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ABSTRACT

The problems associated with the flotation of fine mineral
particles are discussed. Particular reference is made to slime
coatings and the small flotation rates of very fine particles.

An investigation has been made of the concentration of fine
hematite and quartz particles at the non-polar oil/ﬁater interface
of an oil in water emulsion. The collectors and non-polar oil
employed were sodium dodecyl sulphate, dodecylamine and dodecanoic
acid, and iso-octane (i.e. 2.2.4. trimethylpentane) respectively,
Potentiometric and analytical methods revealed that for dodecylamine
and dodecanoic acid, neutral amine and fatty acid molecules were
distributed between the organic phases. The effect of this distri-
bution on the concentration of quartz and hematite at the oil/water
interface was evaluated. Distribution coefficients were determined.

Contact angle, zeta potential, and adsorption density results
showed that the concentration of the minerals at the oil/water
interface in the presence of sodium dodecyl sulphate and dodecylamine
is dependent on the sign and magnitude of the charge on the mineral
particles, and the concentration of collector ions in the aqueous
phase. These results also indicated that the primary mechanism of
adsorption of dodecylamine and sodium dodecyl sulphate at the solid/
water interface is one of coulombic attraction of the collector ions
for the oppositely charged surface. Two steps were involved in the

adsorption processes. The reasons for this are discussed.
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The concentration of hematite at the oil/water interface using
dodecanoic acid as a collector appeared not to be dependent on the
charge of the hematite particles.

Interfacial tensions, determined using the drop volume method,
were used, in the Young's expression to evaluate the work of adhesion
of the oil drop to the hematite and quartz surfaces. A good correla-
tion was obtained between the works of adhesion, percent extraction
(i.e. the percent of the total solid, added, concentrated at the oil/

water interface), and the adsorption density.
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1,00, INTRODUCTION

1,10. Problems Associated with the Flotation of Fine
Mineral Particles

In flotation processes the presence of fine mineral particles
of below 20 microns in diameter can give rise to three basic problems.
Firstly becaugse of their large surface area, fine particles consume
large quantities of collector and modifying reagents. Secondly fine
particles (slimes) can coat the coarser particles to be floated and
inhibit flotation, and finally the flotation response of small parti-

cles differs from that of coarser particles.

The formation of slime coatings on a mineral to be floated has
been attributed to electrostatic forces of attraction (1) (2) and also
to a chemical interaction process (3) (4) (5). Recently Fuerstenam,
Gaudin and Miaw (6) related the slime coating density with the flota-
tion recovery and properties of the electrical double layer. They
found that slime coatings were heaviest when the slime was uncharged
or charged oppositely to the mineral being floated. Thus quartz was
only floated with amine in the presence of hematite slimes when both
the hematite and quartz had negative surface charges. Iwasaki, Cooke,
Harraway and Choi (7) substantiated the results of Fuerstenau and co-
workers by showing that negatively charged kaolinite and bentonite had
no effect on the flotation of quartz with amine at pH 6.0, whereas
neutral or positively charged goethite slimes depressed flotation

almost completely. On the other hand, at pH 3.0 with sodium dodecyl
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sulphate as a collector positively charged goethite slimes had no
effect on the flotation of goethite, whereas negatively or neutrally
charged quartz, bentonite and kaolinite all depressed the flotation
of goethite. These authors also investigated the effect of slimes of
different sizes and showed that in the flotation of quartz with amine,
a decrease in the size of the goethite slime particles produced a
marked decrease in the quartz recovery.

The mechanism of floating fine particles is basically the same
as floating any size particle, in so far as the particle must come in-
to contact with the bubble surface. The intervening film of aqueous
surface active agent must then be ruptured so that a finite contact
angle between bubble and particle can be established. Many authors
(8) (9) (10) (11) have shown that the optimum particle size for flota~
tion is approximately 50 microns and that below this value the rate
of flotation and recovery decreases. Gaudin, Schuhmann and Schlecten
(12) showed that for galena with sufficient potassium ethyl xanthate
as collector, the flotation rate was proportional to the particle
size down to a size of 5 microns and below this size remained
congtant. A detailed investigation by Tomlinson and Fleming (13)
revealed that for apatite, hematite and galena, under conditions of
'free! flotation, the flotation rate was first order with respects
to the concentration of the size fraction being floated and dependant
on the square of the particle diameter. Under conditions of
'inhibited! flotation the flotation rate was zero order with respect

to the concentration and not so dependant on the particle diameter.
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Flotation was classified as !'free! or 'inhibited'! depending on whether
the flotation rate was controlled by the particle or bubble concentra-
tion.

A number of theories have been postulated to explain the decrease
in flotation rate with decrease in particle size. The first detailed
attempt to develop a relationship between the flotation rate and
collision hydrodynamics was made by Sutherland (14). He derived a
relationship between the flotation rate (k) and particle size (r),
which was of the form

kK = K r (1)
K2+I‘

where X; and K, are constants. Although Sutherland (14) showed that
the data obtained by Gaudin and co-workers (12), on galena, fitted an
approximate form of eq? (1) the agreement is probably fortuitous,
because in Sutherland's theoretical analysis the intertial effects of
the particle were assumed to be negligible. Philippoff (15) considered
that the small flotation rate obtained with small particle sizes was
attributable to the particles having ingsufficient time, during a
bubble-particle collision, to rupture the film and form a finite
contact angle. It was considered that when a particle collided with

a bubble,it had sufficient inertia to deform the bubble surface and
when the bubble regained its normal shape'both particle and water

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

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

wag unlikely that during this time the disjoining film (16) would
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thin sufficiently for the film to rupture, and for a finite contact
angle to be formed. Tomlinson and Fleming (13) from considerations
of the classical hydrodynamics of Langmuir and Herne showed that the
probability of a collision between a particle and bubble was a
function of the square of the particle diameter. Their experimental
results verified this.

In most of the theoretical analysis on bubble - particle contact
the emphagis has been based on the probability of bubble-particle
collisions. It must however be realized that although a bubble and
particle may collide with each other, adherence of the particle to
the bubble does not necessarily follow.

Recently Derjaguin and Dukin (17) have made a theoretical analy-
gis of bubble-particle collisions in terms of a dynamic double layer.
Meloy (18) has summarised these analyses qualitatively. When a
bubble rises water streams past its surface sweeping the adsorbed
surface active ions rearwards and forming a new surface at the for-
ward pole of the bubble., As the o0ld surface is swept rearwards the
surface concentration of adsorbed surface active species decreases
as the surface approaches the equator and then increases as the
surface contracts. At a certain critical latitude the surface will
become supersaturated with respect to the surface active ions and
as a result ions will diffuse off of the back of the bubble. Thus
the surface concentration goes all the way from near zero at the
front of the bubble to supersaturation at its tail.

At the front of the bubble, surface active ions will diffuse
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toward the bubble, to counteract the difficiency of ions at the
bubble surface., The movement of these ions will oreate a 'zone of
depletion' in the liquid just outside the bubble surface. Furthermore
gince the surface active ions are charged, the bubble surface will be
charged and counter ions will diffuse toward the surface. 1In the 'zone
of depletion', therefore, there will be a deficiency of both counter
ions and surface active ions. The diffusion of counter ions to the
'zone of depletion! will be greater than that of the surface active
ions. As a result, the zone of depletion will acquire a charge
opposite to that on the bubble surface, which will build up until the
rate of diffusion for the two types of ions is the same, Dukin (19)
considers that the electric field from the charge will extend as far
as 10 microns from the bubble surface and that it can have an intensity
as high as 3000 volt/om. (20). At the rear of the bubble the charge
will be opposite to that at the front part of the bubble because of
the diffusion of ions from the bubble surface. It follows, therefore,
that a particle will only be attracted to the front part of the bubble
if the charge on its surface is of the same sign as that actually on
the bubble surface. Alternatively if the particle has an opposite
sign to that of the bubble charge, it may be collected at the tail of
the bubble,

Derjaguin and Dukin {17) showed that in the absence of all forces
except hydrodynamic ones, particles smaller than a critical size
would never come into contact with the bubble because they would bde

carried around the bubble in the streamlines. In the presence of a
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diffused layer, however, and when the particle diameter was smaller
than the diffused layer thickness, a diffusio-phoretic foroe would
be present. This would either enhance or inhibit the passage of the
particle to the bubble surface. As a result of this force the
critical particle size for cegsation of bubble-particle contact
would be modified. Furthermore, it was shown that even if particles
were attracted into the diffused layer, contact with the bubble
surface did not necessarily follow. A too high charge on the particle
surface would result in the repulsive forces between the bubble and
particle being greater than the attractive forces. As a result, the
particle would be repelled from the bubble surface. Such a particle
could be collected at the rear of the bubble where the surface charge
wasg opposite in sign to that at the front of the bubble.

Derjaguin and Dukin (17) also showed that for particles of
diameter between the thickness of the diffused layer and that required
for the onset of inertisl effects, the particles could no longer be
treated as pin points embedded in the diffusion zone, as they would
themselves alter both the streamlines and the electric field of the
diffusion boundary layer. It was shown that for such particles to
become attached to the bubble, the disjoining film would have to be
thinned at a far greater rate than that predicted from gravitational
forces. On the basis of further calculations it was proposed that
between the bubble and particle, very strong diffusio~phoretic forces
could be formed. The particle as well as bubble, would carry an

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

surface. As a result of this diffusion process a diffusion gradient
amounting to thousands of volts cm"l could be established in the
small gap between the bubble and particle. Since the surface active
ion would generally be the slower moving one, the field would pull
the particle toward the bubble surface.

The dynamic nature of the double layer arising from bubble-
particle collisions suggests that !'fruitful' collisions are dependant
on the bubble and particle size and charge, the diffusion rates of
the ions, the collector concentration and the partition of collector
adsorbed on the bubble and particle surfaces. In view of the complex
nature of these variables it is impossible to predict the flotation

behaviour of fine particles.

1.20. Methods of Floating Fine Particles
In many processes the fines are noi floated directly, but they

are either flocculated, agglomerated or picked up by coarser minerals
and then floated. Gaudin and Malozemoff (21) found that by selectively
flocculating sulphide minerals with heteropolar sulphur bearing sub-
stances, the flotation of fine sulphide minerals could be successfully
accomplished. The process whereby fine particles are floated by
attachment to larger carrier minerals has found considerable applica-
tion in the beneficiation of kaolin (22). In essence the process

consists of using a finely divided auxillary mineral as carrier for
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the fine particles to be floated. The carrier mineral ig then
floated and the fines are ‘piggybacked! into the froth.

At the Minerals and Chemicals Philipp Corporation (23) (24)
plant, crude clay is slurried with water, degritted through a 325
mesh soreen and then digpersed with 3.5 lb. per ton of sodium
silicate. The reagent addition per ton of ore treated is as follows.
The clay is conditioned with 6 lb. ammonium sulphate and 600 1b. of
coarse marble particles and sufficient water added to give a pulp
density of 22 solids. An emulsion of 4 lb. of ecrude tall oil, 4 1b.
of neutral calcium petronate and 3 1lb. of aqueous ammonia is then
added and conditioning continued. Eight pounds of light hydrocarbon
oil is then added and after further conditioning the marble particles
coated with an impurity of anastase are floated in conventional flota~
tion cells. The size of the particles floated in this process are
9 microns and the size of the carrier mineral about 325 mesh,

Neutral hydrocarbon oils, of the alkane type, are generally
used in the flotation of minerals whose crystal structure is such
that they are not readily wetted by water (25). Such minerals as
graphite, sulphur, coal, diamonds and molybdenite fall into this
category. Neutral oils are also used in conjunction with fatty acids
in the flotation of manganese (26) (27) and ilmenite (28) (29) ores.
Flotation processes utilizing oil have been termed 'agglomeration!
or 'emulsion! flotation processes. This terminology has been
adopted more as a matter of convenience rather than as an accurate

discription of the principles involved. In principle there is very
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little difference between a process using a neutral oil and one that
uses no oil. In both processes single,or clusters of, hydrophobic
particles are floated by attachment to air bubbles. The addition of
0il to the flotation circuit merely increases the hydrophobicity of
particles which would otherwise find it difficult to adsorb sufficient
collector to become hydrophobic enough for bubble-particle contact.
The oil is added to the mineral pulp as an oil in water emulsion con-
taining suitable collectors and sometimes emlsifiers. After condi-
tioning, the mineral pulp is treated in conventional flotation cells.
The metallurgical results obtained from a flotation process in
which oil is utilized are very dependant on the nature of the condi-
tioning process. A thorough study of the conditioning and flotation
of an ilmenite ore using fatty acid collectors and fuel oil has been
made by Lapidot and Mellgren (30). By measuring the power consumption
as a function of conditioning time, the distribution of reagents on
the products and by determining the flotation characteristies, these
authors showed that the conditioning process could be divided into five
periods. These periods have been termed the 'induction period!,
'flocculation period!, 'flocculation peak!', 'deflocculation period!
and the !dispersion period!. During the 'induction period! the
recovery of ilmenite was low and the reagents were adsorbed on both
the ilmenite and gangue minerals as a result of random collisions
with the oil drops. As the particles adeorbed more reagents agglomer—
ation of both the gangue and ilmenite particles occurred (!flocculation

period') until at the 'flocculation peak! all of the minerals were in
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an agglomerated form. A further increase in the conditioning time
resulted in the agglomerates breaking (‘'deflocculation period') and
the redistribution of reagents so that cnly the ilmenite particles
were coated. During the !'dispersion period'! the reagent was slowly
removed from the ilmenite particles by attrition. Flotation teasts
showed that although good flotation was obtained at the 'flocculation
peak! the selectivity was very low. A high selectivity and recovery
of ilmenite was best obtained at the end of the 'deflocculation
period!.

Some authors (31) (29) maintain that in processes utilizing oil,
the fine particles can betreated with the coarse particles. The
only effect of the fine particlea, being to increage the reagent
consumption. The work of Lapidot and Mellgren (30), however, clearly
showed that slimes could be treated, if the conditioner pulp density
wag increased to above 70%. Furthermore they showed that the slimes
should be separated and added to the conditioner after the 'defloc—
culation peak!., In this way the reagent made redundant, as a result
of the deflocculation process, was adsorbed onto the slime particles.

Exactly how the hydro&arbon 0il effects the flotation of a given
mineral is not clearly understood. Gates (26) and others (29) consider
that good flotation is obtained as a result of the agglomeration of
the mineral particles. The o0il being a necessary prerequisite for
agglomeration. Mellgren and Lapidot (30), however, showed that a
'flocculation period! and a !deflocculation period!, were obtained

whether the neutral o0il was present or not. In view of these results
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it would appear that both flotation and flocculation (or agglomeration)
are manifestations of the mineral hydrophobicity and that the function
of the o0il is to increase the hydrophobicity of the particles and to
reduce the collector consumption, rather than to cause agglomeration.

In certain processes the use of 0il to form spherical mineral
agglomerates has found considerable application. Once again, however,
it is difficult to elucidate the exact function of the oil. Bisse
and Mc. Morris (32) showed that by injecting oil into a vigorously
agitated coal slurry, preferential oil wetting of the coal particles
resulted and flocculation occurred. After more gentle agitation,
spherical agglomerates (or pellets) were formed which were removable
from the gangue minerals by vibratory screening and centrifugation.
In recent years Farnand and co-workers (33) have shown that, by using
suitable fatty acid collectors such a technique might be applicable
to the beneficiation of tin ores. A continuous agglomeration process
for upgrading tin ores has been investigated by Meadus and co-workers
(34).

The quantity of oil added to a flotation or spherical agglomera-
tion process (35) (36) (37) (38) is generally such that a separate
0il phase is not obtained at the end of the conditioning process.
Thus in flotation plants the consumption of oil per ton of ore ranges
from one pound to two hundred pounds (27). Little research has been
conducted on processes which utilize considerable quantities of oil
po that a separate 0il phase is obtained. It is the purpose of this

work to investigate such a system.
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1.30. The Concentration of Minerals at the 0il/Water Interface

If a2 mixture of two immiscible or partially immiscible liquids
is shaken, a dispersion of one in the other results; but in order to
attain any degree of stability, a third component is necessary. This
third substance need not necessarily be a surface active agent, but
can be a finely divided solid. If the two immiscible liquids are a
neutral oil and water then depending on the relative phase volumes of
the o0il and water, and the type of solid, either an oil in water (O/N)
or water in oil (W/0) dispersion will result.

Young's expression (40) of wetting of solids by liquids, is
¥so - ¥sw = JWo CosP

where 8 is the contact angle in the agqueous phase andXSW,Y WO and
¥S0 are the interfacial tensions of the solid-water, water-oil and
solid-oil interfaces respectively. According to Von Reinders (41)
three situations may occur:

1)  1£ ¥so> ¥wo + ¥'sW, the solid will remain dispersed in
the aqueous phase.

2)  1fisW > ¥Wo + ¥ SO, the solid will be dispersed in the
organic phase.

3) If YWo> ¥ sW + Y S0, or if none of the three interfacial
tensions is greater than the sum of the other two, the solid
particles will concentrate at the water-oil boundary. When the

golid collects at the liquid-liquid interface Young's expression

can be utilized to give the following results.



=20~

1) 1£ ¥ s < ¥ 50, then Cos® is positive and P< 90% this
will result in the major portion of the solid being in the aqueous
phase.

2) 1f ¥ 507 W, cosD is negative, & > 90°, and the major
portion of the particle will be in the organio phase.

3} In the (unlikely) case when the contact angle is exactly
90°, the particle will be equelly wetted by both the organic and
aqueous phase,

The above theory suggests that it should be possible to modify
the contact angle by the use of suitable surface-active reagents so
that the mineral particles concentrate either at the liquid-liquid
interface or in the organic phase. Schulman and Leja (42) have
ghown the validity of this reasoning by elaborate investigations of
emilsions stabilized by barium sulphate particles. They found that
by increasing the concentration of such collectors as sodium laurate
and sodium dodecyl sulphate, the three phase contact angle, barium
sulphate, benzene and water, could be increased from zero to a
maximum of 135° for the sodium dodecyl sulphate and 115° for sodium
laurate. When the contact angle was above 900, water in oil
emilsions were formed and when below 900, 0il in water emilsions
were gtabilized. This latter finding was congistent with the
postulate of Hildebrand (43) which states that the phase preferen-
tially wetting the go0lid will be the continuous phase. At high
concentrations of sodium oleate the contact angle approached 180°

and there was a tendency for the barium sulphate particles to be
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dispersed in the organic phase. (von Reinders case 2).

Takakuwa and Takamori (44) have used the fact that emulsions
stabilized by particles invert when the contact angle exceeds 900,
to determine the optimum conditions of collector concentration and
pH necessary for the flotation of sulphide minerals. Although this
work clearly shows the importance of collector concentration on the
type of emulsion, it does not take into account the fact that 90°
contact angles are not required for good flotation and also that
some collectors depending on the pH will be distributed between the
aqueous and organic phases.

Recently Coleman, Sutherland and Capper (45) have shown that
calcite can be successfully extracted from an aqueous suspension of
ghale into an organic phase. The technique used involved making
the particles oleophilic by ball milling the shale in aqueous
guspension in the presence of (a collector of) sodium oleate. The
calcite particles were then selectively extracted into a viscous
petroleum oil which was brought into contact with the suspension.
Calcite removal from the shale was improved by increasing the sodium
oleate concentration, the time of grinding and the oil/suspension

contact time.

1.,40. Aim of the Present Work

The aim of this work is to study the interfacial phenomena of
collector in water solutions in the presence of iso-octane, and

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

The techniques utilized in these studies involves contact angle,
interfacial tension, adsorption, electrokinetic and extraction
measurements. An attempt is made to correlate the experimental data
and to elucidate the mechanism of collector adsorption at the

mineral /water interface.
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2.00. SOLUTION EQUILIBRIUM STUDIES

2.10, General

Collectors are chemical reagents which have the ability to
impart a degree of hydrophobicity fto a mineral surface. Collector
molecules consist of an anionic or cationic group attached to a non
polar group, such as an alkyl or aryl radical. Anionic collectors
are generally organic derivatives of an inorganic acid and they can
be categorized into either oxhydryl or sulphydryl collectors,
depending on whether the hydrocarbon chain is linked to the acidic
hydrogen (or equivalent metal atom) by an oxygen or sulphur atom.
Oxhydryl collectors include such compounds as organo sulphates,
sulphonates, phosphates and carboxylates, whereas sulphydryl
collectors are thio compounds of similar radicals.

Cationic collectors are represented by the amines of which the
most commonly used, in flotation studies, is the alkyl primary
amine, dodecylamine,

In this research work three collectors, each with a twelve
carbon hydrocarbon chain, have been used. The collectors are

a) dodecylamine
;
Cip Hog - N\ or RNH,
H

b) sodium dodecyl sulphate

0
!

012 H25 -0 - ? -0N, or R SO4 N,
0
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and c¢) dodecanoic acid
C11 H23 - C - 0 H or RCOCH,

il

0
Of these three collectors a) is cationic and b) and c) are
anionic.

In aqueous solutions dodecylamine and dodecanoic acid ionize.

The degree of ionization depends on their dissociation constant and
the pH of the solution. Sodium dodecyl sulphate being a strong

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

The ionization of dodecylamine ig represented by the equation

Rmx_;-‘:r RNH, + H' 5 pK = 10.6 (47) (48) at 25°C.

and the dissociation of dodecanoic acid is represented by the

reaction

RCOOH =+ RCOO™ + H' 5 pK = 5 (49) at 25%.

Neutral dodecylamine and dodecanoic acid molecules are quite
soluble in a neutral oil, such as iso-octane, but only slightly
soluble in water (50) (51). If iso-octane is added to an aqueous
amine or fatty acid solution, a distribution of neutral molecules
takes place between the aqueous and organic phases. The collectors
in ionic form do not enter into a neutral o0il phase because of
their hydrophilic nature. The magnitude and nature of the neutral
molecule distribution in water and oil was investigated by

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

2.20. Theoretical
Assume that the dodecylamine is dissolved in an excess of
hydrochloric acid and that sodium hydroxide is added to increase

the pH. As the pH is increased the reaction
+, + .
RNH3 = RNH2 + H, for which

K = f{mwy), [# (1)
RN 3]

proceeds to the right. The RNH, produced will become distributed

between the agqueous and iso-octane phase, The partition coefficient

D will be [RNHp), / [RE,] ,
or rearranged D [ RNHZ]A = [RNHZ_] 0 (2)

where,
iRNHzi o ° concentration of neutral amine in the

organic phase in moles litre s

concentration of neutral amine in the

and [RNHZ] A

aqueous phase in moles litre L

A distribution coefficient (KD) involving, both neutral and ionic
species may be defined as

KD = Total amine in agqueous phase
Total amine in organic phase




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

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

Ky = f5*] 1 (4)

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

expressgion

v, (REyly = v (el v, (R, + Vo [mE], (5)

-~

where V, = volume of the aqueous phase (ml)
Vo = volume of the organic phase (m1)
and thHa'iT = total dodecylamine concentration expressed in

moles litre™’ of aqueous phase.

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

the relationship

i r 1
v, A = T, ]_RNHz]O + v, [RE, ], (6)

Where A is the concentration, in moles per litre, of sodium hydroxide
available after the neutralisation of excess hydrochloric acid, for

reaction with cationic amine according to the equation

+

RNH3

+ Cl° 4+ NaCH = RNH, + NaCl+H20.
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Combination of eq” (1) and (2) gives

- 3 ] +
{RNH;- = |RNH, | n[ H ] (1)
- - K
n i 7 _
and from eg (6) IRNH2|O = Vy A
T To + Vp /D

Substituting in (5) for [RNE;"] and [RNH2] 4 leads to

v, [REp)y = VRS {E] + Vy[mu,ly + Vo [RMEy)o (7a)
XD D,

and substituting in (7a) for [RNHQ]O , from eq® (6), gives after

rearranging
i
i = Vy (H + 1 (8)
b K[RER]r [VoD + V4 (R |

Equation (8) indicates that if V,, K, i.RNHZ]T' Vo and D are constant
a linear relationship exists between /A and [£ . 4 determination
of the slope of this line will enable an evaluation of D to be made.

Alternatively the slope can be set equal to Y so that

Y = Va
K [RNHZ:}T [VbD +'V@

or _ Vo IX ]:RNHZ]T + K[RNHZ]T (9)

Vs

Lt ]

This equation indicates that if the reciprocal of the slope of eq?
(8) is measured for different volumes of the organic phase, a linear

relationship should exist between 1/Y and Vg provided that Vy, D,
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X, and RNHé{T are kept constant. The slope of this line incorporates

an average value of D.
A similar theoretical treatment is valid for dodecanoic acid. If
the acid is initially dissolved in excess sodium hydroxide the

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

K X

D T o mpm—— o+ L
[H*] D D

(10)

= K__Va N 1 (11)
[E"11V, + VD] [RCOCH] p TRCOCH ]

where K = [Rcoo‘LL + |Rcoon], and X = [Rcoo‘] [Hﬂ

'RCOOH] o | RCOOH]

and

e Lo

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

excess sodium hydroxide, for reaction with dodecanocate ions.

2.30. Experimental

2.31. Apparatus and Materials

The titration vessel consisted of a 50 ml., 'Quickfit! reaction
vessel, fitted with a multi-socket, flanged 1id. Through the 1id
sockets were inserted a calomel and glass electrode, nitrogen inlet
and outlet pipes, and a 2 or 5 ml. burette. A magnetic stirrer was
applied and the pH was measured with a Pye 'Dynacap! pH meter,

The dodecylamine and dodecanoic acid used were both better

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

B.,DH. respectively. The iso-octane was supplied by B.D.H. as a
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'general purpose reagent! and was further purified by passage through
a column of activated alumina. All other reagents, unless otherwise

stated, were of 'analar! grade.

2.32. Method_
3

A solution containing 1.34 x 10~ moles/litre of cationic
dodecylamine ions and 1.63 x 10_3 moles/litre of hydrogen ions was
prepared. A 20 ml aliquot of this amine solution was pipetted into
the titration vessel with a known volume of iso-octane. The result-
ing mixture was then titrated potentiometrically against 0.1M sodium
hydroxide under an atmosphere of 'white spot! nitrogen. Similar
titrations were conducted with different volumes of iso-octane.

The procedure employed with dodecanoic acid was slightly
different, as 0.5 ml of 0.1M dodecanoic aoid solution in iso-octane
was added to a known volume of iso~octane and 20 mls of 6 x 107
sodium hydroxide in the titration vessel., The mixture was then
agitated for 30 minutes under an atmosphere of 'white spot! nitrogen.
It was assumed that at the end of this period most of the dodecanoic
acid had left the organic phase and formed dodecanoate ions according
to the reaction RCOCH + NaOH —»RCO0™ Na' + Hzp. The resulting
mixture of carboxylic ions and excess sodium hydroxide was then
potentiometrically titrated against 0.1M hydrochloric acid. This

procedure was repeabted for different volumes of the organic phase.
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2.41, Results of the_iso—octane - dodecylamine_ solution

The titration results obtained with dodecylamine are shown in
fig. (1). Curve (1) shows the titration of 0.1M NaCH with the total
amount of hydrochloric acid added in the dissolution of the RNH,.
(i.e. the excess HCl + the stoichiometric amount required to convert
the RNH, to RNH3+) and curve (2) shows the titration of 0.1M NaCH
with the solution containing both the cationic amine and the excess
hydrogen ions. Since the pK value of dodecylamine is high the
difference in end points of these two titrations should be equivalent
to the total concentration of cationic amine in the original solution.
The end points of titrations (1) and (2) correspond to 3.00 x 10”30
HCl and 1.62 x 10-3M HCl respectively, giving a difference of 1.38 x
10—3M. This difference reveals that there was a complete conversion
of RNH, to RNH3+ when the dodecylamine was dissolved in excess
hydrochloric acid. Curves (3) to (10) refer to the titrations con-
ducted in the presence of different volumes of iso-octane.

The values of A in eq® (6) were determined by measuring the
difference between curves (3) to (10) and curve (2) at different pH
valuess The volumetric values of A so obtained, were converted into
concentrations after corrections were made for the increase in volume
of the aqueous phase, due to additions of NalH. Plots of l/A against
hydrogen ion concentration are shown in fig., 2 for different values
of Vye According to eq® (8) the intercept of the straight lines
obtained in fig. (2) should be equal to the reciprocal of the total

amine concentration., Table I summarises the slopes and intercepts
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of these lineg for different volumes of the organic phases.

TABLE I
Volume of Organic Slope (Y) x 1072 1x 107 Intercept
pha.se. (ml)o Y
1.0 67.8 0.015 710
2.5 28.6 0.035 T40
6.0 11.4 0.088 740
8.0 8.2 0.122 710
12.0 5.4 0.185 110
15.0 2.6 0.385 720

The average value of the intercept was 719 * 29 which corresponds
to a total dodecylamine concentration of (1.38 £0.04) x 103
compared to the prepared solution of 1.34 x lO-BM.

The linear relationship between 1/Y and Vo (eq® 9) has been
verified in fig. 3. According to eq® (9) the intercept of this line
should be K [RMi,|p and the slope DK [RMijp /Vj. The smallness of
the intercept, however, prevented an accurate determination of
X [ﬁﬂﬂélqtfrom being made. From the slope of this straight line and
the literature value of K equal to 2.4 x lO_ll (47), the value of
the partition coefficient D was determined to be 9.8 x 10+3. This
potentiometric method of determining D was checked by deducing the
value of the partition coefficient from direct determinations of Kp
at different pH values. The experimental procedure for this

determination is given in section 4.24 but. the theoretical considera-
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the organic phase for dodecylamine.
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tions are given here.
The equation relating Ky to IHﬁi, K and D i.e. eqn (4) can be

simplified and rewritten in the logarithmic form
log Xy = -pH - (log X + log D) (12)

if B"3> K i.e. if pE<K 10.6. If Ky is evaluated by direct
determination of the concentration of amine in the aqueous and organic
phases, and the logarithm of Kpy presented as a function of pH, a
gtraight line should result with slope -1 and intercept -(log X + log
D). Pig. 4 shows the experimental plot of log KD against gH. The
slope obtained was -1.05 and the value of D calculated from the
intercept was (1.0 £ 0.2) x 10%. This value of D is in excellent
agreement with that found potentiometrically. A value of 1.0 x 104
has been used for D, in all subsequent calculations of the concentra-
tion of the various amine species in the system.

Figure 5 illustrates how the concentration of the various
amine species varies with change in pH at a total amine concentration
of 1.25 x IO_BM. The volumes of the organic and agqueous phase were
6 ml and 20 ml respectively. Equations (3) and (5) were used to
deduce the values of [?NHz]o concentrations and equations (2) and (1)
were used to evaluate the values of [ﬁNij] and'?NHZ]A. The calcu-
lations showed that the predominant amine species in the system at pH
values below 6.5 was the cationic form and above pH 6.5 the neutral
form in the organic phase. Deductions of the concentration of neutral

amine in the aqueous phase revealed that over most of the pH range
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the concentration of this species was much lower than any other
species, However, at pH 10.6, i.e. the pK value, and above the
concentration of neutral amine in the aqueous phase exceeded that

of the cationic amine.

2.42., The regults of the igo-octane — dodecanocic acid

The titration results obtained with dodecanoic acid are illu-
strated in fig. (6). Curves (1) and (2) show the titration of 0.1M
hydrochloric acid with 6 x 10™M sodium hydroxide and 6 x 107w,
NaOH + 2.9 x 107M. RCOOH, respectively, Curves (3) to (9) refer
to the titrations conducted in the presence of different volumes of
iso-octane. These results were treated in a similar way to those
obtained with dodecylamine,

Values of 1/A were determined and plotted as a function of the
hydrogen ion concentration. The slopes and intercepts of the linear
curves obtained are summarised in Table II for different volumes of

the organic phase.

TABLE II
Volume Orgenic Phase | Slope (Y) x 107 | 1 x 1074 | Intercept
Vo (ml). Y
1.0 72.3 13.8 328
2.0 49.6 20,2 340
3.0 33.8 29.6 330
6.0 18.1 52.0 328
10.0 11.8 84.8 330
15.0 10,2 97.6 335
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The average value of the intercept was (332 £ 9) and this corresponded
to a dodecanoic acid concentration of 3.0 L 0.1 x 10—3M. This value
wag in excellent agreement with the original strength of the solution.
From the slope of the linear relationship obtained when l/Y was plotted
as a function of V the value of D was determined to be 5.6 x 10+3.
A value of X equal to 10~ was used in this determination.

Values of the distribution coefficient KD at different pH valuses
were determined by using eq® (10). Further calculations were made to
evaluate the concentration of the various fatty acid species at
different pH values. The results of these caloulations for Vy = 20,
V, = 6 and [RGCOH]T = 3.0 x 107M. are summarised in fig. 7. A%
tH values below 8,8 the predominant fatty acid species, in the sgystem,
was the neutral acid molecule in the organic phase. Above pH 8.8.
the anionic gpecies in the aqueous phase predominated., When the pH
of the aqueous phase was below 5 i.e. the pH corresponding to the pK
value for the reaction RCOOH == RCOO + H', the concentration of the
neutral acid in the aqueous phase was greater than that of the anion

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

3.10. General

Molecules in the interior of a liquid are surrounded by the
uniform field of force of neighbouring molecules (or ions). 4
molecule at the liquid interface or surface is however, subjected on
one side to the cohesive force of like molecules and on the other
gide to forces from the molecular constituents of the other phase.
If the two phases are immiscible,the net force acting on the surface
molecule is directed towards the bulk of the phase from which it
originated. To extend the area of the interface separating the two
phases, work must be done against the cohesive forces between like
molecules, so that molecules can be brought from the bulk phase to
the interface. The work done by the surface in increasing the

surface area by an amount dA is given by
d‘[’q = - XdAo (1)

Where X , the interfacial tension, is a force measured in dynes cm—l.
Numerically ¥ is equal to the increase in interfacial energy,
expressed in ergs cm-z, when the surface or interfacial area is
extended by 1 cmz.

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

illustrated diagrammatically in fig. 8a.



i3

A B
Phase I ,

Al-ecece-—---{B

C (o)

El--me - —-{F’
Phase 11

E - F
Fig. 8a.

If it is assumed that the number of moles of the i components is,
Ny Ny seeeee Nj, that the pressure is constant and that the two
phases are incompressible, the internal energy (aU) of the system

is given by the expression

QU = ¥aA + TS + T AN (2)

in which T

absolute temperature.

S

entropy of the system.

chemical potential of the ith component,

and M.,
Equation (2) is a homogenous function of the first degree in the
extensive properties A, S and Nj. Therefore in accordance with

Fulers theorem

U ¥4 + TS + T (3)
Differenciation of eq® (3) and subtraction of eq® (2) gives

A¥ + S + I_Ndmi = O (4)

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

relation is valid for every part of phase I and II so that
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s, ar +ZmTdp = 05 sThiar 4w = 05 (5)

Combination of eq” (5) and (4) gives

I II = 0 (6)

Ad¥ + (S-S ) &7 + Z(Ni—NiI-NiII)d/M"
1

Since eq"(4) and (6) are invariant with respects to volume the
quantity Sd4T + EENiQf{i will not change if the dimensions of the
vessel (fig.8a)are reduced from ABEF to A'B'E'F!, It is now possible
to introduce a mathematical plane near the interface between the two
phases. As the transistion from one phase to another is never really
discontinuous the location of this plane cannot be accurately
indicated. If AB and EF are made to approach CD,a system is obtained
which mainly displays the properties of the interfacial zone.

Gibbs (52) assumed that AB and EF were coincident with CD so
that the gystem was comprised of two three-dimensional homogeneous
phases and a two-dimensional boundary. In this case the extensive
parameters of eq® (6) represent the difference between those of two
phases which are homogeneous up to the interface and those of the
real system. This difference is caused by the fact that in real
systems the extensive parameters do not remain constant up to a
mathematical interface, but show gradual changes. For example changes
ocour in the conceniration of the components of the phase near the
interface and a number of components are adsorbed at the interface.

If N; ig the number of moles of component i in the system and NiI

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

Similarly § -~ s' - s = &5

The quantity Nis is known as the !superficial! number of moles in
the system ABEF and its value will depend upon the choice of the
mathematical delineation between the two phases., Substituting for

Nis and S® in eq” (6) gives
s s
ad¥ + 5% ar 4 TN du= O (7)

and dividing this expression by the area A at constant temperature

leads to the equation

Where f? the adsorption or surface excess, in moles cm'-2 is equal
to Ni?h. Equation (8) is known as the Gibbs equation for adsorption
at an interface.

Guggenheim (53) has derived a gimilar expression ?o eq” (8) but
in his treatment II' may be defined as the amount of component i
in a volume element of unit cross-sectional area (parallel to the
physical interface) and of sufficient thickness U to include the
whole of the non-uniform region. The results obtained from both
these treatments are of course the same, but the Guggenheim method

has the advantage that the thermodynamic functions can be applied

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

(8) vecomes

d¥ = - [dp, — [ du, (9)

Where 1 denotes the solute and 2. the solvent. If the mathematical
delineation is situated in such a position that the excess or

deficit of the golvent is zero,then

48 - -I du, (10)

In this equation/;¢., the chemical potential can be converted

to a more usable parameter by using the thermodynamic relations
AL =‘}J9 + RPInC+ RTLn f

where‘/LLo is the standard chemioal potential and f is the activity
coefficient of the solute in the bulk solution. In dilute solutions
f is close to unity, and its change with concentration will be zero

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

al

% (11)
dLn C

or Y?

=

Equation (11) forms the basis of adsorption measurements at the air-
water interface in the presence of a surface-active agent. i.e. an
agent that lowers the interfacial tension. The surface tension is

measured as a function of the surface-active agent concentration at
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constant temperature, and from the curve of § vs log C obtained, the
surface excess ([') is deduced.
For a three component system containing say an organic phase,

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

d¥ = 'J-T' sol.dMsol. - l‘—‘o:c'g.d/u'org _FHZC#/JHQO (12)

Equation (10) will only become similar to equation (11) if the assump-
tion is made that the mathematical plane is so positioned that both
the surface excess of the water and organic phases are zero. If
this agsumption is physically reasonable i.e. if adsorption of a
solute is confined to a monolayer, then eq~ (11) can be used to inter-
pret the interfacial tension results. This treatment makes the
further agsumption that the solute is only soluble in one of the
phases.

In this work the interfacial tensions between iso-octane and
aqueous collector solutions have been determined for the purpose of
a) substitution in the Young's expression to determine works of
adhesion (cf. sect. 1 and 4.13.) and b) obtaining an indication of
the adsorption at the oil-water interface. The determinations were
made using the drop-volume method used by Gaddum (54). In essence
the method congisted of measuring the volume of a drop of one phase
which had been formed in the other phase, This was done by deliver-
ing drops from a syringe that was operated by a micrometer. In this
way the volume of the drop was measured accurately to 0.0001 ml. The

interfacial tension was then deduced from the formla
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¥ = FVe (-8 o (13)

R.
where R = radius of the tip.
8 = accelleration due to gravity.
(P, - #;) = difference in density of the two phases.
V = volume of drop.
and F = factor,

The factor F is dependant on the ratio V/R3 and values of F were
readily obtained by reference to the empirical tables constructed by

Harkins and Brown (55).

3,20, Experimental

3.21. Apparatus and Materials

The apparatus was similar to that used by Adam (56) and con-
sisted of a U tube with one arm connected to a water manometer and
the other housing a glass capillary (fig. 8b)e The U tube was
partially immersed in a thermostated water bath controlling at
25 + 0.2°C. An 'Agla! micrometer syringe was attached to one end of
the glass capillary by a small piece of !'Teflon' tubing. The free
end of the capillary had been polished by successively finer grades
of silicon carbicle 'paper! so that, its cross-section was at right

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

viewed at a magnification of x 20. Measurements of the diameter of
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Fig. 8.b. Diagram of Apparatus used for interfacial
tension measurements.
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the capillary were made by travelling microscope and the mean diameter
was 0.553 * 0,001 cm.

All glassware was cleaned by conce nitric acid and ethyl alcohol
until the surfaces were hydrophilic. The pH was measured using a
glass and calomel electrode assembly connected to a Pye 'Dynacap!
meter,

The dodecylamine, dodecanoic acid and iso-octane used were the
same as those used in section 2. and the sodium dodecyl sulphate was
a 'chemically pure'! sample supplied by B. Newton Maine Ltd. Conducti-
vity studies on aqueous solutions of the sodium dodecyl sulphate
revealed that the C.M.C. of the sample was at 7.80 x 107M and this
value was in good agreement with literature values (57) (58). This

suggested that the purity of the sample was high.

3.22, Method

Samples of dodecylamine (D.D.A.) and sodium dodecyl sulphate
(S.D.S.) were disgsolved in hydrochloric acid of sufficient concen-
tration to give a total ionic strength of 6 x 10_3. Aliquots of
40 ml were taken from these solutions and shaken, in 100 ml conical
flasks for 45 minutes under an atmosphere of 'white spot! nitrogen,
with 12 ml of iso-octane and sufficient 0.1M sodium hydroxide to
give a required pH. The resulting emulsions were centrifuged and
after separation of the two phases the pH of the aqueous phase was
measured.

With dodecanoic acid (D.A.) the procedure was slightly different,
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A solution of D.A. in iso-octane was prepared and 12 ml aliquots of
this solution shaken, under an atmosphere of 'white spot' nitrogen
with 40 ml of hydrochloric acid and sufficient 0.1M NaOH to give a
required pH. The concentration of HCl was chosen so that when all
the dodecanoic acid was in the agqueous phase an ionic strength of

6 x 107> was obtained. After shaking for 45 minutes the resulting
emilsion was treated in a similar way to the D.D.A. and S.D.S.
solutions.

A 20 ml sample of the aqueous phase was pipetted into the U
tube and 6 ml of the organic phase added to the arm containing the
capillary tube, The micrometer syringe was filled with the aqueous
phase and placed in position so that the capillary tip was about
0.3 cm below the iso-ootane surface. After a thermal equilibration
time of 15 minutes a drop of the aqueous phase was formed at the tip
of the capillary. The volume of this drop was increased until it
began to 'neck' and was then left for an ageing period of 5 minutes,
after which the volume was slowly increased until the drop became
detached. At the point of the detachment the micrometer reading was
recorded and then the procedure repeated, After the detachment of
the second drop the difference in micrometer readings between the
detachment of the first drop and the second drop was determined.
This value corresponded to the volume of a drop. Subsequent drops
were formed in such way that 90% of their volume was formed within
the first 30 seconds of the drop formation time., The last 10% of

their volume was added slowly after the 'ageing' period of five
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minmutes. In all, ten drop volumes were measured for each determina-
tion of the interfacial tension.

The syringe was refilled by moving one of the arms of the water
manometer relative to the other so that the phase levels in the U
tube rose until the capillary tip was in the aqueous phase. A sample
from the aqueous phase was sucked into the syringe by winding back
the micrometer. After returning the phase levels to their original
positions the drop formation procedure was repeated. During the
formation of the drops the end of the capillary was viewed through a
cathetometer to ensure that the capillary was completely wetted by
the drop.

Preliminary tests were carried out on the different collector
solutions to establish the length of the ageing period. 1In all cases
it was found that after five minutes,the determined interfacial
tengion remained constant. An 'ageing' period or drop formation
time of 5 minutes was therefore used for all subsequent determinations.
Drop formation times (or ageing periocds) of 3 to 5 minutes have been
found adequate by other authors (59) (60) (61) for similar systems.

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

follows.
g = 980.4
P, = density of water at 25°¢ = 0.99708
and Qo = density of iso-octane at 25°c = 0.6896.

(This value was determined experimentally).
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3¢30. Results

The drop volumes obtained with two different samples of water

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

TABLE III
Drop form. time Drop Volumes (ml)
(min.) Sample I. Sample II.
1. 0.17566
3. 0.17492 0.18630
5. 0.17470 0.18624
7. 0.17458 0.18626

Sample I was a 'singly! distilled water and sample II was a 'surface-
active free! (S.A.F.) water produced from the process of Musslewhite
(62) and Read (63). The mean error for the drop volumes of sample

I was ¥ 0,34% and for the S.A.P. water 0.,04%. The drop volumes of
the singly distilled water showed a tendency to decrease in size
with increase in drop formation time, whereas the volumes of the
SeA.F. drops remained constant regardiess of the time of formation.
Interfacial tensions deduced from these volumes gave 46.4 for

sample I after an 'ageing! period of 5 minutes and 49.69 * 0,02
dynes c:m—l for the S.A.F. water, This latter value was in excellent
agreement with that obtained by Aveyard and Haydon (64). The low
value found for sample I was attributed to the presence of small
amounts of surface-active compounds in the water which gradually

adsorbed at the oil-water interface. In the presence of added
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surface-active agents i.e. collectors, the water from sample I gave
constant drop-volumes after formation times of four minutes. Because
of this and the fact that the S.A.F. water was only produced in small
quantities, water from sample I was used in all subsequent delermina~-
tions. Variation of the pH of both samples I and II between pH 3 and
9 did not produce a variation in the interfacial tension.

The interfacial tensions obtained between iso-octane and water
at four different constant concentrations of D.D.A., and at varying
pH values, are illustrated in fig. 9. The results show that, for a
given total concentration of D.D.A. the interfacial tension decreased
with increasing pH until a minimum was reached at pH 5.2. Above this
pH value the interfacial tension increased to a value slighily lower
than that observed at low pH values. An increase in the total D.D.A.
concentration produced a shift in the curve correlating the inter-
facial tension with the pH to lower interfacial tension values.
Studies on the equilibrium chemistry of dodecylamine (section 2)
showed that the predominant amine species, at low pH values was the
cationic amine in the aqueous phase and at high pH values the neutral
amine in the organic phase. On using the assumption that only RNHy'
was adsorbed at the oil/water interface at pH 2.3 and only RMH, from
the organic phase at pH 10.0, the interfacial tensions were plotted
in fig. 11 (curves (1) and (2)) as functions of the logarithm of
the amine concentration in the organic and aqueous phases.

The interfacial tension resulis illustrated-in fig. 10 were

those obtained for the iso-octane/water interface in the presence
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of three different total concentrations of DeAs As the pH of the
system was increased the interfacial tension decreased to a2 minimum
at about a tH of 7.5. A further increase in the pH resulted in a
slight increase in the interfacial tension before it finally
levelled off a2t values substantially lower than those obtained at
low pH values. In section 2. it was shown that the predominant fatty
acid species ot low rd velues, was the neutral form in the organic
phase and at high pd values the anionic form in the agueous phase.
Assuming that only the (RCOOH)o was adsorbed at pH 2.3 and only the
RCOO™ at pH 10.0. the relationships between the interfacial tension
and the logarithm of both the concentration of fatty acid in the
organic phase and the concentration of carboxylic ions in the aqueous
phase, were established as shown in fig. 11 (curves (3) and (4)).

Investigations into the influence of pH on the interfacial

tensicn between iso-octane and water in the presence of sodium dodecyl
sulphate are summarised in Table IV.

TABLE IV
(Total concentration of R.SO% Na. = 1.0 x 10~
Ionic strength 6 x 10 °)

P Interfacial tension
dynes/cm.

2.20 33.66

3.00 33.66

4,10 34.47

4.80 35.10

5.85 35.28

6.90 35.67
10,30 35.40
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The results show that as the pH was increased the interfacial
tension increased very slightly between approximately pH 4 and 6.5.
Cockbain (65) has attributed the slightly lower interfacial tension
below pH 5.0 to hydrogen ion adsorption. Analogous to these inter-
facial tension results are the surface tension results found by
Cook and Talbot (66). These authors found that the surface tension
increased between pH 5 and 8 and they attributed this to the presence
of fatty acid impurities or to a surface hydrolysis reaction.

As the interfacial tension did not change appreciably with
variation in pH the interfacial tension was determined as a function
of concentration at pH 2.4. The results of these determinations
are shown in fig. 11 (curve (5)). Figure 11 shows that the surface
active agents in order of decreasing ability to lower the interfacial
tension were RSO, , RMH3*, RCOO™, (RMH,) o, and finally (RCOCH),, the

lagt two species being in the organic phase.

3.40, Theoretical considerations

Although the interfacial tension between iso-octane and water
was not studied over a wide range of S.D.S. concentrations, an
indication of the surface excess at the oil-water interface can be
readily obtained. From electrostatic and kinetic considerations

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

-aY = R dmeo (14)
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should apply to the adsorption of uni-univalent surface active
electrolytes at the oil/water interface, in the presence of excess
inorganic salt. In this equation.fﬂ‘;s the surface excess of the
long chain electrolyte and C its molar concentration. The same
equation has been derived thermodynamically by Pethica (46), the main
assumptions made, in both the derivations, being that the products
fqétLL for the inorganic salt were negligible compared witth&;L for
the surface active species and that the activity of the surface
active species was directly proportional to the molar concentration.
In agreement with these theoretical conclusions Davies (67) has
shown that eq® (14) holds well for dilute solutions of cetyltri-
methylammonium bromide at the oil-water interface in the presence
of excess cloride ion.

In the absence of excess inorganic electrolyte an allowance
mist be made for the counter ions which accompany the long-chain
surface active ions. Cockbain (65) has shown by interfacial tension
and direct adsorption measurements that the adsorption of S.D.S. at
the n-decane/water interface, in the absence of excess electrolyte,

can be represented by
- d¥ = err[ amnc. (15)

This equation has also been verified by Haydon and Phillips (58) for
the petroleum ether/hater interface in the presence of sodium
dodecyl sulphate and trimethyl ammonium bromide.

The conditions under which the measurements were made in this
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investigation were such that the hydrogen (or sodium) and chloride

ions were in excess, although not greatly at high concentrations of
S«D.S. Surface excesses of S.D.S. were therefore calculated using

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

TABLE U

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

Concentration of S.D.S. Adsorption density
moles/litre x 1010 moles/cm?
1.0 x 1072 1.30
2,0 x 1072 1.52
5.0 x 10~2 1.93
1.0 x 1074 2.46
2.0 x 1074 2.62
5.0 x 1074 3.03
1.0 x 10™3 3.03
2.0 x 1073 3,03

The adsorption of S.D.S. at the oil/water interface increased with
increasing S.D,S. concentration until the adsorption density became
constant and independent of the concentration at above 5 x 10~4 moles/
litre,

A number of authors (68) (69) (70) have shown that, for a given
surface-active reagent, a linear relationship exists between the
interfacial tension and the logarithm of the concentration for the

concentration range from the C.M.C. to a quarter of this value.
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This implies that there was an approximately constant adsorption in
this concentration range. Van Voorst Vader (71) (72) has termed
this constant adsorption the !saturation adsorption' and found that
for S.D.S. adsorbed at the heptane/water interface, the area of the
adsorbed ion corresponding to saturation adsorption was 54 RZ.
Klinge and Lange (57) found that the area per ion for a similar
system at SOOC was 56 32. Rehfield (59) determined the influence
of S.D.S. on the interfacial tension between different n-alkanes and
water, in the absence of constant ionic strength and excess electro-
lyte, and found slightly lower areas per ion at the C.M.C. The
value obtained in this work, calculated from a constant adsorption
density of 3.03 x lO_10 moles/bmz, was 55 82. It would thus appear
that when the adsorption density becomes constant the area per
dodecyl sulphate ion adsorbed at the iso-octane/water interface
does not differ from that obtained for the n-alkane/water interface.
An area per sulphate group of 54 - 55 32 is large compared to
that found from measurements made from atomic molecules. The ionic
surface active species adsorbed at the oil/water interface will be
orientated so that the hydrocarbon group points into the organic
Phase and the polar group into the aqueous phase. As a result of
the charge on the polar group the ionic part of the surface active
ion will be hydrated. Van Voorst Vader (71) considers that, when
two such hydrated groups are brought close together, short range
repul sive forces may arise from the closely bounded water. If the

charge on the ionic group is such that the bound water is strongly
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held then the repulsive forces may give rise to a limit to the number
of ions that can be adsorbed at the interface. When this limit is

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

the concentration,

The adsorption of surface-active species at the oil/water inter-
face in the presence of dodecylamine is more complex than the
adsorption of S.D.S. at such an interface. It was shown in section
2,00 that at any particular pii, there were two forms of dodecylamine
present in the iso—octane/ﬁater gystem: the cationic amine in the
aqueous phase and the neutral amine which wag distributed between the
two phases. Both of these species are likely to be adsorbed at the
oil/kaxer interface and the relative amounts of each species at the
interface will depend on the pH of the agqueous phase.

Consider the iso-octane/water system with a constant total
amount of dodecylamine, and excess chloride ions, in the system.

The Gibbs equation for this system can be represented as
=
8 = —%ﬂé/uLA—-zf? O puy (16)

9 Drs

If the pH of the aqueous phase is increased by small additions of
O.1M NaOH and if it is assumed that the activity coefficients can
be approximated to unity and that the interface is such that .E142§)

and [;;o-octane are equal to zero, eq® (16) can be expanded to
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include all the species in the system.
P 3 o) + [g- 3(ta g

\
+ FNa +Q(In Oygt) + FOH- 0 {1n Cgr-) j (7)

where C denotes concentration in moles litre-'l and

+ +
R RNI‘I3 L]
RA = (RNH2) in aqueous phase.
RO = (BMH,) in organic phase.

In section 2. it was shown that

Cra = Cgt K.
C = C D.Ko
O and RO CHE+

Furthermore if the original concentration of HCl = Coe

Go - Gy = Opa+ if Gg D> Cgre
'.o -aCH'F = a CNa_+.
Con— = KW/CH+. where K;; = ionic product of water

Coad(Im COH-) = - 3 (Lncg+).

Substituting in eg (17)
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-3% - {FR BCR‘“ + I sﬁ‘: (CHJ + (o GH+ zﬂ:)

+ O Q%+ Dhe 8% + [n-9%r—or 3%
CH+ CNa+ CGI' CH+
(18)

Simplification of (18) by expanding the differentials leads to

-d¥= +RT{[R+ + 'ro +1—. a_Ci + a(pn)[pm»,[‘m
w + T =1 H+}
- rNa+ BCH+ + ['c]_- acm—
Tt ot (19)

Equation (19) indicates how the adsorption and 36 varies with
change in pH at constant temperature. This equation is very
difficult to solve because the variables are dependent on each
other., If however the pH is kept constant and the total concentra-

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

4
a‘6= —R‘I'{[FR+ +_[ RA+FRO]BCR+ + Iaci— bcﬂ
C+ C+
R @ (20)
If the ionic strength is constant and the concentration of the
chloride ions is much larger than that of the cationic amine ions
equation (20) will become

= _RT'[FR+ +r1;o +EA ]C)_‘ZBT.

Cpt

(21)
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In section 2.00 it was shown that at low pH values most of the D.D.A.
was in the agueous phase in the cationic form, so that to a first

approximation the equation

3y - -m'.[["r] ég::

(22)

is valid at these pH values. This is the equation for the adsorption
of ionic surface active species at the oil-water interface in the
presence of excess inorganic salt. Similarly it was shown that at

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

0% - -mr [ 3 Cro

Cro (23)

Equation (23) repregents the adsorption of a neutral surface-active
species at the oil/water interface.

Although eq” (19) describes the relationship between 0J,
adsorption density, pH, and cationic amine concentration, it does not
readily explain the shape of the experimental curves obtained in fig.
9. An alternative approach is to assume that there are no inter-
actions between the two adsorbed species so that an interfacial
analogue of Dalton'!s law of partial pressures can be applied. If it
is assumed that the adsorption of neutral amine from the aqueous

phase is negligible, then

Ay =bY RNH 3+ * AXRI\IHeo (24)
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Where Z&)‘T ig the total interfacial tension lowering due to both

the cationic amine £Y¥ RNH;- and the neutral amine in the organic

phase AXRNHZO.

Calculations were made of the concentrations of (RMH3') and
(RNH2)0 at different pH values and the interfacial tension lowering
for each of these components was deduced from the 5 vs log Cg+ and
X vs log Cro curves (fig. 11). A theoretical curve of interfacial
tensions against pH was then obtained by subtracting AXT from the
interfacial tension between pure water and iso-octane. The theore-
tical curves obtained are plotted with the experimental results in
fige. 9.

The significant difference between the theoretical and experi-
mental results was that the theoretical curve was displaced to more
alkaline pH values, and that at.the highest concentrations of
dodecylamine,the theoretical minimum interfacial tension was much
lower, than the experimental value, The pH value corresponding to
the theoretical minimum appeared at the pH where the RNHj+ concen-
tration in the gystem was equal to the RNH, concentration in the
organic phase. Differences between experimental interfacial
tension results and those predicted from ionization considerations
are not uncommon (73) (74). Danielli (74) has suggested that the
interfacial tension curves of some surface active mixtures can be
displaced from that predicted from ionization data because the pH

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

62:9 NI ¥ where ¢ is the surface potential,
2+3.kT.

€ the electronic charge, k the Boltzman's constant and T the
absolute temperature. Only when ¥ = O will the surface and bulk pH
values be the same, and, if Y is negative, pH < pH; because the
charge will attract hydrogen ions into the vicinity of the surface.

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

i is expected to be approximately equal to the bulk pH, because
the adsorption of charged amine will be negligible. Only the neutral
amine will be adsorbed and as a result the net charge will be
very small., Similarly at low pH values the surface pH will be
approximately equal to the bulk pH because although the surface
will be highly charged, due to the adsorption of cationic amine,
there will be far more chloride counter ions present than hydroxyl
ions. This means that the theoretical curves were conducted on the
assumption that pHg = pr. throughout the pH range. The surface
potential of the iso-octane/hater interface will be positive due to
the adsorption of cationic amine and hence plig will be greater than
pﬂb. It is therefore suggested that if the experimental results had
been based on (pH)g instead of (pH), a better correlation between
the experimental results and theoretical results would have been

obtained,
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At high concentrations of D.D.A. the interfacial tension
corresponding to the minimum value (fig. 9) was lower for the
theoretical curve than for the experimental curve. This indicated
that fo a certain extent there were interactions between the adsorbed
amine species. It was not possible to deduce the nature of these
interactions. Cockbain and Mc.Mullen (60) used the Daltons law
analogue to determine whether there were molecular interactions at
the water/decane and water/benzene interfaces in the presence of
soap in the aqueous phase and alcohol in the organic phase. It was
found that whereas Dalton's law was applicable to the benzene/haxer
interface, it was not for the decane/water interface, The deduction
was therefore made that the molecular interactions at the decane/
water interface were considerable compared to those at the benzene/
water interface.

At concentrations of cationic amine above 4 x 1074 an approxi-
mately linear relationship between K and log Crt existed (fig. 11).
The slope of this linear function corresponded to an adsorption
density of 2.7 x 10720 moles cm 2 and an area per adsorbed ion of
62 Xz. Although it was not possible to ascertain whether the
adsorption of neutral amine from the organic phase reached a constant
value it was possible to deduce that over the concentration range
studied the cationic amine was more strongly adsorbed than the neutral
amine.

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

Cgr at pH 5.2, i.e. the pH corresponding to the experimental minimum
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interfacial tension, a linear relationship was obtained at concen-
trations greater than 2 x lO_SM. The slope of this line corresponded
to an adsorption demsity of 2.0 x lq—lo moles cm 2 and an area per
adsorbed species of 83 Kz. It would therefore appear that when
constant adsorption is reached for fthe mixed film the area per ion

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

film,

A number of anthors have determined the effect of different
concentrations of fatiy acids on the interfacial tension between an
organic and a aqueous phase (77) (78) (79). Unfortunately most of
these investigations were carried out under the pH conditions where
the fatty acid was either completely unionised or completely
ionised. Only a few authors (79) (73) (80) have studied the
interfacial tension throughout the pH range and in these investiga~
tions it is not certain whether the phases were equilibrated in the
presence of the fatty acid.

The interfacial tension results obtained between iso-octane
and water in the presence of dodecanoic acid were treated in the
same way as the dodecylamine results. A relationship, similar to
eq® (19) was obtained between O ¥ and the adsorption of the various

fatiy acid species. At low pH values the Gibbg expression became:

o¥ - -m I-.Rcoono o (b Cmoono) (25)



and at high pH values
BX = -RT. FRCOO- B (LT\ CRCOO') (26)

Where RCOOH. denotes the fatty acid in the organic phase and RCOO™

0
the carboxylic ion in the aqueous phase.

Using the Dalton's law analogy, the theoretical curves shown
in fig. 10 were constructed and these curves show that at low
concentrations of dodecanoic acid there was a fairly good agreement
between the calculated and experimental results. At high concentra-
tions of dodecanoic acid there was a disagreement between the deduced
and experimental curves in the pH range 7.5 to 10.0. 1In the presence
of carboxylic ions the surface potential (Q)) will be negative and,
if the equation (pH)g = (pH), + €Y /2.3KT. is valid, the surface
H will be lower than the bulk pH. At low and high pH values (pH)g
is expected to be approximately equal to (pH), and this means that
both the theoretical and experimental curves were based on the
agsumption that (p‘H)B = (pH)b throughout the pH range. In the case
of the iso-octane/water system in the presence of cationic amine ions
it was shown that the (pH)  was likely to be larger than (pH), and it
was suggested that if the experimental results had been based on
(PH)gy a better agreement between the experimental and theoretical
curves would have been obtained, In the presence of dodecanoic acid,
however, such a suggestion does not appear to be valid. If the
experimental data were based on (pH)  instead of (pH), the experi-

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

Too much emphasis cannot be placed on the apparent discrepancy
between the experimental and theoretical curves because it must be
realised that at pH 10.0 eq® (26) is not strictly valid. Both eq!
(26) and the plot of log. (RCO0~™) vs ¥ were based on the assumption
that the concentration of neutral acid in the organic phase was
negligible. Reference to fig. 7 (section 2) shows that this is not
g0. For example consider a concentration of RCOO at pH 10.0 of
2.5 x 10-3M. The concentration of fatty acid in the organic phase
in equilibrium with the RCOO™ is 1.60 x 107%. Reference to fig.
11 shows that (RCOOH), of 1.60 x 107 lowers the interfacial
tension by approximately 5 dyne cm-l. If this correction were
taken into consideration, it would decrease the discrepancy
between the experimental curve and the deduced curve, Before an
accurate assessment of these results could be made the interfacial
tension would have to he determined over a wider range of

dodecanoic acid concentrations.
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4.00. MINERAL ~ COLLECTOR SOLUTION - ISQO-OCTANE SYSTEM

4.10. INTRODUCTION

4.11. Extraction Studies

In this investigation mineral particles were concentrated at
the oil/water interface of an o0il in water emulsion., In principle
emlsions are of two types, eil in water (O/W) or water in oil
(W/b) depending on which phase is the continuous one. The continuous
phase for a W/0O emulsion is the oil phase and for an 0/M emulsion
the aqueous phagse. The major parameters which control the type of
emlsion obtained when two immiscible liquids are shaken together
are, the relative volumes of the two phases, the concentration and
nature of the emlsifying agent, the nature of the organic phase,
the electrolyte cbnstituents of thé<aqueous phase and the mechanigm
of agitation. ;
Emleifying agents may be placed in three main classes; the
highly surface active compounds of soaps and defergents, the
macromolecular compounds such as gums and starches, and finely
divided insoluble solids, In this research finely divided solids
modified by ionic surface-active agents have been used to stabilige

0/ emilsions.

a) The influence of the_phase volume ratio

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

diameter are in the position of closest packing when they occupy
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74.02% of the total assembly volume, supposed that inversion or
breaking of an emulsion resulted when the internal phase volume
exceeded 74% of the total volume. Consequently, it was considered
that, at internal phase volumes between 26% and 74% both O/ and
W/0 emulsions were possible and that below 26% and above 74% only
one form could exist. Although there seems to be some justification
(82) for this theory both Pickering (83) and Becher (84) have
produced 0/W emulsions with the internal phase volume greater than
95% of the total volume.

If the spheres are not of equal diameter, small spheres
concentrate in the interstices of larger spheres so that the
maximum internal volume becomes greater than 74%. Still larger
volumes can be filled if the spheres are deformable. Manegold (85)
has taken into account the extreme cases where the emulsions appear
like polyhedral foams and has constructed a diagram relating the
type of emulsion to the phase volume ratio. The basis of this

diagram is however the original theory of Ostwald.

b) Stabilization of emulsions by ionic emulsifiers

The nature and concentration of an ionic emulsifier greatly
effects the type of emulsion obtained. Clowes (86) found that the
alkali metal soaps gave O/W emulsions whereas generally speaking
the divalent and trivalent soaps gave W/0O emulsions. Wellman and
Tartar (87) found that with polyvalent metal soeps O/ and W/0

emulsions were obtained depending on the conoentration and
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temperature. The effect of concentration on the type of emlsion
formed was shown by King (88) for the system benzene/water in the
presence of sodium oleate. At low concentrations of sodium oleate
a W/O emlsion was obtained and at higher concentrations an o/
emulsion resul ted.

The early theories of emulsion stability, which were either
based on the geometry of the adsorbed emulsifier ion (89) or the
accompanying interfacial tension lowering at the oil/hater interface
(90), are reviewed by Becher (84) and Clayton (91). Perhaps the
most useful empirical law to come from this early work was that of
Bancroft (92) who suggested that the phase in which the emulsifier
wag more soluble would be the continuous phase. In recent years
more importance has been placed on the properties of the interfacial
film, with reference to its thickness, viscosity, composition, and
electrical characteristics.

Consider an oil drop of an O/W emulsion stabilized by sodium
dodecyl sulphate. An anionic charge will reside on the oil drop
surface because of the adsorption and orientation of the dodecyl
sulphate ion so that the hydrocarbon chain penetrates the organic
phase and the anionic sulphate group points into the aqueous phase.
Similarly if a cationic emulsifier was used the droplet surface
would acquire a net positive charge. The presence of a layer of
adsorbed anions or cations at the oil/water interface will give
rise to an electrical double layer.

Both Verwey (93) and van den Tempel (94) have considered the
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two double layers existing at the oil /water interface. One double
layer being in the aqueous phase and the other in the organic phase.
Verwey (93) indicated that in the absence of emulsifiers the double
layer in the aqueocus phase was so0 small tﬁat when two drops were
brought together coalescence resulted. In the presence of ionic
emulsifiers, however, the double layer on the aqueous side of the
interface becomes considerable and according to van den Tempel (94)
it may become so large that the capacity of the double layer in the
organic phase can be neglected. If this is the case it is possible
to apply the 'Theory of Stability of Lyophobic Colloids! as
developed by Derjaguin (95) and Landau (95) and by Verwey and
Overbeek (96) to the stabilisation of emulsions against flocculation
and coagulation. Although an emlsion might flocculate or coagulate
this does not mean that the drops will coalesce. Coalescence will
depend on the nature of the interfacial film and the ease with which
it can be ruptured.

Although a number of theories have been postulated to explain
the various characteristics of emlsions, no one theory has satis-
factorily explained all the characteristics. Gilbert (97) has
indicated that four postulates can be stated for the stabilisation
of emulsions by ionic surface active agents and these can be
summarised as

a) an interfacial film must be formed between the aqueous
and organic phase, which acts either as a mechanical or electrical

barrier to the coalescence of drops.
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b) molecular interaction between the molecules at the inter-
face gives rise to a complex interfacial film (98).

¢) the interfacial film is formed by adsorption from one or
both phases and must be in equilibrium with each, and

d) the physico-chemical structure of the interface will
depend on the distribution of these surface active molecules between
the two phases.

This distribution will depend on the length and structure of
the hydrocarbon chain in the molecule, the nature of the polar
groups and their interaction at the interface, the type of organic
phase, the composition of the aqueous phase, the temperature and
the phase volume ratio,

¢) Stabilisation by_Solid Emilsifiers

The first extemsive investigation of emlsions stabilized by
solids was conducted by Pickering (99) who found that the basic
sulphates of iron, copper, nickel and zinc in moist conditions acted
as emulsifying agents for the formation of petroleum o0il in water
emulsions. Pickering also observed that materials such as dried
calcium carbonate, lead arsenate and fine clays could stabilize
emilsions. Briggs (100) noted that ferric hydroxide, arsenic
sulphide and silica produced O/W emilsions and that carbon black,
r0sin and lanolin stabilized W/0 emulsions. Cheesman and King (101)
were able to demonstrate that with a2 givem solid they could obtain

both types of emulsion merely by varying the technique of ghaking.
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A survey conducted by King, Berminster and Thomas (102) showed
that the necessary requirement for the stabilisation of an emulsion
was a gelatinous structure and a basic nature. In recent years
considerable work has been done by Muckerjee and Srivastava (103)
(104) on the stabilisation of emulsions by solids. The solids used
were the hydroxides and oxides of thirty five different metals. All
the emulsions obtained were of the O/W type and the greatest stability
was obtained when using moist, highly gelatinous, fine precipitates
and when the metal was polyvalent. Although the emlsions were coarsge
they were still fairly stable and unaffected by electirolytes and
acids.

Srivastava (105) deduced that the thickness of the interfacial
film for emulsions of kerosene in water stabilized by metal hydroxides
and carbonates was of colloidal rather thammolecular dimensions. He
concluded that although a special thickness of film was a prerequisite
of emulsion stability there was no direct relationship between film
thickness and stability and that the criteria which had a direct
bearing on the stability, was the surface of the solid and the nature
of the ions adsorbed there.

In section 1.00, it was shown that the particles must exhibit
a substantial contact angle at the three phase (oil/solid/water)
boundary for the stabilisation of an emlsion. In this research
collectors were used to modify the contact angle so that the minerals
did in fact concentrate at the oil /water interface. However it must

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

will act as emilsifiers.

d) Creaming of emilsions

A1l dilute emulsion whether stabilized by solids or any other
emlsifier will oream, if the continuous phase is truly fluid.
Creaming is the rise of the dispersed droplets under the action of
gravity, the droplets remaining in close proximity to each other but
not coalescing. According to Stokes the sedimentation rate of

spherical particles in a viscous liquid is given by

U = 2gr° (4 - a)
oM

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

(1)

gravity, r the particle radius, (d; - d2) the difference in density
of the two phases and 11 the viscosity of the continuous phase.
Although eq® (1) does not give the true (106) creaming or sedimenta-
tion rate of an emulsion, unless all the drops are of uniform size,
it does show that the creaming rate will be high when the droplets
are large. The large difference between d; and d2 in the present
work, where water and iso-octane was used, lead to rapid creaming
of the 0/ emlgions.

For the system iso—octane/quartz/ﬁater it can be readily shown
that an o0il drop of radius ry will pick up quartz of effective radius

0.55 ry before sedimentation occurs. The percentage by weight of
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its own weight which a drop will pick up under these conditions is
given by (0.55)3113 100/d1 = 63f. Where dy = density of quartz
and d; the density of iso—octane. In other words an iso-octane drop
will cream if the amount of quartz on the surface is less than 63%
of the weight of the drop.

In this research an iso-octane in water emulsion stabilized
by mineral particles and collector reagents was obtained and allowed
to cream. After a short period the emulsion creamed into two
distinct layers, one consisting of oil droplets coated with mineral
particles and the other consisting of an aqueous phase containing
free mineral particles. By separating these two layers it was
possible to ascertain the percentage of solid concentrated at the
0il/water interface, The ratio of the organic phase volume to the
aqueous phase volume was kept constant at 3:10 i.e. the organic
phase was less than 25% of the total volume. It was thought that
by keeping the organic phase volume low an O/W emulsion would be

obtained under most of the conditions encountered.

4.12. Electrokinetic Studies

When a particle is immersed in a liquid its surface acquires
an electrical charge which is caused mainly by the dissociation
of ionogenic groups in the surface or the preferential adsorption
of ions. As the system as a whole is electrically neutral an

equal charge cf opposite sign to that on the surface must be present



in the surrounding liquid. In consequence of the attraction between
unlike charges, counter ions remain in the neighbourhood of the solid/
liquid interface, forming an electrical double layer,

The double layer was originally thought by Helmholtz (107) to
consigt of two planes of equal and opposite charge separated by a
consgtant distance of molecular dimensions., One plane being at the
solid surface and the other a small distance away in the liquid.
Gouy and Chapman (108) independently modified the Helmholtz concept
of the double layer by assuming that one layer of charge was smeared
over the golid surface and that an equal and opposite charge of ions
(counterions) was unequally distributed throughout the aqueous phase
as point like charges. According to this theory the relation
between surface charge O coulombs per cmz, total double layer
potential ‘V oy total concentration of symmetrical electrolyte, n

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

o =f2n€ KT. sinh  ve Y (2)

T 2KT,

Where € = dielectric constant of the liquid.

k = Boltzmann constant.
e = electronic charge.
and T = absolute temperature.

When the potential is small { <K 25 mv) the exponentials can

be expanded and eq® (2) becomes
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a - 2€ ik ve Y, = ey, / Glm2?
’ M 2 kT, 47T e, (3

1
The term (8 TT nv®e?/€ xT)® is known as the Debye-Huckel function

Xe. which ig associated with the size of the ionic atmosphere
round an ion. The reciprocal of )X is generally called the ionic
radius and is taken as a measure of the double layer thickness.
Substitution of X into eq® (3) gives

o - £X Yo (4)
which shows that the surface charge (when ‘1’ o \<<25 mV) is propor—
tional to the surface potential and that the double layer behaves
as a parallel plate condenser with distance 1/}( between the
plates. This equation is analogous to the original theory of
Helmholtz.

Other upeful relationships obtained from the Gouy-Chapman
treatment are that for small values of Yo the potential (V)
at a distance x from the surface, is given by

- X x,
Y- Yo ()

and for ve Y _ / kT 21 and ve ¥ xcr K1

Y = 4 kT. B e Kz (6)

ve
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Where 8 = exp.(ve ¥ _/okm) -1
exp. (ve § 2kT) + 1

Equation (5) gshows that, for small surface potentials, the potential
falls off exponentially with increase in distance from the solid
surface.

The Gouy~Chapman treatment of the double layer is essentially,
based on the Boltzmann distribution law. This treatment, however,

breaks down at small values of )X x when § is large. For

)
example if Y 5 is 200 mV in a O.1M uni-univalent electrolyte the
surface concentration according to the Boltzmann law should amount

to

n = n exp. (ve ¥ ) = 300M (7

Where n o is the concentration of electrolyte in moles per litre.
Clearly this is an unrealistic value,

Stern (109) was the first to realize that the inadequacy of
the Gouy-Chapman treatment was due to the réle played by the
dimensions of the ions in the layers nearest the surface. Stemn
suggested that the hydrated counter ions could only approach to
within a few angstroms from the solid surface and as a result they
formed an immobile layer at a distance § from the surface. Beyond
this layer which is generally known as the Stern layer, the Gouy-
Chapman theory is applicable, Stermmalso considered the possibility

of the specific adsorption of ions and assumed that these would
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be located close to the surface and within the Stemlayer.

Grahame (110) supplies evidence that the Stemlayer can be
divided into two regions which he designates the 'inner! and
'outer' Helmholtz planes. The outer Helmholtz plane is considered
to be the locus of nearest approach of the centres of the hydrated
counter ions and the inner Helmholtz plane the locus of nearest
approach of the centres of specifically adsorbed ions. In the
absence of specific adsorption, no centres of ions ocour between
the outer Helmholtz plane and the surface charge.

According to the Stermnmodel of the double layer the total
potential drop () , is divided into a potential {5 over the
diffuse part and @ - ¥s over the molecular condenser i.e.
that part of the double enclosed between the edge of the Stern
layer and the surface charge. The total capacity of the double
layer Cy will be equivalent to the capacity of the diffuse layer
(Cq) and the capacity of the molecular condenser (cp) placed in

series.

Therefore Cy = g . 22 (8)
m d
In dilute solutions where the double layer thickness is large,
the capacity of the double layer is determined mainly by the value
of Cq and is therefore a function of the total electrolyte concen-
tration at constant double layer potential ( 9’0)- With increasing

eleotrolyte concentration the double layer is compressed until
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eventually C3 = O. The double layer then reaches a constant
capacity Cp independant of the concentration.
The specific adsorption of ions into the Stern layer can be

represented by the expression

n = 2r n, exp. (- W/xT) (9)

Where r is the radius of the unhydrated ion, n the number of ions
per cm2 in the layer and n, the number of ions per c.m3 in the bulk.
The term W represents the work done in bringing an ion to the
inner Helmholtz plane. It can be split into an electrical and non-

electrical term so that

W= velWs - (10)

The introduction by Sternand Grahame, of § into the Boltzmann
equation allows for the forces (such as van der Waals and chemical
forces) which may exist between the adsorbed species and the solid
surface.

The total potential drop ‘-\’ o across the double layer is
generally a function of the concentration of ions known as potential
determining ions. These ions are usually the same as those which
oonstitute the crystal lattice of the golid. Thus for barium
2+

and SO 42° and for the oxide minerals H' and

(H™ ions. The term potential determining ion implies that a change

sulphate they are B,

in their concentration will bring about a change in the total

potential difference A { between the two bulk phases in contact
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with each other. The total potential difference between two phases

is given by the equation

AF = Yo+ X (11)

Where X repregents that part of the total potential difference
determined by the orientation of dipoles and polarisations at the
surface. Only on the assumption that this XX potential is not
affected by changes in electrolyte concentration will d.ﬁ’ be equal
to d.ﬁ&ﬁ. If this assumption is fulfilled the potential difference
across the double layer will be determined by the ooncentration of
potential determining ions.

If the potential determining ion concentration is changed, then
the corresponding changes in the thermodynamic potential (AQ,LL) and

the surface potential are given by
AM= KT Ln afe (12)

and AY) = Y- (Y ) = = K

o ) 0’1 -Av‘gh = Ln a/a
(13)

Where a denotes the activity of the potential determining ion. If

a, is the activity at the zero point of charge (z.p.c.) of the solid

where ﬁ)o = 0 then equation (13) becomes

Y, - K
Ln (14)

M/—\
oﬂ’
Wv
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and ¥ o can be calculated for any concentration of the potential
determining ions provided that the concentration corresponding to the
Z.p.C. i known. BEquation (14) is analogous to the Nerst expression
uged in electrode systems.

In addition to the potential determining ions which change ‘Vo
there are some ions known as indifferent ions which change %% with-
out changing ¥,. Ions which reverse the sign of ¥ without ohanging
the double layer potential are known as surface active indifferent
electrolytes. This reversal of sign shows that the ions are adsorbed
by some force other than that of coulombic attraction. Figure 12
shows the double layer diagrammatically for two sets of conditions
a) in the absence of surface active indifferent electrolytes and b)
in the presence of specifically adsorbed ions.

In fig., (12) a new potential, the zeta potential () has been
included. When the liquid moves relative to the charged solid only
part of the ionic atmosphere surrounding the particle will move with
it because some of the innermost layers of ions near the surface will
be fixed by strong electrical or chemical forces. The potential
difference located in the mobile part of the double layer is called
the zeta potential. This potential, between the zone of shear and
the bulk of the liquid,is the only potential that can be measured by
electrokinetics. The zeta potential will of course be dependant on
the position of the zone of shear but generally it is assumed to be
so olose to ‘QS that substitution of 5} ingtead of ﬁ% into the double

layer equations does not incur any great inacocuracies.
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The adsorption of colleotor ions onto a mineral surface may
change the geta potential of the mineral by specific adsorption of
the ions. It is therefore of importanoce to establishthe relationship
between the zeta potential and the potential determining ion concen-
tration and also the collector ion concentration. When a mineral is
charged it is reasonable to expect that the primary mechanism of
adsorption of a collector ion will be that of coulombio attraction
between the charged surface and the oppositely charged ion in
solution. The determination of the zeta potential will not only
indicate the surface characteristics of the mineral, but will also
show whether the ions are specifically adsorbed or not.

Zeta potentials are determined from four different electrokinetic
effectss streaming potentials, electro-osmosis, sedimentation poten-
tials and electrophoresis. The method of elecirophoresis has been

used in this work beocause of its suitability to fine mineral particles.

b) Electrophoresis

When an electrical field is applied to a suspension of charged
particles they migrate towards one of the electrodes. The direction
of migration will depend on the net sign of the charge at the shear
plane and the polarity of the electrodes. If the particles are
negatively charged, they will migrate to the positive electrode and
if positive they will move toward the negative electrode. Such
movement of particles under the influence of an applied eleciric

field is called electrophoresis.
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The relationship between the electrophoretic mobility, defined
as the velocity of migration of the particle under unit potential
gradient, and the zeta potential is dependant on the ionic strength,
vigcosity, dielectrio constant of the liquid phase and the particle
size and shape. When the particle is a non-conducting sphere of
radius much smaller than the thickness of the double layer (i.e.
’/)( ) the relationship between the zeta potential and the electro-

phoretic mobility is given by the Debye-Huckel equation (111)

uo o= g?iﬁ (15)

Where u = electrophoretic mobility.

D = dielectric constant.
and Tl

The derivation of this equation includes Stokes law for flow in a

viscosity.

viscous medium and the classical definition of the capacity of a
spherical condenser., Both of these assumptions are only valid if

the particle is spherical. However, it can be shown that in general

u = § D¢ (16)
M

Where C a constant, depends on the shape and orientation of the
particles. In the special case of rod shaped particles for migration
in directions parallel and perpendicular to the orientation direction,

equation (16) becomes
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u = E_Q and u = %_ﬁ]gnl (17)

regpectively.

When the radius of curvature at any point of the particle is
large compared to the thickness of the double layer, the particle
plus double layer can be itreated as a condenser with distance /X
between the plates. The equation derived from this treatment is

generally referred to as the Helmholtz — Smoluchowski (112) equation

uw = D

In the derivation of equation (18) a number of assumptions are made
and thege are listed below,

a) The usual hydrodynamical equations for the motion of
viscous fluid may be assumed to hold both in the bulk of the liquid
and within the double layer,

b) The liquid at the particle surface has the velocity of the
particle and the velocity gradient begins at the surface.

¢) The applied field may be taken as simply superimposed on
the field due to the electrical double layer
and d) The thickness of the double layer is small compared to the
radius of curvature at any point on the surface.

Henry (113) has discussed the validity of these assumptions
and using assumptions (a), (b) and (c) with the further assumption

that the eleotrical distribution in the ionio atmosphere is of the
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Debye-Huckel type, he has shown that the general equation

YT ogn n (Ka) (19)

should apply for all non-conducting particles. The values of fj
(X a) which depend on the shape, size and orientation of the
particles are tabulated in 'Electrophoresis of proteins! (114).
Determinations of f; ( X a), commonly known as Henry's factor, can

be readily obtained from Henry's equation
R
Trrrl 1 4 9 9
For Xa >> 1 £, (XK a) = 1.5 and eq” (20) reduces to
that of Smoluchowski.,
For Xa <X 1 £, (X a) = 1. and eq” (20) approximates
to the Debye-Huckel equation.
Overbeek (115) and Booth (116) independently corrected the
Henry's equation for the influence of the relaxation effect on the
particle velocity. The relaxation effect arises from the fact that
when a particle suspension is subjected to an electric field, the
outer part of the double layer moves in a direction opposite to that
of the particle, thus deforming the original symmetry of the double
layer. By electrio conduction and diffusion the double layer tends
to restore its symmetry but a short time known as the 'relaxation

time! is necessary before this can happen., As a result the double

layer tends to lag behind the particle, giving rise to an electrio



field oppositely directed to the applied field, whioh tends to slow
down the particle., Overbeek's simplified electrophoretic equation
for a particle in a symmetrical electrolyte is

u = %ﬂiﬂ[fl()(a) - v2(%§) 2f3()(a) - (_1;%2 Z%e(;jr)zfd' (Ka)]
(21)

Where f; (Xa) is Henry's function, the values of £y (X a) ana f4
(X a) were tabulated by Overbeek, and F,_and P_ are the frictional
oonstants for the oation and anion respectively.

The following conclusions can be derived from this equation

1) When§< 25 mV. the relaxation effect is not important
over the whole range of ( Xa).

2) For small values and large values of ()X a) the
relaxation affect may be neglected.

3) For intermediate values of ( X a) the relaxation effect
is an important correction factor, especially when g, is not small.
Recently Wiersema, Loeb and Overbeek (117) have established a
computer programme to determine the relaxation ocorrection factor in
the range 0.2 < )(a < 50. This range covers part of the range
outlined in conclusion (3) above.

Booth (118) and Henry (119) independently extended Henry's
equation by including a correction factor to take into account the
surface conductivity effect. The surface conductivity is due to
the fact that the electrical double layer contains a higher con-

centration of ions than the bulk of the solution. However, both
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Booth (116) and Overbeek (115) allowed for the diffuse double
layer conductivity in their corrections for the relaxation effeot,

and so a separale correction is not required.

c) The Microsgope Electrophoresis Method
The microscope method of electrophoresis involves the direct
observation of microscopically visible particles as they migrate
in an electrio field, ‘The particles are suspended in a solution
and placed in a small flat or cylindrical transparent cell over
vwhich a potential is applied. The time for a particle to cover a
given distance, as measured with a graticule in the eyepiece of a
miocroscope, is determined by the operator for each individual particle.
From this the particle velocity is determined, and from the ourrent,
conductivity of the solution, and croass seotional area of the cell
the electric field strength is evaluated.
Microscope electrophoresis apparatuses have in common a cell
into which a microscope can be focussed, an electrode system, and a
system by which the cell is filled, emptied and closed. In the work
desoribed in section 4.2.3. a flat reotangular cell was used and the
following theoretical considerations are related to the movement of
particles in a rectangular cell.
If an electric field is applied to a liquid in a closed glass
cell, the liquid nearest the cell wall will move towards one of the

electrodes becanse of the charge and hence the double layer residing

at the cell wall., This electrossmotic streaming of the liquid past
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the cell walls cannot be eliminated by any known method and so it
is imperative that it be taken into account. The electro-osmotic

effect is shown in fig. 13.
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Fig. 13 Electro-osmogig in closed tube
Since the net flow of liquid in the cell must be zero the flow of
liquid moving along the sides of the oell must be balanced by a
flow of liquid in the opposite direction at the centre of the cell.
At some particular depth in the cell, therefore, there should be a
position where the liquid velocity is gero, i.e. the electro-
osmotic flow equals the return flow. Clearly, if the mioroscope is
focussed on these levels where the liquid velocity is szero (stationary
levels) the true mobilities of the partioles can be determined.

If it is assumed that the ratio of cell width to thiclmess is
large then the following hydrodynamics can be applied to show the
variation of liquid velocity as a function of cell depth., Consider
a point at distance x from the centre of the cell having a liquid

velocity Vw and a velocity gradient of dVw. From the definition
dx
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of viscosity the viscous force (Fl) at this point will be
B e (22

where-rL is the viscosity and the area is equal to the width of the

cell (y) times its length (1). Equation (22) therefore becomes
FpFo= Mly 4w
1 = (23)

If one considers a layer of cell length 1, cell width y and thickness

dx, the wviscous force on this layer will be
F, = mly & (@_v_w) dx
2 s o = (24)

The effect of the osmotic streaming in the closed cell will be to
produce a pressure difference P between the ends of the cell.
Therefore the electro-osmotic force on the liguid element of length
1, width y and thickness dx will be given by Py.dx. This foroe must
be equal and opposite to F2. BEquilibrating these two forces the

expression

T gx—z?-’-) (25)

is obtained. If it is assumed that the total thickness of the cell
is 2a and that x varies from -a to +a integration of equation (25)

gives

Vw = P X~ 4+ cx + b (26)
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where ¢ and b are constants of integration. This is an equation of
a parabola and since x is measured from the centre of the cell,
symmetry requires that C = 0. At the points where x = L a2 the liquid
velocity (Vw) will be equal to the osmotic velocity (Vo). Applying

these conditions to eq” (26) gives

b = UV, - P _ &2
201}
and v, = _P (x2 - a%) 4 v, (27)
2411

The total flow of liquid in the cell must be zero so that

g V, 8x = 0 (28)

-a

(-ka f- a
VAx = P x3- a2xP + Vjx
J 3:711. 2111
= 0

Solving this expression for P

lav}
1]

1V
N (29)
a

Substitution of eq™ (29) into (27) gives
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Vy = 1;_2 [ﬁi - 1] (30)

The observed velocity of the particles within the electrophoretic
cell will be equal to the sum of the liquid velooity (V,) and the

velocity of the particles relative to the liquid (V). Thus
Vp = V + V, (31)

From eq® (30) the value of x is 0.578a when V,, = O. This means
that if the microscope is focussed on levels corresponding to 0.21
and 0.79 of the whole depth of the cell the effect of V,; will be
eliminated and Vobs = V.

In the cell used in this work the ratio of cell width to depth
was not large, and although for a thin cell a parobolic velocity
profile is obtained (114), it was necessary to use Komagata's theory
(120). Acoording to this if a, is the position of the stationary
levels (Vw = 0) in terms of practical depth from the top of the

cell, and B is the ratio of cell width to cell thickness, then

a, = L1, ., £5_ (32)
TT-B
Thus for the particular cell used in this work where B = 10, a, =
0.194 the stationary levels occurred at 0.194 and 0.806 of the total
cell depth.

The electrophoresis method was used to determine the zeta
potential of fine hematite and quartz as a function of pH and

collector concentration.
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4.13. Contact Angle and Adsorption Studies

a) Contact Angles

In section 1.00. the Young!s equation was used to show the
interfacial tension and contact angle conditions necessary for
mineral particles to concentrate at the oil/water interface.

According to the Young!'s equation

Yoo - ¥ew = Xow cos 8 (33)

the cosine of the contact angle at the three phase point of contact
water/solid/oil, should have one well defined value equal to
(Xso - ¥sw) / ¥ ows where ¥so, ¥ sw and ¥ ow are the interfacial
tensions solid/oil, solid/water and oil/water respectively.
Actually it is found in meny experiments that the value of ths
contact angle depends on whether one phase, say the oil phase, is
receding or advancing over the solid surface.

This hysteregis effect has been of consgiderable interest for
a number of years especially for contact angles measured at the air/
solid/water, line of contact. Originally it was thought by Edser
(121) and Sulman (122) that the extent of the hysteresis determined
whether the mineral was floatable or not., It now seems likely that
these workers were in error in thinking this. There may be an
indirect correlation between floatability and hysteresis, but many
other factors are involved.

Two basio explanations have been offered for the hysteresis

effect. According to some authors (123) (124) roughness of the
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surface causes apparent contact angles that are different from the
receding and advancing angles although the local contact angle may
be completely determined by equation (1). Wenzel (125) has pointed
out that solids have rough surfaces on the sub-microscopic scale.
Quantitatively the average roughness of the surface is measured by
r the ratio of the real to the apparent surface area. Wenzel's

relationship

Cos 8 = r Cos fae (34)

where é§:is the apparent contact angle, connects the observed and
equilibrium contact angles.

The other explanation of hysteresis, which was promoted by
Cassie (126) suggests that the solid/air interface after the liquid
has just receded is different from the same interface when no liquid
has previously covered it. De Bruyn, Overbeek and Schuhmamn (127)
consider that for each pair of phases there is an equilibrium
composition belonging to the corresponding interface. Gaudin (128)
has suggested that at the contact line between the three phases
there ig a join between the three adsorbed layers. Accordingly for
an air bubble in contact with a polished mineral surface the composi-
tion of the solid-gas layer will be different from that of the solid-
liquid layer. Gaudin indicates that if the bubble is laterally
displaced, there should be a rearrangement of the adsor bed species
but as this is not a spontaneous process the leading and trailing

contact angles will be different. Gaudin and coworkers (129) (130)
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have suggested a similar reason for the hysteresis at solid/water/
0il lines of contact.

It should be said that although a number of attractive models
have been constructed to account qualitatively for hysteresis effects
no really quantitative results have been obtained. Many theories of

contact angle hysteresis appear to be speculative.

b) The Relation between Contact Angle and Adsorption
The contact angle at the air/water/solid interface is a measure
of the hydrophobicity of the solid surface. When the contact angle
is zero (as measured through the aqueous phase) the surface is said
to be hydrophilic and when greater than gzero the surface is said to
have obtained a degree of hydrophobicity. A completely hydrophobic
surface is obtained when the contact angle is 180°. These three

cases are shown in Fig. 14

WATER
e AIR WATE R
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Hydrophilic surface A degree of Hydrophobic surface
(a) hydropl(:ol))icity (e)
b )

Fg. 14.
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It must be realized that just because a surface is hydrophobic, it
need not necessarily be oleophilic (131). Although in Fig. 14 (b)
the surface is shown to have a degree of hydrophobicity substitution
of an oil drop instead of an air bubble might result in no contact
(or even greater contact).

In conventional flotation systems the surface of a solid is
given a degree of hydrophobicity by the adsorption or reaction of
collectors at the mineral/water interface. It would therefore seem
likely that a simple relationship should exist between the degree
of hydrophobicity (or the contact angle) and the amount of collector
on the mineral surface.

A number of authors (132) have shown that although the value of
the contact angle and adsorption results plotted as a function of
the logarithm collector concentration are similar, no direct simple
relation exists between the contact angle and the adsorption density.
Some authors (133) (134), however, have indicated a linear relation-
ship between either the contact angle and the adsorption demnsity or
the cosine of the angle and the adsorption density.

It has been the tradition in the past to assume that the adsorbed
species is uniformly distributed over the surface of the solid.
Figures have then been quoted of the adsorption density that corre-
sponds to the formation of a monolayer. In recent years however
the validity of this practice has been questioned. Autoradiography
(135) studies have revealed that the collector is adsorbed in

tpatches® and that there is the possibility of multilayer adsorption
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even before the completion of a monolayer.

Although large amounts of collector can be adsorbed the resulting
surface need not necessarily be hydrophobic. Contact angles will
reveal whether this is so or not and they will also indicate the
orientation of the adsorbed species at the interface. Recently
Billet and Ottewill (126) have shown that although adsorption, of
dodecylpyridinium bromide on silver iodide, did not change appreciably
over a wide range of concentration, the contact angle did. The
authors attributed this change in contact angle to a change in the
orientation of the adsorbed species. Other workers (137) (138) have
found similar results for different systems and they have interpreted

them in & similar waye.
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4.20. EXPERIMENTAL

4.21. Materials

a) Hematite

Large lumps of a polycrystalline Swedish hematite were divided
into two fractions, one fraction being for extraction, electrokinetic
and adsorption studies, and the other for contact angle determina-
tions. The fraction for extraction studies etc. was crushed in a
laboratory jaw crusher and pulveriger, and the size fraction
~ 52 + 72 mesh, retained and cleaned by magnetic separation and wet
tabling. After drying at lZOOC, the hematite was stored in a bottle
with a ground glass stopper. A microscopic examination of this
sample revealed that the main impurity present was quartz at less
than 0.05%.

When required a 25g sample of the - 52 + 72 mesh hematite was
ground in a vibratory agate mill for a period of 35 minutes. The
ground sample obtained was 100% - 44um and 50% - 10.m as determined
by the Andreasen pipette. The specific surface areas,as determined
by the B.E.T. method,of the hematite samples used for the evaluation
of the dodecylamine and sodium dodecyl sulphate adsorption densities,

2 and 3.48 metre’ respectively. Calculation of the

were 2.92 metre
mean particle diameter from the surface areas gave approximately
0.35 pam. An agate mill was used for the grinding because of the

ease with which grease and other impurities could be removed from

the grinding 'surface! by the use of chromic-sulphuric acid. The
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- 4Q}Lm hematite was stored under vacuum in the presence of silica
gel crystals.

The lumps of hematite to be used for contact angle studies were
ground by a fine diamond wheel into blocks about 15 mm long, 15 mm
wide and 5 mm thick, After a microscopic examination of the surfaces
the purest and most homogeneous surface was polished by successively
finer grades of silicon carbide 'paper!. The final polishing was
conducted on a well worn 625 grade paper followed by a light poligh
with alumina on a 'hyprocel! paper. After the measurement of each
contact angle the hematite sample was cleaned with nitric acid and
alcohol, soaked in 0.,1M sodium hydroxide for five minutes, washed
with distilled water until the pH remained constant and finally
repolished with a 625 grade silicon carbide paper and the alumina
treatment. This treatment was repeated until the surface became
bydrophilice The polished samples were stored under distilled

water.

b) Quariz

Two samples of quartz were selected, one a synthetic optical
quartz of high purity and the other a mineral quartz from the Isle
of Man. The optical quartz was used for comparative purposes in
the electrokinetic and contact angle studies.

Selected pieces of mineral quartz were crushed in a laboratory
jaw crusher and pulveriger. The - 52 + 72 mesh size fraction was

retained and leached with successive washes of hot concentrated
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hydrochloric acid to remove iron impurities. This treatment was
repeated until no iron, was detected by ammonium thiocyanate, in
the solution. The quartz sample was then washed thoroughly with
distilled water until the conductivity of the wash water assumed
that of distilled water.

Samples of 25g of the - 52 + 72 mesh quartz were ground for
5¢25 minutes in a agate vibratory mill. The product obtained was
100% - 44jam and 57% - 10Mm. A specific surface area determina~-
tion of the sample used for the adsorption studies gave a value of
0.94 metre2 grl, which corresponded to a mean particle diameter of
2¢4 jq m. The - 444+ m quartz was stored under vacuum in the presence
of silica gel crystals.

To avoid iron contamination, from the laboratory crushing
apparatus, the optical quartz was wrapped in a cloth and crushed
with a hammer. The - 4" pieces were ground in a agate vibratory
mill to 100% finer than 44xim. No attempt was made to measure the
speoific surface area of this sample.

The optical quartz sample obtained for oontact angle studies had
already been 'optically! polished and this sample was cleaned by
washing with nitric acid in alcohol. The mineral quartz was prepared
for contact angle studies by a method similar to that used for the
preparation of the hematite samples. After each contact angle
determination the surface was cleaned with the alcohol in nitrio acid
treatment until the surface became hydrophilic. The sample was then

stored under distilled water until required.
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c) Other Materials

All the other materials used in this work were similar to
those used in section 2.00 and 3.00. The collector solutions, with
the exception of dodecanoic acid, werse prepared in hydrochloric
acid so that the total ionic strength was 6 x 1073, Values of H
between approximately 2,3 and 11 were obtained by addition of 0.1M
NaQH, thus keeping the ionic strength constant. Dodecanocic acid
solutions were usually prepared by dissolving dodecanoic acid in
the iso-ootane phase and allowing equilibrium to establish itself
in contact with aqueous sodium hydroxide a.nd/or hydrochloric acid

3

at a oongtant ionic strength of 6 x 10 7,

4.22, Extraction Studies

a) Apparatug

The apparatusg designed to investigate the concentration of
minerals at the oil/water interface is shown in Fig. 15. It
consisted of a pH modifying cell (1), a conditioning cell (2)
containing a set of'PerspeQ'baffles, and a separating column (3).
Iso~octane was injected into the conditioning cell from a drawn out
capillary, situated at the level of a rotating, polythene-coated
impellor. This method of o0il addition facilitated close control of
the oil injection rate. It also gave a fairly even distribution
of o0il droplets (139) and resulted in a faster attainment of
equilibrium. The rate of rotation of the impellor, in the range

0 - 5000 repem., was measured by a Smith tachometer
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Fig. 15. Diagram of extraction apparatus.
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The essential feature of the separating column was a sintered
glass disc situated near the base of the columm, through which air
was iniroduced. The diameter of this disc was almost the same as
that of the colum. When liquid was added to the column, it rested
on the disc and trapped a layer of air below it. Air entering
through the disc then passed through all of the liquid before
escaping to the atmosphere., Carbon dioxide and water were removed
from the compressed air by passing the air through gas bubblers
containing concentrated caustic soda and sulpburic acid.

The capacities of the pH modifying cell, conditioning cell and
separating column were about 30 ml. Measurements of the pH, before
and after the tests,were made using a glass electrode assembly and

a Pye !'Dynacap! meter.

b) Method

Aliquots of 20 ml of collector solution were added to the pH
modifying cell and the pH adjusted with O.1M sodium hydroxide. The
collector solution was then passed into the conditioning cell, where
the impellor was rotating at the required speed, and approximately
0.5g of - 44 g4 m mineral added. After a conditioning perioed of 10
minutes, 6 ml of iso-octane was injected into the pulp and oonditioned
for a further 15 minutes. At the end of this period the pulp was
drained into the separating column where the fine dispersion of air
bubbles passing through the column increased the rate at which the

hydrophobic particles attached to the oil droplets rose to the surface.
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When the two phases had separated out the aqueous phase was
drained into a weighed centrifuge tube, centrifuged and the pH of the
aqueous phase measured. This pH was regarded as the equilibrium pH
of the system. The organic phase was then recovered. Any particles
adhereing to the walls of the separating column were washed, out with
alcohol, into the centrifuge tube containing the organic phase., After
centrifuging and discarding the liquid both products were dried at

100°C and then weighed.

c) The results of preliminary tests

Preliminary tests were conducted on quartz with a collector of
dodecylamine to ascertain the optimum values of such variables as
agitation rate, iso—octane injection pressure, phase volume, solid
weight and conditioning time. It was assumed during these tests that
the variables were independsnt of each other. The results illustrated
in fig. 16 show the influence of various variables on the percent
quartz extracted with an agitation rate of 2000 r.p.m. and a pH
between 5.0 and 6.0.

Curve (1) shows the influence of the weight of quartz on the
extraction efficiency when the organic phase volume was 23% of the
total volume, the iso-octane injection pressure 25 cm Hg, the
dodecylamine concentration 6.75 x 10-5M and the conditioning time in
the presence of iso-octane 15 minutes. It can be seen that as the

solid weight was increased the percent extracted decreased in a way

analogous to an exponential decay.
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Curve (2) shows the influence of the organic phase volume on
the quartz extraction efficiency, with a solid weight of 0.5g and
all the other variables fixed at the values used for curve (1). As
the organic phase volume was increased, the efficiency increased to
a maximum at an organic phase volume of between 20 and 30 percent of
the total volume and then decreased., The total volume in these
tests was kept constant by decreasing the collector solution volume
by an amount equal to the increase in volume of the organic phase,

Curves (3) and (4) show the influence of injection pressure of
igo-octane and conditioning time on the extraction efficiency. The
concentration of dodeoylamine in these tests was 5.75 x lO—SM and
all the other variables were at the values indicated for curves (1)
and (2). The percent extraction increased with increase in injection
pressure and conditioning time and reached a constant value at 20 cms
Hg and 10 mine respectively.

Figure 16 illustrates the effect of agitation rate on the
extraction efficiency over a pH range. The concentration of dode-
cylamine was 6.75 x 10-5M, the organic phase 23% of the total, the
conditioning time 15 minutes, the sample weight 0.5g and the injection
pressure 25 om Hg. The difference between the extraction efficiency
at 2000 and 2800 r.p.m. was very small, however at 3200 r.p.m. the
extraction was a little higher at low pH values., At agitation rates
lower than 1800 r.p.m. the extraction effioiency decreased because
of the gedimentation of particles to the base of the conditioning

cell.
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Tests were conducted to determine the influence of air addition
to the separating columm. It was found that, for a wide range of
air flow rates, the precent extraction was only 4% higher than the
percent extraction obtained in the absence of air. In the presence
of air however the two layers separated more rapidly and the
reproducibility was improved, As a result air, at a constant rate,
wap introduced in all subsequent extraction tests.

It was concluded from these tests that the following values
(Table VI) should be given to the variables when investigating the
influence of concentration of collector and pH on the percent
extraction., The assumption was made that the values designated to
the variables would be the same for the different mineral/collector

soln/iso-octane systems.

TABLE VI

Variable Value
Agitation rate 2000 r.p.m.
Injection pressure 25 cm Hg
Conditioning time 15 min
Volume of organic phase 6 ml
Volume of aqueous phase 20 ml
Weight of sample 0e5 g

4423. Electrophoresis Studies

a) Apparatus

The electrophoresis cell developed from that of Marshall (140),
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congigted of two similar electrode compartments and a demountable
glass cell. The glass cell was supplied by Tintometer Sales Ltd.
and was a 1 mm standard spectrophotometer cell 90 mm long and 10 mm
wide constructed withoutends. The electrode compartments were
machined out of solid rectangular blocks of !Perspex! and were
oylindrical in ghape (fig. 17). The glass cell fitted into the two
electrode compartments by slots cut into one face of each rectangular
box. One end of each cylindrical electrode compartment was composed
of a 'Perspex! plug held in position by two brass bolts and a rubber
'0? ring., On the interior surfaces of the plugs were situated
platinum foil electrodes which were connected to cutside terminals
by platinum wires passing through the plugs. Solution was passed in
and out of the cell through holes cut through the 'Perspex! and,
during filling, air was allowed to escape from the electrode compart-
ments by a screw type valve system situated at the top of the
electrode compartments. When the cell was in use the glass cell was
sealed into the slots by silicone moulding paste and the whole
assembly was clamped to the microscope stage.

The optical system of the microscope consisted of a dark
field sub-stage condenser (Cooke, low-power D.G. numerical aperture
0.70 - 0.80), a x 40 long-working distance objective (Vickers — A.E.I.
numerical aperture 0.57) capable of fooussing on any level within
the cell, and a x 8 eyepiece. A micro-adjuster on the microscope
enabled the objective to be focussed to within 0,005 mm on a

particular level within the cell. Ten revolutions of the micro-
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adjuster corresponded to 1 mm the thickness of the cell. Heat from
the light source was removed by a copper sulphate solution filter,

The voltage applied across the electrodes was supplied by a
0 - 500 V stabilized power supply unit and the current passing
through the cell was measured by a multimeter capable of reading
0.1 mA full scale deflection. A system of reservoirs (fig. 18)
enabled the suspension of particles to be passed backward and
forward through the cell until the system was at equilibrium. The
pH and conductivity of the suspension were measured by a Pye
'Dynacap' pH meter and a Pye conductance bridge, respectively.

The advantages of the type of cell employed in this work were
i) it was easy to assemble and could be olamped to the miscoscope
stage, ii) oleaning of the cell was carried out even when the cell
was clamped in position, iii) air bubbles were readily removed
from the electrode compartments; and iv) the cell was robust,

inexpensive and easily cleaned.

b) Determination of velocity profile
A dilute suspension of 'Fransil!, a finely divided vitreous
silica powder, in distilled water was passed into the electro-
phoresis cell and a potential of 40 V was applied across the
electrodes. The microscope was then focussed on different levels
within the cell and the time for the particles to move through a

set distance noted. At each level ten particles were measured

travelling in one direction and then the voltage was reversed and
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ten particles were measured travelling in the reverse direction.

The distance over which the particles were timed, was measured
by inserting a grid type graticule in the eyepiece of the microscope.
This grid was calibrated by placing a standard lOO’me linear scale
on the upper surface of the cell and then taking an average of the
dimensions of several squares within the grid.

Moyer and Abramson (141) have shown that in general the

parabola
Vobs = 4d (2-2°)+e (35)

can be uged to describe the Vobs-depth curve, where Z is the
fraction of the cell depth at which the observed velocity Vobs. is
obtained and d and e are constants. From eqn (35) it follows that
if Vobs is plotted against (2 - ZZ) ;; straight line should result
with gradient d and intercept e. Figure (19) shows the experimental
velocity profile obtained compared to a theoretical velocity profile.
The theoretical profile was obtained by plotting experimental values
of Vobs against (2 - Zz) and drawing a statistical straight line
through the points. From the straight line values of Vobs and Z were
taken and plotted in fig. (19).

These results show that a parabolic profil¢ symmetrical about
the centre of the cell, was obtained and that the cell was behaving
as would be expected from theoretical considerations (c.f. section

4.12c).
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Electrophoresis studies have been carried out on hematite and
quartz in the presence of various electrolyte solutions. The
hematite for these tests was obtained by lightly grinding lg of
- 44 .m hematite, with a 1little distilled water, in a mechanical
agate mortar for ten minutes. The resulting pulp was then diluted
with one litre of water and left until required.

Two samples of quartz were used, one the mineral quartz similar
to that used in the extraction studies and the other the optical
quartz, Thesge samples were dry or wet ground in the mechanical
mortar and were stored in a variety of ways, for different lengths
of time, so that the aging properties of quartz could be examined.

Aliquots of two ml of the mineral suspension or a small
amount of the dry solid were added to 40 ml of the acid or acidified
collector solution and the resulting suspension agitated for fifteen
minutes. The suspension was then allowed to stand for ten minutes,
to allow any comrse particles to settle out, and then added to the
electrophoresis cell via the reservoir system (fig. 18). After the
suspension had been passed through the cell several times Tap A
was closed so that most of the suspension was trapped in the electro-
phoresis cell and reservoir B. Air was then excluded from the
electrode compartments by opening the valves, one at a time, and
using the pressure generated by the head of liquid between the

cell and the reservoir B to force the air out. Tap B was then
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closed and screw clips C and D were tightened to eliminate particle
drift in the cell due to leaking taps. The microscope objective
was then focussed on the upper stationary level and the particles
viewed to see if there were any leaks in the cell., After applying
a voltage ten particle velocities were measured in one direction
and then in the other direction by reversing the voltage. The
current was measured in both directions and the average of these
two values was determined.

The suspension was then drained, into a beaker containing pH
electrodes and a conductivity cell, by opening clips C and D and
taps A and E. The lagt drops of the suspension were forced out of
the cell by blowing through 'white spot! nitrogen and the suspension
in reservoir B was also allowed to drain into the beaker by opening
tap B and reversing tap E. After measuring the pH and conductivity
of the suspension the pH was increased by the addition of 0.1M
sodium hydroxide. The suspension was then added to the reservoirs
and the procedure repeated for different pH values.

The electrophoretic mobility (u) was evaluated from the particle
velocity (V) and the conductivity of the suspension (Kg) by the

following equation

T (36)

where S is the area of cross-section of the cell and I/kS S the

field strength,
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Values of the zeta potential were obtained from the electro-
phoretic mobility by the use of eq® (21) (Section 4.12b). It was
agsumed in these calculations that a, the radius of the particle was
not smaller than O.4 um. Under these conditions, with an iomnic
strength of 6 x 107>, the value of (a) was greater than 100 and

£(Xa) approximated to 3/2 so that

w-2f (37)

471N

which is the Helmholtz-Smoluchowski form of the electrophoresis

equation. A%t a temperature of 22°C eq® (37) becomes

§. = 13,6 u (38)

4.24. Adsorption Studies

a) Determination of dodecylamine
The concentration of dodecylamine in solution was determined
by complexing the amine with an acidified alcoholic solution con-
taining sulphnapthelein indicator (142) (143), e.8. bromo-cresol
green, as complexing agent, and then extracting the complex into
chloroform. The indicator solution was prepared by dissolving O.lg
bromo-cresol green in 60 ml of ethyl alcohol, acidifying with 0.5 ml
concentrated sulphuric acid and diluting with water to 100 ml. In
each determination, 1 ml of indicator solution was added to 5 ml of

the sample solution and diluted to 10 ml ;3 5 ml of chloroform was

then added and the mixture inverted rapidly about 100 times. The
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chloroform phase was then separated and examined in a 1l cm cell in
a Unicam S.P.500 spectrophotometer.

A % transmission vg wavelength plot (fig. 20) revealed that
there were two wavelengths at which maximum absorption of light
occurred, one at 416 max and the other at 290 miy . Beer's law,
however, was only cbeyed at 416 meL . Further tests indicated that
an impurity in the dye was extracted into the chloroform, even in
the absence of dodecylamine, and that this impurity absorbed light
at 290 mn » Figure 21 shows the plot of optical density vs
concentration of dodecylamine at a wavelength of 416 mat . This
plot, shows that the Beer law was obeyed and so it was used as a
calibration curve.

The dodecylamine in the iso—-octane phase was extracted into
an aqueous phase by shaking with O.1M hydrochloric acid for forty-
five minutes. The amine in the aqueous phase was then determined

by the method elucidated above.

b) Determination of sodium dodecyl sulphate
The method used for the determination of sodium dodecyl sulphate

was similar to that suggested by Gregory (144) for the determination

of anioni¢ surface active agents. The sodium dodecyl sulphate

solutions were reacted with a copper triethylenetetramine complex

in an alkaline medium of monoethanolamine and then the resulting

complex extracted into a isobutanol-cyclohexane mixture. Addition

of diethylammonium diethyldithiocarbamate to the extracted complex



transmission

%

100

80 }

&0 |-

40 -

20

wavelength used for subsequent
calibration curve

i
'
'
I
1
|
i
1
1

1 | 1 1 1 | 1

240

280

Fig. 20,

320 360 400 440 460 520 560
wavelength (mpn )

Transmicsion ac a function of wavelength for dodecylamine.

620




produced a colour whioh was determined spectrophotometrically in a
Unicam S.P.500.

The reagents were prepared in the way indicated belowi-

Copper — triethylenetetramine: 25g of Copper ( II) nitrate
trihydrate was dissolved in 125 ml of water and a solution
containing 16.25g of triethylenetetramine in 125 ml water
slowly added. A solution containing 250 ml of monoethanol-
amine in 250 ml of water was then added and the whole made up
to 1 litre with distilled water.

Isobutanol-cylcohexane extractants 200 ml of isobutanocl was
mixed with 800 ml of cyclohexane.

Diethylammonium diethyldithiocarbamate solution: 2g of
diethylammonium diethyldithiocarbamate was dissolved in
100 ml of isobutanol. This solution was prepared fresh every
two dayse.

In a determination 5 ml of the copper complex and 10 ml of the
extractant was added to 25 ml of the sampie and the mixture inverted
rapidly 100 times. The organic phase was then separated from the
aqueous phase and mixed with two drops of carbamate solution. After
the sample had been left to stand in the dark for fifteen minutes,
the optioal densgity at a wavelength of 435 mpA was determined.
Pigure 21 shows the plot of optical density against concentration
of sodium dodecyl sulphate, compared to the reference ourve of
dodecylamine., Blank determinations were made for each fresh batch

of reagents.



Y

Optical Densit

1.2

0.8

0.6

0.4

-127-~

L

O dodecylamine

(D sodium dodecyl
sulphate

| | |

=
f

2

3 4 5 6 7

concentration (moles litre™! x 105)

Fig. 21.

Calibration curves for the determination
of dodecylamine and sodium dodecyl sulphate.



] P

c) Adgorntion tegts

The adsorption tests were conducted in 100 ml conical flasks
fitted with B.19 stoppers. Before use each flask was cleaned with
nitric acid in alcohol until the intermal surface was completely
hydrophilic., Samples of 1g of the —44}* m mineral were added with
small amounts of 0.1M sodium hydroxide to a mixture containing 40 ml
of acidified collector solution and 12 ml iso-octane. The resulting
mixture was shaken for 45 minutes under an atmosphere of 'white spot!
nitrogen, and then the oil in water emlsion obtained was centrifuged
and the aqueous phase separated from the organio phase. After measur-
ing the pH of the aqueous phase the dodecylamine content of the
aqueous and organio phases, or the sodium dodecyl sulphate content
of the aqueous phase was determined., The adsorption density was
deduced from the difference between the total collector content
before and after the adsorption had taken place.

The adsorption density, as deduced from solution analyses will
be composed of adsorption at the oil/water, solid/water and sold/
oil interfaces. In this work, however, the area of the oil/hater,
and solid/bil interface was considerably reduced by the centrifuga~
tion of the emulsion. Some 0il was carried down with the sedimentated
mineral particles but the amount was small, as evidenced by the fact
that at the end of the centrifugation period the amount of clear
organic phase was approximately the same as that added. It was
therefore agssumed, that the measured reduction in the amine con-

centration in the aqueous and organic phases (or the reduction in
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the sodium dodecylsulphate concentration in the agqueous phase) Was
mainly attributable to the adsorption of collector at the aolid/
water interface and not at the other two interfaces.

The studies of the distribution of amine between iso-octane
and water (fig. 5) showed that over much of the pH range, the cationic
amine content was much higher than that of the neutral amine in the
aqueous phase. The assumption was therefore made that the measured
adsorption density was largely that of the cationio amine at the
solid/water interface. At high pH values this assumption may not
be strictly correot because the particles, after centrifugation from
the oil/water interface, might have retained some neutral amine
adsorbed from the organic phase. In the event of this happening the
'I;otal measured adsorption density would have been composed of cationio
amine and some neutral amine.

Preliminary tests were conducted in the absence of any mineral
to (i) determine the variation of the concentration of dodecylamine
in the organic and aqueous phase with pH (The results from these
tests are shown in fig. 4 and they are discussed in section 2.4 );
and (ii) determine the adsorption of amine on the walls of the conical
flasgks in which the adsorption experiments were conducted.

The adsorption of amine by the flask walls was shown to be
negligibly small by the fact that when 50,05 x 10~% moles of
dodecylamine was added to the dodecylamine solution/iso-octane
syetem the determined average total over the pH range 2 to 10 was

50,67 x ].O_6 with & standard deviation of ¥ 1,16 x 10"6 moles.
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The variation of the determined number, at each pH value (Table Vi),
from the average value was random and no correlation was found

between the magnitude of the variation and the pH.

TABLE VII

PH Total nos.of moles x 1067 deviation from mean.
3.20 52.50 + 1.83
4.32 50.05 - 0.62
4.46 50,00 - 0,67
5.80 50.20 - 0.47
6.58 52.60 + 1493
6. 60 51,10 + 0.43
T35 49.00 - 1,67
8.88 49-70 - 0'97
9.48 50.90 + 0.27

Mean. 50,67 Standard Dev. t 1,16

In addition to measuring the adsorption of sodium dodecyl
sulphate on hematite in the presence of iso-octane some fests were
conducted in the absence of iso—octane. The procedure for these
determinations was similar to that outlined above with the difference
that the iso-octane was not present. During the series of tests
conducted in the presence of igo-octane it was found necessary to
investigate the separation of the equilibrated mixtures by filtration
as well as centrifugation.

No attempts were made to determine the adsorption of sodium
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dodecyl sulphate onto the walls of the glass flasks or onto the
samples of quartz because the extraction tests revealed that sodium
dodecyl sulphate was not a collector for quartz. Furthermore,
Fuerstenan (145) has shown that anionic collectors merely act as
indifferent electrolytes at the quartz/ﬁater interface. No specific
adsorption takes place unless a polyvalent metal ion is added as an

activator (146).

4.25. Contact Angle Studies

a) Apparatug

The apparatus consisted of a 3 om absorptiometer oell fixed
to the stage of a microscope which had been rotated through ninety
degrees, Polished specimens were placed in the cell with collector
gsolutions, and light was passed through the cell at a small angle of
incidence to the polished surface. The reflected light and some of
the incident light was directed through the microscope and brought
to focus on a ground glass screen. A small angle of incidence was
uged so that the image of a drop as formed on the polished surface
could be seen projected on the ground glass screen., This enabled
the line of contact between the oil drop and the solid surface to
bé clearly distinquished. The microscope was fitted with a long
working distance objective and the eyepiece was removed, Heat from
the light source was kept to 2 minimum by a copper sulphate solution

filter (fig. 22).
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0il drops were formed at the tip of a stainless steel capillary
by the use of a 'Agla! micrometer syringe. The micrometer syringe
was fixed to a platform which was capable of movement in a horizontal
and vertical plane. This device enabled the oil drop to be brought
into contact with the polished specimen at any desired area on the
surface of the sample, Contact angles were measured at the iso-
octane/water/mineral line of contact by tracing the image of the
angles obtained on the ground glass screen.

Before use the absorptiometer cell, stainless steel capillary

and all glassware was cleaned with alcohol in nitric acid.

b) Method

Mixtures of 40 ml of acidified collector solution, and 12 ml
iso—octane with small amounts of 0.1M sodium hydroxide were
equilibrated by shaking under an atmosphere of 'white spot! nitrogen
for 45 minutes. The resulting emulsions were centrifuged and the
phases separated. After measuring the pH of the aqueous phase a
10 ml volume of the aqueous phase was added to the cell containing
the polighed specimen. After 10 minutes this solution was decanted
and 20 ml of fresh solution added. This procedure wag used to
eliminate the possible error due to the dilution of the collector
solution by adsorption on the cell and sample surfaces. Care was
taken to engure that, in all cases where the sample was transferred
from one solution to another, the surface did not become dry.

The sample was equilibrated in the fresh solution for fifteen
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minutes and then a drop of the organic phase, formed from the 'Agla!’
syringe, was brought just into oontact with the sample surface. After
the drop had advanced over the surface and had reached an equilibrium
position, the contact angle (measured through the aqueous phase) was
determined. Thisg angle was termed the advancing contact angle.

The volume of the drop in contact with the mineral was then
increased by a known amount and the system left to equilibrate.
After this equilibration period the drop volume was decreased to its
original volume and then after a further equilibration periocd the
contact angle was determined. This contact angle was termed the
receding contact angle. In all cases the contact angle on both the
left and right sides of the projected image were measured and then
an average of the two values taken.

A preliminary series of tests revealed that, if the mineral
was initially conditioned in the collector solution for fifteen
minutes, equilibration periods in excess of four minutes gave
constant advancing and receding angles. For this reason equilibra-
tion periods of 5 minutes were used throughout the contact angle

determinations.
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4-300 Resul ts

4.31, The stem quartz/iso-octane/water

in the presence of dodecylamine

a) Zeta potential results

i) The effect of ageing of guartz on its zeta potential
Suspensions of natural and optical quartz were aged for various
lengths of time in distilled water. The suspensions were stored in
‘Pyrex" containers. The results presented in fig. 23, show the
dependence of the zeta potential of natural quartz on the pH, after
different ageing times. At a given pl, thé zeta potential first of
all increased with an increage in time of ageing and then decreased
to an equilibrium value. Optical quartz aged for 7 days gave similar
results to those obtained for the natural quartz under the same
condi tions.
Several authors (147) (148) (149) have reached the conclusion
that pulverized quartz particles are coated by a layer of amorphous
or non-cquartz like silica. When such particles are placed in water
the surface layer will begin to dissolve to form monomeric silicic
acid (150). The surface concentration of soluble silica, under these
conditions, may become supersaturated so that silica is reprecipitated
onto the surface as a gel. (151). It is probable that, during the
ageing period, such a reaction will proceed until a dynamic equili-

brium is reached between the dissolution and deposition of silica.
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The similarity between the results obtained with the natural
and optical quartz samples indicates that the two samples were of
the same purity. The results obtained for a natural quartz sample
aged in a silica container were slightly more negative than those
obtained for the samples aged in 'Pyrex'. This suggests that cations
from the 'Pyrex! containers entered the solution and affected the
zeta potential. All of the glass apparatus used in this work was
constructed of !'Pyrex!, For this reason subsequent electrophoresis
determinations were conducted on samples of natural quartz which

had been aged in !'Pyrex!,

ii) The effect of pH_on the zeta potential of guartz

Figure 23, shows that as the pH of the natural quartz, which
had been aged for 7 and 12 days, was increased)the zeta potential
increased and reached a maximum value at pH 8.5. For pH values
below neutral the relationship between the pH and the zeta potential
was linear. Extrapolation of the linear curves for both the natural
and optical quartz samples gave zero points of charge (z.p.c.) at
between pH values 2,50 and 2.60. The values of the zeta potentials
at pH values below 7 were comparable to those found from streaming
potential studies conducted under similar ionic conditions by
Fuerstenau (152) and Li and de Bruyn (153). At pH values above 7,
however, the zeta potentials obtained in this work were lower than
those found by these other authors. Since no marked change in the

zeta potential took place on quartz aged for more than 7 days, the

quartz used in all subsequent electrophoresis tests was aged for
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7 days in 'Pyrexf, prior to use.

iii) The effect_of dodecylamine_concentration on_the_zeta

potential of quartz

The dependence of the zeta potential of natural quartz on the
pH, in the presence of five different total concentrations of
dodecylamine, is demonstrated in fig. 24. For concentrations of
dodecylamine below 4 x 107 M and at fH values below 6 the zeta
potential was independent of changes in the amine concentration.
At higher concentrations of amine and at all pH values, an increase
in the amine concentration produced a decrease in the negative zeta
potential until it eventually changed sign and became positive., The
positive zeta potentials obtained at high concentrations of dodecy-
lamine and at low pH values indicated that although the surface
charge approached zero, substantial amounts of cationic amine were
adsorbed.

In fig. 25 the zeta potential of natural quartz as a function
of the logarithm of the émine concentration is presented at pH 3.0,
4.0, 6.5 and 9.0. A characteristic of this set of curves is that
each curve can be divided into (i) a region where a variation in
the logarithm of the amine concentration produced only a small
variation in the zeta potential, and (ii) a region where a small
change in the logarithm of the amine concentration produced a
substantial change in the zeta potential. In the region of large
zeta potential variation the negative zeta potential decreased to

zero and then became positive, For example at pH 6.5, the negative
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zeta poténtial decreased slowly with concentration up to a concentra-
tion of 10-4M and then decreased rapidly and reached zero at an amine
concentration of 6.9 x 10—4M. The amine concentration corresponding
to the transition from one region to the other was approximately
independent of the value of the constant pH. A small random shift

in the amine concentration was observed at zero zeta potential for
the different pH values. These results were consistent with those
obtained by Li and de Bruyn (153).

b) The adsorption of dodecylamine by quartz in the presence

of iso-octane

The adsorption of dodecylamine at the quartz/water interface in
the presence of iso—-octane, was determined at different pH values
and at four different "total concentrations" of dodecylamine, (The
"total concentration" of amine means the ooncentration if all the
amine species in the system, including the adsorbed ones, were in
the aqueous phase). The results obtained are shown in fig. 26. For
each 'total concentration' of amine, the logarithm of the adsorption
density increased with increasing pH and reached a maximum at neutral
pi, and then decreased as the pH was further increased. The increase
in the logarithm of the adsorption density with increase in pH in
acid solutions was small and approximately the same for each total
concentration of amine. Considerable adsorption was observed, at
high *'total concentrations! of amine, at pH values approaching the
ZePeCe of quartz.

Plotted also in fig. 26, is the logarithm of the cationic amine
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conceatration in the aqueous phase as a function of pH for a 'total
amine concentration'! of 1.25 x 10_3M. Thig curve was obtained for
a gystem composed of only iso—octane and water in the presence of
dodecylamine, using the equilibrium equations derived from section
2,00, It follows from these equations that similar curves would be
obtained at different 'total concentrations!s Comparison of the
adsorption density curves with the concentration curve shows that
the decrease in adsorption density at pH values above neutral
corresponded to a decrease in the cationic amine concentration of
the aqueous phase.

In fig. 27 (a) the adsorption densities of dodecylamine on
quartz, at three different oonstant pH values, are presented on a
logarithmic basis as a function of the amine concentration in the
aqueous phase. The points on these isotherms were obtained either
fram direct experimental determinations or from the following method.
For each series of adsorption tests at constant 'total amine concen-
tration?!, the determined amine conoentrations in the organic and
aqueous phases were plotted as a function of pH. From these curves
the equilibrium concentration of amine in the aqueous phase was
determined. The adsorption density at this pH was then read from
the adsorption density curves (fig. 26).

The adsorption isotherm at pH 6.5 (fig. 27a) has been represented
as two straight lines with slopes 0.70 and 1.50. These Blopes are
pimilar to the values of 0.5 and 1.20 obtained by de Bruym (154) for

the adsorption of amine at the quartz/water interface in the absence
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of iso-octane and a constant ionic strength. The adsorption density
and equilibrium concentration corresponding to the intersection of
the two straight lines were 1.7 x 10~° moles/metre? and 2.4 x 1074
moles/litre respectively. These values were also essentially the
same as those obtained by de Bruyn (154). Assuming the cross
sectional area of the hydrocarbon chain of the amine ion to be 2022,
and greater than the cross sectional area of the polar group (155),
the calculated adsorption density for a close packed vertically
orientated monolayer is 8.4 x 10_6 moles metre 2. This adsorption
density was obtained at an amine concentration in the aqueous phase
slightly higher than that required to reduce the quartz zeta poten-
tial to zero.

The two experimental points obtained in the absence of iso-
octane, at pH 6,5, fell on the isotherm. This suggests that at this
pH the adsorption of amine at the quartz/water interface was not
affected by the presence of iso-octane.

Included also in fig. 27 (a) is the curve from fig. 25 relating
the zeta potential of quartz, at pH 6.5, with the logarithm of the
amine concentration. Comparison of this curve with the adsorption
isotherm shows that both curves are similar in that they can be
divided into two regions. Furthermore the concentration of aqueous
amine at the intersection of the two linear curves of the adsorption
isotherm corresponds closely to the range of amine concentration
where the zeta potential became more dependent on the logarithm of

the amine concentration.
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The adsorption isotherms at pH 8.0 and 9.0 have been drawn as
two straight lines in a similar way to the isotherm at pH 6.5. Thesge
isotherms are not presented with an adequate number of peints to
consider them completed, but sinoe the data obtained were in good
agreement with those of de Bruyn (154) it was thought unnecessary to
include more points. In fig. 27 (b) the adsorption isotherm at pH
6.5 has been plotted on a linear basis. The shape of this isotherm
indicates that the adsorption followed the type Lj isotherm which Giles
et al, (156) considers to be due to the adsorption of ionic substances
with very strong intermolecular attraction, possibly with the associa-
tion of ions into dlusters before adsorption. The isotherm, as
presented in fig. 27b shows that the adsorption density at the point
of intersection of the logarithmic adsorption isotherm (fig. 27a)
corresponds to a monolayer of amine if the area per adsorbed ion were
7682, According o Klassen and Mokrousov (157) the length of a 12
hydrocarbon chain would be approximately 148. If it is assumed that
the diameter of the chain is 48 and that the area of the polar group
is 2032, then an area per adsorbed ion of 76&2 would correspond to
a close~-packed horizontally orientated monolayer. The adsorption
dengity increased only by a small amount between an equilibrium
aqueous amine concentration of 2.5 x 10-4M and 5.5 x 10-4M. Above
this latter conoentration the adsorption density increased rapidly
and reached a maximum at an adsorption density corresponding to a

cloge-packed vertically orientated monolayer.
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c) The effect of dodecylamine concentration on the contact angles

The receding contact angles of iso~octane on natural and optical
quartz, in the presence of six different 'total conoentrations! of
dodecylamine, as a function of pH are shown in figs. 28 and 29. 1In
the absence of amine the contact angles on both the quartz samples
were zero at pH values above 5. Below pH 5, however, although the
receding angles were too small to measure (<3:10) there was a
tendency for the oil drop to show a small degree of 'stickiness',
when receded completely from the quartz surface. In distilled
water the contact angle was zero. This was in accordance with the
findings of Gaudin and co-workers (129).

For each 'total concentration! of amine the receding contact
angles increased from O at pH values below 3 to a maximum at between
pH values 7 and 8 and then decreased as the pH was further increased.
Comparison of the curves correlating the receding contact angles and
the adsorption density with the pH (figs. 28, 29 and 26) shows that
the decrease in oontact angle in alkaline media corresponded to a
decrease in both the adsorption density and the cationic amine con-
centration of the aqueous phase. This comparison also shows that the
contact angles approaching the z.p.c. of quartz, were small and
nearly independent of the total amine concentration, although consi-
derable amounts of amine were adsorbed.

The advancing angles for the iso~octane drops on the quartsz
samples have not been included in figs. 28 and 29 because, in

general, the relationship between the advancing angles was of the
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same form as the relationship between the receding angles and the
pHe For the optical quartz the receding angles were approximately
20° greater than the advancing angles, and for the natural quartz
the difference was 30—35° at high !'total amine concentrations! and
about 20° at low concentrations.

The receding and advancing contact angles on the natural and
optical quartz have been presentedin fig. 30, as functions of the
logarithm of the equilibrium dodecylamine concentration in the
aqueous phase at pH values 6.5 and 8,0, The concentrations of amine
in the aqueous phase were deduced from the total amine concentrations
by using the equilibrium equations derived in section 2,00, The
amine adsorbed on the sample surface of only a few square centimetres
was negligible compared to the total amount of amine in the system.
Figure 30 shows that the relationship between both the receding and
advancing angles and the logarithm of the aqueous amine concentration
can also be divided into two linear regions. In the first region
the contact angles increased slowly with an increase in the logarithm
of the amine concentration and in the second region the contact angle
increased more rapidly. The slopes of the two linear parts of the
curves were approximately 15 and 35 degrees per tenfold increase in
concentration, respectively. The receding and advancing angles
corresponding to the transition from one region to the other were
60° and 50° respectively. For the natural quartz sample, at pH
6.5, the aqueous amine concentrations at the transition contact

angles were 1.0 x 10~M for the receding angles and 2.5 x 10~ for
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the advancing angles. Both of these concentrations are in good
agreement with the equilibrium aqueous amine concentration at the
intersection of the two linear parts of the adsorption isotherm
(fig. 27a). However, although the shape of the curves correlating
the contact angles with the logarithm of the aqueous'amine concen-
tration were similar to the adsorption isotherm, no such agreement

was found at pH 8.0,

d) Extraction results

The results obtained from the tests degigned to determine the
percentage of quartz extracted or concentrated at the iso—octane/
water interface, in the presence of five different "total concen-
trations" of amine are presented in fig. 31 as a function of pH.
At each 'total concentration of amine! an increase in the pH
produced an increase in the percent extraction from zero, at low
pH values, to a2 maximum at approximately neutral pH values and then
a decrease to zero at high pH values. The pd range over which
maximum extraction was obtained at each !'total amine concentration!
was dependent on the magnitude of the !'total concentration!. Thus,
maximm extraction occurred between pH values 5 and 6.5 for a 'total
amine concentration! of 3.2 x 10™2M and between 3.5 and 8.5 for a
concentration of 1,35 x 107 M.

In fig. 32 the percent extraction, adsorption density, receding
contact angles and concentration of cationic amine in the aqueous
phase (calculated from equations in section 2) are plotted as a

function of pH. These curves show that, in general, there was a
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good correlation between the four variables describing the conditions
in the oil/water/quartz system. As the pH was increased the adsorp-
tion density, contact angles and percent extraction increased to a
maximum and then decreased as the pH became more alkaline., The
decrease in the magnitude of these variables in alkaline media
corresponded to a decrease in the cationic amine concentration of

the aqueous phase. The zeta potential results have not been included
in fig. 32 becamse they were obtained in the absence of iso-octane
and therefore under conditions where amine was not removed from the
aqueous phase with an increase in pi. The appearance of the oil
drops in the upper layer of the geparating column is shown in Plates
I and II. The samples for these photographs were obtained by diluting
a small volume of the upper layer with amine solution at the relevant
pH and concentration. It can be seen that each drop was covered by
small quartz particles and that in some cases the particles were so
tightly packed that the oil drop was distorted from a spherical
shape.,

Figure 33 presents the percent extraction at pH 6.5 as a function
of the receding contact angles and the logarithms of the 'total amine
concentration!, the equilibrium aqueous amine concentration and the
adsorption density., The equilibrium aqueous amine concentration for
a given extraction test was deduced from knowledge of the !'total
amine concentration! and the adsorption isotherm. (figs. 26 and 27a).
Using the equilibrium concentrations, so obtained, the reoceding

contact angles were obtained from fig., 30. These curves show that
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100% extraction was obtained when the following oonditions were
satisfieds a) the equilibrium concentration and adsorption demsity
were such that the zeta potential was zero. This adsorption density
also oorresponded approximately to a close packed vertically
orientated monolayer. b) the receding contact angle was 90 degrees.
Comparison of curves (1), (2) and (3) with figs. 27a and 30
shows that 90% extraction corresponded to the contact angle at the
transition from one linear region to the other in the curve corre-
lating the receding contact angle with the logarithm of the
equilibrium aqueous amine concentration, and also corresponded to
the adsorption density and equilibrium concentration at the point
of intersection of the linear parts of the adsorption isotherm.
Below an extraction of 90 percent a small decrease in the receding
contact angle, or the logarithms of the aqueous amine concentration
and the adsorption density, produced a large decrease in the percent

extraction.

4.32. The hematite/iso-octane/sodium dodecyl sulphate system

a) Electrokinetic results

1) The effect of the p_and different anions on the zgta potential
Tests were conducted to ascertain whether the ageing of hematite
in distilled water influenoed the zeta potential or not. It was

found that provided the sample was stored in distilled water for

24 hours before use, the zeta potential became independent of time.
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The dependence of the zeta potential on the pH in the presence of
the four anions G10,”, N0y, C1~ and S04%" is ehown in fig. 34. In
the presence of the anions 0104_, NOB- and C1~ an increase in the pH
produced a decrease in the positive zeta potential to zero at pH 4.75
(zero point of charge). As the pH was increased above 4.75 the zeta
potential changed sign and became increasingly more negative. At pH
values below the zero point of charge (z.p.c.) the positive zeta
potential was independent of the anions, but above the z.p.c. the
negative zeta potential was increased by changing the anions in the
order 01o4f, No3‘, cl .

In the presence of sulphate ions, the curve correlating the zeta
potential with the pH was displaced to more negative zeta potentials,
and as a result the pH corresponding to the z.p.c. was decreased from

4'75 tO 305‘

ii) The effect_of sodium dodecylsulphate_on the zeta potential
The variation of the hematite zeta potential with pH in the
presence of eight different concentrations of sodium dodecyl sulphate

(S8.D.S.) is shown in fig. 35 All of the S.D.S. solutions were
prepared in hydrochloric acid and so the curve at zero S.D.3. concen-
tration represents the HGl- Na(H ourve from fig. 34. The curve
correlating the zeta potential with the pH, at each concentration of
SeDeS., was similar to that obtained in the absence of S.De¢Ss,

except that it was displaced to more acid pH values. The pH corre-

sponding to zero zeta potential decreased as the S.D.S. concentra-

tion increased. An increase in the S.D.S. concentration produced a
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decrease in the positive zeta potential, at pH values below the Z.p.c.,
until it eventually changed sign and became negative, and an increase
in the negative zeta potential at pH values above the 2z.p.c.

The difference ( Ag) between the zeta potential at a given pH
in a given concentration of sodium dodecyl sulphate and the zeta
potential at the same pH in the absence of S.D.S., decreased as the
pH was increased. However, at pH values slightly above the Z.p.c.

Ag, was still large and this indicated that although the hematite
surface was negative considerable quantities of S.D.S. were adsorbed.
At high pH values, and at all concentrations, AE became zero.

The zeta potential data from fig. 35, has been used in fig. 36
to show the dependence of the hematite gzeta potential on the logarithm
of the S.D.S. concentration at pi 2.5, 3.0, 5.0 and 6.0. At pH
valuesg 2.5 and 3.0 and at S.D.S. concentrations between 5 x 10_6M and
10-416 the relationship between the zeta potential and the logarithm of
the S.D.S. concentration was essentially linear with a slope of -25
millivolts per tenfold increase in concentration. In this linear
region the positive zeta potential decreased to zero and then became
negative. A zero zeta potential was obtained at a concentration of
4 x 107 at H 2.5, At high (> 10‘4M) and low (<€ 5 x 10’6M) con-
centrations the curve correlating the zeta potential with the logarithm
of the concentration deviated from a straight line and the zeta
potential became less dependent on the logarithm of the S,D.S. concen-~
tration.

At pH values 5.0 and 6.0 the negative zeta potential gradually
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increased with an increase in the logarithm of the S.D.S. concentra~
tion. The dependenoe of the zeta potential on the S.D.S. concentra-

tion decreased ag the pH was increased.

b) The adsorption of sodium dodecyl sulphate by hematite

The results of the tests conducted to determine the adsorption
density of S.D.S. on hematite at various pH values, in the presence
of four different initial concentrations are shown in fig., 37. The
'initial' concentration refers to the concentration of S.D.S. in the
aqueous phase prior to the addition of the hematite. For any given
concentration of S.D.S. and at pH values below 4, a change in the pH
produced only a small variation in the logarithm of the adsorption
densgity. As the pH approached the z.p.c. of hematite i.e. pH 4.75,
the logarithm of the adsorption density decreased rapidly. 4An
inorease in the initial concentration of S.D.S. produced a shift in
the curve correlating the logarithm of the adsorption density with
the pH, to higher adsorption densities.

Plotted also in fige. 37 as a function of pH is the logarithm of
the zeta potential difference (Ag) between the zeta potential in
10"M S.D.S. and that in the absence of S.D.S. Comparison of this
curve with the logarithm of the adsorption density curves shows that
the decrease in adgorption density with increase in pH corresponded
quite well to a decrease in [&Ei .

The results of the adsorption tests conducted in the presence
of iso-octane at three different initial conoentrations of S.D.S.

are shown in fig. 38, Comparison of this figure with fig. 37 shows
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that at pH values below the Z.p.c. of hematite the adsorption density
was independent of the presence of iso-octane. At pH values above

the z.p.c. the presence of iso-octane apparently increased the magni-
tude of the adsorption density. This increase was, however, dependent
on the method used, to break the 0/W emulsion and to separate the
hematite from the two liquid phases. The most efficient way of break-
ing the emulsion was filtration which produced lower adsorption densities
than centrifugation. A complete breaking of the emulsion was not,
however, obtained even with filtration and as a result some heavily
hematite coated, iso-octane drops were filtered out with the free
hematite.

The curve correlating the adsorption density with the equilibrium
concentration of S.D.S. at pH 2.6 pa 0.1, is presented in fig. 39 on a
logarithmic bagis. This isotherm was obtained in the absence of iso-
octane which was considered unnecessary in view of the independence
of the adsorption density on the presence of iso-octane at pH values
below the Z.p.c. (figs. 37 and 38). The isotherm is divided into three
regions. Region I extends over the concentration range below that
required to reduce the zeta potential to zero. In this region the
logarithm of the adsorption density increased rapidly with anincrease
in the logarithm of the equilibrium concentration until a concentra-
tion of 4 x 102y (the onset of region II) was reached. The adsorp-
tion density at this concentration corresponded to a close packed
monolayer if the area per adsorbed ion was 7022. Thisg area is

slightly less than the area which a dodecyl sulphate ion would



-169-
-5
2x10 I I I

107} ,
monolayer if area per ion 20 't

monolayer if area per ion 7O X

Adsorption density (moles/hetrez)

1
]
]
i
10‘6 e i —
| Region II . Region III
' |
| corresponds to
| 2ero zeta
| potential |
' |
I
I | I I
1076 1072 1074 1073

Equilibrium S.D.S. concentration.

Fig. 39. Adsorption density of S.D.S. on hematite as a
function of equilibrium concentration.

(ionic strength 6 x 1073: pH 2.6 = 0.1)



~170-

occupy in a close packed horizontally orientated monolayer. In
region II the logarithm of the adsorption density increased slowly
at first, with an increase in the logarithm of the equilibrium con-
centration, and then more rapidly as the concentration approached
3.2 x 10 M., Above this concentration (region III) the adsorption
density increased rapidly, levelled off at an adsorption density of
8.6 x 10-6 moles/hetrez, and then increased again. An adsorption
density of 8.6 x 10-6 moles/metre2 corresponds to a monolayer if
the area per adsorbed ion is 2032; an area similar to the 2532 (155)
which a dodecyl sulphate ion occupies in a close packed vertically
orientated monolayer.

o) The effect of godium dodecyl sulphate concentration on
the contact angles

The receding contact angles of iso-octane on hematite in the
presence of sodium dodecyl sulphate at eight different concentrations
are shown in fig. 40 as a function of pH. In the absence of S.D.S.
both the receding and advancing angles were zero. The curves
correlating the contact angle with the pH show that as the pH was
increased the receding contact angles decreased, slowly at first,
and then more rapidly as the pH approached 4. An increase in the
initial concentration produced larger receding angles. Comparison
of fig. 40 with fig. 37 shows that the decrease in contact angle
with inorease in pH corresponded to a decrease in the logarithms
of the adsorption density and Ag.

The receding contact angles, from fig. 40 have been used in



=171~

140 T T ] r I T
Curve S.D.S. concn. (M)
120 ) 1.0 x 1073 -
O 5.0 x 1074
@ 1.0 x 1074
100 ¢ 5.0 x 107 _
e 1.0 x 1072
o 5.0 x 100
%1080 -
3
ey
Q
o
Ly
5
060 |-
-1}
=
pa
]
(o]
[0
e
40 B
20 }-
I
|
|
| Z.P.C.
| ] L1 | | ]
2 3 4 5 oH 6 7 8 9
Fig. 40. Receding contact angle on hematite, in the presence

of various concentrations of S.D.S., as a
function of pH.

(ionic strength 6 x 10_3)



-172-
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fig. 41 to correlate the contact angles with the logarithm of the
concentration of S.D.S. at pH 2.6. Also plotted in fig. 41 is the
adsorption isotherm from fig. 40. Becauge of the similarity in
shape of these two curves the contact angle curve is also divided
into three regions. Each region extends over the same concentration
range as that used for the adsorption isotherm. In region I the
contact angle increased rapidly with an increase in the logarithm
of the S.D.S. concentration and then levelled off at a concentration
corresponding to zero zeta potentials. In region II the contact angle
inoreased slowly at first and then more rapidly as the logarithm of
the concentration increaseds This increase in contact angle oconti-
nued into region IIT where a maximum contact angle of 124o was
reached. Comparison of the contact angle curve with the adsorption
isotherm shows that, in general, an increase in the adsorption
density corresponded to an increase in the contact angle.

The advancing contact angles of iso—octane on hematite have
not been included because they were much smaller than the receding

angless In some cases the hysteresis amounted to as much as 60°.

d) Extraction results

The extraction results at four different initial concentrations
of S«DeS. are shown in fig. 42 as a function of pH. The S.D.S.
solutions were made in both hydrochloric and perchloric acid, and
sodium hydroxide was used to control the pH. The results show that
for each initial concentration of S.D.Se. an increase in the pH

produced a slight increase in the percent extraction to a2 maximm
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at the z.p.c. of hematite. Above the zZ.p.c. the extraction decreased
rapidly. An increase in the initial concentration produced higher
percent extractions. The use of perchloric acid as a pH modifier
did not produce significantly different results from those obtained
using hydrochloric acid.

In fig. 43 the percent extraction, contact angle and logarithms
of the adsorption density and A% have been plotted as functions of
pH for an initial S.D.S. concentration of 1 x 10-4M. The data for
these ocurves was obtained from figs. 40, 4i and 42. At a given pH
and initial ooncentration of S.D.S. the magnitudes of the zeta poten--
tials, contact angles, percent extraction and adsorption density are
not directly comparable because of the different sample areas used
in the different series of tests. In the electrokinetic and contact
angle tests the sample areas were negligible and the equilibrium
concentrations were equal to the initial concentrations. However,
in the extraction and adsorption tests this was not the case
because large sample areas were used. The curves, in fig. 43, show
that in general as the pH was increased up to the hematite z.p.c.
the percent extraction, adsorption density, contact angle and Aiji
decreased.

Figure 44 shows the percent extraction at a pH of 2.6 * 0.1 as
a function of the logarithms of the adsorption density and the
equilibrium concentration of S.D.S. The curve correlating the
percent extraction with the logarithm of the equilibrium concen-
tration shows that as the éonoentration was increased, the percent

extraction increased rapidly and reached 100% at a concentration
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corregsponding to a zero zeta potential. At concentrations above

5 x 10-4M the percent extraction decreased. The curve correlating
the percent extraction with the logarithm of the adsorption density
shows that the deorease in percent extraction at high adsorption
densities and equilibrium concentrations corresponded to adsorption
densities greater than that required to form a close packed vertically

orientated monolayer.

4.33. The hematite[iso—octane[waxer system

in the presence of dodecylamine

a) The effect of dodecylamine on the hematite zeta potential
It was shown in section 4.32a that the zeta potential of hematite

was dependent on the pl and that in the presence of the monovalent
anions €17, 0104- and N03- the zero point of charge (z.p.c.) occurred
at a pil of 4,75, Figure 45 shows the variation of the hematite zeta
potential with pH in the presence of six different concentrations of
dodecylamine. All of the amine solutions were prepared in hydrochloric
acid, The curve at zero amine concentration represents the HCl -~ NaCH
curve from fig. 34.

At each concentration of amine the curve correlating the zeta
potential with the pH, in fig. 45, can be divided into two regions.
In the first region the zeta potential was independent of the amine
concentration and coincident with that obtained in the absenoe of

amine. In the second region the zeta potential was approximately
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independent of the pH, but however, dependent on the amine concen-
trations., As the amine concentration was increased both the pH at
the transition from one region to the other, and the value of the
constant zeta potential decreased until eventually, at high amine
concentrations, the transition pH occurred below the 8.p.c. and
the constant zeta potential changed signs and became positive. The
positive zeta potential obtained at the 2Z.p.c., in the presence of
high concentrations of amine, indicate that although the surface
charge was zero considerable amounts of cationic amine were
adsorbed.

In fig. 46 the zeta potential data from fig. 45 has been used
to correlate the zeta potential of hematite with the logarithm of
the amine concentration, at constant pH values of 4.0, 5.0, 6.5
and 8,0. A characteristic of this set of curves is that each curve
can be divided into two regions. A region where the zeta potential
was independent of the amine concentration and a region where a
small change in the logarithm of the amine concentration produced
a large variation in the zeta potential. For example, at pH 6.5
the zeta potential remained constant up to a concentration of 10~4M
and then decreased rapidly and reached zero at a concentration of
5 x 10_4M. The amine concentration corresponding to the transition
from one region to the other decreased as the pH was increased. A
zero zeta potential at pH values 5.0, 6.5 and 8,0, was obtained at
an amine concentration of 5 x 10_4M. Above this concentration

the zeta potential was positive at all pH values.
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b) The adsorption of dodecylamine by hematite in the presence
of igo-octane

Tests were conducted to determine the adsorption density of
dodecylamine at the hematite/water interface in the presence of iso-
octane. The logarithms of the adsorption densities obtained at
various pH values, in the presence of four different 'total
ooncentrations! of dodecylamine, are presented in fig. 47. At
each 'total concentration' of amine the logarithm of the adsorption
density increased with an increase in pH to a maximum at neutral
pH values and then decreased. A variation inthe pH below neutral
had only a small effect on the logarithm of the adsorption density.
In fact, a tenthousandfold change in the hydrogen ion concentration
produced less than a twofold change in the adsorption density.
Similar results were obtained by Gaudin and Morrow (132) for the
system hematite/dodecylamine solution in the absence of igo-octane.

Plotted also in fig. 47 is the calculated surve correlating
the logarithm of the cationic amine concentration in the aqueous
phase with the pH, for a total amine concentration of 1.25 x 10”%,
This curve was obtained using the equilibrium equations derived in
gection 2.00. It follows from these equations that curves of a
gimilar shape would be obtained at different "total amine concen-
trations". Comparison of the adsorption density curves with the
cationic amine concentration curve shows that the decrease in the
logarithm of the adsorption density with increase in pH, in
alkaline media, corresponded to a decrease in the logarithm of

the aqueous cationic amine concentration. These results are
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similar to those obtained for the iso-octane/water/quartz system in
the presence of dodecylamine (fig. 26).

In fig. 48 the logarithm of the adsorption density of dodecy-
lamine on hematite is presented as a function of the logarithm of
the equilibrium aqueous amine concentration at two different pH
values. The points on these isotherms were obtained either by
direct experimental determinations or by a method similar to that
used to obtain the points on the amine adsorption isotherm determined
for quartz (o.f. section 4,31b). The shape of the isotherms shown
in fig. 48 is similar to that determined by Gaudin and Morrow (132)
for the hematite/dodecylamine system in the absence of constant
ionic strength and iso-octane. The relationship between the
logarithms of the adsorption dengity and the equilibrium aqueous
amine concentration, at pH 6.5, was linear with a slope of 0,65 at
equilibrium concentrations below 2 x 10-4M. Above this concentra-
tion the isotherm deviated from a straight line and the logarithm
of the adsorption density became more dependent on the logarithm
of the equilibrium concentration. The adsorption density at the
point of deviation from a straight line i.e. 2 x 10-6moles metre-z,
and the slope of the linear part of the adsorption isotherm were in
good agreement with the values of 1.5 x 10-'6 moles metre > and 0.6
found by Gaudin and Morrow (132). Generally, however, the equili-
brium amine concentrations corresponding to a given adsorption
density were slightly lower in this work than those found by these

other authors,
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Comparison of the adsorption isotherm at pH 6.5 with the curve
correlating the zeta potential with the logarithm of the agqueous
amine concentration (fig. 46) shows that the amine concentration
at the upper limit of the linear part of the adsorption isotherm
corresponds approximately to the concentration at which the zeta
potential began to show a marked dependence on the logarithm of
the amine concentration. Comparison of fig. 48 with fig. 27a shows
that the amine adsorption isotherm obtained, at pH 6.5, for the
system iso-octane/quartz/water was very similar to that obtained

for the hematite/water/iso-octane system under similar conditions.

c) The effect of dodecylamine concentration on the contact angle

The receding contact angles of iso-octane on hematite, at five
different !'total concentrations! of amine, are presented in fig. 49
as a function of pH. For a given 'total ooncentration' of amine
the receding contact angle increased from zero, at pH values below
2, to a maximum between pH values 7 and 8 and then decreased to
zero at high pH values. An increase in the !'total amine concentra~-
tion! produced an increase in the magnitude of the contact angles.

Included in fige 49 is a plot of the difference in zeta
potential (Aﬁa_), at various pH values, between that obtained in
9 x 107 amine solution and that obtained in the absence of amine.
Comparison of fig. 49 with fig. 47 shows that as the pH was
increased the adsorption density, Ag and contact angles increased

to a maximum at between pH values 7 and 8, A further increase in
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the pH produced a decrease in the adsorption density, contact
angles and cationic amine concentration of the aqueous phase. This
comparison alsoc shows that at pH values below the z.p.c. the
contact angles gradually decreased to zero whereas the logarithm
of the adsorption density only decreased slightly.

In fig. 50 the contact angles from fig. 49 have been replotted
to show the correlation between the contact angles and the logarithm
of the aqueous amine concentration at five different pH values. A
characteristic of this set of curves is that each curve can be
divided into two linear regions of slopes 10 and 33 degrees per ten-
fold increase in the aqueous amine concentration. The receding
contact angle at the point of intersection of the two linear curves
wag approximately the same at all pH values and equal to 47°. The
aqueous amine concentration at this point decreased as the pH

increased as shown in Table VIII.

TABLE VIII
o Aqueous amine conc. at
point of intersection (M)
8.0 2,1 x 10-5
6.5 1.7 x 10~4
5.0 5.6 x 10~4
4.0 4.0 x 10=3

The curves correlating the contact angles (fig. 50), adsorp-

tion density (fig. 48) and zeta potential (fig. 46) with the



90

-189-

80

70

\un
(o]

S
O

N\

Receding contact angle
(]
o

B

OHNONSN-NeX
|

20 |— -
10 — —
. | L L

10" 1072 1074 1073

Dodecylamine concentration in aqueousphase (M)

Fig. 50, Variation of the contact angle on hematite with
the acueous amine concentration.

(ionic strength 6 x 10-3)



-190-

logarithm of the equilibrium aquecus amine concentration have a
gimilarity in that they can be divided into two regions. The
aqueous amine concentrations at the transition from one region to
the other for the three different sets of data, at pH 6.5, are
approximately the same at 1 to 2 x 10-4M. This correlation will
be considered in more detail in section 4.43 (b).

The relationships between the advancing contact angles, and
the pH, and the equilibrium aqueous amine concentration were similar
to those obtained with the receding contact angies. These curves
have not, however, been included because the advancing angles were

mich smaller than the receding angles and not so reproducible.

d) BExtraction results

In fig. 51 the percent extraction, at four different '"total
concentrations! of amine, is presented as a function of pH. At
each 'total amine concentration' the percent extraction increased
from zero, at low pH values, to a maximm, at between pH values 5
and 7, and then decreased to zero at high pH values. Figure 52
presents the percent extraction, contact angle and the logarithms
of both the adsorption density and the aqueous cationic amine
concentration as a function of pH for a 'total amine concentration!
of 3.0 x 10—4M. The percent extraction, adsorption demsity and
contact angle at a given pHl and 'total amine concentration' are not
directly oomparable because the sample surface area and hence the

adsorption in the contact angle tests was negligible compared to
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that in the extraction and adsorption tests. Figure 52 does,
however, show that as the pH was increased the adsorption density,
contact angles and percent extraction increased to a maximum
between pH values 5 and 7.5 and then decreased. The decrease in
these variables in alkaline media corresponded to a decrease in
the cationic amine concentration in the aqueous phase.

In fig. 53 the percent extraction, at pH 6.5, has been
presented as a function of the logarithms of both the aqueous
amine concentration and the adsorption density. These curves show
that 100% extraction was obtained at the equilibrium concentration

and adgorption density corresponding to zero zeta potential.

4.34. The hematite/iso—octane/water system
in the presence of dodecancic aecid

a) The effect of dodecanoic acid on the zeta potential

The zeta potential of a hematite suspension in 6 x 10™u
sodium hydroxide was measured as the pH was decreased. The results
obtained are shown in fig. 54, curve (2). Curve (1) shows the
zeta potentials obtained when the pH of a hematite suspension in
6 x 10—3M hydrochloric acid was increased. Comparison of these
two curves shows that the zeta potentials of the suspension
initially in sodium hydroxide were more negative, at pH values
below neutral, than the suspension initially in acid. A4s a
result of this, the z.p.c. of the pH decreasing suspension was

lower than that of the pH increasing one.
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Curve (3) shows the effect on the zeta potential of decreasing
the pH of a suspension of hematite in a solution initially composed
of 6 x 10™°M sodium hydroxide and 102 sodium dodecanoates At pH
values above 7 the zeta potential was not affeoted by the presence
of fatty acid molecules and ions. Below pH 7, however, the curve
correlating the zeta potential with the pH in the presence of fatty
acid species was displaced to slightly more negative zeta potentials
than the curve obtained in the absence of fatiy acid. The zeta
potential was not measured at higher concentrations of fatty acid

because of the preoipitation of dodecanoic acid.

b) The effect of dodecanoic acid concentration on the

contact angle

The receding contact angles of iso-ocotane on hematite at five

different 'total concentrations'! of dodecanoic acid are presented
in fig. 55, as a function of pH. (The 'total concentration' of
dodecanoic acid is that concentration if all the fatty acid species
were initially in the aqueous phase). At each !total concentration!
of fatty acid the contact angle was approximately constant at pH
values below 6, Above pH 6, the contact angles increased rapidly
to a maximum at pH 8. to 8.5 and then decreased.

In fig. 56 the receding contact angles from fig. 55 have been
uged to show the correlation between the receding angles and the
logarithm of the concentration of fatty acid species in the
aqueous phase. These concentrations were obtained using the

equilibrium equations derived in section 2.00. The curve obtained
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shows that as the logarithm of the concentration was increased
there was a gradual increase in the contact angle. Between a con-
centration of 3 x 10-5 and 1 x 10~3M the curve was almost linear
with a slope of about 20 degrees per tenfold increase in the concen-
tration.

Similar to the systems involving sodium dodecyl sulphate and
dodecylamine the advancing angles have not been included because

they were very much smaller than the receding angles.

d) Extraction results

The extraction results presented in fig. 57 show the correlation
between the percent extraction and pH at four different 'total con-
centrations'! of fatty acid. At each ‘'total concentration' the
percent extraction increased from zero at low pH values to a maximum
at pH 8.0 and then decreased. An increase in the 'total fatty acid
concentration' produced higher percent extractions.

Superimposed on the curves correlating the percent extraction
with the pH is a plot of the concentration of the various fatty acid
species ag a function of pH for a 'total fatty acid concentration'
of 2.5 x 107M. These concentrations were also obtained by using
the equilibrium equations derived in section 2.00. It follows from
these equations that similar curves would be obtained for the
different 'total concentrations' of fatty acid. Comparison of the
percent extraction curves with the concentration curve shows that

maximum exiraction occurred at the pH where the fatty acid concen-
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tration in the organic phase was slightly higher than that of the

carboxylic ion in the aqueous phase.

4435, Selective extraction tests

Extraction tests were conducted on synthetic mixtures of
hematite and quartz, and ilmenite and quartz using collectors of
dodecylamine, sodium dodecyl sulphate and dodecanoic acid. The
amounts of quartz in the products obtained from the extraction
apparatus were determined by treating known weights of the products
with hot concentrated HCl and stannous chloride. The insoluble
quartz remains were collected in 'ashless! filter papers and the
filter papers were fired at 800°C in weighed crucibles.

The results from these tests are shown as a function of pH
in figse. 58 to 60 inclusive. No attempt was made to obtain
maximum selectivity or extraction by varying the concentration of
collector. Figs. 58 and 59 show that it was possible to separate
hematite from quartz using sodium dodecyl sulphate and dodecanoic
acid as collectors, The hematite extraction curves were similar
to those obtained for the pure hematite/water/iso-octane system in
the presence of the relevant collectors.

It was found that the grade of the hematite concentrate
could be improved by allowing the two phases to stand for several

minutes in the separating column. During this period quartz
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particles were seen to fall from between the o0il drops in the upper
layer. This indicated that the quartz impurities in the concentrate
were trapped between the o0il drops rather than adhered to the oil/
water interface.

No attempts were made to selectively extract hematite from
mixtures of hematite and quartz using dodecylamine, because
reference to figs. 31 and 52 showed that with amine the extraction
properties of hematite and quartz were similar, In conventional
flotation systems hematite can be separated from quartz by depress-—
ing the hematite with starch (158) (159) and floating the quartz
with amines. In the system investigated here, however, hematite
was not depressed over a wide range of starch concentrations. To
ascertain the reasons for this non-depressability would require a
study of the adsorption of starch at the oil/water and hematite/
water interfaces together with a study of the effect of the order
of reagent addition.

Fig. 60 shows the extraction of ilmenite from an ilmenite-
quartz mixture, using a collector of sodium dodecyl sulphate.
Ilmenite has similar electrokinetic properties (160) to those of
hematite and so it is not surprising that figs. 60 and 58 are

similar.
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4.40. Discugsgion

4.41. The ggartz[water[iso-octane system in the presence

of dodecylamine

a) The quartz/water interface

When quartz is crushed)a breaking of ~ Si - 0 - Si -~ bonds
occurs and as a result Sit and S5i0” sites are formed at the
fractured surface. In acqueous media H" ions react, with the oxygen
sites and OH ions with the silicon sites, to give a surface silicic

acid. The equations for such reactions can be represented as

\ - \ \ -
0 0 OH 0 0
\Si/o o3 \Si/ - \s/ + A
, o/ \o‘ /o / \OH /o/ \o'

and
\ / \ / N/
/Si /Si - oH O/Si -0
0 + 20H™ 0 + mt
AV N

Si Si -~ CH 8i -0
/\ /\ /\
The negatively charged surface of quartz obtained in aqueous
solutions can be explained by the dissociation of H' ions from the
surface silicic acid. The extent of this dissociation is dependent

on the pHo
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Although several authors (153) (152) (161) have studied the
potential determining r8le of H' and OH  ions on the surface of
quartz, there is some controversy over the exact location of the
zero point of charge (z.p.c.) and whether the quartz can acquire
a popitive surface. It would appear that the position of the
Z.PaCes ig dependent on the type of pretreatment (153) used to clean
the quartz sample. De Bruyn and Li (153) found that by reacting a
quartz sample with hydrofluoric acid the z.p.c. was increased to
slightly higher pH values. This shift in the z.p.c. was attributed
to the removal of the amorphous silica layer coating the quartz
particle. Such an explanation is unsatisfactory because fluoride
ions affect silicas and quartz by increasing the rate of ageing
(162) and also by catalysing the condensation of silicic acid (163).
Furthermore Joy and co-workers (164) have indicated that in the
presence of fluoride ions divalent Sinz_ sites might be formed.

The possible reagons for the discrepancy between the published
values of the quartz z.p.c. are probably related to the presence
of impurities (165) and also to the nature of the amorphous layer
of silica that surrounds the quartz particles. Generally the z.p.ce.
of quartz samples occurs at pH values below 3. The notable exception
to this being the determination by Fuerstenau (152), who found a
ZaPeCe of pH 3,7. The value obtained by extrapolation in this work
was consistent with the values determined by other authors (161)
(165) (166).

The published data on the zeta potential of quartz, offers no
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conclusive evidence for the presence of a cationic quartz surface.
The reluctance of a quartz surface to take up a positive charge is
thought by O'Connor and Buchanan (166) and also Li and de Bruyn
(153) to be related to the strong polarization of the surface CH
groups in the field of the small tetravalent silicon cations. In
other words the increased covalent nature of the Si - CH bond will
be such that it will not be overcome by an approaching proton or
protonated water molecule,

According to eq” (13) (section 4.12a) the surface potential Q’o
should vary linearily with the pH. Since the total potential drop
across the double layer is equal to the sum of the potential drops
in the Stern and diffused layer, the “25 potential (or zeta potential)
for a given constant ionic strength should vary linearily with the
pH also. It is shown in fig. 23 that such a linear relationship
existed at pH values below neutral, but that above neutral the zeta
potential became independent of the pH. This constant zeta potential
can be attributed to either the formation of a completely ionized
quartz surface or to the relocation of the slipping plane at which
the zeta potential was measured.

Li and de Bruyn (153) have determined the adsorption of Na'
ions on quartz and the zeta potential under comparative conditions.
From the adsorption results they evaluated Q% by the Gouy-Chapman
relationship and compared the values with the determined zeta
potentials. At low ionic strengths (<?:10-4) and below pH 9, they

found that the zeta potential was identical with the (HS potential.
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However, at higher and much lower ionic strengths than this value,
the L}’& was consistently larger than the zeta potential. Lyklema
and Overbeek (167) have explained this phenomenon by proposing that
the slipping plane has a variable thickness as measured from the
solid surface, and tends to move further from the surface with
increasing ¥  and ¥g . The effect of this is that at high
values of | ., the zeta potential becomes independent of Y, and
the pH, and tends to a constant value that is dependent on the
ionic strength.

The value of the constant zeta potential obtained in this
work, at high pH values, was consistent with that obtained by
Fuerstenan (152) and Li and de Bruyn (153) for an ionic strength
of 10-2. It is therefore thought that this zeta potential was a

result of the relocation of the slipping plane.

b) The quartz/water interface in the presence of dodecylamine

In order to maintain electroneutrality the sum of the charges
in the diffuse layer ( (¥4q°) and the Stern layer ((S g°) must be
equal and opposite to the surface charge (G'). If surface active
ions are added to the quartz/water interface, at constant ionic
strength and tH, the total surface charge (< ) will not change,
but the distribution of charges in the diffuse ( 0 q) and Stern
( CS'S) layers will do so. The charge balances for systems with

and without surface active ions, can be presented as

T = G4 +0° (39)
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and O = O, + 04 (40)
Subtraction of eq” (40) from (39) gives
Gs- 0" = 04 - 0a = ACa ()

By the use of the Gouy-Chapman relationship (section 4.12 eq” (2))

it can be shown that at 25°C

P

O0:°-03 = 3.53x 104 ¢ I\Sinh. Ye®ve - sinh ve (42)
2 KT 2 KT

If Yo is small (<X25 aV) sinh veWg and sinh ve'¥§ ° ocan be
2 kT 2 kT
expanded to give
_ o _ - - o _ 4 -% o _ )
AGa = Ga -0Oa Ge =~ G = 353x107¢ 127"1%1" (¥, ¥“) (43)
Assuming that the zeta potentials are identical or at least similar
to the Stern potentials (‘~|’s ), then measurement of the zeta potential
difference (g ° —?) = Ag y as a function of the amine con-
centration will give an indication of the variation in charge
distribution in the diffuse and Stern layer.
In fig, 61, A? is plotted as a function of dodecylamine con-
centration at different constant pH values. The data was obtained
from fig. 24. If it is assumed that the adsorption igotherm
represents the adsorption of cationic amine at the q'uartz/water
interface, a comparison of the adsorption isotherm at pH 6.5 (fig.

27a) with the electrokinetic data and the curve of A§ (fig. 61)
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as a function of the logarithm of the cationic amine concentration,
shows that at concentrations below 10~4M, amine was adsorbed without
markedly changing the zeta potential or the distribution of charge
in the double layer.

The total adsorption density of positively charged counter ions,

in moles cm“2 ( r+), can be evaluated from the Gouy-Chapman relation

Lp-

l—‘+ = Qga = 6.1 x 10t A/—CLGXP 19.46 Yy ‘1] (44)

vF

The total number of positive ions in the bulk, C,, was kept
oonstant at 6 x 10-3M throughout the experiments by the addition of
hydrochloric acid and sodium hydroxide. Thus, at pH 6.5 and at con-
centrations below 10-4M the zeta potential, ‘\-‘5 and congequently r‘+
was approximately constant. It is therefore suggested that in this
concentration range the cationic amine was adsorbed by an ion
exchange mechanism with cationic counter ions in the diffuse layer
or with H' ions on the surface of the quartz.

If there was no preference of the dodecylamine ions over the
other cationic counter ions for the quartz surface, the ion exchange

will be governed by the simple law

= . ' +
_L;R“H* - CRwy (45)
Cyat Cya+

Equation (45) predicts that the slope of a plot of log. J-—‘RNH3+

against log. CRNH3+ should be unity. Jaycock, Ottewill and Tar
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(168) found that for the adsorption of dodecyl sulphate ions on
stannic oxide, this was in fact the case, The value obtained in
this work of 0.7 is only in approximate agreement with this
prediction. Somasundaran and Fuerstenau (169) found a similar
value for the adsorption of alkyl-sulphonates at the alumina/hater
interface. The possible reasons for the discrepancy between the
theoretical and experimental slope are a) although the ionic
strength was kept constant, the Na* ion concentration varied and
b) the possibility of some neutral amine being deposited at the
solid/water interface after the recession of the oil interface.

An increase in the amine concentration above 10—4M at pH 6.5,
produced a greater dependence of the adsorption density, zeta
potential and A g on the logarithm of the amine concentration.
Reference to eq'n (41) shows that at constant ionic strength and pH
an increase in OG mst result in a decrease of O 3 and an
increase in O g+ The charge in the Stern layer will only increase
markedly when there is a marked increase of ions being specifically
adsorbed into the Stern layer. It would therefore appear that the
marked change in the zeta potential at concentrations above 10—4M
was attributable to the increase in the number of cationic amine
ions in the Stern layer. Any mechanism postulated to explain this
increase in adsorption density should include a reason for continued
adsorption after all the available surface sites have been
'neutralized?.

Gaudin and Fuerstenau (170) consider that once the adsorbed
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ions in the Stern layer reach a certain critical concentration, they
begin to associate into two dimensional patches of ions, in much the
same way as they associate into three dimensional aggregates to form
micelles in the bulk solution. The forces responsible for these
agsociations are believed to be van der Waals forces of interaction
between the hydrocarbon chains. Hydrocarbon chains will always have
a tendency to be expelled from an aqueous phase because the van der
Waals attraction of water to water is greater than that of hydro-~
carbon to water., Because of the propesed structural formation of
these adsorbed ions, the associated ions have been termed
'hemimicelles! (170). The critical concentration at which the
associations begin is referred to as the critical hemimicelle
concentration (OHMC)' and it is believed to be coincident with the
concentration at which the zeta potential and adsorption density
show a marked specific dependence on the logarithm of the collector
concentration.

The evidence for association between the adsorbed chains has
been supplied by a number of authors (171) (172) (173). Somasundaran
and co~workers (174)(175) divided the W term in the equation for
the specific adsorption into the stern plane i.e. n = 2 TN, eXp.

(= W/T) (see section 4.12a) into an electrical and chemical term,
thus
’

W = ve S{S - N¢g (46)

’
where ¢ was the van der Waals energy of interaction per CH, group
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between adjacent chains of surface active ions and N the number of
carbon atoms in the hydrocarbon chain. The value of ¢’ determined
by different techniques (174) (175) was shown to be (1.0 % 0,1) kT.
A value in good agreement with that found from solubility data (49)
or from studies of micelle formation as a function of alkyl chain
lengths of monofunctional surface active agents (176).

From Gaudin and Fuerstenau's (170) concept of hemimicelles it
would appear that the adsorbed ions associate before all the
available ionio surface sites have been neutralized. Adsorption
above that required to reduce the zeta potential to zero is assumed
to be a continuation of the association process with the polar head

groups still orientated toward the solid surface (see fig. 6la).
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It is possible, however, that at concentrations of ionic surface
active agents above that required to neutralize the surface sites,
the ions are adsorbed by hydrocarbon chain interaction with the polar
heads pointing into the aqueous phase (177) (178). As a result a
more hydrophilic surface will be obtained.

In view of the correlation between the adsorption density and
electrokinetic results found in this work and their similarity with
those of de Bruyn (154) and Fuerstenan (152) the concentration of
aqueous amine, at which both the adsorption density and the electro-
kinetic data showed a marked dependency on the concentration, is
termed the Cgyce The increase in adsorption density above the Cyyg
is believed to be attributable to neutralization of the surface
gites with increasing associations between the hydrocarbon chains.

From a sterical analysis of the arrangement of silicon atoms
and oxygen atomeg at various crystal planes in quartz, Gaudin and
co~workers (179), have calculated that the area per available surface
site is 23.4 32. This value is nearly the same as the cross
sectional area of the hydrocarbon chain. Therefore, if the quartz
surface is in a fully ionized state, a vertically orientated monolayer
of ocationic amine is likely to be completed at the equilibrium amine
concentration, which reduced the zeta potential to zero. From figs.
27a and 25 this appeared to be the case at pH 6.5.

The adsorption density of amine on quartz decreased (fig. 26)
at pH values above 7 in the presence of iso~octane. According to

fig. 5 the cationic amine concentration decreased also in this pH
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range. The adsorption density results, therefore, clearly show the
importance of the cationic amine concentration in the aqueous phase
on the adsorption density at the quartz/ﬁaier interface.

In summary, the electrokinetic and adsorption measurements
indicate that the primary mechanism of amine adsorption was one of
coulombic attraction of the amine ions for surface sites. Above a
certain adsorption density (approx. 1.6 x 10—6 moles metre—z) (154)
the adsorption in the Stern layer increased markedly possibly because

of the formation of patches of associated ions or hemimicelles.

c¢) The quartz/water/iso—octane line of contact
The Young's expression for the iso-octane/water/quartz system

can be expressed as

g0 = Kow. cos 8 + & sw (47)

If the contact angle (O ) is zero , % oo = Xow M { gy and
the quartz surface will be hydrophilic {c.f. section 4.13b). In
the presence of amine the three interfacial tensions Xowv YSW
and % 5o are denoted by X ! ¥ ou’ and ¥ ,” because of
the adsorption of amine at the three interfaces. Values of ¥ ow"
under various values of pH and aqueous amine concentration were
presented in section 3,00, The results showed that a pH values

’

between 3 and 10 the magnitude of ¥ ,” was dependent on the
adsorption of cationic amine from the aqueous phase and neutral

amine from the organic phase., Evidence was also provided that
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the adsorbed species formed molecular associations at the interface.
Only at low and high pH values was K ow' dependent on the adsorption
of one of the amine species only.

It follows therefore that when an oil drop is brought into
contact with a quartz surface, the resulting quartz/bil interface
will be of a complex nature. The recession of a water meniscus over
the quartz surface will probably leave behind, at the quartz/bil
interface, cationic amine ions which were originally adsorbed at the
quartz/water interface (180) (181). In addition to the presence of
cationic amine ions, there is the possibility that as the pH is
increased, neutral amine from the organic phase will be adsorbed at
the quartz/oil interface (182). The presence of neutral amine at
this interface will complicate the interpretation of the contact
angle data.

The two lines correlating the contact angle and the logarithm
of the aqueous amine concentration, at pH 6.5 (fig. 30), intersected
at a cationic amine concentration of 1.25 x 10-4M for the receding
angles and 3.0 x 10—4M for the advancing angles. These concentra-
tions are very similar to the CHMC derived from the adsorption and
electrokinetic studies (figs. 25 and 27a)s It is therefore assumed
that the contact angles represent the oleophilicity of the quariz
surface when the cationic amine was adsorbed by an ion exchange
process followed by increased adsorption in the Stern plane, at pH
6.5, although some neutral amine was present in the organic phase.

If the adsorbed cationic amine ions are predominantly in the
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diffuse layer, at concentrations below the Cyyc, no fixed orienta-
tion of the ions is expected because the ions are distributed at
random., Some ions will, however, be orientated with their polar
groups pointing toward the surface because of the electrostatic
attraction between the head groups and the surface. Above the Cyye
the contact angle increased proportionately to the increase in
adsorption density. Presumably in this region the adsorbed cations
in the Stern layer, in addition to being closer packed, took up a
more vertical position with the hydrocarbon chains pointing toward
the aqueous phase. Associations and vertical orientation of the
adsorbed ions would shield the hydrophilic nature of the quartsz
surface and the polar head groups. As a result a more hydropbobic
surface would be formed,

The studies on the distribution of amine (cf section 2.0)
between the igo—-octane and water phases showed that as the pH was
increased above 7, the neutral amine comoéntration in the organic
phase became far greater than that of the cationic amine in the
aquecus phase., The aqueous cation amine concentration was approxi-
mately ten times lower at pH 8.0 than at pH 7 and also, twenty five
times lower than the neutral amine concentration in the organiec
phase. Despite this decrease in the cationic amine concentration
and the corresponding decrease in the adsorption density, higher
contact angles (figs. 28-29) were obtained at pH 8 than at pH 6.5.
According to the electrokinetic data (fig. 25), if only cationic

amine was adsorbed at the quartz/water interface, the Cgyg at pH 8
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should occur at a cationic amine concentration of 6.3 x 10-5M.
Reference to the contact angle data (fig. 30) for the natural quartz
sample shows that, at pH 8.0 the 'apparent! Cpgyg occurred at

3 x 107N for the advancing angles and 6.3 x 10-6M for the receding
angles.

It is therefore suggested that at pH values where the neutral
amine concentration in the organic phase was large relative to the
cationic amine concentration in the aqueous phase, adsorption of
both the neutral and the cationic amine controlled the magnitude of
the contact angle. That the cationic amine was essential for the
wetting of the quartz by the iso-octane, was illustrated by the
fact that at high pH values ( > 8) the contact angles decreased
markedly with increase in pH. It would therefore appear that
cationic amine plays a primary réle either at the quartz/iso—octane/
water interline of contact or at the quartz/iso-octane interface
before the neutral amine is involved. The suggested mechanism of
neutral amine adsorption is that of interactions between the hydro-
carbon ohains of the cationic amine ions and the hydrocarbon chains
of the neutral molecules.

The importance of neutral molecules in flotation systems has
been demonstirated by other authors. Smith (183) showed that when
neutral molecules were added to a system composed of quartz and
dodecylamine solution, the contact angles increased markedly.
Similarly Fuerstenau and Yamada (173) showed that neutral molecules

increased the pll range and concentration range over which a given
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collector was effective. Leja and Schulman (171) demonstrated that
the contact angle between benzene and polished copper in a solution
of ethyl xanthate could be increased by adding long-chain alcohols
to the benzene phase. The mechanism of adsorption of the neutral
molecules was ascribed by these authors to molecular interactions
between the chains of the adsorbed species and the chains of the
neutral molecules.

As the pH was increased for each "total concentration" of amine
the contact angle hysteresis of the natural quartz increased from
about 15° at pH 3 to a constant value of 25-30° at pH 8,0. A
similar effect although not so pronounced was obtained for the
optical quartz sample. The fact that the hysteresis was less for
the smoother optical quartz sample does suggest that surface rough-
ness was a contributing factor to the higher hysteresis of the
natural quartz sample. However, Gaudin and Decker (182) measured
the dynamic advancing and receding angles for the system quartz/
dodecane/water in the presence of dodecylamine and found that the
hysteresis at pH 10,0 was larger than that at pH 8.0 and 6,0, It
is therefore podsible that at pH 8.0 the larger hysteresis effect
was partially attributable to the low rate of attainment of equili-
brium at the advancing and receding interfaces because of the
presence of large amounts of neutral amine. In other words the
measured contact angles were probably not true equilibrium angles.

The magnitude of the adsorption of neutral amine or cationic

amine at the oil/quartz interface is difficult to assess. A number
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of authors (127) (184) have shown that, at equilibrium, ther-
modynamics demands that the adsorption of collector at the solid/
air or solid/oil interface should be greater than that at the
corresponding solid/water interface. Smolders (184) using the
Young's equation with Gibbsian thermodynamics has derived an
expression relating the adsorption ( [* ) at the three interfaces
with the contact engle and air/water interfacial temsion. For the

system oil/quartz/water this becomes

Fso = r‘sw + r‘ow Cos 8 + X;w Sing ap
RT dLnC
(48)

where f*so, [*sw and Iﬂbw represent the adsorption at the
solid/oil, solid/water and oil/water interfaces respectively.
Whether such an expression is valid or not, for the very complex
quartz/iso-octane interface in the presence of amine is questionable.
Application of eq” (48) to the results obtained in this work, at pH
6.5, gives adsorption densities at the quartz/oil interface
corresponding to layers between 8 and 17 amine monolayers thick.
Clearly if this is a true representation of the adsorption at the
oil/ﬁuartz interface then the interpretation of the contact angle

data will be far more complex than that indicated in the preceding

paragraphs.

d) Work of adhesion and extraction results

An oil/hineral interface cannot be created without the
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simul taneous destruction of the oil/water and mineral /water inter—
faces. Energetically the requirement for the adherence of an oil
drop to the quartz surface is that the sum of the surface energy
terms after the change must be less than the sum before the change
ivee Jo0s” < ¥ o’ + ¥ ew’. The work done per wnit area
by the system during the adhesion of an oil drop to the mineral

surface is given by
o= dwo’ + 8 sw’ - Xos' (49)

Substituting in eq” (49) for Sow’ - ¥ os’ from the Young's

expression (eq™47) gives
W = ¥ ow’ (1 - Gosa ) (50)

which relates the work of adhesion (W) of the oil drop to the solid
surface with the oil/water interfacial tension and the contact
angle. The work of adhesion, as determined from eq” (50), is the
theoretical maximum free energy available for the adhesion processe.
It is not however a measure of how much of the available free
energy is utilized (185), Determination of the work of adhesion
should give an indication of the conditions necessary for the
attachment of mineral particles to oil dropse.

The results from the calculation of the work of adhesion as
a function of pH, at three different 'total concentrations! of
dodecylamine are shown in fig. 62. Comparison of this figure

with fig. 61 shows that maximum extraction was obtained at the pH
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where the contact angles, work of adhesion and adsorption density
were a maximum. The correlation between the four sets of data, in
alkaline media was good. As the pH was increased the contact
angles, percent extraction, adsorption density, work of adhesion,
and the cationic amine content of the aqueous phase decreased.

At acid pH values, however, good extraction was obtained under
conditions where the contact angles and work of adhesion were
comparatively small., The reason for this is not fully understood.
The distribution of particle shape and size and hence adsorption
densities might be a contributing cause.

The relationship between the work of adhesion and the logarithm
of the equilibrium aqueous amine concentration, at pH 6.5 and 8,0,
(fig. 63)was=§milar to that found for the contact angle data at the
same pH values (fig. 30). The work of adhesion showed a marked
dependence on the logarithm of the aqueous amine concentration at
concentrations above 1,3 x 107% at pH 6.5, and 9 x 10-6M at pH
8.0. These concentrations were in excellent agreement with the
CHye and ‘apparent! Cymce predicted from the contact angle data.
Figure 64 shows the work of adhesion as a function of the adsorption
density of amine at the water/quartz interface. For a given adsorp-
tion density the work of adhesion at pH 8.0 was much higher than
that at pH 6.5. This indicates that in the presence of large
amounts of neutral amine in the organic phase higher contact
angles and works of adhesion were obtained.

Maximum extraction, at pH 6.5, was obtained at an equilibrium
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aqueous amine concentration corresponding to that required to

reduce the zeta potential to zero. This is not surprising because
under these conditions the electrostatic repulsive forces between

the particles will be minimum. The particles will be able to
aggregate and form a close packed layer at the oil/water interface.
The minimum receding contact angle required for 100% extraction was
approximately 90° at pH 6.5. Under these conditions X S0 =X sw
and the particle would be equally wetted by the aqueous and organic
phases. Contact angles greater than 90o would result in more than
half of the particle being wetted by the organic phase (von Rheinders

case 3 ; cf. Section 1.30).

e) Summary

The results indicate that the mechanism of adsorption of amine
at the quartz/hater interface is primarily one of coulombic
attraction of the cationic amine ions for negative sites on the
quartz surface, The amine ions are adsorbed, at low amine concen-
trations, by an ion exchange process with cationic counter ions in
the diffuse layer, and at higher concentrations, into the Stern
layer where they associate and become vertically orientated.

The contact angles, at pH 6.5, reflect the two steps involved
in the adsorption process. At pH 8, however, the neutral amine in
the organic phase influences the contact angles either by adsorp-
tion at the solid/oil interface or the solid/water/oil interline

of contact, The adsorption density, contact angles and extraction
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results when compared to the solution chemistry data shows, however,
that the neutral amine, in the organic phase, is not involved unless
substantial quantities of cationic amine are present in the aqueous
phase,
The correlation between the contact angles; work of adhesion,

percent extraction and adsorption density was good throughout the
PH range. One hundred percent extraction was obtained when the
contact angles were approximately 90o and the zeta potential was
zero. This latter condition would correspond to low repulsive
forces between the particles and hence tighter packing at the oil/
water interface. Under no conditions were the quartz particles
completely extracted into the organic phase. This is not surprising
in view of the 'second situation' outlined by von Rheinders (41)
i,e. the solid will only be dispersed in the organic phase when
Daw > )‘wo + ¥ so (cf. section 1.30). For the system
investigated here this situation will only be realized when the

contact angle reaches 180°,

4,42, The hematite[iso—octane[water system in the
presence of sodium dodecyl sulphate

a) The hematite/water interface

By definition the potential determining ions for pure hematite,
in the abeenoe of specifically adsorbed surface active ions, will

be the constituents of the ionic lattice (i.e. Fe3+ and 02-).
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However, many authors working on both synthetic (186) (187) and
natural hematites (188) (189) have shown by electrokinetic and
potentiometric methods that H+ and OH~ ions are the potential
determining ions. The ferric hydroxy complexes in equilibrium
with the hematite surface will have an effect on the surface
potential. Solubility data (186), however, shows that this effect
is negligible because throughout the pH range the concentration of
H' and O™ ions is far greater than that of the ferric complexes.

Although the potential determining réle of H' and (H™ ions has
been well established, there appears to be a large discrepancy
between the zero points of charge (z.p.c.) of the synthetic and
natural hematites. Values of the z.p.c. for synthetic hematites
are usually found between pH values 8 and 9 (186), and for the natural
hematite between 3 and 9 (188) (189). Joy and Watson (190) have
indicated that the z.p.c. of the natural hematite is dependent on
the origin, size and previous treatment of the sample. Parks (191)
after summarising the work of many authors concluded that the
position of the z.p.c. was dependent on the degree of hydration of
the surface. Acid z.p.c., values were thought to be attributable to
surface or bulk dehydration.

The processes by which a surface can be hydrated can be
summarised as follows a) physical adsorption of non-dissociating
water molecules, including hydrogen bonding to surface oxygen sites,
b) chemisorption of water which dissociates resul ting in surface

Fe - OH groups and c¢) reaction resulting in conversion to oxyhydro-
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xides or hydroxides. Whereas the precipitated hematite prepared
by hydrolysis is hydrated or at least is coated by a layer of
hydrous material, the natural hematite only hydrates partially and
in most cases gives a Z.p.c. approaching that of ¢& Fe OOH
(goethite). The hematite sample used in this work had a zero point
of charge of 4.75. This suggests that the surface was somewhat
less hydrated than that corresponding to Fe O0H. Parks (191)
considers that low zZ.p.c. values might be attributed to the physical
adsorption of water only.

The process by which the hematite surface charge is established
may be viewed either as an adsorption of B or cB™ ions, or as a
dissociation of surface sites. A schematic representation of the

reactions taking place would be

Fe 3+ Fe Fe -3
AN AN AN
CH, ///OH ///0
Fe/ + W Fe 3~ Fe + 30
| = Nl — N,
Ha / S
Fe//’ Fe Fq
\\\CH \\‘OH \\‘O
2
. Z.PeCo 3
PH decreasing pH increasing

Alternatively the dissociation of the hydroxide surface to yield
a positively or a negatively charged surface may be represented by

the following reactions
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Fe (CH)y _orpace * B — Fe (OH)2+ (surface) + Hy0 (51)

FeO,” (surface) + i+ 5.0 (52)

Fe (OH)B surface =—> 2

These reactions suggest that a positive surface is produced by the
binding of a proton (H+) to the hydroxide surface; this is of
course equivalent to the removal, by dissociation, of one OH™ group
from the surface. A negative surface is produced by the removal of
a proton by dissociation (or the addition of an CH ion). The z.p.c.
will lie at a pH where the number of negative and positive gites are
equal, or in other words when the surface is uncharged with respect
to the solution.

The hydrated complexes in equilibrium with the hematite surface
will be of the form Fe (H,0)>*, Fe (0H) (320)52+, Fe (0H), (H,0),
Pe, (OH)24+ and Fe (OH)4-. The concentration of the first four
species will decrease, and the concentration of the aniénic complex
will increase, with an increase in the pH, Between the pH values 3
and 14, the concentration of all the complexes will, however, be
below 10—8M. In the pregence of chloride ions the hydroxyl complexes
can form ferric chloro-hydroxy complexes of the type Fe Cl (H20)52+
etc. Since these complexes are known to exist in aqueous solution
it is reasonable to assume that they may exist on the hematite
surface,

The zeta potentials of hematite in the presence of different
anions (fig. 34) indicated that the surface became more negative

with €1~ than with NO3- and 0104— ions. The order in which the
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jons complex readily with ferric (192) is the same as the order
in which they increase the negative zeta potential i.e. Cl-:>
NO3- > 0104.. The mechanism by which the different anions or
ferric complexes affect the zeta potential is not understood.
Specific adsorption in the Stern layer is unlikely because the
different anions did not change the location of the z.p.c.

In the presence of divalent sulphate ions the zeta potential
was made more negative than in the presence of the monovalent
anions and the apparent zero point of charge was moved to more
acid pH values. Similar results were obtained by Mattison and Pugh
(193) for a hematite that had sulphate impurities in the crystal
lattice. These results are consistent with the postulate of
Overbeek (108) for specific adsorption of ions into the Stern
layer. Akinson, Posner and Quirk (194) consider that ions such
as phosphate are specifically adsorbed by ligand exchange reactions
with O or H,0 in the ferric first co-ordination shell. A similar

2

mechanism can be postulated for the adsorption of sulphate ions.

b) The mechanism of adsorption of S.D.S, at the hematite/water

interface

The electrokinetic data (fig. 35 and 36) and the adsorption
density results (fig. 37) indicate that the primary mechanism of
adsorption of sodium dodecyl sulphate at the hematite/water inter-
face was one of coulombic attraction of the apionic collector ions
for positive sites on the hematite surface. The dependence of the

zeta potential on the logarithm of the collector ion concentration,
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at pH 2,5 and low concentrations of S.D.S., was small. This
indicates that in this concentration range the dodecyl sulphate ions
were adsorbed by an ion exchange with chloride ions in the double
layer. The large variation of the zeta potential with change in the
logarithm of the concentration, at higher concentrations of S.D.S.,
ig indicative of specific adsorption in the Stern layer.

Further evidence for specific adsorption in the Stern layer can
be obtained by plotting the logarithm of A% as a functim of the
logarithm of the S.D.S. concentration and pH. In section 4.41lb it

was shown that for zeta potentials below 25 mV
O-s - O_ ° X ( E ° - g )
8 s

Since the charge in the Stern layer is directly proportional to
the sgpecific adsorption of ions, a plot of the logarithm of Ag
against the logarithm of the collector concentration and pH, should,
if the adsorption is taking place in the Stern layer, give curves
similar to the adsorption results. Such plots are shown in figs.
37 and 65, In fig. 37 it was shown that the logarithms of Ag
and the adsorption density decreaged rapidly as the pH increased
above the Z.p.c. Comparison of fig. 65 with the adsorption isotherm
(fig. 39), at pH 2.6, shows that there was a fairly good correlation
between the shape of the isotherm and the curve of the logarithm of
Ag against the logarithm of the equilibrium S.D.S. concentration,
at concentrations below 5 x 10"4M.

Although the primary mechanism of adsorption would appear to
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be one of coulombic attraction, an alternative mechanism must be
postulated to explain the continued adsorption after neutralization
of the surface sites. The two most likely mechanisms ares

a) At a certain critical adsorption density of S.D.S. the hydro-
carbon chains began to associate to form hemimicelles. According to
the Gaudin-Fuerstenau concept of hemimicellization the adsorbed ions
begin to associate at a concentration identical to that at which the
zeta potential begins to show a marked dependence on the logarithm
of the collector concentration. The hematite zeta potential, in
this work, decreased rapidly with increase in the logarithm of the
SeDeSe concentration, at pH 2.5, at concentrations above 5 x 10‘@&.
Furthermore, assuming that the adsorption density at the Cyyo is
dependent only on the hydrocarbon chain length, then agsociation of
dodecyl sulphate ions should occur at an adsorption density similar
to that found for dodecylamine adsorbed at the quartz/water inter—
face i,e. approximately 1 x 10-6 moles metre-z. Such an S.D.S.
adsorption density, at the hematite/hater interface at pH 2.6, was
reached at an equilibrium concentration of 8 x lO-QM. It is
therefore possible that above this concentration associations between
the adsorbed dodecyl sulphate hydrocarbon chains occurred. The
assumption that the adsorption density at the Cyme will be dependent
only on the collector chain length is not unreasonable because in
bulk solution the CM.Ce of sodium dodecyl sulphate is only appro=
ximately 1.5 times higher than that of dodecylamine (195).

b) The formation of a chemisorbed layer between the dodecyl
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sulphate ions and sites, in addition to potential determining sites,
on the hematite surface. Dean and Ambrose (196) have shown that

when industrial sodium dodecyl sulphate is added to ferric solutions
a precipitate results. It is possible that such a precipitated ferric
dodecyl sulphate complex will be formed at the hematite/water inter-

face.

¢) The orientation of the dodecyl sulphate ions adsorbed at the
hematite7water interface

In fig. 66, the contact angle as a function of the logarithm

of the adsorption density of S.D.S. at the hematite/water interface
is presented. The data was derived from figs. 39 and 41, The
curve has been divided into three regions, each region extending
over the same contact angle and adsorption density range as that
indicated in figs. 39 and 41. 1In region I the contact angle
increased slowly with an increase in the logarithm of the adsorption
density. At an adsorption density slightly higher than that
required to reduce the hematite zeta potential to zero, the contact
angle increased markedly. (region II). Initially in region III, the
contact angle increased slower, with an increase in the logarithm
of the adsorption density, than in region II, but at an adsorption
density roughly corresponding to a close-packed vertically orienta~
ted monolayer the contact angle increased markedly and then
levelled off to become constant at a value of 1250.

There are three basic modes of orientation of a collector ion

adsorbed at the molid/water interface and these are a) the ion is
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adsorbed with the hydrocarbon chain normal to the solid surface and
with the polar groups pointing into the aqueous phase; b) the ion
is adsorbed with its polar group attached to the solid and with the
hydrocarbon chain normal to the surface; and c¢) the collector ion is
adsorbed so that the hydrocarbon chain lies flat on the surface and
the polar head is attached to the surface. Intermediate positions
are also possible, Figure 66 shows that, in general, an increase in
the adsorption density produced an increase in the contact angle.
This occurs only when the hematite surface becomes more oleophilic
because of the presentation of hydrocarbon groups to the aqueous
phase. Orientation of the adsorbed ions with the polar group
pointing into the aqueous phase is therefore unlikely., Vertical
orientation of the adsorbed ions with the hydrocarbon chains normal
to the surface, and pointing into the aqueous phase is likewise
unlikely becauge the van der Waals forces of attraction between the
water molecules will be greater than the forces of attraction
between the hydrocarbon chain and water molecules. Energetically,
therefore, the most favourable position for the hydrocarbon chain
would be lying flat on the solid surface where it would be removed,
as far as possible, from an aqueous environment. For an ion to take
up this position, however, the work involved in displacing the water
from the surface would have to be less than that required to insert
the hydrocarbon chain into water.

In the case of charged solids there is evidence that water

molecules are bound by ion-dipole interactions and hydrogen bobding
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to the solid surface. Such bound water is considered to have a
well ordered structure (197) (198). If the energy binding the

water to the surface is greater than the energy available for the
displacement of water by the hydrocarbon chain, then the hydrocarbon
chain will be forced to take up an angled orientation. Depending

on whether the bound water is strongly or weakly held there are two
possible interpretations of the contact angle and adsorption density
results obtained in this work.

Interpretation 1

This interpretation of the experimental data is essentially
the same as that used by Jaycock and Ottewill (178) and Billet and
Ottewill (199) to interpret the adsorption density and contact angle
results obtained on silver iodide in the presence of dodecylpyridinium
bromide. In region I, it is suggested that the increase in contact
angle was a result of the adsorption and angled orientation of the
dodecyl sulphate ions. At the adsorption density corresponding to
zero seta potential it is possible that the sites responsible for
the bound water were neutralized, so that the hydrocarbon chains
displaced the water and tock up a horizontal orientation. The
adsorption density at this point corresponded to a monolayer if the
area per adsorbed ion was 7032. According to a 'Catalin! model, a
dodecyl sulphate ion horizontally orientated, occupies approximately
7622. It is therefore suggested that at this point most of the
adsorbed ions were in a horizontal position.

The rapid rige in the oontact angle in region II would
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correspond to, the removal of bound water from the surface and,
the presentation of hydrophobic CH, groups to the agueous phase.

A very high contact angle would not be expected here because of
the presence of exposed hydrophilic sulphate groups in the CH,
layer. In region III the slight decrease in the rate of increase
of contact angle with increase in the logarithm of the adsorption
density would correspond to the adsorbed ions taking up a vertical
position and in doing so allowing the water to penetrate, to the
surface, between the ions. At an adsorption density near to that
required to form a olose packed vertically orientated monolayer
the associations between adjacent hydrocarbon chains would 'squeeze!
out the water and the contact angle would increase rapidly to a
maximum value characteristic of the system.

Interpretation 2

This interpretation considers the results if the hydrocarbon
chaing were capable of removing the bound water from the hematite
surface. In region I the ions would be adsorbed and orientated
parallel to the solid surface. As the adsorption density increased
a close packed horizontally orientated monolayer would be formed.
The rapid increase in contact angle in region II would now correspond
to the hydrocarbon chaing associating and building up a vertically
orientated layer. Water at the surface would be 'squeezed’! out as
a result of these associations. The continued increase in the
contact angle in region III would be the result of oontinued
associations and the formation of a close packed vertically orienta~-

ted monolayer.
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In comparing the results of contact angle measurements with
those of adsorption measurements, which are based on the solid/
water interface, there is always the uncertainty of the magnitude
of the adsorpfion,density of collector at the solid/air or solid/
oil interf;ces. Ter-Minassian-Saraga (180) (181) has demonstrated
that as the air/watqf meniscus recedes, collector is deposited at
the solid/air interface. It is therefore likely that as the water
receded over the surface of hematite some dodecyl sulphate ions
were deposited at the oil/hematite interface. If the theory of

Smolders-(184) is-applicable, the adsorption at the oil/molid
interface will be far greater than that at the water/solid inter-
face.

In table V it was shown that the adsorption density at the oil/
water interface varied from 1 x 10-'6 to 3 x ].0-'6 moles metre 2 in
the S.D.S. concentration .range 1 x 10724 to 2 x 107M. According
to Smolders (184) if 4O /a Ln C (see eq" 48 section 4.41c) is
positive) Fso) -[_‘sw + row. 0056 N This will mean that a
given adsorption density will be reached at the hematite/oil
interface at an equilibrium concentration lower than that required
to give the same adsorption density at the hematite/water interface.
It is pomsgible that the effect of this will be to displace the
curve correlating the contact angle with the logarithm of the S.D.S.
concentration to lower equilibrium concentrations than the data
acquired on the solid/water interface i.e. the adsorption isotherm.

If the contact angle data in fig. 41 has been displaced because of
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adsorption at the solid/oil interface, then 'Interpretation 2' is

more likely to be valid than !'Interpretation 1!,

d) Work of adhesion and extraction results

The work of adhesion, at two constant concentrations of S.D.S.,
is presented in fig. 67 as a function of pH. Comparison of these
curves with fig. 43 shows that as the pH increased above the z.p.c.
the percent extraction, [Sg; , contact angle, adsorption density and
work of adhesion all decreased rapidly. Thus showing that the work
of adhesion and percent extraction were directly related to the
cationié nature of the hematite surface and the adsorption density
of dodecyl sulphate ions at the surface. Figuré 68 shows the work
of adhesion of the is¢v-octane drop to the hematite surface as a
function of the logarithm of the equilibrium S.D.S. concentration.
The shape of this curve is very similar to the contact angle and
adsorption density data shown in figs. 41 and 39. The work of
adhesion increased markedly at an equilibrium concentration just
above that required to reduce the zeta potential to zero., This
increase would either oorrespond,.to the displacement of bound
water from the Egmatite aqpface and the formation of a hydrophobic
horizontally of;entatedtagnplayer, or to the adsorbed ioms associat—
ing and becoming orientated in a vertical position, depending on
which interpretation of the adsorption density and contact angle
data is used.

The work of adhesion as a function of the adsorption density
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(fig. 69) shows that the adsorption of S.D.S. onto the hematite
surface was a two step process. In region I it could well be, that
a horizontally orientated monolayer was formed and that the constant
work of adhesion obtained corresponded to the maximum obtainable
from a layer of CHp, groups interspersed with hydrophilic polar
groups. The increase in work of adhesion in regions II and III
would then correspond to the shielding of these hydrophilic heads
by the chains becoming normal to the surface and associating with
each other.

It is very difficult to differentiate between the two possible
interpretations of the experimental data. However, the results
show that two steps were involved in the adsorption process. First
the completion of a horizontally orientated monolayer and then at
higher equilibrium concentrations the formation of a close packed
vertically orientated monolayer.

The percent extraction as functions of the logarithms of the
SeDeS. equilibrium concentration and adsorption density (fig. 44)
show that 100% extraction was first obtained when the zeta potential
was approximately zero, Under these conditions the repulsive forces
between the particles will be nearly zero and the particles will be
able to pack tightly at the oil/water interface. The percent
extraction decreased at adsorption densities and equilibrium S.D.S.
concentrations higher than that required to form a close packed
vertically orientated monolayer. At these high adsorption densities

the formation of a second, adsorbed layer, at the solid/water inter-
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face, with the hydrophilic polar groups pointing into the aqueous
phase is likely, VWhen an oil drop comes into contact with such a
surface instead of the contact angle decreasing, as it would for an
air/water/solid system, it increases slightly or remains constant.
The reason for this, according to Schulman and Leja (42) (171), is
that the second layer is squeezed into the o0il, and solubilized by
the organic phase. A reversely orientated adsorbed layer, cannot,
therefore, be used as an explanation for the deorease in the percent
extraction at high equilibrium concentrations and adsorption
densities of S.D.S. especially since the contact angle did not
decrease in a similar way. A probable explanation is, that at high
S¢DeS. concentrations the charge on the hematite particles was so
large that the repulsive forces between the particles inhibited
close packing at the oil/water interface.

The slight decrease in the percent extraction with decrease
in pH, at pH values below the hematite z.p.c., was thought to be
attributable to the formation of an anionic surface complex (200),
between chloride ions and the hematite surface, which inhibited the
adsorption of dodecyl sulphate ions. However, in view of the fact
that the contact angle and adsorption density remained constant and
similar results were obtained with HC10, (an acid which does not
readily complex with ferric) an anionic complex was thought unlikely.
A possible reason, for this decrease in percent extraction, is that
at low pH values the high charge on the particles, once again,

inhibited close packing at the oil/water interface,
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The percent extraction obtained as a function of pH (fig. 42)
were similar to the recovery against pH curves obtained in the
conventional flotation of iron oxides with alkyl sulphates.

Iwasaki (189) (161) et al. has shown that with both hematite and
magnetite, maximum flotation with S.D.S. was obtained at pH values
below the z.pece Similar results were obtained on ilmenite by Choi,

Kim and Paik (160).

e) Summary

The resul ts show that the mechanism of adsorption of sodium
dodecyl sulphate at the hematite/water interface was primarily one
of coulombic attraction between the dodecyl sulphate ions and the
positive hematite surface. Two steps were involved in the adsorption
process. First the formation of a horizontally orientated layer
and then at higher equilibrium S.D.S. concentrations the formation
of a vertically orientated monolayer with the hydrocarbon chains
pointing into the aqueous phase,

The correlation between the adsorption density, contact angle,
percent extraction, and work of adhesion was good throughout the pH
range. As the pH increased above the Z.p.c. (i.e. 4.75) the values
of all these variables decreased rapidly. Similar to the iso-octane/
water/quartz system in the presence of dodecylamine maximum extraction

was obtained when the zeta potential was zero.



—~250—

4.43. The hematite[water[iso-octane system in

the presence of dodecylamine

a) The hematite/water interface

The r8le of H' and GH ions in determining the sign and
magnitude of the hematite zeta potential has been discussed in
section 4.42a. The zeta potential results in the presence of
dodecylamine (figs. 45 and 46) indicated that the primary mechanism
of adsorption of amine by hematite, was one of coulombic attraction
of the cationic amine ions for negative sites on the hematite
surface. A similar mechanism has been postulated by Joy and Watson
(188).

If it is assumed that the measured adsorption density of amine
was atiributable to that of the cationic amine at the hematite/
water interface, the electrokinetic and adsorption density data
(figs. 45 to 48) can be interpreted in a similar way to the data
obtained for the quartz/ﬁater system (section 4.31b). It is
suggested that at pH values absve the z.p.c. of hematite the cationic
amine was first adsorbed into the double layer by an ion exchange
process and then at higher concentrations into the Stern layer by
forming associations (hemimicelles) between the hydrocarbon chains.
The presence of hydrocarbon chain interactions will account for
the adsorption of cationic amine at adsorption densities higher
than that required to neutralize the negative sites on the hematite

surface.
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It was shown in section 4.13b that for an ion exchange process
in the diffuse layer, the adsorption isotherm (fig. 48), below the
CHMC' should have a slope of unity. The value obtained in this
work (approximately 0,65) was lower than the predicted value. A
discrepancy as large as this, is perhaps not surprising in view of
the poseibility of the measured adsorption density including some
of the adsorption of amine at the solid/oil and oil/water interfaces.
As the zeta potential remained constant over this concentration range,
it is reasonable to conclude that, the most likely mechanism of
adsorption would be one of an ion exchange between the cationic amine
ions and the cationic counter ions in the diffuse layer.

The electrokinetic data (fig. 46) indicates that the Coyg? oo
the concentration of amine at which the zeta potential became
dependent on the logarithm of the amine concentration, decreased as
the pH was increased. This is consistent with the hemimicellization
theory of Gaudin and Puerstenau (170). At high pH values, and hence
surface potentials, the critical adsorption density necessary for
the formation of associates between adjacent hydrocarbon chains, will
be reached at lower equilibrium concentrations than when H)o is
small,

Considerable quantities of amine were adsorbed, at pH values
below the z.p.c. of hematite, without changing the zeta potential.,

A mechanism of ion exchange in the diffuse layer under these condi-
tions is unlikely because the counter ions were anionic. Adsorption

of neutral amine from the aqueous or organic phase is, likewise,
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unlikely because at these pH values nearly all of the amine was
in the cationic forms A possible mechanism, suggested by Joy and
Watson (188), is that of an ion exchange between RNH3+ ions and HY
iong at surface sites. Such a mechanism would account for the
adgorption of cationic amine without changing the zeta potential,
The adsorption density of amine on hematite, in the presence
of iso~octane, decreased at pH values above neutral. According to
figs 5 the cationic amine concentration in the aqueous phase,
decreased also in this pH range. The adsorption density results,
therefore, clearly show the importance of the cationic amine con-
centration on the adsorption density at the hematite/water inter—
face.,

In summary, the results obtained for the hematite/water/iso-
octane system in the presence of dodecylamine were very similar to
those obtained for the quartz/iso-octane/water system under the
same conditions. The primary mechanism of adsorption of the amine
at the hematite/water interface was one of coulombic attraction of
the cationic amine ions for the negative hematite surface. The
adsorption, was atiributed to an ion exchange process at low amine
concentrationg and at higher concentrations specific adsorption in

the Stern layer, possibly to form hemimicelles.

b) Contact angles at the hematite/iso—octane/water line
of contact

The contact angles of iso-octane on hematite in the presence

of dodecylamine were similar to those obtained for the quartz/water/
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iso~octane system. The contact angles (fig. 49), at pH 8.0, were
slightly higher than those at pH 6.5 although there had been a
reduction in both the cationio amine concentration and the adsorption
density (fig. 47). Furthermore comparison of the agueous amine
concentration, at the point of intersection of the two linear parts
of the curve correlating the contact angles with the logarithm of
the equilibrium aqueous amine concentration, with the CHMC values
predicted from the electrokinetic (fig. 46) and adsorption (fig. 48)
data, shows that at pH 6.5 and 5.0 there was a good agreement but

not at pH 8.0. This comparison is demonstrated in Table IX.

TABLE IX
i CHMC (M) Conc, at interseotion
Electrokinetic Adsorption of contact angle curves
5,0 4.0 x 1074 approx. 5 x 1074 5.0 x 1074
6.5 1.0 x 1074 approx. 2 x 1074 1.6 x 1074
8.0 8.0 x 107 2.0 x 1072

The good agreement between the aqueous amine concentration at
the point of intersection of the two linear parts of the contact
angle curve and the evaluated Cyyc values, at fH 6.5 and 5.0 indicates,
that the determined contact angles were attributable to the mode of
orientation (cf. section 4.42c) of the cationic amine ions at the
hematite/water interface. Thus, the slow increase in the contact
angle with increase in the logarithm of the aqueous amine concen-—
tration, at concentrations below 1074 and at o 6.5 (fig. 50),

indicates that the ions were orientated in such a way that they did
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not markedly increase the oleophilicity of the surface. If these
ions were adsorbed into the diffuse layer it is likely that, although
there would be some orientation due to the force of attraction
between the cationic head group and the anionic surface, there would
be a random selection of orientations. A large variation in contact
angle would, therefore, not be expected. The rapid increase in
contact angle, at concentrations above 10-4M, indicates that when
the adsorbed ions associated,a more oleophilic surface was attained.
Presumably becauge of the increased adsorption density and vertical
orientation of the adsorbed cationic amine ionms,

It appears that at pH 8.0, similar to the quartz gystem, the
contact angles do not reflect the orientation and adsorption of
cationic amine at the hemaiite/ﬁater interface. At this pH the
neutral amine concentration in the organic phase was much higher
than that of the cationic amine in the aqueous phase. It would,
therefore, appear that the neutral amine, possibly by being adsorbed
at the hematite/oil and oil/water interfaces, influenced the contact
angles. The adsorption of neutral amine, and the necessity of the
presence of cationic amine before the neutral amine is involved, has
been discussed in section 4.4lc in conjunction with the quartz/hater/
iso-octane gystem. It is thought that a similar discussion would be

valid here.

c) The work of adhegion and extraction results

Comparison of the work of adhesion and extraction results
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(figs 70 and 52 respectively) shows that 1007 extraction was
obtained when the work of adhesion was a maximum, The correlation
between the contact angles, work of adhesion and percent extraction,
was good throughout the pH range. However, at low pH values the
percent extraction and work of adhesion decreased to zero, whereas
the logarithm of the adsorption density did not decrease markedly.
It is suggested that although the cationic amine was adsorbed, the
surface attained a hydrophilic character because of the high positive
charge on the hematite surface. A surface carrying a large charge
will be hydrophilic (201), since an orientated layer of water will
form round the particle, in much the same way as cations become
heavily solvated in solution.

The decrease in percent extraction, adsorption density and
work of adhesion, at bH values above 8.0 indicates the dependence of
these variables on the cationic amine concentration in the aqueous
phase. A number of authors (202) (183) (203) (204) have shown that
in conventional flotation systems, the contact angles and flotatien
response of quartz and hematite increases at pH values above 6. The
reasons for this increase in hydrophobicity have been atiributed to
the increase in neuiral amine concentration with increase in the pH.
Some authors (203) have postulated dipolar interactions between the
neutral amine molecules and the quartz surface, others (183) (202)
(204) interactions between the adsorbed cationic hydrocarbons and
the neutral molecules and others (149) (205) (206) an ion exchange

or chemical reaction between the neutral amine molecules or cationic
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amine ions and the surface sites. The results obtained in this work
show that at high pH values, even though neutral amine was present in
both the organic and aqueous phases, a hydrophobic, or at least an
olecphilic surface was not obtained unless cationio amine was present
in appreciable quantities.

The works of adhesion, determined for the hematite/iso-octane/
water system, as functions of the logarithms of the aqueous amine
concentrations, at pH 6.5 and 8.0, are shown in fig. 71. These
curves are similar to those obtained for the quartz/amine system
(fige 63). The curves at both pH 6.5 and 8,0 were similar to the
contact angle data (fig. 50) and can be divided into two linear
regions. The aqueous amine concentration at the point of intersectian
of the linear parts of the work of adhesion curves were in excellent
agreement with the poéint of intersection of the contact angle data.
In the presence of large amounts of neutral amine e.g. at pH 8.0 the
works of adhesion for a given aqueous amine concentration, were
higher than when the neutral amine concentration was lower than the
cationic amine concentration in the aqueous phase (e.g. rH 6.5).

Comparison of the works of adhesion for the hematite and quartz
samples as functions of the adsorption density of amine at the
mineral/water interface, at pH 6.5 (figse 72 and 64) shows that at
relatively high adsorption densities the works of adhesion obtained
for the quartz system were about 7 ergs cm_2 higher than those
obtained for the hematite system. Whether this difference is signi=~

ficant, or not, is doubtful because an increase in the hematite
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contact angles of 8° would give works of adhesion similar to those
obtained using quartz.

The reason for the large contact angle hysteresis, found when
using the hematite sample, is thought to be attributable to the
microcrystalline nature of the polished specimen, It is likely that
the presence of crystal edges and grain boundaries produced a surface
roughnegg effect which enhanced or impeded the advancing and
receding oil/water meniscus as it passed over the hematite surface.
Under these conditions the contact angles will not be true equilibrium
angles and the Young's expression can be used, only as an indication
of the variation of the work of adhesion with change in the pH,
adsorption density and collector concentration.

Similar to the quartz/iso-octane/water and hematite/water/iso-
octane systems in the presence of dodecylamine and sodium dodecyl
sulphate, regpectively, one hundred percent extraction was obtained,
for the hematite/iso-octane/water system in the presence of dodecy-
lamine, when the zeta potential of the mineral particles was small
or zero, In none of these three systems was the mineral completely

extracted into the organic phase.

e)  Summary

The results obtained for the hematite/iso-octane/water system
in the presence of dodecylamine were very similar to those obtained
for the quarti/&so—octane/water system under the same conditions.
A similar interpretation of the results has been used, for both

systems.
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Maximum extraction of the hematite occurred when the contact
angle was approximately 70° and the zeta potential nearly zero.
This latter condition is similar to that required for the maxdimum
extraction of quartz with amine and hematite with sodium dodecyl

sulphate,

4.44. The hematiteZiso—octane[water system in

the presence of dodecancic acid

The flotation of hematite with fatty acids has been used for a
number of years (11) (161) (207) but little conclusive research has
been done on the mechanism of collection or adsorption. When study-
ing the interaction of carboxylic collectors with minerals, it must
be kept in mind that when diassclved in water soaps, despite their
ability to ionize, form a complex system of anions, cations,
unionized carboxylic acid as well as molecular and ionic micelles
(if the concentration is high enough). In addition to the complexity
of the solution chemistry there is the possibility that the fatty
acid molecules form dimers alongside the usual monomers.

The extraction results obtained in this work were analogous to
those found in conventional flotation systems (11) (161) (207) in
that maximum extraction was obtained when the hematite surface was
very anionic. Clearly a mechanism of coulombio attraction of the
carboxylic ions for the hematite surface is unlikely under these
FE conditions. It is known that the fatty acids, especially the

unsaturated cnes, do increase the negative zeta potentials of some
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minerals. Purcell amd Sun (208) have shown that with oleic, linoleic
and linolenic acid the negative zeta potential of rutile at pH values
above the zZ.pec. ( ~~ 6.5) was increased appreciably as the concen-
tration was increased, In the present work however the effect of
dodecanoic acid on the hematite zeta potential, was not measured
because of the low solubility of the neutral acid and the uncertainty
of the nature of the hematite surface,

The apparent dependence of the position of the z.p.c. on whether
the pli of a suspemsion of hematite was initially alkaline or acidic
(fige 54) is difficult to understand. Smolik et al. (209) found
that by treating alumino-silicates with dilute acids or by oycling
between acidic and basic solutions, the apparent position of the
ZePeCe decreased. The reason for this was thought to be attributable
to the gelecotive dissolution of alumina from the surface and hence
the increase in the fraction of the surface occupied by Si0 groups.
Such a mechanism of selective dissolution of a species from a hematite
purface is unlikely unless there are impurities present. It is
possible that in the initially alkaline suspensions a surface ferric
hydroxide was formed which retained its anionic properties to lower
pH values. In aqueous systems it is known that when the pH of an
acid solution of, say, ferric chloride is increased precipitation
occursg., If however the pH is decreased the precipitate does not
readily disappear even at 1 pH unit below the precipitation pH. The
dissolution or ionization of the preoipitate is very dependent on

time, It is therefore possible that if the initially alkaline
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suspeneion had been aged at a given pH e.g+s 5.0 the zeta potential
would slowly approach that obtained for the initially acid suspension,
at pH 5.0,

Polkin (210) (211) has revealed that sodium oleate is capable
of forming polylayer coatings on a hematite surface. The first
layer was assumed to be a chemiporbed layer of oleate ions and the
subsequent layers of up to 80 layers thick of a mixed composition
of ferric oleates,oleio acid and oleate ions. It would appear from
these studies that an increase in adsorption above 2 layers does not
increase or decrease the hydrophobicity of the mineral surface. In
a recent investigation, Peck, Raby and Wadsworth (212) using an
infra~red technique showed that in the pH range 8.0 - 9.0 there was
a very strong chemigorption of oleic molecules and iong to form a
surface ferric oleate. Flotation was directly related to the con-
centration of chemisorbed oleate. Furthermore, the maxima in the
flotation - pH curves coincided with the maxima of the chemisorption
-~ pH curves. At pH values below 8 there was an increase in the
physical adsorption of oleic acid but this had a depressive action
on the hematite flotability. This is similar to the effect of
physieally adsorbed oleie acid on the flotability of fluorite (213).
According to these amthors the chemisorption was related to the
position of the z.p.c. of the synthetic hematite samples used.

In view of all the other flotation results obtained with
mineral hematite samples it seems probable that the correlation
obtained, by Peck, Raby and Wadsworth between the pH of maximm

chemisorption and the z.p.c., was coincidental.
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The nature of the distribution chemistry of dodecanoic acid
(fig. 7) makes it impossible to ascertain from the extraction and
contact angle results (figs. 55 and 57) whether the neutral acid
molecule or the carboxylic ion was responsible for the collection
of hematite. It is probable, however, that similar to conventional
flotation systems, both the carboxylic ion and molecule were
adsorbed onto the hematite surface.

Comparison of the contact angles, extraction and work of
adhesion (figs. 55, 57, 73) as a function of pH shows that the
correlation between the three gets of data was excellent. Maximum
extraction was -obtained when the contact angles and work of adhesion
were a maximum. The increase in contact angles and extraction with
increase in concentration of dodecanoic acid indicates that the
adsorbed species must have been orientated with the hydrocarbon

chaing pointing into the aqueous phase.

Summary

Maximum contact angles, work of adhesion, and percent
extraction were obtained at between pH 8 and 9. In this pH range
the surface of hematite was highly anionic and the concentration
of neutral fatty acid in the organic phase was slightly higher than
that of the carboxylic ion in the aqueocus phase. No conclusion was
reached ag to which fatty acid species was responsible for the

formation of an ¢leophilic coating on the hematite particles.,
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5.00, SUMMARY AND CONCLUSIONS

An investigation was made of the concentration of - 44 um
hematite and quartz at the iso-ootane/water interface using
collectors of dodecylamine, sodium dodecyl sulphate and dodecanoic
acid. The equilibrium chemistry of the oollectors in an oil/water
mixture was established by direct analytical and potentiometric
procedures, The drop-volume method was used to determine the
interfacial tensions between iso-octane and water under various
oonditions of collector concentration and piH. An electrophoresis
and extraction apparatus was designed to determine the zeta
potential and extraction characteristics of the minerals. The
variables studied were collector concentration and pH.

Electrokinetic, contact angle, adsorption density and extraction
measurements were made., From the results an attempt was made to
elucidate the mechanism of collector adsorption at the mineral /water
interface,

From the results of these invesgtigations the following informa-
tion was obtained.

a) In oil/water mixtures neutral amine and fatty acid molecules
are distributed between the organic and aqueous phases. The values
of the distribution coefficient (D), i.e. the ratio of the concentra-
tion of the neutral molecules in the organic phase to that in the
aqueous phase, is 1.0 x 10% for the neutralamine and 5.6 x 103 for

the neutral fatty acid. The relationship between the total distri-
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bution (K.D), i.e. the ratio of the concentration of all the species
in the aqueous phase to all those in the organic phase, and the pH

is of the form
logky = =~pi - (logk + log D)

for dodecylamine provided that pH << pK. A similar relationship
is valid for dodecanocic acid.

b) A minimim interfacial tension oceurs in the curve
correlating the interfacial tensions with the pH for dodecylamine
and dodecanoic acid. The position of this minimum does not, however,
correspond to the minimum predicted from solution chemisiry congidera-
tions and the uge of a Dalton's law of partial pressures analogue.
The suggested reasons for the differences between the theoretical
and experimental curves are a surface pH effect and molecular inter-
actions between the adsorbed species at the oil/water interface.

A variation in the pH produces only a small change in the inter~
facial tension when sodium dodecyl sulphate is present in the
aqueous phase. The order in which the different collector species
are effective in lowering the interfacial tension is
RSO,” > RE," > Re00 2 N, > ROOH. The latter two species
being in the organic phase.

c) The zero point of charge (z.p.c.) of the quartz and
hematite samples ococurred at pH values 2,5 and 4.75 respectively,

d) Quartz aged for more than 7 days has a less negative zeta
potential than quartz aged for 24 hours. Ageing of a hematite

suspension has a negligible effect.
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e) The primary mechanism of adsorption of dodecylamine on
quartz and hematite and sodium dodecyl sulphate on hematite is one
of ooulombic attraction of the collector ions for the oppositely
charged mineral surface,

f) The adsorption isotherms of dodecylamine on hematite and
quartz are similar, to each other and, to those determined by other
authors in the absence of iso-octane and constant ionic strength.

The adsorption process is divided into two regions, a region where
adsorption takes place without changing the zeta potential and a
region where the adsorption dengity and zeta potential vary markedly
with a change in the logarithm of the equilibrium agquecus amine
concentration. It is suggested that in the first region the catiomic
amine ions are adsorbed by an ion exchange with cationic counter ions
in the diffuse layer, and in the second region by specific adsorption
into the Stern layer and the formation of associations (hemimicelles),
between the hydrocarbon chaing of the adsorbed ions.

g) The adsorption of sodium dodecyl sulphate on hematite is
also a two step process. Combination of the contact angle data with
the adsorption density results indicates that the first step consists
of the formation of a horizontally orientated monolayer and the gecond
step the formation of a vertically orientated monolsyer with the
hydrocarbon chaing orientated toward the aqueous phase.

h) The contact angles for the hematite and quartz/amine systems,
at i 6.5, reflect the two steps involved in the adsorption process.

In the concentration range where the oationic amine is believed to



-269—

be adsorbed into the diffuse layer the contact angles do not vary
markedly with a ohange in the logarithm of the aqueous amine
concentration. The adsorption of amine into the Stern layer,
produces a greater contact angle dependence on the logarithm of
the aqueous amine concentration.

i) The presence of large amounts of neutral amine in the
organic phase produces higher contact angles than when the neutral
amine concentration in the organie phase is smaller than the cationic
amine concentration in the aqueous phase. This effect is, however,
dependent on the presence of cationic amine in the aqueous phase.

In alkaline solutions the contact angles, work of adhesion, percent
extraction and adsorption density decrease rapidly. The decrease
in these variables oorresponds to a decrease in the cationic amine
conocentration.

j) A good correlation is obtained between the adsorption
density, contact angles, work of adhesion and percent extraction,
as functions of pH, for the systems quartz or hematite/iso-octane/
water in the presence of dodecylamine and hematite/iso—octane/water
in the presence of sodium dodecyl sulphate. Maximum extraction is
obtained when the adsorption density, contact angle and work of
adhesion are at a maximum,

k) The minimum requirement for one hundred percent extraction
in the three systems outlined in (j) is that the equilibrium collector
concentration and adsorption density should be such that the zeta

potential is zero or nearly zero. The contact angles at these points
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are approximately T0° and 90° for the hematite/amine and quartz/
amine system, respectively, and for the hematite/sodium dodeoyl
sulphate system approximately 450.

1) Maximm extraction for the hematite/iso-octane/water system
in the presence of dodecanoic acid is attained at between pH 8 and
9, where the hematite surface is highly anionic. Maximum contact
angles and works of adhesion are also obtained in this region.

m) Hematite and ilmenite can be selectively extracted from
mixtures of hematite and quartz, and ilmenite and quartz, using
collectors of sodium dodecyl sulphate and dodecanoic acid.

n) Complete wetting of the mineral particles by the oil phase
is not achieved under any of the conditions employed in this worke..

The particles concentrate at the oil/water interface.
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