponds to the findings discussed at this 

concentration level in the capillary ri se technique. The 

resulting drop weight will not accurately reflect the 

liquid surface tension according to Eq. 30, because 'r' is 

unknown. The effect of the contact angle in the capillary 

rise method can be estimated, but this is not so in the case 

of the drop weight, where the contact angle and 'r' will 

have a complex relationship. Therefore, the technique can 

be considered as having failed at concentrations greater than 

10 mg/le A thin-walled tip was substituted in an attempt 

to overcome the de-wetting problem, as suggested by 

Fowkes(78). Drops were successfully drawn, but reproducibility 

was poor. A break in the curve between 10 and 20 mg/l is 

suggested but the surface tension value for concentrations 

greater than 20 mg/l are high when compared to equivalent 

concentration results given by the bubble pressure and 

capillary rise techniques. These observations indicate 

non-equilibrium conditions. 

(iii) Maximum Bubble Pressure 

The problem of decreasing pH, noted in the 

capillary rise experiments, became a major problem with 

the maximum bubble pressure technique. Unlike in the 

capillary rise and drop weight experiments, it was difficult 
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to obtain a Ylv determination with the bubble pressure 

method using the procedure outlined without incurring a 

pH decrease. De Bruyn (66) noted this tendency of the pH 

to decrease and attributed it to the presence of the 

dodecylamine. Noting that work by partridge(120)and 

Hendriks(121) in this laboratory at similar pH levels gave 

no pronounced pH drift when the solutions were held in 

air-free stoppered vials, atmospheric carbon dioxide is 

considered responsible. The act of bubbling air into the 

solution accounts for the significant pH drift which only 

occurred after long exposure to the atmosphere in the 

capillary rise experiments. 

In an attempt to control this contamination, the 

pear-shaped funnel, F, was removed and the tube, X, 

connected to a pure nitrogen (99.99%) source (see Fig. 12). 

Monitoring of the solution pH still showed sorne drift; 

9.5 * 0.3 was the range inside which the experiments were 

conducted. Complete elimination of carbon dioxide is 

impossible since sorne air is left between joint J and 

the tip of the capillary in the bubbling unit after the 

unit is put in place. FUrther, the bubbling unit is open 

to the air via the tube previously connected to the pear-

shaped funnel, F. 

With this precaution, and testing only solutions 

which fell in the pH range 9.5 * 0.3, it became clear that 

only by controlling the bubble rate could reproducibility 
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for decylamine solutions(60). 

(2) Considering the curve resulting from a bubble rate 

of 1 in 60 seconds, the lowest surface tension 

value of approximately 26 dynes~cm-l compares 

favourably with the minimum recorded at the other 

pHs(65). Such an argument seems valid since, at 

the c.m.c., the surface is covered with a monolayer 

of surfactant. Therefore the surface tension 

measured is that of the surfactant itself. 

Consequently as the surface tension will be 

dominated by the hydrocarbon chain(58 ), the chain 

forro should have little effect on the surface 

tension. 

(3) From the 1 in 60 seconds curve, it is noted that 

for any given surface tension, the corresponding 

concentration at neutral pH is approximately one 

hundred times greater. The same relationship was 

found for decylamine(60). 

Of the three techniques, therefore, the results of 

the maximum bubble pressure technique alone are free from 

interaction between the solution and the equipment. This 

bubble rate phenomenon must be interpreted as a dynamic 

surface tension effect, i.e. reproducible surface tension 

values which do not correspond to the equilibrium surface 

tension value(47). 
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Lange(47) noted two mechanisms which can give ri se 

to a dynarnic surface tension value; aging and the variable 

interface effect. By observation, bubble generation follows 

the sequence. 

(1) The rneniscus in the capillary develops the 

hernispherical shape, then rernains unchanged; 

(2) Rapid expansion of the surface as the bubble grows 

and breaks away. 

Thus both the rnechanisms described by Lange(47 ) occur; 

(1) indicating surface aging and (2) a variable interface. 

The present experiments indicated that process (2) was 

negligible in comparison to (1). The interface tended to 

adopt its final shape almost immediately, inside the 

capillary. Adsorption occured which reduced the surface 

tension until ~Pmax was sufficient to cause the bubble to 

grow rapidly and break away. Austin et al~71), Kuffner(57) 

and Bendure(90 ) confirrn these observations. The bubbling 

rate phenomenon is, therefore, indicative of a surface aging 

property. The bubbling rate of 1 in 10 seconds represents 

surfaces ten seconds old. 1 in 60 seconds, surfaces sixt Y 

seconds old. Fig. 18 is a graphical interpretation of the 

surface aging. 

The apparent absence of surface aging at low pHs 
(67) (6) 

substantiates the work of Ralston , Morrow and 
(27) (88) 

Somasundaran • Recently, however, Kloubek has 
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FIGURE 18 

SURFACE AGING OF pH 9.5 ± o.) 

DODECYLAMINE ACETATE SOLUTIONS 

- MAXIMUM BUBBLE PRESSURE METHOD 
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demonstrated that dodecylamine solutions do have an aging 

time. In a solution of 10-3M dodecylamine at pH 4.0, the 

aging time was of the order of 10 seconds. Between 0 and 

10 seconds the surface tension dropped about 9 dynes.cm-1 

while from 10 to 1000 seconds a further drop of only about 
-1 1 dyne.cm was recorded. Thus, on surfaces older than 

10 seconds reproducibility to better than 1 dyne.cm-1 can 

be expected. This criterion applies to aIl the previous 

work, the surfaces on which measurements were made were 

older than ten seconds. Similarly with the present 

experiments, the capillary rise and drop weight methods 

measure the surface tension of surfaces at least one minute 

old, and in the maximum bubble pressure the use of a 1 in 

10 second bubble rate indicates that the surfaces are 10 

seconds old. Dodecylamine solutions do, therefore, possess 

a surface aging property. At alkaline pH the surface aging 

property becomes exaggerated. Surface aging is controlled 

either by the 'rate of diffusion' or the 'rate of real 

adsorption'. The presence in solution at pH 9.5 of a 

significant quantity of amine Molecules, which is aIl that 

distinguishes the solution at pH 9.5 from the lower pH values, 

must reduce the rate of one or other of these mechanisms. 

This observation has not been made previously, althou~h 

indirect evidence has been presented by Smith(12J) in his 

paper on dynamic contact angles, the significance of which 
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will be discussed later. 

Assuming diffusion control, the theory of Ward 

and Tordai(54 ) can be applied to the data. Taking a bulk 

concentration, C , of 10 mg/l (4 x 10-5M) the càlculated 

value of D is about 5 x 10-7 cm2 .sec-1 (see Appendix III). 

This is close to the classical range, 10-6 - 10-5 cm 2.sec-1• 

The implication is that the undissociated amine molecule 

diffuses more slowly than the aminium ion, yet previously 

it was shown to be more hydrophobie and, therefore, possess 

a greater tendency to reside in the liquid - vapour 

interface. Furthermore, the size of the free amine 

molecule and the ion are similar and according to the 

stokes-Einstein(54 ) equation,should possess a similar 

diffusion coefficient. Defay and Hommelen(50 ) showed that 

an increase in chain length decreased the diffusion 

coefficient. It is possible that molecular aggregates or 

complexes form in alkaline dodecylamine solutions at 

concentrations less than the c.m.c. 

Formation of rnolecular aggregates at concentrations 

less than the c.rn.c. is not unknown(3S). Kung and 

Goddard (124) conclude that association of rnixed long chain 

groups can occur from a differential thermal analysis on 

the binary system sodium dodecyl sulphate and dodecyl 

alcohol. Harkins et al. (44) found that alcohol additions 

to dodecylamine chloride solutions lowered the c.rn.c. 
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which was explained by association between aminium ions 

and alcohol Molecules. The changes in adsorption 

characteristics and flotation recovery occuring upon 

addition of polymers (e.g. ethylenadiamine) in the systems 

dodecylamine - quartz or Magnetite was attributed by 

Ghigi( 125,126) to complex formation. The presence of 

decyl alcohol was found by Fuerstenau et al.( 127) to 

increase the flotation rate of corundum with 

trimethyldodecylammonium chloride as collector. Complex 

formation was considered to have occured, although 

Fuerstenau et al.(127) considered complex formation 

specifically at the solid - liquid interface. Similarly, 

Iwasaki et al.(128), partridge(1 29) and Hendriks(121) 

conclude that complex formation occurs between 

dodecylamine ion and starches at the solid - liquid 

interface, in order to account for the amine adsorption 

characteristics in the hematite - dodecylamine - starch 

system. Complex formation in the solution bulk and 

subsequent adsorption at the solid - liquid interface would 

have the same effect. 

Evidence for molecular aggregation is plentiful, 

including the dodecylamine system. In all cases a non­

ionised molecule is involved. Since bringing ionic head 

groups together requires energy, complexing between ions 

and Molecules or molecules and Molecules is energetically 
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easier. The extension of the previous work is to suggest 

that dodecylamine ion or Molecule can not only complex with 

alien Molecules but with themselves. Ion-ion aggregates 

are unlikely due to the charged heads, but the presence of 

the undissociated amine Molecule at pH 9.5 indicates that 

ion-Molecule or molecule-Molecule aggregation could occur. 

Thus complexing is favourable at alkaline pH, but not at 

neutral or acid pH, and as such could promote diffusion 

control of the surface aging observed at pH 9.5. 

The structure of these complexes is not known, 

although the long hydrocarbon chains are believed to 

become interlinked. In this respect there are similarities 

to the proposed structure of micelles. From Fig. 16, clearly 

surface aging occurs at concentrations greater than the 

indicated c.rn.c., in fact an increased surface aging is 

suggested. Micellar-like aggregates rnay forrn at concen~ 

trations less than the c.rn.c. but not bec orne a significant 

factor until the c.rn.c. is reached. Surface aging rnay, 

therefore, result frorn the diffUsion of micellar-like 

aggregates. 

An added consideration at alkaline pH is that the 

free amine molecule is subject to complexing by reaction 

with carbon dioxide. Industrially, carbon dioxide is not 

removed from the air supply. As such the possibility of 

carbon dioxide promoting a surface aging property in 
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alkaline solutions of dodecylamine takes on greater 

significance. 

The possibility of complex formation by reaction 

with carbon dioxide or molecular association can be 

checked. Firstly, elimination of all traces of carbon 

dioxide should eliminate the surface aging property. If 

not, careful measurement of the change in surface aging 

time for a given concentration at increasing pH would 

indicate consequent time variations. If amine molecule -

amine ion association occurs the longest time would be at 

pH 10.7, wh en the concentration of amine molecule in 

solution is equal to that of the amine ion(66). At higher 

pH the surface aging time should become less as the ratio 

of undissociated to dissociated amine becomes unfavourable 

to the latter. A continued increase in surface aging time 

would suggest that complex formation was occuring between 

undissociated amine molecules. 

The rate of real adsorption concept has not been 

reduced to a general mathematical model. Its presence 

as the rate controlling mechanism is inferred if the 

calculated value of the diffusion coefficient is significantly 

less than 10-6 cm2 .sec-1 (54). Evaporation of a hydration 

layer which builds up around an ionised group in aqueous 

solution and an electrical energy barrier have been 

considered as giving rise to a reduced rate of real 
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adsorption. However, both are intimately connected to the 

presence of the ionic group. Since no surface aging is 

noted in solutions where the ionic form dominates 

(i.e. pH 4.1 and neutral pH) it is possible to eliminate 

these two processes as being responsible for pronounced 

surface aging at alkaline pH. 

Randomly oriented Molecules can also promote 

surface aging by reducing the rate of real adsorption(58 ) • 

In the present case free amine Molecules, or the proposed 

complexes could randomly orientate at the surface. This 

is considered possible since the predominance of the 

hydrocarbon chain suggests that orientation in any 

direction, and not simply vertically, can be accommodated 

energetically. Since this applies to the proposed 

complexes too, disproving diffusion control does not 

eliminate complex formation as being responsible for the 

surface aging property. 

Evidence for randomly oriented Molecules at the 

liquid - vapour interface is given by the adsorption 

densities calculated from the 1 in 10 and 1 in 60 seconds 

bubble rate curves at concentrations just less than the 

c.rn.c. The indication is that the adsorption density for 

a ten seconds old surface is greater than for a sixt Y 

seconds old surface. These apparently illogical results 

are supported by the observations of Addison(55) on 
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solutions of alcohols. Since surface tension decrease is 

related to the surface occupied by surfactant, the 

orientation of the surfactant Molecules is important. 

Randomly oriented Molecules occupy more surface area per 

Molecule than vertically oriented Molecules. Hence 

randomly oriented Molecules will cause a greater surface 

tension decrease per Molecule. Measuring the adsorption 

density from a surface tension decrease vs. concentration 

increase using the Gibbs adsorption equation will indicate 

a greater adsorption density for randomly oriented Molecules 

than for vertically oriented Molecules. The tendency for 

the adsorption density to be higher for the younger surface 

May be a reflection of random orientation at the liquid -

vapour interface. As the surface ages, the molecules 

re-orientate such that at equilibrium the adsorption 

density is the same as that measured for neutral and acid 

pH. This trend is indicated in Table 1, the 1 in 60 curve 

tending to the adsorption density of surfactant calculated 

for neutral pH. Equilibrium surface tension measurements 

on decylamine solutions(60) indicate that the adsorption 

density at surfactant concentrations approaching the c.m.c. 

is the same at pH 10.2 as for neutral solutions. 

It is impossible to conclude in favour of either 

rate controlling mechanism, diffusion or real adsorption. 

Much greater control over the bubble rate and pH drift is 



( 

84 

FIGURE 19 

PRECIPITATION AND CRITICAL MICELLE CONCENTRATION 

vs. pH FOR DODECYLAMINE SOLUTIONS 
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Solution pH 

4.1 t 0.1 

neutral 

9.5 t 0.3 
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TABLE 2 

c.m.c. 
(mg!l) 

3,800 + 200 

2,850 + 200 

30 + 5 

The present data indicate a reasonable correlation 

between the c.rn.c. and the precipitation curve at pH 

greater than 7. At pH 4.1, however, there appears to be 

no comparable relationship. As the pH increases, it 

becornes difficult to distinguish the c.m.c. frorn the 

precipitation curve. This is accentuated by the 

coincidence of the c.rn.c. determined in the present 

investigation at pH 9.5 and the experimental precipitation 

pH of 9.7 - 9.8 obtained by Partridge for a 10-4 M solution 

of dodecylamine. Further, Manser(65) indicates c.m.c. 

values at concentrations greater than the precipitation 

point for pH values greater than -8.5.* This is especially 

noticeable at pH 11 and 12. No mechanism is apparent to 

explain micelle formation at concentrations greater than 

are required to form a precipitate. Ignoring adsorption 

of amine on the glass walls of any containing vessels 

would lead to over-estimating the bulk solution concentration. 

*Manser gives no details on the surface tension technique 

employed for determining the c.rn.c. 
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The possibility that the c.rn.c. value obtained at alkaline 

pH by the discontinuity in the surface tension vs. 

concentration curve is actually a phase transition (i.e. 

amine precipitation) cannot be ruled out. Bartell(60) 

concluded that for solutions of decylarnine at pH 10.2 

precipitation occured before the c.m.c. was reached. 

Decylamine is sorne ten times as soluble as dodecylamine, 

so the likelihood of precipitation with the latter is 

greater. 
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Conclusions 

(1) The method employed for surface tension determination 

can affect the observed results. 

(2) The maximum bubble pressure technique is free from 

interaction between the equipment and the test 

solutions of dodecylamine acetate. 

(3) Dodecylamine solutions possess a surface aging 

property which becomes more pronounced at pH 9.5 

in cornparison with pH 4.1 or neutral solution. 

(4) The presence of undissociated amine molecules is 

responsible for the surface aging effect. It is 

not proven whether the surface aging is due to a reduction 

in the rate of real adsorption (randomly oriented lone 

molecules or complexes) or a reduction in the rate of 

diffusion through the bulk solution (complexes). The 

complexes could be due to amine molecule - ion association 

or reaction between undissociated amine and carbon dioxide 

to form carbonates or carbamates. 

(5) The area occupied per molecule at the liquid - vapour 

interface at equilibrium is unaffected by pH and has 

a value of approximately 25 Â
2
/molecule. 

(6) The c.m.c. values change little in the acid reeion, 

but reduce considerably in alkaline solutions. 

Measurements of the c.rn.c. in alkaline solutions are 

difficult to distinguish from the precipitation poin~. 
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CHAPTER THREE 

CONTACT ANGLE 

Theory 

A contact angle occurs whenever three phases meet 

along a common boundary. The magnitude of the contact 

angle is a measure of the balance between the three 

interfacial tensions and indicates the ease with which one 

~hase will replace another. In flotation, the thrp.p ph~ses 

arp r vapClur (moisture-l~ripn air), liOlli d (collector 

so!tJtion), and solid (rnjn~ral particle). Cfll1sidering the 

mineraI substratp. ~s inflexible, the contact angle, e, 

measured by convention through the liquirl phase, develops 

as shown in Fig. 20. 

LIQUID 

"Y IV 

Figure 20. Bubble - Solid Equilibrium. 
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Thus, e measurels the abili ty of the vapour phase to replace 

the liquid phase. As e increases the vapour phase becomes 

more energetically favoured at the mineraI surface. 

Assuming equilibrium at A (a point along the common 

boundary), the Young equation (Eq. 5) can be derived. 

= Ylv cos e • • • 5 

For finite contact angle development. 

< ••• 32 

Eq. 32 indicates that for flotation, it is desirable that 

Ylv should be large, YsI large and Ysv small. Under 

equilibrium conditions, the Gibbs adsorption equation applies 

te aIl the interfaces; solid - vapour, solid - liquid and 

liquid - vapour(26-28). To meet the above requirements, 

therefore, adsorption of surfactant at the solid - vapour 

interface is desirable but not at the other two interfaces. 

Overbeek et al.(26} showed this mathematically, indicating 

that fsv) fsl holds for fini te contact angle development. 

Aplan and de Bruyn(130 ), Somasundaran(~7), smelders(28), and 

Sandvik and Digrè(69 ) have demonstrated that flv ) fsl 

occurs in contact angle development, and that fsv) flv 
. (27,28,69) often occurs at low surfactant concentrat1ons • 

Little attention has been given to the dependence 

of contact angle (and hence floatability) on the relative 

adsorption densities of surfactant at the three interfaces. 
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However, substantial investigation into the relationship 

between contact angle and mineraI floatability has been 

carried out(6,123,131-136). An increase in e indicates 

that the presence of the vapour phase is energetically 

favoured at the mineraI surface and thus flotation is 

promoted. Attempts to verify this correlation have had 

varied success(135). A tentative conclusion is that 

development of a contact angle is a pre-requisite to 

flotation, and that for e ) 400 flotation recovery is 

good(l19). However, Kim(l17,137) demonstrated that 100% 

recovery of Magnetite in alkaline dodecylamine solution 

was possible at concentrations greater than 2 x 10-4M, 

when the measured contact angle was zero. Similarly, 

Iwasaki et al.(138 ) observed zero contact angle on goethite 

with dodecylamine solutions under conditions yielding 100% 

flotation recovery. 

(a) Relationship between e and Ylv 

The variation in e wi th Y , Y and Y is impossible 
sI sv Iv 

to de termine because of the non-measurable terms Y
sl 

and 

Ysv • However, the effect of varying \v on e can be 

investigated. Zisma~1~~s studied this relationship for 

low surface energy solids. These are solids which 

naturally form a finite contact angle with pure water, as 

opposed to the high surface energy solids generally 
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encountered in flotation, where water naturally wets the 

solid surface. Zisman showed that for a given solid, tested 

against pure liquids of known surface tension Ylv ' the 

resulting cosine of the contact angle varied as in Fig. 21. 

1.0 

0.8 POLYETHYLENE 

i 0.6 

ct> 
~ 
Z 
1-1 
CI) 

8 

0.4 

0.2 

0.0 

-0.2;-----~~_+----~----~--_+----~--
20 30 40 50 60 70 

'YLV SURFACE TENSION (dynes cm- l ) 
~ 

80 

Figure 21. Variation of cos 8 with 'Ylv for a Law Surface Energy SoUd 

(after Zisman(l5». 

The straight line intercepted cos e = 1 (i.e. e = 0) 

at a value of Y
lv 

which was characteristic of the solid 

surface(15). This value of Ylv he termed the 'critical 

surface tension' of wetting, Yc • A fini te contact angle 

will develop on a solid if Ylv } Yc • If Ylv ( Yc ' the 
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liquid wets the solide 

The physical significance of y is not known(20). 
c 

Attempts have been made to relate Y to the surface tension c 

of the solide It is proposed that Y = vd, the dispersion c 
force contribution to the solid surface tension(20). For 

most mineraIs in flotation systems, Y is greater than the c 
surface tension of water. The addition of surfactant 

reagents results in the formation of a contact angle. From 

Zisman's model, this is interpreted as indicating that the 

effective Yc has been reduced such that Ylv ) y c holds. 

Adsorption of the low surface energy surfactant at the 

solid surface must occur, progressively converting the 

high surface energy solid into a low surface energy solid, 

and consequently reducing the Y. Thus, (YI - Y ) ) 0 
c v c 

is equivalent to the mineraI surface being rendered 

hydrophobie. Any factors which affect the relative values 

of YI and Y will affect the mineral's susceptibility to v c 

flotation. The effect of the solution surface tension on 

the magnitude of e, although implied( 1191 has received little 

attention in flotation studies. 

(b) Contact Angle Hysteresis 

The value of the measured contact angle depends on 

the relative motion of the liquid - vapour interface with 

respect to the solid substrate. If the liquid is advancing 



to wet a previously non-wetted (or de-wetted) surface 

the measured contact ans.:le is called an "advancing" 

contact angle, eA" As the liquid phase retreats to 

expose fresh surface to the vapour phase, the resulting 

contact angle is a "retreating" contact angle, e
R

" The 

general observation is that e
A 

) eR(15,11J,139-146)" 

The difference (eA - eR) is termed "contact angle hysteresii;lI. 

Both an advancing and a retreating liquid - vapour 

interface occur in flotation. In order to achieve 

replacement of the liquid by vapour, the liquid - vapour 

interface must retreat. This is governed by eR" 

Similarly the liquid must be prevented from advancing to 

re-wet the surface, and this is ~overned by eA• Fig. 22 

indicates the physical interpretation of the phenomenon, 

eA ) eR• 

a) b) 

LIQUID 

VA POUR 

Figure 22. Physical Significance of BA > BR· 
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Condition (a) represents the vapour phase 

attempting to spread, i.e. generation of e
R

• Condition (b) 

represents the converse, with consequent development of 

eA• eA > BR follows if the three-phase boundary of 

contact does not move, indicating that it is difficult 

to re-wet a surface once the liquid has retreated(113). 

The stability of the three-phase perimeter of 

contact can be the result of differences in the adsorption 

density between the wetted and non-wetted surfaces(135, 147). 

Variations in surfactant adsorption density at the three 

interfaces were considered earlier. Somasundaran(27) and 

Sandvik and Digre(69) have shown that in flotation systems, 

.~ .> -fsl holds. 'sv 

Adam and Jessop(148) considered that contact angle 

hysterisis was due to frictional forces. From this 

assumption they showed. 

= • • • 33 

where e
E 

is the so-called equilibrium contact angle. Por 

angles between 45 0 and 135 0 an error of only 20 arises if 

Eq. 33 is reduced tOI 

= · . · J4 

Observed variations in the measured contact angle, 

notably in the captive bubble technique ,are averaged and 
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e
E 

taken as representative(135). 

Harkins and Fowkes( 149) support the concept of 

frictional forces, noting that contact angle hysteresis 

was destroyed after carefully polishing the solid substrate. 

However, MacDougal1 and Okrent( 143) indicate that e
A 

is 

equal to eE, and recently Morrow et al. (144) have verified 

the equality. This implies that quoted contact angle 

variations(135) are the result of random variations about 

a mean (i.e. e
A

) and not due to contact angle hysterisis. 

Contact angle data derived from the captive bubble technique 

indicates the energy available to prevent re-wetting of 

the solide The energy change involved in replacement of 

the liquid (i.e. the first stage in successful flotation) 

is not assessed. 

Shuttleworth and Bailey(1 50) considered that contact 

angle hysteresis was due to surface roughness. No surface 

on which contact angle measurements are made is truly 

smooth. A rough surface has a greater surface area than 

a smooth surface. The vapour phase can readily occupy 

the-entire, true surface available (f1 ), while the liquid 

phase occupies only an apparent surface area (f2 ), where 

f 1 ) f 2• On replacing the liquid at the mineraI surface, 

it appears that added surface is generated, (f
1 

- f
2

). 

Wenzel(151 ) showed thatl 
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= r cos e 

where r = f1/f2 and e1 is the 'apparent' contact angle 

as opposed to e, the 'real' contact angle. The 'real' 

contact angle will only be obtained by close exarnination 

of an element of the surface which appears smooth(141). 

• • • 35 

The measurement appears to be somewhat arbitrary since on 

a molecular level, the surface can never be smooth_ 

Cassie(140) considered that the inability to repeat surface 

preparation resulted in the Many different published values 

for the contact angle of a given liquid and solide 

The rough nature of the solid surface hinders 

movement of the liquid - vapour interface across the solid 

surface. Lack of such movement causes eA ) eR' i.e. contact 

angle hysteresis(1 35). Thus surface roughness aids the 

maintenance of bubble - particle contact but hinders the 

actual development of bubble - particle contact. The 

latter was observed by Mitrofanov(152,153) who concluded 

that isolated pockets of liquid are left behind due to 

surface roughness and consequently the surface tends to 

remain wetted. Measurement of surface roughness and, 

therefore, determination of its role in flotation, is 

extremely difficuit. Certainly, mineraI particies to be 

floated will always possess a considerable degree of 

roughness, which will interfere with the correlation of 

floatability with contact angles derived from carefully 
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polished specimens(144,154 ). 

Contact angle hysteresis is believed to occur 

whenever successful flotation occurs(135). Several workers 

have attempted to relate BA' BR and (BA - BR) to mineraI 

floatability(133,155,15 6 ). However, Cassie(140) and 

MacDou.gall,and Okent (143) have demonstrated that BR is a 

variable quantity, implying that (BA - BR) is impossible 

to quantify. Gaudin(135) considered that contact angle 

hysteresis was simply another product of the sarne factors 

which promoted flotation. Recently, Morrow et al.(144), 

using the suction potential technique, showed that a 

measure of BR was obtained in the galena - xanthate system, 

yielding BR ~ 1/3 BA' suggesting a reliable measure of BR 

could be made, and hence (BA - BR) calculated. 

(c) Dynarnic Contact Angles 

Using the captive bubble technique, Smith and 

Lai( 123) have reported a phenomenon the y term a "dynamic 
-4 contact angle". In 10 M dodecylamine solutions at pH 

) 9.1, contact angles on carefUlly prepared silica 

substrates were found to be about 800 at the onset of 

bubble - particle contact. The magnitude of the contact 

angle was then observed to decrease to zero after about 

100 to 120 seconds. Also reported was that, if the bubble 

was allowed to age in the solution prior to contactjn~ the 
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silica surface, the resulting contact angle was negligible, 

or even zero. 

Smith and Lai indicate that from the Young equation, 

a decreasing surface tension over this period of time 

(i.e. surface aging) would account for the observations. 

They claimed this could not be the case since Ylv does not 

reduce sufficiently to give rise to a contact angle 

decreasing from 800 to zero. Assuming Y 1 and Y to be s sv 
unchanged over the time interval considered, then a drop 

in surface tension from 70 dynes.cm-1 to the minimum of 

JO dynes.cm-1 is indeed insufficient. Further, they 

observe that since the phenomenon does not occur below 

about pH 9.1, surface aging of the solution must be ruled 

out, the implication being that surface aging will be 

unaffected by pH. They concluded that the bubble 'stripped 

off' sorne of the surfactant adhering to the solid, so that 

y tended to increase. From the Young equation, a large sv 
value of y is detrimental to bubble - particle contact. sv 

The observations of Smith and Lai are not unique. 

wark(157) in 1936 reported that an aged bubble exhibited a 

smaller contact angle than a fresh bubble. He considered 

that an increase in the adsorption density of ionised 

surfactant had occured at the bubble surface (i.e. liquid -

vapour interface). The bubble became charged and consequently 

less able to accommodate itself on the surfactant-coated 
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mineraI surface. The terrn, 'bubble arrnouring', was adopted 

to describe this aged bubble effect(158 ,159). Rogers et 

l ( 160) - 1 46 -a • 1n 9 reported a s1milar non-contact when the 

bubble had aged in the solution. Rogers considered a 

wetting layer developed on the aged bubble, preventing 

adherence to solid, and showed tha~ if the bubbles were 

fresh, flotation recovery was improved(161). The obser­

vations of wark(157) and Rogers(160) were not pursued 

because the phenomenon only occured in concentrated 

collector solutions, outside the concentration range 

required for successful flotation. In the case of Smith 

d La -(12J) h t- - l t an 1 , t e concentra 10ns cons1dered are c ose 0 

those used for flotation. 

In a discussion of this paper of Smith and Lai, 

Leja(162) stated that he and Schulrnan had observed similar 

dynamic contact angle effects with both alkylamine 

hydrochloride and salts of alkyl sulphates at concentrations 
- (163) Just below the c.rn.c. • Leja observed that only the 

liquid - vapour interface was capable of the rapid changes 

in surfactant adsorption density required to account for 

the dynarnic contact anele effect. Noting +.hat dynamic con­

tact angles were found only in alkaline solutjnns, the 

undissociated amine was r.onsidered to be able to pack closer 

in the liquid surface since the re~llsive force of the 

charged head group is absent. 'Progressive c~ndensation' 
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occured giving a decreasing surface tension with time (162). 

No proof of surface aging in alkaline alkylamine solutions 

was given. 

The occurrence of a dynamic contact angle in a 

system will have a profound effect on mineraI floatability. 

The fresh air bubble will initially contact yielding a 

high contact angle and thus promote flotation. Since 

flotation of a single particle occurs over a very short 

time period (of the order of a few seconds), the contact 

angle will not diminish appreciably. Measurements of the 

contact angle taken at conditions approaching equilibrium, 

which is the usual procedure, will give little indication 

of this floatability. 

(d) Methods 

(i) Review 

In 1941, Ferguson(l64) reviewed the methods 

available for contact angle measurement, and divided them 

into three categoriest 

(1) Direct estimation of e; 

(2) Simultaneous determination of Y
lv 

and Y
lv 

cos e; 

(3) Measurement of cos e, with Y
lv 

for the system 

known. 

Category (1) has received the widest attention in 

aIl fields relating to contact angle behaviour. Its major 
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advantage is that only one variable is involved. The most 

frequently used in this group is the sessile drop technique. 

Zisman(15) uses this technique.on low surface energy solids 

(e.g. Teflon) and such data have helped to laya foundation 

to the understanding of wetting and adhesion(9,15,20). 
(165) Taggart et al. noted that such a procedure does not 

correspond to the flotation system. Hence Taggart, Taylor 

and Ince developed a 'captive bubble technique', which 

involved inducing a bubble of vapour to attach to a fIat, 

prepared mineraI surface submerged in the test solution. 

Results from the captive bubble technique have been shown 

to be different from those obtained using the sessile 

drop(166). This suggests that data from the captive bubble 

technique give information peculiar to the flotation system. 

The captive bubble technique has been widely 

used(6,82,8J,117,12J,132,138 >. The bubble is introduced 

via a capillary tube 50 that it grows to touch the prepared 

mineraI surface. The bubble is viewed through a microscope 

with a built-in protractor and adjustable cross-hairs, 

enabling a direct estimation of e. Alternatives are either 

to photograph the bubble or project its image onto a screen 

with subsequent measurement of e. From this record of the 

bubble shape and dimensions, the treatment of Mack and 

Lee(167-169) can be utilised. The latter yields a valu~ 

of e computed from aIl points of contact, thus averaging out 
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randorn variations. In the design used by Kim(137') the 

bubble is allowed to leave the capillary and rise to 

impinge on an inverted mineraI surface. 

Although the captive bubble technique has been 

widely used, certain criticisrns can be madel 

(1) There is no distinction between e
A 

and e
R

• It is 

assumed that the measured angle is e
E

, as defined 

by Adam and Jessop(148). Gaudin et al.( 145) suggest 

thateA and eR can be developed by leaving the 

bubble in contact with the capillary (a frequent 

procedure) and dragging the bubble across the solide 

However, Ablett(141,170 ) and Riddiford(171,172 ) 

have demonstrated that, depending on the force 

applied to move the liquid - vapour interface, the 

resultant contact angle would alter. As the force 

increased the measured contact angle increased. 

Because no control is given for the force applied 

in the procedure by Gaudin( 145), the measured 

contact angle is not a true indication of eA and 

eR• There is also no correlation with the forces 

involved in movement of the liquid - vapour 

interface relative to the mineraI surface as 

experienced under flotation conditions. 

(2) Interference occurs due to the presence of the 

bubble-generating capillary. This is a similar 
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problem to that outlined above, but applies to any 

circumstances where the capillary is left in 

contact with the bubble. There is no control over 

any impressed motion generated. The procedure of 

Kim had advantages in this respect. However, 

Gaudin(173) notes that with the bubble being below 

the mineraI, the direction of the interfacial tension 

forces maintaining the system does not correspond 

to that ùperating in actual flotation. 

(3) There is little control over the size of the bubble 

used, although variation of e with bubble diameter 

is reported(174 ,175). 

(4) The preparation of the mineraI surface is much more 

rigorous than that received by mineraI particles 

prior to successful flotation(144,154 ). The 

excessive polishing recommended( 165) could lead to 

changes in crystal form at the surface. The 

formation of an amorphous surface layer has been 

mooted(176,177). 

(S) The relative size of the bubble and mineraI are 

completely different from that experienced in 

flotation. 

Another direct evaluation of e procedure is the 

tilting plate of Nietz(178). It can be designed to enable 

the specimen to be moved in and out of the liquid - vapour 

, 
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interface, to simulate eR and eA respectively(149 ). 

However, the surface preparation is just as tedious and 

the operation more complex than that of the captive bubblè 

technique(149,179). As such it has received little use in 

flotation studies. 

In categories (2) and (3), the general criticism 

is that a Magnetite specimen cannot be obtained in the 

desired shape. This is true of the cylinder required 

the technique by Ablett(170 ) and the capillary tube 

required by sentis(81) • However one technique, which 

into category (3), is the suction potential technique, 

developed by Morrow et al.(144) for investigating the 

contact angle on granular materials held in a loosely­

packed bed. The technique offers several advantagesl 

(1) The solids for contact angle deterrnination and 

flotation testing can be the sarne size and be 

prepared in the sarne rnanner. 

(2) The value of e obtained represents the Mean of 

rnany measurernents on newly broken surfaces. 

in 

falls 

(3) Depending on whether the liquid is entering the 

packed bed of material or leaving, eA and eR are 

obtained respectively. 

(4) The bed throughout the test is surrounded by either 

liquid or saturated vapour so that non-reproducible 

contact angles due to air drying are eliminated. 
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There are, however, three disadvantagesl 

The equipment is more elaborate and the procedure 

is longer than with the other methods. Morrow(144) 

indicates a minimum of four working days are 

required. 

(2) Atmospheric variations will affect the applied 

suction potential. Isolation from the atmosphere 

is considered by Jowett(180) but he concludes it is 

not a straightforward problem. Therefore, constant 

monitoring of the suction potential is necessary. 

(3) A theoretical disadvantage is suggested by the work 

of Chahal and Yong(181,182). They demonstrated that, 

depending whether the moisture is removed from the 

bed by suction or pressure, a different potential 

versus moisture elimination curve results. However, 

the discrepancy is small and certainly will not 

conceal the effect of increasing dodecylamine 

concentration. 

The technique has been successfully employed for 

measuring contact angles of xanthate solutions with 

galena(l44) and of water on naturally floatable coals(l54). 

Primarily because of the first three advantages, the method 

was selected for determining contact angle data on magnetite. 

A comparison with contact angle data derived from the captive 

bubble technique(!l?,l)?) is available. 
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(ii) Suction Potential Technique 

Bartell( 183) in the late '20s developed a technique 

for measuring the contact angle developed on a powdered 

solid since known as the ~artell technique' or 'displacement 

technique'. Bartell assumed the powdered solid, wh en held 

in a packed bed, to act as a bundle of capillaries. Fig. 23 

represents the equilibrium condition, y, for one such 

capillaryl 

LIQUID PL 2r 
., 

Figure 23. Equilibrium Conditions for Liquid - Vapour - Solid Contact 

in a Capillary. 

At equilibrium. 

llP = 2 ( Y1v>;y: cosB;y: 
Y r 

••• )6 

!:::.Pr 
cos B = X y 2(Y1v >y 

••• 3? 

A m~asure of 6P, if rand Y1v are known, ~ives a measure 

of cos By. The surface tension, VIv ' of the liquin can be 

found independp.ntly but r for the packed bed h~s ta be 
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determined indirectly. From Eq. 37, if e = 0, i.e. the 

liquid completely wets the solid, thenl 

1 = 

where the subscript x represents the new condition of 

complete wetting. 

Thus,substituting Eq. 38 into Eq. 37 givesl 

cos e 
y = 

The values of (YI) , (YI) are known and ~p and ~p v x v y y x 
can be measured. Assuming no change in 'r', e can be 

y 

evaluated. 

. . (184-187) 
This techn1que has been w1dely used but 

Haines(188) has demonstrated that a compl~x relationship 

exists between the equilibrium pressure, 6F, and the 

moisture content of the soil bed. The latter parameter 

••• 38 

··.39 

was measured as a per cent saturation, s, the water content 

of the bed at a particular instant as a per cent of the 

total amount of moisture the bed could hold under the same 

conditions. If a steadily increasing negative pressure, or 

suction potential, is applied to a packed bed saturated with 

moisture, the decrease in s against 6P follows curve R , o 
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the 'primary desaturation' curve, shown in Fig. 24. 
sp > 6P3 
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Figure 24. Primary Desaturation - Secondary Desaturation - Pendular 

Imbibition, or Ro - R - A, Curves for Conductivity Water 

in a Packed Bed of High Surface Energy Solids. 

This indicates that a suction potentia1 greater than 6Pt 

is required to reduce the saturation noticeab1y. Moisture 

is then readiJy removed, f10wing as a continuous 1iquid 

channel through the capil1aries. Above 6P2 the moisture 

leve1 is insufficient to maintain this continuous liquid 

channel and moisture is 1eft in isolated pockets surrounding 

the particles. The 'irreducib1e minimum water content', s , 
p 
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corresponds to the value of s at ~P3(144). If now the 

suction potential is continuously reduced, the bed takes 

up moisture according to curve A. Curve A is called the 

'pendular imbibition' curve. The moisture level never returns 

to 100% saturation. The difference, sa' represents the 

maximum volume of entrapped air resulting from the removal 

of moisture. It is possible to repeat the desaturation 

giving curve R, the 'secondary desaturation' curve. Curve R 

and curve Ro should coincide at roughly ~Pl (144). The 

graphical presentation given in Fig. 24 indicates the cornplex 

relationship observed by Haines(188). 

An extensive rnathematical treatrnent of the curves 

of Fig. 24 is given by Morrow et al. (144) and others( 189-191 ). 

The relevant equation, however, can be deduced from an 

extension of the treatment offered by Bartell( 183). For 

each equilibrium point, i.e. position on the curves, the 

suction potential, ~P, is related to the surface tension 

Ylv ' capillary radius r, and contact angle e, as indicated 

in Eq. 36. Considering a bed for which 'r' is constant, 

then the R - A cycle for two different liquids can be 

idealised as in Fig. 25. If the full line represents the 

condition x, where the liquid completely wets the bed 

(cf. Bartell) and the broken line the condition y, where a 

finite contact angle is developed, then for any value of s 

on curve RI 
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= ••• 40 

A similar equation can be derived for curve A. This means 

that two contact angle measurements are given. This i~ the 

unique advantage of the technique. Curvp R represents the 

dynamic equilibrium between the retreatin~ liquid - vapour 

interface and a solid substrate, while curve A represents 

the dynamic equilibrium bp.tween an advancing liquid - vapour 
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interface and solid substrate. Thus curve R represents the 

retreating angle and curve A the advancing angle. Using 

R and A as subscripts gives the equations as usedl 

= 

and = 

~)R 
(~)A 

••• 41 

••• 41a 

The equations are valid for aIl values of s. Morrow(144) 

and Bailey et al. (154) suggest the use of s = 50% as 

representative of the contact angle formed in order to 

facilitate comparison with data derived by alternative 

techniques. Thusl 

= 

and = 

where hy = suction potential in cm of 

at s = 50~ for condition y 

and hx = suction potential in cm of 

at s = 50~ for condition x. 

••• 42 

••• 42a 

water 

water 

The values of h and h are given on the R - A cycle curves. x y 
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The major problem is to ensure that for successive 

tests 'r does not alter. Bartell(18J) was forced to use 

packing pressures up to 2,500 p.s.i. to obtain reproducible 

beds. Such packing pressures cannot be used in the suction 

potential technique and Morrow(144) was forced to measure 

'r' for each bed. However, a recent modification by 

Jowett(180) has enabled the same, undisturbed bed to be 

used for successive tests. The modification is to hold the 

bed in place by means of a tight-fitting piece of screen 

cloth. Thus, washing the bed with test solution does not 

disturb the bed and cause changes in 'rte Unfortunately 

this leads to a problem concerning water retention by the 

screen cloth, over and above that held by the bed. 

Jowett(180) found that if the sample was supported 5 cm 

above the measuring tube, then sufficient head was provided 

to remove moisture from a J5 mesh screen gauze. The bed is 

not apprecialby affected by this added head, as shown in 

Fig. 24. 

In order to calculate BA and BR' therefore, it is 

necessary to establish a base R - A curve for water, which 

naturally wets magnetite, and then compare the R - A curve 

for various test solutions at 50% saturation. 
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Apparatus and Procedure 

The essential features of the apparatus, shown 

diagrammatically in Fig. 26, are. 

(1) The Suction Head. A filter funnel of cross­

sectional area 9.6 cm2 and guaranteed maximum pore 

size 1.4 ~ was used. The fine pores are required 

to prevent air being drawn into the system. The 

sample is placed evenly on the fritted glass in a 

thin layer(144), and hp.ld by a piece of tight­

fitting 35-mesh screen gauze(180). About 12 gm of 

water-saturated Magnetite, spread evenly, gave a 

bed depth of -0.5 cm, approximately the condition 

recommended by Morrow et al. (144). The suction 

head was enclosed in an inverted beaker to maintain 

a saturated atmosphere above the magnetite (see Fig.27). 

(2) The Calibrated Measuring Tube. A tube of uniform 

internaI diameter, 0.4 cm, was selected to measure 

the moisture loss from the bed. As suction is 

applied to the bed, moisture reports to the 

measuring tube; and readings of length, l, of the 

water column against suction potential, 6F, were 

made. At the end of aIl tes~ing an actual value of 

moisture content of the bed was determined for a 

known value of 'l'. Knowing the internaI tube 

diameter, the relationship between 'l'and 
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FIGURE 26 

SUCTION POTENTIAL APPJ\.RATUS 
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FIGURE 27 

SUCTION HEAD ASSEMBLY 
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% saturation, s, can be calculated (see Appendix IV). 

The Water Manometer. From the data of Morrow et 

al.(144) a 100 cm water manorneter is suitable for 

use with -65 +80 rnesh rnaterial. 

(4) The Two Carboys. These provide for a carefully 

controlled variation in the suction potential, 

which Morrow recornmends to be in increments of 

4 cm of water(144). Carboy 1 was first evacuated 

by rneans of a purnp and then carboy 2 allowed to 

drain, in controlled incrernents, into carboy 1 via 

AlI the glassware, excluding the carboys, was 

cleaned with acid dichrornate solution and carefully rinsed. 

Special care was required to ensure that aIl acid was 

removed from the fritted glass. The rneasuring tube was 

treated with a solution of 'Dri-cote' to provide a non-

} wettable surface(180). The joints were baIl and socket type 
J 

and were lightly greased. Tygon tubing was used to connect 

to the vacuum assembly. AlI seals were made with a resin 

glue. After initial testing, the equipment was observed to 

be air-tight. 

The suction head assembIy, up to the measurine tube, 

was fi lIed with water and the sample added. The procedure 

was as followsl 
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Tap T2 was opened to connect the measuring tube to 

the atmosphere via drain D2- Tap Tl was turned to 

connect the suction head to the measuring tube. 

Excess moisture can drain naturally from the bed and 

be observed in the measuring tube. The 100% 

saturation point wœ taken when, over a period of 

one hour, no further movement of the liquid column 

in the measuring tube w~ noted. 

(2) Tap T2 was left open to the atmosphere and tap Tl 

turned so that the liquid held in the measuring 

tube could empty via drain Dl. The meniscus can 

be adjusted to read zero on the scale. 

(3) Tap Tl was turned to re-connect the suction head to 

the measuring tube. 

(4) Tap T4 was closed, tap T
S 

opened and the pump 

connected. Carboy 1 was evacuated and tap T
S 

was 

then closed. 

(s) Taps Tl' T2 and T
J 

were turned to connect carboy 2 

to the suction head via the water manometer and 

calibrated measuring tube. 

(6) Tap T4 was opened, the desired suction potential 

recorded on the water manometer, and then tap T4 
was closed. 

(7) The system was left until movement of the liquid 

column in the measuring tube ceased. Equilibrium 
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dodecylamine solutions were compared to a base R - A cycle 

for water determined under the same conditions. 

With the base curve established, alkaline (pH = 9.5) 

solutions of dodecylamine, in increments up to 35 mg/l, 

were tested. After the final solution of 35 mg/l had been 

tested, conductivity water was again flushed through the 

bed. The irreducible minimum water content was established 

and, with the bed still under suction and 'l' noted, the 

moisture content of the bed was determined. The calibration 

curve of 's' against 'l' was then constructed (see 

Appendix IV). 
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Results 

Fig. 28 shows the primary saturation - secondary 

desaturation - pendular imbibition cycle, or R - R - A, 
o 

for conductivity water. The primary desaturation curve 

rises sharply from 100% saturation (s = 100%), tends to the 

horizontal at about 80% saturation and a suction potential 

of 25 cm of water (~1' see Fig. 24), and rises sharply 

again at 20% saturation and a suction potential of 40 cm 

of water (~2). Thus, as the suction potential, ~P, varies 

from 25 to 40 cm of water, the % saturation, s, diminishes 

from 80% to 20%. 

9% saturation. 

The minimum water content, s , is about 
p 

The pendular imbibition curve follows a 

similar trend but the suction potential is lower for any 

given degree of saturation. The corresponding changes in 

slope occur at 70% saturation and a suction potential of 

11 cm of water, and 22% saturation and a suction potential 

of 25 cm of water. Thus, as the suction potential varies 

from 25 to 11 cm of water, the % saturation increases from 

22% to 70%. The maximum volume of entrapped air, s , is 
a 

about 12% saturation. The secondary desaturation curve is 

similar to the primary desaturation curve, rising steeply 

to within 5% of the primary desaturation curve at a suction 

potential of 25 cm of water (~Pl ). The primary and 

secondary desaturation curves are coincident at a suction 

potential of )4 cm of water and 40% saturation. At 50~ 
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FIGURE 28 

PRIMARY DESATURATION - SECONDARY DESATURATION 

- PENDULAR D1BIBITION CYCLE, R - R - A, 
o 

FOR CONDUCTIVITY WATER IN A LOOSELY PACKED BED 

OF -65 +80 MESH MAGNETITE 
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saturation (the % saturation at which h , h are taken), the 
x y 

difference between the primary and secondary desaturation 

curves is less than 2%. 

Fig. 29 compares the secondary desaturation -

pendular imbibition cycle, R - A, obtained for separate 

tests with conductivity water. The secondary desaturation 

curves are virtually coincident, the pendular imbibition 

curves showing a tendency to separate. At 50% saturation 

the error involved in the pendular imbibition curves is 

about 5%. The average of these two cycles was taken as the 

base R - A cycle (i.e. condition x). 

Figs. 30 - 36 compare the R - A cycle developed 

from flushing the bed with test solution (i.e. condition y) 

with the base R - A cycle. The solute concentrations 

range from 0.1 mg/l to 35 mg/l dodecylamine acetate. 

Between concentrations 0.1 mg/l and 1 mg/l little variation 

occurs. At 10 mg/l, the R - A cycle separa tes noticeably 

from the base R - A cycle, the former having a lower value 

of suction potential for any given degree of saturation. 

From 15 to 35 mg/l, the magnitude of this separation remains 

fairly constant but tends to reduce between 25 and 35 m~/l. 

Fig. 37 shows the effect of final re-washing of 

the bed with conductivity water. Compared to 35 mg/l, it 

indicates that the R curve tends to return to the base 
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FIGURE 29 

COMPARISON OF TWO R - A CYCLES 

USING CONDUCTIVITY WATE.R TO OBTAIN 

THE BASE R - A CYCLE 
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FIGURES 30 - 36 

R - A CYCLES FOR SOLUTIONS OF DODECYLAMINE ACETATE 

FIGURE DDA CONC'N (mg/l) PAGE 

30 0.1 125 

31 1.0 126 

32 10.0 127 

33 15.0 128 

J4 20.0 129 

35 25.0 130 

36 35.0 131 
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FIGURE 37 

R - A CYCLE AFTER RE-WASHING 

WITH CONDUCTIVITY WATER 
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R curve, although the A curve appears unaffected. 

Fig. 38 indicates the variation of eA and e
R 

- (determined at s = 50%) with dodecylamine acetate 

concentration compared to the variation in e
E 

as determined 

by Kim(l17,137) using the captive bubble technique. It 

shows that eA is zero at concentrations less than about 

5 mg/l, rising to a maximum of about 400 between 14.0 and 

18.0 mg/l, declining to zero again at about 35.0 mg/le 

Accuracy is about t 60
• The value of eR is zero at aIl 

concentrations. Contact angle values ofe E follow the 

same trend as eA but over an extended region, giving finite 

values over a range 1.0 to 80.0 mg/le The maximum value 

of 600 occurs at about 25.0 mg/le 
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Discussion 

The Ro - R - A cycle for conductivity water shown 

in Fig. 26 is similar to that obtained by Morrow(144) using 

-60 +72 mesh galena. The changes in slope correspond to 

those of Morrow, as do the values of sand s. The R - A 
P a 

curves resulting from test solutions indicate the same 

type of deviation from the base R - A curves. Before 

discussing the resulting contact angle data, several 

experimental points should be noted. 

(1) After the initial test with pure water it was noted 

that a moisture loss had occurred by evaporation 

from the bed. A watch glass coyer for the suction 

head was provided and then the suction head was 

surrounded by an inverted beaker. The air inside 

the beaker was kept saturated by allowing water to 

drain continually on to filter paper inserted under 

the beaker (see Fig. 27). 

(2) It proved impossible to drain aIl the moisture from 

the 35 mesh screen gauze even with the 5 cm head 

difference, as revealed by a tendency for the R - A 

cycle to shift to reduced saturation levels. AlI 

curves were corrected to the initial sa value 

obtained in the first run before the screen gauze 

had become wet, i.e. prior to the first bed washing. 

Such a correction is justified sinee the development 
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of a contact angle does not affect the irreducible 

minimum water content, sp(144,19 2- 4 ). Further 

experimentation is required to overcome this problem 

of excess water retention. 

(3) The R curves for the test solutions have an 

indefinite starting point, the start lying between 

sa for pure water and s = 100%. This arises from 

conditioning the bed in situ, the trapped air being 

partially replaced upon washing the bed. The value 

of sa ~ 12% agrees weIl wi th values for irregular 

shaped particles(194 ). 

(4) Towards the end of the series of nine tests, the 

sides of the measuring tube started to wet. This 

will affect the R - A cycles of the later tests. 

Jowett(180) claims that the measuring tube wjll need 

treating only very infrequently. From the present 

work, about eight tests is the maximum before the 

measuring tube should be re-treated. 

The above problems arise from the modifications of 

Jowett, although more rapid testing is promoted. The 

original method of Morrow(144) appears to allow better 

control of the system. 

(5) A pronounced pH drift was observed, as noted 

previously in the surface tension work. Throughout 

the bed conditioning period the pH was monitored and 
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adjusted to hold 9.5 ~ 0.3. Kim(137) did not 

note any comparable drift. Once the R - A cycle 

is entered, any pH variation cannot be controlled. 

The problerns of pH drift must be solved before 

further work in alkaline regions is attempted. 

Noting that Kim's data took only about 30 minutes 

to obtain, any pH drift will probably have a minor 

effect. In this respect, the captive bubble 

technique has an advantage at pH 9.5. 

(6) The initial bed conditioning can cause problerns. 

Morrow et al.(144) conditioned the galena sample in 

500 ml of xanthate solution for ten minutes. 

Conditioning in situ(180) has the added advantage 

of prolonging exposure, approximately two days in 

the present investigation. Work in this laboratory 

indicates that 50 ml of dodecylamine acetate 

solution is sufficient to condition two gram samples 

of -)25 +400 mesh hematite and quartz in six hours(120) 

and ten hours(121) respectively. Since the Magnetite 

sample used in the present investigation is much 

coarser (-65 +80 mesh), the total surface are a is 

smaller and complete conditioning can be assurned. 

(7) The necessary four to five days required to 

establish the R - A cycle for a given dodecylarnine 

concentration meant that the time required to test 

the entire amine concentration range covered in the 
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surface tension work would be prohibitive. The 

alkaline region, pH 9.5, was selected since it 

enabled the full surface tension variation to be 

utilised with solute strengths up to only 35 mg/le 

At concentrations greater than this, precipitation 

of undissociated amine would change the bed 

characteristics. A comparison with captive bubble 

contact angle data at this pH is available from 

the work of Kim(11?,13?). Kim also notes that 

-pH 9.5 represents a good region for flotation, as 

it is for most oxides using dodecylamine(119). 

Therefore, the work of adhesion formula is weIl 

tested at this pH level. 

(8) Deterioration of the dodecylamine acetate over such 

extended time periods as used in the suction 

potential technique was considered. The acetate is 

susceptible to conversion to the acetamide(158 ). 

Subsequent flotation testing usin~ solutions of 

different age revealed no differences. Therefore, 

deterioration was not considered important. 

(9) The final re-wash of the bed, using conductivity 

water at neutral pH (Fig. 37), did not return the 

R - A cycle to the base condition, x. However in 

a simiJar experiment, ~orrow and GaUdin(6) required 

over 500 ml of conductivity water to remove a1sorbed 

dodecylamine from a hematite surface. After 50 ml, 
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desorption was less than 25% complete. Janis(195) 

determined the desorption characteristics of 

dodecylamine adsorbed on silicates, and found that 

at pH 11.0, 70% desorption was the maximum 

attainable. Janis measured the adsorbed species on 

the solid surface as opposed to Morrow and Gaudin, 

who deterrnined the presence of dodecylamine in the 

wash solution. Either of these previous observations 

account for the results shown in Fig. 37. If Janis 

is correct~ then adsorbed amine is still present at 

the magnetite surface and will affect the R - A 

curve, as was observed. 

(a) Advancing Contact Angles 

From Figs. 30 - 36, eA and eR were calculated at 

s = 50~ saturation according to Eqs. 43 and 43a, and are 

plotted in Fig. 38. The 50% saturation level corresponds 

to the horizontal section of the R - A cycle. The 

estimated error of ~ 6 0 is due to the 5% deviation 

encountered in establishing the base R - A cycle (Fig. 29) 

and from an estimated 5% error in the value of the 

equilibrium surface tension. From the surface tension work, 

it is noted that at pH 9.5 a significant surface aging time 

was involved. However, aIl the liquid - vapour interfaces 

in the mineraI bed must be con~idered as older than one 
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minute, and, therefore, at equilibrium. Errors of t 6°-are 

not uncommon in this technique(1 54), and reflect the 

uncertainty of measuring contact angles, especially with 

rough-surfaced particles as used in flotation. 

It follows from the contact angle values of e
A 

and 

eR,given in Fig. )8,that eA ) eR. This implies that, 

energetically, it is more difficult to create bubble -

particle attachrnent than it is to maintain the attachment 

once it has been achieved. Morrow(144) observed that 

eA ) eR and concluded that eA = eE(as measured in the 

captive bubble technique). From the present data, the 

variation in eA and e
E 

are similar, but the latter tends 

to be sorne 200 higher and covers a wider concentration 

range. 

Two possible explanations are available. 

(1) Fig. 39 indicates the variation of eA with 

dodecylamine concentration at various saturation 

levels. As the % saturation increases, the measured 

contact angle increases. It is weIl known that 

sorne mineraI particles will not float while others 

do. A wide variation in contact angle values is 

indicated, and the noted variation of contact angle 

with % saturation may be a reflection of this. 
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FIGURE 39 

VARIATION IN CONTACT ANGLE 

WITH % SATURATION OF MAGNETITE BED 



g .... 

ID ID 
.... . 
o 

( 



( 

.. 

142 

The variation of BA at s = 70% closely corresponds 

to the contact angle data given by Kim(ll?). The 

possibility that the relative quantities of vapour and 

liquid in contact angle measurements May affect the result 

has not been considered in captive bubble tests. Kabanov 

and Ivanishchenko(1?5) note that the measured contact angle 

increases with a decreasing diameter of attached bubble, 

but capillary pressure inside the bubble, and not the vapour -

liquid ratio, is considered the deterrnining factor(174 ). 

Certainly in Most captive bubble testing, the liquid phase 

covers more of the solid than the vapour phase, i.e. the 

% saturation is greater than 50%. That the contact angle 

should become larger as the vapour phase becomes less 

abundant appears contradictory, although the observations 

of Kabanov and Ivanishchenko(175) are effectively the same. 

Morrow and Jowett(144) note an increase in contact angle 

with % saturation, although it is not so marked as in the 

present investigation • 

(2) Smith and Laj( 123) observed that alkaline 

dodecylamine solutions gave large dynamic contact 

angles on quartz surfaces. According to Leja(162), 

the reason was surface aging of the solution. Thus 

dynamic contact angles can exist in the dodecylamine 

- Magnetite system. The liquid - vapour interface 

once established in contact with a ~olid tends to 
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remain stable. Such factors as surface roughness 

help promote the stability of the bubble perimeter 

of contact with the solide It is quite possible 

that the initially large contact angle value noted 

by Smith and Lai could become metastable under 

conditions which dictate a much smaller, or even 

zero, contact angle. A dynamic contact angle, 

metastable for any length of time, May explain why 

dynamic contact angles have been so rarely observed. 

In the present investigation, the prolonged contact 

between the three phases means that true equilibrium 

is more nearly approached. Lower values of the 

contact angle would result. 

The variations in e A and e ~ shown in Fig. 38, 

indicate that under equilibrium conditions, fini te contact 

angle development occurs over a limited concentration range. 

If the rule e) 40 0 for successful flotation is applied (119), 

this concentration range is even more restricted. The range 

depends on whether the e A or e E variation is considered. 

The latter gives about twice the range. From Fig. 39, 

an increase in saturation of the magnetite bed also gives 

an increase in the amine concentration range. However, 

in aIl cases, the shape of the curves is similar; a 

maximum value of contact angle between 10.0 and 25.0 mg/l 

with a rapid decrease in contact angle at concentrations 

outside this range. Therefore, dodecylamine solutions 
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exhibit maximum de-wetting power on magnetite surfaces at 

concentrations between 10.0 and 25.0 mg/le 

The Young equation states that for finite contact 

angle developmentl 

At amine concentrations between 10.0 and 25.0 mg/l, 

Ylv - (Ysv - Ysl ) must be a maximum. Since, from the 

surface tension of dodecylamine solutions at pH 9.5 (see 

Fig. 16), concentrations 10.0 to 25.0 mg/l indicate a 

decreasing YI ' a reduction in (y - y 1) must also have v sv s 
occurred. 

The theory introduced by Zisman(15) enables the 

quantities, Y and y l' to be eliminated in favour of the sv s 
single parameter Yc ' the critical surface tension of 

wetting. A finite contact angle occurs ifa 

YI - y ) o. v c 

At amine concentrations between 10.0 and 25.0 m~/l (YI - Y ) - v c 

must be a maximum. Because the value of Y1v reduces over 

this range, a reduction in y of the solid surface must c 

have occurred. 

Adsorption of dodecylamine at the solid surface and 

liquid - vapour interface controls Yc and Ylv respectively 
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and hence the condition (y Iv - y c) > o. When no 

dodecylamine is present, water completely wets a magnetite 

surface. Since Ylv for water is -72 dynes.cm-1, Y
c 

must 

be greater than 72 dynes.cm-1 for a clean magnetite 

surface. Upon addition of dodecylamine, positive adsorption 

at the interfaces occurs(26) and Ylvand Y
c 

reduce. The 

mechanism proposed is that at concentrations less than a 

value characteristic of the system, adsorption at the solid 

surface is insufficient to yield YI > Y , and so a contact v c 
angle does not develop. In the present system, the 

concentration at which a contact angle is first formed is 

in the region of 1 to 5 mg/le At concentrations greater 

than this characteristic value, (Ylv - Yc ) ) 0 holds. 

Adsorption at the solid must be such that a rapid reduction 

in ~ occurs. This indicates that a greater adsorption 

density at the solid surface than at the liquid - vapour 

interface is required. Recently, Somasundaran(27), 

Sandvik and Digrê(69 ) and Ter-Minassian-Seraga(195) have 

reported that, in the presence of a gas phase, adsorption 

at the solid surface is greater than at the liquid -

vapour interface. In contact angle determinations, agas 

phase must always be present. From the observations of 

Somasundaran, Sandvik and Digrê and Ter-Minassian-Seraga, 

a reduction in Yc ' greater than that ir. Ylv for a eiven amine 

concentration increase, is possible. 



( ) 

146 

At concentrations 10.0 mg/l to 25.0 mg/l, the 

reduction in Ylv and Yc is such that (Y lv - Y
c

) is a 

maximum, and contact angle development Most pronounced. 

As the concentration is taken beyond 25.0 mg/l, Y
lv 

continues to reduce, but Y approaches a lower limiting c 
value. Thus, Ylv- Yc at concentrations greater than 

25.0 mg/le Consequently the mineraI surface appears 

hydrophyllic in relation to the dodecylamine solution 

and the contact angle is zero. It is notable that the 

inside walls of the calibrated measuring tubes started to 

wet at the end of the experiments, indicating the 

dodecylamine solutions were no longer rende ring the 

silica surface hydrophobic. 

The lower limiting value of y will approach that 
c 

of a dodecylamine surface as the magnetite surface is 

progressively covered by adsorbed amine, and monolayer 

coverage is approached. The value of y for dodecylamine 
c 

can be found experimentally(15,1 96). Fowkes(20) has 

indicated that, within experimental error, Y = yd, the c 

dispersion force contribution to the surface tension. 

Since dodecylamine is a hydrocarbon, yd = Y
DDA

, the surface 

tension of dodecylamine(9). From the surface tension work, 

the liquid - vapour interface at concentrations approaching 

the c.rn.c. tended to a monolayer coverage of dodecylamine~ 

Therefore, the surface tension of dodecylamine, i.e. 
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-1 YDDA ~28 dynes.cm Thus Yc has a lower limiting value 
-1 

of -28 dynes.cm • At concentrations greater than 

/ 
-1 25.0 mg l, Ylv approaches 28 dynes.cm and hence the 

de-wetting power of the solution diminishes. 

The general trend observed in the surface tension 

vs. amine concentration fits the observed variation in 

contact a.ngle vs. amine concentration, regardless of the 

actual contact angle values considered. Conflicting data 

are given by the capillary rise technique, since a fini te 

contact angle appears to hold at concentrations greater than 

25 mg/le A rise in surface tension results was observed, 

but was attributed to the decrease in pH which occurs in 

alkaline amine solutions. Somasundaran(27) indicates 

that the surface tension, using the capillary rise 

technique, does increase. The problem of obtaining 

satisfactory equilibrium conditions possibly masked Ylv 
variations. 

The surface tension of the solution in which the 

magnetite is immersed plays an important role in determining 

the wetting characteristics of the system. It is not 

~ufficient ta consider a surface being rendered hydrophobie 

by adsorption of surfactant at the solid - liquid interface 

without regard for the adsorption occurinE at the liquid -

vapour interface. 

The reducing values of lv and Y c and the 
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development of (y] - Y ) > 0 are shown in Fig. 40 • . v c 

-N • B 
u . 

:Yc pure ugneti te . 

-25 

OONCENTRATION(mg/l)~ 

Figure 40. Variation in Y1v and ~ witb Dodecylamine Acetate 

Concentration. 

The diversity of the contact an~le data for thiR 

system is surprising sin~e contact angles are considered 

as characteristic of a piven system. However. differinF 
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results obtained from equilibrium conditions indicate that 

initiation of bubble - magnetite contact does not depend on 

the wetting properties of the solution. Bubble - particle 

collision kinetics or bubble surface charge may be 

controlling contact. However, flotation conditions are not 

at equilibrium, and as such BR = 0 could be true for the 

system at equilibrium but not reflect the system under 

flotation conditions. Once contact is achieved, the 

resulting advancing contact angle, BA' canbe explained in 

terrns of the wetting properties of the equilibrated system. 
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Conclusions 

(1) The suction potential technique and the captive 

bubble technique must be considered as 

complementary. The former yields both eA and eR and gives 

such values at truly equilibrated surfaces. The latter, if 

carefully handled, will yield dynamic contact angle values. 

The worth of either to any given system has to be assessed. 

(2) The modification of Jowett(180) may result in 

operational difficulties. AIso, it can not be 

satisfactorily demonstrated that the bed pore radius, r, 

does not vary after repeated use of the same bed. 

(3) The general observation that eA ) eR' is 

substantiated. 

(4) Over aIl finite values, eA (as measured at s = 50%) 

is lower than e
E

• The value of eA at s = 70% 

approaches e
E

, suggesting that the ratio of liquid to 

vapour is important. Alternatively, eE May be high, since 

a metastable, dynamic contact angle can exist in this 

system. 

(5) The variation of eA with concentration of 

dod~cylamine acetate at aIl saturation levels is 

similar to that of e
E

• 

(6) The dependence of the absolute value of eA on the 
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% saturation may indicate that a true contact angle 

value cannot be applied to flotation systems. 

(7) Theoretically, surface roughness can promote a 

variety of contact angle values, by the stability 

it imparts to the triple point, liquid - vapour - solide 

(8) The variation in e A (and e E) can be explained in 

terms of the variation in (Y lv - Yc ) with increasing 

amine concentration. The contact angle approaches zero 

when y - y - -28 dynes.cm- l • Iv c 

(9) e R = 0 for aIl conditions of concentration and 

% saturation, indicating tha~ for equilibrium 

conditions, replacement of dodecylamine solution at the 

solid surface by vapour. is not spontaneous. eR = 0 is 

possibly due to surface roughness. 



154 

( i 

FIGURE 41 

WORK OF ADHESION 

vs. DODECYLAMINE ACETATE CONCENTRATION 
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is zero at concentrations less than about 8 mg/l and 

greater than JO mg/l. Kim's data show a greater spread, 

the work of adhesion being finite in the range 1 mg/l to 

80 mg/le The maximum value of approximately 18 ergs.cm-2 

occurs at about 10 mg/le In both cases, work of adhesion 

~educes rapidly at concentrations outside the range 

corresponding to the maximum work of adhesion. 

In order to test the calculated work of adhesion 

variation under flotation conditions, flotation tests were 

carried out on magnetite in dodecylamine solutions at 

pH 9.5 over the concentration range covered by the work of 

adhesion curves. 



( 
Flotation 

(a) Apparatus and Procedure 

The cell used was one previously developed and 

tested in this laboratory(120, 129). A full description 

of the apparatus, design and operation is given in a recent 

paper(198). The design of the stirrer was improved to 

provide better agitation as the particle sizes to be tested, 

-65 +100 mesh, were much coarser than the samples originally 

tested, -325 +400 mesh. AIso, a higher nitrogen flowrate 

was used, 100 ml/min. (at 76 cm of mercury) as opposed to 

20 1/ ° (120) m ml.n. • 

The -65 +100 mesh magnetite sample was prepared 

and stored under distilled water. It was from this sample 

that the -65 +80 mesh material used for contact angle work 

was isolated. Flotation testing was carried out on 

approximately 1 grn of dry magnetite, delivered by a 

specially designed scoop(199). In order to provide a 

measure of the importance of the solid - liquid interface 

to flotation, two sets of flotation tests were performed, 

one with zero conditioning time, the other using a thirty 

° t dOt ° ° t ° d d b KO (137) ml.nu e con l l.Onlng l.me, as recommen e y lm • 

For zero conditioning time, the 1 gm sample was 

placed directly into the cel1, the desired solution added 
(120 ) 

and flotation performeà for thirty seconds. • In the 
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case of thirty minutes conditioning time, the sample was 

first placed in a 50 ml vial, which was filled with test 

solution and stoppered with a rubber serum cap. Air was 

carefully removed by means of a hypodermic syringe(120), 

and the vial rotated end over end for thirty minutes. The 

total vial contents were then added to the cell and the 

flotation test performed. 

The recovery was calculated by collecting, drying 

and weighing both the float and sink products. AlI the 

flotation tests were performed in duplicate. 

(b) Resul ts 

Fig. 42 shows flotation recovery versus concentration 

of dodecylamine acetate. At concentrations less than 10 mg/l 

recovery is zero, for both conditioned and non-conditioned 

samples. Between 10 and )0 mg/l, the recovery for the 

conditioned Magnetite rises sharply, being 100% at 

concentrations greater than )0 mg/l up to at least 200 mg/le 

The recovery curve is less reproducible for the non­

con~itioned magnetite, but 100% recovery is observed at 

concentrations Ereater than 100 m~/l. 

Fig. 43 cornparps the recovery of rnagnetite from 

the conditioned sample to th~ variation in work of adhesion 

K
· (117,137) d 

according to the captive bubble data of lm an 

the present suction pote~tial investigation, based on a 



--_._------_. __ ......... .. 

158 

( i 50% saturation level. 
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FIGURE 43 

MAGNETITE RECOVERY AND WORK OF ADHESION 

vs. DODECYLAMINE ACETATE CONCENTRATION 
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GENERAL DISCUSSION 

From Fig. 42, magnetite recovery for conditioned 

and non-conditioned surfaces commences at about 10 mg/l. 

According to Fig. 4), 10 mg/l corresponds to the maximum 

work of adhesion, WA• At concentrations between 10 and 

25 mg/l, the contact angle development was maximum, which 

was interpreted as the maximisation of (Ylv - Yc ). Thus, 

the initiation of magnetite flotation corresponds to the 

maximum measured hydrophobicity of the mineraI in alkaline 

dodecylamine acetate solutions determined under equilibrium 

conditions. Flotation only occurs when the contact angle 

reaches a certain value, in fact its maximum value. 

'Good' flotation is noted above e = 40 0 (119), suggesting 

that a certain contact angle must be reached. 

Two notable features in the surface tension 

determination at pH 9.5 were the 'failure' of the drop 

weight technique at concentrations between 10 and 20 mg/l, 

and the sharp decrease in measured surface tension using 

the capillary rise technique at concentrations between 

15 and 25 mg/le Both were explained by the glass surfaces 

of the equipment beine rendered hydrophobie under thp. 

action of the dodecylamine acetate solution. The subsequent 

contact angle work on Magnetite revealed maximum hydro­

phobicity for the system at similar concentrations. This 
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correlation between Magnetite and silica surfaces 

indicates that the amine solution chemistry controls the 

hydrophobicity of the two oxides. Under equilibrium 

conditions, therefore, solutions of dodecylamine acetate, 

at concentrations between 10 and 25 mg/l, at pH 9.5, can 

render silica and Magnetite surfaces hydrophobic. 

At concentrations greater than 25 mg/l, flotation 

recovery continues to increase, but the work of adhesion 

diminishes. Fig. 38 shows that the contact angle also 

diminishes above 25 mg/l, becoming zero at about 35 mg/l 

in the present investigation. Fuerstenau(134 ) demonstrated 

that flotation recovery and contact angle in the hematite -

dodecylamine system increase together. This is clearly 

not the case with Magnetite in alkaline dodecylamine 

solutions, regardless of the contact angle data chosen. 

An increase in % saturation of the Magnetite bed in the 

suction potential technique indicated an increase in contact 

angle. Most flotation occurs with the liquid phase 

predominating. However, at s ~ 70%, the contact angle 

trend does not support the noted flotation. At s = 80%, 

the trend can only be inferred by comparing to the curves 

at lower ~ saturation. However, aIl the curves being of one 

family, it is reasonable to assume that the trend will be 

similar. Measurements at 5 = 80% are in doubt due to 
(144 ) 

difficulty in reading the R - A cycle • 
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From the Young equation and the Zisman model, a 

high value of Ylv promotes contact angle development and 

hence floatabilityl 

y - (y - y ) ) 0 
Iv sv sI ••• Young 

••• Zisman 

The surface tension determination, using the maximum 

bubble pressure technique, indicated that alkaline solutions 

of dodecylamine acetate are subject to pronounced surface 

aging. The surface tension in the few seconds required for 

flotation can be sorne 10 to 20 dynes.cm-1 greater than 

values of surface tension recorded at equilibrium. The 

surface aging phenomenon is, therefore, advantageous to 

flotation in this system. Therefore, the equilibrium 

measurements of eA and eR cannot be applied to the 

flotation condition. In this case, eR = 0 may not be 

applicable to flotation, and spontaneous replacement of the 

solution at the solid surface may be possible. 

The work of Smith and Lai( 123) has shown that 

dynamic contact angles exist in alkaline dodecylamine 

acetate solutions above pH 9.1. Without a knowledge of 

the surface aging effect in these solutions, a metastable 

dynamic contact angle could be postulated as responsible 
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for the observed flotation. . (162) 
LeJa proposed that the 

dynarnic contact angle was due to a surface aging effect. 

This is supported by the present observations. Leja 

considered "progressive condensation" occured, the non-

charged amine molecule tending to pack closer into the 

solution surface. This should show itself in an increased 

equilibrium adsorption density and a lower minimum surface 

tension, in comparison to neutral solutions. Neither of 

these observations were made in the present investigation, 
(65) (60) . 

nor by Manser and Bartell on alka11ne dodecylamine 

and decylamine solutions respectively. 

The correlation between the reported dynamic contact 

angle and surface aging is substantial. Both occur over 

the same time period, 0 - 100 seconds (within experimental 

error), and at similar concentrations and pH levels. Leja 

reported that dynamic contact angles occured at concen­

trations 'just less than' the c.m.c. The c.m.c. of alkaline 

dodecylamine is not clearly defined, but the sharp change 

in slope of the surface tension vs. concentration curve, 

interpreted as the c.rn.c., corresponds to the maximum 

surface aging effect. 

Smith and Lai, although considering surface aging 

as a possible explanation for dynamic contact angles, 

raised the objection that Y1v can never reduce sufficiently 



o to effect a contact angle decrease from 80 to zero, 

without change in Ysv and/or Ysl. Assuming an initial 
-1 -1 

Ylv of 70 dynes.cm ,a final value of 12.5 dynes.cm is 

required, which is much lower than is observed. However, 

. t· 1(15) uS1ng he Z1sman mode , contact angle development is 

related to the value of (YI - Y ). When Y = Y , contact v c Iv c 
angle development ceases. Smith and Lai used 25 mg/l 

dodecylamine solutions. The present investigation has 

indicated that at concentrations greater than about 30 mg/l, 

at equilibrium, YI = Y ~ 28 dynes.cm-l • Thus, the 
v c 

observation that the dynamic contact angle reduces to zero 

can be explained ~ntirely by a reducing value of surface 

tension. 

The concept of (lv - ~) controlling contact angle 

formation was seen to be useful in describing contact angle 

vs. concentration curves in the equilibrated system. 

Adsorption of surfactant occurs at the bubble surface and the 

solid surface, changing the relative values of y l and Y • v c 

Under flotation conditions adsorption at these surfaces 

again takes place, but with time as an added parameter. 

Conditioning of the mineraI surface enables Yc to approach 

the equilibrium value. A low value of Y is useful in c 
promoting hydrophobicity and this is demonstrated in the 

improvement in flotation recovery which occurs when the 

Magnetite is conditioned for thirty minutes. Upon the 
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introduction of a fresh air bubble, Ylv is larger than the 

equilibrium value. A large value of Ylv is useful.for 

promoting hydrophobicity, as the flotation recovery 

demonstrates in comparison to the contact angle data, where 

aIl the surfaces involved have 'aged'. Thus, the concept of 

(Ylv - Yc ) is useful in describing the flotation regime used 

in the present investigation. 

Al though (\v - Y
c

) has proven extremely useful, the 

concept of Yc remains abstract. From a plot of \v vs. 

cose (Fig. 21), Y
c 

is envisaged as being the value of Y
lv 

at 

e = 0, if the solid could be isolated from the surfactant 

solution. Like the values of Y and Y l' Y is virtually 
sV s c 

impossible to measure, but unlike Y and Y l' Y has the sv s c 
physical significance indicated by Fig. 21 and, therefore, 

is easier to conceive and work with. The concept of Y was 
c 

derived from data on low surface energy solids, and as such 

the applicability to high surface energy oxides can be 

questioned. However, the art of flotation is to render the 

solid hydrophobic, which is the property of a low surface 

energy solide Thus, if flotation occurs, the floated 

material can be considered a low surface energy solide 

Accepting the concept of y , two inferences arisel 
c 

(1) The surface tension of the solution is important in 

controlling flotation. As Y1v approaches Yc ' 



( / 

(2) 

167 

contact angle development and flotation cease. 

Adsorption of surfactant at the solid surface must 

be greater than at the liquid - vapour interface, as 

indicated in Fig. 40. Adsorption at the solid surface 

can be either via the solid - liquid interface or 

the solid - vapour interface. 

The first inference is that surface tension is 

important in determining mineral floatability. A low value 

of Ylv is detrimental to contact angle development and 

flotation. From the present investigation a low value of Ylv 
can occur by allowing the liquid - vapour interface to 

approach equilibrium, by employing a high surfactant 

concentration, or using a high pH. In the present investi­

gation, allowing Ylv to decrease by permitting equilibrium 

to be approached was seen to be detrimental to magnetite 

floatability. Similarly, the observations of Smith and 

Lai( 123), Leja and Shulman( 163), Wark(157) and Rogers(160) 

can be explained by 'aging' of liquid - vapour interfaces 

involved. In the flotation systems employing amines, it is 

a frequent observation that at high surfactant concentra.tion 

or high pH, mineral floatability is decreased(6,119,j)4). 

Reverse orientation of the ad~orbed layer, rendering the 

surface hydrophyllic, is consider@d a possible cause(200). 

However, both high amine concentration and high pH tend to 

give 10. values of YI ' indicating that YI approaches Y and v v c 
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hence accounting for the poor floatability. In general, 

the surface tension of the collector solution has been of 

limited interest with respect to actual flotation. The 

present investigation indicates that surface tension may 

play an important role. 

The second inference is the subject of recent reports 

by somasundaran(27), Sandvik and Digr~(69) and Wada(201) and 

by implication, Zisman(15) and Ter-Minassian-seraga( 169). 

They observe, in dilute solutions in the presence of a gaseous 

phase, increased adsorption at the solid surface. In 

contact angle work and flotation, a gaseous phase must be 

present. Approximately 30% greater adsorption density has 

been noted at the solid surface in comparison with the 

liquid - vapour interface(69). The gaseous phase is 

considered as a transporting agent, promoting adsorption at 

the solid - vapour interface(27,69,201). Fig. 42 indicates 

that, although conditioning time improved flotation, it was 

not ~ecessary to achieve at least sorne flotation. In view 

o~ the experiments of Sandvik and Digre etc., the presence 

of the gaseous phase itself is probably more than just an 

agent for transporting the mineraI particle to the solution 

surface. Since flotation does not rely entirely on 

adsorption at the solid - liquid interface, long, equilibrium 

adsorption tests in the absence of a gas phase, which is 

the usual technique(6,66,121, 129), must be considered of 
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limited applicability. 

The object of the present research was to investigate 

the poor correlation between work of adhesion and floatability. 

The Most important factor is time. Measurements performed 

on the equilibrium system do not relate to the floatability 

exhibited by magnetite in alkaline dodecylamine solutions. 

Flotation is a dynarnic process and this must be considered 

in flotation testing. The time required for the flotation 

of a mineraI particle must be known, and contact angle and 

surface tension data determined for surfaces which have aged 

for this time. An irnproved correlation between work of 

adhesion and flotation should follow. 

The work of adhesion formula could be re-written to 

include the tirne variables 

= 

and cos e = 
Thus W

A 
(t) = 

ft (t) 

f
2

(t) 

f l (t) [t - f 2 (t)] 

The average work of adhesion, WA, over the tirne T for 

flotation of a mineraI particle iss 

= 

•• • 4) 
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J: f l (t) [1 - f 2 (t)]dt 
••• 44 = 

l Tdt 

The known values ares 

f
1

(0) = 72 

f 2 (0) = 0.17* 

Determining e = f 2(t) would present difficult control 

problems, especially the roughness of the surface on which 

experiments are to be conducted. If WA could be determined 

according to Eq. 44, its relevance to the present flotation 

system would be improved, and probably to aIl flotation 

systems. 

*From the observations of Smith and Lai on quartz(12J ). 
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CONCLUSIONS 

(1) The relative decrease of Ylv and Y
c 

with increasing 

amine concentration controls the value of (Y
lv 

- Y
c

) 

and flotation commences when (Ylv - Yc ) is maximum. 

(2) Allowing the solid - liquid interface to reach 

equilibrium allows the equilibrium value of Y
c 

to 

be approached, increasing (Y
lv 

- Y
c

), and promoting 

flotation. 

(3) The presp.nce of the gas phase promotes the 

attainment of the equilibrium value of y , further 
c 

(4) Surface aging 9f alkaline dodecylamine solutions 

eives a high value of Ylv at the initiation of 

bubble - particle contact, increasing (Y
lv 

- Y
c

), and 

promoting flotation. 

(5) The observed surface aging of alkaline dodecylamine 

solutions substantiates the proposaI of Leja(162) to 

account for the dynamic contact angle of Smith and Lai( 123). 

(6) Work of adhesion calculations based on Y1v and e 

obtained from interfaces at equilibrium, do not 

correspond to the dynamic conditions of flotation. A 'true' 

contact angle valu~ May not be applicable to flotation 
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systems. 

(7) The time factor, introduced in Eq. 44, adds a new 

variable to the understanding of flotation. It may 

play an important role in determining flotation in certain 

systems. The use of equilibriurn conditions to investigate 

flotation is questioned. 
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SUGGESTIONS FOR FURTHER WORK 

(1) The important role of surface aging in the 

dodecylamine - magnetite system requires further 

investigation. Surface aging in general should be 

investigated. Correlation between the age of the bubble 

and flotation recovery should be possible. 

(2) The mechanism controlling surface aging should be 

deterrnined. Knowledge of the mechanism May aid 

the understanding of adsorption at the solid surface and 

the role of neutral Molecules which enhance flotation. 

(3) The relationship (if any) between Eq.44 and flotation 

recovery should be investigated. 

(4) The role of the solution surface tension, shown here 

to be a controlling factor, should be investigated 

for other systems. This can possibly be done by analysing 

previous contact angle and flotation data. 

(5) The concept of Yc was shown to be useful in 

explaining floatability. The value of Yc for a 

dodecylamine surface can be found experimentally, and hence 
-1 

the predicted relationship, Yc = YDDA = 28 dynes.cm ,can 

be t~sted. 

(6) Recent work, including this study, has suggested that 
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the bubble is an important agent for transfering 

surfactant to the solid surface, specifically to the solid -

vapour interface. This observation needs further 

investigation. Of particular interest is the possibility 

of reducing conditioning time by introduction of a gaseous 

phase. 
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Dodecylamine Acetate 

The dodecylamine acetate used was from a batch 
. l .. (129) prev10us y prepared 1n th1S laboratory • A melting 

point deterrnination indicated the dodecylami~e acetate to 
. . (129) 

be of h1gh pur1ty • 

Two stock solutions were made up by dissolving a 

known weight of dodecylamine acetate in conductivity water. 

Tests using dodecylamine acetate involved both stock 

solutions, thus affording a check on the results obtained. 

AlI concentrations are quoted in mg/lof dodecylamine 

acetate. 

Conductivity Water 

Distilled water from a 'Precision' brand laboratory 

still was re-distilled in an alI-Pyrex Yoe-type still 

(Corning model AG-2). The pH was adjusted, and maintained 

at -7 by flushing with high purity nitrogen. 

Nitrogen 

Certified 99.99% nitrogen (Grade L, Canadian Liquid 

Air Ltd.) was used with no further ~rification. 

Magnetite 

A sample of -65 +100 mesh Magnetite was isolated 
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from a California magnetite beach sand supplied by Ward's 

Natural Science Establishment, Inc. The procedure wasl 

(1) Screening through 20 mesh and 65 mesh screens, the 

former to remove coarse silica sand (identified by 

visual inspection), the latter to remove unwanted 

fines. 

(2) Electrostatic precipitation to remove silica. 

(3) Successive washings in a Ding magnetic separator 

until no non-magnetics were obtained. 

(4) Batch grinding under water in an agate mortor and 

wet screening to yield -65 +100 mesh material. 

(5) Tumble washing in distilled water to remove fines. 

(6) Storage under distilled water. 

The sample used in the suction potential technique 

was obtained by wet screening at -65 +80 mesh. 
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APPENDIX II 

SURFACE TENSION 

AI CAPILLARY RISE 
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CALIBRATION EQUATION 

= 

= K b.h 

where 1 r r 
K = pg 1 2 

2 r 1 - r 2 

p = 1.000 grn.cm-) 

-2 g = 980.6 cm. sec 

r 1 = radius of 

r 2 = radius of 

Determination of r 1 and r 2 t 

Length of Mercury column 

Weight of Mercury column 

Specifie gravit y of Mercury 

r = 

large bore 

small bore 

= 1. 

= w. 

= P Hg" 

where P Hg = 
o (202) 

1).5)0) (26.5 C) 
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Large Bore Srnall Bore 

l (cm) 5.640 t 0.006 7.123 t 0.010 

w (grn ) 0.5452 t 0.001 0.2135 ~ 0.0001 

r 1 (cm) 0. 04768 t 0.0003 

r 2 (cm) 0. 0265
5 

t 0.0003 

Hence K := 29.37 t 0.15 

Since the error in ~h is negligible in comparison to the 

error in KI 

:= 29.37 ~h t 0.15 
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RESULTS 

TABLE 3 

SURFACE TENSION vs. DODECYLAMINE ACETATE CONCENTRATION 

DDA 
COnë'n 
(mg!l ) 

10 

100 

250 

475 

500 

625 

1000 

"pH 4.1 ± 0.1 

Height 
Difference! lùl 

(cm) 

2.421 
2.424 
2.460 
2.452 

2.372 
2.364 
2.363 
2.358 

2.351 
2. :330 
2.358 
2.359 
2.280 

2.328 
2.285 
2.287 

2.221 
2.)44 

2.193 
2.166 
2.245 
2.258 
2.253 

2.020 
2.029 
2.011 

Surf2.ce 
Tension'-Ylv 
(r'lynr:-s. cm-1 ) 

71.1 
71.2 
72.2 
72.0 

69.7 
69.4 
69.4 
69.2 

69.0 
68.4 
69.2 
69.3 
67.8 

68.4 
67.1 
67.2 

65.2 
68.8 

64.4 
63.6 
65.9 
66.3 
66.2 

59.1 
59.6 
59.1 
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( 1 

TABLE) (continued) 

DDA Height Surface 
Conc'n Difference l .6.h Tension! Ylv 
(mill ) (cm ) (dynes.cm-1 ) 

1600 1.651 48.5 

2000 1.353 39.7 

2500 1.324 )8.9 
1.311 38.5 

5000 1.027 30.2 
1.019 29.9 

10000 1.028 30.2 
1.045 )0.7 
1.048 30•8 
1.053 30.9 

Neutral 

0 2.470 72., 
2.467 72. 
2.474 72.6 
2.468 72.4 
2.467 72.4 
2.463 72.3 

10 2.443 71.7 
2.438 71.6 

100 2.388 70.1 
2.370 69.6 
2.276 66.8 
2.221 65.2 

400 2.054- 60.3 
2.084 61.2 

1000 1.604 47.1 

2500 1.105 )2.4 
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TABLE 3 (continued) 

DDA Height Surface 
Conc'n Difference! ~h Tension l Ylv 
(mg!l) (cm ) (dynes.cm-1 ) 

3000 1.074 31.5 
1.027 30.2 

10000 1.064 31.2 
1.090 32.0 

pH 9.5 -t 0.3 

1 2.483 72.9 
2. 4,00 73. 4 
2. 95 73.3 

10 2.407 70.8 

15 2.411 71.0 

20 2.218 65.1 
2.293 67.3 
2.318 68.1 

22.5 0.548 16.1 

25 0.391 11.5 
0'466 10.7 
o. 05 11.9 

40 0.419 12. 4 
0.559 16. 

75 0.394 ~ 1 .6 
0.427 12.5 

100 0.329 9.7 
0.321 9.4 
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TABLE 4 

EQUILIBRATION TIMES FOR NEUTRAL DODECYLAMINE ACETATE SOLUTIONS 

DDA Conc'n 400 mgl! DDA Conc'n 1000 mgLl 

Time (~) 
V1v Time b. h V

1v 
(mins) ( dynes.ëm -1 ) (mins) (cm) (dynesocm-1) 

0 2..229 65.5 0 2.057 60.4 

20 2.026 .59.5 10 1.941 57.0 

60 2.054 60.) 15 1.874 55.0 

)0 1.706 50.1 I-A 
Q) 
N 

45 1.642 48.2 

60 1.627 47.8 

75 1.616 47.5 

85 1.607 47.2 

100 1.604 47.1 



.. --., 

TABLE 4 (continued) 

DDA Conc'n 2.~00 mF./l DDA Conc'n 3.000 mgLl DIlA COllc'n 10,000 mg/l 

~ (~m ~ 
Ylv Time (~m ~ 

Ylv Time 6. h Vlv 
(m nA) (dyneR.'ëm-1 ) (rnrTiS) (dynes.cm-1 ) (mins) (cm) (dynes.cm-l ) 

0 1.)7) 40.) 0 1. 151 )3.8 0 1.066 31.3 

10 1. 285 37.7 20 1.124 3).0 10 1.056 )1.0 

25 1.167 34.3 30 1.076 31.6 20 1.064 )1.2 

40 1.153 33.8 45 1.094 )2.1 

65 1 .124 3).0 55 1.079 31.7 ~ 

<Xl 

1.074 
w 

75 1.120 )2.9 70 )1.5 

85 1.111 32.6 

9; 1.105 32.4 
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BI DROP WEIGHT 
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CALIBRATION EQUATION 

Y1v = mg 
21T-r $ (r/v1!3) 

= K m 
$ (r/V1!3) 

where K = ...E...... 
277r 

Thick-Walled Tip Thin-Walled Ti12 
(cm ) (cm) 

r = 0.376 1 t 0.005 0.2000 ~ 0.003 

K = 414.91 t 0.5 780 • 2 ~ 1.2 

Since error in m and Hr/V1/ 3 ) is negligible, 

Thick-walled tipI 

Y
1v = 414.9 x m + 0.5 

't(r/v173) 

Thin-walled tipI 

Y
1v = 780.0 x m ± 1.2 

'(r/V1!3) 
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RESULTS 

TABLE 5 

SURFACE TENSION vs. DODECYLAMINE ACETATE CONCENTRATION 

DDA Drop y1/3 r!..yl/3 $(r!..yl/3 l 
Surface 

COrië'n Weight z m Tension! Ylv 
(mg/l) (gm) (cm) (dynes.cm-1 ) 

pH 4.1 * O.t 

10 0.10400 0.4703 0.7998 0.6000 71.9 
0.1 Ol~20 0.4706 0.7992 0.6000 72.1 

100 0.09854 0.4619 0.8143 0.6002 68.1 
0.10233 0.4677 0.8041 0.6000 70.8 

250 0.09895 0.4624 0.8131 0.5999 68.4 
0.10211 0.467 0.8047 0.6000 70.6 
0.10144 0.4664 0.8064 0.5999 70.1 

475 0.09443 0.4554 0.8259 0.5996 65.3 
0.09530 0.4568 0.82)4 0.5996 65.9 

1000 0.07597 0.4235 0.8880 0.5997 52.6 
0.07695 0.4253 0.8842 0.5996 53.2 
0.07640 0.4243 0.8863 0.5997 52.9 

1875 0.05930 0.3900 0.9645 0.6053 40.6 
0.05994 0.3914 0.9610 0.6048 41.1 

2500 0.0~012 0.3687 1.0201 0.6130 33·9 
0.0 949 0.)671 1.0244 0.6148 33. 4 
0.04904 0.3660 1.0275 0.61 2 33·1 
0.05191 0.3730 1.0082 0.6110 35.2 

3750 0.04496 0.3556 1.0577 0.6195 30.1 
0.04521 0.3562 1.0557 0.6191 30.3 

5000 0.04464 0.3547 1.0602 0.6199 29.9 
0.04466 0.3548 1.0600 0.6199 29.9 

10000 0.04499 0.3554 1.0582 0.6195 30.1 
0.04494- 0.3555 1.0578 0.6195 30.1 

1 
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TABLE 5 (continued) 

DDA Drop 
v1/ 3 r!..V 1/ 3 $ (r!..v1/ 3} 

Surface 
C'OriC'n Weight z m Tension l Ylv 
(mg!l) (gm) (cm) (dynes.cm-1 ) 

Neutral 

0 0.10374 0.4699 0.8004 0.6000 71.7 
0.10362 0.4697 0.8007 0.6000 71. 7 

6 0.10402 0.4703 0.7997 0.6000 71.9 
0.j0417 0.4705 0.7993 0.6000 72.0 

60 0.10334 0.4693 0.8015 0.6000 71. 5 
0.10358 0.4696 0.8008 0.6000 71.6 

200 0.09691 0.4393 0.8188 0.5998 67.0 
0.09757 0.4604 0.8170 0.5998 67.5 

600 0.07741 0.4262 0.8825 0.5995 54.6 
0.078,54 0.4282 0.8782 0.5995 5 .4 

1000 0.06851 0.4092 0.9191 0.6005 47.2 
0.06808 0.4083 0.9211 0.6005 47.0 

2500 0.04204 0.3477 1.0816 0.6259 27.9 
0.04224 o. )483 1.0799 0.6259 28.0 

3000 0.03923 0.3398 1.1069 0.6293 29.9 
0.03925 0.3398 1.1067 0.6293 25.9 

6000 0.04428 0.3538 1.0631 0.6199 29.6 
0.044 31 0.3539 1.0628 0.6199 29.7 

10000 0.04896 0.3658 1.0281 0.6259 32.5 
0.04948 o. 367~ 1.0245 0.6249 32.8 
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TABLE 5 (continued) 

DDA Drop y1/3 rt..y1/3 ~(rLV1/3~ 
~urface 

COnë"n Weight l m Tensionl Y Iv 
(mgjl) (grn) (cm) (dynes.cm-1 ) 

pH 2.5 t o.) 

1 0.10440 0.4709 0.7987 0.6000 72.2 
0.10)10 0.4698 0.8021 0.6000 71.2 

:10 0.10140 0.4663 0.8065 0.5999 70.1 
0.09580 0.4576 0.8220 0.5997 66.2 
0.09700 0.4595 0.8185 0.5998 67.1 

25* 0.05162 0.3723 0.5371 0.6405 62.8 
0.05474 0.3797 0.5267 0.6440 66·a 0.04721 0.3614 0.5534 0.6355 57. 
0.04612 0.3586 0.5577 0.6344 56.7 

40* 0.04430 0.3538 0.5652 0.6329 55.0 
0.04151 0.3462 0.5776 0.6303 51.4 
0.04225 0.3583 0.5742 0.6309 52.2 
0.04218 0.3481 0.5745 0.6309 52.1 

*thin-walled tip 
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CALIBRATION EQUATION 

Y
lv = 

where Pl = 
r l = 

Determination of ôp 1 
m 

ÔPm = 

A(HôPm + 0.69 

1.000 gm.cm -3 

0.2380 t 0.002 

p -w Po 

r l Pl ) 

cm 

where Pw = density of water 

Po = density of oil 

Pw = 1.000 grn.cm -3 

Po 1 determined using a pycnometer 

wei~ht s.g. bottle plus oil = w1 

weight s.g. bottle plus water = w2 

weight s.E;. bottle = w
3 

= 1 .000 ~.cm -) 

~esu l ts 1 

\'fil 37.0052 39.630 5 )7.0°32 36.9923 39.6210* 
w

2
, 41.5900 44.1915 41.5536 41.5495 44.17)8 

w
3

1 16.5166 19.1500 16.521. 1 16.5100 19.1440 

Po' 0.8171 0.8179 0.8182 0.8180 0.8181 

·Oi1 tested after two weeks contact with conductivity water. 
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Po = 0.8179 ± 0.0003 

ôp = 0.1821 ± 0.0003 m 

Conductivity water at 250 C: 

Thus A = 

Manometer 
Readings, 

cm 

hl h 2 

5.63 18.52 

5.62 18.47 

5.69 18.52 

5.71 18.56 

Hence A = 

and Y1v = 

71.97 dynes.cm-1 (106) 

71.97 
(H x 0.8179 + 0.08210) 

Height 

2 -2 cm • sec 

Difference, 
cm 

H 

12.89 

12.85 

12.83 

12.85 

Average. 12.85 ± 0.04 

6 + 2-2 29. 8 - 0.3 cm .sec 
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RESULTS 

TABLE 6 

SURFACE TENSION vs. DODECYLAMINE ACETATE CONCENTRATION 

DDA Manometer Readings Height Surface 
COOc'n hl h2 Difference! H Tension! Y1v 
(mill) (cm) (cm) (cm ) (dynes.cm- l ) 

12H 4.1 i; 0.1 

10 18.56 5.98 12.58 70.5 

100 19.00 6.54 12.46 69.9 
18.53 6.28 12.25 68.7 

250 17.45 5.52 11.93 67.0 
18.49 6.46 12.03 67.5 

475 17. j 5 5.80 11. 45 ~.9 16.98 5.51 11. 7 .5 

625 16.40 6.14 10.26 58.0 

1000 14.39 5. J4 9.05 51.4 
12.56 3.54 9.02 51.3 

1875 14.30 6.58 7.72 44.3 

2500 12.30 6.03 6.27 36.7 
12.32 5.99 6.33 36.4 

3750 11.05 5.86 5.19 )0.6 

5000 10.96 5.8? 5.09 30.0 
11.10 5.89 5.21 )0.7 

10000 12.55 7.24 5.31 31.2 
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TABLE 6 (continued) 

DDA Manometer Readings Height Surface 
COnë'n h h Difference! H Tension, Vtv 
(rng!l) (cth ) (c~) (cm) (dynes.cm--) 

Neutral 

6 18.65 6.00 12.65 70.8 
18.60 5.97 12.6) 70.7 

12.5 18.80 6.57 12.2) 68.6 

60 18.50 6.58 11.87 66.7 
18.17 6.59 11.78 66.2 

100 18.57 7.01 11.56 65.0 
18.67 7.07 11.60 65.2 

200 18.07 7.1) 10.94 61.7 
18.1) 7.1) 11.00 62.0 

400 16.2~ 6.6) 9.62 54.5 
17.4 7.61 9.8) 55.7 

600 14.9) 5.88 9.05 51.4 
15.05 6.27 8.78 50. 0 

750 15.57 7.)1 8.26 47.2 

1000 15.39 7.99 7.58 4).5 

1500 12.85 6.55 6.)0 36.6 

2,500 11.10 6.04 5.06 29.9 

)000 11.10 6.28 4.82 28.6 

4000 12.27 7.19 5.08 29.7 

6000 11.68 6.70 4.98 29.4 
14.40 9.41 4.99 29.5 

10000 13.35 8.28 5.07 )0.0 
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TABLE 6 (continued) 

DDA Manometer Readings Height Surface 
Conë'n h h Difference 1 H Tensionz Ylv 
(mgjl) (c~ ) (c~) (cm) (dynes.cm-1 ) 

(1 
"OH 2.5 t 0.3 

in 10 bubble rate) 

1 19.38 13.19 12.48 70.1 

1.6 19.83 - 13.60 12.46 - 69.9 -
. 19.29 11.38 64.0 

3 19.69 13.70 11.98 - 67.3 -
, 19.20 11.00 62.0 

5 19.29 - 13.59 12.40 - 69.5 -
18.93 10.68 60.2 

8 18.82 13.31 11.02 62.1 

10 18.51 13.27 10.48 59.2 

15 18.50 13.49 10.00 56. 6 
19.10 13.90 10.30 58.2 

22 • .5 18.04 13.52 9.05 .51.4 

25 17.70 13.32 8.76 49.9 
18.42 13.48 9.88 55.9 

)4 ~.6.99 13.51 6.96 40.2 

40 17.1'5 13.10 8.30 47.4 
15.72 12.90 5.64 33.0 
16.29 13.00 6.58 38.1 

50 16.60 12.98 7.24 41.9 

75 16.92 13.18 7.42 42.6 

85 17.48 13.70 7.56 43.4 
16.72 13.70 6.04 

100 16.18 13.39 5.58 32.7 

i 200 15.91 13.39 5.00 29.6 , 
1 

J , 
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TABLE 6 (continued) 

DDA Manometer Readings Height Surface 
COrië'n h h Differencez H Tensionz Ylv 
(mg!l) (c~ ) (c~ ) (cm) (dynes.crn-1 ) 

(1 in 60 bubble rate) 

1 19.58 1).21 12.70 71.4 

1.6 19.)0 1).60 11.40 64.1 

) 19.00 1).55 10.90 61.4 

5 18.79 13.55 10.48 59.3 

8 17.80 1).43 8.74 49.8 

10 17.50 12.90 9.20 52.3 

15 17.65 13.39 8.32 47.5 

22.5 15.67 12.60 6.14 35.7 

25 14.89 12.49 4.80 28.5 

J4 15.60 1).29 4.62 27.5 

40 16.29 13.68 5.22 30.8 

50 14.79 12.68 4.22 25.3 

75 15. )0 12.88 4.84 28.7 

85 15.50 1).40 4.20 25.2 

100 15.77 1).32 4.90 29.0 
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TABLE 7 

SURFACE AGING IN ALKALINE SOLUTIONS 

DDA Surface Tension l Y1v Conë'n (dynes.cm-1 ) (molar) 
10 seconds 60 seconds 

8 x 10-6 68 62 

1.6 x 10-5 66 59 

2 x 10-5 65 57.5 

4 x 10-5 61 51 

6 x 10-5 57 43 

8 x 10-5 53 35 

1.6 x 10-4 42.5 27 
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APPENDIX III 

CALCULATION OF DIFFUSION COEFFICIENT 
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CALCULATION OF DIFFUSION COEFFICIENT 

AT 10 mg/l (4 x 10-~) ALKALINE DODECYLAMINE SOLUTION 

Ward and Tordai(54 ) equation: 

where C o 

t 

Step 1 

Step 2 

= 

= 

= 40 seconds (from Fig. 18). 

t i Calculation of C 1 o 

= 

= 

1t
"' 

Calculation of 0 ,0(Z)d[(t - Z)"'] 1 



_z_ t- - z 
(sec) {sec} 

5 35 
10 30 
15 25 
20 20 
25 15 
30 10 
35 5 
37.5 2.5 
40 0 

*From Fig. 18 

**From Fig. 16 
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.À 
YI * (t - Z)2 _ V ~** 

(seci ) dynes.cm 10-5moles.cm-3 

5·9 65.0 0.40 
5.5 61.0 1.20 
5.0 57.5 2.00 
4.5 5.5.5 2.60 
3.9 54.0 3.00 
3.2 52.6 3.50 
2.2 51.6 3.65 
1.6 51.5 3.70 
0 51.0 3.90 

From area under curve of ~(z) versus (t - z}i (Fig. 44). 

= 
-4 i-3 1.8 x 10 moles.sec .cm 

Step 1 

Calculation of ~v at 4 x 10-5M• 

Gibbs adsorption equation. 

d Ylv 
d log c 

T 

R 

r 
Iv 

= 

= 

= 
= 
= 

1 d Ylv 
2.3RT d log c 

-2 ( 6 31.2 ergs.cm From Fig. 1 ) 

2980 K 

8.31 x 10-7 ergs. °K-1 (mole)-l 

5.5 x 10-10 moles.cm- 2 
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FIGURE 44 

GRAPHICAL DETERMINATION OF INTEGRAL 
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Substituting in Ward and Tordai equationl 

5 5 10-10 
• x = 2 -4 -4 -- (2.5 x 10 - 1.8 x 10 ) 

Jrr 

= 7.10-4 

D 
2 -1 cm .sec 
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APPENDIX IV 

CONTACT ANGLEr 

SUCTION POTENTIAL TECHNIQUE 
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DETERMINATION OF THE INTERNAL RADIUS, r, 

OF CALIBRATED MEASURING TUBE 

Due to the larger bore of tube, relative to those 

employed in the capillary rise technique, the meniscus 

correction of Harkins and Brown(97) was used. 

Length of Mercury column 

Average 

Weight of Mercury column 

2 
r 

Hence r 

= 

= 

= 

Il 
7.062 

7.066 

7.064 

6.1454 

0.2020 cm. 

12 
3.532 

3.526 

3.529 
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CALIBRATION CURVE TO CONVERT 'l', 

AS DETERMINED IN CALIBRATED MEASURING TUBE, 

TO PER CENT SATURATION, 's' 

A sample of' magnetite was taken from the bed when the 

length, l, in the measuring tube was 117 mm. 

Weight of sample = 

Weight of dried sam pIe = 
Moisture content = 

75.4932 grn 

75.3535 grn 

0.1397 grn. 

100% saturation corresponds to zero on calibrated measuring 

tube. Thus moisture content of the bed corresponding to 

100% saturation iSI 

M.C. = 
where r = 

2 0.1397 + 11.7 x ~r grn 

0.2020 cm. 

Thus, at 117 mm, the % saturation, 's', iSI 

= 0.1397 
0.1397 + 11.7 y. ~(0.2020)2 

= 8.5%. 
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FIGURE 45 

CALIBRATION CURVE FOR DETERMINING 

% SATURATION OF MAGNETITE BED 
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Pressure 1 ~P 
(cm of water) 

Tost No. 1 2 

Curve 
Ro 12.4 

! 3. 3 
18.9 
18.1 
?4.1 
24.6 
24.9 
25.3 
25.7 
27.4 
30.8 
33.7 
45•2 

0.5 
47.2 
54.5 
6 .2 

1. Conductivity water 
21 Repeat 

RESULTS 

TABLE 8 

SUCTION POTENTIAL vs. PER CENT SATURATION 

Length. l 
Observed Corrected 

(mm) (mm) 

1 2 1 2 

4.8 4.8 
4.8 4.8 

11.0 11.0 
11.0 11.0 
21.0 21.0 
22.2 22.2 
24.0 24.0 
25.0 25.0 
27.0 27.0 
34.0 
5 .0 3a· O 

5 .0 
78.0 78.0 
90.0 90.0 

101.0 101.0 
109.0 109.0 
114.0 114.0 
117.0 117.0 

...... ~ ...... _ ......... "' •• ~w. ........ ""'"_? ________ h_ ... '-_._ •• _._", •• __ •• " ~.-, ,._ ........ _,~_-~ .•.• _ .... ~ •..•• _ __ ,.. .... "".~~.-> •• J._. __ ........... _ •• 4.· _ .... --•.•• -'"-~'-.-<-.. ...-__ • ___ , ....... __ , _____ .... "' .... ~ .. .......,..,_.~ .•• ___ •• '~-- • 

% Saturation. s 

1 

96.2 
96.2 
91.4 
91.4 
84.6 
82.6 
81.3 
80.5 
79.0 
74.3 
58.0 
39.2 
29.9 
21.1 
15.0 
11.0 

(%) 

8.5 

2 

1\) 

o ,..... 



Pres§ure 1 b.P 
(cm of water) 

Test No. 1 2 

Curve 
A )2.7 44.7 

?5.8 35.5 
18.4 27.6 
18.0 27.2 
10.5 17.4 
0.0 11.9 

6.4 
0.0 

R 1 R. 8 14.2 
25.3 20.7 
29.5 22.) 
32.0 26.7 
34 .3 30.0 
~6.8 34.8 

3.2 a7•7 
50.4 ;.7 
62.5 51.9 

66.3 

1, Conductivity water 
2, Repeat 

-

TABLE 8 (continued) 

Length l l ~ Saturation. s 
Observed Corrected (%) 

(mm) (mm) 

1 2 1 2 1 2 

107.0 115.0 107.0 124.0 16.5 10.2 
98.0 111.9 98.0 120.9 23.5 11.5 
73.0 107.0 73.0 116.0 43.0 j 6.5 
70.8 105.5 70.8 114.5 44.8 17.8 
36.0 82.0 36.0 91.0 72.0 36.0 
16.2 40.0 16.2 49.0 87.5 68.8 1\) 

0 

23.0 32.0 82.0 1\) 

9.0 18.0 93.0 

22.5 4.2 22.5 13.2 82.5 96.5 
30.0 12.0 30.0 21.0 76.6 90.7 
52.5 20.0 52.5 29.0 ~9.2 84.5 
70.5 43.0 70.5 52.0 5.0 66.5 
83.0 56.0 83.0 65.2 35.2 56.5 
92.0 8~.5 92.0 92.5 28.3 34.8 

105.0 9 .0 105.0 10).0 18.0 26.5 
112.0 107.0 112.0 110.0 12.5 16.5 
117.2 114.0 117.2 123.0 8.3 11.0 

118.0 127.0 7.9 
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TABLE 8 (continued) ! 

1 
j 

Pressyre 1 6p Length z l ~ Saturation! s 1 
1 

(cm of water) Observed Corrected (%) 
DDA (mm) (mm) 

Conc'n 
(mg/l) 10.0 15.0 10.0 15.0 10.0 15.0 10.0 15.0 

Curve 
R 6.8 1).7 4.0 18.0 12.0 )0.0 96.7 86.0 

12.0 15.2 17.1 28.0 25.1 )9.7 86.8 78.2 
20.8 19 '4 49.1 45.0 57.1 57.0 61.6 65.0 
24.9 24. 64.0 66.2 72.0 78.2 50.0 48.) 
)0.1 26.5 79.0 75.0 87.0 87.0 )8.4 41.5 
35.1 31.7 92.0 91.0 100.0 103.0 28.3 29.0 
49 • 5 39.) 101.0 10).0 109.0 115.5 21.1 19.6 l\) 

0 
4.) 49.5 107.5 113.0 115.5 125.0 16.1 11.6 .{::" 

54.2 62.5 115. 0 117.0 123. 0 129.0 10.2 8.5 
6 .0 117.0 125.0 8.5 

A 40.6 )4.0 114.2 11).5 122.2 125.5 10.8 11.3 
)1.7 24.7 110.0 109.0 118.0 121.0 14.0 14.9 
25.) 20.) 10).5 104.8 111.5 116.8 19.2 18.2 
20.5 15.9 96.2 96.4 104.2 108.5 25.0 24.8 
17.6 12.) 88.2 87.9 96.2 99.9 31.0 41 •5 
13.0 9.) 78.0 72.5 86.0 84.5 39.2 3.4 

6.5 6.0 48.0 54.0 ~6.0 66.0 62.5 58.0 
).) ).0 )3.0 37.2 1.0 49.2 74. :3 71.0 

- ._-~ .... ____ . _...-......~........s;--.............n...--_=--~=_._"_ ........ '-'--



Prpssure P 
(cm of water 

Test No. 1 

Curve 
R 8.7 

13.0 
16.9 
2).2 
26.0 
62.5 

A )0.5 
?4.2 
16.2 
10.5 

6.7 
2.6 
0.0 

'1 35.0 mg/l 
21 Re-wash 

2 

6.6 
13.5 
20.8 
22.5 
23.6 
)0.4 
37.0 
61.0 

32.5 
24.5 
18.3 
12.5 
8.6 

TABLE 8 (continued) 

Observed Corrected 
(mm) (mm) 

1 2 1 2 

7.0 2.0 17.0 9.0 
21.1 16.5 31.1 23.5 
37.0 39.0 47.0 46.0 
64.9 55.0 74.9 62.0 
80.2 57.0 90.2 64.0 

117.0 88.3 127.0 95.3 
102.1 109.1 
117.2 124.2 

113.0 116.2 123.0 123.2 
109.0 114.0 119.0 121.0 
102.2 107.9 t12.2 114.9 

87.2 93.2 97.2 100.2 
68.5 83.0 18.5 90.0 
43.5 53.5 
23.0 33.0 

".--.. 
i 

"--

2ri Saturation! s 
(%) 

1 2 

94.5 98.4 
83.5 87.3 
71.0 69.5 
49.3 57.1 
37.4 55.5 
8.5 31.0 

20.2 
8.3 

11.6 9.2 
14.9 11.0 
20.2 15.6 
32.0 27.3 
47.4 35.2 
66.1 
82.0 

1\) 
0 

'" 
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CALCULATION OF eA AND e 
R 

(cos e ) = (~)R (Ylv)x 
y R (YI) v y 

{cos ey)A = (~)A {Ylv)x 
(-ç) v y 

Subscripts x and y refer to base (pure water) condition 

and test solution condition respectively. The values of 

hy' hx are suction potential measurements in cm of water 

at s = 50%. 

(hX)R = 31.2 cm water 1 
(see Fig. 

(hx)A = 15.8 cm water 

(YI ) 72.0 dynes~cm -1 = v x 

TABLE 9 

29 ) 

RETREATING AND ADVANCING CONTACT ANGLES vs. CONCENTRATION 

OF DODECYLAMINE ACETATE SOLUTIONS AT pH 9.5 

Conc'n bop C.!'lV)y (cos ey)R (cos ey)A ~R ~A (mg!l) (hy);- (hy)A 

.0.1 31.0 15.8 72.0 1 1 0 0 
1.0 30.2 14.3 65.0 1.07 1.01 0 0 

10.0 24.6 10.5 51.0 1.12 0.937 0 21 
15.0 23. 0 7.5 43.5 1.22 0.785 0 38 
20.0 22.4 6.6 36.0 1.43 0.835 0 J4 
25.0 21.6 6.0 )0.0 1.66 0.910 0 25 
35.0 23.0 6.1 27.0 1.94 1.04 0 0 
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! TABLE 10 

ADVANCING AND RETREATING CONTACT ANGLES. 

DEPENDENCE ON FER CENT SATURATION OF MAGNETITE BED 

DDA Concentration = 0.1 mg/l; -1 (YI ) = 71.0 dynes.cm v y 

.§ (~p ) (~p ) (cos e ) e 
-xR -yR y R -R 

20 41.0 41.0 1 0 

)0 )6.0 )6.0 1 0 

40 )).5 ):3.5 1 0 

50 )1.2 )0.8 1 0 

60 29.5 28.2 0.968 14 

70 27.5 25.1 0.926 22 

80 25.0 21.4 0.867 )0 

(~p ) (& ) (cos e ) e 
-xA -yA y A -A 

20 26.5 29.5 1.128 0 

)0 21.0 21.0 1 0 

40 18.0 18.0 1 0 

50 15.8 15.8 1 0 

60 ').6 13.6 1 0 

70 11.2 10.9 0.987 9 

80 7.0 6.6 0.966 15 
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TABLE 10 (continued) 

DDA Concentration = 1.0 mg/I; (YI) = 65.0 dynes.cm -1 
v y 

.§ (Âf ) 
x R 

(ÂE ) 
y R 

(cos e y)R ~R 

20 41.0 41.8 1.130 0 

30 35.7 35.7 1.107 0 

40 33.0 33.0 1.107 0 

50 31.2 30.2 1.072 0 

60 29.8 27.i~, 1.019 0 

70 27.7 24.1 0.964 15 

80 24.9 20.7 0.921 23 

(~)A (~)A (cos e )A 
Y ~A 

20 26.5 28.1 1.172 0 

30 20.8 20.8 1.10? 0 

40 128.0 127.2 1.059 0 

50 15.8 14.3 1.001 0 

60 1).6 12.4 1.010 0 

?O 11.3 10.) 1.010 0 

80 6.7 4.6 0.761 40 
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TABLE 10 (continued) 

DDA Concentration = 10 mg/l; (YI) = 50.6 dynes.cm 
-1 

v y 

.§ (.~P ) (.~P ) (cos e ) e 
-x R -y R Y R -R 

20 41.2 41.2 1.421 0 

30 36.0 33.6 1.326 0 

40 33.2 28.5 1.220 0 

50 31.2 24.4 1.112 0 

60 29.4 21. 3 1.030 0 

70 27.2 18.5 0.968 14 

80 24.6 14.8 0.856 31 

(6P
X

)A (6P ) (cos e ) e 
-yA y A -A 

20 26.6 24.4 1.304 0 

30 21.0 17.9 1.211 0 

40 18.0 14.3 1.130 0 

50 15.8 10.4 0.937 20 

60 13.6 6.7 0.702 45 

70 11.3 3.7 0.466 62 

80 6.7 0.5 0.106 84 
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TABLE 10 (continued) 

DDA Concentration = 15 mg/l; 
-1 

(YI) = 43 dynes.cm v y 

.§ (bop ) 
---x R 

(bop ) 
-y R 

(cos e )R 
Y 

20 41.0 38.0 1.532 

30 35.6 30.8 1.431 

40 33. 0 26.4 1.)23 

50 31.2 23.0 1.220 

60 29.6 20.3 1.134 

70 27.4 17.9 1.081 

80 24.6 15.2 1.020 

(~)A (~)A (cos e )A y 

20 26.5 19.0 1.186 

30 20.8 12.5 0.995 

40 18.1 9.5 0.867 

50 15.8 7.4 0.775 

60 14.0 5.8 0.685 

70 11.5 3.3 0.475 

80 6.7 0.0 0.000 

e 
-R 

0 

0 

0 

0 

0 

0 

0 

!!.A 

0 

6 

30 

39 

47 

62 

90 
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/ TABLE 10 (continued) 

DDA Concentration = 20 mg/I; (YI) = 36.0 dynes.cm -1 
v y . 

.§ (~p ) (~p ) (êoS e ) e 
-x R -y R Y R -R 

20 41.0 36.5 1.780 0 

30 35.6 29.4 1.647 0 

40 33.0 25.4 1.540 0 

50 31.2 22.4 1.435 0 

60 29.6 19.6 1.324 0 

70 27.4 17.4 1.270 0 

80 24.6 14.4 1.170 0 

(~p ) 
--X A 

(~P ) 
-y A (cos eyÀ ~A 

20 26.5 19.0 1.431 0 

30 20.8 12.6 1.210 0 

40 18.1 9.5 1.044 0 

50 15.8 6.6 0.836 33 

60 14.0 4.4 0.627 51 

70 11.5 ~.8 0.474 62 

80 6.7 0.6 0.179 80 



213 

TABLE 10 (continued) 

DDA Concentration = 25 mg/I; 

.§ (~p ) 
-xR 

(~p ) 
-yR 

20 41.0 38.5 

30 35.6 30.5 

40 33.0 25.2 

50 31.2 21.6 

60 29.6 18.7 

70 27.4 16.5 

80 24.6 14.4 

(~X)A (~y)A 

20 26.5 17.5 

30 20.8 11.) 

40 18.1 0.5 

50 15.8 6.0 

60 14.0 4.1 

70 11.5 2.1 

80 6.7 0.0 

-1 (YI) = 30.0 dynes.cm v y 

(cos e ) 
y R 

e 
-R 

2.250 0 

2.055 0 

1.833 0 

1.659 0 

1.514 0 

1.442 0 

1.404 0 

(cos e ) e 
y A -A 

1.580 0 

1. )0) 0 

1.126 0 

0.911 24 

0.702 45 

0.438 64 

0.000 90 
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TABLE 10 (continued) 

DDA Concentration = 35 mg/l; 

§ (~p ) (~p ) 
x R y R 

20 41.0 40.0 

30 35.6 30.5 

40 33.0 25.2 

50 31.2 22.9 

60 29.6 21.0 

70 27.4 18.8 

80 24.6 15.8 

20 26.5 16.6 

30 20.8 11.5 

40 18.1 8.6 

50 15.8 6.2 

60 14.0 4.5 

70 11.5 2.1 

80 6.7 0.0 

(YI) = 27.5 dynes.cm- t 
v y 

(cos e ) 
Y R 

2.549 

2.220 

2.000 

1.922 

1.854 

1.795 

1.615 

(cos e ) 
y A 

1.640 

1.445 

1.241 

1.025 

0.840 

0.477 

0.000 

e -R 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

33 

61 

90 
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) TABLE 11 

WORK OF ADHESION vs. 

DODECYLAMINE ACETATE CONCENTRATION AT pH 9.5 

Present Investigation 

DDA 
.l'Iv flA cos e 1 - cos e w 

Conc'n A A -A 

1.0 65.0 0 1 0 0 

10.0 51. 0 21 0.937 0.063 3. 4 

15.0 43.5 38 0.785 0.215 9.4 

20.0 36.0 34 0.835 0.165 5·9 

25.0 3°.0 25 0.910 0.090 2.7 

35.0 27.0 0 1 0 0 

Kim 
(117,137) 

DDA .:fIv '* ~ cos e 1 - cos e w 
Conc'n E E -A 

3.2 60.5 39 0.777 0.223 13.5 

10.0 51.0 50 0.643 0.357 j. 8.2 

25·0 30.0 61 0.485 0.515 15.4 

40.0 27.0 58 0.530 0.470 12.7 

60.0 27.0 41 0.755 0.245 6.6 

100.0 27.0 0 1 0.000 0.0 

*data from present investigation 
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1 

\ ;' 
RESULTS 

TABLE 12 

DDA Zero )0 minutes 
Conc'n Conditioning Conditioning 
(mg/l) Sinks Floats ~ Rec';y Sinks Floats ~ Rec';y 

5 0.76 0.00 0.0 1.07 0.00 0.0 
0.94 0.00 0.0 0.87 0.01 1.3 

10 0.95 0.00 0.0 1.00 0.02 1.0* 
1.09 0.15 12.1* 0.97 0.01 1.0 

15 0.89 0.03 3.3 0.69 0.05 6.8 
0.73 0.02 2.7 0.90 0.17 15.9 

0.94 0.06 6.0 
1.03 0.07 6.4 

20 0.23 0.84 78.5 0.49 0.45 47.9 
0.85 0.17 16.7 0.49 0.57 53.8 
0.45 0.68 60.2 
0.19 0.87 82.1 

25 0.29 0.68 70.1 0.46 0.57 55. 4 
0.60 0.52 46.4 0.25 0.75 75.0 
0.89 0.20 18.3 
0.80 0.30 27.3 

30 0.43 0.49 ga:4 0.16 0.92 85.2 
0.60 0.48 0.02 0.92 97.9 

35 0.81 0.25 23.6 0.00 0.94 100.0 
0.46 0.41 47.1 * 0.00 0.81 100.0* 
0.56 0.44 .44.0 

50 0.33 0.66 66.7 0.00 1.00 100.0 
0.37 0.60 61.9 0.00 0.99 100.0 

100 0.10 0.86 90.0* 0.00 0.99 j 00.0 
0.00 0.91 100.0 0.00 1.00 100.0 

200 0.03 0.87 96.7 0.01 0.88 98.9 
0.02 0.85 97.7 0.01 1.00 99.0 

*Results obtained using two month old dodecylamine solutions. 
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