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ABSTRACT

In the introduction a short outline is given of the
use of insoluble oils in flotation. The object of this work
is éxplained and the reasons for the choice of the dodecylamine
quartz system are examined. A short survey of the literature
on the subject follows.

In the next section the methods of manufacture of emulsion
and measurement of their physical properties are described,
together with a description of bubble pick-up and beaker
cell methods for examining the flotation characteristics of
the system. Descriptions of the streaming current and
electrophoresis methods for measuring the zeta potentials of
quartz particles and oil droplets follow together with a
radiocactive tracer technique for measuring the partition of
.dodecylamine between o0il and water under various cénditions.

The flotation of quartz is shown tb be possible at
greatly reduéed amine concentrations if an emulsified oil is
added. This result is not repeated in the beaker cell tests.
The potentials of the oil and quartz surfaces are shown to be
dependent upon pH, and td be varied, buk not changed in sign,
by non surface active salts. Amine changed the s$ign of both,
The results of the radioactive tracer measurements are des-
cribed,

Methods for interpretation of zeta potential results

are discussed. Der jaguin's theory of the hetero-coagulation



of dissimilar particles is examined and curves are drawn
from his formulae for the calculation of energy barriers
between approaching particles.

The flotation results are discussed and the energy.
barriers between oil and quartz are caléﬁlated. They
show that flotation occurs under theoretically impossible
conditions. This anomaly is examined. The adsorption

data of other workers are then applied to the system



INTRODUCTION
The use of insoluble reagents preceded that of
soluble polar reagents as collectors in froth flotation.
In these early methods the o0il was present in concentrations
of up to 200 pounds per ton of ore. The 0il was presented
to the ore either as an emulsion or in bulk. It was so
mixed with the ore, either in the grinding circuit or in,

a separate conditioning stage, that it was swmcared onto the

surface of the sulphide minerals. The oride minerals were
not coated by oil so a separation resulted. The reason
(1)

susgactad by Truscott for the selectivity of o0il collectors
was the low interfacial tension between oils and sulphide
minerals.

With the Jiscovery by Keller(a) that soluble alkali
xanthates could be used for flotation of sulphide minerals
the use of o0ils was discontinued in most fields of flotation,
&ince then the bulk of flotation research has been directed
to studying the interaction of soluble collector and mineral
surface. With some minerals the use of oils has continued.
The most ‘mportant of these fields are those of the flotation
of non-pclar minsrals such as sulphur or graphite, the
flotation of phosphates, coal fiotation and manganese.
flotation.

In the flotation of the non-polar minerals such as
sulphur or graphite the oil is presented as an emulsion to

mineral surfaces which have a strong natural tendency to float.



Indeed these minerals have been floated with only a

(3) (4)

frother see Gaudin and Taggart Phosphate flotation
is more complex in that the oil is added to & system which
already contains a fatty acid collector. The oil is used
in cases where the mineral is spongy and the use of suff-
icient collector to give good flotation would result in a
bad froth. The addition of mineral oil allows the use of
less collector. No adequate explanation of the role of oil
in this system has been given.

The greatest use of oils in flotation has been
in the coal industry. A survey of the literature reievant
to the interaction of o0il and coal has been made by Bramley
The principal reagents used in British coal flotation are
creéosote and cresylic acid although the addition of fuel
oil is beneficial. Various modifiers can be added. The
main effect of these modifiers is upon the masnitude and
sign of the zeta potentials at the surfaces of the particles
of coal and gangue, possibly of the droplets of collector,
and when alr is admitted, of the bubbles. ' The changes in
zeté potential influence the magnitude of the energy barrier
opposing the true contact of these elements. Other effects
are the improvement of froth formation and, possibly, the
assistance of the spreading of the oil on‘the coal oncevit
has been brought into contact.

Bramley's work showed that under relatively qulescent

fluid conditions and using a pre -made' emulsion, although

(5)

L]
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there might be encounters between o0il droplets and coal
particles, there were no true collisions except when a
detergenf, Lissapol NDB, was present. The measurement
under various conditions of the zeta potentials of the o0il and
coal showed that there was an energy barrier, preventing
approach of the oil and coal particles, which was significantlys
lqwered in the vyresence of Lissapol NDB. It was concluded
that the presence of Lissapol rendered violent agitation
unnecessary.

Fahrenwald records that in manganese flotation at
Manganese Inc. Nevada, the principal reagents employed
are 1) a primary activating ageat and 2) an emulsion
consisting of a‘neutral oil, soap and a wetting agent.
He suggests that'therrole of the primary activating agent
is to prepare the surface for adsorbtion ;} the Boap. The
soap is nqt itself the collecting agent but has a twofold
action, 1) It behaves as an emulsifying agent for the
oil. ~ 2) It provides a water repellent, oil soluble, surface‘
layer on the mineral which enables the covering of the
surface'by the oil. He also suggests that this method
can only be employed with non-crystalline minerals.

To determine whether the effects of Lissapol in coal
flotation, and the mixture of o0il and fatty acid in phosphate

and manganese flotation, was of general application in mineral

flotation, and to study the forces involved in such a system
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it was necessary to examine a mineral-collector system which
had been extensively studied in the absence of an insoluble
oil. The flotation of quartz by dodecylamine salts

satisfied this requirement and had the added advantage that
both mineral and collector are stable in water. This

system could then be studied to determine whether the addition
of graller cuantitices of amine than those used in froth
flotation would allow flotation in the presence of an

erinlsiried 531, and to determine the forces of interaction of

the oil and the mineral under various conditions.



Section I Part 1

tuartz Flotation With Amines With Particular Reference

to Dodecylamine

Quartz has probably been more studied, with regard
to flotation, than all other silicate minerals put toget-
.her. It is known that clecan quartz has no native flotability(7
and it was shown by early studies that it is not floated by

(8)(9)

fatty acids or soaps No positive evidence has yet

been produced to show that it can be floated by any other

1
anionic collectors although it has been shown<‘0) that many
wetrllic ions activate quartz for soap collection.

(A1) discovered that Hexadecyltrim-

13 early as 1936 Wark
ethyl amnonium bromide is a collector for quartz, and in
1939, stimulated by their large scale commercial production
and relatively low cost O'Meara; Norman and Hammond<12)
studied quartz flotation with various long chain primary amines.
They found that it could be floated in acid solution from a
puip containing quartz and felspar, using fluoride as a
cepressant for the latter. In 1943 Taggart, Kellogg
and Arbiter(ls) studied amine flotation with various metals
and minerals and reached the conclusion that in solution
the amine ion is dissociated, being partially present as the
aminium ion RNH3+. It was suggested by the same authors
that the action of sodium silicate as an activator for quartsz

was due to its ability to deprems what they thought to be

the collector cocating compound (RNHB)(HSiOB). Taggart
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advanced the hypothesis that collection took place as a
result of hydration and dissociation of the silica surface

according to the equation

— . -— + . -
S 02 + HZO - H25103 = H + HS;OB

Kellogg and Vasgquez Rosas(lq) calculated the various
forms in which dodecylamine is present in test liquors.
Their calculations were based on a careful determination

(15)

of the ionisation constant of dodecylaminc o

(16)

. However their curves have been modified by Gaudin who

bases his calculations on a later value for the solubility

(17).

of dodecylanmine in water; that of Brown The curves
show that the reagent distributes . itself into three forms.
1) JIonically dissolved as RNH3+. 2) Molecularly

dissolved as RNH, and 3) Precipitated. The ionically

2
aissolved form can only exist below a certain pH. Above
pH 12 less than 10—6 noles/litre is present in this form
the rest being present in the molecular and precipitated
forms. On the basis of this curve Kellogg and Vasquez~

Rosas suggest that the collecting equation in a dodecylamine

chloride solution is as follows

RNH,* + €17 + BY 4+ HSi0, =>RNH_HSiO, + H' + C1~
3+ + + 3 = 3 i 5 +
The authors also give figures for the amount of silica
present in solution at various pH values. They interpret

these figures as indicating that at high pH values the above

reaction is aided by the presence of large gquantities of
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(HSiOB)- ion in solution.

The contact angle of the system was shown to increase
with increasing collector concentration at a pH of 5.8.
This was attributed to the large guantities of RNH3+ in

(18) showed that the

solution, In 1946 Taggart and Arbiter
contact angle increases to a mAximum and then decreases as

the collector concentration continues to increase.

Contact Angle Tests

The contact angles of air bubbles in dodecylamine
quartz systems have been studied by a number of workers
including the two mentioned above. The critical pH curves
obtained by the various workers differ to some extent.
Plante(lg), using 25 mg/l of dodecylamine acetate, obtained
contact between pH4 and 14, No other worker obtained
contact above pH1Z2. It is possible that the feason for
this discrepancy lay in the impurity of Plante's collector.
Maximum contact has been found at pH 9.5, the angle remaining
constant until pH 10.5 and then falling off rapidly to zero
at pH 12 (20). At pH 5.8 ¥ 0.3 Buckenham and Rogers 20’
using 25 mg/l of dodecylamine hydrochloride report an anglé'

(14%)

of 150. Kellogg and Vasquez-Rosas report an anglé of

63° at the same pH and collector concentration. Philippoff,

(21) mention that at this pH considerable time

Cooke and Caldwell
was required to reach equilibrium and they‘record an angle
of 320. It is obvious that the differencewm quoted above

are considerable. They might be caused by differing lengths
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of induction time or alternatively by different purity of

(22) determined

collectors. In this connection Sutherland
the contact angles of two samples of purified dodecylamine
on sphalerite. The specially prepared amine of the higher
purity showed the lower contact angle. Using 4 x lO-5
moles/litre of dodecylamine acetate Gaudin and Marrow(ZB)
recorded contact at a pH of less than 2, which is in
disagreement with all other workers, although Buckenham and
Rogers report that cylinder tests showed some degree of
flotation at 2.2.

Buckenham and Rodgeré give critical pH and concent-
ration curves for dodecylamine chloride and quartz,
determined by the bubble pick-up method of Cooke(zu).
These showed that 'pick-~up' could be obtained between pH &4
and 12 at about 20 mg/l and between 6 and 12 at 2.5 mg/l.
No pick-up could be obtained above 2000 mg/l or below
0.5 mg/1. The limits of 'cling' (slight tendency to

flotation) were pH2, and 2 x 1072 mg/l at pH8.  These
(25) |

(26)

The critical pH curve of De Bruyn using dodecylamine

- results are confirmed by Robinson using Armac 12D.
acetate, differs greatly from that of Buckenham and Rodgers,
and of Robinson. While the latter found that the minimum
collector concentration could be used at pH?7 De Bruyn found
this minimum at pH 12. De Bruyn's curve, however, was
obtained with the captive bubble technigue while the other

workers used the bubble pick-up method. Buckenham and
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Rodgers as a result of tests using both methéds, conclude
that the bubble pick-up technique is the mbre sensitive, so
we may coﬁsider their results more trustworthy than those
of De Bruyn.

Hallimond Tube and Fagergren bell Tests

Buckenham and Rodgers, using 25 mg/l of dodecylamine
hydrochloride and floating for one minute in the Hallimond
tube, found that recovery was very low at pH2, rising to
some 5% at pH 6 and then rising very rapidly to about
90% at pH 8. It then remained steady until pH 12 and
dropped off sharply to zero at pH 12.2. The same authors
, performed a number of tests in the Fagergren cell, under
the same cbnditions, but using a flotation time of 3 minutes.
The results showed minimum recovery at pH2 rising to about 85%
at pH5 then more gradually to 95% at pH 9.5 when it fell off
sharply to zero at pH 12. | v

Adsorption Studies

(27) (26)

Both Gaudin and Bloecher and De Bruyn

have

‘studied quéntitatively the adsorbtion of dodécylamine acetate
onto quartz from solutions of various concentrations using
radio active tracers, Gaudin and Bloecher used an adsorbtion
column technique while De Bruyn also used an agitation technique
Their results showed that at low collector concentrations that
is from 10~7 to 2 x 10-4 moles/sq.crn. adsorbed, the amount

adorbed varies directly with the square root of the reagent

concentration i.e.:
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T = K JC

where T is the adsorption/cm2 of quartz surface.

K is a constant .and C is the solution concentration.

At higher reagent concentrations the adsorption was dependent
on a higher value of C than v/-. Gaudin and Bloecher showed
that the reagent concentration necessary to form a complete
monolayer on the quartz surface is similar to that at which
micelles form in solution, however before a monolayer is
complete polymolecular adsorption begins.

By replacing adsorbed unmarked amine with radioactive
amine and vice versa the reversibility of the dodecylamine
adsorption was demonstrated. This was also indicate@ by
showing that the eqguilibrium conditions of adsorption could
be approached from above as well as below, although the
equilibium state is not exactly repeated. Gaudin and
Bloecher also suggest that marked amine coatings can be
removed from quartz by washing in water or with a weaker amine
solution. They did not however consider the exchangeability
sufficient to satisfy a kinetic view in which adsorbtion -
desorbtion is regarded as akin to evaporation and condensation.

Data taken from Gaudin and Bloecher's experiments show
that in the range of practical flotation concentrations the
adsorbed coating 1s very iﬁcomplete; It is oniy 7% complete
at 10 mg/l, which gives more than 95% flotation. A 4%
complete coating gives 90% recovery and a change of coating

density from 1 to 1.5% produces a 15% change in recovery,
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hinting at lateral mobility of the collector coating.

Streaming Potential Studies

(28)

Gaudin and Fuerstenau showed that quartz is negatively
charged in water the potential determining ions being hydrogen
and hydroxyl ions. The isoelectric point was found at pH 3.7.
It was alszo demonstrated that increasing collector concentration
decreased the zeta potential to zero at 3 x 10’3 mol/1; it

being positive at higher collector concentrations. The action
of salts which were not surface active was to depress the zeta

(29) that

potential without changing its sign. Théy showed
the adsorbtion was cationic and therefore involves the
aminium ion and not the undissocilated amine molecule. Gaudin
/and Fuerstensu advanced the hypothesis that at high collector
concentrations the adsor?tidn is heni-micellar i.e. a multi-
ionic la&er similar to micelles in the bulk solution. - At
very high concentration a second, reversed layer is adsorbed

above the first layer.

Theories of Collection

Gaudin and Fuerstenau's studies show that the collecting
mechanism is that of cationic adsorption. At high pH values,
although the quantity of aminium ion in solution is rapidly

reduced with increase of pH, the recovery in the Hallimond tube

(30)

remains constant. Sutheriand and Wark interpret this

as showing that collection is in partg by the free amine

molecule which is at constant concentration throughout this

(31)

range. Robinson suggests that the precipitation of free
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amine on the mineral surface causes high contact angles

and high recoveries, whereas in the Fagergren cell violent
stirring prevents such precipitation and the recovery decreases
above pH9.5. This observation is supported by bubble pick-up
results which show that in solutions of low concentration
pick-up is possible at pH 9 while it is not possible at pH 10
and above.

. Taggart and Arbiter suggest that the collecting mechanism
is that of chemical adsorpfion, a chemical compound being
formed between the dodecylaummonium ion and silicic acid in the
quartz surface. However Gaudin and Blocecher's tests on the
reversibilitv of the dodecylamine adorbtion suggest that
adsorbtion is physical, A chemically adsorbed coating of
dodecylammonium ion would not be so easily reversible as the
adsorption tests showed the collector coating in this system to
be. It may therefore be concluded that collection is by a
physically adsorbed hydrophohic layer of dodecylammonium ion

on the quartz surface.
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Section I Part 2

The surface Structure of Quartsz

Silica occurs in four major forms at normal temperatures.
These arej;the amorphous form (as in glasses) quartz and two
high temperature forms, tridymite and crystobalite, which are
metastable below 870°C.

The temperature variation of silica is described by

sidgwick 327,
Q o} o} (o}
Quartz ;%%%:% Tridymite %égg:g Crystobalite %g;gipliquid.

Each of these crystal types occurs in both a low temp-
erature and a high temperature form; the o and.fg forms;
In guartz the transition temperature occurs at 5750.

of quartz, the form with which this research was concerned,
belongs tovthe hexagonal crystal system. It is formed from
singly linked giant molecules of silicon and oxygen with the

groupings

i
-Bi.0.-81 .0 . 8i.
. ]
5
Si
:
It is common in diagrams to show the chemical bonding

between the oxygen and the silicon atoms with the electron-

all attached to the oxygen atoms.
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Hacke1(33), however, points out that there is a considerabl:
electron density between the atoms and that the structure nay
by no means be considered ionic.

The basic crystal structure is that of an SiOh tetraledron
cach oxygen atom being common to two such tetrahedra.

(34)

Frederickson took electron microscope photographs of quartz
etched with water vapour at teﬁperatures up to 360o and
pressures up to 300 atm, He concluded that gquartz has a
mosaic structure and consists of sheets that are aé%egates

of rods approximately 9 x 10_[1L mm in diameter and 0.009 to

0.05 mm long,

In this research we are primarily concerned with the
surface structure of quartsz. This has been studied by a large
nvicberr of worliers principally in connection with silicosis
studies. Measurements of the solubility and solubility rate
‘ of powdered quartz in water showed that an initial period of
rapid dissolution occurs, after which the quartz dissolves more
slowly. cf Briscoe et al(35> and Holt and King(36)a This
initial period of rapid dissolution was also shown by Benton
and Elton(57) who noted a rapid increase in the conductivity of
water’upon the addition of silica. Kitto and Patterson(38)
and later Clellond and Ritchie >?) attributed the initial rapid
dissnlution of guartz to the presence of a disturbed surface layer
which may be likened to a Beilby layer. Recently Negclichmidt,

(L0)

Gordon and Griffin determined the quartz content of different

sands as a function of particle size by X-ray diffraction.



The finest fractions had only 68% of the volume as the undistorted
guartz structure. By carefully etching the powder the quartsz
content could be raised. They estimated that each grain

was coated by a distorted layer 0.3/% thidk. Dempster and

Ritchie(4l)

showed that the highly reactive surface layer
was not found only in quartsz Eut also in crushed silica.
~They suggested that this indicated that the increased re-
activity of the wuartz surface was not necessarily due to an
amorphous surface zone. Indeed Holt and King(§6) report

(42)

that Heavens obtained sharp Kikuchi patterns in electron
diffraction photographs of the surface of a freshly fractured
and an acid washed quartz crystal, proving the absence of

any thick layer of non-crystalline material.

(36)  tudied the solubility of crushed

Holt and King
silica surfaces by a radiotracer technigue. They showed
that silica surfaces will adsorb silicic acid and that the
adsorbed layer is identical with the high solubility layer
mentioned by other workers. This layer is removed by
alkali and reformed from silicic acid solutions even if.the
concentrations are well below that of a saturated solution.
They divide published solubility data into two parts. - The
first, the 'high solubility layer' may be attributed to the
dissolution of the adsorbed silicic acid layer; the second
portion represents the attack of water on the grue silica lattice.

They point out that the rate of dissolution of quartz will

depend on the particle size and since the gquilibration of
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quartz with water has never been accomplished at normal
temperatures and at neutrality all published data must be
considered with respect to the quartz particle employed.

(43)

Weyl discusses the surface of‘quartz in relation

to the size, charge and polarization properties of the ions.
He points out that surface phenomena are governed by the
polarization and deformation of ions, because they involve

the as¢jﬁetrical groups cation-anion-space or anion-cation~
space. From studies of those phenomena whefe mutual deformation
of ions plays a decisive role he concluded that the screening
of cations is a basic principle governing surface phenomena,
and that the degree of screening of a cation depends on the
number size and polarizabilities of the surrounding anions

as well as the cation-anioh distance. He also points out
that in the reactions of solids with water, the polarizability

and therefore the ability to screen a surface ion, decreases

in the order

T +
> OET> H0 > HO

Weyl lists four structural changes by which a homo-~

%"
genous solid can lower its surface energy. These are:

'lj Polarization of the surface ions. 2) Increasing the
number of the most polarizable and decrecasing the number of
the least bolarizable ions in the surface. 3} Advancing
the most polarizable ions into the extreme outer layer

and retracting the least polarizable ones. (This produces

an electrical double layer and must have a depth action).

’
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L) Chemisorbtion of molecules or ions. If quartz is ground
dry only the third.mcthod is available, which may give rise
to the amorphous layer reported by other workers (see azbove).
In the case of wet grinding, however, the fourth method can
also be employed and the quartz surface would attract OH
ions when they were available.

Weyl reports that Ruff and Hirsch(44) found that fine
quartz powder can produce a pH of 4.85 in water. He
concludes that the system quartz-water can lower its free
energy by a process in which H20 dissociates and the OH
ions are made available for the screening of S:'LL++ ions
in the guartz suface, The OH™ ions impart a negative
charge to the quartz, and the corresponding number of protons
may be responsible for the acidity of the supernatant liquid
if ions like Na® are available for the double layer.

It may be concluded that although it has not been
proved that an amorphous Beilby type layer does exist on quartsz,
there is considerable evidence that it does in the case of dry
ground quartsz. If wet ground quartz shows such a layer it would
be to a smaller extent. The anom&lous solubility phenomena can
be best explained by Holt and King's observations which suggest
a surface monolayer of silicic acid which can beremoved in
water and replaced in silicic acid solutions. The electro-
kinetic phenomena studied in this research may be attributed to
the cation screening action of the hjdroxyl ions in water

Jeading to a negatively charged surface.
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Section 2A

Experimental Methods

2.A.1 - Preparation of Emulsions

Choice of Method of Manufacture of Emulsions

In this research it was intended that the collector
should be presented to the mineral as a solution in an
ernulsified oil. The most suitable type of oil for the
purpose was a short chain aliphd&tic hydrocarbon one.
That used was Shell Printing Ink 0il No.ll.h Emulsions
" of such oils are in frequent use in commercial practice,
but in most cases an emulsifying agent is used in their
manufacture. It is believed that the effect of this agent
is to lowetr the interfacial tension at the oil-water interface,
or to raise the zeta-potential of the oil drops. In many
cases the agent collects to such an extent at the interface
that it forms a viscous layer which prevents coagulation of
the droplets. The properties of the emulsion depend to a
large extention the emulsifying agent. Because it was
necessary to examine the properties of the oil-amine system
in the absence of other surface active matemials it was
impossible to use such an agent so a mechanical methbd was
necessary,

Mechanical methods of making emulsions are of two
principal types:~ a) stirring and b) homogenization, In
the absence of an emulsifying agent the former method is nbt

satisfactory with mineral oils unless very violent. It was
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necessary therefore to use the lat#er method, which consists
eséentially of forcing the phase to be dispersed through

an orifice into the continuous phase. The instrument
chosen for this was a paint spray gun.

Method of Making Emulsions

Enulsions were prepared with a De Vilbis Aerograph
type MPS spray gun fitted with a No 2 nozzle. De-~ionised
vater (and in later experiments double-distilled water), was
supflied vnder pressurc froﬁ a 20 litre reagent storage bottle.
The water was fed into the inlet to the gun normally used for
air. The oll was poured into the paint resé@oir. Pressures
could be varied from O to 22 p.s.i. by a reduction valve
fitted to the laboratory air line. Maximum pressure was
used in all test work.

2.4,2. Analysis of Emulsions

a) Size Frequency Distribution

For the calculation of the forces involved in particle
interactions it wﬁs necessary to know the sizes of the oil
droplets in the emulsions. A number of possible methods |
were considered: the principal anmong these are

a) Photomicrographic analysis

b) Sedimentation analysis -

¢) Direct microscopic count

d) Light scattering techniques

The scope of the research did not extend to an intensive

evxamination of the emulsions so the gqualities looked for in
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the chosen method were those of simplicity and speed. This
latter was a very important limitation because the low specific
gravity of the oil caused rapid creaming and hence rapid
changes in particle size distribution. ?his rendered the
direcct microscopic count unusable. Sedimentation analysis
wds dismissed as being unpracticable because of the dilution
of the emulsions used, and the time involved in the measure-
ment. The light scattering technique was not investigated.
The prihcipal problems of photomicrographic analysis
arose from the transparency of the oil. A preliminary
microscoplc examination indicated that the oil droplets were
completely indistinguishable from the surrounding water.
To obtain contrast between the oil and the water it was there-
fore neccssary to add a dye to the oil. It was essential that
this dys should have a very low surface activity so that its
presence would not alter the properties of the oil-water
interface. A sample of Waxoline 0S was obtained from I.C.I.
Ltd. This dye is described in the Colour Index(45) and
has the following properties:
Compogition: O-tolucnce~azo-~0~toluence-azo-~ 4 napthol
Molecular formula : 012 HZO Nqo

Structural formula: cH3 . OH
S =
CHy []

Appearance: A dark reddish brown powder

Solubility: Insoluble in water but soluble in oils.



Although pésessing one hydroxyl group in the molecule
the surface ﬁétiVity of the dye in very low, so the re-
guirenents may be considered to have been met. The dye
was present in the oil in all tests and any slight effects
it might have had on the properties would have been
equally in evidence in all results.,

When saturated with the dye the oil had a cherry red
colour but contrast was still poor, 4 further difficulty
was presented by the rapid movement of the dropléts in the
enulsion. It was therefore necessary to satisfy conflicting
requirements. A sufficiently fast exposure was needed to
stop movement and yet the poor contrat of the subject
necessitated a long exposure time, The technique which best
satisfied these requirements was the following: emulsion
samples weré placed in a petri dish on the stage of a Beck
microscope fitted with a 16mm projection objective. The image
was cast onto the ground glass screen of an MPP 'Micro-Press'
camera at double extension. The source of illumination was
a mercury vapour lamp. Copper sulphate in an optical cell
acted as a heat absorbing filter and rendered the light source
monochromatic. For purposes of droplet size measurement
the magﬁification was first determined by photographing a
calibrated graticule placed on the stage. Seven exposures,
the remainder of one roll of film were then made of the emulsion.
Enlarged prints were made from the film and the final mag-

nification was approximately x180. The apparatus is shown
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in diagrammatic form in Fig 1.
b) Proportion of 0il to Water by Weight.

For determining amine concentrations and distributions
it was essential that an accurate method should be used for
determining oil concentrations in emulsions. The following
method was emvloyed.

Approximately 100 ml of emulsion was placed in a 250 ml
separating funnel of known weight. This sample was always
taken by the same means as that used in the flotation test
concerned, The funnel and contenté were weighed. The oil
was then completely extracted from the emulsion in the usual
manner, with four’successive portions of chloroform of about
20 ml each. The oil-in-chloroform solution thus obtained
was then made up to lOO ml with chloroform. This solution
was left standing overnight over calcium chloride to recmove
water which mizht precipitate and alfer the optical deansity.
The concentration of oil in chloroform was then determined
using & Unicam spectrophotometer,

The spectrophotometer was calibrated by plotting a
curve of adsorbtion co-efficient against wavelength using
10g/1 of dyed oil in chloroform. The curve (graph 1)
indicated that wavelengths below 2862$ou1d be suitable at a
lower concentration than 10g/1. Measurement of absorbtion
co-efficients made at various wavelength betwecen 245 and 2801@ﬂ
showed that a wavelength of 260 m g at a slit width of 0.49

was most satisfactory. 4 curve (graph 2) was plotted of
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absorbtion co-efficient Vs concentration at this wavelength,
which gave a straight line thus showing that the system
obeys Beer's law at absorbtion co-efficients of below 1.0.
All future oil concéntrations were read from this curve.

In later tests a second sample of dyed oil was used and the

spectrophotometer was recalibrated.
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Section 2.4.5. Bubble Pick-up Methods

a) The Metiod

This description of the bubble pick-up test method is
largely taken frovaobinson(46). It is based on that
described by_Cooke and Digre(24). It was designed to
explore pure mineral response to collectors and modifiers.
It was claimed vy Cooke and Digre that the method is more
sensitive than captive bubble tests. This clairm is supported

(20) | mpe method is

by Robinson and by Buckenham and Rogers
quick and simple ond has been shown to be both reliable and
reproducible.- If the basic method is not greatly altered
the personal error can ne reduced to a very low degree, Thus
one worker can repeat the wofk of ancother and very little
difference is found between the results obtained,

Iesentially the method consists of bringing a captive
air bubble into contact with a bed of conditioned mineral
particles and observing the mineral behaviour when the bubble
is withdrawn. The mineral behaves in one of three ways:
when 'plck-up' occurs the mineral particles adhere to the
bubble and are not dislodged when the bubble holder is tapped.
Whoen 'cling' occurs one or several mincral éarticles adhere to
the bubble hkeddex. When ‘no pick-up' occurs, no particleé\stick
to the bubble when it is withdrawn from the minceral bed. In‘
practice there is no difficulty in distinguishing between

pick-up and cling except at high collector concentrations when
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precipitatced collector may render the solution cloudy.

In each test about 0.1 g of —721i'+ 100 #*mineral
was taken. = This was conditioned in the actual test cell.
Tests were designed to show the variation of flotation
characteristics with changes of pH and collector concentration.
It is not possible to obtain the same boundary line between
pick-up, cling and no pick-up when the boundaries are
approached from pick-up as when they are approached from no
- pick-up. This difficultj is caused by the difference between
the advancing. and receding contact angles between the air
bubbles and the conditioned mineral surfaces., In flotation
practice the conditioning is concerned with the advancing
contact angles, it was therefore considered more correct to
approach the boundaries from no pick-up. For this purpose
all tests wore performed by adding the mineral to a solution
whoZse pH was‘outside the cling region. Thus at each collector
concentration tested the pick-up curve was approached from
the acid and alkaline sides in different tests.

The test procedurec was as follows; 100 ml of the test
solution was made up in a standard flask at the desired
collector concentration and transferred to the petri dish.

The pH was then adjusted to the desired value with hydrochloric
acid or sodium hydroxide solution. A few drops of the ground
mineral were introduced and the solution stirred. With
practice the mineral could be made to .settle in the centre of

the dish when stirring ceased. After conditioning for five
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minutes a bubble about Jinches in diameter was pressed

onto the heap of mineral. When ten seconds had elapsed, (in
some tests a time of 30 seconds was used), the bubble was
raised and the holder tapped with the fqrefinger. The pH
was measured again after examining for pick up. After
modification of the pH the procedure was repeated.

The tests were all performed at room temperature
i.c. 189C to 21°C.  pH modifications were done with normal,
N/10 and N/100 solutions of acid and alkali and with care
serious alterations in the collector concentration could be
avoided. pH values were measured with a Pye pH meter.

The results cobtained were plotted in a graph in the
manner illustrated in graph 5. Although the tests are
dynamic the curves do not give a measure of the collector
concentrations‘which would be required in practice to
float the mineral in a flotation cell, when the limits of
flotation would be found to lie well within the range
indicated in the bubble pick-up tests.

b) Pick-up Tests in the Presence of BEmulsions

The bubble pick-up test method used in these cases
was éessentially the same as that used for the tests where
the‘collector was presented as a solution of a soluble salt.
One or two alterations were however introduced. The method
employed is outlined below.

The method of preparation and storage of mineral was

unaltered and is described in Section 2.4.5. The
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dodecylamine was dissolved in the oil before making the
emulsions. In each case a known weight of amine was added
to a small known volume of oil and the mixture was warmed

to above BOOC to ensure dis-solution of thc amine in the
oil. The cmulsions were prepared in the usual manner in

a beaker which had been filled to just underlthe brim

| with water of about pH 9. This alkaline pH was chosen
because at this point most of the amine was thought to be in
the oil. The emulsion was sufficiently stable that two

or three series of points could be taken from one emulsion
source, After being made the emulsion was allowed to stand
for some timc while the larger drops creamed to the surface.
Meanwhile the gquortz was tested for cleanliness in a petri
dish in pure water both before and &dfter the addition of modifiers.
If cling was obtained the mineral was considered to be dirty
and was discarded. If not the pH was then taken outside
the expected cling range.

A sample of emulsion was next transferred from the
beaker in sufficient quantity to give the required
concentration of amine. It was not possible to estimate
to within 50% of the strength used until after analysis of
the emulsion sample which was siphoned into a weighed separat-
ing funnel immediately after the addition of the test sample
to the petri dish.

In the third series of bubble pick-up tests the dod-
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ecylamine was added as the hydrochloride salt and the
emulsion was added separately. In these cases a blank
test was performed in the emulsion before addition of the
amine and if the mineral proved to be clean the amine was
then added and the tests performed in the usual manner,

Determination of Amine Concentrations in Bubble Pick-up Tests

The amine concentrations in bubble pick-up tests
performed in the presence of emulsions were calculated
from the oil concentrations of the test solutions and from
the partition co-efficient of the amine between the oil
and the water. Thus if the emulsion were made at pH 9.3
the ratio of the concentration of amine in o0il to that in
water would be 290:1 (see Section 2.B.7.). When the emﬁlsion
sample was taken for bubble pick-up testing some of the oil

had creamed and the total amine in the sample was:

v v
1 3
= x C + == xC
V2 1 V4 e
where Vl = Volume of emulsion sanmple

V2 = Total water used in make up of emulsion
V3 = Volume of oil in emulsion sample
V4 = Total o0il used in make up of emulsion

= Concerntration of amine in water

- Concentration of amine in oil
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Section 2.A.4. Beaker Cell Tests

To determine whether bubble pick-~up results were
valid unde; conditions of violent agitation a series of
tests was performed in a laboratory cell. The cell which
recommended itself, by reason of its ease of handling, the
small size of the sample which could be used, andvits clean-
liness was the beaker cell. This cell was designed and made
in the Mineral Dressing Department of the Royal School of Mines.
It is formed from an electrically driven laboratory stirrer,
which is modified by replacing the stirrer with an impeller
inside an impeller shaft fitted with baffles. The baffles
are of a size which will fit into a 400 ml beaker. The
beakers used with these cells must be carefully chosen.
because too great a variation in the clearance between the
baffles and the beaker walls might lead to variable results.
The cell is fitted with a variable speed drive so a lower
degfee of agitation can be usced for conditioning than is used
for flotation. The cell can be operated at velocities
varying befween 0 and 2000 rpm.
Material

Pfeliminary tests were performed with deslimed - 72 megh
silver sand but this proved difficult to float, probably.
owing to the inert condition of its surface, Pure crystal
quartz provided by Hilger and Watts was used in its place.

This was reduced to ~1 inch by hand crushing then handpicked
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to remove impure crystals, and reduced to -%6inch in a
bench jaw crusher, It was finally stage ground to -72 megh +
150 mesh in a porcelain pebble mill. It was stored under
deionised water containing hydrochloric acid to remove any
iron impuritics remaining after the crushing.
Method

For each test about 45g. of quartz were transferred in
a glass spoon to a 400 ml beaker, These samples were
leached in 2N HCl to remove any remaining impurifies. The
acid was removed by stirring and decantation with deionised
water. The pH was then adjusted to the required value.
The beakers used in the tests were graduated so that the
volume of liquid in the beaker could be adjusted without
drying the quartz. The emulsions, whether or not they contained
vamine, were made up at the same pH as the test solutions.
Samples of emulsion werc then added to the beakers and a
five minute conditioning period was given to each. One drop
of pine oil was then added and a further one minute condition-
ing period given. The air was then introduced and froth drawn
off for two minutes, or until barren. Fmulsion analysis was

done by the usual method.



—-51m

Section 2.A.5., The Measurement of Zeta-Potential

A. The Streaming Current Method

The method chosen for measurenent of the zeta potential
of quartz was the streaming current method.

4 large number of methods has been used for the
measurement of streaming potential and current. The
technique upon which the method used in this work was based
is that of Buchanan and Heymann(gg) who describe steeaming
potential and streaming current methods for the measurement
of the zeta potential of bardum sulphate crystals. Work

. . (28,29)
has also been published by Gaudin and Fuerstenau by
Li(gg), and by Bull and Gortner(5o) on quartz. By Rabinow
(51) (52)

and Heymann and by Stanley who neasured streaming

potentials on plugs of textile fibres, by O'Connor and

(53) (58%)

Buchanan of cassiterite; and by Edelberg and Hazel
of phosphor¢zs.

The development of the technigue employed in this
work was largely carried out by Bramley(E)° It was originally
intended to measure zeta potentials by the streaming potential
technique and for this purpose an apparatus was designed
which was based on that described by Lauffer and Gortner(55).
This design is shown in most textbooks of surface chemistry.
The electrodes were made of 52 BS mesh platinum gauze discé
1 cm in diameter and attached to bare platinum leads sealed

into the walls of the vessTe. The B.M.F. across the electrodes

was to be measured by a Marconi pH meter and the plug resistances
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by using'a d.c. voltage source and a sensitive Tinsley
galvonometer in series with the plug.
Preliminary tests showed that the electrodes were
subject to a large degree of polarization. Plating then
with a silver/silver chloride surface after the method of

(56) only partially prevented this. For

Jones and Hartman
the same reason the Marconi meter was replaced by a Crompton
potentiometer of the type used for therrocouple measurement.
Further work indicated the necessity for screening
all lcads and earthing the screening and glassware.
Polarization was reduced by having a 1 megohm resistance in
series with the Tinsley galvonometer when finding the null
point with the potentiometer. This resistance was gradually
reduced to zero as the null point was approached. Further
attempts were made to render the electrodes non-polarizable
and finally a method taken from Janz and Taniguchi(B?)
enabled production of a pair of electrodes differing in
potential by not more than 0.01 nV. It was found however
that thesc electrodes were poisoned by coal so the method was
abandoned in févour of streaming current methods, This
latter method was developed. -for coal and gave satisfactory

results, ‘it was therefore decided to use it for quartz also.

The streaming Curremt Method

In this method a relatively low rcsistance Tinsley
galvononeter is connected across the electrodes. When

liguid is streamed through the plug the curreat flowing
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can be measured directly. The effective streaming potential
can then be calculated, the résistances of the galvononmeter
and the plug being known,

Because the electrodes are shorted through the galvAnoneter
no polarization potential can build up, and all such effects
are minimized. Buchanan and Heymann(qg) and O'Connor(58)
found that bright platinum clectrodes could be used. These
are not normally polarized in solutions of normality below %66 .
If any polarization does oécur its cffect can be eliminated
by taking the streaming current as the difference in deflection
between the rest position whem streaming and the rest position
after strearing stops. With no flow a potential difference .

existed between the electrodes due to their irrevcrsibility.

The Streaming Current Apparatus

. is
The streaming current apparatus’ based on that of

Buchanan and Heynmann. It is shown in diagrammatic form in
figure 2. It is essentially a length of precision bore

glass tuﬁing of l.é crt diameter and two platinum electrodes.
The glass tubing is slightly constricted at the lower end to
provide a rigid sugzort on which the lower electrode rests.

The electrodcs concist of two bright platinum discs of

slightly less than _..2 cn diameter. Each electrode is drillec
with a large number of concentrically placed holes of Q.25 mm
diameter. A length of 1.5 mm diameter platinum rod is
attached to the centré of cach disc. The rod on the lower

electrode is connccted to a length of finec gmuge platinum
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wire which is sealed through thé glass and provides a lead

to the galvanoneter. The platinum rod attached to the upper
electrode is scaled into a narrow bore glass tube, with a
watertight scal. It is connected through this to the
galvanomecter., This electrode is not fixed to the cell and
is sufficiently robust to withstand the pressure to which it
is subjected when compressing the plug. The rubber bung
which scals the upper electrode into place does not cone

into contact with the elecctrolyte during ﬁest work.

The current was measured with a Tinsley galvanoneter
of resistance 136ohms and sensitivity 184 mm[/& A.

The resistance of the plug was measured with a wide
range 'Cintel' a/c bridge. The alternating. current used
was of approximately 1600 cycles per second, and 16 volts
are applied across the resistance to be neasured.

The streamning cell was connected by polyvinylchloride
tubing to a manometer aﬁd head tankf The water was driven
through the cell by hydrostatic pressure only.

Experimental Details

Cleaning. All glassware was cleaﬁed with a mixture of
concentrated nitric and sulphuric acids. If the apparatus

had been in contact with organic reagents the acid was applied
hot.i The acid was removed by copious wéshing with tap water,
followed by distilled water and followed finally by conﬁuctivity

water. The polyvinyl chloride tubing was initially cleaned with
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the acid cleaning nixture. This however proved to be
difficult to remove by washing so in later tests the tubing
was cleaned by repeated rinsing in distilled and conductivity
water.

Preparation of Solutions

A1l solutions were prepared with conductivity water and
Analar grade reagents in stoppered one litre flasks. The
pH was set, in most cases, about 24 hours before use. It
was adjusted with hydrochloric acid or sodium hydroxide
solution, It proved VCry difficult to set pH's in the
range 7 to 9. This was probably due td‘absorption of
carbon dioxide gas, These solutions were therefore given
a finai pH adjustment on the morning of use.

Preparation of Mineral

The quaftz used in these tests was prepared by the method
used in bubble pick-up tests. That is, by crushing and hand
picking followed by wet stage grinding in a porcelain pestle
and nmortar. qu fractions were taken, onc was accurately
sizecd to -72#+ 100#£BSS. = The other was cbout +36 3¢ - 104f .
(50)

Bull and Gortner studied the variation of zeta potential
with mineral size. Their curves show_that little variation
occurs ahove 160/¢-i.e. about 100 mesh. Many other workers
(e.g. Gaudin and Fuerstcnau(ag)) have used material of

-36 mesh + 65 mesh Tyler; however the sensitivity of the

galvanometer used in this work did not allow for the high



36

currents which would have been obtained with such coarse

naterial,

L

Cleaning of Mineral

The mineral was cleaned by allowing it to stand over-
night or fortwec or three days in cold concentrated
hydrochloric acid, It was then washed with copious quantities
of conduqtivity water and allowed to stand under conductivity
water until it was required for use. This method of cleaning
is not so extreme as that used by others working with quartz.
Thus Gaudin and Fucrstenau boiled their samples in concentrated
hydrochloric acid followed by copious washing, while Bull
and Gortner digested their material for 6 hours in aqua regia
followed by 40 decantations with distilled water and 10
with conductivity water. Théy then dried it on a Buchner
funnel and heated it in a muffle furnace at 800°C for 8 hours.
It was thought that the effect of sudh cleansing nethods on
the surface of the quartsz w&s too uncertain to allow for their
use., The effect of heating in a muffle has already been
shown in bubble pick-~up work to give a surface differing
greatly in behaviour from that obtained by digésting in strong
acid solutions, It was found in this work that the method of
preparation of the mineral had an important effect on the
value obtained for the zeta potential.

Water

A1l water used in these tests was of conductivity of about
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1.5 x lO-6 mho/cri. It was produced by double distillation,
the sccond distillation geing done in the presence of acidified
potassiun permanganate. In earlier tests some trcble
distilled water of about 1 x 10_6 nho/cn was used but since

the results obtained with the double distilled water were
identicnl this was ﬁo longer used. It was not found necessary
to exlude carbon dioxide gas from the water.

fxperimental Procedure

The apparatus was set up and the cell and all the
tubing filled with conductivity water. A layer of coarse

crarts was then washed into the cell onto the lower electrode,

-

followed by the nain bulk of the material, which was - 72 nmesh

+ 100 mesh. A layer of coarse material was then added above
this and the plug was compacted as tightly as possible by
tapping the walls of the cell and by pressure from the top
electrode, Care was takon to prevent air from becoming
entrained in the plug or under the electrbdes. The cell was
then connected to the conductivity bridge and conductivity
water streamed through until the resistance of the plug was
steady and in excess of 5 nmegohns. The water in the head

© tank was then replaced by the first test soluti&nAwhich was
run through until the resistance was constant. The Cintel
bridge was then disconnected and the cell leads shorted to
renove any residual E.M.F. The cell was then connected

to the galvonometer and a reading taken after streaning for
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one minute. A further reading was then taken after five
minutes of alternate streaming and standing. If this

was the same as the first reading the plug was aésumed

to have reached equilibrium. The resistance was ggain
tested and the solution in the head tank was replaced by

a second solution and the process repeated. | Measurements
were in almost all cases completed in under one half hour
so that the conditions were similar to those obtaining in
conditioning for flotation. A new pluz was used for each
series of tests, that is for each curve.

The greatest possible care was taken in all tests to
ensure that no grease came into contact with any part of
the apparatus. No taps were greased and the head tank
was kept covered while experiments were in progress. It
was not possible to keep the temperature constant during
the tests; it was therefore taken at each reading of the
current and the formnla altered to compensate for temperature
variations.

When a complete series of solutions had becn tested
the cell constant of the plug was determined. A %5 normal
solution of KC1l was passed through and the resistance and

temperature recorded when a steady resistance was attained.
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Section 2 A, 5.

B. The Flectropheresis Method.
The method chcesen For ieasuring the zeta potentials
of the o0il droplets was electrophoxesis.

The Apparaius.

1

The princinal detzils‘of the degign of the electro-
phoresis cell are the same as that emploved by Schenkel
(59). It is shown in fig. 3. The cell is formed from a
stangard vore 1 mm czpillary itube of 8% cm in lep th
At each end the tube ig increased in area to house the
electrodes 0 0., The tube itseglf is cufvsd verticelly
and at the apex of the curve the glass wall has been ground
down so asg to just expose the coapillary. A flat cover
slide M is fitted over the exposed capillary with aralditej
an adhesive insoluble in all the liquids‘used in the tests:
The tube ie fitted with glass side arms to give it strength
and a bace for suprort on the microscope Std”e. The elec~—
trodes of sheet olqulnum are wound into ihe form of two
cylinders, the axes of which lie on the axis of the

capillary tube. The leads from the electrodes ave taken

o

out through ths walle of the glass tube., Liguid is Ted
into the tube from a reserveirl N and both sntry and exit
are provided with stopcocks.

The cell is mounted horizontally on the stage of
Beck mioroscope; ‘The light scurce is a mgrcury vapour

)

lamp., Copper sulphate solution in an optical cell renders
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the llght source monochromatic and acts as a heat absorb-

ing filter. The image from the microscope is vrojected

onto the ground glass screen of an MPP camera at doubls

gextension, The microscope eyepiece iz fitted with a

graticule divided into 100 divisiong., This wag calibrated

using @ stage micrometer.

The potential gradient anplisd to the cell is supplied

Lo

by a Yicter dry cell giving voltages of between 12 and 120

volts;

ggggrimenﬁgl Details:
. r

The ermlsions tested were made in a one litre beakex

in the usual manner, The water used was douple distilled

6 mho/cm, The pH of the

——

watsr of conductivity 2.5 x 10~
liquid was set roughly befors making the emulsion, Durin~
the making of the emulsion sufficient carbon dioxide/gas
vag introduced from the alr to reduce the pH value. It
was, therefore, necessary to set its pH accurately about
25 minutes after preparation. It wag difficult to obtain
an exact measure of pH becauge the prssence of oil in the
1in1id to some extent upset the behaviour of the pH meter.
Tf, however, this was frequently calibrated with buflfer
solutions it was possible to measure pH!'s to within

0.15 unito. After the emulsion had been given about half

an hou™ to Decome stabilized 2.portion of the liquid was

poured off into & 100 ml, measuring cylinter from which

it was added to the reservoir in the electrophoresis tubs



—dle

asvrequired; Any reguired modifiers were added in the
meacsuring cylindexr. |

The vertlcal travel of the microscone was onerated by
a control knos fitted with a micrometer gouge. IT this
was set at zero vhen the microscope was focussed on the
underside of the coverglass, readings could be tumen at

in the vertical »nlone of the tube.

S
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Before taking any readiﬁgs of the mobilities of the oil
droplets in the emulsion it wag necesstyy to locater the
centre of the cap11lary as qccu*utely_as poszible. This
was done by focussing the microscope on the bottom of the

capillery and mov11g the stage in a horizontal direction

until that point was found 2t which the focus was furthest

from the zero level of the micrometer. Because the tube

was curved in a vertieal ”1rfct on it was also necessary to

find the apex of the oend. At any other level the travel
of the microscope would not be perpeﬁ&icul&r to the axis
of the tube. A stopwatch, reading to 0.1 sec. was used to
obtain the mean rate of passage of a number of the droplets
moving in focus along the superimpossd graduated scale of
the eyepiece greticule.

Readings were taken at 13 horizontal levels in the
capillary tube end curves were plotted in ea h test of
velocity of droélet movement ngoinst levels At each

level the reading plotted was the average of a number of

=4

5lets in focus ot thot level. It was found that whan

[al]

ro
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the potential gradient across the tube wos zero-there wos
a drift of-particlés towards the éffluent egnd of'the tube,
although the sfopcobk a2t the feed end was in the closed
position. This drift was in the same direction throughout
“the tube o d e s aot altered 1f the pOuentlal was applied
for some tlme aad Lhen removea. iae speed of drift was .
usually s¢o ‘er. at the gdges of the tube than in the cehtre;
When mcusuremcnts were made ot any given applied voltage
and vere then repeated with theVVOltage applied in fhe
feverse direction it was found that the daifference between
the rendings obtainsd was aocounfe&.fof ¥ the drift:at-
zero potential, It was evident thot. the drift 4id not
‘affect the m?gnluudc of the aroolct mobllity and was not
an electrical effect. It was probably-a thermal or |
‘specilfic gravity effect. »

In preliminary tests readings were taken in the same
direction 28 the arift, then réadings of the drift.were
téken, folloved by readings‘with a reversed potential fileld
It was'found,_hoﬁever, that movement in the opposite

direction to at of the drift rcou1 g¢d some time to settle
dovn to an equilibrium ve1001ty.y Since the oil had a low
specific gravity creaming took‘place and frequent changes
of emulsion were neéessary. Changing of the emulsion was
not desirable, partiéularly in the Qresénce of amine, so-
to reduce the time taken to'méasure a complete sexries of

mobilitiés, rTendings were takeén in only ome direction and
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vere corrected for the value of the arift.

Tests in the Presence of Amine:

Tn theee tests the amine was dissolved in the oll
belore emulsification, This wos necesgsary to avold the
use of & soluble mniﬁe salt, which/?ould hove produced 2
vorinable not present in previous tests.

The presgence of dodceylamine introduced difficulties

absent in other elsctrcphoresis tests, Its low specific

gravity ccused the oil to creom at on appreclable rate,

)

even after a long stabilization period. This meant that
although the ratio of amine dissclved in oil to cmine
dissolved in water remoined constant throughout thé whole
volume, the creaming produced 1ocalvvariatiﬁns in this
ratio. It vas, therefore, necessary to transier the
emilsion somples from the beaker to the electrophoresis
tube 2s ropidly aos posgsible., A sample was taken fox onaly-
sis of emulsion strength os soon as poséible after the
placing of a2 sample for electrophoresis in a measuring
cylinder., The sample token Tor ananlysis could only be
accepted‘ms en approximate measure of the sample eventually
studied in the electrophoresis tubs.

A gecond source of difficulty occurred in the mobility
measurements. It oroved impossible to obtain reproducible
results becauée consecutive samples of emulsion from the
reecrvoir had differcnt mobilities. A posgsible reason

for this phenomenon was the cresming of the emulsion both
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in the reservolr ~nd in the tube: The Tormer leads to
varying amine strengthlthroughout the reservgir and
consequently in succesgsive samples. The laﬁter gives

rise to o layer of creamed oll on the upper surface of

the .tubce. This alters the oil to water ratio of all
subseouent sampnles ond becrause 1t glves rise to differing
charges on the glass, couses local varictions in the
¢lcctro osmotic movement of the wnter. These difficulties

g

could be avoided by toking meosuremsents only from the first

"

trophoresis tuns,

[
[}
(@]

gomnle run into the e
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Section 2 A, 6

Radiotracer Measurements.

A, Measuring Avooratus.

Nmasuremeﬁts of amine conceatfatioms were carriéd out
in an FKCO Scintillation counter type_NSlE'using'ah EKCO
automatic sealer type N530E. |

The counter is o special purpose scintillation
counter for assaying low energy beta particles with high
effibiency and convenience of ovsration. In their tech-.
nical instruction bulletin (60,61) EKCO dcscribe the
méchine as follows:

"Phe counter éomprises a specially chosen fourtcen
stoge photo-multiplier tube which, togéther with a2 novel
source coupling unit, is contained in 2 lead shield fitted
with a spring counter-balanced 1id. -

"The shieldcd counter assembly is mounted in a steel
case ﬁbich.also contains a five valve wide band linear
amplifier.

| "The sdurce coupling unit is an aluminium alloy cast-
ing fitfed with a Pyrex glass window in 1ts lower'faoe.
Immediately abdve the window is n light proo?f shuttér and
above‘this a tyéy to holdAthe‘special Pyrex glass shmple
helder. |

ﬁA light'proof lid oQVeré‘the'sample holder and
interlocks with'the‘shutter to prevent extroneous light'

from reaching the photo multiplycr tubs. To improve the
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light ccllecting efficicney, Liquid coupling medium is
used between the sample holder and the window,.

jan}

"he princinle of operation is ng follows: The
energy of the beta particles emittcsd by the teét sample
is converted to light energy by liquid phosphor, The
resulting light photons impinge upon the cathede of the
shoto multiplyer tube and relonsse photo-clectrons which
are thén,accslerated towards the first dynode. Eoch dynode
emits some thrsee or four sccondary clectrons for each
primary electron reaching it; This results in on overall
gnin of about one hundred million betneen the photo~cathode
énd\the collector, lThe signal at the collesctor is then
omplified stiil further, by the built in lincar cmplifier,
to o level sufficlent to oberate =ny conventional scaler
or rate metsr recquiring = positiﬁe going input signal of
five volts minimum.

The scaler is an EKCO automatic scaler typs NH350E.
It is 2 combined six decade scaler and Timer. It moy be
used to time a‘pre~deterLined count, to count a »re-
determined time, br as a manually operated scaler. The
instrument moy ve set to 2 wide variety of counting and
timing ranges, vorying from‘lOO to 1,000,000 counts and
from 100 to 100,000 scconds. It can be worked with gither
2 110 to 120 volts or 200 to 250 volt A,C, supply et 50
or 60 ¢/s. The meine consumption is 130 watts. The

scaling and timing cirecuits ore stoble to mains volinge
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fluctuations of up to - lOp, hovever the timing circuit
is directly depend:nt oir the mains frequency 2nd necds to
be checkcd frequcently.

Counting Statistics.

In scintillatidn counting devices the counting of the
somple must be done in theé presence of o background count
the size of which is characteristic of the counter and its
environment. The background count is cnused by o variety
ol sources including cosmic roys, zadloacctive decay in the
phosphorous dye, rndionctive impunitics inlthe lead shield
and other sources of stroy radintion, The radiocactive dis~

integrotion of the sample itself is & rondom process, and

)

gven in the measurement of = sample of constant nctivity
the number of disintegrations observed in successive short
periods of fixed duration will not rem2in constant, there-
Tore the counting tests must be so designed that the
statistical fluctuations of both somble and background ore
made negligible in comparison with other exverimental OTTOLS.
he St”LlSthS of rodionctive counting hos bcen dis-
cussed by G;B Cock ond J.F. Duncan (62) zné by R, Locvinger

ol

and Moncs Bernan (63).

"

In ony radioncetive sample the number of atoms which

disintegrate is very smnll comparcéd with the total number

v

of ntoms. Therafore in the stotistical sense radiocctive

disintegrations are rare cvents and their frequcney may be

described by o Polsson distwibution. In these gtudies it
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must be a2ssumed that the true physical fisintegration rotes
are constant whilc counts are being taken =2aé that the
overall efficicncics of the counter oné ite ux11iury re~
main conmstant. It will nlso be nssumed thot all counts
number nt leagt 10. In this cose the Poisson distributions
fakric! approximntély normal and the theory of the prop( gotion
of crrors for normal DOQULCClOFS moy be as sumed.

In the study of the normal distributioa the trus
overage volue of the counting rate mny bo taken as that
obtained by counting for cn infinite time. The stondard
deviation ¢ is an cstimnte of the chance of any one
observation of the caounting rate being within o given srror
from the mean volue. The standard deviation is defined as
the sqguare root of the arithmetic meon of 211 the devictlo-
ns from the average value. TFhus if 4. is the difference
between the avernge count, ¥, and onc »orticular count, Xj,
of n determinntions of the sample then:

2 ' 1 n 2 ' ~ -
a :;{ZA'L :;Z(Jc»x)l
! ¥

By statistical theory therc is a 2.15 to 1 chance
that the wesult will diffcy from the truec value by les
thaon the standerd error, and a cnc in twenty chance that
the devintion will be grenter than tvice the stondard error

In the case of the normel distribution the standard

—

deviotion is the sguare root of the totel number of counts

ilecs O = vfﬁi wheie N; is the total number of counts.

In the determination of the strength of solutions
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containing a rodionctive snlt the important foctor, for
measﬁrement, is the counting rate B, , vhere Ry = NaTi it
T{ is the time taken to wescord N; counts. There is 2ssoc-
lated with the counting rate n stonizrd OCV¢rt on defined

by the following equation

S £ J. T

An estimete of the per cent. stondard deviation ox
the per cent. error mny be obtaincd from the co-efficient
of variation V, wherc V. is defined as lOOa'i/Ri.

Much of tho cnqulrj into counting statistics has bsen
concerned with sam.les of low =ctivity sece Losvinger (63)
né Heigh (64). In these cases the radicnctive disinte-
gration of the sample occurs adt a rate eqﬁal to or a littlé
apove ‘the bﬂokgro* nd counting rate. In such circumstances
it is importent that the background count should be as Llow
as possible and should remain constant from day to day.

Hence, in these cases, study hos been directed torards
finding the minimum time for 2 soample count which will _
eliminate all statistical sample ond background fluctun-
tions., 1In this vesearch the radioactive isotape Cl4 was
uscd and the disintegration rate of the sample was

g

sufficiently high for the fluctuatlions of ths backsgr ound

Guring semple counting, to be ignored. Loevinger stotes
that "Fhe counting of samples for which T i.e. (somple
rotefvockground rate) » 10 can be considered "high level

in the sense that the background is so small thet it does
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not contribute aunrc01 bly to the uvneccrtainty in the

cstimats of <the sample strcongth, providcd that the back-

o
[\

ground count nccts ULD oondltlon of &g u”tlon 27,1
N2 N/ (o 23 r° - ¢.46 T+ 1.43)
where Ny is the value of sgnule count ond Nb is the

value of ithe background count.

It wes founa thot the background count varisd to g
lerge degree from Gay %o day and it was necessary to doter-
mine the valuc daily. Thereforc it as only neccssary to
evaiuate the mianimum counting time neccscsory to give both
background 2nd somple counting rates to o given degree of
accuracy. This cen be done by using the formula for Vy ,
wherec Ry can be ovtained a2pproximately while couatlnb is

being performed, rom the formula o can be Getcrmined

and hence Ni and Ti'

vV, = 100 ¢ 1
Ry
. 2
and Ri - I; . @

The.mcthqd of‘fiﬁding the optimum operating conditions
of the counter is doseribed by Loevinzger (63), Hoigh (64)
and the relevant EXCO publication (60).

The sensitivity of a scintilintion cdunter may be
defined as Rs/s 3 e vhere Rg is the counting ratc due
to the sam@lo_s Rp moy be taken to represcnt the back-

ground count.
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Logvinger gives o formula Tor the minimum time Trin
nceded to determine Ry te a r.sum. error of Vy%.

Tmin

11

2 A .
iﬂlfgg/ Ry (vF~1)°

where v gz Rt/Rb is o measure of the signal to noise

Rg+ Ry,

ratio of the counter and By
The merit of & counter is dctermined by the following

il

factors.

1) The sensitivity e nnd.

2) The guantity oZ/Ry.

he counter having the largest ¢ and eE/Rg is alvays
susncrior,

For strong samples with Rgﬁka the. porformance is
characteriscd almost cntively by ¢. For wenk smmples with
RS and Rb of the some order ez/Rb is the dominant factor
and signal/noisa ratio decldes the lcast measurable sample-
activity. Thus‘for o particular counticr the best operating
conditions at all samplc strengths are thosc giving a

. o . 2
maximim value of ¢ /Rb. In proctice one cnn use Rg /?b
where Rs is the counting rats due to n standard samél@ of
any convonignt strcngth, |

The optimum conditions for counting ~re those whers

the combination of amplificr gain, pulsc discriminating

)

X

voltage Bd and dynode chaln potential Em give 2 maximunm

. ~ -

< . . . - .
value of Ry /Rb. This polut is found by using & stendard
preparation of the lsotope concerned, in this casc Ci4,

yvielding a rapid counting rate. Values are mensured of
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R (Ed) end Ry f(Ed) at various vulucs of Em ond at
,various values of‘zhg_ampllfler gain, chcc it is possmle
to obtain curves of R }f(Ed) and hcnce B /Rﬁj

In.ﬁany.oases the maxim> of the Rg /Rb curves are not
shﬂrply dezlned and uhcre are & number of conditions
provldlng a value of R /Rb nsar tho grontcst v(luc
obtﬂlnnole._'

It is ncccssary to 1nsnect the ch{r‘ctcrlstlcs of tbc:
counter at the points of max 1mum,R /R to ~scertain that |
-they are suitably stablec with regord to the applied.vdltages!

The sénéitivity of the instrumcnt tends to changc MOFE
rgpidlh’with dynode voltage thén with gmpllflgr gain O?A5‘
pulsevdiscrimination level, if.is_advisablevthcrefpre to":
choose thét point which yiclds the most stable R ZIR
maximum: 'Iﬂ'cases'whgfe the somplc 1s conq1qor“oly strong—'
T thén.the background it is ndvisable to take “the most;
stﬁole mao 51mum rfthbr thﬂn the highest onég,

The counter vins tested as déscribod above with Tadio—
‘active ctc rlc acid soluﬁions: Curves were drawn up whlch
‘indicatcd th 2t saltmblc m:xlmg appc red a2t

1);Gain_lovo. Bias 57.'H;gh‘voltag@. i350v.‘

'11) Gain 500. Bins 57, High voltage. 1400V.
iii) Gain 250" Bins 1ov nga voltege. 1625v.

The three values wWore testea nt lo FGT tcaric‘acid

concentration and the most stéble'was found to be (iii).

A curve is drawn in graph 3. showing the character-
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isfics of the counter in the region of thé choscn
conditions. The curves dra wn up for the countor bCh&VlOU“
over”%he whole range of bestlng have not been given since
it was found that the ba ckground variations from day to

day led to large fluctuztions in the value of Rs /Rb.

B. The Analysis of Rodioactive Amine Solutions.,

-

The amine was ;resent in these tests in.fwo forms.
These wére.a) dissolved in oil and b) dissolved in water.
The solutlono in oll were measured Q“TCOtlJ alter addition
of the LluorCSObﬂt dye. A sample of about 0.5 ml of the
radioactive oil was run into a Pyrcy sa mplc holdcr. To thlc
was added‘5 ml of sulphur free tolucne and 25 ml of the dye

The amine was extracted from équeous‘soiutian by the
followiﬁg procedure;‘ The‘solution was made strongly
alkaline with a fow millilitres of SNormel sodium hydromido
It was then extractcd by shaking>in'a separating fuﬁﬁel
Fith 4 successive lots of about 5 ml each of chloroform
The ch*01010rm wWas run Girectly 1nuo 2 pyrex sample holdex
and veé carefully evaporqtea to dryness. 5 ml df sulphu»
Tree toluene wore then ndded, followed by 25 cc of the
-'phOSDhOT Gy G. |
Thc solutlon of ﬁJG ‘phogphor dve vas made by dis-

solving in one 11be of’ sulphor freec tolucn’ n mixture of

4g. of the dye DPO and o 1§30f thc dye POPOP.
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Theee scluticons couléd be counted directly.
The radioactive aming was synthssised by Dr, A.R,
Burkin of the Royal School of Mincs

C. The Pa rtltlon Co~cff101vnt of Doaucyl mineg Betwb€n'0il
21106 WateT. , -

A portion of 2bout 0.002g of radioactive dodceylamine
hydrochloride was acourztecly weighed into a suitable con= .
taincr. A knoun volume of purc uuter, about 25 ml, was

then’add=a and the container was wermsé to above 30% to

LHSUTC comblctc dl 6 11tion of the dodocyls mine‘hydrocblov~

ide. .A'portlop of ﬂbout 5 ml was then “courﬁtcly plpcbtcd
into a 100 ml seporating funncl containing 50 ml of double
distilled water at the required pH. The water vas made

-4 )

1077 normal with rCSDuCt to sodium perchlorate, A4 LClghCQ

- amount of oil, about O.Sg,»ﬂas then nddcd nnd the mixturo

shakcen,: The ﬂcpurutlnﬁ funnel THS then “llO\CQ to stand
bvernight~to comé 1o cuulllbrlum. The follow 1ng mornlag
the water vas cqwcfulig run out of the funnel into a clcun
peaker and o 25 ml portion was pilpetted into a separating
funnel for the»extraction of the smine, A small portion of

0il.uos pipetted into a sample holder ag is described above



Section 2 B 1.

e : - ;

1. Crea ming. Rete of . Emu151ons.

a) In sbsence of Amine

A test was performed to detormine the rate at which
an average emulsion.creamed. An emulsidn was prépared‘in
2 two gallon bucket and samples wore taken from it at
various time intervals, ALl samples were takeh from the
same lovel in the(bucket. ‘Anélysis of the samples :yiclded

~the following resultss -

TLBLE 1,
Time after making mmﬁi51oﬁ: Cunccntratloq of Emu181on;
16 mins. O 0.916 &/1 “
31 mins. D 0.41 &/l
67 miné;' a ' 0.18 »g/i-
125 mins: - - C0.045 &/1

Thesc ¢esults h“Vu boon plotbed on a curve in Graph 4o
The hlPh cruamlng rutc of the cmulslon couplcd w1th
the low specific gra v1ty'of the o0il sug ﬂcstud that the 011

croamcd by sedimentations

b) Creaming Rate of Emulsion in Presence of Amine.

& test was performed to dotermine what, if 5ny5 was
the ¢ffect of dissolved amine on the creeming rete of the
grmulsion, Foﬁr samples of emulsion were prepa rcd cach
contaihing thelsamelpxoportion of'dedecylamine to oil{ oﬁe
cnmulsion was mﬁde at cach of-the following PH v“lués4 pHZ

PHS5, pH? ané pH9. By v1sunl cxamlnatlon it vias 1dund that
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the amine had & stabiliéing effect on the smulsions at all
valﬁes of pH, the offect'being small in'acid solution and
large in alkaline solufiqn. In all cases o fefinife~;
gradation of stréngth from top to boitom of.thq emu131qﬁ
could be.seeﬁ, This cbnfirmed thatkcreaming wog controlled

by sedimentation.
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Section ZB 2. o :

Photo microgréphic,Measurements'offEmulsions.

It was found that due‘to thchreaming of the ‘cil the
size distribution of the’drbplets variéd Qonsiderably
during'any tesf: No photograph could thereforc be rep-
vosontative of the test during which it was taken. The
photograph given with this secotlon gives SOmG idea of the
distribution of the dioplefs; after aboﬁt lbvminutes

-

creaming., The scale is about X180.






}58-»

Section 2 B. 3.

Buoblu PlOP—up Tcsts.

a) ClC”nlnb Mcthoqs for Bubble Plck—up Tcsts.'

Before procccdlng with the main test nor&s an
examantlon‘naslmade of ghe prlac;pal methqas employed
in cleaning ﬁinerélé fbr bubble‘pick-up teété: atches
of mlnerﬂl preparcd by cach of varlous methods vere
tested nt lOmg/l concentra tlons of QDQele amine in'the
prcscnoc of sodlum pcrchlorutc in su flClcpt qunntvty to
glve a tothl ionic strcngth of l/12 5 Norm“l at neutr l

pH.' The flV€ prlﬂolplc ‘methods ex"mlnca Were as follovs:;-

-

a) Ignltlng in mufflc furnaco for + hr. at 800 c.

D) Stﬂn&lﬂg ovcrnlght in ZN HCl ‘
c) Ignltlng in mufflc furnace at 800 ¢ followed by an
acid wiash. |
d) Standing ovcrnlgnt in N/lO NaOH. )
¢) Igniting in furnacc at 800% followed by alkali uash.
A1l samples hmd been previously ground and sized in
-‘deioniéed watcr: _
Thc results verc as folTDHS'—

Methodsvd) and e) provud unusqble, 1t being impossible

 in either c%se‘to obtaln a blank in double ﬂlstlilcd wqtcr.
‘It ﬁlso provcad dlfflcult to Obt“ln a pcrfcct blmﬂk xlth
material which had boen 1gn1tbd, p“Itlcul“le vhen thls
had becn followea by an acid wash, The most satlsfaptory

-

method proved to be b)e Upon comparing the results shown
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by the ﬁesté, materiél prepmfe&‘by mpthod b)'wés found ﬁo
“behave similarly to material prcparéd by‘mefhod'c) although
it was morc difficult to obtain a'bléﬁk in the latter casé:
An allowance'ras mtde in the tcst perfofned on mﬁterial
preparcd by method c) for the one or tvo Dﬂxtlclbq which

red veakly to the bubblc in the blank tbot:

The meurlfl clcnncd by muuhod a) gave the ¢0110W1pg

rosults. Those obta ined by the acid cleancd matorial aro

given for comp?vlson.

| T/BLE 2. |
Cléaning Method. Lower Crlthcl pHa Boundary between
. ) . A . Fick=up and - -
v . ; Ullngc— s
a) _afterlz hours  below 1.3 | | 1.3
a) after 24 hours 1.8 ... 2.1
b) and ¢) o 3.8 | 4.8

At high‘pH velucs no significant differences were
obscrvud betieen tho v‘rlous methods.

B) Bubblc Pick-up Toots.

1, System Quortz-dodccylomine Hydrochlorida.

- Although flotability curves have been obtained by
other vorksrs investigating the quertz-dodecylamine svstem'
it wos considcred pocoss“ry for tvo rcnsons to repcnt the
work to a bl”h -cgvcc of accuracy. These_are:- (1) T
find whether the test method cmploycd would give trust- .
vorthy rcsults i.e. whethor any pérsonal GIrors wWere

be ing introduced. (2) Because an accurate curve for the
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system was esséntial for comparison with curves which were
obtaiﬂed in other tests when the 2mine was prescnt in an .
emuiSion; ’ | _

The quartz used in the tcst had bccn clea ned by
standlnb overnight in 2N HOL solutlon. Tests were only
performaé on material ”hloh had given n perfeot‘blank in
the abscnce of oolWebtor' |

In ordcr to exoming o thcory aav nocd by Robinson
SULEG stlpg that ﬂnomclou rcc*ultc nlﬂht be obt“iped nt
neutral pH if Lh& total ionic contcnt of . uhe solution was
too low soulgm porchlorate was‘aqded in-ecch test in
sufficient quéntity to make the totnl ionic content 1/12.5
Normal, A oe:ﬁain amount of difficulty vas experienced'in*
msasuring pH valucs at “bout pH 11, but this was overoomeby‘
buffering the pH mctcr nt 11.4 Wlth a mixture of solutions
" of sodium hydroxide and sodlum hyorogen pLosph te, For
actﬁlls of thcse solutions see,Brltton (65).

The flOt“Dlllty curve, which was determined to an

ﬂcouxﬂcv of OOUb 0,2 of o pPH unit is glvun in 5r°ph 5

2, Bubble Pick-up Tcsts in 2n Emu151on.

System - quortz-dodccylomine in oil.
To compare the flotation charccteristics of the quartz-
dodecylamine system, when the amine isg prescnt as a

gissolved salt, with the same system vhen the amine is
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presentAin an emuléified'oil, pick-up te;ts ﬁere‘pcfformed
on both'systems; | |

Bofore procecding with the test series an ianitial
test was. perfovmed wi*" an emuls ion 1ormed from an, 011
hlch contclﬂcd no'"dacq dOQGCVl°mlnC. This was donc to
aetermlne Whonher or not a blank could be Obt“lnﬂd with
quertz in thé preégncé'of oll., The test was.performea
vith difforent samples of quertz.at various pH vaiueé,
using oil‘to'which iﬁ'sdme éases dyg-hmd'been added, in
others ﬁot. Emulsion concentfations varying between one
and onc hundred per cent. were testcd, In all Cases'
'chept that ol extremely;stfcng emulsions a perfect blank
ooﬁld beuobtainod._'ln these latisr slight cling was
observed ’ |

TLC ouoblu plek-up cuxve obtalnud with the amine dded_

ns a GOTULlOn in an crmulsificd ull ig given in ﬂrﬂbh 6

ystem qucrtz~QOOCCVlom1nc hyarooalorlac - 0il.

A furibicr tost pfals purxowmca, in .the prcscnce of an

”omulsiOn, with thﬁiamlne added as @ hydrochlorldc uo'fu'blon.
Thig test was performod.because cortain workers had noticed
that aminc is‘sometimesklost from solution during tosf vork
partidularly-whén the solutionfcomes;into contact with
metal. This might occur in the spray gun, This test was
theroforé.designéd as = check on the provious series l

perfdrmCG vith the amine 4i solvbd in ths oil. The

results are}giveﬁtiﬁ-gfaph Te Tae cu;vc for dccccyl miné’
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hydrochloride in the ~bsencc of smulsion is given for

compzrison,

—— -

e Eguilibrium Tests,

A test vas porforméd to determine the time roquiraed

“

for the bubblc pick—up test‘system to reach equilibrium
after o pH chenge had been mnde. The solution was sot at
& pH outsidc the cling region and in the,alkaling TangeG,
the pH was then graduélly reduccd until cling was obtained
After each‘reagont ad@ition the bubble‘was'pressed onto
the quartz ot half—minute’intervéls for a further nine

minutes. Aftcr cling had beon obtained the PH was again

adjusted to bringit outside the cling region. In cach

e

casc equilibrium wes obtained in Less than one half minutc.

4 Contamination Test.

’ To‘detorminc fhefiengthfof time duiing which o mineral
samplg would remain uncdntaminated’the following test was
performedy © A sblution,>thc smulsion addition which hnd
bsen insufficiént to cause oliﬁg; wa; left stending over-
night with'ho‘covéi. ~A'perfect;blankﬂcoul& still be

obtaincd the following morning.l
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Scction B. 4.

Thc BCﬁ“cr Ccll TbStS.

L DTC1lle?TJ tcst vas purforde ot ph S. 50 ml., of
concenirated emulsion VGTe aqded to 250 ml. of water cone-
‘taiﬁihg ou@rtz. ‘No dodecylamine vas Drcspnt The tcst
shovcd uqr* 2. 3% of. the mlﬂqul coulq Float ﬂltmout nny
Amine. "M ﬁ o .‘ 'jg

‘ﬁ. Varin tlon of FWotL01llty with COHCCHtI“thﬂ of Collcotor‘

Two serics of tcsts were pcrlo"ﬂcd, one at ph ?nd
tﬁé other at pH 7 to show the relationship between flota-
bility ~né amine ooﬁcontrntion. Thc test ot pH 9 was
divided 1nto two pﬂrto, the proportion of amine to oil
differing infeach case. It waS'intended t0, shovw Whether of
npt this,propértion was an important factor in the flota-
~tion method; |

The results of trose tosts ore glven below. It should
be noted that the dmins Qonodntrations arc nof exabt and
are licble to an crror of up tb_lo%. This is'beéause not
ﬁll thc oll was used in mcklnb thﬁaemulsions. i cértain
volume roemninad 1n;uhe Zan. TbJs volume wes not measured
:bﬁt hasg beén éstimﬁfed‘nnd ﬁlloweanfor in the caloulatiqn
vof the amine coqocntr(tlons.v Taﬂsc conccnt“”tlons Wwere
crlcul“icd us1n@ the fwbuvc for the partition co~offlclent

of aminc between oil nnd waper given in Sectlon & 7.
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with tests 54 to 63

'.. T;BI&L_j
TEST 1, A: Copcert:ct;op of Amla;'ln OWlﬂ’Bcfo e cmulsi-
. ‘ fication 1.4 g/l. Emulsion mode up at about
pH_9:3 Flo(ts Our7OImuQ at pH 9.
Float, Yg;:gf | Conc.of Totnl Vol; Aming %
“No. emu.Lslon cmulsion of Tiquid. VConc. Fleat
- :gggg,- *“ndcc.~ R L T
1 100 ml 2,11 g/1 290,@1 1}7mg/1 89,6
2 20 ml 0.84.3/1: 261 ml ~»df28mg/l 30;'
3 8ml 0.47 &/l 298 m o. lOmg/l 10.8
4 1.2 ml 0.47‘g/l 290 mL 0 ausmg/l 7.
TLBLE -/ ﬂ:
g@Eﬂ;;g;ji; Coqocntrﬁtlcn of “mlne in 011 bofore emulsi- ,:
- IWCﬁtlod. .392 g/l Emulsion mede up at about
pH 9.3, lo ts porformed ﬁt ﬁ? 9."
Float .Vol.of ‘CODC.OL . Total,Vol. Amine 4
~ No. . Lmuis¥on  Imulsion v Conc. Float
: :ggcd. added. : R
5 100 ml i;oé g/l 282 ml 6:43 mg /1 76;6
6 20 ml 6;8 g/l 281 ml '6b81 mg/l  65.7
7 8 mu 6;34 gfl. 281 ml 0258 nz /1 23.4
;8 “1;2 wi 30455 g/l "28?jm1 o-0558 me/1 38,9

Together
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TLBLE 5,

T“SI 2. COHCCQtTuthn of amine in oil beforc emulsification.
- 0. 69/8/1. bmHTSlon made up at pH 7. Floats

~

perfdrmed at.pH Te

Plont  Vol.of Conc.of Total imine A Float
No. emulsion omulsgion  Vol. - bonc. SRR
9 150 ml %55 g/l 283 ml &7 md1_8&4'

1o 100 m1 - 160 g/1 282 ml 1.7 mg/l 57T
11 50 ml 1Wl2 g/l 282 ml  0.95mg/l %9.0°
12 25 mL  0+68 g/l 256 mL 0.5Img/1 154
13 10 ml 059 g/1 222 ml 0. 18mg/1 152
14 200 ml 0:52 g/l 283 mlL 3 gOmu L 794
1 100 mL F0A8 g/l 284 ml Smg /1 go:O‘

1 100 ml  1x83 gfn 263 ml 1:80mg/1 620

1 76 mL 117 g/l %0% ml 1.10m5/1 648

1 40 ml 1502 g/i 273 ml O;70mg 1 54e2

19 20 ml 0:8% g/l 245 ml oOs 2mb/1 5342

20 " Zml  0.46 g/l 250 ml1 0.0bmg/l  “h.92
'B. Conditioning Tcsts.

ié ﬁas'ori&inéllv thought‘that the beaker ccll tesfs
would blV'~ full 1n10rmhu10n concerning -the "cling" region -
of the oubble~p;ok—up cuTve w1th_the aming present in.an
¢mulsion. For this purposc curves similaz to thosc drawn
ot pdI 7 ond pH 9 weTe to have been‘dbne,at other pH v“lucu.’
'Howevef, sincc the ;bQVC‘curvos showed that vory little
uflptation’oould be éxpéctod within this cling 1cg101 it
“was decided to ~bandon this mctaod ﬂnd nlot onG curve of
flotabiliﬁy»against pH.af'a given 2ming conCuatrathn..
_However, to obtain'ﬁho énmechncentration of aming in a
numbcr of bonkcrs it would be nLCuS”A'V to odé the
cmulsion samples to all the beakers at the same time.,

Before procecding with the test series it Was necessnry to
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determing whether or not tnc alberoat co7 ditioning times

resulting -from the 31mult wmeous atdéition of cmuls1oa to a

numberT of beokers would affcct the results, To test this
the samg guantiity of emulslon was added to « ﬁumber of
beakers of flotrtion focd At tho SAme PH. Thﬁ flotability
of each ﬁasithen testeld after vérying.lengths cf time,
unicﬁ»i?gntical conditions. ~Thx‘ee scrics of curves wore
plotted, the rcsults béing‘as ziven in_gr,ph 9; Lhese_
show that no regulor veriation in Fflotobility was pfodﬁoed‘
ith an lﬂC“"PSC of conultlonln time, - The rcgion betweon
30p and 60% p is probably the most difficult fbr'obtaining

gproducible results in flotation tests, so the variations

H

n:ihe curvé con be co nsidered to e within'the limits of
the expsrimentinl srroxn Of~thu mbthod.

The conﬁitioﬁ'df the tcstc and the results_were.as
follows: ~ | |
Concentration of emine in oil = 0.69 g/1.

Emulsion nnde up at “bout PH. 9.3
Sémples estod ot pH 9. |
limBzm '6a.

a) Vol. of orulsion ndGed 50 ml. Total Vol of liquid 287ml.

iming conc. of soluilods 0. ;5) nﬁ/l
Float No. . Time before float. % floot
, Le min . ‘ - L
22 ' - 23 ming _ 1151
| . 12.8

23 : 51 min.
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TLBLE 6b. ,
v) Vol. of cmulsion hgdcd 60 nl. Totﬂl Vol._of llquld 294ml
nmlnc concontration of oolutlo 0. 441 mg/l. '
Float, No. _ Timé bofors Iloat A | f floﬂt
' 22 ‘ - 20 ming 45“1
2 v .55 min , 42
Zg' ' 7 mlﬁ; 5045
2 . % mln. 39¢1
2 11 mind 46:2
T/ BIE _60;

¢) Vol, of emﬁlSion added 50iml;‘5Total Vol.of liquid 285 ml

‘Amine concontration 0.388 mg/l.

Float No. . Time before floot %,floaf
R 14 mine 3742
31 x - 26 ming o 42?1
35 mime : 3 :Z
33 L 74 min. A7,

e

C. Vari atlod of Flot"olllty wwthAQH.

A number of tbsto were qufOLmCd to indicate thc cffecs
of variations of ol on the flotn bvllty of guartz at various
colluctOL COﬂccn*"ﬁtlcns both in thu pr cnee ~nd absences
of oil. o
| TBLE Za:
a) Volumc of fmulévon added, lOO mle Coao of cmu181on

0.64 D/l. Conc. of cmine 1. 3 mg/l. Total Vol. 285 ml

[

Flout .NOQ Q_E;_ (0 f-“oht
: 34- A . 290 30
3 , - 239 4T
g 3 19:3
35 & 2%
39 7-1 5440 -

Contd.



TABEE Yu. contd

40 . IR 8n

42 ' - Lo

43 T .12~3'
- TABLE 19

( flowt

3{:09 N
s

4493

b) Vol of cmu131on ﬁddcd 160 ml Total volume 285 ml.

umlne conccntrﬂtlon 1.5 mg/l.

FlOf'.‘t No,

. » l
# o
S 3D
4 ‘ , -35

4 ' 91
49 1m0

- 50 o 10.
51 A - %
52 ll“ 5

5% - 12,1

% flO“t

6-%5
933

2.0
6974
02,2
4+3
125
5.8

Tosts 34 to 53 are summeriscd in graph 10.

TTABLE Ce

p) - Variation orf Flonablllty w1th 0017cctor concentratlon '

in wbsence of 0il. e

Flo t No. ,Amlne‘Cono.
2048 mgf1’
E ok
g , 5347mg;%
% | Ll
9 - ‘.0;92mg/1
0 g . 0s5Img/L
6L - Cemg/l
62 -'.Olemg/lv,
63 0.06mg/1

% float

‘99% 8

§116 |
89:-2 -
i5eo
208 -
8%

D. Veriation of Flotability Vithvﬂmine'Concentrﬁtion.

To chech thc tests in thch thc amine was prescnted»'



VARIATION OF S FLOAT WITH pPH

RUARTZ AND DODECYLAMINE.IN OIL
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‘to the qurriz os = solution in an emulsificd il two

tests were porformcd in which the amine was presented as

the solution of the hydrochlorides salt. 50 mli samples of

w.

amine frcee emulsion woré adfed in cach casge: The result

WETEs -

Floot No. Amine Cong. - % float
64 S 0:20 mg/L S 9;1

AN

65 0443 mefi 1,0
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Section ZBO 5‘ o . ‘ ) | o

Stroqmlng currcnt.

)Prcllmlnﬁry Tosta.

Test‘;: Variation of current rlth hcgd.

‘réﬁe cquﬁtion for the cnlcul(tlon of zeta potcntlal
requires that E should be dircetly prop0ft10ned to P 1. éf'
that the current flow1ng should be¢ directly proportlanal
to the hC“d: o : |

To test the apparatus a serics of m6 asuremont s oOf
current were taken over é Wido Tange of head Valueé:

"The conditio 18 of thc test Were: -

‘Mineral  Qua rtz - 72 -+ 100 mesh
-6 '

PO

Solution 5 x 10
g:: 9.0

. Tempe rature 26 C.

normal aqueous sodium perchloratc.

Spc01flo Conduct1V1ty of Plug'-

4

Cell constant  12.85
The dnta obtained are'given in Table 9 ond graph 11,

Te ot ii"MGnsuremonts in Sodium Chloride Solutions.

'To oompﬂrc rcsults \lth taosc of othbr vorhcrs mea sures

/

mcnts ware tﬂkcn of the streﬂm1n5 cuwrcpt 1n solutlons of

sodlum.chlorlde at pH valucs of 6 7 mnd 10.3. & prellm1n~ '
'ary mcagurcmu t.75s made in W?tcr'to which no modifiers
of 2 any kind hrd bcen L.dacd |

The conditions of the tost Tera: -

Mineral:  Quartz. = 72 -+ 100 mosh

F4



~T1-

Solution: Vquous concentrations of aqueous sodium-

r

co vohloridc.
pH. A 6T

| b) 10,3
Tempcrature ,72696:

]

Speciric conducting of plug: varied..

Cell oonstant: a) 13,12

b) ' 11.91

—

' The date obtained arevgivén ip blo 10 una graph 12..

b)Measurcments in'Sodium.Perohlor to Solutlons.

Test iii V“Tl tion of potential with.ooncentration of

soalum pOthlOT”tO

Sodium perchlorate having been used as the' non-
‘surfaoe‘adtive salt in flotation tests it ﬁas neoéssary
“to mclsure the propurulES of quartz in oolutlons of this
ﬂlt Sodlum puroth’”tc volutlans of varlous strcnguhs
Wers testgd at’ DH 9 |
| »Thc:oonditions of fbo te t xcre-

‘Mineral. Quartz —72 + 100 mesh

Solution.  Sodium porchlorate solutions of various
strengths,
vaos ) 9

Tempe ratures. -Vurlbq 24 to 25 c.g
89901f1c oondu5t1v1ty of plug. Varied.
Cell COﬁStmﬂt’ 12.85 |

The date obtzined -aTe given in T"blc 11 and graph 13
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Test IV: Variation of zeta-potential with ?H af constant
_éonécntratibn of sodium perchlorate.
TO-agférmiﬁc the cffcct.on'thg zeta¥pot6ntial of
varintions in fhe'H*’ion concentrétion.at constant elect-
rol&te doncentrptﬁ6n; 2 séries of 10”4 normal sodium
pfzchlorqtc solutlons Were tc steod nt pH!'s varying between:
2.75 znd 10. 65 | | )
Tho conditions of the test wore:
Mincral: — Quartz ~~72 + lOO'me"h
Solution . 1074w sodlm pozohlorate..
“PH o Varled. |
Témpcréturé: 23:4:' to 25:500.,
Specific conductiVity’qf plug: Vardied.
Cell constant: 13;4 - |

r

The data obtained sre giveﬂ in table 12 and gra ph 14

c)Mcasurcmcents in doabcylﬂmlnc hVQfOCthIlQC‘SOlhtloas.

Test V. Variatlon of zeta-notentlal w1ta:pH,at constant

conccntrﬂtvon of do ylomine hydrocnlorlde.
-To'detormino the cff@cf of VQIVinw PH on the zeta{

pot cntl(l of gu“rtz in dOQpCVl“mlnL b3oroch10r1d soluﬁibns

A scrics of tcsts was performcd 1n sqlu51ons of constanf'

;concentratiankof uoc1um p”"chlor s ta.
Thc COﬂQlthﬂs xcre; |
MincTal. '-72 + lOO mes:LQ,U ATtz

~4

~ Solutions: 10 Nbxmﬁl agueous sodium pcrchlorate.

L | : a) 1.0 mg/lltrf doaecylﬁmlnu hydrochlorlde
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b) 9.5 mg/litre dodecylamine hydrochloride.
PH. ; Varied.-

Specific conductivity: varicd.

'

Cell constant: o) 1%.3
b) 13,3
The Gota are given in table 13 and graph 15.

Tost Vi. Variation of zeta-potential with verying pH and
concdentration of dodocylamine hydrochloride.

It was apperent from graph 15 that an amine addition

vof 9 6 ng/1 ¢ié not lowur the zo ta potcntinl as mich és
one of 1.0 m;/l bclow pH 9. This Tesult wos oonsidérei
unélkely and was possible causcd by a differencc in tho -
oondition of thc plugs usgd for the tcsts. To obtain
further information, on this point a tcst was done on. the

sane plug with three s ?:ngths of doieoylamine hydroohlora

iG¢e. The solutions ooatalning no aming were Cammlﬁﬁd

”1*8», followed by thouc COUtclﬂLﬁ 0096 mg/1, thost

. v

contalnlng,9.6 mg/l being used l”“*.

The contitions ‘of the test were:

oy , . - ’

Minerals - =72 100 - aquartz.
Solutions, ‘u) 1074 Woxmﬁl sndium perchlorate.
_ s .

b) lO'r Norma 1. soéium perchlorate .
O .06 ﬁv/l a0ucoylﬂm1ﬂe amine hydxo
chloxidc,

c) 10° =4, Vo(m‘l god ium puromlothc 9;6mg/

litre dodeoylamine hydrochloride. 
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GRAPH 16

VARIATION OF ZETA POTENTIAL
WITH CONC. OF DOBECYLAMN NG
MHYDROCHLORID&- (smws PLUG)

O D -~ NO AMING,
+——+- 0% my X 4
K—X- 9.6 | /€ .

'S
7

-] od

D=



-T4=
pH.‘- : Various.
' Specific ‘coﬂdu_otij}ity'_qf ’ plﬁg:‘ ‘Var‘ious.;
Cell constr.;nt;‘ : lO.A'A' ’ _ |
The plug had 1:3'(361’1 ata ndlng, in conduchiivity wa tcr for
A iaysjbeforc USGae | |

The data obtaincd arc given in Tablc 14 and graph 1G..,

MU"‘ . .
TIRTLTION OF STRENG CURRET Wi Dy
"Net Gelvonometer - - - Hoad -
DCflCC:blOl’l I, cra Water
, 4% T 5063
4849 - how2
-44- 474
4430 AFe2
A0 o420
35D 35+6
2%0 29vl |
2105 2lv9
12,5 1%72
8.0 .‘5
. . /BLE 10. - - '
 VLRILTION OF “?TEfF”TENTI“L TTH SLLT CONCDNTR\TIQN
pHe MOLAYity OF p. Tt Saive jZ-.eﬂ!:c\. - -
o - Solution “ W tor OnOMC L ox - --  Potontw
—_ — DgTloobion mm. 18L,mVe
a 0, 2@’ 5&2 L {5 % Eamp—— o
67  5x107 8 26 1 5044 ATl =The2
Gt 115_ - 5273 AT “To-
&7 4x10,4 9 5041 4TS “73.1
67 100&  w= BONS e 70
-10v3 5x10.° 2150 50w2~ 5340 <107
1043 107 2T A5+ 59 - ~9%*7
10+3 5x10°4 219 50595 363 2 é.:g
1043 71072 220 BwE - S5 -63.
10v5 3x10%3 B I BTS 5
1043 7x1072 22:6 - 50 22 415:2
3107 22.8» 51.0 8.9 ~12,

IRes:Lstrncc in I\T/lo Kﬂl. pH 6 7 °cr1cs 1050-'\— PH 10 3 -
- 1000 ~ i



V;.RIATION OF Z‘ ’i PO‘BENTLLL ‘TITH pH. '

;T £~

Mc an Galvonomote’.r

“ZoXa

. i e
e UTUBIR 1. . |
PH. 9.0. v;RIhTIoE"BiT2=TK POTurTIAL 7L TH SOD PERGHLORNEE |
' _—_ CONCTNTRETION, . - '
Mol'*rlty of temp.,  -Head. Toon Galv. - - Zotn.
‘aolu’clon. - - cm -water. Dcfi’ecfi on mm, Potent-
T oo.. T T T - Ial. .
5x10 e - 25 429 : 41 _787,5
0.2 2441 505 4‘49- =90
3X10;4 2445 50+9 , ~92,6
10 24T 50v% ' 52' Ufg <
3x1074 ofi2 199 LTS5 2886
'10:% 2433 hoeR 8.5 72
3x10 24.3 4955 v 27 16‘50’3‘7
. Resistonce in N/10 XO1 | Solutlon 1000J~ at 2700 :
DABLE 12, :

:é.ro', 'l : oo
%Tg' *U%E" | Eﬁ”ﬁatcr. 7 DefIlec¥ion mm, PotEEﬁEhl
.... : 4 ‘ Rkl : . .- IIIV. .
27 2% 47,9 1. S

_ ° .2§f8~ ' 4% 12 5 2;5
.Zf05 2545 ' g B 24 -
'g:é 2442 4 e 43 7 _

o233 6‘ . 54 - -~;le _
xx65'»23. 8 ‘.48' R ;4 ; 9445

,;Bééisiaﬁce in,N/io«Kﬂi 25 8 o, «10éo?6hmé:” i
RS TABIE 1%as . i L
_VLRI4TION OF ZET. PUFENTTLT MITHAPﬂ'INLﬁ,n mg/l ;
S DODEC YLAML ML SOLUTTON.' ; . R
pH. 'Tém . Ebﬁd B . balvopomd%cr Acta :
Lo O, thcr ' Deflcdfion T, Potbnfiai V.
?9‘25537- , 90 L 5115 Y L
12293 4%?' . 92 - =187
e "3’2179 AG:9 210 —43?1
L0 21T 4846 "28m5 5044
F R B A0 = =0
1170 250 485 % “Bor
11.9 23.4 487 12, —24.§
Régistance in'N/lQ3KCl at'25?Cp'LlQ4dfqhms;"
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LBLE - 1%b.
VLRIATION OF ZuTﬁ”?ﬁT$h»-"-JITH pH 1n 9 6 mg/l
: DODLCYLuMIN” SOLUTION¢ T

-

P.I.I.' ~TeTny ~—end T 1ean ufalvoncmcter ZGEG"—»"'«
- ""‘W ter Doflection mm, --- POLGHT«=
e - R R iaI""‘mU .
§-5 -'2392 o 4@ 12 | TEEE
: i | 8 41 - - =84k
- & 48. 9 \ ‘ 47‘.5 R CP]
9415 - 50 T b mlgas
ot - S T -
5 - 4G 135 =2
‘ lO.g _ - 4‘% : 3 —2¢'
o, - 9 1645 719e5
i - 4857 - 1S5 =107
L3 - 485 T L

Re:sistance in'N/lO KC'l at 25.30_0.\ . 1025?‘-

i TABLE H ]
VARLLLIOM OF BFTL POTLNTLLL WITH ng a't VARIOUS CONCENTRI-
"TIONS Oﬂ DODuCYLJVIII\TE. e . . _

Lo a) No Doaccylwmlr\c Hydrochlorldo. T
H. Temps. - Head -~ Mcan Galvonomeber . Zcta Potent-

- "Og.  cm Water, . JeflsctTon mm, - - lal-mV,.. -
o7 T8 TG o LRS- G
89 24 8 o A6vT 6% ~100%"
10.3 24.8 45.5. - 62, - =99.5
= D) 0,96 mg/l Doabcyl ming. 0 oo >
Te05 2453 459 22 LT 15—85-%‘
9‘37%, 242 Aot DR - =102y
- 10, 24.0 46 e 5 %0,
et e} 8,0 mgjl Dodccylemlne. R
sl 2% 45:4 ,n4¢:~ SRR =69¢3
o4 242 . 50 o =Thy
:Z; 2540 .'4§ 30, L 4T+
- 25,6 0. ~15%

k' Resistance in 'leo EC1 790 A  26.'7°0-‘

N
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ELECLROPHORESIS.

a) Prellmlnﬂry Tests;

'

To study the Cffuct of doaccyl mine‘on tho eiectfical ;
pr0portle_ of tho 011/ thr 1ntcrfﬂce it we s necessary “to
perform a prcliminary SGrlGS of expcr;ments to aeterque
the propertiés of this‘interfaco"in the nbsence of surface
activb modificrs,  Two scrics of tests were performed;1.

The first indicated the offect of » change of pg- on the

charges'at,the‘drOPlet SUTfacés. The second indicated
‘tho chcct of vmrylnb concuntratlons of a'neutral electro=

“lyte. Sodium perchlor“te 08 used 1n conccntr‘tlons

-

‘Vgrylng from zoTo to l/10 Nozmal at o pH of 942, Tests

Werec pcrfoimcd at room tcmoorﬂture i;e‘ 20 -22 Cse

The rosults of the tests arc given in tables 15 nnd
16 nnd grﬂphs 7 ‘na 18 A typlcql pqrrbola, whlch shows
that thc cloctrophor 818 cquﬂtlonu wore npollc xble to the
system, is shown in graph 20. o

The Tesults have bsen corrected; in the'fablés, fér
both-rclaxatlon and VGTl.thﬁa of potuntl‘l with“snit ¥

concentration. Thesc corrcetions aro oxplalnod in Scction

3B,

b) Tosts in dodocylamine"solutionSa

Those tcgts 'crc lelaed 1nto t”o parts, 'in~the
first- tLb dodbcyl mln was dlssolvcd in the oil bofore

emulslflcatlon. For rc“sons xhlch vill bc descrlbcd
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bclbw thié'Yicldad fewwuéefui roéults:  in}tho'SGocnd"
-vscrlcs of tosts thc aodccylnmlhe vies ﬂdch to +hc system

quoous ‘solution as uhC hydrochlorlac s“lf:

An«account of some of the difflcultles oncountered
in the t 818 whcr fhe\nminc va2s dlssolvod in tac 011 bu—
‘fore.emulsificntiog,i 28 been glvcn in sectlon 2n5
Mc(surcmunts WltL tﬁc rcv1acd tcchnlquc sboved thwt thé
mobllltlcs of droolets'ﬂt one level in the cﬂplllury, and
ffrom-tbc SR me sfmplc, va rlfa w*th tlme. Nhen the volt-ga
w(d apollod the mobllltJ gloxly dCCfOLSOd untll 1t reached.
é.mlnimum‘valuc, when it suadgnly 1ngreascd‘to a valuc
_about-tho soms as ihe.initial~dﬁ§: ﬁ curve illustrating
this’is'shown in‘gr aph 19, ‘If fﬁrthcr’sampiesnwerevruﬁiin
from.uhc roscryvoir thclr bchmv1our 7ﬁé‘similar.to the
_Llrst but did qot yicld the same inltlal and flﬂ“l.YéIﬁGS'
of moblllty. In some of the wea ke T Amlne solutions a

'complcte rcvcrsal of ch”rgo occurrod - This behﬁviour'was'

rgpea tod aftcr thb apparatus had been cleaned w1th.moro'

 thﬂn ordlnﬂrv ca re, and aftcr the wvater used for mﬁklng up'
1tbb emuTSlod th been bO“lCﬂ f£reo from c\rbon alo idec gns..
LO CXpl“ln the phcnomunoq notcd “oovc it 1s ncccss Ty
10 cxolaln the couse of ths two phuses. l) Thu grﬂdu l_
feductloﬂ of uobllltj u1ta tlme. 2). Tho. suducn cha ngef
‘ﬁfte a pcrlod of tlmg  ; ‘ o A '¢ , |
Thc rﬁdurl rcauctlon of mobility was proba bly ch useq
:by adsorption of amlne by the glass walls of the appargtug

1
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thh subscquunt ruauotlon of mine cOndontration in the

e

oile This would cccur.le"ly untll a form of cquilibrium
Waé'roached. To Drcvent the cbangcs of moollity ca Gd'
,by this . procoss 1t uould ple ncccss Ty to prapare the walls
'beforehand by prssing uhxough 2 solution. of =minc 1n via ter
of the stro g th to bc used in the ts st— Thls could not be
donc in tpls sorlcs bucausc tho Surcnth of thc cmu181on
was nover known until'aftcr’it had Heen analysed. A sooond
scrles of tcsts is QC’CTlCud bulow; in which uho prcoautlon
Vias uakenx The SjStuU.hP“ renacrod morc camplex by 011
whlch c;cnmcd onto the UppCT Su1fmCC of thc tube mwklng
ﬂmlne conccntratlons in this rcglon vcrv comolloﬂtcd.
- The suaden»changc,ln v01001tv after a period, of tlmc'
,vimﬁy have bbcn caus Dy ntbxnnl ci rculqtlcns of tho 011
oplctu, whloh can oceur 1n omu151ans. ‘It is probuole
that such olrculﬂtlon vould ulo»ly bull& up untll 1t
flnnlly oCt the droolet olroul tlng in the llquld. Thls
WOuld c useo suddun “ltur«tWOﬂ in ﬂll droplect mobllltlos.
It wa s‘not pOSSlDlG to aram‘uoouratc qu“ntltutlve
‘coﬁbluSiohs‘from the first serigs of tcsts in the presénce
of‘aminé; ‘Howévof, it was shown-that,ifs addition to‘ﬁhe'
oil, bCfOTp UAUlSlflcathn,.CP sed A . reversal of the sign
of the zot botcntlal.ﬁ Zeta pbtoﬁtials of tho ordcr‘of'
=35 TV wcrc obtaincd v1th about 10 mc/l of amine in tho
cmulsion. Thc lowcut CODCCPtI°IlonS tCSLCd GOTG of the

ey

order-of‘o.8mg, 1. ThUSC‘“lQO ﬂrcutlv rcduCQd or - changod
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the sign of the zcha pdtcntialygiving 2n uﬁstgble emyul-
sion.with o éétﬂ’botentiﬂl.’fcabouf écr§: | |

In the sccond D“rt of the alectroﬁhbresis tests in
dodco l mlnc oolutlons h ¢ amine wes aaacd to thc omu131on
as n solut on of thﬁ hydrochlorlap sa lf” Bcfore.phsslng
thc omulsion 1pto the tube on Pmlnc oolutlon o? thc same
stronboh vas run througL LOT 10 or 15 nlnutcs. All tests

wore performed at pH 9.3 to 9.4 and room uumocrqturb Wlth
a PoD, of 60 volts. 411 solutions contalncd_o.l gm.»mpls.
of sodium pcrcthﬂﬁté pér litre,. The rosults are giVGh in

Tavlc 17 and br’tph 18b

TMBLE 15 o
VLRI;TION OF HOBILITY Wi pE.
Level in Tube e v Mobilit o Az/sec[_/om.
‘Arb;¥;a:y?b1visions. ‘ DiVTETEEE%Soc,
lg L . -0;72 S 3.15
15 ‘ -~ 0+98 X ksl2
20 - 1420 5506
25 L k22 5416
3% 127 %:35 g
% | Til5 Ll
40 - Is0 T Gez2
45 o kesh , _6-53_
50 B . 6el8
5 | : 1e2 5¢18
0 R 1.1 ‘ 97
\65 . 0"0'9 E ' 4-. 09 ‘
70~ T « O ' Co&4s5
2.5 L 0;357 - le5l -
Movoment to cathode. - chlcct§n~'constﬁﬂt‘82 7

0.146 dlst?ncc gives 37 5./u/soc/V/cm = +54e3 mV
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T/ BLE 150,

VLRI“EION OF MOBILITY'TITH pH.

Lovel in Tube . Ef”"“‘%%blllt - Mbbllltr _
Arbitrary Pivisions : ﬁlVlSlons/soc. ,11 V/cm,
10 . e lrl5 : 4.84
15 S el 9
20 - . 149 . o0
25 . L 2917 ' - 9¢l3
30 ' : =Y.y S 10v4
35 : R 22 14
40 S S 2448 - lov4
45 ' i 2643 '-10'2
5 < 225 %%
0 . . 69 . oo 5'6'72
65 - - ) 0. : 37
Movement to nnodc. chlcctrlc const<nt 80 -
0s146 dlStuﬂCC glch 4. B,Ag/scc v/cm ~67.2 mv
TABLL lﬁp.
V“RInT_LO\T OF l\IOBILITY WITH J:)H. A
: pH ll. S _
- Level_intTube L TE MObllltz - :
- Arbiltrary Divisions, 1v151ons[§ec. - /soc/V/cm.
5w 5465
S & 1k
Lo B 17 SR ¥ 1 o
, : S 410% - I'R2
»25 : L e ,4.1 o 16
o . . ST ' b 105
35 3 92 . 1676
o . v 5¢50 1570
] T5 RRUER &5 115
50 L 2.45 | -th
Movenent to ﬁnodc. o chlcctrlc constﬂnt 80.

O 146 dlst"ncc gives loa7ifz/5fo/V/om = -153 mV
pH of dlstlllbd AteT TeGe 5e8 g vc zcro potcntlal.-
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e

. VLRILTION OF MOBLLITY TITH S“BT CONC NTR“TION AT 1&i9é§

No SOQlumApchthT“tO. v
chcl in Tubc. - MobIXit : : : Mgbilit -
AT bltrnry DlVlSlons.».'Dlvs.;Sec.'- Lo TR sGe A[cm.

- 7

5 . 035 - -2l
g BB
A
1% I 2;22 v 8:3 |
50 ‘ | 1.8 . 75
65 68 2.8

DTrlcctrlc coqctﬂnt 80 ; Mbvcmuat to °nodc.
o, 146 p01nt 5.07 At/ sce V/c - =72,3 umV,

N ABLE 16p.
| VLRLLTION oF iOBILTTV WITE SLLT: CONCLN“R“TION'AT pH 9 3

No- soﬁlum p»rohlorﬁtc.

Lovol in TaPoe— —iebiliiy-  Mobilit
K%gitr;?y Ulzlvions. %%vé%écc. o }fésué-f/cm.
5 1.0 65
18 | L S 7’72
5 2545 <. .- 103
20 .- &5y 10%0
25 B F0T 1278
30 | 3024 13
35 R 279 o 1ETS
RV R 2 2082 . 19
A5 w36 T w95
50 I Py R - %7735‘
B o 2% 0 - 5e2
0 - 0.84 " 355

Diclcotrlc constant 80 4 vacment to nnode.-~ :
- Ar,. - from curve 5 ug,uls ic/V/ Cm. = 5 - 0 3 mv, -
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TABLE 160. .

VnRIuTION OF MOBILITY WITH S.uLT CONCENTR:;TION .{LT PH 9__3

1.16 X 10 5 Molar Sodlum Porchlorate. g

Level in Tubg.

MODlll‘b“
D:LfVSZScc

Arbltrary  Divisions

5 o 64
10 - 1el7
15 .~~67
20

25 2~<2 |
30 235

0 . 37 |
:,25 _ - 2

0 1~-~19

Dicicefric Constant 80 4
0.146 distancc gives 5. 25/4/s/V/cm. 5

‘ TéxBLul 16(1. -

Movcmc nt ,, 0

M001l t
/az soc;ﬁ.cm. -

7
£+9

e
131%

8+8
10:.:0 o
| }6:“%5

55: 82

anodg, -
= 75 mV.

VLRIATIO\T OF LLOBILITY UTTH SALT CONCLNTRLTION A,T jQH 9 3 _

5 25 X 10 ~4 Molar Soalum Pcrchlo:rate.

~Level in Tube.

Ar‘bltrary DlVl sions.

5
10 A ]::48
15 2+00
25 '
50 g‘?
45 291
50, =59
gg 1e5D
115
65, 0445

Diclcciric constant 8(} 8
0.146 distance gives 6.1 m/scc/V/

Moblllt

T“W’?‘

ﬂ SGC

Mob1 11'.
- D7, vs% SCGC .

Movcemcnt to anode. -

~84..5 V.
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TABIE . 16c.
VA.RI.L\.TI ON: OI‘ M OBILI T ).r ¥ f I TH SJJ.:T CONCTENTRLATION AT pH_9 o_i
‘ 5,25 X 10“3 Mblﬂr wodlum Pc;cllor to. Z'
Lovel in Tubce - Nbbl ity - ' Oulllt
4Toltrary Vivisions. ivs/Pee. Ak scc
5 T o9 2?79
10 | 1653 S Y
5 E 2;01 v - 85
20 L c 2 o * 975
25 _ 5 1142
20 - o 2;65 o 1kee
35 . S Z4 Ny
40 - 2901 110
45 2%47 ’ 10?%
50 . og | 8+
55 = Wb | - w07
: O ‘ - l 40 509
DlCluCtrLC constant 87.6 - Motion twoards anodo., -
' 0.146 distancce from curve. '6.;5 M scc/V/cm.-: ~-84. MT.
PABIE 16f. | |

VLRILLIOY OF MQQILITY NIT S;Im CONCﬂNTRATIOV AT H

Z y lO Mol“r Soclum.Pcrchlorqtc.

' Lovcl in Tubc. R Nbbl%ltz ’ Mobilit
carbitrary Divisions, - - Divs/sce. - Mf-scc
2 N P 249
10 o 1510 | 403
1’ 186 ‘g;83,
20 TR 240 A2
o5 o S 219 , Fe22
30 | o & D)
e 2.4 10, 2
Diclogbric oonst“rb'93.5 Movement to cnode, -
33 ju/ /V/Cm‘  = “77.0 ¥, .

0. 146 dlstuuCu - .
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B TABIE  i7ai =
ViﬁI;TION'OE’MOBlLITY LT, -MINE CON“ENTRATION 4T P 9 4

me 10“8 Molﬁr dodcoylbmlnc hyqrocnlorldc.

fio¥cl in Tubc. - M001%1t¥
Arpitrary Yivisions. 1ve soc.
16 . : . l 31
15, : R E
'25- o 2—18
30 ' 222
35_ : - 2yee2
o oo 2610
chlfot ic constant 806 Mﬁvgmcnc“to anoda,
-0.146 disgtance glvcs 5.8),u/suc/V/cm. S
TuBIB lTb.

‘VLRIHTION CF MOBILITY'IIT? LMING CONCMNTR&“ION AT EH 9 4

lel X 10 -7 Molar doaocylﬂﬂipc qurocmlorldo.

,Luvel in Tube. . Mobility~ - : Nmolllt :
Larbitrary U1v1aons. TVSZSCC. _ 7sec?v Cll,

- 5‘ o _3' : 0}77 3332

15 | - L33 &572

15 S 1,83 - B.07

20 -0 5 R _10725

o5 - o zB7 11

50 o . 2;64 ' ' i% vl

. . o oL Sem 4 ‘ ) ":;4.

35 ' i P
DlGlCOtrlc copsthnt 80; : oncwbnt to anoda.

0s 146 let”ncc gives 5, 92 ;&}scc V/cm.
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TJJBLA_' 170 »

VﬁRI“TiON oF. MOBILITV HLTE uMIN“ CONC NTR“TION “T pH 9 4

8 X 10 =7 Mol““ dOQOQIlelnC hydrochlorlde.

e

avol in Tube. - Mobility Mobilit
arbitrary Divigions. Divs{ CCa )usoo v ‘Cle
5 , ' 0;42 / - k“79
10 : 1400 . 4430
15 , ' 56 ;Zo
20 - 2300 ' 0
25 2¢17 9720
30 . 2023 \
55 2 | g
40. 2.00. 03
chlcctric constnnt 80 6 " Movoment to “1odo.

0,146 distance gives 4 51 /u/soo/V/cm.

T/BIE 17&.”

V;RI“TLON oF MOBILITY JI”H AMIJT “ONCUNTFLTIQN uT pH 9 4

2 x lO"‘6 Molpr dOduCylnmlDC hydrochlorldo.

Lovel in Tubu.‘ e Mobility - Mobilit .
Arpitrary Vivisions. lzﬁigigg%. ‘ | ¢§7§EE7V§bm;

)

10 o 055 2.37

15 R 110 4e2
) 1+3%8 5+92

‘ 25 . . 166 T+13
30 | | . 1,78 63
.35, R R 1-78 7-63

Dtclcctrlc Constnpt 8036 - MovomOﬁt to anodc.
0.146 distance gives 2, 58)K7soc/V/Cﬂ.~



| TABLE l?e; | |
© WLRLATION OF MOBILITY TITH AMINE CONCENTRATION AT st 9 4

5 x 10"6 Mol‘r QOQCCVl“MLnC h’dfOCLlOfldG-

Level in Tubc. o ,'  Mobility Moolllt
~ Arbitrary ulVlsions. Divs?scc. : /478€C7V§Cmt

lg L B 0?89 }“66

5. , 003 - g

20 | R 0:72 . o

25 . . 003

30 | 1007 | 4.30
1.0 4430

: 35
. chlcctrlc Consta nt 80 6 - Movemcnt-to anoda.
0. 146 distance gives 2. 06;« sec/V cm.

T.tL_BlJ.Lv l7f .

'VLRIATION'Oﬁ MOBILITY ITH 4 MINIG OOFCMNTRATION AT pH 9 A

v l 2 0x 10"5 MOl“f Godccylﬁnlnc nydrochlorldc.

: chol in Tubo.v. e Mbb171t M. bi l
,niblt:ary -PDivisions. §1VSZSLG. Eﬁscc;V;

5. - ~0v14 ~0+60
| 10 : - 0413 o 0.54 -
' Diclectric constant = 80,6 -Movement to-anode.
0. 146 distance givos O. 56 )k/SCC/V/Cm.
 TABLE  178.

' V;RIﬁTION OF MOBILITY JITh “MTDQ CONCENTRuTIQN uT pH 9 4

3:x10 -5 mol“r doaccylbmlnc hydrOChlorldc.

wobility |
V,uisocl%/ cll., ..

v'chcl in Tubo. ' Mob111t “"

Arbitrary Division.

5 eosg £1:419
oo 10  =0.4Z 1,75+
" Di-glectric COPSt”Dt 80 6 Movement to anode.

'0 146 distance = ~1.94 }&/sco V [om.
N}B. In T”Dlos 17f and l7g orcnmlno was too rapid to

“allow morc roadings than those saown.
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SUMMALRY OF FLICTROPHORESIS RESULTS.

| mBLT 15. R
VLRILTION OF MOBILITY CITE pH. :
H.,  Mobility — - Zcita POféntial Zota Corrected
gf : quce7v§em. . --,ﬁﬁgnfv,-. for Rotcnbial-
- : L - - _ V?fT“thﬂS.
2:6 .3;75 SR 54 3 ‘bb;vfhw
&0 S é : -
8:5 —4:65 o ~67 2. ~L30
11.0 A--lO ., ‘..3_53 - =204
' | nam,16 o »;

VLRIATION OF 1M0OB LITY JITH SALL CONCENTRATION uT DH A913

Molarlt ~ Mobility -- Zota Potential ' ;
9fnoL7f ‘ /a7scc7V§cm. Mv. Corrccted’ Corrccted

B TOr TOLOX- LOr DPOLOHNL-—
L , ation, - 14l variat-
S . ' v ~Ions, | ---
-5 =540 —76-3 | »83 KESE? ~200
,Ll&uo R =L JE&G‘ w82~ ~172
5:25%10”% . wbil0 ~8hs5 =845 ALY
5,25%10"3 «6525 o =840 - =B84s0 | -96~3
2x10-2 =633 77 AT7.0 - =77.0
CTABLE 1 ‘

VLRIATION OF NOBILITY‘IITH DObEGYLAMINE HYDROCHLORIDE
o Molarit Nmblllt ~f‘ Zotg Potcntlﬂl ' -
Cqmel./Io ,aZscc?v;cm., Measurcd  corz.,for = Corr,for
S PR - Ve . - rolaxation -pPotent~ °
: ' e A T 151 varias

g e B | 55-#A fionee
- E "“" [ - [ ] ' [ 0’; - o oL
-, ?"%_21 ol ..5. Rt - 1 A
5¢9 | g 7 -
2x10° e -2;58‘  =3259 —3¢. : - LBE
- 5x107 «2:06 25,9 =259 45
153x10™2  =0:56 =690 - =609 wll?é

3,010 <094 27 2T 405
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Seéfion 2. A

' . + '

he P“rtltlon Co—cfflclcnt of DOdCCYTlenC Hydrochlor—

 1dc Bbtnucn 0il . ﬂnd wﬁter.

A prellmlnﬂry tost was purformcd to indiega tc the

cffect of the red dyuv waxoline OS, on the coumtlng rﬂte:
It ﬁas found that the colour- of thc solutlon,reduCud tho'
- counting rate of tho samﬁle. ‘The 1uductlon in couﬂtlnb
'rate increeSGd'ﬁith incveﬁéiﬂg density of colour.

To de tcrmlnc the .extont to- whlch thc dyo TLdUde the
count mvgamplermwde ;romrunayod 011 was counted Tho count

-

1ng prccvqure vas repcctca with 1nc*c051ng chDtltlps of

dyed oil prescnt in tho 11qu1d.

ThcvfolloW1mg results weTe bbtéinod;

The undycd 011 prov d~to have ﬂovapércciablé cffeet .-
on thc countlng rgte. | | | »

: 'The ‘dyed oil gave the following results. 

TLBLE 18
Countlng rgtc . N61ght of 011 added
| llSSWcounts/scc. | -'“None =
753“4 (Y YT o
" - 0383958
A 6~l S v - 1,0310g+¢
282;5 " 154798+«
208.7 " . - 2.10108.

ThuSC rcsults WGTG 1ntcrnrotcd by CQlculutlng the
optical densitics of, the soluﬁlons.
Thc'dpticél density'is'defined as the logerithm of

the ratio of incident light to transmitted light.
 1 «Ce 0. D’,:é loglo ”%L
: : 3
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If for Ii is substituted thc count with no dyc present
and for I, is substituted'the’counf with dyed oil present

then a graph of 0.D ngaWESL 0il conoeatratiod gives a

!

-

Stréigﬁb line: -Scc graph ql.
- A1l counts from solutions COHt”luLné dyca 011 vera

corrected from the deta in graph 21,

Rosult of Partition Co-sfficiont McasuIcmbﬂts._
Tho p partition co-cfficicnt ofudodccyl ming aydroohlor~

ide botween Shell Prlﬂtlng Ink 011 No. 11 cnd Water is:.

e T

LE o lf Conc,in oll/copc in watere -
9 3 - : < 290 to 1

e

4.6 T Ll.42 to 1
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METHODS USED IN INTERPRET.TION OF RESULTS.
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Scction 3.

Calculntions of glijthti&lé

All calculations of the f--pbtcntial wore done with

tnc xell known otrcamlng ;otbnt1°lfformula; ‘ ,‘i
§ oz Aok
’ 4P -
where: , S =z potential of mineral in millivolts,
n = Viscosity of solution in poisa.
K. = Conductivity of llquld in plug.-
; mhofom, ;. .
E = Strcaming'potential‘in my, :
p =  Diclectric comstant,
P‘ &  Hoad of liquid to plug. Cm of ToT-
. _ . cury.

mry be caleulatcd from'the'cxpréssion

KC- - O/R
vhere: ¢ = Ccll constant.
R = ‘Plug rcsistance in solution.

C is Calculatod‘lrom tha Hlug r031st“noe in N710 K1l
nd thc speoific'ccnductivity ~\T,/lo KC1 solnuloas.‘é
table giving tho variation of tho spced fic conductiviﬁy
of N730 Kcﬁ with tcmprhture is givon in appen €i‘ :

In strcdmlng oubent mensurements B omay be rcplaced
by I R where I 1B thu stroaming currcnt in mé and R tﬁo
circuit'rcsistancc in ohms. | |

The valuc of R includcs thc iesistanco of thec gal->
vonomator and of the ﬁlug;‘ Howcver in tnls works the

galvonometcr rosistance wes 136 ohms 2nd thc lovicst plug



'conduct1V1t& in bulh. M“nj kors c.g.' Smolucnoushl

93~ o R

rGSiStuPCC 9000 ohms 50 thc galvohomcter rosistance was

“ignorcd =nd tho flﬁ“l cqu<t10n bccumc-

[l
12

g & dmn IC - V.
D, P '

riticisms of the Strcaming Potcntial Formula,
The formula for the calculation of zota=potenticl:

from streoaming currcent ond streaming potentizl data is

.open-to some criticism, Thc veracity of the formula is

“bascd on the assumption thet the diclcctric constent & and

PN

thc viscosity of the solution in the diffusc parts of ths

. double lﬂycr are coual to the VcluCo of thosc qu(ntthcs

in the bulk of thclsolutlon. It has not as yet bocn sho”

thet this is, in fact, truc. It must, therelore, not-bov

assumcd that the formulac yicld csscntially accurate

information concerning the chorges and potentials ot intor-

phases,
The sccond mrgor ground for CrlthlSu ariscs fromlthe

fact that . thc P01mul“ sumcs that the “QCClLlC conduct1v~

ity of the solution in the plug is tae.same[as‘the upClelC

(71)
(72) (73) - {74)

Briggs - Bull and Gortncr’ ~nd Bikormﬁn have pointod'

out that in C“plll”flvo, and u“ﬂtlculﬁrly 1n VETY ailute

e

i

soWL01ons the surface COTduct“nce 7111 enter the formula.

Rutgzgers pocrformcd & scries ot experimcnts with glass,

!

-~

capills icse He found th“u in dilute.solutions, up to
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about 10 molss por litre, the zeta potcntial varied

grcatly 'vnh the c= plllﬁry Giamcters His rosults with
KC1 éivc a. glﬂph of thc form.sLouﬁ in Tige 4, wh hore £ lS
thc theorgticnl QOucnt1“1-'nPd f_l;‘f nnﬁ f’a are ﬁhe
'potcnti 1s "1tm V4 rlcuo capillary &ia Lturs.'

The smallcst capillery useévby Rutgers had o diomctor
of abouf 100/uf It gave velucs of, the ZGtampotCntidl QLiff-
cring from the thuOICth”l valuc by about 40 ™V nt 4x10 5
mol/llt;o of KCl, end 160mV in 1070 molflitre Kﬁl. Toi
correct LLCGC Crrors ho modlflcq 1heé Hclmhd&z~5moluchongk1
strooming Dotuﬂtl”l formula to includc an cxpression for |
the capillary dlﬂmcter. Then, by using two or_more cap-
illrries of differen’ Ql”mbtcrs, undo r‘similar conditions,
the true zota- potcntial could be caloulnted. Although
this corrcctlon mlght pbrhups,.ith'certaln modifications,
ba ”Dpll d to plugs of m1nc*ﬁls it vos nof found nGQGSSary
to do so in this work sincc most of the impqrtmnt tests
TeTe pcrformdd<ét valucs of the pH and concentration
where thé co%fection would ot bG 1argé, |

The LCtTlC<l Doublo SYGT .

Thc foraulb for zct° potbntl 1 is bascé on thc theory

of the cloctrical double laycr advancsd by Stcrﬁ. A vcry

| bricf‘dutlinc‘of Qlcbt?icﬁl layer theoxy 1s6g1ven DGlQW. ,

Tho'summdryrbf the theory, given by Ridée£7 %s very;ﬁsgfulf
Tt is ncceptcd by most workers that the charge at

the intcrphasc botwesn 2 solid and 2 surrounding»liquid
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arises.ffom adsorption, 4t the interph;éq there is an
eleotrolyto'hcld_as ion pﬂirs énd'bnovkind of ion is hcld
moré firﬁly than thc-other.- The ion pair thus crentes o
dipole oricntated With réspoof 1o the intérfaée; of tﬁg
adsorped ion pairs  some r111 bu dlSSOclqtuQ, the HOrG
lﬂoscly neld ion tending to ﬁrlft'rﬂy into solutlon. Thls_
surfeoc dissccintion is caus;é by thormal agitation 2nd
chuscs @ charge to bc impartoed to tho surface., The Giff-
us¢ part of the'ion‘pairs'is that whichvgives rise to the
clectrokinetic phenomcna, | | “
Therclnrc throe'moans bm which the ion péirs may~
arisec. If onc phase is impcrmc blc to ions the léycr is
‘fOﬁmfﬁ by ﬂdSO““thn. This is know_ as Gowy or spocifio
adsorptldn. It one of the phasoé iS‘a‘conductor the ion
pglr systum may be. ccuspd Dy LﬂC p(ss“gc of clcotrons
across the 1nufrphesu. 4 third procoss of o“matlng ion
pairs 1s‘notcd in thosc oascs huTC on¢ of thw homogcnous
'ﬁhasos is iondgonic to form ions solublc in the other
phesc 1.6, the boundary. is séloopivoiy‘éérmgablé to an ion. .
Helmholtz rogardcd the double.lave cr as being similar
to a flat parallel platc condenscr; the charge on the Sﬁr—
face m,lno bﬂl“noca by o loyer of charges of bpposite Sign
Pt a oerteln letanoe fvom tho surf5éd. Thig oonccptlon
of tho doublc l“ycr vas modlflca by Gowy cnd Oh"pmﬂn vho
utilizcd the'idca of a2 dlfluse double layer.' The sol—

ution side orf the double 1”ycr was considcered 28 Deling
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not merely onc molccuro thick but cxtending for some dis-

tﬁﬁcé'into LhG solutlon. Thé pbtcnﬁial falls cxponcntially
Vltd distance from thuvsurfa605 the totol ionic c chergoes
boing cqual in the bulk of thevsoiutibn,ﬁhere tho pot0th
ial is zeros This doncoption of thc,doublc'layoi loads
to an cx;*cssion for thc Zota potbatl L which is the séme
ns tﬂDt proposcd by Hclmaoltz.,
$ = 4wod

| | | : D - -

where ¢  is thc charge oﬁ'the surface and d is idcntifi-

. S
able with. E the chyc~Hucbcl CXPreC ;ssion for tha ulSthCG

of tho contro of momcnt of the ion “tmosphcrc round a

.slaglc ion in solutlon. - This is defined by Glasstono(87)

as 1 4 (D.m 1000 k )%
. bR 23' ﬁ'{'ﬂ 55} N)
whore k is 1. 38 x 10"15 E is 4.802 x 1072, N is Avegad/ro’s

numbcx 6 025 x 21.023 D is thc dlClCCtIWC oonstwnt T the
absolutc tumpcrﬂturo, Cy is the conccnbratlon ‘of iong of
the 1 the kind cxrrcsscd 1n gm.lons por lltro and 44 is

the v“lcncy of tacso ions.

J-ﬂo'(}owu:y‘--(}h pman modcl dlq not take 1nto ﬁccouat the

‘size of the ndsorocd ions in tho doublc l yer, so it was

modificd by Stcmnwhc'proposedva model which combines the

essential charzcteristics of the Helmholtz and Gouy-

Ohapman theorics. According to Stomthe distribution .

of countcr ions in solution may be divided into two parts

_one of which is approximatcly one molcculc thick and
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N A
remains fixed to the SOlld surface, the other being a difﬂnz;{'

layer which extends for some distance into the solutione

-The variation of pofentiai with distanéé would then be as
‘kshowh in fig. ég In fige 5 ? is the Nernst or surface
_potentlal created by the original adsorption._~ wd is the
potentlal at the layer dividlng the mobile part of the double,
"layer from the fixed part i.e. the potential at the Stern
layer, The size of the Stern laye: is greatly exagerated in )
the diagram, The Stern_poﬁential‘i; believed to be the zeta-
potentiél which is measureé in éleqtrokinetic experimentse
This potential,oan be altered by an alferation of the ionic

concentrations of the solutions, If_a neutral'salt,.i.e. one

in which nelther ion is specifically adsorbed at the 1nterface:' o

is added to the solution the double layer 1s ccmpressed and

._therpotential at the Stern layer is reduced. No 4£hange oocurél
'in the Nernst potential, This latter potentiai can be :
| altered by a variation in the donoentfations of the potential
deterﬁining ions in the‘soiution, or by the adsorption of long
chain éu;féce»active organic glectrolytes which have a high

specific adsorption potential,
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‘Scetion jB;

THT RLECTR O HORESTIS ﬂORl\HJLAE;

Thg clectrophorcsis 1 casurcmont oi”"xc plotted in the
form of a graph of droplet velocity vs. vertioal disﬁéédp
- from thc top ¢f the uvbc. In accordnonce with the theoiy

of ClGGtTOphOi 515 mcnsarcmc as (79)thcsc CUrvaes woIcG
parﬂbolio; Thisg parabolé is cnouscd by the olectroklnetlc
motion of tha liquid'darrying ths froplets in rolation to
the dhﬂrgckbn the walls of the copillary tubcs  Tho iIQuid
nmoticn is zéro at tvo ‘fvbls 1n the tube, givqn'by‘Laurcnce.
vS: Moyer (78) ag boing b;lﬁ6 of tho tﬁbe 2idth from Giéﬁcr
cné of fhé durvc/ Tho volucs at theso 901nts WOT bfouﬁdv
from thé CUrves Obt”Tnud bv’m:”surcw nt And WIS usGQ:
for tha calculation of zcta potcntinl, vTh@ formula uscd-
in fhc coleculations xhs‘the Smoluchowski fotmula:‘ |

J . : r

{ = 4ATpm. x oxioh

o D ,
where zota 1s the zkta DOtLDtl“l 1m volts,'q is thﬂ vigé
.0081ty of the liqL ¢ ané was Ltﬁ ﬂcayf;om toblos glvcﬁ |
in the Chemical Engincors Hondbook (79)}&'is the clootric-

-~

21 mobility of tho‘drbalcté; cxXpressed in,cﬁ/scc/volt/@m.
D is the ulLlCGtIlc congta nt of thc liguid. ‘Thé Vaiﬁes
of D uscd in thosc cxporimon's ju rg. obtoincd from ourvcs
anﬂn.oy Lottcy =nd Dévis (80) for uni~univalcnt clcctro—
lytcs. The salt uscd for Vafying the solution conccn—‘

-

trations in these tcsts we s soalum 3frcalo*“te. “ltaough



Lattcy and Davis ¢i¢ not measurc thSc valucs for sodium

rchlcrate thoy statc that thu valuc e .arc the same for

o]

11 unigunival;nt lcctroljtcs.

.

A

ourcctions to the Elcotrophorosis Formula,

Ths assumpbions in the Smoluchowski formula arg

-

statcd by Honry to bs as follows:
— . N '
1.Phat the usual hydvodyna Q1c cLu“ulons for the

‘motion of » viscous fluid may be nssumcd to hold both in
the bulk of thu ligquid and within tho doublc loycr.

;4*Tﬂ&tv0h6 motion is’stroam—liné motion and élow .
cnough fox incrtim terms in the hydrodynamic cguation
to be 1;gluctod;
3.That the rpplicd ficld moy bo taken as simply
supcrimposcd . on the fioléldub to thc.clcctricai dcubiof
laycT. : o : .

E AJPhat the thickhcos of tihc doublc—lﬂvor (io the
distance normal to the-intsrloce over ”hloh the DOtOFtl“l
diffcrs approoiablyﬁfrom thojbulk o¥ chc liqvld) is énall
oomg‘ od with the radivs of %ac-pﬁrtiolc.

Honer ste tcd that‘thc Tirst two assumptions arc
pfcbaply_Vélid. ‘ThQ,tLi:l can be taken as a good app:dx—
imation in %hﬁ ﬂbsgnoe of =zny beticy formula and that
the fourth is’v;lii‘i; the partiolbé arc ncithor too
smailvndr £00 irrcgular in,shépc. In cascs where the
doublc-laycr 1s very lﬁzbu it is?ndocssary to 2pply a

“rcetion faotor; This con be taken from fig. 6 which
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is taken from his papcr. It is-épplied to’ th¢ ‘Smoluchows=-

f = ”L'x_ﬂ:._:
| D  flke)

where K is the inversc of thc bejc—Huckcl function */H
“which givts a ﬂnﬁsurc of thc tnioknoss of tho chblc layor
' 8GO SCCulOP 3n. CK is the porticle radivs;}f (K &) vérics
botweon 0.56 2na- l. | ' ‘ _ |
| Tﬂolo 19, from anrv @-VCS anucs Qf K~ﬂndvl/K for
. various COHCuﬂtT”f ons uf cluctr lytcé Thc finnl column
An tho tqblu biVCS 2 mcusuz@ cf the miniﬁum sizc in microns'
'for‘whlca’ph Smoluchowaki cquation cnn be used and tho |
miﬁimﬁm sizc fb_' thich the pryc—ﬁuc"cl cguation can b
uSGd.-vBGtwcdn,thCSC limits the cbrrcctiOn faofor yusf:bo4

"‘p].’l

c+
,-..
=)
- §
O
=
o
=
(@)
\

TLﬁLE l .

Blcetrolyte Co CPt*xu100 K 20O 'l/xv - Dizmctcrs
| ~»@ | cm=l S (sy (A
Purc Tietcr - ' 110x104' 0 600 1.0
Uni-univalcont 1072 1.0x102 " osl 6o 01
SRR ; L1077 0 soxlo 0.0l 640 - 0.0L
: R T 1w0x107 040G o 6 0.001
Tni-Bivalont 10~ _. 1—:8::10; 0. 026 0,056
‘ , 10-L . 1+8x10 0.00056 0. 34 0.00056‘
Bi~Bivaolcnt 105 241%109 0.048 297 0.0
o 101~ - 2.,1x107 0.0004 o.¢9 o oooz|8-

}

ry
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The Influcncc of RleXﬂtlon.v
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Fig 7

ation of thc'doublc aycr furing movcment undu

Ovcrboé} hrs modificd Honry'ls olcctfophoroéis equat=
iqn~to allbw:for the rclaxation é'fcct: This offoét-is
11 dCsc;ibcd by SchonkCl.(59) t ig causcé by dcform=.
the
inl*u nec of an cztcrn;l clcdtric.fiold. If thc pqrtlclc

is ncgntively charged it will move towards the anode. The

doublc layor, which consists mainly of positive ions,

7ill move. towards thc cathole. I is thus dcformed. Qn

cne side tho particle scoms to move OUt of thc douolo

laycr, but sincc this can not hn“pun it is constnﬂtly bulﬂg

built{ﬁp..'Thi bul lGng up takes a cortain "mount of
timC‘knOﬁﬂkQS ths relaxation time. FThe felaxatién time
zives risc to é'forcc~which tonds to slow down the parfél‘-
iélos. Ovcrbcékaappliod the trcatm¢nts of chyc, Hickell,
and Ons gor for the rolaxnﬁioﬁ éffccts and madc Cértaiﬁ
equatlons V:ll“JlC bath for SYUMutTlOQl and non~SJmmot—

rical clcetrolytecs. The cquations werc calculatcd for-
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| valucs of f of thc order of 25 mV. Howc#cf thcy haVc’ﬁcen
~shoun to bo valid ét igacr ootcnthls. |
The conclusibns druwn_for the applicability of
Ovcrbecekts oqua%ions,arc’as f0110*s:
l.Téc rchVthon coérrcetion 1s'sm<ll for V“luos of
loss thon 25 mv.
/ ’ ., 2.Thc-rclaxétion corroction‘is important for Xests

v01 the ordcr of appro: 1m“tclj 0.1 to lO.

.
‘

3~For symmctrlcal olcctrolybos the valcney of thc

countcr-ion Dolcly AppeaTs in t ﬁaﬁmtion.
4.For-non—symmztrlc;l ulCCirOlytuS the diffcronce of
the ﬂlcnc& of t%ﬁ'two ions of on clccmrolytc can make
cwbbcr al posltlvc or n g”thb COﬂtIJDUth“ dcnondlng on
the ion with the highcst valcneye..

~Fig. T, takcn from Schenkel, shows fhc influcnce of
the Tolaxntion cffcet ns well as the importance of the

ions in thc bulk solution on thc mobility for a constant

» . g T e ——— —
potontinl, e 128 mv
8 < a-= 10-4 wh
|-l dedrolyte
;:’Mu
4 100
6 p
il
4
| $0
Z ) ] Al ] N
AJ

6 s 4 3 2 logc

Fin 8
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In flb. 8 the V“Tl“ulor of moblllty with 1norc“s1ng

potcntlal is ﬂumupgtr tcd.

‘Figs;‘7’an&.8 nre drain cccording fo-QYcrboék}s
kcguatioﬁ; - SR | o  ‘ o ‘- » A;, .

 At‘aboﬁt SO mv, wifh uni;univalcnt‘cleotrolytos the
56uxvc fof vériation of mobility with partioic éize follovws
 HCN'“’S OuTVG Tor tho‘vérirtion df‘mobilitﬁbwith log.Ke.
Ay hlghur valucs of pot\,ntl“l thc ccurves differ to some
 oxtcnt, lThus et 75 mV. the mobility in diluté_solutibhs
1S.CVCﬁjloﬁbT éhan HcﬂrV!s CUrVe would suggcst. »Pnftiglo
»Sle is not v;rv 1moovt“1t 2t lower. pObLntl ls but ét

hlghvr pleXe nt1°ls 1t tcndu to’ DPSh tha- 00ﬂ£1tlons for

© fhe same mobilitics to lombr clo ctroljtc OOHCCHtT”thHS,
The grcatest dOV1atlons-from Henryt's curve in a un1~_

»

univalent clectrolytc for lLmparticlcs occur betwoen
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lO“6 md 1074 molbs/lltrc being gucatcst at about 1055;

Ul ts stualca in tho eloctropLorcsis worc cbout:

3am.a1 °ﬁvtci. The cffsct of this qiffcroncs in size would

gemols/litre 1 7ith some CfLCCt 2t lO~5
uTl ucsts in scdium purcalor te solutions Egave pb%éntn

l“lS 1a the “’glol of 80 ul'y It mev bcjesfimated‘from?tho

rclaxatien deta thot o factor of about 10% should be a¢dcd
to the valucs mca$ur;d in the :cgioﬁ of lO"5 g.molcs/lé
No corrcction will bo réquifcd abdvc 10“4 g;ﬁolcs/l; T&eso
qorrcctions should boladded.fto”tho vélucs found aftor
Henryts corrcctiqn pﬂs bbcﬂ npplicd, lh; BroplCts studiéd
in thc dodceylomine hydr ochlo ldo tfsts worce a2bout é/*
ant the solutions 10f4 norm&l. Tac,rclakatlon offcet
therafore rcdudod all valucs'abovo,ﬂbcut\5omv. by around

“”thﬂS of u:)llud Potcntiﬂl ith Salt Coﬁcontrﬁtion.

Lewis (82) has found that in tho ClLCtTOOhOqulS
“tubc used in this work the pdtential applicd tO'EhG ccll

ig dopondent on snlt conccntration.. By toking n pnsuro-

«J

ments of 2ppl licd ootCntihl currcat, and Tss stnnoc, ho
- found twﬂt Chu SJStum alicd aot oocy Omes lavie ihu var iﬂ-
~tion of potentinl wit‘ s“lt conec ”t;étion vas found:toJ
bs £s given in Tablc 20. The Tirst column gives vrlucs

of iho salt coacbnt ~tion ané thic sccond celum gives

the potcntiﬂT at those volucs 28 o porecntage of uhb truo
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applicad potcntinl, which wns 54 volts,
TiABLE 20+

Salt Conccatration x Ne % of %pplied'Potcntial

1.0 x 1072. 474
2 x 1072 T 50+
 6.67x 1072 - 58
2 x 1074 . bgr
- x 10%3 S g ;
%e33x 1077 o i
1 "z 1072 9

N

A curve was drawn of salt conccntration vs. potcnt-
inl an¢ 21l clcotrophoresis rosults were corrcoted in

accordance with the curva.



Seotlon 30.

INTERATION OF CHARGED PARTICLES IN- SOLUTION.

The forces of 1nteraction between charged partlcles in

(83)

solution have been studied by B,V. Derjaguin in Russia

(84)

and by Verwey and Overberk in Holland. A useful summary

of the theory of interaction of simllary charged partlcles has
been given by Schenkel(sg), Deraaguln extended the theory l

to cover the cese of particles with disimilar charges. The
theoretical basis for Derjaguin's final deductions:is given in

a series of papere publlshed between 1937 and 1941. Criteria
wvere established, in these papers, for the adhesion of particles
La : ’

and the coagulation of hydrophobic sols and suspensions both

.weakly and strongly charged.

The following description is taken fromx"Hetero coagulation
of dissimilar particles". | | |

"Let us first consider a plane-parallel layer of thickness
n formed by & solution of binary electrolyte between the |
surfaces of plates 1 and 2 charged to potentials ¥,, and §e >:V¢,
respectively; We shall assume thatvthe potential'in the eleotrolyte A

solutions obeys the equation:

2 g - T .
%‘%2 L= g- exp(z,Vf) = exp (~zobf)

(1)
where b = o/kT = F/RT, e is the electron charge, F is the

Fereday, K is the Boltzmann constent, T is the
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ebsolute temperature, z, and z, are the valencies of the oation
and anion respectively: .. v
a = (8II/D)elNC = (BiI/b)ezinl_Ny = (8TI/D) ez.n.Ny
D is the dielectric constant; N is the Avogadro number, C is
the oonoentrafion'in g, equiv/6m3§ y‘is the concentration in

3

moles cm ~, n, and ne are the number of anions and that of

cations, respectively in a molecule of the electrolyte.

On introducing the paremeter ’5 = zg/zl and the

dimensionless variables,

;zf=zlb9; X=x/a =k
where k = YV, = /&"‘%”’El | | -‘ /

equation (1) reduces to:
Ca*ffax® =% (exp () - exp (<5 4) ) (2)
On integrafing‘eqn (2) we obtain:
2 ' 1 - L ! '—6’. Lol
(dﬁf/dx) = exp f - (/) exp(~4 §) = ¢ (3) |
- where the value of C must be so chosen as to0 make the difference
X, =~ X for which § = - ﬁi = 2, and [} = 7, respectively,

be equal to H = h/d.

The repulsion between the plates has carlier been shoWn

to e equai tos

Zl ’ v | . (4)

where w:c_; 1';‘(1//9) I (5)

P =

s

To build up a complete picture of the variation of

repulsive force with distance between particles it is
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-necessary to obtain in graph1§a1 form W vs. Hi .e. repuls:.on
vs, distence. 1t is very difficult to do. this dnrectly so
Derjaguin suggested the adoption of the reverse process viz.
determlnlng H as a funetion of W for varlous values of ¢ and ﬁz

o
and the parameter i

~ For this purpose a series of mtegral curves ¢ ﬂf (X,C)
were plotted aocording to equat:.on (3) for various values of C,
and henoe of W, and passing through the point X = 0, # =00 1._-e.

having the ¥ axis'as an asymptote, -

There are three major types of isodynamic curves, as these
curves are called: ‘
1) . Where W < 0 df/dX differs from zero for any values of

g and the integral of equation (3) may be expressed in the form:
| oo . ag . '
x _;Jexp5+ */37 expf—-ﬁa; -1—1,67‘ -V

' (5)

2) VWhenW =0 the integral curve has the exis of a.bsc:.ssae

. as an asymptote.

| 3) When W > O each curve has a minimum with an ordinate of
g = Qfo defined by the equation, ‘
exp B+ (1/g) exp( =gf) =c=1+(18)+v (1)

‘which has one positive root,

- The abscissa fof the minimum is given by

. oo Cad -
X = ¢[ /exp(ﬂ) + 1|8 exp(~5p) - exp(ﬂ{) - 1,/£exp(—/‘£57 (8)

o]
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' For X ¢ X the integral of equatlon (3) is also expressed
Yy equatish (6).
For X > x | |
. ad
Xt = 2x, - f /_Tﬁ) - (1//3 ey -(17‘5‘“‘

The intersections of one of the isodynamic ourves which

oorrespohdssto,a definite value of W = consta'Wifh twd‘straight
lines parsllel to the axis of absdissae drawn at the heights .
g = ﬁi and @ = ﬂ&'gives the possible abscissme of the respecﬁive :

- surfaoes X1 end X, whose difference equals H,

~ For w < 0 each straightlline'oorsses the isodynamic -
cusves in one place. This correspOnds to attraction at all
values of H, At W = 0 there is absence of‘inféraction;‘ For
w'>'o rspulsisn occurs instéad of attréction; ‘Tn this sase :
‘esch straight line ﬁ const. > ﬁ crosses the isodynamic curve
"twise. Thus there is more than one p0331b1e distance of |

separstlon of the‘partlcles ‘which will glve a certain repulsion.
4 maximnm *répuision fdr a given'value of ﬂ;'oocurs whén :
the stralght Tineé ﬁ ﬁ is a tangent to the 1sodynamlc curve

w and hence when: ‘
Ve = éxp(¢1> + (18 Jexp( <pB)) - 1= 18
When W > U_ the straight line § = #f, will fail to intersect

the isodynamic curve so that such values of W cannot ocours
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The isodynamic_ourveS-have been drawn.and are‘given in

Thv~Isodynamic Curvés:

-The equation for the 1sodynamlc curves:

& . ¢ , -
é\]exp [ 1/,@ exp(—fb’ﬁ 6'

' was 1ntegruted numerlcally by Slmpson‘s rulee.

a

Simpson!s"Rule'states fhat the. area y f(x) between
two ordinates yland vz, at a distance of 2h apart is nearly -

1/3 (yl + 4y2 + ys) where Ve is the mld-ordlnate.

The rule may be'extended_to a large odd number of

~ordinates and can then be stated:

B

b : : R , o
i ] _]_:_ { - - . -
é% f(x)ax = 3 by, + yg, . 1)+ 4(y2 F Yy eennt V)
| + 2(}",_ + y5 + AR + y'ﬂn )]
- where ¥y and Yam-¢ &re the end qrdlnates:at‘a and b respectiygly,-

b~ 2
2n

The proportlonal error in the 1ntegral is of the order of

and h =

h4 and thus deoreases very rapidly with h, The accuracy of

the integral therefore'increases very'mueh with an increase in
To estlmate the accuracy of the 1ntegrat10n at any 1nterval '

dlfference tableo can be drawn up. If the thlrd differences are

more or less constant then the curve apprqximates t0 a parabpla

" and Simpson's Rule may be applied.

Curves were plotted of X vs, ¢ for 9 values of W,
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Tt was impossible to integrate rumerically to ©@ , At f = 10
the value of the integral becomes very small, This was therefore

taken as the upper limit,

For sach value of W a table was drawn up giving values.

of §, cosh # and 1/ A2 coéh g ~0)s The figures in the .1'asj;
column were then plétted against ﬂ. Tt was found that in thé
case of W 3 O the curves did not cross the axis>of abscissae:
and hence could not be integrated to the minimum valug of ¢a- To
find the integral at this point equation (8) was used. This

can be expressed as

W= fm_____.__;i__ﬁf___.____/
é ,['2 cosh 5 ~ 2 cosh ZO
0 . .

This equatiOn’has been-integrated by Verwey and Overbeek
and gives an elliptical function which may be solved from tabless
The appropriate table is given’in Table IX "Theory of the
Stability of Lyophobi jolloids" (84). In this table z may be
taken as 10, U as ¢o and' y asyﬁ. Then X is the same as - Xd;i
A curve -was drawn from table IX and the minimum readings taken by

intepolation, ' This curve is also plotted in graph 22,

N

The figufes'employed in‘drqwing the curves are given after
this section to save othef workérs’the large amount of time
necessary fbr‘their calculation, The isodynamic F— are’ shown
in graph 22,

In all calculations the values of H.and X are based .



Cw]10e
om Derjeguin's defimition of B, fse, helf the distance
between the plates, hence for ocalculation of the energy

berrier the values of H in graph 22 must be doubled.
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The values of ﬂj ) Coshjg and j= ;gr&“ uséd'for the

calculatlon of the 1sodynamlc curves are - glven below

TABLE 213
W= -2 o

4 Cosh ¥ /2 Cosh@-2-W @ - Cosh § /2 Cosh@-2-W °

1.00100 0.70711 18.31278  0.16524

0.0 3.6

0.1 1.00500 0.70534 3.8 22.36178  0.14953
0.2 1.,02007 0.,70012 4,0 27.30823 - 0.13531
0.4 1.08107 0.68008 L,2  33.3507 0.12244
0.6 1.18547  0.64944 4,4  40.7316 0.11079
0.8 1.33744  0,61143 4,6 49,7472 0.10025
1.0 1.54308. 0.56923 4,8  60.7593 0.09068
1.2 1.81066 0.52549 5.0 74,2099 0.08208
1.4 2.15090 0.48214 5.5 122.3480 0.06393
1.6  2.57746  0.44044 . 6.0 201.7156 0.04979
1.8 3.,10747 0.40113 6.5 332.571 0.03877
2.0 3.76220 = 0.36456 7.0 548,317 0.03020
2.2 4,56791 0.33085 7.5 904,021 . 0.02352
2.4  5,55695° 0.29996 8.0 1490.479 0.01832
2.6 6,76901 0.27178 8.5 2457.385 0.01426
2.8  8.25273  0.24614 9.0 4051.54 0.01111
3,0 10.06766 0.22285 9.5 6679.87 0.00865
3.2 12,28665 0.20173 10.011013.24 0.00674
3.4 14,99874  0.18258 '

A1l values of Cosh @ taken from: Comrle (85)
(86)

All values of square roots from: P. Barlow
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0.22860

W= -l TABLE 21b
[} Cosh & (ZCo"shﬁ--‘.Q)"’é : .3 Coshg@ (2Cosh{25-(3)":}é
0.0 1:00000 1.00000 3.2 12.28665 0.20596
0.1  1.00500 0.99503 3ok 14,99874 0:18570
0.2° 1.02007 0.98052 3.6 18.31278 0,16754
0.3 1.04534  0.95752 3.8 22.36178 0.15123
0:4 1.08107 0.92764 4.0 27.30823 0.13657
0.5 1.12763 0.89255 42 33.3507 0.12337
0.6 1.18547  0:85407 b, b 40.7316  0.11148 . t¢
0.7 1.25517 0.81370 k.6 Lko,7472  0.10076
0.8 1.33744  0.77269 4.8 60.7593 = 0.09109
0.9 1.43309 0.73202 5.0 74.2099  0.08236
1.0 1.54308 0.69274 5.5 122,3480 0.06406
1,2 1.81066 - 0.61765 6.0 201.7156  0.04985
1.4 2.15090 0.55033 6.5 332,571 0.03880
1,6 2.57746  0.49059 7.0 548,317 0.03021
1.8 3.10747  0.43790 7.5 904,021 0.02352
2.0 3.76220 0.39150 8.0 1490.479  0.01832
2.2  4.56791  0.35059 8.5 2457.385 0.01427
2.4 5.55695  0.31444 9.0 L051.54 0.01111
2.6 6.76901 0.28241 9.5 6679.87 0.00865
2.8 8.25273 0.25396 10.0 11013.24 0.00674
- 3.0’ 10.06766




W=0 , - TABLE 2lc
g  Cosh §  (2Cosh@-C) J Coshi@ (2Cosh@-C)
- 0.55 1.15510 11,7960 2.7 747347 0.27792
0.60 1.18546 .1.6420 2.8 8.25273 0.26256
0.65 1.,21879 1.5117 2.9 9.11458 0.24823
0.70 1.25516 1.3998 3.0 10.06766  0.23479
0.75 1.29468 1.3026 3.1 11.12150 0.22225
0.80 1.33743 1.2173 3.3 13.57476  0.19941
0.85 1.38353 11,1418 3.5 16.57282 0.17918
0.90 1.43308 1.0745 3.7 20.23601 0.16123
0.95 1.48633 1.0141 3.9 24.71135  0.14521
1.0 1.54308 0.95950 b1 30.178% 0.13090
1.05 1.60379  0.91000 4,3 36.8567 0.11809
1.1 1.66851 0.86484 45 45,0141 10.10658
1.2 1.81066 0.78536 4,7 54,9781 0.09625
1.3 1.,97091 0.71762 L,9 67.1486 0.08694
1.4  2.15090 0.65913 ‘5.1 82.0140  0.07856
1.5  2.35241 0.60804% 5.3 100.1709  0.07101
1.6 2.57746  0.56300 5.5 122.348 0.06419
1.7 2.82832 0.52295 6.0 201.7156 ~ 0.04991
1.8 3.10743  0.48709 6.5 332.571 0.03883
1.9  3.41773  0.45476 7.0 548,317 0.03022
2.0  3.76220  0.42547 7+5  904.021 0.02353
2.1 4.,14431 - 0.39877 8.0 1490.48 0.01832
2.2 L4.56790 - 0.37435 8.5 2.457.385 0.01427
2.3 5.03722 0.35192 9.0 L4051.54 0.01111
2.4 5.55695  0.33125 9.5 6679.87 0.00865
2.5 6.13229 0.31213 0.0 11013.14 .0.00674
2.6 6.76901  0.29440
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W= +0.,25 TABLE 214
¢ oosn P (2oshg-0)E g cosnp  (2Cosng-0)*

3.10747 . 0.50220
3.41773  0.46699
'3,76220 0.43542
4.56791  0:38109
5.55695 0.33588
6.76901 0.29764
. 8.25273  0.26485
© 10.06766  0.23646
12.28665 0.21165
14.99874  0,18984
18.31278  0.170596

22.36178  0.15344

27:30823 0.13819
45,0141 0.10674
74,2099 0.08271
- 122.3480 0.06422
201.7156 0.04993
1 332,571 0.03884
548,317 0.03023
904,021 0.02354
1490.479 0.01832
2457.385 0.01427

0.53 1.14377 5.16129
0.535 1.14656 4.81579
0.54 1.14938 4,52857
0.545 1.15223 4.28504
0.55 1.15510 4:07564
0.555 1.15801 3.89196 .
1.16094  3.72995
1,;16690 3.45447
1.17297 3.22851
1.17916 3.03841
1.18547 2.87563
1:21879. 2.30888
L.25517  1.95990°
1,294€8  1.71659
1.33744 1,53417
1.38353  1,39068
1.43309 1.27393
1.48623 1.17651
1.54308  1.09359
1.66852  0.95913
1.81066 0.85395
1.97091 0.76882
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2.15090 0.69812 4051.51 0.01111
2.35241  0.63825 .5 6679.87 0.00865
2.57746  0.58672 10.0 11013.24 0.00673

2.828%2  0.54180
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W= 0.5 TABLE 2le
] Coshd@ 2Cosh@-2.5 @ Coshd (2Cosh@-2.5)"
0.78 1.31994 = 2.74718 1.350 2.0583 0.78647
0.79 1.32862 2.52188 1.357 2.1040 0.76517
0.80 1.33744 2.39137 1.400 2.1509 0.74499
0,81 1.34638 2.27759 1.425 2.1992 0.72579
0.82 1.35547 2.17737 1.450 2.2488 0.70741
0.8%3 1.36468 2.08799 1.5 2.3524 0.67345
0.84 1.37404 2.00771 1.55 2.4619 0.64230
0.85 1.38353 1.93506 1.6 2.5775 0.61372
0.86 1.39316 1.86884 1.65 2.6995 - 0.58734
0.87 1.40293' 1.80815 1.7 2.8283 0.56281
0.88 1.41284 1.75230 1.75 2.9642 0.53999
0.89 1.42289 1.70065 1.8 - 3,1075 0.51883
0.90 1.43309 1,65256 1.85 3.2586 0.49893
0.91 1.4434 1.60852° 1.9 3.4177 0.48026
0.92 1.4539 1.56595 1.95 3.5855 0.46271
0,93 1.4645 1.52677 2.0 3.7622 0.44613
0.94 1.4753 1.48971 2.1 4.1443 0.43365
0.95 1.4862 1.45495 2.2 4,5679 0.38971
0,96 1.4973 1.42191 2.3 5.0372 0.36468
0.97 1.5085 1.39076 2.4 5.5569 0.34072
0.98 1.5199 1.35092 2.5 6.1323 0.32001
0.99 1.5314 1.35099 2.6 6.7690 0.30191
1.00 1.5431 1.30616 2.7 7.4735 0.28345
1.025 1.5729 1.24508 2.8 8.2527 0.26722
1.05 1.6038 1.20309 2.9 9.1146 0.25214
1.075 1.6356 1.13872 3,0 10.0677 0.23813
1.100 1.6685 1.09304 3.1. 11.1215 0.22506
© 1,125 1.7024 1.06246 3.2 12.2866 0.21285
1.150 1.7374 1.01284 3.3 13.5748 0.20142
1.175 1.7735 0.92828 3.4 14.9987 0.19441
1,200 1.8107 0.94429 3.5 16.5728 0.18064
1.225 1.8490 0.91366 3.6 18.3228 0.17118
1.25 1.888%4 0.88496 3.7 20.2360 0.16228
1.275% 1.9291 0.85807 3.8 22.3618 0.15389
1.300 1.9709 0.83285 3.9 24,7113 0.14599
1.325 2.0140 0.80900 4,0 27.3082 0.13852
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W=+l TABLE 21f

1.07 1.62919 1.96730 6.7690L  0.30805

1.08 1.64214 = 1.87554

[ Cosh & (2Cosh ¢—c)'% g Cosh@ (ZCOSh¢LC)—%
1.0 1.54308  3.,40681 1.95 3.,58548 0.48965
1.01 1.55491  3,01759 2.0 3,76220  0.47013
1.02 1.56689 2.73403 2.1 4.14431 0.43484
1.03 1.57904 2.51515 . 4,56791  0.40370
1.04 1.59134 2.33967 . 5.03722 0.37598
1.05 1.60379 2.19486 . 5.55695 0.35106
1.06 1.61641 2.07250 . 6.13229 0.32854

2.47347  0.28932
8.25273  0.27211
9.11458 - 0.25625
10.06766  0.24158
12.28665 0.21530
14.99874  0.19246
18.31278 0.17245
22.36178  0.15482
27.30823  0.13919

2
3
I
5
6
7
1.09  1.65525 1.79459 8
9
0
2
4
6
8
0
i 33.3507 0.12529
6
8
0
5
0
5
0
5
o
5
0
5
0

2
2

2

2

2

2

2

1.10 1.66852 1.72250 2
1.125 1.70244 - 1.57159 3
1.150 1.4511 1.45118 3
L175 1.77348 1.35214 3
.200 1.81666 1.26860 3
.225 1.84896  1.19700 3
.250 1.88842  1.13457 ' 4
275 1.92907  1.07949 4,
4 40,7316 0.11289

4 49, 7472 0.10180

4 60.7593 0.09186

5 74,2099 0.08293

5 122.3480 0.06432

6 201.7156 0.04997

6 332.571 0.03886

7 548,317 0.03024

? 904,021 0.02354

8 1490.479 0.01832

8 2457.385 0.01427

9 4051.51 0.01111

9 6679.87 0.00865

0.0 11013.24 0.00673

.300 1,97091 1.03042
.325 2,01399  0.98629
.350 2.05833 0.94632
.375 2,10396  0.90988
400 2.15090 0.87645
2.24884  0.81713
500 2.35241 0.76588
.55 2.46186  0.72099
.60 2.57746  0.68122
.65 2.69952  0.64563
.70 2.82832  0.61353
.75 2.96419  0.58437
.80 3.10747 0.55772
.85 3.25853 0.53323 1
.90 3.41773  0.51061

HFEFFHFFRFFRERREERERRERRRRRP
5=
U
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W= +2 TABLE 2lg
& Cosh & | (2005h¢-c)'%. g Coshg (2Coshg -c)‘%

.8 3.10747  0.67192
.85 3.25853  0.63031
. - 3.5177> 0.59386
.95 3.58548  0.56157
3.76220 0.53267
4.,144321  0.48288
4,56791  0.44126
5.03722 0.40574
5.55695  0.37493
6.13229 0.34783
6.7690L  0.33548
7.47347  0.30225
8.25273 0.28278
9.11458 0.26510
10.06766 0.24895

1.3Z5 2.03158 3.97900 1
1.3375 2.03600 3.72675 1
1.3400 2.04045 3,51605 1
1.3425 2.04490 3.33700 1
1.3450 2.04936  3.,18268 2
1.3475 2.05384  2,04739 2
1.3500 2.0%833 2,92774 2
1.3525 2.06284 2.82079 2
1.3550 2.06735 2.72472 2
1.3575 2.07188  2.63741 2.
1.3600 2.07643  2.55774 , 2.
1.365 2.08555 @ 2.41756 2
1.37 2.09473  2,29742 2
1.375 2,10396 2.19308 - 2
- 1.38 2.1132h  2.10128 3
3
3
3
3
2

8
8
9
9
0
L
2
3
L
5
6
7
8
9
0
2
o 14.99870 0.19613
6
8
0]
2
L
6
8
0
5
0
5
0]
5
0
5
0

1.285 2.12258 2.01963 . 12.28670 0.22047
1.390 2.13196  1.94655

1.395 2.14140 1.88040 . 18.21280 0,17507
1.40 2.15090. 1.82030 . 22.36180 0.15670
1.l 2.17005  1.71473 fo 27.30820 0.14056
1.hb2 2.18941 1.62474 k, 33.3507 0.12629
1.43 2.20900 1.5h672 b, L40.7316 0.11362
1.44 2.22881L  1.47824 L, Lg, 7472 0.10233%
l.4s - 2.24884 1.41751 b, 60.7593 0.09225
1.46 2.26910 1.36310 5. 74.2099 0.08321.
1,47 2.28958  1.31401 5. 122.3480 0.06446
1.48  2.31020 1.26942 6. 201.7156 0.05004
1.49 2.33123 1.22862 6. 332.571 0.03889
1.50 2.35241 1.19113 7. 548,317 0.03025
1.525 2.40638 1.10923 7. 904.021 0.02354
1.55 2.461.86  1l.04o47 3. 1490.479  0.01833
1.575 2.51888 0.98164 3. 2459.,885 0.01426
1.6 2.57746  0.93052 9. Lo51..54 0.01111
1.65 2.69952  0.84544 9.5 6679.87 0.00865
1.7 2.82832  0.77693 10.0 11013.24 0.00674
1.75 2.9641¢  0,72012

———{ - oy oy 5.t st o P
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W o= +k TABLE 21h

9

.Cosh @ (2Cosh¢-2fW)-é i} Coshd (2<:os;h¢-a-w)7"/é

=

3.41773  1.09404 18.3128  0.18070

25 3.,50051  0.99950 . 22.3619 0.16070
5  3%.58548 0,92412 . 27.3082 0.14342
75  3%,67260 0.86214 33%.3507 0.12835
0 3.76220 0.80993 40,7316 0.11512
5 3,9483%2 0.72612 . Lo 7472 0.10342
. 4,14431 0.66102 . 60.7593 0.09304
5 4,35067  0.60843 . 74,2099 0.08379

5.55695  0.4h221 332,571 . 0.03895
548.317 0.03028
904.021 0.02356

1490. 479 0.01833
2457,385 0.01427
4O51, 54 0.01111
6679.87 0.00865
111013.24 0.00674

6.13229  0.39953
6.76901  0.36423
7.47347  0,33432
8.25273  0.30853
9,11458 0.28596
10.06766  0.26598
12.28665  0.23204 10.
14,9987 0.20414

3,6

3,8

4,0

L,2

Lobh

4,6

4,8

5.0
4.56791  0.56471 5.5 122.3480 0.06445
5.03722  0.49541 6.0 201.7156 . 0.05016

6.5

7.0

745

8.0

8.5

9.0

2.5

0.0

L] L ] L) . »
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W= +8 TABLE 21j
: ~% =)

) Coshd (2Cosh@-C) g Coshf (2Cosh@-C)
2.4 5.55695  0.94750 L, h Lo,7316 0.11829
2.45 5.83732  0.77275 L,6 . Lg,7472 0.10571
2.5 6.13229  0.66452 4,8 60.7593 0.09469
2.55 6.44259  0.58873 5.0 74,2099 0.08500
2.6 £.76901 0.53164 5.5 122.3480 0.06527
2.70 7.47347  0.44961 6.0 201.7156 0.05042
2.8 8.25273  0,39207 6.5 33%2.571 0.03907
2.9 9.11458  0.34860 7.0 548.317 0.03034
3.0 10.06766  0,31411 7.5 904.021 0.02358
3.2 12.28665 0.26195 8.0 1490.479 0.01835
3.4 14,99874 0.22362 8.5 2457.385 0.01428
3.8 22.36178 0.16970 9.0 4051.54 0.01112
L.o 27.30823  0.14971 9.5 6679.87 0.00865
4,2 33,3507 0.13280 10.0 11013.24 0.00674
3.6 )

K.

21.1278 0.19380
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A typical difference table is given below:-

TABLE 22
W= 42 f(@#) = (2 Cosh & - _c')":’é
. R 7] -
g £(#) 4 £\ AN
1.5 1.19113%
' . 0.15166
1.55 1.040o47 . 0.04271
0.10995 0.01784
1.60 0.93052 — - — - - -~ 0.02487
0.08508 . . .. .0.,00830
1.65 0.84544 0.01657 ~ T 77
0.06651 0.00487
1,70 0.77693 0.01170
0.05681 0.00309
1.75 0.72012 0.00861
0.04820 0.00212
1.80 0.67192  0.00659
: 0.04161 0.00143
1.85 0.63031 0.00516
0.03645 0.00100
1.90 0.59386 0.00416
0.03229 0.00077
1.95 0.56157 0.00339
0.02890
2.0  0.53267

A smaller interval is necessary below @ = 1.6
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The Intervals used in The Integration by Simpson's
‘Rule were as follows:~
TABLE 23

Value of W ¢2 to ¢1} Interval Value of W ¢2to¢1 Inter al

-2 10 to 5 0.5 + 1 10 to 5 0.5
5 to 0.2 0.2 : 5 to 3.0 0.2
0.2 to 0.0 0.1 2.0to 2.0 0.1 .
A 2.0to 1.4 0.05
-1 10 to 5 0.5 l.4t0 1.1 0.025
5 to 1.0 0.2
1.0 to 0,0 0.1 + 2 10 to 5.0 0.5
5.0to 3.0 0.2
0 9.5 to 5.5 0.5 3.0to 2.0 C.1
5.5 to 4.7 0.2 2.0to 1.6 0.05
4.7 to 3.1 0.2 " 1l.6to 1.5 0.025
72,1 to 1.1 0.1 : 1.5t0 1.4 0.01
1.1 to 0.5 0.05 l.4to 1.35 0.005
‘ 1.35t01.335 0.0025
+ 0.25 10 to &4 0.5
5 to 2 0.2 + 4.0 10 to 5.0 0.5
2 tol 0.1 5 to 3.0 0.2
1 to 0.6 0.05 32 to 2.2 0.1
0.6to 0.56 0.01 2.2to 0.05 0.05
0.56t00.53 0.005 2.0to 1.9 0.025
+ 0.5 10 to & - +8.0 10 tc 5.0 0.5
4 to 2 0.1 5 to 3.0 0.2
2 to 1.5 0.05 3 to 2.6 0.1
1.5to 1.00 '0.025 2.6to 2.4 0.05
1.0to 0.78 0.01
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The Results of the Numerical integration are:-

TABLE 24
‘XA

0.00874
0.04692
0.15070
0.23143
0.43270
0.65145
0.79750"
0.97380
1.18402
1.42831

1.69964
1.84239

=

QAo FMN OV

OQOCOoOFHRFMFMPDWFEFUINWY

0.00874
© 0.04693
0.15088
0.23204
0.43579
0.66363
0.82060
1.01730
1.26485
1.41129
1.75240
2.14237

O-F'OOO-F'OONONOOED

0.01543
0.03374
0.06448
0.11492
0.17822
0.27343
0.41794
0.71764
0.90035
1.14519
1.30265
1.60951
2.07157

LI ] .
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(Continued next page)
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TABLE 2% Continued

4

X X

W ﬂl
+ 0.25 6.0 0.08621 5.0936
: : 4.0 0.25911 4.9207
2.8 0.49154 4,6883.
2.0 0.75732 L, Lp325
1.4 1.08730 4.0925
1.0 1.43435 3. 7454
0.8 1.69175 3, 4880
0.7 1.86442 3.3154
0.6 2.09884 3.0810
0.56 2.22895 2.9508
0.53 2.35907 2.8207
0.4949 2.5899 2.5899
+ 0.5 4,0 0.25915 4,3808
. 3.0 0.43926 4.2007
2.0 0.77921. 3.8608
1.5 1.0k4247 _ 3.5975
1.3 1.19201 3. 4480
1.0 1.50201 3,7380
0.9 1.64856 2.9914
0.78 1.89563 2. 7440
0.69315 2.3200 2.3200
+ 1.0 8.0 0.02316 3.9874
7.0 0.04695 3.5406
6.0 0.08622 3.9244
5.0 0.15125 3.8593
3.8 0.28910 3.7215
3.0 0. 44458 33,5660
2.0 0.78196 . 3.2286
1.7 0.94278 - 3.0678
1.4 1.16383 - 2.8468
1.25 1.31272 _ 2.6979
1.1 1.51922 : 2.4914
1.02 1.67895 _ 2.3316
0.9624 2.0053 2.0053
+ 2.0 9.0 0.00874 3,2693
7.0 0.04694 3,2521
5.0 0.15143 3.1266
k.2 0.23394 3,044
3.0 0.44396 , 2.8290
2.0 0.81037 - 2.4676
1.6 0.08666 2.1913
1.5 1.19738 2.0806
1.4 1.34195 1.9360
1.35 1.454040 : 1.8236
1.335 - 1.50506 1.7729
1.3169 1.6390 ; 1.6390

(Continued next page)
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TABLE 24 Continued

o &
LA g, X | X
+ 40 5.0 0.15180 2.4316
- 3.8 0.31755 .- ' 2.2659
3.0 - 0.45848 - ; 2.1249.
2.2 0.76253 - 1.8209
2.0 0.89309 - 1.6903
1.9 0.98644 - - 1.5960
1.763 1.2917 S 1l.2917
'+ 8.0 . 5.0 - 0.15260 - 1.8274
4,2 0.23801 ' 1.7420
- 3.0 0.48170 S 1.4983
2.6 0.64246 1.3385
2.4 0.78169 - 11,1983 -
2.2

\O
-V,
\V]

0.990 o0 Q0990
‘The abseissal of the minima are as follows:

e o
from “}x- L /[ - dﬁ " :
RIOE A Jz Costh - 2 COuhT

The results were obtained by 1nterpo;atlon'in Table 9,
Venvéy‘and Overbeck, "Theory of the,Stability of hyophobic'
Collolds” o e

For valueg of W e;cceed:mg W=0i.e Where X X }XM

| | _ 'TABLE 25
Wt v¢0v_ e km
+ 0,25 0,494y | 2.5899
+ 0.5 © 0 0.69315 . 2.320
+ 2.0 U 1.31696 - - 1.6390
+ 4.0 1.7626 +1.2917
+ 8.0 2.29224 7 1.990
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Section 4 Conclusions and Discussion of Results

The purpose of this research was the study of insoluble

- collectors. To this end the system quartzedodecylamine

was chosen because of the stability of both the mineral

and the collector and the extensive study to which the system
has been subjected. - The dodecylamine was to be presented
to the quartz as a solution in an emulsified 0il.  The

flotation characteristics of the system,.together with those

factorsdwhich influenced the interaction'of mineral.ahd oil

'particles were studled, w1th partlcular attentlon being pald

‘to the hlway alkallne solutlons where much of the amine was

d1ssolved 1n the 011. .

It was deslred to form the emulslon w1thout using the'’

‘ great_degree of agitation employed in practlce. An emulsify—

‘ing agent could not‘be used because of its vefy'nature it

wouldvpe surface‘actiwe ahd would interfere with the reactions

of the dodecylamine at‘the‘oil/water‘interface.'. The method

i

chosen for reasons which areloutlihed in section 2.4.1.,"

employed a palnt spray gun. - This was found to give satisfactory'

results and produced emu1s1ons in whlch thc droplet size’

ranged down to lor 2. mlcrons. : Thlu method had been

prev1ous1y employed 1n the Royal School of Mlnes ‘but various

modlflcatlono were made whlch are de crlbod in the text.

’ For a detalled knowledpe of the flotatlon system a method"

of measuring thc oil content and droplet size dlstrlbutlon of
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' tho'emulsions was required. . The'analytical mathods_which
were chosen were photomicrography for the droplet siza
-dlstrlbutlon and spectrophotometrlc measurement of the
chloroform extract for the- ratio of oil - to water by weight.
For both these methoﬂs’it was necessary to introduce a red
dye to the syatem. . This is described in section 2.A.2.
Itlwaa Eoncluded from testa performed both in thé‘presenoe
and absence of tnis dye,.onbvarious aspects of the.system,kthat
the dyé was not sufficientlx.surface active to affect the
resultstin any.way;' Tne'ooncentration of dye was never
above a few mg;pér iitre of oil, which isnvery'much lower
than the éqnivalentramine conoentrations. A

. The test described in Section 2.B.1. showed that the
Oll creamed by sedlmentatlon.f “If graph‘4 is plotted on
"a logarlthmlc scale a stralght llne is obtained which is
jln aocordance w1th thls observatlon. . The sedlmontatlon.
was caused by the low spec1f1c-grav1ty of the 011 0. 825
and ensured that a deflned emu151on could never be presented
to the quartz. The droplet size distribution could not be
'predicted, and variéd considerably oven durinngne test. |
It was’thought;;therefore5 than an;investigationiof this factor
‘during each=test oould yield no accurate-resnlts ao no‘suohn |
information was sought in latér test work.4 ~ The photograph

'glvon in Sectlon 2.B.2 shows an emu151on Wthh has been.

creaming for. only about 15 minutes. The droplet_size '
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.Qariation in older emulsioné.ﬁouid‘be considerably less.
The bﬁbble pick-up test method Qaé”chbsen aé béing.
most suitable for ésﬁabiishiﬁg’the flgation characteristics
of the system. 7lThe first éjsteﬁ étﬁdied was ﬁhat of
qﬁartz-wifh aqueous d§decyl§mine hydrbchloriae as a
éollector. A neﬂtral”electroiyté'ﬁas‘addeé to definé thei
tOtél ionic Concentrafion'and to sfﬁay.Robinson;s"theory tﬁat
‘ results in the preseﬁce of such an electrolyte should differ,
at neutral.?H, from tﬁose in‘its abseﬁCe; It was hoped
that'the.curﬁe'obtained wduld agree'weli withrthét of ofher‘
workérsnj Thisjﬁas ih féc£-s5’éhd fhéragreement'betwéén'” _‘
,graiioh‘- 5 and the curve. pbub;lb.j:shérd‘ by Buckenham and Rogers (29
. is<very'g06d." ThéAagfeéﬁent‘with‘R§binson_is not quite so
| good,'but‘his‘collectér’wés ajéomﬁerbiai one with some
> degrée_of impurity. Thé agreeﬁént indicates that the writer
-introduced'no pérsonai errors into his bubble piék-uﬁ test
.method and aisovthat Robiﬁson's‘théory_wgs‘wrong.!1-This'is more
full& diécussed‘latér in this‘Section. | |
.BeforéAthe system'wés studied in the presence of an
’ éﬁulsified o}i a diséuésion of the resulté of fhe cieanihg
bteSts in sectioﬁ 2;B{3a is apprdpriate. " N§ISténdard-féchnique
.is.empldyéd iﬁ the liﬁéfature for dleaning‘minerals ior
fundamcéhal flotation tests. It was.found in bofh tﬁe.
‘bubble pick-up tests andithe streaming current tests that

the method of cleaning the mineral had a significant effect

v
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on the results obtaihed in.the experimental work. .The
‘latter case will be cohsidered_more‘fuily in theauiscussion
of‘the streamihg current results. . In the bubble pidk;upf
tests it was found that quartz could bevfloeted at a pH

of 1.3 if'it had ‘been first ignited in avfurnace at'SCOOC.
Acid trcatment and other cleanlng methods dld not allow
flotatlon below a pH of 3.8, If, aftee 1gn1tlon; the
quartz stood 1n water its react1v1ty at low pH's slowly
approached that of the unignited'quertz, ~Acid treatment
.after ignitioh brought the_quattz‘rapidly‘to the condition
of the unighited miheral. fThese observations may be |
examined in theviight of tests‘performed by various other
WOrkets,'and described:in Chemical Abstracts. Zhdanovcgg)
| found that:the'adsofbtioh'chareoteristios of quartZ'ground.'
invva‘uq differed'from those of.quartz which was calcined
~.et 600°.in vecuo. 'iTho adsorétion~and‘desorotion isotherms
- for ‘vacuum ground quartz 1ndlcated com@bx phy51cal and
chemical reactlons ‘with water and the 1rrever51ble character
of the hyd;atlon. ' Grinding ih vacuo was a fracturlng-of
the orystal faces and edges. ' Tho ‘broken Sl‘- 0 bonds~
brought about electrostatlc free charges‘ \ \Sl O Wthh
causcd reactlon wuth water molecules and H*vand OH™ 1ons
produ01ng.the surface presented in bubble plck-up'tests.

Washing with dilute or even concentrated acids would not
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permanently alter this surface to anyblarge degree. In
the dehydration process by calcining in vacuo the hydroxide
laden quartz brings about only a reaction between neighbouring

- I‘U .
OH groups, the removal of HZO and a compensation of val enus

0 .
. N S P ./ .
to form groups like 8i = O or »8if 281  without

electrostatic charges renaining. De Boer and.V1eeskens(89)
concluded that reaction could occur between fhe OH™ groups
on adjacent Si atoms or on one Si atom with two such groups,
giving both rehydratable and non-rehydratable Si - 0 - 8i
groups. The surface shows a reduction in the number of

(90)

OH groups. I1'" in,Kiselev and Krail'Nekov examined

the influence of the naturé of the surface of silica on its
adsorption properties. They studied gels but the results :
can probably be extended to quartz. The temperature of
ignition‘had an impatant effect on the hfdration and de-
hydration properties and eveﬁ after 5 days the properties of
surfaces produced at different temperatures were not identical?
The adsorbtion of methane was dependent on the hydration of the
surface and it is probable that this would apply also to amines.
These observations help to explain the different results "
shown in Table 2. The ignited quartz surface wduld be

only partially rehydrated and would adsorb stongly at low

pH valucs, With time it would approach fhe condition of
hydration of an unignited surface. The washing of an

ignited-surface with acid has not been studied in the literature
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but it would probabiy gréatly inereéase the hydration rate
and decrease the>strength of édsoﬂpficn at low pH.

From the bubble pick-up tests in the presence of an
emulsion, both with the amine added as a sa;t and as a
solution in the emulsified oil; it may be éoncluded that
the presence of a non-polar oil is, in itééif;incapable of
causing flotation, but in the presence of a surface active
collecting agent flotation does occur. . The conceﬁtration
of amine neeeded to bring about flotation is much lower
than that in the absenée of oil. To understand fhe forces
which produce this reéult an understanding of the interaction
of dodecylamine and quartz in aquéous solution is necessary.
This has been briefly discussed in Section 1. Graphs 5 to 7
can be interpreted by the method used by Robinson(Bl). If
Philipoff's eguation for the.relafidn between surface
coverage and contact angle was accepted as being correct
then the pick-up curve indicated conditions of similar
surface coverage by the active species of the collector.
Along that line the minimum contact angle had been developed
which balanced the’disrupting force of gravity. Thus in the
system examined it should be possible to obtain evidence of
the effects of hydrogen ion, sodium ion, and free amine
concentrations on the adsorbtion of the dodecylammonium ion,
which is thought to beﬂthe'active species;of the collector.

For the three pick-up curves the ratio of dodecylammonium
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lon to hydrogen ion has been célcﬁlated on the acid side
of neutral and the dodecylammonium ion and free amine

. cohceﬂtrations on the alkaline side. The ratio of
dbdecylammonium ion to amine molecuie was calculated from

the expression:

Kb [ﬁNH ] [bH ]
B

where Kb is given by Ralstoﬁgl) as‘4.3 x 10 . The
solubility of dodecylamine, 2.0 ¥ 0.2 mg/l, was taken from
Brown(l7).

The calculations yielded the information given in tables

25 to 27. From Table 25 it may be concluded that in the

absence of oil, the competition between hydrogen ion and
dodecylammonium ion determine the flotation characteristics bélow
a pH of 5 or 6. When thg hydrogen ion concentration is
sufficiently low, ie between 5 and 7, the dodecylammonium

ion concentration becomes the dominant factor. Robinson

théught that the ratio. of dodecylammonium ion to hydrogen

ion should be decisive atrneutral pH. His figures showed

that it was not so at pH?Y and he concluded that the anomaly

was caused by the low total ionic concentration of the

solution. That this is not so is shown by these results,

There is in fact no anonaly. Abovg pH? the dodecylammonium

ion ~lone is dominant. However the necessary concentration



of this species does increase between 9 and 12.  Robinson
suggested that this apparent inCreasé may be caused by the
adsorbtion of free - amine molecules at the air interface.
These molecules would be more strongly adsorbed than the amine
ion and would produce a considerable reductidn in the free
surface energy of the interface. As a.resﬁlt the contact
angle'necessary to 1lift the particle would have to be some-
whét larger than in the absence of amine molécules. The
apparent decrease noted by Robinson bétween 10 and 12

appears to be due to a wrong value for the solubiiity of -

7 mol/l as opposed‘to the value of

amine i.e. 8.5 x 10~
1,07 x 1077 mol/1 given by Brown. The sodium ion appears
to have little effect if any. It increases some 10,000
times between 7 and 11 but produces nd great change in the
dodecylammonium ion concentration required for fiotation.

(20)

Buckenham aﬁd Rogers performed a test in which quartz,
conditioned in 25 mg/l amine solution, was placed in a
molar sodium chloride solution. The contact angle was
reduced from about 60° to 35°, They concluded that sodium
chloride had a significant éffect'on the systen. However
if so lérge a salt concentration causes only this change

it may be concluded that the smaller concentrations used

in bubble pick-up test§ Would have no effect. The

free amine concentration increases by lO5 between & and 12.

But apparently has little, if any effect on the flotation.
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The figures from the tests in émuisions are given in
Tables 26 and 27. A represents the case where amine was
presented as ‘a hydrochloride salt and B where it was dissolved
in the oil. It may be seén that in alkaline solutions the |
two methods yield very similar results. The dominant
factor in this region appears‘to beé the concentration of
dodecylammonium ion, as it is in the absence of oil:

However the neccssary dodecylammonium ion concentration is
about %5 of that in the case discussed -above. This indicates
that it is not only the amine which enables the quartz to |
cling to the air bubble, but that the oil Must have become
spread over the quartz surface in such a way that it is the
dominant factor in the .interaction of quartz and air. The
surface free energy between oilland quarfz is proBaBly higher
than that between quartz and water. Therefore in the

absence of amine the o0il will not adhere to the quartz.

Since no chemical bond can be fo;;%fthere is no attraction
between the two substances. When a small quantity of amine
is adsorbed on to the quartz its surface free energy with the
water rises at the points where amine is adsorbed. To lower
this energy mineral oil, which collides with the surface,
becomes spread over the amine covered portions as a thin.

film. Flotation then becomeé possible, It is, however,
eviden# from the figures that the factor of majpr importance
in the spreading of the oil on the quartz.is still the dodecyl-

ammonium ion concentration. The same gradual rise in the
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PABLE 25
pH Collechr rRNH3+ RN, RNH3+
Conc.mg/1 gm ion/1 gm/mol/l THe
3
4 1.6 8.7 x 1070 8.7 x 1072
5 0.16 8.7 x 1077 8.7 x 107
6 6.3 x'107° 3.4 x 1077 - 3.4 x 107%
7 4,5 x 10™° 2.4 x 1077 2.4
8 b x107° 2.2 x 1077 5.1 x 10710 -
9 b ox10% 2.2 x 1077 5.1 x 1077 -
10 6.3 x 10° 2.8 x 1077 6.4 x 1070 -
11 2.2x 10t 3.6 x107  8.5x 1077 -
12 2.0 45 x 1077 1.04x 1077 -
TABLE 26
pH Collector Conc mg/l RNH;'/H+
A B A B
3 2.2 %102  3.2x10% 1.2 x 107" 1.7 x 107
I 8.5 x 102 7.5 x 102 4.6 x 107F b1 x 1070
5 5 x107 1.9 x 107 2.7 x 10~ 9.8 x 1072
6 b x 1070 7.5 x 1070 2.2 x 1072 4.1 x 1077
7 5 x107° 6.7 x 1070 2.7 x 107t 3,6 x 1071
| TABLE 27
"pH  Collzct.Conc.mg/1 RNH3+gm ion/1 - RVH, gm ion/l
A B A B A B
7 5 x1070 6.7x1070 2.7x107° 3.6x1070 6.2x1071% 8.3x10712
8 7.1x1070 8 x1070 3.9x107° k.4x1070 9.0x1071Y 1.0x10720
9 1 x102 1 x1072 5.3x107° 5.3x:10"° 1.2x1072 1.2x1072
10 1.6x107° 1.8x1072 7.2xlo‘8 8.1x10"% 1.6x10"8 l.8x10-8
g 5 x107° 3.6x10'8 8.2x10f8w 8.4x10'6 1.9x10'7

11 2.2x10°
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necessary concentration as Qas fOund>in Table :5 is present
in this case but to a greater degree. It migﬁt be pértially
ascribed to the same cause. However in the presence of |
emulsions another factor has entered the system. The amine
is partitioned between the oil and the water, as is shown in
Section 2.B.7. It may be concluded from these tests that
not only the molecularly dissolved form is partitioned but‘
also the ionically dissolved, for if this were not so no
amine would be dissolved in the oil at low concentrations.
The partition co~effi¢ient is stongly dependent on pH so
bgtween pH?7 and 11 the concentration of amine in oil is
rising by a factor of about 20. Thig abes not affect the
concentration in watgr until between 10 and 11 because the
preportion of oil to water was very low in the bubble pick-
up tests. The increasing concentration of amine in oil
would probably cause a decfease in the surface-free energy
at the oil-water interface. In this case more amine might be
necessary on the quartz surface to asSist-the spreading of
the oil once contact between oil and quartz is made, thus
cuasing a gradual rise in the dodecylammoniun ion
concentration.

An anomalous situation is seen,in comparing the acid
sides of graphs 7 aﬁd 8. ~ Although the system in each case
requires a greatly reduced amine concentration to allow
bollection the disagreement betweén thevtwo curves is consider-

able. In neither case does the collection depend entirely
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on the hydrogen ion to dodecylammonium ion ratio, suggesting

that the adsorbtion of amine on quartz is not the only factpr
controlling the spreading of pil on the mineral. However

the discrepancy between the two curves is greater than their
internal diécrepancies. The only difference between the

two methods résts in the 0il concentrations used in the solutions
of loﬁ amine concentration. In graph 6 these low concentrations
were attained by dilution of an emulsion source containing a high
concentration of amine. In graph 7 the low concentrations

were attained by adding a quantity of dodecylamine hydrochoride
solution and a standard amount of concentrated emulsion. The
0il concentrations in test 7 were therefore much higher than
those in test 6. It is probable therefore that for a reason
which is not understood the oll concentration is important

in acid solutions, while it is not important in alkaline

solutions.

The streaming current measurements yielded intercsting
information with regard to the cleaning of minerals. It |
was shown that under what appeared to be the same conditions
different plugs gave different valuces for the zeta potential,
This can be seem in graph 13 where the potential in a 1o'LF
normal sodium perchlorate solution_at pHY is given as =-95mV.

In graph 14 under the same conditions the potential is -104mV.

Similarly in graph>15 a large difference is found between the
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zeta potentials of solutions of O;§6 ng/l of dodecylamine
and solutions containing no surfacé active additives. In
graph 16 it is shown that no such difference ecxists. This
discrepancy in zeta potentials can?best be éxplained.by
slight differences between the conditions of the quartz
plugs used in the tests.  All the?quaftz was cleaned in the
same manner in acid and was washed in double distilled water,
but the various samples were exposed to water for varying
lengths of time before use, For example the matérial used
in Tesf 3 had been standing in water longer than that used
in Test 4. Similarly the material used in Test 5a had only
been standing in water for a few hours while that used in
Test 5b had been standing for several days} It is evident
that although shaking with conductivity water removes most
of the acid, it does not remove all immediately, but will do

(5)

so with time. Braﬁley tested'quartz which had been
boiled in concentrated hydrochloric acid and then washed and
left standing in éonductivity water. He found that the con-
ductivity of the water increased over a period of some days.
This showed that the last traces ofjacid were only very
slowly reroved from the quartz surface.

If acid remains on the mineral surface the pH of the
solﬁtion near the surface is low compared with that in the

bulk of the solution. Since it is the OH  ion concentration

in the surface region which determines the zeta potential



insufficient removal of H' ions'will~givérldw zeta_potentials{
t may also be deduced ﬁhat the stonger the acid attack on

the mineral surface ﬁhe-more difficulf it will be to remove
all acid. This might explain why the writer thained an

‘iso- electrlc value for quartz at pH2.6, whlle Gaudln 1nd

(28)

Fuerstenau , who repeatedly b01ledbthe1r quartz in con-
centrated acid, report é value éf 3475
Although the‘sfreaming currenttresults agree. on the
wholec with thosé in,thefliterature a numbver of disérépancies
can be found. | |
~ The v;lﬁe found for the zeta potehtial in'bonduqtiVity

(28)

water was -63mV. ; Gaudln and ~L“uers‘cenau found a vaWue

of -70mv.“,overbeck and Wijga(66) obtalned a value of -70mW
for powdered glassAand.-l4OmV for a capillary qf the same
giass; In Erx‘10—4 normal. potassium chloride solution
thesé values were -98mV and‘QLIEmV. 'Thesé\diffcrences‘can~

-be explaincd by‘surfédéiconductancé éffects,.v_The surface
' ‘bondﬁétarce’mqkes_a greater coﬁtribution tothe coﬁdﬁctances
of mineral plugs than of~capilléries., It shQuld bevpbiﬂted
6ut that it‘can be'dangerousytdréomparé results';btainedr
v'w1th glass, with those obtained with quartz. The sfructure,‘
and comb051t10n of the former are ﬁore complex than those of
the 1acter. : |

Sone workers ‘have meauured the z;ta potentlai of quartsz

(67)

by electrophoresis. Blake and Whitney found a’value of
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(68) of =-50mV, ‘and Gaudin and Sun of -36mV,

~4hmV, Frfundlich
A11 o.f‘whi.ch are 1qwér than th.e results gained with streaming
current or pbtential. ‘Comparison'of thg'results of eleqtrof
phoreéis an&-streaming potential is difficult because(of
the‘difficulties,inherentbin the éléctfophoresisAgnd the
calculatioﬁ of results found with it. |

L (69)

Benton and Elton measured ‘the zeta potentiai and
~surface charge on qﬁartz.by the sedimentation method, They
attembted_to trace a relatiénship bétwéen these properties and
.the conductivity of the solution.‘ Cdndgcfivities between. |
0.2 and 1.0 gemmho wefe used. ) The writers reported that an
increase in>the conducfiyity of‘water,'caused by ‘dissoclution
of atmosphefic cafbon dioxide, was accompanied by an increase
'invthe zeta potential of quaftz. Tovexblain.their fesults;,,
cohtrary to accepted belief, they suggeéted that,the‘bi-' .
carbonate ion was potential’determining at the'quartz—solution
,inferfaceﬁ ;However,,the éQuation by which they calcﬁlatéd
‘surfaée chargeé contains an‘eipfession for-the 5peqifié con-
‘duétivity of the‘soiutidn. AAny”errors4in the dgrivétion,of.'
the equation would lead to én appareﬁt:variation Qf zefa
potential with conductivity., That such errors exist is

very likely since many’aséumptions are made in the derivation
of the équatiohé. The-résuité bf Bentqn and Elton are not

confirmed by other workers who studied the same effect

(70)

with streaming potential techﬁiques. . Lachs and Biczyh
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are reported to have fOund'a decrease of zeﬁa potehtial.with
incréasing conductivity. = They wﬁ?ﬁed with solutions of

(70b)

higher conduptivity.' Wood found no apparent variation

of zeta potential with coﬁductivity;

The results obtained in the fests ﬁi%h varying coﬁcent-
fations of éodium chlofide and sodium pérchlorate.agree
‘well with the Sterntheory of the doubie layer. Neither
sodium, chloride or perbhlorgte idns are preferentially
: édsorbed gt the quartz;solutionVinterface. Theveffect of
theéé ions is theréfore =4 aply to cémpress thé_double layer
>and reduce the value of the zeta poténtial. _They can npt‘
chaﬁge its sign. kin the tests at pH? and~9lan inerease
in zeta potehtia1 is found, which réaches a méximum at lO'-[+
Nornal ana drops with fuffher increase in concentration;
in the test at leO.3 no;initial rise wasvfound. . The
theory demaﬁds thﬁt,the'mdxiﬁum-potential.should be in pure
water and this shogld bg decreased byiany.increase in the
,electrolyte‘concentration; | Iﬁ the tests at pH? and 9 fhe
effect of surface conauctancé pré&ents this,ffom being
'notigedo‘ Tt is not until 10-4 Normal fhat thévdoﬁbie
layer is'$o corpressed thaf the to%al.ionié strength has
.morc éffebf on zefa‘than,does the surface cbnductance."

In solutions stronger than this.feSults obey the7fheor§.
at pH 10 the concentration of sodium hydroxide is about 10~

Molar -and the sodium éhloride has no éffect until its con-
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‘centration is equel-to‘thie (see Gre@h 12)

Test IV and graph 14 confirms that the Zeta potential
of quartz is dependent upon the hydrogen éndvhydroxyl ione
concenﬁratione of theﬂselﬁtien; Abeveva‘ld the
poteﬁtial falis beeéuse the?high electrolyte concentration
compresses the double layer and has a stronger effect ‘
than that of extrd hydroxyl ions in raising iﬁ.

 The testsewith dodecylamine hydrochiofide-(graﬁhs 15
~and 16) show that at low amine concentrakfions there is no.
change in the zeta potential. At higher eoncentrations a
slight fall is noticed at all pﬁ's with.a sharp drop at 9.3.
Geudiﬁ‘ana FﬁerStenau'found that>in‘7mg/l solutions of
ﬂodecyiamine hydrochibride the sign of the zeta potenﬁial was
reversed at pH 9.5 but that result was not obtained in this
work. ,This‘sudden droﬁ_in potential can#be attfibuted.to .}
sﬁrené adSorbtion dfvthe dodecylemmoﬁium ioés. In weaker
solutions;altheugh'adsorbtion1occurs,las is Shpwn by flotation
tests (see gra§h 8),'the adsorbtion is not sufficient to
cause any chaﬁge. invtﬁe surface'potential,: This result
suggeetsvfhetienilconnectiEn,betﬁeep chenges in.fleﬁetion
‘ chafaeteristicsvend changes‘in zeta potenﬁiai is simpij
a:secondary result of ﬁhe adeofptioﬁ which causes both
-.phenomene. Flotation can oecur with no change in zeta
potential, | : |

In section 2.B.6. the electrophoresis tests showed
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_that the zeta potential of hydfoéarbon'oil,in water is
fdependent upon the pH (graph 17). The iso-electric point

is at about pH6. In salt solutioils as with quartz increasing
salt‘concentration caused a considerable decrease in the

zété poteﬁtial'(graph 18). This(can,bé explained‘by Sterns

- theory of the doublé layer. In amine solutions (graph 18b)
the amine ion is breferentialiy adsorbed at the oil/water
interface. vIﬁ concenfrations greater than 10_7 Molar it
causes a reductibn in the zeta.potential whiah is completely
reversed at 1.6'X 10-5 normal. -Increaging amine conéenfratioﬁ
iﬁcreasesAthé positiVé zeta potentiai.' .The‘tests in which
'aﬁiné was disgolved,in.the oil prior to emulsification were
#ery difficult to_iﬁterprét_but gave similar results in a
_qualitative fashion. In these tests as with the bubble.

: pickeup and beaker éell.tests wherekthé amine was dissolved

in the oil before emulsificatidn,vit was impossiblefb.
calculate amine strengths beforehand -and calculations

had to be deléyed ﬁntil fhe partitigﬁ:of amine between 0il

‘and water was known. The resﬁlts wefe fherefore slightly
inaccurafe.:’,It’cah bé récommended that'in-measureménté
: involving Similar systemé tﬁe surface‘active‘agént Shohld,

when possible, be_addedAas a soluble salt.

Both the streaming current and the eléctrophoresis results

yield information concerning the interaction of quartz_particles
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and oil droplets in the liquid meaium, To detefmipe the
factors whichvinfluéhce the intéraction of quartz Qith oil it
is necessary to céiculate under various conditions the energy
barfiér which controls'the'éistance‘df appfoach of particles
of the two materials. This can be.doﬁe'by the method |
evolvedlby‘Derjaguin (see‘sectibn 3.C (3).‘ 

The’eﬁﬁgy barrier preventing the disruétiﬁg of the
- water léyer béfwéen any tw§~pértiqles in a liquid is given .
by the intef-ration of therorce of repulsion over the
distance thfoug@'which it acfsu‘_ Therefore the:area, A, uhd;r
the WH curve, obtained fo? any pair of charges is a measure
of the energy barrier.  The numerical force of repulsion ié‘
,P; which is dependent‘upon‘w'aﬁd ﬁpbn the electrolyte cén-
centration of the solution. | The distance over which the
force of repulsion écts,‘i.e h the aistanbe between the
partiélqs.is the factor H (i.eQ‘xja - )Cl)’in the isodynémic
| cﬁrves multiplied by d, the thickness of the doﬁble'layer;
Therefore the actual energy barrier is: |

E in ergs/sq cm = (d.% x A)-

From the equation (4) P = kTNWV
T

p is in dynes/sq cm'of flat condenser plate

k is the Boltémann constant 1.38 x 10716 ergs/dy

T is the absolute temperature % 293 at 20°C |

C is the concentration of ele‘c'trollyte in gm equiv e,
7 is'fhe valency'bfvthe anion .

1 3 23 0y
N is Arogadro's number - 6.02 x 10°7 at 20°C
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./3 = 21/2' where Z is the valency of the anion and
Z, of the cation. .
z € W 7 24 '
ﬂl = = and = I where Z = Z; -

0]

€ = The charge on the elctron = 4,802 x 107L
Yy is the numerically larger zeta potential

qﬁis the nu@erically smaller zeta potential

'd. is the thickness of the double layer =( BT _ 1000 % )1’é
- : . ‘ CEEF I
where D is the-dielectric constant and L

\ T the absolute temperature.

Ci is the concentration in gm ions / litre

Various_combinations of potential and concentration
relevant to the system qérté/Shéll Priptiﬁg_lnk'Oil No.1l1l
will now be cdnsidergd. | | | |

Case 1 "Enefgy of repulsion of two guartz particles
at pH9 in‘N/lOOOO sodium perchlorate.

From graph 13 }0, anq 5112‘ = - >96mV = %2 x 10~59-§-“-

4 -8, _z8Y _ 1.0a4.802x107 %33 x 107

_2&Y 3.83
KT~ 1,38 x 10710 x 203

1)

Froﬁ the iso dynamic‘cﬁrves, grdph 22, the relevant
WH curve has been plotted and is shown in graph 23.
- Area under curve = 86.5
(N.B. The value for X has been doubled to obtain the

correct WH curve see Section 3.C.(3)

= 1.38 x 10"16

kTNe

x 293 x 6.02°0 x 1077 = 2.43x10°
1 _ o . ,

P
W
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GRAPH 23

THE REPULSION AGAINST DISTANCE
FOR A QUARTZ SURFACE AT pH 9
AGAINST A A SIMILAR SURFACE
B---AN OlL DROPLET
@ OF QUARTZ = 3-82
@ OF oIL = 512
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O BggEx 2 5055 x 107

Therefore the energy barrier =

d = 2;81 b4 lO cm.

6

86.6 x 2.43 x 10° x 3.05 107° = 6.38 x 1071 erg /sq.cn

Case 2 .
The case which most cqncérns the present work is that
of a quartz particle and an oil droplet on water.

In a 10—4 molar solution of sodium perchlorate at.

PH9:
For oil ?%{: - 132mV. = - 4 x 10—5 esﬁ
P, = 5.12
' Fof.quartzyi: - 95 mV = =32 x 10~7 esu
g, = 3-85 ,

Since the lower g i.e ¢2 = 3.82,vis the same as it was in

Case 1 the values for W are the same ', at the same. valucs,

t . ' - '
of xl - X, . but the value of xr is larger, so the.

.

curve is shifted to the right while remaining the same in

area. Thus A = 86.6 and:

P 6

== 2.2 x 100 d =,3.25 x 10~

Energy barriér“ﬁ 6;38 x 107t ergs/sq cm. |
,.If we assume an oil droplet of diameter 6/U then the
area ovef which the repu1sion acts‘is that of the great |
circle. i.e. 2.82 x‘10-7 sq.cn.

I

The energy barrier is then '6.38 x 10~ x 2.82 x 1077

= 1.82 x 1077 ergs
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We must assume that the'éé&gy necessary to break down
this barrier is that of the droplet velocity = % MV°.
Therefore to get collision, if we assune a 6 m droplet

‘moving along the chietral streamline the available emrgy is

2 - 1.82 x 1077 ergs

% x 9.33 x 10fll x V2

v

E = BMV

1,82 x 1077

i

62.4 cm/sec

it

In the bubble pick-up tests the oﬁly motion was that
caused by stirrings'of.the.solution to regulate the pH.
it is'impossiblé to estimafe the veiocity which this would
impart'to the dropiets; It might be possible fhat oil droplets
would get'squeezed,betwéen’the glass stifrer and éuart;
'particléé. In this case' the available energvaould not be
lohly that of the .droplet movement but would be greatly
ihcreésed.v It is certain that flotafidndid not océur
in the_absehce of amine, therefore we may conclude that if»the{
‘sfirring did cause collision the oil'droplét did not spread
over the quarté particlé. This fact is confirmed by the
béhaviohr offthé system inlacid solutions. In these‘cases the
zeta potentials of 0il =znd guartz are dissinmilzr and'attraction
should exist. Yet no flotation oécurs. | |

| In the presence;of a quantity of zmine, too low by.itéélf
to cause fiotation, the addition of an emulsion re#ults in
‘flotdt%oﬁ. Under these conditiéns'it is evident that the oil.

- has been caused to spread.upon the quartz surface. It is



~148.-

neceSéafy té determnine whether ﬁhe oil should, in fadf;
according to the theories of interaction, collide with the
quartz under these CircﬁQStanceé. ‘,To.baléulate thé ninimum
- zeta potentia;‘Whicﬂ wi;l a;ow COllisidn it is necessary to
assign ﬁ velocity to the oil erpiets; If we say that
genfle stirripé impayfed é motionvaf‘iO‘cm/sec to the

droplets then: the enagy available for collision is i

i

% MV2 % x 9.33 x }Oill b4 loo_ergs

4;67 x 1077 ergs.

which must be equal to the energy bafrier.

- The bubble pickfﬁp tests were done in solutioné where the
pH had been set at pH.l;‘or pH3 and then modifiea towafds |
the neutral point. Iﬁ those tests where the amine was
added as a hydrochloride éalt’thé éalt concentration was
lO’”LIL molar. Hencé'at PH 9 the total ionic strength was

.-7 .
1.1 x 107 molar

and P kTNG .
W &1
d = 94 pe 10-8 |

The energy barrier for a Q}Adroplet is 4.67 x 1077 -1.66x10-2
‘ 2,82 x 1077 °rgs/sq.om

(where 2.82 x 1077 is the-droplet area)
The area under-the WH curve :(S7Wh = Q581
The relevant value of zeta potential was found by trial and

error to be -12 or -13nmV.
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~In the bubble pick-up tests where the amine was
"added as a solution in the Qii; the. salt concentration was
1725 molar. | |
97.3 x lO4

1.93 x 10_7 cn. -

In thié case

o =9
.

it

and’
Therefore the area under thé WH curve = 0.0885 and the
valﬁebdf zeta potential must be abouf - 5mV.'
From graph 18bvit can be'seeﬁ that the conpéntration
of dodecylamine which_isxequired'tb-give éuch low values of'
’zeta pétential.is dbouﬁ 107 mol/1. "From'graph 6 and 7
it can be seen that flotation is;'iﬁ fact, possible at
cohcentfations well below this figure (N,B; 1072 ﬁol/l =
1.85 mg/1). Théréfore it may be concluded that the zeta
-~ potentials of thé 0il and quartz sﬁrféces wére hot'the'det-
ermining factors in emulsibn-flotation. Since the tﬁedries-of
interaction have been shown to be valid in coal flotation
'(éeé'Bramley 5) it_ﬁust be concludedvfhat another:factor
- has entered thisfSYStem. A factor—which‘has not been
examined in this research is'the Van der Waals attrﬁ}ion
force., This force ﬁés been discussed by Vefwey apd Ovef—
beex 8%, 1t 1g known that it can extend as mich as 1
Imicfon into the solution. Tﬁe Van der Waals forces for qﬁartg
are known to be high, but thosefbf 0il have not been

measured;b It has been predicted that they would be of the same

sign as those of quartz. They might éause\enough attr%@ion

-
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i

between the oil and_the guartz to overcoﬁe thé.repulsive
forces to which the high values of zeta potential give rise.
A second factor which has not béen studied is the ﬁrecise
naturé of tﬁe potential which determineé theenergj barriér
in the syétém; It‘was»éssumed for the purpbsés of
calculation, and in the absence of any alternative thebry;
that thié’isvthe zeta potenfial.i It is possible théf the
repulgive forcgs’fof'interacting potential fiélds are dependent
on a lower vaiuelof potential. A third possible cause of the
discrepancy between observed and ﬁredicted values of zeta |
potential might be.stirring. Bramley showed that in emulsion/
coal systens where flotation did nof éccur under quiescenf
conditions, flotation did occur if the system was- agitated.
'Tﬂe degree’of flotationiwa§ increased'by surface active
reagents.

The beaker cell tests (see graph 8) showed no apparent '
improvement in flotation by the addition of an emulsified oil -
to the system. In the beaker cell the outer edges of the
impellor moved at about 400 cﬁ/sec, Therefore tﬂe energy
>available for breaking down the energy barrier was that of a

IQ/L 0il droplet moving at 400 cm/sec. |

6.

% Ve = % X % xTrx (3 x 10-4)3,xl(406)? efgs=9.lxl0—

This acts over an area of 2.82 x 1077 5Q.cm.
therefore the energy barrier = 32 ergs.

The tests were not done at any conétant salt condent:ation
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so the molarity of the solution must be assumed to be that

of a solution at pH9 i.e; 1077 gm mol/1.

9;64 x lO»—6 cm

¥

thérefore d
P
W =‘244 v

therefore area under WH curve = 1.36 x 10

L

The minimum chargé which can preventjcollision is

" therefore well above any imparted'by the interaction of

quartz and oil, andvéoiliéion should be possible in all

ﬁeSts and under all conditions. However, né’improvement

~in flotation is found_iﬁ the tésts. Since this cannot be

due to the energ& barriers Between oil and quartz it mﬁstv

be due to either the éxceedingly vidlent agitation or{to

over oiling. It is well known that oil will not‘float so

a surface which had been over oiled would show no fendency to

float. - Thus the beaker cell tests’simply give the flotation -

curves usual to amine’solutions of the’strehgths tested.
It was shown in the discussion of the bubble pick-up

curves thaf the determining factor in alkaline'solutions'

is the dodécylammonium.ion concentration. It would be

interesting to calcuiate from(adsorbtion‘data what surface

covering thesebionic concentrationé.give, and hence what

surface covering promotés the spreading'of enough oil to

(26)

allow flotation. de Bruyn found that the amount of

amine'adsorbed on guartz from dodecylamine acetate solutions
iz dependznt dn the square root of the solution. conc-

entration,



ice. T = KJC
where T is the amount adsdrbed/cni2 and ¢ is the

amine concentration is moles./l.

AfLD_6molar solution ga..e 8.6 x 107t moles/cém2 of

adsorbtion at neutral pH.
‘therefore K = 8.6 x 10_9
In Table 27 the minimum amine concentration which gave

flotation in cmulsions was 5 x 10772 mg/i (i.e. 2.7 x lO_Smoles/l)

at_neutfai pH. -
Therefore T = 8.6x1077 2.7 x-lO-8 12

= 1.4x107 moles/cma.

The reagent coverage necessary to give a monolayer is

10 moles/cm;,

Therefore we may conclude that a surface coverage 2 x thl per

reported by Gaudin and Bloecher2?) to be 7.1 i 10~

cent complete allows flotation in emulsions. That éllowing
_pick-~up is soméwhat highér thén this éﬁd is approximately the
same asithat allowing cling in the'absencé‘of 0il.

The figures uséd‘iﬁ tﬁe abové calculations have been _'
criticisccd by Edwarcds and Ewers who are reported by Sutherland
and Waﬂg(9q) to have tfied to repeat_thé results ofFGaudin and
 Bloecher‘qnd.de Bruyﬁ.‘ They could not do so, but obtained
adsorbtions of abouﬁ 1/20 of thosc given above. They were
nsusbicious of a_ffitted glass filter‘uSGd by Gaudin and Bloecher
and. fhe use of the unstable acetate salt. Their work is |

unpublished. From the authors own experience it appeared

that the time factor allowed in amine adsorption experinments
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~would be Criticél. It was found that if 2 ng/litre’

solutions were left stahding~QVernight about 80% of the

‘amine had gone from solution ontc the walls bf the apparatus

the foilowing morning. If, as seems possiﬁle, amine

continues to precipitaté withqﬁﬁ'féaéhing a chemical ééuili-A_

brium de Bruyn's and Gaudin‘and Bloecher's results would

be open to suspicion, and the amine adsorption in the flotation

testé would be lower than that caiculated above. |
It is evident thatan.understandiﬁg of the dquartz -

dodecylamine - minerai-oil.system fequires further study of

the Vdn der Waais forces in the oil, the nature of thé

. potential giving rise tothe energy barrier, and the adsorption

of amine on quartz.
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Summarj of Cohclﬁsions

It may oe concluded that the addifion of a.quantity of
a surface acfive redgent too'sﬁall in 1tself to allow
fflotétion, enables an 1nsoluble hydrocarbon 011 to spread
on the surface of quarta.i Flotation is then possible..

The critical factor in quartz flotation With'dodecylamino;‘
both in the preéénce-and.absence of oil,vls‘Shown to be ,
in alkalinc_éolution, the dodecylammonidmjion concentration.
Thc ratio of dodecylammonium ion to hydrogen ion is critical
in‘acid,solution, but-other factors,also are‘of.importance
in omulsions. It may be concluded that the soreadlng of oil
‘1s cortrolled by adsorbtlon of the dodecylammonlum 1on.A .Tﬁe"
adsorbed layer necCessary for flotatlon has been calculated
‘from adsorbtion data to be about 0.2% of a monolayer, but .
more. recent adsorptlon data suggest that the coating may be
iabout 1/20 of this.,

Cleaning methods for fdndamentallflotation.testing and
‘fzeta potential measurements have béen_examined and it has becn
shown that the choice of mechod is of critical importancé.’ lt
'wao concluded'thaﬁ for'tests,concerned,With thc mineral .
sdrfacesrpresentcd in flotation acld washing is’the most
.adviSablermethod;. | “d . | _ | . |

The partition co-éfficient of dodecylamine hydrochloride
bétweéﬁ oil and hater is strongly‘dependent,on'fhe pH'of fhe

water. The free amine molecule is not the only species
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of the salt which is partitioned. Therpartition co-
efficient rises by a faétbr of 200 in favour of the oil-
betWéen.ﬁH 4.5 and 9.3. -
| The zeta potenfials of_bgth 0il and quaftz.afe dependent
on pH. Sélts Which'are not surface active comﬁress tﬁe'-
double layer and reduce thé.valué of the'poteﬁtial. They -
do not change its sign. _Sufféce,coﬁdﬁctancg effects reduce
thé measure& potentiél in streaming cufréﬁt ﬁeasurements at low
_ cdnéentrations. Doaécylamine,'WHidh is sﬁrface*acfive .
reverses the sign_df the zeta,potentiél of the oil if |
added in‘suffigient quantity. It greatly peduceé the zeta
ﬁotentiaiqu quartz étfhigh pH; |

The emfgy barriefs between oil and QuartzAparticleé in
water ﬁéve been calculated. They appear to be'tobalarge
rto‘allow collision>Whepe flotation ié known to ;dﬁur. It
is suggested that £he Van de? Waais attnwiioﬁ méy éccount
for this,. Theufelationship between the zétaipétehtiaiend
the value 1; in‘the'infefactiqn calculatioﬁs hasvbéen

guestioned.
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APPENDIX I

Particle Impingement -

QBQBblé»pick-ﬁp tests Qith'emulsion in the absence of
surface active agents indicatéd that no flotation can
be obtained*by.oil alone. This 1éd to a Study of the facfors
affecting.imﬁingemenfkbetween'a quért; particle and an oil
droplet in a liduid'medium.‘ This subject has been ‘

(92)

examined by Stairmand His work deéls primarily with
the filtration of dust.fpom air.

.Sta#@and considers first the impingeméntvof'a dust
: particlé on a.cylinder or rod lyiné transverse to the air
étream.’ o -

The poss1b111ty of the partlcle touchlng the rod is
determlned by the follow1ng fuctors
| a) The particle mass

b) . The'apﬁfoach vélocity of the particle

. ¢) The position of the particle relative to the céntral

streamline. |

If partlcles 1n1t1al]y at a dlstance Dl from the central

N

streamline Just graze a rod of dlametcr D then D:L is the
v ftarweﬁ dlametere The rates D /D is termed the target. |
efflclency symbol ( Q1—)

, Staqgand state° that the target eff1c1ency is a
fuhction of the dimen51onless group Qg where D is the

VE
dluﬂCtbr of the obstacle, g is the grav1tat10nal constant,
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V is the veloéity of appréach and f is thefterminal(velocity .
of the particle in the partiéular fluid médium.“
Staﬂ@énd aiso considéred the aﬁplication of fhe
anve prihéiple-to spray'towéf pérﬁormance; - The tafget
efficiency in the Case.of'a dﬁst pafticle and a sphéricél
water droplet was fdund.to be a différent function of Dg/Vf
.wheré: | | |
| . 2 D‘l‘ h ;
, [ﬁf sphereg} o> | (5*) cylinders
v is‘tée difference injterminal velocities betwéen'the
dust bafticle and thé water éroplet; . The particle diameter
is muchismaller‘than that of the water droplet. - In this
 £ase fér‘impiﬁgemenf Dg/Vf nust be‘less than 16.
‘ Although the figufe 16 may not a?piy to the présent
circuﬁsﬁances‘DerHe&wood<93) states that it’shoulé not
"be more than 20%"in'error.

Case of 0il Droplet and @ '"rtz Particle in Water

The 72 ﬁesh'quértz»particle,is priSmoidal and its
voluﬁe co-cfficient (Heywood)-may be taken as O.j. From the
".tabies and method dﬁe'to_HéyWood the terminal Qeiocity of
such a particle‘is l;l6;eﬁ/secn This is the same a? a
quartz‘sphere:ofjdiameter 130/44 o |
| Thereﬁbre D= Q.013 cm v - 1.16 Cm/sgc.
Thé oil droplet diéﬁeter may be}taken as 10 microns.

or 0.0l cm. The specific gravity of Shell Printing,Ink 0il
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No 11 is 0.825. Hence the terminal velocity of the oil
droplet may be caiéﬁiated from stoxeis equation:
= (0.001)2 (0.175) 981
18 x ( 0.01)-

If we assume that both quartz particle and oil drobief'
are moving at their terminal velocitiee(then:

Dg _ (0. 013)(981)(18)(0 01) . _ - 1. 15xlo4
VLT (1.16)(0.001)2(0.175)(981)

Therefore impingement cannot take place.

' For - 1mp1nweﬂent to occur the iunctlon Dg/Vf would 7
be equal to 16.  The ve1001ty approach of the oil droplet

and the quartsz partlcle would then need to be :

R >

(0. 013)x981x18x(o 01) = 0.837 x‘lOBQm/see.
16 x 10 x(o 175)x981

Iin fhe'ﬁubbie pick~up tests no speed of this order
eccured. iﬁ’the‘beeker cell the‘makimum speed of the imfelldr
was about 2000 rpm. At this spced the outer edges of‘the |
blades were noving at 397 cm/seelwhieh‘ié below the velocity

. given above.

lCase of Oil'drgplet and Air bubble
Droplet dlaLeter, 10 microns; . bubble diameter lmm

Bubble terminal velocity (turbulcnt flow), 11 5cm/sec

7



Sy

t o -

Wava

N
5

- -159-

Hemce D = (0:1)x (981) x (18) x (0.01) = 8.95 x 107
VP (11.5) «x (o. 001)% x (0.175) x (981)

Potentisl Flow Around'Spheres

The generally accepted theory of potentialiflew
around spheres giﬁes the equatioﬁ of a streamline as:
 sinZ%. cr e o
R © (ref. fig )
wherevC is a coustant'for.fhe’streamline. Thus ‘when C=
0 and r ) a, Sbi_er:‘O /snd ) = 0.. When C=0 and r } a .
§i4ﬁ @ is indeterminate and all values of @ are possible.
:Thus fof c:= .0, - the steeaﬁiine, which is‘the centra1 one,
envelops the sphere |

At y®, Sin @ = ya/r and a is- negllglble compﬂred w1th

r. _Thus substltutlon in the baslcvstreamllne equatlon glves
poof |
- Axv ﬁl o = 909, and r = ye o
Hence 23 - aB'— C'Yﬁ. =0
or ?'13 =@ 'I’o $ =0

Applylng the above equations to the droplet/partlcle
‘”system necessltates the assumptlon that the quartz particles can
be taken as spheriea1g~ Some allowance'weuld have to be.made

for, the dronlet size; but it can bé assumed (fromvcalculations

of Btairma nd's functlon) that the droplets will not. dev1ate from

‘ 'thc Streamllne round the leading edge° of the quartz: pwrtlcle.

Anprox1mately, from the foreg01nm theory, an oil droplet 1

approachlnw a 200 micron quartz partlcle at a dlstancc of 3 mlcrons
from the central streamllne would pass W1th1n 300 Angstroms of the

: p“rtlcle surface.
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APPENDTI X II

Values of 41Tnlgused in calculatlng zeta potentlal

When - the streamlng and zeta potentlals are glven in
mllllvolts and when the hydrostatlc head is measured in
centlmetres of mercury, the value of 4112y£ at 20 C is
1.06 x lO5 - (Alexander- and Johnson).

‘Calculatlng from the results that they publlshed(ks )
Buchanan and Heymann used the values‘ |
| 1.17 x 10° at 16%C
0.985 x 10° at 24°C

For the purposes of the'calculatlons,of whichthe‘reaults_

are reported inbthis.theeis,vthe‘three above ualues were
‘élbtted against temperature. ‘Values at intermediate

temberatures were then read from the graph.
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APPENDIX TIIT

A Quantitative Method of Bubble Pick}upréétihg

Sihce bubble pick-up testvmethods'formian important
‘ operafing téqhnique in.the stﬁdy of.flotﬁfibn reageﬁts anbattempt
was made fo;rehder\them to séme extent‘quantitative. >It was |
‘hoped that this would'givé more'detailed informé%ion conc-
erningfthe'cling' région of the ¢ritiéal pE curve for the

~ .system under‘investigation;

The method examihed'was.baéed 6n.one reported b& Bramléy'
(Private 6qmmunicafion) as being'inluse in flotation rgsearch
at’Leeds University. - In this method,the bubble of air is
blown uhder‘an iﬁvertéd.cup’aftached vertiéally by ‘a2 glass
rod tbra‘¢antilever‘beam, The deflection of the beém is a
meésﬁre.of the weigh£ of particles picked uﬁo A'modified
fﬁrmIOf this'appardtus was‘méde by'édoptiﬁg a'tdrsion |
‘baian¢e previously used for the measurement of surface tehsidnf
Instéad of'a centilever béaﬁr a 6ﬁ length of,éluminium.rod.

: was.élampéd to. a taut,‘fine‘éaugevsteei"piano Qire,‘ahd from
tﬁe end»of'the aluminium rod.was suspended‘a vertical glass

' rod carrying a polythere bubble-holder. The bubble-holder
was raiSed by.twisting the piano“wiré;and the neCéssary
defleétion provided‘a méasﬁre of fhe"pick-up' weight.;'.Most'
of the glass rod as Qellaas fhe bubble holder was’immersed"_v'
in the test solution in order to prevent fﬁg polythene from

'floating. This apparatus didvnbt‘rrove sufficientlygsensifive
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to reccrd'the‘pick—up of a small quantity of ;72'mesh.+100

- mesh garnet particlee;.- To 1mprove sen51t1v1ty a much longer !
‘beam or a much thinner wire would have.been necessary.

However neither of theee corrections could be applied to

a Sufficient exteut to give the required sensitivity.

In place of the torsion balance an attempt was made to
obtain sultable sen51t1v1ty w1th a. guartz spring, suspended
vertlcally, the bubble-holder belng suspended from the spring.
The. sprlng was protected from draughts by a glass tube

.which could be moved 50 ‘that the whole length of the spring
was always euclosed._' The‘butbie-holdersvwere again made of
pclythene_the'glass,rod being on this occaisicn very narrcw.

To prevent.the bubble-holder from floating a length of platinum ;
spiral wasvplaced ec'that’it fested on the upper surface of the
polythene cup. The overall welght on the spring could theud

: be reduced to a few mllllgrammes, whlch was well within its
'elastlc llMlt. V(The exten51on of the-sprlng upon plcknup .
was measured by a horizoutally mouhted\microScope; Upon
teding it was found tuatialtuough the'epring was sufficiently
‘sensitive to recofd‘the weight picked up,-it was not possibie
»to obtain a constﬁht zerc point, Errors amountiug to as - |
huch‘as,the‘weighttdf 10 patticles'uere’cauSed.by a slight
diSpiecemont otdthe,bubble ho;der.v ‘Since,this difficulty.
.could'nct‘be overcome wdthout,the epxeuditure of an’uu- -

reasonable amount of time; and in consideration of the fact that
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the ihvestigation was entirely subsidiany:tothe main research
project, it was decided that the method should bé abandoned

in favour of,the étandard test method.
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